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a b s t r a c t

We evaluated the effect of chronic exercise on insulin secretion in response to high-glucose by using a
perifusion method with isolated pancreatic islets from normal rats. Male Wistar rats were assigned to
one of two groups: a sedentary group and a trained group. Running exercise was carried out on a tread-
mill for one hour per day, five days per week, for six, nine, or 12 weeks. The chronic exercise significantly
enhanced the insulin secretion ability of pancreatic islets in response to the high-glucose stimulation
upon nine and 12 weeks of exercise. The insulin content in the pancreas and the weight of the pancreas
did not change upon nine weeks of exercise. Potassium-stimulated insulin secretion was also increased in
the islets isolated from rats that trained for nine weeks compared with that in sedentary rats, suggesting
that insulin secretion events downstream of membrane depolarization are involved in targets of the exer-
cise effect. These findings suggest that chronic exercise could be a useful strategy not only for the main-
tenance of peripheral insulin sensitivity but also for the promotion of islet function to secrete insulin in
non-diabetics.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Physical exercise is well recognized as an effective strategy to
improve blood glucose control in both normal and diabetic individ-
uals [1–3]. For example, chronic exercise improves overall glucose
homeostasis by increasing the rate of whole-body glucose disposal.
Many lines of evidence show that an increase in the sensitivity of
skeletal muscle glucose transport to insulin is one of the mecha-
nisms by which exercise produces this effect. On the other hand,
whether chronic exercise affects the ability of the pancreas to se-
crete insulin is still poorly understood. Generally, chronic exercise
is associated with a lowered basal insulin concentration in the
circulation. This lower blood insulin level does not directly indicate
an attenuated ability of the pancreas to secrete insulin, but is
instead interpreted as a result of an increase in insulin sensitivity
in peripheral tissues, such as skeletal muscle, due to exercise
repetitions, which enables a reduction in the amount of insulin
required to maintain glucose homeostasis [1–3].

Although the effect of exercise on insulin secretion has been of
considerable interest to investigators, a number of conflicting
results on this issue have been reported to date. When considering
ll rights reserved.
only studies that used rats as an animal model, physical exercise
has been found to have no [4], negative [5–10], and positive
[10–16] effects on the potential for insulin secretion from the pan-
creas, pancreatic islets, or beta-cells. One possible reason for this is
variation in the method used to evaluate insulin secretion ability:
hyperglycemic clamp in vivo [7,11,13,14], static incubation of iso-
lated islets [9,10,17], single beta-cell assay [4,8], and perifusion
of isolated islets [5,6,12,16].

Since its introduction, perifusion assay has been used as a reli-
able method to evaluate the insulin secretion potential of isolated
pancreatic islets [18]. This is an effective and straightforward meth-
od to evaluate the ability of islets to secrete insulin against various
secretagogues without an influence of the extracellular environ-
ment in vitro. To our knowledge, only three studies have used this
method to determine the effects of chronic exercise on insulin
secretion ability. In the early 1980s, it was reported that chronic
exercise training with swimming [5] and voluntary wheel running
[6] attenuates insulin secretion from isolated islets in normal rats in
response to exposure to a high concentration of glucose. On the
other hand, Delghingaro-Augusto et al. recently observed with the
method that exercise prevents beta-cell failure in susceptible islets
of Zucker diabetic rats [16]. As the perifusion method has been
progressively improved for more than 30 years compared with
the approach used in the 1980s, it might be worth re-evaluating
the effect of chronic exercise on the insulin secretion ability of
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islets. In this context, this study was designed to evaluate the effect
of chronic exercise training on insulin secretion in response to high-
glucose by using a perifusion method with isolated pancreatic islets
of normal non-diabetic rats.

2. Materials and methods

2.1. Animal care and exercise training program

Male Wistar rats (Japan CLEA) with an initial body weight of
approximately 120 g were housed in a cage in a temperature-con-
trolled room at 23 �C with a 12-h (5:00 a.m.–5:00 p.m.) light–dark
cycle. The animals were randomly assigned to one of two
experimental groups: sedentary control and chronic exercise-
trained groups. Prior to the chronic exercise protocol, the rats in
the trained group were habituated to treadmill running for
15 min from 0 to 15 m/min for five days. After adaptation, the
trained group was subjected to chronic exercise on a treadmill
for 60 min at 25 m/min, five days per week, for six, nine, or 12
weeks. When the trained rats exercised, the sedentary rats were
placed beside the treadmill and exposed to the same environment,
but did not run on a treadmill. Trained rats were sacrificed 36 h or
later after the last exercise session. All experiments conducted in
this study were approved by the Animal Care Committee of Tokyo
Metropolitan University.

2.2. Perifusion assays of isolated islets

Islets were isolated from Wistar rats by pancreatic duct injection
of 1.33 mg/ml collagenase solution, followed by digestion at 37 �C
for 9–12 min with gentle shaking, as reported previously [19]. Islets
were picked up by hand selection under a dissecting microscope. A
2.5-ml syringe was cut to make its volume 700 ll, and the bottom
was plugged with Sephadex G-25 gel (GE Healthcare). Fifty islets
were placed on the gel in the handmade syringe column. This
column was eluted with standard low-glucose Krebs–Ringer (KR)
buffer (15 mM HEPES pH 7.4, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 24 mM NaHCO3, 0.1% bovine serum albumin, and
2.8 mM glucose) at a constant flow rate of 1.0 ml/min for 30 min,
which stabilized the basal insulin secretion from the islets. For glu-
cose stimulation, islets were perifused with high-glucose KR buffer
(16.7 mM) for 15 min, followed by low-glucose buffer for 10 min.
For stimulation by high-potassium, islets were perifused with
buffer containing 30 mM KCl plus 95 mM NaCl for 15 min, followed
by low-glucose buffer for 20 min. During the entire perifusion
period, samples were collected every minute or two for insulin
assay. The insulin concentration of the sample buffer was measured
by mouse insulin ELISA. Area under the curve of the perifusion as-
say was calculated using the obtained insulin concentration results.

2.3. Quantification of insulin content in pancreas

For the quantification of insulin content, the pancreases were
exercised and weighed, and each was then cut into small pieces
and frozen using liquid nitrogen. Insulin was extracted by homog-
enization using a glass-Teflon homogenizer (1300 rpm, 30 strokes)
in an acid–ethanol solution (70% ethanol and 0.18 M HCl) and then
by sonication for 20 s. After centrifugation at 3000g for 10 min, the
immunoreactive insulin in the supernatant was measured.

2.4. Immunoblotting

Islet proteins (40 lg) were separated by SDS–PAGE and trans-
ferred to nitrocellulose membranes. The nitrocellulose membranes
were blocked in Tris-buffered saline with either 5% milk or 5%
bovine serum albumin and immunoblotted using antibodies
against glucose transporter 2 (GLUT2; 07-1402, MILLIPORE), potas-
sium inwardly rectifying channel, subfamily J, member 11 (Kir6.2;
AB5495, MILLIPORE), calcium channel, voltage-dependent, P/Q
type, alpha 1A subunit (Cav2.1; AB5152, MILLIPORE), synaptoso-
mal-associated protein 25 (SNAP25; ab5666, abcom), vesicle-asso-
ciated membrane protein 2 (VAMP2; 104211, Synaptic Systems),
and syntaxin 1 (S1172, Sigma–Aldrich). The blots were then incu-
bated with secondary antibody (donkey anti-rabbit IgG horserad-
ish peroxidase, Amersham Biosciences) for one hour at room
temperature, followed by enhanced chemiluminescence (PerkinEl-
mer). The intensity of the bands was quantified by densitometry.

2.5. Phenotypic characterization

For insulin tolerance test (ITT), human insulin (Humulin R; Eli
Lilly) was injected intraperitoneally into the sedentary and trained
rats in the eighth week of the training session (0.75 U/kg body
weight). Blood samples were collected at 0, 15, 30, 60, 90, 120,
150, and 180 min after the injection of insulin. A drop of tail blood
was applied to a One Touch Ultra glucometer (LifeScan Johnson &
Johnson, CA) to measure blood glucose levels. Body weight, blood
glucose level during the feeding period, and food intake were mea-
sured every two weeks until the eighth week of the nine-week
exercise period. Since the ITT test was expected to influence the
measurements, these variables were not measured in the ninth
week.

2.6. Statistics

Data are expressed as means ± SEM. Statistical analysis of the
data was performed using Student’s t-test. A p-value of less than
0.05 was considered statistically significant.
3. Results

3.1. Effect of chronic exercise on high-glucose-stimulated insulin
secretion in perifused islets

To evaluate the effect of chronic exercise on the ability of islets
to secrete insulin, rats were subjected to treadmill running for one
hour per day, five days per week, for six, nine, or 12 weeks. Pancre-
atic islets were isolated from sedentary and trained rats 36 h or la-
ter after the last exercise session, and were then used for the
perifusion assay. As shown in Fig. 1 (left column), insulin secretion
in response to high-glucose (16.7 mM) was enhanced in trained
rats compared with that in sedentary rats for all exercise durations.
Areas under the curve of insulin secretion obtained from the peri-
fusion assay for the different exercise periods were significantly
larger in the groups that trained for nine (p < 0.01) and twelve
weeks (p < 0.05) than in the sedentary group (Fig. 1, right column).
Even with six weeks of exercise, the area under the curve of
perifusion analysis tended to be larger than in the sedentary group
(p = 0.07). These results show that chronic exercise enhances the
ability of islets to secrete insulin in response to high-glucose in
normal rats. Since statistically significant differences were ob-
tained for the area under the curve from nine weeks, we chose nine
weeks of exercise for the subsequent analyses.

3.2. Quantification of pancreatic insulin content

To test whether the enhancement of insulin secretion ability by
exercise is due to increased insulin storage, insulin content of the
pancreas was measured in rats trained for nine weeks and their
sedentary counterparts. There was no significant difference in
pancreatic insulin content between the sedentary and trained



12W Sedentary 12W Trained

Ar
ea

 u
nd

er
 th

e 
cu

rv
e

( (
ng

/m
l) 

x 
fra

ct
io

n 
)

9W Sedentary 9W Trained

Ar
ea

 u
nd

er
 th

e 
cu

rv
e

( (
ng

/m
l) 

x 
fra

ct
io

n 
)

0 

10

20 

30

40 

50

6W Sedentary 6W Trained

Ar
ea

 u
nd

er
 th

e 
cu

rv
e

( (
ng

/m
l) 

x 
fra

ct
io

n 
)

0 

0.5

1.0

1.5

In
su

lin
 S

ec
re

tio
n 

(n
g/

m
l)

0 

0.5

1.0

1.5

2.0

2.5

3.0

In
su

lin
 S

ec
re

tio
n 

(n
g/

m
l)

0 

0.5

1.0

1.5

2.0

In
su

lin
 S

ec
re

tio
n 

(n
g/

m
l)

Fraction Number

Week 6

0 5 10 15 20 25

Week 9

Week 12

0 

10

20 

30

40 

50

0 

10

20 

30

40 

50

High Glucose Low Glucose

Fraction Number
0 5 10 15 20 25

High Glucose Low Glucose

Fraction Number
0 5 10 15 20 25

High Glucose Low Glucose

p = 0.07

p < 0.01

p < 0.05

Sedentary
Trained

Sedentary
Trained

Sedentary
Trained

Fig. 1. (Left column) Insulin secretion by high-glucose stimulation in perfused islets. Insulin secretion was examined in islets isolated from trained rats (six, nine, or 12
weeks; open circles) and age-matched sedentary control rats (filled circles). After 30 min of stabilization by perifusion of standard low-glucose KR buffer (2.8 mM), islets were
stimulated by high-glucose buffer (16.7 mM) for 15 min, followed by an additional 10 min with low-glucose buffer. Secreted insulin was measured in each fraction obtained
upon the high-glucose stimulation and the subsequent low-glucose stimulation (n = 4, except for the control at 12 weeks (n = 3)). (Right column) Areas under the curve were
calculated using the results of the perifusion assay for sedentary groups (filled bars) and trained groups (open bars). Data are presented as means ± SEM.
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groups (Fig. 2(A)). The weight of the pancreas corrected by body
weight also did not differ between the groups (Fig. 2(B)). Therefore,
an increase in insulin storage by the pancreas is not the cause of
exercise-enhanced insulin secretion in response to high-glucose.

3.3. Effect of chronic exercise on potassium-stimulated insulin
secretion in perifused islets

Membrane depolarization of islet beta-cells is one of the critical
events for insulin secretion induced by high-glucose stimulation.
Once glucose is transported into the cells through GLUT2, the intra-
cellular ATP concentration increases by the promotion of glucose
oxidation. Depolarization is triggered by the closure of ATP-sensi-
tive potassium channels (KATP), which occurs as a consequence of
the increase in intracellular ATP concentration. Subsequent entry
of extracellular Ca2+ through voltage-dependent calcium channels
and an increase of cytosolic Ca2+ concentration produce exocytosis
on insulin-containing granules and insulin secretion. Therefore, we
used potassium for further investigation of the effect of chronic
exercise on increased insulin secretion ability. Insulin secretion
in response to potassium (30 mM) was also enhanced by nine
weeks of chronic exercise (Fig. 2(C)), similarly to the case with
high-glucose stimulation (Fig. 1). The area under the curve of insu-
lin secretion was significantly larger in the trained group than in
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the sedentary group (Fig. 2(D)). This result indicates that
enhancement of post-depolarization events is involved in the
effect of exercise on high-glucose-stimulated insulin secretion.

3.4. Expression level of insulin secretion-related proteins in pancreatic
islets

We also determined the effect of chronic exercise on the protein
expression of key molecules that have been reported to contribute
to the insulin secretion in pancreatic islets (Fig. 3). GLUT2 (glucose
transport into beta-cells), Kir6.2 (a major subunit of KATP), Cav2.1
(an alpha 1A subunit of voltage-dependent calcium channel), and
SNAP25, VAMP2, and syntaxin 1 (components of the SNARE
complex and regulators of the exocytosis of insulin granules) were
chosen for this analysis. As shown in Fig. 3, the expression levels of
these molecules were not significantly different between sedentary
and trained groups. Therefore, nine weeks of chronic exercise does
not change the levels of expression of GLUT2, Kir6.2, Cav2.1,
SNAP25, VAMP2, syntaxin 1 and these molecules can be excluded
from the mechanisms of chronic exercise-enhanced insulin secre-
tion ability in islets.

3.5. Insulin tolerance test

Blood glucose concentrations were monitored for 180 min after
intraperitoneal insulin injection in rats in the eighth week of the
nine-week exercise period. As shown in Fig. 4(A), eight weeks of
exercise did not significantly change the level of insulin tolerance.
This result suggests that the enhancement of the insulin secretion
ability of pancreatic islets could be generated earlier than the
peripheral adaptation in terms of insulin tolerance. Chronic
exercise did not significantly change body weight (Fig. 4(B)), fed
blood glucose level (Fig. 4(C)), and food intake (Fig. 4(D)) in the
eighth week of the exercise period.
4. Discussion

In the current study, it has been clearly shown that chronic
exercise training significantly enhances the insulin secretion abil-
ity of pancreatic islets upon high-glucose stimulation in normal
non-diabetic rats. The insulin secretion of isolated islets deter-
mined by perifusion assay tended to increase upon six weeks of
treadmill running, and significantly increased upon nine and 12
weeks of exercise. This effect of exercise was observed without
changes in the total amount of pancreatic insulin and the weight
of the pancreas, suggesting that an increase in the insulin content
of islets does not contribute to the enhancement of insulin secre-
tion ability upon exposure to a high concentration of glucose.
Although the expression levels of some proteins that are consid-
ered to regulate insulin secretion, namely, GLUT2, Kir6.2, Cav2.1,
and SNAP25, VAMP2, and syntaxin 1, were quantified by immuno-
blotting, no increase in protein level could be found. However,
enhancement of potassium-stimulated insulin secretion was
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concomitantly observed in the islets isolated from the trained rats,
the same as with the high-glucose-stimulated insulin secretion, so
it is possible that insulin secretion events downstream of mem-
brane depolarization are sensitized by chronic exercise.

To the best of our knowledge, this is the first report to show the
effect of chronic running exercise (treadmill running exercise, one
hour per day, five days per week, nine or 12 weeks in total) on
enhancement of the insulin secretion ability of pancreatic islets
by the perifusion method in normal rats. This result suggests that
the generally observed hypoinsulinemia induced by chronic
exercise training is not due to decreased insulin sensitivity of
beta-cells against glucose. Rather, the presence of feedback regula-
tion from increased insulin sensitivity of peripheral tissues can be
supposed. Indeed, Farrell et al. observed increased insulin secretion
of islets perifused by high-glucose buffer in trained normal rats,
although the exercise that they adopted involved hindlimb resis-
tance exercise for four days [11]. In contrast, two previous studies
reported a negative effect of chronic exercise on insulin secretion
ability with exercise training, by using the islet perifusion method
in normal rats [5,6]. Specifically, in 1981, Galbo et al. observed that
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swimming training (five days per week, for a total of 12 weeks; the
swimming time per day was gradually increased, until after the
eighth week, when the rats swam for six hours a day) lowered
the rate of insulin release from perifused islets with several doses
of glucose [5]. Similarly, in 1982, Zawalich et al. found a decrease of
insulin release by 40–50% by free-access wheel cage exercise
(4–6 miles/day, total 36 ± 4 days) [6]. In these two reports, it was
hypothesized that hypoinsulinemia induced by exercise training
is due to a decrease in the insulin sensitivity of beta-cells against
glucose. We do not have any solid evidence to explain the different
results between the current study and these previous works. How-
ever, these discrepancies may be due to differences in the duration
of exercise training sessions and/or the type of exercise employed.
It may also be worth considering the potential effects of the
progression in islet perifusion methodology and the improvement
in sensitivity of insulin measurement over recent decades.

Although the mechanism by which exercise affects the insulin
secretion ability of islets is unclear given these past reports, the
importance of physical exercise for the management of blood
glucose in type 1 diabetes has been suggested since the 1950s
[20]. In a randomized study of type 1 diabetic subjects, attendance
of an exercise program, one or three times per week, for six
months, significantly reduced the glycosylated hemoglobin
(HbA1c) and insulin requirements [21]. Moreover, a cross-sectional
study of over 19,000 children with type 1 diabetes showed that
regular physical activity is one of the most important factors
influencing HbA1c [22]. In fact, using the insulin-clamp method,
several groups have observed that exercise training partially
improves diminished insulin secretion in pancreatectomized rats
in vivo [11,13,14]. Additionally, Huang et al. recently reported that
impaired insulin secretion of isolated islets from streptozotocin (a
toxin to islet beta-cells)-treated type 1 diabetic rats evaluated by
static incubation of the beta-cells was partially, but significantly,
improved by six weeks of voluntary running exercise in a wheel
cage in basal conditions (i.e. in the presence of low-glucose) [17].
Unfortunately, no observation has directly indicated the role of
exercise in dysfunctional islets in the current study. Therefore, it
would be interesting to adapt our chronic exercise protocol and
islet perifusion assay for use with diabetic rats in future.

It has been demonstrated that glucagon-like peptide-1 (GLP-1)
stimulates glucose-dependent insulin secretion and lowers blood
glucose in patients with diabetes [23]. Recently, Ellingsgaard
et al. showed that interleukin-6 (IL-6) is an important mediator
of the effect of GLP-1 on insulin secretion [24]. They demonstrated
that IL-6 mediates an increase in GLP-1 secretion from the intesti-
nal L cells and the pancreatic alpha-cells, which leads to improve-
ment of beta-cell function, insulin secretion, and blood glucose
control. Since it has been proposed that IL-6 increases whole-body



682 M. Tsuchiya et al. / Biochemical and Biophysical Research Communications 430 (2013) 676–682
insulin sensitivity [25] and IL-6 is one of the most recognized
myokines the concentration in the circulation of which is elevated
by exercise [26], the IL-6 and GLP-1 axis can be a network that con-
nects exercise and islet function. In fact, their report confirmed
that treadmill running increases plasma GLP-1 level the same as
the plasma IL-6 level in wild-type mice, and the increase in plasma
GLP-1 level is inhibited in IL-6-deficient mice [24]. Moreover, it
may be possible to determine the exercise training type, period,
frequency, and/or intensity that enhance islet function in terms
of secreting insulin by monitoring plasma IL-6 and GLP-1 levels.
Therefore, further investigations are anticipated to elucidate the
mechanism behind the exercise-mediated effect on islet function.

In conclusion, we showed in the current study that chronic
exercise enhances the insulin secretion ability of islets upon high
glucose stimulation evaluated by perifusion analysis in normal
rats. This enhancement is accompanied by an increase in insulin
secretion induced by potassium stimulation, suggesting that
events downstream of membrane depolarization are involved in
the mechanism. These results suggest the possibility of using exer-
cise as a preventive strategy not only to maintain peripheral insu-
lin sensitivity, which has been well confirmed by various
approaches, but also to promote the function of islets to secrete
insulin.
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