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ABSTRACT. Cerebral ischemia is a neurological disorder with high mortality. Quercetin is a 
flavonoid compound that is abundant in vegetables and fruits. It exerts anti-inflammatory 
and anti-apoptotic effects. This study investigated the neuroprotective effects of quercetin in 
focal cerebral ischemia. Male Sprague-Dawley rats were subjected to middle cerebral artery 
occlusion (MCAO) to induce focal cerebral ischemia. Quercetin or vehicle was injected 30 min 
before the onset of ischemia. A neurological function test, brain edema measurement, and 
2,3,5-triphenyltetrazolium chloride staining were performed to elucidate the neuroprotective 
effects of quercetin. Western blot analysis was performed to observe caspase-3 and poly 
ADP-ribose polymerase (PARP) protein expression. MCAO leads to severe neuronal deficits and 
increases brain edema and infarct volume. However, quercetin administration attenuated the 
MCAO-induced neuronal deficits and neuronal degeneration. We observed increases in caspase-3 
and PARP protein levels in MCAO-operated animals injected with vehicle, whereas quercetin 
administration attenuated these increases in MCAO injury. This study reveals the neuroprotective 
effect of quercetin in an MCAO-induced animal model and demonstrates the regulation of 
caspase-3 and PARP expression by quercetin treatment. These results suggest that quercetin 
exerts a neuroprotective effect through preventing the MCAO-induced activation of apoptotic 
pathways affecting caspase-3 and PARP expression.
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Ischemic stroke including cerebral ischemia and cardiac ischemia is one of the leading causes of mortality and disability [9, 10]. 
Cerebral ischemic injury is associated with multiple mechanisms involved in the ischemic process, and ultimately leads to neuronal 
death and neurologic impairment via various signaling pathways [29]. In particular, oxidative stress is a major pathway that 
leads to neuronal cell death [34]. Quercetin is a natural flavonoid mainly contained in fruits, vegetables, and teas. It has a flavone 
nucleus molecular structure that includes two benzene rings linked by a heterocyclic pyrone ring [6]. This compound performs 
various functions including free radical scavenging and has anti-inflammatory, anti-coagulant, and anti-ischemic properties [1, 35]. 
Quercetin has been found to attenuate histopathological changes in a brain ischemia model and exert neuroprotective effects [4, 
31]. Moreover, quercetin prevents the disruption of the blood-brain barrier during cerebral focal ischemia through reducing the 
elevated level of matrix metalloproteinase-9, consequently improving functional outcomes [20]. Quercetin, a powerful antioxidant, 
also prevents free radical generation and protects brain tissue against oxidative stress-associated damage in focal cerebral ischemia 
[1]. However, the neuroprotective mechanisms of quercetin are very complex and have not been fully elucidated. This study 
investigates the neuroprotective effect of quercetin and its apoptotic signal regulation in focal cerebral ischemia.

MATERIALS AND METHODS

Experimental animals
Male Sprague-Dawley rats (200–220 g, n=32) obtained from Samtako Co. (Animal Breeding Center, Osan, Korea) were 

divided into the following groups: vehicle + sham, quercetin + sham, vehicle + middle cerebral artery occlusion (MCAO), and 
quercetin + MCAO (8 rats per group). Quercetin (30 mg/kg, Sigma, St. Louis, MO, U.S.A.) was dissolved in 0.05% dimethyl 
sulfoxide (DMSO) in phosphate buffered saline and administrated to animals by intraperitoneal injection 1 hr before the onset of 
ischemia [12, 28]. Vehicle-treated animals were administrated with DMSO solution only. Experimental animals were housed in a 
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temperature controlled room (25°C) with artificially adjusted light conditions (12-hr light/12-hr dark cycle). Animals were supplied 
with water and food ad libitum. All experimental procedures were performed in accordance with the approved guidelines of the 
Institutional Animal Care and Use Committee of Gyeongsang National University.

Middle cerebral artery occlusion
MCAO surgical procedure was performed to induce focal cerebral ischemia based on a previously described method [15, 23]. 

Animals were anesthetized by an intra-muscular injection of Zoletil (50 mg/kg; Virbac, Carros, France). After a midline incision 
was made in the neck, the right common carotid artery was isolated from the adjacent muscles and nerves. The right common 
carotid artery was then ligated with a vascular clip and the external carotid artery was cut. A 4/0 monofilament nylon suture with 
flame-rounded tip by heating was inserted from the stump of the external carotid artery into the internal carotid artery until slight 
resistance was felt. A blunt tip of the intraluminal filament was placed in the middle cerebral artery approximately 2.5 cm from the 
bifurcation of the common carotid artery. In sham-operated animals, the surgical procedures were performed without insertion of 
the nylon filament. The neck was closed with nylon sutures and animals were kept on a heating pad to maintain body temperature. 
Animals were returned to their cages, given free access to food and water, and sacrificed 24 hr after the MCAO surgical operation. 
A previous study demonstrated that infarct volume and neurological function score were significantly impaired 24 hr after MCAO 
operation [16]. Moreover, anti-apoptotic effect of quercetin was significantly increased 24 hr after MCAO induction [21]. Thus, we 
collected brain tissue 24 hr after MCAO.

Neurological function tests and edema measurements
Neurological function tests were performed 24 hr after the MCAO procedure. Neurological function was evaluated according 

to a five-point scoring system: no deficit (0), normal posture but failure to extend the forepaw on the contralateral side of the 
ischemic region (1), normal posture but circling to the contralateral side of the ischemic region (2), falling to the contralateral 
side of the ischemic region (3), or no spontaneous movement (4) [17, 23, 32]. To measure edema in the cerebral cortex, the right 
cerebral cortex was immediately isolated from brain tissue and its weight was measured as the wet weight. After the wet weight 
measurement, the right cerebral cortex was dried at 100°C for 24 hr, and the weight of the dried tissue was measured as the dry 
weight. To determine the index of cerebral cortex edema, the brain water content (%) was calculated as follows: [(wet weight−dry 
weight)/wet weight] × 100 [17, 32].

Triphenyltetrazolium chloride staining
Brain tissues were quickly removed and sliced into 2 mm coronary sections using a brain matrix (Ted Pella, Redding, CA, 

U.S.A.). The section level was marked with bregma level [26]. Sliced brain tissues were immersed at 37°C for 20 min in 
2% triphenyltetrazolium chloride (TTC; Sigma) and fixed in 10% formalin for 24 hr. Fixed tissues were scanned by an Agfa 
ARCUS 1200™ (Agfa-Gevaert, Mortsel, Belgium) and stained images were analyzed using Image-ProPlus 4.0 software (Media 
Cybernetics, Silver Spring, MD, U.S.A.) in order to evaluate the infarct volume. The proportion of the ischemic area (%) was 
determined by the following formula: infarction area/whole section area ×100.

Hematoxylin and Eosin staining
Brain tissues were fixed in 4% formaldehyde with 0.1 M phosphate buffered saline) and washed with tap water. Tissues were 

dehydrated by series of graded ethyl alcohol from 70 to 100%), cleaned with xylene, embedded in paraffin using embedding center 
(Leica, Westlar, Germany). Paraffin blocks were cut into 4 µm sections and sections were placed on glass slides. Sections were 
deparrafinized with xylene and hydrated by graded with ethyl alcohol series from 100 to 70%. Sections were stained with Harris’ 
hematoxylin solution (Sigma-Aldrich, St. Louis, MO, U.S.A.) for 3 min and Eosin Y (Sigma-Aldrich) for 1 min. Sections were 
washed with tap water, dehydrated with graded ethyl alcohol series, mounted with permount mounting solution (Thermo Fisher 
Scientific, Waltham, MA, U.S.A.), photographed using Olympus microscope (Olympus, Tokyo, Japan).

Fluoro-Jade B staining
Fluoro-Jade B staining was performed to examine the degeneration of neurons after focal brain ischemia. Brain sections were 

de-paraffinized with xylene and rehydrated with ethyl alcohol. Subsequently, sections were incubated with 1% sodium hydroxide 
in 80% ethyl alcohol, 70% ethyl alcohol, and distilled water. Sections were reacted with a 0.06% potassium permanganate solution 
for 10 min and stained with a 0.1% acetic acid solution containing 0.01% Fluoro-Jade B for 30 min. After staining, sections were 
rinsed with distilled water and dried on a slide warmer. Dried sections were incubated in 4′,6-diamidine-2-phenylindole (DAPI, 
Sigma) and mounted with dibutylphthalate polystyrene xylene (DPX) mounting media (Sigma). Section images were observed 
and captured with a confocal laser scanning microscope (FV 1000, Olympus). The proportion of Fluoro-Jade B positive cells was 
measured by the ratio of Fluoro-Jade B positive cells to DAPI positive cells.

Western blot analysis
Right cerebral cortex tissues were isolated from brain for Western blot analysis. For detection of PARP and caspase-3 proteins 

expression, Western blot analysis was performed as a previously described method [18]. Proteins were extracted with lysis buffer 
[1% Triton X-100, 1 mM EDTA in 1 × PBS (pH 7.4)] containing 200 µM phenylmethylsulfonyl fluoride, and the concentrations of 
isolated proteins were measured with a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, U.S.A.). Protein samples (30 µg) 
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were denatured with loading buffer by heating at 100°C for 3 min and cooled on ice. Protein samples were separated through 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidenedifluoride membrane (Millipore, 
Billerica, MA, U.S.A.). The membrane was incubated in 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) 
for 1 hr to block nonspecific antibody binding. After washing three times with TBST for 10 min, the membrane was incubated with 
the following primary antibodies: anti-PARP, anti-caspase-3 (1:1,000, Cell Signaling Technology, Beverly, MA, U.S.A.), and anti-
β-actin (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) overnight at 4°C. Membranes were washed with TBST and 
incubated with the following secondary antibodies: horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG (1:5,000, 
Cell Signaling Technology) for 2 hr. After washing with TBST, the membranes were incubated with enhanced chemiluminescence 
detection reagents (GE Healthcare, Little Chalfont, U.K.) according to the manufacturer’s protocol, and visualized on Fuji medical 
X-ray film (Fuji Film, Tokyo, Japan).

Data analysis
All experimental data are represented as the mean ± S.E.M. Intensity analysis was carried out using SigmaGel 1.0 (Jandel 

Scientific, San Rafael, CA, U.S.A.) and SigmaPlot 4.0 (SPSS Inc., Point Richmond, CA, U.S.A.). The results for each group were 
compared by two-way analysis of variance (ANOVA) followed by Scheffe’s post hoc test. Differences were considered significant 
at P<0.05.

RESULTS

As shown in Fig. 1, focal cerebral ischemic injury leads to severe neurological behavioral deficits and cerebral edema. 
Neurological deficits ranging from occasional rotating movements to spontaneous circling appeared in vehicle + MCAO-induced 
animals. Quercetin treatment attenuated the MCAO-induced neurological deficits and showed only a mild focal neurologic deficit 
of failure to fully extend the left forepaw. However, obvious signs of neurological deficits were not observed in sham-operated 
animals. Neurological function scores were 2.75 ± 0.25 and 1.32 ± 0.21 in vehicle + MCAO and quercetin + MCAO animals, 
respectively (Fig. 1A). MCAO ischemic injury led to severe cerebral edema, whereas quercetin treatment attenuated this change. 
The water content of the cerebral cortex was 87.53 ± 2.75 and 83.14 ± 2.12% in vehicle + MCAO and quercetin + MCAO animals, 
respectively (Fig. 1B).

TTC staining demonstrated a significant increase in the infarct volume in MCAO-induced animals (Fig. 2A). However, quercetin 
treatment alleviated this increase caused by MCAO injury. Infarct volumes were 28.95 ± 3.24 and 18.54 ± 2.1% in vehicle + 
MCAO and quercetin + MCAO animals, respectively (Fig. 2B). Sham-operated animals did not have any infarct regions in both 
vehicle-treated and quercetin-treated groups. Figure 3 showed the morphological changes of cerebral cortex using Hematoxylin 
and Eosin staining. MCAO animal with vehicle had numerous vacuoles in the cytoplasm of the pyramidal cells, and condensed 
and shrunken nuclei. Moreover, most of the dendrites were shrunk and lost. However, quercetin treatment alleviated MCAO-
induced these damages. Vacuoles and condensed nuclei were decreased in quercetin + MCAO animals, and pyknotic nuclei were 

Fig. 1. Neurobehavioral scores (A) and edema measurement (B) in vehicle + sham, quercetin + sham, vehicle + 
middle cerebral artery occlusion (MCAO), and quercetin + MCAO animals. Quercetin attenuated the neuro-
logical deficits and edema value induced by ischemic stroke. Data (n=4) are represented as the mean ± S.E.M. 
*P<0.01, **P<0.05 vs. vehicle + sham animals, #P<0.05 vs. vehicle + MCAO animals.
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Fig. 2. Representative photograph of TTC staining (A) and infarct volume (B) in vehicle + sham, quercetin + sham, vehicle + middle cerebral 
artery occlusion (MCAO), and quercetin + MCAO animals. The ischemic area remained white, while the intact area was stained red (A). Infarct 
volume was calculated by the ratio of the infarction area to the total section area (B). Quercetin attenuated the MCAO-induced infarct region. 
Data (n=4) are represented as the mean ± S.E.M. *P<0.01, **P<0.05 vs. vehicle + sham animals, #P<0.05 vs. vehicle + MCAO animals.

Fig. 3. Representative photograph of Hematoxylin and Eosin staining in vehicle + sham, quercetin + sham, vehicle + 
middle cerebral artery occlusion (MCAO), and quercetin + MCAO animals. Arrows indicate shrunken and condensed 
nuclei and open arrows indicate swelled and vacuolated forms. Scale bar=100 µm.
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reduced. Length of dendrites was also recovered as that of sham operated animals. We observed round and large nucleus, and intact 
cytoplasm and dendrites in both vehicle + sham and quercetin + sham animals.

Fluoro-Jade B staining is an established marker for neuronal degeneration and indicates damaged neurons susceptible to cell 
death [30]. Fluoro-Jade B positive cells were observed in the ischemic region of vehicle + MCAO animals (Fig. 4A). However, 
quercetin treatment substantially diminished the number of Fluoro-Jade B positive cells in MCAO-operated animals. Sham 
operated animals did not have any Fluoro-Jade B positive cells regardless of vehicle or quercetin treatment. The levels of Fluoro-
Jade B positive cells were 0.48 ± 0.07 and 0.26 ± 0.05 in the cerebral cortices of vehicle + MCAO and quercetin + MCAO 
animals, respectively (Fig. 4B).

Western blot analyses showed changes in PARP and caspase-3 expression levels in MCAO-operated animals in response to 
quercetin treatment (Fig. 5A). PARP and caspase-3 protein levels were increased in vehicle + MCAO animals compared to sham-
operated animals. However, the increase of these proteins in MCAO-operated animals was attenuated in the cerebral cortex of 
quercetin-treated animals. PARP levels were 1.28 ± 0.07 and 0.98 ± 0.05 in the cerebral cortices of vehicle + MCAO and quercetin 
+ MCAO animals, respectively (Fig. 5B). Moreover, Caspase-3 levels were 1.12 ± 0.08 and 0.42 ± 0.03 in the cerebral cortices of 
vehicle + MCAO and quercetin + MCAO animals, respectively (Fig. 5C).

Fig. 4. Representative photos of Fluoro-Jade B and DAPI staining in the cerebral cortex of vehicle + sham, quercetin + sham, vehicle + middle 
cerebral artery occlusion (MCAO), and quercetin + MCAO animals. Many cells positive for Fluro-Jade B staining were observed in animals with 
MCAO injury, while quercetin decreased the number of Fluro-Jade B positive cells (A and B). Scale bar: 100 µm. Data (n=4) are shown as the 
mean ± S.E.M. *P<0.01, **P<0.05 vs. vehicle + sham animals, #P<0.05 vs. vehicle + MCAO animals.
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DISCUSSION

It is known that cerebral ischemia in rats leads to neurological movement disorders such as rotating movements to the 
contralateral side of the ischemic region or no spontaneous movement [17, 23, 32]. Moreover, pathological change with brain 
edema causes following the cerebral ischemia and reperfusion in rats [32]. MCAO also leads to significant infarct volume and 
serious neuronal cells damage. Quercetin attenuated the severe neurological deficits and brain edema and significantly reduced 
the infarct volume caused by MCAO. Infarct volume in brain tissue is accepted a critical evidence in assessing the consequences 
of ischemic injury which leads to neurological impairment and neuronal damage. We used TTC staining methods to elucidate 
the morphological features of infarction following cerebral ischemic injury. Results of TTC staining clearly demonstrated that 
quercetin treatment attenuated infarct volume increase caused by MCAO injury. Quercetin reduces neurological behavioral deficits 
and infarct volume in focal cerebral ischemia. Moreover, quercetin prevented MCAO-induced degeneration of neuronal cells. 
MCAO increased the number of cells with positive staining for Fluoro-Jade B, a marker for degenerating neurons, while quercetin 
treatment decreased the number of Fluoro-Jade B positive cells. Thus, we demonstrated that quercetin exerts neuroprotective 
effects against MCAO-induced ischemic injury in an animal model. Quercetin exerts a variety of pharmacological activities for 
further clinical application. The safety and beneficial effects of quercetin has been elucidated in clinical trials. Quercetin is not 
carcinogenic and mutagenic toxicity [24]. Thus, its safety is approved in human. Moreover, quercetin exerts antioxidant and 
anticancer effects in clinical studies and controls blood pressure in hypertensive patients [2, 8]. Previous studies can suggest that 
that quercetin has a sufficient potential as a clinical therapeutic agent.

We confirmed preconditioning effect of quercetin in cerebral ischemia. Previous studies demonstrated that pre-treatment with 
quercetin results in marked reduction in infarct size and neurological deficits [1, 21]. Moreover, other study has shown pre- and 
post-conditioning effects on quercetin in MCAO. The results showed that quercetin treatment 30 min before and 4 hr after ischemia 
provided significant protection from ischemic injury by reducing the infarct volume and other neurological deficit. However, 
30 min pre-condition of quercetin is more effective in improvement of neurological functional score and infarct volume in cerebral 
cortex than 2 and 4 hr post-condition of quercetin [25]. Thus, they suggest that quercetin pre-conditioning was more effective in 
improving neurological function and ischemic brain injury than post-conditioning [25]. In this study, we also showed that 30 min 
preconditioning of quercetin significantly improved the neurological function score and infarct volume.

Fig. 5. Western blot analysis (A–C) of PARP and caspase-3 in the cerebral cortex of vehicle + sham, quercetin + sham, vehicle + middle cerebral 
artery occlusion (MCAO), and quercetin + MCAO animals. Densitometric analysis is represented as a ratio of PARP (B) and caspase-3 (C) stain-
ing intensity to actin intensity. Data (n=4) are shown as the mean ± S.E.M. *P<0.01, **P<0.05 vs. vehicle + sham animals, #P<0.05 vs. vehicle 
+ MCAO animals.
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The molecular mechanism of ischemic brain damage is characterized by a complicated pathophysiology. Brain ischemia leads 
to a cascade of events such as glutamate excitotoxicity, energy failure, and formation of toxic radicals [5, 14]. These events 
subsequently lead to neuronal cells death. The beneficial role of quercetin in ischemic brain injury is attributed to its antioxidant 
and anti-inflammatory profile [4, 13, 33]. Antioxidant and anti-inflammatory effects of quercetin determine nitric oxide production 
by electron paramagnetic resonance and inhibit NF-kappaB activations [13, 33]. Moreover, quercetin exerts a vasodilatory effect by 
Akt-independent and PKA-dependent mechanism [22]. Quercetin decreases blood pressure and reduces the severity of hypertensive 
in spontaneously hypertensive rats by improvement of endothelial function [3, 7, 19, 27]. Quercetin not only inhibits acid sensing 
ion channels mediated acidotoxicty but also prevents apoptosis through anti-apoptotic mechanisms based on the PI3K/Akt pathway 
in focal cerebral ischemia. PARP and caspase-3 are apoptosis-associated proteins which activate DNA fragmentation factors and 
cause DNA cleavage, and thus are used as indicators of apoptosis. PARP and caspase-3 activation induces apoptotic processes via 
a mitochondria-mediated apoptotic pathway. Activity of PARP and caspase-3 were elevated in cerebral cortex of MCAO group 
without quercetin. This study revealed that quercetin exposure alleviated increases in the expression of PARP and caspase-3 
proteins in MCAO injury. Inhibition of PARP and caspase-3 by quercetin treatment protected neuronal cells against focal cerebral 
ischemia caused by MCAO injury. We verified that quercetin prevented PARP and caspase-3 activation in cerebral ischemic 
injury, and attenuated apoptotic cell death. Reduction of caspase-3 and PARP expression indicates an inhibition of apoptotic 
cell death leading to the prevention of neuronal cell damage. Thus, quercetin is contributed as PARP and caspase-3 inhibitors. 
Quercetin acts as an important agent which is associated with caspase-mediated cell death and cell dysfunction. PARP inhibition by 
pharmacological agents is mediated to prevention of apoptotic cell death [11]. Quercetin prevents neuronal damage in MCAO rats, 
which is attributed to inhibition of neurological deficit, PARP activity, and caspase-3 activity. This study clearly demonstrated the 
neuroprotective effects of quercetin in a cerebral ischemic animal model. Moreover, we found that quercetin regulates PARP and 
caspase-3 activation. These findings suggest that quercetin protects neuronal cells against cerebral ischemic damage via inhibition 
of the apoptotic pathway.

ACKNOWLEDGMENT. This research was supported by Basic Science Research Program through the National Research Foundation 
of Korea (NRF) funded by the Ministry of Education, Science and Technology (NRF- 2015R1D1A1A01058270).

REFERENCES

 1. Ahmad, A., Khan, M. M., Hoda, M. N., Raza, S. S., Khan, M. B., Javed, H., Ishrat, T., Ashafaq, M., Ahmad, M. E., Safhi, M. M. and Islam, F. 2011. 
Quercetin protects against oxidative stress associated damages in a rat model of transient focal cerebral ischemia and reperfusion. Neurochem. Res. 
36: 1360–1371. [Medline]  [CrossRef]

 2. Boots, A. W., Drent, M., de Boer, V. C., Bast, A. and Haenen, G. R. 2011. Quercetin reduces markers of oxidative stress and inflammation in 
sarcoidosis. Clin. Nutr. 30: 506–512. [Medline]  [CrossRef]

 3. Carlstrom, J., Symons, J. D., Wu, T. C., Bruno, R. S., Litwin, S. E. and Jalili, T. 2007. A quercetin supplemented diet does not prevent 
cardiovascular complications in spontaneously hypertensive rats. J. Nutr. 137: 628–633. [Medline]  [CrossRef]

 4. Cho, J. Y., Kim, I. S., Jang, Y. H., Kim, A. R. and Lee, S. R. 2006. Protective effect of quercetin, a natural flavonoid against neuronal damage after 
transient global cerebral ischemia. Neurosci. Lett. 404: 330–335. [Medline]  [CrossRef]

 5. Dirnagl, U., Iadecola, C. and Moskowitz, M. A. 1999. Pathobiology of ischaemic stroke: an integrated view. Trends Neurosci. 22: 391–397. 
[Medline]  [CrossRef]

 6. Dok-Go, H., Lee, K. H., Kim, H. J., Lee, E. H., Lee, J., Song, Y. S., Lee, Y. H., Jin, C., Lee, Y. S. and Cho, J. 2003. Neuroprotective effects of 
antioxidative flavonoids, quercetin, (+)-dihydroquercetin and quercetin 3-methyl ether, isolated from Opuntia ficus-indica var. saboten. Brain Res. 
965: 130–136. [Medline]  [CrossRef]

 7. Duarte, J., Pérez-Palencia, R., Vargas, F., Ocete, M. A., Pérez-Vizcaino, F., Zarzuelo, A. and Tamargo, J. 2001. Antihypertensive effects of the 
flavonoid quercetin in spontaneously hypertensive rats. Br. J. Pharmacol. 133: 117–124. [Medline]  [CrossRef]

 8. Edwards, R. L., Lyon, T., Litwin, S. E., Rabovsky, A., Symons, J. D. and Jalili, T. 2007. Quercetin reduces blood pressure in hypertensive subjects. 
J. Nutr. 137: 2405–2411. [Medline]  [CrossRef]

 9. Feigin, V. L. 2005. Stroke epidemiology in the developing world. Lancet 365: 2160–2161. [Medline]  [CrossRef]
 10. Flynn, R. W., MacWalter, R. S. and Doney, A. S. 2008. The cost of cerebral ischaemia. Neuropharmacology 55: 250–256. [Medline]  [CrossRef]
 11. Graziani, G. and Szabó, C. 2005. Clinical perspectives of PARP inhibitors. Pharmacol. Res. 52: 109–118. [Medline]  [CrossRef]
 12. Haleagrahara, N., Radhakrishnan, A., Lee, N. and Kumar, P. 2009. Flavonoid quercetin protects against swimming stress-induced changes in 

oxidative biomarkers in the hypothalamus of rats. Eur. J. Pharmacol. 621: 46–52. [Medline]  [CrossRef]
 13. Hämäläinen, M., Nieminen, R., Vuorela, P., Heinonen, M. and Moilanen, E. 2007. Anti-inflammatory effects of flavonoids: genistein, kaempferol, 

quercetin, and daidzein inhibit STAT-1 and NF-kappaB activations, whereas flavone, isorhamnetin, naringenin, and pelargonidin inhibit only NF-
kappaB activation along with their inhibitory effect on iNOS expression and NO production in activated macrophages. Mediators Inflamm. 2007: 
45673. [Medline]  [CrossRef]

 14. Honkaniemi, J., States, B. A., Weinstein, P. R., Espinoza, J. and Sharp, F. R. 1997. Expression of zinc finger immediate early genes in rat brain after 
permanent middle cerebral artery occlusion. J. Cereb. Blood Flow Metab. 17: 636–646. [Medline]  [CrossRef]

 15. Jeon, S. J., Kim, M. O., Ali-Shah, F. and Koh, P. O. 2017. Quercetin attenuates the injury-induced reduction of γ-enolase expression in a middle 
cerebral artery occlusion animal model. Lab. Anim. Res. 33: 308–314. [Medline]  [CrossRef]

 16. Jiang, L. J., Zhang, S. M., Li, C. W., Tang, J. Y., Che, F. Y. and Lu, Y. C. 2017. Roles of the Nrf2/HO-1 pathway in the anti-oxidative stress response 
to ischemia-reperfusion brain injury in rats. Eur. Rev. Med. Pharmacol. Sci. 21: 1532–1540. [Medline]

 17. Jin, Z., Liang, J., Wang, J. and Kolattukudy, P. E. 2015. MCP-induced protein 1 mediates the minocycline-induced neuroprotectionagainst cerebral 
ischemia/reperfusion injury in vitro and in vivo. See comment in PubMed Commons below. J. Neuroinflammation 12: 39. [Medline]  [CrossRef]

 18. Koh, P. O. 2017. Cerebral ischemic injury decreases α-synuclein expression in brain tissue and glutamate-exposed HT22 cells. Lab. Anim. Res. 33: 

http://www.ncbi.nlm.nih.gov/pubmed/21472457?dopt=Abstract
http://dx.doi.org/10.1007/s11064-011-0458-6
http://www.ncbi.nlm.nih.gov/pubmed/21324570?dopt=Abstract
http://dx.doi.org/10.1016/j.clnu.2011.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17311951?dopt=Abstract
http://dx.doi.org/10.1093/jn/137.3.628
http://www.ncbi.nlm.nih.gov/pubmed/16806698?dopt=Abstract
http://dx.doi.org/10.1016/j.neulet.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/10441299?dopt=Abstract
http://dx.doi.org/10.1016/S0166-2236(99)01401-0
http://www.ncbi.nlm.nih.gov/pubmed/12591129?dopt=Abstract
http://dx.doi.org/10.1016/S0006-8993(02)04150-1
http://www.ncbi.nlm.nih.gov/pubmed/11325801?dopt=Abstract
http://dx.doi.org/10.1038/sj.bjp.0704064
http://www.ncbi.nlm.nih.gov/pubmed/17951477?dopt=Abstract
http://dx.doi.org/10.1093/jn/137.11.2405
http://www.ncbi.nlm.nih.gov/pubmed/15978910?dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(05)66755-4
http://www.ncbi.nlm.nih.gov/pubmed/18573263?dopt=Abstract
http://dx.doi.org/10.1016/j.neuropharm.2008.05.031
http://www.ncbi.nlm.nih.gov/pubmed/15911339?dopt=Abstract
http://dx.doi.org/10.1016/j.phrs.2005.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19744476?dopt=Abstract
http://dx.doi.org/10.1016/j.ejphar.2009.08.030
http://www.ncbi.nlm.nih.gov/pubmed/18274639?dopt=Abstract
http://dx.doi.org/10.1155/2007/45673
http://www.ncbi.nlm.nih.gov/pubmed/9236720?dopt=Abstract
http://dx.doi.org/10.1097/00004647-199706000-00005
http://www.ncbi.nlm.nih.gov/pubmed/29399028?dopt=Abstract
http://dx.doi.org/10.5625/lar.2017.33.4.308
http://www.ncbi.nlm.nih.gov/pubmed/28429353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25888869?dopt=Abstract
http://dx.doi.org/10.1186/s12974-015-0264-1


QUERCETIN PROTECTS NEURON AGAINST BRAIN INJURY

683doi: 10.1292/jvms.17-0693

244–250. [Medline]  [CrossRef]
 19. Larson, A. J., Symons, J. D. and Jalili, T. 2012. Therapeutic potential of quercetin to decrease blood pressure: review of efficacy and mechanisms. 

Adv. Nutr. 3: 39–46. [Medline]  [CrossRef]
 20. Lee, J. K., Kwak, H. J., Piao, M. S., Jang, J. W., Kim, S. H. and Kim, H. S. 2011. Quercetin reduces the elevated matrix metalloproteinases-9 

level and improves functional outcome after cerebral focal ischemia in rats. Acta Neurochir. (Wien) 153: 1321–1329, discussion 1329. [Medline]  
[CrossRef]

 21. Lei, X., Chao, H., Zhang, Z., Lv, J., Li, S., Wei, H., Xue, R., Li, F. and Li, Z. 2015. Neuroprotective effects of quercetin in a mouse model of brain 
ischemic/reperfusion injury via anti-apoptotic mechanisms based on the Akt pathway. Mol. Med. Rep. 12: 3688–3696. [Medline]  [CrossRef]

 22. Li, P. G., Sun, L., Han, X., Ling, S., Gan, W. T. and Xu, J. W. 2012. Quercetin induces rapid eNOS phosphorylation and vasodilation by an Akt-
independent and PKA-dependent mechanism. Pharmacology 89: 220–228. [Medline]  [CrossRef]

 23. Longa, E. Z., Weinstein, P. R., Carlson, S. and Cummins, R. 1989. Reversible middle cerebral artery occlusion without craniectomy in rats. Stroke 
20: 84–91. [Medline]  [CrossRef]

 24. Okamoto, T. 2005. Safety of quercetin for clinical application (Review). Int. J. Mol. Med. 16: 275–278. [Medline]
 25. Pandey, A. K., Hazari, P. P., Patnaik, R. and Mishra, A. K. 2011. The role of ASIC1a in neuroprotection elicited by quercetin in focal cerebral 

ischemia. Brain Res. 1383: 289–299. [Medline]  [CrossRef]
 26. Paxinos, G. and Watson, C. 2005. The Rat Brain in Stereotaxic Coordinates. Academic Press, San Diego.
 27. Pérez-Vizcaíno, F., Ibarra, M., Cogolludo, A. L., Duarte, J., Zaragozá-Arnáez, F., Moreno, L., López-López, G. and Tamargo, J. 2002. Endothelium-

independent vasodilator effects of the flavonoid quercetin and its methylated metabolites in rat conductance and resistance arteries. J. Pharmacol. 
Exp. Ther. 302: 66–72. [Medline]  [CrossRef]

 28. Rivera, F., Costa, G., Abin, A., Urbanavicius, J., Arruti, C., Casanova, G. and Dajas, F. 2008. Reduction of ischemic brain damage and increase of 
glutathione by a liposomal preparation of quercetin in permanent focal ischemia in rats. Neurotox. Res. 13: 105–114. [Medline]  [CrossRef]

 29. Sanderson, T. H., Reynolds, C. A., Kumar, R., Przyklenk, K. and Hüttemann, M. 2013. Molecular mechanisms of ischemia-reperfusion injury in 
brain: pivotal role of the mitochondrial membrane potential in reactive oxygen species generation. Mol. Neurobiol. 47: 9–23. [Medline]  [CrossRef]

 30. Schmued, L. C. and Hopkins, K. J. 2000. Fluoro-Jade B: a high affinity fluorescent marker for the localization of neuronal degeneration. Brain Res. 
874: 123–130. [Medline]  [CrossRef]

 31. Schültke, E., Kamencic, H., Zhao, M., Tian, G. F., Baker, A. J., Griebel, R. W. and Juurlink, B. H. 2005. Neuroprotection following fluid percussion 
brain trauma: a pilot study using quercetin. J. Neurotrauma 22: 1475–1484. [Medline]  [CrossRef]

 32. Shamsaei, N., Erfani, S., Fereidoni, M. and Shahbazi, A. 2017. Neuroprotective effects of exercise on brain edema and neurological movement 
disorders following the cerebral ischemia and reperfusion in rats. Basic Clin. Neurosci. 8: 77–84. [Medline]

 33. Shutenko, Z., Henry, Y., Pinard, E., Seylaz, J., Potier, P., Berthet, F., Girard, P. and Sercombe, R. 1999. Influence of the antioxidant quercetin in 
vivo on the level of nitric oxide determined by electron paramagnetic resonance in rat brain during global ischemia and reperfusion. Biochem. 
Pharmacol. 57: 199–208. [Medline]  [CrossRef]

 34. Yu, Z., Liu, J., Guo, S., Xing, C., Fan, X., Ning, M., Yuan, J. C., Lo, E. H. and Wang, X. 2009. Neuroglobin-overexpression alters hypoxic response 
gene expression in primary neuron culture following oxygen glucose deprivation. Neuroscience 162: 396–403. [Medline]  [CrossRef]

 35. Zhang, Z. J., Cheang, L. C., Wang, M. W. and Lee, S. M. 2011. Quercetin exerts a neuroprotective effect through inhibition of the iNOS/NO system 
and pro-inflammation gene expression in PC12 cells and in zebrafish. Int. J. Mol. Med. 27: 195–203. [Medline]

http://www.ncbi.nlm.nih.gov/pubmed/29046700?dopt=Abstract
http://dx.doi.org/10.5625/lar.2017.33.3.244
http://www.ncbi.nlm.nih.gov/pubmed/22332099?dopt=Abstract
http://dx.doi.org/10.3945/an.111.001271
http://www.ncbi.nlm.nih.gov/pubmed/21120545?dopt=Abstract
http://dx.doi.org/10.1007/s00701-010-0889-x
http://www.ncbi.nlm.nih.gov/pubmed/26016839?dopt=Abstract
http://dx.doi.org/10.3892/mmr.2015.3857
http://www.ncbi.nlm.nih.gov/pubmed/22488414?dopt=Abstract
http://dx.doi.org/10.1159/000337182
http://www.ncbi.nlm.nih.gov/pubmed/2643202?dopt=Abstract
http://dx.doi.org/10.1161/01.STR.20.1.84
http://www.ncbi.nlm.nih.gov/pubmed/16012761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21281608?dopt=Abstract
http://dx.doi.org/10.1016/j.brainres.2011.01.085
http://www.ncbi.nlm.nih.gov/pubmed/12065701?dopt=Abstract
http://dx.doi.org/10.1124/jpet.302.1.66
http://www.ncbi.nlm.nih.gov/pubmed/18515213?dopt=Abstract
http://dx.doi.org/10.1007/BF03033562
http://www.ncbi.nlm.nih.gov/pubmed/23011809?dopt=Abstract
http://dx.doi.org/10.1007/s12035-012-8344-z
http://www.ncbi.nlm.nih.gov/pubmed/10960596?dopt=Abstract
http://dx.doi.org/10.1016/S0006-8993(00)02513-0
http://www.ncbi.nlm.nih.gov/pubmed/16379584?dopt=Abstract
http://dx.doi.org/10.1089/neu.2005.22.1475
http://www.ncbi.nlm.nih.gov/pubmed/28446953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9890569?dopt=Abstract
http://dx.doi.org/10.1016/S0006-2952(98)00296-2
http://www.ncbi.nlm.nih.gov/pubmed/19401220?dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2009.04.055
http://www.ncbi.nlm.nih.gov/pubmed/21132259?dopt=Abstract

