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Curcumin prevents reperfusion injury following
ischemic stroke in rats via inhibition of NF-kB,
ICAM-1, MMP-9 and caspase-3 expression
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Abstract. Reperfusion is the only approved therapy for acute
ischemic stroke; however, it can cause excessive inflammation
responses and aggravate brain damage. Therefore, supplemen-
tary treatment against inflammation caused by reperfusion is
required. In a previous study from our group, curcumin was
demonstrated to decrease infarction volume, brain edema
and blood-brain barrier (BBB) disruption against cerebral
ischemia/reperfusion (I/R) injury. However, the underlying
mechanisms remain unclear. The present study was conducted
to understand whether curcumin protects against cerebral I/R
injury through anti-inflammatory and antiapoptotic properties.
Ischemia for 1 h was induced in vivo in Wistar rats by middle
cerebral artery occlusion (MCAO), followed by reperfusion for
24 h, and curcumin was injected intraperitoneally at 30 min
prior to reperfusion. Immunohistochemistry was performed
to analyze the expression levels of nuclear factor (NF)-«B,
intercellular adhesion molecule (ICAM)-1, matrix metallo-
proteinase (MMP)-9 and caspase-3. The findings revealed that
inflammation (NF-kB, ICAM-1 and MMP-9) and apoptosis
(caspase-3)-related markers were significantly downregulated
in the curcumin-treated MCAO group compared with the
vehicle-treated MCAO group. Furthermore, brain infarc-
tion size, brain edema and neurological dysfunction were
attenuated in the curcumin-treated MCAO group compared
with the vehicle-treated MCAO group. Taken together, the
present results provided evidence that the protective effect of
curcumin against cerebral I/R injury might be mediated by
anti-inflammatory and anti-apoptotic properties. Therefore,
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curcumin may be a promising supplementary agent against
cerebral I/R injury in the future.

Introduction

Stroke is the second most common cause of mortality and
leading cause of disability among adults worldwide (1).
Among stroke cases, ischemic stroke accounts for the vast
majority (85%) (2), and poses a significant threat to life.
Ischemic stroke occurs when the blood supply to a certain
brain area is suddenly interrupted by thrombosis or embolism,
which leads to brain cell death and corresponding neurological
dysfunction (3,4). Ischemic stroke injury can be mainly attri-
buted to the abrupt oxygen deprivation and overexpression of
intermediate factors, including excitatory glutamate release,
free radicals and inflammatory products, which act synergisti-
cally to induce brain cell death (5). Understanding the detailed
molecular mechanisms of stroke will be important for the
development of future therapies.

Currently, restoring blood circulation to the ischemic brain
area is the only approved therapy for acute ischemic stroke by
the Food and Drug Administration (6). However, blood flow
restoration leads to the accumulation of activated leukocytes
into the initial ischemic brain area (4), which contributes to
overproduction of inflammation and apoptosis-related agents
to aggravate the initial brain injury. Therefore, targeting
inflammation and apoptosis caused by blood restoration
may be beneficial supplementary strategies against cerebral
ischemia/reperfusion (I/R) injury.

It has been reported that curcumin, a pleiotropic agent
extracted from the rhizome of Curcuma Longa (7), can
exert pharmacological effects against stroke through its
anti-inflammatory and anti-oxidative properties (8-10). In a
previous study from our group, curcumin was demonstrated
to significantly decrease the water content, infarction volume,
and blood-brain barrier (BBB) leakage in a middle cerebral
artery occlusion (MCAO) rat model (11). However, the effect
of curcumin treatment on the expression of inflammation and
apoptosis-related proteins during cerebral I/R injury remains
unclear.

Although intercellular adhesion molecule (ICAM) -1 (12),
matrix metalloproteinase (MMP)-9 (13), caspase-3 (14) and
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nuclear factor (NF)-«xB (15) have been reported to be involved
in the pathophysiology of cerebral I/R injury, regulation of
their expression by curcumin has not been reported in in vivo
studies. In the present study, cerebral I/R injury was induced
by transient MCAO operation in Wistar rats. Curcumin was
administered intraperitoneally 30 min prior to reperfusion,
and it was demonstrated to significantly prevent cerebral I/R
injury and to downregulate expression of inflammation and
apoptosis-related proteins as analyzed by immunohistoche-
mistry (IHC). The present findings suggested that curcumin
inhibited cerebral I/R injury most likely through its
anti-inflammatory and anti-apoptotic effects.

Materials and methods

Ethics statement. The study protocol was approved by the
Ethics Committee, Faculty of Medicine, Chulalongkorn
University (Bangkok, Thailand). The study was conducted
according to the guidelines for experimental animals suggested
by the National Research Council of Thailand.

Experimental animals. A total of 52 male Wistar rats were
purchased from the National Laboratory Animal Center, Salaya
Campus, Mahidol University (Nakornpathom, Thailand), with
a body weight of 250-300 g and at 10 weeks old. All rats were
housed in an animal center with a 12/12 h light-dark cycle for
at least 1 week prior to experimentation. The animals were
given access to normal chow and tap water ad libitum.

Experimental groups. All rats were randomly allocated into the
following four groups: Sham + CORN, sham-operated group
treated with vehicle; Sham + CUR, sham-operated group
treated with curcumin; MCAO + CORN, stroke-induced group
treated with vehicle; and MCAO + CUR, stroke-induced group
treated with curcumin (Table I). To minimize the number of
sacrificed rats, when performing the immunohistochemistry
assay, the non-injured hemisphere of MCAO group (CUR and
CORN) was used as sham control instead of separate sham rats.

Generation of the transient I/R rat model. The tran-
sient I/R model induction was performed as described
in Ansari et al (16). Under isoflurane inhalation anes-
thesia (5% for induction, 2.5% for maintenance), the tip
of a silicon-coated commercial 4-0 monofilament (cat.
no. 403712PK10Re; Doccol Corporation, Sharon, MA, USA)
was advanced 18-20 mm long past the carotid bifurcation
into the internal carotid artery lumen through the external
carotid artery stump, and to occlude the origin of the middle
cerebral artery (MCA) until mild resistance was felt. The
filament was kept in place for 1 h. The filament was then
withdrawn to perform the reperfusion operation. Afterwards,
the rat was allowed to regain consciousness. To induce the
sham group, the rat was subjected to the operation identically,
apart from filament insertion and middle cerebral arteries
occlusion. During the procedure, the body temperature of the
rat was maintained at 37°C with a heating pad. To ascertain
the success of model induction, the regional cerebral blood
flow (CBF) was monitored during the surgery, beginning at
20 min pre-occlusion and up to 20 min post-reperfusion, by
Laser Doppler flowmetry (PeriFlux System 5000; Perimed
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AB, Stockholm, Sweden). The target monitor area was fixed
in the distal MCA supply area (4 mm lateral and 2 mm
posterior to the bregma) (16,17). Rats in the stroke-induced
groups were confirmed to meet the following criteria: after
occlusion, the level of CBF was <35% of the baseline level
(with the baseline level set at the value obtained at 20 min
pre-occlusion) and after reperfusion, the level of CBF was
>60% of the baseline level.

Treatment protocol. According to previous studies, curcumin
attenuates cerebral damage against neurodegenerative disease
in rodent models in a dose-dependent manner (14,18). It has
been reported that the optimal, well-tolerated dose for intra-
peritoneal injection in vivo is 300 mg/kg (14). Therefore, the
dose of 300 mg/kg was used in the present study. Curcumin
(cat. no. 81025; Cayman Chemical Company, Ann Arbor, MI,
USA) was dissolved in 1 ml corn oil. Thirty min following
MCAQO, the curcumin-treated group received one intraperito-
neal injection of 300 mg/kg curcumin, and the vehicle-treated
group received the same volume of corn oil.

Neurological dysfunction scores. This experiment was
performed prior to rat sacrifice as described in Adelson ez al (19).
The results were evaluated by a researcher who was blind to the
experimental setup with the following scoring scale: 0, normal;
1, mild, failed to extend contralateral paw fully; 2, moderate,
circling behavior to the contralateral side; 3, severe, falling to
the contralateral side; 4, no spontaneous walking with depres-
sion of consciousness; and 5, death.

Physiological parameters. The rats were immobilized using
a lab-made chamber, and artificially ventilated with 0.6 I/min
oxygen supplementation and room air. A total of ~100 ul
(2 drops) blood from the left common carotid artery was
collected for blood gas measurement with a blood-gas analyzer
(i-STAT analyzer, Abbott Pharmaceutical Co., Ltd., Lake
Bluff, IL, USA). Then, the mean artery blood pressure was
detected using a blood pressure PolyGram system (Interface
QI-160G; Nihon Kohden Corporation, Tokyo, Japan).

Infarction size. The rats were perfused with 250 ml PBS
(0.01 M) through the left ventricle of the heart. The brain was
immediately removed without the cerebellum. By utilizing
a brain matrix, coronal slices were obtained with a thick-
ness of 2 mm each. Then, the slices were incubated in 2%
2,3,5-triphenyltetrazolium chloride (TTC) (cat. no. T8877,;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) solution
in a light-proof plastic box at 37°C for 20 min. The TTC-stained
brain slices were photographed on a black background using
a digital camera for further planimetric lesion size analysis
with Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA). The total infarction size of the whole
brain was calculated by adding up the infarction size of each
slice. To adjust for the influence of edema, the corrected
infarction size of each slice was calculated by the equation as
described in Durukan and Tatlisumak (20):

Infarction size (%) = [(contralateral hemisphere area) - (ipsi-
lateral hemisphere non-injury area)] x2x100/contralateral
hemisphere
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Table I. Physiological parameters, neurological deficit scores, infarction size and brain water content in each group.

Parameter Sham + CORN Sham + CUR MCAO + CORN MCAO + CUR
MABP (mm Hg) 105.6+£3.957 (n=6) 108.8+7.897 (n=6) 91.32+4.105 (n=6) 89.98+4.063 (n=6)
Pa0O, (mm Hg) 102.4+3.399 (n=6) 100.7£3.225 (n=6) 94.02+3.213 (n=6) 95.93+5.678 (n=6)
PaCO, (mm Hg) 41.5%1.506 (n=6) 41.8+2.223 (n=6) 45.75+2.768 (n=6) 42 .87+2.276 (n=06)

pH 7.38+0.03337 (n=6)
Neurological deficit scores 020 (n=6)
Infarction size (%) 00 (n=3)

Brain water content (%) 54.12+2.699 (n=3)

7.377+0.0447 (n=6)
00 (n=6)
0+0 (n=3)
51.91+1.545 (n=3)

7.413+0.05673 (n=6)
3.143+0.2951% (n=21)
34.78+2.030% (n=5)
68.20+1.118* (n=5)

7.367+0.08077 (n=6)
2.105+0.3049" (n=19)
20.46+2.686° (n=5)
58.83+1.397° (n=5)

Data are presented as means + standard error of the mean. *P<0.0001 vs. Sham group; °P<0.05 and °P<0.01 vs. MCAO + CORN group. MABP,
mean artery blood pressure; PaO,, partial pressure of oxygen; PaCO,, partial pressure of carbon dioxide; CORN, corn oil (vehicle control);

CUR, curcumin; MCAO, middle cerebral artery occlusion.

Brain edema. This experiment was performed as per a
previous report (21). Brain edema was measured as % of brain
water content. Following, the brain was separated into two
hemispheres. The fresh wet weight and dry weight of each
hemisphere were measured before and after 48 h of heating in
an oven (70°C), respectively. The following formula was used
to quantify the brain water content: water content (%) = (wet
weight - dry weight)/wet weight x100.

Immunohistochemistry analysis. Seven rats per MCAO group
were utilized for this analysis. Briefly, the brain section of the
MCA region (3-6 mm posterior to bregma) was fixed with
4% paraformaldehyde at room temperature for 24 h, then
embedded in paraffin and sequentially sectioned into slices of
2 pm thickness. The sequence of slices was recorded from the
frontal copular to occipital direction, and every 4 slices were
repeatedly incubated with four different primary antibodies.
A total of 2 slices were analyzed for each protein per rat.
After deparaffinization and antigen retrieval by microwave
heating with pH 9.0 citrate buffer (DaKo retrieval solution;
cat. No. S2367; Agilent Technologies, Inc., Santa Clara, CA,
USA) at high power for 5 min and at 30% power for 10 min,
the slices were successively incubated with 3% H,0O, and anti-
body diluent (DaKo antibody diluent, cat. no. S3022; Agilent
Technologies, Inc., Santa Clara, CA, USA). Followed by incu-
bation with anti-ICAM-1 (mouse monoclonal antibody, cat.
no. 554967; 1:50 dilution; BD Pharmingen; BD Biosciences,
Franklin Lakes, NJ, USA), MMP-9 (mouse monoclonal anti-
body, cat. no. ab58803; 1:700 dilution; Abcam, Cambridge,
UK), caspase-3 (rabbit polyclonal antibody, cat. no. 9662s;
1:700 dilution; Cell Signaling Technology, Inc., Danvers,
MA, USA), and NF-xB-p65 (mouse monoclonal antibody, cat.
no. 8242s; 1:800 dilution; Cell Signaling Technology, Inc.) anti-
bodies at 4°C overnight. This was followed by incubations in a
horseradish-peroxidase conjugated goat anti-mouse secondary
antibody (cat. no. sc-2005; 1:2,000; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) for 30 min at room temperature, or goat
anti-rabbit secondary antibody (cat. no. sc-2054; 1:100; Santa
Cruz Biotechnology, Inc.) for 1 h at room temperature. The
immune-reactivity was detected using a 3,3'-diaminobenzi-
dine detection kit (DaKo Liquid DAB + Substrate Chromogen
System, cat. no. K3468; Agilent Technologies, Inc.). The nuclei

were stained with hematoxylin at room temperature for 30 sec.
A dark brown color was regarded as a positive staining signal.
The sections were photographed at x400 magnification using
a light microscope (eclipse TS100; Nikon Corporation, Tokyo,
Japan). The cortex was the target area and four regions of
interest were analyzed (two for penumbra, two for core areas).
Four images per region were captured. To assess the expression
of NF-kB-p65 and caspase-3, the cell numbers with posi-
tive signal in the nucleus were manually counted. The result
was represented by the number of positive cells in the total
observed area. For the expression of ICAM-1 and MMP-9,
Image-Pro Plus 6.0 (Media Cybernetics, Inc.) was used to
analyze positive staining as described in Ruan et al (22). The
optical density was calibrated and the color-specific threshold
was set as follows: hue, 0-29; saturation, 0-255; intensity, 0-110
(ICAM-1), 0-100 (MMP-9). The result was represented by the
integrated optical density (IOD) of the total observed area. The
size of each picture was the same, as was the total observed
area, which was confirmed by Image-Pro Plus 6.0 analysis.
The result from the slice of the non-injured side of the brain
in the MCAO-operated rats was regarded as the sham control.

Statistical analysis. Significance of differences between
groups was examined by one-way analysis of variance followed
by a post hoc test (Tukey's test). All data were expressed as
means * standard error of the mean. GraphPad Prism 6.0
software (GraphPad Software, Inc., La Jolla, CA, USA) was
used for statistical analysis. P<0.05 was considered to indicate
a statistically significant difference.

Results

Effects of curcumin on neurological dysfunction, infarction
size, and brain edema. To detect the brain damage caused by
cerebral I/R injury, the neurological deficit score (a biomarker
of neurological dysfunction), the infarction size and brain
edema were measured at 24 h post reperfusion. A total of 5 of
the 21 rats succumbed in the MCAO + CORN group; 2 of the 19
rats succumbed in the MCAO + CUR group. Pre-reperfusion
treatment with curcumin (MCAO + CUR group) improved
the neurological deficit score to 2.105+0.3049 compared with
3.143+0.2951 in the MCAO + CORN group (P<0.05; Table I).
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Figure 1. Effect of curcumin on infarction size as measured by TTC staining. Following TTC staining of the brain, the lesion areas appear as white colored
regions. Samples from the MCAO + CUR group had smaller lesions compared with the MCAO + CORN group. No lesion areas were evident in the Sham
group. TTC, 2,3,5-triphenyltetrazolium chloride; MCAO, middle cerebral artery occlusion; CUR, curcumin; CORN, corn oil (vehicle control).

At 24 h following reperfusion, brain slices were stained with
TTC to detect brain infarction size. No apparent lesion was
observed in the Sham groups (Fig. 1). The infarction size in the
MCAO + CORN group was 34.78+2.030%. In the curcumin
treated MCAO group the infarction size was significantly
decreased to 20.46+2.686% (P<0.01; Fig. 1 and Table I).
Brain edema was represented as the % of brain water content.
In the MCAO + CUR group, the brain water content was
significantly reduced compared with the MCAO + CORN
group, at 58.83+1.397 and 68.20+1.118%, respectively (P<0.01;
Table I).

Effect of curcumin on ICAM-1 expression. The expression of
ICAM-1 was detected by THC. The results were calculated
as the integrated optical density (IOD) of the total observed
area. In the Sham groups, no apparent positive staining was
observed (Fig. 2A). However, in the MCAO groups, obvious
positive staining was observed in the penumbra, core or whole
observed cortex area of the injured hemisphere (Fig. 2A).
Staining was limited to the inner layer of the capillary vessels,
as indicated by the white arrows in Fig. 2A. This finding was
further confirmed by IHC semi-quantitative analysis. High
expression of [ICAM-1 was observed in the MCAO + CORN
group; however, ICAM-1 expression was significantly reduced
by curcumin treatment in all observed areas, including the
penumbra, core and whole observed cortex areas upon 24 h
cerebral I/R injury (P<0.01; Fig. 2B).

Effect of curcumin on MMP-9 expression. There was no
obvious MMP-9 expression observed in the Sham groups
(Fig. 3A). MMP-9 expression was observed in the vicinity of
the capillary area in the MCAO groups (Fig. 3A; white arrows).
The semi-quantification results confirmed that MMP-9 expres-
sion was significantly decreased in the curcumin-treated
MCAO group (MCAO + CUR) in the whole observed cortex
area, compared with MCAO + CORN group (P<0.01; Fig. 3B).
However, there was no significant difference in MMP-9

expression between the MCAO + CORN and MCAO + CUR
groups in the penumbra or core areas alone (Fig. 3B).

Effect of curcumin on caspase-3 expression. A decreased
number of cells with positive nuclear caspase-3 staining (indi-
cated by white arrows) was observed in the MCAO + CUR
group, especially in the penumbra area, compared with the
MCAO + CORN group (Fig. 4A). Quantification of the posi-
tive cells demonstrated that curcumin treatment significantly
inhibited the induction of nuclear caspase-3 expression in the
penumbra area compared with the MCAO + CORN group
(P<0.05; Fig. 4B), whereas no significant difference was
detected between the MCAO + CORN and MACO + CUR
groups in the core or whole observed cortex areas (Fig. 4B).

Effect of curcumin on NF-«xB expression. A reduced number
of cells with positive nuclear expression of NF-xB (indi-
cated by white arrows) was observed in the MCAO + CUR
group compared with the MCAO + CORN group in both
the penumbra and whole observed cortex areas (Fig. 5A).
Quantification confirmed that curcumin treatment signifi-
cantly reduced nuclear NF-xB expression compared with the
MCAO + CORN group in the penumbra and whole observed
cortex areas (Fig. 5B).

Correlation between nuclear NF-xB-positive cell numbers
and the expression of ICAM-1, MMP-9, and caspase-3.
In order to determine if the effect of curcumin on ICAM-1,
MMP-9 and caspase-3 expression was correlated with NF-xB
pathway inhibition, the aforementioned results were further
examined by Pearson's correlation analysis. The Pearson's
correlation coefficient of determination between the mean
values of ICAM-1 and NF-kB was detected, and a signifi-
cant relationship was observed (R?=0.905, P=0.048; Fig. 6).
A significant relationship was also observed between the
mean values of MMP-9 and NF-xB expression by Pearson's
correlation analysis (R?*=0.975, P=0.012; Fig. 7). Finally, the
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Figure 2. Effect of curcumin on ICAM-1 expression in the whole cortex, penumbra and core area as detected by immunohistochemistry. (A) Positive staining
was visualized in brown color and indicated by white arrows. Scale bar, 100 gm. (B) Quantification of ICAM-1 expression. “P<0.01, with comparisons
indicated by brackets. ICAM, intercellular adhesion molecule; MCAO, middle cerebral artery occlusion; CUR, curcumin; CORN, corn oil (vehicle control);
10D, integrated optical density.
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Figure 3. Effect of curcumin on MMP-9 expression in the whole cortex, penumbra and core area as detected by immunohistochemistry. (A) Positive staining
was visualized in brown color and indicated by white arrows. Scale bar, 100 zm. (B) Quantification of MMP-9 expression. 'P<0.05, “P<0.01 and *P<0.0001,
with comparisons indicated by brackets. MMP, matrix metalloproteinase; MCAO, middle cerebral artery occlusion; CUR, curcumin; CORN, corn oil (vehicle
control); IOD, integrated optical density; ns, not significant.
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Figure 4. Effect of curcumin on caspase-3 expression in the whole cortex, penumbra and core area as detected by immunohistochemistry. (A) Positive caspase-3
nuclear staining was visualized in brown color and indicated by white arrows. Scale bar, 100 zm. (B) The number of cells with positive nuclear caspase-3
staining was quantified. "P<0.05, “P<0.01 and “P<0.0001, with comparisons indicated by brackets. MCAO, middle cerebral artery occlusion; CUR, curcumin;
CORN, corn oil (vehicle control); ns, not significant.
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Figure 5. Effect of curcumin on nuclear NF-xB expression at the whole cortex, penumbra and core area as detected by immunohistochemistry. (A) Positive
NF-xB nuclear staining was visualized in brown color and indicated by white arrows. Scale bar, 100 zm. (B) The number of cells with positive nuclear NF-xB
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sion; CUR, curcumin; CORN, corn oil (vehicle control); ns, not significant.
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relationship between the mean values of caspase-3 and NF-kB
expression was analyzed, however, the results were not signifi-
cant (R*=0.814, P=0.098; Fig. 8).

Discussion

The brain is a high oxygen demand organ. Once blood vessel
occlusion occurs, oxygen and glucose deprivation can lead to
permanent loss of neurological function within minutes (23).
Therefore, prompt restoration of blood supply to the ischemic
area is a critical strategy to effectively prevent extensive brain
damage and partially recover neurological function. However,
blood flow restoration can also lead to serious side effects
to the initial ischemic brain area mediated by accumulation
of inflammatory responses. In addition to the delivery of
invasive inflammatory cells, the influx of oxygen caused by
blood flow restoration can produce excessive reactive oxygen
species, which can further trigger and amplify inflammatory

MOLECULAR MEDICINE REPORTS 16: 4710-4720, 2017

80+

2_
704 R?=0.814, P=0.098

30 L L I 1 L]
0 10 20 30 40 50

The mean value of caspase-3 expression

The mean value of nucleus NF-kB expression
(cell number)

Figure 8. Pearson's correlation analysis between the mean value of caspase-3
and NF-«xB expression in the 4 treatment groups. NF, nuclear factor.

responses. Consequently, blood flow restoration can lead
to reperfusion damage to the initial ischemic brain area.
Hemorrhagic transformation is the most severe complication
caused by BBB disruption, which is also mainly affected by the
post-reperfusion inflammatory response. It has been suggested
that reperfusion can act as an independent predictor for BBB
disruption (24,25). Therefore, employing anti-inflammatory
agents during reperfusion may be a promising strategy to
achieve optimal therapy with less side effects.

Curcumin has been consumed as food and a natural drug
for thousands of years in Asian counties. During the past few
years, the pharmacokinetics and safety of curcumin have been
intensively investigated by acute toxicity, sub-acute toxicity
and genotoxicity assays in both in vivo and in vitro studies (26).
No toxic effect was observed even when curcumin was orally
administered at 2,000 mg/kg to the animals (26). In addition, in
phase I clinical trials, curcumin was well tolerated in humans
when consumed at a daily dose of 12 g for 3 months (27),
except for occasional diarrhea and nausea (27,28). It has also
been demonstrated that curcumin possesses pleiotropic prop-
erties against a wide variety of disorders, including carcinoma,
diabetes, and chronic inflammation diseases (29). In addition,
the protective effect of curcumin on reperfusion damage has
been reported in retinal (30), testicular (31), cardiac (32),
pulmonary (33), and liver (34) tissue. However, to the best of
our knowledge, the effect of curcumin on stroke has not been
investigated. In the present study, the effect of curcumin on cere-
bral I/R injury was evaluated in vivo by employing an MCAO
model, and the attenuation of infarction volume, neurological
dysfunction, and edema were observed (Table I). The findings
were consistent with the results of our previous study (11). It
has been suggested that the protective effect of curcumin is
mainly ascribed to its anti-inflammatory and anti-apoptotic
properties, which can partly restore the morphology and/or
function of damaged tissue. For example, curcumin exhibits
anti-inflammation properties in stabilizing the tight junction
structure and mitigating the BBB opening, as well as alle-
viating edema upon hypoxia intervention (35). In addition,
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when curcumin is prophylactically administered before stroke,
it significantly reverses the augmentation of the infarct volume
and neurological dysfunction; this function has been primarily
correlated with its anti-apoptotic effect (36). However, the
underlying molecular mechanism of curcumin, especially
post-ischemia administration of curcumin, on protecting brain
reperfusion injury remains poorly understood. Therefore, in
the present study, we investigated whether curcumin (30 min
post-ischemia administration) could affect cerebral I/R injury
through anti-inflammatory and/or anti-apoptotic properties at
the molecular level.

ICAM-1 belongs to the immunoglobulin family of cell
surface proteins. It is constitutively expressed on many cells,
including endothelial cells, fibroblasts, macrophages and acti-
vated lymphocytes, with low expression levels under quiescent
conditions (37). Upon reperfusion injury, ICAM-1 functions
by regulating the interaction between leukocytes and vascular
endothelial cells (38) and then facilitating leukocyte infiltration
to the damaged brain area. The final result is microvasculature
disturbance (‘no-flow’ phenomenon) (39). The infiltrated leuko-
cytes can then enhance the expression of MMP-9. MMP-9 is a
potent proteinase that directly digests the extracellular matrix
and destroys tight junctions, which are the primary compo-
nents of the BBB (40), as well as triggers further inflammatory
responses (41). Consequently, under the synergistic effects of
the above mediators, brain cell death is aggravated (42). It has
been confirmed that transient ischemia with reperfusion tends
to result in milder damage. Apoptosis-related cell death is more
prominent, especially within the ischemic penumbra area (43),
which is associated with caspase-3 activation following cere-
bral I/R (44). At the transcriptional level, ICAM-1, MMP-9
and caspase-3 expression are regulated by NF-«kB activa-
tion (15,45), which is present in almost all cell types of the
nervous system and is well-known for regulating the inflam-
mation and cell apoptosis process (15,46,47). By using in vivo
models of reperfusion injury, the molecular mechanisms of
anti-inflammatory and anti-apoptotic effects of curcumin
have been widely demonstrated, including the decrease in
interleukin (IL)-1p, IL-2, IL-6, cyclooxygenase-2, caspase-9,
tumor necrosis factor (TNF-a, P-selectin, E-selectin, MMP-2,
MMP-3, activator protein (AP)-1, p38 and/or c-Jun N-terminal
kinase/ mitogen-activated protein kinase pathways (48-51).
However, the regulatory effects of curcumin on NF-«xB (52,53),
ICAM-1 (54,55), MMP-9 (56,57) and caspase-3 (58,59) were
mainly investigated in in vitro studies. To the best of our
knowledge, the effects of curcumin on the expression of the
above factors have not been previously investigated in in vivo
models of cerebral I/R injury.

Previous studies have reported that curcumin could
suppress early ICAM-1 expression and, accordingly repress
neutrophil adhesion in the MCAO rat model (4 h ischemia
plus 4 h reperfusion) (54). However, the regulation effect of
curcumin on ICAM-1 protein expression 24 h post-cerebral
I/R injury has not been investigated. The present results
demonstrated that curcumin intervention (30 min pre-reper-
fusion) significantly repressed the ICAM-1 expression induced
by 24 h reperfusion damage in vivo. Our results extended
the findings by Funk er al (54) that curcumin represses
ICAM-1 expression post-cerebral I/R, which suggests that the
decreased inflammation responses might be attributed to the
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reduced leukocyte invasion mediated by ICAM-1 inhibition.
It is interesting to note that the inhibition effect of curcumin
on ICAM-1 in the penumbra and core area were both signifi-
cant; therefore, curcumin may inhibit ICAM-1 expression
in areas with mild as well as severe injury, which might be
ascribed to the potent regulatory effect of curcumin on
inflammation-related pathways that control ICAM-1 expres-
sion, for example NF-«B. Indeed, curcumin was demonstrated
to downregulate expression of nuclear NF-xB in the present
study. AP-1 is another important transcription factor involved
in regulating ICAM-1 expression (60). Curcumin inhibition of
ICAM-1 expression in relation to a reduced AP-1 pathway has
also been reported (61,62).

Furthermore, curcumin suppressed MMP-9 expression.
High expression of MMP-9 is an indicator for hemorrhagic
transformation via BBB disruption, especially post-reper-
fusion (25). The present results indicated that curcumin
treatment dramatically prevented the increase of MMP-9
upon cerebral I/R injury at the protein level, which was asso-
ciated with attenuated edema. The result was consistent with a
previous study reporting that curcumin-mediated decrease in
MMP-9 expression was paralleled with attenuation of edema
and BBB opening (63). However, there is a small discrepancy
in the neuro-protective effect of curcumin on the infarction
size between the present study and Kelly-Cobbs et al (63).
Kelly-Cobbs et al (63) reported no significant change in
infarction size between the curcumin-treated and untreated
stroke groups. This may be due to different injection doses
of curcumin (300 mg/kg vs. 250 mg/kg) and the damage
severity of the stroke model (1 h ischemia followed by 24 h
reperfusion vs. 3 h ischemia followed by 21 h reperfusion) in
the two studies. In addition, although the results from either
the penumbra or core areas alone were not significant, the
combined results were significant (cortex area results). It can
be hypothesized that the non-significant result might be related
to the small sample size from the penumbra or core area alone.

Apart from the anti-inflammatory effect of curcumin,
an anti-apoptotic effect was observed in the present study.
Curcumin intervention significantly decreased the expression
of caspase-3 compared with the control group in the penumbra
area. Caspase-3 is the enzyme responsible for cell apoptosis.
Therefore, inhibition of caspase-3 expression can prevent
cell damage induced by apoptosis. In addition, inhibition of
caspase-3 expression was concomitant with attenuation of the
infarction size in vivo. Of note, the significantly decreased
caspase-3 expression was only observed in the penumbra area.
Because transient ischemia with reperfusion tends to induce
milder damage than permanent ischemia injury to the brain,
apoptosis is more prominent than necrosis, especially in the
penumbra area. Thus, the inhibition effect of curcumin on
apoptosis may be more apparent in the penumbra area.

To further understand the protective effect of curcumin on
inflammation and apoptosis, in the present study, the expression
of NF-kB, a transcription regulator involved in inflammation
and apoptosis, was also analyzed. It has been confirmed that
once NF-«xB is activated, it translocates to the nucleus and
binds to promoter or enhancer regions to facilitate expression
of inflammation and apoptosis-related genes (47,64). Previous
studies have documented that curcumin is a potent inhibitor
of NF-kB in chronic inflammation diseases, including
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carcinoma (65), diabetes (66) and dementia (67). The mecha-
nism is conducted by suppression of inhibitor of kB (IxB)
phosphorylation, of IkB kinase activity, and NF-kB nuclear
translocation (68). In brain diseases, the inhibitory action has
been examined in cerebral traumatic (69) and alcohol-induced
brain impairment models (70). However, the inhibition effect
of curcumin on NF-kB in acute cerebral I/R injury remains
unknown.

In the present study, elevated NF-kB activation was detected
in the MCAO + CORN group, along with increased cerebral
I/R injury upon 24 h of reperfusion injury, which suggested
that NF-kB activation may be detrimental to cerebral I/R
injury. Furthermore, the attenuation of brain infarction size,
neurological dysfunction and brain edema were paralleled
with decreased NF-kB expression following pre-reperfusion
administration of curcumin. These results are in agreement
with findings from Tu ef al (71) that reported that two doses of
curcumin administration attenuated infarction volume, neuro-
logical dysfunction and brain edema in a permanent cerebral
ischemia rat model, and that this effect was associated with
the downregulation of NF-«B activation. In addition, Pearson's
correlation analysis demonstrated that expression of ICAM-1
and MMP-9 were significantly correlated with NF-kB expres-
sion, which suggested that the inhibition effect of curcumin on
ICAM-1 and MMP-9 may be related to inhibition of NF-kB
signaling.

The dual effects (pro-apoptotic and anti-apoptotic) of
NF-«B activation on cell survival still remain controversial in
stroke (72), which can vary depending on the study models
employed, injury duration and severity of damage (73).
Therefore, the effect of curcumin on NF-kB expression needs
to be elucidated. In the present study, even though the results
were not significant, the trend of caspase-3 expression changes
was similar to those of NF-xB expression. This finding might
suggest that the NF-«kB activation-induced pro-apoptotic
effects overwhelmed anti-apoptosis responses upon 1 h of
ischemia and 24 h reperfusion in the MCAO model. In addi-
tion, the anti-apoptotic effect of curcumin against the cerebral
I/R injury might be closely correlated with NF-«kB inhibition.
Notably, the inhibition effect of curcumin on NF-kB was
mainly achieved in the penumbra area. This finding might
explain why curcumin had a stronger effect in the penumbra
area to downregulate inflammation and apoptosis-related
proteins.

Taken together, the present results suggest that curcumin
has neuro-protective effects, most likely via decreasing
the expression of NF-kB, and subsequently attenuating the
expression of downstream mediators, [CAM-1, MMP-9 and
caspase-3. The present study, compared with in vitro studies,
may provide better pre-clinical evidence regarding the protec-
tive effect of curcumin against cerebral I/R injury and more
reliable evidence for clinical experiments in the future, since
the rat model used better resembles the pathophysiological
status of human stroke.

In conclusion, the augmentation of cerebral injury displayed
by enlarged infarction size, edema, and neurological dysfunc-
tion, which was correlated with upregulation of ICAM-1,
MMP-9, caspase-3 and NF-kB in a cerebral I/R rat model,
indicated that ICAM-1, MMP-9 and caspase-3 synergistically
aggravated brain damage by mediating inflammatory reaction
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and cell death; the underlying mechanism was associated to
NF-«B activation. Furthermore, pre-reperfusion administra-
tion of curcumin protected the brain against I/R injury, which
may be due to the inhibition of ICAM-1, MMP-9, caspases-3
and NF-«kB expression. Therefore, curcumin may be a useful
and promising neuro-protective agent against acute ischemic
stroke in the future.
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