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Abstract Experimental studies have demonstrated that
oxidative stress and apoptosis play an important role in cere-
bral ischemic pathogenesis and may represent a target for
treatment. The purpose of this study was to determine whether
the quercetin dihydrate (Q) protects against cerebral ischemia
neuronal damage. Male Wistar rats were subjected to transient
middle cerebral artery occlusion (MCAO) for 2 h and reper-
fused for 72 h. Quercetin (30 mg/kg, i.p) was administrated
30 min before the onset of ischemia and after the ischemia at
interval of 0, 24,48, and 72 h. The administration of Q showed
marked reduction in infarct size, reduced the neurological
deficits in terms of behaviors, suppressed neuronal loss and
diminished the p53 expression in MCAO rats. Q was found to
be successful in upregulating the antioxidant status and low-
ering the TBARS level. Conversely, the elevated activity of
poly (ADP-ribose) polymerase (PARP), and activity of cas-
pase-3 in MCAO group was attenuated significantly in Q
treated group when compared with MCAO group. Our study
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reveals that Q, as a powerful antioxidant, could prevent free
radicals associated oxidative damage and morphological
changes in the MCAO rats. Thus, it may have a therapeutic
value for the treatment of stroke.
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Introduction

Stroke is a leading cause of lasting disability. Ischemic
stroke results from a transient or permanent reduction in
cerebral blood flow that is restricted to the territory of a
major brain artery. Oxidation of protein, lipid and nucleic
acid increase at an alarming pace in brain with induction of
ischemic stroke, which trigger signals to an interrelated
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metabolic processes such as decrease in ATP production,
intracellular calcium accumulation, massive release of
excitatory amino acids, free radical formation etc. pre-
ceding neuronal cell death. Oxidative stress has been
implicated in the machinery of ischemia—reperfusion injury
after cerebral ischemia in a number of studies [1-3], con-
sequently producing surplus amounts of biphasic players,
reactive oxygen species (ROS).

Ocxidative stress is often defined as an imbalance
between reactive oxygen species (ROS) and their quench-
ing by the antioxidant system. This imbalance may origi-
nate from an overproduction of ROS or from a reduction in
antioxidant defenses [4]. Brain tissue has potential sources
of ROS, high level of polyunsaturated fatty acids (PUFA)
and large oxidative capacity, but its ability to combat
oxidative stress is limited [5]. Increasing evidence suggests
that oxidative stress is a prominent and early feature in the
pathogenesis of ischemic/reperfusion injury.

Animal models have been used to evaluate the delete-
rious mechanism involved in ischemic damage and to
improve our understanding to study the potential efficiency
of therapeutic strategies. Thus, it can be speculated that
treatment with antioxidants may boost the defense system
against neurodegeneration. Earlier our research group has
been evaluated efficacy of several antioxidants against
experimental model of neurodegeneration [6—8].

Quercetin, a natural flavonoid, has been reported to pos-
sess potential antioxidant and free radical scavenger and is
found in high quantities in fruits and vegetables. Quercetin
has been shown to have anti-inflammatory, anti-blood
coagulation, anti-ischemic [9-11]. Neuroprotective effects
have been demonstrated in a variety of brain injury models
including ischemia/reperfusion showing improvement of
morphological and functional outcomes [12—15]. Recently
Lee et al. [16] have investigated and reported the efficacy of
Quercetin on cerebral ischemia/reperfusion injury. But there
are some reports showing quercetin at low concentration
exhibits prooxiadant activity [17]. In this study we used the
rat model of middle cerebral artery occlusion (MCAO) and
reperfusion to confirm the neuroprotective effects of quer-
cetin. Thus, the aim of this study was to investigate the
neuroprotective effects of quercetin for cerebral ischemia.

Materials and Methods
Chemical and Reagents

Quercetin dihydrate, oxidized glutathione (GSSG), reduced
glutathione (GSH), (—) epinephrine, glutathione reductase
(GR), glycine, nicotinamide adenine dinucleotide phosphate
reduced form (NADPH), 1-chloro-2,4- dinitrobenzene
(CDNB), 5-5'-dithio-bis-2-nitrobenzoic acid (DTNB),

bovine serum albumin, thiobarbituric acid (TBA), trichlo-
roacetic acid (TCA), sulfosalicylic acid (SSA), adenosine
S-triphosphate (ATP), 2,3,5-triphenyltetrazolium chloride
(TTC), ethylenediamine tetra acetic acid (EDTA), p-nitro-
anilide (pNA), dithiothritol (DTT), Ouabain, 2,3-diamino-
naphthotriazole, 2,3-diaminonaphthalene (DAN), glacial
acetic acid, sodium azide, triton X-100, haematoxylin, eosin,
caspase-3 colorimetric assay kit, anti-mouse IgG and diam-
inobenzidine (DAB), were purchased from Sigma—Aldrich
Chemicals Pvt. Ltd, India. Monoclonal antibody p53, was
purchase from Biovision, USA, [3H] NAD™" was purchased
from New England Nuclear (NEN), USA.

Animals

Male Wistar rats weighing 250-300 g were obtained from
the Central Animal House, Jamia Hamdard, New Delhi,
India. They were housed in polypropylene cages in air
conditioned room and allowed free access to pellet diet and
water ad libitum. The animals were used in accordance
with the procedure approved by the Animal Ethics Com-
mittee of Jamia Hamdard.

Experimental Protocol

To investigate the neuroprotective effects of Quercetin in
experimental model of cerebral ischemia, we used the rat
MCAO model [18]. The animals were separated into four
groups of eight rats each. Group I: sham-operated vehicle-
treated control (S); group II: ischemia and vehicle-treated
stroke (MCAO); group III: Querectin (30 mg/kg) and MCAO
(Q+MCAO). Group IV: sham-operated querectin-treated
control (Q+S); Querectin was dissolved in 0.1% DMSO in
PBS and given in a dose of 30 mg/kg by intraperitoneal
injection 1 h before the onset of ischemia and additional
injections of 30 mg/kg were administered 0, 24, 48 and 72 h
post-MCAO. We examined the effects of different doses of
Quercetin on cerebral ischemia reperfusion injury in pilot
studies to determine the optimal dose of Quercetin that pro-
vides the most neuroprotection against ischemia/reperfusion
injury and also the Quercetin dose (30 mg/kg) used in this
experiment was supported from previous studies showing that
this amount provided the maximal protective effects in the
treatment of different types of brain injury [10, 19].

Induction of Transient Cerebral Ischemia

The right middle cerebral artery occlusion was performed
using an intraluminal filament model by the method of
Longa et al. [18] as described by us [3]. In brief, the rats
were anesthetized with chloral hydrate (400 mg/kg, i.p),
silicone rubber (DOCEOL, USA) coated monofilament has a
smooth, soft, and flexible tip (which reduces the risk of
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vessel injury and intracranial bleeding) was introduced into
the external carotid artery (ECA) and advanced into the
middle cerebral artery via the internal carotid artery (ICA)
(17-20 mm) until a slight resistance was felt. Such resis-
tance indicated that the filament had passed beyond the
proximal segment of the anterior cerebral artery (ACA). At
this point, the intraluminal suture blocks the origin of MCA
and occluded all sources of blood flow from ICA, anterior
cerebral artery and the posterior cerebral artery. Two hours
after the induction of ischemia, the filament was slowly
withdrawn and the animals were then returned to their cages.
In the groups of sham-operated rats all surgical procedures
except the induction of transient cerebral ischemia (MCAOQO)
were performed. The animals were then returned to their
cages and given free access to food and water.

Rota Rod (Motor Coordination Skill) Test

The neurological functions were evaluated after 72 h of
reperfusion. The rotarod unit (Omni Rotor, Omnitech Elec-
tronics, Inc., Columbus, OH, USA) was used to evaluate the
motor coordination skill. The rotarod unit consists of a rotating
rod, 75 mm diameter, which was divided into four parts by
compartmentalization to permit the testing of four rats at a
time. The drug-naive animals were trained on the rod, so that
they could stay on it at least for the cut-off time. After twice
daily training for three successive days, the rotational speed of
the test was increased to 10 rpm on the experimental day in a
test session (speed 5 rpm on the first2 days and 8 rpm on third
day). The time each rat remained on the rotating rod was
recorded for three trials of each rat, at a 5 min interval and a
maximum trial length of 180 s per trial. The apparatus auto-
matically records the time in 0.1 s when the rats fall of the
rotating shaft. The motor deficiency was evaluated as the
ability of the rat to hold the rotating rotor Data were presented
as mean time on the rotating bar over the three test trials.

2, 3, 5- Triphenyltetrazolium Chloride Staining

The animals were sacrificed after 2 h occlusion and 72 h
reperfusion. The brains were dissected out and kept on a rat
brain matrix and 2 mm coronal sections were cut down and
stained with 0.1% triphenyltetrazolium chloride (TTC) at
37°C for 15 min.The slices were observed with a stereo-
microscope (Olympus SZX-12; Olympus Optical), and the
infarct areas of each section were measured with the
analysis of pixel counting by a computer program of
Photoshop 6.0 and the volume was calculated.

Tissue Preparation

After 72 h of reperfusion periods, animals were sacrificed, and
their brains were taken out quickly to dissect hippocampus and
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frontal cortex. The dissected brain parts were homogenized
(5% wlv) in 10 mM phosphate buffer (PB, pH 7.4, having
protease arrest 10 pl/ml) exceptin the case of Na* K™ ATPase
which was homogenized (5% w/v) in 10 mM Tris—HCl buffer
(pH 7.4, having protease arrest 10 pl/ml). The homogenate
was centrifuged at 800g for 5 min at 4°C to separate the
nuclear debris. This supernatant was used for estimation of
lipid peroxidation and Nat K' ATPase activity. The
remaining supernatant was future centrifuged at 10,000g for
20 min at 4°C to get the post-mitochondria supernatant
(PMS), which was used for other assays.

Estimation of Protein Concentration

The protein was estimated by the method of Lowry et al.
[20] using bovine serum albumin (BSA) as the standard.

Thiobarbituric Acid Reactive Substances

The assay of Thiobarbituric Acid Reactive Substances
(TBARS) was done according to method of Utley et al. [21]
as described by us [22].The homogenate 0.25 ml was incu-
bated at 37 4+ 1°C in a metabolic shaker (120 cycles/min) for
1 h. Similarly, 0.25 ml of the same homogenate was pipette
in a test tube and incubated at 0°C. After 1 h of incubation,
0.25 ml 5% chilled TCA and 0.25 ml of 0.67% TBA was
added in each test tube. The mixture was centrifuged at
4,000g for 15 min and supernatant was transferred to another
tube and placed in a boiling water bath for 10 min. There-
after, the test tubes were cooled and the absorbance of the
color was read at 535 nm. The rate of lipid peroxidation was
expressed as nmol TBARS formed/h/g tissue using a molar
extinction coefficient of 1.56 x 10° M~ em™".

Glutathione Assay

Glutathione (GSH) was assayed by the method of Jollow
et al. [23] with slight modification. Briefly, 0.1 ml PMS
was precipitated with 0.1 ml sulfosalicylic acid (4%). The
samples were kept at 4°C for 30 min. and then subjected to
centrifugation at 4,000g for 10 min at 4°C. The assay
mixture contained 0.1 ml supernatant, 2.7 ml phosphate
buffer (0.1 M, pH 7.4) and 0.2 ml DTNB (0.4% in phos-
phate buffer 0.1 M, pH 7.4) in a total volume of 3.0 ml.
The yellow color developed was read immediately at
412 nm using molar extinction coefficient 13.6 x 10°
M~' ecm™'. The GSH content was calculated as nmol of
GSH/mg protein.

Glutathione Reductase (GR) Assay

Glutathione Reductase (GR) activity was assayed by the
method of Carlberg and Mannervik [24] as modified by
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Mohandas et al. [25]. The assay mixture consisted of
phosphate buffer (0.1 M, pH 7.6), NADPH (0.1 mM),
EDTA (0.5 mM) and oxidized glutathione (1 mM) and
0.05 ml of PMS in total volume of 1 ml. The enzyme
activity was quantitated at room temperature by measuring
the disappearance of NADPH at 340 nm and was calcu-
lated as nmol NADPH oxidized/min/mg protein using

molar extinction coefficient of 6.22 x 10° M~! em™.

Glutathione Peroxidase Assay

Glutathione peroxidase (GPx) activity was estimated
according to the procedure described by Mohandas et al.
[25]. The reaction mixture consisted of phosphate buffer
(0.05 M, pH 7.0), EDTA (1 mM), sodium azide (1 mM),
glutathione reductase (1 EU/ml), glutathione (1 mM),
NADPH (0.2 mM), hydrogen peroxide (0.25 mM) and
0.1 ml of PMS in the final volume of 2 ml. The disap-
pearance of NADPH at 340 nm was recorded at room
temperature. The activity was calculated as nmol NADPH
oxidized/min/mg/protein by using molar extinction coeffi-
cient 6.22 x 10° M~ em™".

Glutathione-S-Transferase Assay

Glutathione-S-transferase (GST) activity was measured by
the method of Habig et al. [26]. The reaction mixture
consisted of phosphate buffer (0.1 M, pH 6.5), reduced
glutathione (I mM), CDNB (1 mM) and PMS in a total
volume of 1.0 ml. The change in absorbance was recorded
at 340 nm and enzyme activity was calculated as nmol
CDNB conjugate formed/min/mg protein using a molar
extinction coefficient of 9.6 x 10> M~ cm™".

Catalase Assay

Catalase (CAT) activity was assayed by the method of
Claiborne [27]. Briefly, the assay mixture consisted of
phosphate buffer (0.05 M, pH 7.0), hydrogen peroxide
(0.019 M) and 0.05 ml PMS in total volume of 1.5 ml. The
change in absorbance was recorded at 240 nm. Catalase
activity was calculated as nmol of H,O, consumed/min/
mg/protein using molar extinction coefficient of 43.6 x
10°M ' em™".

Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was measured as
described previously by Stevens et al. [28] by monitoring
the autooxidation of (—)-epinephrine at pH 10.4 for 3 min
at 480 nm. The reaction mixture contained glycine buffer
(50 mM, pH, 10.4) and 0.2 ml of PMS. The reaction was
initiated by the addition of (—)-epinephrine. The enzyme

activity was calculated in terms of nmol (—)-epinephrine
protected from oxidation/min/mg protein using molar

extinction coefficient of 4.02 x 10> M~ cm™.

Na® K"-ATPase Activity

Na® K*-ATPase activity was measured by the method of
Sovoboda and Massinger [29] with slight modification. The
Nat K"-ATPase activity was determined in two reaction
mixtures, A and B. The reaction mixture A consisted of
0.2 M KCI, 1.0 M NaCl, 0.1 M MgCl,, 0.2 M Tris-HCI
buffer (pH 7.4); 0.1 ml of homogenate in a total volume of
2.0 ml. The reaction mixture B consisted of 0.1 M MgCl,
10 mM Ouabain, 1.0 M NaCl, 0.2 M Tris—HCI buffer (pH
7.4); 0.1 ml of homogenate in a total volume of 2.0 ml.
The reaction was started by adding 0.12 ml of 25.0 mM
ATP at 37°C and terminated after 15 min by adding of
1.0 ml chilled 10% TCA. The mixture was centrifuged and
supernatant (0.5 ml) was used for the estimation of inor-
ganic phosphorous.

Poly ADP-Ribosyl Polymerase Assay

Poly (ADP-ribosyl) polymerase (PARP) activity was esti-
mated by the method of Masmoudi et al. [30] using
0.1 mM [*H] NAD™ as substrate in reaction mixture con-
taining 10 mM Tris/HCI (pH 8.0), 0.4 mM dithiothritol,
4.0 mM MgCl, and 25 pl of PMS in a total volume of
125 pl. The reaction was carried out at 37°C for 10 min
and terminated by the addition of 10% trichloroacetic acid
containing 0.02 M sodium pyrophosphate. After 30 min at
4°C, the precipitate was collected on Whatman GF/B glass
fiber paper, dried for 15 min at 100°C. Thereafter 10 ml of
scintillation fluid was added to each vial and radioactivity
was determined on WALLAC-1410 Liquid Scintillation
Counter.

Caspase-3 Activity

The caspase-3 assay was done by colorimetric kit as given
in manual (CasPASE TM colorimetric assay kit supplied
with Ac-DEVD-AFC substrate).

Histopathological Studies

The brains of each group animals were perfused with a
mixture of formaldehyde (40%), glacial acetic acid and
methanol (1:1:8, v/v) as described by Nakayama et al. [31].
The tissues were cut into 3 mm thickness and its blocks
were embedded in paraffin. Sections of 5 micrometers
thick were cut in the coronal plane and stained with hae-
matoxylin and eosin.
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Immunohistochemistry

After 72 h of lesioning, the animals were anesthetized with
chloral hydrate (400 mg/kg, ip) and perfused transcardially
through ascending aorta, with saline followed a mixture of
formaldehyde (40%), glacial acetic acid and methanol (1:1:8,
v/v) as described by Nakayama et al. [31] as modified by us
[3]in cold phosphate buffer saline (PBS; 0.1 M, pH 7.2). The
brains were removed quickly, post fixed in the formaldehyde
(40%), glacial acetic acid methanol solution for 48 h, then
transferred to 30% sucrose in 0.1 M PB for atleast 16 h until
they sank for cryoprotection. The tissues were then kept in
final sucrose solution till sectioning. The fixed tissues were
embedded in OCT compound (polyvinyl glycol, polyvinyl
alcohol, and water) and frozen at —20°C. Coronal sections of
10 um thicknesses were cut on a cryostat and collected on
gelatin-coated slides and immersed in wash buffer (sodium
phosphate 100 mM, sodium chloride 0.5 M, Triton X-100,
sodium azide) pH 7.4 for 20 min. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide and 10%
methanol in PBS and incubated for 30 min at room temper-
ature. Thereafter, the slides were washed with PBS and the
sections were overlaid with anti pS3 antibody of dilution
1:100 incubated overnight in a humid chamber at 4°C. The
slides were washed again to remove the unbound antibodies
and incubated with 20.0 pl solution of biotinylated anti-
mouse IgG of dilution 1:5,000 for 2 h at 4°C in the humid
chamber. Thereafter, the slides were exposed to streptavidin
peroxidase and the labeled sites were visualized with a
solution of diaminobenzidine and hydrogen peroxide.
Finally the sections were dehydrated and covered with cov-
erslip, viewed under a microscope, and photomicrographs
were taken. The positively stained cells p33 in the ischemic
core lesions of the cerebral cortices were counted in five
randomized areas per rat brain. The results were expressed as

the number of stained cells per mm?.

Statistics

Results are expressed as mean = SEM. of eight animals.
Differences between the means of experimental and control
groups animals were analyzed by one-way ANOVA fol-
lowed by Tukey—Kramer post-hoc test for multiple com-
parisons. The P-values less than 0.05 were considered
statistically significant.

Results

Effect of Quercetin on Rota Rod Test

A significant decrease in muscular coordination skill was
observed in MCAOQO group as compared to the sham group
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Fig. 1 Effect of middle cerebral artery occlusion on motor coordi-
nation skill of sham, MCAO and Q+MCAO rats. The time each rat
remained on the rotating rod was recorded for three trials of each rat,
at a 5 min interval and a maximum trial length of 180 s per trial.
Values are expressed as mean = S.E.M. of 8 animals. *P < 0.01
MCAO versus sham, #P < 0.01 Q+MCAO versus MCAO group

animals (Fig. 1). Animals treated with Quercetin in
Q+MCAO group afforded a significant protection in
muscular coordination skill, as compared to MCAO
group animals; however, no significant effect was observed
in Quercetin treated sham group (Q+S) as compared to
sham.

Infarction Volume

TTC acts as a proton acceptor for many pyridine nucleo-
tide-linked dehydrogenases along with cytochrome form an
integral part of the inner mitochondrial membrane and
make up the electron transport chain [32, 33]. The tetra-
zolium salt is reduced by the enzymes into a red lipid
soluble formazan. Viable tissues stain deep red while the
infarct remains unstained. From the Fig. 2a it is evident
that TTC staining of brain sections obtained from MCAO
rats showed reproducible and readily detectable lesions in
the infarct areas. The lesions were present in hippocampus,
lateral striatum and the overlying cortex. Q reduced sig-
nificantly the infarct volume in Q+MCAO group as com-
pared to MCAO group as shown in the Fig. 2b.

Q Treatment Decreased TBARS Content
in Hippocampus and Frontal Cortex

TBARS are formed by lipid peroxidation due to production
of free radicals in hippocampus and frontal cortex of
MCAQO rats. Figure 3 shows the level of TBARS in S,
MCAO and Q treated rats. The level was significantly
(P <0.05) elevated in MCAO rats as compared to S.
Treatment of MCAO rats with Q has depleted its level
significantly (P < 0.01) while its level was not altered in
Q-+S group as compared to S.
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Fig. 2 Effect of Q on brain infarct size by TTC stain after MCAO for
2 h occlusion and reperfusion of 72 h. Representative photographs of
brain sections stained with 0.1% TTC (a) and measurement of infarct
volumes (b) of various groups are presented. MCAO group produced

mSs OMCAO B Q+MCAO oQ+S

nmoles TBARS formed/hr/g tissue
N
H+

Hippocampus Frontal Cortex

Fig. 3 Effect of Q on TBARS level in hippocampus and frontal
Cortex. Values are expressed as mean + SEM. (n = 8) *P < 0.05
MCAO versus sham, #P < 0.01 Q+MCAO versus MCAO

Q Treatment Increased GSH Content in Hippocampus
and Frontal Cortex

Protective effect of quercetin on GSH level in hippocam-
pus and frontal cortex was observed. The level of GSH was
depleted significantly (P < 0.05) in MCAO group as
compared to S group. Q treatment increased its level sig-
nificantly (P < 0.05) in Q+MCAO group as compared to

300 -

250 1

200 1

150 -

100

50 1

MCAO

Q+MCAO

a significant infarcted neuronal damage as compared to S. Whereas
MCAO+Q showed a significant (*P < 0.05) reduction in infarction
volume as compared to MCAO

mSham OMCAO EQ+MCAO DOQ+S

# #
70 T T

80

60 *

50 T

40
30
20

nmol of GSH/mg protein

Hippocampus Frontal Cortex

Fig. 4 Effect of Q on GSH content in hippocampus and frontal
cortex. Values are expressed as mean £ SEM. (n = 8) *P < 0.01
MCADO versus sham, #P < 0.001 Q+MCAO versus MCAO

MCAO group. Q alone treated group exhibited no signifi-
cant changes in GSH level as compared to S group (Fig. 4).

Q Treatment Attenuated the Activities of Antioxidant
Enzymes in Hippocampus and Frontal Cortex

Antioxidant defense system in the organisms is involved in
the prevention of cellular damage by pro-oxidants. In
ischemic conditions, free radicals are generated which
accumulate in brain and impairs antioxidant defense sys-
tem resulting in neurodegeneration. Here, the results of
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Fig. 6 Effect of Q on the activity of PARP in hippocampus and
frontal cortex. Values are expressed as mean £ SEM. (n = 8)
*P < 0.001 MCAO versus sham, #P < 0.05 Q+MCAO versus
MCAO
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Fig. 7 Effect of Q on the activity of caspase-3 in hippocampus and
frontal cortex. Values are expressed as mean = SEM. (n = 8)
*P < 0.001 MCAO versus sham, #P < 0.01 Q+MCAO versus
MCAO

significantly (P < 0.05) in MCAO group treated with Q as
compared to MCAO group, which implies that Q acts as an
inhibitor of PARP.

Effect of Q on Caspase-3 Activity

In ischemic condition, the activation of PARP induced by
DNA damage is also responsible for caspase-3 activation
which leads to apoptosis. From Fig. 7, it is clear that in
hippocampus and frontal cortical region of MCAO rats, the
activity of caspase-3 was enhanced significantly
(P < 0.001) as compared to sham group animals. Q treat-
ment decreased its level significantly (P < 0.01) in
Q+MCAO group as compared to MCAO group.

Morphological Changes

Figure 8 shows the histopathological changes after 2 h of
occlusion and 72 h of reperfusion. Sections of the brain

Fig. 8 Heamatoxylin & eosin staining in the brain sections of sham,
MCAO and Q+MCAO. a of cortical area of brain from sham group
(x40) animal showing uniform distribution of cells. No clustering of
glial cells is seen. b of cortical area of brain from MCAO group (x40)
animal showing a large cluster of glial cells near a blood vessel (BV).
¢ of cortical area of brain from Q+MCAO (x40) group animal
showing a small cluster of glial cells

passing from frontal cortex of lesion, Q+MCAO and sham
groups were examined. Sections of the MCAO group
showed with neuronal staining and presence of numerous
vacuolated spaces. Intact neurons were absent in that area.
The corresponding area in the sections of Q+MCAO group
showed partial loss of neuronal staining with presence of
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Fig. 9 High power
photomicrograph (x40) sham,
MCAO and Q+MCAO. b of
cortical neuronal area of brain
from MCAO group animal
showing significant increase in
P53 expression as compared to
sham group (a) and this
expression was found to be
decreased in Q+MCAO group
(c) as compared to MCAO
group (b). Quantification of p53
positive cell in cortical tissue.
Reduction of the number of p53
stained cells in the quercetin-
treated group (Q+MCAO)
compared with the vehicle-
treated (MCAO) group

(*P < 0.05)

intact neurons in between the vacuolated spaces. The sec-
tion of the sham group showed normal neuronal staining
with no pathological change.

Q Diminishes the Increased Expression of p53

Upon generation of ROS in ischemic condition the apop-
tosis pathway is activated abruptly where the activities of
PARP and caspase-3 increased leading to elevation in the
pS3 expression. The immunohistochemical analyses of
cortical region have shown a marked elevation of p53
expression in MCAO rats (Fig. 9b) as compared to S group
rats (Fig. 9a). Administration of Q to the MCAO rats
attenuated the expression of p53 (Fig. 9c).

Discussion

We demonstrate that treatment with Q has a far reaching
protective influence against the effects of ischemic insults.
In this context, we have evaluated middle cerebral artery
occlusion (MCAO) rats model for the behavioral and bio-
chemical tests which is widely used to study neuroprotec-
tive effect of drugs because it recapitulates the biochemical
and pathological features of stroke in humans [3, 8, 18],
such as oxidative stress, mitochondrial dysfunction and
apoptosis.

The behavioral impact is closely linked to the degree of
neuronal dysfunction [34]. Functional deficits are common
neurological sequel in patients with brain injuries and
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animal models of cerebral ischemia [3, 8]. Behavioral
parameters are useful measures of functional deficits fol-
lowing experimental focal cerebral ischemia and the degree
of sensorimotor dysfunction as an important indicator of
severity of the injury [3, 7]. Furthermore the free radicals
are always known to play vital role in neurobehavioral
deficit in experimental models through oxidative stress so
the poor neurobehavioral outcome in MCAQO group rats
might be attributed to oxidative stress induced free radi-
cals. These free radicals are associated with increase in
PARP activity and p53 expression [59]. The motor function
was found to be disturbed in rota rod task. In this study, we
proved that the motor function was impaired after ischemic
insults in rat and could be significantly ameliorated by
supplementation with Q. Our findings correlate well with
the earlier studies carried out by us and others where motor
deficits have been attenuated by treatment with antioxi-
dants [3, 7, 8].

Infarction volume in the brain is an important determi-
nant in assessing the consequences of ischemic stroke
which leads to severe neuronal damage in the different
brain parts with subsequent neurological impairment. TTC
methods have been used to detect the morphological fea-
tures of infarct tissue after ischemic injury [33, 35]. In the
present study, MCAO group showed a prominent infarct
size along with significantly altered behavioral outputs.
Quercetin treatment not only reduced the infarct size but
also improved behavioral deficits in MCAO group treated
with Q. Animal experiments have indicated that Q
administered after cerebral ischemia are effective in
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reducing infarct volume and lead to improvements in
neurological outcome [9, 10, 36].

The biochemical mechanism immersed in the thriving of
ischemia-induced neuronal injury is well studied [37-39].
ROS are critical spoilage in neuronal injury [40, 41]. The
over production of ROS can be detoxified by endogenous
antioxidants, causing their cellular reservoir to be depleted
[42]. Oxidative stress prospers lipid peroxidation and alters
the antioxidant defense system in the brain under ischemic
circumstances [43] which was protected prominently by the
treatment with quercetin. In the brain cells, neurons are
highly vulnerable to oxidative insults due to low levels of
GSH, which provides protection to the cells from oxidative
damage by reducing disulphide groups of proteins and other
cellular molecules or by scavenging free radicals and active
oxygen species. Additionally it is vital for the regulation
of the redox state. Furthermore GSH plays a crucial and
critical role in the regulation of expression of several anti-
inflammatory genes. Thus, GSH inhibition in cerebral ische-
mia would increase the susceptibility of plasma membranes
towards peroxide attacks. However, the main cause of GSH
loss during oxidative stress in brain ischemia is the for-
mation of protein glutathione mixed disulphide (PrSSG)
and loss of thiol proteins [44]. The loss of GSH and for-
mation of PrSSG in the brain results the various membrane
dysfunction, such as inhibition on Na* K™ ATPase activity.
The enzyme is relevant for cellular excitability and is very
susceptible to free radical reaction and lipid peroxidation
because it is wedged in cell membrane and requires phos-
pholipids for the maintenance of the activity [45, 46]. There
are several reports about the modulatory effect of Q on lipid
peroxidation, glutathione and antioxidant enzymes follow-
ing brain injury [9, 10, 12, 47]. In agreement with this
finding, we also found Q significantly reduced the TBARS
level along with increase in level of glutathione and anti-
oxidant enzymes. SOD scavenges superoxide radicals by
catalyzing the conversion of two of these radicals into
hydrogen peroxide and molecular oxygen [48]. The
hydrogen peroxide formed by SOD and by other processes
is scavenged by GPx and CAT, a ubiquitous protein that
catalyzes the dismutation of hydrogen peroxide into water
and molecular oxygen. GPx uses hydrogen peroxide to
oxidize GSH [49]. Thus, GPx is low molecular weight
antioxidant and play a key role in detoxifying hydrogen
peroxide [50]. GST catalyses the detoxification of oxidized
metabolites of catecholamines (o-quinone) and may serve
as an antioxidant system preventing degenerative cellular
processes [51]. On the other hand, CAT detoxifies hydrogen
peroxide and its depletion is known to be a factor that
contributes to brain injury and cerebral edema. In the cur-
rent work, GSH content was significantly reduced due to
ischemic insult and also significant decline in activity of the
endogenous antioxidant enzymes.

Besides defending against oxidant stress, another exist-
ing and encouraging finding that Q significantly attenuated
histological changes i.e. it caused minimal glial cell infil-
tration, less neural damage with small vacuolated space
along with presence of intact neuron in the neuronal tissue
as compared to ischemic cortical neuronal loss. The section
of sham group exhibited normal neuronal staining and did
not show any significant histological changes. Our findings
are consistent with other studies where quercetin improves
the morphological changes after stroke [9, 10].

Apoptosis is a process of cell death which occurs in
various kinds of pathological and physiological conditions.
It has been known that apoptosis is one of the major neu-
ronal cell death mechanisms in the experimental model of
cerebral ischemia [3, 8, 36]. Various signaling pathways
are involved in apoptotic cell death. MCAO induced oxi-
dative damage to the cortical neurons involves activation of
pS53 expression in rat brain [3, 52]. Together these findings,
our immunohistochemistry reports also suggest that neu-
rons are clearly susceptible to p53-induced cell death in
MCAO group while Q+MCAO group attenuate the
expression of p53 transcription factor and inhibit caspase-3
activity.

PARP, activated by cleaved DNA strands, utilizes nic-
otinamide adenine dinucleotide (NAD™) as its substrate
and synthesizes long branched and negatively charged
polymers of ADP-ribose which are covalently bound to
chromatin associated proteins and to PARP itself. Resyn-
thesis of NAD™ leads to ATP depletion and necrotic cell
death. There are also proposition that PARP induced
NAD™ utilization may first release apoptosis inducing
factor (AIF) from mitochondria and activate caspase-
independent mechanisms of apoptotic cell death [53].
PARP and caspase-3 activation, in the ischemic stroke
induces apoptotic processes in the cortical region via a
mitochondria-mediated pathway. PARP is also known for
its interaction with several transcription factors engrossed
in the regulation of apoptosis, among them is p53 [54, 55,
59]. Both factors play a critical role in transcription of
many proteins, regulation of DNA repair and in immune or
inflammatory responses. PARP inhibited by Q protected
cells against death provoked by brain ischemic/reperfusion
injury. So, quercetin act as PARP inhibitor, besides their
specific inhibitory action on the enzyme, may possess some
anti oxidative properties, affecting their pharmacological
specificity. pS3 might primarily serve a protective role by
activating DNA repair mechanisms after mild to moderate
insults but could become detrimental in response to severe
ischemic insults [56]. A fraction of induced p53 translo-
cates to the mitochondria at the onset of p53-dependent
apoptosis in cerebral ischemia [3]. Bypassing the nucleus
by targeting p53 to mitochondria is yet profuse to launch
apoptosis [55]. This evidence suggests the contribution of
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pS53 to apoptosis by direct signaling at the mitochondria.
They propounded that mitochondrial translocation of p53
triggers a rapid proapoptotic response that jump starts and
amplifies the slower transcription-dependent response.
Quercetin plays an innovative role for treating neurologic
ailments that involve caspase-mediated cell dysfunction
and cell death. It has been reported that blockade of p53
activation and PARP inhibition by pharmacological agents
are associated with inhibition of apoptosis [57, 58].
Together our data and similar evidence in MCAO model of
cerebral ischemia further support the neuroprotective
potential of quercetin dihydrate.

Conclusion

Our present findings indicate that MCAO causes behavioral
deficits and oxidative stress due to abrupt generation of fee
radical causing weakening of antioxidant systems. Quer-
cetin offered significant neuroprotection in MCAO rats,
which may be attributed to inhibition of neurological def-
icit, lipid peroxidation, PARP activity, caspase-3 activity,
p53 expression and increase in endogenous antioxidant
defense enzymes. Thus, these findings suggest that the
naturally occurring polyphenol quercetin may be an
attractive and useful intervention for the treatment of
stroke. Further investigation into the role and mechanisms
of antioxidant action of quercetin is needed to determine
whether it can be an effective remedy for stroke.
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