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Abstract
Methylophiopogonanone A (MO-A), an active homoisoflavonoid of the Chinese herbOphio-
pogon japonicuswhich has been shown to have protective effects on cerebral ischemia/

reperfusion (I/R) injury, has been demonstrated to have anti-inflammatory and anti-oxidative

properties. However, little is known about its role in cerebral I/R injury. Therefore, in this

study, by using a middle cerebral artery occlusion (MCAO) and reperfusion rat model, the ef-

fect of MO-A on cerebral I/R injury was examined. The results showed that MO-A treatment

reduced infarct volume and brain edema, improved neurological deficit scores, reversed ani-

mal body weight decreases, and increased animal survival time in the stroke groups. West-

ern blotting showed that MO-A suppressed MMP-9, but restored the expression of claudin-3

and claudin-5. Furthermore, transmission electron microscopy were monitored to determine

the blood–brain barrier (BBB) alterations in vitro. The results showed that MO-A markedly at-

tenuated BBB damage in vitro. Additionally, MO-A inhibited ROS production in ECs and

MMP-9 release in differentiated THP-1 cells in vitro, and suppressed ICAM-1 and VCAM-1

expression in ECs and leukocyte/EC adhesion. In conclusion, our data indicate that MO-A

has therapeutic potential against cerebral I/R injury through its ability to attenuate BBB dis-

ruption by regulating the expression of MMP-9 and tight junction proteins.

Introduction
Ischemic stroke, a complex devastating disease, is caused by drastic disruption of cerebral blood
flow, resulting in a deficiency of glucose and oxygen and triggering a multi-step pathophysiolog-
ical ischemic cascade. Disruption of the blood—brain barrier (BBB) and successive brain edema
formation are two of the basic pathological changes in cerebral ischemia/reperfusion (I/R)
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injury. Focal cerebral ischemia induces BBB integrity loss, which allows intravascular fluid and
proteins to penetrate into the cerebral extracellular space, thereby incurring vasogenic edema
formation and further brain damage [1]. The BBB is a highly selective permeability barrier to
separate the circulating blood from the brain extracellular fluid and to maintain the micro-
environment of brain, which being formed of endothelial cells, pericytes, astrocytes, neurons,
and the extracellular matrix [2]. Considerable evidence indicates that I/R oxidative stress can
cause BBB disruption and increase cerebral vascular permeability, which then leads to the for-
mation of brain edema, which aggravates cerebral infarction [3]. A sudden supply of molecular
oxygen after reperfusion subsequently produces excessive reactive oxygen species (ROS) via
electron transport within mitochondria in brain tissue. ROS then activates enzymes and
signal cascades such as lipids and chromatin, activating matrix metalloproteinases (MMPs),
changing tight junction proteins, and eventually resulting in BBB dysfunction [4, 5]. Therefore,
protection of the BBB can thus be seen as an aspect of stroke management, by rescuing the
neurovascular unit.

Quite a few neuroprotective agents with moderate efficacy in stroke management have been
reported. However, the treatment of stroke remains considerably unsatisfactory as the perfor-
mance of almost all neuroprotective agents in the clinical treatment of patients with stroke has
been disappointing [6–8]. Recent attention has focused on a series of natural products shown
to protect against cerebral I/R injury. The dried tuber root of Ophiopogon japonicus (L.f) Ker-
Gawl from Ophiopogon japonicus plants, which commonly being classified into Chuanmaidong
and Zhemaidong according to its mainly producing areas of Sichuan and Zhejiang provinces
in China, is one of the commonly traditional Chinese medicine in clinic, being used for the
treatment of myocardial ischemia and thrombosis, remedying hypoxia, delaying senility and
reducing blood sugar etc. for thousands of years [9]. It has been reported that a Chinese patent
drug consisting of Ophiopogon japonicus (Shengmai San) might significantly protect the brain
against I/R injury [10]. The main chemical constitutes of Ophiopogon japonicus involve steroi-
dal sapogenins and homoisoflavonoids [9]. A major steroidal sapogenin of Ophiopogon japoni-
cus (Ruscogenin) has been shown to prevent cerebral I/R injury [11], however, little is known
about homoisoflavonoids of Ophiopogon japonicus. Methylophiopogonanone A (MO-A; Fig 1)
is one of the major isoflavonoid present in Ophiopogon japonicus. Previous pharmacological
investigations have revealed that both MO-A has anti-oxdative [12, 13] and anti-inflammatory
properties [12]. However, to our knowledge, there are no reports about the effect of MO-A on
cerebral I/R injury.

Fig 1. Chemical structure of Methylophiopogonanone A (MO-A).

doi:10.1371/journal.pone.0124558.g001
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Therefore, in this study, rats subjected to middle cerebral artery occlusion (MCAO) and an
in vitromodel of BBB dysfunction were used to examine the therapeutic potential of MO-A on
stroke prevention. Additionally, we assessed whether these cerebral protective effects were asso-
ciated with inhibition of BBB disruption via regulating MMP-9 and claudin protein expression.

Materials and Methods
Our findings were reported in accordance with the Animals in Research: The ARRIVE (Animal
Research: Reporting In Vivo Experiments) Guidelines [14, 15].

Transient Focal Cerebral Ischemia in the Rat
The experimental protocol was approved by the Ethics Committee for Animal Experimentation
of Capital Medical University (Beijing, China) and conformed to internationally accepted ethi-
cal standards. Sprague-Dawley rats (Male, 280–320g weights) were supplied by the Vital River
Laboratories (Beijing, China) and housed under controlled conditions with a 12-hour light/dark
cycle, at a temperature of 21°C ± 2°C, and humidity of 60 ± 5% for at least 1 week before experi-
mentation. The rats were allowed free access to a standard rodent diet and tap water.

MCAO was induced using the intraluminal suture method [16, 17]. Briefly, rats were anes-
thetized using chloral hydrate (400 mg/kg), which shown advantages of fast absorption, short
excited periods and long periods of anesthesia (1–3 hours), while its possible side effects, such
as strong irritant to local tissues, inhibitation of themoregulatory center and arrhythmia,
should be caution; a 2.0-cm skin incision was made in the ventral neck muscles, and a 3–0
MCAOmonofilament (Sunbio Biotech Co., Ltd., Beijing, China) was advanced to block the or-
igin of the MCA. Regional cerebral blood flow (rCBF) was monitored using a laser Doppler
computerized main unit (Perimed AB, Sweden). Successful establishment of MCAO was deter-
mined when rCBF decreased to 20% of baseline levels before ischemia; otherwise, animals were
excluded. Reperfusion was performed by withdrawing the monofilament after 120 minutes is-
chemia, and then the wound was closed. During the surgery and reperfusion, rectal tempera-
ture was maintained at 37 ± 0.5°C by means of a heating blanket. Rats were examined once
every 3 hours at day 1 and once every 12 hours at day 2 to day 7. “Low mobility” and “animals
incapable of feeding” were used as humane endpoints. The mortality rate of the MCAOmodel
was around 15%, while about 9% in the young rats and 43.5% in the aged rats [18]. A similar
procedure without MCAO was conducted in control rats.

Drug Treatments
To evaluate the neuroprotective effect of MO-A (purity> 98%; Ronghe Technology Co., LTD,
Shanghai, China, and was dissolved in normal saline with PH = 8.0), except for sham operation
rats (Control), MCAO rats were randomly divided into 4 groups: MCAO with vehicle (model),
and MCAO treated with 1.25, 2.50 or 5.00 mg/kg MO-A twice per day. After 2 h reperfusion,
the rats were treated intravenously with MO-A for 7 days. Control rats were treated with equal
volumes of saline.

Neurological Deficit Evaluation
Neurological function was evaluated blindly as described previously [19] at 6 hours, 1, 3 and 7
days after reperfusion. On a five-point scale (grade 0: showing no observable deficit; Grade 1:
a failure to fully extend left forepaw; Grade 2: circling to the left; Grade 3: falling to the left;
Grade 4: no walking spontaneously and having a depressed level of consciousness). The evalua-
tion was performed by an observer who was blind to the group.
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Infarct Volume Measurement
On day 7 after MCAO, animals were euthanized and sacrifices by decapitation, and the brains
were collected. Brains were sliced into 7 coronal sections at 2-mm thickness each and stained
with 2% (w/v) 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, USA) in saline at
37°C for 30 minutes, and then fixed in 4% (w/v) paraformaldehyde [16, 17]. Afere 24 hours,
slices were scanned and images were analyzed with Image J 1.42q software (National Institutes
of Health, USA), the normal tissue was stained with a deep red while a pale gray color in the
infarct area, infarct volumes was expressed as percentage of the two fold of the contralateral
hemisphere.

Brain Water Content Determination
Animals were anesthetized and sacrificed by decapitation after reperfusion at 3 days. The
brains were quickly removed and weighed to obtain the wet weight, and dried at 100°C for 24 h
and weighed to obtain the brain water content. The formula for calculating water content was
as follows: water content (%) = (wet weight − dry weight) / wet weight ×100.

Western Blotting
Protein was extracted from the cortex according to a previously described procedure [20].
Membranes were probed with primary antibodies against claudin-3, claudin-5 (1:1000, Milli-
pore, USA) and MMP-9 (1:1000, Cell signaling, USA). Horseradish peroxidase-conjugated
anti-rabbit or anti-mouse secondary antibodies were used and visualized using the enhanced
chemiluminescence kit (Thermo Scientific, USA). The density of each band was quantified
with Image J 1.42q software (National Institutes of Health, USA). β-actin (1:5000, Abmart,
China) was used as a loading control.

Cell Culture and Treatment
Mouse brain endothelial bEND.3 cells (American Type Culture Collection, Manassas, VA,
USA) were cultured in Dulbecco’s modified Eagle’s medium (4500 mg/L glucose) supple-
mented with 10% (v/v) fetal bovine serum at 37°C in a humidified atmosphere of 5% (v/v)
CO2. Cells were seeded at 5×10

5 cells per well on 24 well plates. After 12 hours, cells were incu-
bated in a hypoxia chamber (Changjin Institute of Applied Technology, China) with Dulbec-
co’s modified Eagle’s medium (no glucose) supplemented with 10% (v/v) fetal bovine serum at
37°C in a 5% (v/v) CO2/ 95% (v/v) N2 for 12 hours, and then incubated under normal condi-
tions at 37°C for another 24 hours. Before hypoxia, cells were treated with MO-A (2.5, 5.0 or
10 μM), and control cells were cultured under normal conditions with vehicle. After stimula-
tion, cells were lysated with an ultrasonic lysis instrument (Sonics, USA), and supernatants
were collected for ICAM-1 and VCAM-1 ELISA detection.

Human monocytic THP-1 cells (American Type Culture Collection) were cultured in RPMI
1640 medium supplemented with 10% (v/v) fetal bovine serum at 37°C in a humidified atmo-
sphere of 5% (v/v) CO2. Cells were seeded at 5×10

5 cells per well on 24 well plates, and stimu-
lated with PMA (200 nM) or PMA (200 nM) + MO-A (2.5, 5.0 or 10 μM) for 24 hours. After
stimulation, cell culture supernatants were collected for MMP-9 ELISA detection, the MMP-9
ELISA was performed according to the protocols of human MMP-9 quantikine ELISA kit
(DMP900, R&D Inc.).
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Cell viabilities were determined with MTT assay
Cell viabilities were measured using the MTT assay. bEnd.3 cell were seeded in 96-well plates
at concentrations of 1×104 cells per well. After incubation for 12h, the cells were OGD incubat-
ed for 12 hours with MO-A treatment, and then incubated under normal conditions with
MO-A treatment at 37°C for another 24 hours. Following the washing step, 20 μL of MTT solu-
tion (5 mg/ml in PBS) was added to each well, and the cells were incubated at 37°C for another
4 hours. Finally, the culture medium was removed and 150 μL of DMSO was added. Absor-
bances at 570 nm were measured using amicroplate reader (BioTek, Winooski, VT, USA).

Measurement of Transendothelial Electrical Resistance
bEND.3 cells were grown to confluence on fibronectin coated cell inserts (Millipore, USA)
with 8 μm pore size, and incubated in a hypoxia chamber (Changjin Institute of Applied Tech-
nology, China) with a 5% (v/v) CO2/ 95% (v/v) N2 at 37°C for 12 hours, and then incubated
under normal conditions at 37°C for another 24 hours. Before hypoxia, cells were treated with
MO-A (2.5, 5.0 or 10 μM) for 24 hours. Control cells were cultured under normal conditions
with vehicle. The resistance of inserts was measured using the Millicell ERS Voltohmmeter
(Millipore).

Measurement of Reactive Oxygen Species
After treatments with MO-A for 12 hours, intracellular ROS generation was measured using 2,
7-dichlorofluorescein diacetate (DCF-DA) fluorescent dye. Following hypoxia/re-oxygenic in-
cubation, bEnd.3 cells were loaded with DCF-DA (5 μmol/L) for 30 minutes at 37°C, and then,
were imaged by confocal microscopy (Leica, Germany). Fluorescent images of 3 different fields
(0.81 mm2) randomly selected per well were obtained, and mean fluorescent intensity of the
images was measured.

Leukocyte/EC Adhesion
The adhesion of Leukocyte to EC was examined under static conditions as described previously
[21]. Briefly, THP-1 cells were labeled with calcein red-orange-acetoxymethyl ester at 1 μmol/L
for 10 minutes at 37°C. Following stimulation, bEnd.3 were labeled with calcein/AM at 1 μmol/
L for 10 minutes at 37°C, followed by co-incubation with THP-1 cells (5×105 cells per well) for
30 minutes at 37°C. Nonadherent THP-1 cells were then removed by washing with phosphate
buffered saline (PBS). Subsequently, THP-1 cells adhering to the bEnd.3 monolayer were im-
aged by confocal microscopy (Leica, Germany). The mean density of adherent cells was deter-
mined by counting the number of THP-1 cells in 3 different fields (1.8 mm2).

Statistical Analysis
Statistical analyses were performed with SPSS 11.5 Statistical software (SPSS Inc.) and statisti-
cal significance was set at P< 0.05 or P< 0.01. Data was presented as the mean ± SD. As the
normality test by Kolmogorov-Smirnov test (K-S test) was passed, data was analyzed by using
the Student’s t-test for comparison between two groups and one-way ANOVA for multiple
groups followed by Fisher’s least significant difference (LSD) test, otherwise, by using Kruskal-
Wallis H test.
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Results

MO-A Protects against Cerebral I/R Injury and brain edma
The infarct area of each treatment group was observed by TTC staining (Fig 2A). Infarct vol-
ume was analyzed, and the results showed that there was no infarct in sham animals, but signif-
icant ischemic injury following transient MCAO (model group). TTC staining revealed that

Fig 2. MO-A protects against cerebral injury after MCAO in rats. (A) Infarct images using TTC staining at day 7 after MCAO; (B) Determination of infarct
volume at day7 after MCAO (n: sham = 14, model = 9, MO-A 1.25mg/Kg group = 8, 2.50 mg/Kg group = 7, 5.00 mg/Kg group = 8); (C) Neurological deficit was
evaluated using a five-point scale (n = 6–14); (D) The changes of animal body weights at day 3, 5 and 7, subtracted the body weights of day 1 (n = 6–14); (E)
Animal survival times, rats were examined once every 3 hours at day 1 and once every 12 hours at day 2 to day 7 (n = 6–14). “Lowmobility” and “animals
incapable of feeding” were used as humane endpoints; (F) Determination of brain water contents in transient MCAO rats (n = 6–14); Data are given as
mean ± S.D.; # P < 0.05 and ## P < 0.01 vs. sham group by Student’s t-test statistical analysis; *P < 0.05 and **P < 0.01 vs. MCAOmodel group by Kruskal-
Wallis H test in 7 day neurological deficit (C), weitht changes of 7 day (D) and water contents (F), and others by one-way ANOVA statistical analysis.

doi:10.1371/journal.pone.0124558.g002
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MO-A (2.5 mg/kg, 5.0 mg/kg) significantly reduced infarct volume when compared with the
model group (Fig 2B). Following treatment with MO-A, the infarct volume was reduced in a
dose-dependent manner.

After reperfusion, neurological scores were measured at 6 hours, 24 hours, 3 days and 7
days (Fig 2C), and animal body weights were measured at day 1, 3 and 7 (Fig 2D). The results
showed that neurological scores of MCAO animals with MO-A treatment at a dose of 2.5 mg/
kg and 5.0 mg/kg were significantly decreased when compared with the model group (P< 0.05
or 0.01). Additionally, the decrease in animal body weights was significantly reversed with
MO-A (5.0 mg/kg) treatment (P< 0.01).

Furthermore, animal survival time was also observed to evaluate the protective effects of
MO-A in MCAO rats. Although no significant differences were observed, the results showed
that the survival time of MCAO animals with MO-A treatment (127.8 ± 66.7, 136.0 ± 57.2 and
141.8 ± 46.1 hours of 1.25, 2.50 or 5.00 mg/kg dosage treatment, respectly) increased when
compared with the model group (107.9 ± 80.3 hours) (Fig 2E).

Additionally, To investigate the protective effects of MO-A on BBB disruption under hyp-
oxic conditions, the brain water contents in MCAO rats were measured. As shown in Fig 2F,
cerebral water contents were less in the MO-A (2.5 mg/kg and 5.0 mg/kg) treatment groups
than those in the model group (P< 0.05).

MO-A protects against oxygen-glucose deprivation/reperfusion (OGD/R)
induced brain endothelial cell injury and prevents BBB disruption in vitro
To investigate the protective effects of MO-A on BBB disruption under hypoxic conditions, the
transendothelial electric resistance (TER) of a hypoxic BBB damage model in vitro was mea-
sured. As showed in Fig 3A, MO-A treatment in vitro significantly improved the cell survival
in OGD/R induced cell injury. Furthermore, in vitro, barrier tightness in bEnd.3 monolayers
was markedly compromised under hypoxic/reoxygenic conditions (model), as reflected by a
significant decrease in TER when compared with monolayers maintained under normoxic
conditions (control). Interestingly, when compared with the model group, the decreased TER
values were significantly reversed by MO-A treatment, which indicated that MO-A had a pro-
tective effect on hypoxic BBB damage (Fig 3B).

MO-A suppresses the expression of MMP-9, and reverses the reduction
of claudin-3 and claudin-5 expression in rats after transient MCAO
Western blotting analysis revealed that I/R significantly upregulated the expression of MMP-9
in the model group when compared with the sham group. Meanwhile, the administration of
MO-A significantly decreased the expression of MMP-9 when compared with the MCAO
model group (Fig 4A and 4B).

Furthermore, as shown in Fig 4C and 4D, I/R markedly diminished the expression of clau-
din-3 and claudin-5 when compared with the sham group. Interestingly, the reduced expres-
sion levels of claudin-3 and claudin-5 caused by I/R injury were significantly reversed by
MO-A treatment.

MO-A reduces OGD/R-induced ROS generation in bEnd.3 cells
Previous observations indicated that BBB disruption involves the generation of ROS and oxida-
tive injury in brain vascular endothelial cells [21, 22]. To study the anti-oxidative effects of
MO-A, intracellular ROS levels were analyzed in bEnd.3 cells using the ROS-detecting fluores-
cent dye DCF (Fig 5). DCF analysis showed that OGD/R significantly induced an increase in
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ROS formation in bEnd.3 cells when compared with the normoxic control, while treatment with
MO-A significantly abolished this increase in ROS when compared with the OGD/R groups.

Direct Effects of MO-A on the activation of endothelial cells and
leukocytes
As shown in Fig 6A and 6B, the level of ICAM-1 and VCAM-1 were significantly enhanced in
OGD/R-induced bEnd.3 cells (model group) when compared with the control group. MO-A
treatment significantly inhibited the increase of ICAM-1 and VCAM-1 induced by OGD/
R-treatment.

Fig 3. Effect of MO-A on BBB disruption. (A) cell viability of OGD/R-induced bEnd.3 cell injury was
determined with MTT assay; (B) Effect of MO-A on hypoxic BBB damage in vitro; Data are given as
mean ± S.D. (n = 3); # P < 0.05 and ## P < 0.01 vs. sham group by Student’s t-test statistical analysis;
*P < 0.05 and **P < 0.01 vs. MCAOmodel group by one-way ANOVA statistical analysis.

doi:10.1371/journal.pone.0124558.g003
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Next, we performed an adhesion assay using THP-1 cells and bEnd.3 cells in the presence of
TNF-α and IL-1β (Fig 6C). Adhesion of leukocytes to the endothelial cell layer was significantly
increased when compared with cells not treated with TNF-α or IL-1β, and the increase was
markedly inhibited with MO-A treatment.

Furthermore, MMP-9 release in differentiated THP-1 cells were detected by ELISA (Fig
6D). The results showed that the secretion of MMP-9 in THP-1 cells was significantly en-
hanced after 24-hour phorbol-12-myristate-13-acetate (PMA, Sigma-Aldrich, USA) treatment
when compared with untreated cells, and this increase was markedly prevented with MO-A
treatment (P< 0.01).

Discussions
MCAO rats, when administered with MO-A at 2.50 and 5.00 mg/kg intravenously twice per
day, had significantly reduced infarct volumes following TTC staining, and significantly allevi-
ated the neurological deficits and body weight loss of the rats with MCAO, which indicating
that the less histological damage was observed after MO-A treatment. It suggests that MO-A
has significant therapeutic potential on brain ischemic injury.

Mechanical or hypoxic damage of vascular endothelium, toxic damage of excitotoxic amino
acids (especially glutamate), inflammatory molecules and free radicals, and destruction of the
basal lamina by matrix metalloproteinases are potential causes of BBB disruption, which leads
to vasogenic edema, influx of toxic substances and inflammation after stroke [23]. Vasogenic
edema, being distinct from cytotoxic edema, occurs due to a breakdown of the tight endothelial
junctions that make up the blood–brain barrier, which allows intravascular proteins and fluid
to penetrate into the parenchymal extracellular space [24]. In the present study, we demon-
strated that MO-A reduced water content after reperfusion when compared with the model

Fig 4. Effect of MO-A on the expression of MMP-9 and tight junction proteins after MCAO in rats. (A) Representative blots of MMP-9 determined by
Western blotting; (B) Quantitative analysis of the ratio of MMP-9; (C) Representative blots of claudin-3 and claudin-5 determined byWestern blotting; (D)
Quantitative analysis of the ratio of claudin-3 and claudin-5; Data are given as mean ± S.D. (n = 3); # P < 0.05 and ## P < 0.01 vs. sham group by Student’s t-
test statistical analysis; *P < 0.05 and **P < 0.01 vs. MCAOmodel group by one-way ANOVA statistical analysis.

doi:10.1371/journal.pone.0124558.g004
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group, which suggested that MO-A had a protective effect on ischemic brain edema. We also
demonstrated that I/R impaired BBB permeability BBB while MO-A treatment restored BBB
integrity following hypoxic BBB damage in vitro. This result indicates that the protective effect
of MO-A on brain ischemic injury involves its ability to attenuate BBB disruption in vitro and
brain vasogenic edema.

Brain capillary endothelial cells expressing tight junction proteins are the major structural
constituents of the BBB [25]. Degradation of the critical tight junction proteins claudin-3 and
claudin-5 is involved in BBB breakdown and a pathological hallmark of acute ischemic stroke
[26, 27]. This degradation of tight junction proteins was involved in triggering numerous mo-
lecular cascades that suppress MCAO-induced over expression of MMP-9 [28, 29]. MMP-9
has been extensively studied for its involvement in BBB disruption after stroke [30]. It has been
reported that MMP-9 knockout mice are resistant to BBB disruption induced by transient focal

Fig 5. Effects of MO-A on OGD/R-induced ROS generation in bEnd.3 cells. (A) DCF images indicate
ROS generation in bEnd.3 cells; (B) graph represents quantification of fluorescence intensity in the images;
Data are given as Mean ± S.D. (n = 6), # P < 0.05 and ## P < 0.01 vs. sham group by Student’s t-test statistical
analysis; *P < 0.05 and **P < 0.01 vs. MCAOmodel group by one-way ANOVA statistical analysis.

doi:10.1371/journal.pone.0124558.g005
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cerebral ischemia [31]. Accordingly, in this study, we observed robust upregulation of MMP-9
in the brain after transient MCAO, which was significantly decreased with MO-A treatment.
We also found that I/R altered the expression of tight junction proteins (claudin-3 and
claudin-5), while MO-A treatment normalized their expression. These results suggest that the
protective effect of MO-A on BBB disruption may associated with the inhibition of MMP-9
and regulation of tight junction proteins.

MMP-9 over expression has been shown to be strongly associated with oxygen radicals [32].
Reactive oxygen species, as a consequence of focal cerebral ischemia and reperfusion, are pro-
duced under ischemic conditions and during the inflammatory response after ischemia [33],
which react irreversibly with several cellular constituents and damage virtually any cellular
component [23]. Oxygen radicals serve as important signaling molecules in the pathophysiolo-
gy of BBB damage and ischemic stroke [23]. Oxygen radicals not only triggers the activation of
MMP-9 in brain I/R injury [29], but also elicits an inflammatory response and plays a key role
in the induction of cell adhesion molecules [21]. Several studies have shown that cerebral in-
farction induced by transient MCAO is significantly reduced when leukocyte adhesion to ECs

Fig 6. Direct effects of MO-A on the activation of endothelial cells and leukocytes. (A) Expression of ICAM-1 in OGD/R-induced bEnd.3 cells using
ELISA, data are shown as Mean ± S.D. (n = 6); (B) Expression of VCAM-1 in OGD/R-induced bEnd.3 cells using ELISA, data are shown as Mean ± S.D.
(n = 6); (C) Density of THP-1 cell adhesion to bEnd.3 following stimulation by TNF-α (10 ng/mL) or IL-1β (10 ng/ml), data are shown as Mean ± S.D. (n = 3);
(D) MMP-9 secretion in undifferentiated and differentiated THP-1 cells stimulated by PMA (200 ng/mL) as detected by ELISA, data are shown as Mean ± S.D.
(n = 6); # P < 0.05 and ## P < 0.01 vs. sham group by Student’s t-test statistical analysis; *P < 0.05 and **P < 0.01 vs. MCAOmodel group by one-way
ANOVA statistical analysis.

doi:10.1371/journal.pone.0124558.g006
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is inhibited [34, 35]. In this study, we found that treatment with MO-A may significantly abol-
ish the increase of ROS and the level of ICAM-1 and VCAM-1 in OGD/R bEnd.3 cells, fol-
lowed by marked inhibition of the adhesion of leukocytes to endothelial cells in the presence of
TNF-α and IL-1β. Additionally, MMP-9 release in PMA differentiated THP-1 cells was also
significantly prevented with MO-A treatment. These results suggest that the inhibition of
MMP-9 release and leukocyte adhesion to ECs may be associated with the inhibition of
ROS increase.

Collectively, these data clearly indicate that the protective effect of MO-A on cerebral I/R
injury partly involves its ability to attenuate BBB disruption in vitro and brain edema. The po-
tential mechanism of this BBB disruption attenuation following MO-A treatment may be asso-
ciated with the regulation of tight junction proteins and MMP-9, which is likely to be mediated
by attenuating oxidative stress, and the resultant inhibition of leukocyte and EC inhibition.

Supporting Information
S1 ARRIVE Checklist. The animal research reporting in vivo experiments were checked by
using the ARRIVE Guidelines Checklist.
(PDF)

Author Contributions
Conceived and designed the experiments: ML QH. Performed the experiments: MLWSWG
ZZ YD. Analyzed the data: ML. Contributed reagents/materials/analysis tools: WS. Wrote the
paper: ML.

References
1. Wang Z, Leng Y, Tsai LK, Leeds P, Chuang DM. Valproic acid attenuates blood-brain barrier disruption

in a rat model of transient focal cerebral ischemia: the roles of HDAC and MMP-9 inhibition. Journal of
cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood Flow
and Metabolism. 2011; 31:52–57.

2. Khatri R, McKinney AM, Swenson B, Janardhan V. Blood-brain barrier, reperfusion injury, and hemor-
rhagic transformation in acute ischemic stroke. Neurology. 2012; 79:S52–57. PMID: 23008413

3. Jin G, Arai K, Murata Y, Wang S, Stins MF, Lo EH, et al. Protecting against cerebrovascular injury: con-
tributions of 12/15-lipoxygenase to edema formation after transient focal ischemia. Stroke; a journal of
cerebral circulation. 2008; 39:2538–2543. doi: 10.1161/STROKEAHA.108.514927 PMID: 18635843

4. Liu Y, Wang D, Wang H, Qu Y, Xiao X, Zhu Y. The protective effect of HET0016 on brain edema and
blood-brain barrier dysfunction after cerebral ischemia/reperfusion. Brain research. 2014; 1544:45–53.
doi: 10.1016/j.brainres.2013.11.031 PMID: 24316243

5. Pun PB, Lu J, Moochhala S. Involvement of ROS in BBB dysfunction. Free radical research. 2009;
43:348–364. doi: 10.1080/10715760902751902 PMID: 19241241

6. Cheng YD, Al-Khoury L, Zivin JA. Neuroprotection for ischemic stroke: two decades of success and fail-
ure. NeuroRx. 2004; 1:36–45. PMID: 15717006

7. Curry SH. Why have so many drugs with stellar results in laboratory stroke models failed in clinical tri-
als? A theory based on allometric relationships. Ann N Y Acad Sci. 2003; 993:69–74; discussion
79–81. PMID: 12853296

8. Gladstone DJ, Black SE, Hakim AM. Toward wisdom from failure: lessons from neuroprotective stroke
trials and new therapeutic directions. Stroke. 2002; 33:2123–2136. PMID: 12154275

9. Zhou Y, Jin Q, Zhu D, Yu B. Homoisoflavonoids from Ophiopogon japonicus and Its Oxygen Free Radi-
cals (OFRs) Scavenging Effects. Chinese journal of natural medicines. 2008; 6:201–204.

10. Li LH, Wang JS, Kong LY. Protective effects of shengmai san and its three fractions on cerebral
ischemia-reperfusion injury. Chinese journal of natural medicines. 2013; 11:222–230. doi: 10.1016/
S1875-5364(13)60020-5 PMID: 23725833

MO-A Protects against Cerebral I/R Injury

PLOS ONE | DOI:10.1371/journal.pone.0124558 April 21, 2015 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124558.s001
http://www.ncbi.nlm.nih.gov/pubmed/23008413
http://dx.doi.org/10.1161/STROKEAHA.108.514927
http://www.ncbi.nlm.nih.gov/pubmed/18635843
http://dx.doi.org/10.1016/j.brainres.2013.11.031
http://www.ncbi.nlm.nih.gov/pubmed/24316243
http://dx.doi.org/10.1080/10715760902751902
http://www.ncbi.nlm.nih.gov/pubmed/19241241
http://www.ncbi.nlm.nih.gov/pubmed/15717006
http://www.ncbi.nlm.nih.gov/pubmed/12853296
http://www.ncbi.nlm.nih.gov/pubmed/12154275
http://dx.doi.org/10.1016/S1875-5364(13)60020-5
http://dx.doi.org/10.1016/S1875-5364(13)60020-5
http://www.ncbi.nlm.nih.gov/pubmed/23725833


11. Guan T, Liu Q, Qian Y, Yang H, Kong J, Kou J, et al. Ruscogenin reduces cerebral ischemic injury via
NF-kappaB-mediated inflammatory pathway in the mouse model of experimental stroke. European
journal of pharmacology. 2013; 714:303–311. doi: 10.1016/j.ejphar.2013.07.036 PMID: 23911884

12. Li N, Zhang JY, Zeng KW, Zhang L, Che YY, Tu PF. Anti-inflammatory homoisoflavonoids from the tu-
berous roots of Ophiopogon japonicus. Fitoterapia. 2012; 83:1042–1045. doi: 10.1016/j.fitote.2012.05.
011 PMID: 22626747

13. Lin Y, Zhu D, Qi J, Qin M, Yu B. Characterization of homoisoflavonoids in different cultivation regions of
Ophiopogon japonicus and related antioxidant activity. Journal of pharmaceutical and biomedical anal-
ysis. 2010; 52:757–762. doi: 10.1016/j.jpba.2010.02.016 PMID: 20226614

14. Schulz KF, Altman DG, Moher D. CONSORT 2010 statement: updated guidelines for reporting parallel
group randomised trials. BMJ. 2010; 340:c332. doi: 10.1136/bmj.c332 PMID: 20332509

15. Kilkenny C, BrowneWJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:
the ARRIVE guidelines for reporting animal research. PLoS biology. 2010; 8:e1000412. doi: 10.1371/
journal.pbio.1000412 PMID: 20613859

16. Sasaki M, Honmou O, Kocsis JD. A rat middle cerebral artery occlusion model and intravenous cellular
delivery. Methods Mol Biol. 2009; 549:187–195. doi: 10.1007/978-1-60327-931-4_13 PMID: 19378204

17. Wang Q, Peng Y, Chen S, Gou X, Hu B, Du J, et al. Pretreatment with electroacupuncture induces
rapid tolerance to focal cerebral ischemia through regulation of endocannabinoid system. Stroke; a
journal of cerebral circulation. 2009; 40:2157–2164. doi: 10.1161/STROKEAHA.108.541490 PMID:
19372445

18. Liu F, McCullough LD. Middle cerebral artery occlusion model in rodents: methods and potential pitfalls.
Journal of biomedicine & biotechnology. 2011; 2011:464701.

19. Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle cerebral artery occlusion without
craniectomy in rats. Stroke; a journal of cerebral circulation. 1989; 20:84–91. PMID: 2643202

20. Zhu HR, Wang ZY, Zhu XL, Wu XX, Li EG, Xu Y. Icariin protects against brain injury by enhancing
SIRT1-dependent PGC-1alpha expression in experimental stroke. Neuropharmacology. 2010;
59:70–76. doi: 10.1016/j.neuropharm.2010.03.017 PMID: 20381504

21. Miyazaki T, Kimura Y, Ohata H, Hashimoto T, Shibata K, Hasumi K, et al. Distinct effects of tissue-type
plasminogen activator and SMTP-7 on cerebrovascular inflammation following thrombolytic reperfu-
sion. Stroke; a journal of cerebral circulation. 2011; 42:1097–1104. doi: 10.1161/STROKEAHA.110.
598359 PMID: 21350203

22. Zehendner CM, Librizzi L, Hedrich J, Bauer NM, Angamo EA, de Curtis M, et al. Moderate hypoxia fol-
lowed by reoxygenation results in blood-brain barrier breakdown via oxidative stress-dependent tight-
junction protein disruption. PloS one. 2013; 8:e82823. doi: 10.1371/journal.pone.0082823 PMID:
24324834

23. Durukan A, Tatlisumak T. Acute ischemic stroke: overview of major experimental rodent models, patho-
physiology, and therapy of focal cerebral ischemia. Pharmacology, biochemistry, and behavior. 2007;
87:179–197. PMID: 17521716

24. Qureshi AI, Suarez JI. Use of hypertonic saline solutions in treatment of cerebral edema and intracrani-
al hypertension. Critical care medicine. 2000; 28:3301–3313. PMID: 11008996

25. Rubin LL, Staddon JM. The cell biology of the blood-brain barrier. Annual review of neuroscience.
1999; 22:11–28. PMID: 10202530

26. Strbian D, Durukan A, Pitkonen M, Marinkovic I, Tatlisumak E, Pedrono E, et al. The blood-brain barrier
is continuously open for several weeks following transient focal cerebral ischemia. Neuroscience.
2008; 153:175–181. doi: 10.1016/j.neuroscience.2008.02.012 PMID: 18367342

27. Wardlaw JM, Doubal F, Armitage P, Chappell F, Carpenter T, Munoz Maniega S, et al. Lacunar stroke
is associated with diffuse blood-brain barrier dysfunction. Annals of neurology. 2009; 65:194–202. doi:
10.1002/ana.21549 PMID: 19260033

28. Lijnen HR. Plasmin and matrix metalloproteinases in vascular remodeling. Thrombosis and haemosta-
sis. 2001; 86:324–333. PMID: 11487021

29. Gu JH, Ge JB, Li M, Xu HD, Wu F, Qin ZH. Poloxamer 188 protects neurons against ischemia/
reperfusion injury through preserving integrity of cell membranes and blood brain barrier. PloS one.
2013; 8:e61641. doi: 10.1371/journal.pone.0061641 PMID: 23613890

30. Yang Y, Estrada EY, Thompson JF, Liu W, Rosenberg GA. Matrix metalloproteinase-mediated disrup-
tion of tight junction proteins in cerebral vessels is reversed by synthetic matrix metalloproteinase inhib-
itor in focal ischemia in rat. Journal of cerebral blood flow and metabolism: official journal of the
International Society of Cerebral Blood Flow and Metabolism. 2007; 27:697–709. PMID: 16850029

31. Asahi M, Wang X, Mori T, Sumii T, Jung JC, Moskowitz MA, et al. Effects of matrix metalloproteinase-9
gene knock-out on the proteolysis of blood-brain barrier and white matter components after cerebral

MO-A Protects against Cerebral I/R Injury

PLOS ONE | DOI:10.1371/journal.pone.0124558 April 21, 2015 13 / 14

http://dx.doi.org/10.1016/j.ejphar.2013.07.036
http://www.ncbi.nlm.nih.gov/pubmed/23911884
http://dx.doi.org/10.1016/j.fitote.2012.05.011
http://dx.doi.org/10.1016/j.fitote.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22626747
http://dx.doi.org/10.1016/j.jpba.2010.02.016
http://www.ncbi.nlm.nih.gov/pubmed/20226614
http://dx.doi.org/10.1136/bmj.c332
http://www.ncbi.nlm.nih.gov/pubmed/20332509
http://dx.doi.org/10.1371/journal.pbio.1000412
http://dx.doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://dx.doi.org/10.1007/978-1-60327-931-4_13
http://www.ncbi.nlm.nih.gov/pubmed/19378204
http://dx.doi.org/10.1161/STROKEAHA.108.541490
http://www.ncbi.nlm.nih.gov/pubmed/19372445
http://www.ncbi.nlm.nih.gov/pubmed/2643202
http://dx.doi.org/10.1016/j.neuropharm.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20381504
http://dx.doi.org/10.1161/STROKEAHA.110.598359
http://dx.doi.org/10.1161/STROKEAHA.110.598359
http://www.ncbi.nlm.nih.gov/pubmed/21350203
http://dx.doi.org/10.1371/journal.pone.0082823
http://www.ncbi.nlm.nih.gov/pubmed/24324834
http://www.ncbi.nlm.nih.gov/pubmed/17521716
http://www.ncbi.nlm.nih.gov/pubmed/11008996
http://www.ncbi.nlm.nih.gov/pubmed/10202530
http://dx.doi.org/10.1016/j.neuroscience.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/18367342
http://dx.doi.org/10.1002/ana.21549
http://www.ncbi.nlm.nih.gov/pubmed/19260033
http://www.ncbi.nlm.nih.gov/pubmed/11487021
http://dx.doi.org/10.1371/journal.pone.0061641
http://www.ncbi.nlm.nih.gov/pubmed/23613890
http://www.ncbi.nlm.nih.gov/pubmed/16850029


ischemia. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2001;
21:7724–7732.

32. Gasche Y, Copin JC, Sugawara T, Fujimura M, Chan PH. Matrix metalloproteinase inhibition prevents
oxidative stress-associated blood-brain barrier disruption after transient focal cerebral ischemia. Jour-
nal of cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood
Flow and Metabolism. 2001; 21:1393–1400.

33. Lo EH, Dalkara T, Moskowitz MA. Mechanisms, challenges and opportunities in stroke. Nature reviews
Neuroscience. 2003; 4:399–415. PMID: 12728267

34. Zhang RL, Zhang ZG, Chopp M, Zivin JA. Thrombolysis with tissue plasminogen activator alters adhe-
sion molecule expression in the ischemic rat brain. Stroke; a journal of cerebral circulation. 1999;
30:624–629. PMID: 10066862

35. Chopp M, Li Y, Jiang N, Zhang RL, Prostak J. Antibodies against adhesion molecules reduce apoptosis
after transient middle cerebral artery occlusion in rat brain. Journal of cerebral blood flow and metabo-
lism: official journal of the International Society of Cerebral Blood Flow and Metabolism. 1996;
16:578–584. PMID: 8964796

MO-A Protects against Cerebral I/R Injury

PLOS ONE | DOI:10.1371/journal.pone.0124558 April 21, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/12728267
http://www.ncbi.nlm.nih.gov/pubmed/10066862
http://www.ncbi.nlm.nih.gov/pubmed/8964796

