
Abstract 
Background/Aim: Vascular dementia is the second most common cognitive disorder after Alzheimer’s disease. 
Bilateral common carotid artery occlusion (BCCAO) is a widely used model of vascular dementia associated with 
chronic cerebral hypoperfusion. Previous studies have reported a beneficial role of nuclear factor erythroid 2‑related 
factor 2 (NRF2) in BCCAO. This study aimed to investigate NRF2 expression in the cortex and hippocampus at 3 and 
14 days after BCCAO.  
Materials and Methods: Unoperated male Sprague–Dawley rats were assigned to the control group, while rats that 
underwent surgery were assigned to the BCCAO group. The right and left common carotid arteries were exposed 
beneath the esophagus, separated from the vagus nerve and occluded using 4‑0 silk sutures. The cerebral cortex and 
hippocampus were isolated under anesthesia, 3 and 14 days post‑surgery. The expression of NRF2 protein was 
evaluated using western blot analysis.  
Results: NRF2 expression in the cerebral cortex increased 3 and 14 days after BCCAO, compared to control group. In 
the hippocampus, NRF2 expression of BCCAO group mice was increased at 3 days, but no difference was observed 
at day 14 compared to the control group.  
Conclusion: Chronic hypoperfusion induced by BCCAO altered the protein expression levels of NRF2 in the cortex 
and hippocampus, suggesting that NRF2 may have a role in cognitive impairment. 
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Introduction 
 
Vascular dementia (VD) is the second most common 
cognitive disorder after Alzheimer’s disease (1). VD has 
diverse mechanisms, making it difficult to identify 
diagnostic criteria for its detection (2). Chronic cerebral 
hypoperfusion (CCH) closely contributes to the 
development and progression of vascular cognitive 
impairment, including VD (3). Increased production of 
reactive oxygen species (ROS) in CCH is a major 
contributor to the pathogenesis of vascular cognitive 
impairment (4). Oxidative stress leads to blood‑brain 
barrier disruption, causing mitochondrial dysfunction, 
microglial activation, and inflammation (5). In CCH 
models, endogenous antioxidants decrease, disrupting 
homeostatic interactions (6). 

Nuclear factor erythroid 2‑related factor 2 (NRF2) 
regulates antioxidant enzymes (7) and maintains cellular 
redox homeostasis (8). Under homeostatic conditions, 
NRF2 remains within the cytoplasm in an inactive form 
attached to Kelch‑like ECH‑associated protein 1 (KEAP1) 
(9). Under oxidative stress, NRF2 is separated from Keap1 
and binds to the antioxidant response element (ARE) (10). 
Cordaro et al. reported that NRF2 activation reduced 
neuroinflammation via NF‑κB inactivation after bilateral 
common carotid artery occlusion (BCCAO) (11). BCCAO is 
one of the most common models of vascular dementia 
associated with CCH (12). In the BCCAO model, increased 
NRF2 expression reduced neuronal cell death via 
autophagy regulation (13). However, the expression levels 
of NRF2 after BCCAO have not been well investigated. 

In a previous study, we reported that the number of 
mature neurons in the hippocampus after 14 days after 
BCCAO was lower than control group (14). In this study, 
we sought to investigate the effect of BCCAO on NRF2 
expression in the cortex and hippocampus after BCCAO.  
 
Materials and Methods 
 
Experimental design. Six‑ to seven‑ week‑old male 
Sprague–Dawley (SD) rats were obtained from Damul 

Laboratory Animals (Daejeon, Republic of Korea). The rats 
were housed in a controlled environment at a constant 
temperature of 25˚C and were fed ad libitum. All animal 
procedures were approved by the Chosun University 
Institutional Animal Care and Use Committee.  

 
Animal surgery. Bilateral common carotid artery 
occlusion was performed as described in previous 
studies (15). Rats were anesthetized using inhalation 
sevoflurane (1.0‑2.0%, end‑tidal concentration). After 
shaving the surgical area, the neck region was exposed. 
The right and left common carotid arteries were located 
beneath the esophagus. Both arteries were separated 
from the vagus nerve and occluded using 4‑0 silk sutures. 
After surgery, the rats were housed under aseptic 
conditions. The surgery was performed on 46 rats 
(BCCAO group) and 57 unoperated rats were assigned to 
the control group. 

 
Western blot analysis. The cerebral cortex and 
hippocampus of rats were isolated under anesthesia, at 
days 3 and 14 post‑surgery. The cortex and hippocampal 
tissues were homogenized with RIPA buffer (50 mM Tris 
pH8.0, 150 mM NaCl, 1% NP‑40, 0.5% Deoxycholate, 
0.1% SDS) containing 1 tablet of protease inhibitor 
cocktail (1183617001, Roche, Basel, Switzerland) in 10 
ml of lysis buffer. Total protein was measured by Bradford 
method (#5000006, Bio‑Rad, Hercules, CA, USA), and 30 
µg of proteins were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS‑PAGE). The 
proteins transferred to nitrocellulose membranes (GE 
Healthcare, Piscataway, NJ, USA). Following incubation 
with the primary antibodies anti‑ NRF2 (1:2,000; NBP1‑
32822, Novus, Centennial, CO, USA) and anti‑actin‑beta 
(1:2,000, 66009‑1‑Ig, Proteintech, Rosemont, IL, USA) in 
TBS containing 0.05% Tween‑20 and 5% skim‑milk, the 
membrane was incubated with HRP‑conjugated goat anti‑
rabbit secondary antibody (1:5,000, 111‑035‑003, 
Jackson ImmunoResearch, Pennsylvania, PA, USA) and 
HRP‑conjugated goat anti‑mouse secondary antibody 
(1:5,000, 115‑035‑003, Jackson Immuno Research). 
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Protein signals were visualized using the Immobilon 
Western Chemiluminescent HRP Substrate (WBKLS0100, 
Millipore, Burlington, MA, USA). Image J software was 
used to quantify the signal, actin‑beta was used as 
internal control and the NRF2 protein levels were 
normalized to actin‑beta expression. 

 
Statistical analysis. All data are reported as the 
mean±standard error of the mean (SEM). Two‑group 
comparisons were analyzed using the Student’s t‑test. All 
analyses were carried out with the Statistical Package for 
Social Sciences (Information Analysis Systems, SPSS, IBM, 
Armonk, NY, USA). A p‐value of <0.05 was considered 
statistically significant. 

Results 
 
Cortex findings. The expression of NRF2 protein was 
examined in the parietal cortex of rats. NRF2 protein levels 
were significantly higher in the BCCAO group than in the 
control group 3 days post‑surgery (Figure 1). Two weeks 
post‑surgery, the expression of NRF2 was still increased 
compared to the control group, similar to the pattern 
observed at 3 days post‑surgery (Figure 2).  

 
Hippocampus findings. Three days post‑surgery, the 
expression of NRF2 protein in the BCCAO group was 
increased, compared to the control group, similar to the 
cortex findings (Figure 3). However, 2 weeks post‑surgery, 

Figure 1. Nrf2 expression in the parietal cortex 3 days after surgery. The expression of Nrf2 protein in the parietal cortex was measured by western 
blot 3 days post‐surgery (A). The results were quantified and presented normalized to actin‐beta expression (B). BCCAO: Bilateral common carotid 
artery occlusion. *p<0.05. 

Figure 2. Nrf2 expression in the parietal cortex 14 days after surgery. The expression of Nrf2 protein in the parietal cortex was measured by western 
blot 14 days post‐surgery (A). The results were quantified and presented normalized to actin‐beta expression (B). BCCAO: Bilateral common carotid 
artery occlusion. *p<0.05.



there was no significant difference between the BCCAO 
and control groups in hippocampal NRF2 (Figure 4). 
 
Discussion 
 
Chronic cerebral hypoperfusion leads to neuronal damage 
and cognitive impairment (16, 17). We measured the 
protein levels of NRF2 at 3 and 14 days after inducing 
chronic hypoperfusion. Otori et al., reported that relative 
cerebral blood flow (rCBF) was significantly reduced to 
33–58% in the cortex, 2 days after BCCAO (18). Tae‑
Kyeong et al., demonstrated that pyramidal cell death 
occurred 2 days after BCCAO (19). One study reported that 
cerebral blood flow was reduced at 3 days and this 
reduction was sustained until 14 days after BCCAO (20). 

Interestingly, Frantellizzi et al. noted that the reduction in 
blood flow differed between the cortex and hippocampus 
after BCCAO (21).  

NRF2 is known to have an important role in defense 
against ischemia injury. Li et al. suggested that induced 
NRF2 expression in the ischemic cortex was related to the 
response to ischemic injury (22). Another study found 
upregulation of NRF2 at the mRNA level in ischemic 
cerebral cortex (23), while the NRF2/ARE pathway has 
been shown to be activated in astrocytes in oxygen‑
glucose deprivation conditions (24). Zhou et al. proposed 
that silent information regulator 1 (SIRT1) was involved 
in NRF2 pathway activation following oxidative stress 
injury (25). Cerebral ischemia induces ROS production, 
calcium overload, and neuronal inflammation (26, 27). In 
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Figure 4. Nrf2 expression in hippocampus 14 days after surgery. Representative western blot images (A) and quantification of Nrf2 expression (B) in 
hippocampus 14 days post‐surgery. The results were normalized to actin‐beta expression. BCCAO: Bilateral common carotid artery occlusion. *p<0.05.

Figure 3. Nrf2 expression in hippocampus 3 days after surgery. Representative western blot images (A) and quantification of Nrf2 expression (B) in 
hippocampus 3 days post‐surgery. The results were normalized to actin‐beta expression. BCCAO: Bilateral common carotid artery occlusion. *p<0.05.



the present study, NRF2 expression increased in the cortex 
at both 3 and 14 days after BCCAO. Wang reported that 
neuronal damage in cerebral cortex was greatest 3 days 
after BCCAO, in line with our findings (28). Our results 
suggest that the increase of NRF2 after BCCAO in the 
cortex could initiate the endogenous defense mechanism 
against oxidative stress. 

Contrary to the cortex results, in the hippocampus, we 
found elevated expression of NRF2 at 3 days, but not at 14 
days after BCCAO. In a previous study, the survival rate of 
rats decreased to 50% after 7 days BCCAO (14). Minghua 
et al., reported that blood flow reduction in the 
hippocampus persisted up to 21 days after BCCAO (29). 
Iadecola noted that hippocampus blood flow differs from 
cortical flow due to the “outside in” pattern of 
intracerebral circulation (30). Activation of the ERK/NRF2 
signaling pathway in the hippocampus is associated with 
the activation of the endogenous antioxidant defense 
system (31). Yadav et al. suggested that significant 
reduction in NRF2 expression levels led to the generation 
of ROS in mitochondria and protein carbonyls (32). 
Another study showed that the downregulation of NRF2 
signaling was associated with dysfunction of antioxidant 
enzymes (33). Yang et al. observed compensatory NRF2 
synthesis in the hippocampus of rats (34). However, some 
studies have shown that reduced NRF2 expression is 
associated with cognitive dysfunction after 14 days, and 
that endogenous compensation of NRF2 expression in the 
hippocampus is insufficient (34, 35). 

Although we examined the expression level of NRF2 
protein after BCCAO using a large number of animals, this 
study did not include any investigation of the mRNA levels 
of NRF2. More experiments are warranted to show 
changes in mRNA and protein expression of NRF2. 
 
Conclusion 
 
NRF2 protein levels were increased in the hippocampus 
of rats at 3 days following BCCAO; however, this effect did 
not persist up to 14 days after BCCAO. These findings 
suggest that chronic hypoperfusion induced by BCCAO 

affects the expression of NRF2, thus NRF2 may be 
implicated in cognitive impairment related to CCH. 
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