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ANOVA, analysis of variance; KHB, Krebs-Henseleit buffer; PI, phosphatidylinositol.

RESEARCH DESIGN AND METHODS
Male Wistar rats were purchased from B&K Universal (Sollentuna,
Sweden) and housed for 1 week in the animal facility at the Karolinska
Hospital. All rats were maintained on a 12:12 h light-to-dark schedule
and received a diet of standard rat food and water ad libitum. Overnightfasted rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (5 mg/100 g body wt) before muscle dissection. The
intact epitrochlearis muscle was used for the in vitro incubations. The
procedure for dissection and the suitability of the epitrochlearis muscle
for in vitro incubation has been previously described by WallbergHenriksson (18).
Throughout the entire incubation protocol, all muscles were contained in sealed glass flasks, which were continuously gassed with 95%
O2:5% CO2 and held in a shaking water bath maintained at 30°C. After
dissection, muscles were incubated (15 min) in 2 ml of Krebs-Henseleit
buffer (KHB) (19) supplemented with 5 mmol/l HEPES, 0.1% essentially
fatty acid-free bovine serum albumin, and 40 mmol/l mannitol in the

wo independent pathways for regulating skeletal
muscle glucose transport have been described;
one stimulated by insulin, insulin-like growth factors and insulin-mimicking agents, and one activated by exercise, muscle contractions and hypoxia (1-4).
The demonstration of an additive effect of a maximal dose of
insulin and a maximal bout of exercise on the glucose
transport rate (1,4) and on the translocation of the insulinregulatable glucose transporter GLUT4 to the plasma membrane (5,6), suggests that there are two separate pathways
for the activation of skeletal muscle glucose transport.
Recently, phosphatidylinositol (PI) 3-kinase has been identi-
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fied as an important signaling intermediate involved in
insulin-stimulated activation of glucose transport (7) and
GLUT4 translocation (8). Exposure of skeletal muscle to
wortmannin, an inhibitor of PI 3-kinase activity, has been
shown to inhibit the insulin-stimulated activation of glucose
transport (9). Conversely, the exercise-stimulated pathway
for activation of glucose transport has been shown to be
insensitive to wortmannin, i.e., independent of PI 3-kinase
activation (10). Thus, a distinct separation of the signaling
pathways by insulin and contraction on glucose transport
appear to exist in rat skeletal muscle. In skeletal muscle, an
increase in cytosolic Ca 2+ , in the absence or presence of
depolarization, results in an enhanced permeability of the
cell membrane to glucose (11-14). Thus, the muscle contraction-induced increase in glucose transport has been suggested to be initiated by an increase in cytosolic Ca 2+ ,
independent of muscle contraction (14).
The increase in the rate of glucose uptake in response to
high levels of extracellular glucose has been attributed to the
mass-action effect of glucose rather than to an activation of
glucose transport by specific glucose transporter proteins
(15,16). Recently, acute hyperglycemia was demonstrated to
induced an approximately twofold increase in plasma membrane GLUT4 content (17), suggesting that skeletal muscle
displays an insulin-independent autoregulation of the glucose transport system. Thus, hyperglycemia per se appears
to activate glucose transport in skeletal muscle by a transporter-mediated process, in addition to the increase in glucose transport that can be attributed to the mass-action
effect of glucose. The present investigation was designed to
test the hypothesis that hyperglycemia stimulates skeletal
muscle glucose transport via a Ca2+-dependent mechanism.

We investigated the acute effect of hyperglycemia on
3-O-methylglucose transport in isolated rat epitrochlearis muscles. High levels of glucose (20 mmol/l) induced
an approximately twofold increase in the rate of glucose
transport when compared with muscles exposed to a low
level of glucose (8 mmol/l) (P < 0.001). The hyperglycemic effect was additive to the effects of both insulin and
exercise on the glucose transport rates. Dantrolene (25
(jtmol/1), a potent inhibitor of Ca 2+ release from the
sarcoplasmic reticulum, blocked the ability of hyperglycemia to increase glucose transport by 73% (P < 0.01).
Although dantrolene had no effect on the non-insulinstimulated or the insulin-stimulated glucose transport
rates during normoglycemic conditions, the effect of exercise was completely blocked in the presence of dantrolene (P < 0.01). Inhibition of phosphatidylinositol
(PI) 3-kinase by wortmannin (500 nmol/1) had no effect
on the activation of glucose transport by hyperglycemia,
whereas the insulin-stimulated glucose transport was
completely abolished (P < 0.001). These findings suggest
that hyperglycemia activates glucose transport by a Ca 2+ dependent pathway. The signaling system for this Ca 2+ dependent activation of glucose transport does not
involve the activation of PI 3-kinase and is separate from
the mass-action effect of glucose on glucose transport.
Diabetes 44:1345-1348, 1995
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TABLE 1
The additive effect of hyperglycemia and insulin or exercise on
the 3-O-methylglucose transport rate in isolated rat epitrochlear
muscle
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FIG. 1. Effects of dantrolene 04 ) or wortmannin (B ) on the
hyperglycemia-induced and insulin-stimulated increases in
3-O-methylglucose transport above basal rates in rat skeletal muscle.
Epitrochlearisis muscles were incubated in KHB containing 40 mmol/1
mannitol in the absence ( • ) or presence of 25 ^mol/l dantrolene ( i l l )
or 500 iunol/1 wortmannin ( • • ) . Thereafter, the muscles were
transferred to new vials with KHB supplemented with 8 mmol/1 or 20
mmol/1 glucose, mannitol, the absence or presence of 6,000 pmol/1
insulin, and the same concentration of dantrolene or wortmannin as
present in the previous step. The 3-O-methylglucose transport capacity
was assessed as described in the METHODS. Results are presented as
increase above basal glucose transport (mean ± SE) for 5-14 muscles
per group. **P < 0.01 or ***P < 0.001 vs. nontreated muscles.

absence or presence of 25 p.mol/1 dantrolene. Dantrolene is an agent
capable of preventing Ca2+ release from the sarcoplasmic reticulum of
skeletal muscle (14,20). Thereafter, muscles were transferred to a new
flask and preincubated (1 h) in 2 ml KHB containing 8 or 20 mmol/1
glucose and insulin or dantrolene in the concentrations described in Fig.
1 and Table 1.
In a separate set of experiments, the effect of exercise to exhaustion
and hyperglycemia were investigated. Rats swam for 15 min, and
subsequently a weight consisting of —3% of their body weight was tied
to the base of the tail and six additional 30-min swimming bouts were
completed. Each swimming bout was separated by a 5-min rest period.
Immediately after the final swimming bout, rats were anesthetized and
the epitrochlearis muscles were dissected out. The isolated muscles
were preincubated for 20 min in the presence of 8 or 20 mmol/1
3-O-methylglucose rather than 60 min in the presence of glucose to
minimize the reversal of the exercise effect (21). The changes in
1346

Group

8 mmol/1

20 mmol/1

Basal
Insulin-stimulated
Exercise-stimulated

0.38 ± 0.04
1.27 ± 0.10$
0.87 ± 0.10§

0.65 ± 0.04*
2.68 ± 0.19*
1.46 ± 0.15t

Results are means ± SE for 6-12 muscles per group. Muscles were
incubated in the presence of a maximal insulin concentration (6,000
pmol/1). Muscles from sedentary or maximally exercised rats were
preincubated, and the rate of 3-O-methylglucose transport was
assessed as indicated in METHODS. *P < 0.001, t P < 0.01 vs. 8 mmol/1
in the same treatment group. $P < 0.001, §P < 0.01 vs. basal (8
mmol/1).
preincubation time (20 vs. 60 min) and substrate (3-O-methylglucose
versus glucose) did not affect the absolute rates of glucose transport.
Wortmannin (500 nmol/1), an inhibitor of PI 3-kinase activation (22),
was used to determine the role of PI 3-kinase in insulin-stimulated or
glucose-mediated glucose transport. Epitrochlearis muscles were incubated (10 nun) in 2 ml of KHB including 40 mmol/1 mannitol and a
further addition or omission of wortmannin (500 nmol/1). Thereafter, the
muscles were preincubated for (2 X 20 min) in new flasks containing 8
or 20 mmol/1 glucose, 0 or 6,000 pmol/1 insulin, and the same concentration of wortmannin as in the previous step.
After preincubation, all muscles were rinsed ( 3 x 3 min) of glucose
before measurement of the 3-O-methylglucose transport rate. Muscles
were incubated in 2 ml of glucose-free KHB medium with 40 mmol/1
mannitol and the same concentrations of insulin, dantrolene, or wortmannin as in the previous steps.
Glucose transport was assessed using the nonmetabolizable glucose
analog 3-O-methyl-D-glucose as previously described by Wallberg-Henriksson et al. (23). Briefly, muscles were transferred to a new flask
containing 1.5 ml KHB with 8 or 20 mmol/1 3-O-methyl-D-[3H]-glucose
(437 |xCi/mmol), 32 mmol/1 or 20 mmol/1 [14C]mannitol (8 |xCi/mmol),
and the same concentrations of insulin, dantrolene, or wortmannin as in
the previous steps and incubated for 10 min. Immediately after the
10-min incubation period, muscles were quickly frozen in liquid nitrogen
and analyzed as described previously (23).
All chemicals of the highest quality were purchased from Sigma (St.
Louis, MO). Radionucleotides were purchased from DuPont-NEN (Boston, MA). The insulin was a gift from Novo Nordisk (Copenhagen,
Denmark).
Multiple comparisons were analyzed using a one-way analysis of
variance (ANOVA) test. When the ANOVA indicated significance, a
Fisher least significant difference was performed for post hoc analysis.
An unpaired Student's t test was used to determine significant differences when only two groups were compared.
RESULTS

Additive effect of hyperglycemia on insulin- or exercise-stimulated glucose transport. In the absence of insulin and exercise, hyperglycemia (20 mmol/1) induced a 1.7fold increase in the glucose transport rate compared with the
rate in muscles incubated in the presence of normoglycemia
(8 mmol/1) (P < 0.001) (Table 1). When muscles were
stimulated with a maximal dose of insulin (6,000 pmol/1) and
20 mmol/1 glucose, the rate of glucose transport was 2.1-fold
higher than in insulin-stimulated muscles exposed to 8
mmol/1 glucose (P < 0.001) (Table 1). Exercise increased the
glucose transport rate 2.3-fold compared with the rate in
nonexercised muscles incubated in the presence of 8 mmol/1
glucose (P < 0.01) (Table 1). The glucose transport rate of
muscles stimulated by a maximal exercise bout and 20
mmol/1 glucose was higher than the separate effects of
hyperglycemia or exercise (Table 1).
DIABETES, VOL. 44, NOVEMBER 1995
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DISCUSSION

The increase in glucose transport or uptake due to hyperglycemia has been attributed to the mass action of glucose
(15,16). However, elevated levels of glucose have recently
been demonstrated to give rise to a translocation of GLUT4
to the cell surface in rat skeletal muscle (17), suggesting that
glucose per se may activate its own transport system. Here
we demonstrate that the increase in glucose transport induced by hyperglycemia can be inhibited by blocking the
release of Ca 2+ from the sarcoplasmic reticulum. These data
imply that, in addition to the mass action of glucose, the
hyperglycemic-induced increase in glucose transport may be
mediated via a Ca2+-dependent signaling system.
Dantrolene prevents the efflux of Ca 2+ from the sarcoplasmic reticulum (14,20). The effect of hyperglycemia on glucose transport, measured in the absence or presence of a
maximal dose of insulin, was blocked when dantrolene was
present in the incubation medium. Similar to the hyperglycemic effect, the exercise effect on glucose transport was
inhibited in the presence of dantrolene. The muscle contraction-induced increase in glucose transport has been demonstrated to be associated with the release of Ca2+ from the
sarcoplasmic reticulum (12). The increased cytosolic Ca 2+ is
presumed to be an early signal in the exercise-mediated
glucose transport pathway (14). Although both exercise and
hyperglycemia appear to activate glucose transport by inDIABETES, VOL. 44, NOVEMBER 1995

creasing the level of cytosolic Ca 2+ , the effect of exercise and
hyperglycemia on glucose transport is additive, suggesting
that the two pathways diverge at some point in the signaling
pathway.
Dantrolene had no effect on insulin-stimulated glucose
transport in the presence of 8 mmol/1 glucose. This result is
consistent with the fact that calcium is not directly involved
in the ability of insulin to mediate its action on glucose
transport (12). However, at a dantrolene concentration twofold higher than that used in the present study, an inhibition
of the insulin-stimulated increase in glucose transport in the
rat epitrochlearis muscle has been demonstrated (24). Nevertheless, here we demonstrate a distinct difference in the
response to 25 |xmol/l dantrolene on the insulin-stimulated
increase in glucose transport, which did not respond, and on
the hyperglycemia- and exercise-induced increase in glucose
transport, which in both cases was significantly inhibited.
This implies that skeletal muscle contains several Ca 2+ dependent regulatory proteins, which display different sensitivities to changes in intracellular Ca 2+ concentrations, and
that these Ca2+-dependent regulatory proteins are involved
in separate activation pathways of the glucose transport
system.
Recently, the PI 3-kinase inhibitor wortmannin was used
to display the divergence between the insulin- and contraction-activated glucose transport pathways in rat skeletal
muscle (10). Wortmannin induced a dose-dependent decrease in 2-deoxyglucose uptake in the insulin-stimulated
muscles, whereas no effect was noted on the contractionmediated 2-deoxyglucose uptake (10). In the present investigation, wortmannin did not effect the hyperglycemiamediated glucose transport rate and, consistent with the
work of Yeh et al. (10), the insulin-stimulated glucose
transport rate was completely inhibited.
In conclusion, the present report demonstrates that it is
possible to selectively inhibit the stimulation of glucose
transport by hyperglycemia in skeletal muscle without affecting the insulin-induced increase in glucose transport. The
exact mechanism for this Ca2"""-dependent PI 3-kinase-independent activation of the glucose transport system by hyperglycemia requires further elucidation.
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