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Purpose: Silent information regulator 1 (SIRT1) in the brain is essential for maintaining cellular homeostasis and plays a neu-
roprotective role in cerebral ischemia and neurodegenerative disorders. The effect of preischemic treadmill exercise on chronic 
cerebral hypoperfusion (CCH)-induced spatial learning memory impairment, microvascular injury, and blood-brain barrier 
(BBB) disruption in relation with SIRT1 expression was evaluated.
Methods: Prior to bilateral common carotid artery occlusion (BCCAO) surgery, the rats in the exercise groups performed 
low-intensity treadmill running for 30 minutes once daily during 8 weeks. BCCAO surgery was performed on male Wistar 
rats at 12 weeks of age. Spatial learning memory was measured using the Morris water maze test. Neuronal nuclear antigen, 
SIRT1, and rat endothelial cells antigen 1 were determined by immunohistochemistry and platelet-derived growth factor re-
ceptor beta was determined by immunofluorescence.
Results: Preischemic treadmill exercise ameliorated spatial learning memory impairment and enhanced SIRT1 expression in 
the BCCAO rats. Preischemic treadmill exercise ameliorated BCCAO-induced damage to microvasculature and pericytes that 
make up the BBB. The effect of preischemic treadmill exercise was lost with sirtinol treatment.
Conclusions: These results can apply treadmill exercise prior to cerebral ischemia as a rational preventive and therapeutic in-
tervention strategy to improve cognitive dysfunction in CCH patients.

Keywords: Chronic cerebral hypoperfusion; Bilateral common carotid artery occlusion; Preischemic treadmill exercise; Silent 
information regulator 1
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• HIGHLIGHTS
- Preischemic treadmill exercise improved BCCAO-induced spatial learning memory impairment.
- SIRT1 expression was upregulated by preischemic treadmill exercise following BCCAO.
- Preischemic treadmill exercise ameliorated damage to microvasculature and pericytes that make up the BBB.
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INTRODUCTION

In the senile dementia, vascular dementia is the 2nd etiology 
after Alzheimer disease [1]. Vascular dementia is a type of neu-
rodegenerative disease caused by a thromboembolism that re-
duces the amount of blood pumped to the brain. The reduction 
in brain blood flow induces oxidative stress and destroys the 
blood-brain barrier (BBB), leading to cognitive impairment [2]. 
In chronic cerebral hypoperfusion (CCH) studies, permanent 
bilateral common carotid artery occlusion (BCCAO) is a well-
known vascular dementia model. BCCAO caused BBB disrup-
tion and increased permeability, resulting in neurovascular dys-
function [3,4].

Microvascular cells of the brain are essential components of 
the neurovascular unit because they structurally form the BBB 
and play various necessary roles in angiogenesis, cerebral blood 
flow regulation, and immune responses [5]. Perivascular cell 
dysfunction leads to the onset and exacerbation of various neu-
rodegenerative diseases, including stroke and Alzheimer’s dis-
ease. BBB is an essential diffusion barrier that prevents toxic 
substances entering the brain from the blood circulation and 
BBB is supported by pericytes and astrocytes [6]. BBB disrup-
tion compromises the permeability barrier formed by endothe-
lial cells surrounded by pericytes, astrocyte end-feet, and the 
basal lamina. The pericytes composes the capillary wall and act 
as important regulators, interacting directly with the endotheli-
al cells of the neurovascular unit. Injury to pericytes increases 
the permeability of the BBB, leading to release of matrix metal-
lopeptidase-9 [7,8].

Silent information regulator 1 (SIRT1) is a nicotinamide ade-
nine dinucleotide-dependent histone deacetylase regulating cell 
growth and DNA damage repair, stress resistance, and apopto-
sis. SIRT1 exerts protective role on cerebral ischemia and neu-
rodegenerative diseases. Activation of SIRT1 through resvera-
trol, calorie restriction, and exercise is involved in various bio-
logical processes by deacetylating numerous transcription fac-
tors [9,10]. Activated SIRT1 regulated neuronal apoptosis and 
energy metabolism, thereby increased the anti-oxidative stress 
ability of cells, providing neuroprotective effect of neuronal cells 
in the brain [10].

Exercise has beneficial effect on brain health and cognitive 
function and exercise has been considered effective in prevent-
ing and treating neurodegenerative diseases [11]. Low-intensity 
treadmill exercise training after CCH improved angiogenesis 
and neurogenesis, reduced neuroinflammation, and main-

tained BBB and neurovascular units [12,13]. Exercise-induced 
overexpression of SIRT1 exerted neuroprotective effect on neu-
roinflammation of Parkinson’s disease, Alzheimer’s disease, and 
ischemic stroke animal models [14]. The effect of SIRT1 activa-
tion by preischemic treadmill exercise on a vascular dementia 
model has not yet been established. In the current study, the ef-
fect of preischemic treadmill exercise on impairment of spatial 
learning memory, injury of microvascular, and disruption of 
BBB in relation with SIRT1 activation in the BCCAO-induced 
rats was investigated.

MATERIALS AND METHODS

Experimental Groups and Drug Administration
For this study, 4-week-old male Wistar rats in (weight 80±10 g) 
were purchased from Orient Bio (Seongnam, Korea). We ran-
domly divided the rats into 4 groups: the sham group, the BC-
CAO group, the BCCAO with preischemic treadmill exercise 
group, and the BCCAO with preischemic treadmill exercise 
and sirtinol (SIRT1 inhibitor) treatment group. One week be-
fore BCCAO surgery (11 weeks in age), 10 mg/kg of sirtinol 
was treated intraperitoneally daily for 5 days in the rats of sirti-
nol treatment group. Approval number (KHUASP[SE]-20-146) 
was obtained from the Institutional Animal Care and Use 
Committee of Kyung Hee University.

Bilateral Common Carotid Artery Occlusion
BCCAO surgery was conducted at 12 weeks in age (300±30 g). 
Rats were deeply anesthetized with 2% isoflurane dissolved in a 
mixed gas of 70% N2O and 30% O2. After a midline incision in 
the neck, right common carotid artery was ligated with 3-0 silk 
and occlusion of left common carotid artery was also done in 
the same manner 1 week after surgery of right common carotid 
artery occlusion. Rats in the sham group done the same surgi-
cal procedure without vascular ligation.

Preischemic Treadmill Exercise Protocol
Before BCCAO surgery, rats were engaged on a low-intensity 
treadmill for 30 min during 8 weeks, as previously described 
method [13]. The intensity of exercise was noninclined tread-
mill at 2 m/min for the first 5 minutes, 3 m/min for the next 5 
minutes, and then 5 m/min for the last 20 minutes. Rats in the 
sham group and BCCAO group stayed on the treadmill for 30 
minutes without running for 30 minutes during 8 weeks.
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Morris Water Maze Test
Two weeks after BCCAO, hippocampus-dependent spatial 
learning memory was detected using the Morris water maze 
test. A circular swimming pool (diameter, 200 cm) filled with 
water (22°C±2°C) to a depth of 30 cm was divided by an imag-
inary line into quadrants of equal size. The platform (diameter, 
15 cm) was hidden at a depth of 2 cm from the water surface in 
the center of the southeast quadrant. The walls of the test envi-
ronment were given some visual cues. Training to find hidden 
platforms was conducted for all groups 3 times a day for 4 con-
secutive days. Morris water maze test was done to assess spatial 
learning memory the day after the last training. The time to 
reach the hidden platform and the time spent in the quadrant 
with the hidden platform were recorded.

Immunohistochemistry
Upon completion of the behavioral experiment, the mice were 
anesthetized. Rats were infused with 0.05M phosphate-buffered 
saline (PBS), and then treated with 4% paraformaldehyde (PFA) 
for fixation in 0.01M phosphate buffer using a cardiac catheter. 
Whole brains were removed and immersed in 4% PFA for fixa-
tion for 12 hours and then immersed in 30% sucrose solution 
for 3 days. Using a frozen microtome (CM3050S, Leica, Nuss-
loch, Germany), the brains were frozen sectioned in the coronal 
direction to a thickness of 40 μm. Immunohistochemistry was 
conducted for neuronal nuclear antigen (NeuN), rat endothelial 
cells antigen 1 (RECA-1), and SIRT1 in the hippocampus and 
motor cortex.

Free-floating sections were incubated with 3% H2O2 for 30 
minutes, and the sections were incubated with blocking solu-
tion (1% bovine serum albumin) with 10% normal goat serum 
for 1 hour at room temperature. The sections were treated with 
NeuN antibody (1:1,000; Abcam, Cambridge, UK), RECA-1 
antibody (1:1,000; Abcam), and SIRT1 antibody (1:500; Ab-
cam) overnight at 4°C. The sections were treated with the bioti-
nylated mouse secondary antibodies (1:200; Vector Laborato-
ries, Burlingame, CA, USA) with 0.3% Triton X-100 (Vector 
Laboratories) in PBS for 1 hour and subsequently treated with 
antibody avidin-biotin-peroxidase complex solution (Vector 
Laboratories) for 1 hour at room temperature. Finally, the sec-
tions were stained by diaminobenzidine tetrahydrochloride 
(Vector Laboratories). After the sections were attached to gela-
tin-coated slides, the slides were air-dried overnight at room 
temperature, and coverslips were mounted using a Permount 
(Vector Laboratories). The number of cells in all samples was 

calculated by optical microscope (Nikon Corporation, Tokyo, 
Japan).

Immunofluorescence
For the immunofluorescence staining, the sections were treated 
with one of the following primary antibodies: mouse monoclo-
nal antibody to RECA-1 antibody (1:1,000; Abcam) and rabbit 
monoclonal antibody to platelet-derived growth factor receptor 
beta (PDGFRβ) (1:500; Abcam) overnight at 4oC after block-
ing. Alexa Fluor 594-conjugated anti-mouse IgG (1:1,000; Mo-
lecular Probes, Eugene, OR, USA) and Alexa Fluor 488-conju-
gated anti-rabbit IgG (1:1,000; Molecular Probes) were treated 
to the sections for 1 hour at room temperature. Alexa Fluor 594 
(red) and Alexa Fluor 488 (green) fluorescence photographs 
were observed with a confocal microscope (Zeiss LSM 700; 
Zeiss, Oberkochen, Germany). Image-Pro Plus software (Media 
Cybernetics, Silver Spring, MD, USA) was used for data analy-
sis.

Statistical Analysis
Data were analyzed using IBM SPSS Statistics ver. 25.0 (IBM 
Co., Armonk, NY, USA), and results were presented as the 
mean±standard error of the mean. The latency of the Morris 
water maze test for 4 consecutive days were analyzed by 2-way 
repeated-measures analysis of variance (ANOVA). One-way 
ANOVA was used for other data analysis, and significance was 
measured by Tukey post hoc  test. P<0.05 showed statistical sig-
nificance.

RESULTS

Spatial Learning Memory
BCCAO caused vascular dementia-like deficits. The current 
study evaluated the effect of preischemic treadmill exercise on 
BCCAO-induced spatial learning memory impairment using 
the Morris water maze test (Fig. 1). The latency time to find the 
hidden platform was increased in the BCCAO-induced rats 
compared to the control rats (P<0.05). In contrast, the latency 
time was decreased by preischemic treadmill exercise in the 
BCCAO-induced rats (P <0.05). The time spent (%) in the 
quadrant with the hidden platform was shortened in the BC-
CAO-induced rats compared to the control rats (P<0.05). In 
contrast, the time spent was lengthened by preischemic tread-
mill exercise in the BCCAO-induced rats (P<0.05). In addi-
tion, sirtinol, a SIRT1inhibitor, treatment reduced the effect of 
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preischemic treadmill exercise.

Neuronal Marker
NeuN is well known as a neuronal marker, and NeuN immu-
nostaining in the hippocampal cornu Ammonis 1 (CA1) and 
cornu Ammonis 3 (CA3) region is shown in Fig. 2. After BC-
CAO surgery, the number of NeuN-positive cells in the hippo-
campal CA1 and CA3 region was decreased in the BCCAO-in-
duced rats compared to the control rats, but there was no statis-
tically significant change.

SIRT1 Expression
SIRT1 expression in the hippocampal CA1 and CA3 region is 
shown in Fig. 3. After BCCAO surgery, the number of SIRT1-
positive cells in the hippocampal CA1 and CA3 region was de-
creased in the BCCAO-induced rats compared to the control 
rats (P<0.05). However, the number of SIRT1-positive cells was 
increased by preischemic treadmill exercise in the BCCAO-in-
duced rats (P<0.05). In addition, sirtinol treatment abrogated 
the effect of preischemic treadmill exercise.

Microvasculature Damage
RECA-1 immunostaining in the motor cortex is shown in Fig. 4. 
The number of fragments of microvasculature of RECA-1 less 
than 30 μm in the motor cortex was measured. After BCCAO 
surgery, the number of fragments less than 30 μm was increased 
(P <0.05) and the length of microvasculature was shortened 
(P<0.05). Meanwhile, preischemic treadmill exercise reduced 
the number of fragments less than 30 μm (P <0.05) and in-
creased microvasculature length (P<0.05). These results showed 
that preischemic treadmill exercise ameliorated BCCAO-in-
duced microvasculature damage. In addition, sirtinol treatment 
made the effect of exercise disappear.

BBB Disruption
Immunofluorescence staining of PDGFRβ expression in the 
motor cortex is shown Fig. 5. After BCCAO surgery, PDGFRβ 
expression in the motor cortex was decreased in the BCCAO-in-
duced rats compared to the control rats (P<0.05). But, PDGFRβ 
expression was increased by preischemic treadmill exercise in the 
BCCAO-induced rats (P<0.05). In addition, sirtinol treatment 
made the effect of exercise disappear.
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Fig. 1. Effect of preischemic treadmill exercise on bilateral common carotid artery occlusion (BCCAO)-induced spatial learning 
memory impairment. Upper panel: representative tracking of swimming path. Lower left panel: latency time to find hidden platform. 
Lower right panel: % time spent in the target platform quadrant. A, sham group; B, BCCAO group; C, BCCAO with preischemic 
treadmill exercise group; D, BCCAO with preischemic treadmill exercise and sirtinol treatment group. *P<0.05 compared to sham 
group. #P<0.05 compared to BCCAO group. §P<0.05 compared to BCCAO with preischemic treadmill exercise group. 
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DISCUSSION

BCCAO-induced CCH caused cerebral hypoxia, resulting in 
cognitive deficits in the rats [15]. Treadmill exercise improved 
cognitive function in several neurodegenerative diseases [16, 
17]. Exercise exerted neuroprotective effect and enhanced syn-
aptic plasticity and neurogenesis by reducing neuroinflamma-
tion and oxidative stress in stroke [11,18]. The present study 
also confirmed that CCH-induced by BCCAO in the Morris 
water maze test resulted in spatial learning impairment. Pre-
ischemic exercise improved memory deficits caused by CCH. 
However, performing preischemic exercise with sirtinol treat-
ment, the effect of exercise did not appear.

We confirmed the BCCAO-induced neuronal damage through 
staining of NeuN-positive cells in the hippocampus and motor 

cortex. There was no statistical difference in any group. The 
number of NeuN-positive cells in the CA1 region of the hippo-
campus was significantly reduced by 10%–15% during 4 weeks 
after BCCAO [19]. However, several studies reported that the 
number of NeuN-positive cells in the motor cortex and hippo-
campus was decreased by about 10% compared with the con-
trol group after BCCAO, but there was no statistically signifi-
cant difference [20,21]. From these results, it could be seen that 
the neuronal damage by BCCAO was not so great.

SIRT1 is essential for maintaining cellular homeostasis by 
regulating inflammatory and oxidative stressor mechanisms 
and plays a neuroprotective role in cerebral ischemia and neu-
rodegenerative disorders. Although SIRT1 can exert a wide range 
of neuroprotective effects, it has been reported that the degree 
of protection by SIRT1 overexpression is at most partial [22]. 
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Fig. 2. Effect of preischemic treadmill exercise on bilateral common carotid artery occlusion (BCCAO)-induced neuronal cell death 
in the hippocampal cornu Ammonis 1 (CA1) and cornu Ammonis (CA3) region. Upper panel: representative photomicrographs of 
immunostaining of neuronal nuclear antigen (NeuN)-positive cells in the hippocampal CA1 and CA3 region. The scale bar indicates 
50 µm. Lower left panel: number of NeuN-positive cells in hippocampal CA1 region. Lower right panel: number of NeuN-positive 
cells in hippocampal CA3 region. A, sham group; B, BCCAO group; C, BCCAO with preischemic treadmill exercise group; D, BC-
CAO with preischemic treadmill exercise and sirtinol treatment group. 
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High level of SIRT1 expression in the brain indicates normal 
functioning of synaptic plasticity and memory, suggesting that 
SIRT1 is essential for learning ability, memory process, and 
maintaining of synaptic plasticity in mice [23]. Treadmill exer-
cise improved memory impairment by increasing SIRT1 ex-
pression [24]. Long-term moderate treadmill exercise amelio-
rated cognitive dysfunction by activating SIRT1 to alleviate in-
flammatory response in the hippocampus [25]. SIRT1 inhibitor 
treatment displayed cognitive impairment and synaptic plastic-
ity deficiency, whereas overexpression of SIRT1 through exer-
cise had neuroprotective effects in the hippocampus of Al-
zheimer’s disease mice [26]. In the current study, SIRT1 expres-
sion was reduced in the hippocampus by CCH and upregulated 
by preischemic treadmill exercise. It was confirmed that the ex-

pression of SIRT1 was disappeared by sirtinol treatment. The 
current results demonstrated that preischemic treadmill exer-
cise alleviated CCH-induced memory impairment through 
SIRT1 activation.

RECA-1 is used as a vascular endothelial cell-specific bio-
marker. Damage to microvasculature in the brain after CCH 
leads to cognitive impairment. In the previous study, treadmill 
exercise also alleviated CCH-induced microvascular damage 
and cognitive impairment [13]. In the present study, the num-
ber of fragments smaller than 30 μm of RECA-1 was increased 
and the length of RECA-1 was shortened by CCH, demonstrat-
ing that CCH-induced damage to the microvasculature in the 
cortex. By the preischemic treadmill exercise, the number of 
fragments smaller than 30 μm of RECA-1 was reduced and the 
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Fig. 3. Effect of preischemic treadmill exercise on bilateral common carotid artery occlusion (BCCAO)-induced silent information 
regulator 1 (SIRT1) expression in the hippocampal cornu Ammonis 1 (CA1) and cornu Ammonis (CA3) region. Upper panel: repre-
sentative photomicrographs of immunostaining of SIRT1-positive cells in the hippocampal CA1 and CA3 region. The scale bar indi-
cates 50 µm. Lower left panel: number of SIRT1-positive cells in the hippocampal CA1 region. Lower right panel: number of SIRT1-
positive cells in the hippocampal CA3 region. A, sham group; B, BCCAO group; C, BCCAO with preischemic treadmill exercise 
group; D, BCCAO with preischemic treadmill exercise and sirtinol treatment group. *P<0.05 compared to sham group. #P<0.05 
compared to BCCAO group. §P<0.05 compared to BCCAO with preischemic treadmill exercise group.
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Fig. 4. Effect of preischemic treadmill exercise on bilateral common carotid artery occlusion (BCCAO)-induced microvasculature 
damage in the motor cortex. Upper panel: representative photomicrographs of immunostaining of rat endothelial cells antigen 1 
(RECA-1) in the motor cortex. The scale bar indicates 50 µm. Lower left panel: number of RECA-1 in the motor cortex. Lower right 
panel: length of RECA-1 in the motor cortex. A, sham group; B, BCCAO group; C, BCCAO with preischemic treadmill exercise 
group; D, BCCAO with preischemic treadmill exercise and sirtinol treatment group. *P<0.05 compared to sham group. #P<0.05 
compared to BCCAO group. §P<0.05 compared to BCCAO with preischemic treadmill exercise group.
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the motor cortex. Left panel: representative photomicrographs of immunofluorescence staining of rat endothelial cells antigen 1 
(RECA-1) (green) and platelet-derived growth factor receptor beta (PDGFRβ) (red) in the motor cortex. The scale bars in the large 
square and small square figures are all 20 µm. Right panel: % area of PDGFRβ in the motor cortex. A, sham group; B, BCCAO group; 
C, BCCAO with preischemic treadmill exercise group; D, BCCAO with preischemic treadmill exercise and sirtinol treatment group. 
*P<0.05 compared to sham group. #P<0.05 compared to BCCAO group. §P<0.05 compared to BCCAO with preischemic treadmill 
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length of RECA-1 was increased again, demonstrating that mi-
crovasculature damage was improved by preischemic treadmill 
exercise. However, sirtinol treatment did not alleviate damage 
to the microvasculature. These results suggest that preischemic 
treadmill exercise can ameliorate CCH-induced microvascular 
damage.

PDGFRβ plays an essential role in BBB functional recovery 
and integrity after BCCAO. BBB dysfunction is known to be 
caused by CCH-induced neuroinflammation and increased ox-
idative stress [27]. Therefore, the BBB could be a potential ther-
apeutic target for cognitive impairment due to CCH-induced 
neuroinflammation, nerve damage, and increased oxidative 
stress [28,29]. In the cerebral vessels, BBB disruption precedes 
the pathogenesis of vascular dementia [30]. Pericytes are im-
portant regulators of maturation, homeostasis, and maintenance 
of cerebrovascular function. Loss of PDGFRβ (pericyte marker) 
appears in the neurological disorders that increase BBB permea-
bility. PDGFRβ-deficient mice showed markedly reduced mi-
crovessel length in the cortex, hippocampus, and other brain 
regions [31]. In the current study, PDGFRβ expression was de-
creased after CCH, but PDGFRβ expression was increased by 
preischemic treadmill exercise. However, the PDGFRβ-increasing 
effect of preischemic treadmill exercise was not shown by sirti-
nol treatment.

In the current results, preischemic treadmill exercise improved 
spatial learning memory and enhanced SIRT1 expression in the 
BACCAO rats. Preischemic treadmill exercise ameliorated BC-
CAO-induced damage to microvasculature and pericytes that 
make up the BBB. Treadmill exercise before cerebral ischemia 
can be used as a rational preventive and therapeutic intervention 
strategy to ameliorate cognitive dysfunction in patients with this 
CCH.
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