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Abstract Oxidative stress is believed to contribute to

neurodegeneration following ischemic injury. The present

study was undertaken to evaluate the possible antioxidant

neuroprotective effect of curcumin (Cur) on neuronal death

of hippocampal CA1 neurons following transient forebrain

ischemia in rat. Treatment of Cur (200 mg/kg/day, i.p.) at

three different times (immediately, 3 h and 24 h after

ischemia) significantly (P < 0.01) reduced neuronal dam-

age 7 days after ischemia. Also, treatment of ischemic rats

with Cur decreased the elevated levels of MDA and in-

creased GSH contents, catalase and SOD activities to

normal levels. In the in vitro, Cur was as potent as anti-

oxidant (IC50 = 1 lM) as butylated hydroxytoluene. The

present study demonstrates that curcumin treatment atten-

uates forebrain ischemia-induced neuronal injury and oxi-

dative stress in hippocampal tissue. Thus treatment with

curcumin immediately or even delayed until 24 h may have

the potential to be used as a protective agent in forebrain

ischemic insult in human.
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Introduction

Stroke is a non-communicable disease of increasing

socioeconomic importance in ageing populations [1].

Transient global cerebral ischemia (forebrain ischemia) is

one of the major causes of stroke. In humans, transient

forebrain ischemia occurs as a result of cardiovascular

disorders such as cardiac arrest and cardiac embolism. It is

potentially very devastating since it affects the whole brain

[2]. In humans and animals, a forebrain ischemia attack

induces selective delayed death in hippocampal cornu

ammonis 1 (CA1) pyramidal neurons which is observed 3–

7 days after forebrain ischemia in the untreated rat and

gerbil [2–5].

Investigations into the mechanisms contributing to the

selective and delayed hippocampal neuronal death in dif-

ferent animal models of cerebral ischemia have implicated

several factors such as increase in glutamate activity, in-

crease in intracellular calcium (Ca2+) concentration [3],

and over-expression of pro-inflammatory genes such as

cyclooxygenase-2 (COX-2), and inducible nitric oxide

synthase (iNOS) [6]. Many of these changes are associated

with increased reactive oxygen species (ROS) production

such as superoxide anion (O2
Æ)), hydroxyl radical (OHÆ),

hydrogen peroxide (H2O2) and nitric oxide (NO) that can

occur both during ischemia and at reperfusion [7, 8]. The

role of oxidative stress becomes much greater in the case

where cerebral blood flow is restored, because reflow to

previous ischemic brain results in an increase in oxygen

level, and consequently causes severe oxidative injury to

the tissue by massive production of ROS [9]. It has been

demonstrated in numerous studies that ROS are directly

involved in oxidative damage with cellular macromole-

cules such as lipid, proteins and nucleic acids in ischemic

tissues [7, 8].
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Curcumin is the main active ingredient in turmeric, ex-

tracted from the powdered dry rhizome of Curcuma longa

Linn which belongs to the Zingiberaceae family. Curcumin

is well known to be a potent antioxidant in various in vivo

and in vitro models. Curcumin inhibits lipid peroxidation in

rat liver, erythrocyte membrane and brain homogenates [10,

11]. Curcumin can lower lipid peroxidation by maintaining

the activities of endogenous antioxidant enzymes such as

superoxide dismutase, catalase and other antioxidants such

as glutathione at higher levels [10, 11]. Several authors

demonstrated that curcumin is a powerful scavenger of ROS

such as O2
Æ), OHÆ, and NO [12, 13]. Curcumin could prevent

or reduce oxidative stress-induced progression of age-related

neurodegenerative disorders such as Alzheimer’s disease

[14, 15]. Additionally, several studies have shown that

curcumin at relatively low concentration exhibits remark-

able anti-inflammatory effects [16–18]. This study was

designed to investigate the possible protective effect of

curcumin against transient global cerebral ischemia induced-

hippocampal CA1 neuronal damage after 7 days of reper-

fusion using in vivo forebrain ischemia model and

histological technique to count the number of intact neurons

within the hippocampal CA1 subfield and by assessing

oxidative stress-related biochemical parameters in the

hippocampus tissue in the rat.

Materials and methods

All experimental procedures were approved by Research

Ethic Committee of College of Pharmacy, King Saud

University, Riyadh, Saudi Arabia.

Animals

Adult male Wistar albino rats weighing 220–250 g were

used in this study. These animals were obtained from the

Animal Care Center, College of Pharmacy, King Saud

University, Riyadh, Saudi Arabia. Animals were housed in

suitable metabolic polypropylene cages under controlled

hygienic environmental conditions. Rats were maintained

at room temperature (25�C) and a normal light cycle (12 h

light and 12 h dark) during the periods of the experiments.

Animals were allowed free access to pulverized standard

rat pellet food and tap water throughout the study period.

Drugs and chemicals

Curcumin and thiobarbituric acid (TBA) used in this study

were purchased from Sigma Chemical Co. (St. Louis, MO,

USA), while Ellman’s reagent was purchased from Fluka

Chemical Company (Switzeland). Biochemical kits for

measurement of superoxide dismutase activity and total

protein concentration were purchased from Randox

Laboratories Ltd. (UK).

Experimental protocol

Rats were randomly divided into 7 groups of 15 animals

each. The first and second groups were received drinking

water and curcumin (200 mg/kg i.p. once daily)

respectively. The 3rd and 4th groups were subjected to

sham-operated ischemia and 10 min forebrain ischemia,

respectively. In the 5th, 6th and 7th groups, rats were sub-

jected to10 min forebrain ischemia and received curcumin at

a dose of 200 mg/kg i.p. immediately, 3 h, and 24 h after

reperfusion respectively. Curcumin was administered for

seven consecutive days (perfusion time).

Transient forebrain ischemia model

Transient forebrain ischemia was induced by a combina-

tion of bilateral carotid artery clamping and hypotension

(2-vessel occlusion model) according to the method of

Smith et al. [19]. Briefly, rats under general anesthesia

(sodium pentobarbital; 30 mg/kg, i.p.), the common carotid

arteries were exposed by means of a ventral midline neck

incision. Both common carotid arteries were exposed,

separated from the vagus nerve and occluded for 10 min

with microaneurysmal clips (Dieffenbach Bulldog Clamp,

25 mm straight, Germany) which consistently resulted in

delayed neuronal death in the CA1 region of the hippo-

campus [20, 21]. At the end of the occlusion period, the

clamps were released; allowing restoration of carotid blood

flow, and the incision was sutured with 2-0 silk sutures.

Hypotension was achieved by withdrawal of blood from

the jugular vein into heparinized syringe. Blood pressure

was maintained at 50 mmHg during the ischemic period. In

sham-operated animals, the arteries were freed from con-

nective tissue but were not occluded. Body temperature

was kept at 37�C by using controlled heating pad and

heating lamps throughout the entire period of ischemia and

postischemic recovery under anesthesia. A rectal ther-

mometer was used to monitor body temperature (Apelex

Rectal Thermometer, Panlab, Bagneux, France).

Histological analysis of hippocampal CA1 subregion

Seven days after ischemia, 5 rats from each group were

anesthetized with sodium pentobarbital (100 mg/kg). Rats

were then transcardially perfused with cold saline followed

by 4% formalin in phosphate-buffered saline (0.1 M; pH

7.4). The brains were removed from the skull and fixed in

same fixative for 24 h. Thereafter, the brains were

embedded in paraffin, then 5 lm thick sections were
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coronally cut at the level of the dorsal hippocampus by a

rotatory microtome (Leica CM3050S, Leica Microsystems,

Bensheim, Germany). The segments of the hippocampal

CA1 region per 1000-lm lengths from bregma )3.3, )3.8,

and )4.3 were counted for viable cells. Tissue sections

were stained with hematoxylin and eosin. The hippocampal

damage was determined by counting the number of intact

neurons in the stratum pyramidal within the CA1 subfield

at a magnification of 20· (Nikkon E 600, digital camera

DXM1200F, Nikon Corporation, Tokyo, Japan). Only

neurons with normal visible nuclei were counted. The

mean number of CA1 neurons per millimeter linear length

for both hemispheres in sections of dorsal hippocampus

was calculated for each group of animals. An observer who

was unaware of the drug treatment for each rat made all

assessments of histological sections.

Biochemical analysis

Seven days after ischemia, 10 rats from each group were

decapitated and brains were quickly removed and hippo-

campus was harvested on a cold stage. Hippocampus was

washed with saline, blotted dry on a filter paper, weighed

and then 10% (w/v) homogenates was made in ice-cold

saline.

Assay of lipid peroxidation and reduced glutathione

The degree of lipid peroxidation in the hippocampal neu-

ronal tissue was determined by measuring thiobarbituric

acid reactive substance (TBARS) in the tissue homogenate

[22]. The absorbance was measured spectrophotometrically

at 532 nm and the concentrations were expressed as nmol

MDA/mg protein. The tissue levels of the acid soluble

thiols, mainly GSH, were assayed colorimetrically at

412 nm [23]. The contents of GSH were expressed as

lmol/g wet tissue.

Assay of catalase and superoxide dismutase

The catalase activity was determined spectrophotometri-

cally by the method of Higgins et al [24]. The decrease in

absorbance of hydrogen peroxide (H2O2) at 240 nm was

followed. The activity was expressed as lmol/min/mg

protein using the molar absorbance of 43.6 for H2O2. The

superoxide dismutase assay was a slight modification of the

indirect inhibition assay developed by McCord and

Fridovich [25]. In this method, xanthine-oxidase (XOD)

was utilized to generate a superoxide flux, which reacts

with 2-(4-iodophenyl)-3(4-nitrophenol)-5-phenyltetrazoli-

um chloride (INT) to form a red formazan dye. The

absorbance obtained from INT reduction to red formazon

by superoxide was measured at 505 nm.

Measurement of protein

Protein concentration was estimated by the method of

Lowry et al. [26] using bovine serum albumin as a

standard.

Assay of the in vitro non-enzymatic lipid peroxidation

induced by iron-ascorbate in the hippocampus

homogenate

Lipid peroxidation in the hippocampal tissue was deter-

mined by measuring TBARS induced by iron-ascorbate

[27]. The reaction mixture contained varying amount of

curcumin or butylated hydroxytoluene (BHT), 0.75 ml

phosphate buffer (50 mM, pH, 7.4), 50 ll hippocampus

homogenate, 0.1 ml of 1 mM ferric chloride and 0.1 ml of

1 mM ascorbic acid. The tubes were incubated at 37�C for

30 min and the extent of peroxidation was measured by

thiobarbituric acid (TBA) test. To the above test tubes, the

following were added, 0.1 ml butylated hydroxytoloune

(2% w/v) to stop further lipid peroxidation, 1.0 ml TBA

(1% w/v in 0.05 M NaOH) and 1.0 ml TCA acid (2.8%)

and placed in a water bath at 90�C for 20 min. At the end

of the incubation time, the tubes were cooled and centri-

fuged for 5 min at 5,000 g. The chromogen was extracted

with 2.0 ml n-butanol and absorbance was read at 532 nm.

Tubes containing reagent blank, homogenate were sub-

jected to TBA test served as controls. Data were plotted as

a percentage of inhibition.

Statistical analysis

Differences between obtained values (mean� SD) were

carried out by one way analysis of variance (ANOVA)

followed by the Tukey–Kramer multiple comparison test.

A P value of 0.05 or less was taken as a criterion for a

statistically significant difference.

Results

Histopathological observations

The effects of curcumin treatment on the numbers of intact

neurons in CA1 region per 1 mm of hippocampus at 7 days

post 10 min of forebrain ischemia in rats are shown in

Figures 1 and 2. The control and sham-operated groups

revealed healthy neuronal cells (Fig. 1) amounted by

~164� 2 intact neurons/1 mm (Fig. 2). Forebrain ischemia

resulted in massive neuronal damage manifested as a sig-

nificant (P < 0.01) 77% decrease in the number of normal-

appearing neurons (Figs. 1, 2). Animals treated with

curcumin immediately, 3 h, and 24 h after reperfusion and
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continued for seven successive days resulted in a signifi-

cant 3.2, 3.2, and 2.7-fold increase in the number of intact

neurons, respectively as compared to ischemic group

(Figs. 1, 2). However, still a significant (P < 0.05) 25%

decrease in the number of intact neurons when compared to

the control group. The comparison of normal-appearing

neurons counts between animals treated with curcumin at

different times at and after reperfusion confirmed no sig-

nificant difference was measured. In addition, when control

animals were compared with sham-operated, and curcumin

alone groups there were no significant differences

(P > 0.05) were observed (Figs. 1, 2).

Biochemical observations

Effects of curcumin treatment on oxidative stress-related

biochemical changes in the hippocampus tissue after

7 days of forebrain ischemia insult

Seven days after transient forebrain ischemia insult, there

was 33% decrease in hippocampal GSH level (Fig. 3), a

Fig. 1 Photomicrographs

illustrate neurons within the

CA1 region of the hippocampus

stained with hematoxylin and

eosin at magnification of 20·
7 days after transient forebrain

ischemia showing the protective

effect of curcumin administered

at three different intervals

against ischemia-mediated cell

loss in the CA1 hippocampal

area. (a) Coronal sections

showing intact neurons in the

hippocampal CA1 region of

control rats; (b) Coronal

sections showing intact neurons

in the hippocampal CA1 region

of sham-operated rats; (c) Most

pyramidal cell died in the CA1

subfield 7 days following

reperfusion in rats subjected to

10 min forebrain ischemia. In

contrast, curcumin treatment

immediately, 3 h, and 24 h after

reperfusion conferred

neuroprotection by markedly

reducing the number of

damaged pyramidal cells in the

CA1 subfield (d, e, and f
respectively; scale bar 50 lm)
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Fig. 2 Effects of forebrain ischemia and curcumin on the number of

intact neurons in rat hippocampal CA1 region. Results are expressed

as mean� SD of five rats and data were analyzed by one-way

ANOVA followed by Tukey–Kramer multiple comparisons test.

*Significantly different from control, sham, and ischemia + curcumin

groups
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2-fold increase in MDA concentration (Fig. 4), a significant

(P < 0.05) 42% decrease in SOD activity (Fig. 5), as well as

a significant (P < 0.05) 37% decrease in catalase activity

(Fig. 6) in comparison to control or sham-operated groups.

Administration of curcumin immediately, 3 h, and 24 h after

reperfusion significantly (P < 0.05) returned hippocampal

GSH level of ischemic rats to that of control group (Fig. 3)

while increase in MDA concentration was significantly

(P < 0.05) prevented in animals treated with curcumin even

when the treatment was delayed till 24 h after reperfusion

(Fig. 4). Treatment with curcumin immediately, 3 h, and

24 h after reperfusion and continued for seven successive

days resulted in a complete (P < 0.05) prevention of the

decrease in antioxidant enzymes (SOD and catalase) activ-

ities in the animals subjected to ischemia (Figs. 5, 6). One the

other hand, there was no significant difference in oxidative

stress-related biochemical parameters namely GSH, MDA,

SOD and catalase activities between control and sham-

operated, and curcumin alone groups.

Effect of curcumin against Fe2+-induced lipid

peroxidation in vitro

Curcumin was found to be equally potent antioxidant as

BHT (standard antioxidant) in vitro. Figure 7 shows the
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Fig. 3 Effect of curcumin treatments after 10 min forebrain ischemia

on reduced glutathione (GSH) level in rat hippocampus. Data are

presented as means� SD, (n = 10), and data were analyzed by one-

way ANOVA followed by Tukey–Kramer multiple comparisons test.

*Significantly different from control, sham, and ischemia + curcumin

groups
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Fig. 6 Effect of ischemia and curcumin administration on catalase

activity in rat hippocampal tissue. *Significantly different from

control, sham, and ischemia + curcumin groups
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Fig. 4 Effect of curcumin treatments on malondialdehyde levels in

rat hippocampus after forebrain ischemia. Results are expressed as

mean� SD of 10 rats and data were analyzed by one-way ANOVA

followed by Tukey–Kramer multiple comparisons test. *Significantly

different from control, sham, and ischemia + curcumin groups
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Fig. 5 Effect of ischemia and curcumin administration on superoxide

dismutase activity in rat hippocampal tissue. *Significantly different

from control, sham, and ischemia + curcumin groups
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effect of different concentrations of curcumin and BHT

against lipid peroxidation induced by FeCl3-ascorbate.

Both curcumin and BHT inhibited lipid peroxidation in a

concentration dependent manner. The IC50 (concentration

that inhibits 50% of lipid peroxidation) for curcumin and

BHT were similar and calculated to be 1 lM.

Discussion

The data of present study indicated that a 10 min of fore-

brain ischemia insult in rat resulted in a massive damage to

CA1 hippocampal neurons (greater than 75% of the neu-

rons died) when assessed at 7 days after reperfusion

(Figs. 1, 2). This degree of cell loss was similar to most

published studies in rat and gerbil models of forebrain

ischemia (for example [3, 8, 20, 28–32]).

Also the data of this study confirmed that massive tissue

damage is directly associated with the induction of oxida-

tive stress. In biological systems, lipid peroxidation is

found to be an important cause of cell membrane

destruction and neuronal death. MDA, one of the major

products of lipid peroxidation, has been extensively studied

and measured as an index of lipid peroxidation [33]. In the

present study, during forebrain ischemia and reperfusion,

there is a dramatic increase in hippocampal MDA level and

was noted to be accompanied by a depletion of hippo-

campal GSH. This suggested that forebrain ischemia and

reperfusion induced overproduction of ROS which caused

hippocampal oxidative stress. These results are in harmony

with several others reports [34, 35].

The current study also demonstrated that the activities of

the enzymatic antioxidant (SOD and catalase) in rat

hippocampal tissues were decreased dramatically after

forebrain ischemia insult (Figs. 5, 6). The decrease in

antioxidant enzyme activities may be explained as result of

an attack of ROS to the active site of the enzymes or

consumption of antioxidant enzyme by ROS. In fact, O2
Æ)

inhibits catalase activity [36], and H2O2 may inactivate

SOD through a modification in histidine residue located in

the active site of the enzyme [37]. Inactivation or decrease

SOD and catalase activities due to ROS after forebrain

ischemia insult may lead to extensive and later neuronal

damage that occurs in the hippocampal CA1. These results

are completely consistent with previously reported studies

[34, 35, 38]. For example, Homi et al. [38] observed that

after brief periods of transient global cerebral ischemia and

reperfusion, the activities of both SOD and catalase were

significantly decreased. These results suggested that the

reduction of SOD and catalase activities is involved in the

delayed neuronal degeneration observed in the next 48–

72 h after global cerebral ischemia in hippocampal CA1

neurons.

There were two previous studies that investigated the

effect of curcumin on cerebral ischemia. The first study

was reported by Ghoneim et al. [39]. In this study the

model of forebrain ischemia was produced by bilateral

common carotid artery occlusion for 1 h, followed by

reperfusion for only another 1 h. The effects of curcumin

against forebrain ischemia induced neuronal damage were

only investigated by assessing oxidative stress-related

biochemical parameters in the rat forebrain (hippocampus

CA1 which is the morst susceptible to damage after fore-

brain ischemia was not investigated). The period of rep-

erfusion in this study was only 1 h, which is not enough to

see any hippocampal damage after forebrain ischemia. It is

well documented by several studies as mentioned in the

introduction, that hippocampal injury is not observed until

3–7 days after forebrain ischemia [2–5]. Furthermore,

oxidative stress-related biochemical parameters that used

in this study are not enough to indicate or to exclude the

damage or protection of neuron in absence of histological

assessment, which is a reliable way to confirm neuronal

damage or survival after ischemia. The second study was

reported by Thiyagarajan and Sharma [40]. In this study,

focal cerebral ischemia was induced in rat by middle

cerebral artery occlusion (MCAO) for as long as 2 h fol-

lowed by only 22 h of reperfusion. Focal cerebral ischemia

was used in this study but not global cerebral ischemia to

evaluate the neuroprotection of curcumin after 22 h of

reperfusion. Also it did not investigate the selective

delayed death in hippocampal CA1 pyramidal neurons.

Again the period of reperfusion in this study (22 h) was not

enough to see a significant hippocampal CA1 neuronal

damage as mentioned before.

In the current study, curcumin administered (200 mg/kg

i.p.) immediately after ischemia or at 24 h of reperfusion

and continued to be administered for 7 days, resulted in a
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Fig. 7 Effect of curcumin and butylated hydroxytoluene on the in

vitro lipid peroxidation in rat hippocampus measured as malondial-

dehyde. Each point represents the mean of three tests. Standard

deviations were less than 5% of the mean
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dramatic protection against forebrain ischemia-induced

neuronal death of the CA1 pyramidal neurons in rats

(Figs. 1, 2). This was evidenced by the fact that curcumin

rescued most of CA1 pyramidal neurons from ischemic

death. This is consistent with recent study that indicated

that curcumin reduced oxidative stress damage and pre-

vented changes in locomotor activity after cerebral ische-

mia [41]. Curcumin has been found to prevent or reduce

oxidative stress-induced progression of Alzheimer’s dis-

ease [14, 15]. Also, several previous studies have demon-

strated the activity of curcumin against cytotoxicity in vitro

[42], and in vivo [43]. Naik et al. [41] observed that

curcumin provides protection against cytological changes

and lipid peroxidation induced by ethanol induced oxida-

tive stress in the liver slices. In vivo, Shoskes [43] dem-

onstrated that curcumin resulted in preservation of

histological integrity, with a decrease in tubular damage

and interstitial inflammation after renal ischemia and rep-

erfusion injury in rats.

In our study, when ischemic rats were treated with

curcumin administered (200 mg/kg i.p.) immediately after

ischemia or at 24 h of reperfusion and continued to be

administered for 7 days, the depletion of hippocampal

GSH (Fig. 3) and increase of MDA (Fig. 4) level were

prevented. This protection of curcumin may be due to the

antioxidant property of curcumin. This is supported by the

in vitro experiment in this study that indicated that curc-

umin protected rat’s hippocampal tissue against iron-in-

duced lipid peroxidation at very low concentration. This

antioxidant activity of curcumin against iron-induced lipid

peroxidation was similar to BHT (standard antioxidant).

This result indicated that curcumin is a powerful antioxi-

dant against lipid peroxidation induced by iron in hippo-

campal tissue. Also, similar effects of curcumin against

elevation of MDA level and depletion of GSH were ob-

served in myocardial ischemia in rats [44]. Curcumin was

able to decrease the levels of xanthine oxidase, O2
Æ) and

lipid peroxides and protect rat myocardium damage-in-

duced by ischemic insult.

In biological systems, O2
Æ) is inactivated mainly by SOD

while H2O2 is decomposed to water by catalase. GSH also

participates in the reductive detoxification of H2O2. During

the ischemia and reperfusion, ROS cannot be readily

scavenged because of low activities of SOD and catalase as

well as the low level of GSH in the brain [45]. In the

present study, the treatment with curcumin, immediately or

delayed after 24 h of forebrain ischemia, markedly sup-

pressed the declined SOD and catalase activities in the

hippocampal tissue. The protection of curcumin against

oxidative stress caused by forebrain ischemia insult could

be carried out by enhancing the cerebral activity of SOD,

catalase, GSH, and perhaps by scavenging and preventing

ROS generation.

Our results indicated that no significant modification in

hippocampal GSH, lipid peroxidation, and enzymatic

antioxidant activities (SOD and catalase) were observed in

rats treated with curcumin alone. These results suggest that

administration of curcumin dose not modify the basal GSH

contents, basal level of lipid peroxidation as well as the

activities of both SOD and catalase in the rat hippocampus.

Finally, histological and biochemical assessment

showed that curcumin with a dose of 200 mg/kg attenuated

hippocampal neuronal damage induced by transient fore-

brain ischemia. This dose in rats is equivalent to approxi-

mately a total dose of 2.5 g in adult man weighing 70 kg

taking in consideration the differences in surface areas and

weights between the two species [46]. Curcumin is rela-

tively safe in human. Indeed, it was administered in human

at a dose of 8 g/day for 3 months without noticeable side

effects [47].

The results of the present study indicated that curcumin

confers protection against transient forebrain ischemia in-

sult by attenuating forebrain ischemia-induced neuronal

injury and oxidative stress in hippocampal tissue even

when the treatment was delayed by 24 h. It is concluded

that curcumin with the protective time window up to 24 h

after reperfusion, is clinically beneficial in the in cases of

transient forebrain ischemia that result from resuscitated

cases of cardiac arrest with resuscitation. If curcumin

provides neuroprotection against forebrain ischemia in

humans, as seen in rats, curcumin treatment would act to

save a number of patients from forebrain ischemia damage.
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