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Ischemic or hemorrhagic stroke usually leads to neurological
deﬁcits. Thus, improvement of neurological behavior after
stroke is an important task. And neurological behavior is an
important indicator of the eﬃcacy of most pharmacological
therapies in postischemic/hemorrhagic prognosis. Potential
strategies include promoting neuronal regeneration, attenuating neuronal death, mitigating neuroinﬂammation, and
decreasing peripheral immune cell inﬁltration.
The purpose of this special issue “Therapeutic Strategies for Poststroke Neurological Behavior: From Molecular
to Cellular” is to provide an overview of the recent studies
for poststroke therapies. The special issue focused on poststroke therapies both in basic and clinical researches, how
they improve neurobehavioral function in both animal
models and patients, and the underlying mechanisms of
pharmacological interventions.
This special issue published 12 selected papers regarding
the above speciﬁc topics, and the details are summarized
below.
Q. Huang et al. did a survey on the relationship of body
mass index (BMI) and migraine for Chinese adult people.
J. Tian et al. used magnetic resonance imaging (MRI) to
evaluate Notch signaling-mediated angiogenesis in ischemic
rat. L. Wu et al. found that Biochanin A could reduce
inﬂammatory injury and neuronal apoptosis following
subarachnoid hemorrhage (SAH). R. Lan et al. proved that
Xiao-Xu-Ming decoction could reduce mitophagy activation
and improve mitochondrial function in cerebral ischemia

and reperfusion injury. J. Qu et al. found that MST1 suppression could reduce early brain injury after subarachnoid hemorrhage in mice. G. Wang et al. proved that PPAR promoted
hematoma clearance in a rat model of intracerebral hemorrhage. Y. Xu et al. reviewed the pathogenesis of necroptosisdependent signaling pathway in cerebral ischemic disease.
H. Yang et al. demonstrated that histone deacetylase inhibitor
could alleviate neurological dysfunction after experimental
intracerebral hemorrhage in mice. D. Ke et al. proved that
hypertriglyceridemia was associated with reduced leukoaraiosis severity in patients with small vessel stroke. L. Wen et al.
performed a single-center study for the long-term eﬃcacy
and safety of carotid artery stenting among the elderly
patients in China. B. Zhu et al. proved that inhibition of
GRASP65 phosphorylation protected against cerebral
ischemia-reperfusion injury. And moreover, L. Chen et al.
studied the eﬀect of carotid artery morphological variations
on cognitive function.
We guest editors expect that this special issue will provide
readers available data of recent advances in poststroke
therapies and may stimulate interest for further research
in this area.
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Compared to carotid endarterectomy, carotid artery stenting (CAS) is reportedly associated with higher perioperative risks in
elderly patients. To verify the long-term safety and eﬃcacy of CAS with embolic protection in elderly patients, we
retrospectively reviewed the medical records of patients with carotid stenosis treated between January 2003 and March 2010 at
the Department of Neurology of a large university hospital in China. We included patients with symptomatic, moderate, or
severe carotid stenosis of atherosclerotic etiology (other etiologies were excluded), with a disability score ≤ 3 on the modiﬁed
Rankin Scale, and who received CAS instead of carotid endarterectomy. The clinical endpoints studied were stroke recurrence
and all-cause death. The 84 patients included in this study (median follow-up, 8.08 years) were stratiﬁed according to age
at surgery (<70 vs. ≥70 years), and no signiﬁcant between-group diﬀerence was found regarding baseline characteristics. Of
the 14 patients (16.67%) who experienced a deﬁned clinical endpoint, 4 (7.14%) were aged <70 years and 10 (35.71%)
were aged ≥70 years (P = 0 002). Overall mortality was 14.29% (12/84), with 3 (5.36%) and 9 (32.14%) deaths among
patients aged <70 and ≥ 70 years, respectively (P = 0 002). Heart disease and cancer accounted for most deaths. The two
groups did not diﬀer regarding stroke recurrence, disability score, or rate of in-stent restenosis (blockage ≥ 50%), but
patients aged ≥70 years had a higher risk of mortality (odds ratio, 8.3684; 95% conﬁdence interval, 2.048–34.202; P = 0 003),
and age was an independent risk factor for death (odds ratio, 20.054; 95% conﬁdence interval, 3.094–129.987, P = 0 002).
Among elderly patients in Southwest China, CAS can eﬀectively prevent stroke recurrence without increasing the risk of
stroke-related death, but the risk of all-cause death is higher, with age as an independent risk factor. Careful patient
selection is of key importance in the treatment of symptomatic carotid artery stenosis.

1. Introduction
The gradual increase in the incidence of cerebrovascular
disease reﬂects the aging trend in many populations.
Cerebrovascular death has become one of the three major
disease-related causes of death worldwide. Approximately
15% to 20% of ischemic strokes are caused by carotid artery
stenosis [1]. There are three treatment options for carotid
stenosis, especially for stenosis in the initial segment of the
carotid; these options are drug therapy, carotid endarterectomy (CEA), and carotid artery stenting (CAS). It is currently
believed that carotid revascularization via CAS or CEA can

reduce the incidence of new stroke by 5%–12% [2]. Many
comparative studies have evaluated the outcomes of CEA
and CAS, including the following: the Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE) trial; the Endarterectomy Versus
Angioplasty in patients with Symptomatic Severe Carotid
Stenosis (EVA-3S) trial; the Stent-Protected Angioplasty
versus Carotid Endarterectomy (SPACE) study; the International Carotid Stenting Study (ICSS); and the Carotid
Revascularization Endarterectomy versus Stenting Trial
(CREST) [3–6]. All these previous studies reported that
patients treated with CAS had a higher risk of stroke but
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a lower rate of myocardial infarction and that the diﬀerence
between the long-term outcomes of CAS and CEA was not
statistically signiﬁcant.
In China, CAS is widely used, and the safety and eﬃcacy
of revascularization therapy in the elderly population have
become the focus of various studies. A meta-analysis [7] of
the EVA-3S trial, SPACE study, and ICSS included an
age-based subgroup investigation and revealed that the
estimated 120-day risk of stroke or death among elderly
patients (aged ≥70 years) was twice as high after CAS than
after CEA. CREST [8] revealed that the age threshold for
similarity of CAS and CEA outcomes over a follow-up of
4 years was 64 years regarding the risk of stroke, compared
to 70 years regarding the risk of the primary endpoint (the
composite of any stroke, MI, or death during a 30-day periprocedural period or ipsilateral stroke through follow-up of
up to four years). It is currently accepted that the outcomes
of CAS and CEA are closely related to age and that, among
elderly patients, the risks associated with CAS are greater
than those associated with CEA. Thus, in the present study,
we aimed to assess the long-term eﬃcacy and safety of CAS
among the elderly. For this purpose, we retrospectively
reviewed the medical records of patients treated for carotid
stenosis in a single institution in Southwest China and
analyzed stroke recurrence, incidence of all-cause death,
disability, and rate of in-stent restenosis later than 120 days
after CAS.

2. Methods
2.1. Patients and Study Design. All patients described in the
manuscript provided informed consent for undergoing the
procedures. The requirement for informed consent was
waived on account of the retrospective nature of our study
and the fact that no identiﬁable data are presented. Upon
review of the medical records (including baseline and clinical
characteristics), the candidates for this study were recruited
from among the patients with symptomatic, moderate, or
severe carotid stenosis with atherosclerotic etiology, treated
between January 2003 and March 2010 at the Department
of Neurology of Southwest Hospital, which is aﬃliated to
the Third Military Medical University. The degree of stenosis
was determined according to the standard applied in the
North American Symptomatic Carotid Endarterectomy Trial
(NASCET) [9]. The study included only patients with a
disability score of ≤3 on the modiﬁed Rankin Scale (mRS)
and who received CAS instead of CEA because of technical,
surgery-related reasons (e.g., stenosis at anatomical sites
inaccessible to CEA) or because of the patients’ refusal to
undergo CEA. Disability was evaluated on the mRS, with a
score < 1 indicating no signiﬁcant disability and a score of 6
indicating death. Patients with nonatherosclerotic causes of
stenosis, such as arteritis or aortic dissection, were excluded.
The retrospective review of medical records collected
data on epidemiologic variables (e.g., age and sex), classical
risk factors for cerebrovascular disease (hypertension, diabetes mellitus, ischemic heart disease, alcohol consumption, and smoking), and risk factors for stroke recurrence
(multiple arterial stenosis and plaque instability). Because
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the study aimed to verify the safety and eﬃcacy of CAS
among the elderly, the patients were stratiﬁed according
to age at surgery (<70 vs. ≥70 years). The two groups were
compared in terms of baseline characteristics and incidence
of endpoints, and the potential risk factors for long-term
mortality after CAS were evaluated.
2.2. Clinical Endpoints. The clinical endpoints analyzed in
this study were stroke recurrence (any stroke), death, and
the combined endpoint of any stroke or death later than
120 days after the surgery (until the end of follow-up).
Stroke was deﬁned as an acute deﬁcit of focal neurological
function with symptoms lasting for longer than 24 h,
resulting from intracranial vascular disturbance (ischemia
or hemorrhage). Visual loss that resulted from retinal
ischemia and lasted for longer than 24 h was also considered
a stroke endpoint. In-stent restenosis was deﬁned as stenosis
with blockage ≥ 50%.
2.3. Procedures. The patients were followed up by neurologists at the outpatient clinic to monitor for recurrent stroke
(ipsilateral or contralateral) and assess the functional outcomes in terms of the mRS score. For patients who died
during follow-up, relevant clinical information including
the time and cause of death were recorded. Carotid ultrasonography was performed by sonographers in available
patients. If restenosis was suspected, computed tomography angiography or digital subtraction angiography was
performed for conﬁrmation.
2.4. Statistical Analyses. All analyses were carried out using
the SPSS statistical software package, version 22.0 (IBM
Corp., Armonk, NY, USA). Age data had nonnormal
distribution and were represented as median (interquartile
diﬀerence). Frequency (%) was used to represent count data
including age and stenosis severity distribution, as well as
the incidence of hypertension, diabetes mellitus, alcohol
consumption, ischemic heart disease, smoking, multiple
stenoses, plaque instability, death, ischemic stroke, and
mRS score < 2. Fisher’s exact test and the chi-square test were
used to evaluate the diﬀerences in baseline characteristics and
clinical endpoints between the two groups deﬁned in
terms of age at surgery (<70 vs. ≥70 years). Univariable
and multivariable logistic regression analyses were used to
evaluate potential risk factors for death, including age group,
sex, hypertension, diabetes mellitus, alcohol consumption,
ischemic heart disease, smoking, multiple stenoses, stenosis
severity, and plaque instability; the results were expressed
as odds ratios (OR) with 95% conﬁdence intervals (95%
CIs). In all analyses, the level of signiﬁcance was set at a
P value of <0.05.

3. Results
3.1. Baseline Characteristics. Of the 98 patients that were
considered candidates based on the inclusion and exclusion
criteria, 84 had complete clinical and follow-up data and
were thus included in the study. The median age in our study
sample was 65 years (interquartile range, 20–26 years), 66
patients (78.57%) were male, and 28 were older than 70 years
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Table 1: Baseline characteristics of patients undergoing carotid artery stenting.

Characteristic
Sex
Hypertension
Diabetes mellitus
Alcohol consumption

Male

Ischemic heart disease
Smoking
Multiple stenoses
Stenosis degree
Plaque

Moderate
Severe
Unstable

Total

Age < 70 years (n = 56)

Age ≥ 70 years (n = 28)

χ 2†

P value

66 (78.57%)
55 (65.48%)
15 (17.86%)
24 (28.57%)

44 (78.57%)
36 (64.29%)
10 (17.86%)
15 (26.79%)

22 (78.57%)
19 (67.86%)
5 (17.86%)
9 (32.14%)

<0.001
0.105
<0.001
0.263

8 (9.52%)

4 (7.14%)

4 (14.29%)

/

>0.999
0.746
>0.999
0.608
0.431∗

40 (47.62%)
19 (22.62%)
46 (54.76%)
38 (45.24%)
62 (73.81%)

30 (53.57%)
12 (21.43%)
33 (58.93%)
23 (41.07%)
42 (80.77%)

10 (35.71%)
7 (25.00%)
13 (46.43%)
15 (53.57%)
20 (74.07%)

2.386
0.136
1.177

0.122
0.712
0.278

0.472

0.492

Patients were stratiﬁed according to age at surgery (<70 vs. ≥70 years). The two groups did not diﬀer regarding baseline characteristics (P > 0 05). Data are given
as number of events (frequency). †: statistics according to the chi-square test; /: no χ2 value was found; ∗: P value for Fisher’s exact test inadequate for
the chi-square test.

Table 2: Clinical endpoints of carotid artery stenting.
Endpoint
Stroke or death
Death
Stroke
mRS score < 2
Restenosis#

Total

Age < 70 years (n = 56)

Age ≥ 70 years (n = 28)

χ 2†

P value

14 (16.67%)
12 (14.29%)
3 (3.57%)
26 (30.95%)
2 (2.78%)

4 (7.14%)
3 (5.36%)
1 (1.79%)
16 (28.57%)
1 (1.89%)

10 (35.71%)
9 (32.14%)
2 (7.14%)
10 (35.71%)
1 (5.26%)

/
/
/
0.446
/

0.002∗
0.002∗
0.256∗
0.504
0.460∗

Patients were stratiﬁed according to age at surgery (<70 vs. ≥70 years). Data are given as number of events (frequency). mRS: modiﬁed Rankin Scale; #: 12 cases
were excluded from this subgroup analysis because death occurred prior to other endpoints (<70 years, n = 53; ≥70 years, n = 19); †: statistics according to the
chi-square test; /: no χ2 value was found; ∗: P value for Fisher’s exact test inadequate for the chi-square test.

at the time of surgery. The distribution of carotid stenosis
risk factors and associated diseases is summarized in
Table 1. A total of 55 patients (65.48%) had hypertension,
15 (17.86%) had diabetes mellitus, 8 (9.52%) had coronary disease, 19 (22.62%) had multiple stenoses, and 62
(73.81%) had unstable plaque. There were no statistically
signiﬁcant diﬀerences regarding baseline characteristics
between patients aged <70 years and those aged ≥70 years.
3.2. Clinical Endpoints. Over a median follow-up period of
8.08 years (interquartile range, 6.83–10.45 years; maximum,
14.1 years), there were no signiﬁcant between-group diﬀerences regarding prevalence of mRS score < 2, stroke recurrence, or restenosis rate. However, death and the combined
clinical endpoint of stroke or all-cause death had a higher
incidence in the group of older patients (≥70 years). A total
of 14 patients (16.67%) experienced the combined clinical
endpoint (any stroke or all-cause death). Speciﬁcally, 4 of
56 patients (7.14%) aged <70 years and 10 of 28 patients
(35.71%) aged ≥70 years had stroke recurrence or died
during the deﬁned period (P = 0 002). A total of 12 patients
(14.29%) died, of whom 3 (5.36%) aged <70 years and 9
(32.14%) aged ≥70 years, indicating that advanced age is
associated with increased mortality rate (P = 0 002). Stroke
recurrence occurred in 3 of 84 patients (3.57%); speciﬁcally,
1 of 56 patients (1.79%) aged <70 years and 2 of 28 patients

(7.14%) aged ≥70 years had stroke recurrence (p = 0 256),
indicating that advanced age is not associated with increased
rate of stroke recurrence. The prevalence of mRS score < 2
(not more than mild disability) was similar among patients
aged <70 years and those aged ≥70 years (28.57% vs.
35.71%, P = 0 504). In-stent restenosis with blockage ≥ 50%
occurred in 2 of 72 patients (2.78%) followed up at the outpatient clinic. Among patients aged <70 years at the time of
surgery, 1 (1.18%) had in-stent restenosis with >70% blockage; among patients aged ≥70 years, 1 (5.26%) had in-stent
restenosis with blockage of approximately 60% (Table 2).
3.3. Risk Factors for Death. Univariable logistic regression
analysis indicated that, compared to patients aged <70
years, those aged ≥70 years were at higher risk of death
(OR = 8.3684, 95% CI = 2.048–34.202, P = 0 003) (Table 3).
To identify independent risk factors for mortality, multivariable logistic regression models were constructed using
the following variables: age, sex, hypertension, diabetes
mellitus, alcohol consumption, ischemic heart disease,
smoking, multiple stenoses, stenosis severity, and plaque
instability. The analysis revealed age to be the only independent risk factor for mortality (OR = 20.054, 95% CI = 3.094–
129.987, P = 0 002).
3.4. Survival Duration and Causes of Death. Twelve deaths
occurred during the study period. Of the 9 elderly patients

50~69%
70~99%
Unstable

<70
≥70
Male
Female
56
28
66
18
55
15
24
8
40
19
46
38
62

Total
53 (94.64)
19 (67.86)
57 (86.36)
15 (83.33)
48 (87.27)
13 (86.67)
22 (91.67)
7 (87.50)
37 (92.50)
17 (89.47)
40 (86.96)
32 (84.21)
53 (85.48)

Survival n (%)
3 (5.36)
9 (32.14)
9 (13.64)
3 (16.67)
7 (12.73)
2 (13.33)
2 (8.33)
1 (12.50)
3 (7.50)
2 (10.53)
6 (13.04)
6 (15.79)
9 (14.52)

Death n (%)
Reference
8.368 (2.048–34.202)
Reference
1.267 (0.305–5.267)
0.700 (0.201–2.438)
0.908 (0.177–4.645)
0.455 (0.092–2.249)
0.844 (0.094–7.547)
0.315 (0.079–1.261)
0.647 (0.129–3.246)
Reference
1.250 (0.368–4.248)
1.274 (0.248–6.538)
0.128
0.084

0.106
0.314
0.014
0.934
0.023
2.664
0.28

8.748

0.721
0.772

0.745
0.575
0.907
0.334
0.880
0.103
0.597

0.003

Univariate logistic regression
OR (95% CI)
Wald χ2‡
P value

Reference
20.054 (3.094–129.987)
Reference
0.398 (0.032–4.998)
1.263 (0.219–7.285)
2.573 (0.203–32.634)
0.732 (0.072–7.448)
0.477 (0.027–8.282)
0.524 (0.065–4.241)
0.472 (0.059–3.773)
Reference
0.859 (0.131–5.647)
1.950 (0.17–22.334)

0.025
0.288

0.510
0.068
0.532
0.069
0.258
0.366
0.501

9.887

0.874
0.591

0.475
0.794
0.466
0.792
0.611
0.545
0.479

0.002

Multivariate logistic regression
OR (95% CI)
Wald χ2§
P-value

Patients were stratiﬁed according to age at surgery (<70 vs. ≥70 years). Elderly patients (aged ≥70 years) had a higher risk of mortality (OR = 8.3684, 95% CI = 2.048–34.202, P = 0 003), and age was an independent
risk factor (OR = 20.054, 95% CI = 3.094–129.987, P = 0 002). OR: odds ratio; 95% CI: 95% conﬁdence interval; ‡: Wald χ2 for univariate logistic regression; §: Wald χ2 for multivariate logistic regression.

Plaque#

Stenosis degree

Hypertension
Diabetes mellitus
Alcohol consumption
Ischemic heart disease
Smoking
Multiple stenosis

Sex

Age, years

Risk factor

Table 3: Results of the univariate and multivariate logistic regression analyses to identify independent risk factors for death after carotid artery stenting.
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Death cause

>10y

5y-10y

3y-5y

1-3y

<1y
0

0.5

1

1.5

2

Total
Other

2.5

3

3.5

4

4.5

Cancer
Heart disease

Figure 1: Analysis of survival and cause of death among elderly patients (≥70 years) who underwent carotid stenting. Deaths that occurred
later than 120 days after surgery were stratiﬁed according to survival duration (<1 year, 1–3 years, 3–5 years, 5–10 years, and >10 years.
Diﬀerent columns represent diﬀerent causes of death, with “other” indicating death not related to heart disease or cancer.

(aged ≥70 years) who died, one had survived for less than 1
year after CAS, while 6 patients had survived for more than
3 years and 1 had survived for more than 10 years. Among
patients aged ≥70 years at the time of surgery, heart disease
was the cause of death in 5 cases, cancer was the cause
of death in 3 cases, and only 1 death had a diﬀerent cause
(neither heart disease nor cancer) (Figure 1).

4. Discussion
Carotid stenosis is one of the most important causes of
ischemic stroke and represents an independent risk factor
for ischemic cerebrovascular events [10]. Three major
treatment strategies are currently available for carotid stenosis (i.e., drug therapy, CEA, and CAS), each with speciﬁc
strengths and weaknesses. CAS has been widely used in the
Chinese population, and most previous studies have conﬁrmed its safety and eﬀectiveness, although it should be
noted that such studies have focused on comparative analyses
of CAS and CEA outcomes. Several trials have reported a
higher perioperative risk of stroke with CAS than with CEA
[4–6]. In CREST [11], which is the largest controlled trial
to evaluate CAS outcome, patients treated with CAS had a
higher incidence of stroke in the perioperative period but a
lower incidence of myocardial infarction compared to the
incidence of such events among patients treated with CEA.
On the other hand, analysis of long-term follow-up data
(10 years) of the CREST participants [12] revealed no signiﬁcant diﬀerence between CAS and CEA regarding the
risk of such endpoints. In addition, CAS was reported to

be relatively safe compared to CEA even in patients with
concomitant severe coronary disease or atrial ﬁbrillation
[13–15]. Therefore, CAS and CEA may provide distinct
advantages, and the choice between these surgeries should
be made only after careful evaluation of the speciﬁc circumstances of each patient [16, 17].
Recent studies evaluating the long-term outcomes of CAS
(median follow-up, 1.2–7.4 years) found some diﬀerences
between CAS and CEA regarding the incidence of certain
endpoints, but these diﬀerences were not signiﬁcant. In the
Carotid and Vertebral Artery Transluminal Angioplasty
Study (CAVATAS) [18], SPACE trial [19], and EVA-3S trial
[20], the incidence of the combined clinical endpoint of any
stroke or perioperative death among CAS recipients was
29.7%, 9.5%, and 11.1%, respectively. In the SAPPHIRE trial
[3], the incidence of myocardial infarction, stroke, or death
after CAS was 32.0%. In CREST [11], the incidence of
periprocedural (myocardial infarction, stroke, or death) or
postprocedural endpoints (ipsilateral stroke) among CAS
recipients was 9.0% in the 5-year survival group and 13.4%
in the 10-year survival group. ICSS [21] reported a stroke
recurrence rate of 6.4%, which is higher than the incidence
of the combined clinical endpoint of stroke recurrence
(any stroke) or all-cause death found in our present study;
moreover, many patients included in our study had no
signiﬁcant disability after CAS, which was reﬂected in
the high prevalence of mRS scores < 2 (Table 2).
A meta-analysis of 5 randomized controlled trials including 2716 patients and covering a median follow-up of 62
months concluded that there may be a relationship between
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in-stent restenosis and stroke recurrence after CAS, and the
incidence of restenosis with blockage > 70% was 10% [22].
In our study, only 2 of the 72 patients followed up at the
outpatient clinic had in-stent restenosis with blockage > 50%,
and there was no signiﬁcant diﬀerence between the two
groups (<70 vs. ≥70 years at surgery) (Table 2). These results
conﬁrm the long-term safety and eﬀectiveness of CAS.
Some data have indicated that elderly patients should be
treated with CEA, which, compared to CAS, is associated
with fewer risks in this patient population. A meta-analysis
[7] of the EVA-3S trial, SPACE trial, and ICSS found that,
in patients aged ≥70 years, the estimated 120-day risk of
stroke or death was twice as high for CAS than for CEA
(12% vs. 5.9%, OR = 2.04, 95% CI = 1.48–2.2, P = 0 053 for
the interaction; P = 0 014 for the trend). Per-protocol
analysis revealed estimates of 10% and 4%, respectively, for
the 30-day rate of stroke or death among patients aged ≥70
years (OR = 2.1, 95% CI = 1.5–3.1; P = 0 078 for categorical
interaction; P = 0 013 for trend interaction). The authors of
the meta-analysis therefore suggested that, for the treatment
of symptomatic carotid stenosis, CAS should be avoided in
patients aged ≥70 years, while both CAS and CEA may be
safe in patients aged <70 years. The 4-year follow-up data
from CREST [8] revealed CAS and CEA provide similar
outcomes regarding stroke recurrence in patients aged up
to 64 years, with the risk of stroke and death increasing with
every 10-year increment in age at surgery. We found signiﬁcant diﬀerences in mortality between patients aged <70 years
and those aged ≥70 years. Univariable logistic regression
also suggested that elderly patients (aged ≥70 years) were
at higher risk of death. Finally, multivariable logistic
regression indicated that age was the only independent
risk factor for mortality (Table 3). Our present ﬁndings
are consistent with these previous data that, compared to
patients aged <70 years, those aged ≥70 years have a higher
mortality and higher incidence of the combined clinical endpoint of stroke recurrence (any stroke) or all-cause death.
However, other than mortality, no other variables showed
signiﬁcant between-group diﬀerences in our study, including
stroke recurrence rate, prevalence of mRS score < 2, and
incidence of in-stent restenosis (Table 2).
Upon analyzing the data regarding cause of death
(Figure 1), we found that heart disease accounted for 5 and
cancer accounted for 3 of the 9 deaths that occurred among
the elderly patients included in this study. The reason that
heart disease was the most common cause of death among
these patients is that atherosclerosis is a systemic disease,
and patients with carotid stenosis are more likely to have
ischemic heart disease and are more prone to cardiac complications. The reason that cancer was the second most
common cause of death in these patients is that the incidence
of cancer is higher in aging populations. None of the patients
in this study died of stroke. With the exception of one death
that occurred within 1 year after surgery, the remaining 11
patients who died during the study period had relatively
long survival, with 6 patients surviving for more than 3
years and 1 surviving for more than 10 years. Several factors might explain the increased mortality rate in patients
aged ≥70 years, such as the length of follow-up (median of
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8.08 years starting from an age that was already close to
the average life expectancy) and the prevalence of agerelated complications. Our results indicate that, although
elderly patients have higher mortality, advanced age did not
signiﬁcantly aﬀect CAS outcomes in terms of preventing
stroke recurrence and maintaining as much freedom from
disability as possible.
The poor outcomes previously reported for transfemoral
CAS in elderly patients may be due to the speciﬁc changes
induced by atheromatosis in the aortic trunk and supraaortic vessels. Transcervical CAS with ﬂow reversal for
cerebral protection avoids such unfavorable eﬀects, and this
strategy might provide higher long-term safety and eﬀectiveness in elderly patients aged ≥70 years [23]. Therefore,
improving personnel training and technique, use of embolic
protection, and careful patient selection may help reduce
mortality risk after CAS in the elderly.
The present study has some limitations. First, the studied
population was recruited from a single institution. Second,
the sample was small. Third, our study was restricted to
CAS recipients. In addition, some patients admitted to our
department during the study period (2003–2006) were not
included in the study because they were lost to follow-up or
had missing data regarding the follow-up evaluations.

5. Conclusion
Among elderly patients in Southwest China, CAS for
moderate-to-severe carotid stenosis can eﬀectively prevent
stroke recurrence without increasing the risk of strokerelated death but is associated with increased all-cause
mortality. Age is an independent risk factor for mortality
after CAS. Among elderly patients, the main causes of death
after CAS for carotid stenosis are heart disease and cancer.
The treatment for patients with symptomatic carotid artery
stenosis should be selected according to the individual
circumstances of each case.
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Background. Carotid artery morphological variations (CAMV) are common variations on medical imaging; the eﬀects of CAMV on
cognition were still unknown. This study is aimed at investigating whether carotid artery morphological variations (CAMV) cause
cognitive impairment. Methods. Hospitalized patients from March 2017 to October 2017 who underwent digital subtract
angiography (DSA) were divided into non-CAMV group, T-type group, K-type group, and C-type group according to their
carotid artery morphology. Cognitive function in each group was evaluated with the Mini-Mental State Scale (MMSE), the
Montreal Cognitive Assessment (MoCA), the Verbal Fluency Test (VFT), and the Digital Span Test (DST). Results. A total of 96
patients were included in the study (32 in non-CAMV group, 34 in T-type group, 30 in K-type group, and none in C-group).
The positive rate of MMSE in the non-CAMV group, the T-type group, and the K-type group was 15.6%, 14.7%, and 20.0%,
respectively, with no statistical diﬀerence in the three groups (p = 0 836). The positive rate of MoCA in the K-type group
was signiﬁcantly higher than that in the non-CAMV and the T-type groups (p < 0 001), but there was no signiﬁcant
diﬀerence between the non-CAMV group and the T-type group (p = 0 826). The VFT, DST forward score, and backward
score in the K-type group were signiﬁcantly lower than those in the non-CAMV and the T-type groups (p < 0 001).
Conclusions. K-type CAMV may cause cognitive impairment, and MoCA is superior to MMSE in identifying mild
cognitive impairment caused by CAMV.

1. Introduction
With the advent of the ageing of human society, the incidence of cognitive impairment especially vascular cognitive
impairment has gradually increased and has caused widespread concern. Previous studies have found that chronic
cerebral ischemia may result in cognitive impairment and
become the main cause of vascular dementia [1].
Carotid artery morphological variations (CAMV) are
common variations on medical imaging. It refers to the morphological characteristics of carotid artery that are caused by
the extension of the carotid artery [2]. Previous studies have
found that CAMV was associated with ischemic stroke and
carotid artery dissection which may lead to ischemic changes
[3–6]. However, the eﬀects of CAMV on cognition were still
unknown. In the present study, neuropsychological scales

were used to evaluate the cognitive function of patients who
were conﬁrmed with CMAV with DSA and to further explore
the eﬀects of CAMV on cognitive function.

2. Methods
2.1. Study Subjects. We collected hospitalized patients who
underwent digital subtract angiography (DSA) in our department from March 2017 to October 2017, and patients of
CAMV were divided into three types: tortuosity (T), kinking
(K), and coiling (C) according to the Weibel classiﬁcation criteria [7]: (1) T-type: artery forming “S” or “C”-like tortuous
with an angle of 90–165°; (2) K-type: arterial forming “<”
or “>”-like ﬂexion with an angle of 0–90°; (3) C-type: the
arteries form an “O”-like curve with an angle of 360°.
According to the DSA results, patients were divided into four
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groups: T-type group, K-type group, C-type group, and
non-CAMV group. All patients signed consent form, and
the study was approved by the Ethics Committee of
Southwest Hospital of Third Military Medical University.
Inclusion criteria were as follows: (1) age ≥ 18 years with
no deﬁnite neurological disorders; (2) capable to complete
neuropsychological examinations; and (3) patient and
family members were well informed and signed a consent
form. Exclusion criteria were as follows: (1) neurological
diseases that may cause cognitive impairment, such as
acute cerebrovascular disease, brain trauma, brain tumor,
hydrocephalus, Parkinson’s disease, multiple sclerosis, and
central nervous system infections; (2) cerebral artery
stenosis or occlusion and cerebral vascular malformation
with DSA examination; (3) history of mental illness,
dementia, and taking medications that may aﬀect cognitive
function; (4) years of education ≤ 1 year; (5) severe visual
impairment, audition dysfunctions, and aphasia; and (6)
other causes that may induce cognitive impairment.
2.2. Neuropsychological Assessments. Patients completed
neuropsychological assessments from 2 days to 1 week after
the DSA examination. Examination scales were MiniMental State Scale (MMSE), Montreal Cognitive Assessment
(MoCA), Verbal Fluency Test (VFT), and Digital Span Test
(DST). The evaluations were independently completed by
physicians who were blind to the study design with qualiﬁcations for neuropsychological assessment. (1) MMSE includes
time-spatial orientation, immediate memory, calculation and
attention, delayed recall, object naming, language repetition,
reading comprehension, language understanding, language
expression, and visual space perception. The total score is
30, abnormal < 27. (2) MoCA includes visuospatial and executive functions, naming, instant memory, calculations and
attention, language retelling, abstraction, delayed recall, and
temporal-spatial orientation. The total score is 30, normal ≥ 26, and add 1 point if years of education were less than
12 years. (3) DST presents a set of numbers. The subjects
immediately repeat the sentences after listening. Memory
span scores for forward and backward were recorded as the
number of items in the longest series correctly recalled. (4)
VFT requires the subjects to name the animal as much as
possible within one minute.
2.3. DSA Assessment. Flat-panel digital subtraction imaging
system was used (GE NOVA 4100, USA). The DSA data were
independently analyzed by two experienced imaging experts
who were blind to the study design.
2.4. Statistical Analysis. SPSS 23.0 software was used for
statistical analysis. One-way ANOVA was used for continuous data of multiple groups, and multiple comparisons were
performed with LSD t-test. The chi-squared test was used to
compare multiple groups of counting data for multiple comparisons. Statistical signiﬁcance was set at a p value < 0.05.

3. Results
3.1. Characteristics of Included Patients. A total of 96 patients
were included in this study, including 54 males and 42
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females. The mean age (65.8 ± 10.1) ranges from 45 to
86. There were 32 cases in the non-CAMV group, 34 cases
in the T-type group, 30 cases in the K-type group, and
none in the C-type group. Therefore, multiple comparisons were performed in the non-CAMV group, the Ttype group, and the K-type group (Figure 1). There were
no signiﬁcant diﬀerences on sex ratio, age, years of education, smoking, drinking, diabetes, hyperlipidemia, and
coronary heart disease (p > 0 05) (Table 1).
3.2. The Neuropsychological Examinations. (1) MMSE: 5 of
32 patients (15.6%) in the non-CAMV group were abnormal;
5 of 34 patients (14.7%) in the T-type group were abnormal; 6
of 30 patients (20.0%) in the K-type group were abnormal.
The positive rate of MMSE in each group was not statistically
signiﬁcant (p = 0 836). (2) MoCA: 5 of 32 patients (15.6%) in
the non-CAMV group were abnormal; 6 of 34 patients
(17.6%) in the T-type group were abnormal; 17 of 30 patients
(56.7%) in the K-type group were abnormal. The positive rate
of MoCA in the K-type group was signiﬁcantly higher
than that in the non-CAMV group and the T-type group
(p < 0 001), but there was no statistical diﬀerence between
the non-CAMV group and the T-type group (p = 0 826).
(3) DST forward score: the non-CAMV group was 8.0
± 1.0, the T-type group was 7.9 ± 1.1, and the K-type group
was 6.8 ± 1.1. There was a signiﬁcant diﬀerence between
the K-type group and the non-CAMV group or the Ttype group (p < 0 001), but there was no signiﬁcant diﬀerence between the non-CAMV group and the T-type group
(p = 0 734). (4) DST backward score: the non-CAMV
group was 4.2 ± 0.7, the T-type group was 4.4 ± 0.8, and
the K-type group was 3.4 ± 0.8. There was a signiﬁcant difference between the K-type group and the non-CAMV or
the T-type group (p < 0 001), but there was no signiﬁcant
diﬀerence between the non-CAMV group and the T-type
group (p = 0 254). (5) VFT: the non-CAMV group was
17.9 ± 1.5, the T-type group was 18.0 ± 1.4, and the Ktype group was 12.6 ± 1.9. There was a signiﬁcant diﬀerence
between the K-type group and the non-CAMV/T-type group
(p < 0 001). There was no signiﬁcant diﬀerence between the
non-CAMV group and the T-type group (p = 0 815)
(Figure 2).
3.3. Comparison of MMSE and MoCA on the Detection of
Cognitive Impairment. MMSE detected 16 cases of cognitive
impairment, accounting for 16.7% of the total patients;
MoCA detected 28 cases accounting for 29.2% of the total
patients. There were statistical diﬀerences between the two
neuropsychological examinations (p = 0 039).

4. Discussion
Vascular dementia (VaD) is the only reversible dementia and
the second most common dementia after Alzheimer’s disease
(AD). Bowler and Hachinski [8] proposed the concept of vascular cognitive impairment (VCI) for early detection and
early intervention in 1995. To date, the concept of VIC has
been expanded to a series of syndromes of mild to severe cognitive dysfunction resulting from cerebrovascular disease and
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(a)

(b)

(c)

Figure 1: (a) Non-CAMV group. (b) T-type group. (c) K-type group.

its risk factors [9, 10]. Previous studies found that chronic
cerebral ischemia is an important factor in the onset and
development of vascular cognitive impairment [1]. There

are many reasons for chronic cerebral ischemia, among
which, large vessel stenosis is the most common. Wang
et al. [11] studied and found that cerebral blood ﬂow
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Table 1: Demographic characteristics of the three groups.

Age, y
Male, n (%)
Education, y
Smoking, n (%)
Drinking, n (%)
Diabetes mellitus, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)
Coronary artery disease, n (%)

Non-CAMV

T-type

K-type

p value

66.1 ± 10.0
18 (56.3)
6.7 ± 3.6
10 (31.3)
12 (37.5)
11 (34.4)
17 (53.1)
16 (50.0)
12 (37.5)

65.9 ± 10.6
19 (55.9)
7.4 ± 3.6
12 (35.3)
13 (38.2)
14 (41.2)
18 (52.9)
14 (41.2)
14 (41.2)

65.4 ± 10.0
17 (56.7)
7.0 ± 3.5
12 (40.0)
12(40.0)
12(40.0)
15(50.0)
15(50.0)
10(33.3)

0.968
0.998
0.685
0.772
0.979
0.835
0.963
0.709
0.811

6

# ⁎

8

DST backward

6
4
2
0

# ⁎
4
2

25

10
5
0

15
10
5

(c)

(d)

K-type

T-type

Non-CAMV

K-type

T-type

Non-CAMV

0

40
20
0
T-type

15

20

Non-CAMV

# ⁎

⁎

#

60
Positive rate of MoCA

20

Positive rate of MMSE

25

VFT

(b)

K-type

(a)

K-type

Non-CAMV

K-type

T-type

Non-CAMV

0
T-type

DST forward

10

(e)

Figure 2: Multiple comparisons among the three groups on DST forward, DST backward, VFT, positive rate of MMSE, and positive rate of
MoCA. #Comparison with the non-CAMV group, p < 0 05. ∗ Comparison with the T-type group, p < 0 05.

improved with revascularization after internal carotid artery
stripping in patients with internal carotid artery stenosis > 65%. Yoshida et al. [12] achieved similar conclusions
with a dynamic positron emission tomography method using
18F-2-deoxyglucose as a tracer of glucose metabolism to
reﬂect the cerebral blood ﬂow in patients with internal
carotid artery stenosis. Collectively, those previous results
suggested that large vascular stenosis can induce low perfusion cerebral of blood ﬂow, leading to cognitive dysfunction.
CAMV is a common radiologic ﬁnding in the elderly
population, and its incidence gradually increases with age.
Distorted blood vessels inﬂuence ﬂow dynamics and result

in a series of clinical events. Wang et al. [13] used the
anatomical parameters of the internal carotid artery as the
prototype to establish an arterial distortion model. They simulated the blood ﬂow dynamics and found that the distorting
internal carotid artery could induce distal lower blood pressure. Derrick et al. [14] found that when the angle of carotid
artery reaches 60°, the blood ﬂow can be reduced by more
than 40% and when the angle reaches 30°, the blood ﬂow is
reduced by more than 60%. Alexandrov [15] found that the
reduced blood ﬂow caused by the ﬂexed carotid artery was
comparable to the carotid stenosis with a stenosis of 75%. It
can be concluded that the morphorgical abnormality of
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carotid arteries leads to chronic cerebral ischemia through
the hemodynamics and could probably further damage
cognitive function.
Our ﬁndings conﬁrm this statement. Our study found
that there was a signiﬁcant diﬀerence between the K-type
group and the non-CAMV group/T-type group on MoCA
positive rate, VFT scores, and DST scores. However, no signiﬁcance was observed in the T-type group compared to
the non-CAMV group. The possible reason is that diﬀerent
degrees of vascular angulation have diﬀerent eﬀects on
hemodynamics and may also have diﬀerent eﬀects on cognitive function. There have been few reports on the eﬀects of
carotid morphological variations on cognitive function. Zhou
et al. [16] conducted follow-up of 1741 patients (over 50
years of age) who had completed CTA examination and diagnosed carotid and vertebral artery morphological changes.
Severe carotid and vertebral artery morphological variations
increased the incidence of Alzheimer’s disease (AD).
In present study, the MoCA detected cognitive abnormalities in 28 cases of the three groups, while MMSE only
detected 16 cases. Studies have shown that MoCA has good
sensitivity and speciﬁcity for patients with mild cognitive
impairment. Compared to MMSE, MoCA increased the
weight of scores on executive function and attention and
increased the sensitivity for early detection of mild cognitive
impairment (MCI) patients with executive function and
attention impairment. Meta-analysis by Ciesielska et al.
[17] found that the detection rate of mild cognitive impairment in MoCA patients over 60 years old was better than
MMSE; Trzepacz et al. [18] found meta-analysis that MoCA
and MMSE had similar diagnostic value for dementia. However, in the diagnosis of mild cognitive impairment, the ceiling eﬀect of MoCA is lower than that of MMSE. In addition,
we observed a signiﬁcant diﬀerence in DST and VFT scores
between the K-type group and the non-CAMV group/T-type
group. VFT is easy to operate and is widely used in the diagnosis and diﬀerential diagnosis of cognitive dysfunction [19].
It focuses on the function of the temporal lobe. DST which
tests attention and memory is part of Wechsler Memory
Scale and Wechsler Intelligence Scale. The results of this
study suggested that there may be cognitive impairment in
the K-type group, including attention and memory.

5. Limitation
There were also some limitations in this study. Firstly, we
observed that CAMV may lead to cognitive impairment
and this result may be due to chronic cerebral ischemia.
However, this inference has not been veriﬁed by MR
perfusion-weighted imaging (PWI) or computed tomography perfusion (CTP). We will further explore this in our
future research. Secondly, the number of cases in this study
is limited, and to elucidate the eﬀect of CAMV on cognitive
function requires a larger sample of patients.

6. Conclusions
Our study found that there was a signiﬁcant diﬀerence
between the K-type group and the non-CAMV group/T-type
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group on MoCA positive rate, VFT scores, and DST scores;
no signiﬁcance was observed in the T-type group compared
to the non-CAMV group. K-type CAMV may cause cognitive impairment; the possible reason is that K-type CAMV
can inﬂuence on hemodynamics. Furthermore, MoCA is
superior to MMSE in identifying mild cognitive impairment
caused by CAMV.

Data Availability
The data used to support the ﬁndings of this study are available from the corresponding author upon request.

Conflicts of Interest
The authors declare that there is no conﬂict of interest
regarding the publication of this article.

Acknowledgments
This work was supported by the National Science
Foundation of China (no. 81471194) and the Clinical Novel
Technology Foundation of Southwest Hospital (SWH2016JSZ
D-02, SWH2016JHJC-03, SWH2016JSTSYB-23, and SWH
2016JSTSYB-25).

References
[1] H. A. Kim, A. A. Miller, G. R. Drummond et al., “Vascular cognitive impairment and Alzheimer’s disease: role of cerebral
hypoperfusion and oxidative stress,” Naunyn-Schmiedeberg's
Archives of Pharmacology, vol. 385, no. 10, pp. 953–959, 2012.
[2] H. Metz, R. M. Murray-Leslie, R. G. Bannister, J. W. Bull, and
J. Marshall, “Kinking of the internal carotid artery,” Lancet,
vol. 1, no. 7174, pp. 424–426, 1961.
[3] R. S. Vannix, E. J. Joergenson, and R. Carter, “Kinking of the
internal carotid artery. Clinical signiﬁcance and surgical
management,” American Journal of Surgery, vol. 134, no. 1,
pp. 82–89, 1977.
[4] L. Saba, G. M. Argiolas, S. Sumer et al., “Association between
internal carotid artery dissection and arterial tortuosity,”
Neuroradiology, vol. 57, no. 2, pp. 149–153, 2015.
[5] P. J. Barbour, J. E. Castaldo, A. D. Rae-Grant et al., “Internal
carotid artery redundancy is signiﬁcantly associated with
dissection,” Stroke, vol. 25, no. 6, pp. 1201–1206, 1994.
[6] C. Baracchini, F. Farina, S. Tonello et al., “Endothelial dysfunction in carotid elongation,” Journal of Neuroimaging, vol. 23,
no. 1, pp. 18–20, 2013.
[7] J. Weibel and W. S. Fields, “Tortuosity, coiling, and kinking of
the internal carotid artery. I. Etiology and radiographic
anatomy,” Neurology, vol. 15, no. 1, p. 7, 1965.
[8] J. V. Bowler and V. Hachinski, “Vascular cognitive impairment: a new approach to vascular dementia,” Baillière's
Clinical Neurology, vol. 4, no. 2, pp. 357–376, 1995.
[9] V. Hachinski, C. Iadecola, R. C. Petersen et al., “National
Institute of Neurological Disorders and Stroke-Canadian
Stroke Network vascular cognitive impairment harmonization standards,” Stroke, vol. 37, no. 9, pp. 2220–2241, 2006.
[10] P. B. Gorelick, A. Scuteri, S. E. Black et al., “Vascular contributions to cognitive impairment and dementia: a statement
for healthcare professionals from the American Heart

6

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Behavioural Neurology
Association/American Stroke Association,” Stroke, vol. 42,
no. 9, pp. 2672–2713, 2011.
Q. Wang, M. Zhou, Y. Zhou, J. Ji, D. Raithel, and T. Qiao,
“Eﬀects of carotid endarterectomy on cerebral reperfusion
and cognitive function in patients with high grade carotid
stenosis: a perfusion weighted magnetic resonance imaging
study,” European Journal of Vascular and Endovascular
Surgery, vol. 50, no. 1, pp. 5–12, 2015.
K. Yoshida, K. Ogasawara, H. Saura et al., “Post-carotid
endarterectomy changes in cerebral glucose metabolism on
18F-ﬂuorodeoxyglucose positron emission tomography
associated with postoperative improvement or impairment in
cognitive function,” Journal of Neurosurgery, vol. 123, no. 6,
pp. 1546–1554, 2015.
L. J. Wang, D. M. Wang, F. Zhao et al., “Clinical study and
numerical simulation of hemodynamics in the tortuosity of
internal carotid artery,” Zhonghua Wai Ke Za Zhi, vol. 46,
no. 21, pp. 1658–1661, 2008.
J. R. Derrick, M. Estess, and D. Williams, “Circulatory
dynamics in kinking of the carotid artery,” Surgery,
vol. 58, pp. 381–383, 1965.
A. V. Alexandrov, “The Spencer’s curve: clinical implications
of a classic hemodynamic model,” Journal of Neuroimaging,
vol. 17, no. 1, pp. 6–10, 2007.
R. Zhou, D. Liu, K. Yu et al., “Carotid and vertebral arterial
variations in Alzheimer’s disease,” Current Alzheimer
Research, vol. 12, no. 4, pp. 368–376, 2015.
N. Ciesielska, R. Sokołowski, E. Mazur, M. Podhorecka,
A. Polak-Szabela, and K. Kędziora-Kornatowska, “Is the
Montreal Cognitive Assessment (MoCA) test better suited
than the Mini-Mental State Examination (MMSE) in mild
cognitive impairment (MCI) detection among people aged
over 60? Meta-analysis,” Psychiatria Polska, vol. 50, no. 5,
pp. 1039–1052, 2016.
P. T. Trzepacz, H. Hochstetler, S. Wang, B. Walker, A. J.
Saykin, and for the Alzheimer’s Disease Neuroimaging
Initiative, “Relationship between the Montreal Cognitive
Assessment and Mini-mental State Examination for assessment of mild cognitive impairment in older adults,” BMC
Geriatrics, vol. 15, no. 1, 2015.
J. D. Henry, J. R. Crawford, and L. H. Phillips, “Verbal
ﬂuency performance in dementia of the Alzheimer’s type:
a meta-analysis,” Neuropsychologia, vol. 42, no. 9,
pp. 1212–1222, 2004.

Hindawi
Behavioural Neurology
Volume 2018, Article ID 6583267, 8 pages
https://doi.org/10.1155/2018/6583267

Research Article
Histone Deacetylase Inhibitor Scriptaid Alleviated
Neurological Dysfunction after Experimental Intracerebral
Hemorrhage in Mice
Heng Yang, Wei Ni, Hanqiang Jiang, Yu Lei, Jiabin Su, Yuxiang Gu, and Liangfu Zhou
Department of Neurosurgery, Huashan Hospital, Fudan University, Shanghai, China
Correspondence should be addressed to Liangfu Zhou; lfzhouc@126.com
Received 20 March 2018; Accepted 26 May 2018; Published 12 August 2018
Academic Editor: Hu Qin
Copyright © 2018 Heng Yang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Objectives. To investigate the role of Scriptaid in reducing brain injury after intracerebral hemorrhage (ICH) in mice. Methods. An
ICH model was constructed by injecting autologous blood into the right basal ganglia in mice. The animals were administered
3.5 mg/kg of Scriptaid intraperitoneally after ICH. The hematoma volume and hemoglobin level were measured to examine
hematoma resolution. A behavior test and brain edema and white matter injury examinations indicated brain injury after ICH.
Results. Scriptaid treatment promoted hematoma resolution and reduced the hematoma volume 7 d after ICH compared with
the vehicle group (P < 0 05). Scriptaid treatment also alleviated the brain water content in the ipsilateral basal ganglia (P < 0 05)
and cortex (P < 0 01) 3 d after ICH. In addition, Scriptaid improved neurological function recovery and alleviated white matter
injury 35 d after ICH. Conclusions. Scriptaid can protect against brain injury after ICH and may be considered a new medical
therapy method for ICH.

1. Introduction
Intracerebral hemorrhage (ICH) is a fatal subtype of
stroke with high morbidity and mortality that accounts
for 10%–15% of all strokes [1]. The mechanisms of brain
injury following ICH have achieved great understanding
in past decades, including primary and secondary brain
injuries. Primary brain damage is mainly due to the mass
eﬀect and mechanical disruption from extravasated blood.
Secondary brain injury is much more complicated and is
mainly caused by the physiological response to the hematoma and toxic blood components [2–4]. Unfortunately, no
eﬀective medical treatment is available to improve functional
outcomes in patients with ICH.
Neuroinﬂammation plays a key role in secondary brain
injury after ICH and is associated with both brain damage
and recovery from ICH [5]. First, as resident immune cells
in the central nervous system (CNS), activated microglia
release many inﬂammatory factors. Then, systemic immune
cells inﬁltrate and produce cytokines, chemokines, extracellular proteases, and reactive oxygen species (ROS) and

induce a severe inﬂammatory reaction [6–9] after ICH.
When microglia/macrophages are activated, they switch
into two phenotypes (the M1 and M2 phenotypes) through
the so-called microglia/macrophage polarization process
[10]. Many previous studies have demonstrated that microglia/microphage polarization is dynamic during a central
nervous system injury and modulating microglia/macrophage polarization ameliorates inﬂammatory injuries after
traumatic brain injury (TBI) and ischemic and hemorrhagic
strokes [11–13]. Recent studies have also demonstrated
that activating microglia/macrophages enhances hematoma
resolution and improves functional outcomes in a rat
model of ICH [14, 15]. In addition, blood-brain barrier
(BBB) disruption, which contributes to the development
of perihematomal edema, is an important cause of secondary
injury after ICH [3, 16].
Histone deacetylases (HDACs) are a class of enzymes
that remove acetyl groups (O = C − CH3) from an ε-N-acetyl
lysine amino acid on a histone, thereby allowing the histones
to wrap the DNA more tightly. Histone deacetylase inhibitors
(HDACis) have been widely used for the treatment of
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Table 1: General physiological information for the diﬀerent groups.

Group
Sham
ICH + vehicle
ICH + Scriptaid

MABP (mmHg)

pH

PO2 (mmHg)

PCO2 (mmHg)

Hct. (%)

Glucose (mg/dl)

Core body temperature

72.1 ± 7.9
73.5 ± 8.4
73.2 ± 9.1

7.42 ± 0.03
7.36 ± 0.02
7.38 ± 0.04

98.3 ± 4.1
96.9 ± 2.4
97.3 ± 2.8

42.3 ± 4.3
41.5 ± 3.1
42.1 ± 2.5

41.3 ± 0.5
41.8 ± 1.1
42.1 ± 0.8

91.5 ± 11.2
92.3 ± 8.1
94.2 ± 10.5

36.2 ± 0.4
36.5 ± 0.2
36.1 ± 0.8

epilepsy, neurodegenerative diseases, and cancer [17–19].
Recently, signiﬁcant progress has been made in increasing
the understanding of the roles of HDACs in regulating
inﬂammation and immunoreactions. Therapeutic application of HDACis for inﬂammatory and infectious diseases
has also been described in many previous reports [20, 21].
In addition, an eﬀort has been made to develop HDACis
for the treatment of traumatic brain injury and stroke. For
example, HDACis suppress immune activation and alleviate
brain injury in TBI and ischemic stroke in animal models
[22–25]. Scriptaid is a novel histone deacetylase inhibitor,
and recent studies have indicated that Scriptaid modulates
microglia/macrophage polarization and protects against
traumatic brain injury [25, 26]. However, few studies have
investigated the application of Scriptaid in therapy for
intracerebral hemorrhage. Therefore, the present study
investigated the eﬀect of Scriptaid on the amelioration of
brain injury in a mouse ICH model.

2. Materials and Methods
2.1. Animals and ICH Model Construction. C57BL/6 male
mice (8–10 weeks, 20–26 g) were purchased from the Chinese
Academy of Sciences at Shanghai. All animals were provided
free access to food and water, and all experiments were
approved by the Animal Ethics Committee of Fudan University. Moreover, all experiments were performed and reported
according to the ARRIVE guidelines (http://www.nc3rs.org.
uk/arrive). ICH model construction was established previously [27, 28]. Brieﬂy, animals were intraperitoneally
anesthetized with 4% chloral hydrate. Blood was obtained
from a femoral artery catheter for analysis of pH, PaO2,
PaCO2, and blood glucose. The core body temperature was
maintained at 36.0 ± 1.0°C with a feedback-controlled heating pad. The physiological information is shown in Table 1.
The mice were positioned in a mouse stereotaxic frame,
and 30 μl of nonanticoagulated autologous blood obtained
from the femoral artery of the mouse or saline was injected
straight into the right basal ganglia (0.2 mm anterior,
3.5 mm ventral, and 2.5 mm lateral to the bregma) at a rate
of 2 μl/min with a microinfusion pump. The needle remained
in position for an additional 10 minutes after the blood was
fully injected and then was removed gently. The burr hole
was ﬁlled with bone wax, and the skin incision was sutured.
2.2. Experimental Groups. The animals were divided into
three groups: sham, ICH + vehicle, and ICH + Scriptaid
(3.5 mg/kg). Animal group assignments for the ICH or sham
operation, treatment with Scriptaid or vehicle, and neurobehavioral testing or sacriﬁce for hematoma measurement,
brain water content assessment, and immunostaining were

performed randomly using a lottery drawing box. All main
outcome studies, including neurobehavioral tests, hematoma
volume, brain water content, and immunohistochemistry,
were performed by investigators blinded to the group assignments and experimental conditions. As described previously
[25], the animals were administered 3.5 mg/kg of Scriptaid
intraperitoneally at 2, 26, and 50 hours after ICH. The
ICH + vehicle group was treated with an equivalent volume
and concentration of dimethyl sulfoxide diluted in saline
on the same time course. Then, behavioral testing was
performed on the animals, and the animals were euthanized
at days 1, 3, 7, and 35 after ICH for hematoma measurement, brain water content calculation, and immunohistochemistry assays.
2.3. Hematoma Measurement. As described previously [29],
the brains were removed after perfusion and sliced into
1 mm-thick sections. ImageJ (version 1.49, NIH) was used
to measure the ICH volumes. Additionally, the hemoglobin
levels in the brain tissues were measured to quantify the
hematoma size [15]. After ICH, the contralateral hemisphere
and ipsilateral cortex were removed and the remaining brain
tissue was dissolved in Drabkin’s reagent. Then, the supernatant of the homogenate was collected and measured using a
spectrophotometer. The hematoma volume (microliters)
was calculated using the standard curve.
2.4. Behavior Tests. The behavior tests included the corner
turn test and the wire hanging test, which were described
previously [25, 26, 30]. Before the behavior tests, all animals
underwent behavior training for three days and abnormal
animals were excluded. The corner turn test was performed
as follows. Mice were allowed to proceed into a corner with
a 30° angle. The directions (left or right) of the turns made
by the mice were recorded. Every mouse repeated this procedure 20 times. The percentage of right turns was calculated.
The wire hanging apparatus was a stainless steel bar (50 cm
length, 2 mm diameter) resting on two vertical supports
and elevated 37 cm above a ﬂat surface. Mice were placed
on the middle of the bar and were observed for 30 seconds
in 4 trials. The amount of time spent hanging was recorded
and scored according to the following system: 0, fell oﬀ; 1,
hung onto the bar with two forepaws; 2, hung onto the bar
with added attempt to climb onto the bar; 3, hung onto the
bar with two forepaws and one or two hind paws; 4, hung
onto the bar with all four paws and with tail wrapped around
the bar; and 5, escaped to one of the supports. All behavior
tests were performed and evaluated by a blinded observer.
2.5. Brain Water Content. The brain water content measurement was performed as previously reported [31]. After
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euthanization and decapitation, the mouse brains were
removed and divided into the following ﬁve parts: the
ipsilateral cortex, ipsilateral basal ganglia, contralateral cortex, contralateral basal ganglia, and cerebellum. Every brain
part was weighed with an electronic balance to obtain the
wet weight and then dried in a gravity oven at 100°C for
24 hours to obtain the dry weight. The brain water content was calculated with the following formula: brain water
content % = wet weight – dry weight /wet weight ∗ 100%.
2.6. Immunohistochemistry Staining. Brains were removed
after perfusions with saline and 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) and gradient dehydrated with 20% and 30% sucrose in PBS. Then, the sample
brains were sectioned into 25 μm-thick sections on a freezing
microtome and subjected to immunohistochemistry. Immunohistochemistry staining was performed as previously
described [12]. The primary antibodies included rabbit
anti-MBP (myelin basic protein) (Abcam, 1 : 500 dilution,
Cambridge, MA, USA) and mouse antinonphosphorylated
neuroﬁlaments (SMI-32, 1 : 500 dilution, Abcam). Alexa
Flour conjugated antibodies (Invitrogen, Grand Island, NY,
USA, 1 : 1000) were used as the secondary antibodies. The
slides were covered with Fluoroshield with DAPI (SigmaAldrich, St. Louis, MO, USA). Double labeling was analyzed
using an epiﬂuorescence microscope.
2.7. Statistical Analysis. All data in this study are presented
as the mean ± standard error of the mean (SEM) and have
been analyzed using the SPSS 19.0 software. Student’s t-test
was used to analyze diﬀerences between two groups, whereas
diﬀerences between multiple groups were analyzed with
one-way ANOVA. Two-way ANOVA was used to evaluate diﬀerences in the behavior tests between groups and
between time points. Diﬀerences were considered signiﬁcant
when P < 0 05.

3. Results
3.1. Scriptaid Improved Hematoma Resolution after
Intracerebral Hemorrhage. The hematoma mass eﬀect is an
important factor for brain injury after ICH. The hematoma
morphology and size at 1, 3, and 7 d post-ICH are demonstrated in Figure 1(a) and show the hematoma absorption
process (Figure 1(b)). In addition, the hemoglobin level
indirectly demonstrated dynamic changes in the hematoma
volume (Figure 1(c)). Compared with the vehicle group,
Scriptaid treatment improved hematoma absorption at
7 d post-ICH (Figure 1(d)). Scriptaid treatment reduced
the hematoma volume by 44% (3.29 ± 0.41 mm3 in the
vehicle group versus 1.85 ± 0.32 mm3 in the Scriptaid group;
P < 0 05) at 7 d post-ICH (Figure 1(e)). The hemoglobin level
also decreased by 44.4% (3.73 ± 0.77 μl in the vehicle group
versus 2.08 ± 0.68) at 7 d post-ICH, although the diﬀerence
was not signiﬁcant (Figure 1(f)).
3.2. Scriptaid Improved Neurological Dysfunction after
Intracerebral Hemorrhage. Scriptaid treatment ameliorated
both sensorimotor functions after ICH. In the corner turn
test, Scriptaid administration reduced the corner turn

3
score signiﬁcantly at 1 and 3 d post-ICH (Figure 2(a),
P < 0 05). Additionally, the wire hanging test showed motor
deﬁcit improvement in the Scriptaid treatment group at
1 and 3 d post-ICH compared with the vehicle group
(Figure 2(b), P < 0 05).
3.3. Scriptaid Reduced the Brain Water Content 3 Days after
Intracerebral Hemorrhage. Scriptaid treatment reduced brain
edema in the ipsilateral basal ganglia (brain water content
81.53 ± 1.68 versus 77.31 ± 2.52 in the vehicle-treated controls, P < 0 05) and ipsilateral cortex (brain water content
81.43 ± 1.72 versus 76.74 ± 1.34 in the vehicle-treated
controls, P < 0 01) at 3 d post-ICH. However, no signiﬁcant
diﬀerence was found in the brain water content in the
contralateral basal ganglia and cortex between the Scriptaid
treatment group and the vehicle group (Figure 3).
3.4. Scriptaid Conferred Long-Term Preservation of White
Matter after ICH. White matter injury was evaluated by
double immunoﬂuorescent staining for MBP and SMI-32
in the ipsilateral striatum and corpus callosum at 35 d
post-ICH (vehicle and Scriptaid groups) or after sham surgery (sham group) (Figures 4(a) and 4(b)). In the sham
group, SMI-32 immunoreactivity and high MBP expression
were rarely observed in the ipsilateral striatum and corpus
callosum, which demonstrated no white matter injury.
Scriptaid failed to alleviate MBP expression at 35 d postICH in the ipsilateral striatum and corpus callosum compared with those in the vehicle group (Figures 4(c) and
4(e)). However, Scriptaid treatment reduced SMI-32 expression at 35 d post-ICH, which demonstrated alleviation of
white matter injury. The relative ratio of the ipsilateral
versus contralateral SMI-32 immunostaining intensity was
lower in the Scriptaid group than in the vehicle group
(1.83 ± 0.14 versus 2.64 ± 0.34 in the striatum, P < 0 05;
1.30 ± 0.09 versus 1.62 ± 0.10 in the corpus callosum, P < 0 01;
Figures 4(d) and 4(f)).

4. Discussion
Although many previous studies have described the
mechanism of ICH and have attempted to ﬁnd a therapy,
no eﬀective medical treatment for ICH is available at present.
HDACis have been shown to possess neuroprotective eﬀects
in animal models of TBI and stroke [22–25]. As a novel
histone deacetylase inhibitor, Scriptaid was demonstrated to
protect against white matter injury in a mouse TBI model.
However, the neuroprotective eﬀects of Scriptaid in ICH
remain unknown. In the present study, we found that
Scriptaid improved hematoma resolution and alleviated
brain edema after ICH. In addition, Scriptaid treatment had
an eﬀect on preserving white matter integrity at 35 d postICH and promoting neurological behavioral functions,
thereby facilitating long-term functional recovery after ICH.
Secondary brain injury due to ICH is mainly caused by
direct toxicity and inﬂammation induced by toxic blood
components and hematoma metabolic products. Therefore,
hematoma removal is an important target for ICH treatment because this process can relieve mass eﬀects, alleviate
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Figure 1: Scriptaid promoted hematoma resolution in an experimental intracerebral hemorrhage model. (a) Representative images of
hematoma volumes at 1 d, 3 d, and 7 d after ICH. Time course of hematoma volume (b) and hemoglobin level (c) changes after
ICH (∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001). (d) Serial coronal sections of mouse brain tissues at 7 d after ICH. The hematoma
volumes (e) and hemoglobin levels (f) at 7 d after ICH (∗∗ P < 0 01 versus the sham group; # P < 0 05 versus the vehicle group).

inﬂammation, and improve the recovery of neuronal function
[14, 15, 29]. In our study, Scriptaid improved hematoma resolution through a mechanism that might be related to modulation of microglia/macrophage polarization. As a novel
histone deacetylase inhibitor, Scriptaid can shift microglia/
macrophage polarization toward the M2 phenotype and
mitigate inﬂammation [25]. Microglia/macrophages play
a signiﬁcant role in hematoma clearance. Recent studies
indicated that activating microglia/macrophages promoted
hematoma absorption and neurological outcomes after ICH
[14, 15, 28, 32]. However, the speciﬁc mechanism by which

Scriptaid treatment improves hematoma resolution remains
unknown and requires further research. In mouse TBI
models, 3.5 mg/kg is the optimal dose of Scriptaid for TBI
treatment [26]. Although many diﬀerences in the mechanism
of brain injury exist between TBI and ICH, both conditions
involve hematoma and brain edema. Therefore, we also
chose 3.5 mg/kg for the treatment of ICH in our study.
Perihematomal brain edema can occur within hours
of ICH and peak at several days [33, 34]. Brain edema
after ICH can increase intracranial pressure and induce
herniation. Edema formation after ICH has several phases,
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Figure 2: Scriptaid improved the neurological function deﬁcit after ICH. (a) Corner turn test: Scriptaid treatment alleviated sensory deﬁcits at
1 d and 3 d after ICH compared with the ICH + vehicle group (∗∗ P < 0 01 versus the sham group; # P < 0 05 versus the ICH + vehicle group).
(b) Wire hanging test: Scriptaid treatment alleviated motor deﬁcits at 1 d and 3 d after ICH compared with the ICH + vehicle group
(∗∗ P < 0 01, ∗∗∗ P < 0 001, and ∗∗∗∗ P < 0 001 versus the sham group; # P < 0 05 versus the ICH + vehicle group).
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Figure 3: Scriptaid reduced the brain water content at 3 d after ICH. Compared with the vehicle group, the Scriptaid treatment group
exhibited a signiﬁcantly reduced brain water content in the ipsilateral basal ganglia and ipsilateral cortex at 3 d after ICH (∗ P < 0 05,
∗∗
P < 0 01 versus the vehicle group). No signiﬁcant diﬀerence in the brain water content in the contralateral basal ganglia and
cortex was found between the Scriptaid treatment group and the vehicle group.

including an early phase (involving clot retraction and
serum protein accumulation around the hematoma), a
second phase (involving thrombin), and a third phase
(involving erythrocyte components) [3, 33]. In the present
study, Scriptaid treatment reduced perihematomal brain tissue edema at 3 d post-ICH. Thus, Scriptaid can improve
hematoma clearance and reduce the mass eﬀect, whereas
HDACis can reduce inﬂammation and then protect the
blood-brain barrier from disruption in mouse and rat ICH
models [23, 24]. White matter injury is another important
reason for poor outcomes of ICH. Recently, signiﬁcant
progress has been made in increasing the understanding of

the role of white matter injury after ICH [35, 36]. Consistent
with the present ﬁnding, Scriptaid has been described to
prevent white matter injury in mouse TBI models [25].
Our data also showed that Scriptaid reduced white matter
injury in mouse ICH models. Moreover, reducing white
matter after ICH could improve neurological behavioral
functions, such as sensorimotor function.
Although this study is a novel evaluation focused on
the preservation of brain injury in ICH by Scriptaid,
there are still several limitations: (1) no information was
provided about the anti-inﬂammatory eﬀect of Scriptaid
and (2) no data demonstrated the relationship between
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Figure 4: Scriptaid alleviated white matter injury at 35 d after ICH. (a, b) Representative images of myelin basic protein (MBP) (red) and
SMI32 (green) immunostaining in the striatum (a) and corpus callosum (b) (scale bar = 25 μm). (c, d) The relative ratio of ipsilateral
versus contralateral MBP (c) and SMI32 (d) immunostaining intensity 35 d after ICH in the striatum. (e, f) The relative ratio of ipsilateral
versus contralateral MBP (e) and SMI32 (f) immunostaining intensity 35 d after ICH in the corpus callosum (∗ P < 0 05, ∗∗∗ P < 0 001, and
∗∗∗∗
P < 0 0001 versus the sham group; # P < 0 05 and ## P < 0 01 versus the vehicle group).

microglia/macrophage polarization and hematoma resolution after ICH. Therefore, we will conduct further research
on the mechanism by which Scriptaid preserves brain injury
in ICH.
In conclusion, our data demonstrate that Scriptaid
treatment protects against brain injury by improving hematoma resolution, reducing brain edema, and alleviating white
matter injury in a mouse ICH model. Thus, the histone
deacetylase inhibitor Scriptaid can be considered a new
medical therapy method for ICH.
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Intracranial hemorrhage or microbleeds and leukoaraiosis have an overlap in biology. Hyperlipidemia may reduce the risk of ICH
or cerebral microbleeds; studies focusing on the relationship between diﬀerent lipid proﬁles and severity of periventricular
hyperintensities (PVH) and subcortical white matter lesions (SWMLs) in the cerebral small vessel disease are limited. Methods.
Patients with recent ﬁrst lacunar infarct were recruited. PVH and SWMLs were accessed on MRI with the Fazekas scale, and
lipid levels were measured. Univariate and multivariable regression analyses were used to assess the relation between diﬀerent
lipid proﬁles and severity of PVH and SWMLs. Results. In univariate analyses, advancing age was correlated with increasing
severity of leukoaraiosis (P < 0 001). There was an inverse relationship between hypertriglyceridemia (hyper-TG) (≥1.7 mmol/l)
and severity of leukoaraiosis (P < 0 05). In the multivariable analysis, after controlling for age, sex, and signiﬁcant risk
factors in the univariate and age-adjusted analyses, hyper-TG demonstrated a protective eﬀect on the severity of PVH and
SWMLs (P < 0 05). Higher total cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were not
associated with leukoaraiosis. Conclusions. Hyper-TG is associated with the severity of leukoaraiosis independent of other risk
factors, and it might be a protective role in cerebral small vessel disease.

1. Introduction
Leukoaraiosis, also known as white matter hyperintensities,
is strongly linked to the cerebral small vessel disease, which
increases the risk of stroke, cognitive decline, dementia, and
infarct progression [1, 2]. The abnormal signals with a high
intensity are often divided into 2 categories: periventricular
hyperintensity (PVH), which is about the cerebral ventricles,
and subcortical white matter lesions (SWMLs), which are
patchy areas of white matter hyperintensities in subcortical
white matter distinct from the periventricular area [3].
Although the pathogenesis of leukoaraiosis is not completely
elucidated, previous studies have shown that white matter
lesions are more common in ageing patients, in patients with
hypertension, diabetes mellitus, and cerebral vessel atherosclerosis, and in patients with a history of stroke [1, 4].

Hyperlipidemia appears to have a diﬀerent role in intracranial hemorrhage and cerebral microbleeds, although it
increases the risk of coronary artery disease and ischemic
stroke [5, 6]. It has been hypothesized that very low cholesterol levels may contribute to the development of a fragile
endothelium, prone to leakage and rupture [7]. There has
been a presumed overlap in biology between intracranial
hemorrhage or microbleed and white matter hyperintensities
while the relationship between hyperlipidemia and leukoaraiosis severity is still controversial [8]. Several studies have
found that hyperlipidemia was independently related to
decreased severity of leukoaraiosis in the elderly or patients
with an ischemic stroke [9, 10]. In other studies, there were
no statistical diﬀerences between hyperlipidemia and leukoaraiosis [11, 12]. Some research even found that hypertriglyceridemia (hyper-TG) was associated with increased
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risks of white matter lesions [13]. In these studies, PVH and
SWMLs were not divided when evaluating the severity of leukoaraiosis or serum lipid fractions were not investigated.
PVH have been consistently associated with diﬀerent clinical,
histopathological, and etiological correlates from SWMLs.
The presence of aortic atherosclerosis during midlife and
carotid atherosclerosis and lower hemoglobin level were
preferentially associated with PVH [3, 14]. In addition, various serum lipid fractions have diﬀerent roles in the intracerebral hemorrhage or cerebral microbleeds [6].
Therefore, the purpose of the present study was to investigate the relationship between lipid fractions and severity of
PVH and SWMLs in the cerebral small vessel disease in
Chinese patients, which had never been reported before.

2. Methods
2.1. Subjects. We selected all consecutive patients older than
18 years of age who visited from January1, 2012, to December
31, 2015, in a clinic center aﬃliated with the First Aﬃliated
Hospital of Zhejiang University School of Medicine. This study
was approved by the hospital’s research ethics committee.
A recent ﬁrst infarct was deﬁned as a hyperintense area
on diﬀusion imaging (with a corresponding reduced signal
on apparent diﬀusion coeﬃcient image processing), in a
distribution compatible with an arterial territory. An experienced neurologist classiﬁed patients as having lacunar stroke
according to the TOAST criteria [15]. We excluded patients
with contraindications to MRI, hemorrhage, severe stroke,
nonstroke diagnoses, or incomplete vascular risk factor (vascular risk factor) information. To increase the chance that the
lacunar stroke results from the small vessel disease, patients
with evidence of a cardiac embolic source (atrial ﬁbrillation,
myocardial infarction < 6 weeks, prosthetic cardiac valve,
endocarditis, cardiomyopathy, mitral stenosis, left ventricular aneurysm, or thrombus) or cerebral large vessel disease
(at least 1 internal carotid artery stenosis of 50% on MR angiography or CT angiography) were excluded.
2.2. Baseline Characteristics. In the study, age, sex, and vascular risk factors were recorded for each subject. Data were
directly abstracted through the patient and/or proxy interview
and medical chart review. Vascular risk factors were coded
according to the deﬁnitions of international guidelines as
follows: hypertension (systolic blood pressure > 140 mmHg
and diastolic blood pressure > 90 mmHg or use of antihypertensive medication) and diabetes mellitus (self-reported
disease, use of insulin or oral hypoglycemic pills, or a nonfasting plasma glucose > 11 mmol/L). Coronary artery disease was
diagnosed when there was a history of angina pectoris or myocardial infarction. Patients were deﬁned as a smoker if there
was a history of cigarette smoking during the past 5 years.
2.3. Laboratory Methods. Blood samples were collected at
enrollment in tubes containing EDTA, and the plasma
levels of fasting total cholesterol(TC), triglyceride (TG),
high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were measured by enzymatic methods (Boehringer Mannheim, Mannheim, Germany). Routine laboratory
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data were analyzed for all patients within 72 hours after
admission, including routine blood tests, liver and kidney
function, and antiphospholipid antibodies. Serum lipid levels
were dichotomized separately as two levels [16]: TC
(≥5.18 mmol/l versus <5.18 mmol/l), TG (≥1.7 mmol/l versus <1.7 mmol/l), HDL (≥2.04 mmol/l versus <2.04 mmol/l),
and LDL (≥3.37 mmol/l versus <3.37 mmol/l).
2.4. Image Acquisition and Analysis. Brain MRI studies
were performed with a 1.5 T whole-body scanner (GE Signa
Excite II, GE Medical Systems) or 3.0 T whole-body scanner
(Achieva, Siemens Medical Systems) on all subjects. The imaging protocol consisted of diﬀusion-weighted imaging, apparent diﬀusion coeﬃcient, T2-weighted image, T1-weighted
image, and ﬂuid-attenuated inversion recovery (FLAIR)
image in the transverse plane with a slice thickness of 5 mm.
PVH and SWMLs were evaluated separately based on
their distinct subcortical distributions on FLAIR sequences
and classiﬁed by a neurologist and a radiologist according
to the Fazekas scale, which rates lesions in both regions from
0 to 3 [17].
This study was approved by the local institutional
review board/institutional ethics committee. All participants
or their approved proxy provided informed consent for
the participation.
2.5. Statistical Analysis. The Statistical Package for the Social
Sciences (SPSS, ver. 15.0; SPSS Inc., Chicago, IL, USA) was
used for all analyses. Chi-squared tests for dichotomous variables and ANOVA for age were used to assess their relation
with diﬀerent severity grades of leukoaraiosis. An ordinal
logistic regression with multivariable models was ﬁtted to
describe the relationships between diﬀerent severities of
PVH and SWMLs from the initial MRI scan and fasting lipid
proﬁles. Given the potent and well-established relation
between advancing age and white matter hyperintensity progression, all univariate analyses were also completed after
adjusting for age. Probability values were 2-tailed, and values
of P < 0 05 were considered statistically signiﬁcant.

3. Results
Between January 1, 2012, and December 31, 2015, a total
of 1270 consecutive patients with a ﬁrst ever ischemic
stroke were admitted to our hospital. 396 patients were
diagnosed with a lacunar stroke, and 90 patients (22.7%)
with a cardiac embolic source or cerebral large vessel disease
were excluded. Overall, 206 patients with a recent lacunar
stroke (age: 68.2 ± 11.4 years (mean ± standard deviation))
were enrolled into the study in which 34% of the patients
were female. Among them, 85% of the hypertensive patients
(127/150) had taken antihypertensive medicines and 7.3% of
the patients (16/206) had taken statins.
In univariate analyses (Table 1), increased age was well
correlated with increasing severity of leukoaraiosis. There
was an inverse relationship between hyper-TG (≥1.7 mmol/l)
and severity of leukoaraiosis in both groups (P < 0 01).
Higher TC (≥5.18 mmol/l) was inversely associated with
severity of SWMLs, but not with PVH. Hypertension was
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Table 1: Demographic characteristics of patients according to the severity of leukoaraiosis.

Age, y
Sex, female
DM
HTN
CHD
Smoking
Taking statins
Higher TG
Higher TC
Higher HDL
Higher LDL

0

1

PVH
2

3

P

0

1

SWMLs
2

52 (4.8)
21.4
28.6
78.6
7.1
42.9
7.1
57.1
21.4
57.1
14.3

63.2 (0.6)
37.7
27.5
71.0
4.30
43.5
5.8
39.1
17.4
55.1
14.5

71 (10.1)
32.4
31.1
67.6
4.1
41.9
6.8
28.4
12.2
56.8
17.6

75.2 (8.8)
34.7
26.5
81.6
8.2
30.6
10.9
16.3
10.2
61.2
12.2

<0.001
0.684
0.948
0.347
0.744
0.511
0.738
0.008
0.555
0.928
0.875

58.3 (9.5)
24
22.0
70.0
4.0
36
6
50
26
50
24

68.8 (10.7)
28.8
28.8
60.3
4.1
41.1
6.8
30.1
9.6
60.3
11

72.6 (9.4)
33.3
35.6
84.4
11.1
46.7
4.4
24.4
15.6
53.3
15.6

3

P

74.3 (10)
31.6
28.9
86.8
2.6
34.2
15.8
15.8
5.3
65.8
10.5

<0.001
0.768
0.545
0.005
0.271
0.63
0.22
0.004
0.022
0.43
0.195

Severity of leukoaraiosis is measured according to the total score on the Fazekas scale. Age is represented by the mean of years (SD) in each subgroup. The other
variables are represented by the percent of individuals who qualiﬁed for this variable in each subgroup. DM: diabetes mellitus; CHD: coronary heart disease;
HTN: hypertension.

Table 2: Distribution in serum lipid concentration according to the leukoaraiosis grade.
PVH
TG
TC
HDL
LDL

SWMLs

0

1

2

3

0

1

2

3

2.58 ± 1.19
4.41 ± 1.08
1.15 ± 0.31
2.47 ± 0.8

1.84 ± 0.8
4.51 ± 1.15
1.17 ± 0.38
2.52 ± 0.86

1.47 ± 0.7
4.57 ± 1.13
1.1 ± 0.28
2.56 ± 0.77

1.05 ± 0.6
4.47 ± 1.07
1.04 ± 0.22
2.35 ± 0.81

248 ± 0.94
4.37 ± 0.88
1.15 ± 0.27
2.45 ± 0.71

1.79 ± 0.77
4.38 ± 1.15
1.17 ± 0.37
2.42 ± 0.85

1.39 ± 0.5
4.56 ± 1.08
1.14 ± 0.34
2.53 ± 0.77

1.03. ± 0.51
4.66 ± 1.23
1.08 ± 0.29
2.59 ± 0.91

only associated with severity of SWMLs. The distribution in
serum lipid concentration according to the LA grade was
provided in Table 2.
After adjustment for age (Table 3), higher TC, HDL, and
LDL were not associated with leukoaraiosis while hyper-TG
showed an inverse relationship with the severity of PVH
and SWMLs (P < 0 001 and P = 0 001). In the multivariable
analyses (Table 4), hyper-TG demonstrated a protective
eﬀect on the severity of PVH and SWMLs, independently
of age, sex, vascular risk factors, and statin use (P < 0 05).
There was no signiﬁcant relationship between other lipid
proﬁles and the severity of leukoaraiosis.

4. Discussion
In our study, we found that hyper-TG may be associated with
reduced leukoaraiosis severity both in PVH and in SWML
groups. This observation is consistent with prior studies
where an inverse relationship between hyperlipidemia and
intracranial hemorrhage risk or cerebral microbleeds was
observed [5, 6]. This suggests that patients with hyper-TG
appear to be at reduced risk of the cerebral small vessel disease.
The association of age with white matter hyperintensity burden was found in the study. This is consistent with
prior reports [4, 9]. Hypertension has been reported as the
main risk factor for small vessel diseases, and also it is
related to white matter hyperintensities. We observed that
hypertension increases the risk of severity of white matter

hyperintensities in the SWML group, but not in the PVH group.
Longitudinal investigations revealed that well-controlled
blood pressure in patients with hypertension signiﬁcantly
reduces the risk of severe white matter hyperintensity lesions
[18]. Our results from the subjects who had taken antihypertensive treatment (85%) might support this speculation.
It has been described for the ﬁrst time by Jimenez-Conde
et al. that a history of hyperlipidemia independently relates to
decreased severity of white matter hyperintensities in
patients with an ischemic stroke [9]. However, it is unclear
how various serum lipid fractions were associated with the
severity of white matter hyperintensities. In contrast, it
has been reported that there were no statistic diﬀerences
between hyperlipidemia and severity of leukoaraiosis in a
few studies [4, 11, 19]. The discrepancies between ours and
others may be partly explained by the following: (1) the subjects with TOAST stroke subtypes included in their studies
are more than those with the cerebral small vessel disease
and (2) the severity scale was not used in the classiﬁcation for
leukoaraiosis. One study on healthy Japanese adults showed
that hyper-TG was associated with increased risks of leukoaraiosis independently of elevated blood pressure [13]. In that
study, MR imaging examinations were performed using 0.4 T
open MRI. The sensitivity and speciﬁcity for leukoaraiosis
were lower when compared to 1.5 T or 3.0 T MR scan, which
provides better spatial resolution and higher signal-to-noise
ratio and contrast-to-noise ratio. Thus, the results reﬂecting
the eﬀect of TG on severe white matter hyperintensities
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Table 3: Associations between lipid proﬁles and severity of leukoaraiosis in multivariate models (adjustment for age).

Age
Sex
DM
HTN
CHD
Prior stroke
Smoking
Taking statins
TG ≥ 1.7 mmol/l versus <1.7 mmol/l
TC ≥ 5.18 mmol/l versus <5.18 mmol/l
HDL ≥ 2.04 mmol/l versus <2.04 mmol/l
LDL ≥ 3.37 mmol/l versus <3.37 mmol/l

OR

PVH
95% CI

P value

OR

—
1.06
0.84
1.27
0.9
6.01
0.62
0.82
0.34
0.42
1.22
1.97

—
0.53–2.1
0.47–1.51
0.69–2.32
0.28–2.91
2.8–12.91
0.32–1.18
0.29–2.3
0.19–0.63
0.14–1.21
0.7–2.12
0.71–5.44

—
0.877
0.561
0.438
0.87
<0.001
0.144
0.705
0.001
0.109
0.484
0.192

—
1.39
1.21
2.4
0.89
3.42
0.9
0.98
0.37
0.45
1.73
1.05

SWMLs
95% CI
—
0.71–2.73
0.69–2.15
1.31–4.42
0.88–2.82
1.69–6.94
0.48–1.68
0.36–2.65
0.2–0.67
0.16–1.3
1.01–3
0.39–2.84

P value
—
0.338
0.508
0.005
0.847
0.001
0.731
0.969
0.001
0.139
0.05
0.916

OR: odds ratio.

Table 4: Associations between lipid proﬁles and severity of leukoaraiosis in multivariate models.

Age
Sex
DM
HTN
CHD
Smoking
Taking statins
TG ≥ 1.7 mmol/l versus <1.7 mmol/l
TC ≥ 5.18 mmol/l versus <5.18 mmol/l
HDL ≥ 2.04 mmol/l versus <2.04 mmol/l
LDL ≥ 3.37 mmol/l versus <3.37 mmol/l

OR

PVH
95% CI

P value

OR

SWMLs
95% CI

P value

1.11
0.95
0.84
1.09
0.6
1.17
1.04
0.49
0.45
1.01
2.37

1.08–1.14
0.47–1.92
0.46–1.54
0.58–2.04
0.17–2.09
0.59–2.31
0.35–3.03
0.26–0.93
0.15–1.36
0.57–1.8
0.81–6.9

<0.001
0.879
0.565
0.795
0.419
0.651
0.95
0.029
0.156
0.97
0.113

1.1
1.35
1.29
2.32
0.58
1.68
1.35
0.49
0.58
1.51
1.02

1.06–1.13
0.67–2.7
0.71–2.32
1.24–4.34
0.17–1.93
0.86–3.27
0.26–2.07
0.48–3.7
0.192–1.73
0.86–2.64
0.99–2.8

<0.001
0.401
0.401
0.009
0.373
0.127
0.567
0.027
0.328
0.153
0.974

OR: odds ratio.

in that study may not be reliable. In another study of Chinese patients, the FLAIR sequence was not used while it is
more sensitive to white matter pathology than T2-weighted
sequences [20]. FLAIR may null the signal from CSF and
allow the periventricular region to be easily detected [21].
The mechanisms of the relationship between TG levels
and leukoaraiosis were largely unknown. It has been estimated that up to half of the white matter is composed of myelin in the brain. A noteworthy characteristic of myelin is that it
contains 70% lipids, which are approximately opposite to the
situation found in most other cell membranes [22]. This could
explain the role of elevated TG and CH levels in chronic cerebral injury (such as the processes involved in white matter
hyperintensity development). Other possible explanations
might be based on some shared genetic burden, given that
both hyperlipidemia and severity of white matter hyperintensities have a signiﬁcant heritability component [23]. Future
studies may be needed to unveil novel clues in this ﬁeld. For
example, why hyper-TC is not associated with leukoaraiosis

observed in our study? It is possible that the major type of dyslipidemia in China is hyper-TG rather than hyper-TC [24].
The ﬁrst limitation to our study is that we only studied
Chinese, and therefore our results might not necessarily
apply to other ethnicities. Second, the study subjects were
patients in a single medical center, and the study population may not represent the general population, which likely
limits our study power. Third, only dichotomous levels
were chosen to characterize the high-lipid versus low-lipid
groups since the treatment was selected with the criterion
of dyslipidemia according to the medical insurance system
in China. Fourth, the characteristics of the research did
not permit us to clearly separate the contribution of lipidlowing treatment to the hyperlipidemia eﬀect. However,
only a small number of patients (16 patients) had taken statins before admission. In conclusion, our ﬁndings suggest
that higher TG might have a protective role in leukoaraiosis, and the clinical implications of these ﬁndings warrant
further investigation.

Behavioural Neurology

Data Availability
Data are available in pushup2018@163.com (password:
ps12345678).

Conflicts of Interest
The authors declare that they have no competing interests.

Authors’ Contributions
Hui Liang was responsible for the conception and design of
the article. Daqiang Ke and Feng Zhou were responsible for
the acquisition of the data, analysis and interpretation of
the data, and statistical analysis. Yang Xu and Haiyan Lou
were responsible for the MRI analysis. All authors reviewed
the submitted version of the manuscript.

Acknowledgments
This work was supported by the public technique application
project of the Zhejiang Provincial Science and Technology
Department of China (2015C33210), National Natural Science Foundation of China (81701161), and China middleyoung VG Clinical Research Fund (2017-CCA-VG-047).

References
[1] L. Pantoni, “Cerebral small vessel disease: from pathogenesis
and clinical characteristics to therapeutic challenges,” Lancet
Neurology, vol. 9, no. 7, pp. 689–701, 2010.
[2] N. Akhtar, A. Salam, S. Kamran et al., “Pre-existing small vessel disease in patients with acute stroke from the Middle East,
Southeast Asia, and Philippines,” Translational Stroke
Research, vol. 9, no. 3, pp. 274–282, 2018.
[3] J. J. Soriano-Raya, J. Miralbell, E. López-Cancio et al., “Deep
versus periventricular white matter lesions and cognitive
function in a community sample of middle-aged participants,” Journal of the International Neuropsychological Society,
vol. 18, no. 5, pp. 874–885, 2012.
[4] J. Lin, D. Wang, L. Lan, and Y. Fan, “Multiple factors involved
in the pathogenesis of white matter lesions,” BioMed Research
International, vol. 2017, Article ID 9372050, 9 pages, 2017.
[5] S. H. Lee, H. J. Bae, B. W. Yoon, H. Kim, D. E. Kim, and J. K.
Roh, “Low concentration of serum total cholesterol is associated with multifocal signal loss lesions on gradient-echo magnetic resonance imaging: analysis of risk factors for multifocal
signal loss lesions,” Stroke, vol. 33, no. 12, pp. 2845–2849,
2002.
[6] L. Xie, W. Wu, J. Chen et al., “Cholesterol levels and hemorrhagic stroke risk in East Asian versus non-East Asian populations: a systematic review and meta-analysis,” The Neurologist,
vol. 22, no. 4, pp. 107–115, 2017.
[7] M. Konishi, H. Iso, Y. Komachi et al., “Associations of serum
total cholesterol, diﬀerent types of stroke, and stenosis distribution of cerebral arteries. The Akita Pathology Study,” Stroke,
vol. 24, no. 7, pp. 954–964, 1993.
[8] C. Moran, T. G. Phan, and V. K. Srikanth, “Cerebral small vessel disease: a review of clinical, radiological, and histopathological phenotypes,” International Journal of Stroke, vol. 7, no. 1,
pp. 36–46, 2011.

5
[9] J. Jimenez-Conde, A. Biﬃ, R. Rahman et al., “Hyperlipidemia
and reduced white matter hyperintensity volume in patients
with ischemic stroke,” Stroke, vol. 41, no. 3, pp. 437–442, 2010.
[10] W. T. Longstreth, A. M. Arnold, N. J. Beauchamp et al., “Incidence, manifestations, and predictors of worsening white matter on serial cranial magnetic resonance imaging in the elderly:
the Cardiovascular Health Study,” Stroke, vol. 36, no. 1,
pp. 56–61, 2005.
[11] A. J. S. Webb, M. Simoni, S. Mazzucco, W. Kuker, U. Schulz,
and P. M. Rothwell, “Increased cerebral arterial pulsatility
in patients with leukoaraiosis: arterial stiﬀness enhances
transmission of aortic pulsatility,” Stroke, vol. 43, no. 10,
pp. 2631–2636, 2012.
[12] M. Wada, H. Nagasawa, T. Kawanami et al., “Cystatin C as an
index of cerebral small vessel disease: results of a crosssectional study in community-based Japanese elderly,” European Journal of Neurology, vol. 17, no. 3, pp. 383–390, 2010.
[13] K. Park, N. Yasuda, S. Toyonaga et al., “Signiﬁcant association
between leukoaraiosis and metabolic syndrome in healthy subjects,” Neurology, vol. 69, no. 10, pp. 974–978, 2007.
[14] J. Pan, B. Yin, Z. Q. Xu, H. Y. Lou, and H. Liang, “Hemoglobin
is associated with periventricular but not deep white matter
hyperintensities in lacunar ischemic stroke,” CNS Neuroscience & Therapeutics, vol. 19, no. 8, pp. 632–634, 2013.
[15] T. Brott, H. P. Adams, C. P. Olinger et al., “Measurements of
acute cerebral infarction: a clinical examination scale,” Stroke,
vol. 20, no. 7, pp. 864–870, 1989.
[16] L. Cai, L. Zhang, A. Liu, S. Li, and P. Wang, “Prevalence,
awareness, treatment, and control of dyslipidemia among
adults in Beijing, China,” Journal of Atherosclerosis and
Thrombosis, vol. 19, no. 2, pp. 159–168, 2012.
[17] F. Fazekas, J. B. Chawluk, A. Alavi, H. I. Hurtig, and R. A.
Zimmerman, “MR signal abnormalities at 1.5 T in Alzheimer’s
dementia and normal aging,” American Journal of Roentgenology, vol. 149, no. 2, pp. 351–356, 1987.
[18] K. C. Kern, C. B. Wright, K. L. Bergﬁeld et al., “Blood pressure
control in aging predicts cerebral atrophy related to smallvessel white matter lesions,” Frontiers in Aging Neuroscience,
vol. 9, p. 132, 2017.
[19] S. J. Kang, B. J. Park, J. Y. Shim, H. R. Lee, J. M. Hong, and Y. J.
Lee, “Mean platelet volume (MPV) is associated with leukoaraiosis in the apparently healthy elderly,” Archives of Gerontology and Geriatrics, vol. 54, no. 2, pp. e118–e121, 2012.
[20] S. Zhang and X. Kang, “Investigation of the risk factors for leukoaraiosis (LA),” Asia Paciﬁc Journal of Public Health, vol. 25,
Supplement 4, pp. 64S–71S, 2013.
[21] C. Boutet, L. Rouﬃange-Leclair, F. Schneider, J.-P. Camdessanché,
J.-C. Antoine, and F.-G. Barral, “Visual assessment of agerelated white matter hyperintensities using FLAIR images
at 3 T: inter- and intra-rater agreement,” Neurodegenerative Diseases, vol. 16, no. 3-4, pp. 279–283, 2016.
[22] S. Schmitt, L. Cantuti Castelvetri, and M. Simons, “Metabolism
and functions of lipids in myelin,” Biochimica et Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids, vol. 1851,
no. 8, pp. 999–1005, 2015.
[23] L. D. Atwood, P. A. Wolf, N. L. Heard-Costa et al., “Genetic
variation in white matter hyperintensity volume in the Framingham Study,” Stroke, vol. 35, no. 7, pp. 1609–1613, 2004.
[24] L. Pan, Z. Yang, Y. Wu et al., “The prevalence, awareness,
treatment and control of dyslipidemia among adults in
China,” Atherosclerosis, vol. 248, pp. 2–9, 2016.

Hindawi
Behavioural Neurology
Volume 2018, Article ID 5701719, 7 pages
https://doi.org/10.1155/2018/5701719

Research Article
Inhibiting of GRASP65 Phosphorylation by DL-3-NButylphthalide Protects against Cerebral Ischemia-Reperfusion
Injury via ERK Signaling
Bei-lei Zhu ,1,2 Chen-long Xie,2 Ning-ning Hu,3 Xin-bo Zhu ,4 and Chun-feng Liu

1

1

Department of Neurology and Suzhou Clinical Research Center of Neurological Disease, The Second Aﬃliated Hospital of
Soochow University, Suzhou 215004, China
2
Department of Neurology, The First Aﬃliated Hospital of Wenzhou Medical University, Wenzhou 325000, China
3
Department of Medicine, First Clinical Medicine School, Wenzhou Medical University, Wenzhou 325035, China
4
Department of Pharmacy, Pharmacy School, Wenzhou Medical University, Wenzhou 325035, China
Correspondence should be addressed to Xin-bo Zhu; xinbozhu@163.com and Chun-feng Liu; liuchunfeng@suda.edu.cn
Received 23 March 2018; Revised 16 June 2018; Accepted 5 July 2018; Published 1 August 2018
Academic Editor: Hailiang Tang
Copyright © 2018 Bei-lei Zhu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
Background and Purpose. The aim of this study was to explore the role of DL-3-n-butylphthalide (NBP) in cerebral ischemiareperfusion injury (CIRI) mice model. The involvement of extracellular signal-regulated kinase (ERK) signaling pathway was
also investigated. Methods. All mice were divided into ﬁve groups: sham-operated group, CIRI group, NBP pretreatment group,
NBP treatment group, and NBP pretreatment + treatment group. The CIRI mice model was established by the use of the
Pulsinelli four-vessel occlusion method. Pretreatment mice received NBP (90 mg/kg/d) three times a day within four days before
reperfusion by gavage. Treatment mice received NBP (90 mg/kg/d) three times a day within ﬁve days after reperfusion by
gavage. We detected the infarction area, the neurological severity, and the superoxide dismutase and malondialdehyde levels.
Furthermore, we observed the expressions of GRASP65, phosphorylation of GRASP65 (pGRASP65), ERK, and phosphorylation
of ERK (pERK) by the use of Western blotting. Results. The result showed that the ERK pathway was activated in response to
CIRI. NBP decreases the expressions of pERK and pGRASP65 following CIRI. Additionally, NBP could decrease MDA and
increase SOD level in brain tissues. Decreased infarct volume was also observed in the NBP group. Thereby, NBP inhibited the
activation of the ERK pathway induced by CIRI and reduced the GRASP65 phosphorylation. Conclusions. The current ﬁnding
suggested that NBP protected the cerebrum from CIRI mediated by inhibiting the ERK signaling pathway and subsequently
reducing GRASP65 phosphorylation.

1. Introduction
Cerebral ischemia-reperfusion injury (CIRI), characterized
by aggravated nerve damage and dysfunction, is the most
common complication to occur in stroke patients following
thrombolytic therapy. CIRI accounts for 85% of all stroke
patients leading to substantial health-care burden in patients
and society [1]. To date, the exact mechanism of CIRI
remains unclear. Therefore, full understanding of potential
mechanism of CIRI and identiﬁcation of eﬀective treatment
strategy for CIRI are of great clinical signiﬁcance.

Previous studies have demonstrated that oxidative stress
plays a key role in the pathophysiology of CIRI by the overproduction of free oxygen radicals, resulting in substantial
cell apoptosis and death [2, 3]. In the process of oxidative
stress, the Golgi apparatus (GA) is a key organelle that participates in signal transduction, homeostasis, and cell apoptosis;
this eﬀect is named as the Golgi apparatus stress (GAS) [4, 5].
Extracellular signal-regulated kinase (ERK) belongs to the
system of mitogen-activated protein kinase (MAPK). A
growing number of evidence has revealed that ERK pathway
is involved in the oxidative stress, participating in the
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neuronal damage caused by oxidative stress [6]. Furthermore, previous research reported that the phosphorylation
of the Golgi reassembly and stacking protein 65
(GRASP65) was mediated by ERK, resulting in cisternae
coming apart [7].
DL-3-n-butylphthalide (NBP) is a racemic compound
developed from L-3-n-butylphthalide, which was initially
derived from seeds of Apium graveolens (Figure 1). Studies
had reported that NBP can protect against ischemic cerebral
injury by attenuating oxidative stress damage [8], suppression of inﬂammatory reactions, and neuronal apoptosis [9].
In addition, clinical trials have demonstrated the eﬃcacy
of NBP in the treatment of acute ischemic stroke patients
[10, 11]. As mentioned earlier, the GA was involved in
oxidative stress. However, whether NBP can exert a protective eﬀect on the GA in CIRI remains unknown.
Our purpose of the current study was to explore the role
of NBP in CIRI mice. In addition, the mechanisms of NBP
attenuated the GAS induced CIRI via the ERK signaling
pathway were also investigated.

2. Materials and Methods
2.1. Chemicals. The NBP soft capsules were purchased from
the CSPC Pharmaceutical Group Company Co. Ltd. (Hebei,
China). NBP capsules (0.1 g) were diluted with soybean oil
into 2.5 mg/mL preparations and were stored at 4°C. Chloral
hydrate was purchased from the Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). The assay kits of superoxide dismutase (SOD), malondialdehyde (MDA), total
protein, and bicinchoninic acid (BCA) protein were purchased from the Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Anti-GRASP65 (sc-398363) and antiphospho (p)-GRASP65 (sc-389542) antibodies were purchased
from the Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). Anti-ERK (4696S) and anti-pERK (9106L) antibodies were purchased from the Cell Signaling Technology,
Inc. (Danvers, MA, USA).
2.2. Experimental Animals. Fifty males and ﬁfty females,
speciﬁcally pathogen-free, ICR mice (23–27 g) were provided
by the experimental animal center of Wenzhou Medical University (Wenzhou, China). Mice were housed in a speciﬁc
pathogen-free environment and were allowed free access to
food and water intake. The houses of mice were under
controlled temperature (21–23°C) and relative humidity
(51–61%) with a light/dark cycle of 12 h. All mice were
randomly divided into 5 groups (10 male and 10 female
each group) as follows: sham-operated (group A); control
(group B); NBP (group C), including pretreatment (C1),
treatment (C2), and pretreatment + treatment (C3). This
study protocol was approved by the experimental Animal
Ethics Committee of Wenzhou Medical University.
2.3. Modeling Method. The Pulsinelli four-vessel occlusion
method was used to establish the mice model of cerebral
ischemia [12]. Mice were anesthetized using 1.5% pentobarbital (0.1 mg/20 kg) by intraperitoneal injection. We made a
1.5 cm incision in the middle of the neck and carefully
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Figure 1: Chemical structures of DL-3-n-butylphthalide.

separated the jugular muscles. Following that, we occluded
the bilateral common vertebral arteries using electrocoagulation and sutured the incision. Then, the mice were allowed to
recover.
On the second day, we repeated the aforementioned steps
and occluded the common carotid arteries for 5 minutes
using small bulldog clamps. Group A underwent the surgery
without occlusion. Group A and group B received soybean oil
(90 mg/kg/d) by gavage. Group C1 and group C3 were pretreated with gavage administration of the NBP at 90 mg/kg/
d three times a day within four days before reperfusion.
Group C2 and group C3 were treated with gavage administration of the NBP at 90 mg/kg/d three times a day within ﬁve
days after reperfusion.
2.4. Neuroethological Assessment. The neurological severity
score (NSS) was used to evaluate the neurological damage
of mice after 5 days of reperfusion [13].
2.5. Specimen Collection and Determination of Infarction
Area. After 5 days of establishing the model, mice from each
group underwent decapitation. The brain was dissected after
craniotomy and perfused with normal saline. The brain was
ﬁxed in a 4% paraformaldehyde solution, then was embedded
with paraﬃn. The specimens were sectioned into 5 μm thick
slices and stained with hematoxylin and eosin (HE) [14].
During TTC staining, the brain was perfused with normal
saline at 4°C for 10 min. The specimens were sectioned with
a thickness of 2 mm. Next, we incubated the slices in 2% solution of TTC for half hour under constant temperature (37°C)
in a water bath. The areas of cerebral infarction were deﬁned
as the unstained areas of the brain and calculated using an
image analysis software (Image-Pro Plus, version 6.0; Media
Cybernetics, Inc., Rockville, MD, USA) [15].
2.6. Measurement of Cerebral SOD and MDA. The brain was
homogenized in cold normal saline at 4°C, and the samples
were centrifuged at 1006 ×g for 10 min. Supernatants were
collected via the MDA and SOD kits. Levels of MAD and
SOD were calculated using the Multiskan Spectrum microplate reader according to the readings of optical density at
552 and 550 nm (Thermo Fisher Scientifc, Inc., Waltham,
MA, USA).
2.7. Western Blot Analysis. The protein concentrations of
ERK, pERK, GRASP65, and pGRASP65 in the homogenate
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2.8. Statistical Analysis. Statistical analyses were performed in
the SPSS software 21.0. Data are demonstrated as mean
standard deviation (SD). The comparison between diﬀerent
groups was made using ANOVA, followed by the post hoc
Tukey test and Bonferroni correction. Neurological severity score was analyzed using the Kruskal-Wallis test. The
Nemenyi test was used for multiple comparisons. P <
0 05 (2-tailed) was considered as statistically signiﬁcant.

3. Results
3.1. Neuroethological Assessment following CIRI. Groups C1
and C3 had signiﬁcantly decreased neurological severity
scores than group B (P < 0 01; Figure 2). Additionally, groups
C1 (P < 0 05; Figure 2) and C3 (P < 0 01; Figure 2) had lower
neurological severity scores than group B.
3.2. Eﬀect of NBP on Neurocyte Morphology Changes. Cells
from group A were closely arranged and had normal nuclear
morphology, uniformly stained by HE (Figure 3). Conversely, cells from group B were loosely arranged with several
abnormal shapes, such as nuclear condensation, interstitial
edema, and neuronal degeneration (Figure 3). In mice from
the NBP treatment group (group C2), some cells still exhibited nuclear condensation and other abnormal pathological
changes. Cells from group C3 had little diﬀerence compared
with group A. The cellular eﬀects of cells from group C1 were
between those observed in groups C2 and C3 (Figure 3).
3.3. Eﬀect of NBP on Infarct Area following CIRI. In the
sham-operated group (group A), the brain tissue was uniformly stained by TTC and exhibited no signiﬁcant infarction. By contrast, group B had signiﬁcantly increased
infarct size than group A and group C (P < 0 01; Figures 4
and 5). Furthermore, group C3 had signiﬁcantly lower infarct
size than groups C1 and C2 (P < 0 01; Figures 4 and 5).
Group C2 also had lower infarct size compared with group
C1 (P < 0 01; Figures 4 and 5).
3.4. Eﬀect of NBP on MDA and SOD. Mice in the control
group had signiﬁcantly higher MDA levels and lower SOD
levels than those in group A (P < 0 01; Figures 6 and 7). In
addition, group C (groups C1, C2, and C3) had higher SOD
levels than group B (P < 0 05; Figures 6 and 7). Group C1

10
Neurological severity score

samples were measured using Western blotting. Total protein concentrations in the homogenate samples were measured by the BCA protein assay kit. An equivalent amount
of protein (20 μg sample/lane) was separated on a 10%
SDS-PAGE gel and transferred to a polyvinylidene diﬂuoride
membrane. The proteins were detected with antibodies
against ERK (1 : 1000), pERK (1 : 1000), GRASP65 (1 : 200),
and pGRASP65 (1 : 500). β-Actin was used as internal control. Then, the membranes were incubated with secondary
HRP-conjugated anti-rabbit (KS001) or anti-goat (KS003)
antibodies (dilution, 1 : 3000) for 2 h. The proteins were visualized by the Western blotting chemiluminescence reagent.
Blots were quantiﬁed using the BandScan software (version
5.0; Glyko, Inc., Novato, CA, USA).
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Figure 2: Neurological severity score of each group following CIRI
for 5 days. # P < 0 01 versus group A; ∗ P < 0 05, ∗∗ P < 0 01 versus
group B. Group A: sham-operated; group B: control; group C1:
pretreatment; group C2: treatment; group C3: pretreatment
+ treatment.

and group C3 also had lower MDA levels compared with
group B (P < 0 05; Figures 6 and 7).
3.5. ERK, pERK, GRASP65, and pGRASP65 Levels in Five
Groups. No signiﬁcant diﬀerence was observed in the level
of ERK between groups (P > 0 05; Figure 8). Nevertheless,
the pERK level and the ratio of pERK/ERK in group B were
signiﬁcantly higher than those in group A (P < 0 01;
Figure 8). Compared with group B, lower ratio of pERK/
ERK and lower level of pERK were found in groups C1, C2,
and C3 (all P < 0 01). This indicated that the activation of
the ERK signaling pathway in CIRI was suppressed by NBP.
Similarly, no signiﬁcant diﬀerence was observed in the
level of total GRASP65 between groups (P > 0 05; Figure 8).
Nevertheless, the pGRASP65 level and the ratio of
pGRASP65/GRASP65 in group B were signiﬁcantly higher
than those in group A (P < 0 01; Figure 8). The results suggest that CIRI may accelerate the phosphorylation of
GRASP65. Decreased level of pGRASP65 and lower ratio of
pGRASP65/GRASP65 were also found in groups C1, C2,
and C3 (all P < 0 01) when compared with those in group
B. Thus, NBP protects against CIRI via downregulated phosphorylation of GRASP65, and this eﬀect may be mediated by
the ERK signaling pathway.

4. Discussion
Previous studies have demonstrated that the ERK pathway is
related to cellular division and diﬀerentiation and is also activated by some pathological conditions such as oxidative
stress and cerebral ischemia [16, 17]. Lin et al. reported that
cerebral ischemia-reperfusion injury induces the phosphorylation of ERK [18]. In the current study, higher levels of
pERK and pERK/ERK were observed in cerebral ischemic
mice when compared with sham-operated mice, which are
concordant with previous study. The results showed that
the ERK pathway was activated in response to CIRI.
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Figure 3: Alteration in the neurocyte morphology of CIRI mice. Stained with HE. Magniﬁcation: ×400; HE: hematoxylin and eosin; group A:
sham-operated; group B: control; group C1: pretreatment; group C2: treatment; group C3: pretreatment + treatment.
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Figure 4: Infarct areas of the brain tissue within 5 days after
reperfusion, staining by triphenyltetrazolium chloride. Group A:
sham-operated; group B: control; group C1: pretreatment; group
C2: treatment; group C3: pretreatment + treatment.
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Figure 6: Changes in the levels of MDA in mice cerebral tissue
homogenates. # P < 0 01 versus group A; ∗ P < 0 05, ∗∗ P < 0 01
versus group B. Data are presented as the mean ± standard
deviation; n = 10. MDA: malondialdehyde; SOD: superoxide
dismutase; group A: sham-operated; group B: control; group C1:
pretreatment; group C2: treatment; group C3: pretreatment
+ treatment.
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Figure 5: Infarct volume ratio of the brain tissue in each group
within 5 days after CIRI. # P < 0 01 versus group A, ∗ P < 0 01
versus group B. Data are presented as the mean ± standard
deviation; n = 7. Group A: sham-operated; group B: control; group
C1: pretreatment; group C2: treatment; group C3: pretreatment
+ treatment.
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Figure 7: Changes in the levels of SOD in mice cerebral tissue
homogenates. # P < 0 01 versus group A; ∗ P < 0 05, ∗∗ P < 0 01
versus group B. Data are presented as the mean ± standard
deviation; n = 10. MDA: malondialdehyde; SOD: superoxide
dismutase; group A: sham-operated; group B: control; group C1:
pretreatment; group C2: treatment; group C3: pretreatment
+ treatment.
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∗
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The ERK activation is involved in exacerbation of ischemic damage. Numerous studies have reported that the
suppression of ERK phosphorylation frequently reduces
ischemic injury and infarction [19, 20]. Furthermore, the
activation of ERK also promotes inﬂammatory response
and oxidative stress [21]. In this study, we also found that
the pERK levels in mice administered with NBP were significantly lower than those of control, indicating that NBP may
attenuate the activation of the ERK pathway induced by
CIRI. This eﬀect provides further evidence supporting the
neuroprotective eﬀect of NBP on CIRI.
Our study revealed that CIRI mice had increased
expression of pGRASP65 and pGRASP65/GRASP65 than
those of sham-operated mice. GRASPs are membrane
proteins served in stacking Golgi cisternae consist of
GRASP65 and GRASP55. Speciﬁcally, GRASP65 has an
intricate role in the morphology alterations of the Golgi
apparatus [22, 23]. Furthermore, GRASP65 is phosphorylated on serine-277 by ERK and cyclin-dependent kinase
1 (CDK1) in the process of cell division, resulting in the
depolymerization of the Golgi apparatus [7, 24]. Compared to control mice, in NBP-treated mice, the phosphorylation of GRASP65 was reduced. The ERK pathway may
mediate this eﬀect and thereby may be involved in the
neuronal degeneration after CIRI. When oxidative stress
occurs, the Golgi apparatus served as a crucial downstream target organelle of endoplasmic reticulum and
mitochondria associated with GRASP65 phosphorylation.
Thus, the GAS inhibits the synthesis of essential proteins,
exacerbating the CIRI.
Reactive oxygen species (ROS) are the free radicals that
originate from oxygen, including superoxide radicals, singlet oxygen, lipid peroxide, hydrogen peroxide, and
hydroxyl radicals. These ROS can cause cell and tissue
damage during the conditions of stress. MDA is a by-

product of lipid peroxidation and often used to measure
the status of oxidative stress. Antioxidant enzymes are
eﬀective at reducing the uncontrolled formation of free
radicals, such as SOD. Several studies have reported that
SOD can maintain homeostasis and attenuate the damage
caused by ROS during CIRI [25, 26]. Because of its short
half-lives, SOD is also used as a marker of antioxidant status. It was found that NBP can play antioxidative and
neuroprotective roles in reducing the injury of cerebral
ischemia reperfusion [27]. Yan et al. reported that NBP
reduces the damage of oxidative stress following CIRI in
rats. Its antioxidative eﬀect was due to inhibition of the
overproduction of peroxynitrite, superoxide, and nitric
oxide [28]. This eﬀect was also proven in other disease
models, such as Parkinson’s disease and macrovascular
diseases. In our study, higher levels of SOD were observed
in mice treated with NBP compared with mice given
soybean oil. Additionally, NBP treatment can also reduce
increased MDA levels induced by CIRI. The measurement
of neurological severity showed a similar eﬀect of NBP.
Several limitations of the study must be mentioned. First,
quantitative alteration in the neurocyte morphology should
be measured. Second, the situation of apoptosis was not measured. Third, we lack immunostaining to visualize the
proteins of ERK/pERK/GRASP65/pGRASP65.

5. Conclusions
Overall, NBP had a neuroprotective eﬀect against CIRI,
mediated by inhibiting the ERK signaling pathway and subsequently reducing GRASP65 phosphorylation. Our study
investigated the underlying mechanisms of CIRI and indicated that NBP may represent a potential therapeutic drug
with promising prospects for the treatment of CIRI.
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Necroptosis is the best-described form of regulated necrosis at present, which is widely recognized as a component of caspaseindependent cell death mediated by the concerted action of receptor-interacting protein kinase 1 (RIPK1) and receptorinteracting protein kinase 3 (RIPK3). Mixed-lineage kinase domain-like (MLKL) was phosphorylated by RIPK3 at the threonine
357 and serine 358 residues and then formed tetramers and translocated onto the plasma membrane, which destabilizes plasma
membrane integrity leading to cell swelling and membrane rupture. Necroptosis is downstream of the tumor necrosis factor
(TNF) receptor family, and also interaction with NOD-like receptor pyrin 3 (NLRP3) induced inﬂammasome activation.
Multiple inhibitors of RIPK1 and MLKL have been developed to block the cascade of signal pathways for procedural necrosis
and represent potential leads for drug development. In this review, we highlight recent progress in the study of roles for
necroptosis in cerebral ischemic disease and discuss how these modiﬁcations delicately control necroptosis.

1. Introduction
For a long time, necrosis was classiﬁed as nonprogrammed
cell death as a response to extreme stress. The integrity of
the plasma membrane was attacked by uncontrolled and
accidental necrosis causing the collapse of the cell, though
the nuclei keep substantially intact on the way [1]. However,
in recent years, there is strong evidence conﬁrming that
part of necrosis also contained program control, therefore
proposing the new concept as programmed necrosis or
necroptosis. Apoptosis, autophagy, and necroptosis are all
classiﬁed as programmed cell death (PCD) based on morphological and biochemical features [2, 3]. These phenomena
have been observed in the ischemic stroke model [4–6]. Due
to technical limitations, many studies considered necroptosis
equated with apoptosis. Necroptosis is not induced by the
caspase activation which is a typical requirement of the apoptotic pathway [7]. Wang et al. systematically exposed the

classic signal pathway of necroptosis to further understand
this form of cell death [8]. It was found that necroptotic
cell death participates in a variety of cerebrovascular diseases. These mechanisms are reviewed in this paper, since
they could be targets of new therapeutic approaches for
these diseases.

2. Research Progress of the Signal Pathway of
Programmed Necrosis
In the 1990s, researchers observed that caspase inhibition
cannot fully block tumor necrosis factor- (TNF-) induced cell
death but rather switches the cell fate to the necrotic death
signal pathway similar to apoptosis [9, 10]. This is the ﬁrst
time that procedural necroptosis has been observed. In the
activation of downstream necroptosis of the pathway,
caspase-8 plays a critical regulatory role in the switch.
Caspase-8 acts as an endogenous inhibitor of the necroptosis

2
signal. It not only cleaves but also activates and initiates the
execution phase of apoptosis. When FADD-caspase-8-FLIP
complex functions are inhibited, the pathway of cell death
switches from apoptosis to typical necroptosis features
[11–14]. On the other side, when RIP3 kinase activity is
inhibited, necroptosis may also lead to the activation of the
FADD-RIPK1-RIPK3-caspase-8 complex to induce apoptosis [15]. TNF-α is the major trigger of necroptosis, which is
capable of initiating RIPK1 kinase-dependent necroptosis
as well as caspase-8-dependent apoptosis [16].
So what is the most classic feature of procedural necroptosis? TNF-α-induced necroptosis is mostly intensively
investigated. TNF receptor 1 (TNFR1) ligation recruits complex I which contains TRADD, TRAF2, and cIAP1/2 [17].
Complex I transits into the cytosol activating deathinducing TNFR1 complex II via cylindromatosis (CYLD)
[18]. In the necrotic signal pathway, receptor-interacting
kinase 1 (RIPK1 or RIP1) was the ﬁrst molecule recognized
as the central components of the necroptotic machinery
[19]. When FADD or caspase-8 is inactivated or absent,
RIPK1 and TRIF include a RIP homotypic interaction motif
(RHIM) domain that permits RIPK3 activation via RHIMmediated interactions. RIPK3 kinase activity and RIPK3
RHIM domain are the requirement of necroptosis induction
[20, 21]. RIPK1 and RIPK3 were phosphorylated, then
formed a necrosome through their RHIM domains, and
activate their kinase activities [22]. This RIPK1-RIPK3
interacts with mixed-lineage kinase domain-like (MLKL)
phosphorylation [23], which consists of an N-terminal 4helical-bundle domain (4HBD) linked by a brace region to
a C-terminal pseudokinase domain [24]. MLKL was phosphorylated by RIP3 at the serine 358 and threonine 357 residues, which induces a conformational change into its
active state [25], and then formed tetramers and translocated
onto the plasma membrane, which injures cellular membrane integrity resulting in cell swelling and membrane rupture [26]. Downstream of the necrosome are two splice
variants of phosphoglycerate mutase family member 5
(PGAM5), PGAM5S and PGAM5L. It was ﬁrst reported to
be a key substrate associated with the RIP1-RIP3-MLKL
complex in necroptosis. PGAM5S and PGAM5L are both
requirements of intrinsic necroptosis. The presence of the
necrosis inhibitor necrosulfonamide (NSA) does not aﬀect
PGAM5L bound to the necrosome. However, the binding
of PGAM5S is blocked by NSA. PGAM5S is normally located
on the mitochondria and becomes related to the upstream
necrosis-inducing complex probably through interactions
with RIP3 resulting in the activation of PGAM5S by phosphorylation [27]. Furthermore, mitochondrial fragmentation
caused by the mitochondrial phosphatase PGAM5S which
recruited the mitochondrial ﬁssion factor dynamin-related
protein 1 (Drp1) may upregulate ROS generation [27].
RIP3 is a nucleocytoplasmic shuttling protein whose
nuclear distribution is temperature-sensitive. RIP3 possesses
two classical unconventional nuclear localization signals
(NLS, aa 442–472) and two classical nuclear export signals
(NES) [28]. The above two localization signals and amino
acid residue 452 within NLS participated in the necroptosis signal pathway [29]. Therefore, some studies began to
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explore the existence of the RIP3 nuclear pathway in addition
to the classic mitochondrial pathway. Recent literature suggests that RIP3 binds to the apoptosis-inducing factor (AIF)
nuclear pathway which is also involved in the process of procedural necrosis [14]. AIF is discharged from mitochondria
and combines with RIP3 to form RIP3-AIF complexes. The
new RIP3-AIF complex translocates into the nucleus leading
to DNA degradation, and then the neurons are induced to
suﬀer the necroptosis signal pathway (Figure 1).

3. Necroptosis in Cerebral Ischemia Disease
In the ﬁeld of cerebral ischemia, the recognition of procedural necrosis can be traced back to 2005; Degterev et al.
found that cerebral ischemia in mice in the absence of apoptotic signaling is contributing to the nonapoptotic death
pathway like necroptosis. Necroptosis delayed mouse ischemic brain injury distinct from that of apoptosis [30]. Vieira
et al. established oxygen-glucose deprivation (OGD) models
in vitro and explored the mechanism underlying OGDinduced necroptosis in hippocampal neurons, and they
found that although ischemic insults induced caspase-8
mRNA downregulation, they also induced RIP3 mRNA and
protein level upregulation. The changes in RIP3 protein level
were positively related to hippocampal neuronal death.
Similar to RIP3, RIP1 protein levels were positively related
to the activation of neuronal death. Both RIP1 and RIP3 contribute to necrotic cell death in hippocampal neurons challenged with OGD insult. Consistent with the classical
procedural necroptosis cellular pathways, upregulation of
RIP1-RIP3 expression and negative change of caspase-8 can
afterwards be used to activate necroptotic signaling [31].
Global brain ischemia and reperfusion (I/R) injury acts as
another manifestation of brain cell injury, in which the hippocampal CA1 layer is especially vulnerable [32, 33]. Yin
et al. built rat 20 min global cerebral ischemia model to
explore intracellular changes [5]. As a marker of necroptosis,
RIP3 upregulated and transferred into the nucleus after cerebral ischemia and reperfusion injury. The RIP1-RIP3 complex plays crucial roles for TNF-induced necroptosis in the
cell cytosol. ATP depletion is one of the results of the mitochondrial permeability transition pore (mPTP) leading to
mitochondrial swelling. Fakharnia et al. presented additional
arguments in the classical mitochondrial pathway. As a gatekeeper of mPTP, CypD, which mediated mPTP opening,
may contribute to not only apoptosis but also necroptotic cell
death in cerebral I/R injury and alleviated the levels of RIP1
and RIP3 [34]. However, the RIP3 function in the nucleus
is not completely dependent on the RIP3-RIP1 complex. It
needs future studies to examine other nuclear proteins that
interacted with RIP3 [5]. Xu et al. continued to explore the
role of RIP3 mechanisms in the nucleus. The interaction
between activated RIP3 and AIF occurs in the cytoplasm
after I/R injury. AIF and RIP3 translocation into the nucleus
is critical to neuronal necroptosis, and AIF translocation
into the nucleus may be RIP3-dependent [14]. As a key
mediator, AIF links caspase-independent PCD with the
necroptotic pathway.
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Figure 1: Two classic pathways of necroptosis. One of the classic
pathways is RIP3 binding to RIP1 to form procedural necrosis
complex II, which in turn binds to MLKL and mediates
necroptosis of the mitochondrial pathway. The other is RIP1
binding to AIF, which translocated into the nucleus and mediates
necroptosis of the nuclear pathway.

Figure 2: The activation of the NLRP3 inﬂammasome through the
RIP1-RIP3 signaling pathway. The activation of RIP1-RIP3 damages
the mitochondria by activating the DRP1. This results in excessive
production of ROS and subsequent trigger activation of the
NLRP3 inﬂammasome. RIP3 also destructs lysosomal membrane
stability, leading to hydrolase release (such as cathepsin-B) and
activation of NLRP3-mediated inﬂammatory factors.

Nerve cell necrosis was observed following the focal middle carotid artery occlusion/reperfusion (MCAO/R) ischemic
stroke model. TNFR1 and RIP3 were positively expressed
and signiﬁcantly increased following the volume of cerebral
infarction postreperfusion. Caspase inhibitor z-VAD-FMK
(z-VAD) treatment markedly increased RIP3 expression
during ischemia injury [35]. Compared with the classic
procedural necrosis pathway, Lu et al. put forward the
opposite view on the MCAO model, which is mainly concentrated in the downstream of RIP1-RIP3-MLKL. They
found the mitochondria-enriched RIP1/RIP3 complex in
necroptosis; nevertheless, PGAM5 had hardly any eﬀect
on RIP1-RIP3 recruitment. PGAM5 gene knockout in mice
exacerbated necroptosis rather than reduced necroptosis. It
causes abnormal mitochondrial accumulation and increases
ROS generation [36].
In addition to phosphorylation modiﬁcation, Miao
et al. tested RIP3 S-nitrosylation in I/R paralleled with elevated phosphorylation. It means that phosphorylation and
activation of RIP3 could be modulated by its S-nitrosylation
triggered by NMDAR-dependent nNOS activation [37].

inﬂammasome and other proinﬂammatory cytokines were
activated [41]. These cytokines could be the mediating
molecules during postischemic inﬂammation and immune
responses. Following the detection of cellular stress, NLRP3
was exposed to interact with the adaptor apoptosisassociated speck-like protein containing a CARD (ASC).
After binding with NLRP3, ASC recruits procaspase-1 clustering which permits autocleavage and formation of the
active caspase-1, which mediates the release of the mature,
biologically active cytokines to engage in immune defense
[42]. The downstream of NLRP3 was explored relatively
and clearly in neuronal cell experiments, primarily associated
with inﬂammatory factors. Caspase-1 and both IL-6 and IL1β are involved in mouse primary cortical neurons’ ischemic
conditions [43, 44]. In particular, caspase-1 inhibitor treatment protected neurons in experimental stroke models
through suppression of NLRP3 inﬂammasome activity [45].
These mechanisms have been conﬁrmed in the cerebral
ischemic disease model. However, we know very little about
its upstream studies. So far, the mechanism that activates
NLRP3 inﬂammasome in ischemia injury generalizations
in two main models, lysosomal damage or ROS release, is
mutually connected and associated with NLRP3 in ischemia
injury (Figure 2). Although there are many pathways of
ROS production after ischemia [46, 47], necroptosis is one
of the ways.
As mentioned before, caspase-8 is a regulatory molecule.
Kang found certain cells deﬁcient in caspase-8 prompting
which is mediated by RIP1 and RIP3. Caspase-8 deﬁciency
dendritic cells (DCs) expressed to accentuated activation of
the inﬂammasome through the functions of RIP1, RIP3, and
MLKL [7]. And Gurung et al. considered caspase-8 an apical
mediator of NLRP3 inﬂammasome priming [48]. MLKL, a
key component downstream of necrosome components, is

4. The Activation of the NLRP3
Inflammasome by a Mechanism Involving
the RIP1-RIP3 Signaling Pathway
Neuroinﬂammation is still the primary cause of morbidity
and mortality in cerebral ischemia [38–40]. The NOD-like
receptor pyrin 3 (NLRP3) inﬂammasome is considered an
eﬀective therapeutic target. The abnormalities of structure
and expression of the NLRP3 inﬂammasome could aﬀect
the development or progression of ischemic stroke. After
OGD, MCAO, or global cerebral ischemia injury, NLRP3
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considered an executor of necroptosis. In MLKL-knockout
mice, NLRP3 activation was inhibited, which means that
the potential function of MLKL is the regulation of inﬂammasome activation [17]. Beyond their core role in necrosis,
the necrosome components RIP1 and RIP3 have been proposed to be hyperresponsive to the induction of assembly,
which were applied to the NLRP3 inﬂammasome. When
inhibitory factors of necrosomes are blocked, RIP1-RIP3
could promote inﬂammasome activation spontaneously.
Wang et al. discovered that the RIP1-RIP3 complex participates in RNA virus-induced NLRP3 activation through the
GTPase DRP1 pathway. This promoted the mitochondrial
damage leading to the production of ROS and stimulus
NLRP3 [49].
The relationship between the procedural necrosis and
inﬂammation is likely clearer, but this may not be the only
signaling pathways that intersect. At least downstream studies, including the relationship between necroptosis and
inﬂammation in cerebral infarction, indicate the direction
of the study.

5. The Regulation of Necroptosis in the Cerebral
Ischemic Model
Many studies focus on how to block the cascade of signal
pathways for procedural necrosis. The most classic inhibitor
is the small-molecule compound necrosulfonamide (NSA).
NSA did not block interactions between necrosis-induced
RIP1 and RIP3, but it blocks necroptosis downstream of
RIP3 activation. NSA targets the N-terminal Cys86 residue
MLKL which has a drawback that is speciﬁcally inhibiting
necroptosis in multiple human cell lines. In human glioblastoma cells, NSA switches from necrosis to apoptosis in
edelfosine-treated cells [50]. In a HeLa cell line in which
caspase-8 was knocked down and RIP3 was expressed,
necrosis induced by TNF-α plus Smac mimetic (no need
for z-VAD) was eﬃciently blocked by NSA, while necrosis
induced by either TNF-α or z-VAD was insensitive to NSA
in a 3T3 cell line expressing mouse RIP3 [23]. NSA also signiﬁcantly reduces BV6/MS275-induced cell death in acute
myeloid leukemia (AML) cell lines [51].
In the ﬁeld of cerebral ischemia, some of the inhibitors of
programmed necrosis have been demonstrated in animal
models. Degterev et al. reported that as an identiﬁed smallmolecule inhibitor of necroptosis, necrostatin-1 (NEC-1)
has been shown to ameliorate tissue damage in ischemic
brain injury animal models [30]. NEC-1 has a selective primary cellular target responsible for the death domain
receptor-associated adaptor kinase RIP1 activity [52, 53].
The crystal structures of the RIP1 kinase domain bound to
NEC-1 and are caged in a hydrophobic pocket between the
N- and C-lobes of the kinase domain. This structure stabilizes RIP1 in an inactive conformation. DAXX is a novel substrate of RIP3 in global cerebral ischemia and ischemia of the
retinal cell animal model and is translocated from the
nucleus to the cytoplasm in response to stress. Pretreatment
with Nec-1 can block DAXX translocation from the nucleus
to the cytoplasm, which resulted in the inactivation of DAXX
[54–56]. NEC-1 not only inhibited the expression of RIP1
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and prevented the upregulation and nuclear translocation
of RIP3 but also decreased cathepsin-B release in the globe
cerebral ischemic model. This suggests that there may be a
signal transduction between programmed necrosis and
autophagy [5]. The recent literature highlights the intricate
interplay between necroptosis and autophagy. CA074-me
and 3-methyladenine (3-MA), as autophagy inhibitors [46],
were used to determine what is beneﬁcial for global cerebral
ischemia in the process of necroptosis signal pathways.
CA074-me and 3-MA pretreatment greatly inhibited rat
mortality rates and neuronal death. The mechanism of 3MA is the inhibition of the nuclear translocation and colocalization of RIP3 and AIF, as it is signiﬁcant for ischemic
neuronal DNA degradation and necroptosis for the nuclear
translocation of the RIP3-AIF complex [14]. In the stabilization of the lysosomal membrane, CA074-me has an indirect eﬀect by maintaining energy balance and inhibiting
RIP3 expression and nuclear translocation [57]. Besides this,
CA074-me almost completely hampered the loss of mitochondrial membrane depolarization, phosphatidylserine
(PS) translocation, and plasma membrane rupture [58].
Multitargeted kinase inhibitors, such as dabrafenib,
vemurafenib, sorafenib, pazopanib, and ponatinib, are currently used for the treatment of cancer, which have later
emerged as having antinecroptotic activity [59–61]. Among
them, dabrafenib may block TNF-α-induced necroptosis as
an eﬀective high-aﬃnity inhibitor of RIP3. Dabrafenib
administered intraperitoneally after mouse cerebral ischemic
injury markedly reduced infarct lesion size along with significantly attenuated upregulation of TNF-α [59].

6. Future Research about Necroptosis
Previous studies suggested that PGAM5 promotes necroptosis by associating with necrosome. However, the role of
PGAM5 intrinsically is still controversial [62]. In response
to multiple necroptotic stimuli, PGAM5 deﬁciency aggravated rather than mitigated necroptosis in brain ischemic
reperfusion injury [36]. The loss of PGAM caused abnormal
mitochondrial accumulation and increased ROS generation.
In oxidative damage and necroptosis-dependent stroke,
PGAM5 could drive pathology, and thus targeting PGAM5
may be of beneﬁt.
The core of procedural necrosis is RIP1-RIP3 and its
downstream signaling pathways. In addition to the abovementioned inhibitors, the drugs used in the experiments
and the clinical use of drugs have been developed. This is
because the understanding of this pathway is still relatively
limited. After the classic pathway was proposed, there are
many studies that questioned the eﬀect of RIP3 on the necrosis of the bypass signals, such as dynamin-related protein 1
and proteasome beta-4 subunit (PSMB4) [63, 64]. These
need to be systematically assessed. Furthermore, the most
critical problem is that for a long time, both necrotic and
apoptotic cells dominated the theory of neuronal death in
the penumbra zone. The clariﬁcation of the relationship
between procedural necroptosis and necrosis and autophagy
still needs a lot of work to do. This cross-channel signal path
may be complexity over imagination.
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Background and Purpose. PPAR-γ is a transcriptional factor which is associated with promoting hematoma clearance and reducing
neurological dysfunction after intracerebral hemorrhage (ICH). Haptoglobin- (Hp-) hemoglobin- (Hb-) CD163 acts as a main
pathway to Hb scavenging after ICH. The eﬀect of PPAR-γ on the Hp-Hb-CD163 signaling pathway has not been reported. We
hypothesized that PPAR-γ might protect against ICH-induced neuronal injury via activating the Hp-Hb-CD163 pathway in a
rat ICH model. Methods. 107 Sprague-Dawley rats were used in this research. They were randomly allocated to 4 groups as
follows: sham group, vehicle group, monascin-treated group, and Glivec-treated group. Animals were euthanized at 3 days after
the model was established successfully. We observed the eﬀects of PPAR-γ on the brain water content, hemoglobin levels, and
the expressions of CD163 and Hp in Western blot and real-ime PCR; meanwhile, we measured hematoma volumes and edema
areas by MRI scanning. Result. The results showed that PPAR-γ agonist signiﬁcantly reduced hematoma volume, brain edema,
and hemoglobin after ICH. It also enhanced CD163 and Hp expression while PPAR-γ antagonist had the opposite eﬀects.
Conclusions. PPAR-γ promotes hematoma clearance and plays a protective role through the Hp-Hb-CD163 pathway in a rat
collagenase infusion ICH model.

1. Introduction
In Western societies, intracerebral hemorrhage (ICH) takes
up for 8–15% of all strokes and 20–30% in the Asian area,
and there is no deﬁnite eﬀective therapy so far [1, 2]. Understanding the complex pathophysiology of cerebral injury
after ICH is crucial to developing new approaches to reduce
the harmful impacts on ICH.
The occurrence of ICH begins with a vast release of blood
within the brain parenchyma [3, 4]. Erythrocytes, as the major
cellular components of the hematoma, dissolves and releases
hemoglobin (Hb) which subsequently broke down into heme
and iron after ICH within a few days [5]. These cytotoxins
mainly cause secondary brain injury following ICH [6].
Haptoglobin-Hb-CD163 as well as hemopexin-heme-LRP1
(low-density lipoprotein receptor-related protein-1) is believed

to be the most important endogenous scavenging pathway
which participates in hematoma/blood component resolution
following ICH [6]. The cell-free Hb can trigger oxidative damages caspase activation, blood-brain barrier disruption, and
neuronal death and result in irreversible brain damages [7].
CD163, which is the only hemoglobin clearance receptor
expressed in the mononuclear phagocyte system, is formed
during the hemolysis of erythrocytes and mediates the
endocytosis of the Hb, leading to the degradation of the ligand
protein and cytoplasmic heme oxygenase [8]. Haptoglobin
(Hp), which is a primary Hb-binding protein, attenuates the
destructive eﬀects of Hb in the plasma [6, 9, 10]. Superabundant Hb in the plasma can upregulate the expression of Hp
and the Hb-Hp receptor CD163 in neurons [11]. Hp is bound
to free Hb and once Hp-Hb complex is endocytosed by CD163
may cause an anti-inﬂammatory response. The Hp-Hb-

2
CD163 acts as the main pathway in Hb scavenging and exerts a
pivotal protective role [9, 12].
PPAR-γ is a transcription factor which can regulate the
expression of catalase and superoxide dismutase which are
two important antioxidant genes [13, 14]. It is also associated
with promoting hematoma clearance and reducing neurological dysfunction [15]. As a PPAR-γ agonist, monascin is the
main component of red yeast rice with a Chinese traditional
technique and has been shown to have a protective eﬀect by
promoting hematoma clearance and reducing cerebral
edema in rats after ICH [13], but the speciﬁc mechanism of
monascin in ICH has not been clariﬁed so far.
We hypothesize that PPAR-γ will promote hematoma
clearance via CD163 and Hp upregulation, therefore reducing brain edema and improving BBB integrity after ICH. So
we designed the study to test the eﬀect of PPAR-γ on the
Hp-Hb-CD163 pathway through PPAR-γ agonist monascin
and its antagonist Glivec which mediates PPAR-γ by declining the phosphorylation level [16] in a collagenase-induced
ICH rat model.

2. Materials and Methods
2.1. Animal Preparation. This study used 107 male adult
Sprague-Dawley rats, weighing about 250~300 g (from
Shanxi Medical University Animal Laboratory). The protocol
for using these animals was in accordance with the Animal
Utilization and Management Committee which was made
by Shanxi Medical University. All rats were available to get
fodder and water freely in the research.
2.2. Animal Treatments and Experimental and Control
Groups. All rats were randomized to the following groups:
sham operation group (n = 25), vehicle group (n = 27),
monascin-treated group (10 mg/kg twice a day, n = 26),
and Glivec-treated group (100 mg/kg/day, n = 29). Dead
animals were replaced before ﬁnal assessment. All gavages
were administered by gastric perfusion 6 h after ICH until
the endpoint.
2.3. Intracerebral Hemorrhage Model of Rats. The intracerebral hemorrhage model was made by injecting collagenase
IV to the corpus striatum under a head stereotaxic apparatus
[13]. Brieﬂy, experimental rats were anesthetized by hydrated
chloric aldehyde (300–350 mg/kg) in an intraperitoneal
injection method. After being anesthetized, rats were positioned in the stereotactic instrument (Jiangwan type 1 C
Instrument, Shanghai, China). A 1 mm needle was inserted
through a cranial burr hole into the striatum to the following
frame of references: 0.5 0mm anterior, 5.8 mm ventral, and
2.3 mm lateral to the bregma. Then, we used a 5 μL ﬂatheaded microsyringe (Hamilton 600, Switzerland) to infuse
0.5 U type IV collagenase (Sigma-Aldrich, USA) which was
dissolved in 2.5 μL saline solution. After infusion, the needle
needs to be maintained in there for extra 3 minutes and subsequently be pulled out slowly. In the sham group, 2.5 μL
saline solution was infused using the same method. After
the surgery, the hole in the skull was sealed and the scalp
was well sutured. Animals were bred in a speciﬁc facility
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which was pathogen free. Besides, they can get food and
water uncontrolled.
2.4. Brain Water Content. The water content of rat brain
tissue was performed as earlier described [13]. We used 4%
chloral hydrate for intraperitoneal injection to deeply anesthetize the rat, and then the rat was decapitated to measure
the cerebral water content. The brain tissue was removed
from the skull rapidly and then divided into 4 mm sections
in the portion around the puncture point. All brain tissue
samples we got from the ipsilateral basal ganglia were
instantly weighed by an electric microbalance to know the
wet weight (Ww). Then tissues were placed in a 100°C drying
oven for 48 hours to desiccation. After that, we can obtain
dry weight (Dw). The brain water content was calculated by
the following formula: (Ww − Dw)/Ww × 100%.
2.5. Hemoglobin Assay. Quantitation of brain hemoglobin
after ICH was measured by hemoglobin assay under the
guidance of the manufacturer’s instructions. Brieﬂy, successful modeling rats were sacriﬁced and the brain tissues were
quickly removed and put into four glass dishes, respectively.
A total of 1000 μL prerefrigerated PBS buﬀer was added into
each glass dish. Brain tissue was smashed by sonication,
collected in a centrifuged tube, and centrifuged at 4°C,
12000 rpm for 30 minutes. 25 μL of the supernatant of each
group was put into a 96-well plate, and Drabkin’s reagent
was added to the supernatant in a ratio of 1 : 4. After incubation for 5 minutes at room temperature, OD value was measured by a spectrophotometer in 400 nm. The OD value of
each sample was calibrated by a blank group.
2.6. Expression of PPAR-γ, CD163, and Hp in Diﬀerent
Groups by Western Blot. The brain tissue was smashed, and
RIPA Lysis Buﬀer with PMSF was added for extracted total
protein in each sample for Western blot analysis. Protein concentration was determined by a bicinchoninic acid (BCA)
assay. 50 μg of each sample lysis was loaded on a 10% sodium
dodecyl sulfate gel and electrophoresed in 90 volts for 2 hours.
Belt was transferred to the polyvinylidene ﬂuoride membrane
after an electrophoresis process. Membranes were blocked
with 5% BSA blocking buﬀer at 37°C for 2 hours and incubated with ﬁrst antibodies: polyclonal anti-PPAR-γ of rabbit
(1 : 1000, Bioss), anti-CD163 of rabbit (1 : 500, Bioss), and
polyclonal anti-Hp of rabbit (1 : 500, Bioss) at 4°C in a thermostat shaker overnight. Meanwhile, other membranes were
probed with β-actin (1 : 3000, Bioworld) as an internal control. After being washed by the TBST buﬀer, all membranes
were incubated with the second antibodies at 37°C for 2 hours.
Immunoreactive membranes were processed with an ECL
Plus chemiluminescence assay kit. After that, it can be visualized through an imaging system (Bio-Rad, ChemiDoc).
Finally, band intensities were normalizing with their internal
controls, respectively, and digitizing using ImageJ software.
2.7. Measurements of Volume of Hematoma and Cerebral
Edema by MRI. All rats were given brain MRI scan on a
1.5 T clinical scanner (GE Signa HDx, GE healthcare
Milwaukee) with a knee coil 3 days post-ICH at the Second
Hospital aﬃliated to Shanxi Medical University. During the
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2.8. Assay of Haptoglobin and CD163 in Diﬀerent Groups by
Real-Time PCR. The total RNA of diﬀerent groups was
extracted from the brain tissue surrounding hematoma by
using TRIzol Reagent (Takara Inc., Japan) complied with
the manufacturer’s instructions. After completing the extraction process, total RNA was determined by Nano-drop 2000
(Thermo Fisher, USA) with the UV absorbance at 260 nm to
ensure purity. Complementary DNA was reverse transcribed
by using a one-step PrimeScript™ RT Master Mix kit (Takara
Inc., Japan), and a total of 20 μL reaction mixture system
which contained 1 μg total RNA was carried out at 37°C
for 15 minutes; ﬁnally, the complementary DNA was kept
at a minus 80°C environment. Real-time PCR analysis
was processed in a BIO-RAD iCycler Thermal Cycler for
RT-PCR (Bio-rad, USA) with the complementary DNA
and SYBR® Premix Ex Taq™ Kit (Takara Inc., Japan).
Oligonucleotide PCR-based primers are as follows: haptoglobin: 5′-gaaaggcgctgtaagtcctg-3′ (forward primer)
and 5′-tcctcttccagggtgaattg-3′(reverse primer) and CD163:
5′-gacagacccaacggcttaca-3′ (forward primer) and 5′-ggtcacaaaacttcaaccgga-3′(reverse primer). The experiment uses a
25 μL volume total reaction mixture reaction system which
contains 2 μL of the diluted complementary DNA product,
12.5 μL of the SYBR Premix Ex Taq Mix (Takara Inc., Japan),
1 μL of forward/reverse primers, respectively, and 8.5 μL of
RNase-free water. The condition of real-time PCR reaction
was implemented as follows: predenaturation step was processed at 95°C for 1 minute. The extended process sets the
denaturation at 95°C for 30 seconds and annealing and
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Figure 1: Eﬀect of PPAR-γ on brain water content associated
with ICH 3 days after surgery (∗ p < 0 05 versus sham; # p < 0 05
versus vehicle).
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MRI imaging scanning, rats were maintained well anesthetized after the use of 5% chloral hydrate with the prone position. A series of MR sequences were acquired in our study,
the protocol included T2-weighted imaging (T2WI) and
T2 Flair to assess the edema, and scanning parameters [13]
are listed as follows: repetition time (TR)/echo time
(TE) = 2400/129 ms, ﬁeld of view (FOV) = 18 × 18 mm, slice
thickness = 2.0 mm, matrix size = 512 × 448, and interval = 0.2 mm. In T2 ﬂuid-attenuated inversion recovery (T2
Flair), TR/TE = 8502/128.6 ms, FOV = 12 × 12 mm, slice
thickness = 2.0 mm, matrix size = 512 × 448, and interval =
0.2 mm. T2∗ -weighted imaging (T2∗ WI) and susceptibility
weighted imaging (SWI) were used to determine the
hematoma size; scan parameters are as follows: in T2∗ WI,
TR/TE = 400/15 ms, FOV = 18 × 18 mm, slice thickness =
2.0 mm, matrix size = 448 × 384, interval = 0.2 mm, and
ﬂip angle = 15°. In SWI: TR/TE = 49.9/4.5 ms, FOV =
18 × 18 mm, slice thickness = 1.5 mm, ﬂip angle = 15°, and
matrix size = 448 × 448. MRI postprocessing was performed
on an oﬀ-line workstation by two experienced neurologists
who were blinded to the group set and scan date. The absolute volume of intracerebral hemorrhage area which contains
the outer amount of edema and hematoma was adopted during the measurement process. The total value of the absolute
volume was calculated by integrating injured areas of brain
hemorrhage slices. All the assessments were repeated three
times, respectively. The results were shown as the mean and
standard deviation.
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Figure 2: Eﬀect of PPAR-γ on hemoglobin levels associated with
ICH 3 days after surgery (∗ p < 0 05 versus sham; # p < 0 05
versus vehicle).

elongation at 55°C for 45 seconds, and the extended process
was repeated for 40 cycles. Reverse transcription PCR was
performed three times for each sample. To standardize the
expression of haptoglobin and CD163 mRNA, the levels of
the reference gene β-actin were determined for each sample
parallelly. Expression of ﬁnal results was ratios of the target
gene copy numbers to β-actin transcripts. The expression
of the targeted gene was computed by the 2−ΔΔCt method.
2.9. Statistical Analysis. Quantitative data were sorted out as
the mean ± SD. One-way ANOVA was taken for multiple
comparisons. The SNK-q test was adopted for the comparison of the diﬀerences between groups of brain water content, hemoglobin levels, and real-time PCR assay, while
the diﬀerences of MRI parameter and Western blot results
were determined by Tukey’s post hoc test. p < 0 05 was
denoted the diﬀerence processing statistical signiﬁcance
among all groups.

3. Results
3.1. Mortality. The overall mortality in operative rats was
approximately 10.2% (n = 11). All the sham group rats
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Figure 3: Eﬀect of Glivec and monascin on PPAR-γ, haptoglobin, and CD163 associated with ICH 3 days after surgery. Representative images
are shown of Western blot assay (a–d) and real-time PCR (e and f) for PPAR-γ, haptoglobin, and CD163 levels within ipsilateral brain tissues.
One-way ANOVA followed by Tukey’s tests was used. (∗ p < 0 05 versus sham; # p < 0 05 versus vehicle).

survived, and there was no signiﬁcant diﬀerence in the mortality of each group (data not shown).
3.2. PPAR-γ Agonist Monascin Decreased Brain Water
Content. All the operative groups showed a signiﬁcant
increase in brain water content when compared to the sham
group (∗ p < 0 05 versus sham; Figure 1). PPAR-γ agonist
monascin signiﬁcantly lowed the water content of brain tissue around hematoma while PPAR-γ antagonist Glivec acted
the opposite way, in comparison with the vehicle group
(# p < 0 05; Figure 1).
3.3. PPAR-γ Agonist Monascin Reduced Hemoglobin Level.
The hemoglobin level of all the operative groups was obviously higher than that of the sham group (∗ p < 0 05;
Figure 2). Compared to the vehicle group, monascin signiﬁcantly decreased the level of hemoglobin (# p < 0 05 versus
vehicle), while Glivec increased it (# p < 0 05 versus vehicle).
3.4. Eﬀect of Monascin and Glivec on CD163 and Hp
Expression following ICH. The results of Western blot and
PCR showed a signiﬁcant increase in PPAR-γ, Hp, and
CD163 expression within ipsilateral brain tissues after ICH

when compared to sham (∗ p < 0 05, Figure 3). Compared to
vehicle, monascin increased PPAR-γ, Hp, and CD163
expression with Western blot (# p < 0 05, Figures 3(a)–3(d))
and real-time PCR (# p < 0 05, Figures 3(e) and 3(f)). Meanwhile, the administration of Glivec downregulated the
expression of PPAR-γ, Hp, and CD163 (# p < 0 05, Figure 3).
3.5. Monascin Decreased the Volume of Hematoma (T2∗
WI/SWI) and Brain Edema (T2WI/T2 Flair) in the Rat
Model after ICH. The volumes of hematoma and edema
of all groups were measured at 3 days after modeling successfully (showed in Figure 4). The volume of hematoma
and edema was reduced in the monascin group compared
to the vehicle group. While Glivec extended the volume of
hematoma and edema 3 days after ICH. The link assay
between brain edema and hematoma lesion showed a positive correlation between them (r = 0 989, p = 0 011).

4. Discussion
In our study, we demonstrated that PPAR-γ is neuroprotective through decreasing hematoma size and hemoglobin
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Figure 4: Eﬀect of PPAR-γ on hematoma volume (a–c) and brain edema (a, d, and e) associated with ICH 3 days after surgery. Representative
images are shown of T2∗ WI (a and b), SWI (a and c) for hematoma volume, T2WI (a and d), and T2 Flair (a and e) for brain edema within
ipsilateral brain tissues. One-way ANOVA followed by Tukey’s tests were used (# p < 0 05 versus vehicle).

levels then reduced brain edema. PPAR- γ agonist monascin
enhanced haptoglobin and CD163 expression whereas
PPAR-γ antagonist Glivec had the opposite eﬀects on a rat
ICH model.
Intracerebral hemorrhage is a devastating disease, and
there has been no speciﬁc therapy to reduce the mortality
[17]. It started from the blood’s massive release into the brain
parenchyma [3, 11, 18]. The red blood cell (RBC) lyses within
several days and releases Hb at the same time [6]. The hematoma is the culprit of brain insults after ICH, so how to eﬀectively remove blood products is crucial in ICH-induced brain
injury [19].
Hp is a glycoprotein which is abundant in the plasma
[20]. It is mainly secreted by hepatocytes, and a mononuclear
phagocyte system can also produce it [21]. The levels of Hp
in the plasma increases to answer stress response and
anti-inﬂammation, which bond to free Hb after cerebral
hemorrhage [14, 19]. The formation of Hp-Hb complex
protects Hb from oxidative modiﬁcations. Otherwise, oxidative modiﬁcation can prevent the clearance processing
and lead the releasing of free Hb into the circulation of
the blood [22]. Besides, the Hp-Hb-CD163 complex has a
high-aﬃnity site for CD163 to recognize and promote
hemoglobin clearance [8, 9, 14].
CD163 acts as a hemoglobin scavenger receptor. It is
only expressed in the monocyte-macrophage system [9]
and is a 130 kDa transmembrane glycoprotein which can

be combined with a variety of ligands. It also belongs to
scavenger receptor superfamily class B [18]. CD163 is the
cellular receptor target of Hp after ICH [10]. After recognization by the Hp-Hb complex, the Hp-Hb-CD163 complex
system is formed during the hemolysis of erythrocytes
and mediates the endocytosis of the hemoglobin, leading
to the degradation of the lysosomal ligand protein [8]. The
Hp-Hb-CD163 acts as the main pathway in Hb scavenging
and exerts a pivotal protective role [9].
PPAR-γ is a transcription factor belonging to the nuclear
hormone receptor superfamily. During the past years, the
transcription factors of PPAR-γ [19, 23] were validated as
important players in regulating phagocyte-mediated cleanup
processes and able to promote endogenous hematoma
absorption, decrease neuronal damage, and improve functional recovery in a rodent model of ICH [24]. It not only
increased microglia-mediated phagocytosis of RBC in rat primary microglia in culture but also reduced the generation of
peroxide during the phagocytic process [25]. The speciﬁc
mechanism of PPAR-γ in ICH has not been completely
clariﬁed so far.
In the present study, we found that PPAR-γ agonist
monascin is neuroprotective by decreasing the brain water
content and the level of hemoglobin. Besides, it also
enhanced CD163 and Hp expression in Western blot and
real-time PCR results whereas Glivec reduced Hp and
CD163 expression.

6
Magnetic resonance imaging (MRI) is a medical imaging
technique and has been extensively used in the study of intracerebral hemorrhage [14]. It has high sensitivity for presenting the temporal and spatial shifts of hematoma and edema
after ICH. At 3 days after surgery, we assessed the volume
of hematoma and cerebral edema via T2∗ WI/SWI and
T2WI/T2 FLAIR sequences [7]. The results showed PPAR-γ
agonist monascin evidently reduced hematoma volume and
cerebral edema after ICH, while the Glivec expanded the
hematoma and edema areas.
Our results demonstrated that PPAR-γ agonist monascin
decreased hematoma volume and brain edema in a
collagenase-induced ICH rat model via histology, molecular
biology, and MRI imaging methods. Meanwhile, monascin
upregulated the expression of CD163 and Hp which belong
to the endogenous hemoglobin scavenging system in ICH.
PPAR-γ activation reinforced microglia-induced erythrocyte phagocytosis. Our previous study demonstrated that
PPAR-γ agonist improved outcome through reducing hematoma volume and edema formation following ICH [13].
While macrophages play a central role in hematoma clearance, hemoglobin mostly remains encapsulated within erythrocytes until they are phagocytosed and degraded by
microglia and inﬁltrating macrophages [1]. CD163, a hemoglobin scavenger receptor, is mainly expressed on macrophages/microglia, and it plays a major role in scavenging
free hemoglobin released during erythrolysis after ICH.
CD163 transports hemoglobin into microglia/macrophages
and functions as a membrane-bound scavenger receptor for
clearing extracellular haptoglobin-hemoglobin (Hp-Hb)
complexes [11]. Excessive Hb upregulated the expression of
Hp and the Hb/Hp receptor CD163 in vivo and in vitro. Free
Hb binds to Hp and once Hp-Hb complex is endocytosed by
CD163, which mediated the delivery of Hb to the macrophage, may fuel an anti-inﬂammatory response because
heme metabolites have potent anti-inﬂammatory eﬀects
[6]. So PPAR-γ activation possibly reinforced microgliainduced Hp-Hb complex phagocytosis through enhancing
CD163 expression.
In conclusion, PPAR-γ promotes hematoma clearance
and plays a protective role possibly through the Hp-HbCD163 pathway in a rat collagenase-induced ICH model.
Monascin, as a PPAR-γ agonist, will be a potential medical
treatment for ICH in the future.

Data Availability
The data used to support the ﬁndings of this study are available from the corresponding author upon request.

Conflicts of Interest
The authors declare that there is no conﬂict of interest
regarding the publication of this paper.

Authors’ Contributions
Gaiqing Wang and Tong Li contributed equally to this work.

Behavioural Neurology

Acknowledgments
This study was supported by a project from the National
Natural Science Foundation of China (Project no. 81771294).

References
[1] R. Liu, S. Cao, Y. Hua, R. F. Keep, Y. Huang, and G. Xi,
“CD163 expression in neurons after experimental intracerebral hemorrhage,” Stroke, vol. 48, no. 5, pp. 1369–1375, 2017.
[2] J. Chen-Roetling and R. F. Regan, “Haptoglobin increases the
vulnerability of CD163-expressing neurons to hemoglobin,”
Journal of Neurochemistry, vol. 139, no. 4, pp. 586–595, 2016.
[3] X. Zhao, S. Song, G. Sun et al., “Neuroprotective role of
haptoglobin after intracerebral hemorrhage,” The Journal of
Neuroscience, vol. 29, no. 50, pp. 15819–15827, 2009.
[4] S. Cao, M. Zheng, Y. Hua, G. Chen, R. F. Keep, and G. Xi,
“Hematoma changes during clot resolution after experimental
intracerebral hemorrhage,” Stroke, vol. 47, no. 6, pp. 1626–
1631, 2016.
[5] H. Zhao, X. Zhang, Z. Dai et al., “P2X7 receptor suppression
preserves blood-brain barrier through inhibiting RhoA activation after experimental intracerebral hemorrhage in rats,”
Scientiﬁc Reports, vol. 6, no. 1, article 23286, 2016.
[6] G. Wang, L. Wang, X. G. Sun, and J. Tang, “Haematoma
scavenging in intracerebral haemorrhage: from mechanisms
to the clinic,” Journal of Cellular and Molecular Medicine,
vol. 22, no. 2, pp. 768–777, 2017.
[7] X. Zhao, G. Sun, J. Zhang et al., “Transcription factor Nrf2
protects the brain from damage produced by intracerebral
hemorrhage,” Stroke, vol. 38, no. 12, pp. 3280–3286, 2007.
[8] J. H. Thomsen, A. Etzerodt, P. Svendsen, and S. K. Moestrup,
“The haptoglobin-CD163-heme oxygenase-1 pathway for
hemoglobin scavenging,” Oxidative Medicine and Cellular
Longevity, vol. 2013, Article ID 523652, 11 pages, 2013.
[9] J. Galea, G. Cruickshank, J. L. Teeling et al., “The intrathecal
CD163-haptoglobin-hemoglobin scavenging system in subarachnoid hemorrhage,” Journal of Neurochemistry, vol. 121,
no. 5, pp. 785–792, 2012.
[10] J. L. Leclerc, A. S. Lampert, C. Loyola Amador et al., “The
absence of the CD163 receptor has distinct temporal inﬂuences
on intracerebral hemorrhage outcomes,” Journal of Cerebral
Blood Flow & Metabolism, vol. 38, no. 2, pp. 262–273, 2017.
[11] D. J. Schaer, A. I. Alayash, and P. W. Buehler, “Gating the
radical hemoglobin to macrophages: the anti-inﬂammatory
role of CD163, a scavenger receptor,” Antioxidants & Redox
Signaling, vol. 9, no. 7, pp. 991–999, 2007.
[12] C. J. Roche, D. Dantsker, A. I. Alayash, and J. M. Friedman,
“Enhanced nitrite reductase activity associated with the haptoglobin complexed hemoglobin dimer: functional and antioxidative implications,” Nitric Oxide, vol. 27, no. 1, pp. 32–39,
2012.
[13] J. Wang, G. Wang, J. Yi et al., “The eﬀect of monascin on
hematoma clearance and edema after intracerebral hemorrhage in rats,” Brain Research Bulletin, vol. 134, pp. 24–29,
2017.
[14] X. Wang, T. Mori, T. Sumii, and E. H. Lo, “Hemoglobininduced cytotoxicity in rat cerebral cortical neurons: caspase
activation and oxidative stress,” Stroke, vol. 33, no. 7,
pp. 1882–1888, 2002.

Behavioural Neurology
[15] J. Zhao, N. Kobori, J. Aronowski, and P. K. Dash, “Sulforaphane reduces infarct volume following focal cerebral ischemia in
rodents,” Neuroscience Letters, vol. 393, no. 2-3, pp. 108–112,
2006.
[16] S. S. Choi, E. S. Kim, J. E. Jung et al., “PPARγ antagonist gleevec improves insulin sensitivity and promotes the browning of
white adipose tissue,” Diabetes, vol. 65, no. 4, pp. 829–839,
2016.
[17] H. B. Brouwers and J. N. Goldstein, “Therapeutic strategies in
acute intracerebral hemorrhage,” Neurotherapeutics, vol. 9,
no. 1, pp. 87–98, 2012.
[18] M. Roy-O'Reilly, L. Zhu, L. Atadja et al., “Soluble CD163 in
intracerebral hemorrhage: biomarker for perihematomal
edema,” Annals of Clinical Translational Neurology, vol. 4,
no. 11, pp. 793–800, 2017.
[19] J. Aronowski and X. Zhao, “Molecular pathophysiology of
cerebral hemorrhage: secondary brain injury,” Stroke, vol. 42,
no. 6, pp. 1781–6, 2011.
[20] D. H. Ko, H. E. Chang, T. S. Kim et al., “A review of haptoglobin typing methods for disease association study and preventing anaphylactic transfusion reaction,” BioMed Research
International, vol. 2013, Article ID 390630, 6 pages, 2013.
[21] C. Burkard, S. G. Lillico, E. Reid et al., “Precision engineering
for PRRSV resistance in pigs: macrophages from genome edited pigs lacking CD163 SRCR5 domain are fully resistant to
both PRRSV genotypes while maintaining biological function,” PLoS Pathogens, vol. 13, no. 2, article e1006206, 2017.
[22] C. A. Gleissner, I. Shaked, C. Erbel, D. Bockler, H. A. Katus,
and K. Ley, “CXCL4 downregulates the atheroprotective
hemoglobin receptor CD163 in human macrophages,” Circulation Research, vol. 106, no. 1, pp. 203–211, 2010.
[23] X. Zhao, J. Grotta, N. Gonzales, and J. Aronowski, “Hematoma
resolution as a therapeutic target: the role of microglia/
macrophages,” Stroke, vol. 40, no. 3, Supplement 1, pp. S92–
S94, 2009.
[24] X. R. Zhao, N. Gonzales, and J. Aronowski, “Pleiotropic role of
PPARγ in intracerebral hemorrhage: an intricate system
involving Nrf2, RXR, and NF-κB,” CNS Neuroscience &
Therapeutics, vol. 21, no. 4, pp. 357–366, 2015.
[25] F. A. Monsalve, R. D. Pyarasani, F. Delgado-Lopez, and
R. Moore-Carrasco, “Peroxisome proliferator-activated receptor targets for the treatment of metabolic diseases,” Mediators
of Inﬂammation, vol. 2013, Article ID 549627, 18 pages, 2013.

7

Hindawi
Behavioural Neurology
Volume 2018, Article ID 6470957, 13 pages
https://doi.org/10.1155/2018/6470957

Research Article
MST1 Suppression Reduces Early Brain Injury by Inhibiting the
NF-κB/MMP-9 Pathway after Subarachnoid Hemorrhage in Mice
Jie Qu , Hengli Zhao, Qiang Li, Pengyu Pan, Kang Ma, Xin Liu, Hua Feng ,
and Yujie Chen
Department of Neurosurgery, Southwest Hospital, Third Military Medical University, Chongqing, China
Correspondence should be addressed to Hua Feng; fenghua8888@vip.163.com and Yujie Chen; yujiechen6886@foxmail.com
Received 20 February 2018; Revised 8 March 2018; Accepted 19 March 2018; Published 19 June 2018
Academic Editor: Hailiang Tang
Copyright © 2018 Jie Qu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Background. Mammalian sterile 20-like kinase 1 (MST1), the key component of the Hippo-YAP pathway, exhibits an important
role in the pathophysiological process of various neurological disorders, including ischemic stroke and spinal cord injury.
However, during subarachnoid hemorrhage, the involvement of MST1 in the pathophysiology of early brain injury remains
unknown. Methods. We employed intravascular ﬁlament perforation to establish the subarachnoid hemorrhage (SAH) mouse
model. The MST1 inhibitor XMU-MP-1 was intraperitoneally injected at 1 h after SAH, followed by daily injections. MST1
in vivo knockdown was performed 3 weeks prior to SAH via intracerebroventricular injection of adeno-associated virus
(AAV) packaged with MST1 shRNA. The SAH grade, behavioral deﬁcits, TUNEL staining, Evans blue dye extravasation and
ﬂuorescence, brain water content, protein and cytokine expressions by Western blotting, immunoﬂuorescence, and proteome
cytokine array were evaluated. Results. Following SAH, the phosphorylation level of MST1 was upregulated at 12 h, with a
peak at 72 h after SAH. It was colocalized with the microglial marker Iba1. Both XMU-MP-1 and MST1 shRNA alleviated
the neurological deﬁcits, blood-brain barrier (BBB) disruption, brain edema, neuroinﬂammation, and white matter injury,
which were induced by SAH in association with nuclear factor- (NF-) κB p65 and matrix metallopeptidase-9 (MMP-9)
activation and downregulated endothelial junction protein expression. Conclusions. The current ﬁndings indicate that
MST1 participates in SAH-induced BBB disruption and white matter ﬁber damage via the downstream NF-κB-MMP-9
signaling pathway. Therefore, MST1 antagonists may serve as a novel therapeutic target to prevent early brain injury in
SAH patients.

1. Introduction
Subarachnoid hemorrhage (SAH) is identiﬁed as a subtype of
hemorrhage stroke; it is mainly caused by a ruptured aneurysm, with high mortality and morbidity worldwide [1].
Recent studies have indicated the pivotal role of the vascular
neural network in the pathophysiological process of early
brain injury after SAH [2]. The blood-brain barrier (BBB),
identiﬁed as a component of this vascular neural network,
is critical for brain homeostasis. After SAH, BBB disruption
is an important pathological change, which contributes to
brain edema, thus leading to poor outcomes [3]. Therefore,
targeting BBB disruption may represent a prospective strategy to prevent early brain injury after SAH.

Mammalian sterile 20-like kinase 1 (MST1), a core component of the Hippo pathway, regulates multiple biological
eﬀects, including the response to oxidative stress, apoptosis,
cell growth, and tumor suppression [4, 5]. In the central nervous system, many studies have demonstrated that oxidative
stress-induced neuronal and neuroglia death is associated
with MST1 activation [6–8]. In addition, MST1 exhibits
fundamental functions in various central nervous system
diseases, including vascular dementia, Alzheimer’s disease,
amyotrophic lateral sclerosis, and cerebral cavernous malformation [9–12]. Furthermore, genetic deletion of MST1 provides neuroprotection against ischemic stroke and spinal
cord injury by attenuating neuronal apoptosis and the
inﬂammatory response [13, 14].
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Figure 1: Brief illustration of the experimental design. WB: Western blot; EB: Evans blue extravasation; IF: immunoﬂuorescence;
ICV: intracerebroventricular.

MST1 has been shown to be upstream of nuclear factor(NF-) κB, a well-established conserved factor, for regulating
neuroinﬂammation in many neurological diseases. However,
the speciﬁc role of MST1 in the pathophysiological process of
early brain injury remains elusive. Therefore, we aim to
investigate the potential role of MST1 in a mouse model of
SAH to determine its eﬀects on early brain injury.

2. Materials and Methods
2.1. Experimental Animals. Two hundred and sixty-one (261)
male C57B6J mice, 23 g to 28 g in weight, were raised and
housed by the Experimental Animal Center of Third Military
Medical University (Chongqing, China). All animal experimental procedures were evaluated and approved by the
Ethics Committee of Southwest Hospital, Third Military
Medical University; the procedures were performed in accordance with the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals and are reported in
accordance with the ARRIVE guideline. The mice were randomly allocated to diﬀerent experimental groups as shown
in Figure 1.
2.2. SAH Model. The mice underwent intravascular perforation procedures to mimic SAH as previously described [15].
Brieﬂy, sodium pentobarbital (intraperitoneal injection,
40 mg/kg) was used to anesthetize the animals. The external
carotid artery (ECA) was isolated and cut distally into a
2 mm stump. A 5-0 ﬁlament suture was subsequently
threaded through the ECA to the inner carotid artery

(ICA). The sharpened suture was pushed 2 mm further during resistance to penetrate the bifurcation of the anterior
cerebral artery (ACA) and middle cerebral artery (MCA).
The ICA reperfused after ﬁlament suture was subsequently
withdrawn. Sham-operated mice underwent the same procedure, without perforating the cerebral artery.
Following euthanasia, the severity of the SAH grade was
blindly evaluated as previously reported [16]. In general,
the scores from 6 segments of the SAH were summed. Mice
that exhibited a score < 8 with no obvious neurological deﬁcits were excluded from the following experiments.
2.3. Adeno-Associated Virus (AAV) Vector Administration.
Sodium pentobarbital (40 mg/kg, ip) was used to anaesthetize
the mice. Three microliters of AAV (Vigene Biosciences Inc.,
Shandong, China) or AAV empty were intraventricularly
administered into the lateral ventricles (0.33 μl/min) using
speciﬁc coordinates (0.5 mm posterior to bregma, 3 mm ventral to the skull, and 1 mm lateral to the sagittal line) and a
stereotaxic frame. The SAH model was performed 3 weeks
after AAV infusion. To improve the knockdown eﬃciency,
four diﬀerent shRNA duplexes were designed and mixed in
the present study. Their sequences are provided in their
5′ → 3′ orientation:
shRNA1:
GCGGACCTGCATTATGGACAATCTCGAGATTGT
CCATAATGCAGGTCCGTTTTT
shRNA2:
GCCAGGAATGTAACACGAAGTACTCGAGTACTT
CGTGTTACATTCCTGGTTTTT
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shRNA3:
GCCCGAATGTTGAGCGAGAATTCTCGAGAATTC
TCGCTCAACATTCGGGTTTTT
shRNA4:
GCGTGAGAATTTCTGCCGGAATCTCGAGATTCC
GGCAGAAATTCTCACGTTTTT
2.4. Neurological Scoring. The modiﬁed Garcia scale was
employed to evaluate the neurological function at 24 and
72 h after SAH and included six measurements as follows:
spontaneous activity, forepaw outstretching, symmetry of
limb climbing, responses to body proprioception, and vibrissae touch [17]. For the Beam Balance Score text, the mice
were placed on the center of a wooden beam to assess the
walking distance within 1 min and were subsequently
assigned 0–4 points in total. The neurologic scores determined by the two blinded observers were used to determine
the grade.
2.5. Brain Edema. The brain edema of the mice was evaluated
using a previously described method [15]. Under deep anesthesia, brain tissues were rapidly dissected and separated into
two cerebral hemispheres and cerebellum on tin foil paper,
and the wet weights of the specimens were determined. The
brain specimens were subsequently incubated in a 75°C oven
for 72 h, and the dry weights were recorded. The brain
edema/brain water content was calculated as wet weight −
dry weight /wet weight × 100%.
2.6. Evans Blue Dye Extravasation and Autoﬂuorescence. As
previously reported, the BBB permeability was evaluated by
Evans blue dye extravasation and autoﬂuorescence. Under
deep anesthesia, Evans blue dye (2%, 5 ml/kg) was administered into the caudal vein. After 2 h, the mice were intracardially perfused with phosphate-buﬀered solution (PBS),
and brain specimens were collected and rapidly weighed.
Two milliliters of 50% trichloroacetic acid was added to
the ipsilateral/right hemisphere, tightly homogenized, and
subsequently centrifuged at 10,000 ×g for 30 min. The
homogenates were then incubated overnight at 4°C. Supernatants that contained the Evans blue dye were collected following a subsequent centrifugation at 10,000 ×g for 30 min, and a
spectrophotometer was used to measure the absorbance of
the supernatant at 615 nm.
2.7. Immunoﬂuorescence Staining. Immunoﬂuorescence
staining was performed at 72 h after the operation. Brieﬂy,
the mice were anesthetized and perfused with 4% paraformaldehyde. Brain specimens were rapidly collected and postﬁxed
in 4% paraformaldehyde for 1 day and a 30% sucrose solution
for the following 3 days. Fifteen μm thick coronal sections
were cut and treated with 0.3% Triton for 30 min. The brain
sections were subsequently treated with 5% donkey serum
for 1 h for antigen block and incubated with the primary antibodies overnight in a 4°C freezer, including anti-zonula
occludens-1 (1 : 100, Invitrogen, Grand Island, NY), antivon Willebrand factor (1 : 100 Abcam), anti-Iba1 (1 : 100,
Abcam), and anti-MST1 (1 : 100, Invitrogen, Grand Island,
NY), followed by FITC-conjugated secondary antibody
(1 : 200, Beyotime Biotechnology, Shanghai, China) and
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cy3-conjugated secondary antibodies (1 : 200, Beyotime Biotechnology, Shanghai, China) for 1.5 h at room temperature.
A confocal laser scanning microscope (Zeiss, Oberkochen,
Germany) was used to detect the expression of ﬂuorescent dyes.
2.8. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Staining. The In Situ Cell Apoptosis Detection Kit I (Boster Biological Technology, Wuhan,
China) was used to detect DNA fragmentation in the cell
nuclei of brain specimen sections by following the operating
manual. Sections were illustrated with DAB solution, and
the apoptotic nuclei were identiﬁed by the presence darkbrown staining. TUNEL-positive cells were counted by two
researchers in a blinded manner.
2.9. Western Blotting. The ipsilateral/right cortex was isolated
and homogenized for Western blotting as previously
described [15] with the following primary antibodies: antiMST1 (1 : 1000, Cell Signaling Technology, Danvers, MA,
USA), anti-phosphorylated MST1 (1 : 1000, Cell Signaling
Technology, Danvers, MA, USA), anti-ZO-1 (1 : 500 Invitrogen, Grand Island, NY, USA), anti-occludin (1 : 1000 Abcam,
Shanghai, China), anti-claudin-5 (1 : 1000, Abcam, Shanghai,
China), anti-NF-κB (1 : 1000, Cell Signaling Technology,
Danvers, MA, USA), and anti-matrix metallopeptidase(MMP-) 9 (1 : 1000, Cell Signaling Technology, Danvers,
MA, USA). GAPDH (1 : 10,000, Proteintech, Rosemont,
IL, USA) was used as an internal loading control. The relative density of the Western blots was normalized to the
sham group.
2.10. Proteome Proﬁler Mouse Cytokine Array. Protein
expression analysis of the sham group, MST1 shRNA group,
and negative control group (sh-NC) was performed 72 h after
SAH using the Proteome Proﬁler Antibody Arrays—Mouse
Cytokine Antibody Array, Panel A (Catalog Number
ARY006, R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions as previously reported.
2.11. Statistical Analysis. All data are presented as the me
an ± standard deviation (mean ± SD) and were analyzed
using GraphPad Prism 6 (GraphPad Software, San Diego,
CA). One-way ANOVA and Tukey’s multiple comparisons
were employed for comparisons among the diﬀerent
groups. The Kruskal-Wallis test was employed for the
analysis of the behavior scores. p < 0 05 was considered
statistically signiﬁcant.

3. Results
3.1. Time Course of Endogenous P-MST1 and
Phosphorylated-MST1 Expressions in Mice after SAH Injury.
There were 6 mice (2 in the 12 h group, 1 in the 24 h group,
1 in the 48 h group, and 2 in the 5 d group); those with
a score < 8 or no obvious neurological deﬁcits were
excluded from further analysis. And 12 mice (3 in the
12 h group, 2 in the 24 h group, 3 in the 48 h group, 2
in the 72 h group, and 2 in the 5 d group) that underwent
SAH died due to severe hemorrhagic volume within 24 h
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Figure 2: Time course of P-MST1 and MST1 expressions after SAH. (a) Representative images and Western blot analyses of P-MST1 and
MST1 in the ipsilateral hemisphere in sham and SAH mice at 12 h, 24 h, 48 h, 72 h, and 5 days after SAH; n = 6 mice per group per time
point. Relative densities were normalized against the densities in the sham group. ∗ p < 0 05 versus the sham group. (b) Representative
immunoﬂuorescence staining slices of MST1 and Iba1 in the ipsilateral cortex at 72 h after SAH. Scale bar = 50 μm (up) and 25 μm (down).

of SAH. There is no signiﬁcant diﬀerence in the mortality
of each group (p > 0 05).
The Western blot results indicated that the total protein
expression of MST1 in the right/ipsilateral hemisphere
decreased at 12 h after SAH and was subsequently maintained at a low level. Moreover, the phosphorylated MST1
increased at 12 h after SAH compared to the sham group,
with a peak at 72 h (Figure 2(a)). Therefore, the tendency of
the phosphorylation level of MST1 is the same as that of
phosphorylated MST1. Furthermore, immunoﬂuorescence
images demonstrated that MST1 colocalized with microglia
cells (Iba1) in the right cortex at 72 h after SAH (Figure 2(b)).
3.2. XMU-MP-1 Treatment Relieved Early Brain Injury after
SAH. No toxic eﬀect of MST1 inhibition was identiﬁed in this
study. The SAH grading score results showed that there were
no signiﬁcant diﬀerences among the experimental SAH
groups at 24 h or 72 h (Figure 3). 4 mice (2 in the SAH group,
1 in the 3 mg/kg group, and 1 in the 10 mg/kg group) with a
score < 8 as well as no obvious neurological deﬁcits were
excluded from further analysis, and 8 mice (1 in the SAH
group, 2 in the vehicle group, 1 in the 3 mg/kg group, 2 in
the 10 mg/kg group, and 2 in the 15 mg/kg group) that underwent SAH died due to severe hemorrhagic volume within
24 h of SAH. There is no signiﬁcant diﬀerence in the mortality of each group (p > 0 05).
Both neurobehavioral scores were signiﬁcantly lower in
the SAH mouse model group than in the sham group at
24 h and 72 h after SAH. Compared with the vehicle treatment after SAH, MST1 inhibition improved the SAHimpaired neurological function on the modiﬁed Garcia test;
both the 10 mg/kg dosage and the 15 mg/kg dosage of
XMU-MP-1 treatments signiﬁcantly improved the neurobehavioral outcomes at 72 h after SAH, whereas only the
15 mg/kg dosage exerted neuroprotective eﬀects at 24 h after
SAH (Figures 4(a) and 4(b)). Furthermore, the beam balance

score indicated that the SAH mice exhibited substantially
worse neurological deﬁcits at 24 h and 72 h after SAH compared to the sham group, and the high dosage (15 mg/kg)
XMU-MP-1 treatment remarkably improved neurological
function (Figures 4(c) and 4(d)).
In addition, there was signiﬁcantly greater brain edema in
both hemispheres of the SAH mice than in the hemispheres
of the sham-operated mice at 24 h and 72 h after SAH. Low
concentrations (3 mg/kg) of XMU-MP-1 showed a tendency
to alleviate this SAH-induced brain edema, whereas high
concentrations (10 and 15 mg/kg) of XMU-MP-1 signiﬁcantly decreased the SAH-induced brain edema compared
to the vehicle treatment (Figures 4(c) and 4(d)).
Compared with the brains of the sham-treated mice, the
extravasated content of Evans blue was substantially higher
in both hemispheres of the mouse model of SAH, and
XMU-MP-1 (15 mg/kg) signiﬁcantly alleviated the leakage
(Figure 5(a)). Furthermore, Evans blue ﬂuorescence in the
ipsilateral cortex showed more dye leakage around the arteriole in the SAH mice than in the sham-treated mice, which
was reduced by XMU-MP-1 treatment (Figure 5(b)). At
72 h after SAH, the continuous endothelial cells indicated
by vWF-positive cells and the tight junctions indicated by
ZO-1 structures were damaged. However, XMU-MP-1 treatment eﬀectively reduced these disruptions (Figure 5(c)).
3.3. MST1 In Vivo Knockdown Improved Neurobehavioral
Outcomes, Alleviated Neuroinﬂammation, and Reduced
Evans Blue Extravasation at 72 h after SAH. The result of
the SAH grading score showed that there was no signiﬁcant
diﬀerence among these experimental SAH (Figure 3(c)). 3
mice (2 in the SAH group and 1 in the shRNA group) with
a score < 8 as well as no obvious neurological deﬁcits were
excluded from further analysis. And 4 mice (2 in the SAH
group, 1 in the scramble RNA group, and 1 in the shRNA
group) that underwent SAH died due to severe hemorrhagic
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Figure 3: SAH grading scores of SAH mouse models in each group. The SAH grading scores of the SAH mouse models in experiment
II at (a) 24 h and (b) 72 h after SAH, as well as in experiment III at 72 h after SAH.

volume within 24 h of SAH. There is no signiﬁcant diﬀerence
in the mortality of each group (p > 0 05).
To knock down MST1 protein expression, we used AAV
to infect the whole brain (Figure 6(a)) and Western blotting
to measure the infection and knockdown eﬃciency
(Figures 6(b) and 6(c)). At 72 h after SAH, both the vehicle- and scrambled shRNA-pretreated SAH mice showed
remarkable neurological deﬁcits compared to the sham
group; however, there was no signiﬁcant diﬀerence
between the two groups (p > 0 05). In the MST1 shRNApretreated group, the modiﬁed Garcia score was signiﬁcantly improved (Figure 7(a)). In addition, compared with
the sham group, there are much more TUNEL-positive
cells in the cortex at 72 h after SAH (Figure 7(b)). In MST1
shRNA pretreatment group, the number of TUNELpositive cells in the cortex was less than half of the vehicle
group’s (Figure 7(b)). Meanwhile, the MST1 shRNApretreated mice showed less Evans blue dye extravasation
than both the vehicle- and scrambled shRNA-pretreated
groups (Figure 7(c)). Based on the proteome proﬁler mouse
cytokine array, the SAH groups exhibited 13 upregulated target proteins compared to the sham group. Among these

upregulated proteins, cytokines (TNF-α) and chemokines
(I-309, ICAM-1, MCP-1, M-CSF, CCL3, CXCL12, CXCL2,
CXCL9, and CXCL10) were signiﬁcantly downregulated by
MST1 suppression compared with the expression in the negative control animals (Figure 7(d)).
3.4. Eﬀects of MST1 Knockdown on p65 NF-κB, MMP-9,
and Tight Junction Protein Expression at 72 h after SAH.
To evaluate the p65 NF-κB activity, the cytoplasmic
expressions and nuclear expressions of p65 NF-κB were
detected in each group. In the vehicle- and scrambled
shRNA-pretreated SAH mice, the cytoplasmic expressions
of p65 NF-κB were signiﬁcantly decreased and the nuclear
expressions of p65 NF-κB were signiﬁcantly increased
compared to the sham mice (Figures 8(a) and 8(b)). In
addition, the MMP-2 and MMP-9 protein expressions
were elevated in the two groups. However, compared to
the SAH + vehicle group, MST1 shRNA pretreatment preserved the expression of p65 NF-κB in the cytoplasm and
decreased the nuclear expression of p65 NF-κB (p < 0 05).
Furthermore, MST1 shRNA downregulated the expression
of MMP-9 but not MMP-2 (Figures 8(c) and 8(d)). The
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Figure 4: Eﬀects of XMU-MP-1 treatment on early brain injury after SAH. Modiﬁed Garcia scores at (a) 24 h and (b) 72 h in each
group after SAH. Beam balance scores at (c) 24 h and (d) 72 h in each group after SAH. Brain edema at (e) 24 h and (f) 72 h in each group
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vehicle- and scrambled RNA-treated SAH mice also
expressed signiﬁcantly less ZO-1, occludin, and claudin-5
than did the sham mice. However, MST1 shRNA pretreatment upregulated the expressions of ZO-1, occludin, and
claudin-5 (Figures 8(e)–8(g)).
3.5. MST1 Knockdown Reduces White Matter Fiber Damage
at 72 h after SAH. To evaluate the white matter damage after
SAH, immunoﬂuorescent staining was used to detect the
protein marker of white matter injury. Both the vehicleand scrambled shRNA-pretreated SAH mice expressed signiﬁcantly less myelin basic protein (MBP) than did the sham
mice, and MST1 shRNA preserved the expression of MBP
(Figure 9(a)) at 72 h after SAH. In addition, the amyloid precursor protein (APP) expression, a classic marker of axonal
injury indicative of cytoskeletal damage, was signiﬁcantly
increased after SAH; however, MST1 shRNA pretreatment
alleviated the APP expression (Figure 9(b)).

4. Discussion
In our study, we explored the time course of the MST1
phosphorylation level and cellular localization, as well as
the function and mechanism of MST1 in the early brain

injury during SAH. We determined that the phosphorylated
MST1 expression was increased at 12 h after SAH compared
to the sham group, with a peak at 72 h. It was colocalized with
the microglia marker Iba1 in the cortex. A high dose of
XMU-MP-1 (15 mg/kg), identiﬁed as an inhibitor of MST1/
2, alleviated the neurological deﬁcits, brain edema, and BBB
disruption caused by SAH. In addition, to rule out nonspeciﬁc eﬀects of the MST1 inhibitor, we also used shRNA
(packaged by AAV) to in vivo knock down MST1; the downregulation of MST1 increased the neurological score and
reduced the neuroinﬂammation, BBB disruption, and white
matter injury. MST1 knockdown suppressed the NF-κBMMP-9 pathway, thus preserving the reduced tight junction
proteins. In summary, these results supported our hypothesis
that MST1 suppression could alleviate early brain injury in
SAH mice by inhibiting the NF-κB/MMP-9 pathway.
After subarachnoid hemorrhage, BBB disruption contributes to brain edema, followed by brain swelling, increased
intracranial pressure, neuronal death, and neurologic deﬁcits
[3]. Previous studies have demonstrated that the inﬂammatory response may increase BBB permeability after SAH
[16, 18, 19]. However, the involvement of MST1 and its associated pathological process is unknown. MST1, the mammalian Hippo ortholog, is the central component of the Hippo
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pathway [4]. Previous studies have suggested that MST1 activation contributes to neuronal apoptosis and inﬂammation.
Genetic deletion of MST1 may reduce the inﬂammation
and microglial activation after spinal cord injury and ischemic stroke [13, 14]. Consistent with these reports, we
determined that pharmacological inhibition of MST1 or its
knockdown alleviated the neurological deﬁcits, brain edema,
and BBB disruption induced by SAH. Furthermore, the
expression of several proinﬂammatory cytokines was
suppressed by MST1 inhibition, which is associated with
NF-κB inhibition. The activation of MMPs, particularly
MMP-9, may contribute to the disruption of the BBB via
degradation of tight junction proteins after SAH [16].
Our current results suggested that MST1 suppression
repressed the MMP-9 expression, alleviated the degradation
of tight junction proteins, and reduced the leakage of Evans

blue dye. Moreover, we determined that the cytoplasmnuclear translocation of p65 NF-κB was substantially
decreased by MST1 suppression.
MST1 has been associated with the immunological
response in various systems. Our results demonstrated that
increased MST1 contributes to the higher expressions
of cytokines (TNF-α) and chemokines (I-309, ICAM-1,
M-CSF, MCP-1, CCL3, CXCL12, CXCL2, CXCL9, and
CXCL10), which play vital roles in neuroinﬂammation and
early brain injury after SAH. Salojin et al. knocked out
MST1 to alleviate experimental autoimmune encephalomyelitis and improve collagen-induced arthritis [20]. In addition, MST1-mediated dendritic cell- (DC-) dependent Th17
diﬀerentiation has been shown to regulate experimental
autoimmune encephalomyelitis and antifungal immunity
[21]. Kurz et al. reported that MST1-deﬁcient (Mst1−/−)
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Figure 7: Eﬀects of MST1 shRNA on neurobehavioral score, neural cell injury, Evans blue extravasation, and neuroinﬂammation.
(a) Statistical analysis of the modiﬁed Garcia scores at 72 h after SAH. (b) Representative ﬁgures and statistical analysis of the cell counting of
the TUNEL-positive cells at 72 h after SAH. (c) Statistical analysis of the Evans blue extravasation of each group at 72 h after SAH.
(d) Representative bands and quantitative analyses of the proteome proﬁler mouse cytokine array in the indicated groups. Relative
densities were normalized against the density in the sham group. n = 3; ∗ p < 0 05 versus the sham group; # p < 0 05 versus SAH + scramble
RNA. Scale bar = 50 μm.

neutrophils were unable to migrate into inﬂamed tissues [22].
However, to date, the mechanisms by which MST1 and its
downstream pathways aﬀect neuroinﬂammation in acute
central neural system injuries remain unknown and require
further investigation.
After SAH, acute white matter injury is an important
pathological process during early brain injury [23, 24].
Several recent studies have indicated that the activation of
MMP-9 contributed to SAH-induced white matter injury.
Genetic deletion of MMP-9 may alleviate the white matter
damage observed after SAH [25]. Our studies also indicated
a role of MST1 in activating MMP-9; therefore, we evaluated

the eﬀect of MST1 suppression on white matter after SAH.
Consistent with previous studies, pretreatment with MST1
shRNA partially rescued the reduction in MBP (marker of
myelin degradation) expression caused by SAH, whereas
the elevated expression of β-APP (maker of axonal damage)
induced by SAH was moderately inhibited by MST1 shRNA
pretreatment. These results suggested that MST1 suppression
protects nerve ﬁbers and reduces brain edema after SAH.
The present study has several limitations. First, we investigated the short-term neuroprotective eﬀects of MST1 suppression within 3 days after SAH. The long-term eﬀects of
MST1 suppression should also be examined in the future to
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(g)

Figure 8: Western blot analysis of the eﬀects of MST1 shRNA. Representative images and analysis of p65 NF-κB protein expression in
the (a) cytoplasm and (b) nucleus at 72 h after SAH. Representative images and analysis of (c) MMP-9 and (d) MMP-2 protein
expressions at 72 h after SAH. (e–g) Representative images and analysis of ZO-1, occludin, and claudin-5 at 72 h after SAH. The
band density values were normalized to the sham group. ∗ p < 0 05 versus sham; # p < 0 05 versus SAH + vehicle.
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Figure 9: Eﬀects of MST1 shRNA pretreatment on the white matter ﬁber damage induced by SAH. Representative immunoﬂuorescence
staining of MBP (a) and β-APP (b) in each group. Scale bar = 100 μm.

further understand the MST1 involvement after SAH. In
addition, XMU-MP-1 is an inhibitor of MST1/2 [26].
Although MST1 and MST2 have been shown to have the
same eﬀects in many studies [4, 27–29], they may not be
equivalent in SAH. Thus, we cannot eliminate the possibility
that MST2 suppression provided the neuroprotective eﬀects
for the early brain injury post-SAH. Finally, we explored
the relation between MST1 and NF-κB-MMP-9; however,

how MST1 inﬂuences NF-κB remains unknown. Thus, future
studies should explore downstream of MST1.

5. Conclusions
In summary, our ﬁndings suggested that the serine/threonine
kinase MST1 plays a pivotal role in the pathophysiological
process of early brain injury after SAH. Inhibition of MST1
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alleviated the neurological deﬁcits, preserved the BBB
integrity, reduced brain edema, and prevented white matter
damage by inhibiting the downstream NF-κB/MMP-9 signal
after SAH. Therefore, MST1 suppression treatment may
represent a promising therapeutic strategy for the future
management of SAH patients.
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We investigated whether Xiao-Xu-Ming decoction reduced mitophagy activation and kept mitochondrial function in cerebral
ischemia-reperfusion injury. Rats were randomly divided into 5 groups: sham, ischemia and reperfusion (IR), IR plus XXMD
(60 g/kg/day) (XXMD60), IR plus cyclosporin A (10 mg/kg/day) (CsA), and IR plus vehicle (Vehicle). Focal cerebral ischemia
and reperfusion models were induced by middle cerebral artery occlusion (MCAO). Cerebral infarct areas were measured by
triphenyl tetrazolium chloride staining. Cerebral ischemic injury was evaluated by hematoxylin and eosin staining (HE) and
Nissl staining. Ultrastructural features of mitochondria and mitophagy in the penumbra of the ischemic cortex were observed by
transmission electron microscopy. Mitophagy was detected by immunoﬂuorescence labeled with LC3B and VDAC1. Autophagy
lysosome formation was observed by immunoﬂuorescence labeled with LC3B and Lamp1. The expression of LC3B, Beclin1, and
Lamp1 was analyzed by Western blot. The rats subjected to MCAO showed worsened neurological score and cell ischemic
damage. These were all signiﬁcantly reversed by XXMD or CsA. Moreover, XXMD/CsA notably downregulated mitophagy and
reduced the increase in LC3, Beclin1, and Lamp1 expression induced by cerebral ischemia and reperfusion. The ﬁndings
demonstrated that XXMD exerted neuroprotective eﬀect via downregulating LC3, Beclin1, Lamp1, and mitochondrial p62
expression level, thus leading to the inhibition of mitophagy.

1. Introduction
Mitochondria play crucial roles in energy production, programmed cell death, calcium homeostasis, reactive oxidative
phosphorylation, and cell cycle regulation [1]. Autophagy is a
vital conserved process for the bulk degradation and recycling of unnecessary proteins and organelle by the lysosomal
degradation pathway. Starvation [2], hypoxia [3], and endoplasmic reticulum stress [4] notably activated autophagy.
The roles of autophagy in the cerebral ischemia injury have
been widely studied. Recent reports have found that autophagy [5–7] is widely evoked following cerebral ischemiareperfusion injury. The ﬁndings have clariﬁed that autophagy
can be destructive [8] or protective [9]. Mitophagy, as one

type of selective autophagy, is extremely important for maintaining mitochondrial homeostasis by removing damaged
mitochondria [10]. Mitophagy which regulates the mitochondrial number in response to metabolic demand is a form
of quality control to eliminate damaged mitochondria [11]. A
large body of evidence has indicated the speciﬁc events containing endoplasmic reticulum (ER) stress, oxidative stress,
and excitotoxicity involved in the cerebral ischemic brain
initiate mitophagy [12]. Mitophagy is mainly evident in neurons [5] and astrocytes [13] subjected to cerebral ischemia.
The role of mitophagy in cerebral ischemia is still controversial. Enhanced mitophagy attenuates mitochondrial dysfunction after cerebral ischemia [14, 15]. Other studies have
suggested that deleterious autophagic processes lead to cell
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death and attenuated mitophagy may protect neurons from
cerebral injury [16, 17]. It is generally accepted that failure
to adequately remove damaged mitochondria or excessive
degradation will lead to cell death [10].
Xiao-Xu-Ming decoction has been widely used to treat
stoke and has notable eﬀects [18]. Our previous studies have
revealed that XXMD alleviates BBB disruption and protects
neurovascular unit and mitochondria from cerebral injury
induced by cerebral ischemia and reperfusion [19–21]. However, whether XXMD could regulate mitophagy following
cerebral ischemia and reperfusion has not been studied yet.
Therefore, the present study was aimed at exploring the eﬀect
of XXMD treatment on mitophagy and mitochondrial
function after cerebral ischemia and reperfusion.

2. Methods and Materials
2.1. Animals. All experiments were performed on adult male
Sprague-Dawley rats (Experimental Animal Center and
Central Lab, Henan Province Hospital of Chinese Medicine,
China) weighing 250~280 g. 92 rats were housed in temperature- and humidity-controlled (55 ± 5%) rooms with a 12 h
light-dark cycle on a 12 : 12 h light. All animals were allowed
to move and feed freely. The experimental protocols and animal handling procedures were approved by the Animal Care
and Use Committee (ACUC) of the First Aﬃliated Hospital
of Henan University of Chinese Medicine.
2.2. Preparation of XXMD. The crude drugs were purchased
from Traditional Chinese Medicine Pharmacy of the First
Aﬃliated Hospital of Henan University of Chinese Medicine.
XXMD was prepared as previously reported [19–21]. The
ﬁrst decoction lasted for 1 h in a drug (1) : distilled water
(10) ratio (w : v), and then the suspension was collected.
The above process was repeated three times. The collected
herbs were soaked with 75% ethanol for 24 h, and the liquid
was gained. The above mixed suspension from three decoctions was centrifuged at 2000 ×g for 20 min, and the supernatant was obtained. Ethanol was slowly added to the
suspension and kept stirred until the concentration reached
75% ethanol (v/v). Mixed suspension and the liquid obtained
from the gruﬀs were centrifuged at 2000 ×g for 20 min and
then concentrated at the ﬁnal concentration of 2 g/ml (w/v).
Eventually, the liquid was stored for the study.
2.3. Groups and Drug Administration. We previously examined the eﬀects of diﬀerent dosages of XXMD on cerebral
ischemic injury and found that 60 g/kg/day gave maximal
protective eﬀects in the treatment of cerebral ischemic injury
[19]. Previous studies have demonstrated that the immunosuppressor cyclosporin A (CsA, Solarbio Life Science,
Beijing, China) reduces brain damage induced by cerebral
ischemia in rats [22, 23]. It is well known that CsA could
inhibit mitochondrial permeability transition, mitochondrial
swelling [24, 25], and mitophagy [26, 27]. It has been
reported that CsA suppresses cytochrome C eﬄux to the
cytoplasm [28]. In the current study, we designed CsA as a
control treatment in this study. In addition, evidence has
determined that the dose of 10 mg/kg CsA is the optimal dose
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for neuroprotective eﬀects in ischemic brain injury [28, 29].
In the study, rats were randomly divided into ﬁve groups:
sham control (Sham) group, ischemia and reperfusion (IR)
group, ischemia and reperfusion plus XXMD (60 g/kg/day,
XXMD60) group, ischemia and reperfusion plus cyclosporin
A (10 mg/kg, CsA) group, and ischemia and reperfusion plus
dimethyl sulfoxide and ethanol (Vehicle) group.
The drug administrations were performed twice a day at
8:00 and 18:00 for 3 days before the induction of ischemia
and lasted until the conclusion of the experiment. The rats
in the XXMD60 group were orally administered XXMD.
Others in the Sham and IR groups were given the same
volume of distilled water. The rats in the CsA group were
intraperitoneally injected with CsA, which was dissolved in
polyethoxylated castor oil and 95% ethanol and further
diluted with saline at a dosage of 10 mg/kg. The same solution lacking CsA was used for vehicle treatment.
2.4. Focal Cerebral Ischemia and Reperfusion Model. Focal
cerebral ischemia and reperfusion was performed as
described previously [19–21]. Brieﬂy, the rats were anesthetized with 10% chloral hydrate (350 mg/kg, i.p.), and the left
common carotid artery (CCA) was exposed. A uniﬁed nylon
monoﬁlament (Beijing Sunbio Biotech, Beijing, China), with
a diameter of 0.26 mm and a length of 40 mm with its tip
rounded, was inserted about 20 mm from the CCA bifurcation to block the origin of the middle cerebral artery
(MCA). Reperfusion was initiated by withdrawal of the
suture until the tip cleared the lumen of the ECA after
90 min of occlusion. In the current study, the rats in the IR,
XXMD60, CsA, and Vehicle groups subjected to cerebral
ischemia followed by reperfusion. Animals in the Sham
group only underwent the same surgical procedure, but the
suture was not inserted. Examination of neurological deﬁcits
was performed at 24 h after reperfusion. The neurological
deﬁcits were scored on a four-point scale described by Hara
et al. [30], and the rats that underwent MCAO without any
detectable neurological deﬁcits were excluded from the
further investigations.
2.5. Neurological Deﬁcit Score. Examination of neurological
deﬁcits was performed at 24 h after reperfusion. The neurological deﬁcits were scored on a four-point scale
described by Hara et al. [30] with a minor modiﬁcation:
0—no neurological deﬁcit, 1—mild focal neurological deficit (animal showed forelimb ﬂexion), 2—moderate focal
neurological deﬁcit (decreased resistance to lateral push
and forelimb ﬂexion without circling), and 3—severe focal
deﬁcit (decreased resistance to lateral push and forelimb
ﬂexion with circling). In the present study, the rats subjected
to MCAO without any detectable neurological deﬁcits were
excluded from the following investigations and analyses to
exclude operative failures.
2.6. Cerebral Infarct Area. The rats were sacriﬁced under
deep anesthesia and perfused transcardially with normal
saline. The brains were sectioned into coronal slices from
rostral to caudal and stained with 1% 2,3,5-triphenyl tetrazolium chloride staining for 15 min at 37°C away from light.
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Then, the brain tissues were diﬀerentiated according to the
white-colored infarct area and the red-purple noninfarct
area. Cerebral infarct areas were calculated according to the
previous study [20].
2.7. General Histology. The rats were anesthetized with 10%
chloral hydrate (350 mg/kg, i.p.) and perfused transcardially
with normal saline followed by 4% paraformaldehyde
(0.1 M phosphate-buﬀered saline, pH 7.4) at 24 h after reperfusion. Then, the brain tissues were postﬁxed in the above
ﬁxative for 24 h and processed routinely for paraﬃn embedding. A series of 5 μm thick sections were cut on a rotary
microtome for hematoxylin and eosin (HE) staining and
Nissl staining as previously described [20, 21]. And the
number of intact cells in the penumbra of the ischemic
cortex by Nissl staining was counted throughout ﬁve lesion
regions randomly.
2.8. Electron Microscopy. Transmission electron microscopy
was used to investigate the morphology of mitochondria
and mitophagy after ischemia and reperfusion. At 24 h after
reperfusion, the rats were perfused transcardially with cold
0.9% saline, followed by 4% paraformaldehyde and 1%
glutaraldehyde. 1.0 mm3 of coronal sections located in periinfarct areas of the ipsilateral cortex was postﬁxed in 2%
osmium for 90 min, dehydrated, and embedded in Epon
812 Resin (TAAB, Berks, UK). Ultrathin (60 nm) sections
were cut with a diamond knife, stained with uranyl acetate
and lead citrate, and observed with an electron microscope
(JEM-1400, Tokyo, Japan).
2.9. ATP Content Measurement. Puriﬁed mitochondria were
extracted with a tissue mitochondrial isolation kit according
to the manufacturer’s instructions (Jiancheng Bioengineering
Inc., Nanjing, China). Brieﬂy, fresh brain cortical tissue was
homogenized in 1 : 10 (w/v) ice-cold homogenization buﬀer
plus 1 mM PMSF and centrifuged at 600g for 5 min at 4°C.
The supernatants were centrifuged at 11,000g for 10 min at
4°C. The isolated mitochondrial fraction was collected for
malonaldehydes (MDA, markers of oxidative damage),
ATP assay, and Western blot. The ATP level was assessed
with an ATP assay kit (Jiancheng Bioengineering Inc.,
Nanjing, China) according to the manufacturer’s instructions
and a previous study [14]. Mitochondrial fraction was centrifuged at 10,000g for 10 min, and then the supernatant was
collected for the following assay. ATP reagents were added
into a microwell for 5 min at 37°C, and samples were added
and mixed for 10 s and measured by a Synergy HT multimode microplate reader. Results were expressed as nmol
per mg protein calculated against a standard curve.
2.10. MDA Level Measurement. The MDA levels were examined with a MDA assay kit (Jiancheng Bioengineering Inc.,
Nanjing, China) according to the manufacturer’s protocol
and a previous study [14]. Brieﬂy, the MDA reagent was
incubated with the supernatant of mitochondrial lysis for
40 min at 95°C and then was detected with a Synergy HT
multimode microplate reader at 532 nm absorbance. Results
were expressed as nmol per mg protein.
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2.11. Immunoﬂuorescence Staining. The brain sections were
dewaxed followed by the antigen repair method and then
washed three times with PBS. The sections were blocked with
5% normal goat serum for 1 h at room temperature and incubated with a primary antibody at 4°C overnight. After washing with PBS, sections were incubated with an appropriate
secondary antibody for 1 h at room temperature. Sections
were stained with DAPI (Beyotime, Haimen, Jiangsu, China)
for 15 min and observed with a ﬂuorescence microscope
(Olympus/BX51) after three 5 min washes with PBS. For
double immunoﬂuorescence, sections were incubated consecutively with pairs of primary and secondary antibodies.
Sections were examined under a ﬂuorescence microscope
(Olympus/BX51, Tokyo, Japan). Double-stained cells of different groups were counted throughout ﬁve lesion regions
randomly in the penumbra of the ischemic cortex.
2.12. Immunohistochemistry Staining. For immunohistochemistry, the brain slices were deparaﬃnized by xylene,
the gradient alcohol was rehydrated, and the antigen was
repaired. The slices were incubated with 0.3% H2O2 in PBS.
After blocking with 5% normal goat serum, the sections were
incubated with a mouse monoclonal Beclin1 antibody at
appropriate concentration at 4°C overnight. After washing
in PBS, the sections were incubated with the secondary
antibody conjugated with horseradish peroxidase (Hua’an
Biotechnology, Hangzhou, China) for 1 h at 37°C and then
visualized using a general SP immunohistochemical kit
(Solarbio Life Science, Beijing, China). The sections were
photographed and observed with a light microscope (Olympus/BX51, Tokyo, Japan).
2.13. Western Blot. Equal qualities of protein solutions were
separated by electrophoresis of appropriate concentrations
of polyacrylamide gels and transferred to the polyvinylidene
ﬂuoride membranes (Millipore, Bedford, MA, USA). After
blocking with 5% skim milk in Tris-buﬀered saline containing 0.1% Tween-20 (TBST) for 2 h at room temperature,
the membranes were probed with primary antibodies at 4°C
overnight. After washing with TBST three times for 10 min
each, the membranes were incubated with the secondary
antibody conjugated with horseradish peroxidase. Eventually, the targeted antigens were detected by standard
chemical luminescence methods (Millipore, Bedford, MA,
USA) on the Bio-Rad ChemiDoc™ MP imaging system.
Band intensities were measured with Quantity One software
(Bio-Rad Laboratories, Hercules, CA, USA).
2.14. Statistical Analysis. Data are presented as the means ±
standard error of the mean (SEM). Statistical signiﬁcance
was determined by one-way ANOVA followed by Tukey’s
multiple comparison test or unpaired Student’s t-tests using
SPSS 11.5 for Windows (Chicago, IL, USA). All were considered statistically signiﬁcant for p < 0 05.

3. Results
3.1. XXMD Reduced Cerebral Infarct Areas and Ameliorated
Neurological Deﬁcits. Cerebral infarct areas and neurological
deﬁcits induced by cerebral ischemia and reperfusion were
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Figure 1: Cerebral infarct areas and neurological deﬁcit score at 24 h after reperfusion. (a) Representative images of TTC-stained brain slices.
The infarct area appeared white, whereas noninfarct areas were stained red-purple. (b) Quantitative analysis of cerebral infarct areas. (c) Eﬀect
of XXMD on the neurological deﬁcit score. XXMD/CsA treatment signiﬁcantly improved the neurological deﬁcit score. Data are reported as
the means ± SEM. n = 4 for TTC staining and n = 8 for the neurological deﬁcit score. ∗ p < 0 05 versus the IR group.

evaluated by TTC staining and Hara’s scores, respectively.
The rats in the Sham group showed no neurological deﬁcits
and cerebral infarct areas. XXMD (60 g/kg/day) and CsA
(10 mg/kg/day) treatment signiﬁcantly reduced infarct areas
in the territory of the middle cerebral artery compared to
the IR group (p < 0 05). The rats subjected to ischemia and
reperfusion showed severe neurological deﬁcits; however,
XXMD or CsA treatment signiﬁcantly reduced neurological
deﬁcit scores compared with the IR group (p < 0 05)
(Figure 1).
3.2. XXMD Alleviated Cell Injury. Cell injury was estimated
by HE staining and Nissl staining. The images of HE staining
showed that the cells with the abundant cytoplasm and clear
nuclei were arranged orderly in the Sham group. After 90 min
of ischemia and 24 h of reperfusion, most neurons in the
ischemic penumbra of the cerebral cortex appeared shrunken
and deep stained in the IR group. In contrast to the IR group,
residual neuron structures were improved with visible membranes and nuclei and more intact neurons in the XXMD60
and CsA groups. The characteristics of ischemic injury in
the Vehicle group were similar to those in the IR group. Nissl
staining found that most cells were shrunk with an enlarged
intercellular space and had deep color staining in the IR
and Vehicle group. However, these characteristic changes
were improved by XXMD and CsA treatment. Furthermore,

there were more intact cells in the penumbra of the ischemic
cortex in the XXMD-treated or CsA-treated rats compared to
the IR group (p < 0 05) (Figure 2).
3.3. XXMD Reduced the Formation of Mitophagy in the
Ischemic Cortex Penumbra. The characteristics of neuronal
mitophagy in the ischemic penumbra were observed by electron microscopy. Healthy mitochondria and nuclei were
observed in the Sham group (Figure 3(a)). After 24 h of
reperfusion, neurons displayed mitochondrial swelling, loss
of matrix density, and the formation of vacuoles. Some partially degraded mitochondria and numerous autophagic vacuoles were detected in the IR group and Vehicle group
(Figures 3(b) and 3(e)). A higher magniﬁcation showed
double-membraned autophagosomes containing damaged
mitochondria (Figures 3(g), 3(i), and 3(j)). In contrast, mitochondria with some slight swelling and nearly normal matrix
density were detected in the XXMD-treated group and CsA
group (Figures 3(c) and 3(d)). Autophagosomes were frequently observed and were more abundant than in the IR
and Vehicle groups. Typical autolysosomes were observed
in neurons in the CsA group (Figure 3(h)).
3.4. XXMD Improved Mitochondrial Function. Levels of ATP
and MDA were determined to assess mitochondrial function
after 24 h of reperfusion. MDA levels in the IR and Vehicle

Behavioural Neurology

5

(a)

Intact cells in the penumbra of
ischemic cortex (cell number/mm2)

(b)

300

⁎

200

⁎

100

0
Sham

IR

XXMD60

CsA

Vehicle

(c)

Figure 2: Histological changes of the penumbra of the ischemic cortex by groups. (a) HE images of cortical sections in diﬀerent groups.
(b) Representative images of Nissl staining in diﬀerent groups. (c) Analysis of intact cells in the penumbra of the ischemic cortex. The number
of intact cells in the XXMD60 group and CsA group was signiﬁcantly higher than that in the IR group. Data are reported as the means ± SEM.
n = 5; ∗ p < 0 05 versus the IR group. Scale bar = 50 μm.

groups were signiﬁcantly increased compared with those in
the sham rats (p < 0 05), while treatment with 60 g/kg/day
XXMD or 10 mg/kg/day CsA dramatically suppressed the
production of MDA in the rats subjected to cerebral ischemia
compared with that in the IR group (p < 0 05). In addition,
we found the signiﬁcant decrease in the ATP level after cerebral ischemia and reperfusion (p < 0 05), and XXMD or CsA
treatment notably prevented the decrease in ATP levels
compared with the IR group (p < 0 05) (Figure 4).

LC3B staining was mainly observed in the ischemic penumbra and appeared granular in the cytoplasm. LC3B (red) that
colocalized with VDAC1 (green) in the cytoplasm showed
that increased mitophagy (yellow) occurred in cortical neurons, suggesting that ischemia and reperfusion signiﬁcantly
promoted mitophagy (p < 0 05). Immunointensity of mitophagy was reduced in samples from the XXMD-treated or
CsA-treated groups, and the inhibitory eﬀect of CsA treatment on mitophagy was more obvious (p < 0 05) (Figure 5).

3.5. XXMD Downregulated Mitophagy in the Penumbra of
the Ischemic Cortex. Immunoﬂuorescent staining of
microtubule-associated protein 1 light chain 3B (LC3B,
autophagic marker) and voltage-dependent anion-selective
channel 1 (VDAC1, mitochondrial marker) was used to
determine mitophagy. The nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI). The immunoreactive products
for LC3B were distributed in the cytoplasm. In shamoperated animals, cortical cells displayed diﬀuse and weak
staining for LC3B in the cytoplasm. The morphology of
positive cells with the shrunken cytoplasm was changed
following cerebral ischemia and reperfusion in the IR and
Vehicle groups. After being irritated by this stimulus, intense

3.6. XXMD Reduced Autolysosome Formation in the
Penumbra of the Ischemic Cortex. Autophagosomes fused
with lysosomes and formed autolysosomes to degrade
proteins and organelles and then complete the course of
autophagy. Immunoﬂuorescent staining of LC3B (autophagic marker) and lysosomal-associated membrane protein 1
(Lamp1, lysosome marker) was used to determine autolysosome formation in diﬀerent groups. The positive cells labeled
with Lamp1 were notably increased in the rats subjected to MCAO compared with the rats in the Sham group
(p < 0 05). LC3B (red) that colocalized with Lamp1 (green) in
the cytoplasm showed autophagy lysosomes, and the images
suggested that ischemia and reperfusion activated the
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Figure 3: Representative electron microphotographs of neuronal mitophagy in the ischemic penumbra of the cerebral cortex at 24 h after the
reperfusion. (a) The Sham group with normal mitochondrial ultrastructures. (f) Enlargement of the boxed area in (a). (b) Typical mitophagy
structure and swollen mitochondria were revealed in the IR group. (c) Autophagy structure (white arrow) and autophagic vacuoles (small
black arrow) were also shown in the XXMD60 group. (d) Autolysosomes were observed in neurons in the CsA group. High
magniﬁcations revealed autolysosome (h). (e) The characteristics of autophagy structure (white arrow), autophagic vacuoles (small black
arrow), and swollen mitochondria (big black arrow) were observed in the Vehicle group. High magniﬁcations revealed typical mitophagy
structure (i and j). N: nuclear, n = 3, scale bar = 1 μm (a–e), scale bar = 0.5 μm (f–j).
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Figure 4: XXMD improved mitochondrial function at 24 h after reperfusion. (a) ATP content of diﬀerent groups. (b) MDA levels of diﬀerent
groups. Data are reported as the means ± SEM. n = 5, ∗ p < 0 05 versus the IR group.

signiﬁcant increases in autophagy lysosome formation
(p < 0 05). However, the increase was sharply suppressed
in samples from the XXMD-treated or CsA-treated groups
(p < 0 05). Additionally, the greatest lower eﬀect on autophagy lysosome formation was exerted by CsA (p < 0 05)
(Figure 6).

3.7. XXMD Regulated Mitophagy-Related Protein Expression
and p62 Translocation to the Mitochondria. To investigate
the eﬀects of XXMD on mitophagy and the activity of the
lysosomal pathway, we detected expression of mitophagyrelated proteins including LC3B, Beclin1, and Lamp1 in the
ischemic cortex 24 h after reperfusion by Western blot and
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Figure 5: Double immunoﬂuorescence staining for VDAC1 and LC3B in the penumbra of the ischemic cortex at 24 h after reperfusion.
VDAC1 and LC3B double-stained cells (yellow) indicated mitophagy. (a) Representative microphotographs of rats in the Sham group.
(b) Representative microphotographs of rats in the IR group. (c) Representative microphotographs of rats in the XXMD60 group.
(d) Representative microphotographs of rats in the CsA group. (e) Representative microphotographs of rats in the Vehicle group. The
images indicated that LC3B-positive cells were signiﬁcantly detected in the peri-infarct area. Overlapping images showed that LC3B partly
colocalized with VDAC1. (f) Quantiﬁcation of VDAC1 and LC3B double-stained cells. n = 4, scale bar = 50 μm. ∗ p < 0 05 versus the IR group.
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Figure 6: Double immunoﬂuorescence staining for LC3B and Lamp1 of diﬀerent groups in the penumbra of the ischemic cortex at 24 h after
reperfusion. LC3B (red) immunostaining that colocalized in Lamp1-positive cells (green) indicating autophagic lysosomes. (a) Representative
microphotographs of rats in the Sham group. (b) Representative microphotographs of rats in the IR group. (c) Representative
microphotographs of rats in the XXMD60 group. (d) Representative microphotographs of rats in the CsA group. (e) Representative
microphotographs of rats in the Vehicle group. (f) Quantiﬁcation of Lamp1 and LC3B double-stained cells. n = 4, scale bar = 50 μm.
∗
p < 0 05 versus the IR group.
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Figure 7: Beclin1 immunohistochemistry and expression levels of LC3, Beclin1, Lamp1, and mitochondrial p62 at 24 h after reperfusion
following 90 min of cerebral ischemia. (a) Representative microphotographs of immunohistochemistry for Beclin1. (b) Western blots of
LC3, Beclin1, and Lamp1. Beta-actin bands were the internal control. (c) Quantitative evaluation of LC3B. (d) Quantitative evaluation of
Beclin1. (e) Quantitative evaluation of Lamp1. (f) Western blot of p62 in the mitochondrial fraction. VDAC1 bands were the internal
control. (g) Quantitative evaluation of mitochondrial p62. Data are reported as the means ± SEM. n = 4, ∗ p < 0 05 versus the IR group.
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immunohistochemistry. The results of Western blots were
consistent with immunohistochemistry staining for Beclin1
and immunoﬂuorescence staining for LC3B and Lamp1.
The ﬁndings showed that cerebral ischemia and reperfusion
resulted in a signiﬁcant increase in LC3B, Beclin1, and Lamp1
expression compared with the Sham group (p < 0 05). Treatment with XXMD or CsA markedly downregulated LC3B,
Beclin1, and Lamp1 expression after 90 min of ischemia and
24 h of reperfusion compared with the IR group (p < 0 05).
p62 can bind to ubiquitinated mitochondria to direct
phagophores through a LC3-binding domain [14, 31, 32].
We further examined p62 expression levels in mitochondrial
fractions by Western blot. As shown in Figures 7(f) and 7(g),
a signiﬁcant increase in p62 expression was detected in the
mitochondrial fractions after ischemia and reperfusion in
contrast to the rats in the Sham group (p < 0 05). These
results also showed that XXMD/CsA treatment reduced
p62 translocation to mitochondria, demonstrating that
XXMD/CsA signiﬁcantly decreased mitophagy (p < 0 05)
(Figure 7).

4. Discussion
In present study, the rats treated with XXMD/CsA showed
markedly decreased brain damage at 24 h after reperfusion
following 90 min of cerebral ischemia. XXMD treatment signiﬁcantly suppressed mitophagy activation, and reduced
mitophagy may play a vital role in brain injury following
ischemia and reperfusion.
Cerebral ischemia and reperfusion injury is a complex
pathological process. Necrosis, apoptosis, and autophagic
cell death, as three diﬀerent types of cell death, are considered to involve in neural tissue damage [33]. Plenty of evidence has indicated that mitophagy, characterized by
abnormal mitochondria within autophagosomes or fused
with autophagic vesicles in the ischemic penumbra area, is
activated [14, 34]. Insuﬃcient or excessive mitophagy can
result in cellular death, caused by damaged mitochondrial
accumulation or removal of indispensable mitochondria,
respectively [17, 35]. Our previous ﬁndings have demonstrated that XXMD could protect mitochondria from ischemic injury and inhibit apoptosis through the mitochondrial
p53 pathway [21]. However, whether XXMD involves in
modulating mitophagy in brain injury was unknown. In this
study, we further explored mitophagy induced by cerebral
ischemia and reperfusion and the eﬀects of XXMD treatment on mitophagy and mitochondrial function after
cerebral ischemia and reperfusion. Electron microscopy
showed that swollen or vacuolated mitochondria with fragmented cristae and activated mitophagy appeared following
ischemia and reperfusion. Nevertheless, mitochondrial
damage was alleviated indicating relative integrity of cristae
structure, and a few structures of autophagy and mitophagy
appeared in the XXMD- or CsA-treated group. Mitochondria are those essential organelles for generation and action
of reactive oxygen species (ROS) in brain cells [36].
Damaged mitochondria following ischemia and reperfusion
could result in the increase in ROS, and meanwhile, mitochondrial ATP levels are considered an indicator of cell
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death [14]. The present results demonstrated that treatment
with 60 g/kg/day XXMD or 10 mg/kg CsA dramatically
prevented the decrease in ATP content and reduced MDA
levels, suggesting that inhibition in ROS production and
protection of mitochondrial function may also have a role
in protective eﬀects of XXMD.
LC3B, the most widely used marker for revealing the
presence of autophagosomes during autophagy activation,
is attached to the autophagosome membrane, suggesting that
the amount of LC3B closely correlates with the number of
autophagosome [36, 37]. The results showed that increased
LC3B immunoreactivity was mainly located in the cytoplasm
of cells in the penumbra of the ischemic cortex and XXMD
treatment downregulated LC3B expression. VDAC1, the
abundant mitochondrial outer membrane protein, forms a
cylindrical channel [38]. Moreover, we detected mitophagy
using double immunoﬂuorescence labeling with anti-LC3B
and VDAC1 antibodies. LC3B colocalized with VDAC1 in
the cytoplasm, suggesting that ischemia and reperfusion
promoted signiﬁcantly mitophagy. There is a signiﬁcant
decrease in LC3B/VDAC1 colabeling in the ipsilateral hemisphere in XXMD-treated and CsA-treated groups. Beclin1, a
component of the class 3 phosphoinositide 3-kinase (PI3K)
complex, is required for autophagy and LC3, and Beclin1 is
involved in the early stages of autophagosome formation
[33, 36]. The data showed that LC3B and Beclin1 expression
was increased after 24 h of reperfusion, whereas XXMD or
CsA treatment robustly prevented ischemia-reperfusioninduced upregulation of LC3B and Beclin1 expression.
Additionally, marked upregulation of the lysosomal marker
Lamp1 further supported the notion that mitophagic/
lysosomal pathway was activated in cerebral ischemia and
reperfusion. XXMD or CsA treatment downregulated Lamp1
expression. In addition, p62, a sensitive marker for mitophagy, recruits phagophores through an LC3-binding
domain to degrade the damaged mitochondria [31, 32]. We
further demonstrated that XXMD downregulated p62
translocation to mitochondria in response to ischemiareperfusion injury. Based on the above ﬁndings, we hypothesized that XXMD modulated selective mitochondrial
autophagy formation in the penumbra of the ischemic cortex
following ischemia and reperfusion in the rat brain.
The evidence presented in this study indicated that
XXMD treatment may exert protective eﬀects on cerebral
ischemia-reperfusion injury partly by the regulating mitophagy. This may shed lights on a novel mechanism of
XXMD treatment against focal cerebral ischemia and
reperfusion injury.

5. Conclusion
In conclusion, the present study demonstrated that mitophagy was increased in the penumbra of the ischemic cortex
after cerebral ischemia and reperfusion. Additionally,
XXMD/CsA downregulated LC3B, Beclin1, and Lamp1
expression and reduced p62 translocation to mitochondria,
which may be related to attenuated mitochondrial dysfunction and suppressed mitophagy after stroke.
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Inﬂammatory injury and neuronal apoptosis participate in the period of early brain injury (EBI) after subarachnoid hemorrhage
(SAH). Suppression of inﬂammation has recently been shown to reduce neuronal death and neurobehavioral dysfunction post
SAH. Biochanin A (BCA), a natural bioactive isoﬂavonoid, has been conﬁrmed to emerge the anti-inﬂammatory
pharmacological function. This original study was aimed at evaluating and identifying the neuroprotective role of BCA and the
underlying molecular mechanism in an experimental Sprague-Dawley rat SAH model. Neurobehavioral function was evaluated
via the modiﬁed water maze test and modiﬁed Garcia neurologic score system. Thus, we conﬁrmed that BCA markedly
decreased the activated level of TLRs/TIRAP/MyD88/NF-κB pathway and the production of cytokines. BCA also signiﬁcantly
ameliorated neuronal apoptosis which correlated with the improvement of neurobehavioral dysfunction post SAH. These results
indicated that BCA may provide neuroprotection against EBI through the inhibition of inﬂammatory injury and neuronal
apoptosis partially via the TLRs/TIRAP/MyD88/NF-κB signal pathway.

1. Introduction
Subarachnoid hemorrhage (SAH) is known as an acute catastrophic neurological disease with a high rate of perioperative
mortality and permanent morbidity worldwide. Currently,
at least a quarter of SAH patients pass away instantly
and more than half of SAH survivors endure the pain of
the severe long-term neurological deﬁcits [1]. Recent basic
and clinical studies have focused on the pathologic mechanism that occurs in the period from 0 h to 72 h post
SAH, often known as early brain injury (EBI), the most
crucial and etiological factor of poor clinical prognosis

among SAH cases [2]. In recent years, excessive inﬂammatory activity and neuronal apoptosis post SAH have been
found in clinical cases and animal experiments [3]. In
addition, the degree of secondary inﬂammatory injury
and severe neuronal apoptosis correlates with the progress
of SAH, and many previous studies implicated that the
uncontrolled inﬂammatory response and neuronal apoptosis may aggravate EBI post SAH [4].
Biochanin A (BCA), an organic isoﬂavone derived from
natural plant sources, has been classiﬁed as a special phytoestrogen [5–7]. BCA has exhibited various beneﬁcial bioactivities, such as antidiabetic, anticancer, antiallergic, and
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post-SAH rats and sham rats. (n = 6, each group; ∗∗ P < 0 01 versus
sham; # P < 0 05 versus SAH + vehicle; NS P > 0 05).

anti-inﬂammatory eﬀects [8]. Recent studies demonstrated
that BCA can provide aﬃrmative neuroprotection against
the cerebral ischemia/reperfusion-induced injury [9]. In addition, BCA attenuates lipopolysaccharide (a TLR-mediated
pathway agonist, LPS)-induced inﬂammatory response and
the transcription of NF-κB [10–14]. Moreover, we have previously found that TLR/NF-κB pathway-mediated inﬂammatory response and neuronal apoptosis participate in the EBI
period post SAH [15, 16]. However, the neuroprotective role
of BCA in EBI has not been studied so far. Above all, all these
extend naturally to our hypothesis that BCA administration
may provide neuroprotection via inhibiting the TLR/
TIRAP/MyD88/NF-κB-related inﬂammation and reducing
neuronal apoptosis after SAH in rats.

2. Methods
2.1. Experimental Sprague-Dawley Rats and BCA
Administration. Experimental Sprague-Dawley rats (weighted
300 ± 20 g) were obtained from the experimental management animal center of Nanjing University, Jiangsu, China.
All Sprague-Dawley rats were maintained under standard
animal laboratory circumstances for one week before the
experimental protocols. BCA powder reagent was obtained
from Sigma Chemicals, USA, and dissolved in dimethyl
sulfoxide (DMSO, as a vehicle, ﬁnal concentration: 0.5%
DMSO in 0.9% normal saline). BCA was given intracerebroventricular injection to rats at 1 h after the induction of SAH
at a dosage of 10 μg/kg, 20 μg/kg, and 40 μg/kg.
All the experimental protocols including animal drug
administration and animal surgical procedures were approved
by the Institutional Animal Care and Use Committee of
Nanjing University (Jinling Hospital) and were consistent
with the guidelines for the Care and Use of Laboratory
Animals by National Institutes of Health (China).
2.2. Rat SAH Model. We used prechiasmatic interspace injection (300 μl per rat) to build this rat SAH model according to
our previous study [17]. In addition, 300 μl normal saline
solution was given to the sham group. Rats that died during
the experimental period were abandoned, and we wound
repeated the surgery to make sure every group could get the
planned sample size number.

Behavioural Neurology

3

Sham

SAH

SAH + vehicle

SAH + BCA

SAH + BCA

SAH + vehicle

SAH

Sham

(a)

lba1
NS

1.0
0.5
0.0
SAH + BCA

SAH + BCA

SAH + vehicle

SAH

0

#

1.5

SAH + vehicle

10

⁎

2.0

NS

SAH

#

20

43 kDa

Sham

30

Sham

17 kDa

훽-Actin

⁎

40

Relative density of
Iba/훽-actin

lba1/DAPI (%)

50

⁎ versus sham
# versus SAH + vehicle
(b)

(c)

Figure 4: The eﬀects of BCA on microglial activation at 24 h post SAH. (a, b) Immunoﬂuorescence staining: Iba1 = green, DAPI = blue, scale
bars = 50 μm. (c) Western blot analysis.(n = 6, each group; ∗ P < 0 05, versus sham; # P < 0 05 versus SAH + vehicle; NS P > 0 05).

2.3. Experimental Design and Tissue Preparation Time Point.
A total 172 of rats were divided into 7 groups randomly as
follows: sham group (n = 32), sham + BCA 20 μg/kg group
(n = 20), SAH group (n = 32), SAH + vehicle group (n = 32),
SAH + BCA 10 μg/kg group (n = 12), SAH + BCA 20 μg/kg
group (n = 32), and SAH + BCA 40 μg/kg group (n = 12).
According to the results from previous studies on SAHinduced inﬂammation and neuronal apoptosis, we choose
the 24 h after SAH for sample collection [18, 19]. Respectively,
132 rats in the abovementioned groups were euthanized for

sample tissue preparation, sample obtained location, and tissue preparation method according to our previous study [16]
(Figure 1). The left rats in part of groups were prepared to do
the modiﬁed water maze test.
2.4. Brain Water Content. Left hemisphere brain tissue, right
hemisphere brain tissue, cerebellum tissue, and brain stem
tissue from rat brain tissue were dried in 100°C for three
days to get the brain dry weight data after weighing for
wet data. [16].
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The EMSA Assay kit System (Aﬀymetrix eBioscience, Santa
Clara, USA) was used to evaluate the degree of NF-κB/
DNA-combining activity [16].

2.5. Western Blot Reagent. Primary antibodies were as follows: myeloid diﬀerentiation factor 88 (MyD88, Santa Cruz,
USA, 1 : 200–1 : 400), TIR domain-containing adaptor protein
(TIRAP, Abcam, USA, 1 : 1000), TLR4 (Santa Cruz, USA,
1 : 200–1 : 400), TLR2 (Santa Cruz, USA, 1 : 200–1 : 400), Iba1
(anti-IBA, ab15690, Abcam, USA, 1 : 500, active microglial
marker), NF-κB P65 (Santa Cruz, USA, 1 : 200–1 : 400), Bax
(Santa Cruz, USA, 1 : 200–1 : 400), Bcl-2 (Santa Cruz, USA,
1 : 200–1 : 400), caspase-3 (Bioss, Beijing, China, 1 : 100–
1 : 500). Histone 3 (anti-H3, ab1791, Abcam, USA, 1 : 1000,
nuclear loading control) and β-actin (1 : 5000, Bioworld
Technology, USA) were used as a loading control in nuclear
protein and total protein. After conjunction with the HRPsecondary antibody (1 : 1000, Bioworld Technology, USA),
the target protein bands were visualized and recorded by
Tanon-5200 Chemiluminescent Imaging System [20].

2.7. TUNEL Immunoﬂuorescence Staining. Immunoﬂuorescence (IF) staining was operated to detect the TUNELpositive neurons (anti-NeuN, Alexa Fluor® 488 conjugated,
Millipore, USA, 1 : 100) and the immunoreactivity of Iba1
(anti-IBA, ab15690, Abcam, USA, 1 : 100, active microglial
marker) [21]. Apoptosis was determined by TUNEL detection kit (TMR red immunoﬂuorescence staining kit from
Sigma-Aldrich, MO, USA). Positive-cell counting and statistical analysis were restricted to our previous study
[22]. The percentage of TUNEL-positive cells was calculated as follows: number of TUNEL − positive neurons/total
number of neurons × 100%.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) and
Electrophoretic Mobility Shift Assay (EMSA). The ELISA
assay kit system for rats (Aﬀymetrix eBioscience, Santa Clara,
USA) was used to evaluate the concentration of TLR downstream productive cytokines in a total protein sample [16].

2.8. Neurologic Scoring and Spatial Learning and Cognitive
Memory Testing. We used the modiﬁed Garcia score system
to assess the rats’ neurological changes according to our
previous study [23]. Spatial learning and cognitive memory ability were assessed via a modiﬁed water maze test
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2.9. Statistical Analysis. All the experimental data in this study
was presented as mean value ± SD score. SPSS 19.0 was used
for statistical analysis and calculation. All the data was
subjected to one-way ANOVA comparison test. Values of
∗
p and # p < 0 05 were considered data statistically signiﬁcant.
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Figure 7: The eﬀects of BCA on the concentrations of inﬂammatory
cytokines at 24 hours post SAH (n = 6, each group; ∗ P < 0 05 and
∗∗
P < 0 01 versus sham; # P < 0 05 versus SAH + vehicle; NS P > 0 05).

[16]. Data from the modiﬁed water maze test were as follows: escape latencies (s, time data and average data) and
swimming distance (cm, distance data and average data) in
every test trail for the rats to get on the hidden platform in
the water maze [24].

3.1. General Mortality and Sample Collection Location. The
total rate of mortality in the sham group was 0% (0/32 rats),
that in the sham + BCA group was 0% (0/20), and that in the
SAH-processed group was 21.57% (33/153 rats). As shown in
Figure 1, we collected samples at the locations shown in
Figure 1 in each group at 24 h after the establishment of
SAH for the further bimolecular analyses performed.
3.2. BCA Improves the Rats’ Neurological Score and Reduces
Cerebral Hemisphere and Cerebellum Edema at 24 h Post
SAH. In this part, modiﬁed Garcia score and rats’ right and
left hemisphere, cerebellum, and stem water content were
recorded and evaluated. As shown in Figures 2 and 3, treatment with BCA at 20 μg/kg and 40 μg/kg both improved
the modiﬁed Garcia score and reduced cerebral hemisphere
and cerebellum edema at 24 hours post SAH. However, the
higher dose (40 μg/kg) did not bring a better therapeutic
eﬀect than the dose at 20 μg/kg did. Meanwhile, BCA at
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20 μg/kg did not produce the side eﬀect of neurological toxicity on sham rats. Therefore, 20 μg/kg was selected as the best
treatment dose for the further mechanism study and spatial
learning/cognitive memory test.
3.3. BCA Reduced the Cell Number of Active Microglia at 24
Hours Post SAH. We use the ionized calcium-binding adaptor molecule 1 (Iba-1) as the marker of activated microglia;
the percent of Iba-1-positive microglia increased after the
SAH operative process. BCA administration at 20 μg/kg
reduced the percentage of active microglia which demonstrated its potential anti-inﬂammatory eﬀects in this
SAH model study. The percentage was calculated as follows: number of Iba1 − positive microglia/total number of
DAPI × 100% (Figure 4).
3.4. BCA Suppressed the Levels of TLR2/TLR4/TIRAP/MyD88
Pathway Protein and NF-κB/DNA-Combining Activity at 24
Hours Post SAH. The pathway-related proteins were suppressed via the administration of BCA versus vehicle treatment rats at 24 hours post SAH (Figure 5, Western blot).
Lower DNA-combining activity and lower nuclear transfer

of NF-κB were found in the SAH + BCA group versus vehicle
treatment rats at 24 hours post SAH (Figure 6, EMSA).
3.5. BCA Decreases the Cytokine Release in Rats’ Brain at
24 Hours Post SAH. According to the results of ELISA,
with the administration of BCA, the concentrations of
inﬂammation-related cytokines in rats’ brain tissue were
lower than in the vehicle treatment group in this study.
This is obviously the certain consequence of inhibition of
NF-κB transcription-related cytokine release (Figure 7).
3.6. BCA Modulated the Apoptosis-Related Functional
Proteins and Reduced the Percent of Neuronal Apoptotic
Death at 24 Hours Post SAH. BCA treatment downregulated
the levels of Bax (proapoptosis) and cleaved caspase-3 (proapoptosis) and upregulated the expression of Bcl-2 (antiapoptosis) versus the vehicle treatment group (Figure 8). As a
consequence, the percentage of TUNEL (red)-positive neurons (green) in the BCA treatment group reduced to less than
40% versus more than 40% in vehicle treatment rats (Figure 9).
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Figure 9: BCA attenuates the level of TUNEL-positive neurons at 24 hours post SAH. (TUNEL = red, NeuN = green, DAPI = blue, scale bars
50 μm n = 6, each group; ∗ P < 0 05 versus sham; # P < 0 05 versus SAH + vehicle; NS P > 0 05).

3.7. BCA Improved SAH Rats’ Spatial Learning and Cognitive
Memory Dysfunction. In the Morris water maze test, each rat
was tested for 4 trials/day from day 2 to day 5 after the induction of SAH (Figures 10(a)–10(d)). Data analysis indicated
that SAH rats exhibited severe spatial learning and cognitive
memory dysfunction; many experiment objects in the SAH
group showed a blind search movement during the 4-day
test. What is surprising is that BCA treatment facilitated
SAH rats to get the hidden platform in a shorter time period
and path distance versus the vehicle group (Figures 10(a) and
10(c)). The averaged data showed the same phenomenon
of improvement (Figures 10(b) and 10(d)) via BCA treatment versus the vehicle treatment group. In summary,
BCA improved rats’ spatial learning and cognitive memory
dysfunction after SAH and exhibited no side eﬀects on
sham rats.

4. Discussion
BCA has been considered an anti-inﬂammatory, antioxidative, and antiproliferative compound in many previous studies [5, 25–27]. According to our results, we found that the
dosage at 20 μg/kg and 40 μg/kg BCA improved the neurological dysfunction and ameliorated cerebral edema post
SAH. A further increase in the dosage may exceed the ability
of the cerebrospinal ﬂuid to deliver the drug, which led to no
better therapeutic eﬀect at a higher dosage (40 μg/kg). Therefore, we selected 20 μg/kg as the best eﬀective therapeutic
concentration in CSF for treatment. A more reasonable route
of administration and time window for treatment is still worthy of further exploration. In addition, BCA at 20 μg/kg did
not have an eﬀect on sham rats in brain water content, neurological function scores, and spatial learning and cognitive
memory ability. These data suggested that BCA might serve
as one ideal therapeutic medicine for SAH treatment without
apparent side eﬀects.
The toll-like receptor (TLR) family owns the responsibility of initiating innate immunity response including
inﬂammatory response in the stress status [28]. In addition,

MyD88 and TIRAP act as binding proteins among TLRmediated immunity response activity cases [29–31]. TLRs,
MyD88, and TIRAP form a complex network structure of
the TLR-mediated inﬂammatory cascade. When SAH
occurred and blood ﬂowed into the subarachnoid space, the
cleavage products released from cracked blood cells (especially red blood cells) could lead to the activation of a TLR/
MyD88/TIRAP signal complex so-called pathogens, which
could initiate inﬂammatory cascade response and then damage neurons and other functional cells [32, 33]. In addition,
the nuclear factor NF-κB, as the most important downstream
transcription factor following the TLR-mediated signal complex, was closely associated with the release of cytokines [34].
Moreover, in inﬂammatory injury cases, an acute excess production or release of inﬂammatory cytokines could exert
potential harmful eﬀects on the tissue system [35]. According
to our previous studies, inhibiting the TLR/NF-κB cascade
pathway could show therapeutic eﬀects on EBI following
SAH, which means that the TLR4/NF-κB pathway could be
an important therapeutic target in SAH treatment [36]. In
this SAH model research, we conﬁrmed our hypothesis that
BCA inhibited the expression of TLR2/4/MyD88/TIRAP/
NF-κB signal axis protein and reduced the production and
release of cytokines post SAH. It is noteworthy that the inhibitory eﬀect of BCA on the TLR/NF-κB pathway is consistent
with its antineuronal apoptosis and anti-TLR-mediatedinﬂammatory eﬀect and therapeutic eﬀect on neurological
dysfunction. Furthermore, BCA relieved the severity of brain
edema, rendering that the role of BCA in blood-brain barrier
functional protection is worthy of further study. Our study
results revealed that BCA inhibited the TLR/MyD88/
TIRAP/NF-κB-signaling pathway while alleviating EBI, suggesting that suppression of the TLR/MyD88/TIRAP/NFκB-signaling pathway at least may be one of the mechanisms
under its therapeutic eﬀect.
According to published clinical research, nearly more
than half of SAH survivors have suﬀered cognitive awareness
dysfunction and neurological disorder [37]. In the present
study, rats suﬀering experimental SAH showed apparent
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spatial learning and cognitive memory deﬁcits, which were
visualized and investigated in the modiﬁed Morris water
maze test [37]. Moreover, one recent study found that BCA
improves cognitive deﬁcit in the ischemic stroke mice model
[38]. We are pleased to verify the same therapeutic eﬀect of
BCA on rats’ spatial learning and memory deﬁcits in this
model of SAH, along with the downregulation of the apoptotic process and inﬂammatory response. In summary, BCA
may exhibit a great potential in understanding and treating
cognitive or neurobehavioral deﬁcits post SAH due to its
anti-TLR/NF-κB-mediated inﬂammatory and antineuronal
apoptotic eﬀects.
In this study, we speculated that BCA could alleviate the
inﬂammatory responses contributing to EBI post SAH. However, the signal network of inﬂammation-related injury and

neuronal apoptosis in EBI post SAH is very complicated
and intricate. Multiple independent proteins and intricate
signaling pathways may participate in the therapeutic eﬀects
of BCA. In this study, we cannot exclude the possibilities that
BCA may protect against EBI via some other inﬂammatory
signal pathway. Hence, further studies are warranted to
address these issues. We hope our current research will help
to further demonstrate the role and value of BCA in cerebrovascular disease, especially in SAH study.

5. Conclusions
In conclusion, our present data indicate that BCA provides neuroprotection against EBI possibly via suppressing TLR/NF-κB pathway-mediated inﬂammatory agents and
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suppressing excessive neuronal apoptosis post SAH. Consequently, BCA further supports its protective role as a potential
pharmacological reagent to reduce EBI post SAH.
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Objective. The Notch signaling pathway is involved in angiogenesis induced by brain ischemia and can be eﬃciently inhibited by the
γ-secretase inhibitor N-[N-(3,5-diﬂuorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester (DAPT). The aim of the present study
was to noninvasively investigate the eﬀect of DAPT treatment on angiogenesis in brain repair after stroke using magnetic resonance
imaging (MRI). Methods. Sprague-Dawley rats (n = 40) were subjected to 90 minutes of transient middle cerebral artery (MCA)
occlusion and treated with PBS (n = 20) or DAPT (n = 20) at 72 hours after the onset of ischemia. MRI measurements including
T2-weighted imaging (T2WI), susceptibility-weighted imaging (SWI), and cerebral blood ﬂow (CBF) were performed at
24 hours after reperfusion and weekly up to 4 weeks using a 3-Tesla system. Histological measurements were obtained
at each time point after MRI scans. Results. SWI showed that DAPT treatment signiﬁcantly enhanced angiogenesis in the
ischemic boundary zone (IBZ) with respect to the control group, with local CBF in the angiogenic area elevated, along with
increases in vascular density conﬁrmed by histology. Conclusion. Treatment of ischemic stroke with DAPT signiﬁcantly
augments angiogenesis, which promotes poststroke brain remodeling by elevating CBF level, and these processes can be
dynamically monitored and evaluated by MRI.

1. Introduction
Stroke is a major cause of mortality and disability globally
while thrombolytic therapy as a fundamental treatment is
not ideal for various restrictions and complications [1].
Obviously, there is a pressing need to develop eﬀective
strategies for the treatment of brain ischemia.
Neuroprotection as an alternative approach, which targets the cerebral parenchyma, is aimed at preserving cerebral tissue viability from reduced CBF. It seems to be a
promising option for acute ischemic stroke (AIS) treatment.

Unfortunately, most potentially neuroprotective drugs have
failed to show beneﬁt in clinical trials. At present, there is
an increasing amount of studies that focus on the endogenous brain repair processes after stroke, which constitute
the basis of neurorestorative therapy. As an essential part
of biological substrates for poststroke brain remodeling,
angiogenesis induced by brain ischemia enhances blood
ﬂow and nutrient supply to the aﬀected tissue, which may
beneﬁt functional recovery [2, 3]. In rodents, neurorestorative treatments of either cell-based or pharmacological
therapies promote angiogenesis, which is associated with
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Figure 1: Experimental design. Forty rats were subjected to 90 minutes of transient middle cerebral artery occlusion (tMCAO) and then
treated with PBS or DAPT at 3 days after ischemia. MRI was performed at 24 hours and weekly up to 4 weeks, after which four rats of
each group were decapitated, respectively, for IF.

improvements in functional outcome [4, 5]. Patients with
higher density of blood vessels seem to survive longer than
patients with lower vascular density [6]. Moreover, angiogenesis and neurogenesis might be closely and causally linked
together [7]. Therefore, the modulation of the endogenous
angiogenesis could be a potential therapeutic intervention
that promotes functional recovery after stroke.
The Notch signaling pathway plays multiple roles during
vascular development, physiology, and disease [8]. Increasing evidence has pointed out that this pathway appears to
regulate several steps of the reparative process occurring in
ischemic tissues [9, 10]. However, the association between
Notch signaling-mediated angiogenesis and poststroke brain
remodeling via the improved CBF has not been investigated.
Magnetic resonance imaging (MRI) acts as a useful tool
to noninvasively assess the evolution of various indices that
can characterize postischemic angiogenic processes, which
have been demonstrated from a variety of studies in experimental stroke models [11–13]. The aim of this study was to
dynamically evaluate the temporal and spatial changes of
angiogenesis modulated by Notch signaling in cerebral
ischemia with noninvasive MRI methods.

2. Materials and Methods
All experimental procedures were performed in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Fudan University.
Every eﬀort was made to minimize the number of animals
used and their suﬀering.
2.1. Animal Model and Experimental Design. Adult male
Sprague-Dawley rats (n = 40) weighing 260–270 g were subjected to 90 minutes of transient middle cerebral artery
occlusion (tMCAO) [14]. Brieﬂy, rats were anesthetized with
10% chloral hydrate (350–400 mg/kg) intraperitoneally. The
body temperature of 37 ± 0.5°C was kept. The left MCA was
occluded with a 4.0 silicon-coated nylon ﬁlament (Beijing
Cinontech Biotech Co. Ltd., Beijing, China). It was inserted
into the internal carotid artery (ICA) through the left
common carotid artery (CCA) to occlude the origin of the

MCA. After 90 minutes, the animals were reperfused by
removing the ﬁlament.
We randomly divided the rats into control (n = 20)
and treated groups (n = 20). DAPT (Sigma-Aldrich, St.
Louis, MO, USA) powder was dissolved in DMSO at the
concentrations of 8.3 mg/ml and stereotactically injected into
the lateral cerebral ventricle (LV) for the treated group rats
(0.03 mg/kg) at 3 days after stroke [15]. The detailed experimental procedure had been previously described [16]. The
same volume of PBS was given to the control group rats at
3 days.
Four rats of each group were decapitated at 1 day and
weekly up to 4 weeks after MRI scan, respectively, for
immunoﬂuorescence staining (IF). Figure 1 shows the time
schedule for the experimental design.
2.2. Magnetic Resonance Imaging Measurements. All rats
received MR scanning using a 3-Tesla MR system (Discovery
MR750; GE Medical Systems, Milwaukee, WI, USA) with
a 60 mm diameter gradient coil (Magtron Inc., Jiangyin,
China). The total acquisition time was 18 minutes. Anesthesia was maintained during the imaging procedure as
mentioned above. Body temperature was kept at 37 ± 0.5°C.
Blood oxygen saturation and heart rate were monitored.
MR images including T2-weighted imaging (T2WI),
susceptibility-weighted imaging (SWI), and three-dimensional
arterial spin labeling (3D-ASL) were acquired for all animals in both groups at 1 day and weekly up to 4 weeks after
the onset of stroke.
T2WI images were scanned using a fast spin-echo
sequence by multiple slices (15 slices; 1.8 mm slice thickness
and 1 mm interslice distance). Repetition time (TR) and echo
time (TE) were 4000 ms and 96 ms, respectively. Images were
produced using a 6 × 6 cm FOV and a 256 × 256 matrix. The
scan time was 3 min.
SWI employed a 3D gradient echo imaging sequence by
multiple slices (30 slices; 1 mm slice thickness and 1 mm
interslice distance). RT and ET were 56 ms and 32 ms, respectively. The matrix was set as 300 × 300 for the 7 × 7 cm FOV.
The ﬂip angle is 10°. The sequence time was approximately
10 minutes.
3D-ASL was acquired by a 3D spiral fast spin-echo
sequence with the following parameters: repetition time
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Figure 2: Representative T2 maps indicating the ROI. (a) Ischemic lesion size was identiﬁed by the T2 map acquired at 24 h after stroke.
(b) The ﬁnal infarction area was determined by the T2 map acquired at 4 weeks. (c) The diﬀerence was referred to as the recovery region,
the ROI.

(RT) = 4214 ms (PLD = 1.5 s) and 5285 ms (PLD = 2.5 s),
labeling duration = 1500 ms, echo time (ET) = 11.948 ms,
scan time = 4 min, ﬁeld of view (FOV) = 4 × 4 cm, slice thickness (ST) = 3 mm, and interslice distance = 3 mm.
2.3. MRI Data Analysis. The MR images were postprocessed
using the Functool software based on GE Advanced Workstation 4.6 (GE Medical Systems, Milwaukee, WI). Ischemic
lesion size was determined by T2 maps acquired after stroke
with values above mean plus two standard deviations
(SD) of contralateral measurements [11]. The region of
interest (ROI), identiﬁed by the diﬀerence of the ischemic
lesion sizes in T2 maps acquired at 24 h (Figure 2(a)) and
4 weeks (Figure 2(b)) after stroke, was referred to as the
recovery region (Figure 2(c)). This region and the mirrored
area in the contralateral hemisphere were chosen to measure
MRI values, and ratios were obtained. All the ROI were
animal dependent.
2.4. Histology. After MRI measurements at each time
point, rats were euthanized and transcardially perfused
with 200 ml of 0.9% saline followed by 200 ml of 4% paraformaldehyde. The brains were removed and postﬁxed in 4%
paraformaldehyde at 4°C overnight. Coronal brain sections
(20 μm) were obtained using a cryostat (RM2135; Leica,
Mannheim, Germany) and stained for histological evaluation. The detailed procedure had been previously described
[16]. Primary antibodies of rabbit polyclonal anti-NICD
(1 : 500; Abcam, Cambridge, MA, USA) and mouse monoclonal anti-CD31 (1 : 100; Abcam, Cambridge, MA, USA) were
used to evaluate the cerebral vascular density and Notch
signal inhibition. Alexa Fluor 488- and 568-conjugated
donkey anti-rabbit and anti-mouse (1 : 200; Life Technologies, Carlsbad, CA, USA) were used as secondary antibodies.
Sections were then counterstained with DAPI (1 : 1000;
Sigma-Aldrich, St. Louis, MO, USA).
Histological images were scanned using a ﬂuorescence microscope (Olympus PX51; Olympus Corporation,
Shinjuku-ku, Japan). The acquired images were quantiﬁed
using ImageJ (National Institutes of Health, Bethesda, MD,
USA) by measuring optical density of positively stained cells
of the ROI selected at the recovery region. Five sections of
each brain from each group were used for cell counting at
40x objective in three randomly selected views per section.
The ipsilateral-versus-contralateral diﬀerences in gray levels
were converted to a percentage of the contralateral value.

2.5. Statistical Analysis. All values were presented as
mean ± SD. The temporal patterns of MRI data between two
groups, including CBF and SWI, were analyzed using twoway analysis of variance (ANOVA) with Sidak’s multiple
comparison test. The diﬀerences of histological measurements between the 2 groups were analyzed by t-test. A value
of P < 0 05 was considered statistically signiﬁcant. Statistical
analysis was performed using Prism, version 6.0 (GraphPad
Software Incorporated, La Jolla, CA, USA).

3. Results
3.1. MRI Measurements. Figure 3 shows the evolution of an
axial section of MRI maps from the representative control
rat (a–c) and treated rat (d–f). Ischemic lesion and temporal
evolution of the two groups after ischemia were identiﬁed
by T2 images (Figures 3(a) and 3(d)). Elevated CBF was
observed in cortical regions since 24 h in both groups
(Figures 3(c) and 3(f)). Elevation of CBF values had
appeared at 1 week in striatum regions in the control rats
and treated rats, as indicated by white arrows. These areas
were detected as having low intensity on the SWI map
(Figures 3(b) and 3(e)), which had appeared at 2 weeks
in the two groups, as indicated by red arrows. For the
treated rats, the size of the hyperintensity areas on the
CBF map and hypointensity regions on the SWI map
was larger than that in the control rats.
Quantitative longitudinal MRI measurements demonstrated temporal features of CBF and SWI for restorative
cerebral tissue after stroke with or without DAPT treatment
(Figure 4). As shown in Figure 4(b), elevated CBF ratios
had a good consistency between the two groups at 24 h following ischemia. For the control rats, CBF increased starting
from 1 to 2 weeks and then regressed toward normal from
3 weeks. For the treated rats, CBF increased starting from
1 to 3 weeks and then decreased at 4 weeks. Compared to
the control rats, CBF of cerebral tissue in IBZ in the
treated group had consistently higher values during 1 to
4 weeks after stroke. The diﬀerences were signiﬁcant at 2
and 3 weeks (P < 0 05 and 0.01, resp.).
Temporal changes of SWI ratios for both treated and
control groups were shown in Figure 4(a). It demonstrated
a good consistency between the two groups at 24 h. SWI
ratios monotonically decreased during 4 weeks after stroke
for the control group. For the treated rats, SWI ratios
decreased starting from 1 week and reached to minimum at
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Figure 3: MRI maps of representative control (a–c) and treated (d–f) rats. (c, f) Elevated CBF (white arrows) was found in the recovery
region. (b, e) SWI showed hypointensity in the same area (red arrows) indicating angiogenesis. The area where angiogenesis might
happen in the control rat was smaller than that in the treated one.

3 weeks and then elevated at 4 weeks. Compared to the
control rats, SWI ratios in the treated group had consistently
lower values during 1 to 4 weeks. The diﬀerences were signiﬁcant at 2 and 3 weeks (P < 0 05).
3.2. Histological Measurements. Double immunoﬂuorescent
staining (Figures 5(a)–5(c)) showed the NICD-positive
microvessels in IBZ in both groups at 1 week (40x

microscope). Quantitative analysis of NICD-positive microvessels showed that the number was higher in the control group than in the treated group (Figure 5(d),
P < 0 01), which indicated that the Notch signal was
blocked by DAPT.
MRI data for detecting angiogenesis in this study were
conﬁrmed by histological measurements using CD31 staining, as shown in Figure 6. A CD31-stained slice (Figure 6(a))
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Figure 4: Quantitative MRI data demonstrating temporal features of SWI and CBF for both groups. (a) SWI ratios of cerebral tissue in the
DAPT-treated group had lower values during 4 weeks after stroke compared to those in the control group; the diﬀerences were signiﬁcant at
2 weeks and 3 weeks. (b) Higher CBF ratios were observed in the DAPT-treated group compared to control rats during 4 weeks; the
diﬀerences were signiﬁcant at 2 weeks and 3 weeks. ∗ P < 0 05; ∗∗ P < 0 01.
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Figure 5: Expression of CD31 and NICD indicating the Notch signal blocked by DAPT. (a–c) Immunostaining of NICD-positive
microvessels in IBZ for both groups obtained 1 week after stroke (40x). (d) Quantiﬁcation of NICD ﬂuorescence intensity. ∗∗ P < 0 01.

of a treated rat was obtained at 4 weeks after stroke. The T2
image (Figure 6(b)), SWI map (Figure 6(c)), and CBF map
(Figure 6(d)) obtained 4 weeks after stroke detected the
angiogenic area in the IBZ (red arrows). This area closely
matched the histological result (white arrow).
Figures 6(e) and 6(f) show the representative pictures
(20x microscope) of CD31-immunoreactive cerebral vessels for ipsilateral slices of control and DAPT-treated rats
in the IBZ area obtained 4 weeks after stroke, respectively. Compared to the control rats, treatment with
DAPT signiﬁcantly increased cerebral vessel density
(Figure 6(g), P < 0 01).

4. Discussion
Our study showed that the number of NICD-positive microvessels in the control group was higher than that in the
treated group at 1 week, which indicated that the Notch signal was blocked by DAPT at 3 days. Cerebral vessel density
was signiﬁcantly enhanced in treated rats at 4 weeks after
stroke compared to the control rats, suggesting that inhibition of the Notch signal signiﬁcantly promoted angiogenesis.
It is now becoming clear that the Notch signaling pathway
plays a signiﬁcant role in both developmental and pathological angiogenesis [9, 17]. Ischemia triggers endogenous
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Figure 6: Histology and MRI matched the area indicating angiogenesis. (a) A CD31-stained slice and (b–d) MR images of a treated rat
obtained at 4 weeks after stroke. These areas are close matched (arrows). (e, f) Immunostaining of CD31-positive cerebral vessels in IBZ
for both groups obtained 4 weeks after stroke (20x). (g) Quantiﬁcation of CD31 ﬂuorescence intensity. ∗∗ P < 0 01.

angiogenesis, involving the new capillaries sprouting from
previously existing blood vessels. The current model of
endothelial angiogenesis centers on the interplay between
“tip” and “stalk” cell characters, and Notch signaling acts as
a key regulator of endothelial tip cell formation and function
during this process [10, 18]. Suppression of Notch signaling
leads to increased endothelial cell proliferation with augmented sprouting and excessive vascular branching [19,
20]. Our study is consistent with previous studies that angiogenesis after ischemia was enhanced by blocking Notch signaling. Together, Notch signaling seems to be essential in
building up a proper neovascularization, and the detailed
process of how exactly Notch signaling regulates angiogenesis requires further investigations.
Experimental studies suggest that cell-based and pharmacological neurorestorative treatments can promote brain
plasticity and beneﬁt functional recovery [2, 3]. However,
the current understanding of these processes after stroke
derives mainly from regional histological measurements,
which do not allow dynamic assessment of tissue remodeling
[21]. The high spatial and temporal resolution, safety, and
versatility make MRI particularly suitable to monitor the
dynamic proﬁles of events involved in poststroke brain reorganization. After proliferation of endothelial cells, newly
formed vessels in the ischemic border zone lead to alterations
in vascular density and hemodynamic parameters such as
cerebral blood ﬂow (CBF), which can be measured with
perfusion MR imaging techniques such as arterial spin
labeling (ASL) [22]. MRI-based measurements of elevated
CBF were evident in ischemic boundary regions with neural
progenitor cell-induced angiogenesis in an embolic stroke

model [12]. Similarly, Ding et al. [11] and Li et al. [23] have
reported that treatment with sildenaﬁl enhanced angiogenesis and selectively increased the CBF level in the ischemic
boundary in rats after embolic stroke. Newly generated
venous structures can be identiﬁed with susceptibilityweighted images. The local magnetic ﬁeld disturbances
caused by the relatively high magnetic susceptibility of
deoxygenated hemoglobin result in a lower signal intensity
on the SWI map, which has been used to detect perilesional angiogenesis in sildenaﬁl- or erythropoietin-treated
rats after ischemia [13, 24]. Our dynamic measurements
revealed that elevation of CBF values appeared at 1 week
in striatum regions in the two groups and the closely
matched area with low intensity on the SWI map
appeared at 2 weeks in the two groups. The size of the
hyperintensity areas on the CBF map and hypointensity
regions on the SWI map was larger in treated rats compared to the control group. CBF of cerebral tissue in IBZ
in the treated group had consistently higher values during
1 to 4 weeks after stroke while SWI ratios had lower
values during 1 to 4 weeks. These results suggest that
poststroke angiogenesis is augmented by blocking Notch
signaling, and this process can be evaluated by noninvasive
MRI methods.
Compensatory angiogenesis after ischemic brain injury
is considered an intrinsic process of the brain for neuroplasticity. It is essential for poststroke brain repair, as this event
stimulates blood ﬂow and nutrient supply to the aﬀected
tissue [25]. In stroke patients, the extent of angiogenesis is
associated with survival and improved neurological recovery
[6]. In animal stroke models, neurorestorative treatments of
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either cell-based or pharmacological therapies promoted
angiogenesis, which is associated with improvements in
functional outcome [4, 5]. Our previous study showed that
suppression of Notch signaling resulted in ameliorated brain
edema at the subacute stage and recovered brain tissue at the
chronic stage in the ipsilateral striatum, as indicated by MRI
data [16]. Evidently, this is partially due to the ischemiainduced angiogenesis. In addition, the beneﬁts probably
come through the interplay between neurorestorative events
(angiogenesis, neurogenesis, and synaptic plasticity), which
will be investigated in our future experiment.

5. Conclusion
The current study demonstrates that treatment of ischemic
stroke with DAPT by suppression of the Notch signal significantly augments angiogenesis, which promotes poststroke
brain remodeling by elevating CBF level. Noninvasive MRI
methods can be used to investigate and evaluate cerebral
tissue undergoing angiogenesis and can be helpful in estimating the potential in functional recovery, all of which may
provide new insight into clinical trials of angiogenic therapy
for cerebral ischemia.
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Both migraine and obesity are prevalent disorders in the general population, which are characterized by disability and impaired
quality of life. Although so many researches had studied the association between migraine and obesity, there are still no full
knowledge of the relationship between body mass index (BMI) and migraine, especially chronic migraine (CM). In this study,
we analyzed a previous epidemiological survey data of primary headache patients in Chongqing, which surveyed consecutive
neurological outpatients through face-to-face interview with physicians using a headache questionnaire. 166 episodic migraine
(EM) patients and 134 chronic migraine (CM) patients were included in the study out of 1327 primary headache patients. And
200 healthy adults from the physical examination center were included as a control group. Finally, we found that the patients
with migraine (EM and CM) were more likely to be overweight, obese, or morbidly obese compared to those in the healthy
group. Signiﬁcant diﬀerence was found between BMI and frequency of migraine attacks but not severity or duration of headache
onset. And no signiﬁcant diﬀerence was found in severity and duration of headache onset between episodic and chronic
migraine among diﬀerent BMI classiﬁcations. Such may update our knowledge about the clinical features of migraine and BMI,
revealing that the frequency of attacks may be associated with being overweight, obese, or morbidly obese in patients with
migraine and that the extent of being overweight, obese, or morbidly obese in CM patients was lower than that in EM patients.

1. Introduction
Migraine is one of the most frequent consultation syndromes
at headache clinics with various neurological, gastrointestinal, and autonomic changes and has a worldwide prevalence
which ranges from 5 to 35% in females and from 3 to 20% in
males [1]. Based on the International Classiﬁcation of Headache Disorders (ICHD-II) guidelines, migraine is classiﬁed as
EM and CM, with CM deﬁned as having 15 or more headache days per month, in which at least 8 days meet the
criteria for migraine and lasting for at least three months [2].
Obesity is comorbid with a number of chronic pain
syndromes. The relationship between obesity and migraine
has been the focus of clinical research in recent years. Previous studies had revealed that obesity was related with
migraine patients with high frequency, greater severity,
and some increased associated symptoms: higher disability
grades, aura and an increased frequency of photophobia

and phonophobia [3–5]. Individuals with episodic headache
and obesity developed chronic daily headache (CDH) 5 times
more than normal-weight individuals [6]. A cross-sectional
population study also conﬁrmed the relationship between
obesity and CDH and suggested that obesity was a risk factor
for transforming from EM to CM [5]. What is more is that
the risk of transforming from EM to CM was increased in
patients with obesity [7]. Taken together, obesity is not only
associated with severity and frequency of migraine attacks
but also associated with the chronicity of migraine. But there
is little knowledge of the association between other BMI
classiﬁcations and migraine, especially CM, and why obesity
was more apt to CM.
Therefore, we played a second analysis of a previous data,
which predicted that diﬀerent BMI classiﬁcations might be
associated with EM and CM. We focused on the following
questions: (1) the relationship between diﬀerent BMI and
migraine (EM and CM); (2) separately exploring the
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Table 1: Demographic characteristics of the samples.

Characteristics
Gender
Male
Female
Mean age (year) (mean ± SD)
Range (year)
Educational level
Illiterate
Primary school
Secondary school
High school
College and above
Marital status
Unmarried
Married
Divorced
Widowed

Control
n

EM
(%)

47
23.5
153
76.5
42.81 ± 0.55
18–65

n

CM
(%)

38
22.89
128
77.11
40.42 ± 2.38
18–65

n

(%)

30
22.38
104
77.61
43.36 ± 2.93
18–65

Total sample
n
(%)
115
385

23
77
18–65

17
38
45
53
47

8.5
19
22.5
26.5
23.5

14
32
43
47
30

8.43
19.28
25.9
28.31
18.07

10
26
33
37
28

7.46
15.66
24.62
27.61
20.9

41
96
121
137
105

8.2
19.2
24.2
27.4
21

35
138
17
10

17.5
69
7
5

29
109
18
10

17.46
65.67
10.84
6.02

14
93
19
8

10.45
69.4
14.18
5.97

78/500
340
54
28

15.6
68
10.8
5.6

relationship of BMI and the frequency, severity, and duration
of headache onset and their inﬂuence on migraineurs; and
(3) the link between BMI and chronicity of migraine.

overweight (25 to 29.9), obese (30 to 34.9), and morbidly
obese (35). We combined the data of obese and morbidly
obese patients as one group due to the small number of
morbidly obese.

2. Methods

3. Statistical Analysis

This is a second analysis of previous large clinic-based study
survey data, which was completed in 2011, conducted at the
Neurological Outpatient Department of the First Aﬃliated
Hospital of Chongqing Medical University, China. The target
population for this analysis are adults aged 18–65. Younger
and older people, as well as pregnant women, were excluded
because of their changing weight. The study protocol was
reviewed and approved by the Ethics Committee of the First
Aﬃliated Hospital of Chongqing Medical University.
Patients were informed of the purpose of the study and
provided consent prior to participating.
All patients with a chief complaint of headache were
included if they fulﬁlled “EM” and “CM” criteria according
to the ICHD-II criteria. “Frequent” headache was deﬁned as
occurring on 10–14 days/month. Each participant was given
a questionnaire to record the demographic characteristics,
clinical features of the headache (frequency, duration, and
intensity), and other information. Electroencephalography
(EEG), radiography, transcranial Doppler ultrasound
(TCD), and computed tomography (CT) of the brain were
carried out if necessary in order to exclude second headache
or other diseases.
Pain intensity was assessed on the 11-point pain scale (no
pain: 0, mild: 1–3, moderate: 4–6, severe: 7–10). Both body
height and weight were measured on subjects with light
clothing and without shoes. BMI was calculated as the
following formula: BMI = weight (kg)/height (m)2. Using
WHO guidelines, we deﬁned ﬁve categories based on
BMI: underweight (<18.5), normal weight (18.5 to 24.9),

Analysis was performed using SPSS version 17.0 program.
Data were summarized using frequency counts and descriptive statistics. Measurement data variables were expressed
as means ± SEM. One-way ANOVA tests and t-tests were
used for comparison when appropriate. A value of P < 0 05
was considered statistically signiﬁcant.

4. Results
4.1. Demographic Characteristics of the Sample. During the
study period (July 20, 2011 to December 30, 2011),
10,315 consecutive patients visited the neurological outpatient of the First Aﬃliated Hospital of Chongqing Medical
University. 1327 patients (12.9%) cited headache as their
chief complaint, 166 of these headache patients were
diagnosed as having EM (128 women and 38 men; mean
age ± SD: 40.42 ± 2.38 years), and 134 were diagnosed as
having CM (104 women and 30 men; mean age ± SD:
43.36 ± 2.93 years). At enrollment, the distribution of
demographic variables was shown in Table 1.
4.2. Proportion of BMI Classiﬁcations in Migraine. The proportion of BMI classiﬁcations in three groups were shown
in Table 2. The normal-weight subjects were more common
than the other classiﬁcations in the three groups (67.5% for
control versus 72.3% for EM versus 69.4% for CM), but no
signiﬁcant diﬀerence was found between them. And the
underweight subjects showed no diﬀerence in the three
groups (P > 0 05). Compared to the healthy group, both
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Table 2: Proportion and BMI categories.
Control

Body mass index (BMI)
Underweight (<18.5)
Normal weight (18.5–24.9)
Overweight (25–29.9)
Obese/morbidly obese (>30)

EM

CM

n

(%)

n

(%)

n

(%)

P

15
135
39
11

7.5
67.5
19.5
5.5

16
120
25
5

9.6
72.3
15.1
3

13
93
23
5

9.7
69.4
17.2
3.7

0.9343
0.094
0.0193
0.0008

Table 3: No correlation between the severity of headache and BMI was found in EM.
Mild

Weight category
Underweight (n = 16)
Normal (n = 120)
Overweight (n = 25)
Obese/morbidly obese (n = 5)

Moderate

Severe

n

(%)

n

(%)

n

(%)

P

0
2
1
0

0
1.7
4
0

9
55
9
4

56.2
45.8
36
66.7

7
63
15
1

43.8
52.5
60
33.3

0.254
0.259
0.261
0.653

Table 4: No correlation between the severity of headache and BMI was found in CM.
Mild

Weight category
Underweight (n = 13)
Normal (n = 93)
Overweight (n = 23)
Obese/morbidly obese (n = 5)

Moderate

Severe

n

(%)

n

(%)

n

(%)

P

0
3
0
0

0
3.61
0
0

5
43
12
2

38.5
44.6
52.2
40

8
50
11
3

61.5
53.8
47.8
60

0.487
0.251
0.651
0.534

Table 5: There was no association between the duration of headache attacks and BMI in EM.
Weight category
Underweight (n = 16)
Normal (n = 120)
Overweight (n = 25)
Obese/morbidly obese (n = 5)

<4 h

>72 h

4–72 h

n

(%)

n

(%)

n

(%)

P

6
25
6
0

37.5
20.8
24
0

7
84
14
3

43.8
70
56
60

3
11
5
2

18.8
9.2
20
40

0.2415
0.8176
0.0529
0.2076

EM and CM patients had a similar trend; they were less likely
to be overweight, obese, and morbidly obese; while when
compared with that in EM patients, the proportion of
overweight, obese, and morbidly obese in CM patients was
signiﬁcantly higher (P < 0 05). In other words, CM patients
were more likely to be overweight, obese, or morbidly obese
than EM patients.
4.3. Pain Intensity and BMI. We further divided all
migraineurs into three groups according to pain severity:
mild (1–3), moderate (4–6), and severe (7–10). The results
showed that the proportion of four diﬀerent BMI were not
signiﬁcantly diﬀerent in three pain severity groups neither
in EM nor in CM patients (P > 0 05) (Tables 3 and 4). So,
maybe we can conclude that pain severity had no correlation
with BMI and will not inﬂuence the BMI level.

4.4. Duration of Headache Onset and BMI. Most migraine
patients had gastrointestinal symptoms, such as nausea and
vomiting, which would inﬂuence their appetite. As a result,
we analyzed whether the duration of headache onset had
an eﬀect on the BMI level. Migraineurs were well distributed
into three groups (<4 h, 4–72 h, and >72 h) according to the
duration of headache onset. The data showed that the proportion of four BMI classiﬁcations had no diﬀerence
between diﬀerent durations of headache onset in the groups
(P > 0 05). Both in EM and in CM, the duration of headache
onset had no eﬀect on the BMI level. The results were shown
in Table 5 for EM and Table 6 for CM.
4.5. Frequency and BMI. Our study had revealed that CM
patients were more apt to be overweight, obese, or morbidly
obese than EM. We further compared the relationship of
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Table 6: There was no association between the duration of
headache attacks and BMI in CM.
Weight category

<4 h
4–72 h >72 h
n (%) n (%) n (%)

Underweight (n = 13)
Normal (n = 93)
Overweight (n = 23)
Obese/morbidly obese (n = 5)

4
21
8
1

5
60
12
2

4
12
3
2

P
0.2415
0.1025
0.0529
0.2076

Table 7: Frequency headache was signiﬁcant associated with BMI.

Weight category

<10 days/
months
n

(%)

10–14
days/
months
n (%)

Underweight (n = 16)
Normal (n = 120)
Overweight (n = 25)
Obese/morbidly obese (n = 5)

16
108
18
3

100
90
72
60

0
12
7
2

0
10
28
40

P
0
<0.0001
0.0006
0.2392

BMI level and frequency of migraine. We ﬁrst compared the
frequency of migraine attacks in episodic migraine. The
result was shown in Table 7. There were 12.7% (21/166)
EM patients who had 10–14 headache days per month which
was deﬁned as frequent migraine. In the EM group, frequent
migraine patients had a less proportion in four BMI classiﬁcations than low-frequency migraines (<10 days/month). But
we also found that with the increase of BMI level, the proportion of frequency migraine began to increase; meanwhile, the
low-frequency migraine presented a negative trend. Maybe, it
revealed that the frequency of headache had a positive trend
with the increase of BMI. In other words, the more the
frequency, the heavier the weight.
4.6. Extent of Overweight, Obese, or Morbidly Obese in EM
and CM. Finally, we compared four BMI values in the severity and the duration of headache onset and frequency
between EM and CM. In the severity and the duration of
headache onset, four BMI classiﬁcations had showed no signiﬁcant diﬀerence between EM and CM. Whereas, when we
compared CM (>15 days/month) with frequent migraine
(10–14 days/month, including EM according to ICHD-II),
the results showed that CM had a more BMI score in classiﬁcation of normal weight but less score in overweight and
obese/morbidly obese, but only normal weight and overweight had a signiﬁcance (Table 8, P < 0 05).
Considering the result of Table 2, the proportion of
overweight, obese, or morbidly obese was signiﬁcantly
lower in migraineurs compared with healthy controls. In
migraineurs, CM patients were more apt to be overweight,
obese, or morbidly obese than EM patients, but the extent
of being overweight, obese, or morbidly obese was lower
than EM patients. Further analysis shows that the frequency of attacks of migraine is associated to the higher
proportion of being overweight, obese, or morbidly obese
in frequent migraineurs.

5. Discussion
The relationship between obese and migraine in general has
been studied in clinical research in recent years [8]. The main
ﬁndings of our study are the following: compared with the
healthy control group, both EM and CM patients were less
likely to be overweight, obese, or morbidly obese; while compared to the EM group, the proportion of being overweight,
obese, or morbidly obese was higher in the CM group.
The relationship between obesity and migraine was still
controversial. Previous studies had reported that obesity
was comorbid with migraine in the severity and frequency
of migraine attacks [4, 8, 9]. Obesity has also been found to
be associated with CM but not chronic tension-type headache [5, 10]. The study of Bond et al. further revealed that
the decrease in BMI is associated with the reduction of
migraine and migraine outcomes [11]. The association
between BMI and migraine was still conﬁned. Some studies
found no signiﬁcant relationship between migraine and
BMI [12–14]. A Swedish cross-sectional study showed that
there was no relation between obesity and the distribution
of frequency, intensity, duration, or severity of attacks compared to nonobese women with migraine [3].
In our case series, we found that overweight and obese/
morbidly obese patients had a higher likelihood of having
CM than EM. Consistent with a previous study, we found
no signiﬁcant connection between BMI and the severity
and the duration of headache onset but a connection with
the frequency of migraine attacks was found [3, 14]. It is
worth noting that frequent migraine attacks turn to be easily
overweight than low-frequency migraine attacks (<10 days/
months) in EM patients.
To further study the relationship of migraine and BMI,
we tested four diﬀerent weight classiﬁcations in two migraine
groups. The signiﬁcance between migraine and BMI was
related neither with severity nor with the duration of headache onset, but was related with the frequency of migraine
attacks. CM patients were more likely to have a higher BMI
score in the classiﬁcation of normal weight, but less BMI
score in overweight classiﬁcation comparing with EM
patients. It revealed that the frequency of migraine attacks
may be associated to the higher proportion of overweight,
obesity, or morbidly obese in chronic migraineurs, but the
increase extent of BMI was lower than EM.
A similar result was shown in the study of Mamontov
et al. [10]. These reﬁned our knowledge on the clinical
feature of episodic or chronic migraine. Maybe, further
investigation is necessary to better understand the reason
and the mechanisms.
Several mechanisms supported that there may exist a
possible link between BMI and headaches. Concentrations
of calcitonin gene-related peptide (CGRP) levels, which are
elevated in obese individuals [15], are a very important
mediator of migraine/chronic migraine, and CGRP inhibitors are eﬀective in the treatment of migraine. Additionally,
inﬂammation has been proposed as a possible contributing
mechanism for migraine attacks and obesity itself is proinﬂammatory by the increase in the concentrations of circulating cytokines [16–18]. Furthermore, migraines, like obesity,
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Table 8: Frequency of headache was signiﬁcant among diﬀerent BMI categories between CM and EM.
Weight
classiﬁcation
Underweight
Normal
Overweight
Obese/morbidly
obese

Severe
EM

CM

P

Time of headache
onset (>72 h)
EM
CM

34.22 ± 2.919

34.06 ± 2.729 0.9853 31.35 ± 0.2431 30.85 ± 0.7500 0.3991 38.07 ± 4.157 34.38 ± 0.8696 0.1696

Abbreviations

FM:

P

16.71 ± 0.5884 17.14 ± 0.3642 0.3807 17.82 ± 0.1337 17.77 ± 0.1249 0.4315
0
17.16 ± 0.3904
0
21.34 ± 0.2356 21.58 ± 0.2831 0.5275 21.44 ± 0.5397 22.22 ± 0.4548 0.2296 21.40 ± 0.3313 21.83 ± 0.2063 <0.0001
27.52 ± 0.3692 27.16 ± 0.3680 0.5031 26.17 ± 0.6147 26.34 ± 0.5946 0.1057 27.43 ± 0.3776 27.28 ± 0.2644 0.0001

have been reported as a risk factor for cardiovascular disorders, as well as for stroke [6, 7, 19]. Finally, migraine prevention medications, which were used in the preventive
treatment of migraine, may also be a possible contributing
reason for the change of BMI [20, 21].
Our study evaluated the relationship between BMI and
CM and the diﬀerence between epidemic and chronic
migraine among diﬀerent weight classiﬁcations in a clinicbased study. Diagnosis was made by physician interviewers
using a questionnaire based on the ICHD-II criteria. All
measurements were recorded by interviewers to conﬁrm the
right information of body height and weight. However, there
are also some limitations that should be addressed here. It
was a hospital-based study, and the results may be inappropriate to the general population. Besides, the study sample
was limited. Therefore, further studies should be conducted
in bigger population in the future.
In conclusion, overweight, obesity, or morbidly obese was
associated with the frequency of migraine attacks but not the
severity and duration of headache onset. The frequency of
headache is connected with BMI changing. The more
frequency, the heavier the weight when the headache was
not chronic. Once the patient is transforming from EM to
CM, the increasing trend of BMI was decreased. But more
researches are needed in this ﬁeld.

BMI:
CM:
EM:
ICHD-II:

P

Frequency
(>10 days/months)
FM
CM

Body mass index
Chronic migraine
Episodic migraine
The International Classiﬁcation of Headache
Disorders
Frequency migraine.
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