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Resistance exercise increases AMPK activity and reduces
4E-BP1 phosphorylation and protein synthesis in human
skeletal muscle
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Resistance exercise is a potent stimulator of muscle protein synthesis and muscle cell growth,
with the increase in protein synthesis being detected within 2–3 h post-exercise and remaining
elevated for up to 48 h. However, during exercise, muscle protein synthesis is inhibited. An
increase in AMP-activated protein kinase (AMPK) activity has recently been shown to decrease
mammalian target of rapamycin (mTOR) signalling to key regulators of translation initiation. We
hypothesized that the cellular mechanism for the inhibition of muscle protein synthesis during an
acute bout of resistance exercise in humans would be associated with an activation of AMPK and
an inhibition of downstream components of the mTOR pathway (4E-BP1 and S6K1). We studied
11 subjects (seven men, four women) before, during, and for 2 h following a bout of resistance
exercise. Muscle biopsy specimens were collected at each time point from the vastus lateralis.
We utilized immunoprecipitation and immunoblotting methods to measure muscle AMPKα2
activity, and mTOR-associated upstream and downstream signalling proteins, and stable
isotope techniques to measure muscle fractional protein synthetic rate (FSR). AMPKα2 activity
(pmol min−1 (mg protein)−1) at baseline was 1.7 ± 0.3, increased immediately post-exercise
(3.0 ± 0.6), and remained elevated at 1 h post-exercise (P < 0.05). Muscle FSR decreased during
exercise and was significantly increased at 1 and 2 h post-exercise (P < 0.05). Phosphorylation of
4E-BP1 at Thr37/46 was significantly reduced immediately post-exercise (P < 0.05). We conclude
that AMPK activation and a reduced phosphorylation of 4E-BP1 may contribute to the inhibition
of muscle protein synthesis during resistance exercise. However, by 1–2 h post-exercise, muscle
protein synthesis increased in association with an activation of protein kinase B, mTOR, S6K1
and eEF2.
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AMP-activated protein kinase (AMPK) is often referred to
as the fuel gauge of the cell because of its ability to ‘sense’
cellular energy status (Hardie & Carling, 1997; Winder
& Hardie, 1999). In particular, when activated, AMPK is
responsible for inhibiting anabolic processes that require
ATP (e.g. fatty acid synthesis and gluconeogenesis), and
for stimulating catabolic processes that generate ATP (e.g.
fatty acid oxidation) (Winder & Hardie, 1999; Hardie,
2005). For example, early studies have shown that a change
in cellular energy status within rodent skeletal muscle
cells during exercise increases AMPK activity, resulting
in a stimulation of fatty acid oxidation during exercise
(Winder & Hardie, 1996; Rasmussen & Winder, 1997) and
the post-exercise recovery period (Rasmussen et al. 1998).
AMPK activity is also increased during aerobic exercise

in humans (Fujii et al. 2000; Stephens et al. 2002; Yu
et al. 2003; Wojtaszewski et al. 2003; Roepstorff et al. 2005;
Coffey et al. 2006), although the regulation of fuel selection
by AMPK during aerobic exercise in endurance trained
subjects is uncertain (McConell et al. 2005).

However, the ATP-consuming process of muscle
protein synthesis has been much less studied. Muscle
contractions in rodents result in a decrease in muscle
protein synthesis (Dohm et al. 1980; Bylund-Fellenius et al.
1984; Davis & Karl, 1986). Prolonged aerobic exercise
in humans also results in a reduction in whole-body
protein synthesis (Rennie et al. 1981) and a trend for
muscle protein synthesis to be decreased (Carraro et al.
1990). The mechanisms responsible for the decrease in
muscle protein synthesis during aerobic exercise are not
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known; however, recent work provides evidence that one
mechanism may be the inhibition of the elongation phase
of translation, since the phosphorylation of eukaryotic
elongation factor 2 (eEF2) is rapidly induced by aerobic
exercise (Rose et al. 2005). However, we and others
have shown that AMPK activity is increased to a greater
extent with an increase in exercise intensity (Rasmussen
et al. 1998; Chen et al. 2003) and an early report
suggests that an altered energy state in rodent muscle
during muscle contractions may be responsible for the
reduced protein synthesis (Bylund-Fellenius et al. 1984).
In addition, more recent work has shown that artificially
activating AMPK in rodent muscle suppresses muscle
protein synthesis by inhibiting the mammalian target
of rapamycin (mTOR) signalling pathway (Bolster et al.
2002). Specifically, AMPK activation inhibits translation
initiation by phosphorylating a protein known as tuberin
or tuberous sclerosis complex (TSC2), an upstream
regulator and inhibitor of mTOR activity (Inoki et al.
2003), as well as phosphorylating and inactivating mTOR
directly (Cheng et al. 2004). However, AMPK can also
inhibit translation elongation by directly phosphorylating
eEF2 kinase (Horman et al. 2002; Browne et al. 2004).

Muscle protein synthesis during resistance exercise also
appears to be suppressed in human muscle (Rasmussen
et al. 2000; Durham et al. 2004). Resistance exercise
training causes muscle cell hypertrophy, and therefore
the signalling pathways regulating muscle cell growth
and protein synthesis are expected to be different from
the adaptations associated with aerobic exercise training
(Rasmussen & Phillips, 2003; Atherton et al. 2005).
In fact, an acute bout of resistance exercise results in
an increase in muscle protein synthesis within 2–3 h,
and remains elevated for 24–48 h post-exercise (Biolo
et al. 1995; MacDougall et al. 1995; Phillips et al.
1997). The mechanisms responsible for the delayed
activation of muscle protein synthesis during the early
post-exercise recovery period following resistance exercise
are not known; however, recent work in rodent muscle
suggests that activation of the mTOR pathway, and hence
translation initiation, become gradually activated after
resistance exercise (Baar & Esser, 1999; Bolster et al. 2003).

Therefore, we hypothesized that the cellular mechanism
for the decrease in muscle protein synthesis during an
acute bout of resistance exercise in humans would be
associated with an activation of AMPK and an inhibition
of the downstream components of the mTOR signalling
pathway (4E-BP1 Thr37/46 and S6K1 Thr389), which
are key proteins involved in the regulation of translation
initiation.

Methods

Subjects

We studied 11 young subjects (seven men and four
women). All subjects were healthy and physically active,

Table 1. Physical characteristics of the subjects

Characteristic Mean ± S.E.M. (n = 11)

Age (years) 27 ± 2
Height (cm) 168 ± 3
Weight (kg) 71 ± 5
Body mass index (kg m−2) 25.3 ± 1.3
Lean body mass (kg) 53 ± 3
Body fat (%) 23 ± 2
Leg lean mass (kg) 8.9 ± 0.6

but were not currently engaged in an exercise training
programme. All subjects gave informed written consent
before participating in the study, which was approved
by the Institutional Review Board of the University of
Texas Medical Branch (which is in compliance with
the Declaration of Helsinki). Screening of subjects were
performed with clinical history, physical examination, and
laboratory tests, including complete blood count with
differential, liver and kidney function tests, coagulation
profile, fasting blood glucose and oral glucose tolerance
test (OGTT), hepatitis B and C screening, HIV test, thyroid
stimulating hormone, lipid profile, pregnancy test in
women, urinalysis, drug screening and ECG. All women
were not taking oral contraceptives and were studied
during their follicular phase. The subjects’ characteristics
are summarized in Table 1.

Study design

On two separate occasions (>5 days apart), and more
than 5 days prior to conducting the study, each sub-
ject was tested for muscle strength by measuring their
1 repetition maximum (1RM) on a leg extension machine
(Cybex-VR2; Cybex International, Inc., Medway, MA,
USA) located within the Exercise Laboratory of the General
Clinical Research Center (GCRC). The higher of the two
1RM values obtained was used to determine the starting
weight (70% of 1RM) for the resistance exercise portion
of our study. On the second visit a dual-energy X-ray
absorptiometry (DEXA) scan (Hologic QDR 4500 W,
Bedford, MA, USA) was performed to measure body
composition and lean mass, and a pregnancy test was
repeated in women.

Each subject was admitted to the GCRC of the University
of Texas Medical Branch the day prior to the exercise study.
The subjects were then fed a standard dinner, and a snack
was given at 22.00 h. The subjects were studied following
an overnight fast under basal conditions and refrained
from exercise for 24 h prior to study participation. On
the morning of the study, polyethylene catheters were
inserted into a forearm vein for tracer infusion, in the
contralateral hand vein which was heated for arterialized
blood sampling, and in the femoral artery and vein
(retrograde placement) of the leg for blood sampling. The
femoral lines were placed in the same leg from which

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



J Physiol 576.2 AMPK, muscle protein synthesis and resistance exercise 615

muscle biopsy samples were obtained. The arterial catheter
was also used for the infusion of indocyanine green (ICG;
Akorn, Inc., Buffalo Grove, IL, USA) to determine blood
flow.

After drawing a background blood sample, a primed
continuous infusion of l-[ring-2H5]phenylalanine
(Cambridge Isotope Laboratories, Andover, MA, USA)
was begun (time, 0 h at 08.00 h) and maintained at a
constant rate until the end of the experiment (Fig. 1).
The priming dose for the labelled phenylalanine
was 2 µmol kg−1 and the infusion rates was
0.05 µmol kg−1 min−1. All subjects were studied at
the exact same time (i.e. between 08.00 and 14.00 h).

Subjects were studied during four time periods: 1st
period (basal), 2nd period (during exercise), 3rd period
(the first hour post-exercise), and 4th period (the second
hour post-exercise). The 2nd period was performed in the
exercise laboratory within the GCRC, and the 1st, 3rd and
4th periods were all conducted in the special procedures
room, also within the GCRC.

Marking the beginning of the basal period, and 2 h
following the initiation of the tracer infusions, the first
muscle biopsy sample was obtained from the lateral
portion of the vastus lateralis of the leg, with the biopsy
site between 15 and 25 cm from the mid-patella. The
biopsy was performed using a 5 mm Bergström biopsy
needle, under sterile procedure and local anaesthesia (1%
lidocaine (lignocaine)). Once harvested, the muscle tissue
was immediately blotted, and frozen in liquid nitrogen
(within seconds), and stored at −80◦C until analysis.
Immediately after the first biopsy, a continuous infusion of
ICG was started in the femoral artery (0.5 mg min−1) and
maintained for 50 min. Ten minutes after ICG infusion was
started, blood samples were drawn four times, at 10 min
intervals, from the femoral vein and the arterialized hand
vein to measure ICG concentration (Fig. 1). In addition to
the blood obtained for ICG measurement, blood samples
were also taken from the femoral artery and vein, and
from the arterialized hand vein to measure blood pH, and
glucose and lactate concentrations. At the end of baseline,
a second biopsy sample was obtained; however, the biopsy
needle was inclined at a different angle so that the second
biopsy sample was taken approximately 2 in (∼5 cm) away
from the first sample.

Following the second biopsy, the subject was
transported to the exercise laboratory within the GCRC
for the entire 2nd period. There the subjects performed
10 sets of 10 repetitions of leg extension exercises on a
Cybex leg extension machine set to 70% of their 1RM. All
subjects started out at 70% of 1RM; however, for a few
of the subjects, the weight was slightly reduced (60–65%
of 1RM) in order to achieve 10 repetitions per set. The
rest period between sets was 3 min, except during blood
collection which required a few more minutes. As during
the basal period, ICG was continually infused during

exercise in order to accurately measure leg blood flow.
Blood samples were again drawn for blood pH, glucose and
lactate concentrations immediately after the 3rd, 6th, 8th
and 10th sets. Following the last blood collection, subjects
performed one final set of 10 repetitions and a third muscle
biopsy sample was obtained within seconds of completing
the last muscle contraction. The subjects were then
transported back to the special procedures room of the
GCRC for the duration of the study.

During the 3rd period (the first hour post-exercise), ICG
was again infused continuously (as during the 1st and 2nd
periods) to measure leg blood flow, and blood was drawn
for the measurement of blood gas, electrolytes, and glucose
and lactate concentrations. Samples were obtained every
10 min (as during the 1st and 2nd periods). At the end of
the first hour post-exercise, a fourth muscle biopsy sample
was obtained through a new incision site, approximately
5 cm from the first incision.

During the 4th period (second hour post-exercise),
blood samples were collected in the same manner as
during the previous periods. At the end of the second hour
post-exercise, a final muscle biopsy sample was collected,
as described above, from the second incision; however, the
biopsy needle was inclined at a different angle again so
that the biopsy sample was taken approximately ∼5 cm
away from the prior biopsy sample. Each biopsy sample
was taken a mean of 73 ± 7 min apart.
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Figure 1. Schematic displaying the study design used to
measure the effect of resistance exercise on the regulation of
muscle protein synthesis in human subjects
The study design consisted of a basal period (hours 2–3), an exercise
period (hours 3–4), and two post-exercise periods (hours 4–5, and
5–6). ICG, indocyanine green was infused to measure blood flow in
each of the periods. Blood samples were collected to measure blood
glucose uptake, lactate concentration and pH. Muscle biopsy samples
were used to measure muscle protein synthesis, AMP-activated protein
kinase (AMPK) enzyme activity, and signalling pathways involved in
translation initiation and elongation.
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Blood flow, pH, glucose uptake and lactate
concentration

Serum ICG concentration for the determination of
leg blood flow was measured spectrophotometrically
(Beckman Coulter, Fullerton, CA, USA) at a λ value
of 805 nm (Jorfeldt & Wahren, 1971). Plasma glucose
and lactate concentration was measured using an
automated glucose and lactate analyser (YSI, Yellow
Springs, OH, USA). Blood pH was measured at the
UTMB core laboratory using standard procedure. Leg
glucose utilization was calculated as net glucose uptake
across the leg: leg glucose uptake = (CA − CV) blood
flow (BF), where CA and CV are the blood glucose
concentrations in the femoral artery and vein, respectively,
and it was expressed as micromoles of glucose utilized per
minute per kilogram of fat free mass (FFM) of the leg
(µmol min−1 (kg leg FFM)−1).

AMPK activity assay

AMPKα1 and α2 activities were measured using ∼70 mg
per biopsy sample per subject of muscle tissue. After
homogenization, total protein concentrations were
determined using the Bradford assay (Bio-Rad Smartspec
plus spectrophotometer). The immunoprecipitation
method and the enzyme activity measurements were
completed as previously described (Hardie et al. 2000).
Slight adaptations to this method included performing
the immunoprecipitation overnight and the AMPK assay
on resuspended immunoprecipitates in the medium
previously described by Winder & Hardie (1996a).
Tissue samples were homogenized (1:9, w/v) in a buffer
containing: 50 mm Tris-HCl, 250 mm mannitol, 50 mm
NaF, 5 mm sodium pyrophosphate, 1 mm EDTA, 1 mm
EGTA, 1% Triton X-100, pH 7.4, 1 mm DTT, 1 mm
benzamidine, 0.1 mm PMSF and 5 µg ml−1 soybean
trypsin inhibitor (SBTI). DTT, benzamidine, PMSF, and
SBTI were added to the buffer immediately prior to
use. Supernatant was collected after centrifugation at
3500 g for 10 min at 4◦C. AMPKα1 and α2 isoform
specific activities were measured in immunoprecipitates.
Immunoprecipitation was achieved by incubating 40 µl
of supernatant with protein-G-Sepharose beads (Sigma,
St Louis, MO, USA) complexed with antibodies
against either the AMPKα1 peptide corresponding
to amino acids 376–392 (ARHTLDELNPQKSKHQG)
or the AMPKα2 peptide corresponding to amino
acids 353–367 (DDSAMHIPPGLKPHP) (Upstate Cell
Signalling Solutions, Charlottesville, VA, USA) overnight
on a roller mixer at 4◦C. The suspension was washed
twice in a buffer containing 50 mm Tris-HCl, 1 m
NaCl, 50 mm NaF, 5 mm sodium pyrophosphate, 1 mm
EDTA, 1 mm EGTA, 1 mm DTT, 1 mm benzamidine,
0.1 mm PMSF, 5 µg ml−1 soybean trypsin inhibitor,

pH 7.4, and washed once in a buffer containing 62.5 mm
Hepes, 62.5 mm NaCl, 62.5 mm NaF, 6.25 mm sodium
pyrophosphate, 1.25 mm EDTA, 1.25 mm EGTA, 1 mm
DTT, 1 mm benzamidine, 0.1 mm PMSF, 1 µg ml−1 SBTI.
Immunoprecipitated AMPKα1 and α2 were then
suspended in 30 µl of Hepes-brij buffer containing 25 mm
Hepes, 0.02% brij, 1 mm DTT, pH 7.0. AMPKα1 and
α2 activities were measured by adding 15 µl of working
assay cocktail containing 40 mm Hepes, 8% glycerol,
80 mm NaCl, 0.8 mm EDTA, 0.8 mm MgCl2, pH 7.0,
0.2 mm AMP, 0.2 mm ATP, 0.8 mm DTT, 0.2 mm SAMS
peptide (Zinsser Analytic, Maidenhead, Berkshire, UK)
(and 10 mCi ml−1 [γ -32P]ATP; MP Biomedicals, Aurora,
OH, USA). The mixture was then incubated for 10 min in
a water bath (30◦C and 60 r.p.m. agitation) to facilitate
mixing. At the end of the incubation period, a 15 µl
aliquot was spotted onto a 1 cm2 P81 Whatman filter
paper (Whatman International Ltd, Maidstone, UK) and
immediately placed in 200 ml of 1% phosphoric acid to
stop the kinase reaction. Each filter paper was washed six
times in 1% phosphoric acid for 5 min. After air drying,
they were added to 3 ml of Ecolite liquid scintillation
fluid (MP Biomedicals) and counted for 10 min in a
LS 6500 multi-purpose scintillation counter (Beckman
Coulter). Activity is expressed as picomoles of phosphate
incorporated per milligram of muscle protein subjected to
immunoprecipitation per minute (pmol mg−1 min−1).

Muscle fractional synthetic rate

Muscle tissue samples were ground, and intracellular
free amino acids and muscle proteins were extracted
as previously described (Wolfe & Chinkes, 2005).
Muscle intracellular free concentration and enrichment
of phenylalanine and leucine were determined by gas
chromatography-mass spectrometry (GCMS; 6890 Plus
GC, 5973N MSD, 7683 autosampler; Agilent Technologies,
Palo Alto, CA, USA) using appropriate internal standards
(Wolfe & Chinkes, 2005). Mixed muscle protein-bound
phenylalanine enrichment was analysed by GCMS,
after protein hydrolysis and amino acid extraction
(Wolfe & Chinkes, 2005), using the external standard
curve approach (Calder et al. 1992). We calculated
the fractional synthetic rate of mixed muscle proteins
(FSR) by measuring the incorporation rate of the
phenylalanine tracer into the proteins (�Ep/t) and using
the precursor-product model to calculate the synthesis
rate:

FSR = (�Ep/t)/[EM(1) + EM(2)/2] × 60 × 100

where �Ep is the increment in protein-bound
phenylalanine enrichment between two sequential
biopsy samples, t is the time between the two sequential
biopsies, and EM(1) and EM(2) are the phenylalanine
enrichments in the free intracellular pool in the two
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sequential biopsy samples. Our mean percentage change
in muscle protein-bound phenylalanine enrichments
(between hourly biopsy samples) ranged between 27 and
63%, indicating that we were able to sufficiently measure
the change in enrichment between biopsy samples, and
this enabled us to calculate valid fractional synthetic rates.
Data are expressed as percentages per hour.

SDS PAGE and immunoblotting

Aliquots from homogenates (described above) were
boiled at 100◦C for 3 min in 2× sample buffer (SB)
containing 125 mm Tris, pH 6.8, 25% glycerol, 2.5% SDS,
2.5% β-mercaptoethanol, and 0.002% bromophenol blue;
except for aliquots used to detect 4E-BP1 which were
initially boiled at 100◦C for 10 min, spun for 30 min at
6000 g before combining the supernatants with 2× SB.
Total protein (100 µg per sample) was loaded per lane
in duplicate and separated by SDS-PAGE. For mTOR
separation, 7.5% gels were run for 90 min at 150 V;
protein kinase B (PKB)/Akt separation was done using
a 7.5% gel run for 45 min at 150 V; TSC2 separation
was performed using 7.5% gels run for 90 min at 100 V;
p70 S6K1 separation was achieved using 7.5% gels run for
60 min at 100 V; 4E-BP1 separation was accomplished with
15% gels run overnight; and eEF2 was separated using a
7.5% gel run for 80–90 min at 100 V. Following SDS PAGE,
proteins were transferred to polyvinylidene difluoride
membranes (PVDF) (Hybond-P; Amersham Biosciences,
Piscataway, NJ, USA) at 50 V for 1 h. Once transferred,
PVDF membranes were placed in blocking buffer (5%
non-fat dry milk (NFDM) in TBST (Tris-buffered saline
and 0.1% Tween-20)) for 1 h. Blots were then serially
washed two times in deionized water and two more
times in TBST, and incubated with primary antibody in
5% NFDM in TBST (except 4E-BP1 and TSC2, which
were incubated in 5% bovine serum albumin) overnight
at 4◦C with constant agitation. The next morning, the
blots were washed in TBST twice, and incubated with
secondary antibody for 1 h in 5% NFDM in TBST at room
temperature, with constant agitation. After secondary
incubation, the blots were washed for 15 min, and then
serially washed (3 × 5 min) with TBST. Blots were then
incubated for 5 min with enhanced chemiluminescence
reagent (ECL plus Western Blotting Detection System;
Amersham Biosciences) to detect horseradish peroxidase
activity. Optical density measurements were obtained
with a CCD camera mounted in a ChemiDoc XRS
imaging system (Bio-Rad, Hercules, CA, USA). Once the
appropriate image was captured, densitometric analysis
was performed using Quantity One 1-D analysis Software
(Version 4.5.2; Bio-Rad). Preliminary experiments were
performed to assess if protein abundance changed over the
5 h of the experiment. We found that protein abundance
did not change over the short time frame of the study;

therefore, all data were expressed as the change in
phosphorylation in arbitrary units.

Antibodies

The primary antibodies used were all purchased from
Cell Signaling (Beverly, MA, USA): phospho-mTOR
(Ser2448; 1:1000), phospho-p70 S6K1 (Thr389; 1 : 500),
phospho-Akt (Ser473; 1 : 500), phospho-Tuberin/TSC2
(Thr1462; 1:500), phospho-4E-BP1 (Thr37/46; 1 : 500),
and phospho-eEF2 (Thr56; 1 : 1000). Anti-rabbit IgG
horseradish-peroxidase-conjugated secondary antibody
was purchased from Amersham Bioscience (1 : 2000).

Statistical analysis

All values are expressed as means ± s.e.m. Comparisons
were performed using analysis of variance with repeated
measures, the effects being subject and time (basal,
exercise, 1 h post, and 2 h post). Post hoc testing
was performed using the Dunnett’s test for multiple
comparisons; however, if a test of normality or equal
variance failed, then analysis of variance on ranks followed
by a Dunn’s post hoc multiple comparisons test was
performed. Significance was set at P < 0.05.

Results

Blood flow

The blood flow results are shown in Table 2. Blood flow was
significantly elevated during exercise (P < 0.05). Blood
flow returned to baseline values during the first and second
hours post-exercise.

Glucose uptake, lactate concentration, and blood pH

Glucose uptake was significantly elevated during exercise
(P < 0.05; Table 2). Glucose uptake during the first and
second hour post-exercise periods were not different
from baseline. Lactate in the femoral vein and artery
was significantly increased during the exercise period and
remained elevated for 1 h post-exercise (P < 0.05). During
the second hour post-exercise, femoral arterial and venous
lactate concentrations returned to values not different
from baseline (P > 0.05). Blood pH was significantly
reduced from basal during exercise (P < 0.05), and
returned to basal values at one and two hours post-exercise
(Table 2).

Muscle amino acid intracellular concentrations

Phenylalanine concentration within the muscle free
pool was unchanged immediately following exercise,
however, by 2 h post-exercise, muscle free phenylalanine
concentrations decreased below basal values (P < 0.05;
Table 2).
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Table 2. Blood flow, glucose uptake across the leg, plasma lactate concentration, blood pH, and muscle intracellular
phenylalanine and leucine concentrations at baseline, during resistance exercise, and 1 h and 2 h post-exercise

Basal Exercise 1 h Post 2 h Post

Blood flow (ml min−1 (100 ml leg vol)−1) 3.55 ± 0.4 13.10 ± 1.6∗ 4.60 ± 0.5 3.92 ± 0.5
Leg glucose uptake (µmol min−1 (kg leg FFM)−1) 3.5 ± 0.7 24.1 ± 3.2∗ 8.2 ± 2.9 9.3 ± 2.7
Lactate (mmol l−1)

Femoral artery 0.7 ± 0.1 9.7 ± 0.6∗ 2.0 ± 0.2∗ 0.8 ± 0.1
Femoral vein 0.8 ± 0.1 11.5 ± 0.7∗ 2.3 ± 0.2∗ 1.0 ± 0.1

Blood pH
Femoral artery 7.42 ± 0.01 7.30 ± 0.01∗ 7.40 ± 0.01 7.42 ± 0.01
Femoral vein 7.38 ± 0.01 7.17 ± 0.01∗ 7.36 ± 0.01 7.37 ± 0.01

Muscle intracellular (µmol l−1)
Phenylalanine 77 ± 5 86 ± 5 72 ± 5 64 ± 3∗

Leucine 184 ± 13 239 ± 28∗ 149 ± 18 132 ± 11∗

Values are means ± S.E.M. (n = 11) and represent the mean of four blood samples taken ∼10 min apart. ∗P < 0.05 versus
baseline.

Leucine concentration increased by 30% within the
muscle free pool immediately post-exercise (P < 0.05),
and eventually fell to a concentration below basal values
at 2 h post-exercise (P < 0.05; Table 2).

Muscle protein synthesis

Muscle protein fractional synthetic rate (FSR) decreased
immediately following resistance exercise (P < 0.05;
Fig. 2). FSR was significantly increased (as compared with
basal) at both 1 and 2 h post-exercise (P < 0.05).

AMPKα2 activity

AMPKα2 activity was significantly increased by 75%
immediately following resistance exercise (P < 0.05;
Fig. 3). AMPKα2 activity remained significantly elevated
at 1 h post-exercise (P < 0.05), and became slightly

Figure 2. Muscle protein synthesis as expressed by the mixed
muscle fractional synthetic rate (FSR) before, during, and after a
bout of resistance exercise
Data are expressed as means ± S.E.M., n = 11. ∗Significantly different
from basal (P < 0.05).

non-significant at 2 h post-exercise (P > 0.05). AMPKα1
activity was unchanged following exercise (data not
shown).

TSC2 and PKB: upstream regulators of mTOR
signalling

The phosphorylation of TSC2 at Thr1462 was significantly
reduced at 1 h post-exercise (P < 0.05; Fig. 4A), but did
not quite reach significance immediately post-exercise.
Phosphorylation status at 2 h post-exercise was not
different from basal.

The phosphorylation of PKB at Ser473 was unchanged
immediately post-exercise, and was significantly elevated
at 1 h post-exercise (P < 0.05; Fig. 4B). PKB Ser473
phosphorylation at 2 h post-exercise also tended to be
elevated above baseline, but did not reach significance
(P > 0.05).
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Figure 3. Muscle AMPKα2 activity before, during and after a
bout of resistance exercise
Data are expressed as means ± S.E.M., n = 11. ∗Significantly different
from basal (P < 0.05).
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mTOR, and downstream indicators of mTOR
signalling (4E-BP1 and S6K1)

The phosphorylation of mTOR at Ser2448 was unchanged
immediately following exercise, and was significantly
increased at 1 and 2 h post-exercise, respectively (P < 0.05;
Fig. 5A).

The phosphorylation of 4E-BP1 at Thr37/46 was
significantly reduced immediately following exercise
(P < 0.05), and gradually returned to baseline values over
the next 2 h (Fig. 5B).

The phosphorylation of S6K1 at Thr389 tended
to increase immediately and at 1 h post-exercise,
although not quite reaching significance (P > 0.05). S6K1
phosphorylation was significantly increased (P < 0.05) at
2 h post-exercise (Fig. 5C).

Figure 4. Phosphorylation of TSC2 and PKB: upstream
regulators of mTOR signalling before, during and after a bout
of resistance exercise
Data are expressed as means ± S.E.M. ∗Significantly different from
basal (P < 0.05). Inset shows duplicate samples for each time point.

eEF2 phosphorylation

Immediately following resistance exercise, eEF2
phosphorylation at Thr56 tended to increase, although
not quite reaching significance (P > 0.05; Fig. 6). The
phosphorylation of eEF2 Thr56 at 1 and 2 h post-exercise
was significantly reduced from baseline levels (P < 0.05).

Figure 5. Phosphorylation of mTOR and downstream indicators
of mTOR signalling (4E-BP1 and S6K1) before, during and after
a bout of resistance exercise
Data are expressed as means ± S.E.M. ∗Significantly different from
basal (P < 0.05). Inset shows duplicate samples for each time point.
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Discussion

The primary and novel finding from our study is
that the decrease in muscle protein synthesis during
resistance exercise is associated with an increase in
AMPK activity and a reduction in the phosphorylation
of 4E-BP1 (a downstream component of the mTOR
signalling pathway, and a key event in controlling
translation initiation). Our findings are consistent with
previous work showing that AMPK acts as a cellular energy
sensor by inhibiting ATP-consuming anabolic processes
(such as muscle protein synthesis in our study) and
activating ATP-generating catabolic processes. Specifically,
we found that immediately following a bout of resistance
exercise AMPK activity increased by 75%, and 4E-BP1
phosphorylation at Thr 37/46 was reduced by 36%. These
events may have contributed to the 32% reduction in
muscle protein synthesis that occurred during resistance
exercise.

A potential role for AMPK taking part in the
reduced muscle protein synthesis during resistance
exercise is supported by our finding of reduced
4E-BP1 phosphorylation during resistance exercise, which
probably led to the subsequent inhibition of translation
initiation. However, mTOR Ser2448 phosphorylation
was unchanged immediately after exercise during the
time when 4E-BP1 Thr36/47 phosphorylation was
reduced. In addition, during post-exercise recovery, when
muscle protein synthesis was stimulated, the increase
in mTOR Ser2448 phosphorylation was not associated
with an increase in 4E-BP1 Thr36/47 phosphorylation.
The apparent disconnect between mTOR Ser2448
phosphorylation and 4E-BP1 Thr36/47 phosphorylation
was puzzling; however, recent work has revealed an
alternate regulation of 4E-BP1, as shown by the fact

Figure 6. Phosphorylation of eEF2: indicator of translation
elongation status before, during and after a bout of resistance
exercise
Data are expressed as means ± S.E.M. ∗Significantly different from
basal (P < 0.05). Inset shows duplicate samples for each time point.

that mTOR output to 4E-BP1 Thr36/47 is rapamycin
insensitive whereas mTOR signalling to S6K1 is rapamycin
sensitive (Wang et al. 2005). It is unclear exactly how
mTOR exerts this rapamycin-insensitive effect on 4E-BP1
Thr36/47 phosphorylation; however, phosphorylation of
4E-BP1 Thr36/47 is dependent on the N-terminal motif
RAIP (Tee & Proud, 2002; Wang et al. 2005). It has generally
been accepted that mTOR directly phosphorylates and
regulates both 4E-BP1 and S6K1; therefore, the discovery
that the regulation of 4E-BP1 36/47 phosphorylation is
insensitive to rapamycin, that amino acids and insulin
stimulate mTOR signalling to 4E-BP1 differently, and that
output from mTOR to 4E-BP1 and S6K1 is distinct, suggest
that the regulation of mTOR signalling to its downstream
components is much more complicated than previously
thought (Wang et al. 2005; Smith et al. 2005). In any event,
our data suggest that resistance exercise reduces 4E-BP1
Thr36/47 phosphorylation. Furthermore, our finding of
reduced 4E-BP1 Thr36/47 phosphorylation, despite an
increase in phosphorylation of mTOR at Ser2448 during
post-exercise recovery, provides additional evidence that
the regulation of downstream signalling of mTOR to
4E-BP1 and S6K1 is complex and may be controlled by
other mechanisms such as upstream regulation by TSC2
or directly via phosphorylation and/or binding by raptor
(Kim et al. 2002; Inoki et al. 2003; Cheng et al. 2004; Long
et al. 2005). Finally, it is important to point out that we only
measured mTOR Ser2448 phosphorylation (not mTOR
activity), and therefore we cannot rule out the possibility
that during exercise distinct mTOR output to 4E-BP1 may
have been reduced, despite there being no change in mTOR
Ser2448 phosphorylation.

The precise mechanism by which AMPK may
be reducing 4E-BP1 Thr36/47 phosphorylation
remains to be determined; however, it is well
documented that mTOR signalling can be influenced
by phosphorylation–dephosphorylation at various sites
(Sarbassov et al. 2005). Recent work also suggests
other modes of regulation exist for controlling mTOR
signalling. For example, PKB may directly phosphorylate
TSC2 (one site being Thr1462 as used in our study),
which leads to an inactivation of TSC2 promoting the
binding of Rheb-GTP to mTOR (which activates mTOR)
(Long et al. 2005). Interestingly, the phosphorylation of
TSC2 at Thr1227 or Ser1345 by AMPK improves the
ability of TSC2 to inhibit mTOR activity (Inoki et al.
2003). Although we did not have access to the antibodies
for the AMPK phosphorylation sites for TSC2, we did
find that TSC2 phosphorylation on Thr1462 tended to
decrease immediately and significantly at 1 h post-exercise
(P < 0.05). This may indicate that mTOR activity is
also regulated by additional mechanisms that are not
associated with TSC2. This is supported by recent data
showing that when Rat1a-mAkt cells are depleted of ATP,
the ability of PKB to activate mTOR is attenuated even
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though TSC2 phosphorylation at Thr1462 is unaltered
(Hahn-Windgassen et al. 2005). In addition, it has
recently been shown that amino acids regulate mTOR
independently of TSC2 (Smith et al. 2005). In the present
study the gradual increase in PKB and mTOR activation
following resistance exercise may be responsible for the
gradual return of 4E-BP1 Thr37/46 phosphorylation to
baseline values, and for the increase in S6K1 Thr389
phosphorylation, despite continued activation of AMPK.

In addition to the upstream regulation of mTOR
signalling by TSC2, control of mTOR signalling by its
binding to a protein known as the regulatory associated
protein to mTOR (raptor) has also been documented
(Kim et al. 2002). In particular, the increased stabilization
of the interaction between raptor and mTOR during
nutrient deprivation or exposure to reducing agents is
associated with an inactivation of mTOR (Kim et al. 2002;
Sarbassov & Sabatini, 2005). Furthermore, it has been
reported that AMPK can directly phosphorylate mTOR
at Thr2446, which can prevent the PKB phosphorylation
of mTOR at Ser2448 (Cheng et al. 2004). Therefore,
the increase in AMPK activity during exercise may also
be influencing 4E-BP1 Thr36/47 phosphorylation by
either regulating raptor binding to mTOR and/or via
direct phosphorylation. Future research is required to
determine the precise mechanism by which AMPK may
be influencing phosphorylation of 4E-BP1 Thr36/47 in
human skeletal muscle.

Although the primary focus of this study was to
determine whether mTOR signalling associated with
translation initiation was inhibited during resistance
exercise, it is also relevant to mention that the elongation
phase of translation also plays a vital role in determining
muscle protein synthesis rates, and a recent report
has shown that the elongation phase of translation
is also inhibited rapidly during aerobic exercise (Rose
et al. 2005). We found that eEF2 phosphorylation
tended to increase during exercise and was significantly
reduced at 1 and 2 h post-exercise. It appears that
eEF2 phosphorylation directly mirrors muscle FSR in
our study. In fact, it has recently been suggested that
mTOR may regulate eEF2 kinase (Browne & Proud,
2002) since S6K1 can phosphorylate eEF2 kinase, leading
to enhanced elongation (Wang et al. 2001). In our
study, the post-exercise increase in mTOR and S6K1
phosphorylation may potentially have overridden the
effect of AMPK on eEF2 kinase, leading to a reduction
in eEF2 phosphorylation. On the other hand, it has also
been suggested that during exercise calcium–calmodulin
is most likely to be the major regulator of eEF2 in
vivo (Rose et al. 2005). Although recent work suggests
that calmodulin-dependent protein kinase kinaseβ can
phosphorylate and activate AMPK (Hawley et al. 2005;
Woods et al. 2005), its role in skeletal muscle is probably
minor because the expression of this kinase in muscle

is extremely low. Therefore, additional experiments are
required to determine the potential interactions of
Ca2+, AMPK and mTOR signalling on controlling eEF2
phosphorylation in human muscle.

Another interesting finding was the change in muscle
intracellular amino acid concentrations during the time
course of our study. Leucine was increased by 30%
immediately post-exercise (probably because of the
decrease in protein synthesis and/or to an increase
in proteolysis), and both phenylalanine and leucine
were significantly reduced at 2 h post-exercise (most
probably because of the increase in muscle protein
synthesis). These results indirectly suggest that amino acid
concentrations are not regulating mTOR signalling during
and after resistance exercise, since mTOR phosphorylation
was increasing while amino acid concentrations were
decreasing. Other potential mechanisms, such as enhanced
signalling through PKB and/or other regulators of mTOR
signalling, are most likely to be responsible for the increase
in muscle protein synthesis post-exercise (Anthony et al.
2002).

While we have focused on the evidence supporting a role
for AMPK in inhibiting muscle protein synthesis during
resistance exercise, we cannot exclude the possibility that
other factors such as acidosis may also be inhibiting key
steps of translation initiation. In our subjects, plasma
lactate concentrations increased greater than 10-fold, and
blood pH significantly decreased during the resistance
exercise bout. Both pH and lactate normalized rapidly
following exercise (although they were still significantly
different from basal 1 h post-exercise). Recent work in
rodent muscle has shown 24 h of acute metabolic acidosis
(Caso et al. 2004) and 1 h of respiratory acidosis (Caso
et al. 2005) significantly decrease skeletal muscle protein
synthesis. It has also been reported that 48 h of metabolic
acidosis in humans suppresses muscle protein synthesis
(Kleger et al. 2001). The mechanism(s) by which acidosis
inhibits muscle protein synthesis is not known (Caso &
Garlick, 2005). It is also unknown whether short-term
acidosis, as reported in our study, decreases human skeletal
muscle protein synthesis. Therefore, the role of acidosis
in suppressing muscle protein synthesis during resistance
exercise requires further investigation.

The current study specifically targeted the early
post-exercise recovery phase because we were interested
in determining the cellular mechanisms involved in the
control of muscle protein synthesis during cellular stress.
However, it must be kept in mind that this short ‘refractory’
period immediately following resistance exercise is later
reversed, thus explaining the significant anabolic effect
of resistance exercise on skeletal muscle. Our study
has definitively shown that a single bout of resistance
exercise stimulates muscle protein synthesis within 1–2 h,
and shown that the cellular mechanisms associated with
the stimulation of muscle protein synthesis include an
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enhanced phosphorylation of mTOR at Ser2448, PKB at
Ser473 (significantly elevated at 1 h post), and S6K1 at
Thr389 (significantly elevated by 2 h post) and a reduced
phosphorylation of eEF2 Thr56. Therefore, it appears
that during the early recovery phase following resistance
exercise the enhanced phosphorylation of PKB, mTOR
and S6K1, and the reduced phosphorylation of eEF2,
promoted translation initiation and elongation, leading to
an increase in muscle protein synthesis at both 1 and 2 h
post-exercise. This occurred despite the fact that AMPK
activity was still elevated at 1 h post-exercise. Our data
suggest that during exercise, when ATP is being utilized
for muscle contraction, the ATP-consuming process of
muscle protein synthesis is inhibited. However, the need
to suppress muscle protein synthesis following exercise
is minimized, and the exercise-induced activation of
mTOR signalling to promote muscle protein synthesis
is enhanced. The activation of PKB, mTOR, S6K1
and eEF2 post-exercise may be overriding the negative
effects of AMPK on muscle protein synthesis; however,
the continued activation of AMPK may be important
for promoting fatty acid oxidation, which can supply
the needed ATP for muscle protein synthesis, as
well as muscle glycogen repletion (Rasmussen et al.
1998).

The stimulation of muscle protein synthesis can remain
elevated for as long as 24–48 h post-exercise (MacDougall
et al. 1995; Phillips et al. 1997). In addition, work in
rodent muscle has shown that S6K1 phosphorylation and
activation are not increased immediately following a bout
of resistance exercise, but they increase by 3 h post-exercise
(Baar & Esser, 1999). Although an early time course in
rodent muscle has shown a gradual activation of the mTOR
pathway following resistance exercise in rats (Bolster et al.
2003), prior to our study much less was known about
the response in human muscle. One study has shown
that during shortening and lengthening leg exercises (i.e.
stepping onto box while carrying 25% of their body weight
for 12 min) increased PKB and S6K1 phosphorylation 6
and 24 h post-exercise (Cuthbertson et al. 2006). However,
the subjects in that study received a large amount of
amino acids and carbohydrate 1 h following the exercise
bout, and again before each of the subsequent biopsies.
Moreover, the exercise intensity for that study was mild
in comparison with ours, and both factors (nutrition and
intensity) complicate the interpretation and comparison
of results. Another study, using a less intense resistance
exercise protocol as compared with the current study, has
shown that resistance exercise increases Ser424/Thr421
phosphorylation of S6K1 and that ingestion of branched
chain amino acids further enhances phosphorylation
(Karlsson et al. 2004). In addition, this early increase
in S6K1 phosphorylation following resistance exercise
appears to be more pronounced in type II muscle fibres
(Koopman et al. 2006). Future studies are necessary to

determine a longer time course for the activation of the
mTOR pathway in human muscle following resistance
exercise, and the effect of nutrient provision on AMPK
activity and muscle protein synthesis.

In conclusion, we provide additional data supporting
the role of AMPK as an energy sensor, and evidence that it
may be involved in the inhibition of the ATP-consuming
process of muscle protein synthesis. Specifically, our
findings support the hypothesis that muscle protein
synthesis is decreased during resistance exercise
(a condition of high energy expenditure within
contracting muscle cells) in humans because the increase
in AMPK activity is associated with a reduced 4E-BP1
Thr36/47 phosphorylation, a downstream component
of the mTOR signalling pathway and a key regulator of
translation initiation. Furthermore, the increase in muscle
protein synthesis during early post-exercise recovery is
associated with a reduction in eEF2 phosphorylation, and
an increase in PKB, mTOR and S6K1 phosphorylation.
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