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Effects of Endurance Exercise Training on Insulin
Signaling in Human Skeletal Muscle
Interactions at the Level of Phosphatidylinositol 3-Kinase,
Akt, and AS160
Christian Frøsig, Adam J. Rose, Jonas T. Treebak, Bente Kiens, Erik A. Richter, and

Jørgen F.P. Wojtaszewski

The purpose of this study was to investigate the mecha-
nisms explaining improved insulin-stimulated glucose up-
take after exercise training in human skeletal muscle.
Eight healthy men performed 3 weeks of one-legged knee
extensor endurance exercise training. Fifteen hours after
the last exercise bout, insulin-stimulated glucose uptake
was �60% higher (P < 0.01) in the trained compared with
the untrained leg during a hyperinsulinemic-euglycemic
clamp. Muscle biopsies were obtained before and after
training as well as after 10 and 120 min of insulin stimula-
tion in both legs. Protein content of Akt1/2 (55 � 17%, P <
0.05), AS160 (25 � 8%, P � 0.08), GLUT4 (52 � 19%, P <
0.001), hexokinase 2 (HK2) (197 � 40%, P < 0.001), and
insulin-responsive aminopeptidase (65 � 15%, P < 0.001)
increased in muscle in response to training. During hyper-
insulinemia, activities of insulin receptor substrate-1 (IRS-
1)–associated phosphatidylinositol 3-kinase (PI3-K) (P <
0.005), Akt1 (P < 0.05), Akt2 (P < 0.005), and glycogen
synthase (GS) (percent I-form, P < 0.05) increased simi-
larly in both trained and untrained muscle, consistent with
increased phosphorylation of Akt Thr308, Akt Ser473,
AS160, glycogen synthase kinase (GSK)-3� Ser21, and
GSK-3� Ser9 and decreased phosphorylation of GS site
3a�b (all P < 0.005). Interestingly, training improved
insulin action on thigh blood flow, and, furthermore, in
both basal and insulin-stimulated muscle tissue, activities
of Akt1 and GS and phosphorylation of AS160 increased
with training (all P < 0.05). In contrast, training reduced
IRS-1–associated PI3-K activity (P < 0.05) in both basal
and insulin-stimulated muscle tissue. Our findings do not

support generally improved insulin signaling after endur-
ance training; rather it seems that improved insulin-stim-
ulated glucose uptake may result from hemodynamic
adaptations as well as increased cellular protein content of
individual insulin signaling components and molecules in-
volved in glucose transport and metabolism. Diabetes 56:
2093–2102, 2007

E
xercise training is a potent intervention to im-
prove insulin action on glucose homeostasis in
both healthy and insulin-resistant individuals as
well as in patients with type 2 diabetes (1–5).

This beneficial effect of exercise training is partly due to
improved insulin action on glucose uptake in skeletal
muscle (3,6,7); however, the underlying mechanisms are
not clear.

Insulin-stimulated glucose uptake in skeletal muscle
involves a concert of events initiated by delivery of insulin
and glucose to the muscle cell via the vascular system.
Subsequent binding of insulin to the extracellular part of
the insulin receptor leads to intracellular signaling, result-
ing in a shift in the steady-state distribution of glucose
transport proteins (GLUT4) favoring the plasma mem-
brane and T-tubules (8,9). This process involves translo-
cation and docking/fusion of GLUT4-containing vesicles to
the membrane (10), allowing for increased transport of
glucose. Furthermore, insulin signaling stimulates nonoxi-
dative glucose metabolism involving activation of glyco-
gen synthase (GS), the rate-limiting enzyme in the storage
of glucose in glycogen particles (11).

Skeletal muscle adaptations to training are multiple,
including improved hemodynamic effects of insulin (7,12).
Furthermore, exercise training results in changes in ex-
pression and/or activity of proteins involved in glucose
uptake/metabolism in both rodent (13,14) and human
skeletal muscle (2,15–17). Although only a few observa-
tions have been made in human muscle, insulin signaling
to stimulate glucose uptake may be improved under some
exercise training conditions. Thus, short-term (7 days)
cycle exercise training increases insulin-stimulated phos-
phatidylinositol 3-kinase (PI3-K) activity in young, but not
middle-aged, subjects (18,19). In the present investigation,
we focused mainly on possible adaptations downstream of
PI3-K, including the newly recognized signal component,
AS160. This protein, containing a Rab GAP domain (20), is
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targeted by the protein kinase Akt2 under insulin stimula-
tion (21) and promotes translocation of GLUT4-containing
vesicles to the plasma membrane (20). AS160 is important
in both adipocytes and murine skeletal muscle for insulin
to stimulate glucose uptake (20,22–24). In addition, we
examined the expression of soluble N-ethylmaleimide
attachment protein receptor (SNARE) proteins such as
Syntaxin4 and Munc18c and of the insulin-responsive
aminopeptidase (IRAP). This allowed us to evaluate
whether exercise training–induced changes in GLUT4 pro-
tein content occur in coordination with changes in pro-
teins associated with GLUT4 and/or proteins involved in
docking/fusion of GLUT4-containing vesicles, which may
play a direct role for skeletal muscle insulin action (25–
28).

Collectively, the aim of the present study was to thor-
oughly investigate human skeletal muscle adaptations to
endurance exercise training resulting in improved insulin-
stimulated glucose uptake. Using a one-legged training
regimen, we investigated primarily local contraction–in-
duced adaptations, as systemic impact is minor under
these conditions. In addition, by combining the hyperinsu-
linemic-euglycemic clamp technique and femoral arterial
and venous catheterization, we also provide information
on the delivery and clearance of insulin and glucose to the
skeletal muscle.

RESEARCH DESIGN AND METHODS

Eight healthy young men (aged 25 � 1 years; height 181 � 2 cm; weight 81 �
2 kg; BMI 24.6 � 0.5 kg/m2; and VO2max 49 � 1 ml O2 � min�1 � kg�1) gave their
informed consent before participating in the study. The study was approved
by the local ethics committee (identification no. KF 01-070/96) and performed
in accordance with the Declaration of Helsinki. All subjects had comparable
(�5% difference) peak work loads (PWLs) of the knee extensors in the two
legs. PWL was determined in each leg using the one-legged dynamic knee
extensor apparatus (29).

After 2 days of a controlled diet (55.5 � 0.4% carbohydrate, 29.4 � 0.4% fat,
and 15.1 � 0.2% protein), the subjects arrived at the laboratory after an
overnight fast (Fig. 1). After 30 min of supine rest, needle biopsies were
obtained from musculus vastus lateralis in both legs under subcutaneous
anesthesia (�2–3 ml Xylocaine [10 mg/ml lidocaine]; Astra, Mölndal, Sweden).
Muscle tissue, still in the needle, was frozen in liquid nitrogen and stored at
�80°C. This procedure was repeated after training, and muscle biopsies were
obtained 15 h after the last exercise bout.

After the biopsy procedure, Teflon catheters were inserted into one
femoral artery and both femoral veins. A thermistor (Edslab probe 94-030-
2.5F; Baxter, Alleroed, Denmark) was inserted through both femoral catheters
and advanced 8 cm proximally for blood flow determination. Subsequently,
the subjects underwent a 120-min hyperinsulinemic-euglycemic clamp (1.5
mU � min�1 � kg�1) initiated with a bolus injection of insulin (9 mU/kg)
(Actrapid; Novo Nordisk, Bagsvaerd, Denmark) given over 1 min. Blood
samples were drawn simultaneously from the femoral catheters before and

during (4, 15, 30, 45, 60, 90, and 120 min) insulin infusion. At each time point,
venous blood flow in the thighs was measured by using the constant infusion
thermodilution technique (30) after occlusion of the lower leg with an
inflated cuff (�220 mmHg). Needle biopsies were obtained from the vastus
lateralis muscle in each thigh after 10 (C10) and 120 (C120) min of insulin
infusion.
Training. Training consisted of four sessions during the 1st week, five
sessions the 2nd week, and six sessions the 3rd week. The duration gradually
increased from 1 to 2 h per session. Training intensity varied between 70 and
85% of PWL and was progressively increased in accordance with an expected
increase in PWL during this type of training (31). Included in each training
session was work for 5–7 min at 100% of PWL to ensure recruitment of the
majority of muscle fibers in the knee extensor region (32). Because PWL in the
untrained leg is unaffected by this protocol (31), evaluation of endurance
capacity was only done in the trained leg as part of the last training session.
Insulin and glucose. Plasma insulin concentrations were determined using a
radioimmunoassay kit (Insulin RIA 100; Pharmacia, Uppsala, Sweden), and
glucose concentrations were measured using an glucose analyzer (YSI-2700
Select; Yellow Springs Instruments, Yellow Springs, OH)
Muscle glycogen. Muscle glycogen content was determined as glycosyl units
after acid hydrolysis of freeze-dried muscle tissue by fluorometric methods
(33).
Activities of citrate synthase and 3-hydroxyacyl-CoA dehydrogenase.

Maximal activities of citrate synthase and 3-hydroxyacyl-CoA dehydrogenase
were measured in freeze-dried muscle tissue by fluorometric methods (33).
Muscle lysate preparation. Freeze-dried and dissected muscle tissue was
homogenized as described (34), and the homogenate was rotated end over end
at 4°C for 1 h before being centrifuged for 30 min (17,500g, 4°C). The
supernatant (lysate) was harvested, and total protein content was determined
using the bicinchoninic acid method (Pierce, Rockford, IL).
SDS-PAGE and Western blotting. Muscle lysate proteins were separated by
SDS-PAGE and Western blotting followed by immunodetection as described
previously (35).
Antibodies used. For protein detection, the following antibodies were used.
Anti-P85� (06-497), anti-Akt1/2 (07-416), anti-Akt2 (07-372), anti-glycogen
synthase kinase (GSK)-3� (06-391), and anti-AS160 (07-741) were from Up-
state Biotechnology (Lake Placid, NY). Anti-GLUT4 (ab1346) was from
Chemicon (Temecula, CA). Anti-atypical protein kinase C (aPKC) �/� (sc-216),
anti-Munc18c (sc-23014), and anti-Syntaxin4 (sc-14455) were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-GSK-3	 (22320) was from Transduction
Laboratories (Lexington, KY). Anti-HK2 (HXK21-A) was from Alpha Diagnos-
tics (San Antonio, TX). Anti-soluble N-ethylmaleimide–sensitive factor attach-
ment protein (SNAP) 23 (PA1-738) was from Affinity BioReagents (Golden,
CO). Anti-GS was kindly donated by Professor Oluf Pedersen (Steno Diabetes
Center, Gentofte, Denmark) (36). Total AS160 protein was measured using an
antibody (ab24469) from Abcam (Cambridge, U.K.) detecting the C-terminal
amino acids 1287–1299 of human TBC1D4. The anti-insulin receptor (IR)
monoclonal CT3 antibody was raised against the COOH terminus of the IR	
subunit, and the anti-insulin receptor substrate-1 (IRS-1) antibody was raised
against bacterially expressed glutathione S-transferase fusion protein using
the 236 amino acids of the carboxyl-terminal part of rat IRS-1 (both kindly
donated by Dr. Ken Siddle, Cambridge University, Cambridge, U.K.). Finally,
the anti-IRAP antibody was raised against the N-terminal cytoplasmic domain
of IRAP (kindly donated by Dr. Susanna R. Keller, University of Virginia,
Charlottesville, VA).

For detection of protein phosphorylation the following antibodies were
used. Anti-Akt Ser473 (9271), anti-GSK-3 Ser21/Ser9 (9331), anti-aPKC�/� Ser410

FIG. 1. Schematic illustration of the experimental day. Left gray area indicates 3 weeks of exercise training. Right gray area indicates a
hyperinsulinemic-euglycemic clamp (120 min) performed 15 h after the last exercise bout. Upward arrows indicate time point of either muscle
biopsies or blood sampling/venous blood flow measures in both legs. Downward arrows indicate periods of mixed diet.
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(9378), and anti-phospho-(Ser/Thr) Akt substrate for detection of Akt phospho
sites on AS160 (9611) were from Cell Signaling Technology (Beverly, MA).
Anti-Akt Thr308 (06-678) was from Upstate Biotechnology. For detection of GS
site 3a
3b (Ser640 and Ser644) cophosphorylation, an antibody was raised
against the peptide PYPRPPASpVPPSpPSLSR (residues 634–650 of human
GS) as described (37). This antibody was kindly donated by Dr. Bo F. Hansen
(Diabetes Biology, Novo Nordisk, Bagsvaerd, Denmark).

Before analyses, it was verified that all antibodies produced a band at the
expected molecular weight. Furthermore, it was confirmed that the loaded
amount of protein was within a dynamic range for each particular antibody.
Representative blots are shown in Fig. 4.
PI3-K activity. Activity of PI3-K associated with IRS-1 was determined as
described (34).
Akt1 and Akt2 activities. Isoform-specific Akt activity was measured after
sequential immunopurification of Akt2 (07-372, Upstate Biotechnology) fol-
lowed by Akt1/2 (07-416, Upstate Biotechnology) as described (38).
GS activity. GS activity was measured in muscle homogenates by using a
Unifilter 350 microtiter plate assay (Whatman; Frisenette, Ebeltoft, Denmark)
as described by Thomas et al. (39).
Statistics. Data were evaluated using two-way ANOVA with repeated mea-
sures for both time and leg. A Student-Newman-Keuls test was used as a post
hoc test. Correlations were investigated using the Pearson product moment
correlation. A significance level of P � 0.05 was chosen. Some mean values are
presented as percent difference from pretraining values. These values and the
corresponding standard error are calculated from the individual percent
difference for each subject. All data are expressed as means � SE.

RESULTS

General adaptations to training. The general adapta-
tions to the present training regimen have been published
previously (35). In brief, 15 h after the last exercise bout,
no significant effect of training was observed on glycogen
content (NS). However, PWL of the knee extensors in-

creased 16 � 2% (P � 0.001) in the trained leg. Further-
more, maximal activities of citrate synthase and 3-
hydroxyacyl-CoA dehydrogenase increased 42 � 19 and
38 � 6%, respectively (both P � 0.005), compared with
values before training (35).
Insulin-stimulated glucose uptake. In response to insu-
lin infusion, the arterial insulin concentration reached a
level of �90 �U/ml, as illustrated in Fig. 2A. At the
whole-body level, the glucose infusion rate to maintain
euglycemia was 7.0 � 0.3 mg � min�1 � kg�1. Extraction of
insulin and glucose (Figs. 2C and 3A and B) was calculated
across each thigh using the Fick principle, by multiplica-
tion of venous blood flow (Fig. 2B) and insulin and glucose
arteriovenous differences (Fig. 2A and D). After training,
insulin-stimulated glucose uptake increased to a greater
extent in the trained leg (Fig. 3A and B) mainly due to a
larger insulin-induced increase in total blood flow in the
trained leg (Fig. 2B). When blood flow was evaluated at
individual time points, a significant training effect was
observed after 15, 30, 45, and 60 min of insulin stimulation
(Fig. 2B). In Fig. 3B, glucose uptake was calculated as an
average from 0 to 120 min of insulin infusion and a �60%
greater (P � 0.008) insulin-stimulated glucose uptake
observed in the trained leg.
Western blot analyses. All data on muscle protein con-
tent are expressed as relative changes in response to
training. The absolute protein contents for none of the
proteins investigated differed in the two legs before the
training intervention (NS, data not shown).

FIG. 2. A: Plasma insulin concentration. B: Venous blood flow. C: Insulin removal. D: Blood glucose concentrations. All were measured during a
120-min hyperinsulinemic-euglycemic clamp. (†)P � 0.08; †P < 0.05, ††P < 0.005 versus untrained values. *P < 0.05; **P < 0.005 versus venous
values. Values are means � SE; n � 8.
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Protein contents of insulin signaling molecules. Pro-
tein contents of the components of the insulin signaling
pathway are illustrated in Figs. 4A and 5. In response to
training, the protein content of Akt1/2 increased (55 �
17%, P � 0.05), whereas that of AS160 (25 � 8%, P � 0.08)
tended to increase, with no effect of training in the
untrained muscle. In contrast, no change in response to
training was observed in protein content of IR, IRS-1,
P85�, Akt2, aPKC�/�, GSK-3�, or GSK-3	.
Protein contents of membrane fusion molecules Pro-
tein contents of Munc18c, Syntaxin4, and SNAP-23 did not
change with training as shown in Figs. 4A and 6A (all NS).
Protein contents of HK2, GLUT4, GS, and IRAP. In
response to training, protein contents of HK2, GLUT4, and

IRAP increased 197 � 40, 52 � 19, and 65 � 15%,
respectively (all P � 0.001), whereas GS protein content
was unaltered (NS) (Figs. 4A and 6B). Interestingly, con-
sidering that IRAP is associated with the GLUT4 storage
vesicle, the responses to training (after minus before) in
protein contents of GLUT4 and IRAP were significantly
correlated (r2 � 0.47, P � 0.05) when evaluated in the
trained muscle.
Phosphorylation of insulin signaling molecules. In
response to insulin stimulation, phosphorylation of Akt
Thr308, Akt Ser473, GSK-3� Ser21, GSK-3	 Ser9, and Ser/Thr
Akt phospho sites on AS160 significantly increased in both
trained and untrained muscle tissue (all P � 0.005) (Fig. 7).
This increase was observed already after 10 min, and for

FIG. 3. A: Insulin-stimulated glucose uptake measured during a 120-min hyperinsulinemic-euglycemic clamp. B: Glucose uptake (G.U.) expressed
as weighted mean. (†)P � 0.08; †P < 0.05; ††P < 0.005 versus untrained values. Values are means � SE; n � 8.

FIG. 4. Representative immunoblots showing protein expression (A) and phosphorylation (B) of molecules involved in insulin-stimulated glucose
uptake in trained (T) and untrained (U) muscle. In A, expression before and after 3 weeks of one-legged knee extensor endurance training is
shown. In B, phosphorylation in response to basal (post) and elevated insulin levels (C10) is shown. Electrophoretic mobility is indicated by
molecular mass markers (arrows on right).
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Akt (Thr308/Ser473) phosphorylation, a small further in-
crease was observed after 120 min of insulin stimulation. A
trend (P � 0.06) toward increased aPKC�/� Thr410 phos-
phorylation was observed after 10 min but not after 120
min of insulin stimulation. Phosphorylation of GS site
3a
b decreased in response to insulin stimulation (P �
0.005) but only after 120 min (Figs. 4B and 7). Training did
not influence the phosphorylation state of Akt Ser473, Akt
Thr308, GSK-3� Ser21, GSK-3	 Ser9, or GS site 3a
b either
in the basal state or during insulin stimulation (all NS).
However, phosphorylation of AS160 was significantly
higher after training before (P � 0.05) as well as during
insulin stimulation (C10, P � 0.05; C120, P � 0.05)
compared with untrained muscle (Figs. 4B and 7).

Activities of insulin signaling molecules. Insulin stim-
ulation resulted in an increase in activity of IRS-1–associ-
ated PI3-K (P � 0.005), Akt1 (P � 0.05), Akt2 (P � 0.005),
and GS (percent I-form) (P � 0.05) in both trained and
untrained muscle (Fig. 8). The response to insulin was
already evident after 10 min of stimulation except at the
level of GS, for which a significant increase was only
observed after 120 min. In response to training, GS total
activity was significantly higher both in the basal state and
during insulin stimulation (P � 0.05) and, similarly, GS
activity expressed as the I-form (nanomoles per minute
per milligram) was significantly higher in trained than in
untrained muscle (after training 
33 � 10%, C10 
62 �
16%, and C120 
26 � 11%; all P � 0.01). In contrast,

FIG. 5. Protein content of insulin signaling molecules. Values are shown as posttraining values divided by pretraining values thereby expressing
fold changes in response to training. f, trained muscle; �, untrained muscle. Dotted line shows pretraining levels. *P < 0.05 versus pretraining
values. Values are means � SE; n � 8.

FIG. 6. Protein content of membrane fusion proteins (A), HK2, GLUT4, GS, and IRAP (B). Values are shown as posttraining values divided by
pretraining values, thereby expressing fold changes in response to training. Dotted line shows pretraining levels. **P < 0.005 versus pretraining
values. Values are means � SE; n � 8.
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activity of IRS-1–associated PI3-K was significantly re-
duced (P � 0.05) at these time points in trained compared
with untrained muscle (Fig. 8). Finally, a positive main
effect of training was observed for Akt1 activity (P � 0.05),
although in mean values a higher Akt1 activity in the
trained muscle was only observed after training and during
insulin stimulation (Fig. 8).

DISCUSSION

In response to 3 weeks of one-legged endurance exercise
training, insulin-stimulated glucose uptake markedly in-
creased in trained compared with untrained muscle. This
increase coincided with an increase in protein expression
of GLUT4, IRAP, and HK2, as well as increased GS total
activity in skeletal muscle. In addition, increased expres-

FIG. 7. Phosphorylation level of insulin signaling molecules. Values are expressed in
arbitrary units (AU). Pre, pretraining values; Post, posttraining values; C10, values after
a 10-min insulin clamp; C120, values after a 120-min insulin clamp. f, trained muscle; �,
untrained muscle. **P < 0.005; (*)P < 0.06 versus posttraining values; †P < 0.05, (†)P <
0.06 versus untrained muscle. ##P < 0.005; #P < 0.05 versus C10. Values are means � SE;
n � 8.
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sion and activity/phosphorylation of Akt and AS160 were
evident after training. These adaptations are likely to
improve the intracellular conditions for uptake and metab-
olism of glucose. Interestingly, training resulted in reduced
basal and insulin-stimulated IRS-1–associated PI3-K
activity.

In the present study, glucose uptake was calculated
using the Fick principle, based on measurements of total
venous blood flow and glucose arteriovenous differences
across the thigh region. This method does not allow for a
distinction between nutritive and non-nutritive flow, and
thus it cannot be directly evaluated if delivery of blood-
borne substrates at the cellular level is improved by
training as demonstrated in rodents (12). We observe that
total venous blood flow is higher in the trained thigh (Fig.
2B), at least during the early part of insulin stimulation,
showing that part of the hemodynamic response to insulin
has been improved. Furthermore, there appeared to be
increased (P � 0.07) removal of insulin (Fig. 2C) from the
bloodstream in the trained thigh, perhaps suggesting that
delivery of insulin is improved with training. These obser-
vations support the fact that hemodynamic adaptations
are an important part of the muscular response to training.
Curiously, we did not observe improved insulin signaling
evaluated by IRS-1–associated PI3-K activity in trained
muscle. Thus, although potentially important for insulin-

stimulated glucose uptake, the functional implications of
vascular adaptations to training in the present study
remain elusive.

In response to exercise training several interactions
with the insulin signaling cascade were observed. Notably,
a significant reduction (�20%) in IRS-1–associated PI3-K
activity in both basal and insulin-stimulated muscle was
detected (Fig. 8). This reduction could not be attributed to
changes in protein content of either IRS-1 or the p85
regulatory subunit of PI3-K and seems to be contradictory
to the finding of improved PI3-K signaling after training in
rodent muscle (13,14,40,41). However, the existing data in
human skeletal muscle are not equivocal. Previously, one
cross-sectional study reported a greater fold increase in
IRS-1–associated PI3-K activity in response to insulin
stimulation in trained compared with untrained subjects
(42). Furthermore, it has been shown that insulin-stimu-
lated phosphotyrosine-associated PI3-K activity is greater
after 7 days of endurance training in young (18) but not in
middle-aged obese (19,43) or type 2 diabetic subjects (43).
In contrast, in response to 8 weeks of endurance training,
IRS-1–associated PI3-K activity was �20% lower in basal
and insulin-stimulated trained muscle of elderly type 2
diabetic patients and corresponding control subjects (44),
although this was only significant in basal samples of the
control subjects. Thus, the adaptations at the level of PI3-K

FIG. 8. Activity of insulin signaling mole-
cules. Values are expressed in arbitrary
units (AU). Pre, pretraining values; Post,
posttraining values; C10, values after a 10-
min insulin clamp; C120, values after a 120-
min insulin clamp. f, trained muscle; �,
untrained muscle. **P < 0.005; *P < 0.05
versus posttraining values. †P < 0.05 versus
untrained muscle. Values are means � SE;
n � 8.
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may depend on the length of the exercise training regimen
and subject characteristics. In this regard, it should be
emphasized that changes in phosphotyrosine-associated
PI3-K activity with training might not involve regulation of
IRS-1 and thus might not lead to changes in glucose
uptake. Clearly more research is needed to fully under-
stand regulation of PI3-K in response to training in human
muscle. However, on the basis of the present study and
earlier observations (44), it does not appear that improved
insulin action on glucose uptake after training requires
improved insulin signaling at the level of IRS-1–associated
PI3-K in human skeletal muscle. In fact, training for 3
weeks (this study) or 8 weeks (44) can lead to reduced
IRS-1–associated PI3-K signaling.

Despite reduced IRS-1–associated PI3-K activity after
training, downstream signaling through Akt2 was normal,
and Akt1 activity appeared to be increased in basal and
insulin-stimulated muscle after training. The latter findings
can probably be ascribed to increased protein content of
Akt1 in response to training, as indicated by a �50%
increase in total Akt protein but unaltered Akt2 content
(Fig. 5). The observation of increased total Akt protein
with training was confirmed in elderly subjects with and
without type 2 diabetes (44). Curiously, no effect of
training was observed in regard to Akt phosphorylation,
which indicates that phosphorylation at Thr308 and Ser473

may not always reflect changes in activity. However, it
should be emphasized that the antibodies used for detec-
tion of Akt phosphorylation are not isoform specific, and
thus differences in Akt1 phosphorylation might not be
detectable because of “dilution” by phosphorylation of
Akt2, the primary Akt isoform for regulation of glucose
metabolism in skeletal muscle (21,45).

Activation of Akt in skeletal muscle leads to phosphor-
ylation of GSK-3Ser21/9, which deactivates the enzymes
(46). This subsequently leads to dephosphorylation (site
3a
b) and activation of GS (47). On the basis of the
present study, this phosphorylation sequence is not af-
fected by training (Fig. 7). This finding indicates that Akt1
is not a major kinase regulating GS in human skeletal
muscle in response to insulin stimulation.

Interestingly, activation of GS (I-form, nanomoles per
minute per milligram) and total GS activity (Fig. 8) in-
creased with training as observed in both basal and
insulin-stimulated muscle. This adaptation has previously
been observed in response to both strength and endurance
training regimens (2,44). However, in contrast to the study
by Holten et al. (2), no detectable significant change in
protein expression of GS was observed in the present
study. Collectively, increased GS activity is a consistent
finding in trained human muscle. However, this increase
should not be ascribed to changes in insulin signaling to
GS activation.

Insulin signaling to GLUT4 translocation is believed to
involve activation of both Akt and aPKC in skeletal mus-
cle. Previously in our group, it has been demonstrated that
trained subjects compared with untrained subjects have
similar protein contents of aPKC but higher basal aPKC
activity in skeletal muscle (48). Because of tissue limita-
tions, aPKC activity could not be evaluated in the present
study. However, it was shown that training per se does not
influence protein content or phosphorylation of aPKC on
Thr410 when measured in whole tissue lysates. Further-
more, it was observed that physiological insulin stimula-
tion at best caused only a transient increase in
phosphorylation at this site (C10, P � 0.06; C120, P � 0.1).

Considering that increased aPKC phosphorylation has
previously been observed in rodent skeletal muscle in
response to supraphysiological insulin stimulation (49), a
transient increase in response to physiological insulin
stimulation in human muscle seems plausible.

Interestingly, phosphorylation of AS160 downstream of
Akt was increased in both basal and insulin-stimulated
muscle after training. This novel observation is probably
not related to upstream signaling through Akt1 (21). In
contrast, it may be caused by changes in activity of
5
AMP-activated protein kinase acting upstream of AS160
(24,50) as this activity has previously been shown to
increase in response to the present training regimen (35).
Alternatively, the adaptive response in AS160 phosphory-
lation may partly be explained by increased protein con-
tent of AS160 after training, although this increase did not
reach statistical significance (P � 0.08). In support of the
latter interpretation, if AS160 phosphorylation was ex-
pressed relative to protein content after training, the effect
of training on AS160 phosphorylation disappears (P � 0.7;
data not shown). Several reports indicate a role of AS160
in stimulation of GLUT4 translocation (20,22,51). In the
present study, the effect of improved AS160 signaling on
glucose uptake is not easily addressed. This is partly due
to the problem of defining the underlying mechanisms.
Furthermore, increased AS160 phosphorylation in trained
muscle is observed in response to basal insulin levels at
which no detectable difference in glucose uptake was
observed compared with untrained muscle.

Insulin signaling leads to translocation of GLUT4-con-
taining vesicles to the plasma membrane and T-tubules,
and, through formation of the SNARE core complex,
vesicles fuse with the membrane, allowing for GLUT4
enrichment (52). In the present study, it is shown that
protein contents of SNARE proteins Syntaxin4 and
SNAP23 as well as the SNARE adaptor protein Munc18c
do not change with training. These observations seems to
indicate that exercise training does not influence the
available sites for docking of GLUT4-containing vesicles.
In contrast, a large increase in GLUT4 protein expression
was observed. This latter observation is consistently found
in response to both endurance and strength training and
has been closely associated with improved insulin respon-
siveness after training (2,15,17,53,54). We furthermore
provide correlative evidence (r2 � 0.47, P � 0.05) that
training-induced changes in GLUT4 protein occur in coor-
dination with changes in protein expression of IRAP. This
finding is supported by a previous cross-sectional human
study (55) and suggests that also in human muscle IRAP is
not only a marker of GLUT4-containing vesicles but also
may be directly involved in maintaining GLUT4 expression
and vesicle trafficking (28,56). In the present study, an
�200% increase in the protein content of HK2 was ob-
served. Previously, increased HK2 activity has been ob-
served in response to training in humans (57), and
increased protein expression and activity of HK2 have
been observed after electrically stimulated cycle exercise
training in tetraplegic subjects (17). Furthermore, overex-
pression of HK2 and in particular combined overexpres-
sion of HK2 and GLUT4 in mouse muscle resulted in a
marked increase in glucose uptake in skeletal muscle in
response to insulin stimulation in vivo (54). Thus, the
adaptive response to training seen in the present study in
terms of protein expression of GLUT4, IRAP, and HK2 may
be of major importance explaining the observed increased
glucose uptake.
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In summary, this study provides an extensive evaluation
of the adaptive response of skeletal muscle to 3 weeks of
endurance exercise training by tracking alterations in
protein expression, kinase activation, and the phosphory-
lation level of the insulin signaling cascade. At the extra-
cellular level, training improves the hemodynamic effects
of insulin, possibly allowing for improved delivery of
insulin and glucose. Several interactions between training
and insulin signaling were observed, including decreased
IRS-1–associated PI3-K activity but increased AS160 phos-
phorylation. This dissociation does not support generally
improved insulin signaling to glucose uptake; instead it
appears that downstream of PI3-K, the observed training
effects are at least partly a result of increased cellular
protein content of individual insulin signaling components
and increased expression of GLUT4, IRAP, and HK2. In
concert with increased GS activity, it is suggested that
these adaptations allow for more efficient transport and
intracellular metabolism of glucose in the myocyte.
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