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Gastrodin ameliorates subacute phase cerebral
ischemia-reperfusion injury by inhibiting
inflammation and apoptosis in rats
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Abstract. Gastrodin (GAS), which is extracted from the
Chinese herbal medicine Gastrodia elata Blume, has long
been used to improve stroke, epilepsy, dizziness and dementia.
However, the effects and underlying mechanisms of GAS on
subacute phase cerebral ischemia-reperfusion (I/R) injury
remain unknown. The aim of the present study was to inves-
tigate the effects and mechanisms of GAS on cerebral I/R
injury in rats. The rats were pretreated with GAS by gavage
for 7 days followed by I/R surgery, and were then treated
with GAS for 7 days after I/R surgery. Neurological deficits
were assessed on days 1, 3 and 7 post-cerebral I/R injury.
2,3,5-Triphenyltetrazolium chloride staining was using to
measure the infarct volume; morphological alterations were
observed by hematoxylin and eosin staining under an optical
microscope; apoptosis in the hippocampus and cortex was
observed by terminal deoxynucleotidyl transferase dUTP nick
end labeling staining; and the level of mRNA and protein
expression was tested by reverse transcription-quantitative
polymerase chain reation and western blot analysis, respec-
tively. GAS markedly attenuated I/R-induced disability
and histological damage, alleviated neuronal apoptosis, and
reduced the mRNA and protein expression levels of inflam-
matory and proapoptotic factors, including interleukin-1§,
cyclooxygenase-2, inducible nitric oxide synthase and cleaved
caspase-3. These findings suggested that GAS may ameliorate
subacute phase cerebral I/R injury by inhibiting inflammation
and apoptosis in rats; therefore, GAS may be considered a
potential candidate for the treatment of cerebral ischemia.
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Introduction

Stroke is one of the most common causes of adult disability,
and is considered to be the second leading cause of mortality
worldwide. The incidence of stroke has increased mark-
edly, particularly in developing countries, over the past four
decades (1). Ischemic stroke, which accounts for 70-80%
of stroke cases, is a major factor that threatens human life
and health (2). Cerebral ischemia, which is induced by a
transient or permanent reduction of blood supply, results in
disordered homeostasis, including insufficient oxygen and
delivery of glucose (3). Cerebral ischemia-reperfusion (I/R)
induces serious brain injuries, and is associated with complex
underlying mechanisms, including peri-infarct depolarization,
oxidative and nitrative stress, excitotoxicity, inflammation and
apoptosis, ultimately resulting in cell death (4), mitochondrial
dysfunction, release of glutamate and proinflammatory media-
tors, production of reactive oxygen species (ROS), and/or lipid
peroxidation (5). Due to the complex pathological processes of
cerebral ischemia, current treatments have not exhibited the
expected effects. Therefore, natural products extracted from
herbs have received increasing interest with regards to the
treatment of cerebral stroke (6).

Gastrodin (GAS; structure presented in Fig. 1) is a natural
phenol compound extracted from Gastrodia elata BI (7). GAS
has been suggested for the treatment of various ailments,
including convulsive illness, headache, vertigo, general paral-
ysis,epilepsy and tetanus (8). GAS is able to pass the blood-brain
barrier, and rapidly metabolizes to p-hydroxybenzyl alcohol in
the brain, liver and blood (9). It has previously been reported
that GAS ameliorates cerebral damage following transient focal
cerebral ischemia (10). The potential underlying mechanisms
have been identified in in vivo models, by determination of
ROS and hippocampal neuronal death assessment, and in vitro
models, by assessment of excitotoxicity and neuroprotective
effects (10,11). Furthermore, it has been reported that GAS
decreases the volume of cerebral infarction and ameliorates
cerebral injury in a rat model of I/R, probably by improving
the level of amino acids in the striatum (12). In addition, GAS
significantly attenuates the levels of neurotoxic proinflamma-
tory mediators and proinflammatory cytokines by inhibiting
the nuclear factor-kB signaling pathway and phosphorylation
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of mitogen-activated protein kinases (MAPKSs) in lipopolysac-
charide-stimulated microglial cells (13). GAS also ameliorates
Parkinson's disease by downregulating connexin 43 (14), and
improves anxiety-like behaviors by decreasing the levels of
interleukin (IL)-1f and inhibiting p38 MAPK phosphorylation
in the hippocampus of a rat model of post-traumatic stress
disorder (15). These findings indicated that GAS may exert
beneficial effects on diseases of the central nervous system.
However, the effects and underlying mechanisms of GAS on
subacute phase cerebral I/R injury remain unknown.

The present study investigated the neuroprotective effects
of GAS on a rat model of subacute phase focal cerebral I/R
injury, and explored the possible underlying mechanisms
with regards to neuroinflammation and neuronal apoptotic
pathways.

Materials and methods

Chemicals. GAS (purity >98% tested using high-performance
liquid chromatography) was purchased from Nanjing
Zelang Medical Technology Co., Ltd. (Nanjing, China).
Nimodipine (Nim) was obtained from Shandong Lukang
Pharmaceutical Group Saite Co., Ltd. (Tai'an, China).
2,3,5-Triphenyltetrazolium chloride (TTC) was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Animals. Male Sprague-Dawley rats (age, 9 weeks; weight,
250-280 g) were purchased from the Animal Center of the
Third Military Medical University [Chongqing, China;
Certificate no. SCXK (Jun) 2007-00005]. All animals were
caged individually under a 12-h light/dark cycle at 22-24°C
with free access to food and water. All procedures complied
with the Current Guide for the Care and Use of Laboratory
Animals and the study was approved by the Zunyi Medical
University Animal Studies Committee (Zunyi, China).
All rats were randomly divided into 6 groups: Sham, I/R,
I/R+15 mg/kg GAS, I/R+ 30 mg/kg GAS, I/R+60 mg/kg GAS,
and I/R+12 mg/kg Nim (n=20/group).

Focal cerebral I/R surgery. The rats were pretreated with
GAS for 7 days followed by I/R surgery, and were then treated
with GAS for another 7 days following I/R surgery. Nim was
used as a positive control. Following pretreatment with GAS
or Nim for 7 days, the rats were anesthetized with chloral
hydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) via intraperitoneal injection (350 mg/kg). The right
common carotid artery, internal carotid artery (ICA), and
external carotid artery (ECA) were then exposed through a
midline incision in the neck, and a monofilament nylon suture
(external diameter, 0.28 mm) with a silicone-coated tip was
plugged into the ICA, 16-18 mm from the bifurcation, through
the ECA stump, and was gently advanced to cause middle
cerebral artery occlusion (MCAO). A total of 2 h after MCAO,
the suture was removed to restore blood flow. The sham group
underwent the same operation without MCAO.

Evaluation of neurological deficits. Neurological deficits of the
experimental animals were graded on a scale of 0-4 on days 1,
3 and 7 post-cerebral I/R injury (16). The criteria were set as
follows: 0, no neurological deficits; 1, failure to fully extend
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right forepaw; 2, forelimb flexion plus decreased resistance to
lateral push; 3, falling to the right; 4, unable to walk spontane-
ously and exhibited depressed levels of consciousness. Rats in
model and treated groups with a score between 2 and 3 were
selected for the present study.

Measurement of infarct volume. A total of 7 days after
reperfusion the rats were sacrificed following appropriate
intraperitoneal anesthetization with 350 mg/kg chloral
hydrate (Sinopharm Chemical Reagent Co., Ltd.). Brains were
removed, immediately frozen in liquid nitrogen, and dissected
into 2-3 mm slices. Subsequently, samples were placed in 0.1%
TTC solution for 10 min at 37°C in the dark. The red-purple
sections were assigned as noninfarcted areas, whereas white
sections were assigned as infarcted areas. The percentage of
infarction was calculated as follows: Percentage of infarction
(%) = (weight of white sections / weight of whole brain) x 100%.

Hematoxylin and eosin (HE) staining. Rats were sacrificed
(n=5/group) 7 days after reperfusion, and brains were fixed
by transcardial perfusion using 0.9% normal saline and 4%
paraformaldehyde. Post-fixation, the tissues were incubated in
4% paraformaldehyde for 24 h at 4°C. Following dehydration
in graded xylene and ethanol, the sections were embedded in
paraffin. Embedded brain tissue sections were coronally sliced
into 4 um sections, and sections including the hippocampus
were analyzed. The sections were then stained with 0.5%
hematoxylin for 5 min, followed by 0.5% eosin for 1 min at
room temperature. The slices were observed under a light
microscope (Leica Microsystems Ltd., Wetzlar, Germany).
The hippocampal CA1 region was selected to check for
morphological alterations and to assess cerebral injury.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. A TUNEL assay was used to evaluate
apoptosis-associated DNA fragmentation using an In Situ
Cell Death Detection kit (Roche Molecular Biochemicals,
Mannheim, Germany). Following dehydration and rehydration
in graded xylene and ethanol, tissue sections were incubated
with proteinase K (20 #g/ml) and Tris-HCI (pH 7.4-8.0; 10 mM)
for 15 min at room temperature. The sections were rinsed twice
with phosphate-buffered saline (PBS), and were incubated
with TUNEL reaction mixture for 1 h at 37°C. Subsequently,
the sections were rinsed with PBS (3x5 min washes) and
incubated with Converter-POD solution for 30 min at 37°C.
After further rinsing with PBS (3x5 min washes), the sections
were incubated with diaminobenzidine substrate for 10 min.
Images of the ischemic penumbra, including the cortex and
hippocampal CAl region, were captured in each section under
a light microscope. The density of stained cells was observed
under high magnification (x400). Data were presented as cells
per square millimeter.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Brain samples were collected from the ischemic
hemisphere of rats at day 7 post-reperfusion (n=5), following
treatment with various doses of GAS. The gene expression
levels of IL-1f, cyclooxygenase-2 (COX-2) and inducible
nitric oxide synthase (iNOS) were detected in the ischemic
penumbra using RT-qPCR. Briefly, the penumbra of ischemic
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Table I. Sequence of primers.

MOLECULAR MEDICINE REPORTS 14: 4144-4152, 2016

Gene Forward primer (5'-3') Reverse primer (5'-3")

iNOS AAGCACATTTGCCAATGGAGAC TGGAGCCCAGGCCAAATAC
COX-2 AACACGGACTTGCTCACTTTGTTG AATGGAGGCCTTTGCCACTG
IL-1B GCTGTGGCAGCTACCTATGTCTTG AGGTCGTCATCATCCCACGAG
GAPDH TAACCAGGCGTCCBATACG CAGTGCCAGCCTCGTCTCA

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; COX-2, cyclooxygenase-2; IL-1f, interleukin-1f; iNOS, inducible nitric oxide synthase.

tissue from the right cortex was homogenized. Total RNA
was extracted from the ischemic penumbra using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) followed by chloroform-phenol purification, and
was quantified at 280 nm. RNA quality was determined by
measuring the ultraviolet absorption ratios at 280/260 nm.
The RNA concentration of each sample was adjusted to
50 ng/ul. Purified total RNA was used to prepare cDNA using
a RT kit (Takara Biotechnology Co., Ltd., Dalian, China)
with MMLYV reverse transcriptase and Oligo-(dT) primers.
Subsequently, specific regions of target genes were ampli-
fied using SYBR Premix Ex Taq (Takara Biotechnology Co.,
Ltd.) and specific primers (Table I). The reaction volume of
PCR was 15 ul containing 7.5 ul SYBR super mix, 0.5 ul of
10 ymol/ul Primers 1/2, 3 ul of 5 ng/ul cDNA and 4 ul of
0.1% DEPC water. The cycling conditions were 1 cycle of 95°C
10 min; 95°C for 10 sec, 60°C for 1 min for 40 cycles; 95°C
for 1 min, 55°C for 1 min, and 55°C for 10 sec for 80 cycles.
The quantification cycle values (Cq) were used to determine
gene expression levels (17). Gene expression levels of glycer-
aldehyde 3-phosphate dehydrogenase were used as an internal
control. Each group was normalized to the sham group, which
was set at 100%.

Western blot analysis. A total of 7 days post-reperfusion, the
rats were anesthetized using choral hydrate. The brains were
then removed and coronally sectioned from -24.3 to +1.7 mm
of the bregma, and the right penumbra of ischemic cortex (as
the right common carotid artery had been occluded in rats)
was separated, weighed and homogenized in cytosolic extrac-
tion buffer. Protein was extracted using RIPA lysis buffer
(Beyotime Institute of Biotechnology, Nanjing, China) lysis
buffer containing 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1 yg/ml aprotinin and
100 pg/ml phenylmethylsulfonyl fluoride. Protein concentra-
tion was determined using a Bio-Rad Protein Assay kit (cat.
no. 5000002; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Total proteins were diluted in 4X loading buffer and were incu-
bated at 100°C for 5 min. Samples (80 ug) were then loaded
onto a loading gel and separated on a Bis-Tris gel (12% gel for
IL-1p and cleaved caspase-3; 10% gel for COX-2; and 8% gel
for iNOS). Separated proteins were transferred onto a nitrocel-
lulose membrane at 200 mA for 2 h. Nonspecific sites were
blocked for 1 h at room temperature in fat-free milk solution
[10% in 0.1% Tween-Tris-buffered saline (TTBS)]. Membranes
were then incubated overnight at 4°C with the following rabbit
polyclonal antibodies: Anti-IL-1f (cat. no. ab9787; 1:1,000;

OH

OH

HO OH

OH

Figure 1. Chemical structure of gastrodin.
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Figure 2. Neurological deficit scores on days 1, 3 and 7 after I/R surgery.
The model group exhibited the highest neurological deficit score on each
day, whereas the GAS and positive control groups exhibited a significant
reduction in neurological deficit scores on day 7. “P<0.01 compared with the
sham group; "P<0.05 and P<0.01 compared with the I/R model group. GAS,
gastrodin; I/R, ischemia-reperfusion; Nim, nimodipine.
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Figure 3. Brain infarct volume in a rat model of cerebral I/R injury. Coronal brain sections (2-3 mm) stained with 0.1% TTC were used to detect infarction.
Red staining indicates nonischemic areas and pale sections indicate ischemic areas of the brain. (A) Sham group; (B) middle cerebral artery occlusion group;
(C) positive control group; (D) GAS15 (E) GAS30 and (F) GAS60 groups. (G) Total infarct volume following cerebral I/R. “P<0.01 compared with the sham
group; “P<0.01 compared with the model I/R group. GAS, gastrodin; I/R, ischemia-reperfusion; TTC, 2,3,5-triphenyltetrazolium chloride; Nim, nimodipine.

Abcam, Cambridge, UK), anti-COX-2 (cat. no. ab52237
1:1,000; Abcam), anti-iNOS (cat. no. ab3523; 1:1,000; Abcam),
anti-cleaved caspase-3 (cat. no. ab2302; 1:1,000; Abcam) and
anti-B-actin (cat. no. AF0003; 1:1,000; Beyotime Institute of
Biotechnology), in 5% bovine serum albumin TTBS solution.
The secondary antibodies (horseradish peroxidase-conjugated
goat anti-rabbit IgG (cat. no. A0208) and goat anti-mouse
(cat. no. A0216), (Beyotime Institute of Biotechnology)
used were diluted to 1:1,000 and incubated for 1 h at room
temperature. Subsequently, the membranes were developed
using the enhanced chemiluminescence (ECL) reagent Beyo
ECL plus (Beyotime Institute of Biotechnology). Images of the
blots were captured using a ChemiDoc XRS system (Bio-Rad
Laboratories, Inc.). The image was scanned and band inten-
sity was semi-quantified using Quantity One software v4.52
(Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the mean + standard
error of the mean. Statistical significance was determined using
one-way analysis of variance followed by Dunnett's multiple
comparisons post-hoc test using SPSS 13.0 software (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Effects of GAS on neurological deficits in a rat model of cere-
bral IR injury. To investigate the effects of GAS on neurological

deficits in a rat model of cerebral I/R injury, a behavioral test
was performed. Bederson's score was used as a criterion to
evaluate neurological deficits. All sham rats obtained a score
of 0, indicating no neurological deficits (Fig. 2). The rats that
underwent the right side cerebral I/R surgery exhibited paresis
of the left paws. In the model group, the neurological deficit
scores were 2.63+0.48,2.37+0.48 and 2+0.50 on days 1,3 and 7,
respectively. Compared with the model group, the positive
control group exhibited improved neurological function, with
significantly decreased scores on day 3 (1.63+0.74; P<0.05), and
day 7 (1.25+0.46; P<0.01). In the GAS treatment groups, the
scores on day 7 at all three doses exhibited significant differ-
ences compared with the I/R model group.

Effects of GAS on brain infarct volume in a rat model of
subacute phase cerebral I/R injury. In addition to neuro-
logical deficit scores, the protective effects of GAS were
evaluated with regards to brain infarct volume. No infarcted
areas were observed in the sham group (Fig. 3). Conversely,
obvious infarcted areas were observed in the model group.
The positive control group (Nim) exhibited a significantly
smaller infarct volume compared with the model group, and
all three doses of GAS exerted a similar effect to the positive
control.

GAS attenuates pathological damage in the hippocampus
of the ischemic penumbra. The rat hippocampal CAl region
was observed following HE staining (Fig. 4). Compared with
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Figure 4. Histological examination of the rat hippocampal CAl region (magnification, 400x). Representative sections were stained using HE. (A) Normal
cellular morphology was present in the sham group. Compared with the (B) model group, a gradual improvement in condensed nuclei (arrows) was detected
in the hippocampal CAl region in the (C) Nim group, (D) GAS 15 mg/kg group, (E) GAS 30 mg/kg group and (F) GAS 60 mg/kg group. Arrows indicate
impaired neurons. GAS, gastrodin; HE, hematoxylin and eosin; Nim, nimodipine.

80
70
60
50
40
30
20
10

TUNEL positive cells (%o)

Sham MCAO Nim Gasls Gas30 Gas60

MCAO+

Figure 5. Effects of GAS on DNA fragmentation in the hippocampus of rats. (A) Almost no TUNEL-reactive cells were detected in the hippocampus of the
sham group. (B) Degenerating neurons labeled via the TUNEL technique were detected in the CA1 subfield of the hippocampus of the I/R model group. The
number of TUNEL-positive neurons in the (C) Nim, (D) GAS15 (E) GAS30 and (F) GAS60. The number was significantly decreased in the hippocampus
of the cerebral I/R injury rats that received Nim or GAS. Arrows indicate degenerating neurons. (A-F, magnification, x200). (G) Quantitative analysis of
the percentage of TUNEL-positive neurons. “P<0.01 compared with the sham group; “P<0.01 compared with the I/R model group. GAS, gastrodin; I/R,
ischemia-reperfusion; Nim, nimodipine; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

normal neurons in the sham group (Fig. 4A), severe cellular  group exhibited pyknosis and anachromasis of the nucleus, as
edema, condensed nuclei and nuclear loss were observed in ~ well as shrunken cell bodies in the hippocampal CA1 region.
the model group (Fig. 4B). Damaged neurons in the model ~ Nim slightly decreased the damage (Fig. 4C), whereas GAS
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Figure 6. Effects of GAS on DNA fragmentation in the cerebral cortex of ischemic penumbra in cerebral I/R injury rats. (A) Almost no TUNEL-reactive cells
were detected in the cerebral cortex of the sham group. (B) Degenerating neurons labeled via the TUNEL technique were detected in the cortex of the I/R
model group. The number of TUNEL-positive neurons in the (C) Nim, (D) GAS15 (E) GAS30 and (F) GAS60 groups. The number was significantly decreased
in the cerebral cortex of middle cerebral artery occlusion rats that received Nim or GAS. Arrows indicate degenerating neurons, the nuclei of which were
stained using the TUNEL technique. (G) Quantitative analysis of TUNEL-positive neurons. “P<0.01 compared with the sham group; #/P<0.01 compared with
the I/R model group. GAS, gastrodin; I/R, ischemia-reperfusion; Nim, nimodipine; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 7. Effects of GAS on the mRNA expression levels of (A) IL-18, (B) COX-2 and (C) iNOS in the ischemic penumbra. “P<0.05 and “P<0.01 compared
with the sham group; “P<0.05 and #P<0.01 compared with the I/R model group. GAS, gastrodin; COX-2, cyclooxygenase-2; IL-1f, interleukin-1f; iNOS,
inducible nitric oxide synthase; I/R, ischemia-reperfusion; Nim, nimodipine.

markedly inhibited cellular edema and nuclear loss in the fragmented DNA in the hippocampus and cortex in order
hippocampal CA1 region (Fig. 4D-F). to determine the potential anti-apoptotic effects of GAS

(Figs. 5 and 6). Microscopic inspection of the hippocampal
GAS suppresses apoptosis in ischemic hippocampal and  and cortical sections from sham rats revealed morphologically
cortical penumbra. A TUNEL assay was used to examine  normal neurons with almost no TUNEL staining (Figs. 5SA
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Figure 8. Effects of GAS on the protein expression levels of (A) IL-1, (B) COX-2, (C) iNOS and (D) cleaved caspase-3 in the ischemic penumbra. “P<0.01 com-
pared with the sham group; “P<0.05 and "P<0.01 compared with the I/R model group. GAS, gastrodin; COX-2, cyclooxygenase-2; IL-1f, interleukin-1p; iNOS,

inducible nitric oxide synthase; I/R, ischemia-reperfusion; Nim, nimodipine.

and 6A). A total of 1 week post-reperfusion, the number of
TUNEL-positive pyramidal neurons with various degrees of
DNA fragmentation was detected in the hippocampal CA1
region and the cerebral cortex of ischemic penumbra (Figs. 5B
and 6B). Treatment with Nim and GAS significantly reduced
the number of TUNEL-positive neurons (P<0.01; Figs. 5
and 6).

Effects of GAS on the mRNA expression levels of IL-13, COX-2
and iNOS in the ischemic penumbra. Due to the important
roles of IL-1p, COX-2 and iNOS on cerebral I/R-induced
injury, the effects of GAS on the regulation of these genes
was investigated. RT-qPCR revealed that all three genes were
significantly increased in the model group compared with
in the sham group (Fig. 7). However, treatment with Nim or
GAS significantly reduced the gene expression levels of IL-1f3,
COX-2 and iNOS compared with in the model group.

Effects of GAS on the protein expression levels of IL-10,
COX-2, iNOS and cleaved caspase-3 in the ischemic
penumbra. In addition to the gene expression levels, the
protein expression levels of IL-1p, COX-2 and iNOS were
determined using western blotting. To confirm the possible
role of apoptosis in GAS-induced improvement, the levels of
cleaved caspase-3 were also detected. The protein expression

levels of IL-1p, COX-2, iNOS and cleaved caspase-3 were
significantly higher in the model group compared with in
the sham group. As expected, GAS exhibited similar effects
to the positive compound Nim; both of which downregulated
the expression levels of the aforementioned proteins compared
with in the model group (P<0.05; Fig. 8).

Discussion

MCAO-induced focal cerebral I/R injury is the most
frequently used animal model of stroke (18,19). The present
study investigated the effects of GAS on I/R injury 7 days
after reperfusion; I/R injury was induced by 2 h MCAO and
Nim was used as a positive control. Nim is a dihydropyridine
calcium channel blocker, which has been investigated for
its therapeutic application in various cerebrovascular trials,
including ischemic stroke and cerebral resuscitation (20). Nim
has been reported to improve cerebral metabolism in patients
with severe head trauma (21), and it has also been shown
to exert beneficial effects in the reduction of infarct size in
stroke (22). Furthermore, post-ischemic administration of Nim
following focal cerebral I/R injury in rats has been reported
to alleviate excitotoxicity, neurobehavioral alterations and
bioenergetics (23). Similar to Nim, the present study demon-
strated that pretreatment with GAS for 7 days followed by I/R
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surgery, and treatment with GAS for 7 days after I/R surgery
significantly attenuated I/R-induced disability and histo-
logical damage, alleviated neuronal apoptosis, and reduced
the mRNA and protein expression levels of inflammatory
and proapoptotic factors, including IL-1f3, COX-2, iNOS and
cleaved caspase-3.

Although various mechanisms are associated with the
pathogenesis of stroke, increasing evidence has demonstrated
that inflammatory responses partly account for its pathogenic
progression (24). During the subacute phase of ischemic brain
injury, 1-7 days after the onset of ischemia, inflammation exac-
erbates delayed infarct expansion and has a key pathological
role in ischemic injury (25). Tissue damage begins with an
inflammatory reaction following the interruption of cerebral
blood flow, and the administration of GAS exhibited poten-
tial neuroprotective effects on MCAO-induced cerebral I/R
injury in rats. These effects are likely due to the inhibition of
inflammation-associated events. The behavioral test used in
the present study was designed to assess impairments consis-
tent with the known functional architecture of the rat brain,
and inflammatory mediators have previously been identified
through experimental investigations of brain edema (26). In the
present study, edema lasted 7 days after MCAO in rats, which
was accompanied by an increased infarct size. In addition,
behavioral abnormality, infarct size and edema were signifi-
cantly increased in the I/R group compared with in the sham
group. Conversely, in the I/R + GAS groups the development
of behavioral abnormality and infarct size was significantly
suppressed compared with in the I/R model group.

Inflammatory mediators, including IL-1,iNOS and COX-2,
are upregulated following cerebral I/R surgery (27,28). Elevated
expression levels of inflammatory mediators may enhance
neurological damage via the activation of various downstream
pathways (29). A previous study demonstrated that inhibitors
of iNOS attenuate infarct size following focal cerebral isch-
emia (30). In addition, cerebral ischemia has been reported
to upregulate the inducible form of COX-2 in the injured
brain (31), and attenuating microglial activation-induced
expression of IL-1f may provide a neuroprotective effect
against transient cerebral ischemic injury (32). GAS, which is
a compound isolated from the Chinese herb G. elata BI, was
able to significantly ameliorate cerebral I/R surgery-induced
infarct size in the present study. In addition, downregulation
of the gene and protein expression levels of IL-1f3, COX-2 and
iNOS were detected in the penumbra of cerebral I/R rats, and
may be considered the potential underlying mechanism by
which GAS protects the brain from stroke-induced symptoms.

The present study also demonstrated that inhibition of
apoptosis was a mechanism by which GAS exerted neuropro-
tection against cerebral I/R injury. Mitochondrial and death
receptor pathways are the two main apoptotic pathways. The
caspase family consists of cysteine proteases that induce apop-
tosis. Among the 12 known caspases in mammals, cleaved
caspase-3 is a crucial biomarker of neuronal apoptosis that
also acts as an apoptotic executor (33). In the present study,
in both the hippocampus and cerebral cortex of the cerebral
I/R rats, GAS significantly attenuated neuronal loss and the
number of TUNEL-positive cells. Therefore, inhibition of
apoptosis is potentially involved in the prevention of neuronal
death. In the present study, with regards to activated caspase-3,
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cerebral ischemia increased its protein expression levels,
which is consistent with a previous study that reported elevated
caspase-3 gene expression in transient cerebral ischemia (34).
Conversely, treatment with GAS significantly decreased the
expression levels of cleaved caspase-3. These results suggested
that the protective effects of GAS may be associated with the
inhibition of apoptotic signaling pathways.

In conclusion, the present study demonstrated that GAS
was able to ameliorate subacute phase cerebral I/R injury, and
its protective effects may be induced by inhibiting IR-induced
upregulation of the inflammatory cytokine IL-1p, by inhib-
iting the expression of the pro-oxidative enzymes COX-2
and iNOS in the ischemic brain, and by inhibiting neuronal
apoptosis via suppression of apoptotic signaling pathways.
These findings suggested that GAS exerts a neuroprotective
effect in the ischemic brain, due to the inhibition of inflam-
mation and apoptosis. Therefore, GAS may be considered a
potential therapeutic agent against inflammation and apoptosis
in subacute phase cerebral I/R injury.
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