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  Abstract : The purpose of this study was to investigate the effects of different types of exercise 
training on neurodegeneration and cognitive function in mice with impaired glucose tolerance (IGT). 
Thirty-six male C57BL/6 mice were randomly assigned to the control (CO, n = 9) and impaired 
glucose tolerance (IGT, n = 27) groups. The IGT group consumed 45% high fat diet for 4 weeks 
and received 40 mg/kg of streptozotocin twice in the lower abdomen to induce IGT. After the IGT 
induction period, the IGT group was subdivided into IGT + sedentary (IGT, n = 9), IGT + endurance 
exercise (IGTE, n = 9), and IGT + resistance exercise (IGTR, n = 9). The IGTE and IGTR groups 
performed treadmill and ladder climbing exercises 5 times per week for 8 weeks, respectively. 
Fasting glucose and glycated hemoglobin (HbA1c) levels were significantly higher in IGT group 
than in CO, IGTE, and IGTR groups (p < 0.05). HOMA-IR was significantly higher in IGT 
group than CO group (p < 0.05). Hippocampal catalase (CAT) was significantly lower in IGT 
group than in CO group (p < 0.05), while beta-amyloid (Aβ) was significantly higher in IGT 
group than in CO group (p < 0.05). Hippocampal tau was significantly higher in IGT group than 
in CO, IGTE, and IGTR groups (p < 0.05). The Y-maze test performance for cognitive function 
was significantly lower in IGT group than in CO, IGTE, and IGTR groups (p <0.05). These results 
suggest that IGT induces neurodegeneration and negatively affects cognitive function, while regular 
exercise may be effective in alleviating neurodegeneration and cognitive decline regardless of exercise 
type.
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1. Introduction

  Diabetes is a global epidemic demonstrating 
a rapid increase in prevalence and incidence 
rates in both developed and developing 
countries [1]. Diabetes not only induces 
acceleration of neurodegeneration and cognitive 
impairment, but contributes directly and 
indirectly to dementia, including Alzheimer's 
disease [2,3,4].
  Oxidative stress (OS) has been proposed to 
be the main factor in neurodegeneration and 
decreased brain function in diabetes [5,6]. 
Specifically, one of the common symptoms of 
diabetes, hyperglycemia, leads to the 
production of reactive oxygen species (ROS) 
through various biochemical signal transduction 
pathways, such as glucose autoxidation, 
increased production of advanced glycation end 
products (AGEs), and the polyol pathway, 
which in turn leads to increased OS in various 
tissues [6,7]. Production of excess OS is 
strongly related to apoptosis and inhibition of 
neuron formation in the hippocampus [5,8]. 
Knott et al. (2008) reported that high levels of 
ROS production in neurons leads to changes 
in structure and function of cellular 
mitochondria due to OS, inducing the 
development of neurodegenerative disease(s) 
[9]. OS, which is increased in diabetes, induces 
the accumulation of beta-amyloid (Aβ), 
which leads to neurodegeneration [5]. An 
increase in AGEs was reported to increase the 
half-life of Aβ, allowing it to accumulate in 
neurons, which can cause microvascular brain 
lesion(s) and the development of dementia 
[10]. Furthermore, diabetes and diabetic 
complications increase glucose concentration, 
leading to glycation reactions in which glucose 
reacts with the amino groups of proteins. Son 
et al. (2004) reported that reacting a glycation 
propagator, such as glyoxal or methylglyoxal, 
with catalase (CAT), an antioxidant enzyme, 
resulted in the loss of activation and structural 
changes in CAT, suggesting that diabetes can 
negatively affect the antioxidant system in the 

body [11].
  On the other hand, regular exercise training 
is not only effective in preventing and treating 
diabetes, but has been proposed to have 
positive effects in enhancing brain function, as 
well as reducing OS levels by increasing the 
activity of antioxidant enzymes, such as 
superoxide dismutase, CAT, and glutathione 
peroxidase. However, most previous studies 
reported that such findings were limited due to 
a focus on aerobic exercise, while others have 
been limited in investigating prediabetic models 
to identify independent effects of exercise, 
despite previous reports suggesting the presence 
of impaired neurocognitive function in 
pre-diabetes, such as impaired glucose 
tolerance (IGT) or impaired fasting glucose 
(IFG). Therefore, the purpose of this study 
was to verify the effects of different exercise 
types on neurodegeneration and cognitive 
function in a mouse model of IGT.

2. Methods

2.1. Animals

  Four-week-old C57BL/6 mice were used in 
this study. Four mice were housed per cage in 
the Dong-A University College of Medicine 
Animal Laboratory. The laboratory conditions 
were maintained constant: 55% relative 
humidity, 22 ± 2 ℃, and a 12-h dark–light 
cycle. The animal experiments were approved 
by the Dong-A University Medical School 
Institutional Animal Care and Use Committee, 
and all procedures were performed in 
accordance with the committee guidelines.

2.2. IGT induction and exercise intervention

  Mice were divided into a normal diet 
control group (CO [n = 9]) and an IGT 
group (n = 27) at 32 weeks of age. Animals 
in the IGT group were fed a high-fat diet 
(35% carbohydrate, 20% protein, and 45% fat) 
for 4 weeks to induce IGT. At 36 weeks, 
streptozotocin (Sigma Chemical, USA) dissolved 
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in 0.1 M sodium citrate solution (pH 4.5) was 
injected in the lower abdomen at 40 mg/kg 
after a fast of 6 h, twice over a 2-day period. 
To confirm IGT induction, blood extracted 
from the tail vein was measured using a 
GlucoDr glucometer (All Medicus, Korea); 
mice with a fasting glucose level of 180–250 
mg/dL were defined as IGT. In contrast, mice 
in the CO group were fed a normal diet 
(69.41% carbohydrate, 24.34% protein, and 
6.25% fat) for 4 weeks. Mice with IGT were 
divided into the following groups at 37 weeks 
of age: IGT + sedentary (IGT [n = 9], not 
subjected to an exercise program); and IGT + 
endurance exercise (IGTE [n = 9]), and IGT + 
resistance exercise (IGTR [n = 9], which were 
subjected to 8-week endurance exercise and 
resistance exercise programs, respectively. The 
IGTE group was subjected to treadmill running 
for 40 min/day, 5 days/week, for 8 weeks. 
For warm-up and warm-down exercise, the 
mice ran for 5 min at 5 m/min, while the 
main exercise of 30 min was running at 8 
m/min for 1–4 weeks, followed by gradual 
increase from 8 m/min to 10 m/min for 5–8 
weeks. For resistance exercise, the protocol 
described by Sanches et al. (2014) [12], 
involving 8 weeks of ladder exercise (slope, 
80°) 5 days/week, was adopted. To test 
exercise tolerance, the animals were prompted 
to climb up a ladder with a weight pendulum 
of 75% of their weight on their tails. If the 
mouse could climb to the top, the weight 
pendulum of 15% of its weight was increased 
each time to evaluate 1RM. Based on the 
results, exercise intensity at approximately 50% 
of 1RM was used for each round of exercise 
for a total of 8 repetitions of climbing.

2.3. Cognitive function measurement

  Cognitive function was assessed using the 
Y-maze test. The Y-maze consists of three 
arms and each arm (5 cm wide, 35 cm length, 
and 10 cm height) was designated as A, B, 
and C, respectively. Each mouse was placed at 
the tip of the arm and allowed to move the 

maze for 5 minutes per session. The shift 
action for three different arms is calculated as 
follows: Alternation behavior (%) = [number 
of entries in the other direction / (total 
number of entries – 2) × 100]

2.4. Blood and tissue sampling

  Blood and tissue samples were acquired 48 
h after the end of exercise to rule out the 
transient effects of the exercise in the case of 
the IGTE and IGTR groups. During the 
sampling, the feed supply was stopped 12 h 
before sampling but water supply continued. 
All laboratory animals were anesthetized with 
ethyl ether and the blood samples were 
collected from the abdominal inferior vena 
cava, and then the hippocampus was 
extracted. The samples were immediately 
frozen in liquid nitrogen and stored at -80 ℃.

2.5. Blood and tissue protein level analysis

  The glucose level was estimated using a 
GlucoDr glucometer (Allmedicus, Korea). The 
analysis of glycated hemoglobin (HbA1c) and 
insulin levels were carried out using an ELISA 
kit for glycated hemoglobin A1c (CEA190Mu, 
Cloud-Clone Corp., China) and an ELISA kit 
for insulin (CEA448Mu, Cloud-Clone Corp., 
China), respectively. Insulin resistance index 
was assessed by homeostasis model assessment 
estimate of insulin resistance (HOMA-IR) as 
follows: HOMA-IR = Fasting insulin (μ
IU/mL) × Fasting glucose (mg/dL) / 405. As 
previously described [13], the hippocampus 
tissues were lysed in 200 μl 
radioimmunoprecipitation assay (RIPA) buffer 
to extract protein from the samples. The tissue 
was homogenized and centrifuged for 30 min 
at 14,000 rpm. The protein concentration of 
the supernatant was measured using the BCA 
protein assay kit (PIERCE, USA). Samples of 
equal protein content were resolved by 
SDS-polyacrylamide gel electrophoresis on a 
10 or 12% gel and transferred to a membrane. 
The membrane was blocked with 5% skim 
milk in phosphate-buffered saline (PBS), and 
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Fig. 1. The glycemic control related parameters for the four groups after intervention. 
Data are presented as mean ± SE. CO: control; IGT: IGT + sedentary; IGTE: 
IGT + endurance exercise; IGTR: IGT + resistance exercise; #versus IGT group (p < 

0.05)

subsequently incubated at 4 ℃ overnight with 
primary antibodies (1:1000 dilution) against 
CAT (sc-271803, Santa Cruz Biotechnology), 
Aβ (sc-28365, Santa Cruz Biotechnology), 
and tau (sc-32274, Santa Cruz Biotechnology). 
The membrane was incubated with goat 
anti-mouse or anti-rabbit IgG conjugated 
secondary antibody for 1 h at room 
temperature. The signal was developed with an 
ECL solution (Amersham Pharmacia Biotech, 
USA) and visualized with ImageQuantTM 
LAS-4000 system (GE Healthcare, Sweden).

2.6. Statistical analysis

  The data were analyzed using SPSS windows 
version 24.0 software (SPSS Inc., USA), and all 

measurements were presented as the means ± 
standard error (SE). One-way ANOVA was 
used to verify the inter-group differences in 
the blood components and the results of tissue 
analysis. When statistical significance was 
evident, Tukey's post-hoc analysis was carried 
out. Statistical significance was set as ⍺ = 0.05.

3. Results

  The glycemic control related parameters for 
the four groups after intervention are shown in 
Fig. 1. Fasting glucose and glycated 
hemoglobin (HbA1c) levels were significantly 
higher in the IGT group than in the CO, 
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Fig. 2. The CAT and neurodegeneration related parameters for the four groups after intervention. 
Data are presented as mean ± SE. CO: control; IGT: IGT + sedentary; IGTE: IGT + 
endurance exercise; IGTR: IGT + resistance exercise; #versus IGT group (p < 0.05)

IGTE, and IGTR groups (p < 0.05), while 
insulin levels were not significantly different 
among the groups (p > 0.05). In addition, 
homeostasis model assessment estimate of 
insulin resistance (HOMA-IR) was significantly 
higher in the IGT group than in the CO 
group (p < 0.05).
  The catalase (CAT) and neurodegeneration 
related parameters for the four groups after 
intervention are shown in Fig. 2. Hippocampal 
CAT was significantly lower in the IGT group 
than in the CO group (p < 0.05), while 
beta-amyloid (Aβ) was significantly higher in 
the IGT group than in the CO group (p < 
0.05). Hippocampal tau was significantly 
higher in the IGT group th an in the CO, 
IGTE, and IGTR groups (p < 0.05).
  The cognitive function for the four groups 
after intervention are shown in Fig. 3. Y-maze 
test performance was significantly lower in the 
IGT group than in the CO, IGTE, and IGTR 
groups (p < 0.05).

Fig. 3. The cognitive function for the four 
groups after intervention. Data are 
presented as mean ± SE. CO: 
control; IGT: IGT + sedentary; IGTE: 
IGT + endurance exercise; IGTR: IGT + 
resistance exercise; #versus IGT group 
(p < 0.05)

4. Discussion

  Physical inactivity is the primary risk factor 
for metabolic syndromes, such as obesity, high 
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blood pressure and type 2 diabetes mellitus 
(T2DM), and has been confirmed in various 
epidemiological and prospective studies 
[14,15,16]. In particular, T2DM occurs over a 
long prodromal stage, representatively in IFG 
and/or IGT; thus, active glycemic control 
through exercise intervention during this stage 
can be an important strategy to prevent 
T2DM [14,17]. In this study, glucose, glycated 
hemoglobin (HbA1c), and insulin levels were 
analyzed and homeostasis model assessment 
estimate of insulin resistance (HOMA-IR) was 
measured to verify changes in variables related 
to glycemic control according to IGT and 
different exercise type. According to our 
results, the IGTE and IGTR groups exhibited 
significantly lower glucose and HbA1c levels 
compared with the IGT group. This suggests 
that endurance and resistance exercise were 
both effective for glycemic control, and also 
re-confirms previous studies investigating the 
effectiveness of various types of exercise in 
lowering blood glucose and HbA1c levels in 
prediabetes, as well as in patients with 
diabetes [18,19,20]. Quílez Llopiz et al. (2015) 
systematically reviewed 14 studies that 
investigated the effects of exercise on glycemic 
control in T2DM patients and reported that 
exercise interventions, such as aerobic exercise 
and resistance exercise, and/or combination of 
the two, all resulted in effective glycemic 
control [19]. A meta-analysis by Nery et al. 
(2017), however, reported no difference 
between the two types of exercise (i.e., aerobic 
versus resistance exercise) in significantly 
improving HbA1c, low-density lipoprotein 
cholesterol, triglycerides, and total cholesterol 
levels [20]. However, there was no significant 
change in insulin and HOMA-IR according to 
exercise type. This could be explained by the 
low intensity of the exercise intervention. Ku 
et al. (2009) divided T2DM patients into 
moderate intensity (3.6–5.2 metabolic 
equivalents [METs]) and vigorous intensity (> 
5.3 METs) groups and treated them with 
exercise therapy for 12 weeks to identify 

changes in insulin resistance according to 
exercise intensity. The results revealed that 
only vigorous exercise intensity resulted in 
improved insulin resistance, suggesting that 
changes in insulin resistance are dependent on 
exercise intensity [21]. Therefore, future studies 
need to use higher intensities of exercise 
intervention to verify this hypothesis.
  Brain tissue has many neurons and contains 
high levels of unsaturated fatty acids that can 
easily be oxidized, and, with a weak 
anti-oxidation defense system and high 
concentration of non-heme iron that acts as 
catalyst for the production of ROS, the brain 
is easily exposed to OS in disease(s) involving 
high blood glucose levels such as diabetes [22]. 
In this study, levels of the antioxidant enzyme 
CAT in the hippocampus were measured to 
verify the antioxidant status of the brain 
according to IGT and different types of 
exercise. The results revealed significantly 
higher levels in the IGT group compared with 
the CO group, although there was no 
significant difference according to exercise type. 
This result suggests that high glucose levels 
due to IGT negatively affected antioxidant 
capacity. Furthermore, considering a previous 
study that reported an association between 
CAT up-regulation and exercise volume [23], 
there is a need to conduct future studies using 
increased exercise volume.
  Recent studies [24,25,26] have suggested a 
strong association between T2DM and 
neurodegenerative diseases, such as Alzheimer’s 
disease, in which high Aβ and tau protein 
accumulation phenomena were observed in 
both diseases. Although the exact mechanism 
is unclear, T2DM can exacerbate 
neurodegenerative processes [23] and, 
moreover, induce cognitive decline [26]. 
Roberts et al. (2014) reported an association 
between diabetes/IGT and mild cognitive 
impairment [27]. In this study, Aβ and tau 
protein in the hippocampus were analyzed to 
verify variables related to neurodegeneration 
and changes in cognitive ability according to 
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IGT and different types of exercise, followed 
by the Y-maze test. The results revealed 
significantly high Aβ levels in the 
hippocampus in the IGT group compared with 
the CO group, while tau levels were 
significantly lower in the CO, IGTE, and 
IGTR groups compared with the IGT group. 
Furthermore, results of the Y-maze test to 
evaluate cognitive function revealed 
significantly higher levels in the CO, IGTE, 
and IGTR groups compared with the IGT 
group. This result suggests that IGT in the 
pre-diabetic stage can induce 
neurodegeneration by the accumulation of Aβ 
and tau protein in the hippocampus, while 
endurance and resistance exercise can 
effectively reduce neurodegeneration and 
cognitive decline, in which significant decrease 
in glucose and HbA1c through exercise may 
act as important factors. Hyperglycemia in 
animal model experiments can lead to Aβ 
accumulation in the brain [26], and high 
glucose levels reportedly induce 
hyperphosphorylation of tau protein [28]. 
Furthermore, these results are supported by a 
report that higher HbA1c levels are a risk 
factor for cognitive dysfunction [29].

5. Conclusion

  In conclusion, impaired glucose tolerance 
(IGT) induces neurodegeneration and negatively 
affects cognitive function, while regular 
exercise may be effective in alleviating 
neurodegeneration and cognitive decline 
regardless of exercise type. In future studies, it 
is necessary to develop an exercise program to 
prevent progression to type 2 diabetes at high 
risk stages such as IGT by applying various 
exercise intensity and/or exercise volumes as 
well as exercise type.
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