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or 20 g (7.1 g EAA) solution of whey protein. Muscle biop-
sies from the vastus lateralis muscle were taken 30 min 
before and 1 h after resistance exercise. Phosphorylation of 
Akt (Ser473), mtOr (Ser2448), 4E-BP1 (thr37/46), and 
S6K1 (thr389) was measured by western blotting.
Results concentric knee extension exercise alone 
did not increase phosphorylation of Akt and mtOr 1 h 
after exercise, but ingesting protein after exercise sig-
nificantly increased the phosphorylation of Akt and 
mtOr in a dose-dependent manner (P < 0.05). 4E-BP1 
phosphorylation significantly decreased after resist-
ance exercise (P < 0.05), but subjects who took 10 or 
20 g of protein after exercise showed increased 4E-BP1 
from post-exercise dephosphorylation (P < 0.05). S6K1 
phosphorylation significantly increased after resistance 
exercise (P < 0.05), and 20 g of protein further increased 
S6K1 phosphorylation compared with ingestion of 10 g 
(P < 0.05).
Conclusions these findings suggest that whey protein 
intake after resistance exercise activates mtOr signaling in 
a dose-dependent manner in untrained men.

Keywords Mammalian target of rapamycin · Whey 
hydrolysate · concentric contraction · Muscle protein 
synthesis

Abbreviations
Akt  Protein kinase B
EAA  Essential amino acids
eIF  Eukaryotic initiation factor
mtOr  Mammalian target of rapamycin
MHc  Myosin heavy chain
MPB  Muscle protein breakdown
MPS  Muscle protein synthesis
S6K1  ribosomal protein S6 kinase 1

Abstract 
Purpose Protein ingestion after resistance exercise 
increases muscle protein synthesis (MPS) in a dose-
dependent manner. However, the molecular mechanism(s) 
for the dose-dependency of MPS remains unclear. this 
study aimed to determine the dose response of mamma-
lian target of rapamycin (mtOr) signaling in muscle with 
ingestion of protein after resistance exercise.
Methods Fifteen male subjects performed four sets of six 
unilateral isokinetic concentric knee extensions. Immedi-
ately after exercise, eight subjects consumed water only. 
the other seven subjects, in a randomized-order crossover 
design, took either a 10 [3.6 g essential amino acids (EAA)] 
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Introduction

An acute bout of resistance exercise increases skeletal 
muscle protein synthesis (MPS), as well as muscle protein 
breakdown (MPB), and in the absence of food intake, net 
muscle protein balance after resistance exercise remains 
negative (Biolo et al. 1995; Phillips et al. 1997). However, 
nutrition after resistance exercise can further increase the 
rate of MPS to a greater extent than exercise alone, and 
inhibit MPB, resulting in a positive protein balance (Biolo 
et al. 1997). Protein ingestion also augments post-exercise 
MPS and the following muscle hypertrophy to a greater 
extent than resistance exercise alone in humans (Hulmi et al. 
2009; reitelseder et al. 2011). Moreover, protein intake 
after resistance exercise increases post-exercise MPS in a 
dose-dependent manner in resistance-trained men (Moore 
et al. 2009) and untrained older men (Yang et al. 2012).

Several lines of evidence indicate that the intracellular 
signaling pathway involved in the mammalian target of 
rapamycin (mtOr) is a primary regulator of MPS in skel-
etal muscle (Kimball et al. 2002; Bolster et al. 2004). A 
variety of stimuli, including mechanical, nutritional, and 
hormonal signals, converge at mtOr, which results in 
phosphorylation of its downstream targets ribosomal pro-
tein S6 kinase 1 (S6K1) and eukaryotic initiation factor 
(eIF) 4E binding protein 1 (4E-BP1), leading to enhanced 
mrnA translation (Wang and Proud 2006; Drummond 
et al. 2009a). resistance exercise and protein ingestion are 
each capable of inducing activation of mtOr signaling 
involving S6K1 and 4E-BP1, which occurs concomitantly 
with stimulation of MPS in humans (Dreyer et al. 2006, 
2008; Fujita et al. 2007; Kumar et al. 2009; Dickinson et al. 
2011). However, no study has shown a dose–response rela-
tion between the amount of ingested protein immediately 
after resistance exercise and activity of mtOr signaling in 
human skeletal muscle.

Moore et al. (2009) investigated the dose-dependency 
of mtOr signaling using increasing amounts of protein 
after high-intensity resistance exercise in young resistance 
trained men, and found no dose-dependency of mtOr 
signaling 1 and 4 h after resistance exercise. the authors 
discussed that the resistance-training backgrounds of the 
individuals may have resulted in a relatively blunt signaling 
response to exercise and protein intake. Another possibil-
ity was that high-intensity resistance exercise itself already 
stimulated mtOr signaling, thereby masking any changes 
of mtOr signaling with protein ingestion. It is therefore 
possible that changes in mtOr signaling with resistance 
exercise and protein ingestion may be at undetectable lev-
els in trained individuals.

to date, there have been no studies that have investigated 
the dose-dependent relationship between the amount of 
ingested protein immediately after resistance exercise and 

the level of mtOr signaling activity in untrained individu-
als. therefore, this study investigated the effects of different 
amounts of protein ingestion immediately after resistance 
exercise on mtOr signaling in skeletal muscle of untrained 
young men. We hypothesized that protein ingested immedi-
ately after resistance exercise activates mtOr signaling in a 
dose-dependent manner in human skeletal muscle.

Methods

Subjects

Fifteen healthy young males were studies in two groups: 
the control group (the cOn group, n = 8), and the whey 
protein intake group (the WP group, n = 7). the eight sub-
jects who made up the control group had previously been 
included in a study by Kakigi et al. (2011); however, sign-
aling data were re-determined in the current study using 
immunoblot analysis. there were no differences in char-
acteristics between the two groups (table 1, P > 0.05). 
All subjects were recreationally active, but none were 
engaged in a formal training program on a regular basis. 
Subjects were given sufficient written and verbal explana-
tions regarding the purpose, experimental procedure, and 
all potential risks of the study before giving written con-
sent. this study was approved by the Juntendo University 
Human Ethics committee and performed in accordance 
with the principles outlined in the Declaration of Helsinki.

Maximal isometric strength

Approximately 5 days prior to the experiment, the sub-
jects participated in a muscle strength test that measured 

Table 1  Subject characteristics

Values are mean ± SEM. Data of subjects in the cOn group are from 
a subset of subjects used in a previous study (Kakigi et al. 2011)

CON control group, WP whey protein intake group, MHC myosin 
heavy chain

cOn WP

number of participants 8 7

Age (years) 22.3 ± 0.3 22.4 ± 0.2

Height (cm) 176.3 ± 1.8 173.3 ± 3.4

Weight (kg) 66.8 ± 1.5 68.7 ± 3.0

Body mass index (kg m−2) 21.5 ± 0.4 22.9 ± 0.6

Maximal isometric strength (nm) 241.8 ± 19.0 286.3 ± 21.5

MHc composition (%)

 type I 40.7 ± 2.5 37.9 ± 2.7

 type IIa 42.3 ± 2.5 43.5 ± 4.5

 type IIx 17.0 ± 2.6 18.5 ± 2.4



737Eur J Appl Physiol (2014) 114:735–742 

1 3

their knee extension isometric strength using a computer-
interfaced dynamometer (Biodex System 3; Biodex Medi-
cal Systems, Inc., Shirley, nY, USA). the test required 
each subject to be seated on the chair of the apparatus and 
the ankle of the leg being tested was firmly attached to the 
lever arm with a strap. the leg to be tested was randomly 
assigned for each subject. Subjects were then instructed to 
perform maximal isometric knee extensions at a fixed knee 
joint angle of 75°. A knee joint angle of 0° corresponded 
to full extension of the knee. Measured peak torque was 
regarded as maximal isometric strength that could be 
exerted by each individual. the settings on the machine 
were recorded for each subject so they could be reproduced 
during the study.

Experimental design

Subjects in the cOn group participated in a single experi-
ment. Subjects in the WP group participated in two experi-
ments separated by a 3-week recovery period in a rand-
omized-order crossover design. Subjects were instructed 
to maintain their habitual physical activity and refrain from 
the ingestion of alcohol for 3 days prior to the experiments. 
they were also asked to consume the same meal (17.1 % 
protein, 67.5 % carbohydrate, and 15.4 % fat) no later than 
9:00 PM on the penultimate day of the experiment.

On the morning of each experimental trial, subjects 
reported to the laboratory after an overnight fast. Upon 
arrival, they rested for 30 min in the supine position, and 
then a baseline muscle biopsy (baseline) was taken from 
the vastus lateralis muscle of the leg not selected for exer-
cise using a disposable biopsy instrument (14 gauge, Max 
core; c.r. Bard, covington, gA, USA) under sterile con-
ditions and local anesthesia (1 % lidocaine), as described 
previously (Kakigi et al. 2011). thirty minutes after the 
first biopsy, the subjects were escorted to a Biodex leg 
extension machine where they performed six unilateral 
isokinetic concentric knee extensions (30°/s) for four sets. 
this isokinetic exercise protocol, controlled using the Bio-
dex System 3, is able to add maximal load at all angles of 
the knee joint (0–90°) and measure the torque at all angels 
during exercise. Sets were separated by 2-min intervals. 
to examine the effects of resistance exercise, immediately 
following exercise, subjects in the cOn group consumed 
only water ad libitum. to examine the combined effects 
of resistance exercise and protein consumption, as well as 
any dose-related effects, subjects in the WP group took 
either 10 or 20 g of whey protein drink (200 ml). One hour 
after exercise, a second biopsy (1 h post) was taken from 
the vastus lateralis muscle of the exercised leg. All biopsy 
samples were removed of visible blood, fat, and connective 
tissue, and rapidly frozen in liquid nitrogen and stored at 
−80 °c until analysis.

Drink composition

Subjects consumed whey protein drinks containing 
either 10 or 20 g of whey protein hydrolysate (Megmilk 
Snow Brand co., ltd., tokyo, Japan) dissolved in water 
(200 ml) without additives. Whey protein hydrolysate 
consisted of 80 g of whey protein, 10 g of lactose, and 10 g 
of other components (moisture, fat, and ash) per 100 g. 
Whey protein hydrolysate also contained essential amino 
acids (EAA) in the following proportions: histidine, 2.0 %; 
isoleucine, 5.4 %; leucine, 11.5 %; lysine, 10.0 %; methio-
nine, 1.7 %; phenylalanine, 3.4 %; threonine, 5.1 %; and 
valine, 5.4 %. the 10 and 20 g whey protein drinks in 
the study provided approximately 3.6 and 7.1 g of EAA, 
respectively.

Immunoblot analysis

Immunoblot analysis was performed as previously 
described (Kakigi et al. 2011). Briefly, frozen muscle tis-
sues were homogenized in ice-cold lysis buffer (50 mM 
HEPES, pH 7.4, 10 mM EDtA, 4 mM EgtA, 50 mM 
β-glycerophosphate, 25 mM naF, 5 mM na3VO4, and 1 % 
triton X-100), which contained a phosphatase inhibitor 
(Phosstop tablet; roche Diagnostics corp., Indianapolis, 
In, USA) and a protease inhibitor (complete tablet; roche 
Diagnostics corp.). After centrifugation at 10,000×g for 
10 min at 4 °c, total protein concentrations in the super-
natant were determined using a bicinchoninic acid pro-
tein assay kit (thermo Fisher Scientific Inc., rockford, 
Il, USA) with bovine serum albumin as the standard. 
the supernatant was diluted (1:1) in a 2× sample buffer 
[125 mM tris–Hcl, pH 6.8, 20 % glycerol, 4 % sodium 
dodecyl sulfate (SDS), 10 % β-mercaptoethanol, and 
0.004 % bromophenol blue], and then boiled for 5 min at 
95 °c.

Samples containing 5 or 15 μg of total protein were 
loaded into each lane and separated by electrophoresis 
(150 V for 60 min) on a 7.5–15 % polyacrylamide gel as 
determined by the molecular weight of the target protein 
(Mini-PrOtEAn III; Bio-rad, Hercules, cA, USA). Each 
gel contained a molecular weight ladder (Precision Plus; 
Bio-rad) without an internal loading control. Addition-
ally, samples taken from baseline and 1 h after exercise 
in a given experimental trial were loaded onto the same 
gel. Following electrophoresis, protein was transferred 
to a polyvinylidene difluoride (PVDF) membrane (Bio-
rad) at 100 V for 60 min. All samples (n = 44) were 
transferred onto the same membrane, which allows the 
same antibody reaction for all samples. Blots were then 
blocked for 1 h in 5 % skim milk or PVDF blocking rea-
gent (toyobo co. ltd., Osaka, Japan) and incubated with 
a primary antibody in 5 % skim milk or primary antibody 
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solution 1 (nKB-201; toyobo co.) for 2 h at room tem-
perature. After washing three times (10 min each) with 
tris-buffered saline and 0.1 % tween-20 (tBS-t), blots 
were incubated for 1 h at room temperature with a second-
ary antibody in 5 % skim milk or secondary antibody solu-
tion 2 (nKB-301; toyobo co.). Blots were washed three 
times (10 min each) with tBS-t and then incubated in a 
chemiluminescent solution (Ecl Plus; gE Healthcare, 
Piscataway, nJ, USA) for 5 min. Images were obtained 
with a light capture imaging system (AttO, Bunkyo-ku, 
tokyo, Japan). Once the appropriate image was captured, 
densitometric analysis was performed using cS Analyzer 
software (version 3.0; AttO). Membranes that had phos-
phoproteins detected were stripped of primary and second-
ary antibodies using restore PlUS Western Blot Stripping 
Buffer (thermo Fisher Scientific Inc.) and subsequently 
re-probed for total protein with the appropriate antibody 
of interest. Phospho:total protein ratios were determined 
as phosphorylation.

Antibodies

the primary antibodies used were all purchased from 
cell Signaling (Beverly, MA, USA) and were as fol-
lows: phospho-Akt (Ser473, 1:2,000), phospho-mtOr 
(Ser2448, 1:2,000), phospho-S6K1 (thr389, 1:1,000), phos-
pho-4E-BP1 (thr37/46, 1:2,000), total Akt (1:2,000), total 
mtOr (1:2,000), total S6K1 (1:2,000), and total 4E-BP1 
(1:1,000). An anti-rabbit Igg horseradish peroxidase-con-
jugated secondary antibody was purchased from cell Sign-
aling (1:5,000).

Myosin heavy chain (MHc) composition

Because the type of muscle fiber affects the response of 
mtOr signaling after resistance exercise (Koopman et al. 
2006; tannerstedt et al. 2009), we quantified the compo-
sition of MHc isoforms in muscle using SDS-polyacryla-
mide gel electrophoresis analysis. Details of sample prepa-
ration and methods have been previously reported (Kakigi 
et al. 2011). Briefly, the insoluble sediment after homogeni-
zation was suspended in a sufficient volume of SDS sample 
buffer and boiled at 95 °c for 15 min. Samples were loaded 
into each lane and separated by electrophoresis (60 V) on 
an 8 % polyacrylamide gel with glycerol. When the track-
ing dye exited the stacking gel, the voltage was set at 150 V, 
and electrophoresis was continued for 18 h at 8 °c. gels 
were stained with coomassie Brilliant Blue (Biosafe g250; 
Bio-rad), and the relative content of MHc isoforms (I, IIa, 
and IIx) were determined using a calibrated densitometer 
(gS800; Bio-rad) and analytical software (Quantity One; 
Bio-rad).

Statistical analysis

All data are expressed as mean ± SEM. Unpaired t tests 
were conducted between groups to compare muscle 
strength and MHc composition. Average peak torque dur-
ing isokinetic knee extension exercises were analyzed using 
one-way AnOVA. For signaling data, two-way AnOVA for 
repeated measures was performed to examine interactions 
between protein dose (0, 10, or 20 g) and time (baseline 
and 1 h after resistance exercise). In cases where significant 
interactions or main effects were present, post hoc analyses 
were conducted using Bonferroni adjustments to reduce the 
type I error rate. If a test for normality and/or equal vari-
ance failed, the values were transformed using common 
logarithms to make the variability small. the α level of sig-
nificance was set at P < 0.05. All data were analyzed using 
a statistical software package (Prism 5.0c; graphPad Soft-
ware Inc., la Jolla, cA, USA).

Results

Maximal isometric strength and MHc composition

table 1 shows the maximal isometric strength during knee 
extension and MHc composition in subjects in the cOn 
and WP groups. there were no differences in maximal iso-
metric strength and MHc composition between the cOn 
and WP groups (P > 0.05).

task performance

All subjects completed the resistance exercise protocol 
(four sets of six repetitions at maximal effort). the aver-
age peak torque during isokinetic knee extension exercise 
(30°/s) under cOn, WP-10 g, and WP-20 g conditions 
were 205.5 ± 15.1, 233.8 ± 19.1, and 240.8 ± 21.0 nm, 
respectively. there were no significant differences in aver-
age peak torque among the three conditions (P > 0.05).

Mammalian tOr signaling transduction

In the cOn group, Akt and mtOr phosphorylation 1 h 
after resistance exercise did not change from baseline levels 
(Fig. 1). Additionally, 1 h after resistance exercise, 4E-BP1 
phosphorylation significantly decreased (P < 0.05), and 
S6K1 phosphorylation significantly increased (P < 0.05) 
compared with baseline levels. Ingestion of 10 g of pro-
tein significantly increased Akt, mtOr, 4E-BP1 and S6K1 
phosphorylation 1 h after resistance exercise compared 
with baseline levels (P < 0.05). Subjects that ingested 
20 g of protein showed further increases in Akt, mtOr, 
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and S6K1 phosphorylation compared with subjects that 
ingested 10 g of protein (P < 0.05).

Discussion

the primary and novel finding in this study was that ingest-
ing protein immediately after concentric knee extension 
exercise activated mtOr signaling in untrained individu-
als in a dose-dependent manner. Specifically, subjects who 
ingested 20 g of protein after resistance exercise showed 
increased S6K1 phosphorylation compared with subjects 
who ingested 10 g of protein. contrary to the findings of 
the current study, Moore et al. (2009) reported that mtOr 
signaling after resistance exercise was not enhanced with 
any dose (5, 10, 20 or 40 g) of protein ingested in young 
resistance-trained men. A reason for the different results 
may be that the mtOr signaling response with protein 
intake after resistance exercise is affected by training status 
and mode of muscle contraction.

Multiple lines of evidence have suggested that mtOr 
plays an important regulatory role in translation initiation 
via its downstream targets, 4E-BP1 and S6K1 (Wang and 

Proud 2006; Drummond et al. 2009a). Phosphorylation of 
4E-BP1 promotes formation of the multiprotein eIF4E-g 
scaffolding complex, allowing initiation of translation. In 
addition, phosphorylation of S6K1 facilitates the binding of 
mrnA to the ribosome. Some studies have demonstrated 
that an increase in 4E-BP1 and S6K1 phosphorylation after 
protein ingestion and/or resistance exercise is related to an 
increase in MPS in human skeletal muscle (Dreyer et al. 
2006; Burd et al. 2010a, b; Atherton et al. 2010). Further-
more, another study has shown that rapamycin, which is an 
inhibitor of mtOr, blocks the increase in MPS after nutri-
tion intake and exercise (Drummond et al. 2009b). there-
fore, mtOr signaling is thought to be implicated in nutri-
tion and exercise-induced muscle protein synthesis.

In the current study, concentric knee extension exercise 
alone decreased 4E-BP1 phosphorylation and increased 
S6K1 phosphorylation, suggesting that dephosphorylation 
of 4E-BP1 inhibits initiation of mrnA translation. these 
responses have often been observed at the early phase dur-
ing recovery after resistance exercise (Drummond et al. 
2009b; Mascher et al. 2008; tannerstedt et al. 2009). We 
observed that ingestion of 10 g of protein immediately after 
resistance exercise increased Akt, mtOr, and 4E-BP1 

Fig. 1  Phosphorylation of Akt 
at Ser473 (a), mtOr at Ser2448 
(b), 4E-BP1 at thr37/46 (c), 
and S6K1 at thr389 (d) at 
baseline and 1 h after resistance 
exercise in the cOn and WP 
groups. representative immu-
noblots are shown (top). Values 
are mean ± SEM, n = 7–8 per 
group. *Significantly differ-
ent from baseline (P < 0.05); 
#significantly different from the 
cOn group (P < 0.05); †signifi-
cantly different from the 10 g 
WP group (P < 0.05)
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phosphorylation compared with exercise alone. this res-
cue of 4E-BP1 from post-exercise dephosphorylation might 
increase mrnA translation initiation. Ingestion of 20 g of 
protein further increased Akt, mtOr, and S6K1 phospho-
rylation compared with ingestion of 10 g, which enhanced 
translation efficiency via the binding of mrnA to the ribo-
some. collectively, our results suggest that ingesting pro-
tein immediately after resistance exercise activated mtOr 
signaling in human skeletal muscle in a dose-dependent 
manner.

Moore et al. (2009) did not observe a dose-dependent 
effect of protein ingestion on mtOr signaling after resist-
ance exercise involving four sets each of leg press, knee 
extension, and leg curl at 8–10 repetitions (8–10 rM) on 
machines in young trained men. this resistance exercise 
contained concentric and eccentric phase during repeti-
tions. In contrast, we found that ingesting protein immedi-
ately after resistance exercise (4 sets × 6 concentric knee 
extensions) activated post-exercise mtOr signaling in 
skeletal muscle of untrained men in a dose-dependent man-
ner. One reason for the difference in these results may be 
due to the resistance training status of the subjects tested, 
since training status have been shown to influence mtOr 
signaling response after resistance exercise. For exam-
ple, coffey et al. (2006) reported that resistance exercise 
robustly increased mtOr signaling in endurance-trained 
individuals, but the signaling response in resistance-trained 
individuals was small. In addition, Wilkinson et al. (2008) 
reported that the mtOr signaling response after resistance 
exercise in untrained legs was greater than the response in 
resistance-trained legs of human subjects. therefore, it is 
possible that the mtOr signaling response to resistance 
exercise and protein ingestion in untrained men is more 
pronounced than that of men who have been training.

Another possible reason for the difference in results 
between a study by Moore et al. (2009) and our study may 
be due to mode of muscle contraction during exercise. Peo-
ple unaccustomed to eccentric contractions may experience 
exercise-induced muscle damage (lavender and nosaka 
2008). to eliminate the effects of exercise-induced muscle 
damage in the untrained men used in this study, we used 
isokinetic concentric knee extension exercises controlled 
by a dynamometer as the resistance exercise. A previous 
study reported that the mode of muscle contraction affects 
Akt/mtOr/S6K1 pathway activation, with eccentric con-
traction being more effective than concentric contraction in 
rat skeletal muscle (nader and Esser 2001). Eliasson et al. 
(2006) reported that four sets of six repetitions of maximal 
concentric contractions affected mtOr signaling less than 
maximal eccentric contractions in human skeletal mus-
cle. given these results, it is possible that the concentric 
exercise used in the current study increased mtOr sign-
aling less than eccentric exercises and regular resistance 

exercises (e.g. free weights and machines). therefore, the 
concentric contraction protocol used might be able to detect 
the additive effects of protein ingestion on mtOr signaling 
after resistance exercise.

training status (coffey et al. 2006; Wilkinson et al. 
2008), aging (Kumar et al. 2009), and muscle fiber type 
(Koopman et al. 2006; tannerstedt et al. 2009) also affect 
post-exercise mtOr signaling in muscles. In the current 
study, we studied muscles of two groups, the cOn group 
and the WP group. the training status, physical charac-
teristics, and maximal isometric strength of our subjects 
were not different between the groups. no differences 
were found in average peak torque during knee extension 
exercise and MHc composition between the cOn and WP 
groups. nevertheless, the increase in S6K1 phosphoryla-
tion observed with 10 g of whey protein ingestion was at 
the same level as that observed with resistance exercise 
alone 1 h after exercise. therefore, it is not possible to 
completely exclude the effects of genetic variation on the 
capability of S6K1 phosphorylation in response to resist-
ance exercise.

Whey protein was used as the protein type in this study. 
generally, whey protein is easily digested and absorbed 
(Boirie et al. 1997; Dangin et al. 2001), contains abundant 
EAA (Ha and Zemel 2003), and is most recognized for its 
applicability in sports nutrition. Additionally, increases in 
blood EAA concentrations after resistance exercise with 
whey protein ingestion is very large compared with that of 
eggs, casein and soy protein (tang et al. 2009; Moore et al. 
2009; Pennings et al. 2011). Increases in blood EAA could 
elevate EAA (especially leucine) availability for skeletal 
muscle, thereby activating mtOr signaling via amino acid 
transporters (Drummond et al. 2010; Hamdi and Mutungi 
2011; Dodd and tee 2012), rag gtPases (Sancak et al. 
2008), hVps34 (gulati et al. 2008), and MAP4K3 (Findlay 
et al. 2007), and increase MPS (Fujita et al. 2007; Moore 
et al. 2009; glynn et al. 2010a). Moore et al. (2009) did 
not observe a dose-dependent effect in mtOr signal-
ing after resistance exercise with ingestion of increasing 
amounts of egg protein in human skeletal muscle. Although 
blood EAA concentrations were not measured in the cur-
rent study, and whey protein ingestion was not compared 
with other proteins, it is possible that whey protein intake 
after resistance exercise led to a large increase in mtOr 
signaling through the elevation of blood EAA concentra-
tions and EAA availability. Further studies are required to 
clarify the effects of other types of protein on mtOr sign-
aling after resistance exercise in a dose-dependent manner 
in untrained individuals.

Previous studies have found that ingestion of 6 g of 
EAA after resistance exercise stimulates more MPS than 
3 g of EAA (Borsheim et al. 2002; Miller et al. 2003), sug-
gesting the presence of a dose response between MPS and 
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EAA ingestion. Although MPS was not directly measured 
in our study, the amount of EAA used in previous studies 
(Borsheim et al. 2002; Miller et al. 2003) is in close agree-
ment with the amount used in our study (3.6 or 7.1 g of 
EAA). In addition, Moore et al. (2009) showed that MPS 
after resistance exercise gradually increased until inges-
tion of 20 g of protein (8.6 g of EAA) in young individuals. 
therefore, our observation of a dose-dependent increase 
in mtOr signaling activity after resistance exercise and 
increasing amounts of protein consumption may provide 
a mechanistic background for the observation that protein 
ingestion after resistance exercise activates MPS in human 
skeletal muscle in a dose-dependent manner.

nutrients such as carbohydrate and EAA (particular leu-
cine) can decrease MPB at rest and after resistance exercise 
(nair et al. 1992; Biolo et al. 1997; Borsheim et al. 2002; 
glynn et al. 2010b). therefore, in our study, we postulated 
that protein ingestion after resistance exercise would atten-
uate post-exercise MPB, resulting in a positive protein bal-
ance. However, the dose-dependency of MPB after resist-
ance exercise with protein ingestion remains unclear.

In conclusion, protein ingestion immediately after uni-
lateral concentric knee extension exercise increased the 
activation of mtOr signaling in a dose-dependent manner 
in untrained young men. this is, to the best of the authors’ 
knowledge, the first study to report on the dose effects of 
protein ingestion after resistance exercise on mtOr signal-
ing in skeletal muscle in untrained men. given that training 
status (coffey et al. 2006; Wilkinson et al. 2008) and the 
mode of muscle contraction (nader and Esser 2001; Elias-
son et al. 2006) affect the mtOr signaling response, our 
data suggest that the exercise protocol used in the current 
study is suitable for detecting the additive effects of protein 
ingestion on mtOr signaling after resistance exercise in 
untrained individuals.
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