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Abstract The present study aimed at comparing the
responses of myogenic regulatory factors and signaling
pathways involved in muscle protein synthesis after a resis-
tance training session performed in either the fasted or fed
state. According to a randomized crossover study design,
six young male subjects participated in two experimental
sessions separated by 3 weeks. In each session, they
performed a standardized resistance training. After the ses-
sions, they received during a 4-h recovery period 6 ml/kg
b.w. h of a solution containing carbohydrates (50 g/l),
protein hydrolysate (33 g/l), and leucine (16.6 g/l). On one
occasion, the resistance exercise session was performed
after the intake of a carbohydrate-rich breakfast (B),
whereas in the other session they remained fasted (F). Nee-
dle biopsies from m. vastus lateralis were obtained before
(Rest), and 1 h (+1h) and 4 h (+4h) after exercise. Myoge-
nin, MRF4, and MyoD1 mRNA contents were determined
by RT-PCR. Phosphorylation of PKB (protein kinase B),
GSK3, p70s6k (p70 ribosomal S6 kinase), eIF2B, eEF2
(eukaryotic elongation factor 2), ERK1/2, and p38 was

measured via western blotting. Compared with F, the pre-
exercise phosphorylation states of PKB and p70s6k were
higher in B, whereas those of eIF2B and eEF2 were lower.
During recovery, the phosphorylation state of p70s6k was
lower in B than in F (p = 0.02). There were no diVerences
in basal mRNA contents between B and F. However, com-
pared with F at +1h, MyoD1 and MRF4 mRNA contents
were lower in B (p < 0.05). Our results indicate that prior
fasting may stimulate the intramyocellular anabolic
response to ingestion of a carbohydrate/protein/leucine
mixture following a heavy resistance training session.

Keywords Skeletal muscle · Nutrition · Amino acids · 
Carbohydrates · p70s6k · MRF

Introduction

Resistance exercise speciWcally aims to stimulate anabolic
and myogenic mechanisms in muscle cells to eventually
result in net myoWbrillar protein accretion and muscle
hypertrophy. Recent studies in humans have identiWed the
PKB (protein kinase B)/mTORC1 (mammalian target of
rapamycin complex 1) pathway and two members of the
MAPK (mitogen-activated protein kinase) family (p38 and
ERK1/2) as key cascades in the regulation of skeletal mus-
cle remodeling by resistance exercise (Cuthbertson et al.
2006; Deldicque et al. 2008; Dreyer et al. 2006; Karlsson
et al. 2004; Williamson et al. 2003). It is well known that
mTORC1 stimulates protein synthesis via several regula-
tory proteins, including p70s6k (p70 ribosomal S6 kinase),
4E-BP1 (eukaryotic initiation factor 4E-binding protein 1),
and eEF2 (eukaryotic elongation factor 2). PKB is a kinase
upstream of mTORC1 which can, independently of
mTORC1, inhibit GSK3 and thereby eIF2B leading to the
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activation of protein synthesis. Insulin is a powerful activa-
tor of this pathway (Alessi et al. 1996) and seems to have a
permissive action for activation of protein synthesis by
amino acids in humans (Biolo et al. 1995; Fujita et al. 2006;
GreenhaV et al. 2008).

Muscle protein synthesis can be enhanced for up to 48 h
after resistance exercise (Miller et al. 2005). In order to
eventually result in signiWcant accretion of muscle mass,
the acute changes in protein translation must be consis-
tently accompanied by changes in the transcriptional state
of genes involved in muscle cell diVerentiation and possi-
bly growth. This process probably involves regulation of
nuclear transcription factors such as MRF4, MyoD, and
myogenin, which have been implicated in early muscle cell
diVerentiation and growth (Megeney and Rudnicki 1995;
Stewart and Rittweger 2006). Interestingly, immunohisto-
chemical studies have revealed that heavy resistance exer-
cise may activate these myogenic regulatory factors
(MRFs) in adult myonuclei (Ishido et al. 2004; Jacobs-El
et al. 1995), where their precise role is still unsure. It has
been suggested that MRFs act as regulatory transcription
factors of several muscle-speciWc genes including myosin
light chain, troponin I, and desmin (Li and Capetanaki
1993; Lin et al. 1991; Welle et al. 1999), and these genes
have been found to be upregulated following resistance
exercise (Psilander et al. 2003; Yang et al. 2005). It is,
however, unclear whether the expression of MRFs can be
aVected by the dietary context of resistance exercise.

It is clear that dietary factors are important to modulate
the metabolic responses during exercise and recovery.
Against this background, it is surprising to note that the
fasted state in literature is often being used as the ‘standard’
nutritional context to study the cellular responses to resis-
tance exercise. However, the fed state is the typical dietary
state for resistance exercise, and very few people perform
resistance exercise sessions in the fasted state. More recent
studies have thus aimed at examining the eVect of exercise
performed in the fed state (Fujita et al. 2009; Koopman
et al. 2007; Tang et al. 2008; Wilkinson et al. 2008; Witard
et al. 2009). However, there is a paucity of data comparing
both situations. Moreover, we have recently shown that the
plasma insulin level can depend on the pre-exercise diet
(De Bock et al. 2005), and thus potentially aVect the degree
of activation of insulin-dependent signaling pathways
before, during and after exercise. Therefore, it is reasonable
to assume that the hypertrophic response to resistance exer-
cise can be modulated by the pre-exercise nutritional state.
In the present study, we compared the eVects of a resistance
exercise session in a post-exercise fed state, with or without
a pre-exercise carbohydrate-rich breakfast, on myogenic
gene mRNA content as well on the aforementioned signal-
ing pathways involved in regulation of muscle protein
translation.

Methods

Subjects

Six healthy, physically active men [age 21.7 § 1.3 years;
body weight (b.w.) 73.9 § 6.5 kg] volunteered to partici-
pate in the study, which was approved by the local Ethics
Committee (K.U.Leuven). The subjects were physical edu-
cation students participating in various forms of physical
activity and sports, including resistance training. However,
none of the subjects was consistently involved in a speciWc
resistance training program. Subjects gave their written
informed consent after they were informed in detail of all
experimental procedures and risks possibly associated with
the experiments.

Pretesting

Two weeks before the start of the study, all subjects partici-
pated in a familiarization trial to get accustomed to the
equipment and exercise protocol. After arrival, they rested
for 15 min in a comfortable chair after which heart rate was
measured (61 § 6 beats/min). Subjects then warmed up on
a cycle ergometer (5 min) at a power output corresponding
to 60% of heart rate reserve according to the Karvonen for-
mula (168 § 11 W). Subjects were Wrst instructed on the
technical skill needed to adequately perform the diVerent
weight-lifting exercises. Thereafter and under supervision
of a qualiWed strength training instructor, they practiced the
seven exercises including sitting curl, shoulder press,
adductor, chest press, leg extension, vertical row, and leg
press (Technogym®, Rotterdam, the Netherlands). We
choose to use such spectrum of exercises because most
athletes perform resistance exercises involving diVerent
muscle groups in one single training session. The subjects’
one-repetition-maximum (1RM) was estimated using a
multiple repetitions testing procedure which was speciWc
for each exercise. A repetition was valid when the subject
was able to complete the full movement range with
adequate technical skill and without assistance. A 5-min
resting period between diVerent exercises was allowed.

Study protocol

According to a balanced and randomized crossover study
design, all subjects participated in two experimental ses-
sions (F: exercise in the fasting state; B: exercise in the fed
state), with a 3-week period in between. Subjects were
instructed to refrain from any strenuous exercise during the
3 days preceding the experimental sessions. Furthermore,
in order to keep food intake constant during the 3 days
before the experiments, all foods and beverages were pro-
vided by the investigators.
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On the morning of the experiments, the subjects arrived
at the laboratory between 6.00 and 9.00 a.m. after an 11 h
overnight fast (Fig. 1). They were assigned to either of two
experimental conditions. During B, subjects received a
standardized carbohydrate-rich breakfast (722 kcal: 85%
carbohydrates, 4% fat, 11% protein), whereas the others
remained fasted (F). After a 1.5-h rest period in the labora-
tory, a percutaneous needle biopsy sample was taken from
the right vastus lateralis muscle under local anesthetic
(2–3 ml Lidocaine) through a 5-mm incision in the skin.
Furthermore, 15 ml blood was sampled from an antecubital
vein. Thereafter, subjects Wrst cycled for 15 min at the
warm-up workload which was determined during the famil-
iarization session (168 § 11 W) and completed the resis-
tance training session. For each exercise, three sets of eight
repetitions were performed with 3-min rest intervals in
between at 80% of the subjects’ 1RM. Upper and lower
body exercises were alternated. The full training session
required 90 min to complete. After the training session, the
subjects rested in the laboratory during a 4-h supervised
recovery period. Independent of the experimental condi-
tion, during each hour of recovery, subjects received a
drinking solution (6 ml/kg b.w.) containing 50 g/l carbohy-
drates (50% glucose and 50% maltodextrine), 16.6 g/l leu-
cine (Ajinomoto, Tokyo, Japan), and 33.3 g/l of a protein
hydrolysate (Hyprol 4107, Kerry Bio-Science, Utrecht, the
Netherlands). This combination of carbohydrates, protein,
and leucine has been demonstrated to cause a substantial
elevation of plasma insulin level for at least 4 h after exer-
cise (Koopman et al. 2005). After 1 h of recovery, a second
biopsy was taken through the same incision as the pre-exer-
cise biopsy, but with the needle pointing in another direc-
tion. A third muscle sample was taken through a new
incision in the contralateral leg at the end of the 4-h recov-
ery period. At 1 and 4 h of recovery, additional blood sam-
ples (15 ml) were taken from an arm vein.

Analysis of muscle samples

After being freed from any visible non-muscle material, the
muscle sample was immediately frozen in isopentane,

cooled in liquid nitrogen. All samples were stored at
¡80°C for later analysis.

RNA extraction and reverse transcription

Total RNA from frozen muscle samples (»30–40 mg) was
extracted using an ABI Prism 6100 Nucleic Acid Prepsta-
tion (Applied Biosystems). Extracts were stored at ¡80°C
until used for real-time PCR analysis at a later date. Total
RNA was reverse transcribed using the High Capacity
cDNA Archive Kit (Applied Biosystems) according to the
manufacturers’ instructions.

Real-time qPCR analysis

Primers and probes for real-time PCR were designed by
Applied Biosystems and supplied as an assay-on-demand
gene expression assay mix containing a 20£ mix of unla-
beled PCR forward and reverse primers as well as Taqman
MGB probe. Assay IDs were Hs99999904 (cyclophilin A),
Hs00187842 (beta-2-microglobulin), Hs00231167 (myoge-
nin), Hs00159528 (MyoD1), and Hs00231165 (MRF4).
Real-time qPCR was carried out in a 20 �l reaction mixture
with 5 �l cDNA, 4 �l Rnase-free water, 1 �l of 20£ assay-
on-demand gene expression assay mix and 10 �l of the 2£
Taqman universal PCR master mix, containing ROX as a
passive reference dye (Applied Biosystems). AmpliWcation
and detection were performed using the ABI PRISM 7300
sequence detection system (Applied Biosystems). Thermal
cycling conditions included initial 2 min at 50°C and
10 min at 95°C followed by 45 two-step cycles including
denaturation of 15 s at 95°C and annealing/extension of
60 s at 60°C. Each gene was analyzed with the incorpora-
tion of a negative control. All reactions were performed in
triplicate. To compensate for variations in input RNA
amounts and eYciency of reverse transcription, cyclophilin
and beta-2-microglobulin mRNA were quantiWed, and
results were normalized to these values. These genes were
chosen out of Wve normalization genes using the GeNorm
applet according to the guidelines and theoretical frame-
work previously described (Vandesompele et al. 2002).
Gene expression data that are represented with resting sam-
ples in F assigned the arbitrary value of 1.0 and all other
samples expressed relative to this value.

Lysate production and western blotting

About 30 mg of frozen muscle was ground in a mortar and
homogenized in ice-cold buVer (1:10, w/v) [20 mM Tris,
pH 7.0, 270 mM sucrose, 5 mM EGTA, 1 mM EDTA, 1%
Triton X-100, 1 mM sodium orthovanadate, 50 mM sodium
�-glycerophosphate, 5 mM sodium pyrophosphate, 50 mM
sodium Xuoride, 1 mM 1,4-dithiothreitol (DTT) and a

Fig. 1 Experimental design
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protease inhibitor cocktail containing 1 mM EDTA (Roche
Applied Science)]. The homogenate was immediately cen-
trifuged at 10,000g for 10 min at 4°C. The supernatants
were stored in liquid nitrogen. Protein concentration was
determined using the DC protein assay kit (Bio-Rad Labo-
ratories).

Cell lysates (100 �g) were combined with Laemmli sam-
ple buVer and separated by SDS/PAGE (8–10%). After
electrophoretic separation at 40 mA, the proteins were
transferred to a PVDF membrane at 80 V for 4 h for a west-
ern blot analysis. Membranes were then incubated in a 5%
Blotto solution. Subsequently, membranes were incubated
with the following antibodies (1:1,000) overnight at 4°C:
phospho-Akt/PKB Ser473 (Cell Signaling), phospho-Akt/
PKB Thr308 (Cell Signaling), total Akt/PKB (Cell Signal-
ing), phospho-GSK3 Ser9 (Cell Signaling), phospho-eIF2B
Ser539 (Biosource), total eIF2B� (Cell Signaling), phospho-
p70s6k Thr389 (Santa Cruz), total p70s6k (Santa Cruz), phos-
pho-eEF2 Thr56 (Cell Signaling), phospho-p38 Thr180/
Tyr182 (Cell Signaling), total p38 (Cell Signaling), phos-
pho-ERK1/2 Thr202/Tyr204 (Cell Signaling), and total
ERK1/2 (Cell Signaling). Akt/PKB phosphorylated on
Thr308 and Ser473 was measured because the phosphoryla-
tion of both sites is required to achieve a high level of
kinase activity (Alessi et al. 1996).

Membranes were washed in TBST and incubated for 1 h
at room temperature with a secondary antibody conjugated
to horseradish peroxidase (1:10,000, Cell Signaling). After
an additional three washes, chemiluminescence detection
was carried out using an Enhanced Chemiluminescent
Western blotting kit (ECL Plus, Amersham Biosciences).
Then, the membranes were stripped and re-probed with a
total antibody to verify the relative amount of the analyzed
proteins through the whole experiment. The Wlms were then
scanned on an ImageScanner using the Labscan software
and quantiWed with the Image Master 1D Image Analysis
Software (Amersham Biosciences). The results represent
the phosphorylated form of the protein. A value of 1 was
arbitrarily assigned to the fasted pre-exercise conditions to
which all other values were reported.

Analysis of blood samples

Blood samples were collected into diVerent vacuum tubes
containing lithium heparin (BD Vacutainer, NJ, USA).
Tubes were centrifuged (1,500 rpm for 15 min at 4°C) and
the supernatant was stored at ¡80°C until used at a later
date. Plasma glucose concentration was measured using an
automated glucose analyzer (Analox model GM7, Analox
Instruments Ltd, London, UK). Serum insulin was assayed
by chemiluminescence using the Siemens DPC kit and
according to the instructions of the manufacturer, and
plasma free fatty acids (FFA) were determined assayed

using a standard spectrophotometric assay (ACS-ACOD
method, Wako NEFA C test kit).

Data calculations and statistical analyses

A two-way ANOVA for repeated measurements was per-
formed to examine the interaction between treatment and
time. In case the ANOVA yielded a signiWcant eVect, a
planned contrast analysis was used for post hoc compari-
sons. In addition, contrast analysis was also used to evalu-
ate speciWc pre-planned comparisons, which were (1) time
within a treatment and (2) treatment at a given time point.
A probability level (p) ·0.05 was considered statistically
signiWcant. All data are expressed as mean § SEM.

Results

Blood biochemistry (Table 1)

Pre-exercise plasma insulin concentrations were »13-fold
higher in B than in F (p = 0.04). During the resistance train-
ing session, plasma insulin markedly dropped in B, whereas
it slightly increased in F. However, by the end of the ses-
sion, plasma insulin was still about twofold higher in B
than in F (p = 0.01). Irrespective of the experimental condi-
tion, insulin concentration rapidly increased during the ini-
tial hour of recovery (p = 0.005) where after it decreased
toward the end of the 4-h recovery period (p = 0.005). Dur-
ing recovery, glucose slightly declined over time in both F
and B (p = 0.03). Pre-exercise plasma FFA concentration

Table 1 EVect of resistance exercise in the fasted versus fed state on
insulin, glucose, and free fatty acids concentration

Values represent the mean § SEM (n = 6) and were measured before
and after a 90-min resistance exercise session followed by a 4-h recov-
ery period. Subjects exercised either after an overnight fast (F) or after
ingestion of a carbohydrate-rich breakfast (B). In either condition
throughout the recovery period, subjects received a carbohydrate–pro-
tein recovery drink. See “Methods” for further details. *p < 0.05 versus
F; $p < 0.05 versus Pre; #p < 0.05 versus Post

Exercise Recovery

Pre Post +1h +4h

Insulin (�U/ml)

F 4.6 § 0.7 6.7 § 1.3$ 50.3 § 11.9# 24.6 § 3.2#

B 60.5 § 16.5* 14.4 § 1.7$,* 63.6 § 11.4# 26.1 § 5.9#

Glucose (mmol/l)

F 4.6 § 0.2 4.7 § 0.2 3.4 § 0.3# 3.9 § 0.5

B 5.7 § 1.3 4.2 § 0.3 3.9 § 0.6 3.6 § 0.2

FFA (�mol/l)

F 309 § 27 289 § 35 153 § 12# 169 § 17#

B 155 § 12* 160 § 12* 125 § 14*,# 119 § 10*#
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was »2-fold higher in F than in B (p = 0.005). Post-exer-
cise plasma FFA concentration was not signiWcantly diVer-
ent from rest, but decreased during recovery in either
group.

Protein phosphorylation status (Figs. 2, 3, 4, 5)

The intake of a carbohydrate-rich breakfast before exer-
cise, resulting in elevated pre-exercise plasma insulin in
B compared with F (Table 1), markedly increased the
state of phosphorylation of PKB at both Ser473 (p = 0.02)
and Thr308 (p = 0.05). By analogy, a reduction of eIF2B
phosphorylation (p = 0.01) was detected, but phosphory-
lation status of GSK3 at Ser9 was not diVerent between
dietary conditions (p = 0.14) due to one subject display-
ing a decreased phosphorylation state in the fed state,
contrary to the increase observed in all others. Down-
stream of mTOR, pre-exercise phosphorylation of p70s6k

was also higher (p = 0.046) in B versus F, while the state
of eEF2 phosphorylation at Thr56 was reduced
(p = 0.011). The resistance exercise session and the
ingestion of the drink signiWcantly increased the phos-
phorylation state of p70s6k in either group. However,
phosphorylation of p70s6k was higher in F than in B
(p = 0.02) at +1h recovery. For the other signaling pro-
teins, the diVerential phosphorylation state between F
and B existing in muscle pre-exercise was negated dur-
ing the recovery period. Thus, the states of phosphoryla-
tion of PKB, GSK3, eIF2B, and eEF2 at both +1h and
+4h were similar between groups. The activation of the
MAPK signaling pathway, as evaluated from the degree
of phosphorylation of both p38 and ERK1/2, was similar

between the experimental conditions at any time.
Compared with B and independent of time, total protein
content of muscle eIF2B (p = 0.04) was higher in F.
For all other signaling proteins, total protein contents
were similar between conditions at any time (data not
shown).

Fig. 2 EVect of exercise in the fasted versus fed state on the phosphor-
ylation state of PKB and its downstream targets. Phosphorylation of
PKB, GSK3, and eIF2B was measured by western blotting before
(Pre), and after (+1h and +4h) a 90-min resistance exercise session.

Values are expressed relative to Pre values in F, which were set equal
to one. Data shown are expressed as mean § SEM (n = 6). B Wlled
bars, F open bars. *p < 0.05 versus F; $p < 0.05 versus Pre
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Gene expression (Fig. 6)

Basal mRNA contents of MRF4, MyoD1, and myogenin
were similar between F and B. The changes in MRF4 and
MyoD1 content induced by exercise and the ingestion of
the drink were minor. Still, compared with B at +1h, MRF4
and MyoD1 mRNA contents were higher in F (p = 0.05).
Compared with rest, myogenin mRNA content was
increased »3-fold at +4h in both F (p = 0.05) and B
(p = 0.02).

Discussion

It has become well established that nutrition is an important
factor to modulate the cellular responses to exercise. For
instance, a given weight training stimulus can result in
diVerent adaptations at the cellular level, depending on the
nutritional and hydration status (Hesselink et al. 2006;
Judelson et al. 2008), during training and recovery. In this
regard, a large number of studies have looked at the eVects
of post-exercise nutrient intake in the form of carbohydrate/
protein solutions on systemic and intracellular responses
regulating anabolism (Borsheim et al. 2004; Karlsson et al.
2004; Koopman et al. 2005; Rasmussen et al. 2000). In the
majority of these studies, an overnight fast was used as
the ‘standard’ pre-exercise nutritional state. However, the

Fig. 4 The eVect of exercise in the fasted versus fed state on the phos-
phorylation state of p38 MAPK and ERK1/2. Phosphorylation of p38
MAPK and ERK1/2 was measured by western blotting before (Pre),
and after (+1h and +4h) a 90-min resistance exercise session. Values
are expressed relative to Pre values in F, which were set equal to one.
Data shown are expressed as mean § SEM (n = 6). B Wlled bars, F
open bars. $p < 0.05 versus Pre
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Fig. 5 Representative western blots for the phosphorylation state of
the diVerent proteins studied. Muscle samples were taken before (Pre),
and after (+1h and +4h) a 90-min resistance exercise session in the
fasted (F) or fed (B) state. See “Methods” for further details

Fig. 6 EVect of exercise in the fasted versus fed state on muscle
mRNA content of MRF4, MyoD1, and myogenin. Skeletal muscle
mRNA content was measured by RT-PCR before (Pre), and after (+1h
and +4h) a 90-min resistance exercise session. Values are expressed
relative to Pre values in F, which were set equal to one. Data shown are
normalized for beta-2-microglobulin (B2M), and cyclophilin (PPIA)
and are expressed as mean § SEM (n = 6). B Wlled bars, F open bars.
*p < 0.05 versus F; $p < 0.05 compared with Pre
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fasted state induces a number of speciWc metabolic
responses that may conceivably impact on the cellular
responses to training. Moreover, strength athletes as a rule
perform weight training in the postprandial state and not in
the fasted state. Athletes typically use a carbohydrate-rich
breakfast before training and competition with bread and/or
cereals as primary foods. Although their carbohydrate con-
tent is very high, bread and cereals also contain a certain
amount of proteins (»8–10 g/100 g). In the present study,
20 g of proteins was ingested during the breakfast, which is
enough to stimulate protein synthesis (Rennie et al. 2002).
Therefore, we cannot exclude that the pre-exercise activa-
tion status of the PKB pathway that we observed after
breakfast (vs. fasted state) was due not only to carbohy-
drates but also to protein ingestion. This pre-exercise nutri-
tional intake resulted in substantially decreased stimulation
of p70s6k during recovery involving a high carbohydrate/
amino acid/leucine containing drink. Furthermore, post-
exercise mRNA content of the nuclear transcription factors
MRF4 and MyoD1 was blunted by ingesting a breakfast
prior to training. Although the present results need to be
conWrmed after repeated resistance sessions in the fasted
state, an athlete may consider including this kind of training
to stimulate anabolic signaling while ingesting a recovery
drink.

Both carbohydrates and amino acids are important to
stimulate the rate of net muscle protein synthesis after resis-
tance exercise (Rasmussen et al. 2000) and this eVect can
even be enhanced by increasing the fraction of leucine in
the supplement (Koopman et al. 2005). Koopman and his
co-workers recently showed that, compared with the inges-
tion of carbohydrates only, supplementation of a carbohy-
drate/protein/leucine mixture throughout a 6-h recovery
window following a weight training session consistently
elevated plasma insulin concentration and fractional syn-
thetic rate of mixed muscle protein. Interestingly, here, we
add the novel observation that the administration of an
identical carbohydrate/protein/leucine supplement (see van
Loon et al. 2000; “Methods”), during recovery from a resis-
tance exercise session, increased the phosphorylation state
of p70s6k more if the weight training session was started in
the fasted state (Fig. 3). The latter observation is diYcult to
relate to the concomitant increase in insulin in the fasted
state. Indeed, this increase is only minor and concentrations
are not even diVerent between F and B during the recovery
period (Table 1). These data conWrm that, although insulin
is a well-known activator of the PKB/mTOR pathway
(Alessi et al. 1996), it primarily has a permissive action for
exercise and amino acids to activate this pathway and to
result in an increase in protein synthesis. Infusion of insulin
alone can stimulate muscle protein synthesis but the
response is much lower than the one observed following
ingestion of amino acids (GreenhaV et al. 2008; Rennie

et al. 2002). Altogether, our results show that the increase
in p70s6k is most likely due to the changes in anabolic sig-
naling induced by exercise combined with a recovery drink
containing amino acids/leucine, rather than a change in
insulin concentration. In a similar study protocol in which
subjects remained fasted or were fed an essential amino
acids/carbohydrate-rich meal immediately before exercise
(vs. 90 min in the present study), but were not provided
with a drink after exercise, p70s6k phosphorylation was not
diVerent between the fasted and the fed groups during
recovery (Fujita et al. 2009), indicating that both perform-
ing exercise in the fasted state and receiving a recovery
drink are necessary to maximize p70s6k phosphorylation. It
should be pointed out that the dose of both amino acids and
leucine given during the recovery period in the current
study was higher than generally is being recommended to
athletes (Tipton et al. 2007).

The anabolic eVect of amino acids is mediated via an
insulin-independent activation of p70s6k (Karlsson et al.
2004). Therefore, it is likely that the higher phosphoryla-
tion state of p70s6k observed in F condition is due to a regu-
lation on mTORC1 or on p70s6k itself. Since muscle amino
acid concentrations were not measured in this study, we can
only hypothesize a faster transport of amino acids across
the muscle cell membrane when the bolus is ingested in a
fasted state. This could lead to a higher intracellular amino
acid concentration available to activate mTORC1. Another
possible explanation implicates the class III phosphatidyl-
inositol 3OH-kinase (PI3K) also called Vps34 which has
been shown to be required for the activation of mTORC1
by leucine (ByWeld et al. 2005; MacKenzie et al. 2009).
Class III PI3K promotes the activation of macro-autophagy
(Furuya et al. 2005), a physiological process known to be
activated by caloric restriction (Morck and Pilon 2007).
Therefore, the lack of feeding for several hours could create
a favorable environment for activation of mTORC1 and its
downstream target p70s6k by amino acids independent of
insulin stimulation.

In the current study, both ERK1/2 and p38 MAPK as
well as the phosphorylation of other downstream enzymes
of PKB were similar between F and B (Figs. 2, 4). There-
fore, the eVect of the carbohydrate/amino acids/leucine sup-
plement to enhance p70s6k during recovery seems to occur
directly on mTORC1 or p70s6k, depending on the pre-exer-
cise nutritional status and pre-activation level of these pro-
teins. It is also important to note that the increased p70s6k

phosphorylation in F compared with B during the initial
stage of recovery faded toward the end of the 4-h recovery
period, although still diVerent from pre-exercise conditions.
It, thus, remains to be established whether this short-lived
increment in p70s6k activation is relevant with regard to
regulation of protein synthesis and muscle anabolism after
a weight training session. This is still under debate since the
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phosphorylation state of p70s6k and protein synthesis has
been reported to increase concomitantly after exercise in
several studies (Cuthbertson et al. 2006; Wilkinson et al.
2008; Witard et al. 2009) but not in all (Fujita et al. 2009;
Moore et al. 2009). Moreover, in a recent study, protein
phosphorylation has been shown to be dissociated from any
real change in protein remodeling (GreenhaV et al. 2008).
In terms of muscle mass accretion over time, the change in
p70s6k phosphorylation state induced by electrical stimula-
tion has been correlated with muscle growth observed after
a training program of 6 weeks in rats (Baar and Esser
1999). This observation has been recently conWrmed in
human subjects submitted to a resistance training program
of 14 weeks (Terzis et al. 2008).

The MRF genes, including myogenin, MyoD, MRF4,
and Myf5 are a series of basic helix-loop-helix transcription
factors, whose role in myogenesis during the early develop-
mental stages has been well described. In adult skeletal
muscle, MRF genes are expressed not only in satellite cells
but also in myonuclei, where they are incorporated in sig-
naling pathways that regulate muscle cell diVerentiation
(Muscat and Dressel 2000). The present study shows that,
contrary to the expectation, the exercise-induced increase in
MRF gene expression was partially blunted when exercise
was performed in fed state. Compared with F, at 1 h of
recovery, both MyoD1 and MRF4 mRNA contents were
lower in B (Fig. 6). However, the ample supply of carbohy-
drates, amino acids, and leucine immediately after exercise
may have overruled the diVerential eVect of exercise on
MyoD1 and MRF4. Although one should be careful in
extrapolating observations in endurance exercise to resis-
tance, support for such mechanism comes from a recent
study (Vissing et al. 2005) showing similar increases in
MyoD1 gene expression in the active and inactive legs after
a unilateral endurance exercise bout. In the latter study,
subjects received a carbohydrate-rich breakfast 1 h before
exercise, which by suppression of fat oxidation during (De
Bock et al. 2005) and after exercise (Schneiter et al. 1995)
may have altered muscle MRF mRNA content (Larsen
et al. 2006). Recent studies have also shown that glucose
intake during an endurance exercise bout can blunt the
expression of several metabolic genes post-exercise
(Civitarese et al. 2005; Cluberton et al. 2005). Thus, based
on our current observations, it is probably reasonable to
conclude that pre-exercise food intake can signiWcantly
alter gene expression changes induced by a resistance exer-
cise bout.

The results of the present study are in accordance with
the results of Psilander et al. (2003) showing modest
increases in MyoD1 and MRF4 mRNA content in the early
post-exercise period versus a more pronounced increase in
myogenin mRNA levels between 2 and 6 h after exercise
cessation. In the latter study, it was not mentioned as to

whether subjects remained fasted during the exercise and/or
recovery. However, authors concluded that the high vari-
ability in post-exercise gene response could possibly be
attributed to diVerent timing of food intake between sub-
jects. Indeed, in a later study by Yang et al. (2005), the
mRNA content of several myogenic genes after exercise
was clearly increased. Subjects remained fasted during the
Wrst 8 h of the recovery period, which could have increased
mRNA content, in accordance with the present study. Thus,
since signiWcant increases in both MRF4 and MyoD1 occur
exclusively within the early post-exercise period, the pres-
ent study indicates that almost any increase in MRF4 and
MyoD1 is absent whenever exercise is performed in a real-
life training situation, i.e. after a meal and with high-dose
carbohydrate and amino acid intake after exercise.

In summary, the present study shows that resistance
exercise after high carbohydrate ingestion blunts the exer-
cise-induced increase in MyoD1 and MRF4 mRNA con-
tent. Moreover, the phosphorylation state of p70s6k was
lower in B when compared to F. Our current results indi-
cate that fasting prior to a resistance exercise session facili-
tates the intramyocellular anabolic response to the ingestion
of a carbohydrate/protein/leucine mixture during early
recovery following a resistance training session.

The experiments of the present study comply with the
current laws of the country in which they were performed.
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