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Level of physical activity is linked to improved glucose homeosta-
sis. We determined whether exercise alters the expression andyor
activity of proteins involved in insulin-signal transduction in skel-
etal muscle. Wistar rats swam 6 h per day for 1 or 5 days.
Epitrochlearis muscles were excised 16 h after the last exercise
bout, and were incubated with or without insulin (120 nM).
Insulin-stimulated glucose transport increased 30% and 50% after
1 and 5 days of exercise, respectively. Glycogen content increased
2- and 4-fold after 1 and 5 days of exercise, with no change in
glycogen synthase expression. Protein expression of the glucose
transporter GLUT4 and the insulin receptor increased 2-fold after 1
day, with no further change after 5 days of exercise. Insulin-
stimulated receptor tyrosine phosphorylation increased 2-fold af-
ter 5 days of exercise. Insulin-stimulated tyrosine phosphorylation
of insulin-receptor substrate (IRS) 1 and associated phosphatidyl-
inositol (PI) 3-kinase activity increased 2.5- and 3.5-fold after 1 and
5 days of exercise, despite reduced (50%) IRS-1 protein content
after 5 days of exercise. After 1 day of exercise, IRS-2 protein
expression increased 2.6-fold and basal and insulin-stimulated
IRS-2 associated PI 3-kinase activity increased 2.8-fold and 9-fold,
respectively. In contrast to IRS-1, IRS-2 expression and associated PI
3-kinase activity normalized to sedentary levels after 5 days of
exercise. Insulin-stimulated Akt phosphorylation increased 5-fold
after 5 days of exercise. In conclusion, increased insulin-stimulated
glucose transport after exercise is not limited to increased GLUT4
expression. Exercise leads to increased expression and function of
several proteins involved in insulin-signal transduction. Further-
more, the differential response of IRS-1 and IRS-2 to exercise
suggests that these molecules have specialized, rather than redun-
dant, roles in insulin signaling in skeletal muscle.

Impaired insulin action on whole body glucose uptake is a
hallmark feature of type 2 diabetes mellitus. Increased physical

exercise has been linked to improved glucose homeostasis and
enhanced insulin sensitivity. Immediately after an acute bout of
exercise in humans (1, 2) and rodents (3–5), insulin sensitivity is
enhanced. However, exercise training is also associated with
enhanced glucose tolerance and insulin action in healthy (6, 7)
or insulin-resistant (8–10) humans and obese insulin-resistant
rodents (11). These improvements cannot be fully attributed to
the effects of the last bout of exercise (9, 12). Importantly,
improvements in glucose tolerance can be observed in people
with mild type 2 diabetes mellitus within 1 week of moderate
exercise training (9). The molecular mechanism for enhanced
glucose uptake with exercise training may be partly related to
increased expression and activity of key proteins known to
regulate glucose metabolism in skeletal muscle (13).

In skeletal muscle, the acute effect of insulin to increase
glucose transport is mediated by translocation of the glucose
transporter isoform 4 (GLUT4) from an intracellular pool to the

plasma membrane (14, 15). The intracellular signaling pathway
by which insulin mediates glucose transport involves signal
transduction through the insulin receptor (IR), whereby tyrosine
phosphorylation of the IR b-subunit leads to phosphorylation of
adapter proteins, including members of the insulin-receptor
substrate (IRS) family (16). Evidence is emerging that the
different IRS molecules may have a specialized role in mediating
metabolic and mitogenic effects of insulin (17, 18). To date, four
different IRS molecules have been cloned (19). IRS proteins act
as docking proteins for downstream signaling molecules con-
taining Src homology 2 domains, including the 85-kDa regula-
tory subunit of phosphatidylinositol (PI) 3-kinase (19). PI 3-ki-
nase has been implicated as a key signaling transducer in
insulin-mediated GLUT4 translocation and glucose transport
(16, 19). Defects in insulin signal transduction through the
IRS-1yPI 3-kinase pathway are associated with reduced GLUT4
translocation and glucose transport activity in skeletal muscle
from type 2 diabetic patients (20, 21).

An acute bout of exercise elicits an insulin-independent
increase in glucose transport through translocation of GLUT4 to
the cell surface (15, 22). Several hours thereafter ('3 h), a
persistent increase in muscle insulin sensitivity of glucose trans-
port occurs because of increased GLUT4 translocation rather
than increased signal transduction at the level of the IR and
IRS-1 (23). Thus, the immediate effects of acute exercise on
glucose homeostasis occur primarily at the level of GLUT4
traffic rather than insulin signal transduction at the level of PI
3-kinase (15). However, the metabolic adaptations that occur in
skeletal muscle through exercise training may involve changes in
expression of proteins involved in glucose transport and metab-
olism. An early and rapid response to acute exercise is an
increase (2-fold) in GLUT4 protein expression 16 h after one
prolonged (6-h) swim bout (24). Nevertheless, adaptive re-
sponses to prior exercise may not be limited to changes in
GLUT4 expression, as increased expression andyor function of
proteins involved in insulin signal transduction may occur (25).

The aim of the present study was to determine whether
changes in expression andyor activity of key proteins in the
insulin signal transduction pathway to glucose transport occur in
skeletal muscle 16 h after 1 or 5 days of exercise. A greater
understanding of the molecular mechanisms by which exercise
leads to enhanced glucose metabolism in skeletal muscle may
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lead to the identification of new targets for the treatment of
insulin resistance in type 2 diabetes mellitus.

Materials and Methods
Materials. 3-O-Methyl[3H]glucose and [14C]mannitol were ob-
tained from American Radiolabeled Chemicals. Human insulin
(Actrapid) was from Novo Nordisk (Copenhagen). The GLUT4
polyclonal antibody was from Biogenesis (Poole, U.K.). The
glycogen synthase antibody was from Oluf Pedersen (Steno
Memorial Hospital, Gentofte, Denmark). The IR monoclonal
antibody CT3 was from Ken Siddle (Cambridge University,
Cambridge, U.K.), and IRS-1 polyclonal antibody was from Ton
Maassen (Leiden University, Leiden, the Netherlands). IRS-1
monoclonal antibody and anti-phosphotyrosine antibodies were
from Transduction Laboratories (Lexington, KY). IRS-2 poly-
clonal antibody was from Upstate Biotechnology (Lake Placid,
NY). Phospho-Akt polyclonal antibodies were from New En-
gland Biolabs. These antibodies were produced by immunizing
rabbits with a keyhole limpet hemocyanin (KLH)-coupled syn-
thetic phospho-peptide (phospho-specific Akt) or synthetic pep-
tide (total Akt) corresponding to residues 466–479 of mouse
Akt. Horseradish peroxidase-conjugated goat anti-rabbit and
anti-mouse IgG were from Bio-Rad. Reagents for enhanced
chemiluminescence (ECL) were from Amersham. All other
reagents were analytical grade (Sigma).

Animals. Female Wistar rats (120–130 g) were purchased from B
& K Universal (Sollentuna, Sweden) and housed in the animal
facility at the Karolinska Hospital for 1 week before use. Rats
were maintained on a 12-h light-dark cycle and were provided
free access to water and standard rodent chow; they were
randomly assigned to one of three groups: 1-day-exercised,
5-day-exercised, or sedentary control. The Animal Ethical Com-
mittee of the Karolinska Institute approved all protocols.

Exercise Protocol. Rats were acclimated to swimming for 10 min
per day for 2 days. The swimming protocol was a modification
of a previously published procedure (24). Rats swam in groups
of six, in plastic barrels 45 cm in diameter, filled to a depth of '50
cm. Water temperature was maintained was 34–35°C. Animals
performed two 3-h exercise bouts, separated by one 45-min rest
period. After the last exercise bout, animals were fed ad libitum.
Approximately 16 h after the last exercise bout, rats were
anesthetized with intraperitoneal injection of sodium pentobar-
bital (5 mgy100 g body weight) and epitrochlearis muscles were
removed.

Muscle Incubations and Glucose Transport. Media were prepared
from a pregassed (95% O2y5% CO2) Krebs Henseleit buffer
(KHB) containing 5 mM Hepes and 0.1% BSA (RIA grade).
Epitrochlearis muscles were incubated (20 min) in a shaking
water bath (30°C) in 2 ml of KHB, supplemented with 20 mM
mannitol, with or without 120 nM insulin. Muscles were trans-
ferred to KHB containing 8 mM 3-O-methyl[3H]glucose (438
mCiymmol; 1 mCi 5 37 kBq) and 12 mM [14C]mannitol (42
mCiymmol) and incubated (10 min) with or without insulin.
Glucose transport activity was assessed as described (26) and
expressed as micromoles per milliliter of intracellular water per
hour.

Glycogen Content and Glycogen Synthase (GS) Activity. Glycogen
content was measured fluorometrically in HCl extracts of ep-
itrochlearis muscle as described by Lowry and Passonneau (27).
Results are expressed as millimoles of glucose per kilogram of
wet weight. GS activity was determined by measuring the
incorporation of [14C]glucose from uridine 59-diphosphate-
glucose into glycogen as described (28).

Insulin Signaling Assays. Muscles were incubated (30 min) without
insulin as described above in 2 ml of KHB containing 5 mM
glucose and 15 mM mannitol. Thereafter, muscles were incu-
bated in identical media with or without 120 nM insulin. Muscles
were incubated with insulin for 30 min for GS and Akt phos-
phorylation measurements or for 4 min for all other protocols.
Muscles were frozen in liquid nitrogen and stored at 280°C for
subsequent analysis.

Western Blot Analysis and Immunoprecipitations. Muscles were
homogenized in 0.6 ml of ice-cold lysis buffer containing 135 mM
NaCl, 1 mM MgCl2, 2.7 mM KCl, 20 mM TriszHCl (pH 8.0), 0.5
mM Na3VO4, 10 mM NaF, 1% Triton X-100, 10% (volyvol)
glycerol, 0.2 mM phenylmethylsulfonyl f luoride, and 10 mgyml
each of aprotinin, leupeptin, and pepstatin. Insoluble material
was removed by centrifugation (12,000 3 g for 10 min at 4°C).
Protein was determined with a bicinchoninic acid (BCA) protein
assay (Pierce). Lysates were resuspended in Laemmli sample
buffer. Protein expression was analyzed in lysates of basal
(non-insulin-stimulated) muscle. Proteins were separated by
SDSyPAGE, transferred to poly(vinylidene difluoride) (PVDF)
membranes (Millipore), blocked with 7.5% nonfat milk, washed
with TBST (10 mM TriszHCl, pH 7.5/100 mM NaCly0.02%
Tween 20) and incubated with primary antibodies overnight at
4°C. Membranes were washed with TBST and incubated with
appropriate secondary antibody. Proteins were visualized by
ECL and quantified by densitometry.

Aliquots of supernatant (750 mg) were immunoprecipitated
overnight at 4°C with appropriate antibodies as indicated in
figures. Immunoprecipitates were collected on protein A-
Sepharose beads (Pharmacia Biotech) and washed three times in
lysis buffer, twice in 0.1 M Tris, pH 8.0y0.5 M LiCl, once in 10
mM Tris, pH 7.6y0.15 M NaCly1 mM EDTA, and once in 20 mM
Hepesy5 mM MgCl2y1 mM DTT. Pellets were resuspended in
Laemmli sample buffer and subjected to immunoblot analysis.

PI 3-Kinase Activity. IRS-1 or IRS-2 immunoprecipitates were
washed as described above and resuspended in 40 ml of buffer (20
mM Hepes, pH 7.5y180 mM NaCl). PI 3-kinase activity was
assessed as described (29). The band corresponding to PI-3-
phosphate was quantified with a phosphorimager (Bio-Rad).

Akt Phosphorylation. Muscle lysate (40 mg) was subjected to
SDSyPAGE, proteins were transferred to poly(vinylidene diflu-
oride) membranes, and immunoblot analysis was performed.
Membranes were incubated with phosphospecific antibodies.
The phospho-Akt antibody recognizes Akt when phosphorylated
at Ser-473 (Akt phosphorylation). Phosphorylated proteins were
visualized by ECL and quantified by densitometric scanning.

Statistics. The paired t test was used to assess differences between
two treatments within a group. All other differences were
determined by one-way ANOVA. Fischer’s least significant
difference post hoc analysis was used to identify significant
differences. Results are reported as mean 6 SEM.

Results
Glucose Transport and Metabolism. All measurements were per-
formed on epitrochlearis muscle obtained from rats, 16 h after
1 or 5 days of exercise. Sedentary rats were used as controls.
Insulin-stimulated (120 nM) glucose transport was '30% and
50% higher in epitrochlearis muscle from 1- and 5-day-exercised
rats, respectively, compared with sedentary rats (P , 0.05; Fig.
1A). GLUT4 content was increased 2-fold in epitrochlearis
muscle 16 h after 1 day of exercise (P , 0.05 vs. sedentary rats;
Fig. 1B), with no further increase noted after 5 days of exercise.
Muscle glycogen content was increased 2.0- and 4.2-fold 16 h
after 1 and 5 days of exercise, respectively (P , 0.05; Fig. 1C).
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GS protein expression was not altered by exercise (Fig. 1D).
However, 16 h after 1 or 5 days of exercise, GS protein displayed
a reduced electrophoretic mobility, suggesting that it was phos-
phorylated and inactive (30, 31). Insulin did not significantly
increase GS activity above the basal in muscle from exercised
rats (data not shown).

IR Expression and Tyrosine Phosphorylation. IR b-subunit expres-
sion increased '50% 16 h after 1 day of exercise (P , 0.05 vs.
sedentary rats; Fig. 2A). Although insulin-stimulated IR tyrosine
phosphorylation increased 1.3-fold after 1 day of exercise, this
increase was not statically significant (P 5 0.09; Fig. 2B). After
5 days of exercise, IR protein expression and tyrosine phosphor-
ylation increased 2-fold (P , 0.05 vs. sedentary rats; Fig. 2 A and
B, respectively).

IRS Protein Expression and PI 3-Kinase Activity. IRS-1 protein
expression in epitrochlearis muscle from sedentary and 1-day-
exercised rats was similar. Five-day exercise training led to a
2-fold decrease in IRS-1 expression (P , 0.05 vs. sedentary rats;
Fig. 3A). IRS-2 is another substrate for the insulin receptor
kinase and it shares many of the structural features of IRS-1.
However, it is not entirely clear whether these two proteins have
specialized or redundant roles in mediating intracellular effects
of insulin. In contrast to IRS-1, IRS-2 expression increased
2.6-fold 16 h after 1 day of exercise (P , 0.05; Fig. 3B) and

expression was restored to sedentary levels 16 h after 5 days of
exercise. Thus, exercise has a divergent effect on IRS-1 and -2
expression.

To explore whether the divergent effect of exercise on IRS-1
and -2 protein expression was associated with changes in down-
stream signaling, PI 3-kinase activity was assessed. Insulin-
stimulated IRS-1-associated PI 3-kinase activity (Fig. 3C) was
markedly increased 2.6- and 3.5-fold 16 h after 1 and 5 days of
exercise (P , 0.05 vs. sedentary rats). The increase in IRS-1-
associated PI 3-kinase activity in 5-day-exercised rats was evident
despite reduced IRS-1 protein expression. We next assessed
IRS-2-associated PI 3-kinase activity (Fig. 3D). Basal activity
was increased 2.8-fold 16 h after 1 day of exercise (P , 0.05 vs.
sedentary rats), consistent with increased IRS-2 protein expres-
sion. Insulin-stimulated IRS-2-associated PI 3-kinase activity
was also assessed. In contrast to our findings for IRS-1, insulin
was without effect on IRS-2-associated PI 3-kinase activity in
muscle from sedentary or 5-day-exercised rats. However, after 1
day of exercise, insulin-stimulated activity increased 3-fold (P ,
0.05) vs. basal conditions in 1-day-exercised rats and 9-fold (P ,
0.05) compared with insulin-stimulated muscle from sedentary
rats.

Insulin-Stimulated Tyrosine Phosphorylation of IRS-1. Although the
IRS-1 expression in epitrochlearis muscle was not altered by 1
day of exercise training, a 1.9-fold increase in insulin-stimulated
tyrosine phosphorylation of IRS-1 was observed (10.6 6 2.9 vs.
20.9 6 3.5 arbitrary units for sedentary vs. 1-day-exercised rats;
P 5 0.08). Thus, even after 1 day of exercise, there was a strong
tendency for increased signal transduction at the level of IRS-1.
Despite a 50% reduction in IRS-1 protein expression 16 h after
5 days of training, insulin-stimulated tyrosine phosphorylation
was increased 3-fold (10.6 6 2.9 vs. 30.6 6 4.8 arbitrary units for
5-day-exercised vs. sedentary rats; P , 0.05).

Akt Expression and Phosphorylation. Exercise training did not alter
Akt protein expression in epitrochlearis muscle (data not shown,
representative immunoblot shown Fig. 4A). Furthermore, 1 day
of exercise did not alter insulin-stimulated Akt phosphorylation
(Fig. 4B) (P 5 0.07 vs. sedentary rats). However, 5 days of
exercise led to a 3-fold increase in insulin-stimulated Akt phos-

Fig. 1. Insulin-stimulated 3-O-methylglucose transport, GLUT4 protein ex-
pression, glycogen concentration, and GS phosphorylationyprotein expres-
sion in epitrochlearis muscle. (A) Sixteen hours after the last swim bout,
epitrochlearis muscles from sedentary (sed) and 1- or 5-day-exercised rats were
incubated with (filled bars) or without (open bars) 120 nM insulin, and
3-O-methylglucose transport was assessed. Values are mean 6 SEM for 6 or 7
rats. (B) Muscle lysates (25 mg of protein) were subjected to SDSyPAGE and
immunoblotted with polyclonal anti-GLUT4 antibody. (Upper) Representative
GLUT4 immunoblot. Graph is mean 6 SEM for 6 to 8 rats. (C) Glycogen content
was assessed in muscle obtained as described for A. Graph is mean 6 SEM for
glycogen content for 6 or 7 rats. (D) Protein expression of GS in muscle lysates
(50 mg) determined by immunoblot analysis with polyclonal anti-GS antibody.
(Upper) Representative immunoblot of GS phosphorylation and expression in
muscle. Phosphorylation was detected by reduced mobility of GS protein
during SDSyPAGE (7.5% gel). Graph is mean 6 SEM for GS protein expression
in 6 or 7 rats. *, P , 0.05 vs. sedentary rats.

Fig. 2. Protein expression and insulin-stimulated phosphorylation of IR
b-subunit. Epitrochlearis muscles were obtained from rats described for Fig.
1A and incubated with or without 120 nM insulin (4 min). (A) Muscle lysates
(50 mg) were subjected to SDSyPAGE (7.5% gels) and immunoblotted with
monoclonal anti-IR antibodies. (Upper) Representative immunoblot of IR
protein expression. Graph is mean 6 SEM for 8 or 9 rats. (B) Tyrosine phos-
phorylation of IR. Muscle lysates (750 mg) were immunoprecipitated with
polyclonal anti-phosphotyrosine antibody, subjected to SDSyPAGE (7.5%
gels), and immunoblotted with a monoclonal anti-phosphotyrosine antibody.
(Upper) Representative immunoblot of basal (B; open bar) and insulin-
stimulated (I; filled bar) tyrosine phosphorylation of the IR. Graph is mean 6
SEM for 5 or 6 rats. *, P , 0.05 vs. sedentary rats (sed).
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phorylation (P , 0.05 vs. insulin-stimulated muscle from sed-
entary rats).

Discussion
Exercise training has multiple effects on glucose metabolism and
gene expression. Nevertheless, little is known of the molecular
mechanism by which exercise training leads to increased insulin
responsiveness for glucose transport in skeletal muscle. Here we
provide evidence for a molecular mechanism to account for
increased insulin action in skeletal muscle after exercise. Rats
were subjected to swim exercise for 1 or 5 days, and 16 h after
the last exercise bout, epitrochlearis muscle was studied. Exer-
cise was associated with a marked increase in expression and
phosphorylationyactivity of several proteins involved in insulin
signal transduction in skeletal muscle (Table 1). Although 1 day
of exercise led to an increase in IR protein expression, insulin-
stimulated tyrosine phosphorylation of the IR was not signifi-
cantly enhanced. However, 16 h after 5 days of exercise, IR
expression and insulin-stimulated tyrosine phosphorylation were
increased 2-fold. Nevertheless, exercise-induced changes at the
level of the IR are unlikely to be the sole explanation for the
increased metabolic response to insulin, because insulin-
stimulated glucose transport activity and GLUT4 protein ex-
pression were dramatically increased already after 1 day of
exercise.

In contrast to our findings for the IR, changes in IRS-1 protein
expression were not observed 16 h after 1 day of exercise. However,
insulin-stimulated tyrosine phosphorylation of IRS-1 tended to be
increased after 1 day of exercise. Surprisingly, IRS-1 protein
expression was reduced 16 h after 5 days of exercise, despite a
profound increase in insulin-stimulated IRS-1 tyrosine phosphor-
ylation. Thus, repeated exercise is associated with either increased
degradation or decreased synthesis of IRS-1. Although hyperinsu-
linemia leads to IRS-1 degradation (32), it is unlikely to account for
the exercise-induced reduction in IRS-1 protein content, as exercise
is known to lower insulin levels (33). Rather, reduced IRS-1
expression may occur as a negative-feedback mechanism in re-
sponse to increased IR expression and phosphorylation.

Despite reduced IRS-1 protein expression, insulin-stimulated
tyrosine phosphorylation of IRS-1 and IRS-1-associated PI
3-kinase activity was markedly increased 16 h after 5 days of
exercise. Improved insulin responsiveness on glucose transport
may be related to enhanced signal transduction at the level of the
IRS proteins and PI 3-kinase. These findings are clinically
relevant, because insulin-stimulated tyrosine phosphorylation of
IRS-1 and PI 3-kinase activity is reduced in skeletal muscle from
type 2 diabetic patients (20). Thus, exercise training may be one
therapeutic strategy to restore impaired insulin signal transduc-
tion in skeletal muscle from type 2 diabetic patients.

Perhaps the most striking and unexpected finding was the
dramatic increase in IRS-2 expression in epitrochlearis muscle 16 h

Fig. 3. IRS protein expression and PI 3-kinase activity. Epitrochlearis muscles were incubated as described in the legend of Fig. 2 and lysates were prepared.
(A) Lysates from non-insulin-stimulated muscle (50 mg) were to subjected to SDSyPAGE (7.5% gels) and immunoblotted with a monoclonal anti-IRS-1 antibody.
(Upper) Representative immunoblot of IRS-1 expression. Graph is mean 6 SEM for 8 or 9 rats. (B) Lysates were subjected to SDSyPAGE as described for A and
immunoblotted with a polyclonal anti-IRS-2 antibody. (Upper) Representative immunoblot of IRS-2 expression. Graph is mean 6 SEM for 8 or 9 rats. (C) Lysates
(500 mg) were immunoprecipitated with polyclonal anti-IRS-1 antibody and PI 3-kinase activity was assessed. Incorporation of 32P into PI-3-phosphate for basal
(B; open bar) or insulin-stimulated (I; filled bar) muscle was assessed with a phosphorimager. (Upper) Representative phosphorimage. Graph is mean 6 SEM for
7 to 9 rats. (D) Lysates (750 mg) were immunoprecipitated with polyclonal anti-IRS-2 antibody and PI 3-kinase activity was assessed. (Upper) Representative
phosphorimage. Graph is mean 6 SEM for 3 or 4 rats. For A and B, *, P , 0.05 vs. sedentary rats. For C and D, *, P , 0.05 vs. insulin-stimulated muscle from sedentary
rats; †, P , 0.05 vs. non-insulin-stimulated muscle from sedentary rats.
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after 1 day of exercise. The increase in IRS-2 protein expression was
associated with functional changes, as noted by increased insulin-
stimulated IRS-2-associated PI-3 kinase activity. Increased IRS-2
expression in human pancreatic cancer cells is linked to excessive
growth stimulation of the malignancy (34, 35). Thus, the increase in
IRS-2 protein expression in skeletal muscle 16 h after 1 day of
exercise may occur in response to enhanced mitogenic signaling, as
mitogen-activated protein kinase phosphorylation is increased dur-
ing a single exercise bout (36, 37). IRS-2 mediates insulin-
stimulated glucose transport in a manner similar to that of IRS-1
(38, 39). The increase in IRS-2 associated PI 3-kinase activity may
contribute to insulin-stimulated glucose transport after 1-day ex-

ercise training. However the exact contribution of IRS-2 to insulin-
stimulated glucose transport activity has yet to be determined.

The serineythreonine kinase Akt (PKByRac), a downstream
target of PI 3-kinase, has been implicated to play a role in growth
factor signaling to protein synthesis and glucose transport (40–43),
although the requirement for Akt in the activation of glucose
transport has been challenged (44, 45). Akt may also play a role in
the development of the myogenic program (46), raising the possi-
bility that Akt may interact with transcription factors. Increased
insulin-stimulated Akt phosphorylation in skeletal muscle 16 h after
1 or 5 days of exercise is likely to result from increased signal
transduction through PI 3-kinase. Repeated swim exercise for 5
days led to a 2.3-fold increase in insulin-stimulated Akt phosphor-
ylation. Although Akt does not appear to be directly involved in
exercise-mediated glucose transport (37), enhanced insulin signal
transduction at the level of Akt 16 h after exercise may contribute
to increased synthesis of muscle proteins andyor glucose transport.

Exercise-induced metabolic adaptations in skeletal muscle are
not limited to increased GLUT4 protein expression. However,
effects of exercise on GLUT4 expression cannot be underestimated.
Ren and co-workers (24) reported that 1 or 2 days of swim exercise
was associated with an '2-fold overexpression of GLUT4 and a
proportional increase in insulin-stimulated glucose transport in
epitrochlearis muscle from overnight-fasted animals in which mus-
cle glycogen concentration was not increased. Our findings in fed
animals are consistent with those of Host and co-workers (47):
maximal insulin-stimulated glucose transport activity was not dra-
matically increased in epitrochlearis muscle from fed rats studied
16 h after 2 days of swimming. In our study, exercise led to a
dramatic increase in glycogen content in epitrochlearis muscle, with
no change in glycogen synthase expression. Immunoblot analysis
revealed reduced electrophoretic mobility of glycogen synthase
protein in muscle 16 h after 1 or 5 days of exercise, providing
evidence for glycogen synthase phosphorylation and inactivation
(30, 31). Although 5 days of exercise led to a greater increase in
insulin-stimulated glucose transport activity compared with 1 day,
the magnitude of this increase was less than observed in fasted rats
(24). Our data are consistent with the observation that glycogen
supercompensation after carbohydrate feeding in exercise-trained
rats is associated with reduced insulin-stimulated glucose transport
activity (48, 49). GLUT4 vesicles have been suggested to be
associated with glycogen particles in a saturable manner (50). Thus,
under fasted conditions, when glycogen levels are low, there may be
a larger pool free of GLUT4 available for recruitment to the cell
surface.

GLUT4 overexpression in skeletal muscle prevents impaired
whole-body glucose homeostasis associated with various states
of insulin resistance (51, 52). Physical training increases skeletal
muscle GLUT4 expression and improves glucose intolerance and
whole-body insulin action (7, 10, 13, 52). However, exercise-
induced increases in GLUT4 protein and insulin-stimulated
glucose transport activity are accompanied by dramatic changes
in expression and function of several proteins in the insulin signal
transduction cascade. Our results provide evidence that in-
creased insulin-stimulated glucose transport after exercise train-
ing is not limited to increased GLUT4 protein expression.
Collectively, these proteins undergo a dynamic regulation in
response to prior exercise. Here we provide evidence that IRS-1
and IRS-2 undergo differential regulation in skeletal muscle in
response to exercise. Furthermore, our findings suggest that
IRS-1 and IRS-2 have specialized, rather than redundant, roles
in mediating insulin signal transduction in skeletal muscle. The
nature of these specialized roles remains to be determined.

This study was supported by grants from the Novo-Nordisk Foundation,
the Swedish Diabetes Association, Thurings Foundation, Tore Nilson’s
Foundation, Marcus and Amalia Wallenbergs Foundation, Lars Hiertas
Memorial Foundation, Foundation for Strategic Research, and the
Swedish Medical Research Council.

Fig. 4. Akt protein expression and phosphorylation. Muscles were incubated
with or without 120 nM insulin (30 min). Muscle lysates (40 mg) were subjected
to SDSyPAGE (10% gels) and immunoblotted with a polyclonal anti-Akt
antibody (A: measuring expression) or a phospho-specific polyclonal anti-p-
Akt antibody (B: measuring phosphorylation). A representative immunoblot
of basal (B) and insulin-stimulated (I) Akt phosphorylation is shown. Graph is
mean 6 SEM for basal (open bar) and insulin-stimulated (filled bar) conditions
for 5 or 6 rats. *, P , 0.05 vs. sedentary rats.

Table 1. Changes in phosphorylationyactivity (function) and
expression in muscle after exercise

Protein

Function Expression

1 day 5 days 1 day 5 days

Glucose transportyGLUT4 Œ Œ Œ Œ?? ?? ?? ??

GS Š--‹ Š--‹ Š--‹ Š--‹
Glycogen content Œ ŒŒ?? ?? ??

IR Œ Œ Š--‹ Œ?? ?? ??

IRS-1 Œ ŒŒ Š--‹ ???? ?? ?? �

PI 3-kinase activity Œ ŒŒ?? ?? ??

IRS-2 Œ Š--‹??

PI 3-kinase activity Œ Š--‹??

Akt Š--‹ Œ Š--‹ Š--‹??
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34. Schuppin, G. T., Pons, S., Hügl, S., Aiello, L. P., King, G. L., White, M. &

Rhodes, C. J. (1998) Diabetes 47, 1074–1085.
35. Kornmann, M., Maruyama, H., Bergmann, U., Tangvoranuntakul, P., Beger,

H. G., White, M. F. & Korc, M. (1998) Cancer Res. 58, 4250–4254.
36. Aronson, D., Violan, M. A., Dufresne, S. D., Zangen, D., Fielding, R. A. &

Goodyear, L. J. (1997) J. Clin. Invest. 99, 1251–1257.
37. Widegren, U., Jiang, X. J., Krook, A., Chibalin, A. V., Björnholm, M., Tally,

M., Roth, R. A., Henriksson, J., Wallberg-Henriksson, H. & Zierath, J. R.
(1998) FASEB J. 12, 1379–1389.

38. Zhou, L., Chen, H., Lin, C. H., Cong, L.-N., McGibbon, M. A., Sciacchitano,
S., Lesniak, M., Quon, M. J. & Taylor, S. I. (1997) J. Biol. Chem. 272,
29829–29833.

39. Miele, C., Caruso, M., Calleja, V., Auricchio, R., Oriente, F., Formisano, R.,
Condorelli, G., Cafieri, A., Sawka-Verhelle, D., Van Obberghen, E. & Begui-
not, F. (1999) J. Biol. Chem. 274, 3094–3102.

40. Kohn, A. D., Kovacina, K. S. & Roth, R. A. (1995) EMBO J. 14, 4288–4295.
41. Alessi, D. R., James, S. R., Downes, C. P., Holmes, A. B., Gaffney, P. R. J.,

Reese, C. B. & Cohen, P. (1997) Curr. Biol. 7, 261–269.
42. Kohn, A. D., Summers, S. A., Birnbaum, M. J. & Roth, R. A. (1996) J. Biol.

Chem. 271, 31372–31378.
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