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Abstract
Aims/Introduction Defective insulin signaling in the brain may disrupt hippocampal neuroplasticity resulting in learning 
and memory impairments. Thus, this study investigated the effect of aerobic exercise training on cognitive function and 
synaptic protein markers in diabetic rats.
Materials and methods Twenty male Wistar rats (200–250 g), were fed on high-fat diet and received a low dose of 
streptozotocin (35 mg/kg, i.p) to induce type 2 diabetes. Then diabetic animals were randomly divided into sedentary 
and training groups. The exercise training program was treadmill running at 27 m/min for 60 min/day for 8 weeks. One 
day after the last training session, Morris Water Maze (MWM) task was performed to evaluate spatial learning and 
memory. Then, the hippocamp and prefrontal cortex tissues were instantly dissected for immunoblotting assay of BDNF, 
GSK-3β, p-GSK-3β, P38, p-P38, ERK1/2, p-ERK1/2, heat shock protein-27 (HSP27), SNAP-25, synaptophysin, and 
PSD-95. Independent t-test analysis and two-way ANOVA was used to determine the differences under significance 
level of 0.05 using the 26th version of IBM SPSS statistical software.
Results The results showed that aerobic exercise improved memory as assessed in the MWM task. Moreover, aerobic exercise 
up-regulated HSP27 and BDNF protein levels in the prefrontal cortex, and hippocampus coincided with robust elevations in 
SNAP25 and PSD-95 levels. Moreover, exercise reduced phosphorylated P38, while increased p-ERK1/2 and p-GSK-3β (p).
Conclusion Our findings suggest that aerobic exercise may debilitate the harmful effects of diabetes on the cognitive func-
tion possibly through enhancing synaptic protein markers.
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Introduction

Diabetes is a global health problem with widespread deleteri-
ous effects and chronic complications. The current prevalence 
of type 2 diabetes mellitus (T2DM) is more than 463 million 
people and without sufficient action predicted to reach 578 mil-
lion by 2030 and 629 million by 2045 [1]. This metabolic dis-
order is characterized by sustained hyperglycemia resulting 
from inappropriate insulin secretion and, or signaling [2, 3].

In the central nervous system (CNS), insulin receptors 
are widely expressed in the cognitive-related areas like the 
cortex and hippocampus. Studies show that insulin signaling 
facilitates cognitive abilities by promoting synaptic matura-
tion and plasticity, synaptogenesis, neuronal maturation, and 
neurogenesis [4]. Animal models of T2DM have demonstrated 
that defective insulin signaling in the brain may disrupt hip-
pocampal neuroplasticity resulting in learning and memory 
impairments [5] .

Synapses are the most dynamic structures in the neuronal 
networks that permit neurons to communicates with a target 
cell [6]. In the synaptic junctions, electrical signals are con-
verted into the release of signaling molecules called neuro-
transmitters. These transmitters bind to specific receptors that 
transform the message forward to electrical signals in the post-
synaptic cell [7]. The loss of synapses and synaptic proteins 
deficits are strongly correlated with psychological impairment 
[8]. Several studies have also established that diabetes damages 
synaptic structure and function, and changes neurotransmitter 
release in the different brain regions. Previous studies have 
shown a significant decrease in presynaptic proteins such as 
synaptosome-associated protein-25 (SNAP-25) and synapto-
physin, and the postsynaptic protein such as postsynaptic den-
sity-95 (PSD-95) levels in the cerebral cortex and hippocam-
pus of diabetic mice [2].

Nevertheless, clinical and experimental researches have 
demonstrated that physical activity enhances brain health and 
cognitive function by releasing neurotrophic factors [9] and 
increasing neurogenesis and synaptic efficacy [10]. Further-
more, recent investigations recommend that aerobic exercise 
has beneficial effects on diabetes-induced cognitive impair-
ments [10, 11]. However, it is still poorly understood how 
exercise may affect synaptic proteins involved in cognitive 
performances in diabetes.

The present study aimed to elucidate the effect of aerobic 
treadmill exercise training (ATET) on cognitive function and 
synaptic protein markers in the HIP and PFC in a rat model 
of type 2 diabetes.

Materials and methods

Animals and study design

Twenty male Wistar rats, approximately 3-month-old, 
weighing 200–250 g, were obtained from the Pasture Insti-
tute (Tehran, Iran). Animals were housed in pairs under tem-
perature 22 ± 2◦C and humidity 60%, with a 12-h light/dark 
cycle (7:00 a.m. − 7:00 p.m.) with free access to food and 
tap water in the animal facility of Neurosciences Research 
Center (NSRC), Tabriz University of Medical Sciences. 
Before experiments, animals were handled daily to reduce 
stress and adapt to the animal facilities for one week [12]. All 
procedures were performed in accordance with the research 
ethics committee (REC) of Tabriz University of Medical 
Sciences (TUOMS) (IR.TBZMED.REC.1395.1225) and 
carried out under veterinary supervision.

Diabetes induction

For induction of T2DM, animals were fed on high fat diet 
(HFD) (5.7 kcal/g; 57% lipids, 23% protein, 20% carbo-
hydrate as a percentage of total kcal) [13] for 4 weeks. 
HFD was prepared by adding 25 gr of tallow and 25 gr of 
clarified butter to 100 gr of powdered standard pellets and 
re-pelleting it. Preferably, HFD was prepared once a week 
to prevent food from spoiling. In the next step, the animals 
were received a low dose of STZ injection (35 mg/kg, 
intraperitoneally, i.p) freshly dissolved in 10 mM sodium 
citrate buffer (Sigma, St. Louis, MO, USA). Hyperglyce-
mic status (blood glucose levels exceeding 250 mg/dl) was 
confirmed 3 days after injection with a glucometer (Roche, 
Germany). Following confirmation of diabetes, animals 
were randomly assigned to the sedentary group and train-
ing group and were fed by standard chow pellets until the 
last day of intervention.

Exercise training protocol

All exercise sessions were supervised by a professional exer-
cise physiologist. Following 2 days of treadmill familiariza-
tion (40 min once a day), animals in the training group ran 
on a flattened motorized treadmill at 0˚ slope (Model T510E, 
Diagnostic and Research Instruments Co., Taoyuan, Tai-
wan). Electric shock was applied to motivate the animals to 
run (intensity = 0.25 mA). The speed and duration of train-
ing were progressively enhanced until each rat was running 
continuously for 60 min/day at 27 m/min for 8 weeks [14]. 
Animals in the sedentary group were placed on the treadmill 
for 10 min each day without any exercise training.
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Morris water maze (MWM)

One day after the last training session, Morris Water Maze 
(MWM) task was performed to evaluate spatial learning and 
memory. The water maze was consisted of a black circu-
lar pool, 136 cm in diameter and 80 cm in-depth, with a 
small black escape platform (10 cm×10 cm) placed in the 
center of one quadrant of the tank submerged 1.5 cm under 
the water surface. The testing room contained extra-maze 
visual cues on the wall, and their locations were not changed 
during the testing period. The pool was divided into four 
equal quadrants with four starting points (N, S, W, and E), 
in which the order was changed every day. The behaviors of 
the animals were recorded by a fixed digital video camera 
recorder and then interpreted using Noldus tracking software 
(Ethovision XT, Noldus Information Technology, Wagenin-
gen, Netherlands).

Animals were trained on the hidden platform task, 
1.5 cm below the water surface, to assess spatial acquisi-
tion. The rats were subjected to four effort a day for three 
consecutive days. In each attempt, rats were placed in the 
water in one of the four starting locations (N, S, W, and E) 
and given a maximum of 60 s to find the platform. At the 
end of 60 s, if they couldn’t find the platform within 60 s, 
the rat was calmly hand-guided to the platform and allowed 
to wait there for 15 s. A day after the last acquisition trial, a 
probe test was carried out to assess spatial memory reten-
tion. In this test, the platform was removed from the pool, 
and rats were placed in the water and allowed to search for 
it for 60 s. The time spent in the target quadrant in which 
the platform had been placed during acquisition trails was 
recorded [15].

Sampling

At the end of the experiment, rats were anesthetized with 
ketamine (75 mg/kg) and xylazine (2.5 mg/kg) and sacrificed 
by decapitation. Then, the hippocampus (HIP) and prefrontal 
cortex (PFC) tissues were instantly dissected on dry ice and 
stored at − 70 °C for further analysis.

Immunoblotting assay

Frozen samples were homogenized with a lysis buffer 
cocktail (200 µl) containing protease and phosphatase 
inhibitors using a Polytron homogenizer PRO250 (PRO 
Scientific, Oxford, CT), and centrifuged at 12,000 rpm 
for 15 min at 4 °C. Bradford method (Bio-Rad, Her-
cules, CA, USA) was used to estimate the amount of 
protein in each sample. Equal amounts of total protein 
were loaded onto 10% SDS-polyacrylamide gel for 

electrophoresis. Subsequently, proteins were transferred 
onto the polyvinylidene f luoride (PVDF) membrane 
(GE Healthcare Bioscience, Arlington Heights, IL, 
USA). They were then incubated with blocking solution 
in phosphate-buffered saline containing 0.1% Tween 20 
to block nonspecific bindings for 2 h at room tempera-
ture. Next, blots were exposed to different rabbit poly-
clonal primary antibodies (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) of BDNF (sc-546), GSK-3β (sc-
7291), p-GSK-3β (sc-373,800), P38 (sc-535), p-P38 (sc-
17,852), ERK1/2 (sc-292,838), p-ERK1/2 (sc-16,981), 
HSP27 (sc-1048), SNAP-25 (SP12): sc-20,038, synap-
tophysin (D-4): sc-17,750, PSD-95 (7E3): sc-32,290, 
and β-Actin (sc-130,657) overnight at 4 °C. After three 
times washing the membrane with PBS, blots were incu-
bated with horseradish peroxidase (HRP) conjugated 
secondary anti-rabbit antibody for 2 h at room tem-
perature. The enhanced chemiluminescence (ECL) kit 
(Bio-Rad) was used to detect the target protein bands 
development and the density of bands was quantified 
using Image J software. β-Actin was used as an internal 
loading control [16].

Statistical analysis

Data were analyzed using SPSS (version 26.0) software. In 
all cases, statistical differences were considered significant 
at p < 0.05. After confirmation of the normality of variables 
by the Shapiro-Wilk test, independent t-test analysis was 
applied to compare the differences between the two groups. 
The result of escape latency time was analyzed using two-
way ANOVA. Data were expressed as mean ± S.E.M.

Results

Effect of ATET on memory in MWM

A two-way ANOVA of escape latency time in acquisition 
trails using group and day as factors showed a main effect 
of group (F (1, 42) = 51.04, p < 0.001), day (F (2, 42) = 8.74, 
p < 0.001), and group × day interaction (F (2, 42) = 0.77, 
p > 0.05). Intergroup analysis indicated that aerobic train-
ing in the diabetic rats significantly decreased escape latency 
time compared to the sedentary group (day 1: p < 0.05, day 
2: p < 0.01, and day 3: p < 0.001) (Fig. 1A).

The result of the probe test also showed a significant 
difference in the time spent in the target quadrant between 
groups (t = 4.86, df = 12, p < 0.001, Fig. 1B) and time spent 
in the target quadrant in the sedentary group was lower than 
the training group.
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Fig. 1  The effect of aerobic 
training on (A) escape latency 
time on the hidden platform 
of MWM task in different 
groups. Data are shown as 
mean ± SEM (n = 8): Two-way 
ANOVA *p < 0.05, **p < 0.01, 
***p < 0.001. B Time spent in 
the target quadrant in probe test. 
Data are shown as mean ± SEM 
(n = 8): Un-paired t-test, 
***p < 0.001

Fig. 2  The effects of aerobic training on heat shock protein-27 
(HSP27) and brain-derived neurotrophic factor (BDNF) in the hip-
pocampus (HIP) and prefrontal cortex (PFC) of diabetic rats. A  A 
representative immunoblotting image of HSP27, BDNF, and β-Actin 

in different groups. Graphs show the protein expression of HSP27 
(B) and BDNF (C) in the HIP and PFC of sedentary and training 
groups (n = 3). Data shown represent mean ± SEM: Un-paired t-test, 
*p < 0.05, **p < 0.01, ***p < 0.001
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Effects of ATET on small heat shock protein (HSP27) 
and BDNF

As shown in Fig. 2, the expression of HSP27 was sig-
nificantly lower in the sedentary group versus trained rats 
in the HIP (t = 9.45, df = 4, p < 0.001) and PFC (t = 6.75, 
df = 4, p < 0.01).

Moreover, aerobic exercise training significantly up-
regulated BDNF protein expression levels in both HIP 
(t = 4.24, df = 4, p < 0.05) and PFC (t = 4.63, df = 4, 
p < 0.01) in diabetic animals (Fig. 2B).

Fig. 3  The effects of aerobic training on mitogen-activated pro-
tein (MAP) kinases in the hippocampus (HIP) and prefrontal cortex 
(PFC) of diabetic rats. A  A representative immunoblotting image 
of phosphorylated GSK-3β (p-GSK-3β), total GSK-3β, C  phospho-
rylated extracellular signal-regulated kinases 1 and 2 (p-ERK1/2), 

total ERK1/2, E phosphorylated P38 (p-P38), total P38, and β-Actin 
of different groups. Graphs show the ratio of p-GSK-3β/ GSK-3β 
(B), p-ERK1/2/ERK1/2 (D), and p-P38/P38 (F) in the HIP and 
PFC of sedentary and training groups (n = 3). Data shown represent 
mean ± SEM: Un-paired t-test, *p < 0.05, **p < 0.01, ***p < 0.001



854 Journal of Diabetes & Metabolic Disorders (2024) 23:849–858

1 3

Effects of ATET on protein kinases

We also measured phosphorylation of ERK1/2 and P38 
(MAPKs) as well as GSK-3β to see which intracellu-
lar signals was affected after exercise in diabetic animals 
(Fig. 3). Results showed that exercise significantly increased 
p-GSK-3β (t = 5.25, df = 4, p < 0.01 for HIP; t = 4.23, df = 4, 
p < 0.05 for PFC) and p-ERK1/2 (t = 6.37, df = 4, p < 0.01 
for HIP; t = 6.22, df = 4, p < 0.05 for PFC) while decreased 

p-P38 (t = 22.97, df = 4, p < 0.001 for HIP; t = 29.34, df = 4, 
p < 0.001 for PFC) in the HIP and PFC of diabetic rats.

Effects of ATET on synaptic proteins

SNAP-25

The results of Western blotting also revealed that 8 weeks of 
ATET significantly increased protein expression of SNAP-
25 in the HIP (t = 8.23, df = 4, p < 0.01) and PFC (t = 5.80, 

Fig. 4  The effects of aerobic training on synaptic protein markers 
including (B) SNAP-25, D  synaptophysin (SYP), and (F) postsyn-
aptic protein-95 (PSD-95) in the hippocampus (HIP) and prefrontal 
cortex (PFC) of diabetic rats. A representative immunoblotting image 

of SNAP-25 (A), SYP (C), PSD-95 (E), and β-Actin in the HIP and 
PFC of sedentary and training groups (n = 3). Data are shown as 
mean ± SEM: Un-paired t-test, *p < 0.05, **p < 0.01
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df = 4, p < 0.01) as compared to the sedentary group (Fig. 4A 
and B).

Synaptophysin (SYP)

We also evaluated the effects of ATET on protein expression 
levels of SYP in the HIP and PFC. No significant differ-
ences were observed between the SYP levels of the sed-
entary group and training group (Fig. 4C and D) in both 
HIP (t = 1.73, df = 4, p > 0.05) and PFC (t = 0.020, df = 4, 
p > 0.05).

PSD-95

Our results indicated that 8 weeks of ATET significantly 
increased the postsynaptic protein level of PSD-95 in the 
HIP (t = 4.35, df = 4, p < 0.05) and PFC (t = 6.24, df = 4, 
p < 0.01) as compared to the sedentary group (Fig. 4E and 
F).

Discussion

The main findings of the present study showed that ATET 
enhanced the cognitive function of the diabetic rats as 
assessed in the MWM task. Moreover, this result was accom-
panied by increased synaptic proteins in the HIP and PFC. 
Nowadays, the potential benefits of exercise on overall brain 
health and functions are pretty well-known. The proposed 
mechanisms by which exercise enhances cognitive functions 
are through the modulation of synaptic structure, neuronal 
plasticity, and synaptic proteins involved in regulating brain 
function [10]. Moreover, studies showed that cognitive func-
tion and synaptic plasticity are impaired by diabetes [4].

HSP27 has been found to be localized to synaptic sites 
as well as to peri-synaptic glial processes in rat cerebellum 
following hyperthermia [17]. Previous studies have reported 
reduced tissue levels of HSP in type 1 and type 2 diabe-
tes, which results in secondary complications and delayed 
wound healing [18]. Evidence also shows that HSP27 is 
involved in preserving nerve function and low expression 
of HSP27 in diabetes promotes neuropathy [19]. Therefore, 
therapies aimed at enhancing HSP27 expression may have 
beneficial effects against secondary complications of dia-
betes. Tóth et al. have also reported that overexpression of 
HSP27 protein alleviates learning and memory loss in Alz-
heimer’s disease (AD) in mice models [20]. In the present 
study, exercise apparently up-regulated HSP27 expression 
in the HIP and PFC of trained diabetic rats compared with 
the sedentary group. Studies have also shown that exercise 
training increases HSP72 expression in the heart and brain 
in type 1 diabetic rats [21]. It is likely that up-regulation 
of heat shock proteins during stressful conditions such as 

exercise is likely a compensatory mechanism to mitigate the 
disturbance of synaptic function.

Several studies have reported low levels of BDNF in dia-
betic patients associated with cognitive deficits [22]. In addi-
tion, experimental and clinical studies showed that inhibi-
tion or down-regulation of BDNF is associated with learning 
and cognitive impairments [23]. Several studies have also 
proven the significant aerobic exercise benefits on cogni-
tion in rodents and humans [24]. Indeed, exercise promotes 
neuronal function through the release of growth and neuro-
trophic factors such as BDNF. Previous studies have dem-
onstrated that exercise up-regulates BDNF expression in the 
motor cortex and hippocampus accompanied by enhanced 
cognitive performance supposedly through improving hip-
pocampal synaptic plasticity [25]. In the present study, dia-
betes induced low expression of BDNF which was enhanced 
by 8 weeks of aerobic exercise in the training group. In line 
with our results, previous studies have also demonstrated 
that exercise increases BDNF levels in type 2 diabetes [26]. 
Therefore, it seems that aerobic exercise facilitates cognitive 
performance in diabetic patients through up-regulation of 
BDNF in brain regions involved in learning and memory.

The ERK pathway belongs to the mitogen-activated pro-
tein kinase (MAPK) superfamily is implicated in the regula-
tion of synapse formation and plasticity, as well as learning 
and memory [27]. Indeed, ERK1/2 signaling mediates the 
effects of BDNF on synaptic plasticity and memory forma-
tion [27]. Moreover, activation of ERK1/2 has been shown to 
regulate the formation of new dendritic spines [28]. Several 
studies showed that phosphorylated ERK translocates into 
the nucleus and regulates phosphorylation of target proteins 
in both dendritic and axonal compartments [27, 28]. In our 
study, exercise also increased p-ERK1/2 in both HIP and 
PFC of diabetic rats.

The p38 MAPKs, stress-activated protein kinases, are 
activated by extracellular stresses and cytokines and are 
involved in synaptic plasticity and neurodegenerative disease 
[29]. Phosphorylated (activated) P38 is known to reduce 
synaptic density, and its inhibition can attenuate synaptic 
dysfunction and behavioral deficits [30]. Munoz et al. have 
shown that administration of P38 inhibitor, 069 A, attenu-
ates the loss of synaptophysin induced by amyloid beta (Aβ) 
exposure and improved spatial memory deficit in the AD 
mouse model [31]. Dai et al. have also demonstrated that 
knockdown of p38 MAPK in the hippocampus improves 
memory and synaptic plasticity in angiotensin II-dependent 
hypertensive mice [30]. In this study, induction of diabetes 
increased p-P38 in the HIP and PFC of the sedentary group, 
which was reduced by aerobic exercise. Since oxidative 
stress is an activator of P38 [32] and diabetes is associated 
with oxidative damage, we suggest this mechanism may be 
involved in increased p-P38 in non-trained diabetic rats.
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GSK-3𝛽 contributes to cellular metabolism and synaptic
plasticity and is a target of BDNF [33]. Unlike other kinases, 
GSK3 is active at baseline and inhibited upon phosphoryla-
tion by Akt. Ochs et al. have demonstrated that knockout 
of GSK3β decreases dendritic spine stability and attenuates 
excitatory synaptic transmission [34]. In this study, exercise 
also increased p-GSK-3β in both HIP and PFC of trained 
rats.

To investigate whether the BDNF and kinases changes 
were related to the hippocampal and PFC synaptic changes, 
we also measured pre- and postsynaptic protein includ-
ing SNAP-25, synaptophysin, and PSD-95, respectively. 
Although many aspects of mechanisms underlying exer-
cise-induced cognition improvement are understood, little 
is known about the effects of aerobic exercise on synaptic 
proteins in the HIP and PFC following diabetes.

The synaptic connections are crucial to the effective 
synchronization of all brain functions, such as cognition. 
Several complex molecular interactions regulate synapses 
formation and plasticity by controlling the assembly and 
functions of pre- and postsynaptic proteins. Alteration of 
the fundamental synaptic proteins directly affects synaptic 
transmission [35].

SNAP-25 is a component of the trans-SNARE complex, 
which negatively modulates neuronal voltage-gated cal-
cium channels. Besides, SNAP-25 has an essential role in 
regulating exo-endocytic processes at the presynaptic ter-
minal and also regulates postsynaptic receptor trafficking. 
Reports have also shown that reduced SNAP-25 expression 
may impair synaptic plasticity and result in psychiatric and 
neurodegeneration diseases [35]. In this study, induction 
of diabetes resulted in decreased expression of SNAP-25 
in both HIP and PFC. Several studies have consistently 
reported increased protein or mRNA levels of SNAP-25 in 
the hippocampus following routine exercise upon activation 
of BDNF/TrkB signaling [36]. Previous studies have shown 
that SNAP-25 and PSD-95 are involved in exercise-induced 
cognition improvement [36]. However, ATET enhanced the 
expression of both pre- and postsynaptic proteins, SNAP-25 
and the PSD 95, in the PFC and HIP of diabetic animals. 
In agreement with our results, Hu et al. demonstrated that 
7 days of voluntary exercise increases NR2b, PSD95, syn-
aptophysin, and SNAP-25 expressions in the hippocampus 
[37]. In contrast to our results, Liu et al. have reported that 
treadmill exercise training did not increase the hippocampal 
protein expression of SNAP-25 [38]. This inconsistency may 
stem from differences in study design (diabetic and non-
diabetic animals), exercise protocols, and animal species 
(mice or rat).

Synaptophysin is a marker of synaptic density, which 
plays crucial role in the biogenesis of synaptic vesicles, neu-
rotransmitters release and endocytosis, and recycling synaptic 
vesicles [39]. Moreover, previous in vivo and in vitro studies 

have shown that inhibition of neuronal p38 MAPK inhibited 
decreases in synaptophysin levels [40]. Our results demon-
strated that treadmill exercise training did not significantly 
change the expression of this protein in the PFC and HIP of 
diabetic animals. According to the previous report, down-regu-
lation of synaptophysin expression decrease neurotransmitters 
release contributing to diabetes-induced cognitive dysfunction 
and dementia [41]. Our finding is consistent with the previous 
study that demonstrated one-month of aerobic exercise did not 
significantly change synaptophysin expression [42]. Moreover, 
it has been reported that forced and voluntary exercise did not 
alter hippocampal levels of this protein [43]. On the contrary, 
some studies have reported the increased hippocampal expres-
sion of synaptophysin after different exercise regimens [44]. 
These inconsistencies are possibly due to differences in the 
exercise protocol in intensity, and duration of exercise training. 
Although both aerobic and resistance trainings can improve 
learning, spatial memory and plasticity in a similar manner, 
these effects are done through different molecular mechanisms 
[44]. On the other hand, even aerobic training in different peri-
ods of time can lead to different responses; that is, in the face 
of increased protein synthesis after short periods of training, 
the system may downregulate mRNA expression after longer 
training periods to balance the increased protein levels and 
return protein production to basal levels [45]. In addition, the 
techniques employed in different studies may don’t have the 
same sensitivity to detect SYP changes in various areas. All 
in all, it seems that an aerobic exercise program can reduce 
the detrimental effects of diabetes on memory function, but 
this effect is not directly related to the changes in SYP protein 
expression analyzed in the present study.

The PSD-95, a most abundant postsynaptic scaf-
folding protein, is localized at excitatory synapses and 
plays a crucial role in synapse development and func-
tion [46]. PSD-95 is also a potent regulator of ion-
channel function, and synaptic activity. Moreover, the 
amount of PSD-95 controls the balance between the 
number of inhibitory and excitatory synapses [46]. 
Overexpression of PSD-95 is associated with increased 
spine numbers, synaptic efficacy, and hippocampal 
synaptic plasticity [47]. In this study, treadmill exer-
cise significantly up-regulated PSD-95 expression in 
the HIP and PFC as compared to diabetic sedentary 
animals. Previous studies have also shown that dia-
betes decreases hippocampal PSD-95 and synapto-
physin levels [48]. Arnold et  al. have also reported 
that HFD decreased PSD-95 expression and impaired 
spatial working memory [49]. However, Grillo et al. 
have demonstrated that induction of diabetes by STZ 
injection up-regulated hippocampal synaptophysin 
and PSD-95 expressions [50]. Moreover, BDNF has 
been shown to regulate the levels of PSD-95, and its 
blockade impairs the hippocampal PSD-95 expression 
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and decreases the dendritic growth [51]. Furthermore, 
GSK-3 β is required for phosphorylation of PSD-95, 
which is essential for AMPA receptor trafficking in 
dendritic spines and synaptic function [52]. Therefore, 
it is likely that exercise training increased PSD-95 lev-
els in the HIP and PFC through the up-regulation of 
BDNF and GSK-3β.

Conclusion

Our results demonstrated that ATET improved the cognitive 
performance of diabetic rats in the MWM task. Moreover, 
exercise training up-regulated BDNF and its downstream 
kinases in both HIP and PFC coincided with considerable 
elevations in pre-synaptic protein, SNAP-25, and postsynap-
tic protein, PSD-95, but not synaptophysin. These findings 
may indicate the molecular mechanisms by which treadmill 
running improved the deleterious effect of diabetes on cog-
nitive function.
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