
Hesperidin pre-treatment attenuates NO-mediated

cerebral ischemic reperfusion injury and memory

dysfunction

Vaibhav Gaur, Anil Kumar

Pharmacology Division, University Institute of Pharmaceutical Sciences, UGC Centre of Advanced Study, Panjab

University, Chandigarh-160014, India

Correspondence: Anil Kumar, e-mail: kumaruips@yahoo.com

Abstract:

The present study was designed to explore the mechanism of hesperidin action via the nitric oxide pathway in the protection against

ischemic reperfusion cerebral injury-induced memory dysfunction. Male Wistar rats (200–220 g) were subjected to bilateral carotid

artery occlusion for 30 min followed by 24 h reperfusion. Hesperidin (50 and 100 mg/kg, po) pretreatment was given for 7 days be-

fore animals were subjected to cerebral I/R injury. Various behavioral tests (rotarod performance and memory retention), biochemi-

cal parameters (lipid peroxidation, nitrite concentration, glutathione levels, superoxide dismutase activity and catalase activity),

mitochondrial complex enzyme dysfunctions (complex I, II, III and IV) and histopathological alterations were subsequently as-

sessed in hippocampus. Seven days of hesperidin (50 and 100 mg/kg) treatment significantly improved neurobehavioral alterations

(delayed fall off time and increased memory retention), oxidative defense and mitochondrial complex enzyme activities in hippo-

campus compared to control (I/R) animals. In addition, hesperidin treatment significantly attenuated histopathological alterations

compared to control (I/R) animals. L-arginine (100 mg/kg) pretreatment attenuated the protective effect of the lower dose of hesperi-

din on memory behavior, biochemical and mitochondrial dysfunction compared with hesperidin alone. However, L-NAME pretreat-

ment significantly potentiated the protective effect of hesperidin. The present study suggests that the L-arginine-NO signaling

pathway is involved in the protective effect of hesperidin against cerebral I/R-induced memory dysfunction and biochemical altera-

tions in rats.
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Introduction

The brain requires a continuous supply of oxygen and

glucose to maintain normal function and viability. In-

terruption in this physiological process leads to cere-

bral ischemia, which initiates several cellular events,

such as depletion of ATP, release of inflammatory

mediators, failure of the Na+/K+ ATPase [45]. Fre-

quent incidences of cerebral ischemia have been seen

in age-related disorders, hypoxic-ischemic brain in-

jury, carotid artery pathologies, asphyxiation and

shock. Cerebral ischemia is a destructive event that is

associated with high morbidity and mortality rates

[40]. Stroke can cause deficits in a number of neuro-

logical domains leading to a broad spectrum of neu-

ropsychiatric complications, including emotional, be-

havioral and cognitive disorders [7, 9].
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The roles of oxidative stress, excitotoxicity, neuro-

inflammation and mitochondrial dysfunction have

been well documented in the pathophysiology of

ischemic stroke [11, 53]. During ischemic reperfusion

(I/R) insults, reactive oxygen species (ROS) cause se-

vere pathophysiological alterations [42]. In vivo and

in vitro studies with nitric oxide (NO) donors, NOS

inhibitors and glutamate receptor antagonists suggest

that NO enhances glutamate release in diverse areas

of brain [51]. This retrograde mechanism is especially

important in the memory process. ”Long term poten-

tiation (LTP) has been proposed as one of main

mechanisms to store information in the hippocampus,

and LTP has been shown to be responsible for the high

frequency activation of synaptic transmission in some

regions of the hippocampus” [49, 59]. To maintain

postsynaptic activation, some communication with the

presynaptic terminal is required. NO has been pro-

posed to be the retrograde molecule that activates glu-

tamate release in the nitric oxide pathway [49].

One of the main events during cerebral ischemia is

the generation of free radicals. Due to their high reac-

tivity, free radicals damage the basic cell components,

such as lipids, DNA and proteins, and produce neu-

ronal death. NO is primarily generated by neuronal

and inducible NO synthases (NOS) and promotes

neuronal damage following ischemia. Thorns et al.

have also shown increased expression of neuronal ni-

tric oxide synthase in the hippocampi of patients with

Alzheimer’s disease [59].

Superoxide anion and hydroxyl free radicals, to-

gether with hydrogen peroxide, have been proposed

to cause neurotoxic effects and initiate a free-radical-

mediated chain reaction, which leads to additional

damage to different areas in the brain [34]. Because

reperfusion injury is associated with an imbalance of

oxidants and the antioxidant defense system, prevention

of cerebral I/R injuries in transient global cerebral ische-

mia could be effective strategy for the management of

strokes and related pathologies. Moreover, antioxidants

are being tested, and some of them have proven to be ef-

fective in animal models of cerebral ischemia [54, 55];

however, the mechanisms of action are still unclear.

Flavonoids are polyphenolic compounds that con-

stitute an important group of antioxidants, which can

directly quench free radicals, inhibit enzymes of oxy-

gen- reduction pathways and sequester transient metal

cations [22]. Hesperidin, a flavanone glycoside copi-

ously found in sweet orange and lemon, is an inex-

pensive by-product of citrus cultivation [16]. Hesperi-

din is effectively used as a supplemental agent and

helps to reduce edema or excess swelling in the legs

due to fluid accumulation. It has been reported to pos-

sess significant anti-inflammatory, analgesic, antifun-

gal, antiviral antioxidant, and anticancer activities

[15, 63]. A number of researchers have documented

the antioxidant activity and radical scavenging prop-

erties of hesperidin [14, 29, 44]. Permanent ligation of

bilateral common carotid arteries is a well-known ex-

perimental model that is used to study the pathogene-

sis of cerebral ischemia [8]. Bilateral common carotid

artery occlusion (BCCAO) causes moderate reduction

of cortical and cerebral blood flow in diverse areas of

brain [27]. Indeed, bilateral common carotid artery

occlusion has been reported to produce memory im-

pairment and cognitive deficit in rats [52].

Therefore, the present study utilized a BCCAO rat

model and attempted to elucidate the protective effect

of hesperidin and the involvement of the NO pathway

in I/R cerebral injury-induced cognitive impairment

as well as biochemical and cellular alterations.

Materials and Methods

Animals

We used male Wistar rats (200–220 g) in Central Ani-

mal House of Panjab University, Chandigarh. The

animals were kept under standard laboratory condi-

tions on a 12 h light/dark cycle with free access to

food and water. Animals were acclimatized to labora-

tory conditions before testing. Each animal was used

once in the experiments, and all experiments were

performed between 09:00 and 17:00 h. The experi-

mental protocol was approved by Institutional Animal

Ethics Committee and was conducted according to the

Indian National Science Academy Guidelines for the

use and care of experimental animals.

Induction of cerebral I/R injury in rats

Induction of cerebral I/R was carried out by a modi-

fied method of Jingtao [28]. The animals were anes-

thetized with chloral hydrate (350 mg/kg, ip), both

common carotid arteries were exposed over a midline

incision, and a dissection was made between the ster-

nocleidomastoid and sternohyoid muscles parallel to

the trachea. Each carotid artery was freed from its ad-
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ventitial sheath and vagus nerve, which were carefully

separated and maintained. The induction of cerebral

ischemia was performed by occluding bilateral com-

mon carotid arteries (BCCAO) with clamps for 30 min

followed by 24 h reperfusion. The skin was subse-

quently closed with stitches using waxed silk suture.

During BCCAO, animals were observed for the fol-

lowing criteria: maintenance of dilated pupils, ab-

sence of a cornea reflex when exposed to strong light

stimulation, and maintenance of rectal temperature at

(37 ± 0.5°C). Animals were excluded from the study

if they did not match these criteria or showed sei-

zures. Sham control animals underwent surgery with-

out BCCAO. Following completion of the reperfusion

period, animals were assessed for neurological out-

come after 24 h and then sacrificed for biochemical

and histological assessment.

Drug treatment

Animals were divided into different groups, and each

group consisted of 12 animals. The sham control

group (Group 1) had anesthesia and surgical exposure

but did not receive an occlusion. A Group 2 of rats

also served as controls and received a 0.25% w/v sus-

pension of sodium carboxymethylcellulose for 7 days

prior to I/R on the last day. Group 3 and Group 4 re-

ceived hesperidin (50 and 100 mg/kg, respectively)

oral pretreatment for 7 days before the induction of

I/R. Hesperidin was suspended in a 0.25% solution of

sodium carboxymethylcellulose. Group 5 was pretreated

with L-arginine (100 mg/kg, ip), and Group 6 was pre-

treated with L-NAME (10 mg/kg, ip). Further in Group

7 and 8 L-arginine and L-NAME were administered 1 h

before hesperidin (50 mg/kg, po) treatment, respectively.

The doses of L-arginine (100 mg/kg) and L-NAME

(10 mg/kg) were selected on the basis of our preliminary

laboratory tests as well as published reports.

Behavioral parameters

Rotarod activity

All animals were evaluated for grip strength and bal-

ance using the rotarod. Each rat was given a prior

training session before initialization of therapy to ac-

climatize them to the rotarod apparatus (Techno, Am-

bala, India). Each animal was placed on the rotating

rod with a diameter of 7 cm (speed 25 rpm). Three

separate trials were performed for each rat at 5 min in-

tervals, and the cutoff time (180 s) was maintained

throughout the experiment. The average results were

recorded as fall of time [36].

Elevated plus maze test for spatial memory

Another paradigm to assess memory dysfunction is

the elevated plus maze, which consists of two oppo-

site open arms (50 × 10 cm) crossed with two closed

arms of the same dimensions (with 40 cm high walls).

The arms are connected with the central square (10 ×

10 cm). Acquisition of memory was assessed before

cerebral I/R injury. Rats were placed individually at

one end of an open arm facing away from the central

square. The time required for the animal to move

from the open arm and enter into one of the closed

arms was recorded as the initial transfer latency

(ITL). After recording of the ITL, rats were allowed

to explore the maze for 30 s before being returned to

their home cage. Retention latency was noted again

on the next day after surgery was performed [37]. The

percent retention of memory time was calculated by

the following formula:

Dissection and homogenization

Following behavioral assessments, animals were ran-

domized into two groups; one group was used for the

biochemical assays, and the other group was used for

the estimation of mitochondrial complex enzyme ac-

tivity dysfunction. For biochemical analysis, animals

were sacrificed by decapitation. Brains were put on

ice and the hippocampal area was separated and

weighed. A 10% (w/v) tissue homogenate was pre-

pared in 0.1 M phosphate buffer (pH 7.4). The ho-

mogenate was centrifuged at 10,000 × g for 15 min

and aliquots of supernatant were separated and used

for biochemical estimation.

Biochemical tests

Measurement of lipid peroxidation

The amount of malondialdehyde (MDA), which is

a measure of lipid peroxidation, was measured by its
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reaction with thiobarbituric acid at 532 nm using

a Perkin Elmer lambda 20 spectrophotometer. The

values were calculated using the molar extinction co-

efficient of the chromophore (1.56 × 105 M–1cm–1)

and expressed as percentage of control [64].

Estimation of nitrite

The accumulation of nitrite in the supernatant, an in-

dicator of the production of NO, was determined with

a colorimetric assay using Greiss reagent (0.1%

N-(1-naphthyl)ethylenediamine dihydrochloride, 1%

sulfanilamide and 2.5% phosphoric acid). Equal vol-

umes of supernatant and Greiss reagent were mixed,

the mixture was incubated for 10 min at room tem-

perature in the dark and the absorbance was deter-

mined at 540 nm with a Perkin Elmer lambda 20 spec-

trophotometer. The concentration of nitrite in the su-

pernatant was determined from a sodium nitrite standard

curve and expressed as percentage of control [19].

Catalase estimation

Catalase activity was assayed by the method of Luck

[39], and the breakdown of hydrogen peroxide (H2O2)

was measured at 240 nm. Briefly, the assay mixture con-

sisted of 3 ml of H2O2 phosphate buffer and 0.05 ml of

tissue homogenate supernatant (10%); the change in

absorbance was recorded at 240 nm. The results were

expressed as micromoles of H2O2 decomposed/milli-

gram of protein/min.

Superoxide dismutase (SOD) activity

SOD activity was assayed according to the method of

Kono [35]. The reduction of nitroblue tetrazolium

chloride (NBT) was inhibited by superoxide dismu-

tase and measured by a spectrophotometer at 560 nm.

Briefly, the reaction was initiated by the addition of

hydroxylamine hydrochloride to the mixture contain-

ing NBT and sample. The results were expressed as

units/mg protein.

Estimation of glutathione levels

Reduced glutathione (GSH) in the hippocampus was es-

timated according to the method described by Ellman

[13]. Results were calculated using the molar extinction

coefficient of the chromophore (1.36 × 104 M–1cm–1)

and expressed as percentage of control. Total glu-

tathione analysis was determined by the method of

Zahler and Cleland [70]. The method is based on the

reduction with dithioerythritol and determination of

the resulting monothiols with DTNB in the presence

of arsenite. Oxidized glutathione was quantitated by

subtracting the value of reduced glutathione from to-

tal glutathione. Glutathione S-transferase (GST) was

assayed by the method of Habig [21]. GST catalyzes

the formation of the glutathione conjugates of CDNB,

which have a maximum absorption at 340 nm and

have an extinction coefficient of 9.6 mM–1cm–1. Re-

dox ratios (reduced glutathione/oxidized glutathione

were determined for all groups.

Protein estimation

The protein content was measured by the biuret

method using bovine serum albumin as a standard [18].

Mitochondrial complex estimation

Isolation of rat brain mitochondria

Rat brain mitochondria were isolated by the method

of Berman and Hastings [4]. Hippocampi were ho-

mogenized in isolation buffer with EGTA (215 mM

mannitol, 75 mM sucrose, 0.1% BSA, 20 mM HEPES

and 1 mM EGTA, pH 7.2). Homogenates were centri-

fuged at 13,000 × g for 5 min at 4°C. The pellets were

resuspended in isolation buffer with EGTA and spun

again at 13,000 × g for 5 min. The resulting super-

natants were transferred to new tubes and topped off

with isolation buffer with EGTA before being spun at

13,000 × g for 10 min. Pellets containing pure mito-

chondria were resuspended in isolation buffer without

EGTA.

Complex-I (NADH dehydrogenase activity)

NADH dehydrogenase activity was measured spec-

trophotometrically by the method of King and How-

ard [31]. This method involves catalytic oxidation of

NADH to NAD+ with subsequent reduction of cyto-

chrome C. The reaction mixture contained 0.2 M gly-

cylglycine buffer (pH 8.5), 6 mM NADH in 2 mM

glycylglycine buffer and 10.5 mM cytochrome C. The

reaction was initiated by the addition of a requisite

amount of solubilized mitochondrial sample, and we

followed the absorbance change at 550 nm for 2 min.
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Complex-II (succinate dehydrogenase (SDH)

activity)

SDH activity was measured spectrophotometrically

according to King [32]. This method involves oxida-

tion of succinate by potassium ferricyanide, an artifi-

cial electron acceptor. The reaction mixture contained

0.2 M phosphate buffer (pH 7.8), 1% BSA, 0.6 M suc-

cinic acid, and 0.03 M potassium ferricyanide. The re-

action was initiated by the addition of mitochondrial

sample, and the absorbance change was followed at

420 nm for 2 min.

MTT assay

This is an indirect method to measure the activity of

mitochondrial complex-III. MTT, [3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide], is a pale, yel-

low substrate that produces a purple product when in-

cubated with living cells. The number of viable

cells/well is directly proportional to product, which

can be measured after solubilization with DMSO

[46]. In general, each culture well was incubated in

a humidified atmosphere of 5% CO2– 95% air at 37°C

for 3 h. The culture medium was then aspirated off

and the cells were lysed with 50% DMSO. The absor-

bance of the resulting medium was measured by an

ELISA reader at 580 nm wavelength.

Complex IV (cytochrome oxidase assay)

Cytochrome oxidase activity was assayed in brain mi-

tochondria according to the method of Sottocassa

[58]. The assay mixture contained 0.3 mM reduced

cytochrome C in 75 mM phosphate buffer. The reac-

tion was started by the addition of solubilized mito-

chondrial sample and the changes in absorbance were

recorded at 550 nm for 2 min.

Statistical analysis

All the values are expressed as the mean ± SEM. The

data of all experiments were analyzed using one way

analysis of variance (ANOVA) followed by Tukey’s

test. In all the tests, criterion for statistical signifi-

cance was p < 0.05.

Histopathological examination

Hippocampi were transferred to formalin (10% v/v).

The tissue was cut into 3 mm blocks and embedded in

paraffin. The brain sections (5–10 µm thick) were

prepared and stained with hematoxylin and eosin.

Results

Effects of hesperidin on rotarod and its modifi-

cation with NO modulators in I/R-injured rats

Thirty-minute BCCAO followed by 24 h reperfusion

caused significant impairment in rotarod performance

compared with the sham-operated group. Pretreat-

ment with hesperidin (100 mg/kg) for seven days sig-

nificantly delayed fall of time compared with the I/R

injury group (Fig. 1). Hesperidin (50 mg/kg) did not

produce any significant effects compared with con-

trol. L-NAME (10 mg/kg) pretreatment prior to a sub-

effective dose of hesperidin (50 mg/kg) caused sig-

nificant potentiation in the protective effect of hes-

peridin compared with the effect of hesperidin alone.

However, L-arginine (100 mg/kg) pretreatment sig-

nificantly attenuated the protective effect of hesperi-

din (50 mg/kg) compared with the effect of hesperidin

alone (Fig. 1). Further, L-NAME (10 mg/kg) or L-arginine

(100 mg/kg) treatment alone did not significantly in-

fluence the fall of time in rotarod performance com-

pared with the cerebral I/R group.

Effect of hesperidin on memory retention in an

elevated plus maze paradigm and its modifica-

tion with NO modulators in I/R-injured rats

Animals challenged with 30-min BCCAO followed

by 24 h of reperfusion performed poorly (reduced

memory retention) on day 8, which demonstrated

cognitive dysfunction. Pretreatment with hesperidin

(50 and 100 mg/kg, po) for seven days showed a sig-

nificant (p < 0.05) improvement in memory retention

(decreased transfer latency) compared with the I/R in-

jury group. L-arginine (100 mg/kg) pretreatment prior

to hesperidin (50 mg/kg) attenuated the memory per-

formance (reduced memory retention) compared with

the effect of hesperidin alone. However, L-NAME

(10 mg/kg) pretreatment prior to hesperidin (50 mg/kg)

significantly increased the memory retention com-
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Fig. 1. Effects of hesperidin on fall of time in rotarod and its modification with nitric oxide modulators in I/R-injured rats. The values are ex-
pressed as the mean ± SEM (n = 12). Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s test; � p < 0.05 vs.
sham, �p < 0.05 vs. control (cerebral ischemia reperfusion-injured rats) and �p < 0.05 vs. hesperidin (50 mg/kg dose); HES – hesperidin, L-arg
– L-arginine
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Fig. 2. Effects of hesperidin on spatial memory in the elevated plus maze paradigm and its modification with nitric oxide modulators in I/R-
injured rats. The values are expressed as the mean ± SEM (n = 12). Data were analyzed by one-way analysis of variance (ANOVA) followed by
Tukey’s test. � p < 0.05 vs. sham, � p < 0.05 vs. control (cerebral ischemia reperfusion-injured rats) and � p < 0.05 vs. hesperidin (50 mg/kg
dose); HES – hesperidin, L-arg – L-arginine



pared with hesperidin alone. Interestingly, L-NAME

(10 mg/kg) and L-arginine (100 mg/kg) treatment alone

did not significantly influence the memory retention

compared with cerebral I/R-treated animals (Fig. 2).

Effects of hesperidin on oxidative stress and

its modification with NO modulators in

I/R-injured rats

Challenging animals with 30-min BCCAO followed

by 24 h of reperfusion induced significant oxidative

damage, which was indicated by an increase in lipid

peroxidation and nitrite concentration as well as a de-

pletion of catalase and SOD activities in hippocampus

when compared with sham-treated rats. Pretreatment

with hesperidin (50 and 100 mg/kg) for seven days

significantly attenuated the rise in lipid peroxidation

and nitrite concentration and restored depleted hippo-

campal SOD and catalase activities compared with

controls (I/R group) (Tab. 1). L-arginine (100 mg/kg)

and L-NAME (10 mg/kg) treatment alone did not

show any significant effects compared with I/R injury.

Effects of hesperidin on the glutathione system

and its modification with NO modulators in

I/R-injured rats

Challenging the animals with 30-min BCCAO fol-

lowed by 24 h of reperfusion significantly (p < 0.05)

increased the oxidized glutathione level and depleted

the redox ratio and GST level in the hippocampus

compared with the sham-treated group. Pretreatment

with hesperidin (50 mg/kg and 100 mg/kg) for seven

days significantly attenuated the oxidized glutathione

level and restored the redox ratio and GST level in hip-

pocampus compared with the I/R injury group (Tab. 2).

Further, L-arginine (100 mg/kg) pretreatment prior to

hesperidin (50 mg/kg) significantly increased the

oxidized glutathione level and reduced the redox ratio

and GST level compared with the effect of hesperidin

alone (Fig. 3, Tab. 2). However, pretreatment of

L-NAME prior to hesperidin (50 mg/kg) potentiated

its protective effect, which was significant (p < 0.05)

compared with the effect of hesperidin alone. L-arginine

(100 mg/kg) and L-NAME (10 mg/kg) treatment

alone did not show any significant effects on the glu-
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Tab. 1. Effects of hesperidin on oxidative stress and its modification with NO modulators in cerebral ischemia reperfusion injury in the hippo-
campus

Treatment
(mg/kg)

Lipid peroxidation
(moles of MDA/mg

pr protein)
(% of sham)

Catalase
(µmol of H�O�/min/mg
protein) (% of sham)

SOD
(µmole/min/mg

protein (% of sham)

Nitrite
(µg/ml)

(% of sham)

Sham 2.15 ± 0.20
(100)

24.53 ± 1.38
(100)

33.89 ± 3.55
(100)

441.67 ± 34.67
(100)

Control 5.7 ± 0.25
(265.13)�

11.40 ± 1.30
(46.48)�

15.73 ± 0.95
(46.43)�

623.33 ± 33.57
(141.13)�

Hesperidin (50) 4.77 ± 0.25
(222.06)���

15.42 ± 0.88
(62.86)���

20.39 ± 1.12
(60.16)���

565.0 ± 45.96
(127.92)���

Hesperidin (100) 2.82 ± 0.25
(131.05) )���

21.30 ± 1.88
(86.82))�

28.19 ± 0.73
(83.18) )���

485.0 ± 24.75
(109.81)���

L-arginine (100) 5.90 ± 0.21
(274.22)

10.0 ± 0.88
(40.77)

15.40 ± 0.50
(45.45)

626.67 ± 31.41
(141.89)

L-NAME (10) 5.30 ± 0.23
(246.38)

12.57 ± 1.00
(51.23)

15.31 ± 1.43
(45.18)

631.67 ± 27.78
(143.02)

L-arginine (100) + hesperidin (50) 5.83 ± 0.14
(270.95)�

10.39 ± 0.14
(42.37)�

15.96 ± 0.54
(47.08)�

616.67 ± 29.10
(139.62)�

L-NAME (10) + hesperidin (50) 3.36 ± 0.26
(156.43)���

20.96 ± 0.69
(85.46)���

26.10 ± 0.52
(77.0)���

506.67 ± 33.57
(114.72)���

The values are expressed as the mean ± SEM (n = 6) and % of the sham-treated group. Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s test. � p < 0.05 vs. sham, � p < 0.05 vs. control (cerebral ischemia reperfusion-injured rats) and �p < 0.05 vs. hes-
peridin (50 mg/kg dose)
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Fig. 3. The effect of hesperidin on the redox ratio and its modification with nitric oxide modulators in I/R-injured rats. The values are expressed
as the mean ± SEM (n = 6) and % of the sham-treated group. Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s
test. � p < 0.05 vs. sham, � p < 0.05 vs. control (cerebral ischemia reperfusion-injured rats) and � p < 0.05 vs. hesperidin (50 mg/kg dose); HES
– hesperidin, L-arg – L-arginine

Tab. 2. Effects of hesperidin on the glutathione system and its modification with NO modulators in cerebral ischemia reperfusion injury in the
hippocampus

Treatment
(mg/kg)

Total glutathione
(nmol of GSH
/mg protein)
(% of sham)

Reduced
glutathione

(nmol of GSH/mg protein)
(% of sham)

Oxidized
glutathione

(nM of GSH/mg protein)
(% of sham)

GST
(µmole of CDNB formed/

min/mg protein
(% of sham)

Sham 119.34 ± 1.38
(100)

81.23 ± 1.39
(100)

38.11 ± 1.61
(100)

50.74 ± 2.21
(100)

Control 124.10 ± 5.64
(103.99)

43.78 ± 4.93
(53.89)�

80.33 ± 1.49
(210.77)�

23.42 ± 1.35
(46.16)�

Hesperidin (50) 123.21 ± 0.67
(103.24)

55.64 ± 0.96
(68.5)���

67.56 ± 0.29
(177.28)���

32.05 ± 1.02
(63.17)���

Hesperidin (100) 121.94 ± 2.79
(102.17)

75.74 ± 4.28
(93.25)�

46.19 ± 1.49
(121.21)���

41.24 ± 2.68
(81.28)���

L-arginine (100) 122.7 ± 3.12
(102.82)

41.38 ± 2.21
(50.94)

81.32 ± 1.05
(213.39)

21.94 ± 1.49
(43.25)

L-NAME (10) 124.23 ± 3.11
(104.10)

47.12 ± 3.9
(58.01)

77.11 ± 6.33
(202.33)

26.62 ± 2.31
(52.47)

L-arginine (100)
+ hesperidin (50)

123.92 ± 3.21
(103.84)

45.33 ± 0.6
(55.8)�

78.6 ± 2.67
(206.24)�

22.96 ± 1.04
(45.25)�

L-NAME (10)
+ hesperidin (50)

126.31 ± 3.32
(105.84)

69.2 ± 0.53
(85.19)���

57.11 ± 3.75
(149.86)���

39.27 ± 0.40
(77.39)���

The values are expressed as the mean ± SEM (n = 6) and % of the sham-treated group. Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s test. � p < 0.05 vs. sham, � p < 0.05 vs. control (cerebral ischemia reperfusion-injured rats) and � p < 0.05 vs. hes-
peridin (50 mg/kg dose)



tathione system compared with the I/R injury group

(Tab. 2).

Effects of hesperidin on respiratory enzyme ac-

tivity and its modification with NO modulators

in I/R-injured rats

Thirty minutes challenge of BCCAO followed by 24 h

of reperfusion significantly impaired mitochondrial

NADH dehydrogenase (complex I) and succinate de-

hydrogenase (complex II) activity and reduced the

number of viable cells (complex III) in the compared

with the sham group. Pretreatment with hesperidin

(50 mg/kg and 100 mg/kg) for seven days signifi-

cantly restored mitochondrial enzyme complex I, II

and III activity compared with the control group (Fig.

4). Furthermore, L-arginine (100 mg/kg) pretreatment

prior to the low dose of hesperidin (50 mg/kg)

significantly attenuated the protective effect of

hesperidin and impaired mitochondrial complex I, II

and III enzyme activities compared with the effect of

hesperidin alone. L-NAME pretreatment prior to
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Fig. 5. Histological sections of rat brain stained with H & E: (A) – sham,
(B) – control (C) – hesperidin 50, (D) – hesperidin 100, (E) – L-arginine
100, (F) – L-NAME 10, (G) – L-arginine 100 + hesperidin 50, (H) –
L-NAME 10 + hesperidin 50
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Fig. 4. Effects of hesperidin on respiratory enzyme activity in hippocampus and its modification with nitric oxide modulators against I/R injured
rats. The values are expressed as mean ± SEM (n = 6). Data was analysed by One-Way Analysis of Variance (ANOVA) followed by tukey’s test.
� p < 005 vs. sham, � p < 0.05 vs. control (cerebral ischemia reperfusion injured) � p < 0.05 vs. hesperidin (50 mg/kg dose); HES – hesperidin,
L-arg – L-arginine



hesperidin (50 mg/kg) potentiated the protective

effects of hesperidin and restored the respiratory

enzyme activities, which were significant compared

to the effect of hesperidin alone (Fig. 4). L-arginine

(100 mg/kg) and L-NAME (10 mg/kg) treatment

alone did not show any significant effects on respira-

tory chain enzymes compared with control.

Histopathological examination

In the histopathological study, sham-treated brain

showed optimum-sized, undamaged, neuronal cells

with a clearly observable cell nucleus and continuous

cell membrane. However, histological alterations were

seen in the cerebral I/R group, which demonstrated

swelling of neuronal cells and disruption of the cell

membranes. The higher dose of hesperidin (100 mg/kg)

protected the brain cells from the ischemic damage when

compared with control. L-arginine (100 mg/kg) pre-

treatment prior to hesperidin (50 mg/kg) did not show

any observable effect on histopathological parameters

compared with the effect of hesperidin alone. However,

L-NAME (10 mg/kg) pretreatment prior to hesperidin

prevented cell membrane disruption as compared to the

effect of hesperidin alone (Fig. 5). L-arginine (100 mg/kg)

or L-NAME (10 mg/kg) pretreatment did not show any

significant effect compared to the I/R injury group.

Discussion

Pathological and cellular mechanisms involved in

cerebral function during brain hypoxia/ischemia are

not completely understood. There is evidence sug-

gesting that cerebral hypoperfusion leads to cognitive

and memory dysfunction [24]. Stroke can cause defi-

cits in a number of neurological domains leading to

a broad spectrum of neuropsychiatric complications,

including emotional, behavioral, and cognitive disor-

ders [9]. Preclinical and clinical studies in global

cerebral ischemia subjects have shown memory im-

pairments, cognitive deficits and pathological damage

in different brain regions. The relationship between

stroke cascade and their functional impairment is

a very complex process. Dementia is frequently ob-

served after stroke. About one-third of stroke survi-

vors assessed during hospitalization were found to meet

criteria for dementia at a four-year follow-up assess-

ment [7]. Yan and coworkers revealed that a marked

cognitive and memory dysfunction was associated

with the transient bilateral common carotid artery oc-

clusion model of global cerebral ischemia in rats [67].

Hesperidin belongs to the class of flavonoids called

flavanones, which are abundant in citrus fruits. Hes-

peridin significantly contributes to the intracellular

antioxidant defense system and has been reported to

act as a powerful agent against superoxide, singlet

oxygen and hydroxyl radicals [29]. Hesperidin has

also been reported to have membrane-stabilizing

properties [25] as well as anti-inflammatory and anti-

cancer properties [60, 65].

Global cerebral ischemia has been reported to

cause marked decreases in muscle strength of the

limbs, which has been demonstrated in rotarod ex-

periments [47, 52]. Consistent with the studies men-

tioned above, a marked decrease in muscle and grip

strength was observed in the present study after 30

min of bilateral common carotid artery occlusion fol-

lowed by 24 h of reperfusion. Interestingly, this effect

was significantly attenuated by hesperidin pretreat-

ment, which suggests that hesperidin has therapeutic

potential against I/R injury.

The hippocampus is an area of brain that is impor-

tant for the regulation of memory [26]. Global cere-

bral ischemia causes memory dysfunction because of

its influence on hippocampal neurons [17, 52]. Re-

sults of the present experiment are in line with the

above findings, which showed a marked reduction in

memory retention in the elevated plus maze para-

digm. Hesperidin pretreatment significantly prevented

this decline in memory performance. The test model

suggested its potential against stroke-induced cogni-

tive dysfunction. In order to know the exact mecha-

nisms of hesperidin actions, we have investigated the

role of the NO pathway in the protective actions of

hesperidin. In the present study, L-arginine pretreat-

ment significantly attenuated the protective effect of

hesperidin. In contrast, NO modulator (L-NAME) pre-

treatment caused a potentiation of the protective effect

of hesperidin. However, L-arginine (100 mg/kg) and

L-NAME (10 mg/kg) pretreatment did not show any

significant effects of their own on a spatial navigation

paradigm in the elevated plus maze. To date, reports

about the role of NO generated during brain ischemia

in memory loss are contradictory. Ohno et al. demon-

strated that inhibition of NOS activity by intrahippo-

campal L-NAME injections caused improvement in
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memory performance in ischemic experimentation

models [50]. This suggests the involvement of •NO in

post-ischemic memory loss.

The membrane lipids in the brain are very rich in

polyunsaturated fatty acid side chains, which are es-

pecially sensitive to free radical attack [61]. In addi-

tion, brain tissue with high glucose and oxygen con-

sumption is more vulnerable to oxidative damage.

Moreover, the brain lacks sufficient levels of endoge-

nous antioxidant enzymes like catalase, SOD and glu-

tathione peroxidase. Cerebral ischemia leads to mem-

brane breakdown and causes rapid enhancement of free

fatty acids within the brain, which can provide substrates

for free radical attack and the synthesis of excess prosta-

glandins and leukotrienes on re-oxygenation. Cerebral

I/R injury initiates several toxic cellular cascades that

cause further oxidative damage. It is well documented

that oxygen free radicals are generated in acute I/R in-

jury [42, 62, 66]. Bromont et al. also indicated that

reperfusion of the ischemic brain enhanced lipid per-

oxidation and nitrite levels [5]. Indeed, lipid perox-

ides, measured in terms of MDA concentration and

nitrite levels, were significantly increased in hippo-

campus during cerebral I/R injury. In this study, hes-

peridin pretreatment ameliorated the rise in MDA and

nitrite concentrations in hippocampus. This can be ex-

plained by a previous finding of Heffner and Repine,

which suggested that hesperidin offers protection by

terminating lipid peroxidation side chains rather than

scavenging extracellular non-lipid radicals that initiate

lipid peroxidation [23].

Enzymatic antioxidants like superoxide dismutase,

catalase and glutathione peroxidase synergistically act

to prevent the generation of ROS. Cells prevent oxida-

tive damage by utilizing several antioxidant defense

systems to neutralize free radical damage. They in-

clude antioxidant enzymes like SOD, glutathione per-

oxidase, and catalase. The SOD system, which con-

verts O2•– to H2O2 and molecular oxygen, constitutes

the primary line of anti-ROS defense for cells [71]. It

is reported that overexpression of SOD can protect

neurons from lethal consequences of oxidative dam-

age both in vitro and in vivo [30].

Catalase is a tetrameric hemoprotein that under-

goes alternative divalent oxidation and reduction at its

active site in the presence of H2O2 [10]. SOD and

catalase work as a mutually supportive defense team

against ROS, but the activities of these enzymes are

decreased after cerebral I/R injury [47]. However,

there are a few reports in which the levels of SOD are

found to be increased after cerebral ischemia [68].

These differences can be explained on the basis of du-

ration of ischemia and reperfusion. In the above study,

authors provided the occlusion for 30 min, which was

the same as the present study, but reperfusion was

only given for 45 min. This time period may not be

long enough to damage the intracellular SOD produc-

ing machinery. In the present study, hesperidin pre-

treatment significantly restored antioxidant enzymes

(SOD and catalase) activies in the hippocampus.

Catalase and SOD are endogenous antioxidant de-

fense enzymes in the brain, which suggests that the

brain has antioxidant potential against I/R injury. It

seems that the protective effect of hesperidin could be

due to NO modulation. Oxidative damage (i.e., in-

creases in MDA levels and decreases in SOD levels)

was demonstrated after cerebral ischemia in earlier

studies carried out by Gupta and co-workers [20].

Glutathione is a powerful endogenous tripeptide

antioxidant that inhibits the formation of free radicals.

Glutathione is thought to be the most important cellular

antioxidant defense and protects cells from singlet

oxygen, hydroxyl radical and superoxide radical

damage [1]. As a substrate for the antioxidant enzyme,

reduced glutathione protects cellular constituent from

damaging effects of peroxides formed by metabolism

and other ROS reactions [12]. A marked decrease in

GSH over the post-ischemic period was observed

after bilateral carotid artery clamping. The decrease in

GSH may reflect, in part, the fact that two molecules

of ATP are required for the synthesis of glutathione

from glutamate [43], and brain ATP is known to be

depleted during ischemia [38]. In the present study,

cerebral I/R injury significantly decreased reduced

glutathione as well as the redox ratio in hippocampus,

which indicated an impairment of antioxidant defense

mechanisms. Discrepancies between the glutathione

defense system and ROS results in marked oxidative

damage. Yousuf et al. reported decreased levels of

glutathione S-transferase after I/R injury in brain [69].

In agreement with this finding, BCCAO followed by

24 h of reperfusion significantly decreased the hippo-

campal activity of GST. Furthermore, the redox ratio

and GST activities were significantly increased with

hesperidin pretreatment compared to control treat-

ments. Moreover, L-arginine pretreatment with a lower

dose of hesperidin caused a reversal of its protective

effect, whereas L-NAME pretreatment with a lower

dose of hesperidin significantly potentiated the pro-

tective effects of hesperidin. These experiments sug-
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gested the involvement of NO in the protective effect

of hesperidin. Studies have also suggested that in-

tracerebroventricular (icv) administration of the NOS

inhibitor L-NAME caused significant neuroprotective

effects. Indeed, icv L-NAME administration resulted in

90% neuron survival in vivo following transient fore-

brain ischemia [33]. These investigations were sup-

ported by other researchers demonstrating enhanced

formation of NO in various experimental models of

stroke [72].

ROS can block mitochondrial respiration by inter-

rupting mitochondrial complex enzyme activities in-

volved in the electron transport chain. Complex I

(NADH-ubiquinone oxidoreductase) and complex II

(succinate dehydrogenase, SDH) are sites where elec-

trons are accepted from NADH and FADH2, respec-

tively, and transferred to complex III (ubiquinol-

cyctochrome C oxidoreductase). These electrons are

transferred to complex IV (cytochrome C oxidase)

where the final electron acceptor is oxygen, and the

final product is water [6]. Altered mitochondrial en-

ergy metabolism also contributes to the pathophysiol-

ogy of acute brain injury caused by ischemia [57].

Thus, complexes I, II, and III of the mitochondrial

respiratory chain activity are significantly attenuated

during brain ischemia [2, 56]. Although complex IV

activity is not impaired by ischemia, it is remarkably

inhibited after a long period of reperfusion [3, 48]. In

this study, cerebral I/R significantly attenuated mito-

chondrial complex enzyme activity (NADH dehydro-

genase, succinate dehydrogenase, cytochrome C oxi-

dase activity and the number of viable cells in the

MTT assay) in the ischemic brain. Cerebral ischemia

was least vulnerable for an effect on cytochrome-C

oxidase enzyme activity in the present study, which is

consistent with previous reports [56]. Neuronal cells

are highly vulnerable to ischemia; thus, impairment of

energy metabolism was associated with neurodegen-

erative changes including cerebral ischemia. Hesperi-

din pretreatment for 7 days significantly restored the

attenuated mitochondrial complex (I, II and III) activ-

ity in the hippocampus of ischemic brain, which sug-

gested a potential role for hesperidin in mitochondrial

enzyme activity. Pretreatment with L-NAME signifi-

cantly potentiated the effect of the lower dose of hes-

peridin, which suggested the involvement of NO

mechanisms in its action.

Histopathological study showed that shrinkage of

neurons, disruption of cell membrane and atrophy of

the neurons occurred in hippocampus of I/R rats com-

pared with the sham-treated group. In the hesperidin-

treated group (100 mg/kg), optimum-sized, undam-

aged, neuronal cells with clearly observable cell nu-

clei and continuous cell membranes were observed,

which indicated the protective effect of hesperidin in

cerebral ischemia.

This study suggested that hesperidin has a protec-

tive effect in cerebral I/R injury-induced cognitive

dysfunction and The protective effect of hesperidin

might be due to its NO mechanism.
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