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Higher skeletal muscle α2AMPK activation and lower
energy charge and fat oxidation in men than in women
during submaximal exercise
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5′AMP-activated protein kinase (AMPK) is an energy sensor activated by perturbed cellular

energy status such as during muscle contraction. Activated AMPK is thought to regulate several

key metabolic pathways. We used sex comparison to investigate whether AMPK signalling in

skeletal muscle regulates fat oxidation during exercise. Moderately trained women and men

completed 90 min bicycle exercise at 60% V̇O2peak. Both AMPK Thr172 phosphorylation and

α2AMPK activity were increased by exercise in men (∼200%, P < 0.001) but not significantly

in women. The sex difference in muscle AMPK activation with exercise was accompanied by

an increase in muscle free AMP (∼164%, P < 0.01), free AMP/ATP ratio (159%, P < 0.05),

and creatine (∼42%, P < 0.001) in men but not in women (NS), suggesting that lack of AMPK

activation in women was due to better maintenance of muscle cellular energy balance compared

with men. During exercise, fat oxidation per kg lean body mass was higher in women than in

men (P < 0.05). Regression analysis revealed that a higher proportion of type 1 muscle fibres

(∼23%, P < 0.01) and a higher capillarization (∼23%, P < 0.05) in women than in men could

partly explain the sex difference in α2AMPK activity (r = −0.54, P < 0.05) and fat oxidation

(r = 0.64, P < 0.05) during exercise. On the other hand, fat oxidation appeared not to be

regulated via AMPK. In conclusion, during prolonged submaximal exercise at 60% V̇O2peak, higher

fat oxidation in women cannot be explained by higher AMPK signalling but is accompanied

by improved muscle cellular energy balance in women probably due to sex specific muscle

morphology.
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It has been shown in some (Tarnopolsky et al. 1990;
Phillips et al. 1993; Horton et al. 1998; Friedlander et al.
1998; Friedlander et al. 1999; Carter et al. 2001a; Venables
et al. 2005) but not all (Burguera et al. 2000; Steffensen
et al. 2002; Roepstorff et al. 2002; Riddell et al. 2003;
Perreault et al. 2004) previous studies that relative fat
oxidation during exercise is higher in women than in men.
In those studies where no significant sex difference has
been observed in relative fat oxidation during exercise,
the tendency has still been in favour of higher relative fat
oxidation in women than in men (Burguera et al. 2000;
Steffensen et al. 2002; Roepstorff et al. 2002; Riddell et al.
2003; Perreault et al. 2004). Therefore, it seems reasonable

to conclude that there is a small sex difference in relative fat
oxidation during exercise, but that this sex difference is not
always possible to detect in studies with a limited number
of subjects. The mechanism(s) behind the higher relative
fat oxidation seen during exercise in women compared
with men are at present unknown.

5′AMP-activated protein kinase (AMPK) acts as an
energy sensor in skeletal muscle (Hardie & Carling,
1997; Winder, 2001). Activation of AMPK is thought to
increase energy producing pathways while switching off
energy consuming pathways (Hardie & Carling, 1997;
Winder, 2001). Exercise is one situation in which AMPK is
activated in skeletal muscle (Fujii et al. 2000; Wojtaszewski
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et al. 2000), thereby phosphorylating and inactivating
acetyl-CoA carboxylase β (ACCβ), which should lead to
a decreased production of malonyl-CoA (Rasmussen &
Winder, 1997; Winder, 1998). Malonyl-CoA is a known
inhibitor of carnitine palmitoyl-CoA transferase I (CPT I),
the enzyme catalysing the entry of long-chain fatty
acyl-CoA into mitochondria for oxidation. It follows
that a decrease in malonyl-CoA could have the potential
to relieve inhibition of CPT I and allow for elevated
fat oxidation, although measured concentrations of
malonyl-CoA in skeletal muscle greatly exceed the IC50

of CPT I for malonyl-CoA (McGarry et al. 1983). In line
with AMPK being involved in regulating fat oxidation,
several rodent studies have shown increased AMPK
activity and decreased ACC activity and malonyl-CoA
concentration when going from rest to exercise, a
transition characterized by markedly elevated fat oxidation
(Winder & Hardie, 1996; Rasmussen & Winder, 1997;
Winder, 1998). Thus, it is generally believed that AMPK
signalling through the ACC–malonyl CoA–CPT I pathway
is a very important mechanism to regulate fat oxidation
in skeletal muscle during exercise. This contention is
widespread despite recent human studies showing that
high fat oxidation during exercise with low muscle
glycogen or after short-term exercise training cannot be
explained by increased signalling from AMPK via ACC
to CPT I (McConell et al. 2005; Roepstorff et al. 2005a).
Moreover, although some human studies have found a
decrease in muscle malonyl-CoA content from rest to
exercise (Dean et al. 2000; Roepstorff et al. 2005a), this has
not been a consistent finding (Odland et al. 1996; Odland
et al. 1998). Since women, compared with men, are thought
to oxidize more fat during exercise, sex comparison would
be a suitable model to further investigate whether AMPK
regulates fat oxidation during exercise. If so, one would
expect a more marked skeletal muscle AMPK activation
by exercise in women than in men.

In the present study, we investigated fat oxidation as
well as skeletal muscle AMPK expression and activation
during 90 min bicycle exercise at 60% V̇O2peak in women
and men. It was found that fat oxidation during exercise
was higher in women than in men and that AMPK Thr172

phosphorylation and α2AMPK activity during exercise
were both higher in men than in women. These findings
suggest that AMPK signalling is not a major regulator of
fat oxidation during prolonged exercise in humans.

Methods

Subjects

Nine women and eight men, all moderately trained, were
recruited to participate in the study (Table 1). All subjects
were young, healthy, non-smokers, and they participated
on a regular basis (3–4 h per week) in leisure time

Table 1. Subject characteristics

Women Men
(n = 9) (n = 8)

Age (years) 24 ± 1 25 ± 1
Height (m) 1.71 ± 0.03∗ 1.85 ± 0.02
Body mass (BM) (kg) 65.0 ± 2.3∗ 79.5 ± 2.8
Body fat (%) 24.7 ± 1.5∗ 12.1 ± 2.3
Lean body mass (LBM) (kg) 48.9 ± 1.9∗ 69.9 ± 3.1
V̇O2peak,

lmin−1 3.2 ± 0.1∗ 4.4 ± 0.2
ml (kg BM)−1 min−1 48.8 ± 1.3∗ 55.6 ± 1.2
ml (kg LBM)−1 min−1 65.0 ± 1.7 63.4 ± 0.8

Maximal work load (watts) 264 ± 13∗ 364 ± 14
Maximal citrate synthase activity
(μmol (g d.w.)−1 min−1) 31.7 ± 2.5(∗) 26.2 ± 1.1
Training history

Frequency (workouts week−1) 3.2 ± 0.6 3.0 ± 0.4
Duration (h week−1) 3.5 ± 0.6 3.2 ± 0.5

Data are mean ± S.E.M. ∗Sex difference, P < 0.001; ∗tendency
towards sex difference, P = 0.06.

activities such as running, cycling, strength training, and
different game sports. Body mass index was in the range of
20–25. The women had a peak oxygen uptake (V̇O2peak)
of 40–55 ml O2 min−1 (kg body mass)−1 and the men
had a V̇O2peak of 50–65 ml O2 min−1 (kg body mass)−1.

Female and male groups had similar V̇O2peak (kg lean
body mass)−1, habitual physical activity level, and exercise
training history (Table 1). All women were eumenorrheic
with a menstrual cycle length between 28 and 35 days
and did not take any oral contraception. Pre-experimental
testing and the main experiments in women were carried
out during the midfollicular phase of their menstrual cycle
(day 7–10 from first day of the menstrual cycle). Before
volunteering, subjects were given full oral and written
information about the course of the study and possible
risks associated with participation. Written consent was
obtained from each subject. The study was approved by
The Copenhagen Ethics Comittee (KF-01-046/02) and
conformed to the code of ethics of the World Medical
Association (Declaration of Helsinki II).

Pre-experimental protocol

To determine V̇O2peak all subjects performed an incremental
exercise test on a Monark Ergomedic 839E bicycle
ergometer (Monark, Varberg, Sweden). In addition, they
filled out a questionnaire regarding habitual physical
activity and exercise training. Body composition was
determined by hydrostatic weighing (Siri, 1956) with a
correction for residual lung volume measured by the
oxygen dilution method (Lundsgaard & van Slyke, 1917).
The determination of body composition was carried out
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after a 4 h fasting period where subjects refrained from all
food and liquids.

Diet

For eight days preceding the main trial, all subjects
consumed an isoenergetic diet containing 65 energy per
cent (E%) carbohydrate, 20 E% fat, and 15 E% protein. The
constituents of the diet were weighed out at the laboratory
and delivered to the subjects. The amount of energy to be
consumed was individually determined from body weight,
sex, and habitual physical activity level based on guidelines
from the World Health Organization (FAO/WHO/UNU,
1985). To ensure that subjects kept their body mass steady
during the 8 day dietary regimen, energy consumption
during the experimental diet was adjusted after 4 days
based on daily monitoring of body mass.

Experimental protocol

The subjects arrived at the laboratory at 08.30 h after
an overnight fast. Subjects had abstained from exercise
training for 36 h before the trial. The subjects rested in
the supine position for approx. 30 min. Then expired air
was obtained in a Douglas bag for determination of resting
pulmonary oxygen uptake and carbon dioxide excretion.
A venous catheter was inserted into the antecubital arm
vein for blood sampling and after an additional 15 min of
rest blood was drawn. Then a muscle biopsy was obtained
from the vastus lateralis muscle under local anaesthesia of
the skin and fascia. Immediately afterwards, the subjects
initiated a 90 min bicycle exercise bout at 60% V̇O2peak on
a Monark Ergomedic 839E bicycle ergometer. Expired air
was collected in Douglas bags after 10, 20, 30, 45, 60, 75
and 90 min. Blood samples were drawn after 30, 60 and
90 min. After 90 min of bicycling, the subjects terminated
exercise and within 30 s another biopsy from the vastus
lateralis muscle was obtained and frozen. The postexercise
biopsy was obtained from the opposite leg compared with
the pre-exercise biopsy. During the experimental trial,
subjects were offered water ad libitum.

Breath samples

Expired volumes of air in the Douglas bags were measured
with a chain-suspended Collins spirometer, and a small
sample of mixed expiratory air was analysed for O2 (Servo-
mex S-3A) and CO2 (Beckman LB2). The respiratory
exchange ratio (RER) was calculated as the ratio between
pulmonary CO2 excretion and O2 uptake. Whole-body fat
oxidation rate was calculated by the following equation
using the non-protein respiratory quotient and then
expressed in kJ (kg LBM)−1 min−1 using a standard caloric

equivalent for fat (Peronnet & Massicotte, 1991):

Fat oxidation rate (g min−1) = 1.695V̇O2
− 1.701V̇CO2

Blood samples

Blood glucose and lactate concentrations were measured
automatically (ABL510, Radiometer Medical A/S,
Copenhagen, Denmark). Concentrations of adrenaline
and noradrenaline in plasma were determined by
radioimmunoassay (KatCombi Radioimmunoassay,
Immuno-Biological Laboratories GmbH, Hamburg,
Germany).

Muscle biopsies

The biopsies were divided in two. One part was
immediately frozen in liquid nitrogen and stored at −80◦C
for subsequent use. The other part was mounted in
embedding medium, frozen in precooled isopentane, and
stored at −80◦C for subsequent histochemistry.

Later, 80 mg wet weight of muscle tissue from the first
part was freeze-dried and dissected free of all visible
adipose tissue, connective tissue, and blood under a
microscope. The dissected muscle fibres were pooled and
then divided into subpools for the respective analyses.

Maximal citrate synthase (CS) activity

Maximal activity of CS was measured fluorometrically
(Lowry & Passonneau, 1972).

Muscle glycogen

The glycogen concentration was determined by a fluoro-
metric method (Lowry & Passonneau, 1972).

Muscle lactate, creatine, phosphocreatine,
and nucleotides

The freeze-dried and dissected muscle tissue was extracted
with 3 n perchloric acid and neutralized with KHCO3.
The muscle lactate, creatine and phosphocreatine content
were determined fluorometrically according to Lowry
& Passonneau (1972), while the muscle content of
ATP, ADP, and AMP was measured by reverse-phase
HPLC as previously described (Tullson et al. 1990).
Concentrations of free ADP (ADPfree) and AMP (AMPfree)
were estimated using the near-equilibrium nature of
the creatine phosphokinase and the adenylate kinase
reactions. First, the H+ concentration was estimated from
the measured muscle lactate concentration (Mannion
et al. 1993). Then, ADPfree was estimated from the
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H+ concentration and the measured Cr, PCr, and
ATP concentrations using 1.66 × 109

m
−1 as the creatine

phosphokinase equilibrium constant (Lawson & Veech,
1979). Finally, AMPfree was estimated from the estimated
ADPfree and the measured ATP concentration using 1.05
as the adenylate kinase equilibrium constant (Lawson &
Veech, 1979).

Muscle lysates

Muscle lysates were prepared from freeze-dried and
dissected muscle tissue as previously described (Roepstorff
et al. 2004).

Western blotting

Expression of α1AMPK, α2AMPK, and ACCβ as
well as phosphorylation of αAMPK Thr172 and
ACCβ Ser221 were detected by Western blotting
on the muscle lysates. The lysates were boiled in
Laemmli buffer before being subjected to SDS-PAGE
and immunoblotting. Primary antibodies were sheep
anti-α1AMPK and sheep anti-α2AMPK (Woods et al.
1996) kindly provided by Professor D. G. Hardie,
University of Dundee, UK. Primary phosphospecific
antibodies were rabbit anti-αAMPK Thr172-phos (Cell
Signalling Technology, Beverly, MA, USA) and rabbit
anti-ACCα Ser79-phos (Upstate Biotechnology, Lake
Placid, NY, USA). Secondary antibodies were horse-
radish peroxidase-conjugated anti-sheep and anti-rabbit
(DAKO, Glostrup, Denmark). ACCβ contains a biotin
moiety that is recognized by streptavidin, and therefore
horseradish peroxidase-conjugated streptavidin (DAKO,
Glostrup, Denmark) was used to detect ACCβ protein
(Frosig et al. 2004). Antigen–antibody complexes were
visualized using enhanced chemiluminescence (ECL+,
Amersham Biosciences, UK) and quantified by a Kodak
Image Station E440CF (Kodak, Glostrup, Denmark).

AMPK activity

α-Isoform-specific AMPK activity was determined in
immunoprecipitates from muscle lysates as previously
described (Wojtaszewski et al. 2003). Briefly, immuno-
precipitates were prepared from 200 μg of muscle lysate
protein using anti-α1AMPK or anti-α2AMPK antibodies
(Woods et al. 1996). AMPK activity was measured
in the immunoprecipitates using SAMS-peptide
(HMRSAMSGLHLVKRR, 200 μm) as previously
described (Wojtaszewski et al. 2000).

ATPase, periodic acid Schiff, and capillary stainings

Serial cross-sections (10 μm) were cut and stained for
myofibrillar ATPase to identify type 1, 2A and 2X

muscle fibres (Brooke & Kaiser, 1970). On two additional
cross-sections, respectively, capillaries were stained using
the method of Qu et al. (1997) and muscle glycogen
was stained using periodic acid Schiff (PAS) staining
(Pearse, 1968). The PAS staining was performed to obtain
a measure of the fibre type specific glycogen utilization and
thereby an indication of the fibre type recruitment pattern
during the exercise bout. Stained sections were examined
using a Zeiss Axiolab light microscope (Broch & Michelsen
A/S, Birkerød, Denmark) coupled to a Sanyo VCC-2972
colour CCD camera. Muscle fibre type composition,
glycogen content, and capillary density were analysed
in all subjects by the same blinded observer using the
TEMA image analysis software (CheckVision, Støvring,
Denmark).

RNA purification and real-time RT-PCR

Total RNA was isolated from ∼25 mg muscle tissue
as previously described (Roepstorff et al. 2005b).
Expression of α1AMPK mRNA and α2AMPK mRNA was
measured by real-time RT-PCR using previously described
methodology (Nielsen et al. 2003). GAPDH was chosen as
endogenous control, because in the present study GAPDH
mRNA was not affected significantly by either sex or acute
exercise (data not shown), which was in accordance with
previous findings (Kiens et al. 2004).

Statistics

Data are presented as means ± s.e.m. For variables
independent of time, Student’s t test was performed to test
for differences between women and men. For variables
measured before and after exercise as well as variables
measured before and during exercise, a two-way analysis
of variance (ANOVA), with repeated measures for the
time factor, was performed to test for sex differences
or changes due to time. When a significant main effect
of time was found, significant pairwise differences were
detected using Tukey’s post hoc test. Correlation analysis
was performed by Pearson’s product moment for two
factors and linear multiple regression for three factors.
In all cases, a probability of 0.05 was used as the level of
significance.

Results

Workload

The average workload during the 90 min bicycle exercise
trial was 132 ± 6 and 174 ± 7 W in women and
men, respectively (P < 0.001). Pulmonary oxygen uptake
(V̇O2

) during exercise averaged 1.9 ± 0.1 and 2.6 ± 0.1 l
O2 min−1 in women and men, respectively (P < 0.001).
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Expressed per kg lean body mass (LBM) the V̇O2
averaged

38.7 ± 1.1 and 37.7 ± 0.6 ml O2 (kg LBM−1) min−1 during
exercise in women and men, respectively (NS). Relative
exercise intensity averaged 60 ± 1% V̇O2peak in both women
and men. Heart rate was 54 ± 4 and 55 ± 2 beats min−1

at rest in women and men, respectively (NS). Heart rate
increased from rest to exercise (P < 0.001), and during
exercise averaged 150 ± 4 and 150 ± 6 beats min−1 in
women and men, respectively (NS).

Respiratory exchange ratio and fat oxidation

The respiratory exchange ratio (RER) at rest was
0.74 ± 0.03 and 0.71 ± 0.02 in women and men,
respectively (NS) (Fig. 1A). During the initial 10 min of
exercise RER increased (P < 0.001) in both women and
men and thereafter RER did not change further throughout
exercise (NS). RER was significantly lower in women than
in men at 60 and 90 min of exercise (P < 0.05).

Whole-body fat oxidation per kg LBM was similar in
women and men at rest and it increased (P < 0.001) from
rest to 10 min of exercise in both sexes (Fig. 1B). In men
a decrease was observed from 10 to 20 min of exercise
after which fat oxidation did not change significantly
throughout exercise. In women fat oxidation was constant
during exercise. Fat oxidation was higher (P < 0.05) in
women than in men during the last hour of exercise.

Blood glucose and lactate

At rest the blood concentrations of glucose and lactate did
not differ significantly between women and men (Table 2).
An increase (P < 0.05) was observed in blood glucose
concentration from rest to 30 min of exercise after which
a decrease (P < 0.05) was observed throughout exercise in
both groups. The blood glucose concentration was higher
in women than in men at 60 min of exercise (P < 0.05). The
blood lactate concentration increased from rest to 30 min
of exercise in both sexes (P < 0.05) and remained constant
throughout exercise with no significant sex difference.

Plasma adrenaline and noradrenaline

At rest, plasma adrenaline and noradrenaline
concentrations did not differ significantly between
women and men (Table 2). The plasma adrenaline
concentration increased continuously (P < 0.05) from
rest to 90 min of exercise and was higher in men
than in women at the end of exercise (P < 0.05). The
plasma noradrenaline concentration increased (P < 0.05)
from rest to 30 min of exercise and remained elevated
throughout exercise. No significant sex differences were
observed in the plasma noradrenaline concentration.

Muscle glycogen

The glycogen concentration in the vastus lateralis muscle
was similar in women and men at rest and decreased overall

Figure 1. Respiratory exchange ratio (RER), fat oxidation and
relationship between muscle morphology and fat oxidation in
women and men during 90 min bicycling at 60% V̇O2peak
A, RER. ∗Sex difference, P < 0.05; †different from exercise, P < 0.001.
B, whole-body fat oxidation. ∗Sex difference, P < 0.05; †different from
exercise in both sexes, P < 0.001; ‡different from 10 min in men,
P < 0.05. C, relationship between capillary density and fibre type
composition in the vastus lateralis muscle and whole-body fat
oxidation during exercise analysed by multiple linear regression. LBM,
lean body mass.
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Table 2. Blood glucose and lactate as well as plasma adrenaline and noradrenaline concentrations in women and men at
rest and during 90 min of bicycle exercise at 60% V̇O2peak

Rest 30 min exercise 60 min exercise 90 min exercise

Blood glucose (mM) Women 4.6 ± 0.1 5.2 ± 0.2† 5.1 ± 0.3† 4.7 ± 0.1‡
Men 4.7 ± 0.1 5.0 ± 0.1† 4.6 ± 0.1∗ 4.4 ± 0.1‡

Blood lactate (mM) Women 0.9 ± 0.1 2.0 ± 0.4† 1.7 ± 0.3† 1.6 ± 0.2†
Men 0.7 ± 0.1 2.0 ± 0.3† 1.7 ± 0.1† 1.8 ± 0.1†

Plasma adrenaline (nM) Women 0.17 ± 0.10 0.53 ± 0.09 0.58 ± 0.10 1.02 ± 0.14†
Men 0.09 ± 0.04 0.66 ± 0.16 1.14 ± 0.28† 2.28 ± 0.50∗†‡#

Plasma noradrenaline (nM) Women 1.62 ± 0.49 6.40 ± 1.12† 6.81 ± 1.16† 7.07 ± 1.12†‡
Men 1.25 ± 0.33 5.74 ± 0.71† 7.19 ± 1.19† 8.43 ± 1.22†‡

Data are mean ± S.E.M. ∗Different from women, P < 0.05; †different from rest, P < 0.05; ‡different from 30 min, P < 0.05;
#different from 60 min, P < 0.05.

Table 3. Glycogen, lactate, nucleotide, and creatine concentrations in the vastus lateralis muscle in women and men at
rest and at 90 min of bicycle exercise at 60% V̇O2peak

Rest 90 min exercise

Women Men Women Men

Glycogen (mmol (kg d.w.)−1) 503 ± 36 481 ± 31 202 ± 25‡ 141 ± 33‡
Lactate (mmol (kg d.w.)−1) 4.0 ± 0.9 6.3 ± 0.9 4.9 ± 1.0 7.5 ± 2.0
ATP (mmol (kg d.w.)−1) 22.3 ± 0.8 24.3 ± 0.8 23.3 ± 0.9 25.3 ± 1.0
ADP (mmol (kg d.w.)−1) 4.6 ± 0.5 4.9 ± 0.5 5.0 ± 0.5 5.0 ± 0.6
AMP (mmol (kg d.w.)−1) 0.35 ± 0.05 0.38 ± 0.05 0.38 ± 0.05 0.36 ± 0.06
AMPfree (μmol (kg d.w.)−1) 1.14 ± 0.31 1.36 ± 0.37 2.09 ± 0.58 3.59 ± 1.16†
AMPfree/ATP ratio (‰) 0.052 ± 0.014 0.058 ± 0.017 0.095 ± 0.030 0.150 ± 0.052#
Creatine (Cr) (mmol (kg d.w.)−1) 54 ± 4 58 ± 4 64 ± 4 82 ± 7∗‡
Phosphocreatine (PCr) (mmol (kg d.w.)−1) 82 ± 5 84 ± 8 76 ± 8 73 ± 8
PCr/Total Cr ratio (%) 60 ± 3 58 ± 3 54 ± 4‡ 47 ± 4‡

Data are mean ± S.E.M. d.w., dry weight; AMPfree, free AMP. AMPfree was calculated as described in Materials and Methods.
Total creatine was calculated as the sum of Cr and PCr. ∗Different from women, P < 0.01; different from rest, #P < 0.05,
†P < 0.01, ‡P < 0.001.

by 65% from rest to the end of exercise (P < 0.001) in
women and men (Table 3).

Muscle lactate, nucleotides and creatine

The muscle lactate concentration did not differ
significantly between women and men and was not
significantly higher after the 90 min exercise bout than at
rest (Table 3).

All three measured nucleotides, ATP, ADP and AMP,
remained unchanged from rest to 90 min of exercise (NS)
and did not differ significantly between women and men
(Table 3). The calculated concentration of AMPfree and the
AMPfree/ATP ratio did not differ significantly between men
and women at rest (Table 3). During exercise, an increase
in the AMPfree concentration (164%, P < 0.01) and in
the AMPfree/ATP ratio (158%, P < 0.05) was seen in men,
while in women AMPfree and AMPfree/ATP did not change
significantly.

The muscle creatine concentration did not differ
between women and men at rest (NS) (Table 3). The

muscle creatine concentration increased from rest to
90 min of exercise in men (P < 0.001) but not in women
(NS). Thus, at 90 min of exercise it was 28% higher in men
than in women (P < 0.01). The muscle phosphocreatine
concentration did not differ significantly between rest
and 90 min of exercise and was not significantly different
between women and men (Table 3). The ratio between
the concentrations of phosphocreatine and total creatine
decreased (P < 0.001) from rest to 90 min of exercise in
both women and men with no significant sex differences
either at rest or at 90 min of exercise.

AMPK

Theα1AMPK andα2AMPK mRNA and protein expression
in the vastus lateralis muscle did not differ significantly
between women and men and did not change during the
90 min exercise bout (NS) (Fig. 2).

The αAMPK Thr172 phosphorylation did not differ
significantly between women and men at rest (Fig. 3A).
A 198% increase (P < 0.001) was observed from
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rest to 90 min of exercise in men, whereas in
women the exercise-induced 74% increase in αAMPK
Thr172 phosphorylation was only borderline-significant
(P = 0.052). At 90 min of exercise, αAMPK Thr172

phosphorylation was 59% higher (P < 0.01) in men than
in women.

α1AMPK activity was not significantly different between
men and women and did not change from rest to 90 min
of exercise (NS) (Fig. 3B).

α2AMPK activity did not differ significantly between
men and women at rest (Fig. 3C). In men, a 210%
increase (P < 0.001) was observed from rest to 90 min
of exercise, whereas in women α2AMPK activity did not
change significantly during exercise. At 90 min of exercise,
α2AMPK activity was 137% higher in men than in women
(P < 0.01).

ACC

ACCβ protein expression was not significantly different
between men and women and did not change from rest
to 90 min of exercise (NS) (Fig. 4A). Phosphorylation of
ACCβ on Ser221 increased 466% from rest to the end

Figure 2. mRNA and protein expression ofα1AMPK andα2AMPK in the vastus lateralis muscle in women
and men before and at 90 min of bicycling at 60% V̇O2peak
The target mRNA content was normalized to the GAPDH mRNA content. A, α1AMPK mRNA. B, α2AMPK mRNA.
C, α1AMPK protein. D, α2AMPK protein.

of exercise (P < 0.001) and did not differ significantly
between women and men at rest or at 90 min of exercise
(Fig. 4B).

Histochemistry

Women had a higher relative number of type 1 muscle
fibres compared with men (P < 0.01), while the higher
relative number of type 2A and 2X fibres in men than
in women did not reach statistical significance (Table 4).
When expressed as area per cent, the proportion of type 1
fibres was higher in women than in men (P < 0.001),
whereas the proportion of type 2A fibres was higher in
men than in women (P < 0.05). The mean area of type 1
and 2X muscle fibres did not differ significantly between
women and men, while type 2A fibres were larger in men
than in women (P < 0.001).

The mean number of capillaries surrounding each
muscle fibre was similar in women and men (NS), but due
to the higher mean muscle fibre area in men, the capillary
density was lower in men than in women (P < 0.05)
(Table 4).
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From the PAS staining it appeared that muscle glycogen
content at rest was identical between women and men in
all three muscle fibre types (Fig. 5). This finding supported
the measurement of muscle glycogen content in crude
muscle extracts (Table 3). During exercise, regardless of
sex, muscle glycogen was markedly utilized in type 1
fibres with less utilization in type 2A fibres and almost
no utilization in type 2X fibres. Furthermore, the slight
trend towards a lower post-exercise muscle glycogen
level in men than in women, seen with the glycogen

Figure 3. AMPK phosphorylation and activity in the vastus
lateralis muscle in women and men before and at 90 min of
bicycling at 60% V̇O2peak
A, αAMPK Thr172 phosphorylation. B, α1AMPK activity. C, α2AMPK
activity. ∗Different from women, P < 0.01; †different from rest,
P < 0.001.

analysis in crude muscle extracts (Table 3), was supported
by the PAS staining. This trend was shown not to
depend on fibre type (Fig. 5). Altogether, assuming that
muscle fibre type specific glycogen utilization reflected
fibre type recruitment during exercise, the PAS staining
demonstrated that the fibre type recruitment pattern
during the submaximal exercise bout was similar in women
and men.

Correlation analyses

In an attempt to find potential factors to explain the
change in α2AMPK activity during exercise, we tested
whether the increase in α2AMPK activity during exercise
correlated with muscle glycogen hydrolysis or any of
the measures of cellular energy balance (changes in
AMPfree, AMPfree/ATP, creatine or PCr/(Cr + PCr)). It
was found that the change in α2AMPK activity during
exercise correlated with changes in creatine (r = 0.56,
P < 0.05) and the decline in muscle glycogen (r = 0.57,

Figure 4. ACCβ protein expression and phosphorylation in the
vastus lateralis muscle in women and men before and at 90 min
of bicycling at 60% V̇O2peak
A, ACCβ protein. B, ACCβ Ser221 phosphorylation. †Different from
rest, P < 0.001.
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Table 4. Fibre type composition and capillary density in the
vastus lateralis muscle of women and men

Women Men

Fibre type composition (number percentage)
Type 1 67.9 ± 3.6∗∗ 54.6 ± 2.8
Type 2A 23.3 ± 3.6 30.2 ± 2.0
Type 2X 8.7 ± 3.0 15.2 ± 3.0

Fibre type composition (area percentage)
Type 1 68.2 ± 3.0∗∗∗ 49.2 ± 2.9
Type 2A 24.2 ± 3.8∗ 35.6 ± 2.2
Type 2X 7.6 ± 2.6 15.3 ± 3.1

Mean area per fibre (μm2)
Type 1 4267 ± 177 4490 ± 233
Type 2A 4407 ± 224∗∗∗ 5895 ± 189
Type 2X 4327 ± 473 5021 ± 339

Capillary density
Capillaries per fibre 2.0 ± 0.2 2.2 ± 0.1
Capillaries per mm2 435 ± 32∗ 355 ± 17

Data are mean ± S.E.M. Sex difference, ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001.

P < 0.05). Multiple linear regression revealed that the
combined changes in creatine and muscle glycogen
during exercise correlated significantly with the change
in α2AMPK activity (r = 0.65, P < 0.05) (Fig. 6). To
investigate whether the sex difference in cellular energy
balance and AMPK activation during exercise was related
to the sex specific muscle morphology, we tested any

Figure 5. Fibre type specific glycogen utilization pattern in the vastus lateralis muscle of women and
men during 90 min bicycling at 60% V̇O2peak
B, before exercise. A, after exercise. Intensity levels 1–5 refer to the staining intensity of the PAS staining and are
taken to semiquantitatively reflect the muscle glycogen content.

correlation between muscle morphology (fibre type 1
proportion and capillary density) and measures of cellular
energy balance and AMPK activity. It was found that
the proportion of type 1 fibres correlated negatively with
the muscle creatine content during exercise (r = −0.62,
P < 0.01) and with the increase inα2AMPK activity during
exercise (r = −0.54, P < 0.05). Since AMPK activity and
ACC phosphorylation could obviously not explain the sex
difference seen in fat oxidation during exercise, we tested by
linear regression whether sex specific muscle morphology
was associated with the higher fat oxidation in women
than in men during exercise. We found that fat oxidation
during exercise correlated with the percentage of type 1
muscle fibres (r = 0.48, P = 0.05) and capillary density
(r = 0.63, P < 0.01). Multiple linear regression revealed
that the percentage of type 1 muscle fibres and capillary
density in combination correlated significantly with fat
oxidation during exercise (r = 0.64, P < 0.05) (Fig. 1C).

Discussion

The main findings of the present study were that α2AMPK
activity, AMPK Thr172 phosphorylation, the free AMP
and creatine concentrations, and free AMP/ATP ratio
increased in skeletal muscle during 90 min submaximal
bicycle exercise at 60% V̇O2peak in men but not significantly
in women (Table 3 and Fig. 3A and C). These findings
suggested that the lower exercise-induced muscle AMPK
activation seen in women than in men was due to better
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maintenance of muscle cellular energy balance in women
than in men during prolonged exercise. Since fat oxidation
during exercise was higher in women than in men these
findings also suggest that AMPK signalling is not a major
regulator of fat oxidation during prolonged exercise in
humans.

When considering the potential regulators of AMPK,
it appears reasonable that skeletal muscle AMPK Thr172

phosphorylation andα2AMPK activity were higher in men
than in women during exercise. In vitro AMPK activity is
mainly regulated by phosphorylation on AMPK Thr172 by
AMPK kinase(s) (Hawley et al. 1996) of which LKB1 is
thought to be the most important (Hardie, 2005; Sakamoto
et al. 2005). A high AMP/ATP ratio makes AMPK a better
substrate for LKB1 (Hawley et al. 1996; Ponticos et al.
1998). Also, although the Cr/(PCr + Cr) ratio is probably
not a direct regulator of AMPK activity (Taylor et al.
2006), increases in the Cr/(PCr + Cr) ratio can still inhibit
AMPK activity through its effect on the AMP/ATP ratio
via the creatine kinase equilibrium reaction. Moreover, low
muscle glycogen content appears to increase the kinase
activity acting on AMPK Thr172 (Derave et al. 2000;
Wojtaszewski et al. 2003; Watt et al. 2004; Roepstorff et al.
2005a). In the present study, the ratio between AMPfree

and ATP concentrations in muscle increased significantly
during exercise in men but not in women, an increase
in creatine concentration during exercise was also seen
only in men (Table 3), and at the end of exercise the
muscle glycogen level tended to be lower (P = 0.13) in
men than in women (Table 3 and Fig. 5). Altogether,
these factors may have caused the higher AMPK Thr172

Figure 6. Relationship between changes in glycogen and
creatine content and elevated activity of α2AMPK in the vastus
lateralis muscle of women and men during 90 min bicycling at
60% V̇O2peak

phosphorylation and α2AMPK activity in men than in
women during exercise. Indeed, multiple linear regression
revealed that the increase in α2AMPK activity during
exercise correlated with the increase in creatine and the
decrease in muscle glycogen (Fig. 6) in accordance with
previous findings in untrained and endurance trained men
exercising at 80% V̇O2peak (Nielsen et al. 2003). Another
factor that might have contributed to the sex difference in
α2AMPK activity after 90 min exercise is the higher plasma
adrenaline concentration in men than in women late
during exercise (Table 2). Direct influence of adrenaline
on α2AMPK activity is supported by a study showing that
α-adrenergic stimulation, by phenylephrine, stimulated in
vitro AMPK activity in rodent muscle (Minokoshi et al.
2002). Also, adrenaline stimulates glycogen breakdown in
contracting muscle (Richter et al. 1982) and could thus
indirectly influence AMPK activity.

Allosteric activation of AMPK, which is not detected
in the in vitro assay, is regulated by the AMP/ATP
ratio (Ponticos et al. 1998). In the present study, the
AMPfree/ATP ratio increased during exercise in men but
not in women (Table 3). Therefore, the data indicate that
the in vivo sex difference in α2AMPK activation by exercise
was at least as high as the sex difference in α2AMPK activity
measured by the in vitro assay. Altogether, the data support
the idea that the lower muscle AMPK activity in women
than in men during exercise was due to better maintenance
of cellular energy balance in women compared with men.

The notion that women are better able to maintain
muscle cellular energy balance during exercise compared
with men is supported by a previous study in which
repeated bouts of high-intensity exercise induced a
smaller muscle ATP reduction in women than in men
(Esbjornsson-Liljedahl et al. 2002). In that study, the
smaller ATP reduction by repeated bouts of exercise
in women was ascribed to better IMP reamination
during recovery periods, indicative of lower AMP/ATP
and Cr/(Cr + PCr) ratios in women than in men
(Esbjornsson-Liljedahl et al. 2002). Although intermittent
high-intensity exercise is different from the prolonged
moderate-intensity exercise bout undertaken in the
present study, the latter is also characterized by
intermittent contractile activity, in this case by each motor
unit. A possible factor to explain the better maintenance of
muscle cellular energy balance during exercise in women
than in men could be that women have an improved
ability to transport oxygen and substrates to the muscle
cells and to oxidize energy substrates within the cells. The
present (Table 4) and previous studies (Carter et al. 2001b;
Steffensen et al. 2002) have all demonstrated that the
proportion of the oxidative type 1 muscle fibres is higher in
women than in men and that women have smaller muscle
fibre cross-sectional areas, in particular of type 2 fibres.
Also, the present study shows that women have higher
muscle capillarization compared with men (Table 4). All
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these factors related to muscle morphology suggest that
women have a shorter capillary-to-fibre diffusion distance
and, due to higher proportion of oxidative fibres, should
be better able to oxidize energy substrates compared
with men. In the present study, arterio-venous oxygen
and substrate kinetics across the exercising legs were
not investigated. However, in a previous study from our
laboratory it was observed that femoral venous blood
flow per kg lean leg mass was higher in women than in
men (∼13%, P < 0.05) during 90 min bicycle exercise at
60% V̇O2peak in both moderately trained and endurance
trained subjects (Roepstorff et al. 2002; and unpublished
observation). Also, in the same group of subjects leg
oxygen uptake per kg lean leg mass tended to be higher
in women than in men during exercise (∼7%, P = 0.14)
(Roepstorff et al. 2002; and unpublished observation).
Taken together, sex specific muscle morphology may
explain the better maintenance of muscle cellular energy
balance and, consequently, the smaller activation of muscle
AMPK seen during prolonged submaximal exercise in
women than in men. In support of this notion, in the pre-
sent study there were significant correlations between the
proportion of type 1 muscle fibres and the muscle creatine
content during exercise (r = −0.62, P < 0.01) and between
the proportion of type 1 muscle fibres and the increase in
α2AMPK activity during exercise (r = −0.54, P < 0.05).

An important finding of the present study was that the
higher relative fat oxidation in women than in men during
exercise (Fig. 1) could not be ascribed to sex differences
in muscle AMPK signalling through ACC. Thus, muscle
ACCβ Ser221 phosphorylation did not differ between men
and women and α2AMPK activation was in fact higher
in men than in women during exercise (Figs 4B and 3C,
respectively). Since ACCβ Ser221 phosphorylation has been
used to reflect in vivo AMPK activity, the dissociation
between AMPK activity and ACCβ Ser221 phosphorylation
during exercise was somewhat surprising, although the
same has been observed before in contracting skeletal
muscle (Derave et al. 2000; Wojtaszewski et al. 2002;
Nielsen et al. 2003). Possible explanations could be that
allosteric regulators of AMPK can overrule the covalent
regulation of AMPK on Thr172 or, alternatively, that
ACCβ Ser221 phosphorylation is not always an optimal
predictor of in vivo AMPK activity. In the present study,
changes in potential allosteric regulators of AMPK (e.g.
AMPfree/ATP and PCr/(PCr + Cr) ratios) supported the
measured in vitro AMPK activity. Therefore, the latter of
the two possibilities given above seems to be the most
likely to explain the dissociation between AMPK activity
and ACCβ Ser221 phosphorylation in the present study.
No matter what, the similar ACCβ Ser221 phosphorylation
seen in women and men at 90 min of exercise in the
present study suggests that AMPK signalling through
the ACC–malonyl CoA–CPT I pathway is not a major
regulator of fat oxidation during prolonged exercise in

humans. Still, it should be recognized that malonyl-CoA
content and CPT I activity were not measured in the
present study due to limited amounts of muscle tissue.
Previously, it was shown that muscle CPT I activity did
not differ between women and men (Berthon et al. 1998).
It is possible that malonyl-CoA content may have been
lower in women than in men due to regulation by factors
other than ACC, although the higher proportion of type 1
muscle fibres in women is expected to induce higher
malonyl-CoA content, since malonyl-CoA is higher in red
than in white rat muscle (Saha et al. 1995). The higher
AMPK activity in men, the similar ACC phosphorylation
in women and men, and the higher fat oxidation in
women during exercise in the present study confirm several
previous exercise studies that have failed to demonstrate
any correlation between muscle AMPK activity, ACC
phosphorylation, and/or malonyl-CoA concentration on
the one hand and fat oxidation rate on the other hand
(Odland et al. 1996, 1998; Dean et al. 2000; McConell
et al. 2005; Roepstorff et al. 2005a; Wadley et al. 2006).
What may then be the underlying cause of the higher
fat oxidation seen in women compared with men? First,
pH and/or free carnitine availability may be important
in regulating CPT I activity and fat oxidation in skeletal
muscle during exercise (Starritt et al. 2000; Bezaire et al.
2004; Roepstorff et al. 2005a). Second, the correlation
between muscle morphology and fat oxidation seen in
the present study (Fig. 1C) suggests that the higher fat
oxidation in women than in men is, in part, due to factors
associated with sex specific muscle morphology, i.e. due
to factors different between type 1 and type 2 muscle
fibres.

During exercise, muscle cellular energy balance and
AMPK activation are known to be affected by the training
status of the subjects (Nielsen et al. 2003) as well as the
exercise intensity (Wojtaszewski et al. 2000; Wadley et al.
2006). Therefore, in the present study it was important
to assure that the training status of the women and
men was similar and that women and men performed
comparable amounts of relative work during the exercise
bout. Several observations suggest that both of these
criteria were indeed fulfilled. First, women and men did
not differ significantly in V̇O2peak per kg LBM, training
history, and physical activity level (Table 1), suggesting
that women and men were of similar training status.
Although CS activity tended to differ significantly between
women and men, the small sex difference was minor
compared with the response usually induced by exercise
training (Kiens et al. 2004). Second, the relative exercise
intensity did not differ between women and men when
expressed as V̇O2

as a percentage of V̇O2peak (60 ± 1%

in both women and men) or as V̇O2
per kg LBM

(38.7 ± 1.1 and 37.7 ± 0.6 ml O2 (kg LBM)−1 min−1 in
women and men, respectively (NS)). Also, heart rate
was identical in women (150 ± 4 beats min−1) and men

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



136 C. Roepstorff and others J Physiol 574.1

(150 ± 6 beats min−1) during exercise. Although lactate
threshold was not determined in the present study,
the exercise induced rise in blood and muscle lactate
concentrations were moderate and similar in women and
men indicating that both women and men exercised at
an intensity well below the lactate threshold. Finally,
when assessed from the PAS staining against fibre type
specific muscle glycogen, it appeared that the fibre type
recruitment pattern during exercise was identical in
women and men. Altogether, it seems that the difference
between men and women in α2AMPK activation by
exercise in the present study reflects a true sex difference.

In conclusion, the present findings suggest that the
smaller AMPK activation by exercise in women than in
men was due to better maintenance of muscle cellular
energy balance during exercise in women compared with
men. This might be explained by improved transport of
oxygen and substrates to the muscle cells and generally
higher capacity for oxidation of substrates within the
muscle cells in women. In support of this contention,
women had a higher proportion of oxidative type 1 muscle
fibres, smaller muscle fibres, and higher capillary density
compared with men and the former correlated negatively
with exercise induced AMPK activation. The higher fat
oxidation and lower AMPK activation during exercise in
women than in men suggested that the sex difference in
fat oxidation could not be explained by regulation of fat
oxidation via AMPK. Rather, the higher fat oxidation in
women than in men appears to be due to factors associated
with sex specific muscle morphology, since fat oxidation
correlated with the proportion of type 1 muscle fibres and
capillary density.
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