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Abstract Many studies have demonstrated that apoptosis

play an important role in cerebral ischemic pathogenesis and

may represent a target for treatment. Neuroprotective effect

of quercetin has been shown in a variety of brain injury

models including ischemia/reperfusion. It is not clear whe-

ther BDNF–TrkB–PI3K/Akt signaling pathway mediates the

neuroprotection of quercetin, though there has been some

reports on the quercetin increased brain-derived neurotro-

phic factor (BDNF) level in brain injury models. We there-

fore first examined the neurological function, infarct volume

and cell apoptosis in quercetin treated middle cerebral artery

occlusion (MCAO) rats. Then the protein expression of

BDNF, cleaved caspase-3 and p-Akt were evaluated in either

the absence or presence of PI3K inhibitor (LY294002) or

tropomyosin receptor kinase B (TrkB) receptor antagonist

(K252a) by immunohistochemistry staining and western

blotting. Quercetin significantly improved neurological

function, while it decreased the infarct volume and the

number of TdT mediated dUTP nick end labeling positive

cells in MCAO rats. The protein expression of BDNF, TrkB

and p-Akt also increased in the quercetin treated rats.

However, treatment with LY294002 or K252a reversed the

quercetin-induced increase of BDNF and p-Akt proteins and

decrease of cleaved caspase-3 protein in focal cerebral

ischemia rats. These results demonstrate that quercetin can

decrease cell apoptosis in the focal cerebral ischemia rat

brain and the mechanism may be related to the activation of

BDNF–TrkB–PI3K/Akt signaling pathway.
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Introduction

Stroke is one of the main causes of death and disability.

The World Health Organization has estimated that about 15

million people worldwide suffer from stroke annually [1].

Due to the increased risk of hemorrhage, plasminogen

activator is restricted to administration within 3 h of stroke

onset and is used only in 3 % of patients [2]. Therefore,

existing stroke therapies need to be improved and new

strategies need to be explored.

Apoptosis after cerebral ischemia is one of the major

pathways that lead to the process of cell death [3]. In

response to the oxidative load in mitochondria, the outer

membrane of mitochondria becomes permeabilized [4],

resulting in the translocation of Bax from the cytosol to the

mitochondria and the release of cytochrome c. This proa-

poptotic protein translocation is controlled by the family of

Bcl-2 proteins [5]. Cytochrome c was released into the

cytosol leads to the formation of the apoptosome. The

apoptosome permits the autoactivation of procaspase-9,

which is followed by the activation of procaspase-3 [6].

Active caspase-3 leads to DNA fragmentation [7]. Some

studies have demonstrated that apoptosis contributes to the

development of ischemic infarction with DNA fragmenta-

tion. Thus, the ideal preventive or therapeutic approach

would indeed target apoptosis after cerebral ischemia.

BDNF is an important neuroprotective factor for ischemic

brain injury in vivo by anti-excitatory amino acids, inhibiting

inflammatory factor and decreasing apoptosis [8, 9]. The

survival function of BDNF is mediated through the

R.-Q. Yao (&) � D.-S. Qi � H.-L. Yu � J. Liu � L.-H. Yang �
X.-X. Wu

Department of Neurobiology, Xuzhou Medical College,

84 West Huaihai Road, Xuzhou 221002, Jiangsu,

People’s Republic of China

e-mail: wenxi_yao@163.com

123

Neurochem Res (2012) 37:2777–2786

DOI 10.1007/s11064-012-0871-5



activation of two cell surface receptors, the TrkB and the p75

neurotrophin (p75NTR) receptor [10]. Activation of TrkB

has been shown to be essential for the survival-promoting

actions of BDNF [11]. Through TrkB receptor, BDNF acti-

vates many intracellular signaling pathways, including the

activation of PI3K/Akt, thereby affecting both development

and function of the nervous system [12] Akt phosphorylates

the pro-apoptotic Bcl-2 family member activity thereby

inhibiting the pro-apoptotic function [13]. Akt also directly

phosphorylates and inhibits the caspase proteases including

caspase-9 [14].

Quercetin (3,5,7,30,40-pentahydroxyflavone) is a natu-

rally-occurring flavonoid found in vegetable, fruits and tea.

It has a flavone nucleus composed of two benzene rings

linked through a heterocyclic pyrone ring. Because of its

strong antioxidant and anti-inflammatory activities, it can

prevent many diseases, including neurodegenerative dis-

orders, diabetes, cancer and obesity [15–17]. Recently the

efficacy of quercetin on cerebral ischemia/reperfusion

injury has been reported. And it also was found that the

neuroprotective mechanisms of quercetin on cerebral

ischemia are related to the reduction of matrix metallo-

proteinases-9 and prevention of free radicals production

[18, 19]. Tchatchou et al. [20] and Hou et al. [21] reported

that quercetin enhanced the levels of BDNF in the Alz-

heimer’s disease mice brain. In our previous study, we

found that quercetin could protect oligodendrocyte pre-

cursor cells from oxygen/glucose deprivation injury in

vitro via the activation of PI3K/Akt signaling pathway

[22]. However, it is not clear whether the neuroprotective

mechanisms of quercetin against cerebral ischemia is

related to the activation BDNF–TrkB–PI3K/Akt signaling

pathway.

On the basis of above considerations, we investigated

the relations between neuroprotection of quercetin and the

BDNF–TrkB–PI3K/Akt signaling pathway in the rat brain

after stroke. We showed that TrkB receptor antagonist

(K252a) or PI3K inhibitor (LY294002)strongly attenuated

the increase of BDNF and p-Akt proteins induced by

quercetin in focal cerebral ischemia rats. However, the

cleaved caspase-3 protein was elevated in the rats treated

with quercetin/K252a or quercetin/LY294002 compared

with rats treated with quercetin alone.

Materials and Methods

Animals

Male Sprague-Dawley rats (n = 132) weighing from 250

to 270 g were purchased from the Shanghai Slac Labora-

tory Animal Co. Ltd. The rats were housed with the dam in

the home cage under a 12:12-h light:dark cycle, with food

and water freely available throughout the study.

MCAO Animal Model and Drug Treatment

For the test of neurological function, the rats were ran-

domly divided into four groups: (1) sham-operated group

(n = 12), (2) vehicle-treated (dH2O/0.1 % tween-80)

ischemic model group (n = 12), (3) 10 mg/(kg day)

quercetin-treated ischemic group (n = 12), (4) 20 mg/

(kg day) quercetin-treated ischemic group (n = 12).

For infarct size and apoptosis and protein expression

assay, the rats were randomly divided into four groups: (1)

sham-operated group (n = 12), (2) vehicle-treated ische-

mic model group (n = 12), (3) 10 mg/(kg day) quercetin-

treated ischemic group (n = 12), (4) 20 mg/(kg day)

quercetin-treated ischemic group (n = 12).

For observing whether TrkB receptor activation is

required for quercetin protection against ischemia-induced

apoptosis, the MCAO model rats were randomly divided

into three groups: (1) K252a group (n = 6), (2) 20 mg/kg

quercetin-treated group (n = 6), (3) 20 mg/kg quercetin/

K252a -treated group (n = 6).

To ascertain whether Akt activation is a major contrib-

utor to the antiapoptotic effect of quercetin, the MCAO

model rats were randomly divided into three groups: (1)

LY294002 (LY) group (n = 6), (2) 20 mg/kg quercetin-

treated group (n = 6), (3) 20 mg/kg quercetin/LY-treated

group (n = 6).

The MCAO was induced by the intraluminal filament

technique. Rats were anesthetized with 10 % chloral hydrate

(0.4 ml/kg, IP). Then, a piece of nylon monofilament was

inserted into the left internal carotid artery. After 90 min of

ischemia, the filament was withdrawn. In sham-operated

animals, the middle cerebral artery was not occluded.

Quercetin in 0.1 % tween-80 containing distilled water was

administered intragastrically once a day at the doses of 10

and 20 mg/(kg day), respectively, starting 3 h after MCAO

till the rats were sacrificed. The vehicle control was given

distilled water (dH2O/0.1 % tween-80) without quercetin.

To confirm how the neuroprotective effects of quercetin

might be affected if the TrkB–PI3K pathway was initially

blocked, a PI3K inhibitor, LY294002 (Cell Signaling) or

K252a (Cell Signaling) were intraventricularly adminis-

tered to rats with or without quercetin after cerebral

ischemia. For intracerebroventricular injection, the rats

were placed on ear bars of a stereotaxic instrument under

anesthesia. The scalp was incised on the midline and the

skull was exposed. LY294002 (10 lL, 100 nmol in 25 %

dimethyl sulfoxide in PBS) or K252a (10 lL, 0. 5 lg/lL in

1 % DMSO) were injected using a Hamilton microsyringe

at a rate of 1 lL/min. (0.8 mm posterior and 1.5 mm
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lateral to the bregma and 3.3 mm from the duramater) at

1 h after MCAO.

The present research reported in this paper was conducted

in accordance with the Chinese legislation on the use and

care of laboratory animals and was approved by their

respective university committees for animal experiments.

Neurological Functional Test

Modified neurological severity score (mNSS) measurement

is a composite of motor, sensory, reflex and balance tests, as

previously described [23]. In the present study, mNSS was

used to determine the sensorimotor deficit 7, 14, 21 and

28 days after MCAO. Only animals that showed no or

incomplete forelimb placing with rotational asymmetry 24 h

after MCAO were included in the subsequent analysis.

Tissue Preparation

For histological analyses, rats were anesthetized with 10 %

chloral hydrate and then perfused through the left ventricle

with normal saline and 4 % phosphate-buffered parafor-

maldehyde. Brains were then removed and immersion fixed

in 4 % paraformaldehyde in 0.1 M phosphate buffer (pH

7.4) overnight at 4 �C, cryoprotected in 30 % (wt/vol)

sucrose in 0.1Mphosphate buffer (pH 7.4). Serial (40-lm)

coronal sections were cut on a freezing sliding microtome

and stored at -20 �C. For Western blotting, after brains

were removed, tissues from the cortex were rapidly dis-

sected and stored at -80 �C.

Measurements of Infarct Volume

Seven sections at bregma levels ?4.70, ?2.70, ?0.70,

-1.30, -3.30, -5.30, and -7.30 mm were stained with

hematoxylin and eosin (HE). Measurement of infarct vol-

ume was measured on the 7 HE stained coronal sections with

the use of a Global Laboratory Image analysis program

(Data Translation). Briefly, the area of both hemispheres and

the infarct area (mm2) were calculated by tracing the area on

the computer screen. Infarct volume (mm3) was determined

by multiplying the appropriate area by the section interval

thickness. The infarct volume is presented as the percentage

of infarct volume of the contralateral hemisphere [24].

TdT Mediated dUTP Nick End Labeling (TUNEL)

Assay

To assess DNA damage in the cortex after MCAO, three

sections per brain (n = 4 for each group) were selected. The

sections were treated as instructed with an in situ cell death

detection kit. Diaminobenzidine was used as a chromogen.

TUNEL-positive cells displayed brown staining within the

nucleus of apoptotic cells. The number of TUNEL positive

cells for 5 fields (200 9 200 lm2 for each field) in primary

somatosensory cortex of each section was counted under

high-power magnification (4009). An average for the three

slices per brain was taken. The data of TUNEL positive cells

was expressed as mean ± SE.

Immunohistochemistry

Immunohistochemistry staining for brain tissue was per-

formed on ice-cold sections (40 lm). Briefly, sections were

blocked with 0.01 mol/L phosphate-buffered saline (PBS)

containing 5 % goat serum for 1 h at RT. Then the sections

were incubated with rabbit polyclonal Bcl-2 (1:200, Santa

Cruz), rabbit polyclonal Bax (1:1,000, Sigma), rabbit poly-

clonal-BDNF (1:100, Santa Cruz), rabbit polyclonal-TrkB

(1:200, Santa Cruz) antibodies 48 h at 4 �C. After three

washes with PBS for 5 min each, the secondary antibody

biotin conjugated goat anti-rabbit IgG (1:500, Sigma) were

added to the sections and incubated for 1 h at RT. Then after

washing with PBS for 5 min each, the avidin conjugated

horseradish peroxidase (1:200, Sigma) were added to the

sections and incubated for 30 min at RT. Coloration with

DAB/0.03 % H2O2 for 5–10 min at RT. Cell images were

captured with a microscope (Nikon Eclipse E800; Germany)

equipped with a Spot RT digital camera.

For semi-quantitative measurement of BDNF andTrkB

positive cell pixel counts, Image Pro-Plus 5.0 software

(Media Cybernetics, Inc., Bethesda, MD, USA) was used.

Three sections per brain (n = 4 for each group) were

selected between bregma levels ?1.60 and -0.2 mm every

9th section. The digitalized images were then contrast-

enhanced to clearly differentiate positivity from back-

ground, and a thresholding procedure was established to

determine the proportion of immunoreactive area within 5

fields (200 9 200 lm2for each field) of view for each

section. Data are presented as a percentage of area, in

which the BDNF or TrkB-immunopositive areas in each

field were divided by the total areas in the field.

Western Blotting

It is about 3 mm (coronal) around the infarcet area was

selected for western blotting. Tissue samples were lysed in

1 % sodium dodecylsulfate buffer (pH 7.6, 20 mM HEPES

containing protease inhibitor), and lysates were collected and

sonicated. Protein concentrations were determined using the

Bio-Rad Dc Protein assay (Bio-Rad, Hercules, CA). Protein

extracts and a biotinylated molecular weight marker (Cell

Signaling Technology, Beverly, MA, USA) were denaturated

in Laemmli sample loading buffer at 95 �C, separated by

4–20 % polyacrylamide gel electrophoresis, and electro-

transferred in transfer buffer to a polyvinyl diflouride

Neurochem Res (2012) 37:2777–2786 2779

123



membrane (Bio-Rad). The membrane was treated with

blocking solution (5 % nonfat dry milk in TBST) and incu-

bated overnight at 4 �C with rabbit polyclonal Bcl-2 (1:200,

Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal

Bax (1:1,000, Sigma), rabbit polyclonal cleaved caspase-3

(1:1,000, Cell Signaling), mouse monoclonal phospho-Akt

(1:1,000, chemicon), polyclonal -BDNF(1:300, Santa Cruz),

rabbit polyclonal –TrkB (1:500, Santa Cruz) or mouse

monoclonal Actin antibody (1:2,000; Sigma). Secondary

incubations were performed with horseradish peroxidase-

linked anti-mouse (1:2,000; Sigma) or anti-rabbit (1:2,000;

Sigma) antibodies. Bands were visualized using enhanced

chemiluminescence, and serial exposures were made to

radiographic film.

Statistical Analysis

Data are expressed as mean ± standard error of the mean

(s.e.m.), and n refers to the number of rats. Data were

analyzed by SPSS 13.0 using Windows software to conduct

one way ANOVA (equal variances assumed by S–N–K).

P value \ 0.05 was considered significant.

Results

Quercetin Improved the Neurological Function

in MCAO Rats

A modified neurological severity score test was performed

after MCAO. The higher score means the poorer function.

The results showed that mNSS scores significantly

increased in MCAO rats compared to sham group rats. The

treatment starting at 3 h after MCAO with 10 and 20 mg/

(kg day) quercetin significantly decreased mNSS scores at

7, 14, 21 and 28 days compared with the vehicle-treated

group, respectively (Fig. 1). This data indicates that quer-

cetin was effective to improve neurological function at

both early stage and late stage after focal cerebral ischemia.

Quercetin Reduced Infarct Volume After MCAO

To study the effect of quercetin on the infarct volume, the

damaged area was analyzed in animals decapitated 7 days

after MCAO by HE staining. There was no infarct found in

the sham rats brain (Fig. 2a). The infarcted area was

obvious in the vehicle group rats brain (Fig. 2b, c) com-

pared to the quercetin treated rats (Fig. 2d). The percentage

of infarct volume of the contralateral hemisphere in the

vehicle group was 36.2 ± 4.8 %; in the 10 mg/(kg day)

quercetin group was 24.8 ± 2.7 %; in the 20 mg/(kg day)

quercetin group was 21.7 ± 3.2 %. The treatment with

quercetin resulted in significant decrease of infarct volume

compared with vehicle control group (P \ 0.05; Fig. 2e).

Quercetin Decreased the Number of TUNEL-Positive

Cells

In the present study, we observed a significant increase in

TUNEL-positive cells at 7 day in the cortex of the vehicle-

treated group compared with sham group (P \ 0.01;

Fig. 3). The quercetin treatment significantly reduced the

number of TUNEL-positive cells in the cortex as compared

to the vehicle-treated group (P \ 0.05, 10 mg/(kg day)

quercetin vs. vehicle group; P \ 0.01, 20 mg/(kg day)

quercetin vs. vehicle group; Fig. 3).

Quercetin Regulated the Expression of Apoptosis

Related Proteins

Figure 4 shows the results of western blotting with anti- Bcl-2

and anti- Bax antibodies in cortex of rats 7 days after MCAO.

Compared with the sham-operated rats, the protein expression

of Bcl-2 significantly decreased (P \ 0.01) and Bax increased

(P \ 0.01) in the vehicle-treated rats. Treatment with quer-

cetin significantly increased the protein expression of Bcl-2

(P \ 0.05, 10 mg/(kg day) quercetin vs. vehicle group;

P \ 0.01, 20 mg/(kg day) quercetin vs. vehicle group) and

decreased the protein expression of Bax (P \ 0.01, both 10

and 20 mg/(kg day) quercetin vs. vehicle group).

The expression of cleaved caspase-3 also was analyzed

by western blotting. The data shows that treatment with

quercetin significantly decreased the protein expression of

cleaved caspase-3 (P \ 0.01, both 10 and 20 mg/(kg day)

quercetin vs. vehicle group; Fig. 5).

Fig. 1 Effect of quercetin on neurological function in MCAO rats.

Quercetin was intragastrically administered to the rats starting from

3 h after the onset of MCAO. The vehicle-treated ischemic model

group received an equal volume of normal saline. n = 12 for each

group. Values are expressed as mean ± SE. Quercetin versus vehicle-

treated group *P \ 0.05; **P \ 0.01
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Quercetin Promoted the Survival of BDNF and TrkB

Positive Cells

The results of this present study showed that in the vehicle-

treated ischemic rats, the number of BDNF and its receptor

TrkB immunoreactive positive cells decreased in the

ischemic ipsilateral cortex 7 days after MCAO compared to

the sham-operated group (P \ 0.01). Treatment with quer-

cetin significantly increased the number of BDNF positive

cells (P \ 0.05, both 10 and 20 mg/(kg day) quercetin vs.

vehicle group) and TrkB positive cells (P \ 0.01, both 10

and 20 mg/(kg day) quercetin vs. vehicle group) compared

to the vehicle-treated group (Fig. 6).

Quercetin Increased the Protein Levels of BDNF

and TrkB and p-Akt

We further examined the expression of BDNF and TrkB

and p-Akt in cortex of rats 7 days after MCAO by western

blotting analysis. MCAO significantly decreased the pro-

tein expression of BDNF and TrkB compared to the sham-

operated group (P \ 0.01; Fig. 7). The protein expression

of BDNF (P \ 0.01, both 10 and 20 mg/(kg day) quercetin

vs. vehicle group; Fig. 7) and TrkB (P \ 0.01, both 10 and

20 mg/(kg day) quercetin vs. vehicle group; Fig. 7) sig-

nificantly increased treatment with quercetin compared to

the vehicle-treated ischemic rats. The examination of p-Akt

Fig. 2 Quercetin treatment

reduced infarct volume after

MCAO. H-E staining shows the

cells in the cortex of sham rats

(a). The infarcted area was

obvious in the vehicle rats. The

line shows the boundary

between infarcted area and

penumbra (b). c Shows the

infarcted core area in the

vehicle rats. Treatment with

quercetin resulted in significant

decrease of infarct volume

compared to the vehicle group

(d, e). n = 4 for each group.

Quercetin versus vehicle group

*P \ 0.05
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showed that MCAO significantly decreased the expression

of p-Akt protein (P \ 0.01; Fig. 8). Oral administration of

quercetin to MCAO induced ischemic rats reversed the

decrease of p-Akt protein. The protein expression of p-Akt

significantly increased compared with the vehicle-treated

ischemic rats (P \ 0.01, both 10 and 20 mg/(kg day)

quercetin vs. vehicle group; Fig. 8). All of the BDNF and

TrkB and p-Akt protein levels in quercetin group almost

restored to the sham-operated group.

Fig. 3 Quercetin decreased the

number of TUNEL-positive

cells in cortex of MCAO rat.

Representative images

demonstrating TUNEL-labeled

cells in the cortex in the sham

(a), vehicle (b) and 20 mg/

(kg day) quercetin (c) groups.

Bar = 100 lm in (c).

d TUNEL-positive cells were

significantly enhanced in the

vehicle group compared to the

sham group, treatment with

querectin showed reduced

number of TUNEL-positive

cells. n = 4 for each group.

Sham versus vehicle group
#P \ 0.01. Quercetin versus

vehicle group *P \ 0.05;

**P \ 0.01

Fig. 4 Quercetin regulated apoptosis related protein expression in

cortex of rats after MCAO. The quantitative analysis of Bcl-2 and Bax

are expressed as a fraction of the respective level of beta-actin. n = 4

for each group. Sham versus vehicle group **P \ 0.01. Quercetin

versus vehicle group #P \ 0.05; ##P \ 0.01

Fig. 5 Quercetin decreased the protein expression of cleaved

caspase-3 in cortex of rats after MCAO. The quantitative analysis

of cleaved caspase-3 is expressed as a fraction of the respective level

of total caspase-3. n = 4 for each group. Sham versus vehicle group

**P \ 0.01. Quercetin versus vehicle group #P \ 0.01
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Quercetin Protects Neuronal Apoptosis Through

BDNF–TrkB–p-Akt Signaling Pathway

To examine whether TrkB activation was required for the

neuroprotective effect of quercetin, we examined the effect

of K252a, an inhibitor of Trk family members, on focal

cerebral ischemic injury. In the presence of K252a, quer-

cetin failed to show neuroprotection against ischemia—

induced apoptosis. The protein expression of BDNF and

p-Akt significantly decreased both in the K252a group and

quercetin/K252a group compaired to quercetin group.

(both BDNF and p-Akt: P \ 0.01, K252a group vs. quer-

cetin group and quercetin/K252a group vs quercetin group;

Fig. 9). However, the protein expression of cleaved cas-

pase-3 increased in the presence of K252a (P \ 0.01,

K252a group vs. quercetin group and quercetin/K252a

group versus quercetin group; Fig. 9). There were no sig-

nificant differences between the K252a group and querce-

tin/K252a group in the protein levels of BDNF, p-Akt and

cleaved caspase-3.

To establish the role of PI3K/Akt pathway in neuro-

protective effect of quercetin, MCAO rats were treated

with PI3K inhibitor, LY294002. We observed the similar

results in LY294002 treated rats and in the K252a treated

rats. The protein expression of BDNF and p-Akt signifi-

cantly decreased both in the LY group and quercetin/LY

group compared to quercetin group (both BDNFand p-Akt:

P \ 0.01, LY group vs. quercetin group and quercetin/LY

group vs. quercetin group; Fig. 10). However, the protein

expression of cleaved caspase-3 increased in the presence

Fig. 6 Quercetin promoted the survival of BDNF and TrkB positive

cells in cortex of MCAO rats. a–f is the images of BDNF and

TrkB immunohistochemistry staining cells in the cortex. a, d sham

group; b, e vehicle group; c, f quercetin 20 mg (kg day) group;

Bar = 100 lm in (f). g is the quantitative analysis of the positive

pixel counts of BDNF and its receptor TrkB. n = 4 for each group.

Sham versus vehicle group **P \ 0.01. Quercetin versus vehicle

group #P \ 0.05; ##P \ 0.01
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of LY (P \ 0.01, LY group vs. quercetin group and

quercetin/LY group vs. quercetin group; Fig. 10). There

were no significant differences between the LY group and

quercetin/LY group in the protein levels of BDNF, p-Akt

and cleaved caspase-3.

Discussion

Previous studies have demonstrated that MCAO causes

neurological deficits and infarct, and neuronal cell apop-

tosis plays an important role in the evolution of ischemic

injury in the brain [25, 26]. In the present study, we found

Fig. 7 Effects of quercetin on protein expression of BDNF and TrkB

in cortex of MCAO rats. BDNF and TrkB proteins increased in the

rats treated with quercetin. n = 4 for each group. Sham versus vehicle

group *P \ 0.05, **P \ 0.01; quercetin versus vehicle group
#P \ 0.05; ##P \ 0.01

Fig. 8 Quercetin promoted the phosphorylation of Akt in cortex of

MCAO rats. The quantitative analysis of p-Akt is expressed as a

fraction of the respective level of Akt. n = 4 for each group. Sham

versus vehicle group #P \ 0.01; quercetin versus vehicle group

*P \ 0.01

Fig. 9 TrkB receptor activation is required for quercetin protection

against ischemia-induced apoptosis. The TrkB receptor antagonist,

K252a abolished the protective effect of quercetin. n = 6 for each

group. Quercetin versus LY group **P \ 0.01; quercetin/LY versus

quercetin group ##P \ 0.01

Fig. 10 Quercetin protects against ischemia-induced apoptosis is

mediated by activation of PI3K/Akt pathway. Treatment with

LY294002 reversed the quercetin-induced increase of BDNF and

p-Akt proteins and decrease of cleaved caspase-3 protein in focal

cerebral ischemia rats. n = 6 for each group. Quercetin versus LY

group **P \ 0.01; quercetin/LY versus quercetin group ##P \ 0.01
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that treatment with quercetin could significantly improve

neurological function at 7, 14, 21 and 28 days after cere-

bral ischemia by mNSS. Our findings in accordance with

the earlier studies carried out by others where neurological

function has been improved by treatment with antioxidants

or quercetin [18, 27, 28].

A classical measure of histological outcome used to

evaluate neuroprotection following MCAO is the infarct

volume. Traditional histochemical staining, 2,3,5 Triphe-

nyltetrazolium chloride (TTC) methods was recently sus-

pected to overestimate infarct size [29]. We therefore

quantified the infarct volume at 7 days after reperfusion

using H-E staining [30] and found quercetin treatment

reduced the infarct size. The result was consistent with

others studies which indicated that quercetin administered

after cerebral ischemia is effective in reducing infarct

volume and lead to improvements in neurological outcome

[18, 31, 32].

Since most of delayed neuronal degeneration is due to

apoptosis, we further investigated the number of apoptotic

cells by TUNEL staining. Results showed less TUNEL

positive cells in quercetin treatment rats than in the vehicle

treatment rats. The activation of the PI3K/Akt pathway is

critical for neuroprotection from ischemia-induced apop-

tosis. To determine whether Akt activation is a major

contributor to quercetin against apoptosis induced by

ischemia, we therefore investigated the phosphorylation of

Akt after MCAO by western blot. Treatment with quercetin

significantly increased the expression of p-Akt compared to

the vehicle-treated group. Then the expression of p-Akt

downstream signaling proteins were further examined.

Results showed that decreased protein level of Bcl-2 and

increased protein levels of Bax and cleaved-caspase-3 in

MCAO rats. Interestingly, quercetin treatment was asso-

ciated with pronounced upregulation of Bcl-2 and down-

regulation of Bax and cleaved-caspase-3 proteins. Previous

studies have suggested that the neuroprotective mecha-

nisms of quercetin could be due to its inhibition of sodium

channels, MMP-9 activity, NF-kappaB activation and

increasing GSH levels in cerebral ischemia rats [32–34].

This present study found quercetin could regulate the

expression of Bcl-2 family member and inhibit the caspase-

3 activation after MCAO. These data provided further

evidence that quercetin can reduce cell apoptosis during

ischemia through inhibiting mitochondria-dependent cas-

pase apoptotic pathway.

In the current study, we demonstrated that quercetin also

significantly increased BDNF and TrkB protein levels. It is

reported that BDNF can inhibit the caspase-3 activation

and cell apoptosis caused by hypoxia-ischemic injury in

vivo [35]. Neuroprotection of BNDF was shown to be

dependent on the activation of the TrkB receptor, which

was verified by its phosphorylation. BDNF-TrkB leads to

the activation of the mitogen activated protein kinase

(MAPK), phospholipase C (PLC)-1, and PI3K/Akt [12].

However, PI3K/Akt pathway is particularly important for

mediating neuronal survival under a wide variety of cir-

cumstances [36] and has been found to be sufficient and, in

some cases, necessary for the trophic-factor-induced cell

survival of several neuronal cell types. To determine

whether quercetin exerts antiapoptotc effects via BDNF–

TrkB–PI3K/Akt signaling pathway, we further examined

the protein expression of BDNF, p-Akt and cleaved cas-

pase-3 in the presence of a TrkB receptor antagonist K252a

or PI3K inhibitor LY294002. We confirmed inhibition of

TrkB receptor signaling with K252a prevented the increase

of BDNF and phosphorylation of Akt induced by quercetin.

Meanwhile, the quercetin induced decrease of cleaved

caspase-3 also diminished. Blocking PI3K/Akt signaling

with the pharmacological inhibitor LY294002 significantly

disturbed the antiapoptotic effect of quercetin. This sug-

gests that quercetin protects against apoptosis induced by

ischemia mediated by PI3K/Akt pathway.

Conclusion

Collectively, our present findings demonstrate that the

neuroprotection of quercetin is related to the activation of

PI3K/Akt signaling through phosphorylation of the TrkB

receptor from ischemia-induced apoptosis. Further inves-

tigation into the role and mechanisms of anti-apoptosis of

quercetin may have a therapeutic value for the treatment of

stroke.
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