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ABSTRACT ARTICLE HISTORY

Position Statement: The International Society of Sports Nutrition Received 20 September 2023
(ISSN) presents this position based on a critical examination of Accepted 21 September 2023
literature surrounding the effects of essential amino acid (EAA) sup-
plementation on skeletal muscle maintenance and performance. This
position stand is intended to provide a scientific foundation to
athletes, dietitians, trainers, and other practitioners as to the benefits
of supplemental EAA in both healthy and resistant (aging/clinical)
populations. EAAs are crucial components of protein intake in
humans, as the body cannot synthesize them. The daily recom-
mended intake (DRI) for protein was established to prevent
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deficiencies due to inadequate EAA consumption. The following
conclusions represent the official position of the Society: 1. Initial
studies on EAAs’ effects on skeletal muscle highlight their primary
role in stimulating muscle protein synthesis (MPS) and turnover.
Protein turnover is critical for replacing degraded or damaged mus-
cle proteins, laying the metabolic foundation for enhanced func-
tional performance. Consequently, research has shifted to examine
the effects of EAA supplementation — with and without the benefits
of exercise — on skeletal muscle maintenance and performance. 2.
Supplementation with free-form EAAs leads to a quick rise in periph-
eral EAA concentrations, which in turn stimulates MPS. 3. The safe
upper limit of EAA intake (amount), without inborn metabolic dis-
ease, can easily accommodate additional supplementation. 4. At rest,
stimulation of MPS occurs at relatively small dosages (1.5-3.0 g) and
seems to plateau at around 15-18 g. 5. The MPS stimulation by EAAs
does not require non-essential amino acids. 6. Free-form EAA inges-
tion stimulates MPS more than an equivalent amount of intact
protein. 7. Repeated EAA-induced MPS stimulation throughout
the day does not diminish the anabolic effect of meal intake. 8.
Although direct comparisons of various formulas have yet to be
investigated, aging requires a greater proportion of leucine to over-
come the reduced muscle sensitivity known as “anabolic resistance.”
9. Without exercise, EAA supplementation can enhance functional
outcomes in anabolic-resistant populations. 10. EAA requirements
rise in the face of caloric deficits. During caloric deficit, it's essential to
meet whole-body EAA requirements to preserve anabolic sensitivity
in skeletal muscle.

1. Methods

ISSN position stands are invited papers the ISSN editors and Research Council identify as
topics of interest to our readers that need position stands to provide guidance to
readers and the profession. Editors and/or the Research Council identify a lead author
or team of authors to perform a comprehensive literature review. The draft is then sent
to leading scholars for review and comment. The paper is then revised as a consensus
statement and reviewed and approved by the Research Council and Editors as the
official position of the ISSN.

2. Introduction

The dietary “essential” amino acids (EAAs) - histidine, isoleucine, leucine, lysine, methio-
nine, phenylalanine, threonine, tryptophan, and valine - are called “essential” because
they cannot be produced endogenously, and thus must be consumed for human survival.
In addition, arginine is considered a “conditionally” essential amino acid, meaning that in
certain circumstances, the endogenous production of arginine fails to meet physiological
needs. The necessity of consuming all the EAAs has been well established over the last
100 years [1], and there are accepted daily requirements for each EAA as part of normal
dietary intake [2]. Daily requirements are based on the minimum amount of each EAA that
must be consumed to avoid clinical symptoms of deficiency. Inadequate consumption of
just one of the nine EAAs will cause symptoms of deficiency, including impaired protein
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synthesis [3]. Requirements for daily consumption of each EAA are conventionally met as
components of routine dietary protein intake. The amount and profile of EAAs in indivi-
dual dietary proteins, along with the digestibility of the protein bound EAAs, form the
basis for the quantitative assessment of the quality of the pure protein [4]. Proteins that
contain an abundant amount of all the EAAs in a highly digestible format are considered
to be “high-quality” proteins [4].

While the importance of meeting minimal requirements for each EAA through con-
sumption of high-quality dietary protein intake has been recognized for many decades
[5], the benefits attainable from consumption of free-form EAAs in amounts above and
beyond minimal requirements has only become fully appreciated in the past 25 years.
Products of single free amino acids, such as leucine or lysine, and compositions of small
groups of EAAs, most notably the branched chain amino acids (leucine, valine, and
isoleucine; BCAAs) are available, but many studies have documented that greater benefits
are attained from compositions containing all the EAAs. Daily supplementation with
compositions of all the EAAs in free form has been shown to be beneficial in many
ways [6]. Most prominently, supplemental free-form EAA compositions stimulate protein
synthesis and protein turnover throughout the body, including the synthesis of new
muscle protein. Stimulation of muscle protein synthesis (MPS) by EAAs can produce
gains in muscle mass and quality, which translate to improvements in physical perfor-
mance and functional outcomes [7].

This document presents the position of the International Society of Sports Nutrition
(ISSN) on the effect of dietary supplementation with free-form EAAs on MPS, muscle mass
and quality, and physical performance. Evaluation of the benefits of EAAs differs from
many of the other nutritional supplements evaluated by the ISSN in that there are well-
accepted requirements for daily EAA consumption. Also, rather than supplements con-
taining only a single compound, such as creatine, there are almost limitless combinations
of the nine EAAs that can be made depending on the physiological demand. This
document will focus on supplementation of the diet in individuals meeting their daily
requirements for EAAs through dietary consumption of protein. Only compositions con-
taining the nine EAAs in free form will be considered in this document.

3. Mechanism of action
3.1. The importance of muscle protein turnover

The continuous renewal of degraded and damaged muscle protein is important in
maintaining muscle protein mass and function. In the post-absorptive state, a net
breakdown of muscle protein maintains a constant supply of plasma EAAs that
provides precursors for protein synthesis in other tissues and organs. EAAs from
dietary intake restore the net loss of muscle protein by stimulating MPS. In normal
conditions, rates of MPS and muscle protein breakdown are equal over the course of
the day. If MPS exceeds the rate of muscle protein breakdown, muscle mass will
increase over time, with a potential gain in strength. Accelerated muscle protein
turnover (i.e. protein synthesis and breakdown increasing equally) without a gain in
net muscle protein mass may also benefit muscle function by replacing older,
damaged muscle fibers with new, highly functioning fibers [8]. Thus, stimulation of
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MPS/turnover is the principal metabolic basis for increasing strength and physical
function. While changes in protein breakdown also play a role in controlling muscle
protein metabolism, stimulated MPS is the primary basis for the beneficial effects of
EAA supplements. Further, early investigations demonstrated that the amino acid
effect on skeletal muscle was primarily through the stimulation of MPS, as muscle
protein breakdown was unchanged in an acute study [9]. Importantly, since the
measurement of muscle protein breakdown is not straightforward and problematic
with exogenous intake, MPS also represents a surrogate indicator of protein
turnover.

3.2. Control of muscle protein synthesis

The most definitive way in which to assess the effect of EAA supplements on physical
performance is to measure metabolic and functional outcome responses over time when
different amounts and profiles of EAAs are provided, granted that all other variables are
held constant. However, months of treatment may be necessary to obtain reliable results
due to the slow turnover rate of muscle protein and difficulty in controlling all other
variables (diet, total EAA intake, activity, etc.). As a result, use of stable isotope tracer
methodology to quantify the acute response of MPS to a single dose of EAAs in human
subjects has become the accepted surrogate for predicting the anabolic response in
muscle. Aspects of protein synthesis, transcription and translation, can potentially be
affected by the consumption of EAAs: translational initiation and elongation in particular
(see Figure 1a). The transcription of messenger RNA (mMRNA) from DNA results from
activation of the relevant genes. Changes in the activation of genes are reflected in the
number of specific mMRNAs in the cell. The expression of mRNA is important because the
physical assembly of new proteins occurs on the mRNA. The complex initiation process
consists of several linked stages that are mediated by eukaryotic initiation factors (elFs).
The mammalian target of rapamycin complex 1 (mTORC1) is a key regulator of the
activation of downstream elFs that are mediators of MPS initiation (see Figure 1b). Both
transcription and translational initiation of the protein synthetic process can be stimu-
lated by amino acids and exercise [13-16]. However, both mRNA transcription [17] and
mTORC1 phosphorylation state [18] are usually poorly correlated with rates of MPS,
meaning that neither process is likely to be rate-limiting for MPS in most circumstances.
The translational control of protein synthesis by EAA availability has been recognized
since 1958 [19]. Translation involves the successive linking of amino acids in the order
dictated by the mRNA code. Free intracellular amino acids are bound to corresponding
transfer RNAs (tRNAs), forming charged tRNA molecules. Charged tRNA molecules in turn
sequentially transfer the attached amino acids to the sites on the mRNA that correspond
to the code of the charged tRNA. Translational elongation can only proceed to completion
if adequate amounts of all required amino acid precursors are available. A relative
deficiency of any EAA will make that EAA limiting, with translational elongation being
terminated before the process is complete. Translational control of MPS requires that
adequate amounts of all EAAs are available to sustain increased MPS rates. In addition to
providing the necessary precursors for protein synthesis, EAAs increase the genes asso-
ciated with amino acid sensing, transport and mTORC1 regulation [20].
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Figure 1a. Protein synthesis: transcriptional initiation, elongation, and termination leading to the
production of mRNA in the nucleus, then exported to the cytosol to undergo translational initiation,
elongation, and termination; producing a polypeptide which is folded into a protein.

3.3. Importance of the protocol used to measure MPS response to amino acid
consumption

The most commonly used method to measure MPS in human subjects is to determine the
rate of incorporation of a stable isotope tracer amino acid into muscle protein over time,
divided by the precursor enrichment [21]. This approach results in the calculation of
muscle protein fractional synthetic rate (FSR). Since muscle mass is relatively constant
across several days, changes in FSR are conventionally considered to be a direct reflection
of MPS [21]. An alternative approach to measuring MPS is based on the arterial-venous
difference of unlabeled and labeled amino acid tracer and tracee, and the isotopic
enrichment of the intracellular free pool [22]. These two methods give comparable results
for MPS in human subjects [23]. In fact, the acute stimulation of MPS by consumption of
EAAs has shown to be reflected in the 24-hour protein balance across the leg [24].
Evidence supports the translation of differences in the acute response of MPS to EAA
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Figure 1b. mTOR signaling: regulation of mTORC1 by upstream stimuli; insulin, exercise (resistance,
endurance), glucose, and amino acids (Aa’s). Exercise leads to an energy deficit (increased AMP)
stimulating AMPK, inhibiting mTORC1 whereas glucose consumption raises ATP, inhibiting AMPK.
Insulin and resistance exercise activate the PI3K pathway, positively regulating mTORC1, while
endurance exercise activates CaMK, mostly promoting mitochondrial biogenesis. AA’s primarily
stimulate mTORC1 by promoting the phosphorylation and dephosphorylation of rag GTPases, rag
A/B and rag C/D, respectively. AA’s generally stimulate FNIP1/FLCN, promoting dephosphorylation of
rag C/D, however, some EAA’s (leucine, histidine, valine, threonine, isoleucine, methionine) act to
promote phosphorylation of rag A/B; leading to an upregulation in mTORC1 and downstream
translation as well as glucose and lipid metabolism. Figures are derived from [10-12]. Abbreviations:
Akt, protein kinase B; AMPK, AMP-activated protein kinase; PI3K, phosphoinositide 3-kinase; Ca” *
calcium ion; CaMK, calcium/calmodulin-dependent protein kinase; FNIP1, folliculin-interacting protein
1; FLCN, folliculin (FLCN); mTORC1, mammalian target of rapamycin complex 1; FOX-O, forkhead box-O
transcription factors; PGC-1a, peroxisome proliferator-activated gamma coactivator-1 alpha; MuRF-1,
muscle ring-finger protein-1; eEF-2K, eukaryotic elongation factor-2 kinase; eEF2, eukaryotic elonga-
tion factor-2; TSC1/2, Tuberous sclerosis proteins 1 (hamartin) +2 (tuberin); Rheb, Ras homolog
enriched in brain; LRS, leucyl-tRNA synthetase; SESN2, Sestrin-2; GATOR1/2, GAP (GTPase-activating
protein) activity toward Rags 1+2; SAM, s-adenosyl methionine; SAMTOR, s-adenosyl methionine
sensor for mTORC1; 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; P70-S6K,
(S6K1) ribosomal protein S6 kinase beta-1; SREBP, sterol regulatory element binding protein; HIF-1q,
hypoxia-inducible factor-1 alpha; PDCD4, Programmed cell death protein 4; SKAR, S6K1 Aly/REF-like
substrate; elF4E/B, eukaryotic translation initiation factor 4E+B.
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consumption to outcome parameters measured over weeks or months. For example, the
effect of daily consumption of an EAA-based formula in normal young healthy subjects
were compared to a placebo over 28 days of complete bed rest [7]. Daily consumption of
the EAA-based formula throughout the 28 days of bed rest ameliorated the loss of muscle
mass observed in those consuming the placebo by an amount predicted by the pre-bed
rest tracer study [7]. The predictive accuracy of the acute tracer method in this paradigm is
particularly impactful because activity and dietary intake were completely controlled over
the 28-day intervention [7].

The time period over which MPS is determined is important when interpreting the
physiological significance of acute changes in response to amino acid intake. A transient
increase in MPS is less likely to predict long-term gains in muscle mass and function
compared to a response that remains above the baseline value for three hours or more.
For example, consumption of leucine alone may elicit a transient response (1-2 h) in
muscle MPS, but this response must be interpreted with caution [25]. Consumption of
a sufficient amount of leucine alone may activate mTORC1 and associated molecules
involved in the initiation of the protein synthetic process and is reflected by a transient
increase in muscle protein MPS. However, the synthesis of muscle protein requires
adequate availability of all the component amino acids, including all nine EAAs. In the
absence of dietary intake, the EAAs needed to produce complete muscle proteins must
come from endogenous sources. Initially, the additional EAAs needed for the synthesis of
complete muscle proteins may come from pools of free EAAs in the intracellular and
extracellular fluid. However, the resulting depletion of free EAAs in those pools will limit
muscle protein synthesis because of inadequate precursor (available EAAs in amino acid
pools) availability. The only other potential source of the necessary EAAs to maintain MPS
in this circumstance is accelerated protein breakdown, which will limit any net gain in
muscle protein that might be expected based on acute changes in MPS. Thus, the
anabolic response (i.e. MPS - MPB) of muscle protein to consumption of a single EAA,
such as leucine, or small groups of EAAs (BCAAs) will be limited by the low availability of
the other EAAs.

The paper by Fuchs and associates [26] provides evidence as to the interpretation of
the importance of sampling interval on muscle FSR response to amino acid intake. In this
study, muscle FSR was determined in response to consumption of the BCAAs, milk
protein, or branched chain keto acids, corresponding to leucine, valine, and isoleucine.
Muscle protein FSR was stimulated over the first two hours after consumption of all three
dietary supplements. However, 2-5 h after ingestion of each supplement, muscle protein
FSR remained stimulated only after consumption of milk protein. In other words, ingestion
of either the BCAAs or their associated keto acids, failed to stimulate muscle protein FSR
from baseline after consumption [26]. The rate of muscle protein FSR was limited in hours
2-5 after their consumption by a decrease in the availability of the EAAs not provided in
the dietary supplement, as reflected by the decrease in plasma phenylalanine concentra-
tion. The decrease in plasma EAAs was likely ameliorated to some extent by an increased
rate of muscle protein breakdown, thereby limiting the net anabolic effect of the stimula-
tion of muscle protein FSR. In contrast, phenylalanine (as a reflection of EAAs) availability
was elevated 2-5 h after consumption of milk protein because of continued digestion and
absorption of all the EAAs, as well as availability of supporting non-essential amino acids.
The authors concluded that “these data suggest that in addition to the postprandial rise in
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Table 1. Dietary requirements of essential amino acids and safe upper limit of consumption

for adults.

Amino Acid Requirement (mg.kg/day)’ Safe upper limit mg/kg/day? (reference)
Histidine 18 64 [27]
Isoleucine 23 117 [28]
Leucine 49 657 [29]
Lysine 48 71 [30]
Methionine 23 71 [31]
Phenylalanine 48 143 [32]
Threonine 28 85 [33]
Tryptophan 8 64 [34]
Valine 32 97 (2]

"Refs [2,4], based upon DRIs; *Above habitual intake.

plasma BCAA concentrations, other (essential) amino acids need to be provided to allow for
a more prolonged postprandial increase in muscle protein synthesis rate” [26]. It is therefore
reasonable to rely primarily on data from studies in which MPS has been determined over
an interval of 3 h or more after EAA consumption to expect translation of results to
functional outcomes.

4, Safety

Consumption of EAAs has not been reported to cause adverse responses. Individuals with
rare genetic diseases involving impairment of the ability to metabolize certain EAAs, such
as maple syrup urine disease (inability to metabolize the BCAAs), could have an adverse
response to supplements containing all the EAAs. However, inborn errors of metabolism
affecting the metabolism of an EAA are evident at an early age, and dietary adaptation is
necessary for health and possibly survival. It is therefore unlikely that an adult with an
inborn error of metabolism that limits the safe consumption of EAAs would be unaware of
such a condition. It is also possible that an individual with renal disease could react poorly
to EAA supplementation, as a low protein diet is often recommended in kidney disease
due to the accumulation of urea and ammonia in blood. However, an EAA-based supple-
ment generally does not contribute to increased urea or ammonia production because of
increased reutilization of non-essential amino acids for protein synthesis. However, there
is insufficient data available on individuals with impaired kidney function to determine
the safety of EAA-based dietary supplements.

Limited data are available upon which to base the safe upper limit of individual EAA
consumption. Table 1 lists consumption levels of each EAA that has been shown to be
safe. The safe upper limits in Table 1 are expressed as the amount of each EAA consumed
above habitual intake. Thus, when considering the safe amounts of each EAA, these data
indicate that more than 100 g of supplemental EAAs can be safely consumed per day in an
American adult already consuming the average habitual dietary intake of approximately
40 grams per day. Reasonable dosage of an EAA supplement does not exceed 15 g,
meaning that even as much as three maximal doses per day is in line with normal daily
consumption of EAAs through dietary protein food sources. The following data on the
effects of supplemental EAA were derived in populations with adequate dietary protein
intake, unless stated otherwise.
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Key points:

e Protein turnover ensures the continuous renewal of degraded and damaged muscle
protein and is important in maintaining muscle protein mass and function.

e The accepted surrogate for the measurement of protein turnover is the determina-
tion of muscle protein synthesis by stable isotope tracer methodology. Though
protein breakdown is important in this process, the primary acute response of EAA
intake on skeletal muscle is the stimulation of protein synthesis.

e The safe upper limit of daily EAA intake permits substantial supplementation.

5. Consensus of FIndings
5.1. Eaas and muscle protein synthesis at rest

MPS is stimulated by consumption of EAA compositions [35] and inhibited by a reduced
availability of plasma EAAs [36]. The magnitude of increase in MPS following EAA con-
sumption is a function of the amount ingested. At rest, an oral EAA dose as small as 1.5g
has been reported to stimulate MPS [37] while the maximal effective dose, after which no
further stimulation of synthesis is achieved in a single dose, is thought to be 15-18 grams
of EAA [38]. The stimulation of MPS by EAA consumption does not require simultaneous
consumption of non-essential amino acids (NEAAs) [35,38]. Inclusion of NEAAs to
a mixture of 18 g of EAAs in the profile of beef protein had no effect on the EAA-
mediated stimulation of MPS [35]. Whereas consumption of NEAAs has no effect on
MPS when less than 18 g of EAAs are consumed, it is possible that when more than 18
g of EAAs are consumed NEAAs become limited by maximal rates of endogenous
production; however, more research is needed to explore this possibility.

EAA supplements stimulate MPS more than an equal amount of high-quality protein
either as an isolate [39] or as a component of a meal [40]. A oral 3 g dose of EAAs was
found to stimulate MPS to a similar degree as 20 g of whey protein isolate, which contains
approximately 10 g of EAA [41]. Further, the addition of EAAs to whey protein has been
shown to significantly enhance the MPS response beyond whey protein alone [42]. The
superior stimulatory effect of free-form (individual EAAs only) EAAs is related to the
greater amount of EAA/gram compared to a dietary protein source [43]. Due to the
high rate of intestinal absorption of free-form EAAs [44], rapid increases in circulating
plasma EAA concentrations drive inward transport into the muscle [23,45] resulting in
a faster achievement of peak intramuscular EAA concentrations compared to other diet-
ary protein sources. The importance of plasma EAA concentrations and the speed of
increase to the peak concentration on the MPS response is unclear, but some studies have
found a relation between plasma EAA concentrations and MPS [46] and analysis of
consolidated data shows a correlation between the speed of rise to peak concentrations
of EAAs and MPS [43]. On the other hand, there was no difference in the MPS response
when the same dose of EAAs was given either as a single bolus or five smaller doses over
time [47]. Thus, there is agreement of a relationship between the dose of EAAs and the
MPS response, but the regulatory mechanisms linking dose and MPS are not agreed upon.

The overall impact of a dietary supplement on MPS over 24 hours depends not only
on the acute response to the consumption of the composition, but also on the
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Figure 2. The effect of 15 g of free-form EAA vs 70 g of lean beef protein and mixed meal ingestion on
plasma EAA kinetics. Adapted from references [50,51].

anabolic responses to normal meals. It is well established that the anabolic response
to a meal is reduced following pre-loading with a protein isolate [48]. In contrast, a 15
g dose of EAAs had no impact on the anabolic response to the subsequent meal [49].
However, it is important to note that free-form EAA supplementation results in a much
greater rise in blood EAA concentrations than a meal of greater EAA quantity, as they
require no digestion and are quickly absorded. Figure 2 demonstrates the effects of 15
g of free-form EAA [50] on plasma concentrations compared to a mixed meal contain-
ing 70 grams of protein from beef protein [51]. Due to the slow digestion and release
of dietary EAA after mixed meal consumption, blood levels are increased only mini-
mally, as compared to a rapid and robust increase following crystalline/free-form EAA
ingestion. Moreover, this rapid rise (a 3-fold or greater increase) predicts a greater
response of MPS [43].

The physiological state can affect the MPS response to EAAs. Aging is the most
commonly studied non-clinical state in which the response to EAAs may be altered,
termed anabolic resistance. Decreased responsiveness of MPS to consumption has
been well documented [52,53], but not consistently observed [54]. The different MPS
responses of older individuals to EAA consumption may be explained by differences in
the EAA profile of the composition. For example, on one occasion Katsanos et al.
provided elderly subjects a mixture of 6.7 g of EAAs in the profile found in whey
protein (27% leucine), and on a second occasion provided the same amount of
a mixture of EAAs with leucine comprising approximately 40% of the total of EAAs
[55]. In this study, the 40% leucine composition stimulated muscle protein synthesis
approximately 50% more than the lower leucine profile, despite containing the same
amount of total EAAs [55]. These results demonstrate the potential importance of the
EAA profile in a composition. However, there are almost limitless combinations of the
nine EAAs, and there is minimal data directly comparing the effectiveness of different
EAA profiles in the same circumstance. Due to a lack of sufficient comparative data,
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the impact of different EAA profiles on MPS will not be discussed in this document.
Further research is required in this regard to determine optimal profiles for various
physiological requirements.

5.2. Eaas and whole-body protein and energy balance

A net negative balance in proteins throughout the body other than muscle protein (i.e.
tissues and organs; reflected by whole-body rates of protein synthesis and breakdown)
will adversely affect muscle protein and thus physical performance. If an inadequate
amount of EAA precursors are available from dietary intake to meet the demand through-
out the body, the breakdown of muscle protein and release of amino acids into the blood
will provide the necessary EAAs. Negative energy balance will also indirectly affect muscle
protein, as ingested EAAs will at least in part be directed to oxidation for energy produc-
tion rather than being channeled to muscle protein synthesis [56]. A discussion of EAA
effects on muscle protein synthesis must therefore be considered in the context of the
status of whole-body protein and energy balance.

Periods of caloric deficit are common in weight class and endurance sports such as
marathon running and distance swimming, where periods of intense training coupled
with the desire for low body weight may limit caloric intake [57]. Caloric deficit increases
whole body EAA requirements [58]. For example, five days of a 30% calorie deficit required
a 3-fold increase in EAA intake to produce a positive whole-body protein balance [58].
Failure to meet the increased whole-body EAA requirements will result in the net break-
down of muscle protein to provide the necessary EAAs and cannot be fully reversed until
the whole-body requirements are satisfied.

Many clinical states induce changes in whole-body protein metabolism that affect EAA
requirements and muscle protein balance. There may be new demands for EAA precursors
for functions such as repair of damaged tissue, wound healing, and production of acute
phase proteins. Coincidently, the normal anabolic response of skeletal muscle to dietary
EAAs is likely to be diminished (anabolic resistance) with these conditions. As a result, rapid
loss of muscle mass is a common complication of serious diseases and injury [59]. The same
response may occur, albeit to a lesser extent, following a strenuous workout or competitive
event, particularly in those athletes who are voluntarily or involuntarily in a caloric deficit.

5.2.1. Key points: EAA effects on muscle and whole-body protein

e There is a dose-response of oral EAA on skeletal muscle protein synthesis which
plateaus at approximately 15-18 g.

e There is a relationship between plasma EAA kinetics and the stimulation of protein
synthesis.

e Oral EAA stimulate muscle protein synthesis to a greater extent than an equal
amount of high-quality protein.

e The decreased anabolic response with aging requires a different EAA profile, most
notably a greater proportion of leucine.

¢ Whole-body EAA requirements increase with caloric deficit. If this requirement is not
met, net breakdown of muscle protein will occur to furnish the necessary EAAs.
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5.3. EAAs and physical function in absence of exercise training

Several studies document that acute stimulation of MPS by free EAA compositions
translates to long-term gains in muscle mass and function, even in the absence of
control for dietary protein intake. Qutcome studies have generally been performed
in older individuals. Using a randomized, double-blinded, placebo-controlled
design, older women were assigned to receive either placebo, or 15g EAA/d for
three months [60]. Ingestion of 7.5 g EAA acutely stimulated muscle protein FSR in
both groups at baseline [60]. Basal FSR at three months was increased only in
those receiving daily EAA supplementation, and the magnitude of the acute
response to EAA was unaltered after three months of EAA consumption.
Consistent with the muscle protein FSR data, lean body mass was increased
significantly in those receiving EAAs but not placebo [36]. In a similar study, 12
glucose-intolerant subjects ingested 11g of EAAs two times per day between
meals for 16 weeks [61]. Diet and physical activity were not otherwise modified.
Lean body mass was increased by EAA consumption, and most importantly,
a variety of parameters of physical function were also improved [61]. In a group
of 38 older women (=75 years), daily supplementation with 3g of EAAs twice
per day for three months significantly improved walking speed [62]. Similar results
were observed in a study including 92 low-function older individuals given either
supplements of 15g whey protein isolate, EAAs (12 g EAAs plus 3 g flavoring), or
nutrition education for 12 weeks [63]. Those receiving EAAs significantly improved
the distance walked in 6 minutes, grip strength, and leg strength (peak torque
measured by Cybex). Those receiving whey protein also significantly improved the
distance walked in 6 minutes, but the improvement was significantly less than
those receiving EAAs. Leg strength was not improved in the whey group.
Interestingly, the distance walked in the nutrition education group declined over
the 12-week intervention period [63]. As a testament to the potential positive
impact of EAA supplementation on functional improvements, the magnitude of
improvement observed in the 6-minute walk distance in those receiving EAAs was
approximately the same as reported in a systematic review of studies reporting the
result of 2-6 months of resistance training in 241 individuals [64]. These results are
consistent with extrapolation of the acute effects of EAA administration on the
control of MPS [46] by blood pharmacokinetics [43]. In a study of healthy older
individuals confined to bed rest for 10 days, consumption of three doses of 15¢g
EAAs per day mitigated declines in physical function evident in the subjects
receiving the caloric-equivalent placebo [65]. In summary, existing studies on the
effects of EAAs on functional outcomes in the absence of exercise training have
largely focused on aging or compromised populations. As the EAA are potent
stimulators of muscle and whole-body protein anabolism, these populations are
logical targets of primary investigation as they manifest an anabolic resistance in
skeletal muscle that leads to muscle loss, functional weakness, comorbidities, and
otherwise poor clinical outcomes. Thus, it is tempting to recommend additional
studies to determine the anabolic effect of EAAs in young healthy individuals in
the absence of exercise training.
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5.4. EAA interaction with exercise

Early cross-limb examination of amino acid effects on skeletal muscle demonstrated that
increased amino acid delivery at rest results in a stimulation of inward amino acid
transport into skeletal muscle (30-100%; dependent upon individual EAAs),
a stimulation of protein synthesis (30-300%), and an improvement to a positive net
amino acid balance [9]. When lower-body resistance exercise was performed prior to
amino acid infusion, greater effects were realized in the inward transport of some amino
acids, but more importantly, there were even greater increases in protein synthesis and
net muscle protein balance [9]. In each case, there was no change in muscle protein
breakdown. It is important to note that the combined effects of resistance exercise and
increased amino acid delivery are interactive. When the same resistance exercise was
performed without amino acid administration, there was both an increase in inward
transport of amino acids as well as muscle protein synthesis; however, net muscle balance
remained negative [66]. The absence of improvement in net balance was due to the
upregulation of both protein synthesis and breakdown after resistance exercise alone
[66]. Thus, resistance exercise alone does not result in muscle anabolism (net muscle
protein balance is negative). Anabolism occurs only when supported by the requisite
amino acid precursors. Figure 3 graphically represents the cross-limb balance of pheny-
lalanine (a surrogate for amino acid balance since it is not metabolized in skeletal muscle)
when fasted, after resistance exercise alone, after amino acids alone are infused, and with
combined infused amino acids and resistance exercise. The interactive effects of orally
administered EAA and resistance exercise revealed similar results. Lower body resistance
exercise was followed by the administration of oral EAA or a complete amino acid mixture.
The results indicated that EAA after exercise improved muscle net balance to the same
extent as a complete mixture, providing additional evidence [38] that when given in
conjunction with exercise, only the EAA are required to stimulate muscle anabolism [67].
Bolus oral ingestion of EAA after lower body resistance exercise also increased protein
synthesis and muscle net balance, regardless of whether the drink was consumed one or
three hours after exercise [68]. There are indications that the benefits of EAAs on skeletal
muscle may not entirely rely on the stimulation of MPS. EAA supplementation improved
histological evidence of muscle damage and reduced the loss of muscle strength, even in
the absence of any changes in MPS [69].

umol/kg/min
2N W A
o O O O O o

-

L
\—I\_I

Fasting RE Alone AA Alone AA + RE

20

Figure 3. Muscle net balance of phenylalanine (umol/kg/min) during fasting, resistance exercise alone
(RE), complete amino acid administration/infusion alone (AA), and with combined AA and RE. An
interactive effect between RE and AA administration is demonstrated. Data derived from references
[9,66].
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The interactive effects of EAAs and resistance exercise are reflected in translation
initiation signaling in the muscle. Volunteers were given a placebo, leucine, BCAA, or
EAA solution after resistance exercise. The results indicated that 90 min following exercise
recovery, activation of ribosomal protein S6K1 and eukaryotic translation initiation factor
4E-BP1, as well as a sustained reduction of 4E-BP1:elF4E interaction, was greatest with EAAs
[70]. While a 9-fold increase was observed for S6K1 expression in the EAA trial, the overall
stimulation of translation initiation was most effective with EAAs, resulting in progressive
increases in translation initiation (placebo < leucine < BCAAs < EAAs) [70]. A study involving
young men corroborated the upregulation of the mammalian target of rapamycin complex
1 (mMTORC1) signaling pathway after resistance exercise but also noted that an EAA
supplement maintains mTORC1 in peripheral regions of muscle fibers that is closer to its
direct activator Rheb [71]. The authors hypothesized that the “intracellular localization of
mTOR may serve to prime the kinase for future anabolic stimuli” [71]. The effects of EAA and
resistance exercise upon upregulation of anabolic signaling is consistent with aging. EAAs
plus resistance exercise increases peripheral EAA concentrations equally in both young and
older subjects [72]. Regardless of age, increases in mTOR (Ser2481) and ribosomal protein
S6 (Ser235/236) were demonstrated with the combined treatment [72], suggesting an
improved muscle sensitivity to the combined stimuli. further, post-exercise EAA adminis-
tration in older men leads to an increase in satellite cell proliferation [73]. The metabolic
product of this signaling is an improvement in muscle protein synthesis. In addition, older
women performed unilateral knee extension and then consumed 1.5 or 6 g of an EAA
formula with varying amounts of leucine, or 20 or 40g of whey protein. The results
indicated that 1.5 g and 6 g doses of EAAs were as effective as 40 g of whey protein in
the stimulation of acute muscle (myofibrillar) protein synthesis [37].

5.5. Supplementation strategies: EAA timing

Timing of EAA administration in relation to resistance exercise must be considered.
Subjects given EAAs immediately before or after resistance exercise both realized
a 130% increase in arterial and muscle phenylalanine concentrations [74]. However, the
effect on net phenylalanine uptake (an indirect measure of net protein synthesis) was
much greater when the drink was consumed just prior to exercise [74]. It is important to
note that each treatment resulted in a positive net phenylalanine balance; however, the
improved amino acid delivery (blood flow X arterial EAA concentration) when consumed
immediately before exercise resulted in an approximate 3-fold greater delivery of amino
acids [74]. The stimulatory effect of resistance exercise on muscle blood flow, when
combined with the greater amino acid delivery from consumption prior to exercise,
results in a greater anabolic response in skeletal muscle. This is consistent with a recent
review denoting the relationship between peripheral EAA increases and the stimulation of
muscle and whole-body protein synthesis [43]. Additional work does not confirm these
findings, as a carbohydrate/EAA solution given before resistance exercise did not enhance
post-exercise muscle protein synthesis [75]; however, methodological differences/inter-
pretations and carbohydrate intake may complicate the consistency in interpretation.
Further, evidence indicates that a second EAA bolus one hour following a first duplicates
the muscle anabolism of the first administration, indicating that synthetic mechanisms are
not dormant after an initial stimulation [76].
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5.6. EAA interaction with other exercise modalities

Due to the strong interactive effects demonstrated with EAAs and resistance
exercise, the preponderance of work has focused on this combination. The data
on the combination of EAAs and aerobic exercise is also consistent with its effects
on skeletal muscle protein anabolism. In young adults performing 90 min of inten-
sity matched cycle ergometry or weighted load carriage (30% of body mass)
exercise on a treadmill with or without EAAs (consumed every 30 minutes through-
out exercise bout), muscle protein synthesis was greater during each exercise
mode with EAAs [77]. However, load carriage and EAAs resulted in a greater
increase in MPS both during and after exercise [77]. These results indicate that
the loading of skeletal muscle provides a stronger stimulus for the combined
effects of EAAs and exercise. The interaction of EAAs and aerobic exercise is also
consistent in aging. Older volunteers (72 = 1 yrs) were randomized to receive 15g/d
of EAAs or 15 g/d EAAs plus 3 d/wk supervised aerobic exercise training. Consistent
with previous findings, acute EAA intake pre-intervention increased MPS [78].
However, post 24-week intervention, the combined EAAs and aerobic exercise
group had a greater muscle synthetic response to EAAs than the EAA group
alone [78], indicating that consistent exercise further sensitizes skeletal muscle to
the anabolic effects of EAAs. Most importantly, the improved sensitivity of skeletal
muscle to EAAs resulted in greater muscle quality and 400 m walking speed in the
EAA plus aerobic exercise group [78].

High-intensity and intermittent exercise/training (HIIT), and most team sports (i.e.
soccer, basketball, hockey, tennis, etc.) require components of both aerobic and anaero-
bic/resistance training. Studies with protein suggest that high-intensity exercise under-
taken with increased protein availability (i.e. performed in a fed state with protein) may
synergistically enhance muscle hypertrophy [79]. Other potential benefits include
increased mitochondrial biogenesis, exercise recovery, aerobic capacity, and improved
sprint performance [80]. To date, the limited investigations utilizing EAA and HIIT are not
yet definitive. In untrained, overweight/obese adults, 8 weeks of high-intensity interval
training (HIIT; 6-10 X 1 min@90% max W: 1 min rest) elicited significant increases in thigh
muscle size, cross-sectional area, volume, and quality, but was not synergistically
enhanced by a low dose of EAA (3.6 g twice daily) [81]. In addition, VO, was also increased
with HIIT but not synergistically enhanced by EAA [82]. In the same cohort, there were no
acute (3.6 g pre-exercise) or chronic (after 4 and 8 weeks of 3.6 g twice daily) effects of EAA
supplementation on time to exhaustion or workload progression [83]. While there is no
evidence to suggest EAA supplementation is detrimental or attenuates physiological
adaptations associated with HIIT, there is not enough evidence to draw conclusions as
to the benefits on adaptation and performance. However, there is reason to expect an
EAA interaction with aerobic exercise. Moderate treadmill walking alone (45 min at 40%
peak VO,) in both young and older men increased muscle protein synthesis immediately
after exercise, with the younger response maintained up to one hour post- exercise [84].
Synthesis of fibrinogen was also elevated in both groups up to three hours post-exercise
[84]. Amino acid delivery was greater immediately post-exercise, again denoting the
exercise effect on limb blood flow. Thus, if increased blood flow is combined with
a greater delivery of amino acids by oral intake, one would expect muscle anabolism.
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Regarding exercise interactions, free form EAAs may be considered over intact
protein (whey) on the basis of ease of consumption proximal to and during
exercise. Oral free-form EAA formulas require little to no digestion, entail minimal
gastric load, and are rapidly absorbed and transported to the periphery. For this
reason, they are ideal for consumption prior to the performance of rigorous
exercise.

6. Eaas and clinical conditions and outcomes

Beneficial effects of supplementation of the diet with EAAs have been demonstrated in
a wide variety of clinical conditions. Conditions largely associated with aging have
been a frequent target of EAA therapy, including sarcopenia [62,85], long-term-care-
acquired infections [86], low physical function [63], and heart failure [40,87,88].
Beneficial effects of EAAs have also been reported in the following conditions or
situations: rehabilitation [89-92]; stroke [93,94]; bed rest/immobilization [8,65,95-97];
peripheral artery disease [98]; renal failure [99-103]; inflammation [104,105]; critical
illness [106]; lung cancer [107]; cystic fibrosis [108]; chronic obstructive pulmonary
disease [109-111]; wound healing [112]; brain injury [113,114]; metabolic syndrome
and cardiovascular risk factors [115-117]; obesity [118,119]; liver fat [115,120-122]; and
diabetes [123-127]. Importantly, in all of these studies beneficial effects were observed
despite the absence of control of the consumption of EAAs contained in dietary
protein, implying the importance of the rapid and complete absorption of free EAAs
in clinical circumstances in which digestion may be impaired and anabolic resistance is
prevalent. The findings in clinical populations point to the need and potential impact
of EAA supplementation surrounding rehabilitation efforts from orthopedic injuries
and associated surgery. These scenarios represent the most likely clinical environments
where competitive athletes will find themselves and it remains an under-served area of
research.

6.1. Key points: EAA, exercise, and function

¢ The anabolic effects of EAA and exercise are interactive, in that the response to the
combination is greater than the sum of the individual responses. The increase of
exercise-induced limb blood flow is contributory to this response by increasing EAA
transport into skeletal muscle.

e The combination of EAAs and aerobic exercise, as well as other modalities of muscle
loading, is also anabolic to skeletal muscle.

e EAA given prior to exercise results in greater anabolism than if consumed after
completion of exercise; however, a lesser anabolic effect can be realized within
an hour after exercise cessation.

¢ In the absence of exercise stimulus, EAA administration in anabolically resistant
populations, such as aging and clinical pathologies, has been shown to be beneficial
to clinical outcomes and efficacious in the restoration of strength and functional
performance.
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7. Remaining questions

The metabolic effects of EAAs have been elegantly articulated. In addition, their metabolic
interaction with both resistance and aerobic exercise have been established. Thus, there is
a metabolic basis for the translation of EAA supplementation to performance outcomes.
As mentioned previously, the substantial anabolic effect of free-form EAA supplementa-
tion is consistent with their efficacy in populations that would most benefit from their
utilization. For this reason, the overwhelming majority of longitudinal work examining
EAA supplementation and functional outcomes has occurred in aging or clinical popula-
tions characterized by muscle anabolic insensitivity, muscle loss, and/or muscle weakness.
Less work has documented the long-term effects/outcomes associated with EAA utiliza-
tion in athletic populations. In addition, further work defining the optimal profile of EAAs,
as well as the optimal dosage and timing for specific circumstances, would be beneficial.

8. Final summary and conclusions

The following 15 points constitute the Position Statement of the Society. They have been
approved by the Research Council of the Society:

(1) Free-form EAA supplementation (not derived from exogenous intact protein) is
a robust stimulator of muscle protein synthesis and turnover.

(2) EAAs stimulate muscle protein synthesis more than an isonitrogenous protein
isolate.

(3) EAA ingestion produces a rapid rise in peripheral concentrations and inward
transport of amino acids into skeletal muscle.

(4) EAA stimulation of muscle protein synthesis can occur with multiple dosages and
does not interfere with meal effects.

(5) Individual or groups of EAAs may initiate the stimulatory process; however,
significant and sustained stimulation occurs when all EAAs are consumed.

(6) EAA stimulation of protein synthesis at rest occurs in dosages ranging from 1.5g
to 18¢.

(7) A greater percentage of leucine (%/g) contained in ingested compositions of EAAs
is required to maximally stimulate muscle protein synthesis populations (aging,
clinical pathologies) that demonstrate anabolic resistance.

(8) In anabolic resistant populations, longitudinal EAA supplementation improves
functional outcomes.

(9) The effects of EAAs and exercise are interactive, such that the combined effects
are magnified. This interaction is due to a greater delivery of EAAs to exercising
muscle by increased blood flow and higher blood EAA concentrations.

(10) Anabolic responses are consistently reported with combinations of EAA ingestion
with either resistance or aerobic exercise. This effect is preserved with aging.

(11) Free form EAA supplementation is well within the safe upper limit of habitual daily
consumption.

(12) EAA supplementation is efficacious in the vast majority of clinical studies and
conditions.
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(13) Numerous longitudinal studies involving EAA supplementation in aging popula-
tions consistently report favorable improvements in metabolic as well as func-
tional outcomes.

(14) More research is needed to examine the potential impact of EAA administration in
athletic populations that are intentionally or unintentionally undergoing energy
deprivation on changes in muscle protein metabolism and associated perfor-
mance and body composition changes.

(15) More research is needed to examine the role of EAA administration to athletic
populations that go through unexpected and sudden periods of inactivity likely
secondary to acute injuries and rehabilitation periods that routinely follow surgi-
cal interventions.

Acknowledgments

Figures 1a and 1b were made with the assistance of Biorender.com.

Disclosure statement

AAF is an inventor of EAA-based compositions (US11,273,138 B2, US20140343112,
US20200253908). The results of some of these compositions are referred to under “EAAs and
clinical conditions and outcomes (refs 40, 60, 89).” RRW is a shareholder in the Amino Company, LLC.
RRW is an inventor of EAA-based compositions (U.S. Patent 9,597,367 B2; US Patent 9,364,463 B2; US
Patent 16/761,175, US20100179089, US20090252684, US20090203606, US8703725B2,
ES2274299T3, EP1865944B1, US 2008/0268038 A1, US20200253908, US10022358B2, US11,273,138
B2, US20140343112, US11,241,399 B2). DDC has received honoria, consulting fees, and performed
free-lance work related to protein metabolism. He currently serves on the Advisory Board for Shifted
Supplements. SK has no conflict in terms of financial or business interests related to this manuscript.
SK has received grants to conduct research on dietary supplements; has served as a paid consultant
for industry; and has received honoraria for speaking engagements and conferences. MDR reports
current research contracts and gifts from several industry sponsors. MDR also acts as a consultant for
industry entities in accordance with rules established by Auburn University’s Conflict of Interest
(COI) Policies. JRS has no conflict of interest related to this manuscript in terms of financial or
business interests. Over the past 25 years, he has received grants and contracts to conduct research
on dietary supplements; served as a paid consultant for industry; and received honoraria for
speaking at conferences and writing lay articles about sports nutrition ingredients and topics. RJS
has no conflict in terms of financial or business interests related to this manuscript. RJS has
conducted research on dietary supplements. RBK has conducted sponsored research on nutritional
supplements through grants and contracts awarded to the universities he has been affiliated,
received honorarium for presenting research related to dietary supplements, served as an expert
on cases related to dietary supplements, and consulted with industry on product development
including dietary supplements containing essential amino acids. CK has no conflicts of interest to
report on the content of this paper. CK has consulted with and received external funding from
companies who sell certain amino acids and dietary ingredients and has received remuneration
from companies for delivering scientific presentations at conferences. He has also been paid in an
advisory capacity from companies that manufacture various dietary ingredients including protein.
NAB has no conflict in terms of financial or business interests related to this manuscript. NAB has
received research grants, consulting fees, and speaking honoraria from PepsiCo, the National
Cattlemen’s Beef Association, The Pork Check Off, National Dairy Council, and Alliance for Potato
Research and Education (APRE). SMP has no conflict in terms of financial or business interests
related to this manuscript. Furthermore, the opinions expressed in this article are those of



JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 855

Dr. Pasiakos and do not reflect the view of the National Institutes of Health, the Department of
Health and Human Services, or the United States government. Any citations of commercial organi-
zations and trade names in this report do not constitute an official NIH endorsement of approval of
the products or services of these organizations. MJO has no conflict in terms of financial or business
interests related to this manuscript. MJO is a member of the International Protein Board that
disseminates knowledge on protein and protein products. MJO has received grants and contracts
to conduct research on dietary supplements; has served as a paid and unpaid consultant for
industry; has received honoraria for speaking at conferences and writing lay articles about sports
nutrition ingredients and topics. SMA has no current conflicts of interest specifically related to EAAs/
protein. He has received other funding from dietary supplement companies for research, honoraria
for speaking at conferences or as an advisory board member, and consulting. PJA has no conflict in
terms of financial or business interests related to this manuscript. PJA is Founder and CEO of PRISE
LLC, a health and wellness company providing consulting services to organizations and individuals
to enhance health and performance. He serves as a paid consultant for Isagenix International LLC,
a health and wellness company providing nutrition supplements. He is an advisory board member
of the International Protein Board (IPB) and receives funding to conduct research on dietary
supplements; he receives honoraria for keynote presentations and financial compensation for
books and lay articles about sports nutrition ingredients and topics. BIC has no conflict in terms
of financial or business interests related to this manuscript. BIC has received grants and contracts to
conduct research on dietary supplements; has served as a paid consultant for industry; has received
honoraria for speaking at conferences and writing lay articles about sports nutrition ingredients and
topics; is a member of the International Protein Board that disseminates knowledge on protein and
protein products; and has served as an expert witness on behalf of the plaintiff and defense in cases
involving dietary supplements; and receives compensation for writing and providing educational
services related to exercise and nutrition-related topics. TAV has no current conflicts of interest
specifically related to EAAs/protein. She has received other funding from dietary supplement
companies for research, honoraria for speaking at conferences/writing lay articles, and consulting
in industry. RJ has no conflict in terms of financial or business interests related to this manuscript. RJ
is an inventor of patents on dipeptides (US patent US20230053297, US20230113817, US11026991).
RJ has received grants and contracts to conduct research on dietary supplements; has served as
a paid consultant for industry; has received honoraria for speaking at conferences and has served as
an expert witness on behalf of the plaintiff and defense in cases involving dietary supplements. DW
has no conflict in terms of financial or business interests related to this manuscript. DW has received
grants and contracts to conduct research on dietary supplements; has served as a paid consultant
for industry; has received honoraria for speaking at conferences and writing lay articles about sports
nutrition ingredients and topics; and has served as an expert witness on behalf of the plaintiff and
defense in cases involving dietary supplements. DSK has no conflicts of interest to declare. In the
past, DSK has conducted research on amino acids and protein products, none currently. JA is the
CEO of the ISSN. The ISSN receives occasional funding and support from companies the manufac-
ture and sell amino-acid containing supplements.

The opinions expressed in this article are those of the authors and do not reflect the view of the
National Institutes of Health, the Department of Health and Human Services, or the United States
government. Any citations of commercial organizations and trade names in this report do not
constitute an official NIH endorsement of approval of the products or services of these
organizations.

Funding

D.D.C. is currently supported by a National Institutes of Health (NIH) Clinical Research Loan
Repayment Award. Research reported in this publication was supported by the National Center
For Advancing Translational Sciences of the National Institutes of Health under Award Number (TL1
TR003109 and UL1 TR003107). The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.



856 A. A. FERRANDO ET AL.

ORCID

Katie R. Hirsch (©) http://orcid.org/0000-0002-0899-0139

Shiloah A. Kviatkovsky () http://orcid.org/0000-0002-1775-2917
Jeffrey R. Stout (1) http://orcid.org/0000-0001-6114-1649

Drew E. Gonzalez () http://orcid.org/0000-0002-7279-4968
Richard B. Kreider (=) http://orcid.org/0000-0002-3906-1658
Chad M. Kerksick () http://orcid.org/0000-0003-0458-7294
Michael J. Ormsbee () http://orcid.org/0000-0002-1939-7656
Shawn M. Arent (©) http://orcid.org/0000-0003-0647-0591

Bill I. Campbell () http://orcid.org/0000-0002-4106-3871

Trisha A. VanDusseldorp (2} http://orcid.org/0000-0001-9057-2720
Douglas S. Kalman (2) http://orcid.org/0000-0003-0882-9748
Jose Antonio (&) http://orcid.org/0000-0002-8930-1058

References

1.

10.

11.

12.

13.

Bradford, H, Schmidt, V. The history of the discovery of the amino acids. Chem Rev.
1931;9:169-318. doi: 10.1021/cr60033a001

. Dietary reference intakes for energy, carbohydrates, fiber, fat, protein and amino acids

(macronutrients). Washington, DC Institute of Medicine of the National Academies, 2005.
2002/2005. Report No.

. Elango, R, Ball, RO, Pencharz, PB. Recent advances in determining protein and amino acid

requirements in humans. British Journal Of Nutrition. 2012;108(2):522-30. Epub 2012/10/31.
PubMed PMID: 23107531. doi: 10.1017/50007114512002504

. Food and Agriculture Organization of the United Nations Dietary protein quality evaluation in

human nutrition. Rome: FAO Food and Nutrition. 2013 31 March - 2 April 2011. Report No.

. CE, B, JS, A, DT, H. Protein quality in humans: assessment and in vitro estimation. Westport

Connecticut: AVI Publishing, Inc; 1981.

. Bifari, F, Ruocco, C, Decimo, |, et al. Amino acid supplements and metabolic health: a potential

interplay between intestinal microbiota and systems control. Genes Nutr. 2017;12:27. Epub
2017/10/19. PubMed PMID: 29043007; PMCID: PMC5628494. doi: 10.1186/512263-017-0582-2

. Paddon-Jones, D, Sheffield-Moore, M, Urban, RJ, et al. Essential amino acid and carbohydrate

supplementation ameliorates muscle protein loss in humans during 28 days bedrest. J Clin
Endocrinol Metab. 2004;89(9):4351-4358. PubMed PMID: 15356032. doi: 10.1210/jc.2003-
032159

. Fitts, RH, Romatowski, JG, Peters, JR, et al. The deleterious effects of bed rest on human

skeletal muscle fibers are exacerbated by hypercortisolemia and ameliorated by dietary
supplementation. Am J Physiol Cell Physiol. 2007;293(1):C313-20. PubMed PMID: 17409123.
doi: 10.1152/ajpcell.00573.2006

. Biolo, G, Tipton, KD, Klein, S, et al. An abundant supply of amino acids enhances the metabolic

effect of exercise on muscle protein. Am J Physiol. 1997;273(1 Pt 1):E122-9. PubMed PMID:
9252488. doi: 10.1152/ajpendo.1997.273.1.E122.

Magaway, C, Kim, E, Jacinto, E. Targeting mTOR and metabolism in cancer: lessons and
innovations. Cells. 2019;8(12). Epub 2019/12/11. PubMed PMID: 31817676; PMCID:
PMC6952948. doi: 10.3390/cells8121584

Melick, CH, Jewell, JL. Regulation of mTORC1 by upstream stimuli. Genes (Basel). 2020;11(9).
Epub 2020/08/29. PubMed PMID: 32854217; PMCID: PMC7565831. doi: 10.3390/genes11090989
Saxton, RA, Sabatini, DM. mTOR signaling in growth, metabolism, and disease. Cell. 2017;168
(6):960-976. Epub 2017/03/12. PubMed PMID: 28283069; PMCID: PMC5394987. doi: 10.1016/j.
cell.2017.02.004.

Bruhat, A, Jousse, C, Carraro, V, et al. Amino acids control mammalian gene transcription:
activating transcription factor 2 is essential for the amino acid responsiveness of the CHOP


https://doi.org/10.1021/cr60033a001
https://doi.org/10.1017/S0007114512002504
https://doi.org/10.1186/s12263-017-0582-2
https://doi.org/10.1210/jc.2003-032159
https://doi.org/10.1210/jc.2003-032159
https://doi.org/10.1152/ajpcell.00573.2006
https://doi.org/10.1152/ajpendo.1997.273.1.E122
https://doi.org/10.3390/cells8121584
https://doi.org/10.3390/genes11090989
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/j.cell.2017.02.004

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 857

promoter. Mol Cell Biol. 2000;20(19):7192-7204. Epub 2000/09/13. PubMed PMID: 10982836;
PMCID: PMC86273. doi: 10.1128/MCB.20.19.7192-7204.2000

Hargreaves, M. Exercise and gene expression. Prog Mol Biol Transl Sci. 2015;135:457-469.
Epub 2000/09/13. PubMed PMID: 26477926. doi: 10.1016/bs.pmbts.2015.07.006
Drummond, MJ, Rasmussen, BB. Leucine-enriched nutrients and the regulation of mamma-
lian target of rapamycin signalling and human skeletal muscle protein synthesis. Current
opinion in clinical nutrition and metabolic care. 2008;11(3):222-226. Epub 2008/04/12.
PubMed PMID: 18403916; PMCID: PMC5096790. doi: 10.1097/MCO.0b013e3282fa17fb
Dreyer, HC, Fujita, S, Glynn, EL, et al. Resistance exercise increases leg muscle protein
synthesis and mTOR signalling independent of sex. Acta Physiol (Oxf). 2010;199(1):71-81.
Epub 2010/01/15. PubMed PMID: 20070283; PMCID: PMC2881180. doi: 10.1111/j.1748-1716.
2010.02074.x

Maier, T, Guell, M, Serrano, L. Correlation of mMRNA and protein in complex biological samples.
FEBS Lett. 2009;583(24):3966-3973. Epub 2009/10/24. PubMed PMID: 19850042. doi: 10.1016/
j.febslet.2009.10.036.

Greenhaff, PL, Karagounis, LG, Peirce, N, et al. Disassociation between the effects of amino
acids and insulin on signaling, ubiquitin ligases, and protein turnover in human muscle. Am
J Physiol. 2008;295(3):E595-604. PubMed PMID: 18577697. doi: 10.1152/ajpendo0.90411.2008
Crick, FH. On protein synthesis. Symp Soc Exp Biol. 1958;12:138-163. Epub 1958/01/01.
PubMed PMID: 13580867.

Graber, TG, Borack, MS, Reidy, PT, et al. Essential amino acid ingestion alters expression of
genes associated with amino acid sensing, transport, and mTORC1 regulation in human
skeletal muscle. Nutri Metabol. 2017;14:35. Epub 2017/05/16. PubMed PMID: 28503190;
PMCID: PMC5426042. doi: 10.1186/512986-017-0187-1

Wolfe, RR, Chinkes, D. Isotope tracers in metabolic research: principles and practice of kinetic
analysis. New York, New Yor: Wiley-Liss; 2004. p. 274.

Biolo, G, Chinkes, D, Zhang, X, et al. Harry M. Vars research award: a new model to determine
in vivo the relationship between amino acid transmembrane transport and protein kinetics in
muscle. JPEN J Parenter Enteral Nutr. 1992;16(4):305-315. doi: 10.1177/0148607192016004305
Biolo, G, Fleming, RY, Maggi, SP, et al. Transmembrane transport and intracellular kinetics of
amino acids in human skeletal muscle. Am J Physiol. 1995;268(1 Pt 1):E75-84. PubMed PMID:
7840186. doi: 10.1152/ajpendo.1995.268.1.E75.

Tipton, KD, Borsheim, E, Wolf, SE, et al. Acute response of net muscle protein balance reflects
24-h balance after exercise and amino acid ingestion. Am J Physiol (Endocrinol Metab).
2003;284(1):E76-89. PubMed PMID: 12388164. doi: 10.1152/ajpendo.00234.2002.

Plotkin, DL, Delcastillo, K, Van Every, DW, et al. Isolated leucine and branched-chain amino
acid supplementation for enhancing muscular strength and hypertrophy: a narrative review.
Int J Sport Nutr Exercise Metab. 2021;31(3):292-301. Epub 2021/03/21. PubMed PMID:
33741748. doi: 10.1123/ijsnem.2020-0356

Fuchs, CJ, Hermans, WJH, Holwerda, AM, et al. Branched-chain amino acid and
branched-chain ketoacid ingestion increases muscle protein synthesis rates in vivo in older
adults: a double-blind, randomized trial. Am J Clin Nutr. 2019;110(4):862-872. Epub 2019/06/
30. PubMed PMID: 31250889; PMCID: PMC6766442. doi: 10.1093/ajcn/ngz120.

Pinals, RS, Harris, ED, Burnett, JB, et al. Treatment of rheumatoid arthritis with L-histidine:
a randomized, placebo-controlled, double-blind trial. J Rheumatol. 1977;4(4):414-419. Epub
1977/01/01. PubMed PMID: 342692.

Jackman, SR, Witard, OC, Jeukendrup, AE, et al. Branched-chain amino acid ingestion can
ameliorate soreness from eccentric exercise. Med & Sci In Sports & Ex. 2010;42(5):962-970.
PubMed PMID: 19997002. doi: 10.1249/MSS.0b013e3181c1b798

Cynober, L, Bier, DM, Kadowaki, M, et al. A proposal for an upper limit of leucine safe intake in
healthy adults. J Nutr. 2012;142(12):22495-2250S. Epub 2012/10/26. PubMed PMID:
23096009. doi: 10.3945/jn.112.160853


https://doi.org/10.1128/MCB.20.19.7192-7204.2000
https://doi.org/10.1016/bs.pmbts.2015.07.006
https://doi.org/10.1097/MCO.0b013e3282fa17fb
https://doi.org/10.1111/j.1748-1716.2010.02074.x
https://doi.org/10.1111/j.1748-1716.2010.02074.x
https://doi.org/10.1016/j.febslet.2009.10.036
https://doi.org/10.1016/j.febslet.2009.10.036
https://doi.org/10.1152/ajpendo.90411.2008
https://doi.org/10.1186/s12986-017-0187-1
https://doi.org/10.1177/0148607192016004305
https://doi.org/10.1152/ajpendo.1995.268.1.E75
https://doi.org/10.1152/ajpendo.00234.2002
https://doi.org/10.1123/ijsnem.2020-0356
https://doi.org/10.1093/ajcn/nqz120
https://doi.org/10.1249/MSS.0b013e3181c1b798
https://doi.org/10.3945/jn.112.160853

858 A. A. FERRANDO ET AL.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Kim, 1Y, Williams, RH, Schutzler, SE, et al. Acute lysine supplementation does not improve
hepatic or peripheral insulin sensitivity in older, overweight individuals. Nutri Metabol.
2014;11(1):49. Epub 2014/10/18. PubMed PMID: 25324894; PMCID: PMC4198625. doi: 10.
1186/1743-7075-11-49

Report of the expert advisory committee on amino acids. Ottawa, Canada: Minister of Supply
and Services Canada, 1990.

Ryan-Harshman, M, Leiter, LA, Anderson, GH. Phenylalanine and aspartame fail to alter
feeding behavior, mood and arousal in men. Physiol Behav. 1987;39(2):247-253. Epub
1987/01/01. PubMed PMID: 3575461. doi: 10.1016/0031-9384(87)90017-5.

Growdon, JH, Nader, TM, Schoenfeld, J, et al. L-threonine in the treatment of spasticity. Clin
Neuropharmacol. 1991;14(5):403-412. Epub 1991/10/01. PubMed PMID: 1742749. doi: 10.
1097/00002826-199110000-00003

Cynober, L, Bier, DM, Kadowaki, M, et al. Proposals for upper limits of safe intake for arginine
and tryptophan in young adults and an upper limit of safe intake for leucine in the elderly.
J Nutr. 2016;146(12):26525-2654S. Epub 2016/12/10. PubMed PMID: 27934658. doi: 10.3945/
jn.115.228478

Volpi, E, Kobayashi, H, Sheffield-Moore, M, et al. Essential amino acids are primarily respon-
sible for the amino acid stimulation of muscle protein anabolism in healthy elderly adults. Am
J Clin Nutr. 2003;78(2):250-258. PubMed PMID: 12885705. doi: 10.1093/ajcn/78.2.250
Kobayashi, H, Borsheim, E, Anthony, TG, et al. Reduced amino acid availability inhibits muscle
protein synthesis and decreases activity of initiation factor elF2B. Am J Physiol. 2003;284(3):
E488-98. PubMed PMID: 12556349. doi: 10.1152/ajpendo.00094.2002

Wilkinson, DJ, Bukhari, SSI, Phillips, BE, et al. Effects of leucine-enriched essential amino acid
and whey protein bolus dosing upon skeletal muscle protein synthesis at rest and after
exercise in older women. Clin Nutr. 2018;37(6 Pt A):2011-2021. Epub 2017/10/17. PubMed
PMID: 29031484; PMCID: PMC6295981. doi: 10.1016/j.clnu.2017.09.008

Tipton, KD, Gurkin, BE, Matin, S, et al. Nonessential amino acids are not necessary to stimulate
net muscle protein synthesis in healthy volunteers. J Nutr Biochem. 1999;10(2):89-95.
PubMed PMID: 15539275. doi: 10.1016/50955-2863(98)00087-4.

Paddon-Jones, D, Sheffield-Moore, M, Katsanos, CS, et al. Differential stimulation of muscle
protein synthesis in elderly humans following isocaloric ingestion of amino acids or whey
protein. Exp Gerontol. 2006;41(2):215-219. PubMed PMID: 16310330. doi: 10.1016/j.exger.
2005.10.006

Kim, 1Y, Park, S, Smeets, E, et al. Consumption of a specially-formulated mixture of essential
amino acids promotes gain in whole-body protein to a greater extent than a complete meal
replacement in older women with heart failure. Nutrients. 2019;11(6). Epub 2019/06/20.
PubMed PMID: 31212940; PMCID: PMC6627910. doi: 10.3390/nu11061360

Bukhari, SS, Phillips, BE, Wilkinson, DJ, et al. Intake of low-dose leucine-rich essential amino
acids stimulates muscle anabolism equivalently to bolus whey protein in older women at rest
and after exercise. Am J Physiol. 2015;308(12):E1056-65. Epub 2015/04/02. PubMed PMID:
25827594. doi: 10.1152/ajpendo0.00481.2014

Park, S, Church, DD, Azhar, G, et al. Anabolic response to essential amino acid plus whey
protein composition is greater than whey protein alone in young healthy adults. J Int Soc
Sports Nutr. 2020;17(1):9. Epub 2020/02/12. PubMed PMID: 32041644; PMCID: PMC7011510.
doi: 10.1186/512970-020-0340-5

Church, DD, Hirsch, KR, Park, S, et al. Essential amino acids and protein synthesis: insights into
maximizing the muscle and whole-body response to feeding. Nutrients. 2020;12(12). Epub
2020/12/06. PubMed PMID: 33276485; PMCID: PMC7760188. doi: 10.3390/nu12123717
Adibi, SA, Fogel, MR, Agrawal, RM. Comparison of free amino acid and dipeptide absorption in
the jejunum of sprue patients. Gastroenterology. 1974;67(4):586-591. Epub 1974/10/01.
PubMed PMID: 4412534. doi: 10.1016/5S0016-5085(19)32783-0.


https://doi.org/10.1186/1743-7075-11-49
https://doi.org/10.1186/1743-7075-11-49
https://doi.org/10.1016/0031-9384(87)90017-5
https://doi.org/10.1097/00002826-199110000-00003
https://doi.org/10.1097/00002826-199110000-00003
https://doi.org/10.3945/jn.115.228478
https://doi.org/10.3945/jn.115.228478
https://doi.org/10.1093/ajcn/78.2.250
https://doi.org/10.1152/ajpendo.00094.2002
https://doi.org/10.1016/j.clnu.2017.09.008
https://doi.org/10.1016/S0955-2863(98)00087-4
https://doi.org/10.1016/j.exger.2005.10.006
https://doi.org/10.1016/j.exger.2005.10.006
https://doi.org/10.3390/nu11061360
https://doi.org/10.1152/ajpendo.00481.2014
https://doi.org/10.1186/s12970-020-0340-5
https://doi.org/10.3390/nu12123717
https://doi.org/10.1016/S0016-5085(19)32783-0

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 859

Drummond, MJ, Glynn, EL, Fry, CS, et al. An increase in essential amino acid availability
upregulates amino acid transporter expression in human skeletal muscle. Am J Physiol.
2010;298(5):E1011-8. Epub 2010/03/23. PubMed PMID: 20304764; PMCID: PMC2867366.
doi: 10.1152/ajpendo.00690.2009

Bohe, J, Low, A, Wolfe, RR, et al. Human muscle protein synthesis is modulated by extracellular,
not intramuscular amino acid availability: a dose-response study. Journal Of Physiology.
2003;552(Pt 1):315-324. PubMed PMID: 12909668. doi: 10.1113/jphysiol.2003.050674.
Mitchell, WK, Phillips, BE, Williams, JP, et al. A dose- rather than delivery profile-dependent
mechanism regulates the “muscle-full” effect in response to oral essential amino acid intake
in young men. J Nutr. 2015;145(2):207-214. Epub 2015/02/04. PubMed PMID: 25644339;
PMCID: PMC4304023. doi: 10.3945/jn.114.199604

Anderson, GH, Moore, SE. Dietary proteins in the regulation of food intake and body weight in
humans. J Nutr. 2004;134(4):9745-979S. PubMed PMID: 15051857. doi: 10.1093/jn/134.4.974S.
Paddon-Jones, D, Sheffield-Moore, M, Aarsland, A, et al. Exogenous amino acids stimulate
human muscle anabolism without interfering with the response to mixed meal ingestion. Am
J Physiol. 2005;288(4):E761-7. PubMed PMID: 15572657. doi: 10.1152/ajpendo.00291.2004
Abdulla, H, Bass, JJ, Stokes, T, et al. The effect of oral essential amino acids on incretin
hormone production in youth and ageing. Endocrinol Diabetes Metab. 2019;2(4):e00085.
Epub 2019/10/09. PubMed PMID: 31592446; PMCID: PMC6775449. doi: 10.1002/edm?2.85
Park, S, Jang, J, Choi, MD, et al. The anabolic response to dietary protein is not limited by the
maximal stimulation of protein synthesis in healthy older adults: a randomized crossover trial.
Nutrients. 2020;12(11). Epub 2020/10/30. PubMed PMID: 33114585; PMCID: PMC7693481. doi:
10.3390/nu12113276

Fry, CS, Drummond, MJ, Glynn, EL, et al. Aging impairs contraction-induced human skeletal
muscle mTORC1 signaling and protein synthesis. Skelet Muscle. 2011;1(1):11. Epub 2011/07/
30. PubMed PMID: 21798089; PMCID: PMC3156634. doi: 10.1186/2044-5040-1-11

Katsanos, CS, Kobayashi, H, Sheffield-Moore, M, et al. 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(5):1065-1073. PubMed PMID: 16280440. doi: 10.1093/ajcn/82.5.1065
Paddon-Jones, D, Sheffield-Moore, M, Zhang, XJ, et al. Amino acid ingestion improves muscle
protein synthesis in the young and elderly. Am J Physiol. 2004;286(3):E321-8. PubMed PMID:
14583440. doi: 10.1152/ajpend0.00368.2003

Katsanos, CS, Kobayashi, H, Sheffield-Moore, M, et al. A high proportion of leucine is required
for optimal stimulation of the rate of muscle protein synthesis by essential amino acids in the
elderly. Am J Physiol. 2006;291(2):E381-7. PubMed PMID: 16507602. doi: 10.1152/ajpendo.
00488.2005

Carbone, JW, McClung, JP, Pasiakos, SM. Skeletal muscle responses to negative energy
balance: effects of dietary protein. Adv nutri (Bethesda, Md). 2012;3(2):119-126. Epub 2012/
04/21. PubMed PMID: 22516719; PMCID: PMC3648712 conflicts of interest. doi: 10.3945/an.
111.001792

Trappe, TA, Gastaldelli, A, Jozsi, AC, et al. Energy expenditure of swimmers during high
volume training. Medi and sci sports and exerci. 1997;29(7):950-954. Epub 1997/07/01.
PubMed PMID: 9243495. doi: 10.1097/00005768-199707000-00015

Gwin, JA, Church, DD, Hatch-McChesney, A, et al. Effects of high versus standard essential
amino acid intakes on whole-body protein turnover and mixed muscle protein synthesis
during energy deficit: a randomized, crossover study. Clin Nutr. 2021;40(3):767-777. Epub
2020/08/10. PubMed PMID: 32768315. doi: 10.1016/j.clnu.2020.07.019

Biolo, G, Fleming, RY, Maggi, SP, et al. Inverse regulation of protein turnover and amino acid
transport in skeletal muscle of hypercatabolic patients. J Clin Endocrinol Metab. 2002;87
(7):3378-3384. PubMed PMID: 12107253. doi: 10.1210/jcem.87.7.8699

Dillon, EL, Sheffield-Moore, M, Paddon-Jones, D, et al. Amino acid supplementation increases
lean body mass, basal muscle protein synthesis, and insulin-like growth factor-I expression in
older women. J Clin Endocrinol Metab. 2009;94(5):1630-1637. PubMed PMID: 19208731. doi:
10.1210/jc.2008-1564


https://doi.org/10.1152/ajpendo.00690.2009
https://doi.org/10.1113/jphysiol.2003.050674
https://doi.org/10.3945/jn.114.199604
https://doi.org/10.1093/jn/134.4.974S
https://doi.org/10.1152/ajpendo.00291.2004
https://doi.org/10.1002/edm2.85
https://doi.org/10.3390/nu12113276
https://doi.org/10.3390/nu12113276
https://doi.org/10.1186/2044-5040-1-11
https://doi.org/10.1093/ajcn/82.5.1065
https://doi.org/10.1152/ajpendo.00368.2003
https://doi.org/10.1152/ajpendo.00488.2005
https://doi.org/10.1152/ajpendo.00488.2005
https://doi.org/10.3945/an.111.001792
https://doi.org/10.3945/an.111.001792
https://doi.org/10.1097/00005768-199707000-00015
https://doi.org/10.1016/j.clnu.2020.07.019
https://doi.org/10.1210/jcem.87.7.8699
https://doi.org/10.1210/jc.2008-1564
https://doi.org/10.1210/jc.2008-1564

860 A. A. FERRANDO ET AL.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Borsheim, E, Bui, QU, Tissier, S, et al. Effect of amino acid supplementation on muscle mass,
strength and physical function in elderly. Clin Nutr. 2008;27(2):189-195. PubMed PMID:
18294740. doi: 10.1016/j.cInu.2008.01.001.

Kim, HK, Suzuki, T, Saito, K, et al. Effects of exercise and amino acid supplementation on body
composition and physical function in community-dwelling elderly Japanese sarcopenic
women: a randomized controlled trial. J Am Geriatr Soc. 2012;60(1):16-23. PubMed PMID:
22142410. doi: 10.1111/j.1532-5415.2011.03776.x

Azhar, G, Wei, JY, Schutzler, SE, et al. Daily consumption of a specially formulated essential
amino acid-based dietary supplement improves physical performance in older adults with
low physical functioning. J Gerontol A Biol Sci Med Sci. 2021;76(7):1184-1191. Epub 2021/01/
22. PubMed PMID: 33475727; PMCID: PM(C8202157. doi: 10.1093/gerona/glab019

Hwang, CL, Chien, CL, Wu, YT. Resistance training increases 6-minute walk distance in people
with chronic heart failure: a systematic review. J Physiother. 2010;56(2):87-96. Epub 2010/05/
21. PubMed PMID: 20482475. doi: 10.1016/51836-9553(10)70038-2.

Ferrando, AA, Paddon-Jones, D, Hays, NP, et al. EAA supplementation to increase nitrogen
intake improves muscle function during bed rest in the elderly. Clin Nutr. 2010;29:18-23.
PubMed PMID: 19419806. doi: 10.1016/j.cInu.2009.03.009.

Biolo, G, Maggi, SP, Williams, BD, et al. Increased rates of muscle protein turnover and amino
acid transport after resistance exercise in humans. Am J Physiol. 1995;268(3 Pt 1):E514-20.
PubMed PMID: 7900797. doi: 10.1152/ajpendo.1995.268.3.E514.

Tipton, KD, Ferrando, AA, Phillips, SM, et al. Postexercise net protein synthesis in human
muscle from orally administered amino acids. Am J Physiol. 1999;276(4Pt1):E628-34. PubMed
PMID: 10198297. doi: 10.1152/ajpendo.1999.276.4.E628.

Rasmussen, BB, Tipton, KD, Miller, SL, et al. An oral essential amino acid-carbohydrate
supplement enhances muscle protein anabolism after resistance exercise. J Appl Physiol.
2000;88(2):386-392. PubMed PMID: 10658002. doi: 10.1152/jappl.2000.88.2.386
Waskiw-Ford, M, Hannaian, S, Duncan, J, et al. Leucine-enriched essential amino acids
improve recovery from post-exercise muscle damage independent of increases in integrated
myofibrillar protein synthesis in young men. Nutrients. 2020;12(4). Epub 2020/04/16. PubMed
PMID: 32290521; PMCID: PMC7231404. doi: 10.3390/nu12041061

Moberg, M, Apro, W, Ekblom, B, et al. Activation of mTORC1 by leucine is potentiated by
branched-chain amino acids and even more so by essential amino acids following resistance
exercise. Am J Physiol Cell Physiol. 2016;310(11):C874-84. Epub 2016/04/08. PubMed PMID:
27053525. doi: 10.1152/ajpcell.00374.2015

Hannaian, SJ, Hodson, N, Abou Sawan, S, et al. Leucine-enriched amino acids maintain
peripheral mTOR-Rheb localization independent of myofibrillar protein synthesis and
mTORC1 signaling postexercise. J Appl Physiol. 2020;129(1):133-143. Epub 2020/06/12.
PubMed PMID: 32525432; PMCID: PMC7469228. doi: 10.1152/japplphysiol.00241.2020

Lees, MJ, Wilson, OJ, Webb, EK, et al. Novel essential amino acid supplements following
resistance exercise induce aminoacidemia and enhance anabolic signaling irrespective of
age: a proof-of-concept trial. Nutrients. 2020;12(7). Epub 2020/07/16. PubMed PMID:
32664648; PMCID: PMC7400893. doi: 10.3390/nu12072067

Reidy, PT, Fry, CS, Dickinson, JM, et al. Postexercise essential amino acid supplementation
amplifies skeletal muscle satellite cell proliferation in older men 24 hours postexercise.
Physiol Rep. 2017;5(11). Epub 2017/06/10. PubMed PMID: 28596299; PMCID: PMC5471431.
doi: 10.14814/phy2.13269

Tipton, KD, Rasmussen, BB, Miller, SL, et al. Timing of amino acid-carbohydrate ingestion
alters anabolic response of muscle to resistance exercise. Am J Physiol. 2001;281(2):E197-206.
PubMed PMID: 11440894. doi: 10.1152/ajpendo.2001.281.2.E197

Fujita, S, Dreyer, HC, Drummond, MJ, et al. Essential amino acid and carbohydrate ingestion
before resistance exercise does not enhance postexercise muscle protein synthesis. J Appl
Physiol. 2009;106(5):1730-1739. Epub 2017/06/10. PubMed PMID: 18535123; PMCID:
PM(C2681328. doi: 10.1152/japplphysiol.90395.2008


https://doi.org/10.1016/j.clnu.2008.01.001
https://doi.org/10.1111/j.1532-5415.2011.03776.x
https://doi.org/10.1093/gerona/glab019
https://doi.org/10.1016/s1836-9553(10)70038-2
https://doi.org/10.1016/j.clnu.2009.03.009
https://doi.org/10.1152/ajpendo.1995.268.3.E514
https://doi.org/10.1152/ajpendo.1999.276.4.E628
https://doi.org/10.1152/jappl.2000.88.2.386
https://doi.org/10.3390/nu12041061
https://doi.org/10.1152/ajpcell.00374.2015
https://doi.org/10.1152/japplphysiol.00241.2020
https://doi.org/10.3390/nu12072067
https://doi.org/10.14814/phy2.13269
https://doi.org/10.1152/ajpendo.2001.281.2.E197
https://doi.org/10.1152/japplphysiol.90395.2008

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 861

Borsheim, E, Tipton, KD, Wolf, SE, et al. Essential amino acids and muscle protein
recovery from resistance exercise. Am J Physiol. 2002;283(4):E648-57. PubMed PMID:
12217881. doi: 10.1152/ajpendo.00466.2001

Pasiakos, SM, McClung, HL, Margolis, LM, et al. Human muscle protein synthetic responses
during weight-bearing and non-weight-bearing exercise: a comparative study of exercise
modes and recovery nutrition. Plos One. 2015;10(10):e0140863. PubMed PMID: 26474292;
PMCID: PMC4608805. doi: 10.1371/journal.pone.0140863.

Markofski, MM, Jennings, K, Timmerman, KL, et al. Effect of aerobic exercise training and
essential amino acid supplementation for 24 weeks on physical function, body composition,
and muscle metabolism in healthy, independent older adults: a randomized clinical trial.
J Gerontol A Biol Sci Med Sci. 2019;74(10):1598-1604. Epub 2018/05/12. PubMed PMID:
29750251; PMCID: PMC6748753. doi: 10.1093/gerona/gly109

Callahan, MJ, Parr, EB, Hawley, JA, et al. Can high-intensity interval training promote skeletal
muscle anabolism? Sports Med (Auckland, NZ). 2021;51(3):405-421. Epub 2017/10/17.
PubMed PMID: 33512698. doi: 10.1007/s40279-020-01397-3.

Forbes, SC, Candow, DG, Smith-Ryan, AE, et al. Supplements and nutritional interventions to
augment high-intensity interval training physiological and performance adaptations—A
narrative review. Nutrients. 2020;12(2):390. Epub 2020/02/07. PubMed PMID: 32024038;
PMCID: PMC7071320. doi: 10.3390/nu12020390.

Hirsch, KR, Greenwalt, CE, Saylor, HE, et al. High-intensity interval training and essential amino
acid supplementation: effects on muscle characteristics and whole-body protein turnover.
Physiol Rep. 2021;9(1):e14655. Epub 2020/12/29. PubMed PMID: 33369879; PMCID:
PMC7769174. doi: 10.14814/phy2.14655

Hirsch, KR, Greenwalt, CE, Cabre, HE, et al. Metabolic effects of high-intensity interval training
and essential amino acids. Eur J Appl Physiol. 2021;121(12):3297-3311. Epub 2020/12/29.
PubMed PMID: 34427732. doi: 10.1007/s00421-021-04792-4

Hirsch, KR, Cabre, HE, Gould, LM, et al. Effects of essential amino acids on high-intensity
interval training performance, fatigue outcomes, and workload progression. J Am Nutr Assoc.
2023;42(4):411-417. Epub 2020/12/29. PubMed PMID: 35512775. doi: 10.1080/07315724.
2022.2060373

Sheffield-Moore, M, Yeckel, CW, Volpi, E, et al. Postexercise protein metabolism in older and
younger men following moderate-intensity aerobic exercise. Am J Physiol. 2004;287(3):E513-22.
Epub 2004/05/20. PubMed PMID: 15149953. doi: 10.1152/ajpendo.00334.2003

Aquilani, R, D’Antona, G, Baiardi, P, et al. Essential amino acids and exercise tolerance in
elderly muscle-depleted subjects with chronic diseases: a rehabilitation without
rehabilitation? Biomed Res Int. 2014;2014:341603. Epub 2014/07/11. PubMed PMID:
25009815; PMCID: PMC4070286. doi: 10.1155/2014/341603

Aquilani, R, Zuccarelli, GC, Dioguardi, FS, et al. Effects of oral amino acid supplementation on
long-term-care-acquired infections in elderly patients. Arch Gerontol Geriatr. 2011;52(3):
e123-8. Epub 2010/10/12. PubMed PMID: 20934757. doi: 10.1016/j.archger.2010.09.005
Aquilani, R, Viglio, S, ladarola, P, et al. Oral amino acid supplements improve exercise
capacities in elderly patients with chronic heart failure. Am J Cardiol. 2008;101(11A):104E-
110E. Epub 2008/07/02. PubMed PMID: 18514618. doi: 10.1016/j.amjcard.2008.03.008
Scognamiglio, R, Piccolotto, R, Negut, C, et al. Oral amino acids in elderly subjects: effect on
myocardial function and walking capacity. Gerontology. 2005;51(5):302-308. Epub 2005/08/
20. PubMed PMID: 16110231. doi: 10.1159/000086366

Aquilani, R, Zuccarelli, GC, Condino, AM, et al. Despite inflammation, supplemented essential
amino acids may improve circulating levels of albumin and haemoglobin in patients after hip
fractures. Nutrients. 2017;9(6). Epub 2017/06/22. PubMed PMID: 28635634; PMCID:
PMC5490616. doi: 10.3390/nu9060637

Aquilani, R, Zuccarelli Ginetto, C, Rutili, C, et al. Supplemented amino acids may enhance the
walking recovery of elderly subjects after hip fracture surgery. Aging Clin Exp Res. 2019;31
(1):157-160. Epub 2018/04/19. PubMed PMID: 29667153. doi: 10.1007/540520-018-0941-x


https://doi.org/10.1152/ajpendo.00466.2001
https://doi.org/10.1371/journal.pone.0140863
https://doi.org/10.1093/gerona/gly109
https://doi.org/10.1007/s40279-020-01397-3
https://doi.org/10.3390/nu12020390
https://doi.org/10.14814/phy2.14655
https://doi.org/10.1007/s00421-021-04792-4
https://doi.org/10.1080/07315724.2022.2060373
https://doi.org/10.1080/07315724.2022.2060373
https://doi.org/10.1152/ajpendo.00334.2003
https://doi.org/10.1155/2014/341603
https://doi.org/10.1016/j.archger.2010.09.005
https://doi.org/10.1016/j.amjcard.2008.03.008
https://doi.org/10.1159/000086366
https://doi.org/10.3390/nu9060637
https://doi.org/10.1007/s40520-018-0941-x

862 (&) A.A.FERRANDO ET AL.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Baldissarro, E, Aquilani, R, Boschi, F, et al. The hip functional retrieval after elective surgery
May be enhanced by supplemented essential amino acids. Biomed Res Int.
2016;2016:9318329. Epub 2016/04/26. PubMed PMID: 27110573; PMCID: PMC4823478. doi:
10.1155/2016/9318329

Ferrando, A, Bamman, MM, Schutzler, S, et al. Increased nitrogen intake following hip
arthroplasty expedites muscle strength recovery. J Aging: Res And Clin Pract. 2013;2(4):369.
Aquilani, R, Boselli, M, D'Antona, G, et al. Unaffected arm muscle hypercatabolism in dyspha-
gic subacute stroke patients: the effects of essential amino acid supplementation. Biomed Res
Int. 2014;2014:964365. Epub 2016/04/26. PubMed PMID: 25431770; PMCID: PMC4241696. doi:
10.1155/2014/964365

Aquilani, R, Emilio, B, Dossena, M, et al. Correlation of deglutition in subacute ischemic stroke
patients with peripheral blood adaptive immunity: essential amino acid improvement.
Int J Immunopathol Pharmacol. 2015;28(4):576-583. Epub 2015/10/07. PubMed PMID:
26437899. doi: 10.1177/0394632015608249

Brooks, N, Cloutier, GJ, Cadena, SM, et al. Resistance training and timed essential amino acids
protect against the loss of muscle mass and strength during 28 days of bed rest and energy
deficit. J Appl Physiol. 2008;105(1):241-248. Epub 2008/05/17. PubMed PMID: 18483167;
PMCID: PMC2494840. doi: 10.1152/japplphysiol.01346.2007

Cholewa, JM, Dardevet, D, Lima-Soares, F, et al. Dietary proteins and amino acids in the
control of the muscle mass during immobilization and aging: role of the MPS response.
Amino Acids. 2017;49(5):811-820. Epub 2017/02/09. PubMed PMID: 28175999. doi: 10.1007/
s00726-017-2390-9

Holloway, TM, McGlory, C, McKellar, S, et al. A novel amino acid composition ameliorates
short-term muscle disuse atrophy in healthy young men. Front Nutr. 2019;6:105. Epub 2019/
07/30. PubMed PMID: 31355205; PMCID: PMC6636393. doi: 10.3389/fnut.2019.00105
Killewich, LA, Tuvdendorj, D, Bahadorani, J, et al. Amino acids stimulate leg muscle protein
synthesis in peripheral arterial disease. J Vasc Surg. 2007;45(3):554-559. discussion 9-60. Epub
2007/02/27. PubMed PMID: 17321342. doi: 10.1016/j.jvs.2006.11.033

Bauerdick, H, Spellerberg, P, Lamberts, B. Therapy with essential amino acids and their
nitrogen-free analogues in severe renal failure. Am J Clin Nutr. 1978;31(10):1793-1796.
Epub 1978/10/01. PubMed PMID: 707334. doi: 10.1093/ajcn/31.10.1793

Eustace, JA, Coresh, J, Kutchey, C, et al. Randomized double-blind trial of oral essential amino
acids for dialysis-associated hypoalbuminemia. Kidney Int. 2000;57(6):2527-2538. Epub 2000/
06/09. PubMed PMID: 10844622. doi: 10.1046/j.1523-1755.2000.00112.x

Ferrando, AA, Raj, D, Wolfe, RR. Amino acid control of muscle protein turnover in renal disease.
J Ren Nutr. 2005;15(1):34-38. PubMed PMID: 15648004. doi: 10.1053/j,jrn.2004.09.014.
Hecking, E, Kohler, H, Zobel, R, et al. Treatment with essential amino acids in patients on
chronic hemodialysis: a double blind cross-over study. Am J Clin Nutr. 1978;31
(10):1821-1826. Epub 1978/10/01. PubMed PMID: 360819. doi: 10.1093/ajcn/31.10.1821
Unverdi, S, Ceri, M, Uz, E, et al. The effectiveness of oral essential aminoacids and aminoacids
containing dialysate in peritoneal dialysis. Ren Fail. 2014;36(9):1416-1419. Epub 2014/09/24.
PubMed PMID: 25246343. doi: 10.3109/0886022X.2014.950933

Kato, H, Miura, K, Nakano, S, et al. Leucine-enriched essential amino acids attenuate inflam-
mation in rat muscle and enhance muscle repair after eccentric contraction. Amino Acids.
2016;48(9):2145-2155. Epub 2016/05/12. PubMed PMID: 27168073; PMCID: PMC4989025. doi:
10.1007/s00726-016-2240-1

Rittig, N, Bach, E, Thomsen, HH, et al. Amino acid supplementation is anabolic during the
acute phase of endotoxin-induced inflammation: a human randomized crossover trial. Clin
Nutr. 2016;35(2):322-330. Epub 2015/04/22. PubMed PMID: 25896101. doi: 10.1016/j.cInu.
2015.03.021.

Jones, C, Eddleston, J, McCairn, A, et al. Improving rehabilitation after critical illness through
outpatient physiotherapy classes and essential amino acid supplement: a randomized con-
trolled trial. J Crit Care. 2015;30(5):901-907. Epub 2016/05/12. PubMed PMID: 26004031. doi:
10.1016/j.jcrc.2015.05.002


https://doi.org/10.1155/2016/9318329
https://doi.org/10.1155/2016/9318329
https://doi.org/10.1155/2014/964365
https://doi.org/10.1155/2014/964365
https://doi.org/10.1177/0394632015608249
https://doi.org/10.1152/japplphysiol.01346.2007
https://doi.org/10.1007/s00726-017-2390-9
https://doi.org/10.1007/s00726-017-2390-9
https://doi.org/10.3389/fnut.2019.00105
https://doi.org/10.1016/j.jvs.2006.11.033
https://doi.org/10.1093/ajcn/31.10.1793
https://doi.org/10.1046/j.1523-1755.2000.00112.x
https://doi.org/10.1053/j.jrn.2004.09.014
https://doi.org/10.1093/ajcn/31.10.1821
https://doi.org/10.3109/0886022X.2014.950933
https://doi.org/10.1007/s00726-016-2240-1
https://doi.org/10.1007/s00726-016-2240-1
https://doi.org/10.1016/j.clnu.2015.03.021
https://doi.org/10.1016/j.clnu.2015.03.021
https://doi.org/10.1016/j.jcrc.2015.05.002
https://doi.org/10.1016/j.jcrc.2015.05.002

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 863

Engelen, M, Safar, AM, Bartter, T, et al. High anabolic potential of essential amino acid
mixtures in advanced nonsmall cell lung cancer. Ann Oncol. 2015;26(9):1960-1966. Epub
2015/06/27. PubMed PMID: 26113648; PMCID: PMC4551158. doi: 10.1093/annonc/mdv271
Engelen, MP, Com, G, Wolfe, RR, et al. Dietary essential amino acids are highly anabolic in
pediatric patients with cystic fibrosis. J Cyst Fibros. 2013;12(5):445-453. Epub 2013/01/30.
PubMed PMID: 23357545; PMCID: PMC3640686. doi: 10.1016/}.jcf.2012.12.011

Dal Negro, RW, Aquilani, R, Bertacco, S, et al. Comprehensive effects of supplemented
essential amino acids in patients with severe COPD and sarcopenia. Monaldi Arch Chest
Dis. 2010;73(1):25-33. Epub 2010/05/27. PubMed PMID: 20499791. doi: 10.4081/monaldi.
2010.310

Dal Negro, RW, Testa, A, Aquilani, R, et al. Essential amino acid supplementation in patients
with severe COPD: a step towards home rehabilitation. Monaldi Arch Chest Dis. 2012;77
(2):67-75. Epub 2012/12/01. PubMed PMID: 23193843. doi: 10.4081/monaldi.2012.154
Jonker, R, Deutz, NE, Erbland, ML, et al. Effectiveness of essential amino acid supplementation
in stimulating whole body net protein anabolism is comparable between COPD patients and
healthy older adults. Metabolism. 2017;69:120-129. Epub 2017/03/14. PubMed PMID:
28285641; PMCID: PMC5351771. doi: 10.1016/j.metabol.2016.12.010

Corsetti, G, Romano, C, Pasini, E, et al. Diet enrichment with a specific essential free amino
acid mixture improves healing of undressed wounds in aged rats. Exp Gerontol.
2017;96:138-145. Epub 2017/07/04. PubMed PMID: 28669821. doi: 10.1016/j.exger.2017.06.
020

Borsheim, E, Bui, QU, Wolfe, RR. Plasma amino acid concentrations during late rehabilitation
in patients with traumatic brain injury. Archives of physical medicine and rehabilitation. Arch
Phys Med Rehabil. 2007;88(2):234-238. Epub 2007/02/03. PubMed PMID: 17270522. doi: 10.
1016/j.apmr.2006.11.003.

Boselli, M, Aquilani, R, Baiardi, P, et al. Supplementation of essential amino acids may reduce
the occurrence of infections in rehabilitation patients with brain injury. Nutr Clin Pract.
2012;27(1):99-113. Epub 2012/02/07. PubMed PMID: 22307494. doi: 10.1177/
0884533611431068

Borsheim, E, Bui, QU, Tissier, S, et al. Amino acid supplementation decreases plasma and liver
triacylglycerols in elderly. Nutrition. 2009;25:281-288. PubMed PMID: 19041223. doi: 10.1016/
j.nut.2008.09.001.

Coker, RH, Deutz, NE, Schutzler, S, et al. Nutritional supplementation with essential amino
acids and phytosterols may reduce risk for metabolic syndrome and cardiovascular disease in
overweight individuals with Mild Hyperlipidemia. J Endocrinol Diabetes Obes. 2015;3(2):Epub
2016/01/05. PubMed PMID: 26726312; PMCID: PMC4696774.

Marquis, BJ, Hurren, NM, Carvalho, E, et al. Skeletal muscle acute and chronic metabolic
response to essential amino acid supplementation in hypertriglyceridemic older adults. Curr
Dev Nutr. 2017;1(11):e002071. Epub 2018/06/30. PubMed PMID: 29955688; PMCID:
PMC5998789. doi: 10.3945/cdn.117.002071

Coker, RH, Miller, S, Schutzler, S, et al. Whey protein and essential amino acids promote the
reduction of adipose tissue and increased muscle protein synthesis during caloric
restriction-induced weight loss in elderly, obese individuals. Nutr J. 2012;11:105. Epub
2018/06/30. PubMed PMID: 23231757; PMCID: PMC3546025. doi: 10.1186/1475-2891-11-105
Coker, RH, Shin, K, Scholten, K, et al. Essential amino acid-enriched meal replacement
promotes superior net protein balance in older, overweight adults. Clin Nutr. 2019;38
(6):2821-2826. Epub 2015/04/22. PubMed PMID: 30638738; PMCID: PMC6588419. doi: 10.
1016/j.cInu.2018.12.013.

Coker, MS, Ladd, KR, Kim, J, et al. Essential amino acid supplement lowers intrahepatic lipid
despite excess alcohol consumption. Nutrients. 2020;12(1). Epub 2020/01/23. PubMed PMID:
31963802; PMCID: PMC7019240. doi: 10.3390/nu12010254

Jegatheesan, P, Beutheu, S, Ventura, G, et al. Effect of specific amino acids on hepatic lipid
metabolism in fructose-induced non-alcoholic fatty liver disease. Clin Nutr. 2016;35
(1):175-182. Epub 2015/03/05. PubMed PMID: 25736031. doi: 10.1016/j.cInu.2015.01.021


https://doi.org/10.1093/annonc/mdv271
https://doi.org/10.1016/j.jcf.2012.12.011
https://doi.org/10.4081/monaldi.2010.310
https://doi.org/10.4081/monaldi.2010.310
https://doi.org/10.4081/monaldi.2012.154
https://doi.org/10.1016/j.metabol.2016.12.010
https://doi.org/10.1016/j.exger.2017.06.020
https://doi.org/10.1016/j.exger.2017.06.020
https://doi.org/10.1016/j.apmr.2006.11.003
https://doi.org/10.1016/j.apmr.2006.11.003
https://doi.org/10.1177/0884533611431068
https://doi.org/10.1177/0884533611431068
https://doi.org/10.1016/j.nut.2008.09.001
https://doi.org/10.1016/j.nut.2008.09.001
https://doi.org/10.3945/cdn.117.002071
https://doi.org/10.1186/1475-2891-11-105
https://doi.org/10.1016/j.clnu.2018.12.013
https://doi.org/10.1016/j.clnu.2018.12.013
https://doi.org/10.3390/nu12010254
https://doi.org/10.1016/j.clnu.2015.01.021

864 A. A. FERRANDO ET AL.

122.

123.

124.

125.

126.

127.

Theytaz, F, Noguchi, Y, Egli, L, et al. Effects of supplementation with essential amino acids on
intrahepatic lipid concentrations during fructose overfeeding in humans. Am J Clin Nutr.
2012;96(5):1008-1016. Epub 2012/10/05. PubMed PMID: 23034968. doi: 10.3945/ajcn.112.
035139

Brocca, L, D'Antona, G, Bachi, A, et al. Amino acid supplements improve native antioxidant
enzyme expression in the skeletal muscle of diabetic mice. Am J Cardiol. 2008;101(11A):57E-
62E. Epub 2008/07/02. PubMed PMID: 18514628. doi: 10.1016/j.amjcard.2008.03.002
Natarajan Sulochana, K, Lakshmi, S, Punitham, R, et al. Effect of oral supplementation of free
amino acids in type 2 diabetic patients- a pilot clinical trial. Med Sci Monit. 2002;8(3): CR131-
7. Epub 2002/03/12. PubMed PMID: 11887024.

Pellegrino, MA, Patrini, C, Pasini, E, et al. Amino acid supplementation counteracts metabolic
and functional damage in the diabetic rat heart. Am J Cardiol. 2008;101(11A):49E-56E. Epub
2008/07/02. PubMed PMID: 18514627. doi: 10.1016/j.amjcard.2008.03.001

Solerte, SB, Fioravanti, M, Locatelli, E, et al. Improvement of blood glucose control and insulin
sensitivity during a long-term (60 weeks) randomized study with amino acid dietary supple-
ments in elderly subjects with type 2 diabetes mellitus. Am J Cardiol. 2008;101(11A):82E-88E.
Epub 2008/07/02. PubMed PMID: 18514633. doi: 10.1016/j.amjcard.2008.03.006

Solerte, SB, Gazzaruso, C, Schifino, N, et al. Metabolic effects of orally administered amino acid
mixture in elderly subjects with poorly controlled type 2 diabetes mellitus. Am J Cardiol.
2004;93(8A):23A-29A. Epub 2008/07/02. PubMed PMID: 15094102. doi: 10.1016/j.amjcard.
2003.11.006


https://doi.org/10.3945/ajcn.112.035139
https://doi.org/10.3945/ajcn.112.035139
https://doi.org/10.1016/j.amjcard.2008.03.002
https://doi.org/10.1016/j.amjcard.2008.03.001
https://doi.org/10.1016/j.amjcard.2008.03.006
https://doi.org/10.1016/j.amjcard.2003.11.006
https://doi.org/10.1016/j.amjcard.2003.11.006

	Abstract
	1. Methods
	2. Introduction
	3. Mechanism of action
	3.1. The importance of muscle protein turnover
	3.2. Control of muscle protein synthesis
	3.3. Importance of the protocol used to measure MPS response to amino acid consumption

	4. Safety
	5. Consensus of FIndings
	5.1. Eaas and muscle protein synthesis at rest
	5.2. Eaas and whole-body protein and energy balance
	5.2.1. Key points: EAA effects on muscle and whole-body protein

	5.3. EAAs and physical function in absence of exercise training
	5.4. EAA interaction with exercise
	5.5. Supplementation strategies: EAA timing
	5.6. EAA interaction with other exercise modalities

	6. Eaas and clinical conditions and outcomes
	6.1. Key points: EAA, exercise, and function

	7. Remaining questions
	8. Final summary and conclusions
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References

