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Abstract

Physical exercise can cause marked alterations in the struc-
ture and function of human skeletal muscle. However, little
is known about the specific signaling molecules and path-
ways that enable exercise to modulate cellular processes
in skeletal muscle. The mitogen-activated protein kinase
(MAPK) cascade is a major signaling system by which cells
transduce extracellular signals into intracellular responses.
We tested the hypothesis that a single bout of exercise acti-
vates the MAPK signaling pathway. Needle biopsies of vas-
tus lateralis muscle were taken from nine subjects at rest
and after 60 min of cycle ergometer exercise. In all subjects,
exercise increased MAPK phosphorylation, and the activity
of its downstream substrate, the p90 ribosomal S6 kinase 2.
Furthermore, exercise increased the activities of the up-
stream regulators of MAPK, MAP kinase kinase, and Raf-1.
When two additional subjects were studied using a one-
legged exercise protocol, MAPK phosphorylation and p90
ribosomal S6 kinase 2, MAP kinase kinase 1, and Raf-1 ac-
tivities were increased only in the exercising leg. These stud-
ies demonstrate that exercise activates the MAPK cascade
in human skeletal muscle and that this stimulation is pri-
marily a local, tissue-specific phenomenon, rather than a
systemic response to exercise. These findings suggest that
the MAPK pathway may modulate cellular processes that
occur in skeletal muscle in response to exercise. (J. Clin. In-
vest. 1997. 99:1251-1257.) Key words: Raf-1 « mitogen-acti-
vated protein kinase kinase (MEK) « 90-kD ribosomal S6 ki-
nase (RSK) « signal transduction « mechanical stress

Introduction

Increased levels of physical activity can have salutary effects
on several human diseases including diabetes (1) and conges-
tive heart failure (2). Some of these beneficial effects result
from the numerous adaptations that occur in skeletal muscle in
response to chronic exercise (2). Examples of these tissue-spe-
cific changes include increases in mitochondrial mass and mus-
cle oxidative capacity (3, 4), a shift in skeletal myofibers to a
more slow-oxidative phenotype (5-7), and increased sensitiv-
ity of muscle glucose uptake to insulin (8). Most of these func-
tional adaptations result from the cumulative effects of re-
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peated bouts of exercise on the expression of critical muscle
proteins (e.g., citrate synthase, myosin heavy chain isoforms,
GLUT-4 (7,9, 10). Although the increased expression of mus-
cle proteins with exercise has long been known to result from
changes in rates of transcription and translation (7, 9), the in-
tracellular signaling mechanisms that link the biochemical and
mechanical events of muscle contraction with these cellular
processes are not known. Indeed, despite a wealth of literature
characterizing the molecular details of several signaling path-
ways, little of this information has been incorporated into un-
derstanding the molecular basis for the clinically important ad-
aptations that occur in skeletal muscle in response to exercise.

The mitogen-activated protein kinase (MAPK)! cascade is
a ubiquitously expressed intracellular network of proteins that
forms a major signaling system by which cells transduce extra-
cellular cues into intracellular responses (11, 12). Numerous
growth factors, hormones, and environmental stressors can
stimulate this signaling cascade, with activation typically oc-
curring via a plasma membrane receptor molecule, the adaptor
proteins Shc and GRB2, and the guanine nucleotide exchange
factor SOS. Stimulation of these molecules leads to Ras and
Raf-1 activation (11, 12). Raf-1 phosphorylates the mitogen-
activated protein (MAP) kinase kinase (MEK) (13, 14), which
in turn activates the p42MAPK and p44MAPK jsoforms of MAPK
(15). MAPK, also called extracellular regulated kinases, can
phosphorylate and activate various proteins in the cytoplasm
as well as in the nucleus. One set of substrates is cytosolic, such
as the p90 ribosomal S6 kinase (RSK) (16) and phospholipase
A, (17), whereas a fraction of the activated MAPK population
translocates into the nucleus (18, 19) and phosphorylates sev-
eral transcription factors, including c-myc, c-fos, and Elk-1 (11,
12,20-24). RSK itself may act as a mediator between the signal
transduction pathway and intranuclear events, since it can trans-
locate to the nucleus (19) and phosphorylate c-fos, Elk-1, and
cAMP-responsive element-binding protein (CREB) (12, 24, 25).

We hypothesized that exercise, a stimulus that plays a role
in determining skeletal muscle functional capabilities, is likely
to activate the MAPK signaling pathway in skeletal muscle. In
the current study, we show that a single bout of exercise in hu-
man subjects leads to activation of the MAPK signaling cas-
cade in skeletal muscle. Our data also suggest that the stimula-
tion of this pathway is restricted to the exercising muscle,
rather than a systemic response to exercise.

Methods

Subjects

15 young healthy volunteers (11 males and 4 females) were screened
by a health history questionnaire and physical examination. Exclu-
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Table I. Subject Characteristics

Exercising subjects (n = 11)

Age 23.7£1.6
Weight (Kg) 70.5%2.9
Height (cm) 172.9+2.8
VO,max(ml/kg-min) 45.9+2.4

Values are mean=SEM.

sion criteria included any clinical evidence for cardiac, pulmonary, or
hematologic abnormalities. To determine the appropriate intensity
for the acute bout of exercise, subjects underwent maximal oxygen
consumption (VO,yax) testing several days before participation in
the study protocol. The physical characteristics of the subjects are
presented in Table 1.

Experimental protocols

The study was approved by the Human Research Committees of the
Joslin Diabetes Center and Boston University. The procedures in-
volved in the study were fully described, and informed consent was
obtained from each subject. The study consisted of three experimen-
tal protocols (Fig. 1).

Protocol 1. Four subjects were studied at rest and after 60 min of
cycle ergometer exercise at a load corresponding to 70% of their
VO,ax- This level of exercise is associated with a significant meta-
bolic stress even in trained individuals (26). Each subject was in-
structed not to perform any exercise for 72 h before the study and to
report to the laboratory on the morning after an overnight fast. A nee-
dle biopsy (see below) of the left vastus lateralis muscle was obtained
~ 5 min before the initiation of exercise. A second biopsy was taken
from the right vastus lateralis muscle ~ 3—4 min after completion of 60
min of exercise. Two additional subjects served as controls, having the
second muscle biopsy obtained after a 60-min period of rest.

Protocol 2. A percutaneous needle biopsy of vastus lateralis mus-
cle using the Bergstrom needle has been shown to significantly reduce
insulin-stimulated glucose uptake (27). Although the mechanism of
this phenomenon is not known, the effect of the biopsy procedure it-
self may also influence several intracellular signaling pathways (Aron-
son, D., R.A. Fielding, and L.J. Goodyear, unpublished observations).
To exclude the possibility that a biopsy procedure per se affects the
activity of the MAPK cascade, five additional subjects were studied
using a modified 2-d protocol (Fig. 1). For these subjects, a basal bi-

opsy was obtained from the left vastus lateralis muscle on the first
day. 24 h later, subjects exercised for 60 min on a cycle ergometer at
70% VOqax, followed by a second biopsy obtained from the right
vastus lateralis. In two control subjects, two muscle biopsies were per-
formed at a 24-h interval with no intervening exercise.

Protocol 3. To determine whether the observed effects of exer-
cise on the MAPK signaling pathway occur as a result of the systemic
release of hormones or cytokines during exercise, or are elicited by a
local phenomenon restricted to the exercising muscles, we studied
two subjects using a one-legged exercise protocol (Fig. 1). This proto-
col was similar to protocol 2 except that subjects exercised with one
leg (right) at a relative work intensity of 70% of the one-legged
VO,uax- At the end of the exercise bout, biopsies of vastus lateralis
muscle were taken from both the exercising and nonexercising leg.

Muscle biopsy procedure

Samples of vastus lateralis muscle were obtained using the percutane-
ous needle biopsy technique with a 5-mm diameter side-cutting Berg-
strom needle with applied suction (28). The biopsy needle was in-
serted through an incision made in the skin using a local anesthetic
(1% lidocaine hydrochloride) and sterile conditions. The incision, 3
mm long and 10 mm deep, penetrated the underlying fascia and al-
lowed easy entry of the biopsy needle to the desired depth of 3 cm.
Once the muscle tissue was removed, it was quickly dissected free
from the surrounding fat and connective tissue, divided into two sepa-
rate pieces, and immediately placed in liquid nitrogen and stored at
—80°C. One piece of tissue (70-130 mg) was processed and used for
enzyme activity assays and immunoblotting. The other piece of tissue
(~ 20 mg) was used to determine glycogen concentrations.

Muscle processing

Muscle biopsies were homogenized (Polytron; Brinkman Instru-
ments, Inc., Westbury, NY) in ice-cold lysis buffer containing 20 mM
Hepes, pH 7.4, 2 mM EGTA, 50 mM B-glycerophosphate, 1 mM
DTT, 1 mM Na;VO,, 1% (vol/vol) Triton X-100, 10% (vol/vol) glyc-
erol, 10 uM leupeptin, 3 mM benzamidine, 5 uM pepstatin A, 10 pg/
ml aprotinin, 1 mM PMSF. Homogenates were rotated for 1 h at 4°C,
and centrifuged at 14,000 g for 68 min at 4°C to remove insoluble mat-
ter. Protein concentrations in crude homogenates were estimated by
the Bradford method (29).

Immunoblotting

Muscle proteins (100200 pg) were solubilized in Laemmli sample
buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol) and boiled
for 5 min. The samples were then resolved on an 8% SDS-polyacryl-
amide gel, transferred to nitrocellulose paper, and immunoblotted

Basal Bx 27 Bx
Left vastus lateralis Right vastus lateralis
Protocol 1

~ [ e )~
Protocol 2
— i ex -

Protocol 3
> 60 MIN EX - Right leg only -

Left vastus lateralis

3rd Bx

Figure 1. Study protocols.
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with anti-RSK2 (1 pg/ml), anti-Raf-1 (1 pg/ml), or a phospho-spe-
cific anti-p42MAPK/pd4MAPK (1:2 000). The phospho-specific antibody
recognizes the p42MAPK and p44MAPK jsoforms of MAPK only when
phosphorylated at Thr183 and Tyr185, which are required for full en-
zymatic activity (15, 30). After secondary incubation with horseradish
peroxidase—conjugated anti-rabbit antibodies (1:2,500), immunore-
active proteins were detected using enhanced chemiluminescence.

Kinase assays

RSK activity was measured by an immune complex kinase assay us-
ing the 3R S6 peptide (RRLSSLRA) as substrate (31). Aliquots of
400 g muscle protein were precleared with protein A-agarose beads
and then incubated with 2.5 pg of polyclonal anti-RSK2 antibody for
1 h at 4°C, followed by incubation with 50 wl of protein A-agarose
beads for an additional 2 h. The immune complexes were washed
three times with lysis buffer, three times with LiCl buffer (500 mM
LiCl, 100 mM Tris-HCI, pH 7.6, and 0.1% Triton X-100, 1 mM DTT),
and three times with RSK kinase buffer (30 mM Tris, pH 7.4, 10 mM
MgCl,, 0.1 mM EGTA, 1 mM DTT). The immune complexes were
resuspended in 50 pl RSK kinase buffer containing 50 g S6 peptide
(final concentration 0.2 pg/pl), 40 uM ATP, and 10 wCi [y-?*P]ATP
(3,000 Ci/mmol). Reactions were carried out at 30°C for 15 min, and
terminated by adding 10 pl of stopping solution containing 0.6% HCI,
1 mM ATP, and 1% BSA. After centrifugation, aliquots of the super-
natants (20 pl) were spotted onto P81 phosphocellulose papers in du-
plicate. The papers were washed five times with 175 mM phosphoric
acid for at least 20 min each and counted by the Cerenkov method.

MEKI1 and Raf-1 activities were assayed as previously described,
with several modifications (32). Muscle proteins (250 pg) were incu-
bated with 1.25 pg anti-MEK1 or anti-Raf-1 mAbs at 4°C for 2 h, fol-
lowed by incubation with 40 pl of protein G-agarose beads. For the
MEKI1 assay, immunoprecipitates were washed three times in buffer
A (150 mM NaCl, 20 mM Tris, pH 8.0, 10 mM NaF, 100 pM Na;VO,,
10% glycerol, 1% NP-40, 2 pg/ml leupeptin), and three times with
MEKI kinase buffer (25 mM Hepes, pH 7.5, 10 mM MgCl,, 2 mM
DTT). The immune complexes were resuspended in 80 pl MEK1 ki-
nase buffer containing 50 pM ATP, 10 p.Ci of [y-*P]ATP (3,000 cpm/
pmol), and a recombinant kinase-inactive human glutathione S-trans-
ferase (GST)-MAPK (1 pg/tube) as substrate. For the Raf-1 assay,
immunoprecipitates were washed three times in buffer B (150 mM
NaCl, 20 mM Tris, pH 8.0, 2 mM EDTA, 1 mM PMSF, 100 pM
Na;VO,, 10 pg/ml aprotinin, 10% glycerol, 1% NP-40, 2 pg/ml leu-
peptin), and three times with Raf-1 kinase buffer (30 mM Hepes, pH
7.4,10 mM MnCl,, 5 mM MgCl,, 100 uM Na;VO,, 25 mM B-glycero-
phosphate, 1 mM DTT, and Brij 35 0.003%). The Raf-1 immune com-
plexes were resuspended in 50 pl Raf-1 kinase buffer containing 20
uM ATP, 10 wCi of [y-?P]ATP, and 1 pl recombinant kinase-inac-
tive GST-MEKI as substrate. For both assays, reactions were incu-
bated for 30 min at 30°C and were terminated by adding Laemmli
sample buffer. Products were boiled for 5 min and resolved on 10%
SDS-PAGE. Gels were dried and the phosphorylated GST-MAPK
(70 kD) or GST-MEKI1 (71 kD) were quantitated by PhosphorIlm-
ager and ImageQuant software (Molecular Dynamics, Inc., Sunny-
vale, CA).

Materials

[y-*P]-ATP was purchased from Du Pont-New England Nuclear
(Boston, MA); anti-RSK2 (06-300) and 3R S6 RSK substrate peptide,
GST-MAPK, and GST-MEKI1 from Upstate Biotechnology, Inc.
(Lake Placid, NY); anti-Raf-1 from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA); anti-MEK1 mAb and enhanced chemiluminescence
kits from Transduction Laboratories (Lexington, KY); phospho-spe-
cific anti-p42MAPK/pd4MAPK from Quality Controlled Biochemicals
Inc., Hopkinton, MA; protein A-agarose and protein G-agarose from
Pierce Chemical Co. (Rockford, IL). Protein concentrations were de-
termined using a dye reagent from Bio-Rad Laboratories (Hercules,
CA), and all other chemicals were purchased from Sigma Chemical
Co. (St. Louis, MO).

Statistical analysis

All data are expressed as mean=SEM. Differences between basal
and postexercise points were determined using a paired Student’s ¢
test. P < 0.05 was considered statistically significant.

Results

Exercise-stimulated phosphorylation of the p42 and p44 MAP
kinase proteins. Fully active MAPK requires phosphorylation
of both threonine 183 and tyrosine 185 (15, 30), and inactiva-
tion can occur by the dephosphorylation of either residue (16).
To determine the phosphorylation state of the MAPK iso-
forms in skeletal muscle, we used a phospho-specific antibody
that recognizes only the dual-phosphorylated 42-kD and
44-kD proteins. This antibody is an especially valuable tool for
studies of human skeletal muscle, where the small samples
provide little protein for kinase activity assays. The represen-
tative immunoblots in Fig. 2 show that this antibody recognizes
two proteins corresponding to the 42- and 44-kD MAPK spe-
cies in human skeletal muscle.

To determine if exercise activates the MAPK signaling cas-
cade, we first obtained muscle samples from four subjects imme-
diately before and after 60 min of exercise (protocol 1). The rep-
resentative immunoblot in Fig. 2 A shows that exercise
increased the phosphorylation of both the p42MAPK and p44MAPK
isoforms. Densitometric analysis of the combined p42M4PX and
p44MAPK bands revealed that exercise increased phosphorylation
in all subjects, and that the magnitude of change in phosphoryla-
tion with exercise ranged from 4-24-fold above baseline.

To insure that the stimulation of MAPK phosphorylation
in exercising subjects was not affected by the baseline biopsy
procedure, five additional subjects were studied with a 24-h in-
terval between the pre- and postexercise muscle biopsies (pro-

A Subject 1 Subject 2
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T -— aq— p42MATK
B Subject 3 Subject 4
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Figure 2. Exercise increases MAPK phosphorylation. Muscle pro-
teins were subjected to Western blot analysis, and the phosphoryla-
tion of the p42MAPK and p44MAPK jsoforms was demonstrated using
specific antibodies that recognize only the dual-phosphorylated
MAPK as described in Methods. (A) Representative immunoblot of
two subjects that participated in protocol 1. (B) Representative im-
munoblot of two subjects that participated in protocol 2. (C) For sub-
ject 5, the second muscle biopsy was taken after 60 min of rest. Ar-
rows indicate the p42MAPK and p44MAPK jsoforms. B, baseline; EX,
postexercise; R, rest.
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tocol 2). As with subjects studied in protocol 1, exercise in-
creased MAPK dual-phosphorylation in all subjects regardless
of the basal state of phosphorylation (Fig. 2 B). The increase in
MAPK phosphorylation ranged from 2-23-fold above basal.
In contrast to studies of cultured cells under serum-free
conditions where the basal activity of the MAPK cascade is
very low, the activity of the MAPK cascade in human skeletal
muscle could be influenced by the many humoral factors (e.g.,
insulin). Thus, in vivo, large hour-to-hour or day-to-day fluctu-
ations could obscure the ability to measure an exercise-specific
activation of the MAPK pathway. Therefore we studied two
control subjects for each protocol. As demonstrated in the rep-
resentative immunoblot in Fig. 2 C, there were no significant
changes in MAPK phosphorylation in the control subjects.
Exercise increases RSK activity. RSK is a cytosolic kinase
that can be phosphorylated and activated by MAPK (16), and
may act as a mediator between signal transduction pathways
and intranuclear events (12, 24, 25). To determine if this down-
stream signaling element is activated in response to exercise,
we measured RSK activity using an immune complex kinase
assay, and in separate experiments assessed RSK phosphoryla-
tion by changes in the electrophoretic mobility of the protein
using SDS-PAGE. When the basal and postexercise muscle bi-
opsies were done on the same day (protocol 1), exercise in-
creased RSK activity in all subjects, with the magnitude of
stimulation ranging from 1.6-4.6-fold above basal (2.1+0.6;
mean*SEM, P < 0.05) (Fig. 3 A, left). When the basal muscle
sample was obtained 24 h before the exercise (protocol 2), in-
creased RSK activity was also observed in all exercising sub-
jects, with the degree of stimulation ranging from 2.0-2.5-fold
increase above basal (2.2+0.1; mean+=SEM, P < 0.05) (Fig. 3
A, right). Basal RSK activities were variable among subjects,
similar to the variability observed in the basal state of MAPK
phosphorylation (Fig. 2). In fact, in one subject basal RSK ac-
tivity was considerably higher than all other subjects (Fig. 3 A,
inset). The variability among subjects in MAPK phosphoryla-
tion and RSK activity may reflect heterogeneity in the level of
humoral or other factors that influence the activity of the
MAPK pathway in human skeletal muscle. However, regard-
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less of the level of basal MAPK phosphorylation or RSK activ-
ity, exercise increased MAPK phosphorylation and RSK activ-
ity in all subjects. In the control subjects, RSK activity
measured after 60 min of rest ranged from 0.8-1.4-fold of
basal, demonstrating that the hour-to-hour or day-to-day vari-
ations in RSK activities were below the increases induced by
exercise. Fig. 3 B shows the effects of exercise on RSK phos-
phorylation as assessed by gel mobility shift. Both exercise
protocols resulted in a decrease in the electrophoretic mobility
of the RSK protein, suggesting increased phosphorylation and
confirming the increase in RSK activity with exercise.
Exercise-induced stimulation of MEKI and Raf-1 activity.
In many cell types, the activation of MAPK has been shown to
occur in response to the sequential phosphorylation and acti-
vation of Raf-1 and MEK (13, 15). However, under certain
conditions MAPK and RSK activities may not correlate with
their upstream activator MEK due to changes in phosphatase
activities (33). Therefore, we determined if exercise stimu-
lates MEK and Raf-1 activities in response to exercise. Of the
six MEK isoforms expressed in skeletal muscle (34), MEK1
and MEK2 have been shown to phosphorylate and activate
p42MAPK and p44MAPK (35), MEK 1 activity was assayed in the
five subjects who participated in protocol 2 by measuring the
ability of MEK1 immune complexes to phosphorylate the re-
combinant kinase-inactive MAPK (p44MAPK) (Fig. 4 A). Exer-
cise increased MEKT1 activity in all exercising subjects (Fig 4 B).
The serine/threonine protein kinase Raf-1 phosphorylates
and activates MEK1 (13, 14, 36). Raf-1 is activated by phos-
phorylation, which is accompanied by a decrease in its electro-
phoretic mobility with SDS-PAGE (36). Exercise decreased
the electrophoretic mobility of the Raf-1 protein in all exercis-
ing subjects, suggesting increased phosphorylation (Fig. 5 A).
However, since some studies have demonstrated that Raf-1 ac-
tivity does not always correlate with its level of phosphoryla-
tion (37, 38), we also examined the effects of exercise on Raf-1
activity towards its downstream substrate MEK1. Raf-1 activ-
ity was measured in anti—Raf-1 immune complexes using a re-
combinant kinase-inactive MEK1 as substrate. Exercise in-
creased Raf-1 activity in all exercising subjects (Fig. 5 C).

Figure 3. Effects of an acute bout of exercise on
RSK activity. (A) Muscle proteins were immu-
noprecipitated with «RSK, and RSK activity
was measured in the immunoprecipitates using
the 3R S6 peptide as substrate. The data are ex-
pressed as counts per min of 2P incorporated
into the substrate. RSK activity increased in all
exercised subjects in both protocol 1 and proto-
col 2. Each line represents an individual subject.
In the inset to protocol 2, the response of one
subject with a high basal RSK activity is shown.
(B) Muscle proteins were resolved on an 8%
SDS-polyacrylamide gel, transferred to nitrocel-
lulose paper, and immunoblotted with anti-
RSK. RSK phosphorylation in the postexercise
samples was demonstrated by the decrease in
the electrophoretic mobility of the RSK protein.
B, baseline; EX, postexercise.
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Figure 4. MEKI1 activation by exercise. MEK1 protein was immuno-
precipitated from muscle proteins and kinase activity was measured
based on phosphorylation of GST-MAPK as described in Methods.
(A) A representative autoradiogram of the 70-kD band correspond-
ing to the phosphorylated GST-MAPK in two subjects who under-
went protocol 2. (B) The intensity of phosphorylation of kinase-inac-
tive GST-MAPK was quantitated by PhosphorImager to determine
relative MEK1 activity. Data are the mean+=SEM for the five subjects
who participated in protocol 2. Asterisk indicates significant differ-
ence from baseline (P < 0.05). B, baseline; EX, postexercise.

MEKI1 and Raf-1 activities were not altered in muscle from
nonexercising control subjects (data not shown). Taken to-
gether, these experiments suggest that the exercise-induced
activation of the MAPK signaling cascade propagates from
Raf-1 to RSK, in an analogous manner to that mediated by
cell-surface receptors.

Activation of the MAPK signaling pathway occurs predomi-
nantly in exercising muscle. Physical activity can cause an en-
docrine stress response that involves a surge like secretion of
catecholamines, growth hormone, and cortisol (39, 40). Thus,
it is possible that these hormones or other systemic factors may
directly or indirectly play a role in the stimulation of the
MAPK pathway. Alternatively, since adaptive changes in skel-
etal muscle are largely confined to the exercised tissue and fre-
quently do not require hormonal support (9), the stimulation
of the MAPK signaling pathway by exercise may be a tissue-
specific phenomenon. To determine if the exercise-induced
stimulation of the MAPK signaling pathway occurs as a result
of a local mechanism or as a systemic response to hormones or
other factors, we used a one-legged exercise protocol that al-
lowed for matched comparisons within the same subject and
controlled for humoral influences and biological heterogeneity
between subjects.

For the two subjects that participated in protocol 3, a basal
biopsy was obtained, and 24 h later the subjects performed 60
min of one-legged exercise. Immediately after the exercise,
one muscle sample was biopsied from the exercised leg and an-
other sample biopsied from the nonexercised leg. There was
clear stimulation of all components of the MAPK cascade only
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Figure 5. Activation of Raf-1 by exercise. (A) Muscle proteins were
electrophoresed on an 8% polyacrylamide gel and transferred to ni-
trocellulose filters. Protein blots were probed with anti-Raf-1 anti-
body, and the bands were visualized by enhanced chemilumines-
cence. Exercise resulted in the phosphorylation of Raf-1 as indicated
by decreased electrophoretic mobility of the Raf-1 protein. (B) Raf-1
was immunoprecipitated from muscle proteins and assayed for its
ability to phosphorylate kinase-inactive GST-MEKI1 as described in
Methods. The representative autoradiogram shows the 71-kD band
corresponding to the phosphorylated GST-MEKI in two subjects
who participated in protocol 2. (C) Phosphorylation of GST-MEK1
was quantified by PhosphorImager in the five subjects who partici-
pated in protocol 2. Data are mean*=SEM. Asterisk indicates signifi-
cant difference from baseline (P < 0.05). B, baseline; EX, postexer-
cise.

in the exercised leg (Fig. 6). It is also important to point out
that the exercise-induced stimulation of enzyme activities in
the exercising leg of these subjects were of the same magnitude
as that observed in subjects who exercised with both legs.
These results suggest that activation of the MAPK signaling
cascade occurs primarily as a local response to exercise rather
than as a systemic response.

Discussion

Skeletal muscle is a highly adaptive tissue that responds to in-
creased work with a host of metabolic and phenotypical
changes. With repeated bouts of exercise, structural remodel-
ing of skeletal muscle can occur (7), leading to enhanced func-
tional capacity. A central issue in understanding the biological
effects of exercise is to elucidate the intracellular signaling
mechanisms that enable muscle cells to decipher and respond
to the contractile stimulus with increased gene transcription
and protein synthesis (5). Since changes in the functional prop-
erties of skeletal muscle result from the cumulative effects of
repeated bouts of exercise, the initial signaling events that re-
sult in long-term adaptations should occur with each individual
exercise bout.
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Figure 6. Activation of the MAPK pathway occurs in exercising mus-
cle. Response of components of the MAPK cascade in a subject who
participated in the one-legged exercise protocol. (A) MAPK phos-
phorylation was increased in the postexercise sample compared with
the basal state, and the nonexercising leg (R). (B) The decrease in the
electrophoretic mobility of the RSK protein occurred only in the ex-
ercising leg. (C) MEKI activity increased in the exercising leg. (D)
The decrease in the electrophoretic mobility of the Raf-1 protein oc-
curred only in the exercising leg. (E) Increased Raf-1 activity oc-
curred only in the exercising leg. B, baseline; EX, exercising leg; R,
resting leg.

~— GST-MAPK

~=— Raf-1

~— GST-MEK1

The data from the current study demonstrate that the
MAPK signaling cascade, from Raf-1 to RSK, is activated in
response to a single bout of exercise in human skeletal muscle.
Exercise was shown to increase Raf-1 activity and phosphoryla-
tion, increase MEKT1 activity, increase p42MAPK and p44MAPK
phosphorylation, and increase RSK activity and phosphoryla-
tion. These changes occurred in every exercising subject, and
were absent in control subjects. We also demonstrate for the
first time that both Raf-1 and MEKI1 are activated by exercise.
The effects of exercise on the MAPK signaling cascade are
consistent with our previous finding showing that treadmill ex-
ercise increases MAPK phosphorylation and RSK activity in
rat skeletal muscle (31). The current study also makes the im-
portant observation that the activation of the MAPK pathway
is restricted to the exercising muscle. This result suggests that
the stimulation of this signaling cascade is primarily a function
of a local, muscle-specific mechanism, rather than a systemic
response to exercise.

Several studies have demonstrated that immediate early
(IE) genes are likely to be important third messengers in me-
chanically stimulated skeletal muscle (9, 41). The basal expres-
sion of IE genes is low in postmitotic striated muscle, but can
be rapidly induced within hours in skeletal muscle subjected to
conditions known to induce adaptive changes (9, 41). Michel et
al. (9) have shown that neural stimulation of skeletal muscle
induces an increase of IE genes products c-fos, c-jun, and egr-1,
which can be detected several hours after contractile activity
commences. The intracellular signaling mechanism(s) that
leads to the induction of IE genes with contractile activity is
not known. However, in other cell types IE genes are among
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the major nuclear targets of MAPK (11, 20, 21, 23, 42) and
RSK (12, 24,25, 42). Thus, the current findings, taken together
with previous studies, suggest that the MAPK pathway may
act as a second messenger and IE gene products serve as third
messengers that direct the subsequent adaptive changes that
occur in skeletal muscle with repeated bouts of exercise.

How does physical exercise cause the activation of the
MAPK pathway? One possibility is that the activation of the
MAPK pathway during exercise is primarily mediated by hor-
mones or cytokines released systemically. However, the one-
legged exercise protocol demonstrated a predominant increase
in MAPK phosphorylation and in RSK, MEK1, and Raf-1 ac-
tivities in the exercising leg (Fig. 6). These findings suggest an
intrinsic, contraction-induced mechanism for the activation of
the MAPK pathway. Local activation of muscle MAPK signal-
ing is fundamental to the hypothesis that this pathway is in-
volved in converting mechanical stimuli into transcriptional re-
sponses, since increased gene expression is restricted to the
contracting skeletal muscle (9, 41). Our data do not allow us to
exclude the possibility that increased blood flow to the exercis-
ing leg, accompanied by an increased delivery of a humoral
factor, is partly responsible for the predominantly unilateral
activation of the MAPK pathway. However, this possibility is
unlikely because in rat skeletal muscle increased contractile
activity in the absence of increased blood flow potently stimu-
lates MAPK signaling (Hayashi, T., and L.J. Goodyear, un-
published observations).

There are several potential mechanisms that could mediate
the local activation of the MAPK pathway in exercising mus-
cle. Exercise may activate intracellular signaling pathways by
releasing growth factors in an autocrine fashion, which in turn
stimulates their specific receptors and subsequently second
messenger systems. To date, such a mechanism has been
shown only in skeletal muscle cells (43) and cardiac myocytes
(44) stretched in culture. Other factors that may contribute to
the local stimulation of the MAPK pathway by exercise in-
clude changes in osmolarity, intracellular calcium levels, or in-
tracellular energy depletion, all of which have been reported
to activate MAPK in other cell types (45-47). Another possi-
bility is that the extracellular matrix, which carries the external
mechanical force of muscle contraction to the cell surface, can
interact with cytoskeletal integrins resulting in the activation
of MAPK (48, 49).

In summary, we have shown that activation of the MAPK
pathway is a consistent response in human skeletal muscle dur-
ing an acute bout of exercise, and that this response occurs
predominantly in the contracting muscle. An important area of
future study will be to determine if the MAPK signaling path-
way serves as a link between contractile activity and transcrip-
tional responses in human skeletal muscle.
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