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Aerobic exercise relieved vascular cognitive  
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Abstract: Objective: To investigate the mechanism of aerobic exercise in the relief of vascular cognitive impairment 
(VCI). Materials and methods: Latency of Water Maze test was measured at sham, 2VO, 2VO+EX groups. miR-503 
and BDNF mRNA levels were detected by quantitative real-time PCR. Protein levels of NF-κB and BDNF were detect-
ed by Western blot. Hippocampal neuron cell apoptosis was detected by flow cytometry. Luciferase reporter assay 
was conducted to investigate the effect of miR-503 on BDNF. Results: Latency of Water Maze test in 2VO group was 
longer than Sham group, while exercise shortened the latency. The expressions of NF-κB and miR-503 in 2VO group 
were higher than Sham group, while exercise downregulated the expressions. BDNF level in 2VO group were down-
regulated than Sham group, while exercise upregulated the levels. We also found NF-κB, miR-503 levels were up-
regulated and BDNF level was downregulated in OGD-treated hippocampal neuron cells. In addition, OGD increased 
the expression of NF-κB and miR-503, and the expression of miR-503 was downregulated when treated with NF-κB 
inhibitor (PDTC). Moreover, we confirmed BDNF was a direct target of miR-503. OGD decreased the expression of 
BDNF, while miR-503 inhibitor reversed this effect. And we proved OGD induced cell apoptosis via NF-κB/miR-503/
BDNF. Finally, in rats injected with miR-503 inhibitor, latency of Water Maze test was shortened, miR-503 expression 
was downregulated, and BDNF level was upregulated. While in rats injected with miR-503 mimic, the results were 
the opposite. Conclusion: Aerobic exercise relieved VCI via NF-κB/miR-503/BDNF pathway.
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Introduction

Vascular cognitive impairment (VCI) describes 
a series of cognitive disorders containing from 
mild cognitive impairment to dementia, which 
is commonly caused by Alzheimer’s disease 
(AD) or vascular dementia (VasD) [1]. As the 
aging population is increasing worldwide, AD 
and VasD become more and more serious 
social problems, therefore, more attentions 
should be paid on VCI. In the previous reports, 
nutritional, pharmacological and immunologic 
strategies were used in relieving VCI in patients, 
however, these strategies had limited roles in 
VCI [2, 3]. Recently, researchers proved that 
physical fitness could improve cognition in old 
patients with cognitive impairment [4-7], pro-
viding new insights for the future study of VCI.

Nuclear factor kappa B (NF-κB) is a kind of tran-
scription factor that binds to the enhancer ele-

ment of the immunoglobulin kappa light-chain 
of activated B cells, and contains five members, 
namely p65 (RelA), RelB, c-Rel, NF-κB1 and 
NF-κB2 [8]. It has been reported that p65 
immunoactivity level was increased in AD pa- 
tients, and NF-κB played important roles in 
chronic neurodegenerative disorders, including 
AD, Parkinson’s diseases, and epilepsy [9]. 
Moreover, Koo et al [10] found that TLR2/
MyD88/NF-κB pathway altered in neuroprotec-
tive effects in a murine model of Parkinson’s 
disease produced by treadmill exercise. How- 
ever, molecular pathways downstream of NF-κB 
in treadmill exercise treated neurodegenerative 
disorders were still not clear.

MicroRNAs (miRNAs) are non-coding short-
chain RNA which can regulate cell proliferation 
and differentiation, protein synthesis and the 
progress of diseases [11]. Studies have show- 
ed that miR-34a-5p, miR-106, miR-665 were 
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involved in cognitive impairment [12-14]. Sou- 
mya et al [15] found that miR-503 was remark-
ably downregulated in IGF-1 treated embryonic 
striatal stem cells where striatum was consid-
ered to be the central processing unit of cogni-
tive function of the brain. Xie et al [16] discov-
ered that NS5A inhibited NF-κB activation to 
decrease the expression of miR-503, indicating 
that NF-κB positively regulated miR-503.

Brain-derived neurotrophic factor (BDNF) is a 
kind of neurotrophins that has potential role in 
the disease pathology or the treatment of AD 
and Huntington’s disease [17]. Researchers 
have shown that BDNF played important role in 
cognitive function. For example, Cui et al [14] 
reported that cognitive function could be im- 
paired by regulating BDNF when exposed to 
irradiation. Suzuki et al [18] proved that the 
reduction of BDNF was related with cognitive 
dysfunction. Zhang et al [19] observed that 
metabolic adverse effects of olanzapine aggra-
vated cognitive dysfunction through an interac-
tion between BDNF and TNF-α. What’s more, 
bioinformatics software showed there were 
combination sites between miR-503 and BDNF. 
Thus, we speculated that exercise relieved cog-
nitive impairment via NF-κB/miR-503/BDNF.

In this study, we measured the expression of 
NF-κB, miR-503 and BDNF in hippocampus tis-
sues and hippocampal neuron cells among  
different groups, and explore the exact mecha-
nism of aerobic exercise in VCI.

Materials and methods

Establishment of rat model of vascular demen-
tia 

Sixty male Sprague-Dawley (SD) rats were pur-
chased from Shanghai Laboratory Animal 
Center of Chinese Academy of Science (Shang- 
hai, China). Rats (about 6 months and 700 g) 
were divided into three groups: sham control 
group (n=10); 2 vessel occlusion (2VO; hypo-
perfusion) control group (n=10); 2VO+exercise 
(2VO+EX) group (n=10). Rats were anesthetized 
by isoflurane (4% induction; 2.5% maintenance) 
in 70/30% nitric oxide/oxygen, then underwent 
bilateral common carotid artery occlusion (cere- 
bral hypoperfusion; 2VO) or sham surgery. 

In 2VO and 2VO+EX groups, a midline neck inci-
sion was made, and the left and right common 

carotid arteries were separated from surround-
ing muscles and adjacent nerve tract. Every 
artery in 2VO and 2VO+EX groups was ligated 
with 4-0 silk, examined for lack of patency and 
returned to the neck cavity. In sham surgery, 
neck incision and isolation of arteries without 
ligation were made similarly. Local 2% Xylocaine 
was used in the midline neck incision. Then, 
rats were placed in a standard cage on a heat-
ing blanket until recovery.

After surgery was done, treadmill exercise was 
conducted 30 minutes every day (15 m/min) for 
four weeks from the third week to the seventh 
week in 2VO+EX group. Water Maze test was 
used to determine the latency that rats found 
the platform for four days from the eighth week. 
All procedures were approved by the Ethics 
Committee of the Tianjin Medical University.

Cell culture and transfection

The hippocampus tissues were removed from 
the newborn rat, then were dissected and tritu-
rated, and seeded into cell plates which were 
precoated with 10 μg/mL poly-D-lysine (Sigma, 
USA). They were incubated in the culture media 
that contained neurobasal medium (Gibco, 
USA) with 10% fetal bovine serum (Gibco, USA) 
and 2% B27 supplement (Invitrogen, USA). Th- 
ree days later, cell proliferation was inhibited by 
5 μM cytosine arabinoside (Sigma, USA). The 
neurons were used at 14 days after plating  
for the following experiments. NF-κB inhibitor 
(PDTC), miR-503 mimic and pcDNA-BDNF were 
transfected into hippocampal neuron cells us- 
ing Lipofectamine 2000 transfection reagent 
(Invitrogen, Carlsbad, USA) according to the 
manufacturer’s instructions.

Quantitative real-time PCR

Total RNA was separated from hippocampus 
tissues and hippocampal neuron cells using 
TRIzol (Invitrogen, Carlsbad, USA) according to 
the manufacturer’s instructions. miR-503 and 
BDNF expressions of miRNAs in tissues and 
cells were measured by TaqMan microRNA 
Reverse Transcription Kit and the TaqMan Uni- 
versal Master Mix II (Applied Biosystems, USA). 
β-actin was used as an internal control. All 
reactions were performed in triplicate, and 
mRNA expressions were measured by 2-step 
cycle protocol. Data were analyzed by ABI Prism 
7300 SDS software (Applied Biosystems). The 
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relative expression of miR-503 and BDNF  
gene were calculated by comparative method 
2-ΔΔCt.

Western blot analysis

Total protein samples were homogenized and 
extracted from hippocampus tissues or hippo-
campal neuron cells by RIPA buffer. Protein 
concentrations of these extracts were deter-
mined by BCA Protein Assay kit (Pierce Bio- 
technology, USA) after centrifugation at 12,000 
rpm for 15 min. Proteins were separated on 
12% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) gel and transferred 
to a polyvinylidene difluoride (PVDF) membrane 
(Thermo Scientific, USA) which was blocked 
with 5% non-fat dried milk for 2 h. Primary 
monoclonal antibodies against NF-κB (Cell 
Signaling Technology, USA), BDNF (Cell Sig- 
naling Technology, USA), β-actin (Cell Signaling 
Technology, USA), and second antibody corre-
sponding horseradish peroxidase-conjugated 
secondary antibody (Invitrogen, USA) were used 
in this Western blot analysis. Bands were quan-
tified using enhanced chemiluminescence sys-
tem (ECL, GE Healthcare), and protein expres-
sions of NF-κB and BDNF were normalised to 
the β-actin level.

Luciferase reporter assays

The 3’UTR of BDNF containing BDNF-miR-503 
response element was inserted into the psi-

CHECK-2 vector (Promega) using XhoI/NotI cu- 
ts. A mutant 3’-UTR of BDNF was synthesised 
by PCR. 293T cells were transfected with psi-
CHECK-2_WT.BDNF or psiCHECK-2_Mut.BDNF. 
For Luciferase reporter assay, microRNAs (miR-
503 mimic, miR-503 inhibitor, or negative con-
trol) and reporter plasmid were cotransfected 
using Lipofectamine 2000 (Invitrogen) for 48 h. 
Finally, luciferase activity was measured by 
dual Luciferase detection system (Promega).

Annexin V/PI double staining method

Cell apoptosis was observed by annexin V/PI 
double staining method. Hippocampal neuron 
cells from seven groups (OGD, OGD+NF-κB 
inhibitor, OGD+NF-κB inhibitor+NC, OGD+NF-κB 
inhibitor+miR-503 mimic, OGD+NF-κB inhibi- 
tor+miR-503 mimic+pcDNA, OGD+NF-κB inhi- 
bitor+miR-503 mimic+pcDNA-BDNF) were col-
lected. 1 × Annexin V binding buffer was added 
to make a final concentration of 6 × 105/mL. 
Annexin V and PI solution were added for stain-
ing for 15 min, and apoptosis was evaluated by 
flow cytometry. The apoptotic cells were de- 
tected by flow cytometry (FACSCanto II, BD 
Biosciences, USA). Percentage of apoptosis ra- 
te (%) = (number of apoptotic cells/number of 
all cells) × 100%.

Intracerebroventricular injection

miRNAs were injected according to previously 
report [20]. Rats were anesthetized and placed 

Figure 1. The establishment of rat model of vascular dementia. Rats were divided into three groups: sham control 
group (n=10), 2VO control group (n=10), and 2VO+EX group (n=10). Water Maze test was used at the eighth week 
after surgery. Then, rats were sacrificed and hippocampus tissues were obtained to measure the expression of 
NF-κB, miR-503 and BDNF. A. Latency of Water Maze test in 2VO group was longer than Sham group, while latency 
in 2VO+EX group was shorter than 2VO group. B. The expressions of NF-κB and miR-503 in 2VO group were higher 
than Sham group. While the expressions of NF-κB and miR-503 in 2VO+EX group were downregulated than 2VO 
group. C. mRNA and protein levels of BDNF in 2VO group were downregulated than Sham group. While mRNA and 
protein levels of BDNF in 2VO+EX group were upregulated than 2VO group.
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in a stereotaxic apparatus (Shanghai Biowill 
Biological Instruments, Shanghai, China). The 
coordinates for intracerebroventricular injec-
tion into left lateral ventricle were as follows: 
0.8 mm posterior to the bregma, 1.5 mm later-
al to the midline, and 4.5 mm ventral to the sur-
face of the skull. miR-503 inhibitor or mimic (1 
μl, Invitrogen, USA) were diluted with the equal 
volume of transfection reagent Lipofectamine 
2000 (Invitrogen, USA) and cultured at room 
temperature for 15 min. The mixture of RNA 
and transfection reagent was intracerebroven-
tricular injected into the rat brain. 

Statistical analysis

We used SPSS 17.0 for the data analysis. 
Student’s t test was used for all analyses, with 
P<0.05 considered statistically significant.

Results

The establishment of rat model of vascular 
dementia

To investigate the effect of NF-κB, miR-503, 
BDNF and aerobic exercise on vascular de- 
mentia, we established rat model of vascular 
dementia and divided them into Sham, 2VO, 
and 2VO+EX groups. As shown in Figure 1A, 
the latency of Water Maze test in 2VO group 
was longer than Sham group, while the latency 
in 2VO+EX group was shorter than 2VO group. 
Also, we observed that the expressions of 
NF-κB and miR-503 in 2VO group were higher 
than Sham group, while the expressions of 
NF-κB and miR-503 in 2VO+EX group were 
downregulated than 2VO group (Figure 1B). 
mRNA and protein levels of BDNF in 2VO group 
were downregulated than Sham group, while 
mRNA and protein levels of BDNF in 2VO+EX 
group were upregulated than 2VO group (Figure 
1C). These finding suggested that rat model  
of vascular dementia was successfully esta- 
blished.

Upregulation of NF-κB, miR-503 levels and 
downregulation of BDNF in oxygen-glucose 
deprivation (OGD) treated hippocampal neuron 
cells

Hippocampal neuron cells were treated with 
OGD to simulate vascular dementia in vitro. We 
found the expressions of NF-κB and miR-503 
were upregulated in OGD group (Figure 2A). 
mRNA and protein levels of BDNF were down-
regulated in OGD group (Figure 2B). Moreover, 
apoptosis rate was increased in OGD group 

Figure 2. Upregulation of NF-κB, miR-503 levels and downregulation of BDNF in oxygen-glucose deprivation (OGD) 
treated hippocampal neuron cells. Hippocampal neuron cells were divided into control group and OGD group (Cells 
were exposed to OGD for 1 h). The expressions of miR-503 and BDNF and cell apoptosis were measured 24 h later. 
A. The expressions of NF-κB and miR-503 were upregulated in OGD group. B. mRNA and protein levels of BDNF were 
downregulated in OGD group. C. Apoptosis rate was increased in OGD group.

Figure 3. OGD regulated the expression of miR-
503 via NF-κB. Hippocampal neuron cells were di-
vided into three groups: control group, OGD group, 
OGD+NF-κB inhibitor (PDTC, 10 μM). A. OGD in-
creased the expression of NF-κB. When treated with 
NF-κB inhibitor, the expression of NF-κB was down-
regulated. B. OGD increased the expression of miR-
503. When treated with NF-κB inhibitor, the expres-
sion of miR-503 was downregulated.
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(Figure 2C). These findings indicated that NF-κB 
and miR-503 were upregulated, BDNF were 
downregulated, and apoptosis rate was in- 
creased in vascular dementia.

OGD regulated the expression of miR-503 via 
NF-κB

To verify whether OGD regulated miR-503 via 
NF-κB, we measured miR-503 expression in 
cells treated with NF-κB inhibitor (PDTC). As 
shown in Figure 3A, OGD increased the expres-
sion of NF-κB. When treated with NF-κB inhibi-
tor, the expression of NF-κB was downregulat-
ed. We also found OGD increased the ex- 
pression of miR-503. When treated with NF-κB 
inhibitor, the expression of miR-503 was down-
regulated, indicating that OGD regulated the 
expression of miR-503 via NF-κB (Figure 3B).

BDNF was a direct target of miR-503

Regulation of miR-503 on BDNF was confirm- 
ed by luciferase reporter gene. Bioinformatics 
software showed the combination sites of miR-

increased the expression of miR-503, while 
miR-503 inhibitor reversed this effect (Figure 
5A). OGD decreased mRNA and protein levels 
of BDNF, while miR-503 inhibitor reversed this 
effect, indicating that OGD regulated the ex- 
pression of BDNF via miR-503 (Figure 5B).

OGD induced cell apoptosis via NF-κB/miR-
503/BDNF

To prove the exact signaling pathway of hippo-
campal neuron cell apoptosis induced by OGD, 
we divided the cells into seven groups. We 
observed OGD increased cell apoptosis, and 
NF-κB inhibitor decreased cell apoptosis. Then, 
miR-503 mimic increased cell apoptosis again, 
and pcDNA-BDNF further decreased cell apop-
tosis (Figure 6), suggesting OGD induced cell 
apoptosis via NF-κB/miR-503/BDNF.

Aerobic exercise relieved vascular cognitive im-
pairment via NF-κB/miR-503/BDNF pathway

To further investigate the exact mechanism of 
aerobic exercise relieved vascular cognitive 

Figure 4. BDNF is a direct target of miR-503. A. Bioinformatics software 
showed the combination sites of miR-503 and BDNF to construct the BDNF 
mRNA (WT and MUT) cell lines. B. The activity of BDNF 3’-UTR was measured 
after transfected with miR-503 mimic in WT and MUT cell lines. The activity 
in WT cell lines was decreased, and there was no significant difference in 
MUT cell lines. mRNA and protein levels of BDNF in WT cell lines were de-
creased. C. The activity of BDNF 3’-UTR was measured after transfected with 
miR-503 inhibitor in WT and MUT cell lines. The activity in WT cell lines was 
increased, and there was no significant difference in MUT cell lines. mRNA 
and protein levels of BDNF in WT cell lines were increased.

503 and BDNF (Figure 4A). 
After transfected with miR-
503 mimic in WT and MUT cell 
lines, the activity of BDNF 
3’-UTR in WT cell lines was 
decreased, and there was no 
significant difference in MUT 
cell lines (Figure 4B). Besides, 
mRNA and protein levels of 
BDNF in WT cell lines were 
decreased. After transfected 
with miR-503 inhibitor in WT 
and MUT cell lines, the activity 
in WT cell lines was increased, 
and there was no significant 
difference in MUT cell lines 
(Figure 4C). And mRNA and 
protein levels of BDNF in WT 
cell lines were increased. Th- 
ese findings proved that BD- 
NF was a direct target of miR- 
503.

OGD regulated the expression 
of BDNF via miR-503 

Since BDNF was a direct tar-
get of miR-503, we assumed 
that OGD could regulate BDNF 
via miR-503. We found OGD 
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impairment, miR-503 inhibitor or mimic were 
injected into the ventricle during 2VO surgery. 
After injected with miR-503 inhibitor, the laten-
cy of Water Maze test in miR-503 inhibitor 
group was shorter than control group (Figure 
7A). The expression of miR-503 in miR-503 
inhibitor group was downregulated, while mRNA 
and protein levels of BDNF were upregulated. 
After injected with miR-503 mimic, the latency 
of Water Maze test in miR-503 mimic group 
was longer than control group (Figure 7B). The 
expression of miR-503 in miR-503 mimic group 
was upregulated, while mRNA and protein lev-

sel occlusion surgery, and BDNF expression 
was downregulated. In vitro experiments, we 
also found the expression trends of NF-κB, miR-
503 and BDNF in OGD-treated hippocampal 
neuron cells were the same in vivo. We further 
observed OGD regulated the expression of miR-
503 via NF-κB, BDNF was a direct target of 
miR-503, and OGD regulated the expression  
of BDNF via miR-503. Taken together, these 
results indicated that aerobic exercise relieved 
VCI via NF-κB/miR-503/BDNF, and proved the 
downstream molecules of NF-κB were miR-503 
and BDNF.

Numerous studies demonstrated that increas- 
ed NF-κB could induce cognitive impairment, 
and NF-κB pathway could be prevented by ph- 
armacological intervention [23-25]. However, 
because of the high cost of pharmacotherapy, 
patients prefer treatments that cost less. 
Hence, revealing the mechansim of aerobic 
exercise in relief of VCI has practical signifi-
cance. Recently, many researchers have focus- 
ed on physical exercise to evaluate the effects 
of exercise on cognitive function [26-28], but 
few studies have examined the exact mecha-
nism of physical activity in improving cognitive 
function. In 2017, Assis and Almondes [29] 
found that exercise-dependent BDNF regulated 
cognitive impairment and improved executive 
functions in individuals with dementia. Goel et 
al [25] reported that memory impairment co- 
uld be attenuated by regulating NF-κB/BDNF/
CREB. In this study, we observed that in vascu-
lar dementia rat model, NF-κB level was remark-
ably increased and BDNF was downregulated, 
which were consistent with previously reports.

Figure 5. OGD regulated the expression of BDNF via miR-503. Hippocam-
pal neuron cells were divided into four groups: control group, OGD group, 
OGD+NC group, and OGD+miR-503 inhibitor group. A. OGD increased the 
expression of miR-503, while miR-503 inhibitor reversed this effect. B. OGD 
decreased the expression of BDNF, while miR-503 inhibitor reversed this 
effect.

Figure 6. OGD induced cell apoptosis via NF-κB/
miR-503/BDNF. Hippocampal neuron cells were di-
vided into seven groups: control group, OGD group, 
OGD+NF-κB inhibitor group, OGD+NF-κB inhibitor+ 
NC group, OGD+NF-κB inhibitor+miR-503 mimic 
group, OGD+NF-κB inhibitor+miR-503 mimic+pcDNA 
group, and OGD+NF-κB inhibitor+miR-503 mimic+ 
pcDNA-BDNF group. OGD increased cell apoptosis, 
NF-κB inhibitor decreased cell apoptosis, miR-503 
mimic increased cell apoptosis again, and pcDNA-
BDNF further decreased cell apoptosis.

els of BDNF were downregu- 
lated. 

Discussion

The aerobic exercise plays a 
critical role in the relief of cog-
nitive impairment. As shown in 
previous reports, aerobic ex- 
ercise could improve memory 
of middle-aged rats [21], and 
improve health status for pa- 
tients with VCI and dementia 
[22]. In the present study, we 
found that NF-κB and miR-
503 expressions were upregu-
lated in rats underwent 2 ves-
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miRNAs can modulate the process of degrad-
ing RNA and inhibiting protein translation by  
the combination of target genes. In previous 
reports, miR-503 played critical roles in inhibit-
ing cell proliferation, migration, and invasion of 
cancers [30], regulating inflammation mediat-
ed angiogenesis [31], and promoting bone for-
mation in distraction osteogenesis [32]. Mo- 
reover, miR-503 participated in cell prolifera-
tion and invasion in glioma [33]. Andrea et al 
[34] found that p75(NTR)-dependent activation 
of NF-κB modulated miR-503 transcription in 
diabetic patients after limb ischaemia. In this 
study, we observed that miR-503 expression 
increased in vascular dementia rat model and 
OGD-treated hippocampal neuron cells. When 
treated with PDTC, miR-503 expression was 
remarkably decreased, indicating that NF-κB 
could positively regulate miR-503, which was 
consistent with previous report [16]. Further- 
more, we confirmed BDNF was a direct target of 
miR-503, verifying that NF-κB participated in 
VCI via miR-503/BDNF.

In conclusion, these results suggest that aero-
bic exercise relieved VCI via NF-κB/miR-503/

BDNF pathway. This research first reveals the 
role of miR-503 in the progress of VCI, and con-
firmed there were combination sites between 
miR-503 and BDNF, which provide a scientific 
basis for VCI treatment.
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