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Endurance training represents one extreme in the continuum of
skeletal muscle plasticity. The molecular signals elicited in response
to acute and chronic exercise and the integration of multiple intracel-
lular pathways are incompletely understood. We determined the effect
of 10 days of intensified cycle training on signal transduction in nine
inactive males in response to a 1-h acute bout of cycling at the same
absolute workload (164 � 9 W). Muscle biopsies were taken at rest
and immediately and 3 h after the acute exercise. The metabolic
signaling pathways, including AMP-activated protein kinase (AMPK)
and mammalian target of rapamycin (mTOR), demonstrated divergent
regulation by exercise after training. AMPK phosphorylation in-
creased in response to exercise (�16-fold; P � 0.05), which was
abrogated posttraining (P � 0.01). In contrast, mTOR phosphoryla-
tion increased in response to exercise (�2-fold; P � 0.01), which was
augmented posttraining (P � 0.01) in the presence of increased
mTOR expression (P � 0.05). Exercise elicited divergent effects on
mitogen-activated protein kinase (MAPK) pathways after training,
with exercise-induced extracellular signal-regulated kinase (ERK) 1/2
phosphorylation being abolished (P � 0.01) and p38 MAPK main-
tained. Finally, calmodulin kinase II (CaMKII) exercise-induced
phosphorylation and activity were maintained (P � 0.01), despite
increased expression (�2-fold; P � 0.05). In conclusion, 10 days of
intensified endurance training attenuated AMPK, ERK1/2, and
mTOR, but not CaMKII and p38 MAPK signaling, highlighting
molecular pathways important for rapid functional adaptations and main-
tenance in response to intensified endurance exercise and training.

adenosine 5�-monophosphate-activated protein kinase; protein kinase
B; mitogen-activated protein kinases; calmodulin kinase II; mamma-
lian target of rapamycin; glycogen

SKELETAL MUSCLE EXHIBITS remarkable malleability, as demon-
strated by its ability to adapt to distinct patterns of contractile
activity or exercise (7, 12, 70). Exercise represents a stimulus
capable of inducing both acute and chronic adaptive responses,
inducing specific changes that serve to minimize cellular stress
in subsequent similar exercise sessions (14). Chronic adapta-
tions to training are likely to represent the summation of each
discrete bout of exercise, with these perturbations leading to
cumulative alterations in gene and protein expression, and
ultimately distinct phenotypic changes (13, 26, 70). Endurance

training elicits metabolic and morphological responses promot-
ing muscle fatigue resistance (13, 25) and includes mitochon-
drial biogenesis (1, 3, 29), a fast-to-slow twitch fiber phenotype
transformation (70), a decreased reliance on carbohydrate-
based fuels during submaximal exercise (28), and an improved
whole body aerobic capacity (V̇O2max; see Ref. 52). Molecular
events involved in this process include cell signaling pathway
activation in response to exercise. These pathways integrate the
multitude of inputs from neuromuscular activation, increased
intramyocellular Ca2�, muscle force generation/tension, in-
creased metabolic rates and endocrine/paracrine signals culmi-
nating in the appropriate changes in gene and protein expres-
sion in the hours after the exercise bout (22). The importance
of understanding these molecular mechanisms driving adapta-
tions to endurance exercise may aid in the development of
strategies to prevent the development of insulin resistance,
other muscle dysfunction (23), and enhance exercise perfor-
mance.

A number of exercise-responsive signaling pathways have
been identified in human skeletal muscle and are implicated in
cellular metabolism and gene expression. Exercise/muscle con-
traction increases phosphorylation of stress and/or mitogen-
activated protein kinases (MAPK), specifically the extracellu-
lar signal-regulated protein kinase (ERK) 1/2 (2) and p38
MAPK (61). Signal transduction via metabolic pathways, in-
cluding 5�-AMP-activated protein kinase (AMPK) (20) and
protein kinase B (PKB)/Akt (51), as well as Ca2�- or neuro-
muscular activation-sensing pathway through Ca2� calmodu-
lin-dependent protein kinase II (CaMKII; see Ref. 47) is
increased in response to acute exercise. Although the direct
link between activation of these pathways and distinct meta-
bolic and gene regulatory responses is only partly resolved, the
adaptive response of these signaling pathways to chronic ex-
ercise training is unknown. Exercise-induced skeletal muscle
signaling after training is attenuated and is a major contributing
factor to muscular desensitization to endurance exercise (36,
69). Long-term endurance training (�21 days) alters both
metabolism (38) and cell signaling in human skeletal muscle
(18, 46). Short-term training also leads to training-induced
changes in human skeletal muscle metabolism (11, 36, 38).
AMPK activity and phosphorylation is markedly attenuated
after 10 days of intensified training (36); however, the effects
of this training on the activation of stress and Ca2� and
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PKB/Akt signaling pathways in response to submaximal exer-
cise have not been examined.

Using an integrated physiological and molecular approach,
we determined which of the multitude of signaling pathways
activated in response to exercise-induced stress, metabolism,
and neuromuscular inputs in human skeletal muscle responded
to the intensified short-term training. We hypothesized that the
signaling pathways and molecules displaying the greatest at-
tenuation in response to exercise and training are responsible
for adaptation in skeletal muscle. We studied signaling path-
ways involving AMPK, Akt, CaMKII, mammalian target of
rapamycin (mTOR), ERK1/2, and p38 MAPK in skeletal
muscle after acute exercise and training.

MATERIALS AND METHODS

Subjects

Nine male subjects (Table 1) were recruited for this study. Subjects
were healthy nonsmokers, who participated in �2 h of exercise/wk.
Subjects who had a peak pulmonary oxygen consumption (V̇O2peak) of
�50 ml �min�1 �kg�1 were included in the study. Subjects were fully
informed of the possible risks involved in the study before providing
written consent. The study was approved by the Monash University
Standing Committee on Ethics in Research Involving Humans and
Karolinska Institutet Human Research Ethics Committee. The study
was conducted according to the Helsinki Declaration.

Experimental Design

Participants completed a V̇O2peak test. Later (1 wk), subjects re-
turned to the laboratory for the pretraining exercise trial. Trial days
involved subjects cycling for 60 min at �70% of their V̇O2peak.

During the trial, blood, expiratory gases, and skeletal muscle samples
were taken. The 10-day cycle training regimen commenced �7 days
later and included four high-intensity intermittent interval training
sessions. After the last training session (2 days), the second exercise
trial was undertaken at the same absolute workload as the pretraining
trial. A second V̇O2peak test was performed 2 days after the posttrain-
ing trial.

Peak Pulmonary Oxygen Consumption

V̇O2peak tests were completed on an electromagnetically-braked
cycle ergometer (Lode B.V medical technology, Groningen, The
Netherlands), essentially as described (24). Participants cycled at an
initial workload of 100 W, which increased to 150 W after 2.5 min,
followed by a 25-W increase every 2.5 min until volitional exhaus-
tion. Volitional fatigue was defined as the point at which the subjects’
cadence decreased below 60 rpm and/or a respiratory exchange ratio
(RER) of 1.12. V̇O2peak was determined as the subjects’ highest V̇O2

that occurred in the last minute of the test. Peak power output (PPO)
was also determined (24). These parameters were used to determine
the exercise intensities of 70, 75% and 90% of individual V̇O2peak for
the relevant exercise tests and training sessions.

Throughout the maximal test and during portions of the subse-
quently described experimental trials and training sessions, subjects
inspired air through a mouthpiece and low-resistance turbine attached
to a MOXUS modular V̇O2 system (AEI Technologies, Pittsburgh,
PA). The CO2 and O2 analyzers were calibrated before each test using
gases (BOC, Melbourne, Australia) of known O2 (16%) and CO2

(4%) content. The K520 gas flow transducer (KL Engineering, Syl-
mar, CA) was calibrated using a 3-liter syringe (Hans Rudolph). Polar
heart rate monitors (Polar Electro Oy, Kempele, Finland) were used in
all exercise trials and training sessions.

Dietary and Exercise Control

Subjects were instructed to abstain from caffeinated products and
alcoholic beverages 24 h before the exercise trials while consuming
their normal diet, which they recorded in daily food diaries during the
3 days before the exercise trials. They were instructed to consume the
same food or record any changes from the initial diet. Food diaries
were analyzed for total energy consumption and the relative energy
sources. This dietary control was effective, since diet and energy
consumption were unchanged.

Exercise Trials

Subjects reported to the laboratory between 0600 or 0700 after
an overnight fast (�9 h). Upon arrival, subjects voided, and body

Table 1. Subject characteristics

Parameter Pretraining Posttraining

Age, yr 23�5
Height, cm 178�8
Weight, kg 79�8 78�9
V̇O2peak, ml �kg�1 �min�1 44.1�7.2 48.5�5.3*
PPO, watts 248�41 286�31*

Data are means � SE; n � 9 experiments. V̇O2peak, maximal oxygen uptake;
PPO, peak sustained power output. *Significantly different from pretaining
(P � 0.05).

Table 2. Respiratory gas exchange and cardiovascular and venous plasma measures during the 60-min ride
at �70% of V̇O2peak before and after 10 days of endurance training

Parameter Training Status

Time Posttraining, min

10 20 30 40 50 60

V̇O2, l/min Pre 2.4�0.1 2.4�0.1 2.4�0.1 2.4�0.1 2.5�0.1 2.5�0.1
Post 2.4�0.1 2.4�0.1 2.4�0.1 2.4�0.1 2.4�0.1 2.4�0.2

RER Pre 1.01�0.02 0.96�0.01 0.94�0.01 0.92�0.01 0.91�0.01 0.92�0.01
Post 0.98�0.01 0.95�0.01 0.94�0.01 0.92�0.02 0.92�0.02 0.92�0.01

V̇E, l/min Pre 58�3 59�3 60�4 60�4 61�4 62�4
Post 57�3 58�3 58�4 56�4* 57�4* 57�4*

Heart rate, beats/min Pre 156�4 163�4 166�5 167�5 168�5 168�5
Post 147�4* 150�4* 152�4* 150�5* 152�4* 154�5*

Plasma lactate, mmol/l Pre 6.7�0.7 7.9�1.1 7.8�1.1 7.5�1.3 7.3�1.3 6.9�1.2
Post 6.2�0.6 6.7�0.8* 6.3�0.9* 6.2�1.0* 6.0�0.9* 6.1�1.0*

FFA, mmol/l Pre 0.20�0.03 0.20�0.03 0.23�0.03 0.26�0.04 0.32�0.05 0.38�0.05
Post 0.19�.0.03 0.19�0.03 0.19�0.03 0.21�0.03* 0.27�0.03* 0.35�0.04

Data are means � SE; n � 9 experiments. V̇O2, volume of O2 consumed; RER, respiratory exchange ratio; V̇E, ventilation; FFA, nonesterified free fatty acid.
*Significantly different from the same time point pretraining, P � 0.05.
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weight was measured. An indwelling catheter was then inserted in
the antecubital vein of one forearm for continuous blood sampling
and kept patent with regular flushing of 0.9% sterile saline. After
a 15-min rest period, a resting blood sample was drawn. The thigh
was then prepared for the muscle biopsies, where an area on the
thigh over the vastus lateralis was cleaned and sterilized. Three

biopsy sites �5 cm apart were then anaesthetized with lignocaine
(5% xylocaine; AstraZeneca, North Ryde, Australia). Three inci-
sions were made through the skin and muscle fascia. The first
muscle biopsy (150 –250 mg) was taken at rest from the most distal
incision using the percutaneous needle biopsy technique with
suction applied (17). Following the initial biopsy, subjects rode at
72 � 1% V̇O2peak (164 � 9 W) for 60 min. During the ride,
expiratory gas samples were collected for the 5 min preceding each
blood sample. Blood samples were taken every 10 min during
exercise. A second muscle biopsy was taken immediately (�20 s)
after the completion of the 1-h ride. The subjects were then rested
in a supine position and instructed to keep as still as possible for
3 after which the final biopsy was taken. Drinking water (8 ml/kg)
was provided to subjects to consume over the duration of the trial,
and any additional water requested was recorded and repeated for
the posttraining trial. Muscle biopsies were immediately frozen in
liquid nitrogen and stored at �80°C until analysis. Blood samples
were spun at 2,500 g, and plasma was collected and stored at
�30°C until analysis.

Training Protocol

Training consisted of 10 days of endurance training on the Lode
cycle ergometer, including 4 days of high-intensity interval train-
ing as described (36). Each subject performed the same relative
level of exercise. Subjects rode at �75% of their V̇O2peak for 45
min on days 1, 5, 6, and 10, for 60 min on day 3, and 90 min on
day 8. High-intensity training took place on days 2, 4, 7, and 9,
consisting of 6 � 5-min intervals at �90 –100% of subjects
V̇O2peak with 2 min recovery at or below 40% V̇O2peak between
exercise bouts.

Fig. 1. Changes in muscle glycogen content in response to exercise and
training. Glycogen content at rest (0) immediately after 60 min of cycle
exercise (164 � 9 W; 60) and 3 h of recovery (240) pre (filled bars) and post
(open bars) 10 days of training. The symbol ‚ represents the mean � SE
change in muscle glycogen content immediately postexercise. Data are
means � SE for n � 7 subjects. P � 0.05, significantly different from pre-0
(*), significantly different from post-0 (f), and significant training � time
interaction (†). dw, Dry weight.

Fig. 2. Changes in protein expression and signaling in
the AMP-activated protein kinase (AMPK) pathway in
response to exercise and training. Changes in AMPK
(A) and acetyl-CoA carboxylase (ACC; C) phosphor-
ylation at rest (0), immediately postexercise (60), and
after 3 h of recovery (240) pre (filled bars)- and post
(open bars)-training in response to the same exercise
bout (60; 164 � 9 W). Representative immunoblots for
phosphorylated AMPK (p-AMPK) and ACC (p-ACC)
and loading control [glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH)] are included. Protein expres-
sion of AMPK (B) and ACC (D) pre (filled bar)- and
post (open bar)- is unaltered. Data are means � SE for
n � 8. *Significantly different from all other time
points, P � 0.05. **Significantly different from all
other time points, P � 0.01. †Significant training �
time interaction P � 0.01.
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