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Curcumin attenuates the middle cerebral artery occlusion-induced 
reduction in γ-enolase expression in an animal model
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Curcumin exerts a protective effect in cerebral ischemia through its anti-oxidant and anti-inflammatory
activities. γ-enolase is a glycolytic enzyme expressed in neurons that is known to exerts a neuroprotective
effect. We investigated whether curcumin regulates γ-enolase expression in focal cerebral ischemic injury
in rats. Middle cerebral artery occlusion (MCAO) was performed to induce focal cerebral ischemia. Adult
male rats were injected intraperitoneally with either vehicle or curcumin (50 mg/kg) 1 h after MCAO and
cerebral cortex tissues were isolated 24 h after MCAO. We found that MCAO-induced injury resulted in a
reduction in γ-enolase expression in vehicle-treated animals using a proteomics approach. However, this
reduction was attenuated in animals with MCAO treated with curcumin. Reverse-transcription PCR and
Western blot analyses also showed that curcumin treatment prevented the MCAO injury-induced reduction
in γ-enolase expression. The results of this study suggest that curcumin exerts its neuroprotective function
in focal cerebral ischemia by regulating the expression of γ-enolase.
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Enolases are glycolytic enzymes that participate in
cellular activities such as cell growth and cell differen-
tiation [1]. There are three enolase isoforms: α-, β-, and
γ-enolase [2]. Among these, γ-enolase is known as
neuronal-specific enolase (NSE) or enolase 2 because it
is localized in nervous tissue. This isoform has
neurotrophic and neuroprotective effects in a broad
spectrum of neurons including neocortical neuron,
mesencephalic neurons, and spinal cord cultures [3,4]. γ-
enolase promotes the survival of neurons and protects
neurons in a low-oxygen atmosphere [3,4].

Curcumin (C21H20O6) is a polyphenol component
present in the roots of Curcuma longa Linn
(Zingiberaceae) plants (turmeric) [5]. It is the most
abundant curcuminoid in turmeric. Curcumin is bright-

yellow in color and used as a food additive to coloring
or spices. Moreover, curcumin has various antitumor,
antioxidant, anti-amyloid, and anti-inflammatory effects
[6-9]. Curcumin protects neuronal cells against middle
cerebral artery occlusion (MCAO)-induced focal
cerebral ischemia and counteracts oxidative stress
resulting from traumatic brain injury [6,10]. Although
curcumin exerts a neuroprotective effect in ischemic
brain injury, little is known about how curcumin exerts
its neuroprotective effects at the molecular level. We
hypothesized that curcumin may regulate γ-enolase
expression in ischemic brain injury. Thus, we
investigated whether curcumin can regulates γ-enolase
expression in focal cerebral ischemia.
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Materials and Methods

Experimental animals and treatment
Male Sprague-Dawley rats (225-250 g, n=40) were

obtained from Samtako (Animal Breeding Center, Osan,
Korea) and were randomly divided into four groups as
follow: vehicle+sham, curcumin+sham, vehicle+MCAO,
and curcumin+MCAO (n=10 per group). The animals
were kept 18-22oC with a 12 h light/12 h dark cycle and
had free access to a pellet diet. All experimental
procedures minimized animal suffering and followed a
protocol approved by the Institutional Animal Care and
Use Committee (IACUC) at Gyeongsang National
University (GNU-LA-021). A single dose of vehicle or
curcumin (50 mg/kg) was given via intraperitoneal
injection 1 h after the onset of MCAO as described
previously [11,12]. A physiological saline solution
including 1% dimethyl sulfoxide was used as the vehicle
and curcumin (Sigma, St. Louis, MO, USA) was
dissolved in this solution.

Middle cerebral artery occlusion
MCAO surgical operation was performed as described

previously [13]. Briefly, animals were anesthetized with
sodium pentobarbital (30 mg/kg) via intraperitoneal
injection before MCAO. For the right MCAO surgical
operation, the right common carotid artery, external
carotid artery, and internal carotid artery were exposed
through a midline incision. A 4/0 monofilament nylon
suture with a rounded tip obtained by heating was
inserted into the right external carotid artery and gently
advanced into the internal carotid artery until the
rounded tip blocked the origin of the middle cerebral
artery. Body temperature was kept at approximately
37oC with a heating pad during the surgical procedure
and recovery. Sham-operated animals underwent the
same surgical operation without insertion of monofilament
nylon. At 24 h after the onset of permanent occlusion,
animals were sacrificed and right cortex tissues were
collected.

2-Dimensional gel electrophoresis
A proteomics technique approach was performed as

previously described [14]. Briefly, right cortex tissues
were homogenized in lysis buffer (8 M urea, 4% CHAPS,
ampholytes, and 40 mM Tris-HCl), the lysates were
centrifuged at 16,000 g for 20 min at 4oC, and the
supernatants were collected. Protein concentration was

determined with the Bradford assay (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol.
IPG gel strips (range pH 4-7 and pH 6-9, 17 cm, Bio-
Rad) were incubated in rehydration buffer (8 M urea, 2%
CHAPS, 20 mM DTT, 0.5% IPG buffer, and bromophenol
blue) for 13 h at room temperature. Proteins extracts (50
µg) were loaded on IPG strips (pH 4-7 and 6-9) via a
sample cup and subjected to first dimension isoelectric
focusing (IEF) using an Ettan IPGphor 3 (GE Healthcare,
Uppsala, Sweden) as follow: l,250 V (15 min), 10,000 V
(3 h), and then 10,000-50,000 V. After first dimension
separation, strips were incubated in equilibration buffer
(6 M urea, 30% glycerol, 2% sodium dodecyl sulfate
(SDS), 50 mM Tris-HCl, bromophenol blue) containing
DTT and iodoacetamide. Strips were then loaded onto
gradient gels (7.5-17.5%) and second-dimension electro-
phoresis was performed using Protein-II XI electrophoresis
equipment (Bio-Rad) at 5 mA for 2 h followed by 10
mA at 10oC until the bromophenol blue dye migrated off
the bottom of the gel.

Silver staining, image analysis and protein identification
Gels were then fixed in a fixation solution (12% acetic

acid, 50% methanol) for 2 h and stained with silver stain
solution (0.2% silver nitrate, 0.75 mL/L formaldehyde).
Silver-stained gels were scanned using an Agfar ARCUS
1200TM scanner (Agfar-Gevaert, Mortsel, BEL). PDQuest
2-D analysis software (Bio-Rad) was used to determine
which protein spots were differentially expressed among
the different groups. Gel particles of identified protein
spots were subjected to trypsin digestion and the
resultant peptides were extracted using extraction buffer
(5% trifluoroacetic acid in 50% acetonitrile). Extracted
peptides were dried and analyzed with a Voyager-DETM

STR biospectrometry workstation (Applied Biosystems,
Foster City, CA, USA) for MALDI-TOF mass spectrometric
analysis. Database searches were performed using MS-
Fit and ProFound programs. SWISS-PROT and NCBI
were used as reference protein sequence databases.

Reverse-transcription PCR
For reverse-transcription PCR, total RNA was extracted

using Trizol reagent according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). Total RNA
(1 µg) was reverse transcribed for PCR using the
Superscript III. First-Strand System (Invitrogen) according
to the manufacturer’s instructions. Primer sequences for
γ-enolase were 5'-TGGATCTCCATACTGCCAAAG-3'
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(forward) and 5'-CCAACTCCTCTTCAATCCTCAT-3'
(reverse). Primer sequences for β-actin were 5'-GGGTC
AGAAGGACTCCTACG-3' (forward) and 5'-GGTCTC
AAACATGATCTGGG-3' (reverse). Thirty cycles of
amplification were performed as follows: melting at
95oC for 30 sec, annealing at 52.5oC for 30 sec, and
extension at 72oC for 30 sec. PCR products were loaded
on 1% agarose gels and visualized under UV light.

Western blot analysis
Western blot analysis was performed as previously

described method [14]. Right cerebral cortices were
dissolved in lysis buffer (1 M Tris-HCI, 5 M sodium
chloride, 0.5% sodium deoxycholate, 10% sodium
dodecyl sulfate, 1% sodium azide, 10% NP-40) containing
10 mM leupeptin and 200 µM phenylmethylsulfonyl
fluoride. After sonication and centrifugation, protein
concentration was determined using a bicinchoninic acid
(BCA) kit (Pierce, Rockford, IL, USA) according to the
manufacturer’s protocol. An equal amount of protein
(30 µg) per sample was electrophoresed on 10% SDS-
polyacrylamide gels and then proteins were transferred
to poly-vinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). To minimize nonspecific antibody
binding, the membranes were blocked with skim milk
for 1 h at room temperature. Membranes were washed
in Tris-buffered saline containing 0.1% Tween-20 and
then incubated with the following antibodies: rabbit
polyclonal anti-rat γ-enolase (diluted 1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and mouse
monoclonal anti-rat actin (diluted 1:1000, Santa Cruz

Biotechnology). Membrane were then incubated with
horseradish peroxidase-conjugated secondary antibody
(1:5,000; Pierce). An enhanced chemiluminescence
Western blot analysis system (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) was used to detect
immunoreactivity reaction according to the manufacturer’s
protocol. SigmaGel 1.0 (Jandel Scientific, San Rafael,
CA, USA) and SigmaPlot 4.0 (SPSS Inc., Point Richmond,
CA, USA) were used to analyze band intensities.

Data analysis
All data are expressed as mean±S.E.M. Results from

each group were compared by two-way analysis of
variance (ANOVA) followed by a post-hoc Scheffe’s
test. Differences were considered significant when
P<0.05.

Results

We found that expression of γ-enolase differed
between control MCAO animals and those treated with
curcumin after MCAO. Expression levels of γ-enolase
were lower in the cerebral cortices of vehicle+MCAO
animals than sham-operated animals. However, this
decrease in γ-enolase expression was prevented in the
curcumin+MCAO animals. Expression levels of γ-
enolase were similar between vehicle+sham and curcumin
+sham animals. Levels of γ-enolase levels were 0.28±
0.02 and 0.82±0.02 in the vehicle+MCAO and curcumin
+MCAO groups, respectively. Moreover, levels of γ-
enolase were 1.01±0.02 and 0.97±0.02 in the vehicle+

Figure 1. γ-Enolase protein spots identified by MALDI-TOF in the cerebral cortices from vehicle+sham, curcumin+sham,
vehicle+middle cerebral artery occlusion (MCAO), and curcumin+MCAO animals. Squares indicate the protein spots. The intensity
of spots was measured using PDQuest software. The ratio of intensity is described as spots intensity of these animals to spots
intensity of sham+vehicle animals. Data are shown as mean±S.E.M. *P<0.05. 
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sham and curcumin+sham groups, respectively (Figure
1).

Reverse transverse-PCR and Western blot analyses
were used to further investigate these results. γ-Enolase
transcript levels were decreased in the cerebral cortices
of vehicle+MCAO animals, while curcumin treatment
prevented these decrease. Transcript levels of γ-enolase
were 0.78±0.03 and 0.98±0.04 in the vehicle+MCAO
and curcumin+MCAO groups, respectively. Transcript
levels of γ-enolase were similar between vehicle+sham
and curcumin+sham animals (Figure 2). Moreover, γ-
enolase protein levels were reduced in the cerebral
cortices of vehicle+MCAO animals compared to sham-
operated animals. However, this reduction in γ-enolase
protein expression was prevented in curcumin+MCAO

animals (Figure 3). γ-Enolase protein levels were expressed
at similar levels in two sham-operated animal groups. γ-
enolase protein levels were 0.75±0.03 and 0.93±0.02 in
the vehicle+MCAO and curcumin+MCAO groups,
respectively (Figure 3).

Discussion

Curcumin exerts a powerful neuroprotective effect on
focal cerebral ischemia in rats by anti-apoptotic mechanisms
[11,12]. Curcumin treatment improves neurological scores
and reduces infarct volume against cerebral ischemic
injury [12]. Moreover, curcumin protects neurons against
cerebral ischemia through suppression of the inflammatory
response and oxidative damage [15,16]. The results of

Figure 2. Reverse transcription-PCR analysis of γ-enolase in the cerebral cortices from vehicle+sham, curcumin+sham,
vehicle+middle cerebral artery occlusion (MCAO), and curcumin+MCAO animals. Each lane represents an individual experimental
animal. Densitometric analysis is represented as intensity of γ-enolase to intensity of actin. Data (n=5) are represented as
mean±S.E.M. *P<0.05.

Figure 3. Western blot analysis of γ-enolase in the cerebral cortices from vehicle+sham, curcumin+sham, vehicle+middle cerebral
artery occlusion (MCAO), and curcumin+MCAO animals. Each lane represents an individual experimental animal. Densitometric
analysis is represented as intensity of g-enolase to intensity of actin. Data (n=5) are represented as mean±S.E.M. *P<0.05.
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this study demonstrated that MCAO injury decreased the
expression of γ-enolase, whereas curcumin treatment
attenuated this decrease. γ-enolase has neurotrophic and
neuroprotective effects on cultured neurons from embryonic
rat brains [4]. Moreover, γ-enolase promotes neurite
regeneration and neuron survival [1,3,4]. Thus, γ-enolase
is considered to be a neuronal survival factors in the
central nervous system [17]. We previously reported
decreased expression of γ-enolase in focal cerebral
ischemia [14]. This study clearly showed that γ-enolase
expression is decreased in cerebral ischemic injury,
whereas curcumin treatment prevents the injury-induced
decrease. We confirmed these results using reverse
transverse-PCR and Western blot analyses. Our results
clearly show that curcumin regulates γ-enolase expression
in an experimental models of cerebral ischemia. Thus,
our findings suggest that curcumin maintains the level of
γ-enolase expression against MCAO-induced ischemic
injury and that this maintenance of γ-enolaseexpression
contributes to the neuroprotective effect of curcumin.
γ-Enolase is known to promotes neurite outgrowth and

cell survival by activation of PI3K/Akt and MAPK/ERK
signalling pathways [18]. Curcumin exerts a neuro-
protective effect in cortical neuron against oxygen and
glucose deprivation through a PI3K/Akt dependent pathway
[19]. Moreover, curcumin ameliorates oxygen and glucose
deprivation-induced blood brain barrier dysfunction in
brain microvascular endothelial cells via the heme
oxygenase-1 pathway [20]. Therefore, curcumin regulates
various proteins to protect cells against oxidative stress.
Although the relationship between γ-enolase and curcumin
is not yet well established, preservation of γ-enolase by
curcumin during MCAO contributes to the neuroprotective
effect of curcumin. Further studies are required to
elucidate how curcumin regulates γ-enolase expression.
In conclusion, our findings indicate that curcumin
modulates γ-enolase expression during focal cerebral
ischemia, and that regulation of γ-enolase by curcumin
contributes to curcumin’s neuroprotective effects.
γ-Enolase is known to promotes neurite outgrowth and

cell survival by activation of PI3K/Akt and MAPK/ERK
signalling pathways [18]. Curcumin exerts a neuro-
protective effect in cortical neuron against oxygen and
glucose deprivation through a PI3K/Akt dependent
pathway [19]. Furthermore, a previous study demonstrated
that curcumin increases brain derived neurotrophic
factor, TrkB, and phosphatidylinositide 3-kinases (PI3K)
protein expressions in hippocampal injury [20]. They

demonstrated that curcumin mediated the neuroprotection
against brain injury and the promotion neural regeneration,
which the underlying mechanism is involved in activating
derived neurotrophic factor and TrkB pathway [20].
Moreover, curcumin ameliorates oxygen and glucose
deprivation-induced blood brain barrier dysfunction in
brain microvascular endothelial cells via the heme
oxygenase-1 pathway [21]. Therefore, curcumin regulates
various proteins to protect cells against oxidative stress.
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