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Anabolic response to essential amino acid
plus whey protein composition is greater
than whey protein alone in young healthy
adults
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Abstract

Background: We have determined the acute response of protein kinetics to one or two servings (6.3 g and 12.6 g)
of a proprietary composition containing free-form essential amino acids (EAA) (3.2 g EAA per serving) and whey
protein (2.4 g per serving), as well as the response to consumption of a popular whey-based protein supplement
(Gatorade Recover) (17 g; 12.6 g protein).

Methods: Whole-body rates of protein synthesis, breakdown and net balance (taken to be the anabolic response)
were determined using primed-constant infusions of 2H5-phenylalnine and 2H2-tyrosine. Muscle protein fractional
synthetic rate (FSR) was also determined with the 2H5-phenylalanine tracer.

Results: Plasma EAA levels increased following consumption of all beverages, with the greatest response in the
high-dose EAA/protein composition. Similarly, the increase in net balance between whole-body protein synthesis
and breakdown was greatest following consumption of the high-dose EAA/protein composition, while the low-
dose EAA/protein composition and Gatorade Recover induced similar increases in net balance. When the net
balance response was normalized for the total amount of product given, the high- and low-dose EAA/protein
beverages were approximately 6- and 3-fold more anabolic than the Gatorade Recover, respectively. The greater
anabolic response to the EAA/protein composition was due to greater increases in whole-body protein synthesis
with both doses, and a markedly greater suppression of whole-body protein breakdown in the high-dose group.
Muscle protein FSR after beverage consumption reflected changes in whole-body protein synthesis, with the larger
EAA/protein dose significantly increasing FSR.

Conclusion: We conclude that a composition of a balanced EAA formulation combined with whey protein is
highly anabolic as compared to a whey protein-based recovery product, and that the response is dose-dependent.

Trial registration: ClinicalTrials.gov Identifier: NCT03502941. This trial was registered on April 19, 2018.
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Stable isotope
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Background
Intact proteins are popular dietary supplements to in-
crease lean body mass, or more specifically muscle mass,
by stimulating protein synthesis. Supplementation of the
diet with intact proteins may take the form of protein-
fortified prepared foods, or as pure protein. Whey protein
isolate is the most popular pure protein supplement. EAA
are the primary “active” components of dietary protein.
EAA cannot be produced in the body, but are primarily
responsible for the stimulation of muscle protein synthesis
[1]. Non-essential amino acid consumption, with or with-
out concomitant EAA consumption, fails to affect protein
synthesis in healthy, well-nourished volunteers, whether at
rest [1, 2] or after exercise [3, 4]. The response of muscle
protein synthesis following ingestion of a composition of
free EAA is more than twice the response to consumption
of a comparable dosage (g/g) of whey protein isolate [5].
The greater anabolic impact of free-form EAA can be at-
tributed to the more rapid increase in plasma concentra-
tions following ingestion of EAA, as well as the higher
peak concentrations. In addition, EAA supplements can
be formulated to address altered metabolic conditions,
such as aging [6]. While dietary supplements of EAA have
distinct advantages, isolated intact proteins, such as whey
protein isolate, have potential advantages as well. The
protein synthetic response to consumption of an isolated
intact dietary protein is sustained over a longer time than
the response to free-form EAA because of the slower ab-
sorption of the component amino acids in dietary protein
[7]. In addition, peptides formed in the digestion of dietary
proteins (particularly whey protein) have been proposed
to have unique nutritional advantages [8–11]. Taste pref-
erences may also favor intact protein compositions. Thus,
the concept of a nutritional composition that combines
the beneficial effects of both free-form EAA and isolated
dietary protein is appealing.
Previous studies have added free leucine to whey protein

isolate to amplify the synthetic response, with mixed re-
sults [12, 13]. The rationale of combining leucine with in-
tact protein is that leucine can activate the molecular
mechanisms involved in the initiation of protein synthesis,
so that the tissue is “primed” for a greater response to the
amino acids absorbed from the dietary protein. While the
addition of free leucine may enhance the acute synthetic
response to whey protein, an imbalance in the plasma
concentrations of EAA will likely develop. The EAA with
the lowest concentration relative to demand will limit the
anabolic response, regardless of the extent of excess of the
other EAA, including leucine. Consequently, maintaining
a balance of EAA that is roughly proportionate to the de-
mand for each EAA is important. For this reason, the idea
of combining a balanced formulation of all of the EAA
with an intact protein is appealing. A combination of a
balanced formulation of EAA and a high-quality intact

protein should provide the beneficial effect of a rapid and
large increase in leucine concentration to activate the pro-
tein synthesis at a molecular level, while also providing
sufficient other EAA to maintain a prolonged availability
of all the necessary precursors for protein synthesis.
In this study we have determined the acute response

of protein kinetics to two doses of a composition
containing free EAA and whey protein, as well as the
response to consumption of an amount of a popular
whey-based protein supplement.

Methods
Subjects
We studied 16 healthy male and females. Subject demo-
graphics are shown in Table 1. Potential subjects re-
ported to the Reynolds Institute on Aging for informed
consent discussion. The protocol, as well as the risks
and potential benefits of participation in the study, were
fully explained to the subjects prior to obtaining written
(witnessed) informed consent. The study was approved
by the Institutional Review Board of the University of
Arkansas for Medical Sciences. Once consent was
obtained, a medical history was obtained and a blood
sample was drawn for complete blood count. A physical
examination and a DEXA scan were performed.
Values are mean ± SEM.

Experimental design
We used a randomized, two-period, stable isotope infu-
sion study: a 4.5 h basal fasted period and a 4 h post-meal
period (total 8.5 h). The principal end-point was the total
anabolic response, or net protein balance (whole body
protein synthesis minus breakdown). The secondary end-
point was muscle protein fractional synthetic rate over the
4 h following the intervention of beverage consumption.
The plasma amino acid concentration response was also a
secondary end-point. The study design consisted of two
arms. Arm 1 consisted of a group of subjects who per-
formed a randomized, single blind cross-over (two stable
isotope studies) in which they consumed each of the two
doses of the proprietary free-form EAA/protein study sup-
plement (6.3 g and 12.6 g), with a ≥ one week washout
period between stable isotope studies. Arm 2 consisted of

Table 1 Subject characteristics

Low- & High-dose EAA/protein Whey Protein

Subject number
(Male/Female)

8 (3/5) 8 (4/4)

Age, yr 21.4 ± 0.5 26.9 ± 2.0

Body weight, kg 73.8 ± 4.8 76.2 ± 3.1

Body mass index, kg/m2 24.6 ± 0.8 25.7 ± 1.6

Lean body mass, kg 51.6 ± 4.9 49.5 ± 2.6

Fat mass, % 21.1 ± 2.2 24.8 ± 4.1
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a group of subjects (with similar gender composition) who
participated in one stable isotope study during which they
ingested 17.6 g of a product (Gatorade Recover) containing
12.6 g of whey protein.

Stable isotope tracer protocol
We have quantified the anabolic response to consump-
tion of each beverage by determining whole-body pro-
tein kinetics (protein synthesis, protein breakdown, and
net protein balance (g protein × 240 min)). We also
measured the FSR of muscle protein to gain more direct
insight into the response of muscle protein.
Subjects reported to the Reynolds Institute on Aging

having fasted overnight from 10:00 p.m. For subjects
who participated in the dose-response study, the order
of supplement dose was randomized. Intravenous cathe-
ters were inserted into a vein in each arm. One catheter
was used to infuse the stable isotopes L-[ring-2H5]
phenylalanine and L-[2H2] tyrosine) (Cambridge Isotope
Laboratories, Andover, MA). The contralateral arm was
used for blood sampling after warming the arm by
means of a heated plastic box. After an initial blood
sample was obtained, the primed-constant infusion of
tracers was started as we have described previously [14,
15]. L-[ring-2H5] phenylalanine (prime, 4.60 μmol/kg; in-
fusion rate, 3.92 μmol/kg/h) and L-[ring-2H2] tyrosine
(prime, 0.95 μmol/kg; infusion rate, 1.57 μmol/kg/h) and
a priming dose of L-[ring-2H4] tyrosine (0.33 μmol/kg)
were started at time zero, and the tracer infusions main-
tained throughout the entire 8.5 h experimental period.
Muscle biopsies were obtained after 2.5 h and 4.5 h in
the basal state and at the end of the study (8.5 h) for
determination of muscle protein FSR. The appropriate
study supplement was served immediately after the sec-
ond muscle biopsy was obtained (4.5 h). Subjects con-
sumed each beverage within 5min. The study protocol
is shown schematically in Fig. 1. Blood samples were
taken at 0, 150, 180, 210, 240, 270 min before

consumption of a test supplement (fasted blood samples)
and at 290, 310, 330, 360, 390, 420, 450, 480, and 510
min (fed blood samples) to measure tracer enrichment
and plasma responses of essential amino acids. A total of
15 blood samples were taken (approximately 90 ml).

Study products
A randomization list was used to determine which dos-
age of EAA/protein was tested first in the cross-over
study (Arm 1). The study was blinded to the extent pos-
sible, given that different amounts of beverages were
consumed. We considered the inability to completely
blind the study of minimal concern, since neither the
subject nor investigator had conscious control over their
rates of protein synthesis and breakdown.
The composition of a single dose of each study product

is shown in Table 2. Two doses of the EAA/protein bever-
age were given to provide 12.6 g. The EAA profile of the
beverages was determined as described below for plasma
free amino acids, with the additional step of hydrolyzing
the whey protein in the Gatorade Recover beverage.

Analytic methods
Plasma samples were processed for determination of iso-
topic enrichment and amino acid concentrations as pre-
viously described [14, 16]. Tracer enrichments and
plasma amino acid concentrations were determined by
gas-chromatography mass spectrometry (GCMS: Models
7890A/5975; Agilent Technologies, Santa Clara, CA;
LCMS:) and liquid-chromatography mass spectrometry
(LCMS: QTrap 5500 MS;AB Sciex, Foster City, CA) as
previously described [14, 15].

Calculation of protein kinetics
Whole-body protein kinetics (protein synthesis, break-
down, and net balance) are expressed as changes from
the basal, post-absorptive state to the fed state. Briefly,
the calculation of protein breakdown in the post-

Fig. 1 Tracer infusion protocol
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absorptive state is based on the rate of appearance of
phenylalanine (Phe) determined by traditional tracer
dilution methodology, since Phe is not produced in the
body. Protein synthesis is calculated as the difference be-
tween the rate of appearance of Phe and the irreversible
loss of Phe, determined from the measured rate of hy-
droxylation of Phe to tyrosine (Tyr). Calculation of pro-
tein synthesis and net protein balance in the post-
prandial state requires accounting for the contribution
of the dietary Phe (exogenous appearance) to the total
appearance of Phe in the blood. Exogenous appearance
is equal to the amount of Phe absorbed minus whatever
absorbed Phe is cleared irreversibly before reaching the
peripheral blood where sampling occurs. We calculated
the amount of Phe absorbed by multiplying the amount
ingested by the true ileal digestibility (TID). TID was as-
sumed to be 95.3%, for Gatorade Recover, assuming pro-
tein digestibility of the Gatorade Recover was the same
as whey protein concentrate [17], and 98% for EAA/pro-
tein (100% for EAA, 95.3% for whey protein). The irre-
versible hydroxylation of absorbed Phe occurs in the
liver [18] and is calculated by multiplying the measured
fraction of Phe uptake hydroxylated by the amount of
ingested Phe that was absorbed (ingested x TID). This
calculation yields a value for the total 4 h post-prandial
period. A 20% correction factor for the dilution of Phe
tracer in the intracellular pool of the liver in the fasted
state was applied to the calculation of the hydroxylation
of Phe in the post-absorptive, but not post-prandial,

state [19]. The total response of protein synthesis, pro-
tein breakdown, and net protein balance over the 4
hours after consumption of each of the beverages was
calculated to minimize any uncertainties stemming from
non-steady state calculations [20].
The FSR of muscle protein was calculated as described

previously [20], using the plateau in Phe enrichment in
the basal state and the enrichment of plasma Phe
integrated over 4 h post ingestion of study product as
the precursor enrichment in the post-prandial state.

Statistical analysis
A two tailed paired student’s t-test was performed to com-
pare differences between the low- and high-dose of EAA/
protein drink (dose effect) and a one-way repeated mea-
sures ANOVA was performed to compare differences from
the whey protein drink with respect to changes in whole-
body protein synthesis, breakdown and net balance, FSR,
and plasma amino acids (area under the curve for response
over 4 h). In order to compare EAA/protein drinks and
whey protein drink with respect to the time-course of re-
sponses of plasma amino acids, two-way repeated measures
of ANOVA were performed, followed by a two tailed paired
t-test (if necessary). Statistical significance was declared
with the p-values of < 0.05. The statistical analysis was per-
formed using IBM SPSS Statistic Package software version
24 for Window (SPSS, Chicago, IL).

Results
Plasma amino acid concentrations
Total plasma EAA concentration in the basal state and fol-
lowing beverage ingestion is shown in Fig. 2. The change in
total EAA concentration following consumption of the EAA/
protein beverage was directly related to the dose of study
product. Both doses of the EAA/protein product caused sig-
nificantly greater increases in EAA concentrations than
Gatorade Recover. Plasma leucine increased to significantly
higher values in both EAA/protein doses than Gatorade Re-
cover, even though the amount of leucine (64mg) ingested
in the low-dose EAA/protein was less than the amount of
leucine (108mg) in the whey protein product (Fig. 2).

Whole body anabolic response
All three treatments caused an increase in net whole
body protein balance (NB) (Fig. 3 and Additional file 1:
Figure S1). The total gain in NB was greatest (11.8 ± 1.8
g protein for 240 min) in the group consuming 12.6 g of
the free EAA/protein composition (statistically signifi-
cantly greater than the other two groups, p < 0.01). The
increase in NB in the group consuming 6.3 g of the free
EAA/protein composition was similar to the group re-
ceiving 17.9 g Gatorade Recover. The greater increase in
NB with the high-dose EAA/protein compositions was
due to both greater increases in the rate of whole-body

Table 2 Test product compositiona

EAA/protein study
composition
(6.3 g serving)

Gatorade Recover
Whey Protein
(17.9 g serving)

Free EAA 3.2 g –

Creatine 0.5 g –

Protein 2.4 g 12.6 g

Fat 0.0 g 1 g

Carbohydrate 0.0 g 2.6 g

Flavoring 0.2 g 1.7 g

% of total free EAA % of protein-bound EAA

Histidine 10 3

Isoleucine 10 12

Leucine 20 24

Lysine 19 18

Methionine 3 4

Phenylalanine 12 5

Threonine 16 19

Valine 10 16
aSubjects were given either one dose (6.3 g) or two doses (12.6 g) of the EAA/
protein composition, or 17.9 g of the whey protein-based recovery product
(Gatorade Recover)
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protein synthesis and greater suppression of whole-body
protein breakdown as compared to the low-dose EAA/pro-
tein and Gatorade Recover. The increase in NB with the
low-dose of EAA/protein composition was due to a mainly
greater increase of protein synthesis while the increase in
NB with Gatorade Recover was due to a combination of a
modest increase in protein synthesis and suppression of
protein breakdown as compared to the fasting state. When
normalized for the amount of product given, the high- and
low-EAA/protein composition was more than 6 and 3
times, respectively, as effective per gram of product given
than whey protein, respectively (Fig. 4).

Muscle fractional synthetic rate
The pattern of response of muscle protein FSR was similar
to that of whole body protein synthesis, but the magnitude
of changes was smaller (Fig. 5). FSR increased significantly
above the baseline value following consumption of both

the low-dose and the high-dose free EAA/protein, but
only the increase in the high-dose group (from 0.042 ±
0.003%/h to 0.081 ± 0.014%/h, p < 0.05) was statistically
significant. The increase in FSR after consumption of the
whey protein product was not statistically significant.

Discussion
The principal finding of this study is that a combination of
free EAA and whey protein is highly anabolic in healthy
young volunteers. The anabolic response to the free EAA/
protein composition was dose-dependent. Interestingly, the
gain in NB following consumption of 12.6 g of free EAA
plus whey protein was significantly greater than the re-
sponse of NB to consumption of 6.3 g of the free EAA/pro-
tein product when normalized for the amount of product
consumed (Fig. 4), due to a greater suppression of protein
breakdown. The anabolic responses of either dose of free
EAA/whey protein product was greater than the response

Fig. 2 Total plasma essential amino acid (EAA) concentration (upper panel) and leucine concentration (lower panel) before and following
consumption of one of two doses (6.3 g and 12.6 g) of the free EAA/protein composition or the whey protein product (17.9 g). Bar graphs on
right represent the area under the curve for the response above baseline over the 4 h following consumption of each dose of free EAAs/protein
and of whey protein. *Statistically different from High EAA, p < 0.05; #Statistically different between Low EAA and whey protein, p < 0.05
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to a whey protein-based commercial beverage when nor-
malized to the amount consumed. When normalized for
the amount of product consumed, the low dose free EAA/
protein response of NB was approximately three- fold
greater than the whey protein product, and the response of
NB to the high dose of the free EAA/protein product was
approximately six times greater than the response to the
whey protein product.

The anabolic benefits of whey protein dietary supple-
ments are well established, both in sedentary individuals
as well as adjuncts to physical training (e.g., [21]. Simi-
larly, the consumption of free EAA-based nutritional
supplements are well-documented to stimulate muscle
protein synthesis and net protein balance [5, 22], and
sustained consumption improves physical function in
older individuals [23]. The stimulation of muscle protein

Fig. 3 Changes from baseline of whole-body net protein balance (NB), protein synthesis (PS) and protein breakdown (PB) following consumption
one of two doses of the free EAAs/protein composition (6.3 g and 12.6 g) and the whey protein product (17.9 g). *Statistically different from High
EAA, p < 0.01; #Statistically different between Low EAA and whey protein, p < 0.05

Fig. 4 Changes from baseline of whole-body net protein balance (NB), protein synthesis (PS) and protein breakdown (PB) following consumption
one of two doses of the free EAAs/protein composition (6.3 g and 12.6 g) and the whey protein product (17 g). Values are normalized for the
amount of product consumed. *Statistically different from High EAA, p < 0.01; #Statistically different between Low EAA and whey protein, p < 0.05
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synthesis by consumption of less than 4 g of EAA has
been reported to be as great as the response to con-
sumption of 25 g dose of whey protein [24]. The
enhanced anabolic effect of free EAA dietary supple-
ments has been attributed by some to the activation of
mTORC1 and related compounds involved in the initi-
ation of protein synthesis [25]. Leucine in particular has
been reported to play a key role in activating mTORC1,
and thus the stimulation of muscle protein synthesis
[26]. The notion that the addition of free leucine to a
dose of dietary protein activates mTORC1, thereby amp-
lifying the anabolic response to the amino acids in the
protein, has been tested in previous studies [12, 13].
Results of studies in which free leucine has been added
to dietary protein or to complete meals have been dis-
appointing. In the circumstance of impaired anabolic
responsiveness, such as occurs in cancer cachexia, the
addition of leucine to a whey-based nutritional compos-
ition may enhance the anabolic response [27]. However,
in healthy younger subjects, any beneficial effect of add-
ing free leucine to intact protein is short-lived [25] or
not detected [12, 28]. The problem with adding only leu-
cine to dietary protein is that the availability of the other
EAA becomes rate limiting. In particular, the plasma
concentrations of the other branched chain amino acids
(valine and isoleucine) fall below the fasting level when
only extra leucine is added to intact protein [12].
The current study is the first of which we are aware in

which a balanced formulation of free EAA has been
combined with whey protein. The formulation differed
from most EAA nutritional compositions in that leucine
comprised only 20% of the free EAA. It has been postu-
lated that the magnitude of anabolic response to dietary
protein is determined by the increase in plasma leucine

concentration, rather than to the amount of protein
consumed [26]. In support of this perspective, EAA com-
positions designed for elderly individuals require a dispro-
portionately high percentage of leucine to maximize the
anabolic response than would be predicted from the com-
position of muscle protein [6]. However, disproportion-
ately high leucine content in compositions designed to
stimulate an anabolic response in younger heathy volun-
teers is not necessary [29]. Rather, in the current study the
leucine content of the EAA/protein composition was
based on the amount required to maintain a balance
among all the protein synthetic precursors. By including
only 20% of EAA as leucine, it was possible to increase the
relative proportions of the other EAA, thereby providing
all of the precursors necessary for synthesis of body pro-
teins. Even with a low dose of free EAA comprised of only
20% leucine, the plasma leucine concentration rose almost
3-fold (Fig. 2), while the concentrations of the other EAA
were increased in proportion to their requirements for
muscle protein synthesis.
In addition to being able to produce a composition of

exact proportions of EAA, free EAA have the advantage of
being rapidly and completely absorbed [30]. The rapid
peak response in plasma EAA is likely a key reason for
their effectiveness [31]. On the other hand, the total dur-
ation of the response is limited, because just as the con-
centrations of EAA in the blood rise rapidly, they fall
rapidly as well. For this reason, the composition tested in
this study contains protein in addition to the EAA to pro-
long the anabolic response in the time after consumption.
Non-essential amino acids (NEAA) are not required for

the acute anabolic response to EAA consumption [2–4].
This is because NEAA are normally produced in the body
at fast enough rates to avoid deficiencies. On the other

Fig. 5 Muscle protein fractional synthesis rate (FSR) following consumption one of two doses of the free EAAs/protein composition (6.3 g and
12.6 g) and the whey protein product (17.9 g). *Statistically significant from fasted within treatment, p < 0.05
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hand, studies performed in livestock suggest that maximal
long-term animal growth and development is achieved
with a balance of about 20–30% NEAA and 70–80% EAA
[32]. The implication that NEAA availability can eventu-
ally become rate limiting for protein synthesis is supported
by the fact that the NEAA, particularly alanine and glu-
tamine, fall after consumption of a single dose of free-
form EAA [33]. The addition of intact protein to a mix-
ture of free-form EAA is the most efficient way to ensure
an adequate amount of dietary NEAA to maximize long-
term increases in lean body mass and physical function
resulting from regular consumption. The action of pep-
tides produced in the digestion of whey protein may have
contributed to an interactive effect between free EAA and
whey protein. Peptides of whey protein are reported to
have a wide range of potential benefits (e.g., [8–11]), and
amplifying the anabolic response to free EAA may be one
such benefit. The current study design did not enable as-
sessment of the role of peptides produced in the digestion
of whey protein.
A comment about the relation between the whole-body

protein and muscle protein FSR response is appropriate.
Qualitatively the responses of muscle protein FSR were
similar to the responses of whole-body protein synthesis
with the three treatments. Further, the muscle FSR re-
sponses in the current study were generally in line with
the results from comparable studies. For example,
Churchward-Venne, et al., [7] reported that consumption
of 1.5 g or 6 g of an EAA composition increased muscle
FSR by 40 and 36%, respectively, as compared to a 50% in-
crease following consumption 40 g of whey protein. The
corresponding values in our study were 39 and 76% in-
creases in FSR in response to 6.3 g and 12.6 g, respectively,
of the free EAA/protein composition, and a 28% increase
in response to the 12.6 g of whey protein in Gatorade Re-
cover. However, in the current study the magnitude of the
differences in whole-body net balance response between
treatments was much greater than the differences in FSR,
owing to a suppression of whole-body protein breakdown
in addition to a greater stimulation of protein synthesis in
the high-dose EAA/protein treatment. The two doses of
the EAA/protein compositions resulted in increases in net
protein balance of 3.6 ± 1.9 and 11.8 ± 1.8 g protein /4 h
for the low- and high-dose free EAA/protein composi-
tions, respectively, as compared to an increase of 3.0 ± 0.9
g for the Gatorade Recover. These results underscore the
importance of quantifying both the rates of protein syn-
thesis and breakdown when assessing the net anabolic
response to a nutritional intervention.
The quantification of the response of whole-body net

balance to nutrient consumption enabled the comparison
of the amount of amino acids ± protein consumed with
the net gain in body protein. The increase in body protein
was approximately 24% of the amount of whey protein

consumed with Gatorade Recover (Fig. 3). This percentage
of net protein gain is consistent with the long-established
relationship between N intake and N retention at levels of
N intake above minimal requirements [34], and provides
support for the quantitative validity of the whole-body
protein model. In contrast to the response to whey pro-
tein, the gain in body protein was approximately 64 and
105% of the low-and high-doses of the free-form EAA/
protein composition, respectively. The extraordinary in-
crease of body protein in relation to the amount of amino
acids in the free-form in the EAA/protein composition re-
flects the activation of the synthetic capacity by the rapid
increase in EAA (including leucine) concentrations, the
suppressive effects of a high-dose of EAA on protein
breakdown [35–37], and the increased reutilization of en-
dogenous NEAA to produce complete proteins.
It is appropriate to consider some of the advantages and

limitations of quantifying the anabolic response by meas-
urement of whole body protein synthesis and breakdown.
Consideration of the response to nutrient ingestion at the
whole body level is reasonable, since nutrients are con-
sumed at the whole-body level. Importantly, whole-body
protein turnover methodology enables the simultaneous de-
termination of rates of protein synthesis and breakdown,
and recent studies have highlighted the previously underap-
preciated role of protein breakdown in the anabolic
response to protein intake [38]. Direct measurement of
muscle protein FSR, on the other hand, provides informa-
tion only on the protein synthetic response. Accurate
measurement of net balance of muscle protein requires the
invasive procedure of arterial and deep venous
catheterization. Balanced against the advantages of whole-
body protein kinetics, there are limitations. Calculated re-
sults reflect a pooling of the responses of all proteins in the
body, and muscle protein may constitute as little as 25% of
the total rate of whole body protein synthesis in some
circumstances. Because the majority of whole body protein
synthesis occurs elsewhere than the muscle, the rate of
whole-body protein synthesis may not directly correspond
to muscle protein FSR in some circumstances. However,
with regard to the current study, the response of muscle
FSR generally corresponded to the changes in whole-body
protein synthesis, suggesting that at least some of the gain
in net protein balance occurred in the muscle.
There are different methodological approaches to

quantifying whole body protein synthetic and breakdown
rates, all of which have advantages and limitations. We
have recently discussed in detail the methodology used
in the current study [39]. Importantly, we concluded
that the necessary assumptions, while potentially con-
tributing variability to the results, do not cause system-
atic over- or under-estimations of the calculated values.
The validity of the whole-body methodology used in the
current study is supported by comparison of the results
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to the results of other studies using different methodolo-
gies. As discussed above, there is a close relation be-
tween the net gain of body N following consumption of
whey protein calculated by the tracer method and the
value expected on the basis of previous N-balance stud-
ies. In addition, a key finding in the current study was
that whole body protein breakdown was significantly
suppressed with the highest dose of the EAA/protein
composition. The suppressive effect of high concentra-
tions of plasma amino acids on muscle protein break-
down in human subjects has been well-established for
more than 20 years by arterial-venous balance studies
[35–37].

Conclusions
We conclude that there is an interactive effect between
free EAA and whey protein that makes their combin-
ation highly anabolic in a dose dependent manner that
exceeds the anabolic response to a whey-protein based
supplement (Gatorade Recover) by approximately 3- and
6-fold for the low- and high-doses of free EAA/protein,
respectively, when evaluated on a g/g basis.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12970-020-0340-5.

Additional file 1: Figure S1. Whole body protein synthesis, Whole
body protein breakdown.

Abbreviations
EAA: Essential amino acids; FSR: Fractional synthetic rate; NB: Net whole body
protein balance; NEAA: Non-essential amino acids; Phe: Phenylalanine;
TID: True ileal digestibility; Tyr: Tyrosine

Acknowledgements
The research subjects for their participation in the study are greatly
appreciated. We thank the research staff/associates for their assistance in
conducting the tracer infusion protocols: Cosby J. Lasley for coordinating
study subjects; Rick Williams for gas- and liquid-chromatography mass-
spectrometry analysis, and we thank Deb Will Viane for her support and ad-
ministrative assistance.

Authors’ contributions
All authors were involved in the study. AAF and RRW conceived and
designed the study; SP, DDC, SES performed experiments; GA provided
medical supervision; SP performed data and statistical analysis; SP, AAF, RRW
were involved in interpretation of the results and writing of the manuscript.
All authors read and approved the final manuscript.

Authors’ information
Not applicable.

Funding
This study was funded by Adesso LLC, Delaware (AA Ferrando, Principal
Investigator).

Availability of data and materials
The datasets used or analyzed during the present study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
The University of Arkansas for Medical Sciences Institutional Review Board
approved this study prior to study initiation (IRB# 217658). Written informed
consent was given by all subjects prior to their participation.

Consent for publication
Not applicable.

Competing interests
RR Wolfe is the inventor of the pending patent application entitled
“Composition for stimulating muscle growth, repair and maintenance”.
Remaining authors declare that they have no competing interests.

Author details
1Department of Geriatrics, Donald W. Reynolds Institute on Aging, Center for
Translational Research in Aging & Longevity, University of Arkansas for
Medical Sciences, 4301 West Markham Street, Slot 806, Little Rock, AR
72205-7199, USA. 2Department of Geriatrics, Donald W. Reynolds Institute on
Aging, University of Arkansas for Medical Sciences, 4301 W Markham Street,
Slot 748, Little Rock, AR 72205-7199, USA.

Received: 22 July 2019 Accepted: 23 January 2020

References
1. Volpi E, Kobayashi H, Sheffield-Moore M, Mittendorfer B, Wolfe RR. Essential

amino acids are primarily responsible for the amino acid stimulation of
muscle protein anabolism in healthy elderly adults. Am J Clin Nutr.
2003;78(2):250–8.

2. Tipton KD, Gurkin BE, Matin S, Wolfe RR. Nonessential amino acids are not
necessary to stimulate net muscle protein synthesis in healthy volunteers. J
Nutr Biochem. 1999;10(2):89–95.

3. Kato H, Volterman KA, West DWD, Suzuki K, Moore DR. Nutritionally non-
essential amino acids are dispensable for whole body protein synthesis after
exercise in endurance athletes with an adequate essential amio acids intake.
Amino Acids. 2018;50(12):1679–84.

4. Davies RW, Bass JJ, Carson BP, Norton C, Kozoir M, Amigo-Benavent M,
Wilkerson DJ, Brook MS, Atherton PJ, Smith K, Jakeman PM. Differential
stimualtion of post-exercise myofibular protein synthesis in humans
following isonitrogenous, isocaloric pre-exercise feeeding. Nutrients. 2019;
11(7). https://doi.org/10.3390/nu11071657.

5. Paddon-Jones D, Sheffield-Moore M, Katsanos CS, Zhang XJ, Wolfe RR.
Differential stimulation of muscle protein synthesis in elderly humans
following isocaloric ingestion of amino acids or whey protein. Exp Gerontol.
2006;41(2):215–9.

6. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR. 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 Endocrinol Metab. 2006;291(2):E381–7.

7. Churchward-Venne TA, Burd NA, Mitchell CJ, West DW, Philp A, Marcotte
GR, Baker SK, Baar K, Phillips SM. Supplementation of a suboptimal protein
dose with leucine or essential amino acids: effects on myofibrillar protein
synthesis at rest and following resistance exercise in men. J Physiol.
2012;590(11):2751–65.

8. Tsutsumi R, Tsutsumi YM. Peptides and proteins in whey and their benefits
for human health. Austin J Nutri Food Sci. 2014;1(1):1002.

9. Gaudel C, Nongonierma AB, Maher S, Flynn S, Krause M, Murray BA, Kelly
PM, Baird AW, FitzGerald RJ, Newsholme P. A whey protein hydrolysate
promotes insulinotropic activity in a clonal pancreatic β-cell line and
enhances glycemic function in Ob/Ob mice. J Nutr. 2013;143(7):1109–14.

10. Saito T. Antihypertensive peptides derived from bovine easein and whey
proteins. Adv Exp Med Biol. 2008;606:295–317.

11. Athira S, Mann B, Sharma R, Kumar R. Ameliorative potential of whey
protein hydrolysate against paracetamol-induced oxidative stress. J Dairy
Sci. 2013;96(3):1431–7.

12. Tipton KD, Elliott TA, Ferrando AA, Aarsland AA, Wolfe RR. Stimulation of
muscle anabolism by resistance exercise and ingestion of leucine plus
protein. Appl Physiol Nutr Metab. 2009;34(2):151–61.

13. Churchward-Venne TA, Breen L, Di Donato DM, Hector AJ, Mitchell CJ,
Moore DR, Stellingwerff T, Breuille D, Offord EA, Baker SK, Phillips SM.
Leucine supplementation of a low-protein mixed macronutrient beverage

Park et al. Journal of the International Society of Sports Nutrition            (2020) 17:9 Page 9 of 10

https://doi.org/10.1186/s12970-020-0340-5
https://doi.org/10.1186/s12970-020-0340-5
https://doi.org/10.3390/nu11071657


enhances myofibrillar protein synthesis in young men: a double-blind,
randomized trial. Am J Clin Nutr. 2014;99(2):276–86.

14. Kim IY, Schutzler S, Schrader A, Spencer HJ, Azhar G, Ferrando AA, Wolfe RR.
The anabolic response to a meal containing different amounts of protein is
not limited by the maximal stimulation of protein synthesis in healthy
young adults. Am J Physiol Endocrinol Metab. 2016;310(1):E73–80.

15. Kim IY, Shin YA, Schutzler SE, Azhar G, Wolfe RR, Ferrando AA. Quality of
meal protein determines anabolic response in older adults. Clin Nutr. 2018;
37(6 Pt A):2076–83.

16. Kim IY, Schutzler S, Schrader AM, Spencer HJ, Azhar G, Wolfe RR, Ferrando
AA. Protein intake distribution pattern does not affect anabolic response,
lean body mass, muscle strength or function over 8 weeks in older adults: A
randomized-controlled trial. Clin Nutr. 2018;37(2):488–93.

17. Rutherfurd SM, Fanning AC, Miller BJ, Moughan PJ. Protein digestibility-
corrected amino acid scores and digestible indispensable amino acid scores
differentially describe protein quality in growing male rats. J Nutr. 2015;
145(2):372–9.

18. Matthews DE, Marano MA, Campbell RG. Splanchnic bed utilization of
leucine and phenylalanine in humans. Am J Phys. 1993;264(1 Pt 1):E109–18.

19. Reeds PJ, Hachey DL, Patterson BW, Motil KJ, Klein PD. VLDL apolipoprotein
B-100, a potential indicator of the isotopic labeling of the hepatic protein
synthetic precursor pool in humans: studies with multiple stable isotopically
labeled amino acids. J Nutr. 1992;122(3):457–66.

20. Wolfe RR, Chinkes DL. Isotope Tracers in Metabolic Research: Principles and
Practice of Kinetic Analysis. 2nd ed. Hoboken: Wiley-Liss; 2004.

21. Devries MC, Phillips SM. Supplemental protein in support of muscle mass
and health: advantage whey. J Food Sci. 2015;80(Suppl 1):A8–A15.

22. Kim IY, Park S, Smeets ETHC, Schutzler S, Azhar G, Wei JY, Ferrando AA,
Wolfe RR. 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):1360.

23. Borsheim E, Bui QU, Tissier S, Kobayashi H, Ferrando AA, Wolfe RR. Effect of
amino acid supplementation on muscle mass, strength and physical
function in elderly. Clin Nutr. 2008;27(2):189–95.

24. Bukhari SS, Phillips BE, Wilkinson DJ, Limb MC, Rankin D, Mitchell WK,
Kobayashi H, Greenhaff PL, Smith K, Atherton PJ. Intake of low-dose leucine-
rich essential amino acids stimulates muscle anabolism equivalently to
bolus whey protein in older women at rest and after exercise. Am J Physiol
Endocrinol Metab. 2015;308(12):E1056–65.

25. Norton LE, Layman DK, Bunpo P, Anthony TG, Brana DV, Garlick PJ. The
leucine content of a complete meal directs peak activation but not
duration of skeletal muscle protein synthesis and mammalian target of
rapamycin signaling in rats. J Nutr. 2009;139(6):1103–9.

26. Devries MC, McGlory C, Bolster DR, Kamil A, Rahn M, Harkness L, Baker SK,
Phillips SM. Leucine, not total protein, content of a supplement is the
primary determinant of muscle protein anabolic responses in healthy older
women. J Nutr. 2018;148(7):1088–95.

27. Deutz NE, Safar A, Schutzler S, Memelink R, Ferrando A, Spencer H, van
Hevoort A, Wolfe RR. Muscle protein synthesis in cancer patients can be
stimulated with a specially formulated medical food. Clin Nutr. 2011;30(6):
759–68.

28. van Loon LJ. Leucine as a pharmaconutrient in health and disease. Curr
Opin Clin Nutr Metab Care. 2012;15(1):71–7.

29. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR. 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):
1065–73.

30. Sa A, Gray SJ, Menden E. The kinetics of amino acid absorption and
alteration of plasma composition of free amino acids after intestinal
perfusion of amino acid mixtures. Am J Clin Nutr. 1967;20(1):24–33.

31. West DW, Burd NA, Coffey VG, Baker SK, Burke LM, Hawley JA, Moore DR,
Stellingwerff T, Phillips SM. Rapid aminoacidemia enhances myofibrillar
protein synthesis and anabolic intramuscular signaling responses after
resistance exercise. Am J Clin Nutr. 2011;94(3):795–803.

32. Heger J. Essential to non-essential amino acid ratios. JPF D’Mello, editor.
Amino Acids in Animal Nutrition, 2nd ed. Pt 1, pp 103–124. CABI Publishing;
2003.

33. Borsheim E, Tipton KD, Wolf SE, Wolfe RR. Essential amino acids and muscle
protein recovery from resistance exercise. Am J Physiol Endocrinol Metab.
2002;283(4):E648–57.

34. Hegsted DM. Assessment of nitrogen requirements. Am J Clin Nutr.
1978;31(9):1669–77.

35. Ferrando AA, Williams BD, Stuart CA, Lane HW, Wolfe RR. Oral branched-
chain amino acids decrease whole-body proteolysis. J Parenter Enter Nutr.
1995;19(1):47–54.

36. Louard RJ, Barrett EJ, Gelfand RA. Effect of infused branched-chain amino
acids on muscle and whole-body amino acid metabolism in man. Clin Sci
(Lond). 1990;79(5):457–66.

37. Louard RJ, Barrett EJ, Gelfand RA. Overnight branched-chain amino acid
infusion causes sustained suppression of muscle proteolysis. Metabolism.
1995;44(4):424–9.

38. Kim IY, Deutz NEP, Wolfe RR. Update on maximal anabolic response to
dietary protein [review]. Clin Nutr. 2018;37(2):411–8.

39. Wolfe RR, Park S, Kim IY, Moughan PJ, Ferrando AA. Advances in stable
isotope tracer methodology part 2: new thoughts about an “old” method-
measurement of whole body protein synthesis and breakdown in the fed
state. J Investig Med. 2019. https://doi.org/10.1136/jin-2019-001108 (Epub
ahead of print).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Park et al. Journal of the International Society of Sports Nutrition            (2020) 17:9 Page 10 of 10

https://doi.org/10.1136/jin-2019-001108

	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Subjects
	Experimental design
	Stable isotope tracer protocol
	Study products
	Analytic methods
	Calculation of protein kinetics
	Statistical analysis

	Results
	Plasma amino acid concentrations
	Whole body anabolic response
	Muscle fractional synthetic rate

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

