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Differential effect of bicycling exercise intensity on activity
and phosphorylation of atypical protein kinase C
and extracellular signal-regulated protein kinase
in skeletal muscle
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Atypical protein kinase C (aPKC) and extracellular signal-regulated kinase (ERK) are
emerging as important signalling molecules in the regulation of metabolism and gene
expression in skeletal muscle. Exercise is known to increase activity of aPKC and ERK in
skeletal muscle but the effect of exercise intensity hereon has not been studied. Furthermore,
the relationship between activity and phosphorylation of the two enzymes during exercise
is unknown. Nine healthy young men exercised for 30 min on a bicycle ergometer on two
occasions. One occasion consisted of three consecutive 10 min bouts of 35, 60 and 85% of
peak pulmonary oxygen uptake (V̇O2peak) and the second of one 30 min bout at 35% of V̇O2peak.
Both trials also included 30 min recovery. Muscle biopsies were obtained from the vastus
lateralis muscle before and after each exercise bout. Exercise increased muscle aPKC activity
at 35% V̇O2peak, whereupon no further increase was observed at higher exercise intensities.
Activation of aPKC was not accompanied by increased phosphorylation of aPKC Thr410/403.
ERK1/2 activity increased in a similar pattern to aPKC, reaching maximal activity at 35%
V̇O2peak, whereas ERK1 Thr202/Tyr204 and ERK2 Thr183/Tyr185 phosphorylation increased with
increasing exercise intensity. Thus, aPKC and ERK1/2 activity in muscle during exercise did
not correspond to phosphorylation of sites on aPKC or ERK1/2, respectively, which are
considered important for their activation. It is concluded that assessment of aPKC and
ERK1/2 activity in muscle using phosphospecific antibodies did not reflect direct activity
measurements on immunoprecipitated enzyme in vitro. Thus, estimation of enzyme activity
during exercise by use of phosphospecific antibodies should not be performed uncritically. In
addition, increase in muscle activity of aPKC or ERK1/2 during exercise is not closely related
to energy demands of the muscle but may serve other regulatory or permissive functions in
muscle.
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Exercise leads to marked changes in muscle metabolism
and gene expression. The signalling mechanisms behind
these phenomena are only beginning to be unravelled.
For example, the AMP-activated protein kinase (AMPK;
Richter et al. 2003; Wojtaszewski et al. 2003; Hardie,
2004) and the mitogen-activated protein kinase (MAPK)
signalling pathways (Widegren et al. 2001) have been
implicated in acute as well as chronic adaptations to
exercise. In addition, the protein kinase C (PKC) family
is thought to be implicated in contraction-induced
metabolic responses in skeletal muscle, especially glucose

transport (Farese, 2002). The PKC family constitutes
a group of multifunctional Ser/Thr protein kinases
involved in metabolism, mitogenesis and gene expression
(Farese, 2002; Saito et al. 2002). Depending on mode of
activation, the PKC family is divided into three subgroups:
conventional isoforms (α, β1, β2 and γ ) are dependent on
both Ca2+ and diacylglycerol (DAG) for stimulation of
activity; novel isoforms (δ, ε, θ and η) are dependent on
DAG; and the atypical isoforms (ζ , λ/ι, where PKCλ is the
mouse homologue of human PKCι) that are independent
of Ca2+ and DAG but are activated by phosphatidic acid
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and phosphatidylinositol-3,4,5-trisphosphate (PIP3; Saito
et al. 2002). The aPKC isoforms have been implicated
in the action of insulin on glucose uptake in several
tissues, including skeletal muscle (Bandyopadhyay et al.
2001), where they stimulate translocation of GLUT4 to
the sarcolemma (Bandyopadhyay et al. 1999; Standaert
et al. 1999; Braiman et al. 2001), and they are activated
by insulin in human skeletal muscle (Kim et al. 2003;
Beeson et al. 2003). Earlier studies have suggested
the involvement of PKC also in contraction-induced
glucose uptake (Richter et al. 1987; Cleland et al. 1989,
1990). Furthermore, treatment with the PKC inhibitor
calphostin C led to decreased contraction-induced glucose
uptake (Wojtaszewski et al. 1998; Ihlemann et al.
1999). However, lack of inhibitor-specificity precluded
identification of the responsible isoforms.

Recently we showed that in endurance trained human
subjects aPKC activity in skeletal muscle was increased at
rest and the increase in activity during exercise of 80%
of maximal aerobic capacity was similar to the increase
in untrained subjects (Nielsen et al. 2003). Moreover, it
was found that aPKC activity correlated with ERK activity
both at rest and during exercise (Nielsen et al. 2003),
suggesting coregulation of ERK and aPKC activation
during exercise. This finding is in line with previous studies
in rat muscle in which aPKC was found to be activated
downstream of ERK when AMPK and ERK were activated
with AICAR (Chen et al. 2002). Recently, Perrini et al.
(2004) showed that one-legged cycling exercise increased
muscle membrane abundance and phosphorylation on
Thr410/403 residues of the aPKC equally in the active and
the resting leg, which suggests that humoral factors may
be important in activation of aPKC in skeletal muscle
during exercise. Moreover, increased muscle membrane
abundance and phosphorylation of the atypical PKC
persisted 15 min into recovery (Perrini et al. 2004).
These investigators also demonstrated no translocation or
changes in phosphorylation of the novel PKC isoforms
in muscle during exercise. Neither are the conventional
PKC isoforms apparently activated by exercise (A. Rose
and M. Hargreaves, personal communication). These
observations, along with the previous indications of aPKC
activation during exercise (Beeson et al. 2003; Nielsen et al.
2003), implicate aPKCs as the main PKC isoforms activated
during exercise. However, the effect of exercise intensity
on aPKC activity has not been studied in rodents or in
humans.

There are several studies showing increased muscle
ERK phosphorylation during exercise/muscle contraction
(Goodyear et al. 1996; Aronson et al. 1997; Widegren
et al. 2001; Williamson et al. 2003; Thompson et al.
2003), but only one study investigated the effect of
two exercise intensities on phosphorylation of ERK
(Widegren et al. 2000). Although phosphorylation of ERK
is generally considered a prerequisite for its activation

(Pelech & Sanghera, 1992; Seger & Krebs, 1995), it has
in fact never been investigated in skeletal muscle whether
phosphorylation of ERK is a good marker of ERK activity
during exercise. If aPKC and/or ERK are involved in
exercise-induced muscle glucose uptake, one might expect
activities of aPKC and ERK to increase with exercise
intensity and duration because glucose uptake increases
with increasing exercise intensity and duration (for review
see Richter, 1996). Furthermore, since both PKC and
ERK may be involved in regulation of gene transcription
(Widegren et al. 2001; Sakamoto & Goodyear, 2002), it
is important to know how activity of these enzymes is
regulated during and after exercise of various intensities in
humans. Finally, since aPKC may be downstream of ERK
in the enzyme cascade during exercise (Chen et al. 2002), it
is interesting to study these two enzymes simultaneously.
The aim of the present study, therefore, was to determine
aPKC and ERK activities in human skeletal muscle during
exercise of different intensities and recovery from exercise.

Methods

Nine healthy young men (26 ± 1 years old; mean ±
s.e.m.) gave their written informed consent to participate
in the study, which was approved by the Copenhagen
Ethics Committee and conformed to the declaration
of Helsinki. Body height and weight were 187 ± 2 cm
and 85 ± 2 kg, respectively. The subjects participated in
organized physical activity at the most once per week
but used the bicycle for local transportation. One to two
weeks before the experiments, peak pulmonary oxygen
consumption was determined during an incremental
cycling ergometer test (peak pulmonary oxygen uptake
(V̇O2peak) = 53 ± 1 ml kg −1 min −1).

Subjects were investigated on two occasions, separated
by 2–3 weeks. For the last 24 h before the first experiment
subjects recorded intake of all food and drink. This food
intake was then duplicated during the last 24 h before
the second experiment. Experiments were performed in
randomized order. On the morning of each experiment
subjects arrived at the laboratory at 08.00 h, having
abstained from food for the last 12 h and from caffeinated
or alcoholic beverages as well as heavy physical activity
for 48 h before the experiment. Subjects rested in the
supine position for at least 30 min, after which four or
two incisions (depending on the trial) for the biopsies
were performed under local anaesthesia with 2 ml 2%
lignocaine per incision. Incisions were placed in the
mediolateral aspect of the vastus lateralis muscle 15–25 cm
above the patella, at least 5 cm apart, and were placed
equally in both legs. All biopsies were obtained from
separate incisions. This was done to avoid erroneous
activation of enzyme activity due to a previous biopsy
having been taken through the same incision (Aronson
et al. 1998). Five to ten miutes later a resting biopsy was
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obtained, after which the subject commenced exercise on
a Monark cycle ergometer. In trial 1, subjects performed
three 10 min sequential sessions at 35, 60 and 85% of their
peak pulmonary oxygen consumption. After each 10 min
session a muscle biopsy was obtained as quickly as possible
with the subject still seated on the bicycle. The biopsy was
frozen in liquid nitrogen within 5–10 s. In trial 2, a resting
muscle biopsy was obtained and then subjects performed
30 min ergometer cycling at 35% of peak oxygen uptake,
after which another muscle biopsy was obtained. In both
trials a final muscle biopsy was obtained after 30 min rest
in the supine position.

Preparation of muscle lysates

For studies of enzyme activity, approximately 30 mg of
frozen muscle tissue was homogenized as previously
described (Beeson et al. 2003). For determination
of protein phosphorylation 20–30 mg muscle was
homogenized in buffer (1:5 w/v) containing 50 mm
Hepes, 150 mm sodium chloride, 20 mm sodium
pyrophosphate, 20 mm glycerophosphate, 10 mm sodium
fluoride, 2 mm sodium vanadate, 2 mm EDTA, 1%
Nonidet P-40 (Sigma, St Louis, USA), 10% glycerol,
2 mm phenylmethylsulphonyl fluoride, 1 mm magnesium
chloride, 1 mm calcium chloride, 10 µg ml−1 leupeptin,
and 10 µg ml−1 aprotinin, pH 7.6. Homogenates were
rotated end over end at 4◦C for 60 min, after which they
were centrifuged at 4◦C for 60 min at 15 000g . The super-
natants were harvested and total protein content was
determined in the lysates by the BCA method (Pierce
Chemical Company, IL, USA).

ERK activity

As described (Sajan et al. 1999), lysate protein
(200–500 µg) was subjected to overnight immuno-
precipitation at 4◦C with mouse monoclonal anti-ERK2
antibodies (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA). Precipitates were collected on
protein AG-agarose beads, washed, and incubated
for 10 min at 30◦C in 50 µl of buffer containing 25 mm
glycerophosphate (pH 7.3), 0.5 mm dithiothreitol,
1.25 mm EGTA, 0.5 mm Na3VO4, 10 mm MgCl2,
1 mg ml−1 bovine serum albumin, 1 µm okadaic
acid, 0.1 mm [γ -32P]ATP (PerkinElmer Life Sciences;
1500 000 d.p.m. nmol−1) and 50 µg of myelin basic
protein (Sigma). After incubation, aliquots were spotted
on p81 filter paper, washed and counted for 32P
radioactivity. Blank values were obtained by substituting
a non-immune antibody preparation for anti-ERK2
antibodies or by omitting myelin basic protein substrate
(results were similar). As noted previously (Sajan et al.
1999), the Santa Cruz anti-ERK2 mouse monoclonal
antibodies, although recognizing only ERK2 in Western
analyses, precipitated ERK1 as well as ERK2, and the

ratio of ERK2 to ERK1 in immunoprecipitates was
approximately 1.4–1.5:1, as measured by Western blot
analysis, using a Santa Cruz rabbit polyclonal antiserum
that recognizes both ERK1 and ERK2.

Atypical PKC activity

PKCζ /λ/ι activity was measured as previously described
(Standaert et al. 2002; Beeson et al. 2003). In brief,
PKC-ζ /λ/ι was immunoprecipitated with a rabbit
polyclonal antiserum (C-20, Santa Cruz Biotechnologies)
that recognizes a common epitope in the COOH-termini
of the atypical PKC isoforms ζ /λ/ι. Since PKCι is
expressed in human skeletal muscle rather than PKCλ,
which is expressed in rodent muscle (Farese, 2002),
we will refer to aPKC as a common denominator of
PKCζ /λ/ι. The antigen–antibody complexes were collected
on Sepharose-AG beads, and incubated for 8 min at
30◦C in 100 µl buffer containing 50 mmol l−1 TrisHCl
(pH,7.5), 100 µmol l−1 Na3VO4, 100 µmol l−1 Na4P2O7,
1 mmol l−1 NaF, 100 µmol l−1 phenylmethylsulphonyl
fluoride, 4 µg phosphatidylserine (Sigma), 50 µmol l−1

[γ -32P]ATP (NEN/Life Science Products), 5 mmol l−1

MgCl2, and, as substrate, 40 µmol l−1 serine analogue of
the PKCε pseudosubstrate (BioSource). After incubation,
32P-labelled substrate was trapped on P-81 filter paper
and counted in a liquid scintillation counter. As reported
(Standaert et al. 2002) in our aPKC assays, aPKC recovery
is partial (50–60%) using antiserum concentrations
according to the supplier’s instructions. Thus, with this
limiting antibody concentration, equal amounts of aPKCs
were immunoprecipitated from all samples, regardless of
differences in lysate aPKC levels; aPKC activity values
therefore reflect enzyme specific activity.

Western blot analyses

Muscle lysate proteins were resolved by SDS-PAGE
(7.5%), transferred (semidry) to a polivinyldi-fluoride
(PVDF) membrane (Immobilon Transfer Membrane,
Millipore, Glostrup, Denmark) and incubated with
primary antibodies. These were: anti-PKCζ /λ/ι
(PKCζ [C-20], Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA; phospho-PKCζ /λ
[Thr410/403] (Cell Signalling Technology, Beverly,
MA, USA); and anti-ERK1/2 and anti-phospho-ERK1
Thr202/Tyr204-phos/ERK2 Thr185/Tyr187-phos (both from
Cell Signalling Technology). Because the sequence
around Thr410/403 is conserved in all of the aPKC
isoforms (Farese, 2002) the phospho-PKCζ /λ [Thr410/403]
antibody from Cell Signalling Technologies will
detect any of the aPKCs when phosphorylated on the
phospho-Thr410/403 residues. Membranes were incubated
with horseradish peroxidase-conjugated secondary
antibody (DakoCytomation, Glostrup, Denmark). The
immunoreactive bands were visualized with enhanced
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chemiluminescense (ECL+, Amersham Pharmacia
Biotech Ltd, Little Chalfont, UK) and detected and
quantified using a CCD-image sensor and 1D software
(Image Station, E440CF, Kodak). Protein content was
expressed in arbitrary units (a.u.) relative to a human
skeletal muscle standard. Protein phosphorylation was
expressed relative to protein content in each sample.

The phospho-specificity of the phospho-aPKC-
Thr410/403 antibody was tested by incubation of PVDF
membranes in a dephosphorylation buffer before
immunoblotting and visualization. Human muscle lysate
proteins were resolved by SDS-PAGE and, after semidry
transfer to a PVDF membrane, the membrane was treated
for 2 h at 37◦C with a dephosphorylation buffer (50 mm
Tris-HCl, 0.1 mm Na2EDTA, 5 mm dithiothreitol, 0.01%
Brij 35 and 2 mm MnCl2; pH 7.5) either with or without
500 U ml−1 lambda protein phosphatase (λPPase, New
England BioLabs, Hitchin, UK). As can be seen in Fig. 1,
phosphatase treatment completely removed the signal
on the membrane for the phospho-aPKC-Thr410/403,
whereas the native protein was unaffected by phosphatase
treatment.

A
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15µg  15µg   60µg   60µg 

75 kDa

C

15µg    15µg     60µg    60µg 
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Figure 1. Phosphospecificity of aPKC-antibody
A shows blots of lysates prepared from human vastus lateralis muscle
probed with the antibody against atypical PKC (aPKC) phosphorylated
on Thr410/403. Same sample was loaded 4 times in 2 different
amounts. B shows complete absence of signal after treatment for 2 h
of the membrane with 500 U ml−1 λ-protein phosphatase before
probing with the aPKC Thr410/403 phosphospecific antibody. C and D
show blots for aPKC in its nonphosphorylated form without (C) and
with (D) phosphatase treatment. This signal was unaffected by
phosphatase treatment.

Statistics

Data are expressed as means ± s.e.m. Comparison between
different time points in either trial was done by
one-way ANOVA for repeated measures. If a significant
time effect emerged the ANOVA was followed by
a multiple comparison test (Student–Newman–Keuls
method). Comparisons between the same time points
in the two trials were made by two-way ANOVA for
repeated measures followed by a multiple comparison
test (Student–Newman–Keuls method in case significant
effects of time, treatment or interactions were detected).
P < 0.05 was considered statistically significant.

Results

Pulmonary and cardiac responses to exercise

The subjects worked at 36 ± 1, 60 ± 1 and 86 ± 2% of
V̇O2peak during each consecutive session in trial 1 and at
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Figure 2. aPKC activity
A, activity of aPKC in vastus lateralis muscle at rest, immediately after
each 10 min sequential exercise bout of 35, 60 and 85% of V̇O2peak
and after 30 min recovery. Values are means ± S.E.M. of
9 determinations. B, aPKC activity in vastus lateralis muscle at rest,
after 30 min exercise at 35% of V̇O2peak and after 30 min recovery.
Values are means ± S.E.M. of 9 determinations. ∗P < 0.05 compared to
rest; (∗)P < 0.1 compared to rest.
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36 ± 1% of V̇O2peak at the end of trial 2. Heart rate was
107 ± 3, 142 ±5 and 179 ±4 beats min−1 at the end of each
10 min period during trial 1 and 106 ± 3 beats min−1at the
end of the 30 min in trial 2.

aPKC activity and phosphorylation

In trial 1, activity of atypical PKCs in vastus lateralis
muscle increased significantly from rest to 35% V̇O2peak,
whereupon no further significant increase occurred at the
next two work loads (Fig. 2A). After 30 min of recovery,
there was only a marginal elevation in activity (P < 0.1)
compared with resting values (Fig. 2A). In trial 2, aPKC
activity after 30 min exercise at 35% V̇O2peak had increased
to the same level as during exercise in trial 1 (Fig. 2B) and
returned to similar postexercise values to those in trial 1
(Fig. 2A and B). Phosphorylation of aPKC Thr410/403 did
not change significantly with exercise in either trial (Fig. 3).
aPKC protein abundance did not vary between time points
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Figure 3. aPKC phosphorylation
A, phosphorylation of aPKC Thr410/403 in vastus lateralis muscle at rest, immediately after each 10 min sequential
exercise bout at 35, 60 and 85% of V̇O2peak and after 30 min recovery. Representative Western blots of both aPKC
Thr410/403 phosphorylation and aPKC protein are shown in the inset. Values are means ± S.E.M. of 9 determinations
and are expressed in arbitrary units relative to aPKC protein content in each sample. B, phosphorylation of aPKC
Thr410/403 in vastus lateralis muscle at rest, after 30 min exercise at 35% of V̇O2peak and after 30 min recovery.
Representative Western blots of both aPKC Thr410/403 phosphorylation and aPKC protein are also shown. Values
are means ± S.E.M. of 9 determinations and are expressed in arbitrary units relative to aPKC protein content in each
sample.

or trials (mean data not shown but representative blots
shown in Fig. 3). To further verify the lack of increased
aPKC Thr410/403 phosphorylation during exercise, in
the biopsies from a few subjects we first immuno-
precipitated aPKC and then the phosphorylation status
of PKC was evaluated by Western blotting with the aPKC
Thr410/403 phosphospecific antibody. These preliminary
data did not reveal any exercise-induced increase in
PKC Thr410/403 phosphorylation during exercise (data not
shown).

ERK1/2 activity and phosphorylation

In trial 1, the activity of ERK1/2 in skeletal muscle
increased significantly in response to exercise at 35%
of V̇O2peak, whereupon no further significant increase
occurred at the next two work loads (Fig. 4A). After 30 min
recovery the ERK1/2 activity was no longer significantly
higher than before exercise (Fig. 4A). In trial 2, ERK1/2
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activity after 30 min exercise at 35% of V̇O2peak had
increased to the same level as after exercise at 60 and 85%
of V̇O2peak (Fig. 4B) and returned to levels not significantly
different from pre-exercise values after 30 min recovery
(Fig. 4B). Phosphorylation of ERK1 Thr202/Tyr204 and
ERK2 Thr183/Tyr185 increased after 10 min at 35% of
V̇O2peak and increased significantly further at 85% of
V̇O2peak (Fig. 5A). During trial 2, the increase in ERK1/2
phosphorylation was similar to that after 10 min of trial 1,
but was markedly lower than after exercise at 85% of
V̇O2peak (Fig. 5A and B). These findings suggest that the
marked increase in phosphorylation of ERK1 Thr202/Tyr204

and ERK2 Thr183/Tyr185 observed after exercise at 85%
of V̇O2peak was due to differences in exercise intensity
and not exercise duration. Furthermore, the marked
difference in phosphorylation of ERK1 Thr202/Tyr204 and
ERK2 Thr183/Tyr185 after 30 min of exercise in trials 1
and 2 was not accompanied by any difference in ERK1/2
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Figure 4. ERK1/2 activity
A, activity of ERK1/2 in vastus lateralis muscle at rest, immediately
after each 10 min sequential exercise bout of 35, 60 and 85% of
V̇O2peak and after 30 min recovery. Values are means ± S.E.M. of 9
determinations. B, activity of ERK1/2 in vastus lateralis muscle at rest,
after 30 min exercise at 35% of V̇O2peak and after 30 min recovery.
Values are means ± S.E.M. of 9 determinations. ∗P < 0.05 compared to
rest.

activity. ERK1/2 protein levels were not different at any
exercise level compared to rest (mean data not shown but
representative blots shown in Fig. 5).

Discussion

The main finding in the present study was an increase
in activity of atypical protein kinase C (aPKC) as well as
extracellular signal-regulated protein kinase 1/2 (ERK1/2)
in human skeletal muscle after 10 min of exercise at
35% of V̇O2peak and that no further significant increases
could be detected at higher intensities reaching 85% of
V̇O2peak. For both enzymes there was a marked discrepancy
between measured activity and phosphorylation of
the enzyme on sites believed to be important for
activity. Increased aPKC activity was not accompanied by
increased aPKC Thr410/403 phosphorylation, whereas ERK1
Thr202/Tyr204 and ERK2 Thr183/Tyr185 phosphorylation
increased markedly more than ERK activity during graded
exercise. Furthermore, 30 min of low intensity exercise
at 35% of V̇O2peak in trial 2 resulted in the same ERK1/2
activity as 30 min of graded exercise reaching 85% of
V̇O2peak in trial 1, whereas ERK1 Thr202/Tyr204 and ERK2
Thr183/Tyr185 phosphorylation was 2- to 3-fold higher after
graded exercise in trial 1 compared with trial 2. These data
suggest that activity of muscle aPKC as well as ERK1/2
during exercise is not tightly linked to muscle metabolic
stress and that mechanisms other than phosphorylation on
Thr410/403 on aPKC and of Thr202/Tyr204 and Thr183/Tyr185

and ERK1 and 2, respectively, are of importance for
increasing activity during exercise.

We have recently shown activation of aPKC in human
(Beeson et al. 2003; Nielsen et al. 2003) and mouse (Chen
et al. 2002) skeletal muscle during exercise at a constant
intensity. In rodent muscle aPKC has been suggested
to be downstream in the enzyme cascade of ERK when
5-aminoimidazole-4-carboxamide-1-β-4-ribofuranoside
(AICAR) stimulation was used to activate
5′AMP-activated protein kinase (AMPK), aPKC and
ERK (Chen et al. 2002), and the roughly parallel
increase in ERK and aPKC activity found in the
present study is in accordance with the view that ERK
also may activate aPKC during exercise. How this may be
accomplished is not known, but activation of aPKC by the
kinase ERK would seem to involve phosphorylation of
aPKC. Nevertheless, exercise-induced activation of aPKC
activity did not involve an increase in phosphorylation of
aPKC Thr410/403, suggesting that phosphorylation of this
site is not the mechanism behind the exercise-induced
increase in aPKC activity measured in muscle lysate. The
inability to show increased phosphorylation of aPKC
Thr410/403 was not due to lack of phosphospecificity of the
antibody used, since the signal for the phosphorylated
form of aPKC Thr410/403 was completely removed by
incubation of the blotting membrane with phosphatase
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(Fig. 1A and B), whereas the native protein was unaffected
by this treatment (Fig. 1C and D). The lack of increase
in phosphorylation of aPKC Thr410/403 with exercise is
not entirely surprising, since phosphorylation of this
site reflects activity of 3-phosphoinositide-dependent
kinase-1 (PDK1), which is generally believed to be
controlled by phosphoinositide 3-kinase (PI3-kinase), the
activity of which is not increased with exercise (Goodyear
et al. 1995; Wojtaszewski et al. 1996). Previous studies
showing increased activity of aPKC during exercise have
not investigated the phosphorylation status of aPKC
Thr410/403 (Chen et al. 2002; Beeson et al. 2003; Nielsen
et al. 2003), but phosphorylation of aPKC Thr410 in
the activation loop has been shown to be necessary
for activation of aPKC by insulin (Bandyopadhyay
et al. 1999). However, an exercise-induced increased
membrane content and decreased cytosolic content of
phosphorylated PKC Thr410/403 of skeletal muscle has
recently been reported (Perrini et al. 2004), suggesting
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Figure 5. ERK1/2 phosphorylation
A, phosphorylation of ERK1/2 in vastus lateralis muscle at rest, immediately after each 10 min sequential
exercise bout of 35, 60 and 85% of V̇O2peak and after 30 min recovery. Representative Western blots of both
ERK1 Thr202/Tyr204 and ERK2 Thr183/Tyr185 and ERK1/2 protein are also shown. Values are means ± S.E.M.
of 9 determinations and are expressed in arbitrary units relative to ERK1/2 protein content in each sample.
B, phosphorylation of ERK1/2 in vastus lateralis muscle at rest, after 30 min exercise at 35% V̇O2peak and after 30 min
recovery. Representative Western blots of both phosphorylation of ERK1 Thr202/Tyr204, ERK2 Thr183/Tyr185and
ERK1/2 protein are also shown. Values are means ± S.E.M. of 9 determinations and are expressed in arbitrary units
relative to ERK1/2 protein content in each sample. ∗P < 0.05 compared to rest; (∗)P < 0.1 compared to rest;
‡P < 0.05 compared to other trial; #P < 0.05 compared to rest and recovery; and §P < 0.05 compared to rest,
exercise at 35 and 60% of V̇O2peak and recovery.

that translocation of phosphorylated aPKC may be a
mechanism to activate aPKC during exercise.

Other possible mechanisms for activating aPKC during
exercise include activation through phospholipase D.
Phospholipase D has been implicated in aPKC activation
(Chen et al. 2002) and glucose transport (Kristiansen
et al. 2001; Kristiansen & Richter, 2002) in rodent skeletal
muscle. The product of the phospholipase D reaction is
phosphatidic acid and it has been shown that phosphatidic
acid increases aPKC activity in vitro (Chen et al. 2002).
Furthermore, phosphatidic acid concentrations were
found to increase with muscle contractions in rat skeletal
muscle (Cleland et al. 1989), suggesting that aPKC may be
activated during exercise by phosphatidic acid production
in muscle. Whether the effect of phosphatidic acid on
aPKC activity is due to phosphorylation of aPKC is
not understood, but the fact that phosphatidic acid was
found to affect aPKC activity measured in immuno-
precipitates suggests that phosphatidic acid covalently
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affects aPKC but not necessarily via phosphorylation of the
Thr410/403 residues. Perhaps a phosphatidic acid-induced
allosteric relief of the pseudosubstrate site from the
catalytic domain potentiates autophosphorylation of other
critical threonine residues (e.g. Thr560) within the catalytic
domain of aPKC.

ERK activity is usually evaluated by measuring
phosphorylation of ERK on tyrosine and threonine
residues, since activation of ERK1 and 2 by the upstream
kinase MAP kinase kinase or ERK kinase (MEK) requires
phosphorylation on both residues (Pelech & Sanghera,
1992; Seger & Krebs, 1995). However, ERK1 Thr202/Tyr204

and ERK2 Thr183/Tyr185 phosphorylation increased 5-fold
during graded exercise from rest to exercise at 85% of
V̇O2peak, whereas ERK activity only increased 2-fold, and the
maximum increase was already reached at 35% of V̇O2peak.
In addition, 30 min of graded exercise reaching 85% of
V̇O2peak in trial 1 resulted in the same ERK1/2 activity as
30 min of low intensity exercise at 35% of V̇O2peak in trial 2,
whereas ERK1/2 phosphorylation was 2- to 3-fold higher
after graded exercise in trial 1 compared to trial 2. To our
knowledge a direct comparison between increases in ERK
activity and phosphorylation during graded exercise has
not previously been performed. Our data indicate that
during exercise phosphorylation of ERK1 Thr202/Tyr204

and ERK2 Thr183/Tyr185does not linearly reflect, and may
in fact exceed, activity of ERK1/2 measured in immuno-
precipitates. In fact, phosphorylation of ERK reflects
activity of the upstream kinase MEK rather than activity
of ERK itself. However, whether activity measured in
immunoprecipitates in vitro or estimation of activity
in vivo by use of phosphospecific antibodies towards
ERK1 Thr202/Tyr204 and ERK2 Thr183/Tyr185 gives the
best estimate of actual activity in the muscle during
contractions is not easily resolved. Since activity measured
in vitro does not reflect allosteric activation but
rather covalent modifications of the enzyme such as
phosphorylation, it would a priori be expected that in vitro
measured enzyme activity and enzyme phosphorylation
should basically change in a similar manner although
not necessarily in a linear fashion. However, our
findings suggest that ERK1/2 activity is dependent upon
other factors in addition to phosphorylation of ERK1
Thr202/Tyr204 and ERK2 Thr183/Tyr185 and that estimation
of ERK1/2 activity by use of phosphospecific antibodies
should be interpreted cautiously.

In the present study it was surprising that aPKC and
ERK activity did not significantly increase when exercise
intensity was increased from 35 to 60 and 85% of V̇O2peak.
This suggests that there is no tight linkage between muscle
metabolic stress and aPKC or ERK activity in contrast to,
for instance, AMPK activity, which clearly is dependent
upon exercise intensity (Wojtaszewski et al. 2000). During
exercise the motor units recruited during light exercise

are primarily the smaller ones innervating slow-twitch
fibres and when exercise intensity increases, larger motor
units innervating fast-twitch fibres are also recruited
(Milner-Brown et al. 1973). aPKC is expressed at a higher
level in rat soleus (slow-twitch fibres) than gastrocnemius
muscle (primarily fast-twitch fibres; Given et al. 1998).
Thus preferential recruitment of slow-twitch fibres at the
low intensity might to some extent explain the apparent
maximal activation already observed at the lowest exercise
intensity, although recruitment of additional fast-twitch
fibres during higher exercise intensities would be expected
to increase aPKC activity further in a muscle lysate
prepared from a mixture of slow- and fast-twitch
fibres.

In conclusion, in human skeletal muscle exercise-
induced activation of aPKC was not accompanied by
changes in aPKC Thr410/403 phosphorylation, and ERK1
Thr202/Tyr204 and ERK2 Thr183/Tyr185 phosphorylation
did not reflect ERK1/2 activity measured in vitro. Thus,
assessment of enzyme activity using phosphospecific
antibodies did not reflect direct activity measurements
on immunoprecipitated enzyme in vitro. In addition, the
present study showed activation of aPKC and ERK1/2
during 10 min exercise at a low exercise intensity requiring
35% of V̇O2peak. Surprisingly, increasing exercise intensity
to 85% of V̇O2peak did not elicit any further increase in
activities, indicating that activity of these enzymes during
exercise is not closely related to energy demands of the
muscle, but may serve other regulatory or permissive
functions in muscle.
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