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Although exercise has been proposed to be beneficial to type 2 diabetes, its effects on B-cell
function and mass remain unclear. In the present study, the effects of long-term swimming training
on the function and mass of B-cells in diabetic OLETF rats were examined. At 44 weeks of age
after developing diabetes, the OLETF rats were divided into two groups: a control group and an
exercise group. The exercise group had a daily swimming for 12 weeks. While not found with the
control rats, in the obese OLETF rats, the exercise reduced the weight gain which was associated
with improved glucose tolerance and elevated circulating insulin levels as determined by the
oral glucose tolerance test and insulin ELISA. The exercise improved plasma total cholesterol
and triglyceride levels, and also significantly increased the islet B-cell mass and pancreatic
insulin content associated with decreased B-cell apoptosis and elevated activation of the serine/
threonine kinase, Akt. The present studies suggest that exercise improves diabetes symptoms via
enhancement of the B-cell mass and function through decreasing glucolipotoxicity and reducing
B-cell apoptosis by activating Akt in obese OLETF rats.

Introduction

A number of studies demonstrated that exercise can prevent or delay the onset of
type 2 diabetes [1-3], but whether exercise could improve {3-cell function and mass in
people with type 2 diabetes remained unclear.

Otsuka Long-Evans Tokushima Fatty (OLETF) rats were developed as a model of
type 2 diabetes, and have a congenital defect of the cholecystokinin-A receptor gene,
resulting in hyperphagia and obesity [4]. After an initial period of compensatory
hyperinsulinemia, the male OLETF rats usually developed diabetes at 24 weeks
of age; all showed similar physical characteristics at 30 weeks of age. However, at
approximately 50 weeks, some male OLETF rats showed weight loss, and the others
remained obese, similar to that observed in the humans with type 2 diabetes [4]. To
investigated whether exercise intervention would improve the function and mass
of the B-cells in diabetic OLETF rats, we examine the effects of long-term swimming
training on relevant indicators including 1) body weight, plasma total cholesterol
and triglyceride levels, 2) oral glucose tolerance test (OGTT) , fasting plasma insulin,
pancreatic insulin content, 3) B-cell mass, a-cell mass, 3 /a ratio, percentage of apoptotic
B-cells, and 4) B-cell phospho-Akt expression.
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Materials and Methods

Animals

Male OLETF rats were purchased from Otsuka Research Institute (Tokushima,
Japan) at 4 weeks of age. The OLETF rats are an established genetic model that
resembles human type 2 diabetes. The rats were allowed free access to food and water
in a specific pathogen-free environment. All procedures were conducted in accordance
with the guidelines of the regulation on animal care approved by the Fudan University
Animal Care Committee.

Exercise intervention

Tokushima At 44 weeks of age, the obese OLETF rats (bodyweight > 500g) were
selected and were randomly divided into the two groups: OLETF control group (n=8),
and OLETF exercise group (n=8). The exercise group was subjected to swimming for
60 min, 5 days a week for 12 weeks. The control group was left untreated. The second
set of controls, the age-matched background Long-Evans Tokushima Otsuka (LETO)
rats were used in the parallel experiments: LETO control group (n=7), LETO exercise
group (n=7).

OGTT

OGTT was performed in rats at 44 and 56 weeks of age. The rats were fasted for 15
h and gavaged with glucose (2.0 g/kg), blood samples were collected from the tail vein
at 0, 30, 60 and 120 min; the glucose concentrations were measured using a Freestyle
glucose meter (TheraSense, Alameda, USA).

Total cholesterol and triglyceride

The rats were fasted for 15 h before blood was sampled from the tail vein. Total
cholesterol and triglyceride levels were measured with a Hitachi Autoanalyzer (Type
7070, Hitachi, Tokyo, Japan) as previously described [5].

Insulin RIA

After the rats were fasted for 15 h, the blood samples were taken and the plasma
insulin concentrations were determined using the rat insulin radioimmunoassay kit
(Linco Research, Missouri, USA).

Pancreatic insulin content

Under anesthesia with sodium pentobarbital, a midlaparotomy was performed,
and the pancreas was immediately dissected from surrounding tissues, cleared of fat
and lymph nodes, weighed, then the whole pancreas was minced with fine scissors in
a small beaker with 1.0 ml acidified ethanol, and incubated for 24 h at 4°C to extract
insulin from the pancreatic tissue. The extracts were diluted in an insulin assay buffer,
and insulin was measured as described [6].

Immunohistochemistry and islet cell mass measurements

Pancreas was isolated and fixed in 4% paraformaldehyde for 60 min at 4°C, rinsed with
phosphate-buffered saline (PBS), immersed in 30% sucrose in PBS at 4°C overnight, cut
into 12-14 segments and then embedded in optimal cutting temperature (OCT) compound
(Mile Laboratories, Elkhart, USA) respectively. The embedded tissues were sectioned at 7
um in a cryostat. Cryosections from every segment were chosen, and incubated overnight
at 4°C with primary antibodies (mouse anti-insulin IgG (1:1000), Santa Cruz, California,
USA; or mouse anti-glucagon antibody, Sigma, Missouri, USA; or rabbit anti-phospho-
Akt (Ser 473) antibody (1:500), Santa Cruz, California, USA). For measurement of the
islet cell mass, the samples were then incubated for 1 h with horseradish peroxidase
(HRP)-conjugated sheep anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA,
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USA) and detected with 3,3’-diaminobenzidine tetrahydrochloride (DAB) (Sigma,
Missouri, USA); for the determination of (3-cell Akt, this was followed by a 1 h incubation
with the corresponding secondary antibodies conjugated Cy-3 or Cy-2 (1:800, Jackson
Immunoresearch Laboratories, West Grove, PA, USA).

[B-cell or a-cell mass was measured on a bright field using a fluorescent microscope
(Olympus America, NY, USA) connected to a video camera equipped with a color
monitor and Image/] software (National Institute of Health, USA). The cross-sectional
area occupied by all of the 3-cells or a-cells and the cross-sectional area of all pancreatic
tissue was quantified. Total - or o-cell mass for each pancreas was determined as
the product of the total cross-sectional 3- or a-cell area over total tissue area and the
weight of the pancreas before fixation as described previously [6].

Quantification of the staining intensity was made by the mean immunofluorescence
intensity (MFI) using Image/] software (National Institute of Health, USA) and the total
numbers of pixels were then calculated per individual cell. To minimize variations, the
tissues were processed simultaneously with identical batches of all solutions from the
beginning of tissue harvesting to the end of staining. The background of the image was
subtracted from the total number of pixels in the threshold. Typically, ~3000 (-cells
from each animal in each group were analyzed.

Detection of B-cell apoptosis

B-cell apoptosis was determined using a previously reported protocol with a slight
modification. Briefly, the insulin-stained cryosections were co-stained with Hoechst
33342 (2mg/ml, Sigma, Missouri, USA) for 5 min at room temperature. Apoptotic
cells were identified by the characteristic of condensed or fragmented nuclei of cells
examined under a fluorescent microscope [7]. The results were expressed as the
percentage of apoptotic over total -cell nuclei.

Statistical analysis

An unpaired Student’s T-test was used for statistical analysis. A P value of <0.05
was considered significant. All data are expressed as mean * SE.

Results

Body weight and total cholesterol and triglyceride

As shown in table 1, at 56 weeks of age, body weight in the obese OLETF exercise
group rats was reduced by 10.8% when compared to those of obese OLETF control
rats (p<0.05, n=8). In the control LETO rats, however, while lower body weight was
observed in the exercised group (by 4.5%) it was not statistically significant.

At 56 weeks of age, the circulating fasting insulin levels were significantly elevated
in the obese OLETF exercise group compared to those of OLETF control rats (exercise
vs. non-exercise = 1.33+0.12 vs. 0.81+0.05, p<0.05, n=8). The total cholesterol and
triglyceride were found to be significantly reduced in the obese OLETF exercise
rats, compared to the obese OLETF control group (p<0.05, n=8). However, the total
cholesterol and triglyceride in the in two groups of LETO rats were not significantly
changed by the exercise (p>0.05, n=7).

OGTT After 12 weeks of exercise, at the age of 56 weeks, the obese OLETF rats

‘Table 1: Body weight, fasting plasma insulin, triglycerides, and total cholesterol at 56 wk.

LETO OLETF
control group exercise group control group exercise group
7 7 8 8
Body weight (g) 564.8125.4 529.5+9.8 630.0£36.0 561.7+32.2t
Fasting plasma insulin (ng/ml) 2.54+0.87 2.47+0.65 0.81£0.05 1.33+0.121
Triglycerides (mmol/L) 0.44£0.05 0.61+0.04 1.64+0.13 0.83+0.06t
Total cholesterol (mmol/L) 2.25%0.21 2.15+0.02 4.31+0.56 2.7540.631
Data are mean * SE. tP<0.05 for OLETF exercise vs. OLETF control group.
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exhibited improved glucose tolerance compared to the unexercised OLETF rats
(Figure 1A). When expressed as area under the curve (AUC), the improvement in the
glucose tolerance is statistically significant (Figure 1B). The 12 weeks of exercise did
not significantly alter the glucose tolerance in the control LETO rats (Figures 1C,D).

Islet mass and pancreatic insulin content

At 56 weeks of age, the pancreatic mass was not significantly different between
the exercised and non-exercised OLETF rats; there was no significant difference found
between OLETF and LETO rats (Table 2). At 56 weeks of age, the OLETF rats displayed
reduced pancreatic insulin content (by 70%, p<0.05) in comparison with those of
age-matched LETO rats. However, the exercise led to a more than 2-fold increase in
pancreatic insulin content in the obese OLETF rats (Table 2, exercise vs. non-exercise
=0.36%0.06 vs. 0.17+0.03, p<0.05, n=5).

The representative islet architectures from each of the four groups of rats as
evaluated by the insulin and glucagon staining are shown in figure 2. At 56 weeks of
age, the islets from the LETO control rats are shown as oval, with a clear mantle of
a-cells and a core of 3-cells and therefore maintained normal islet architecture (Figures
2A,B). No significant difference in (3-cell mass was found between LETO exercise and
control rats (p>0.05, n=4, table 2). On the contrary, at the same age, the islets from
OLETF control rats were degranulated with reduced islet -cells and a-cells scattered
throughout the islets (Figure 2C,G). However, the obese OLETF exercise group rats
(Figure 2D,H) reserved a better islet architecture with more B-cells in the islets
compared to those from the obese OLETF control group (Figure 2C,G). The B-cell mass
in the obese OLETF exercise group of rats was significantly larger than those of the
obese OLETF non-exercise rats (exercise vs. non-exercise = 12.25+£1.85 vs. 7.16£0.71,
p<0.05, n=5, table 2). While the a-cell mass was not found to be significantly altered
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Figure 1:

Table 2: Pancreatic mass, insulin content, B-cell and a-cell mass, B/a ratio, and percentage of apoptotic B-cells at 56 wk.
LETO OLETF

control group control group

exercise group exercise group

4

4

5

5

Pancreas (g) 1.7240.18 2.22+0.10 1.7140.21 2.0410.13
Pancreatic insulin content (ug/mg protein) 0.48+0.09 0.5140.08 0.17+0.03 0.36+0.06*
B-cell mass (mg) 25.39+6.04 27.24%5.77 7.1620.71 12.25+1.85*%
a-cell mass (mg) 5.97+1.04 6.2241.13 6.110.73 5.2840.65
B/aratio 4.17x0.77 4.35x0.97 1.18+0.11 2.3310.21*
Percentage of apoptotic B-cells (%) 0.39+0.07 0.41+0.05 5.95+0.45 2.29+0.10*
Data are mean * SE. *P<0.05 for OLETF exercise vs. OLETF control group.
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Figure 2:

by the exercise, the B-cell/a-cell ratio in the obese OLETF exercise group was found to
be significantly increased by 2-fold versus the control group (2.33+0.21 vs. 1.18+0.11,
p<0.05, n=5) (Table 2).

B-cells apoptosis

Asshownintable 2, all OLETF rats displayed significantly increased -cell apoptosis,
however, the exercise significantly reduced the apoptotic rate in the obese OLETF rats
(exercise vs. non- exercise = 2.29+0.10 vs. 5.95+0.45, p<0.05, n=5). The -cell apoptosis
rate was not significantly altered by exercise in the LETO control groups.

Phospho-Akt protein expression

The MFI from phospho-Akt antibody-stained pancreatic sections from the obese
OLETF exercise group vs. obese OLETF control group were 67.3+4.5 vs. 25.6£3.2 (P <
0.05, n=5) (Figure 3) that suggesting that the exercise enhanced (3-cell Akt signaling in
the B-cells. Interestingly, the exercise did not elevate 3-cell phospho-Akt expression in
LETO rats.

Discussion

Obesity seems to be a primary risk factor for the development of insulin resistance
and diabetes. Weight loss is associated with a decrease in insulin resistance [8,9], and

Insulin B Insulin

Insulin @T) Insulin
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Figure 3:
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reduces the risk of developing diabetes [1,10]. Obesity is attributable to imbalances
between energy intake and energy expenditure and findings from both cross-sectional
and prospective studies suggest that decreased total energy expenditure is the primary
determinant of increasing weight and obesity [11,12]. In the present study, regular
swimming training lead to significant loss of body weight in the obese diabetic OLETF
rats that might be through increasing energy expenditure.

Type 2 diabetes is a metabolic disease characterized by abnormal glucose and fat
metabolism. In this study, the exercise significantly altered the glycemic response and
thus improved the glucose tolerance in the obese OLETF rats. The improved glucose
tolerance occurs primarily because of an enhancement of islet 3-cell competence as a
result of exercise, since the circulating plasma insulin levels as well as the pancreatic
insulin were significantly increased in the obese OLETF rats after exercise. It is
possible, however, that the improved glucose tolerance might also be the result of an
improved peripheral insulin sensitivity because of that exercise increases limb blood
flow, enhances glucose transport in the insulin responsiveness tissues via augmenting
insulin signaling [13], enhances GLUT-4 expression and facilitates its intracellular
translocation [14]. Our results also showed that exercise significantly reduced the
blood lipid profile in the obese OLETF rats which is in good agreement with the previous
findings that exercise could promote the muscles to burn more fat by activation of a
number of enzymes which are necessary for lipid catabolism in the skeletal muscles
[15]; meanwhile, exercise could also ameliorate release and enhance the clearance of
free fatty acid [16].

In the advanced stages of type 2 diabetes (i.e. at 56 wks of age), the islets were
found to be degranulated with reduced (3-cell mass which accounted for the decreased
pancreatic insulin content, and impaired glucose tolerance in the obese diabetic
OLETF rats. The inadequate (3-cell mass is thus an important contributor to the (3-cell
dysfunction and subsequent to the progression of type 2 diabetes [17].

It is conceivable that the obese diabetic OLETF rats, after 12 weeks of swimming
exercise, displayed ameliorated diabetes symptoms, improved glucose tolerance and
elevated circulating fasting insulin levels, which could be attributed to the enhanced
B-cell mass and increased pancreatic insulin content.

The maintenance of 3-cell mass is a dynamic process, undergoing both increases
and decreases to keep glycaemia within a narrow physiological range [18]. The (3-cell
apoptosis is known to be a major cause of reduction of (3-cell mass in animal models
of type 2 diabetes [19], and humans with type 2 diabetes [20]. It has been previously
demonstrated that the glucolipotoxicity is an important factor that causes (3-cell death
[21,22]. Our present study shows that the 12 weeks swimming exercise increased 3-cell
mass in the OLETF rats which is consistent with the observations that the exercise
significantly reduced the -cell apoptosis in these rats. In addition, our study shows
that after 12 weeks swimming exercise, the total triglycerides and cholesterol levels
were found to be significantly decreased in the OLETF rats suggesting that declined
glucolipotoxicity might have, at least in part, contributed to the enhancement of the
f-cell mass via reduction of the rate of (3-cell apoptosis. Further to this, we believe
that the elevated Akt activation found in the exercised OLETF rats is also critical to the
process of enhancing 3-cell mass during the exercise.

Reduction of Akt activity in the peripheral tissues had been observed in insulin
resistance and type 2 diabetes [23,24]. Previous studies suggested that Akt is important
in promoting B-cell growth and inhibiting 3-cell apoptosis in vitro [25,26], and in an
in vivo type 2 diabetes animal mode [6]. It is thus likely that Akt signaling is critical to
the regulation of -cell mass and function [27], and impairment of Akt signaling in the
[B-cells might contribute to (3-cell loss in the pathogenesis of type 2 diabetes [22]. In our
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previous study, we showed that impaired -cell insulin signaling contributes the onset
of overt diabetes in OLETF rats [28], it is required for further investigation whether the
elevated Akt activity in the OLETF rats is involved in the improvement of 3-cell insulin
signaling by decrease of glucolipotoxicity via exercise.

Conclusion

The present study showed that in diabetic OLETF rats, the glucose tolerance is
significantly improved after 12 weeks swimming exercise which was associated with
enhanced (-cell mass, increased pancreatic content and circulating insulin levels.
These findings suggest that exercise has a protective effect in type 2 diabetes by
decreasing glucolipotoxicity and enhancing -cell Akt activity. Exercise training may
be an effective therapy for obese patients with type 2 diabetes.
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