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Effects of Different Exercise Intensities on GLUT-4 and GRP-78 Protein Expression in
Soleus Muscle of Streptozotocin-Induced Diabetic Rats with Caffeine Oral Administration
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This study investigated the response of GLUT-4 and GRP-78 protein expression in soleus muscle of
Streptozotocin-induced diabetic rats with caffeine oral administration by imposing different exercise
intensities. Rats were randomly divided into 5 groups (n=6 in each group): diabetic group (D),
diabetic-caffeine group (DC), diabetic-caffeine group with low intensity exercise (DCL), diabetic-caffeine
group with moderate intensity exercise (DCM) and diabetic-caffeine group with high intensity exercise
(DCH). The rats in DCL, DCM and DCH groups were exercised acutely by treadmill running for 8
meter/m, 16 meter/m and 25 meter/m, respectively. Little difference in GLUT4 protein expression was
shown in DC and DCL compared to D. GLUT-4 protein expression was decreased in DCM and increased
in DCH was observed. GRP-78 protein expressions in DCL, DCM and DCH were little lower than that
of D. An increase in GRP-78 protein was observed in DC. Improved insulin sensitivity with acute high
intensity exercise gives the rats important therapy that lowers insulin requirement. This improvement
of insulin sensitivity for glucose transport in skeletal muscle results from translocation of the GLUT-4
protein from the endoplasmic reticilum to the cell surface and increase in total quantity of GLUT-4 protein.
It is not clear what mechanism reduced GRP-78 protein level in exercise group. It is merely conjectured
that caffeine-induced lipolysis provided cells with energy in abundance and this relieved stress which
cells are subjected to receive when performing exercise.
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Rat skeletal muscle are extremely heterogeneous with
respect to their metabolic capacities, Early studies also show
this to be so for glucose uptake and insulin binding, with
greater insulin-stimulated glucose transport occurring in an
oxidative muscle such as soleus when compared with more
glycolytic types of muscles such as plantaris[3,4] with the
discovery that glucose transporter 4 (GLUT-4) content was
greater in red then in white muscles[12,14,20]. Skeletal muscle
is the primary site responsible for insulin-mediated glucose
utilization[2,6] and contributes to the postpranial hyper-
glycemia observed in patients with diabetes[6,9]. Glucose is
transported into the cell through the plasma membrane and
T-tubules using glucose transporter proteins{17]. GLUT-1 and
GLUT-5 protein are present in low quantity and do not
transport glucose in response to insulin signaling and
exercise[17]. Therefore, GLUT-4 protein is a good indicator
showing glucose disposal reaction to exercise.

A large number of studies have documented a positive
effect of exercise training on skeletal muscle GLUT-4 protein
concentration. It has been shown in healthy rats[24], insulin
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resistance rats[1], young healthy humans[23], previously
sedentary middle-aged men, and individuals with impaired
glucose homeostasis and non-insulin-dependant diabetes
mellitus (NIDDM)[8,16]. Furthermore, this rise in GLUT4
protein concentration has been found to significantly correlate
with an improvement in insulin-stimulated muscle glucose
transport[1,5], and to have a positive effect on the ability
of insulin to control blood glucose as assessed by the oral
glucose tolerance test (OGTT)[11] and the euglycemic clamp
technique[15].

Also, Glucose-regulated protein 78 (GRP-78) is a molecular
chaperone which is continuously expressed. GRP-78 protein
expression is increased under a diversity of stressful con-
ditions including glucose deprivation, oxidative stress, and
hypoxia[25]. Induction of GRP-78 protein is vital to protecting
cells against their death.

Caffeine is the most widely consumed ergogenic aids
among athletes. Regular meals provide a little caffeine but
athletes expecting ergogenic boost from caffeine are known
to take caffeine[26,27]. Caffeine enhances exercise perfor-
mance by increasing FFA mobilization during prolonged
exercise but caffeine can produce restlessness, headaches,
insomnia, and premature left ventricular contractions by
stimulating central nervous system[22]. Guenther Boden[13]
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reported that elevated FFA by caffeine, and the like causes
insulin resistance by inhibiting GLUT-4 protein gene ex-
pression.

Previous studies[17,18,25] reported that exercise induces
GLUT-4 and GRP-78 protein expression and an increase in
GLUT-4 protein level enhances insulin resistance. Thus, the
negative effects associated with caffeine and diabetes on
insulin sensitivity and glucose transporters could be mediated
by exercise[13,17].

Therefore, This study investigated the response of GLUT-4
and GRP-78 protein expression in soleus muscle of Strep-
tozotocin-induced diabetic rats with caffeine oral adminis-
tration by imposing different exercise intensities.

Methods

Animals

30 male F344 rats weighting 250~260 g were used in this
experiment. The rats were housed under controlled tem-
perature (20+2°C) and lighting (07:00~19:00 h) conditions
with food and water available ad libitum. Rats were randomly
divided into 5 groups (n=6): diabetic group (D), diabetic-
caffeine group (DC), diabetic-caffeine group with low inten-
sity exercise (DCL), diabetic-caffeine group with moderate
intensity exercise (DCM) and diabetic-caffeine group with
high intensity exercise (DCH).

Induction of diabetes

Diabetes was induced by an intraperitoneal injection of
Streptozotocin (65 mg/kg b.w in 0.05 M sodium citrate, pH
45; Sigma, St. Louis, MO, USA). Two days after injection,
plasma glucose concentration was estimated from a tail vein
blood sample. Animals were considered diabetic if the glucose
levels were greater than 300 mg/dl[8].

Caffeine oral administration and exercise protocol

Caffeine was administrated through gastric tube (5 mg/kg
b.w in Nacl) one hour before their exercise. D and DC were
administrated 1 hour before their sacrifice. The exercise
protocol is as follows in Table 1.

Muscle sample preparation

Immediately after the exercise, Ketamine (80 mg) and
Rompun (5 mg) were injected by an intraperitoneal injection.
To avoid being adulterated with blood of muscle, blood (10

ml) was collected from heart before the excision. Soleus muscle

Table 1. Exercise protocol in each group

Intensity o
Exercise time
Group N speed grade (min)
(meter/min) (%)

D 6 no
DC 6 no

DCL 6 8 0 30

DCM 6 16 0 30

DCH 6 25 0 30

D: diabetic group, DC: diabetic-caffeine group, DCL: diabetic-
caffeine group with low intensity exercise, DCM: diabetic-
caffeine group with moderate intensity exercise, DCH: diabetic-
caffeine group with high intensity exercise.

was obtained from the hindlimb. Muscle sample was stored
at -80°C until analysis.

Western Blot

Muscle was washed with ice-cold PBS; and sonicated under
50~200 pl of triton lysis buffer (20 mM Tris, pH 7.4, 137 mM
NaCl, 25 mM B-glycerophosphate, pH 7.14, 2 mM sodium
pyrophosphate, 2mM EDTA, 1 mM Na3VO4, 1% Triton X-100,
10% glycerol, 5 ng/ml leupeptin, 5 ug/ml aprotinin, 3 M
benzamidine, 0.5 mM DTT, 1 mM PMSE). Ten micrograms
of proteins were used for Western analysis using anti-GLUT
4 antibody (H-100, Santa Cruz Biotech.) and anti-GRP 78 an-
tibody (SPA-826, Stressgen). Electrophoresis of membrane
proteins was preformed using a 12% SDS-polyacrylamide gel
(SDS-PAGE) and then the proteins were electrophoretically
transferred to polyvinylidene difluoride (PVDF) membrane
(Pall Corporation, U.S.A). Blocking of unspecific bindings was
done using 3% BSA, 0.1% Tween 20 in TBS buffer for 1 h
at room temperature; then, the membrane was incubated
overnight at 4°C. The membrane was washed and then in-
cubated a solution containing a 1:1000 dilution of polyclonal
antibodies specific for the C-terminal of rat Glut 4 and GRP
78 for one and half hour at room temperature. The mem-
brane was washed again and then incubated in a solution
containing a 1:1000 dilution of horseradish peroxidase-
conjugated anti-rabbit IgG (Santa Cruz, US.A) for one and
half hour at room temperature. After washing, blotting pro-
teins were visualized using Western blotting detection sys-
tem, and then exposed to a Kodak Scientific Imaging Film
(Esteman Kodak Co., US.A).

Results

This study examined the response of GLUT-4 and GRP-78

protein expression in soleus muscle of Streptozotocin-induced



diabetic rats with caffeine oral administration by imposing
different exercise intensities.

GLUT-4 protein expression

The changes of GLUT-4 protein expression in soleus
muscle of Streptozotocin-induced diabetic F344 rats with
caffeine administration depending on different exercise
intensities are shown in Fig. 1. Little difference was shown
in DC and DCL compared to D. GLUT-4 protein expression
was decreased in DCM and an increase of GLUT-4 protein
in DCH was observed.

GRP-78 protein expression

The changes of GRP-78 protein expression in soleus muscle
of Streptozotocin-induced diabetic F344 rats with caffeine
administration depending on different exercise intensities
are shown in Fig. 2. GRP-78 protein levels in DCL, DCM
and DCH were little Jower than that of D. An increase in
GRP-78 protein was observed in DC. It is clear that exercise
reduced GRP-78 protein expression in Streptozotocin-
induced diabetic rats with caffeine administration.

Discussion and Conclusion

Caffeine administration impairs insulin-stimulated giu-
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cose uptake and glycogen syntheses activity in exercised
muscle and this is the major reason causing reduction of
glucose disposal{23]. Carbohydrate content is a major indi-
cator determining endurance exercise capacity and when
muscle glycogen is depleted following endurance exercise,
fatigue and exhaustion are easily come. With muscle glycogen
compensated, exercise capacity is enhanced[17].

Previous studies{17,24] showed a positive relationship
between exercise ability and caffeine administration.
However, No study reported the changes of GLUT-4 and
GRP-78 protein expression in streptozotocin-induced diabetic
rats with caffeine administration depending on different
exercise intensities. The study investigated, therefore, the
effect of acute different exercise intensities on GLUT-4 and
GRP-78 protein in skeletal muscle of Streptozotocin-in-
duced diabetic rats with caffeine administration.

In this study, GLUT-4 protein level in DCH showed the
most significant increase in volume. Improved insulin sen-
sitivity with acute high intensity exercise gives the rats
important therapy that lowers insulin requirement. This
improvement of insulin sensitivity for glucose transport in
skeletal muscle results from translocation of the GLUT+4
protein from the endoplasmic reticilum to the cell surface
and increase in total quantity of GLUT-4 protein[11,17].

DCM DCH

«45kDa

Fig. 1. GLUT-4 protein expression in soleus muscle. D: diabetic group, DC: diabetic-caffeine group, DCL: diabetic-caffeine group
with low intensity exercise, DCM: diabetic-caffeine group with moderate intensity exercise, DCH: diabetic-caffeine group with
high intensity exercise.
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Fig. 2. GRP-78 protein expression in soleus muscle. D: diabetic group, DC: diabetic-caffeine group, DCL: diabetic-caffeine group
with low intensity exercise, DCM: diabetic-caffeine group with moderate intensity exercise, DCH: diabetic-caffeine group with
high intensity exercise.



744 Journal of life Science 2004, Vol. 14. No. 5

This mechanism explains why DCH shows higher con-
tents of GLUT-4 protein.

Many studies suggest that an increase in muscle GLUT-4
protein concentration should have a positive influence on
the insulin resistance state. It should be noted, however, that
insulin resistance associated with NIDDM is not due to a
deficient muscle GLUT4 protein concentration[1,18,19], but
involves a reduced ability of insulin to translocate GLUT-4
protein from its intracellular storage site to the plasma
membrane[3,15]. Exercise training has not been found to
correct this defect. However, it has been demonstrated in
the obese Zucker rat that the increase in GLUT-4 protein
following training compensates for the defect in translo-
cation and improves insulin-stimulated muscle glucose
transport[3]. The mechanism of compensation is not fully
understood, but appears to involves positioning of newly
expressed GLUT-4 protein at a site closely associated with
the plasma membrane and distal to the defect in translo-
cation. Therefore, with insulin stimulation, there is an in-
crease in GLUT-4 protein incorporation into the plasma
membrane and increase in glucose transport.

Also, Watchman et al[24] reported that increased lipolysis
following caffeine ingestion is related to retarded insulin
secretion. Also, epinephrine stimulated by caffeine acts as
an antagonist of the adenosine receptors which suppress
lipolysis. Disturbed adenosine receptor increases cellular
levels of the cyclic AMP. Cyclic AMP activates homone-
sensitive lipases to spur free fatty acid to be released[17,23].

GRP-78 protein is expressed when exposed to stress. Cells
survive under various stressful conditions by expressing
stress proteins[14]. Jill et al{14] also reported the embryos
of rodent exposed to hypoglycemia condition show mal-
formations including heart and craniofacial defect. In the
study by Song et al[20], GRP-78 protein level is increased
after cell’s being exposed to hypoxia.

In this study, a unique increase of GRP-78 protein in DC
was observed and all exercise groups showed reduced
GRP-78 protein. It is not clear what mechanism reduced
GRP-78 protein level in exercise group. It is merely con-
jectured that caffeine-induced lipolysis provided cells with
energy in abundance and this relieved stress which cells are
subjected to receive when performing exercise.
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