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Abstract. Stroke is the leading cause of disability in adults and 
the second most common cause of mortality worldwide. There 
is currently intense interest in the use of natural products in 
the treatment of the condition. The aim of this study was to 
investigate the effect of Gualou Guizhi decoction (GLGZD) 
on rats subjected to cerebral ischemia/reperfusion injury and 
the possible mechanisms involved. Cerebral ischemia/reper-
fusion injury was induced by the middle cerebral artery 
occlusion method. Ischemic injury was assessed by estimating 
neurological function and measuring brain infarct volume, 
and the terminal deoxynucleotidyl transferase‑mediated 
dUTP nick end labeling method was employed to examine 
ischemia‑induced apoptosis. The levels of the antioxidative 
enzyme superoxide dismutase (SOD) and the concentrations of 
the non‑enzymatic scavenger glutathione (GSH) and malondi-
aldehyde (MDA) were measured to investigate the antioxidant 
mechanisms. In addition, the levels of excitatory amino acids 
(EAAs) and glutamate receptor 1 (GluR1) were examined using 
an automatic amino acid analyzer and immunohistochemical 
analysis. The administration of GLGZD attenuated the cere-
bral ischemia/reperfusion injury‑induced neural deficits and 
cerebral infarct volume, reduced the levels of MDA and EAAs 
(glutamate and aspartate), significantly increased the activity of 
the antioxidant GSH and notably elevated the activity of SOD. 
Consistently, GLGZD inhibited ischemia‑induced apoptosis 
and downregulated the expression of GluR1. In conclusion, 
this study suggested that GLGZD exerts a neuroprotective 

effect on focal cerebral ischemia/reperfusion injury through 
the modulation of multiple antioxidant and anti‑excitotoxicity 
pathways.

Introduction

Stroke is a life‑threatening disease that is considered the 
most common cause of disability in adults. According to the 
World Health Organization, 15 million individuals suffer from 
stroke worldwide each year. Of these, 5 million succumb and a 
further 5 million are permanently disabled (1). Ischemic stroke 
is by far the most common type of stroke, accounting for ~88% 
of all stroke cases. Ischemic stroke results from a loss of blood 
supply to part of the brain, initiating the ischemic cascade (2).

The mechanisms involved in ischemic stroke have been 
suggested to involve a complex interplay of excitotoxicity, 
oxidative stress, inflammation and apoptosis (3‑6); however, 
oxidative stress is considered to have a key role in the patho-
genesis of ischemia/reperfusion injury (4). Reactive oxygen 
species are found to be over‑produced during ischemia/reper-
fusion, accompanied by elevated levels of free radicals. It is 
known that reactive oxygen species are generated following 
N‑methyl‑D‑aspartate receptor activation (7), which enhances 
glutamate (Glu) release (8) and leads to excitotoxicity. This 
initiates a chain reaction or signaling pathways and leads to 
the process of cell death. Furthermore, it has been reported 
that oxidative stress and excitotoxicity may be interdependent 
mechanisms involved in neuronal cell injury and death (9).

To date, numerous antioxidants, such as vitamin E and 
edaravone have shown neuroprotective effects in isch-
emia/reperfusion‑induced cerebral injury (10‑12); however, 
these agents do not exhibit satisfactory clinical outcomes due 
to a variety of patient‑ and drug‑associated factors. There has 
recently been increased interest in the application of natural 
products, particularly Traditional Chinese Medicine, for the 
treatment of stroke. Gualou Guizhi decoction (GLGZD), a 
well‑known traditional Chinese formula, was first recorded 
in ‘Essentials from the Golden Cabinet’, which was written 
during the Eastern Han Dynasty, in ~210 A.D (13). According 
to the theory of Traditional Chinese Medicine, GLGZD is 
formulated of six herbs, which collectively exert therapeutic 
and modulatory effects. The formula has been used to treat 
muscular spasticity following stroke, epilepsy or spinal cord 
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injury in China (14‑16). The present authors' clinical study 
revealed the promising effects of GLGZD in stroke patients 
(Zhang et al, unpublished data); however, although reports 
from a few clinical studies are available (17), little investigation 
has been performed into the mechanism underlying the action 
of GLGZD against cerebral ischemia/reperfusion injury. The 
present study was therefore designed to confirm the potential 
effects of GLGZD on focal cerebral ischemia/reperfusion 
injury and elucidate the underlying therapeutic mechanism by 
using a middle cerebral artery occlusion (MCAO) model of 
cerebral ischemia.

Materials and methods

Animals and materials. Male Sprague Dawley (specific 
pathogen‑free) rats, weighing 300±20 g, were provided by the 
Laboratory Animal Center of Fujian University of Traditional 
Chinese Medicine (Fuzhou, China). All experiments were 
conducted in accordance with the Institutional Animal Care 
and Use Committee of Fujian University of Traditional 
Chinese Medicine.

The six herbal medicines of GLGZD were purchased 
from Tongchun Drugstore (Fuzhou, China) and identified 
by Professor Chengzhi Yang (College of Pharmacy, Fujian 
University of Traditional Chinese Medicine). Acetonitrile was 
high‑performance liquid chromatography grade and purchased 
from Merck Co. (Darmstadt, Germany). Deionized water used 
throughout the experiments was generated by a Millipore 
water purification system (Milli-Q® Direct-Q 3; Millipore, 
Milford, MA, USA). All other chemicals were obtained from 
commercial sources unless otherwise stated.

Preparation of GLGZD. GLGZD was prepared from the six 
herbs (Trichosanthes kirilowii Maxim., Paeonia lactiflora 
Pall., Cinnamomum cassia Presl., Glycyrrhiza uralensis Fisch., 
Zingiber officinale Rosc. and Ziziphus jujuba Mill) with the 
ratio of 10:3:3:3:2:3 (dry weight), respectively, and extracted with 
80% ethanol twice, 1 h per time. Filtrate was recovered from the 
ethanol and concentrated to extraction with a relative density of 
1.2 (50˚C). The decoction was obtained for further use.

Focal cerebral ischemia/reperfusion model. The focal cere-
bral ischemia/reperfusion model was generated using MCAO 
methodology, as described previously (18). Briefly, rats were 
anesthetized with chloral hydrate (350 mg/kg) intraperitone-
ally, and the common left carotid artery, external carotid 
artery (ECA) and internal carotid artery (ICA) were exposed. 
A 3‑0 surgical monofilament nylon suture with a rounded tip 
was carefully inserted from the ECA into the ICA and was 
advanced to occlude the origin of the left MCA, until a light 
resistance was felt (18‑22 mm). After 2 h of occlusion, the 
nylon suture was withdrawn for blood reperfusion. During 
the surgical procedures, the body temperature of the rats was 
maintained at 37±0.5˚C. Following surgery, the rats were 
allowed to recover in pre‑warmed cages. Sham‑operated rats 
underwent the same procedure, but arteries were not occluded. 
Successfully established rat models of focal cerebral isch-
emia/reperfusion were divided into two experimental groups 
to give three groups (n=15 per group) in total: Sham surgery, 
model and GLGZD.

Drug administration protocol. GLGZD was administered at 
doses of 7.2 g/kg once a day, starting 2 h after reperfusion, 
between days 1 and 7. Saline solution (0.9%) was administered 
to the sham surgery and model groups.

Evaluation of neurological deficit score. Neurological deficit 
was scored using the criteria of a five‑point scale  (19), as 
follows: Score 0, no neurological symptoms; score 1, inability 
to completely extend the front jaw on the contralateral side; 
score 2, rotation while crawling and falling to the contralateral 
side; score 3, inability to walk without assistance and score 4, 
unconsciousness. Rat behavioral tests were performed after 
60 min of ischemia followed by 7 days of exercise. The evalu-
ation was blindly performed by a single observer.

Evaluation of cerebral infarct volume. Six rats were sacrificed 
by decapitation and the intact brain was obtained on the seventh 
day after MCAO in each group. The frozen brains were sliced 
into uniform coronal sections, and then immediately stained 
with 2% 2,3,5‑triphenyltetrazolium chloride (TTC) solution 
in phosphate buffer (pH 7.4). The sections were kept at 37˚C 
for 1 h and turned over several times. Following staining, the 
infarct volume was measured using image analyzer software 
(Motic Med 6.0; Xiamen Motic Software Engineering Co., 
Ltd., Shenzhen, China) and calculated as a percentage frac-
tion of non‑viable cerebral tissue of the global brain. Color 
images of these slices were captured using a digital camera 
(Canon 550D; Canon Inc., Tokyo, Japan).

Biochemical assays. The activity of superoxide dismutase 
(SOD), as well as the concentrations of glutathione (GSH) and 
malondialdehyde (MDA), in the blood samples were measured 
using total superoxide dismutase (T-SOD), cell MDA and 
reduced GSH assay kits from Nanjing Jiancheng Institute 
of Bioengineering (Nanjing, China) in accordance with the 
manufacturer's instructions.

Determination of EAA level in cerebrospinal f luid. 
Cerebrospinal fluid was collected for the determination of 
Glu and aspartate (Asp) levels by a Hitachi automatic L-8900 
amino acid analyzer (Hitachi, Tokyo, Japan) (20).

Immunohistochemical analysis of Glu receptor 1 (GluR1). Six 
rats in each group were anesthetized and were fixed with a 
buffered 4% paraformaldehyde solution by transcardial perfu-
sion. The intact brain was then embedded with paraffin, and 
paraffin‑embedded sections were used for the GluR1 immuno-
histochemistry assay. In brief, paraffin sections were dewaxed 
and incubated in boiling citrate buffer for antigen retrieval. 
The sections were subsequently incubated with polyclonal 
rabbit anti-GluR1 primary antibodies (1:500; #bs-10042R; 
Beijing Biosynthesis Biotechnology Co., Ltd., Beijing China) 
at room temperature for 2  h, following incubation with 
3% H2O2 and blocking by normal goat serum. Following a 
rinse in phosphate‑buffered saline (PBS), the sections were 
incubated with a biotinylated polyclonal anti-rabbit IgG/strep-
tavidin secondary antibody (1:1,000; #bs-0295G-SA; Beijing 
Biosynthesis Biotechnology Co., Ltd.), washed and incubated 
with horseradish peroxidase‑labeled streptavidin (Beijing 
Biosynthesis Biotechnology Co., Ltd.). The sections were then 
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developed with diaminobenzidine and counterstained with 
hematoxylin. PBS replaced the primary antibody to determine 
specific binding for the negative control. Microscopic images 
were acquired using a Leica microscope (DM4000B; Leica 
Microsystems GmbH, Wetzlar, Germany) and five high‑power 
fields (magnification, x400) were randomly selected in each 
slide. The average proportion of positive cells in each field was 
calculated by the true color multi‑functional cell image anal-
ysis management system (Image‑Pro Plus; Media Cybernetics, 
Inc.).

Terminal deoxynucleotidyl transferase‑mediated dUTP 
nick end labeling (TUNEL) staining. TUNEL staining was 
performed in accordance with the manufacturer's instructions 
using an apoptosis detection kit (Promega Corp., Madison, 
WI, USA). The apoptotic index was calculated by multiplying 
the quantity and staining intensity scores (21).

Statistical analysis. Data are presented as the mean ± stan-
dard deviation. The statistical significance of differences was 
analyzed by one‑way analysis of variance. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effect of GLGZD on neurological deficits and cerebral 
infract volume. According to the criteria of the five‑point 
scale, neurological symptoms were not observed in the 
sham surgery group, but were evident in the two cerebral 
ischemia/reperfusion groups (Fig. 1). GLGZD treatment for 
the first 3 days did not significantly reduce the neurological 
deficit scores compared with the model group; thereafter, 
however, the scores were significantly reduced by GLGZD 
(P<0.01).

Following TTC staining, the living cells were stained 
deep red, while the infarcted cells remained pale due to dehy-
drogenase loss at 7 days after ischemia (Fig. 2A). GLGZD 
significantly decreased the infarct volume to 0.20±0.06 
(P<0.05), as compared with the cerebral ischemia/reperfusion 
group (0.32±0.05) (Fig. 2B).

Effect of GLGZD on SOD activity and MDA and GSH levels 
in the blood. As shown in Table I, the levels of MDA and 
GSH were 2.120±0.79 nmol/ml and 18.231±0.90 µmol/ml, 
respectively, and the SOD activity was 20.213±0.02 U/ml 

Figure 1. Effect of GLGZD on the development of behavioral abnormalities following MCAO. Neurological score was taken as the index. Data are presented 
as the mean ± standard deviation in each group. *P<0.05, vs. the MCAO model group. GLGZD, Gualou Guizhi decoction; MCAO, middle cerebral artery 
occlusion.

Figure 2. Effect of GLGZD on cerebral infarction in MCAO model rats. (A) Representative 2,3,5‑triphenyltetrazolium chloride‑stained brain coronal sections 
of four groups. The images were taken by a high‑resolution digital camera. The normal tissue was stained red‑blue and the infarct area was stained pale 
pink. (B) Infarct volume was expressed by bar graphs and quantified using the Motic Med 6.0 system. **P<0.01, vs. the sham surgery group, #P<0.05, vs. the 
model group. GLGZD, Gualou Guizhi decoction; MCAO, middle cerebral artery occlusion.
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in the sham surgery group; however, the SOD activity and 
GSH levels were markedly decreased and the MDA level was 
significantly increased in the model group compared with 
those in the sham surgery group. In the GLGZD group, it was 
observed that the MDA and GSH levels and SOD activity were 
significantly altered when compared with those in the model 
group (P<0.05).

Effect of GLGZD on EAAs in cerebrospinal fluid. In the 
model group, the levels of EAAs, such as Glu and Asp, were 
increased by 150 and 146%, respectively (P<0.05), compared 
with those in the sham surgery group. Following treatment 
with GLGZD, the EAA levels were decreased by 36 and 
47%, respectively, compared with those in the model group 
(P<0.05) (Fig. 3).

Figure 3. Effect of GLGZD on excitatory amino acid (Glu and Asp) levels in cerebrospinal fluid. **P<0.05, vs. the sham surgery group, ##P<0.01, vs. the MCAO 
model group. GLGZD, Gualou Guizhi decoction; MCAO, middle cerebral artery occlusion; Glu, glutamate; Asp, aspartate.

Figure 4. Effects of GLGZD treatment on (A) apoptosis and (B) the expression of GluR1 in MCAO‑induced ischemic rat brain tissues, as assessed by TUNEL 
staining and immunohistochemical analysis, respectively (original magnification, x400). *P<0.05 and **P<0.01 vs. the sham surgery group, #P<0.05, vs. the 
MCAO model group. GLGZD, Gualou Guizhi decoction; MCAO, middle cerebral artery occlusion; GluR1, glutamate receptor 1; TUNEL, terminal deoxy-
nucleotidyl transferase‑mediated dUTP nick end labeling.

Table I. Effect of GLGZD on SOD activity and MDA and GSH levels in the blood of rats subjected to cerebral ischemia/reperfu-
sion injury.

Groups	 SOD (U/ml)	 MDA (nmol/ml)	 GSH (µmol/l)

Sham surgery	 20.213±0.02	 2.120±0.79	 18.231±0.90
Model	 3.689±0.03a	 5.680±1.25a	 3.001±0.29a

GLGZD	 19.686±0.02b	 2.190±0.29b	 16.539±1.30b

Values are presented as the mean ± standard deviation. aP<0.01 vs. the sham surgery group; bP<0.01 vs. the MACO model group. GLGZD, 
Gualou Guizhi decoction; MCAO, middle cerebral artery occlusion; SOD, superoxide dismutase; MDA, malondialdehyde; GSH, glutathione.
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Effect of GLGZD on apoptosis in the brain. Apoptosis 
(programmed cell death) was detected by TUNEL assay. Data 
in Fig. 4A show that GLGZD treatment decreased the propor-
tion of TUNEL‑positive cells compared with the model group, 
thus showing the anti‑apoptotic activity of GLGZD in vivo.

Effect of GLGZD on the expression of GluR1 in brain. The 
protein expression of GluR1 was evaluated via immunohis-
tochemical analysis. Protein expression was significantly 
elevated in the model group compared with that in the sham 
surgery group, while decreased expression was observed in 
the GLGZD group compared with that in the model group 
(Fig. 4B).

Discussion

Ischemic stroke is the most commonly encountered type of 
stroke in humans. In experimental stroke, the two models used 
are the permanent MCAO model and the focal cerebral isch-
emia model. The focal cerebral ischemia model more closely 
replicates the condition in human beings; therefore, a revers-
ible model of focal ischemia (i.e. the temporary MCAO model) 
is more relevant than the permanent occlusion model (22). The 
major advantages of this model are that the method is relatively 
simple and that the MCA can be occluded and reperfused 
without craniotomy (23,24).

In the present study, the neuroprotective effect of GLGZD 
was evaluated in vivo using an MCAO rat model. The results 
showed that GLGZD significantly decreased the focal infarct 
volume, neurological deficit score and level of apoptosis 
compared with the model rats. These findings were consistent 
with those of a previous report (18).

The neu roprotect ive  ef fec t  of  GLGZD may 
involve a number of different mechanisms, including 
reduced inf lammatory cytokine levels  (25), an anti-
oxidation effect (26) and the modulation of Glu levels and 
α‑amino‑3‑hydroxy‑5‑methyl‑4‑isoxazolepropionic acid 
receptor (AMPAR) expression  (18). In the MCAO rats, a 
significant increase was observed in the level of MDA and a 
decrease in the levels of endogenous antioxidants, i.e. SOD 
and GSH. This was indicative of marked oxidative stress. 
Excessive free radical generation occurs at the time of reperfu-
sion and accounts for free radical‑induced injury (27). In the 
GLGZD‑treated rats, a significant attenuation in the level of 
MDA and increases in the activity of SOD and level of GSH 
were noted.

Oxidative stress can cause cellular damage and enhance 
Glu release, thus leading to excitotoxicity. Glu is the most 
common excitatory neurotransmitter in the central nervous 
system and is involved in numerous aspects of normal brain 
function; however, abnormally elevated levels of Glu may 
induce excitatory neural toxicity (28). Excess Glu‑induced 
excitotoxicity is involved in the pathogenesis of several human 
neurological diseases, such as stroke. It has been reported 
that cerebral ischemia or brain injury markedly elevates Glu 
concentrations (29), with the resulting excitotoxicity leading to 
neuronal injury or death (30). The present study showed that 
Glu and Asp concentrations were significantly decreased in 
GLGZD‑treated rats compared with those in the model rats; 
similar results were observed for GluR1 expression. GluR1 

is one of the AMPAR subunits. AMPAR is a member of the 
ionotropic glutamate receptor family and mediates excitatory 
synaptic transmission in the brain. It additionally has an 
important role in motor function following cerebral ischemia. 
Gottlieb and Matute (31) found that AMPAR subunits were 
upregulated in immunoreactive hypertrophic astrocytes in the 
CA1 hippocampal region following transient forebrain isch-
emia (31); therefore, a normal Glu concentration is important 
to prevent glutamate‑induced neurotoxicity.

In this study, initial evidence was provided that GLGZD 
exerts a neuroprotective effect in vivo by promoting endog-
enous antioxidant enzymatic activities, decreasing neuronal 
cell death and Glu concentration and inhibiting GluR1 expres-
sion. The findings lead to the speculation that GLGZD may be 
a potential therapeutic agent for cerebral ischemia.
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