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Overexpression of Insulin Degrading Enzyme could Greatly 
Contribute to Insulin Down-regulation Induced by

Short-Term Swimming Exercise
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Exercise training is highly correlated with the reduced glucose-stimulated insulin secretion (GSIS),
although it enhanced insulin sensitivity, glucose uptake and glucose transporter expression to reduce
severity of diabetic symptoms. This study investigated the impact of short-term swimming exercise on
insulin regulation in the Goto-Kakizaki (GK) rat as a non-obese model of non-insulin-dependent diabetes
mellitus. Wistar (W/S) and GK rats were trained 2 hours daily with the swimming exercise for 4 weeks,
and then the changes in the metabolism of insulin and glucose were assessed. Body weight was markedly
decreased in the exercised GK rats compare to their non-exercised counterpart, while W/S rats did not
show any exercise-related changes. Glucose concentration was not changed by exercise, although
impaired glucose tolerance was improved in GK rats 120 min after glucose injection. However, insulin
concentration was decreased by swimming exercise as in the decrease of GSIS after running exercise. To
identify the other cause for exercise-induced insulin down-regulation, the changes in the levels of key
factors involved in insulin production (C-peptide) and clearance (insulin-degrading enzyme; IDE) were
measured in W/S and GK rats. The C-peptide level was maintained while IDE expression increased
markedly. Therefore, these results showed that insulin down-regulation induced by short-term swimming
exercise likely attributes to enhanced insulin clearance via IDE over-expression than by altered insulin
production.
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Insulin is a small peptide (51 amino acids) hormone

produced in the islets of Langerhans located in the pancreas

(Chang et al, 1997). Insulin is crucial in the regulation of

carbohydrate and fat metabolism in the body, by promoting

the uptake of glucose and its storage as glycogen in the liver,

muscles and fat cells (Duckworth and Kitabchi, 1981).

Disruption of insulin’s action preludes the development of

various chronic diseases including diabetes mellitus (Sonksen

and Sonken, 2000). When the glucose concentration is

elevated from its normal physiological value, insulin release

from the β cells is greatly increased. Once the glucose

concentration returns to a normal level, the release of insulin

slows or ceases (Sonksen and Sonken, 2000). The insulin

released from β cells has a short plasma half-life, as would

be expected from the necessity to respond rapidly to the

changes in the blood glucose level (Duckworth, 1988;

Morishima et al, 1992). Insulin degradation helps controlling

the cellular response to the hormone by decreasing insulin

availability, but the degradation process may also mediate

some aspects of insulin actions (Akiyama et al, 1990;

Duckworth et al, 1997, 1998). Liver and kidney are the two
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primary sites for insulin degradation. Most insulin is removed

in the liver during the first transit, while most of the

systematically circulating insulin is degraded in the kidney

(Castillo et al, 1994; Canas et al, 1995). Degradation of the

insulin normally involves endocytosis of the insulin-receptor

complex followed by the action of insulin-degrading enzyme

(IDE) (Duckworth et al, 1998). Until now, research concerning

the development of therapeutic drugs for diabetes has targeted

the regulation of insulin metabolism (Moghissi, 2008). However,

this research approach has been hindered by lack of sufficient

knowledge about the regulatory factors.

The treatment of diabetes mellitus has traditionally and

predominantly centered on pharmacotherapy and dietetic

therapy. However, the importance of exercise in the treatment

of diabetes is being increasingly recognized. Exercise training

as a repeated physical activity induces the persistent increase

of insulin action on skeletal muscle from insulin-resistance

and/or obese individuals (Hawley, 2004). This process is related

to the alteration in the expression of various proteins involved

in insulin signal transduction in skeletal muscle (Hawley, 2004;

Hawley and Lessard, 2008). Furthermore, running exercise

decreased the level of glucose-stimulated insulin, proinsulin

and C-peptide (Mikines et al, 1989; Ueda et al, 2003).

Especially, a regimen of swimming exercise can be important

in the relief or even prevention of the symptoms of diabetes-

related disease. In an alloxin-induced diabetic rat model, a

6-week swimming training program improved aerobic

conditioning and the metabolism of both glucose and protein

(de Oliveira et al, 2007). Also, a 10-week swimming training

program led to a reduction in body weight and blood lactate

concentration during early phase of acute exercise (Ribeiro

Braga et al, 2004). However, the detailed mechanisms

accounting for the effect of swimming exercise on glucose

and insulin regulation remains unknown.

The present study was undertaken to investigate the effect

of short-term swimming exercise on the regulation of insulin

level in the Goto-Kakizaki (GK) rat model of type 2 diabetes.

A short-term swimming exercise induced the decrease of

the insulin concentration in both types of rats without the

significant alteration of glucose concentration. Our results

suggested the possibility that IDE over-expression could

contribute the insulin down-regulation during swimming

exercise.

Materials and Methods

Animal care and use
Thirty two-week-old female GK rats were purchased from

Samtaco (Osan, Korea) and quarantined in a specific room

for 1 week. The same age of female Wistar (W/S) rats as

the control were supplied from the breeding center of National

Institute of Toxicological Research (Seoul, Korea). The rats

were kept in a Korea Food and Drug Administration (KFDA,

Seoul, Korea) animal facility accredited in accordance with

the Association for Assessment and Accreditation of Laboratory

Animal Care International policies. The rats had access to

a standard irradiated chow diet (Purina Mills, St. Louis, MO,

USA) and water ad libitum, and were maintained in a specific

pathogen-free state under a strict light cycle (06:00-18:00).

Experimental design and swimming exercise

protocol
All animal experimental procedures used in this study have

been reviewed by the KFDA-Institutional Animal Care and

Use Committee (KFDA-IACUC) on their ethical procedures

and scientific care, and it has been approved. GK and W/

S rats were randomly divided into two subgroups (n=6) per

group. The first subgroup of GK and W/S rats received a

comparable level of daily swimming exercise, while the second

subgroup did not receive any exercise. The two-tier protocol

for swimming exercise involved adaptation and training phases.

On the first day of the adaptation phase, the animals were

swum in the tank for 10 min. Thereafter, the exercise period

was extended by 10 min each day. By the day 6, swimming

exercise was 60 continuous min. After the adaptation phase,

the exercise consisted of two swimming sessions of 60 min

separated by a break of 15 min. This regimen was continued

for 3 weeks (Figure 1). All exercise sessions were conducted

in a circular plastic pool (1,962 cm2 in surface area and 50

cm deep). This pool was filled with water that was maintained

at 30-34oC. Only three rats were present in the pool at any

time to allow unimpeded space for free swimming.

Glucose tolerance test
Glucose tolerance tests were performed after the exercise

period for 2 weeks. Glucose tolerance was determined in rats

using an intraperitoneal glucose tolerance test (IPGTT; 1.5 g

glucose/kg) after a 24 h fast. Blood glucose measurements

were made at 0, 15, 30, 60, 90, and 120 min (Hwang et

al, 2007). The glucose level of whole blood collected from

tail was measured with the sensitive strip method using a

Blood Glucose Monitoring System (I-sens, Seoul, Korea).

Quantification of insulin and C-peptide concentration

by enzyme-linked immunosorbent assay (ELISA)
Following the final exercise application, the rats were fasted

for 24 h, after which whole blood was collected from their

abdominal vein during anesthesia. Serum was obtained by
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centrifuging the blood (15,000 rpm, 4oC, 10 min), followed

by incubation for 30 min at room temperature. The serum

was then stored at −80oC until analysis. The concentrations

of insulin and C-peptide in serum from W/S and GK rats

were detected using a solid phase two-site enzyme

immunoassay procedure and reagents (Rat Insulin ELISA kit

and Rat C-peptide ELISA kit, Mercodia, Uppsala, Sweden).

The ELISA was based on the direct sandwich technique, in

which two monoclonal antibodies are directed against separate

epitopes on the insulin molecule. Each serum sample and

an enzyme conjugate solution were added to appropriate

wells of a microplate and incubated on a plate shaker (700-

900 rpm) for 1 h at room temperature. The unbound enzyme-

labeled antibody and other molecules were removed by a

washing step using a solution comprised of 50 mM Tris, 0.14

M NaCl and 0.05% Tween-20 (pH 8.0). The bound conjugate

was detected by reaction with 3,3’,5,5’-tetramethylbenzidine

in a shaker for 30 min at room temperature. The reaction

was stopped by adding 0.5 M H
2
SO

4
 to give a colorimetric

endpoint that was read spectrophotometrically at 450 nm

using a V
max

 plate reader (Molecular Devices, Sunnyvale, CA,

USA).

Western blot analysis
 The proteins prepared from the liver tissues of W/S and

GK rats were resolved by 4-20% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis for 2 h. The proteins were

transferred to a nitrocellulose membrane for 2 h at 40 V.

The membrane was incubated with primary antibody-either

anti-IDE (Calbiochem, San Diego, CA, USA) or anti-actin

(Sigma-Aldrich, St. Louis, MO, USA)-overnight at 4oC. The

membrane was washed with a washing buffer (137 mM NaCl,

2.7 mM KCl, 10 mM Na
2
HPO

4
, 2 mM KH

2
PO

4
, and 0.05%

Tween-20) and incubated with a 1:2,000 dilution of horseradish

peroxidase-conjugated goat anti-rabbit IgG (Zymed, Carlsbad,

CA, USA) at room temperature for 2 h. The membrane blots

were developed using an enhanced chemiluminescence

Reagent Plus kit (Pharmacia, Uppsala, Sweden).

Statistical analysis
One-way ANOVA was used to determine if significant

differences existed between the non-exercise group and

exercise group (SPSS for Windows, Release 10.10, Standard

Version; SPSS, Chicago, IL, USA). In addition, differences in

the responses of the W/S and GK rats were evaluated using

a post-hoc test of the variance and significance levels using

the same software. All values were reported as the mean±SD.

A P<0.05 was considered significant.

Results

Effect of short-term swimming exercise on the

body weight of GK rat
To detect the exercise effects on the body weight, the rats

Figure 1. Scheme of short-term swimming exercise during 3 weeks. A. In the adaptation phase, the swimming time was extended
by 10 min every day until reaching 60 min after 6 days. B. In the training phase, all animals were trained for 2 h per day. After
swimming exercise, the wet body of rat was rapidly dried with a Kimtowel to maintain body temperature.
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were weighed once after the exercise period for 3 weeks.

The body weights of GK rats were significantly reduced in

the exercise group compare to non-exercise group, while

exercise had no effect on body weight in W/S rats (Figure 2).

Effect of short-term swimming exercise on the

post-prandial intraperitoneal glucose tolerance

response of GK rats
Swimming exercise improves glucose and protein

metabolism of diabetic rats (de Oliveira et al, 2007). To

investigate the effect of short-term swimming exercise on the

glucose tolerance response after last exercise, glucose

concentration was measured in blood samples obtained at

selected intervals after the injection of glucose. At 0 min,

32-week-old GK rats displayed a high level of glucose,

compared with W/S rats. But, there is no difference between

non-exercise and exercise groups on glucose concentration.

After glucose injection, the glucose level rapidly increased

in both rats. The maximum level of glucose was significantly

higher in GK rats than in W/S rats. With time, the glucose

level in W/S rats rapidly returned to the basal level regardless

of exercise (Figure 3A). However, in the non-exercise group

of GK rats, the glucose level gradually increased from 30-

120 min after glucose injection and reached the maximum

level at 120 min. In the exercised GK rats, the glucose level

was slightly decreased from 15-120 min following injection.

But, the level at 120 min did not decrease to basal level,

and remained 55% higher than the level at 0 min (Figure

3B). The results are consistent with a significantly impaired

glucose tolerance in the GK rats, which could be lessened

by short-term swimming exercise.

Effect of short-term swimming exercise on

insulin concentration in GK rats
To study the effect of short-term swimming exercise on

the insulin concentration in the serum of GK rats, the insulin

concentration in the serum collected from blood was measured

using a commercial ELISA system that utilized anti-insulin

antibody. Non-exercised GK rats presented slightly higher of

insulin concentration (23%) than non-exercised W/S rats. After

exercise, the insulin concentration was markedly decreased

in both types of rats, but the trend of slightly higher insulin

level in GK rats was maintained in the exercise groups (Figure

4). The results were consistent with the view that short-term

swimming exercise could stimulate insulin down-regulation,

as evident in the blood serum of W/S and GK rats, but to

differing degrees.

Measurement of C-peptide and IDE levels in rats
Glucose-stimulated insulin secretion (GSIS) was considered

as main factor decreasing in normal young men and rats

after exercise training (Ueda et al, 2003). However, the

aforementioned results indicated that the insulin concentration

was significantly decreased regardless of glucose concentration.

Therefore, to explore potential mechanisms for the decreased

insulin concentration after short-term swimming exercise, the

key factors of insulin production and degradation were

Figure 3. Post-prandial intraperitoneal glucose tolerance
response in W/S (A) and GK (B) rats. Glucose was
intraperitoneally injected (1.5 g/kg body weight) and blood
glucose was determined at indicated intervals. Four or five rats
per group were assayed in the IPGT test. The data represents
the mean±SD from triplicates. *P<0.05; significant difference
between W/S and GK rats.

Figure 2. Effect of short-term swimming exercise on body
weight. Six rats per group were used to measure body weights.
The data represents the mean±SD from triplicates. *P<0.05;
significant difference between W/S and GK rats. **P<0.05;
significant difference between non-exercise group and exercise
group in each rat type.
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detected in both types of rats because insulin concentration

is tightly regulated by the production and clearance process

in difference organs (Valera Mora et al, 2003). Also, it is

well accepted that the level of insulin production was indirectly

detected as the measurement of C-peptide level (Marques

et al, 2004). The level of C-peptide in both types of rat

was very similar regardless of exercise status (Figure 5). The

results suggest that short-term swimming exercise does not

significantly affect the production of insulin from pancreatic

β cells. To investigate whether insulin degradation could cause

insulin down-regulation, the expression level of IDE protein,

which is a key protein for insulin clearance in the liver, was

determined by Western blot assay. The expression level of

IDE protein was significantly increased in the exercise group

compare to the non-exercise group (Figure 6). These results

indicated that the swimming exercise could up-regulate IDE

expression, thereby reducing the insulin concentration.

Discussion

Regular exercise including walking, jogging or swimming

is beneficial in disease control. Of the various types of exercise,

swimming exercise appears useful for treating metabolic

diseases related to obesity and diabetes (Buemann and

Tremblay, 1996; Enevoldsen et al, 2000). In a 6-week-long

study of db/db mice, this training significantly decreased the

concentration of serum free fatty acid, cholesterol and

triglycerides, and was associated with gains in body weight

and adipose tissue mass in obese and lean mice (Oh et al,

2007). Also, another study in which W/S rats were injected

with monosodium glutamate (MSG) reported the reduction

of blood lactate accumulation and body weight during acute

exercise (de Souza et al, 2003; Ribeiro et al, 2004). In this

study, GK and W/S rats were trained for swimming exercise

in a plastic circular pool for 3 weeks. After exercise, the body

weight was significantly decreased only in GK rats. The

discrepancy in the findings with W/S rats in the previous

and present studies needs to be reconciled.

The study used a GK rat model of non-insulin-dependent

diabetes mellitus (i.e., type 2 diabetes) without obesity. The

Figure 4. Effect of short-term swimming exercise on serum
insulin concentration. Serum was harvested from the blood
sample collected from the abdominal veins of W/S and GK rats.
The insulin level was determined using ELISA. The data
represents the mean±SD from triplicates. *P<0.05; significant
difference between W/S and GK rats. **P<0.05; significant
difference between non-exercise group and exercise group per
rat type.

Figure 5. Effect of short-term swimming exercise on the serum
C-peptide concentration. Serum was harvested from the blood
samples collected from the abdominal veins of the W/S and GK
rats. C-peptide level was determined using a C-peptide ELISA
kit. The data represents the mean±SD from triplicates. 

Figure 6. Effect of short-term swimming exercise on insulin-
degrading enzyme (IDE) expression. IDE expression in the liver
was detected with anti-IDE primary antibody and horseradish
peroxidase-conjugated goat anti-rabbit IgG as described in
Materials and Methods. The densitometric intensity of the IDE
protein band was determined. The data represents the
mean±SD from triplicates. *P<0.05; significant difference
between W/S and GK rats.
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model was originally produced by repeated selective breeding

of rats with glucose intolerance starting from a non-diabetic

W/S rat colony (Goto et al, 1975; Suzuki et al, 1992). After

the onset of diabetes, the GK rats display fasting hyperglycemia,

impaired secretion of insulin in response to glucose, and

hepatic and peripheral insulin resistance. The model is

considered as the best to test drug efficacy, because the

phenotypes, which include metabolic, hormonal and vascular

disorders, are very reminiscent of human diabetes (Ostenson

et al, 1993). Presently, 8-month-old GK rats, which displayed

impaired glucose tolerance and altered insulin concentration

compared to control W/S rats, were used to evaluate the

effect of a short-term swimming exercise program on insulin

regulation.

Blood glucose levels can be exercise-regulated through three

different mechanisms: acute stimulation of muscle glucose

transport, acute increase of insulin action and long term up-

regulation of the insulin signaling pathway (Choi and Kim,

2010). Previous studies have employed daily swimming for

different periods. In one study involving 13-week-old Zucker

diabetic rats, glucose tolerance normally always deteriorated,

while in rats that were engaged in a 13-week swimming

exercise regimen the 2 h post-glucose tolerance was significantly

improved (Kiraly et al, 2008). In a hypothalamic obesity model

induced by administration of monosodium glutamate, chronic

aerobic exercise (swimming) improved glucose tolerance and

reduced insulin resistance (de Mello et al, 2001). But, until

now, a similar study had not been conducted using GK rats.

Consistent with those of the aforementioned studies, GK rats

exercised for only 4 weeks displayed significant improvements

at 120 min after glucose administration, although glucose

concentration did not completely recover to the basal level.

Furthermore, exercise enhances glucose utilization, and thereby

glucose concentration is significantly decreased in blood

(Ochiai and Matsuo, 2009). Simultaneously, increases in

glucose uptake and glucose transpoter expression were

observed in mammalian species (Ueda et al, 2003). In our

study, the glucose concentration was lower in exercise group

than non-exercise group of W/S and GK rats, although rate

of decrease was different between two rat species. These

results indicated that swimming exercise could effectively

enhance the glucose utilization, although more comparison

research on the effects of various exercises.

Studies using animal models have demonstrated the effects

of exercise on insulin concentration. The increase of insulin

concentration and β cell mass was observed in Zucker diabetic

rats in a 13-week swimming exercise program. However,

at the 4-week point of the study the insulin concentration

temporarily decreased compared to the non-exercised rats,

thereafter steadily increasing to week 13 (Kiraly et al, 2008).

Also, another study involving the same breed reported that

swimming exercise for 4 weeks produced a considerable

decrease in insulin concentration in lean Zucker rats, but

only a slight decrease in obese Zucker rats (Kibenge and

Chan, 2002). There are several factors that could be considered

as causes of insulin reduction. Of these, the decrease of GSIS

was a well-known major factor that induced the decline of

insulin concentration in young men and rats after exercise

training (Zawalich et al, 1982; Mikines et al, 1989; Koranyi

et al, 1991). However, in the present study, 4 weeks of

swimming exercise decreased insulin concentration in both

W/S and GK rats, with the reduction being greater in W/S

rats without significant change of glucose concentration.

Therefore, this study was needed to find the novel factors

for insulin regulation during swimming exercise.

Mechanistically, two possibilities can be suggested: a

decrease in insulin production and an increase in insulin

clearance. Decreased insulin production is indicated by altered

C-peptide concentration. In all mammals, the processing of

proinsulin occurs within β cells to yield the insulin and C-

peptide, which are then secreted in equimolar quantities into

the blood circulation (Marques et al, 2004). Measurement

of C-peptide in blood may provide valuable information about

insulin production in pancreatic β cells. As shown in Figure

5, the concentration of C-peptide was unaffected by swimming

exercise in the W/S and GK rats, suggesting that the decrease

of insulin concentration was unaffected by the insulin production

of pancreatic β cells. In the present study, the possibility of

increased insulin clearance was examined by the detection

of IDE expression. IDE is associated with the primary

mechanism of insulin degradation, although other systems,

including protein disulfide isomerase and lysozyme or other

enzymes, undoubtedly contribute to the metabolism of insulin

(Duckworth et al, 1998). Also, IDE is broadly expressed in

both insulin-sensitive and insulin-insensitive tissues, and it is

primarily localized in the cell cytoplasm (Seta and Roth, 1997;

Vekrellis et al, 2000). IDE in the various tissues could bind

and degrade several high-affinity substrates (polypeptides 28-

51 amino acids in length), which include a variety of

physiological peptides such as insulin, glucagons (Kirschner

and Goldberg, 1983), atrial natriuretic peptide (Muller et al,

1991), transforming growth factor α (Garcia et al, 1989; Gehm

et al, 1991), atrial natriuretic peptide (Muller et al, 1992),

β-endorphin and dynorphins (Safavi et al, 1996), amylin

(Bennett et al, 2002), and amyloid β peptides (Mukherjee

et al, 2000; Chesneau et al, 2002). Presently, measurements

of the expression level of IDE in the liver of W/S and GK

rats revealed a marked increased in the exercised group
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(Figure 6).

The present collective results indicate that the IDE over-

expression was consider as a factor of insulin down-regulation

during short-term swimming exercise, although this exercise

can effectively improve the insulin sensitivity.
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