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Background: To study the effects of forced swimming stress on blood glucose and insulin levels and the 
expression and phosphorylation of pancreatic PI3K/Akt signal pathway in type 2 diabetic rats. 
Methods: Thirty adult SD rats (8-week-old, male) were randomly divided into three groups: control 
group, diabetic model group, and diabetic model stress group. The diabetic model group was established by 
feeding with the high-fat and high-glucose diet for four weeks, and then the rats were injected with low-dose 
streptozotocin (STZ, 25 mg/kg, once a day for 2 days). The rats in the diabetic model group were subjected 
to forced swimming stress for seven days, which was a diabetic model stress group. Twenty-four hours after 
the last forced swimming stress, the rats fasted, and blood samples were collected to detect blood glucose, 
insulin, triglycerides (TGs), free fatty acids (FFAs), high- and low-density lipoprotein cholesterol (HDLC 
and LDLC) levels. The western blot was applied to detect the expression of PI3K, Akt, p-Akt, and mTOR in 
the pancreas of rats in each group. 
Results: Blood glucose and insulin levels in the diabetic model stress group were significantly lower than 
those in the diabetic model group, and the protein levels of PI3K, p-AKT, and mTOR in the pancreas of the 
diabetic model stress group were significantly higher than those of the diabetic model group. 
Conclusions: One-week swimming stress can decrease the blood glucose level and improve insulin 
indexes in type 2 diabetic rats and increase the expression and phosphorylation of pancreatic PI3K/Akt signal 
pathway proteins.
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Introduction

In the past decades, the number of people who have diabetes 
has been increasing, spreading all over the world. It is 
supposed the number of people troubled with diabetes will 
increase by more than 50% from 2017 to 2045, resulting 
in about 693 million people with diabetes, and the annual 
medical cost will be about $850 billion (1). The prevalence 
of diabetes is due to the increased incidence of type 2 
diabetes mellitus (T2DM), characterized by inadequate 
insulin secretion and insulin resistance (2). Lifestyle 
changes induced the increase of high-energy, refined food 
intake, sedentary behavior, and other risk factors, including 
environmental pollution, socio-economic and psychological 
conditions, like smoking and sleep problems, play an 
essential part in the occurrence and development of type 
2 diabetes (3-5). It has proved that stress is an essential 
factor in the pathogenesis of type 2 diabetes. Repeated 
or continuous stress exposure can lead to dysfunction 
of glucose metabolism, functional nerve-endocrine 
disorder, and chronic inflammation, which can predict the 
occurrence of T2DM (6). Patients with diabetes also have 
neuroendocrine disorders under stress, including increased 
glucocorticoid and auxin levels, decreased luteinizing 
hormone, and follicle-stimulating hormone levels (7).

Moreover, due to the inconvenience of stress operation 
and other reasons, the effect of stress on the physiological 
indexes of patients with T2DM and its mechanism is still 
unclear. Forced swimming is a commonly used stress model 
for the modeling and detection of depression (8). The 
diabetic model of a high-fat diet with streptozotocin (STZ) 
is remarkably like human type 2 diabetes (9). Therefore, in 
this work, the rats were induced to develop type 2 diabetes 
by fed with a high-fat diet and injected with low-dose 
STZ (10). Also, the effects of forced swimming stress on 
the protein expression and phosphorylation of the PI3K/
Akt signal pathway in the pancreas of diabetic rats were 
observed to explore the role and molecular mechanism of 
stress in T2DM.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5304).

Methods

Primary reagents and equipment

PI3K antibody (abcam, ab151549), AKT antibody (abcam, 
ab8805), p-Akt antibody (Cell Signaling Technology, 4060T), 

mTOR antibody (abcam, ab32028), β-Actin antibody (abcam, 
ab179467), Goat anti-Rabbit IgG-HRP (Bioworld); Radio 
Immunoprecipitation Assay (RIPA) Buffer (CST, #9806S), 
Protease Inhibitor Cocktail Set I (CALBIOCHEM, #539131), 
BCA protein concentration quantitative kit (Pierce, #23225); 
blood glucose, triglyceride (TG), free fatty acid (FFA), high- 
and low-density lipoprotein cholesterol (HDLC and LDLC) 
kit (Nanjing Jiancheng Biological Co., Ltd., China), insulin 
kit (Shanghai Shenggong Biotechnology Service Co., Ltd., 
China); Desktop freezing centrifuge, UV spectrophotometer, 
enzyme labeling instrument, electrophoresis instrument 
(Tianneng EPS-300), vertical electrophoresis tank (Tianneng 
VE-180), transfer electrophoresis tank (Tianneng VE-186), 
X-ray cassette (AX-II).

Animal grouping and modeling

Thirty healthy male SD rats, aged 8 weeks, weighed  
250±15 g (bought from Guangdong Medical Animal Center). 
The experimental rats were fed at 24±1 ℃ for 12 hours 
with a light-dark cycle. The rats were fed one week for 
adaptation; the experimental rats were randomly divided into 
three groups (n=10 in each group): normal housed control 
group, diabetic model group and the diabetic model group 
with forced swimming stress. The no-treated control group 
was fed with normal diet (standard GB 14924.3-2010), and 
the diabetic model group and the forced swimming stress 
combined diabetic model group were fed with high-fat diet 
(10% cooked lard, 20% sucrose, 2.5% cholesterol, 1.0% 
cholate and 66.5% normal diet). After four weeks of feeding, 
all rats fasted for 12 hours. Rats in diabetic model group and 
diabetic stress group were intraperitoneally injected with low-
dose STZ (25 mg/kg, once a day for two consecutive days) 
to establish a T2DM rat model, while rats in normal control 
groups were injected with the same amount of normal 
saline. After the establishment of the model, the rats in the 
diabetic model stress group were given forced swimming 
stress for seven days. The rats swam in a glass tank with a 
water temperature of 24 ℃ and water depth of 50 cm for  
30 minutes daily, and then they were put back into the 
original cage. All animal experiments were performed in 
accordance with the guidelines for animal care and  was 
approved by the Medical Ethics Committee of Shenzhen 
People’s Hospital (No. LL-KY-2020293).

Sample collection and detection

The rats in the diabetic model stress group rested for 
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24 hours after the last stimulation, and the rats in each 
group fasted for 12 hours. We take the blood samples 
from the tail vein, and the levels of fasting blood glucose 
(FBG) and insulin (FINS) are measured according to the 
kit instructions. Rat insulin sensitivity index (ISI) can 
be calculated by ISI = ln [1/FBG × FINS]. Each rat was 
intragastrically administrated with 20% glucose solution 
according to 2 g/kg body weight, after 120 mins, the blood 
samples, taken from the tail vein, were used to determine 
the blood glucose and insulin level. The insulin resistance 
index (HOME-IR) was calculated by HOME-IR = fasting 
blood glucose level (FPG, mmol/L) × fasting insulin level 
(FINS, μU/mL)/22.5. At the end of the experiment, 2% 
pentobarbital sodium was injected intraperitoneally at 
the dose of 50 mg/kg to give full anesthesia. Then blood 
samples harvested from the abdominal aorta were taken 
for TG, FFA, HDLC and LDLC test. The pancreas was 
isolated at once after blood collection and stored at −80 ℃ 
for the western blot.

Western blot

An appropriate amount of the pancreatic tissue was placed 
on ice, an electronic balance weighed the tissue weight, and 
the precooled RIPA strong lytic solution (50 mM Tris, pH 
7.4; 150 mM NaCl, 1% sodium deoxycholate; 0.1% SDS, 
1% Triton X-100) containing 1% Phenylmethylsulfonyl 
fluoride (PMSF) was added according to 1:5 (weight/
volume). After this, the tissue with the lytic solution 
was put into a glass homogenizer to break and obtain 
the homogenate. The homogenate was suspended in a 
refrigerator at 4 ℃ for half an hour to lyse fully, and then 
the homogenate was centrifuged at 4 ℃ and 16,000 g for 
20 minutes, the supernatant, which contained the extracted 
tissue total protein, was taken. BCA protein concentration 
quantitative kit was used to detect the protein concentration 
of each sample. Each sample took the same amount of 
protein (40 μg) for 10% SDS-PAGE electrophoresis, 
After electrophoresis separation, the separated protein 
was transferred into nitrocellulose membrane (320 mA for  
3 h), and then the membrane was sealed with 5% skimmed 
milk powder (TBST dispensing) at room temperature for  
1 hour, and with the TBST buffer three times. The antibody 
against the target protein or internal reference protein 
(TBST prepared 5% BSA, added the antibody ratio 1:1,000) 
was added, and then the membrane was shaken overnight 
in the refrigerator at 4 ℃. The antibody was recovered, 
and subsequently, the membrane was washed three times 

with TBST. The secondary antibody was prepared with 
5% skimmed milk powder (antibody ratio 1:5,000), and  
5 mL of them was added to each membrane. The membrane 
was incubated with the milk described above at room 
temperature for 1 hour and then washed three times with 
TBST. The washed membrane was taken to the darkroom 
and mixed with electrochemiluminescence (ECL) luminous 
solution in the same proportion. The fluorescence signal was 
collected on the film by film exposure. The relevant protein 
content was represented by the gray value of the color strip 
on the film. AlphaEaseFC software analyzed the gray value, 
and the ratio of the gray value of the target protein strip to 
the gray value of its corresponding internal reference was 
used to reflect the relative content of the protein.

Statistical analysis

The mean ± standard deviation expressed the experimental 
results ( x SD± ). SPSS 21.0 software analyzed the data. The 
differences between groups were evaluated by one-way 
analysis of variance (One-way ANOVA). The LSD method 
performs a pairwise comparison.

Results

Blood glucose and insulin levels in fasted rats

A diabetic rat model was constructed and given a week of 
forced swimming stimulation to study the effect of stress 
on rats suffering from type 2 diabetes. The rats were 
grouped and treated, as shown in Figure 1A. The results of 
the fasting blood glucose experiment (Figure 1B) showed 
the blood glucose levels in the model group, and the 
model stress group were significantly increased compared 
to the control group, indicating that the model of type 2 
diabetes was successful. Also, the blood glucose level in 
the model stress group was significantly lower than that in 
the model group, which suggested that the level of blood 
glucose regulation in the model stress group was improved. 
Through the detection of insulin level, it was found the 
blood insulin level of the model group was significantly 
increased compared to the control group, while the blood 
insulin level of the model stress group showed a rising 
trend, which has no significant differences with the control 
group and the model group. Furthermore, the ISI (Table 1)  
and the insulin resistance index (HOME-IR, Table 2) of the 
three groups were calculated. These results suggest that 
compared with the control group, the ISI decreased, and 
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Figure 1 Construction of diabetic rat model. (A) Group and treatment of rats; (B) the concentration of blood glucose after oral glucose tolerance 
test (OGTT) and serum insulin. **, P<0.01 compared to the control group; #, P<0.05 compared to the model group. STZ, streptozotocin.

the insulin resistance index increased in the model group, 
while the rats in the model stress group had improved in ISI 
and HOME-IR. One week of forced swimming stimulation 
can improve the blood glucose and insulin indexes of type 2 
diabetic rats.

Chronic stress could improve blood lipid level in diabetic rat

The levels of blood lipids, including FFA, TG, HDLC 

Table 1 The insulin sensitivity index (ISI) of each group

Group Control group Model group Model stress group

ISI −4.2759 −6.0748 −5.4727

Table 2 The insulin resistance index (HOME-IR) of each group

Group Control group Model group Model stress group

HOME-IR 1.4851 9.1717 4.9762

Table 3 The blood lipid profile of each group

Group FFA TG LDLC HDLC

Control group 848.08±142.69 95.29±15.58 46.36±12.54 17.67±12.54

Model group 1,720.80±170.22** 324.81±30.97** 71.47±12.73** 9.98±8.36*

Model stress group 1,295.20±201.59# 232.85 ±26.03## 63.39±12.55# 14.92±6.94#

*, P<0.05; **, P<0.01 compare to the control group; #, P<0.05; ##, P<0.01 compared to the model group. FFA, free fatty acid; TG, 
triglyceride; HDLC, high-density lipoprotein cholesterol; LDLC, low-density lipoprotein cholesterol.
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and LDLC in the blood of SD rats in each group were 
detected. Our results showed that the content of FFA, TG, 
and LDLC in the model group was significantly higher 
than those in the control group (P<0.01), and the HDLC 
level of the model group was significantly lower than the 
control group (P<0.05). After seven-day forced swimming 
stimulation, it could be observed the levels of FFA, TG and 
LDLC were significantly decreased, and the HDLC level 
was increased in the blood of diabetic rats (P<0.05) (Table 3).  
In conclusion, 7-day forced swimming stimulation can 
improve the blood lipid levels of type 2 diabetes model rats 
to a certain extent.

The effect of forced swimming stress on a pancreatic PI3K/
Akt signal pathway in diabetic rats

 To further explore the molecular mechanism of forced 
swimming stress in improving the physiological indexes 
of diabetic rats, we used the western blot to detect the 
protein levels of PI3K, Akt, and mTOR in the PI3K/
Akt signal pathway and the phosphorylation level of Akt 
(p-Akt) in each group of rats. The results showed that the 
protein levels of pancreatic PI3K, p-Akt, and mTOR in the 
diabetes model group were significantly lower than those 

protein levels in the control group (P<0.05), and there was 
no significant difference in the protein level of Akt. The 
protein levels of PI3K and mTOR and the phosphorylation 
level of Akt in the model stress group were significantly 
higher than those in the model group (Figure 2). The results 
indicated that one-week forced swimming stress could 
increase the protein levels of PI3K, p-Akt, and mTOR 
in the pancreas of diabetic rats, and play a specific role in 
improving the physiological indexes of diabetic rats.

Discussion

In this study, a type 2 diabetes model was established, and 
chronic forced swimming stimulation was given for one 
week to measure the effect of stress on the levels of blood 
glucose, blood lipid, and insulin, and the pancreatic PI3K/
Akt signal pathway was detected to explore its molecular 
mechanism further. These results suggest that chronic 
forced swimming stimulation could significantly improve 
the levels of blood glucose, blood lipid and serum insulin in 
diabetic model rats, and increase the protein level of PI3K, 
p-Akt, and mTOR in the pancreas of diabetic rats.

Studies have shown that stress can rapidly activate the 
hypothalamic-pituitary-suprarenal (HPA) axis and increase 

Figure 2 The protein levels of the pancreas in each group. (A) Expression of phosphorylated Akt in pancreas. (B) Expression of PI3K and 
mTOR in pancreas. *, P<0.05; **, P<0.01.
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the release of glucocorticoids. Glucocorticoids have critical 
physiological functions related to diabetes, which can 
promote the mobilization of energy storage and thus induce 
the release of glucose and lipids into circulation. The 
release of glucocorticoids could suppress inflammation and 
increase blood pressure by stimulating the cardiovascular 
system and the sympathetic nervous system (11,12). Stress 
includes exposure to stressful environments (including work 
stress and psychological stress) and emotional disorders 
(including depression and anxiety). In the case of type 2 
diabetes (T2DM), the content of glucose or lipids excess 
the cellular energy requirements and constitute a metabolic 
pressure, which promotes insulin resistance over time (13).  
The biological response to stress may lead to type 2 
diabetes, including cardiovascular disorders, functional 
neuroendocrine disorders including abnormal cortisol 
secretion, and increased inflammation. Currently, the 
effects of stress on patients with diabetes are not noticeably 
clear. Therefore, in this study, the diabetic model rats 
were given chronic forced swimming stress to discover the 
effect of chronic stress on diabetic model rats. The results 
of this study showed that one week of forced swimming 
stress could significantly reduce blood glucose and blood 
lipid levels and improve insulin indexes in diabetic model 
rats. These results may be caused by the rats being forced 
to do exercise for a long time, and exercise can promote 
the utilization of glucose and regulate glucose metabolism 
in type 2 diabetes (14). The study of Tang et al. also 
confirmed this point. Their results showed that exercise 
could improve glucose metabolism, and the mechanism 
may be related to the improvement of islet function by 
enhancing FKN expression through PI3K/Akt pathway (15).  
On the basis of these studies, our experiment added 
the detection of mTOR, FFA,TG, LDLC, HDLC, ISI 
and other indicators, which further proved that forced 
swimming stress improved the physiological indexes of 
diabetic model rats.As a component of the PI3K/Akt 
pathway and other cellular signals, mTOR is an important 
regulator of fuel metabolism and function in islet cells and 
immune cells.Thus, mTOR appears to have both anti-
diabetic and pro-diabetic effects. Our study shows that 
forced swimming can increase the expression of mTOR and 
improve the islet function in diabetic rats (16).

Studies by Hu et al. have found that sodium butyrate 
reduces type 2 diabetes by inhibiting the PERK-CHOP 
pathway in the endoplasmic reticulum (17). PPARβ/δ 
agonist GW501516 protects cells from lipid apoptosis 
and improves cell quality in type 2 diabetic rats by 

upregitating GPR40 and activating Akt/Bcl-2/Caspase-3 
pathways (18). It has been found that swimming training 
can reduce insulin resistance in type 2 diabetic rats 
through Wnt3a/β -catenin signaling pathway  (19). Recent 
studies have shown that ten weeks of swimming training 
can significantly improve glucose tolerance and insulin 
resistance, reduce fasting blood glucose and decrease 
the insulin levels in diabetic model rats, suggesting that 
swimming training can improve insulin sensitivity and 
blood glucose regulation (20). In this study, we also 
showed that one-week forced swimming could improve the 
levels of blood glucose, blood lipids, and insulin in diabetic 
rats. The study on the diabetic rat model (21) shows that 
exercise can improve the PI3K activity of gastrocnemius 
muscle. The PI3K/Akt signal pathway has essential 
functions in the absorption and use of glucose and the 
regulation of blood glucose balance. Exercise can increase 
the sensitivity of skeletal muscle to insulin, promote the 
binding of insulin to the receptors of the muscle cell 
membrane, activate the phosphorylation and expression of 
PI3K/Akt signaling, cascade protein kinase, and regulate 
glucose metabolism (22-24). Also, the results of this study 
suggest that chronic forced swimming can activate the 
PI3K/Akt signal pathway and increase the protein levels 
of PI3K and mTOR and the phosphorylation level of Akt 
in the pancreas of diabetic rats, which may have a specific 
protective effect on type 2 diabetic rats.
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