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Research Highlights 

(1) To date, few studies have investigated the effect of resveratrol on vascular dementia. In this 

study, we confirm the protective effect of resveratrol on vascular dementia.  

(2) Our results demonstrate that resveratrol improves learning and memory ability, and reduces 

oxidative stress following vascular dementia in rats, and provides an experimental basis and theo-

retical evidence for the clinical use of resveratrol in the treatment of vascular dementia. 

 

Abstract  
Resveratrol possesses beneficial biological effects, which include anti-oxidant, anti-inflammatory 

and anti-carcinogenic properties. Recently, resveratrol has been shown to exhibit neuroprotective 

effects in models of Parkinson’s disease, cerebral ischemia and Alzheimer’s disease. However, its 

effects on vascular dementia remain unclear. The present study established a rat model of vascular 

dementia using permanent bilateral common carotid artery occlusion. At 8–12 weeks after model 

induction, rats were intragastrically administered 25 mg/kg resveratrol daily. Our results found that 

resveratrol shortened the escape latency and escape distances in the Morris water maze, and pro-

longed the time spent percentage and swimming distance percentage in the target quadrant during 

the probe test, indicating that resveratrol improved learning and memory ability in vascular dementia 

rats. Further experiments found that resveratrol decreased malonyldialdehyde levels, and increased 

superoxide dismutase activity and glutathione levels in the hippocampus and cerebral cortex of 

vascular dementia rats. These results confirmed that the neuroprotective effects of resveratrol on 

vascular dementia were associated with its anti-oxidant properties. 
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INTRODUCTION 

    

Following Alzheimer’s disease, vascular 

dementia is the second most common type 

of dementia
[1]

. Coinciding with the increase 

in age of the population and improved sur-

vival rates from cardiovascular diseases and 

stroke, vascular dementia may affect more 

individuals in the coming decades
[2]

. 1–4% 

of people over 65 years suffer from vascular 

dementia, and every 5–10 years the mor-

bidity rate increases by one-fold after the 

age of 65 years
[3]

. Post-stroke dementia is 

extremely widespread and occurs in up to 1/3 

of ischemic stroke patients after 65 years
[4]

. 

The diagnosis of vascular dementia includes 

the presence of cognitive decline (loss of
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memory and deficits in at least two other do-

mains), resulting in impaired functional abilities. 

Evidence of cerebrovascular disease must be 

confirmed by neuroimaging, and for the diag-

nosis of probable vascular dementia, dementia 

and cerebrovascular disease must be rea-

sonably related in time or temporally. Because 

of the variety of pathogenic mechanisms, the 

clinical manifestations of vascular dementia 

are varied; they are also related to the size, 

and type of cerebral damage
[3]

. The clinical 

characteristics include abrupt onset, fluctuating 

course, and stepwise deterioration, which are 

often accompanied by focal sensory and motor 

abnormalities including early onset of urinary 

incontinence and gait disorders. However, 

subcortical vascular dementia can present with 

gradual onset and deterioration like Alzhei-

mer’s disease. Even within vascular dementia, 

the clinical features can be further subdivided
[4]

. 

Thus, it is very important to research the pa-

thogenic mechanism and treatment of vascular 

dementia. 

 

Resveratrol, a polyphenolic compound, was 

first reported in 1939 by a Japanese research-

er, Dr. Michio Takaoka
[5-6]

. It is synthesized in 

several plants in response to adverse condi-

tions such as stress, injury, ultraviolet irradia-

tion and fungal infection
[7]

. Resveratrol has a 

wide range of biological effects, including an-

ti-oxidative, anti-inflammatory
[8-11]

 and anti- 

carcinogenic properties
[12]

, and is largely found 

in grapes and red wine.  

 

Resveratrol exhibits comprehensive beneficial 

health effects, which include cardioprotec-

tive
[13-14]

, antiproliferative
[15]

 and neuroprotec-

tive properties
[16]

. Resveratrol was suggested 

to play a role in the prevention of heart disease 

as it modulated lipoprotein metabolism and 

inhibited platelet aggregation
[17]

. Zamora-Ros 

et al 
[18]

 carried out a large cross-sectional 

study using high cardiovascular risk individuals 

in Spain to investigate the association between 

total urinary resveratrol metabolites as bio-

markers of wine and resveratrol consumption 

and cardiovascular risk factors. The research 

found that both resveratrol and wine intake 

were useful to decrease cardiovascular risk 

factors, through changing the lipid profiles in 

blood, fasting blood glucose (only resveratrol) 

and heart rate. Resveratrol has been pro-

posed as a major constituent of the polyphe-

nol fraction to which the health benefits of red 

wine consumption are attributed. In vivo and 

in vitro studies have also shown that resvera-

trol exhibited neuroprotective effects in mod-

els of many diseases, such as cerebral 

ischemia
[19-20]

, kainic acid-induced excitotoxic-

ity
[21]

, Huntington’s disease
[22-23]

, Parkinson’s 

disease
[24-25]

 and Alzheimer’s disease
[26-28]

. 

However, there is a lack of data evaluating the 

effect of resveratrol in vascular dementia.  

 

When the blood supply to the brain is reduced 

by a blocked or diseased vascular system, 

vascular dementia occurs and leads to a pro-

gressive decline in memory and cognitive 

function
[29]

. Chronic cerebral hypoperfusion 

can be induced by permanent bilateral com-

mon carotid artery occlusion in rats, resulting 

in significant white matter lesions, learning 

and memory impairment
[30]

, and hippocampal 

neuronal damage
[31]

. Ni et al 
[30]

 found that 

learning of the task was severely impaired in 

permanent bilateral common carotid artery 

occlusion rats that had not been pretrained. 

They also found some loss in hippocampal 

pyramidal neurons, which was observed at  

1 month after permanent bilateral common 

carotid artery occlusion; however, the de-

crease was not significant. Moreover, sig-

nificant loss of cells was observed in the 

hippocampal CA1 subregion at 4 months 

after the operation. Clinical evidence also 

supports the hypothesis that chronic cere-

bral hypoperfusion is associated with cogni-

tive decline, in both aging and neurodege-

nerative disorders
[32]

. Thus, bilateral com-

mon carotid artery occlusion in rats is a 

useful model for researching the pathophy-

siology of chronic cerebrovascular hypo-

perfusion and for screening drugs to treat 

vascular dementia
[33-34]

.  

 

Oxidative stress occurs as a result of a shift in 

balance that favors the generation of oxy-

gen-derived free radicals or reactive oxygen 

species over various anti-oxidant defense 

mechanisms. Malonyldialdehyde, superoxide 

dismutase, and glutathione assessment has 

been widely used to indicate oxidative stress 

in many studies
[35-36]

. In the present study, we 
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used the permanent bilateral common carotid artery occlu-

sion rat model of vascular dementia to study the effect of 

resveratrol on vascular dementia. The Morris water maze 

was used to test spatial learning and memory performance. 

Malonyldialdehyde levels, superoxide dismutase activity, 

and glutathione levels in the cortex and hippocampus were 

also measured. 

 

 

RESULTS 

 

Quantitative analysis of experimental animals 

A total of 80 rats were equally and randomly divided into 

four groups: normal control group (isolated bilateral 

common carotid arteries, but not ligated), model group 

(vascular dementia model established by permanent 

bilateral common carotid artery occlusion), resveratrol 

control group (sham operation with resveratrol treatment), 

resveratrol treatment group (vascular dementia model 

with resveratrol treatment). All rats were involved in the 

final analysis.  

 

Resveratrol improved learning and memory abilities 

in vascular dementia rats 

The Morris water maze was used to test and measure the 

spatial learning and memory performance of rats, and the 

escape latency (the amount of time spent finding and 

mounting the platform in the water maze) and escape dis-

tances (the swimming path before finding the platform in 

the water maze). In the first 3 days, all rats showed no 

difference in escape latency (Figure 1A; P > 0.05) and 

escape distances (Figure 1B; P > 0.05). At 4 days, no sig-

nificant difference in the escape latency and escape dis-

tances was detected between the resveratrol control group 

and the normal control group (P > 0.05). However, the 

escape latency and escape distances were significantly 

longer in the model group than the normal control group  

(P < 0.05). All changes were partly reversed by resveratrol 

treatment. The escape latency and escape distances were 

significantly shorter in the resveratrol treatment group than 

the model group (P < 0.05; Figure 1).  

 

After the water maze training test, we performed a probe 

test to analyze maintenance of memory, in which we 

removed the platform. The time spent percentage and 

swimming distance percentage in the target quadrant 

were recorded. During the probe test, the time spent 

percentage (Figure 2A) and swimming distance percen-

tage (Figure 2B) in the target quadrant of the model 

group were significantly shorter than that of the normal 

control group (P < 0.05), and the changes were partly 

reversed by resveratrol treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Effects of resveratrol on memory in vascular 
dementia rats.  

A probe test to analyze the maintenance of memory in the 
Morris water maze was performed. The time spent (A) and 
swimming distance (B) in the target quadrant of rats were 
measured.  

Data are expressed as mean ± SD; n = 20 rats in each 
group. aP < 0.05, vs. normal control group; bP < 0.05, vs. 
model group using one-way analysis of variance, followed 
by Student-Newman-Keuls test. 
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Figure 1  Effects of resveratrol on learning impairment in 
vascular dementia rats.    

The Morris water maze was used to test the learning ability 
of rats. Escape latency (A) and escape distances (B) were 
measured. Data are expressed as the mean ± SD; n = 20 

rats in each group. aP < 0.05, vs. normal control group; bP < 
0.05, vs. model group using one-way analysis of variance, 
followed by Student-Newman-Keuls test. 
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In the resveratrol treatment group, the time spent per-

centage (Figure 2A) and swimming distance percentage 

(Figure 2B) were significantly longer than that in the 

model group (P < 0.05; Figure 2). 

 

Resveratrol decreased malonyldialdehyde levels in 

the cerebral cortex and hippocampus of vascular 

dementia rats  

Malonyldialdehyde levels in the cerebral cortex and hip-

pocampus were determined using thiobarbituric acid 

spectrophotometric colorimetry
[37]

. No significant differ-

ence in malonyldialdehyde levels in the cortex and hip-

pocampus was observed between the resveratrol control 

group and normal control group (P > 0.05). Malonyldial-

dehyde levels were significantly increased in the model 

group when compared with the normal control group (P < 

0.05). In contrast, malonyldialdehyde levels decreased 

significantly after treatment with resveratrol (P < 0.05) in 

the cortex and hippocampus as compared with the model 

group (P < 0.05; Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Resveratrol elevated superoxide dismutase activity 

in the cerebral cortex and hippocampus of vascular 

dementiarratsaty 

Superoxide dismutase activity in the cerebral cortex and 

hippocampus was determined using nitrite spectropho-

tometry. No significant difference in superoxide dismu-

tase activity in the cortex and hippocampus was detect-

able between the resveratrol control group and the nor-

mal control group (P > 0.05). Superoxide dismutase ac-

tivities were significantly lower in the model group as 

compared with the normal control group (P < 0.05). After 

treatment with resveratrol, the superoxide dismutase 

activities in the cortex and hippocampus were higher as 

compared with the model group (P < 0.05; Table 2). 

 

Resveratrol elevated glutathione levels in the 

cerebral cortex and hippocampus of vascular 

dementia rats 

Glutathione levels in the cerebral cortex and hippocam-

pus were determined spectrophotometrically using the 

5,5′-dithio-bis-2-nitrobenzoic acid-glutathione reductase 

recycling method
[38]

. No significant difference in gluta-

thione levels in the cerebral cortex and hippocampus 

was detected between the resveratrol control group and 

the normal control group (P > 0.05). Glutathione levels 

were significantly lower in the model group as compared 

with the normal control group (P < 0.05). After treatment 

with resveratrol, glutathione levels were significantly in-

creased in the cortex and hippocampus when compared 

with the model group (P < 0.05; Table 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

 

Dementia is a syndrome of acquired intellectual deficit 

resulting in significant impairment of social or occupational 

functions. Vascular dementia has been recognized as the 

second common dementia, which comprises dementias 

resulting from all types of vascular pathologies
[4]

. Its pre-

valence is increased in the elderly population. Etiopatho-

genic mechanisms leading to vascular dementia include 

oxidative stress, cytotoxicity of reactive oxygen species, 

mitochondrial dysfunction and apoptosis
[39-40]

. 

Table 1  Effect of resveratrol on malonyldialdehyde levels 

(nmol/mg) in the cortex and hippocampus of vascular 
dementia rats 

Group Cortex Hippocampus 

Normal control 11.26±0.12 8.26±0.11 

Model  16.62±0.15a 13.47±0.09a 

Resveratrol control 11.78±0.06 7.98±0.08 

Resveratrol treatment 13.16±0.05ab 10.16±0.07ab 

 
Malonyldialdehyde was determined using thiobarbituric acid 

spectrophotometric colorimetry. Data are expressed as mean ± 

SD; n = 20 rats in each group. aP < 0.05, vs. normal control group; 
bP < 0.05, vs. model group using one-way analysis of variance, 

followed by Student-Newman-Keuls test. 

Table 2  Effect of resveratrol on superoxide dismutase 

activity (U/mg) in the cerebral cortex and hippocampus of 
vascular dementia rats 

Group Cerebral cortex Hippocampus 

Normal control 2.38±0.21 3.86±0.23 

Model  1.05±0.12a 1.65±0.19a 

Resveratrol control 2.41±0.18 3.72±0.16 

Resveratrol treatment 1.48±0.17ab 2.96±0.24ab 

 
Superoxide dismutase was determined using nitrite 

spectrophotometry. Data are expressed as mean ± SD; n = 20 rats 

in each group. aP < 0.05, vs. normal control group; bP < 0.05, vs. 

model group using one-way analysis of variance, followed by 

Student-Newman-Keuls test. 

Table 3  Effect of resveratrol on glutathione levels 
(nmol/mg) in the cerebral cortex and hippocampus of 
vascular dementia rats  

Group Cerebral cortex Hippocampus 

Normal control 46.00±3.56 92.02±5.37 

Model  28.84±2.84a 62.37±4.67a 

Resveratrol control 48.61±5.11 95.23±7.28 

Resveratrol treatment 36.57±3.29ab 81.34±6.13ab 

 
Glutathione levels in the cerebral cortex and hippocampus were 

determined spectrophotometrically using the 5,5′-dithio-bis-2- 

nitrobenzoic acid-glutathione reductase recycling method. Data are 

expressed as mean ± SD; n = 20 rats in each group. aP < 0.05, vs. 

normal control group; bP < 0.05, vs. model group using one-way 

analysis of variance, followed by Student- Newman-Keuls test. 
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Oxidative stress occurs as the result of a shift in balance 

that favors the generation of oxygen-derived free radicals 

or reactive oxygen species over various antioxidant de-

fense mechanisms
[41]

. Reactive oxygen species can 

damage proteins, nucleic acids, and membrane polyun-

saturated fatty acids, causing lipid peroxidation and 

leading to loss of membrane integrity, reduction of mito-

chondrial membrane potential, and increased permeabil-

ity to Ca
2+

 in the plasma membrane
[41]

. In the central 

nervous system, neurons are especially vulnerable to 

insults induced by neurotoxins, ischemia/stroke, and 

seizure/excitotoxic injury, and oxidative stress is a 

common underlying factor for these injuries. In vascular 

diseases, reactive oxygen species have direct effects on 

vascular tone but also impair vasomotor responses to 

other stimuli
[42]

. The effects of reactive oxygen species 

are prominent in cerebral circulation. Cerebral blood 

vessels have the capacity to generate high levels of su-

peroxide when compared with peripheral blood vessels, 

and are particularly sensitive to the effects of reactive 

oxygen species
[43]

. Many polyphenolic compounds from 

fruits and vegetables are known for their antioxidant 

properties, and thus have been considered as therapeu-

tic agents, for example resveratrol
[41]

.  

 

Resveratrol is a phytoalexin that is naturally synthesized 

in response to fungal attack
[44]

. There are two isomeric 

forms of resveratrol: biologically inactive cis-resveratrol 

and active trans-resveratrol(3,5,4′-trihydroxystilbene). In 

vivo and in vitro studies have also shown that resveratrol 

plays a role in the prevention of inflammation, atheros-

clerosis
[45-46]

 and carcinogenesis
[47]

. Matos et al 
[48]

 found 

that resveratrol had significant anti-atherogenic and an-

ti-inflammatory effects in an animal model with rabbits 

fed a hypercholesterolemic diet (1% (w/v) cholesterol). 

Back et al 
[47] 

used human A431 SCC cells to study the 

effect of resveratrol and found that resveratrol could in-

duce premature senescence in human A431 SCC cells, 

and that resveratrol-induced premature senescence was 

associated with blockade of autolysosome formation, as 

assessed by the absence of colocalization of microtu-

bule-associated protein 1 light chain 3, a specific marker 

of autophagy, and Lamp-2, markers for autophagosomes 

and lysosomes, respectively. Resveratrol also downre-

gulates the level of Rictor, a component of the mamma-

lian target of rapamycin complex 2, leading to a decrease 

in RhoA-GTPase and altered actin cytoskeleton organi-

zation. Resveratrol has also estrogenic, vaso-relaxing 

activity and cardiovascular benefits
[49]

. 

 

Simao et al 
[50]

 found that resveratrol can prevent dam-

age to CA1 neurons against ischemic injury and that this 

neuroprotective effect of resveratrol may be mediated by 

the activation of the PI3-K/Akt signaling pathway, which 

subsequently downregulates the expression of glycogen 

synthase kinase-3 beta and cAMP-response element 

binding protein. Li et al 
[20]

 used a rat brain ischemia 

model, induced by middle cerebral artery occlusion, and 

found that resveratrol treatment significantly reduced 

brain infarct volume and decreased the expression of the 

pro-apoptotic protein Bax and increased the expression 

of the anti-apoptotic protein Bcl-2. Resveratrol was also 

found to provide protection against kainic acid-induced 

excitotoxicity in the cortex and hippocampus of Wistar 

rats
[51]

. In a global cerebral ischemia model induced by 

four-vessel occlusion for 10 minutes, resveratrol could 

modulate membrane lipid composition, as well as the 

ganglioside profile in ischemia/reperfusion injury
[19]

. 

Resveratrol also had a neuroprotective effect following 

spontaneous seizures
[52]

, Huntington’s disease
[53]

, Par-

kinson’s disease
[54-58]

 and Alzheimer’s disease
[59-61]

 

through its anti-oxidative properties. 

 

The present study found that at 4 days, the escape la-

tency and escape distances of the model group were 

significantly higher than that of the normal control group. 

During the probe test, the time spent percentage and 

swimming distance percentage in the target quadrant of 

the model group were significantly shorter than that of 

the normal control group. All changes were partly re-

versed by resveratrol treatment. This suggested that 

resveratrol can improve memory impairment in vascular 

dementia rats.   

 

Lipid peroxidation is often assayed by measuring thi-

obarbituric acid reactive substances. The end products 

of lipid peroxidation, such as malonyldialdehyde as-

sessment, have been widely used to indicate oxidative 

stress in many studies
[35-36]

. Greilberger et al 
[36]

 used 

malonyldialdehyde, carbonyl proteins and albu-

min-disulphide as oxidative stress parameters to test 

whether oxidative stress had a primary role in neurode-

generation or a secondary end-stage epiphenomenon in 

patients with neurodegenerative diseases, namely mild 

cognitive impairment and Alzheimer’s disease. Malonyl-

dialdehyde, carbonyl proteins and albumin-disul- phide 

were significantly increased in the neurodegenerative 

diseases group when compared to controls. Significant 

correlations were found between carbonyl proteins and 

albumin-disulphide, carbonyl proteins and malonyldial-

dehyde and between malonyldialdehyde and albu-

min-disulphide in both patients with neurodegenerative 

diseases and the control group. These results support 

the hypothesis that oxidative damage to lipids and pro-
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teins is an important early event in the pathogenesis of 

neurodegenerative diseases. Resveratrol possesses a 

wide range of biological effects, including antioxidation. 

Using malonyldialdehyde as a marker for oxidative stress, 

the present study found that malonyldialdehyde levels in 

the cerebral cortex and hippocampus were significantly 

increased in the model group when compared with the 

normal control group, which showed that permanent bila-

teral common carotid artery occlusion induced oxidative 

stress injury. In contrast, malonyldialdehyde levels were 

decreased significantly after treatment with resveratrol in 

the cerebral cortex and hippocampus as compared with 

the model group, suggesting that resveratrol could protect 

vascular dementia rats through regulating malonyldialde-

hyde levels.  

 

The potential toxicity of free radicals is counteracted by a 

number of cytoprotective enzymes and antioxidants that 

limit the damage. This protective mechanism functions 

cooperatively in the form of a cascade, which includes 

various antioxidant enzymes such as superoxide dis-

mutase
[62]

. Superoxide dismutase is involved in the reg-

ulation of antioxidant defenses by catalyzing the dismu-

tation of superoxide anion into H2O2 and O2. In the 

present study, superoxide dismutase activity was signif-

icantly decreased in the model group as compared with 

the normal control group in the cerebral cortex and hip-

pocampus, indicating that permanent bilateral common 

carotid artery occlusion induced oxidative stress injury by 

reducing antioxidant enzymes, and superoxide dismu-

tase activity. After treatment with resveratrol, superoxide 

dismutase activity was increased when compared with 

the model group, indicating that resveratrol could protect 

vascular dementia rats by increasing the activity of su-

peroxide dismutase. 

 

Glutathione is a tripeptide thiol synthesized by glutamic 

acid, cysteine and glycine in the pathway of γ-glutamyl 

cycle
[63]

, and is present in either a reduced (GSH) or 

oxidized (GSSG) form. Glutathione acts as a strong re-

ducing agent as well as serving as an electron donor for 

glutathione peroxidase. Glutathione is known to have an 

important role in maintaining the intracellular redox state 

and protecting cells against damage caused by oxidative 

stress
[63]

. This role suggests that permanent bilateral 

common carotid artery occlusion-induced oxidative 

stress injury occurs by reducing glutathione levels, and 

that resveratrol could protect vascular dementia rats by 

increasing glutathione levels. 

 

In conclusion, resveratrol suppressed memory impair-

ment, decreased malonyldialdehyde levels, increased 

superoxide dismutase activity and glutathione levels in 

our vascular dementia rat model. Our results confirmed 

the neuroprotective effects of resveratrol on vascular 

dementia, and provided novel insights into the neuro-

protective effects of resveratrol and its possible thera-

peutic role in vascular dementia. 

 

 

MATERIALS AND METHODS 

 

Design 

A randomized, controlled animal study. 

 

Time and setting 

This experiment was performed at the First Affiliated 

Hospital of Zhengzhou University and Henan Provincial 

People’s Hospital, China, from February 2011 to October 

2012.  

 

Materials 

Animals 

A total of 80 Wistar rats of either gender, aged 12–     

14 months, weighing 300–400 g, were provided by He-

nan Laboratory Animal Research Center, Zhengzhou, 

China (license No. SCXK (Yu) 2010-0002). Rats were 

housed in standard cages at a constant temperature of 

22 ± 2°C and humidity of 55 ± 5%, and allowed free 

access to food and water, with a 12-hour light/dark cycle 

(lights off at 7:00 a.m.). All protocols were conducted in 

accordance with the Guidance Suggestions for the Care 

and Use of Laboratory Animals, formulated by the Minis-

try of Science and Technology of China
[64]

. 

 

Drugs 

Resveratrol (≥ 99% gas chromatography) was obtained 

from Sigma Chemical Company (Sigma Prod. No. R5010, 

St. Louis, MO, USA). Resveratrol was administered with 

0.5% (w/v) aqueous methylcellulose (Sigma Chemical 

Company); a dosing volume of 5 mL/kg per day was used. 

 

Methods 

Bilateral common carotid artery occlusion  

Bilateral common carotid arteries were occluded as pre-

viously described by Ni et al 
[30]

. Rats were anesthetized 

with 10% (v/v) chloral hydrate (0.3 mL/100 g; Sigma) via 

intraperitoneal injection. To prevent respiratory distress, 

the rats were also administered atropine sulfate (0.1 

mg/kg; intramuscular injection). A median incision was 

made to expose the bilateral common carotid arteries, 

which were carefully separated from the surrounding tis-

sues, including the vagus nerve, and ligated with coated 

Vicryl Plus antibacterial/polyglactin 910 3/0 absorbable 
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surgical suture (Ethicon, Johnson & Johnson, Scotland, 

UK), approximately 1 cm inferior to the origin of the ex-

ternal carotid artery. Control rats were subjected to the 

same surgical procedure without occlusion of arteries. 

 

Drug treatment 

Rats from the resveratrol control group and resveratrol 

treatment group received a daily oral dose of 25 mg/kg 

resveratrol from 8 weeks after the operation to 12 weeks. 

Rats in the normal control group and model group re-

ceived 5 mL vehicle (0.5% (w/v) aqueous methylcellulose) 

for the same period. 

 

Morris water maze test   

Spatial learning and memory performance of rats was 

measured using the Morris water maze task (provided by 

the Chinese Academy of Medical Sciences, Beijing, 

China)
[65]

 at 12 weeks after operation. The test was ad-

ministered by an operator blinded to group conditions. 

The Morris water maze consisted of a painted circular 

pool (120 cm in diameter and 30 cm in depth) in which 

rats were trained to escape from the water by swimming 

to a hidden platform (9 cm in diameter) 1.5 cm beneath 

the surface, the location of which could only be identified 

by using distal extra-maze cues attached to the room 

walls. The water was kept at 22°C and made opaque 

with titanium dioxide throughout the training and testing 

period. The pool was divided into four quadrants: north 

(Target), south (Opposite), east (Adjacent 1) and west 

(Adjacent 2). The experiments were recorded using a 

camera connected to a video recorder and a compute-

rized tracking system (Tianhua Zhongwei Technology, 

Beijing, China). 

 

The Morris water maze test continued for 5 days. The 

first 4 days were the reference memory test phase, which 

consisted of 16 training trials: 4 training trials per day for 

4 training days with an intertrial interval of 30–40 minutes. 

At the beginning of each trial, the rat was placed into one 

of four quadrants facing the wall. Although the starting 

point was randomly selected, the protocol was fixed at 

the beginning of each trial and was maintained through-

out all trials. Each rat was given 180 seconds to find and 

mount the platform. At 30 seconds after the rat mounted 

the platform, the rat was removed, placed in a holding 

cage and warmed with a heating lamp. Rats that failed to 

locate and mount the platform within 180 seconds were 

gently guided to the platform and required to remain 

there for 30 seconds before they were transferred to the 

holding cage. A video camera mounted above the pool 

was used to track the rats. The amount of time spent 

finding and mounting the platform (escape latency) and 

the swimming pathway before finding the platform (es-

cape distances) were calculated from the recorded vid-

eos using the Morris water maze software (Shanghai 

Jiliang Software Technology Co., Ltd., Shanghai, China). 

At 5 days, a probe test was performed in which the plat-

form was removed. Rats were placed into the water in 

one of two quadrants adjacent to the platform (Adjacent 1 

and Adjacent 2 quadrant) and animals were allowed to 

swim freely for 120 seconds. The time spent percentage 

and swimming distance percentage in the target qua-

drant were recorded.  

 

Sample preparation and biochemical evaluations 

Rats were sacrificed using zoletil (zolazepam + tiletamine, 

1:1) (50 mg/kg; intraperitoneal injection) for biochemical 

evaluations. Brains were quickly removed and the cere-

bral cortex and hippocampus were separated on ice. 

Tissues were homogenated in 0.1 mol/L PBS (pH 7.4) 

and centrifuged at 10 000 × g at 4°C for 15 minutes to 

remove cellular debris. Supernatants were used for the 

estimation of malonyldialdehyde levels, superoxide dis-

mutase activity and glutathione levels. Protein concen-

trations of samples were determined using the bicincho-

ninic acid protein assay kit (Pierce Biotechnology, Rock-

ford, IL, USA) with bovine serum albumin used as a 

standard
[66]

.  

 

Measurement of malonyldialdehyde levels 

Malonyldialdehyde was determined using thiobarbituric 

acid spectrophotometric colorimetry
[37]

. The kit was pur-

chased from Thermo Fisher Scientific (Shanghai, China). 

The assay measures malonyldialdehyde, a degraded 

product of peroxidized lipids, which forms a red product 

when condensed with thiobarbituric acid, and displays a 

maximum absorption peak at 532 nm. After the reaction, 

the SP-75 ultraviolet spectrophotometer (Shanghai 

Spectrum, Shanghai, China) was adjusted to 532 nm, 

zeroed with distilled water, and the absorbance was 

measured. Malonyldialdehyde content was calculated 

according to the formula
[67]

:  

 

Malonyldialdehyde content (nmol/mg) = [(Absorbancedetected 

tube/Absorbancestandard tube – Absorbanceblank tube/            

Absorbancestandard blank tube) × standard sample concentration  

(10 nmol/mL)]/protein content (mg/mL)  

 

Measurement of superoxide dismutase activity 

Superoxide dismutase activity was based on the inhibi-

tory effect of superoxide dismutase on the reduction of 

nitroblue tetrazolium by the superoxide anion generated 

by xanthine/xanthine oxidase
[68]

. Superoxide dismutase 

was determined using nitrite spectrophotometry. Rea-
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gents were purchased from Thermo Fisher Scientific. 

The SP-75 ultraviolet spectrophotometer was used to 

determine the absorbance at 550 nm based on the fact 

that the determination tube absorbance values were less 

than the control tube during superoxide dismutase colo-

rimetry using the xanthine and xanthine oxidase reaction 

system. Superoxide dismutase activity was calculated 

according to the formula
[67]

:  

 

Superoxide dismutase activity (U/mg) = (Absorbancecontrol tube – 

Absorbancedetected tube)/Absorbancecontrol tube/50% × the total vo-

lume of reaction liquid/the sampling volume/protein content 

(mg/mL)  

 

Measurement of glutathione levels 

Glutathione levels were determined spectrophotometri-

cally using the 5,5′-dithio-bis-2-nitrobenzoic ac-

id-glutathione reductase recycling method
[38]

. The assay 

kit was purchased from Cayman Chemical (Ann Arbor, 

MI, USA), and samples were measured at 405 nm. Glu-

tathione levels were calculated according to the formula:  

 

Glutathione level (nmol/mg) = ((Absorbance at 405 nm) – 

(Y-intercept))/slope × 2 × sample dilution. 

 

Statistical analysis  

Data were expressed as mean ± SD and were analyzed 

using SPSS 16.0 statistical software (SPSS, Chicago, IL, 

USA). Each procedure was performed in duplicate using 

3–5 independent experiments. Statistical analyses were 

performed using one-way analysis of variance, followed 

by Student-Newman-Keuls test. A value of P < 0.05 was 

considered statistically significant.   
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