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Abstract: Objective To investigate the correlation of perihematomal free radical level and neuronal apoptosis following the
intracerebral hemorrhage (ICH). Methods Animals were randomly divided into 4 groups: sham operation group, model group,
1 mg/kg edaravone group, and 3 mg/kg edaravone group. Each group was then divided into seven subgroups, in which the
rats were correspondingly killed at 6 h, 12 h, 24 h, 48 h, 72 h, 7 d or 14 d (n = 1 in each subgroup of the sham group, and n = 6
in each subgroup of the other 3 groups). By Horseley-Clarke technique, autoblood (80 µL) were administered into the left
caudate putamen of SD rats in a double administration-withdrawal way. Rats in the sham group were needled in but not
administered with autoblood. The ICH model was then evaluated by Bederson’s scale. Around the hematoma, the levels of
malonaldehyde (MDA) and hydroxyl radical were tested by spectrophotometer, and the process of apoptosis was tested by
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method. Results  (1) ICH significantly
increased the levels of MDA and hydroxyl radicals. Significant differences in MDA and hydroxyl radical contents were
observed among the four groups. (2) In the sham group, a small number of TUNEL-positive cells were found. In the other three
groups, the TUNEL-positive cells were observed at 6 h, increased significantly at 24 h, and reached peak level at 3 d, then fell
profoundly at 7 d, but remained detectable at 14 d. (3) The positive correlation existed between apoptosis and free radical level
(r = 0.2003), and existed between apoptosis and MDA content (r = 0.6563) in the brain. Conclusion Post-hemorrhagic apoptosis
was related to the production of free radicals, indicating that the elevated free radicals following the ICH could induce neuron
and glial cell apoptosis.
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1    Introduction

Nerve cell apoptosis after cerebral hemorrhage has been
demonstrated in many researches. Qureshi et al.[1] discov-
ered apoptosis cell in tissues surrounding the hematoma of
intracerebral hemorrhage (ICH) patients early at 24 h after the
onset, and the apoptosis phenomenon remained for 5 d.
According to Xue et al.[2], in the model of rat autologous

arterial blood ICH, apoptosis cells could be detected 4 h after
the surgery, and remained for 4 weeks. The correlation of free
radical and cell apoptosis has also been demonstrated by
other researches[3-8]. A great amount of free radicals are pro-
duced as results of surrounding tissue ischemia, erythrocyte
fragmentation, ferric ion release, and inflammatory reaction
after cerebral hemorrhage. However, no report on the corre-
lation of free radical and cell apoptosis after cerebral hemor-
rhage is available currently.

In this study, cerebral hemorrhage model was estab-
lished via autoblood injection, then the rat model received
free radical scavenger of different doses. Spectrophotometer
was taken to detect the contents of malonaldehyde (MDA)
and hydroxyl radicals. Terminal deoxynucleotidyltransferase-
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mediated dUTP-biotin nick end labeling (TUNEL) staining
was used to examine the number of apoptotic cells in tissues
around hematoma. Correlation of free radical level and
apoptosis after cerebral hemorrhage was analyzed based on
the above inspection.

2    Material and methods

2.1  Animals and materials  Healthy male Sprague-Dawley
(SD) rats, weighting about 300 g, were purchased from Chi-
nese Academy of Science and raised in clean environment.
The apparatuses included Jiangwan type 2 animal cranium
stereotaxic apparatus (The Second Military Medical
University, China), desk-top low temperature high-speed cen-
trifuge (Heraeus Company, Germany), and 756MC ultraviolet-
visible spectrophotometer (The Third Analytical Apparatus
Factory, Shanghai, China). Agents including hydroxyl radi-
cal determination kit, MDA determination kit (The First Branch
Institute of Nanjing Jiancheng Bioengineering Institute,
China), in situ apoptosis determination kit (Roche Company,
Switzerland), and DAB staining kit (Wuhan Boshide
Company, China) were used.
2.2  Establishment of cerebral hemorrhage model  Rat ICH
model was established by twice blood injection / needle with-
drawal according to Deinsberger W[9] and Zhou ZH et al.[10].
After weighing, rats were anesthetized using 10% chloral
hydrate (0.4 g/kg, i.p.) and then fixed in prone position on a
rat stereotaxis instrument[11], with the upper incisor sulcus
level 2.6-mm lower than the biauricular line. After routine
sterilization, about 10 mm length of longitudinal incision was
cut along the middle line of the scalp and then the periost
was cut open, and the anterior fontanel was exposed by blunt
dissection. The stereotaxic apparatus was adjusted to set
the injection point at caudate putamen. The pointed-end of
microinjection apparatus was located at 0.5 mm in the front of
the anterior fontanel (3 mm from the middle line), and the needle
entered 6 mm into the brain. An eyehole with diameter of
0.5 mm was drilled with a micro-gimlet. Autologous anti-clotting
blood (80 μL) was obtained from rat femoral vein with a 1-mL
syringe, which was then entered 6 mm into the brain along
the drilled eyehole (to the position of rat caudate putamen).
The initial injection volume was 20 μL, and then the needle
was retained in the position for 2 min and the subsequent 60
μL was injected slowly (finishing the injection within 2 min in
a well-distributed manner). Retain the needle for about 2 min,

withdraw the needle for 2 mm and retain the needle for
another 2 min, and finally remove the syringe slowly out of
the brain. In the sham group, only needle entered into the
caudate putamen without blood injection, and the
syringe was withdrawn after 6-min retaining. The skull wound
was sealed with bone wax, and the scalp was sewed up, fol-
lowed by local iodine sterilization. The animals were placed
in warm condition until consciousness.
2.3  Animal grouping and chemical administration  Rats
were randomly divided into sham group, model group, 1 mg/kg
edaravone group and 3 mg/kg edaravone group. Each group
was separately divided into seven subgroups (n = 1 in each
subgroup of the sham group, and n = 6 in each subgroup of
the other 3 groups), in which the animals were correspond-
ingly killed at 6 h, 12 h, 24 h, 48 h, 72 h, 7 d or 14 d after model
establishment. For edaravone treated groups, edaravone was
intraperitoneally injected 1 h after model was established (for
3 mg/kg group, edaravone was administered in the form of
stock solution; for 1 mg/kg group, the stock solution was
diluted to the same volume before administration), once per
24 h until the animals were killed. In the sham group and the
model group, equal amount of saline was intraperitoneally
injected instead of edaravone. The rat brains were collected
after rats were killed.
2.4  Preparation of pathological sections  At designated time
points, overdose of chloral hydrate were employed for
anesthesia, and then the chest of rat was opened immedi-
ately to expose the heart. A pipe was inserted into the aortic
root through the left ventricle, and a small mouth was opened
at the right auricular as the exit of perfusion solution. The
saline solution (100 mL, 4 oC) was rapidly perfused, and then
the perfusion speed was reduced until the effluent turned
clear. The rats were decapitated to obtain the brain tissues. A
coronal cut was made with the pin hole as the center. The
nasal side tissues, which were prepared for free radical con-
tent determination, were placed in liquid nitrogen for 30 min

before storage at -80 oC in centrifuge tubes; the caudal tissues,
which were prepared for apoptosis detection, were soaked in
10% neutral formalin solution for fixation before routine de-
hydration and wax embedment, and finally cut into serial sec-
tions at 5 μm thickness by a slicing machine.
2.5  TUNEL staining  The TUNEL staining strictly followed
the procedure introduced in the apoptosis kit. Positive stain-
ing was determined when nucleolus appeared dark yellow or
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brown under a light microscope. Reaction sediments distrib-
uted around the nucleolus as concentrated lump; few cells
appeared even yellow light staining, which was considered
as necrotic cells and excluded during statistical analysis. With
the help of image analytical system, TUNEL-positive cells in
regions surrounding the hematoma were counted under a
400× visual field. Three unrepeated visual fields were
observed and the total number was calculated.
2.6  Determination of the contents of MDA and hydroxyl
radicals  The procedure strictly followed the instruction in
the MDA and hydroxyl radical detection kit. Thio-barbituric
acid (TBA) method was employed for MDA detection. TBA
and MDA can react to yield a red product, which presents a
maximum absorption peak at 532 nm. Fenton reaction was
employed for hydroxyl radical detection, with Gress agent as
the developer. The red products, which were paralleled with
the hydroxyl radicals in amount, were detected at the wave
length of 550 nm.
2.7  Statistical analysis  Data are expressed as mean±SEM.
SPSS11.0 statistical software was used for analysis. Statisti-
cal group comparisons were carried out by ANOVA or t-test.
Correlations between the number of apoptosis cells and the
contents of hydroxyl radicals or MDA were analyzed. The
limit was set at r = 0.5: r > 0.5 demonstrated that hydroxyl
radical and MDA contents influenced cell apoptosis, while r
< 0.5 demonstrated that hydroxyl radical and MDA contents
produced no significant influence on apoptosis; r > 0.7 dem-
onstrated that hydroxyl radical and MDA contents produced
a significant influence on apoptosis. P < 0.05 was considered
statistically significant.

3    Results

3.1  Cell apoptosis  In the sham group, few TUNEL-positive
cells were detected around the pin hole. The number slightly
increased with time (P > 0.05). In the model group and the
two edaravone groups, TUNEL-positive cells were detected
at 6 h, continued to increase until 12 h, increased signifi-
cantly at 24 h, and reached the peak at 3 d (Fig. 1, 2). The
number of TUNEL-positive cells was reduced significantly
at 7 d, but remained detectable in the perihematomal region at
14 d. ICH significantly increased the number of apoptotic
cells (P < 0.01 vs sham group). At the time points of 24 h, 48 h
and 72 h, the numbers of TUNEL-positive cells in the two
edaravone groups were reduced as compared with the model
group (P  < 0.05). Also, significant difference was determined
in the number of TUNEL-positive cells between the edaravone
group (1 mg/kg or 3 mg/kg) and the model group at different
time points. At 48 h and 72 h, edaravone at 3 mg/kg was more
effective in reducing apoptotic cells than 1 mg/kg edaravone
(P < 0.05, Fig. 2).
3.2  Content of MDA in brain tissues  In the model group, the
MDA content in tissues surrounding hematoma increased
significantly at different time points compared with that in
the sham group. After treatment with 1 mg/kg or 3 mg/kg
edaravone, the MDA content decreased obviously at differ-
ent time points (P < 0.05 or P < 0.01 vs model group),
although still higher than that in the sham group (P < 0.05 or
P < 0.01). At 6 h, 12 h, 24 h, 48 h and 72 h, the MDA content
in the 1 mg/kg edaravone group was significantly higher than
that in the 3 mg/kg edaravone group (P < 0.05 or P < 0.01).

Fig. 1 TUNEL staining for apoptotic cells (staining at 24 h for sham group, and staining at 72 h for model group). Few positive cells (the nucleolus
presented dark yellow or brown) were detected at the basal ganglia region adjacent to the needle entering district in the sham group. In the model
group, a large number of TUNEL-positive cells were detected in and surrounding the hematoma. Scale bar, 160 μm. (TUNEL staining, hematoxylin
after TUNEL)
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These results suggested that edaravone could decrease the
MDA content in tissues surrounding hematoma, and 3 mg/kg
edaravone was more effective than 1 mg/kg edaravone (Fig. 3).
3.3  The content of hydroxy radicals in brain tissues  In the
model group, the hydroxy radical content in tissues surround-
ing hematoma was significantly increased at different time
points compared with that in the sham group. After edaravone
treatment (1 mg/kg or 3 mg/kg), the hydroxy radical content
in tissues surrounding haematoma was decreased at differ-
ent time points (P < 0.05 or P < 0.01 vs model group), but still
higher than that in the sham group at some time points (P <
0.05). The hydroxy radical content in the 1 mg/kg edaravone
group seemed higher than that in the 3 mg/kg edaravone
group in tendency, but no significance was found between
the two edaravone groups. The results disclosed that
edaravone could decrease the hydroxy radical content in tis-

sues surrounding hematoma (Fig. 4).
3.4  Correlation analysis of content of MDA and apoptosis in
brain tissues  Correlation analysis was conducted between
the number of apoptotic cells and the MDA content in brain
tissues at different time points. Positive correlation was found
at five time points: 6 h, 24 h, 48 h, 72 h and 7 d (P < 0.05, t > 0).
MDA produced a dominant influence on cell apoptosis at 24
h, 48 h and 72 h (t > 0.7), and produced an important influence
at 6 h and 7 d (t > 0.5, Table 1). The results showed that
apoptosis cell could increase along with the enhancement of
MDA content at these time points.

With the exclusion of time factor, relatively strong posi-
tive correlation was determined between MDA content and
cell apoptosis (r = 0.6563), and the MDA content in brain
tissues produced an important influence on cell apoptosis
(t > 0.5, Fig. 5).

Fig. 3 Perihematomal MDA content at different time points. After ICH treatment, MDA content in tissues surrounding hematoma was increased compared
with that in the sham group. After treatment with edaravone, the MDA content was significantly decreased at different time points as compared with
the model group, and 3 mg/kg edaravone was more effective than 1 mg/kg edaravone. *P < 0.05, **P < 0.01 vs sham group; #P < 0.05, ##P < 0.01
vs model group; §P < 0.05, §§P < 0.01 vs 1 mg/kg edaravone group.

Fig. 2 Comparison of TUNEL-positive cell numbers at different time points. Compared with the sham group, ICH significantly increased the number of
apoptotic cells. At the time points of 24 h, 48 h and 72 h, the numbers of TUNEL-positive cells in the edaravone groups were reduced compared with
that in the model group. Edaravone at 3 mg/kg was more effective in reducing the apoptotic cells as compared with 1 mg/kg edaravone. *P < 0.05,
**P < 0.01 vs sham group; #P < 0.05, ##P < 0.01 vs model group; §P < 0.05 vs 1 mg/kg edaravone group.
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3.5  Correlation analysis of apoptosis and hydroxyl radical
content in the brain tissues  Correlation analysis was con-
ducted between the number of apoptosis cells and the
hydroxyl radical content in brain tissues at different time
points. Positive correlation was found at 4 time points: 6 h, 24
h, 48 h and 7 d (P < 0.05, t > 0). Hydroxyl radicals productivity
produced an important influence on cell apoptosis at 6 h and
48 h (0.5 < t <0.7), and produced some influences at 24 h and
7 d (0 < t < 0.5, Table 2). The results showed that apoptosis
cell could increase along with the enhancement of hydroxyl
radical content at these time points.

Fig. 4 Perihematomal hydroxyl radical content at different time points. In the model group, the hydroxy radical content was significantly increased at
different time points compared with that in the sham group. In two edaravone groups, the hydroxy radical content was decreased at different time
points as compared with the model group. It seemed higher in 1 mg/kg edaravone group than that in 3 mg/kg edaravone group in tendency, but
no significance was observed. *P < 0.05, **P < 0.01 vs sham group; #P < 0.05, ##P < 0.01 vs model group.

   Correlation                     Time after model establishment

    coefficient       6 h               24 h          48 h       7 d

         r                  0.5878            0.4828         0.5856     0.4163

Table 2 Correlation analysis of hydroxyl radical content and
cell apoptosis in the brain tissue

   Correlation                     Time after model establishment

    coefficient        6 h               24 h           48 h       7 d

         r                  0.5402           0.8030         0.7356     0.8068

Table 1 Correlation analysis of MDA content and cell apoptosis
in the brain tissue

Fig. 5 Linear-regression curve of TUNEL-positive cell number and MDA
content. Relatively strong positive correlation was determined
between MDA content and cell apoptosis.

Fig. 6 Linear-regression curve of TUNEL-positive cell number and
hydroxyl radical content. Positive correlation was confirmed
between cell apoptosis and hydroxyl radical content.

With the exclusion of time factor, positive correlation
was confirmed between cell apoptosis and hydroxyl radical
content (r = 0.2003), and the hydroxyl radical content in the
brain tissues produced some influences on cell apoptosis
(0 < t < 0.5, Fig. 6).

4    Discussion

The present study demonstrated that ICH caused cell
apoptosis at perihematomal regions in the brain, and signifi-
cantly increased the levels of MDA and hydroxyl radicals.
Correlation analysis showed that post-hemorrhagic apoptosis
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was related to the production of free radical levels, indicating
that the elevated free radicals following the ICH was involved
in the apoptosis of neurons and glial cells. Our results also
demonstrated that edaravone, a recently developed potent
radical scavenger, had neural protective effects against ICH
injuries by reducing the free radicals and apoptotic cells in
SD rats.

Secondary brain injury following the cerebral hemorrhage
exerted significant influence on the prognosis of cerebral
hemorrhage, during which the oxidation and anti-oxidation
balance of free radicals was broken, and a large number of
free radicals were produced, bringing damage to the brain
tissues. Free radicals cause damage to cells by reacting with
various cellular components, such as lipids, proteins, and
nucleic acids. Wang YF et al.[12] observed that H2O2 expo-
sure impaired the viability of neurons, reduced mitochondria
potential, and decreased long-term potentiation in the CA1
region of the hippocampus. There is evidence that free radi-
cal is involved in the development of seizures under patho-
logical conditions and it has been implicated in the seizure-
induced neuronal death[13-15]. Some current hypothesis of
neuronal degeneration in Parkinson’s disease have been
proposed, also including formation of free radicals, as well as
oxidative stress, mitochondrial dysfunction, excitotoxicity,
trophic factor deficiency, inflammatory processes, genetic
factors, toxic action of nitric oxide, apoptosis, and so on[16].
Human and animal studies have provided evidence that
apoptosis is a prominent form of cell death associated with
ICH in the perihematomal region.

In the present study, we evaluated the neuronal apoptosis,
as well as changes of perihematomal free radical level follow-
ing the ICH. We found that ICH increased the number of
apoptotic cells, and elevated the levels of MDA and hydroxyl
radicals. Kuzuya et al. demonstrated that the generation of
reactive oxygen species (ROS) correlated positively with the
percentage of dead cells in canine cardiac myocytes cultured
under hypoxia–reoxygenation conditions. The correlation
analysis of our study showed that post-hemorrhagic
apoptosis was positively related to the production of free
radicals. The result is in accordance with previous researches.
We believe that the oxidative stress produced by free radical
contributes to ICH-induced early brain injury through acti-
vation of apoptosis signaling. Oxidative stress from ROS has
been shown to trigger cytochrome c release, which is often

followed by DNA damage and cell death[17]. When cyto-
chrome c is released from the mitochondria into the cytosol
as a result of increased mitochondrial permeability, it acti-
vates the initiator caspase-9, which then cleaves and acti-
vates caspase-3, finally leading to apoptotic cell death[18].

Edaravone is a free radical scavenger, particularly for
hydroxyl radicals. It has been shown to have neuroprotective
effect against cerebral ischemia, and it has been approved
for treatment of cerebral infarction in Japan since 2001. There
are some other evidences that free radical scavengers can
protect against ICH-induced injury. Tejima E et al.[19] found
that hemoglobin-induced matrix metalloproteinase-9 (MMP-
9) could be reduced by the free radical scavengers U83836E
and MMP-9, and might be an important factor in the patho-
genesis of hemorrhagic brain edema. Some evidences showed
that upstream and downstream caspases were upregulated
after hemoglobin-induced neurotoxicity in vitro, but only an
antioxidant approach with a potent free radical scavenger
significantly improved neuronal survival[20]. Prophylactic
administration of hydroxyl radical scavenger AVS [(±)-N,N’-
propylenedinicotinamide, also called nicaraven] could im-
prove cerebral blood flow and cerebral glucose utilization in
the brain of rat subjected to the experimental subarachnoid
hemorrhage (SAH), and can be a good pharmacological treat-
ment for prevention of delayed ischemic neurological defi-
cits following the SAH[21]. AVS also significantly ameliorated
performances on Beam Balance and decreased blood-brain
barrier permeability changes when administered after experi-
mental SAH in rats[22]. The present study showed that
edaravone decreased the hydroxyl radical and MDA levels
in a dose-dependent manner. Edaravone at 3 mg/kg almost
completely eliminated the ICH-induced increase of hydroxyl
radicals at several time points, thus exerting protective
effects against ICH-induced cell apoptosis in rat model.

In summary, the present study demonstrated that the
post-hemorrhagic apoptosis was related to the production
of free radicals following the ICH. Edaravone was a potent
neural protective agent against ICH injury in rat model, and
the protection could be achieved by eliminating the produc-
tion of perihematomal free radicals induced by ICH.
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大鼠脑出血模型中神经细胞凋亡与自由基水平的相关性

韩宁 1,2，丁素菊 1 ，吴涛 1 ，朱幼丽 2

1 第二军医大学附属长海医院神经内科，上海 200433
2 上海交通大学附属第三人民医院神经内科，上海 201900

摘要： 目的 研究脑出血后血肿周围组织不同自由基水平对于细胞凋亡的影响。方法  成年SD大鼠随机分为4组：

假手术组、模型组、1 mg/kg依达拉奉组、3 mg/kg依达拉奉组，各组又根据造模后处死动物的不同时间(6 h, 12 h,
24 h, 48 h, 72 h, 7 d, 14 d)分为七个亚组，假手术组中每个亚组 1只大鼠，其余三组中每个亚组 6只大鼠。左尾壳核

立体定向注入自体血 80 μL，制作大鼠脑出血动物模型。分光光度计法检测血肿周围丙二醛(malonaldehyde, MDA)
及羟自由基含量，末端转移酶标记技术(terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling,
TUNEL)检测血肿组织周围细胞凋亡数，并分析血肿周围组织自由基水平和凋亡相关性。结果  (1)模型组羟自由基

及MDA含量较假手术组明显增加，四组间进行统计学分析，具有显著性差异。(2)模型组和两种剂量的依达拉奉组

均于 6 h 即可观察到 TUNEL 阳性细胞，24 h 明显增加，72 h 时达到高峰，7 d 时明显减少，14 d 时于血肿周边仍

可见少量阳性细胞。(3)凋亡细胞数与脑组织产生自由基能力(r = 0.2003)及MDA含量(r = 0.6563)具有相关性。结论

脑出血后细胞凋亡数和自由基水平变化趋势相同，二者具有相关性，提示自由基可能参与诱导出血后神经元及胶质

细胞凋亡。

关键词：脑出血；自由基；凋亡；末端转移酶标记技术；依达拉奉
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