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Abstract  
Buyang Huanwu Decoction fraction extracted from Buyang Huanwu Decoction contains saponins of 
Astragalus, total paeony glycoside and safflower flavones. The aim of this study was to demonstrate 
the neuroprotective effect and mechanism of Buyang Huanwu Decoction fraction on ischemic injury 
both in vivo and in vitro. In vivo experiments showed that 50–200 mg/kg Buyang Huanwu Decoction 
fraction reduced infarct volume and pathological injury in ischemia/reperfusion rats, markedly 
inhibited expression of nuclear factor-κB and tumor necrosis factor-α and promoted nestin protein 
expression in brain tissue. Buyang Huanwu Decoction fraction (200 mg/kg) exhibited significant 
effects, which were similar to those of 100 mg/kg Ginkgo biloba extract. In vitro experimental results 
demonstrated that 10–100 mg/L Buyang Huanwu Decoction fraction significantly improved cell 
viability, decreased the release of lactate dehydrogenase and malondialdehyde levels, and inhibited 
the rate of apoptosis in HT22 cells following oxygen-glucose deprivation. Buyang Huanwu 
Decoction fraction (100 mg/L) exhibited significant effects, which were similar to those of 100 mg/L 
Ginkgo biloba extract. These findings suggest that Buyang Huanwu Decoction fraction may 
represent a novel, protective strategy against cerebral ischemia/reperfusion injury in rats and 
oxygen-glucose deprivation-induced damage in HT22 cells in vitro by attenuating the inflammatory 
response and cellular apoptosis. 
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Research Highlights 
(1) Buyang Huanwu Decoction fraction extracted from Buyang Huanwu Decoction contains 
saponins of Astragalus (51%), total paeony glycoside (12%) and safflower flavones (8%).  
(2) In vivo and in vitro experiments verified that Buyang Huanwu Decoction fraction reduced brain 
injury in ischemia/reperfusion rats and relieved hippocampal neuron apoptosis following 
oxygen-glucose deprivation.  
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(3) The neuroprotective effect of Buyang Huanwu Decoction fraction was associated with 
suppression of inflammatory factor secretion and expression, reduction of the inflammatory reaction 
of brain tissues, inhibition of apoptosis and the anti-oxidative properties of the fraction. 
 
Abbreviations 
BHDF, Buyang Huanwu Decoction fraction; NF-κB, nuclear factor-κB; TNF-α, tumor necrosis 
factor-α 

 
INTRODUCTION 
    
Stroke is the third most common cause of death 
worldwide and the leading cause of disability in adults[1]. 
Therefore, the prevention and effective treatment of 
stroke is of utmost importance. A number of medications 
that help prevent stroke in high-risk patients are under 
investigation[2]. However, there is currently no treatment 
that has been conclusively proven by clinical trials to be 
beneficial, except for thrombolytic treatment with 
recombinant tissue plasminogen activator for highly 
selective patients[3]. Nonetheless, ischemia/reperfusion 
after thrombolysis therapy is a growing problem, which 
has restricted clinical applications of thrombolytic drugs[4]. 
Currently, there is no valid therapeutic drug for the 
treatment of ischemia/reperfusion injury, especially for 
the therapy of neural damage. The occurrence of 
cerebral injury after ischemia/reperfusion is accompanied 
by significant cellular necrosis and apoptosis. Apoptosis 
is mainly located in the ischemic penumbral zone, and 
the ischemic core is characterized by cell necrosis[5]. In 
addition, others have demonstrated that preclinical 
models of ischemic stroke in rats develop ischemic 
penumbral areas that are ultimately destined to become 
infarcted tissue without drug intervention[6-7].  
 
Over the last few years, intense interest has focused on 
the application of traditional Chinese herbal medicines in 
the treatment of ischemic stroke because many Chinese 
herbal medicines have been reported to possess 
cardioprotective or neuroprotective effects[8]. Previous 
studies have demonstrated that Buyang Huanwu 
Decoction can antagonize free radical injury in cerebral 
ischemia/reperfusion models[9-11]. Buyang Huanwu 
Decoction fraction (BHDF) is extracted from Buyang 
Huanwu Decoction and has been used to treat stroke for 
centuries[12]. However, the mechanism of these beneficial 
effects has not been explained clearly. Strategies to 
identify and harness the cellular and molecular 
mechanisms of this protective effect hold tremendous 
potential and therapeutic benefit. Studies have shown that 
inflammation and apoptosis can aggravate ischemic brain 

injury, which are important pathological mechanisms of 
stroke[13-14]. The inflammatory response and apoptosis 
after cerebral ischemia/reperfusion is closely related with 
secondary brain damage. This study evaluated the 
neuroprotective effect of BHDF against cerebral injury and 
examined the most effective dose in vivo and in vitro, as 
well as its possible underlying mechanism of action.    
 
 
RESULTS 
 
In vivo studies  
Quantitative analysis of experimental animals 
A total of 96 rats were equally and randomly divided into 
the following six groups: sham group (sham operation, 
no ischemia/reperfusion), ischemia/reperfusion group 
(ischemia/reperfusion alone, with normal saline 
treatment), Ginkgo biloba extract group (ischemia/ 
reperfusion with 100 mg/kg Ginkgo biloba extract 
treatment), and BHDF groups (ischemia/reperfusion with 
50, 100, 200 mg/kg BHDF treatment). All 96 rats were 
involved in the final analysis.  
 
Effect of BHDF on cerebral infarct volume  
An ischemic zone, distinguished as a distinct pale 
stained area, was consistently identified in the cortex and 
striatum of the left cerebral hemisphere in rats subjected 
to cerebral ischemia reperfusion by 2,3,5- 
triphenyltetrazolium chloride. A statistically significant 
difference between the sham group and ischemia/ 
reperfusion group in cerebral infarct volume was 
observed (P < 0.05). 50–200 mg/kg BHDF significantly 
attenuated the cerebral infarct volume (P < 0.05). Ginkgo 
biloba extract (100 mg/kg) had a similar effect on 
cerebral infarct volume as BHDF (Figure 1).  
 
Effect of BHDF on pathological changes to brain 
tissues  
Hematoxylin-eosin staining of the ischemic core of the 
middle cerebral artery occlusion lesion revealed that 
ischemic damage was absent in the sham group. BHDF 
(50–200 mg/kg) and Ginkgo biloba extract (100 mg/kg) 
treatment significantly decreased histological structure 
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breakdown and resulted in a reduced number of 
fibrinogen-fibrin complexes than that of the ischemia/ 
reperfusion group. All slides were blinded and submitted 
to a pathologist for evaluation (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Effects of BHDF on the expression of nuclear 
factor-κB (NF-κB) p65 and tumor necrosis factor-α 
(TNF-α) in cerebral tissue  
Neuronal damage and degeneration were quantified by 
counting the number of immunoreactive cells stained 
with antibodies against NF-κB, TNF-α and nestin in the 
middle of a defined CA1 area in the hippocampus per 
high magnification field (magnification 400 ×) using a 
Biological Microscope Camera Analysis System. NF-κB 
p65 and TNF-α, which were positive as described by 
yellow or brown granules, were patchy and had a diffuse 
distribution, located in dendrites of hippocampal neurons. 
The expression of NF-κB p65 and TNF-α protein in the 
ischemia/reperfusion group was significantly greater 
compared with the sham group (P < 0.05). Compared 
with the ischemia/reperfusion group, BHDF (200, 100,  
50 mg/kg) and Ginkgo biloba extract significantly 
reduced the expression of NF-κB p65 and TNF-α (P < 
0.05) (Figures 3, 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on cerebral infarct volume after cerebral 
ischemia/reperfusion (I/R) injury in rats.   

(A) Representative photos of cerebral infarct volume (pale 
stained area). 

(B) Histogram of the percentage of cerebral infarct 
volume. Values are expressed as mean ± SD, n = 8. aP < 
0.05, vs. sham group. bP < 0.05, vs. I/R group (one-way 
analysis of variance, Student’s t-test). Infarct volume ratio 
= (Σ infarct area × thickness)/(Σ brain slices area × 
thickness) × 100%. EGB: Ginkgo biloba extract. 

Figure 2  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on pathological changes in the hippocampus after 
cerebral ischemia/reperfusion (I/R) injury in rats 
(hematoxylin-eosin staining, × 400; scale bar: 50 μm).  

50–200 mg/kg BHDF and 100 mg/kg Ginkgo biloba extract 
treatment reduced histological structure breakdown and 
fibrinogen-fibrin complexes after I/R.   

(A) Sham group; (B) I/R group; (C) Ginkgo biloba extract 
100 mg/kg group; (D) BHDF 200 mg/kg group; (E) BHDF 
100 mg/kg group; (F) BHDF 50 mg/kg group. 
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Figure 3  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on the protein expression of nuclear factor-κB 
(NF-κB) p65 in the hippocampus after cerebral 
ischemia/reperfusion (I/R) injury in rats.  

(A) Representative photographs of NF-κB p65 expression 
in the hippocampus (immunohistochemistry, × 400; scale 
bar: 50 μm). Arrows indicate NF-κB p65- positive cells. 

(A1) Sham group; (A2) I/R group; (A3) Ginkgo biloba 
extract (EGB) 100 mg/kg group; (A4) BHDF 50 mg/kg 
group; (A5) BHDF 100 mg/kg group; (A6) BHDF       
200 mg/kg group. 

(B) Histogram of the number of NF-κB p65-positive cells. 
Values are expressed as mean ± SD, n = 8. aP < 0.05, vs. 
sham group; bP < 0.05, vs. I/R group (one-way analysis of 
variance, Student’s t-test). 

BHDF (mg/kg)    

Sham    I/R    EGB     200      100      50     

80 
70 

60 

50 
40 

30 

20 
10 

0 

BHDF (mg/kg)    

A 

B 

A1 A2 A3 

A4 A5 A6 

N
um

be
r o

f N
F-
κB

-p
os

iti
ve

 c
el

ls
 (%

) 

a 

a 

b 
b 

b 

b 

b 

b 
b 

b 

A 

B 



Jin YL, et al. / Neural Regeneration Research. 2013;8(3):197-207. 

 200 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of BHDF on nestin expression in cerebral 
tissues 
Nestin, which was positive as indicated by yellow or 
brown granules, was mainly located in the cytoblastema. 
The sham group had no positive expression of nestin. 
Nestin expression in the ischemic region of the 
ischemia/reperfusion group had weak expression. 
Compared with the ischemia/reperfusion group, BHDF 
treatment (200, 100, 50 mg/kg) and Ginkgo biloba extract 
treatment significantly enhanced nestin protein 
expression (P < 0.05; Figure 5).  
 
In vitro experiments 
Effect of BHDF on HT22 hippocampal neuron cell 
survival rate, lactate dehydrogenase activity and 
malondialdehyde content 
As shown in Table 1, cell viability in the model group was 
significantly lower than in the control group (P < 0.01). 
BHDF at 10, 30 and 100 mg/L also significantly 
enhanced cell viability (P < 0.01) compared with the 
model group. A significant increase in lactate 

dehydrogenase release and malondialdehyde levels in 
HT22 cells was detected in the model group (P < 0.01). 
However, BHDF treatment at 10, 30 and 100 mg/L, and 
Ginkgo biloba extract (100 mg/L) treatment markedly 
reduced the release of lactate dehydrogenase and 
malondialdehyde levels (P < 0.05 or P < 0.01).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on tumor necrosis factor-α (TNF-α) expression in 
cerebral tissues after cerebral ischemia/reperfusion (I/R) 
injury in rats.  

(A) Representative photographs of TNF-α expression in 
the hippocampus (immunohistochemistry, × 400; scale 
bar: 50 μm). Arrows indicate TNF-α-positive cells. 

(A1) Sham group; (A2) I/R group; (A3) Ginkgo biloba 
extract (EGB) 100 mg/kg group; (A4) BHDF 50 mg/kg 
group; (A5) BHDF 100 mg/kg group; (A6) BHDF       
200 mg/kg group.  

(B) Histogram of the number of TNF-α-positive cells. 
Values are expressed as mean ± SD, n = 8. aP < 0.05, vs. 
sham group; bP < 0.05, vs. I/R group (one-way analysis of 
variance, Student’s t-test). 
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Table 1  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on HT22 hippocampal neuron survival rate, lactate 
dehydrogenase activity and malondialdehyde content 
induced by oxygen-glucose deprivation 

Group Dose
(mg/L)

Survival 
rate (%)

Lactate 
dehydrogenase 
activity (U/mL) 

Malondialdehyde 
content (μM) 

Control -- 100.0±0.6  333.4±101.9 4.3±0.7 
Model --  62.5±0.4a   490.3±138.8a  8.0±0.7a 
Ginkgo 
biloba 
extract 

100  84.3±1.1c   385.7±141.0c  5.4±1.2c 

BHDF  10  71.2±0.8c 427.4±87.2 6.9±0.8 
  30  74.9±1.1c  409.3±59.9b 6.3±1.5 
 100  80.3±1.0c   367.3±121.8c  6.1±1.6b 

Data are expressed as mean ± SD, n = 6. aP < 0.01, vs. control 
group; bP < 0.05, cP < 0.01,vs. model group (one-way analysis of 
variance, Student’s t-test). 

Figure 5  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on nestin expression in the hippocampus after 
cerebral ischemia/reperfusion (I/R) injury in rats.  

(A) Representative photographs of nestin expression in 
the hippocampus (immunohistochemistry, × 400; scale 
bar: 50 μm). Arrows indicate nestin-positive cells. 

(A1) Sham group; (A2) I/R group; (A3) Ginkgo biloba 
extract (EGB) 100 mg/kg group; (A4) BHDF 50 mg/kg 
group; (A5) BHDF 100 mg/kg group; (A6) BHDF       
200 mg/kg group. 

(B) Histogram of the number of nestin-positive cells. 
Values are expressed as mean ± SD, n = 8. aP < 0.05, vs. 
sham group; bP < 0.05, vs. I/R group (one-way analysis of 
variance, Student’s t-test). 
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Effect of BHDF on the apoptotic ratio of HT22 
hippocampal neurons 
Hoechst 33342 staining was performed to determine 
whether the death of HT22 cells was caused by apoptosis. 
Results indicated that there was a significant increase in 
apoptotic cell death in the model group (P < 0.01) 
compared with the control group. BHDF treatment at 30 
and 100 mg/L, and Ginkgo biloba extract decreased the 
number of apoptotic cells (P < 0.01; Figure 6). In the DNA 
histogram, the amplitude of the sub-G1 DNA peak 
represents the number of apoptotic cells. In the model 
group, HT22 cells displayed a typical sub-diploid peak by 
flow cytometry, and the percentage of apoptosis reached 
45.35 ± 18.44 % (P < 0.01). Compared with the model 
group, BHDF treatment (10, 30, 100 mg/L) and Ginkgo 
biloba extract significantly attenuated the number of 
apoptotic cells (P < 0.01; Figure 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
 
The middle cerebral artery occlusion model of cerebral 

ischemia is thought to closely mimic the events of an 
embolic stroke. This method allows rapid occlusion and 
gradual reperfusion[15]. At the acute phase of stroke, 
neurons are both necrotic or apoptotic, and differentiated 
neural stem cells are damaged, leading to neural 
function defects. Although the hippocampal CA1 region 
is a very important structure for learning and memory, it 
is among the most vulnerable brain regions after focal 
cerebral ischemia/reperfusion. The rapid decrease of 
oxygen and glucose in the ischemic region can trigger 
delayed neuronal death[16], and reperfusion may further 
exacerbate the injury.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chinese herbs, such as Buyang Huanwu Decoction, are 
commonly used clinically to treat nervous system 
diseases such as central infarction and cerebral 
hemorrhage. Centuries of clinical practice and 
certification have indicated that Buyang Huanwu 
Decoction has various effects, such as an anti-cerebral 
ischemia/reperfusion injury effect, anti-apoptotic and 
anti-free radical effect, and contributes to repair 
following nervous system injury[12, 17]. Accordingly, we 
hypothesized that BHDF would offer a protective effect 
on neuronal cells following cerebral 
ischemia/reperfusion injury. Our data demonstrated that 
BHDF at a final dose of 50, 100 and 200 mg/kg 
significantly reduced ischemia reperfusion-induced 
cerebral infarct volume in rats. 
 
Stroke triggers an inflammatory reaction that 
progresses for hours after onset, and this inflammation 
plays a central role in the pathogenesis of neuronal 
injury in ischemic stroke[18]. There is ample evidence 
indicating that NF-κB is activated in cerebral ischemia 
and reperfusion, specifically in neurons[19-20].  

Figure 6  Effects of Buyang Huanwu Decoction fraction 
(BHDF) on the apoptotic ratio of HT22 detected by 
Hoechst 33342 after oxygen-glucose deprivation.  

(A) Representative photographs of Hoechst 
33342-positive HT22 apoptotic cells under the inverted 
microscope (× 400). Arrows indicate apoptotic cells.  

(A1) Control group; (A2) model group; (A3) Ginkgo biloba 
extract (EGB) 100 mg/L group; (A4) BHDF 10 mg/L group; 
(A5) 30 mg/L group; (A6) BHDF 100 mg/L group.   

(B) Histogram represents the effect of BHDF on the 
apoptotic ratio of HT22 cells. Data are expressed as  
mean ± SD, n = 6. aP < 0.01, vs. control group; bP < 0.01, 
vs. model group (one-way analysis of variance, Student’s 
t-test). 
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Figure 7  Effect of Buyang Huanwu Decoction fraction 
(BHDF) on the apoptotic ratio of HT22 cells detected by 
flow cytometry after oxygen-glucose deprivation.  

Values are expressed as mean ± SD, n = 6. aP < 0.01, vs. 
control group; bP < 0.01, vs. model group (one-way 
analysis of variance, Student’s t-test). 
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Therefore, inhibition of NF-κB may represent a 
treatment strategy in ischemic stroke. Post-ischemic 
neurodegeneration may be accelerated by a cytokine- 
receptor mediated apoptotic pathway, as shown in the 
brains of transgenic rats overexpressing TNF-α[21]. 
Nestin, a marker of neural stem cells, has previously 
been shown to provide neuroprotection when 
transplanted into the adult brain in rodent models of 
stroke[22]. Interestingly, our immunohistochemistry 
results indicated that BHDF therapy was associated 
with decreased numbers of inflammatory cells in the 
penumbra and decreased expression of NF-κB and 
TNF-α, which may be a consequence of the reduced 
infarction volume and increased expression of nestin. 
The immunohistochemistry results indicate that BHDF 
can also induce the differentiation of multipotent stem 
cells. Multipotent stem cells have a high self-renewal 
capacity and differentiation potential. If differentiation 
potential is towards neurons, this may provide a new 
source of stem cells for repair after neural system 
injury. 
 
In the context of hypoxia, specific genes that contribute 
to cellular events and injury in neurons are known to 
respond, such as genes associated with apoptotic cell 
death, inflammation, necrosis, and neurogenesis[23]. 
Previous investigators have demonstrated that BHDF 
can reduce cell death and apoptosis in cultured 
embryonic cortical cells exposed to compounds that 
mimic many of the events in cerebral ischemia, 
including glutamate excitotoxicity, sodium dithionite, 
hypoxia, and oxygen-glucose deprivation. 
 
Apoptosis, also called programmed cell death, is 
controlled by genes and mediated by specific RNA and 
proteins. Previous investigators have demonstrated that 
there are two pathways to execute apoptosis, the 
mitochondrial pathway and the death receptor 
pathway[24]. Lactate dehydrogenase release, a marker 
of apoptosis and necrosis, is an indicator of plasma 
membrane damage and is commonly used for the 
determination of neurotoxicity[23, 25]. Malondialdehyde is 
regarded as a hallmark of oxidative damage. Reactive 
oxygen species play important roles in the 
pathogenesis of central nervous system injury[26]. BHDF 
improves neuronal survival in hypoxic conditions in a 
dose-dependent manner, and inhibits lactate 
dehydrogenase release from HT22 hippocampal 
neurons exposed to sodium dithionite toxicity.  
 
Viable cells displayed normal nuclear size and uniform 
fluorescence, whereas apoptotic cells showed 

condensed nuclei or nuclear condensation. In addition, 
chromosomal condensation and morphological changes 
in the nucleus of HT22 cells were observed using the 
chromatin dye Hoechst 33342[27]. This protocol 
describes a rapid and simple method for the 
identification of apoptotic cells. Owing to changes in cell 
membrane permeability, compared with viable cells, 
apoptotic cells show an increased uptake of the vital 
DNA dye Hoechst 33342. The DNA dye can distinguish 
between necrotic cells that have lost membrane 
integrity from apoptotic cells that still have intact 
membranes as assayed by dye exclusion. Flow 
cytometry is a generally accepted tool to analyze 
apoptosis, and it provides results that are reliable for 
apoptotic measurements[28]. The mechanisms 
underlying neuronal cell death in the brain after 
oxygen-glucose deprivation are complex as they 
appear in a variety of forms and depend on multiple 
factors. Hoechst 33342 staining and flow cytometric 
detection of the sub-G1 peak in cells revealed that the 
control group showed a similar mean percentage of 
apoptotic cells using both methods (3.5% by 
morphology versus 1.2% by flow cytometry) after     
24 hours of culture. In the model group, the mean 
percentage of apoptotic cells quantified by morphology 
was lower than by flow cytometry (34.29% by 
morphology versus 45.35% by flow cytometry after 
oxygen-glucose deprivation). However, in the treatment 
groups, the mean percentage of apoptotic cells 
quantified by morphology was higher than that by flow 
cytometry in each group treated with same dose. In our 
system, flow cytometric sub-G1 peak analysis appeared 
to underestimate apoptosis. The mechanism of the 
anti-apoptotic effect of BHDF may be related to the 
regulation of the transcription of pro- and anti-apoptotic 
molecules, and an increase in the expression of 
anti-apoptotic proteins.  
 
In vivo and in vitro studies have demonstrated 
neuroprotective effects of BHDF against a variety of 
insults. Our current results, indicating the 
cerebroprotective properties of BHDF during ischemic 
stroke, validate the role of anti-inflammatory 
compounds in ischemic stroke. Apoptosis is 
characterized by decreased cell viability, condensation of 
nuclear chromatin and increased phosphatidylserine 
translocation[29]. Stroke is a leading cause of death and 
disability in many industrial nations, yet treatments are 
few and often restricted to a small number of patients[30]. 
Such studies are expected to accelerate development of 
therapeutic strategies to ameliorate neuronal death and 
cognitive deficits not only following focal cerebral 
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ischemia, but also in other neurodegenerative disorders. 
 
In summary, BHDF exerts a significant neuroprotective 
effect against cerebral ischemia/reperfusion injury in 
rats and HT22 cells damaged by oxygen-glucose 
deprivation in vitro by attenuating the inflammatory 
response and cellular apoptosis. 
 
 
MATERIALS AND METHODS 
 
Design 
A randomized, observational, controlled animal 
experiment. 
 
Time and setting 
This experiment was performed at the Department of 
Pharmacology, Anhui Medical University, China 
between May 2010 and July 2011. 
 
Materials 
Drugs and reagents  
BHDF containing total astragalosides 51%, total paeony 
glycoside 12%, and carthamus tinctorius flavonoids 8% 
was provided by Hefei Qi-xing Medicine and 
Technology Co., Ltd. (Solid powder, Lot No. 20090504, 
Hefei, Anhui Province, China).  
 
Ginkgo biloba extract (tablets; 2.4 mg/pill; approval No. 
GYZZ Z20028024; lot No. 080201) was provided by the 
Herb Production Factory of Ningbo City (Ningbo, 
Zhejiang Province, China).  
 
Animals  
Ninety-six healthy adult male Sprague-Dawley rats 
aged 6–8 weeks and weighing 250–320 g were used. 
The animals were obtained from the Experimental 
Animal Center of Anhui Medical University (License No. 
SCXK (Wan) 2005-001). The animals were housed in 
clear plexiglas cages with stainless steel wire lids and 
filter tops, in a temperature-controlled (20–24°C) room. 
Sprague-Dawley rats were maintained on a 12-hour 
light/dark cycle (lights on at 7:00 a.m.). Rats were 
tested during the light phase of the light/dark cycle. All 
experimental procedures were in accordance with the 
Guidance Suggestions for the Care and Use of 
Laboratory Animals, formulated by the Ministry of 
Science and Technology of China[31]. 
 
Methods 
In vivo experiments 
Establishment of the rat middle cerebral artery 

occlusion model: Rats were anesthetized with an 
intraperitoneal injection of chloral hydrate (10% (w/v), 
0.3 mL/100 g), then fixed in a supine position. After 
removing the fur around the neck, a midline incision 
was performed at the cervical region. The middle 
cerebral artery occlusion model was performed as 
previously described in detail with slight 
modifications[32-34]. With the tip rounded by heating near 
a flame, a length of 20.0–22.0 mm of 3-0 surgical 
monofilament nylon suture was inserted through the 
right common carotid arteries into the internal carotid 
artery until it blocked the origin of the middle cerebral 
artery. Rats were subjected to 2 hours of focal ischemia 
followed by 22 hours of reperfusion and were allowed to 
survive for 24 hours. The suture was not advanced to 
occlude the middle cerebral artery in the sham group. 
Rectal temperature was maintained at 37°C with air 
conditioning throughout the surgical procedure. Finally, 
animals were allowed to regain consciousness and 
were maintained at a room temperature of 25°C with 
free access to food and water. Neurological symptoms 
were examined and only rats demonstrating circling 
contralateral to the middle cerebral artery occlusion, 
detection of hemiplegia and abnormal posture[35] were 
included in the study. All rats were euthanized 24 hours 
after ischemia.  
 
Drug treatment: BHDF (50, 100, 200 mg/kg; reference 
to the pre-experiment) or Ginkgo biloba extract      
(100 mg/kg) were administered to the appropriate 
treatment group by gavage for 7 days (once a day). 
Drugs were administered 7 days prior to undergoing 
middle cerebral artery occlusion. Animals in the sham 
group and the ischemia/reperfusion group were 
administered the same volume (1 mL/100 g) of 0.9% 
(w/v) saline by gavage.  
 
Measurement of infarct volume: The rats were given an 
overdose of chloral hydrate and decapitated. Brains were 
quickly removed, rinsed in cold PBS, placed at –80°C for 
3 minutes and sliced into 2 mm thick coronal sections. 
Tissue sections were incubated for 30 minutes at 37°C in 
a solution of 2% (w/v) 2,3,5-triphenyltetrazolium chloride 
(Sigma, St. Louis, MO, USA) in PBS in the dark. The 
borders of the infarct in each brain slice were outlined 
and the area quantified using NIH image J software. To 
correct for brain swelling, the infarct area was 
determined by subtracting the area of undamaged tissue 
in the left hemisphere from that of the intact contralateral 
hemisphere. Infarct volume was calculated by integrating 
the infarct areas for all slices of each brain[36]. Infarct 
volume ratio was calculated according to the following 
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formula: Infarct volume ratio = (Σ infarct area × 
thickness)/(Σ brain slices area × thickness) × 100%. 
 
Preparation of brain samples: middle cerebral artery 
occluded rats were anesthetized and perfused through 
the heart, first with PBS, and then with PBS containing 
4% (w/v) paraformaldehyde. Rat brains were removed 
rapidly, and then fixed with 10% (v/v) formalin and 
embedded in paraffin blocks. Sections from infracted 
area of each group were sliced into 4-μm-thick slices 
using a microtome (RM-2145; Leica Slicer, Solms, 
Germany) for hematoxylin-eosin[37-38] and 
immunohistochemical staining. 
 
Immunohistochemical staining: Immunohistochemical 
staining was used to determine the protein expression of 
NF-κB, TNF-α and nestin. A commercially available 
avidin-biotin-peroxidase complex staining kit (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) was used. 
Paraffin-embedded cerebral tissue blocks were 
sectioned at 4 μm. Sections were deparaffinized in 
xylene and dehydrated through graded ethanol, then 
washed thrice with PBS for 5 minutes. The sections were 
treated with 3% (v/v) H2O2 for 10 minutes at room 
temperature to quench endogenous peroxidase activity. 
After blocking with 5% (w/v) normal goat serum in PBS for 
30 minutes, they were then incubated in primary 
antibodies for 1 hour at 37°C. The primary antibodies were 
rabbit polyclonal antibodies (1:200): anti-NF-κB/p65 
(sc-8008), anti-TNF-α (sc-1350) and anti-nestin 
(sc-20978), all purchased from Beijing Zhongshan 
Biological Technology Co., Ltd. (Beijing, China). PBS 
was used to replace the antibody in the negative control 
group. After three washes in PBS, the sections were 
incubated with biotinylated goat anti-rabbit IgG (1:1 000; 
Beijing Zhongshan Biological Technology Co., Ltd.) for 
30 minutes, followed by incubation with streptavidin- 
biotin complex for 60 minutes at 37°C. Ten non- 
overlapping random fields of view of each section from 
each group were captured using a microscope (Nikon 80i, 
Tokyo, Japan). Images were analyzed using the Jetta 
801D morphological image analysis system (Version 6.0; 
Nanjing, Jiangsu Province, China). The parameters 
remained unchanged for each treatment group. The 
positive track point was set as the brown localization 
expressed in the cytoplasm or membrane. The total 
number of positive cells in each visual field was calculated 
as follows: number of positive cells/total cells × 100%.   
 
In vitro experiments 
HT22 hippocampal neuronal cell cultures: HT22 cells 
(provided by Nanfang Medical University, Guangzhou, 

Guangdong Province, China), a murine hippocampal 
cell line, were plated at a density of 105–106 cells per 
well in plates. The cells were cultured in Dulbecco’s 
modified Eagle’s medium (ThermoScientific, Barrington, 
IL, USA) containing 10% (v/v) fetal calf serum to ensure 
normal neuronal development and survival, and 
medium was replaced every 2 days. Cells were 
incubated at 37°C in a 5% CO2 and 95% air humidified 
atmosphere until the day of the experiment.   
 
Oxygen-glucose deprivation model: HT22 hippocampal 
neurons in the logarithmic growth phase were used for 
all experiments. Sodium dithionite (1 mM; Wuxi 
Zhanwang Chemical Reagent Co., Ltd., Wuxi, Jiangsu 
Province, China) was used to induce oxygen-glucose 
deprivation in all experiments[39-40]. HT22 hippocampal 
neuronal cells were randomly divided into six groups: (1) 
Control group (no oxygen-glucose deprivation): cells 
were cultured with Dulbecco’s modified Eagle’s medium, 
(2) Model group (oxygen-glucose deprivation alone, 
with no treatment): cells were cultured for 24 hours in 
fresh medium containing sodium dithionite (1 mM), 
without glutamate, (3) BHDF groups: cells were treated 
with BHDF (10, 30, 100 mg/L) containing Dulbecco’s 
modified Eagle’s medium, and then incubated for    
24 hours. The supernatant was then removed and 
replaced with fresh medium containing sodium 
dithionite (1 mM) without glutamate for an additional  
24 hours, (4) Ginkgo biloba extract group: cells were 
treated with 100 mg/L Ginkgo biloba extract, and the 
same method was performed as for the BHDF groups, 
except that BHDF was replaced with Ginkgo biloba 
extract.  
 
Assessment of cell supernatant: Supernatants were 
collected to measure lactate dehydrogenase release 
and malondialdehyde content. Lactate dehydrogenase 
release was used to measure neurotoxicity[41]. Lactate 
dehydrogenase is a cytoplasmic enzyme released from 
cells with compromised cell membranes. 
Malondialdehyde can induce cell damage in various 
ways and levels reflect the content of free radicals 
produced by lipid peroxidation[41]. Lactate 
dehydrogenase activity and malondialdehyde content 
were detected using a colormetric reaction, which was 
read at an absorbance of 440 and 532 nm, respectively, 
using a microplate reader (Haimen Boyang, Haimen, 
Jiangsu Province, China). The assays were performed 
using commercially available kits (Nanjing Jiancheng 
Biological Company, Nanjing, Jiangsu Province, China). 
Both assays were conducted according to the 
manufactures’ instructions.  
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The MTT assay: Cell survival was assayed using the 
microculture tetrazolium method[42]. Approximately 105 
to 106 cells/well were dispensed within 96-well culture 
plates in 10 μL volumes. In each of the above cultured 
wells, 10 μL of MTT working solution (Sigma) was 
added to every well, and then incubated continuously 
for 4 hours. All culture medium supernatant was 
removed from the wells and then each of the plates was 
replaced with 100 μL of dimethyl sulfoxide (Sigma). The 
absorbance value of each well was measured using a 
microplate reader (Haimen Boyang) at 550 nm. Cell 
survival rate was calculated according to the following 
formula: Cell survival rate = absorbance value of 
observed group/absorbance value of control group × 
100%. 
 
Nuclear staining for the assessment of apoptosis: For 
quantification of apoptosis-related DNA fragments, we 
used Hoechst 33342 (Shanghai Shize Biological 
Technology Co., Ltd., Shanghai, China) to determine 
and detect apoptotic cell death, but not necrotic cell 
death[43]. At the end of oxygen-glucose deprivation 
treatment, the supernatants were removed. HT22 cells 
from each well were fixed with a 1:3 mixture of acetic 
acid and methanol at 4°C for 20 minutes. The 
supernatants were removed. After three rinses with 
PBS, cells were stained with 10 μg/mL Hoechst 33342 
(Sigma) for 20 minutes at room temperature. Cultures 
were then washed three times with PBS and mounted in 
an anti-fluorescein fading medium (Amresco, Solon, OH, 
USA). Slides were visualized under a fluorescent 
microscope (Nikon). Experiments were repeated at 
least three times using separate batches of cultures. 
Apoptotic cells in each group were quantified by 
counting the mean number of positive cells per six fields 
at 200 × magnification using an inverted microscope. 
The apoptotic ratio was equal to the number of 
apoptotic cells/total cells × 100%.  
 
Flow cytometry analysis of apoptosis: After cells were 
treated and collected, HT22 cells were digested with 
trypsin (2.5 g/L; Difco, Franklin Lakes, NJ, USA) and 
centrifuged at 1 500 r/min for 10 minutes, and then the 
supernatant was discarded. Cells were rinsed with 
PBS three times and fixed with 70% (v/v) ice-cold 
ethanol in the dark at 4°C overnight. On the following 
day, neurons were centrifuged at 1 500 r/min for 10 
minutes, washed twice with PBS and adjusted to a 
concentration of 1 × 106 cells/mL. After RNase (0.5 mL, 
1 mg/mL in PBS; Sigma) was added, the specimens 
were stained with propidium iodide (50 mg/L; Sigma) 
in the dark at 4°C for 30 minutes, and then subjected 

to flow cytometry analysis using the FACScan (Becton 
Dickinson, Franklin Lakes, NJ, USA). Experiments 
were repeated at least three times using separate 
batches of cultures.  
 
Statistical analysis  
All data were expressed as mean ± SD, and were 
analyzed using SPSS 15.0 for Windows software (SPSS, 
Chicago, IL, USA). One-way analysis of variance and 
Student’s t-test were used for comparisons between 
groups. A level of P < 0.05 was considered to be 
statistically significant.  
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