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Abstract

Previous studies revealed that curcumin is neuroprotective in diseases of the central nervous system such as
cerebral ischemia and traumatic brain injury. However, the effect of curcumin on intracerebral hemorrhage
remains unclear. We, therefore, investigated the pre-clinical effect of curcumin treatment on neurological out-
comes following intracerebral hemorrhage, using a mouse model. Intracerebral hemorrhage was induced by
autologous blood injection into the right basal ganglia. Curcumin (150 mg/kg) was administered 15 min after
intracerebral hemorrhage. Grid walk and neurological scores were evaluated at 1, 3, 7, and 14 days post-injury.
Mice were killed at 24 h or 28 days following injury, for histological examination. Evans Blue and water content in
the ipsilateral and contralateral hemispheres were measured to evaluate the extent of blood–brain barrier dis-
ruption and brain edema. Zonula occludens-1 was detected by immunostaining. In situ zymography was used to
measure the localization and focal enzymatic activity of matrix metalloproteinase. Our results demonstrated that
curcumin reduced brain edema, measured by alleviated water content and Evans Blue leakage at 24 h ( p < 0.05).
Lateral ventricle measurements indicated that curcumin reduced brain tissue loss in the ipsilateral hemisphere
( p < 0.05). The same dose of curcumin also significantly attenuated neurological deficits at 1 and 3 days of intra-
cerebral hemorrhage ( p < 0.05). Immunostaining showed that tight junction continuity around the hematoma was
better sustained in curcumin-treated mice than in vehicle-treated mice. At 24 h, the number of matrix metallo-
proteinase-positive cells was significantly reduced by curcumin ( p < 0.05). Our study suggests that curcumin
ameliorates intracerebral hemorrhage damage by preventing matrix metalloproteinase-mediated blood–brain
barrier damage and brain edema, which might provide therapeutic potential for intracerebral hemorrhage.

Introduction

Intracerebral hemorrhage (ICH) represents *15% of
all strokes, and has much higher mortality than ischemic

stroke. Although hemorrhagic volume is a key factor that
affects ICH outcome, several studies have shown that the
hematoma itself can lead to various degrees of brain edema
around it, which is associated with neurological deficits in
patients (Ropper, 1986; Zazulia et al., 1999). Increasing per-
meability of the blood–brain barrier (BBB), which remains
intact to large molecules for the first several hours after ICH,
contributes to the formation of brain edema 12 h later (Yang
et al., 1994).

Curcumin is a yellow substance from the root of the plant
Curcuma longa Linn. It was reported that curcumin alleviated
neuronal injury in animal models of several neurological

disorders, including ischemic stroke ( Jiang et al., 2007;
Thiyagarajan and Sharma, 2004), traumatic brain injury (TBI)
(Wu et al., 2006) and Parkinson’s disease (Wang et al., 2010). It
functions through diverse neuroprotective mechanisms in-
cluding antioxidation, anti-apoptosis, anti-inflammation,
preventing BBB damage, and reducing edema (Dohare et al.,
2008: Jiang et al., 2007; Rathore et al., 2008; Thiyagarajan and
Sharma, 2004; Zhao et al., 2010). These studies led to clinical
trials in progress, such as for Alzheimer’s disease (Baum et al.,
2008) over the next few years, and the results may provide a
deeper understanding of the therapeutic potential of curcu-
min and other curcuminoids in neurological disorders.

These aforementioned studies reported improved neuro-
protection and neurological outcomes when curcumin was
administered. However, whether or not curcumin can reduce
injury in animal model of ICH remains unclear. In the present
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study, we used mouse model of ICH to test the hypothesis
that curcumin is neuroprotective after ICH, and can improve
the neurological outcome of the animals.

Methods

ICH mouse model

All experimental procedures were approved by the
Shanghai Jiao Tong University experimental ethics commit-
tee. Mice were anesthetized with a single intraperitoneal dose
of ketamine (100 mg/kg) and xylazine (10 mg/kg). The mice
were placed in a stereotactic frame (RWD Life Science co.,
Shenzhen, China) and subjected to ICH using autologous
blood infusion (Belayev et al., 2003). A 1-mm burr hole was
drilled 2.5 mm lateral to the midline and 0.5 mm anterior to
bregma. Autologous whole blood (50 lL) was drawn from the
femoral artery into a capillary tube. A 30-gauge needle was
advanced 3.0 mm into the right striatum. A total of 50 lL
autologous whole blood was injected via double injection
technique using a microinfusion pump (WPI, Sarasota, FL).
An initial amount of 5 lL was delivered at a rate of 1.5 lL/
min. Following a 10-min interval without injection, the re-
maining 45 lL was delivered at a rate of 3 lL/min. The needle
was then left in place for another 10 min to minimize backflow.
After the withdrawal of the needle, the scalp was sutured. The
animals was allowed to recover in a temperature-controlled
incubator for 45 min post-procedure, with body temperature
maintained at 37�C using a feedback-controlled heating pad,
before being returned back into the cage.

Curcumin treatment

Curcumin (Purity ‡ 98%; LKT Laboratories Inc., St. Paul,
MN) dissolved in corn oil was given intraperitoneally at a
dose of 150 mg/kg 15 min after ICH (Fig. 1). This dose ap-
proximated those that have been used in experimental models
of ischemic stroke or multiple sclerosis. Control mice received
intraperitoneal injections of equal volumes of corn oil.

Measurement of Evans Blue

The integrity of the BBB was investigated by measuring the
extravasation of Evans Blue in curcumin-treated animals and

controls (n = 8 in each group). Evans Blue dye (2% in saline,
4 mL/kg) was given intravenously 22 h after ICH. Two h after
Evans Blue injection, the chest wall was opened under lethal
anesthesia and the animal was perfused with 0.01 M phos-
phate-buffered saline (PBS) through the left ventricle to re-
move the intravascular localized dye, until colorless perfusion
fluid was obtained from the right atrium. After decapitation,
the brain was removed and dissected into left and right
hemispheres and each hemisphere was weighed. Brain sam-
ples were then placed in 1 mL 50% trichloroacetic acid solu-
tion and then homogenized and centrifuged at 21,000g for
20 min. The supernatant (containing Evans Blue) was diluted
1:3 with ethanol and its absorbance at 610 nm was measured
using a spectrophotometer. The tissue content of Evans Blue
was quantified from a linear standard curve and was ex-
pressed as micrograms per gram of brain tissue.

Measurement of brain water content

Mice were killed under deep pentobarbital anesthesia
at 24 h. Brain tissue samples were weighed before and after
dehydration in an oven at 100�C for > 24 h. Tissue water
content (%) was calculated as [(wet weight-dry weight)/wet
weight] · 100.

Fluoro-Jade� C (F-J C) staining

F-J C staining was used to assess dying neurons (Schmued
et al., 1997) by incubating brain sections in potassium per-
manganate and F-J C (Millipore, Temecula, CA) working
solution. At high magnification (objective magnification · 40)
aided by using an ocular reticule, the number of FJ-C positive
neurons were counted in four fields immediately adjacent to
hematoma as described (Xue et al., 2006). The sum of four
fields averaged from three sections was used to depict the
number of FJ-C positive cells per mouse. Analyses were
evaluated following blind procedure.

Histopathological evaluation

Mice were killed by an overdose of ketamine/xylazine and
were transcardiac perfused with 4% paraformaldehyde. The
brains were removed, stored in 4% paraformaldehyde for 1
day, and then immersed in 25% sucrose for 3 days at 4�C. The

FIG. 1. Experimental design. Autologous blood injection and curcumin treatment were performed on day 0. Animals
received 150 mg/kg of curcumin injection intraperitoneally15 min after blood injection. BBB disruption, brain edema, and
neuronal death were assessed after 24 h. Behavioral assessment was performed after injection at days 1, 3, 7, and 14.
Histopathological measurements were conducted to examine brain tissue loss and ventricle enlargement at day 28.

2514 SUN ET AL.



brains were embedded and sectioned with a cryostat. Coronal
sections from 1 mm anterior and 1 mm posterior to the blood
injection site were used for hematoxylin and eosin staining.
ImageJ software (National Institutes of Health) was used to
trace and tabulate lateral ventricular areas of damaged brain.

Behavioral assessments

All animals underwent behavioral testing after surgery and
were scored by experimenters who were blinded to both
neurological and treatment conditions. Grid walking was
used to evaluate motor coordination and balance by testing
the ability of animals to traverse a grid. The apparatus consists
of a bridge made of two tall walls connected by a floor of
small, irregularly spaced bars forming a grid. Animals were
videotaped and the number of drops made during a 1-m
distance was recorded. Total neurological score was calcu-
lated as the sum of scores on forward visual placing (range: 0–
2), lateral visual placing (0–2), dorsal (0–2) and lateral (0–2)
tactile placing, proprioceptive placing (0–2), and postural re-
flex (0–2). Therefore, the maximal possible score is 12, as

previously described by Belayev and associates (2003). The
tests were performed at 1, 3, 7, and 14 days post-injury.

Immunohistological staining

Brain cryosections (10 lm) were fixed in 4% paraformal-
dehyde for 5 min, washed, and blocked for 30 min in 10%
(w/v) bovine serum albumin dissolved in 0.1 M PBS and in-
cubated over night at 4�C with anti-zonula occludens-1(ZO1,
1:100 dilution, Invitrogen, Carlsbad, CA) and anti-CD31(1:100
dilution, BD Biosciences, Franklin Lakes, NJ) antibodies in
PBS. After washing, sections were incubated for 1 h with
secondary Cy3-conjugated donkey anti-goat antibody (1:500
dilution, Jackson ImmunoResearch, West Grove, PA), fol-
lowed by Alexa-488-conjugated goat anti-rabbit antibody
(1:500 dilution, Invitrogen, Carlsbad, CA). Nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI) (1:1000
dilution, Sigma-Aldrich, St Louis, MO) for 5 min. Fluorescein-
lycopersicin esculentum lectin (Vector Laboratories, Burlin-
game, CA) staining was used to identify microvessels.
Confocal microscopic images were acquired using a confocal

FIG. 2. The number of degenerating neuron in intracerebral hemorrhage (ICH) is reduced by curcumin. (A) The schematic
diagram shows the four areas (squares) around the hematoma that were counted for Fluoro-Jade-positive cells (FJ-C). CTX,
cortex; BG, basal ganglia. (B) FJ-C staining shows the degenerating neuron at 24 h in the uninjured intact group (a), ICH
group (b), and curcumin-treated group (c). These figures show brain areas adjacent to the hematoma. Scale bar = 100lm; (d)
To quantify neuronal injury, FJ-C positive cells was measured. Values are mean – SEM (**p < 0.01; n = 3 animals per group).
There are three mice per group. Evans Blue contents (C) and Brain water contents (D,E) 24 h after ICH. The mice were treated
with curcumin (vehicle) 15 min (D) or 2 h (E) after ICH. Values are mean – SEM. *p < 0.05 vs. vehicle.
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laser-scanning microscope (Leica, Wetzlar, Hesse, Germany).
Images were analyzed by Image Pro Plus (Media Cybernetics,
Bethesda, MD). Gap length is presented as percentage (%) of
whole tight junction staining of ZO-1 as described (Bauer
et al., 2010). At least four vessels around the hematoma per
brain were analyzed.

Real-time polymerase chain reaction (PCR)

Total RNA was isolated from brain blocks of 2 · 2 · 2 mm3

size, including the hematoma and adjacent brain tissue, taken
12 h after blood injection. Reverse transcription was per-
formed using a PrimeScript RT reagent kit (TaKaRa Bio Inc.,
Otsu, Shiga, Japan), and the reaction mixture was subjected to
quantitative real-time PCR matrix metalloproteinase (MMP)-
9 and GAPDH, which was used as an internal control. For a
10 lL of q-PCR reaction, 5 lL of SYBR Premix Ex Taq II (Ta-
KaRa Bio Inc., Otsu, Shiga, Japan), 0.4 lL of 10 lM forward
primer, 0.4lL of 10 lM reverse primer, 0.1 lL of mixture of
reverse transcription reaction, and 3 lL of water were included.
The primers used to amplify target genes by q-PCR were as
following: MMP-9: 5¢ GGACCCGAAGCGGACATTG 3¢, 5¢
CGTCGTCGAAATGGGCATCT 3¢; GAPDH: 5¢ AGGTCGG
TGTGAACGGATTTG 3¢, 5¢ TGTAGACCATGTAGTTGAG
GTCA 3¢ constructed by Invitrogen Corp. (Carlsbad, CA). After
40 cycles, the relative levels of gene expression were quantified
with SDS software (Applied Biosystems, Carlsbad, CA). Data
are expressed as copy number normalized by dividing the copy
number for each sample by the copy number of the corre-
sponding GAPDH housekeeping gene.

In situ zymography of MMP activity

In situ zymography was used to detect the enzymatic activity
of the gelatinases, MMP-2 and MMP-9, as described (Xue et al.,
2006). The substrate for proteolytic degradation is gelatin.
Briefly, 10-lm unfixed cryostat brain sections were cut serially
through the damaged brain. A reaction buffer containing 25
lg/mL of fluorescein isothiocyanate-labeled DQ-gelatin (En-
zChek, Invitrogen, Carlsbad, CA) was applied to these sections
for 2 h at 37�C. Slides were washed, mounted, and photo-
graphed adjacent to the hematoma by a digital camera. Where
gelatinolytic activity was present in brain tissue, the in situ
degradation of fluorescein isothiocyanate-labeled DQ-gelatin
resulted in emission of fluorescence at that location. Cells with
gelatinolytic activity were counted in four photographic areas,
and the average of the four fields per mouse was calculated.

Statistical analysis

Statistical analyses were performed using Instat (version
3.0, Graphpad Software) for both parametric and nonpara-
metric comparisons. P values of < 0.05 were considered sig-
nificant. Data were analyzed to ensure normal distribution,
and intergroup comparisons were made by analysis of vari-
ance followed by Bonferroni or Dunn post-hoc tests.

Results

Curcumin reduces ICH-induced neuronal damage
in mice

Quantitative data of FJ-C staining of dying neurons re-
vealed that the ICH- induced injury was significantly reduced

in curcumin-treated mice compared to the vehicle-treated
ICH mice ( p < 0.05) (Fig. 2A), with curcumin-treated mice
having less FJ-C positive staining (Fig. 2B). The sum number
of FJ-C positive dying neurons in three sections surrounding
the injection site was significantly increased after intracerebral
injection of autologous blood, compared with sham-control.
The results show that curcumin administered intraperitone-
ally 15 min after ICH attenuated neuronal death and reduced
the number of dying neurons detected by FJ-C (Fig. 2B).

In addition, curcumin reduced brain tissue loss in the ip-
silateral caudate and ameliorated ventricular enlargement
(431 – 68% vs. 133 – 29%, p < 0.05) (Fig. 3).

Curcumin protects the BBB and alleviates brain edema

There was a marked increase in Evans Blue content in the
ipsilateral hemisphere as compared with the contralateral
hemisphere in control animals 24 h after ICH (12.5 – 0.9 vs.
7.3 – 0.2 lg/g, in the control group, n = 8, p < 0.05). Curcumin
markedly reduced the extravasation of Evans Blue in the
ipsilateral hemispheres of treated animals as compared with

FIG. 3. The changes of ventricle sizes after intracerebral
hemorrhage (ICH). (A) Ventricle sizes 28 days after ICH in
mice treated with curcumin. Scale bar = 1 mm. (B) For ven-
tricle measurement, the ipsilateral ventricle size was ex-
pressed as a percentage of that of the contralateral. Values
are mean – SEM, *p < 0.05 vs. vehicle.
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vehicle controls (68.4 – 8.8 % vs. 39.8 – 3.2 %, n = 8, p < 0.05;
Fig. 2C).

Normal mouse brain water content is*78%; brain swelling
occurred in the perihematomal zone of the ipsilateral hemi-
sphere after ICH. Mean hemisphere weight in the ipsilateral
side was larger than that in the contralateral side in both
groups. Brain water content was significantly increased 24 h
after ICH in the ipsilateral hemisphere (81.0 – 0.6% vs.
78.7 – 0.3% in the control group, p < 0.05, Fig. 2D). Curcumin
treatment reduced the water content of the ipsilateral hemi-
sphere (79.4 – 0.4%, n = 10, p < 0.05, Fig. 2D). Curcumin re-
duced brain edema in the ipsilateral side when administered
up to 2 h after injury (81.0 – 0.4% vs. 79.6 – 0.5%, n = 10,
p < 0.05) (Fig. 2E).

Curcumin attenuated neurological deficits

Neurological deficits were observed in all mice subjected to
ICH ( p < 0.01) (Fig. 4). Significant improvement was observed
on day 1 and day 3 after ICH, compared to vehicle ( p < 0.05).
There was a trend toward an improvement in neurological
function on day 7 and day 14, but this did not reach signifi-
cance ( p > 0.05 compared to vehicle) (Fig. 4).

Curcumin treatment reduced MMP activity
and protected the continuity of tight junction

In the mice treated with vehicle, gap formation by ZO-1-
positive staining was much greater than in the sham group,
suggesting that ICH interrupted the integrity of the BBB. We
demonstrated that a combination of increased gelatinolytic

activity and tight junction gap formation was consistent with
BBB disruption and should be investigated in further studies
of barrier functionality. Curcumin treatment reduced tight
junction gap formation compared with vehicle (Fig. 5).

MMP activity was inversely related to tight junction integ-
rity. Gelatinolytic activity was mostly associated with neurons
(MAP2-positive) and vascular endothelial cells (CD31-
positive) (Fig. 6A). Co-localization was not observed with
GFAP, an astrocyte marker (data not shown). These data are in
line with previous reports in an ICH model of collagenase in-
jection, which indicated that neurons and endothelial cells are
the main target of MMPs (Wang and Tsirka, 2005). Double
staining showed that ZO-1 gaps match active MMPs. To assess
whether curcumin suppress the gelatinolytic activity in ICH in
mice, brain tissue around the hematoma was analyzed by us-
ing in situ zymography. ICH increased the number of gelati-
nolytic activity positive cells around the hematoma, which was
significantly reduced by curcumin treatment. In the intact
striatum; only background fluorescence was observed (Fig. 6B)
(n = 3, in each group).

MMP-9 mRNA level were measured at 12 h after blood
injection. Levels of MMP-9 mRNA increased in both hemi-
spheres; MMP-9 mRNA levels were significantly reduced by
curcumin in the both hemispheres at 12 h (Fig. 6C).

Discussion

Curcumin has been shown to be neuroprotective in cerebral
ischemia (Dohare et al., 2008). As ICH shares several patho-
logical characteristics with cerebral ischemia, some effective
therapy may also be beneficial to ICH. Our study shows that

FIG. 4. Curcumin confers behavioral recovery after intracerebral hemorrhage (ICH). Mice received intracerebral injections
of 50 lL blood and were treated by curcumin I.P. at 150 mg/kg after 15 min (A,B) and 2 h (C,D), respectively. Bar graphs
(mean – SEM) show that the number of drops in the grid walking test and the neurological score are significantly reduced at
days 1 and 3 compared with vehicle treatment (n = 10 animals per group).
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curcumin protects against acute ICH-induced brain injury in a
mouse model. It reduces perihematomal brain edema, BBB
disruption, and behavioral deficits. We chose a mouse model
of ICH because significant neuropathology could be observed
within 24 h, and phase I clinical trials had demonstrated
that oral administration of up to 8 g/day of curcumin safely
exhibits bioactivity, with serum levels peaking at 1–2 h
(*1.8 lM), followed by a gradual decline within 12 h (Cheng

et al., 2001). Our results show that curcumin reduced brain
edema when administered as a single dose up to 2 h after ICH,
suggesting the therapeutic window of curcumin treatment is
not restricted to the 15-min time point.

Curcuminoids contain numerous pharmacologically di-
verse polyphenolic components that have diverse mecha-
nisms of action, including antioxidation, anti-inflammation,
and neuroprotection in diseases of the central nervous system
(CNS). Because there are parallel and simultaneous activa-
tions of pathways that are deleterious to brain tissues, it has
been suggested that curcumin, being the most active multi-
target component of curcuminoids, may be neuroprotective
and promote functional recovery (Lapchak, 2011). It is re-
ported that curcumin can be adequately absorbed from the
gastrointestinal tract and undergo significant biotransforma-
tion (Pan et al., 1999). It is noteworthy that previous studies on
the murine pharmacokinetics of orally taken curcumin in
murine reported that the serum concentration of curcumin
was low and that the urine concentration was negligible. Si-
milarly, curcumin blood levels were undetectable between 2
and 12 h after oral dosing of 1 g/kg in rats (Cheng et al., 2001).
Curcumin is most effective when administered peripherally at
high doses (Ghoneim et al., 2002). Curcumin concentrations in
the brain and in plasma were determined to be 1.1 lM and
1.6 lM, respectively, after intraperitoneal administration of
curcumin at 100 mg/kg to mice (Pan et al., 1999). This dosage
may yield adequate biological activity of curcumin in peri-
hematomal brain tissue. In this study, we chose a dose similar
to that used in previous reports.

Multiple forms of edema are present after ICH, but the
main form is probably vasogenic. Disruption of the BBB oc-
curs after ICH and contributes to brain edema formation. In
previous experimental studies on edema formation after ICH,
it was reported that the early phase was related to the coag-
ulation cascade, thrombin production, and increased perme-
ability of the barrier around the hematoma 8–2 h after onset,
whereas the late phase was related to erythrocyte lysis and
hemoglobin toxicity (Xi et al., 2006). Very recently, a study
showed that a similar dose of curcumin reduced hematoma
volume and vasogenic edema following collagenase injection
ICH model (King et al., 2011). It also observed that curcumin
treatment had significantly reduced the expression of pro-
inflammatory mediators in ICH. In our study, the water
content examination of ICH brain specimens clearly demon-
strated the presence of brain tissue edema at 24 h after the
injury; this edema was significantly reduced by the adminis-
tration of curcumin, again supporting those findings.

Benefits of curcumin are evident not only in tissue mor-
phology, but also in behavioral tests. Animals in the curcu-
min-treated group took much less time to recover from
neurological deficit during both of the two tests comparing
them to the vehicle-treated mice. In this study, we found
that curcumin improved neurological outcome after ICH
on the 1st and 3rd days. With regard to brain edema and
factors affecting acute functional outcome, autologous blood
model is known to cause far less lasting and less severe BBB
disruption and neurological deficits than the collagenase in-
jection (MacLellan et al., 2008). Nonetheless, the study of
short-term MMP-mediated pathophysiological mechanisms
may yet yield significant results in future studies using
the collagenase model. Neurological function spontaneously
recovered in the blood model, as the neurological scores of the

FIG. 5. Intracerebral hemorrhage (ICH) correlates with lo-
calization changes of ZO-1. (The blue staining represented
4,6-diamidino-2-phenylindole [DAPI].) (A) microvessels in
the cortex of control mice showed a continuous, linear la-
beling of ZO-1 along the whole vessel (arrows). The tight
junction proteins are located at the cell margins of CD31-
positive endothelial cells or lectin-positive microvessles. (B)
ICH significantly increased gap length and disruption of ZO-
1. The microvessels showed an irregular and diffuse staining
and gap formation (arrowheads). (C) Treatment with curcu-
min showed less redistribution and gap formation (arrow-
heads). Scale bar = 10 lm. (D) Bar graph shows the gap length.
Values are mean – SEM, *p < 0.05, ICH vs. curcumin treat-
ment, n = 3 animals per group. Color image is available on-
line at www.liebertonline.com/neu
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ICH animals were very close to the baseline by the 7th day.
Such relatively rapid and apparently complete behavioral
recovery in untreated animals is similar to some experimental
results available (MacLellan et al., 2008; Xue et al., 2010),
which limits the use of this model in assessing long-term
treatment efficacy. Nevertheless, the improvement in neuro-
logical outcome conferred by curcumin in the early phase may
define the contribution of curcumin to early pathogenesis
caused by MMP-induced acute secondary damage.

MMPs can directly interact with tight junction proteins,
resulting in their degradation, and thus damage the BBB.
These findings are in line with our results that ZO-1 is the
target for ICH-induced tight junction integrity loss (gap for-
mation). Furthermore, there is growing evidence showing
direct action of MMPs on tight junction proteins: MMP-9 gene
knock-out in mice reduced ZO-1 degradation after acute brain
injury as compared with controls (Asahi et al., 2001); such
tight junction protein degradation could also be reversed by
MMP inhibition (Yang et al., 2007). Further evidence showed
that tight junction protein contains a putative extracellular
MMP cleavage site (Bojarski et al., 2004) and is a direct sub-
strate for MMPs (Wachtel et al., 1999). Our findings that ICH
results in BBB leakage through the activation of MMPs with
subsequent tight junction degradation agrees with these
previous findings. The distribution of tight junction inhibited

by curcumin suggests that curcumin might protect the in-
tegrity of the BBB after ICH partly by inhibiting the MMP-
mediated tight junction gap formation.

There is a close overlap between the brain water content
and BBB permeability monitored by Evans Blue and MMP
activation monitored by in situ zymography, which is in
agreement with the reported activation of MMP-2 and MMP-9
in ICH. MMPs’ upregulation and subsequent digestion of the
components of the basement membrane significantly con-
tributes to BBB damage and brain edema in ICH (Rosenberg
and Navratil, 1997; Rosenberg et al., 1993; Wang and Tsirka,
2005). Our data indicate here, as reported previously (Abil-
leira et al., 2003), that MMPs’ enzymatic activity, which plays
a key role in ICH brain injury, is significantly upregulated.
The mRNA of MMP-9 increased after blood injection differs
from that observed in a collagenase injection model (Grosse-
tete and Rosenberg, 2008). This difference could arise from the
fact that these two models use different means of inducing
ICH. Activation of MMP-9 and MMP-2 by hemorrhage was
confirmed by direct measurement of in situ zymography
perihematoma. Curcumin significantly decreased the tran-
scriptional level of MMP-9 in both hemispheres, and inhibited
hematoma-induced increase in MMP enzymatic activity,
which may account for the reduction of brain edema and
improvement of neurological function.

FIG. 6. (A) Increased gelatinolytic activity within perihematomal neurons after intracerebral hemorrhage (ICH). Double
staining of gelatinolytic activity (green) and cell specific markers of neurons (MAP2) or endothelial cells (CD-31) and BBB
integrity (ZO-1) were visualized. The blue staining represented 4,6-diamidino-2-phenylindole (DAPI). Scale bar = 10 lm. (B)
The increased gelatinolytic activity in ICH is reduced by curcumin. In situ zymography shows negligible gelatinase activity in
the uninjured intact brain (a); b and c show the gelatinase activity in the ICH group (b) and the curcumin-treated group (c).
Scale bar = 100 lm. (d): Bar graph shows the number of positive cells in in situ zymography at 24 h of ICH. Values are
mean – SEM, *p < 0.05, ICH vs. curcumin treatment, n = 3 animals per group. (C) Effect of curcumin on MMP-9 gene
expression in both hemispheres. Expression of MMP-9 was assessed in the perihematoma region at 12 h post-ICH using qRT-
PCR. Data are expressed as normalized relative copy number of each sample, dividing by the copy number of the corre-
sponding GAPDH housekeeping gene. (mean – SEM; n = 8 animals per group). Color image is available online at www
.liebertonline.com/neu
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There is probably a mechanistic benefit beyond preventing
the progression of neuronal degeneration and BBB disruption
in perihematomal injury caused by MMP (Xue et al., 2006).
To date, curcumin is well recognized as a broad-spectrum
inhibitor, which effectively decreases MMPs’ expression, and
this is reflected by documented repression of the DNA bind-
ing and transcriptional activities of activator protein 1 (AP-1),
a common upstream modulator of MMPs’ gene expression
(Kim et al., 2005; Wang et al., 2009). Curcumin was shown to
have beneficial effect on inflammation responses by attenu-
ated Il-1-induced pro-MMP-9 expression via c-Src-dependent
PDGFR/PI3K/Akt/p300 cascade (Wu et al., 2008). These in-
dicate that agents affecting MMPs may function through
different mechanisms, including reduced expression of MMP
genes, interference in the activation of pro-MMPs, and direct
inhibition of the enzymatic activity of MMPs.

The results of this study suggest that curcumin ameliorates
ICH damage by preventing MMP-mediated BBB damage and
brain edema, and there is a pressing need for more mecha-
nistic studies to further investigate these plasticity processes
as a potential efficient and effective method to promote be-
havioral or clinical recovery after ICH.
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