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Stroke is a leading cause of morbidity and mortality globally. Leonurine (also named SCM-198), a compound extracted from Herba
leonuri, was effective on the prevention of various cardiovascular and brain diseases. The purpose of this study was to explore the
possible therapeutic potential of SCM-198 against ischemia reperfusion injury and underlying mechanisms. In the in vivo transient
middle cerebral artery occlusion (tMCAO) rat model, we found that treatment with SCM-198 could decrease infarct volume
and improve neurological deficit by protecting against blood-brain barrier (BBB) breakdown. In the in vitro model of cell
oxygen-glucose deprivation and reoxygenation (OGD/R), consistent results were obtained with decreased reactive oxygen species
(ROS) production and maintained the BBB integrity. Further study demonstrated that SCM-198 increased the expression of
histone deacetylase- (HDAC-) 4 which could inhibit NADPH oxidase- (NOX-) 4 and matrix metalloproteinase- (MMP-) 9
expression, resulting in the elevation of tight junction proteins, including claudin-5, occludin, and zonula occluden- (ZO-) 1.
These results indicated SCM-198 protected BBB integrity by regulating the HDAC4/NOX4/MMP-9 tight junction pathway.
Our findings provided novel insights into the protective effects and mechanisms of SCM-198 on ischemic stroke, indicating
SCM-198 as a new class of potential drug against acute onset of ischemic stroke.

1. Introduction blood-brain barrier (BBB) breakdown, inflammation, and
postischemic neuronal injury [1].

The BBB is composed of three main elements: brain
microvessel endothelium, astrocyte endfeet, and pericytes,
forming neurovascular unit (NVU). BBB was damaged in
early critical event in ischemia-reperfusion (I/R) which
causes the edema formation, inflammatory cascade, and
ultimately serious outcomes [3]. BBB dysfunction is a pecu-
liar character of many neurological conditions, for instance,

Stroke is a main cause of morbidity and mortality throughout
the world. In the clinic, stroke is divided into two forms:
ischemic stroke which accounts for ~85% and hemorrhagic
stroke, including intracerebral (~10%) and subarachnoidal
(~3%) bleedings [1]. Ischemic stroke is mainly caused by
blockage of the blood vessels, while hemorrhagic stroke by
rupture of blood vessels. Currently, tissue-type plasminogen

activator (tPA) serves as the priority remedy for ischemic
stroke, from which only about 10% patients are suitable
for this therapy. In addition, concerns have been raised
regarding its limited therapeutic time window and safety
issue, which result in less than 5% of clinical efficiency
in patients [1, 2]. Meanwhile, the secondary damage
caused by reperfusion will bring worse results, such as

ischemic and hemorrhagic stroke, multiple sclerosis, and
brain tumours [4]. Currently, many researchers focus on
neurons and brain parenchyma, whereas straight BBB
protection has attracted little attention. The results show that
early BBB disruption is the cause rather than the result of
parenchymal cell injury [5]. Mounting evidences have
suggested that brain microvessel endothelium cells (BMECs)
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are the basis of BBB which form a barrier that restricts
diffusion of blood-borne solutes. BMECs play a central role
in maintaining the BBB integrity by tight junctional proteins
(TJs) and caveolin-1 (Cavl)—mediated trans-endothelia
vesicular transport [6-9]. TJs contain occludin, claudins,
junctional adhesion molecules (JAM), and cytoplasm acces-
sory zonula occluden (ZO) proteins. Among them, occludin,
claudin-5, and ZO-1 are widely investigated and considered
as essential factors for BBB integrity. Occludin and claudin-
5 are the transmembrane proteins which are responsible for
fence function and paracellular size selectivity, respectively,
while ZO-1 is in charge of anchoring them to the actin
cytoskeleton [10]. Following subjected to transient middle
cerebral artery occlusion (tMCAO) or oxygen-glucose
deprivation and reoxygenation (OGD/R), loss of BMECs
evoked stress fibre formation and TJ redistribution resulted
in shrinked cell morphology, enhancing permeability of
BBB. Targeting the BMEC structural changes could prevent
BBB insult and secondary tissue injury [6]. As to Cavl, a
recent study revealed that transcellular mechanisms medi-
ated by Cavl do not exert a predominant role up to 24 h after
ischemia induced BBB breakdown [9]. So we chose bEnd.3
(brain microvascular endothelial cell line) in our experiment.
And we determined the effect of SCM-198 on BBB integrity
by TJs.

Recently, a lot of attention has been focused on Leonur-
ine which also named SCM-198. As we know, SCM-198 is a
unique single compound existed only in Herba leonuri,
which is widely used in gynecology. Previous research sug-
gested SCM-198 could improve antioxidant capacity of
myocardium, promote angiogenesis in ischemic myocar-
dium, and ameliorate endothelial dysfunction caused by
hyperlipidemia [11, 12]. SCM-198 was surprisingly found
to be effective in permanent MCAO stroke models via mod-
ulating mitochondrial functions [13], which prompted us to
further explore its possible therapeutic potential in more
dangerous tMCAO models. Therefore, we investigated the
protective effects of SCM-198 in both tMCAO rat model
and OGD/R cell model. Furthermore, we addressed new
mechanisms that contribute to the protective effects of
SCM-198 and whether they occur via maintaining BBB
functioning and permeability.

2. Materials and Methods

2.1. Materials. Antibodies were obtained from the following
commercial sources: Matrix metalloproteinase- (MMP-) 9
and histone deacetylase- (HDAC-) 4 (Cell Signaling Tech-
nology), claudin-5 and ZO-1 (Invitrogen), occludin, the nic-
otinamide adenine dinucleotide phosphate oxidase- (NOX-)
4, and GAPDH (Proteintech), and rhodamine phalloidin
was obtained from Cytoskeleton. GKT137831 and Tasqui-
nimod (Taq) was from selleck. Lactate dehydrogenase
(LDH) activity assay kit was bought from Beyotime Insti-
tute of Biotechnology. Cell counting kit 8 (CCKS8) was
from Dojindo. 2,3,5-Triphenyltetrazolium chloride (TTC),
2'7"dichlorofluorescin diacetate (DCFH-DA), diphenyle-
neiodonium (DPI), fluorescein isothiocyanate- (FITC-)
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labeled dextran, and other chemical reagents were from
Sigma-Aldrich.

2.2. Animal Treatment and Model. The experiment protocol
was approved by the institutional ethical committee with
internationally accepted ethical standards. All protocols and
animal handling were performed in accordance under the
guidelines of National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Hundred male Sprague-
Dawley (SD) rats were supplied by the Laboratory Animal
Center, Fudan University. Rats weighing 180-220g were
housed with food and water ad libitum under diurnal lighting
condition. Rats were anaesthetized with chloral hydrate
(300 mg/kg, intraperitoneally) as our standard protocol.

Briefly, we performed the surgery as described previously
[14]. 90 minutes later, we withdrew the filament to cause the
reperfusion injury. At different time point of MCAO and
reperfusion, occlusion was confirmed by laser Doppler
imaging system (Moor Instruments, USA) to monitor cere-
bral blood flow (CBF).

All the animals mentioned above were randomly divided
into five groups: control operation group, tMCAO group
treated with saline, vehicle group with Edaravone (3 mg/
kg/day) for tMCAO [15], and treatment groups which
were posttreated (0.5h and 2h after operation) with
SCM-198 (15mg/kg/day in normal saline). All the drugs
were given intravenous injection once daily for 3 days.

2.3. Measurement of Infarct Volume and Brain Swelling after
Ischemia-Reperfusion. The TTC staining assay is one of the
most common methods to measure infarct volume which
was measured as previously described [16]. At the third
day after I/R, animals were anesthetized with chloral
hydrate (300 mg/kg, i.p.) and decapitated. Rat brains were
immediately removed and then dissected into 2 mm-thick
coronal slices using a brain slice matrix. Then the slices
were stained with TTC solution (1% TTC in PBS) at
37°C for 15min then photographed. Infarct sizes were
quantified using Image] software. The relative infarction
volume percentage (RIVP) was calculated as following
equation: RIVP =IVA/TA x100%, where IVA and TA
were infarcted area and total area of the coronal sec-
tions, respectively.

The cerebral edema volume was also measured. Edema
volume = ([volume of ipsilateral hemisphere—volume of
contralateral hemisphere]/volume of contralateral hemi-
sphere) x 100% [17].

2.4. Behavioral Evaluation. To evaluate neuronal function
impairment after ischemic stroke insult, a neurological deficit
grading system with a scale of zero to 5 was carried out on all
of the animals as described previously [18].

2.5. Brain Water Content. Three days after tMCAO, rats
were anesthetized by 10% chloral hydrate. The brains were
removed and separated into contralateral and ipsilateral
hemisphere. The wet weight of ipsilateral hemisphere was
recorded immediately. After dried at 50°C for 48 hours,
the dry weight of these samples were obtained by an elec-
tronic analytical balance. The formula for calculating brain
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water content (BWC) was as follows: (wet weight—dry
weight)/wet weight x 100% [19].

2.6. Evaluation of Blood-Brain Barrier Integrity. The effect of
SCM-198 on BBB permeability was assessed by Evans blue
(EB) test [20]. EB dye (80mg/kg) in phosphate-buffered
saline (PBS; pH 7.4) was injected into tail vein and allowed
to circulate for 24 h. Then rats were anesthetized with chloral
hydrate, and transcardially perfused with PBS, the brains
were removed and divided into the right and left hemi-
spheres. The left hemispheres were weighed and placed in
50% trichloroacetic acid solution to precipitate protein. The
supernatant was diluted 4-fold with ethanol. The EB dye
was measured by a microplate fluorescence reader (excitation
620 nm, emission 680nm). We also measured the cerebral
edema volume. Edema volume=([volume of ipsilateral
hemisphere —volume of contralateral hemisphere]/volume
of contralateral hemisphere) x 100% [21].

2.7. bEnd.3 Cell Culture and Treatment. Mouse bEnd.3 cell
was bought from American Type Culture Collection
(ATCC). Cells were cultured with Dulbecco’s modified Eagle
medium (DMEM, Hyclone, USA), supplemented with 10%
fetal bovine serum (FBS, Hyclone, USA) and 100 ug/ml
penicillin/streptomycin (Gibco), and cultured at 37°C con-
taining 5% CO, and 95% O,. All the cells used in the
experiments were performed from passages 2 to 10.

To mimic ischemic-like conditions in vitro, bEnd.3 cells
were exposed to OGD as we described previously [22]. In
brief, the cells were washed with PBS three times then
replaced with serum- and glucose-free medium (Invitrogen).
The cells were placed in a Biospherix incubator chamber
(ProOx C21, USA), which was flushed with 95% N, and 5%
CO, for 6 h then transferred to 95% air, 5% CO,, and contin-
ued to be cultured in glucose-containing medium for 4 h each
time. Control cells were cultured with norm-oxygenated and
glucose-containing medium for the same period of time in
normal condition. The cells were divided into five groups:
control, OGD, and cells treated with SCM-198 (0.1 uM,
1uM, and 10uM) 2h before OGD. The inhibitors were
added 1h before OGD until the end of the experiment.

2.8. Cellular Viability. Cell viability was determined using the
CCKS8 assay in accordance with the manufacturer’s instruc-
tions [23]. In briefly, cells were seeded into 96-well plate at
a density of 1.0x10* cells/well and cultured for 24 h, and
then 10 ul CCK-8 solution was added to each well after reper-
fusion and incubated for 1 h. The absorbance was measured
at 450 nm for each well using a multiwell spectrophotometer.
The experiment was performed in triplicate.

2.9. Lactate Dehydrogenase Assay. LDH activity was detected
using a LDH activity assay kit according to the manufac-
turer’s instructions [24]. Absorbance values were mea-
sured at 490nm with a reference wavelength of 655nm,
using a 96-well microplate reader (Tecan Systems Inc.,
Oberdiessbach, Switzerland). The experiment was repeated
at least three times.

2.10. Reactive Oxygen Species Measurement. The amount of
intracellular ROS was measured by the change of fluores-
cence resulting from oxidation of DCFH-DA, a membrane-
permeable fluorescent probe [23]. After treated with
SCM-198 for 2h and OGD/R injury, cells were washed in
PBS and incubated with 10 uM of DCFH-DA for 30 min at
37°C in the dark. The cells were washed with serum-free
DMEM to remove the free molecules of the dye. The fluores-
cence of intracellular ROS was detected by both fluorescence
microscopy (Zeiss, Oberkochen, Germany) and microplate
reader (TecanSystems Inc., Oberdiessbach, Switzerland).

2.11. Measurement of BBB Permeability In Vitro. Then we
tested the putative function of SCM-198 in regulating the
in vitro BBB permeability as previously described [25]. The
bEnd.3 cells were seeded on 24-well transwell polycarbonate
insert filters (diameter: 24 mm; pore size: 3 um; BD, USA)
at a confluent density of 2x 10> cells/cm® and incubated
for 2 days. At 1h before the end of the reoxygen period,
solutions of FITC-labeled dextran solution were added to
the apical chamber. The fluorescence intensity of FITC-
dextran was detected at the excitation wavelength of
485nm and the emission wavelength of 520nm with a
microplate reader (Tecan Systems Inc., Oberdiessbach,
Switzerland). All samples were performed in triplicate.

2.12. Lentivirus Production and Transduction. Lentiviral
plasmids and packaging plasmids were cotransfected into
HEK293 cells to generate lentivirus by lipofectamine
2000 (Life Technologies) according to the manufacturer’s
instructions. The recombinant virus-containing medium
was collected 72h after transfection, and then the media
was centrifuged at 5000g for 30 min to remove cell debris;
at last, the supernatants were concentrated by PEG-it virus
precipitation solution (SBI, USA) to obtain virus particles.
After the bEnd.3 cells reached 60-70% confluence, the
abovementioned lentiviral particles were used to trans-
ducer at a multiplicity of infection (MOI) of 50. The cells
were used for the next experiment until at least 80%. The
overexpression of adenovirus of HDAC4 was obtained
from Gene Pharma (Shanghai, China). The efficiency of
transduction was evaluated by the rate of GFP-positive cell
number counted under a fluorescent microscope (Leica,
Wetzlar, Germany).

2.13. Western Blot. Western blot analyses were performed
as previously described [11]. The frozen tissues were cut
into small pieces and homogenized in RIPA buffer and
then centrifuged at 12,000g for 10 min at 4°C to separate
soluble from insoluble fractions. Equal amounts of proteins
for each group mixed with loading buffer were separated by
10% SDS-polyacrylamine gel and transferred to nitrocellu-
lose filter membranes.

Each membrane was incubated with specific antibodies
as follows: MMP-9, ZO-1, occludin, claudin-5, HDAC4,
NOX4, and GAPDH. Immunoreactive proteins were visual-
ized using the ECL western blotting detection kit (Thermo
Fisher Scientific Inc., Boston, USA), according to the manu-
facturer’s instructions. To measure the expression of each



protein, the relative intensity was calculated by compar-
ing with the intensity of GAPDH using densitometry
(Bio-Rad, USA).

2.14. Real-Time RT-PCR. The total RNA was isolated from
the brain cortex and striatum using TRIzol Reagent (Takara,
Japan) as described in the manufacturer’s instructions. After
quantifying the amount of extracted total RNA, 500ng
template RNA was reversely transcribed to single-stranded
c¢DNA with a Prime Script 1st strand cDNA synthesis kit
(Takara, Japan) according to the manufacturer. Real-time
PCR was performed on a BIO-RA- D IQ5 system (Bio-Rad,
USA). The relative differences in gene expression between
groups were expressed using cycle time (Ct) values. Briefly,
the Ct values of the interested genes were first normalized
with GAPDH of the same sample and then the relative differ-
ences between control and treatment groups. The primer
sequences that were used in the real-time PCR analyses
were provided in Supplementary Table 1 available online
at https://doi.org/10.1155/2017/7150376.

2.15. Immunofluorescent Staining. Immunofluorescence was
assessed as described earlier [26]. Following reoxygenation
for 4h, cells were washed with PBS and fixed in 4% para-
formaldehyde for 30min at room temperature, then
washed with PBS 3 times. After permeabilizing with 0.1%
Triton X-100, cells were blocked with 3% BSA for 30 min.
Subsequently, the cells were incubated at 4°C overnight
with the primary antibodies as follows: ZO-1 and occludin.
After washing off the primary antibodies, the cells were
incubated with Alexa Fluor 488- or 568-conjugated second-
ary antibodies (1:500, Thermo Fisher Scientific) at room
temperature for 1h. Following three times of PBS washes,
the cell nuclei were stained using 4,6-diamidino-2-phenylin-
dole (DAPI, Beyotime).

To stain the F-actin stress fibres, cells were exposed
to rhodamine phalloidin (1:50, Cytoskeleton) for 20 min,
DAPI for staining the nuclei. Fluorescence staining was
viewed with a laser scanning confocal microscope (Zeiss,
Oberkochen, Germany).

2.16. Statistical Analysis. GraphPad Prism 5.0 software was
used for analysis. Every two groups were compared by 1-
way ANOVA with Tukey’s post hoc test for P values.
The Mann-Whitney U test was used for the statistical
analysis of neurological deficits. All values are expressed
as mean+ SEM. Values of p<0.05 were considered to
state statistical significance.

3. Results

3.1. SCM-198 Ameliorated Ischemia-Reperfusion Injury. To
test the therapeutical effect of SCM-198 on I/R, rats were sub-
jected to 90 min of ischemia followed by 72 h of reperfusion.
We set three time points to determine the therapeutic win-
dow: treatment at 0.5, 2, and 6 h postreperfusion. The brain
infarct size was examined by TTC staining (Figure 1(a)),
and we found that I/R markedly increased the infarct volume
approximately up to 38.00 +8.10%, while postinjection of
SCM-198 could significantly decrease the infarct volume

Oxidative Medicine and Cellular Longevity

(F (4, 31)=35.04, P<0.0001, Figure 1 (b)), notably at
0.5h after reperfusion which was 13.13 +4.42%. SCM-198
revealed better protective effect against infarct volume than
Edaravone which decreased the infarct volume only to
20.14+8.86%. As neurological deficit caused by ischemia
stroke is another big consequence, we observed and scored
the behavior at 24, 48, and 72h postsurgery. Compared
with the tMCAO group, the neurological scores of treat-
ment with SCM-198 and edaravone were significantly
decreased at corresponding day (Figures 1(c)-1(e)). More-
over, we explored that treatment with SCM-198 at 0.5h
after surgery had the best effect. We also examined 6h
treatment after I/R, but there was no evident effect (data
not shown). From the above results, we could safely con-
clude that SCM-198 improved neurological deficit, as well
as decreased infarct volume.

3.2. The Effect of SCM-198 on BBB Breakdown. We know that
stroke develops various damages to BBB integrity leading to
the swell of brain tissue. Therefore, protection of BBB
function can be a crucial aspect for reducing ischemic injury.
To confirm the further mechanism of SCM-198 on stroke, we
decided to focus on the protective effect against BBB break-
down. EB dye is always used as a marker of albumin effluxion
to evaluate BBB permeability. EB can easily permeate the
BBB after brain insult by I/R. We used EB to detect whether
SCM-198 could maintain the intact BBB. Representative
photos of EB dye in rat brain tissues are shown in
Figure 1(f). We compared EB leakage in the ipsilateral
hemisphere among all groups. SCM-198 could drastically
reduce EB leakage when compared with the tMCAO group
(Figure 1(f)). Treatment with SCM-198 at 2h and 0.5h
after ischemic stroke markedly diminished EB leakage
(Figure 1(f)). The quantitative analysis of EB leakage after
I/R is shown in Figure 1(g) (F (3, 39)=59.33, P < 0.0001).
Correspondingly, SCM-198 could decrease the brain edema
volume (F (3, 20) =29.14, P < 0.0001, Figure 1(h)) and water
content in the ipsilateral hemisphere subjected with I/R
injury (F (3, 52)=18.06, P<0.0001, Figure 1(i)). These
results suggested that SCM-198 may offer the protection
against onset of BBB leakage.

3.3. SCM-198 Decreased the Degradation of Tight Junctions in
Ischemic Brain. As we know, the cortex and striatum are the
most sensitive to reperfusion, so we divided the brain into
peri-ischemic region in the cortex and striatum. I/R causes
the degradation of TJs, such as ZO-1 and occludin, which
results in the loss of BBB function [27]. We examined the
mRNA and protein levels of ZO-1 and occludin in the
peri-ischemic region and striatum of rat brains. Their pro-
tein and mRNA levels, in both peri-ischemic region and
striatum, were sharply decreased after I/R injury, while
SCM-198 could dramatically restore the degradation
(Figure 2(a); F (3, 12)=18.65, P <0.0001, Figure 2(b); F
(3,22)=38.22, P < 0.0001, Figure 2(c); Figure 2(d); F (3, 8) =
8.228, P =0.0079, Figure 2(e); F (3, 16)=17.23, P <0.0001,
Figure 2(f); F (3, 6)=25.11, P=0.0009, Figure 2(g); F
(3, 8)=7.631, P=0.0099, Figure 2(h); F (3, 8)=10.04,
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FIGURE 1: Posttreatment with SCM-198 significantly protected against the damage induced by tMCAO. The rats were subjected to 90 min
MCAO before reperfusion. SCM-198 decreased the infarct volume and improved neurological scores. (a) Representative pictures of
coronal sections from ischemic rat brain stained with TTC. (b) The quantitative analysis of the number of infarct size. F (4, 31) =35.04,
P <0.0001. (c-e) Neurological function was ameliorated by SCM-198 after ischemia reperfusion. Values are expressed as mean + SEM.
*p <0.05 versus the control group, *p <0.05 versus the tMCAQ group, n = 8. Posttreatment with SCM-198 maintained BBB integrity.
(f, @) At the end of treatment, the Evans blue dye was injected into the vein following 24 h circulation. (f) Representative pictures of
coronal sections from rat brain stained with Evans blue dye after ischemic reperfusion. (g) The quantitative analysis of Evans blue
leakage after ischemia reperfusion, F (3, 39) =59.33, P <0.0001. Edema volume ((h), F (3, 20) =29.14, P <0.0001) and water content
(G), F (3, 52)=18.06, P<0.0001) were decreased by SCM-198 after ischemia reperfusion. Values are expressed as mean+ SEM.
"p<0.05 versus the control group, *p<0.05 versus the tMCAO group, n=6.

P=0.0044, Figure 2(i); F (3, 8)=9.389, P=0.0053, that MMP-9 is upregulated after ischemia and influences
Figure 2(j)). the delayed BBB opening which contributes to the irrevers-

The TJs are reportedly degraded in I/R mainly by MMP-9  ible increase in BBB permeability. So we speculated that
[28, 29] which is the predominant protease involving in BBB ~ SCM-198 may offer a protection through inhibiting the
disruption following ischemic stroke [30]. It is also reported ~ expression of MMP-9. The results confirmed our conjecture,
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FIGURE 2: SCM-198 protected against T] degradation induced by cerebral ischemic reperfusion. (a, d) Western blots of peri-ischemic region
and striatum tissues in the tMCAO model showed increased the loss of occludin and ZO-1 levels, but reversed by SCM-198 treatment.
GAPDH was used as the loading control. (b-c, e-f) The quantitative analysis occludin and ZO-1 levels were calculated and expressed
relative to control. F (3, 12)=18.65, P <0.0001, Figure 2(b); F (3, 22)=38.22, P <0.0001, Figure 2(c); F (3, 8)=8.228, P=0.0079,
Figure 2(e); F (3, 16)=17.23, P <0.0001, Figure 2(f). (g-j) Posttreatment with SCM-198 at 2h and 0.5h after reperfusion notably
improved occludin and ZO-1 mRNA expression. SCM-198 revealed significantly protection. F (3, 6)=25.11, P=0.0009, Figure 2(g);
F (3, 8)=7.631, P=0.0099, Figure 2(h); F (3, 8)=10.04, P =0.0044, Figure 2(i); F (3, 8)=9.389, P =0.0053, Figure 2(j). Values are
expressed as mean = SEM. “p < 0.05 versus the control group, *p < 0.05 versus the tMCAQ group, n = 4.

western blot (Figure 3(a); F (3, 9)=38.73, P<0.0001,
Figure 3(b); Figure 3(d); F (3, 10)=14.65, P =0.0005,
Figure 3(e)), and real-time RT-PCR assays (F (3, 8)=
85.85, P <0.0001, Figure 3(c), F (3, 8)=42.11, P <0.0001,
Figure 3(f)) revealed that MMP-9 levels were evoked in
the peri-ischemic region and striatum in tMCAO group,
and SCM-198 treatment after surgery could remarkably
reduce the expressions of MMP-9.

NOX4 and HDAC4 involve in mediating BBB perme-
ability, and their expressions are changed by I/R [2, 31].
To determine whether SCM-198 affected expressions of
NOX4 and HDACH4, the protein levels were tested in the
peri-ischemic region and striatum. Figure 3 (Figure 3(g);
F (3, 15)=51.79, P<0.0001, Figure 3(h); F (3, 8)=3l,
P <0.0001, Figure 3(i); Figure 3(j); F (3, 11)=24.47,
P <0.0001, Figure 3(k); F (3, 8)=14.09, P=0.0015,
Figure 3(1)) suggested that I/R caused loss of HDAC4
but increase of NOX4 in both regions of the brain; treatment
with SCM-198 enhanced the protein level of HDAC4 and
inhibited the expression of NOX4. These results indicated
that SCM-198 had a pivotal role in supporting BBB
maintenance in vivo.

In order to confirm the protective action of SCM-198
against BBB breakdown and find out how SCM-198 exerted
its effect, we used the OGD/R cell model for the further study.

3.4. SCM-198 Provided Protective Effect against OGD/R
Insult. To clarify the mechanisms of the effect of SCM-198
on BBB disruption, we took an in vitro BBB model on bEnd.3
cell line followed OGD for 6h and reoxygenation for 4h.
Meantime, we examined the expression of HIF-« to confirm
the success of this model (Supplementary Figure 1). The cell
viability was determined 4 h after reoxygenation by the CCK8
method. Results revealed that cell death in OGD/R group
was significantly increased compared with the control
group (F (3, 14)=12.57, P=0.0003, Figure 4(a)). Pretreat-
ment with different concentrations of SCM-198 had a

dose-dependent protective effect, especially the 10 uM group
which could increase the cell viability from 24.49 + 5.84% to
55.24+5.95%. At the same time, LDH assay was used for
assessing cytotoxicity. We found that OGD/R under our
condition increased LDH leakage into the cell culture
media compared with the control group (p <0.05). And
SCM-198 treatment could markedly decrease the LDH
release (F (3, 4)=39.25, P=0.002, Figure 4(b)). These
results indicated that SCM-198 provided protection against
OGD/R injury.

3.5. SCM-198 Decreased ROS Production in bEnd.3 Cell Line.
We detected OGD/R-induced ROS production by DCF-
DA reagent, a fluorescent probe used for visualizing ROS.
OGD/R enriched DCF-DA-positive cells compared with
the control group (p <0.05). SCM-198 notably cut ROS
generation and reduced the positive cell number in a
concentration-dependent manner compared with the OGD/
R group. There was no apparent difference between the
SCM-198 treatment group and control group (Figure 4(d)).
We also calculated the fluorescent intensity by microplate
reader. The graph showed that SCM-198 significantly
decreased the fluorescent intensity compared with the
OGD/R group (F (4, 12)=43.35, P < 0.0001, Figure 4(c)).

3.6. SCM-198 Maintained the BBB Integrity In Vitro. FITC-
dextran is always used as a fluorescent tracer for evaluating
BBB TJ function. Under physiological conditions, due to
BBB, the endothelial membrane is impermeable for macro-
molecules to cross the barrier. But when the cell is subjected
to OGD/R injury, FITC-dextran flux observably increased,
which indicated disruption of the barrier. SCM-198 reduced
the flux of FITC-dextran, suggesting SCM-198 could
maintain the integrity of BBB in vitro (F (4, 10)=6.671,
P =0.007, Figure 5(a)).

Western blots showed that T] proteins, claudin-5,
occludin, and ZO-1 were dramatically degraded in the
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FIGURE 3: SCM-198 mediated the expression of MMP-9, NOX4, and HDAC4 in tMCAO rat. Reperfusion increased the loss of HDAC4
and the expression of MMP-9 and NOX4 in both peri-ischemic region and striatum tissues of the brain. (a—c) Reperfusion exacerbated
the protein and mRNA expression of MMP-9 in peri-ischemic regions. SCM-198 significantly inhibited MMP-9 mRNA expression in
the cortex. F (3, 9) =38.73, P < 0.0001, Figure 3(b); F (3, 8) =85.85, P < 0.0001, Figure 3(c). (d-f) Reperfusion improved the protein and
mRNA expression of MMP-9 in the striatum. SCM-198 inhibited MMP-9 mRNA expression in the striatum. F (3, 10)=14.65,
P =0.0005, Figure 3(e); F (3, 8)=42.11, P <0.0001, Figure 3(f); (g-1) Reperfusion increased the loss of HDAC4 and the expression
of NOX4 in both peri-ischemic region and striatum tissues of the brain. GAPDH was used as the loading control. F (3, 15)=51.79,
P <0.0001, Figure 3(h); F (3, 8)=31, P<0.0001, Figure 3(i); F (3, 11)=24.47, P<0.0001, Figure 3(k); F (3, 8)=14.09, P=0.0015,
Figure 3(1). Values are expressed as mean+SEM. “p < 0.05 versus the control group, *p < 0.05 versus the tMCAO group, 1 = 4.

OGD/R group. This reduction of TJs may interpret the vast
increase in barrier permeability. But SCM-198 could signally
reverse the degradation of TJs (Figure 5(b); F (4, 10) =133.1,
P <0.0001, Figure 5(c); F (4, 14)=26.32, P <0.0001,
Figure 5(d); F (4, 14)=22.99, P <0.0001, Figure 5(e)). The
results were confirmed by real-time RT-PCR, and the
mRNA expressions of claudin-5, occludin, and ZO-1 were
markedly reduced at 4h post-OGD/R. SCM-198 prevented
the reduction of these three proteins (F (4, 10)=7.764,
P=0.0041, Figure 5(f); F (4, 15)=5.983, P=0.0044,
Figure 5(g); F (4, 21)=12.70, P <0.0001, Figure 5(h)).
Immunofluorescence analysis also showed that OGD/R
weakened occludin and ZO-1 expression when compared
with intact ZO-1 and occludin in the control group.
But the loss of ZO-1 and occludin was recovered after
treatment with SCM-198 (Figure 5(i)). According to the
above findings, we also found abundant linear stress fibre
formation, which accounts for cell contraction and hyper-
permeability [32-35], which was stained by rhodamine
dye after OGD/R (Figure 5(i)).

These data manifested that OGD/R touched oft robust
loss of occludin, claudin-5, and ZO-1 while SCM-198 could
improve the expressions. These results were consistent with
the findings in vivo.

3.7. SCM-198 Ameliorated BBB Injury via Enhancing
HDAC4. To identify whether the signals causing BBB
damage in vivo also occur in cell model in vitro, we mea-
sured the protein and mRNA levels of HDAC4, NOX4,
and MMP-9. In the OGD/R group, both protein and
mRNA levels of HDAC4 were notably reduced (Figures 6(a),
6(b), and 6(e)), while NOX4 and MMP-9 were signifi-
cantly increased after reoxygenation (Figures 6(a), 6(c),
6(d), 6(f), and 6(g)). Consistent with the results in vivo,
SCM-198 could exert the protection by enhancing the
expression of HDAC4 and inhibiting the expression of
NOX4 and MMP-9 (Figure 6(a); F (4, 12)=20.46,
P <0.0001, Figure 6(b); F (4, 19)=20.6, P<0.0001,
Figure 6(c); F (4, 10)=34.23, P <0.0001, Figure 6(d); F
(4, 10)=9.474, P=0.002, Figure 6(e); F (4, 10)=7.831,
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FIGURE 4: SCM-198 protected against ischemia-like injury in the in vitro BBB model. bEnd.3 cell line was exposed to 6 h of OGD followed
by 4h reperfusion after treated with different concentrations of SCM-198. (a) OGD/R markedly increased cell death, SCM-198
dose-dependently improved the cell viability, F (3, 14) =12.57, P =0.0003. (b) SCM-198 reduced the LDH leakage in the supernatant after
OGDV/R, F (3, 4) =39.25, P =0.002. (c) The fluorescence intensity of intracellular ROS, F (4, 12) =43.35, P < 0.0001. (d) OGD/R produced
abundant ROS in the cells, while SCM-198 significantly reduced the ROS formation, scale bar=10um. Values are expressed as
mean + SEM. “p < 0.05 versus the control group, *p < 0.05 versus the OGD group, n= 3.

P=0.004, Figure 6(f); F (4, 10)=39.81, P <0.0001,
Figure 6(g)). These results suggested that SCM-198 could
also exhibit protective effect on BBB integrity in vitro by
regulating the expression of HDAC4, NOX4, and MMP-9.

HDAC4 and NOX4 are two proteins which exist in the
same signaling pathway, but the regulative relationship
between HDAC4 and NOX4 is not clear. To explored
whether HDAC4 was responsible for the expression of
NOX4, we used adenovirus or specific inhibitor Taq to
overexpress or inhibit HDAC4 in bEnd.3 cells and then
exposed these cells to OGD/R. Western blot results revealed
that overexpression of HDAC4 by adenovirus inhibited
the increase of NOX4 (Supplementary Figure 2A-B), while
Taq further increased the expression of NOX4 at 0.2uM
(Supplementary Figure 2C). On the other hand, overexpres-
sion of NOX4 by lentivirus or inhibition of NOX4 with DPI
and GKT137831 could not influence the expression of
HDAC4 (Supplementary 3). Therefore, we speculated that
HDACH4 could inhibit the expression of NOX4 under our
OGD/R condition.

Next, we examined whether HDAC4 was involved in the
regulation of BBB integrity. The results showed that Taq
enhanced the ROS formation (F (4, 14)=9.319, P=0.0007,
Figure 6(h)) and increased the protein and mRNA levels of
NOX4 and MMP-9 in bEnd.3 cells (Figure 7(a), F (4, 15) =
13.24, P < 0.0001, Figure 7(b); F (4, 13)=28.16, P < 0.0001,
Figure 7(c); F (4, 10)=43.70, P <0.0001, Figure 7(d);
F (4, 10)=27.45, P <0.0001, Figure 7(e); F (4, 10)=50.05,
P<0.0001, Figure 7(f); F (4, 10)=8.332, P=0.0032,
Figure 7(g); F (4, 10)=39.14, P<0.0001, Figure 7(h)).
Furthermore, Taq abolished the protection of HDAC4 on
BBB integrity by decreasing the expression of T] protein

and mRNA such as claudin-5, occludin, and ZO-1
(Figures 7(a) and 7(d)-7(f), F (4.10)=401, P <0.0001,
Figure 7(i); F (4.10)=144.9, P <0.0001, Figure 7(j);
F (4.10)=39.03, P <0.0001, Figure 7(k)). Treatment with
SCM-198 reduced the ROS production (Figure 6(h)) and
the overexpression of NOX4 and MMP-9 induced by Taq
(Figures 7(a)-7(c) and 7(g)-7(h)). Similarly, treatment with
SCM-198 increased the mRNA and protein levels of these
TJ proteins (Figures 7(a), 7(d)-7(f), and 7(i)-7(k)). Together
these results indicated that SCM-198 may exert the protec-
tion effect on BBB through enhancing the expression of
HDAC4 which could regulate NOX4 and MMP-9.

4. Discussion

In this article, we used classic tMCAO rat model in vivo
and reperfusion post-OGD cell model in vitro to explore
the potential of SCM-198 as a therapeutic approach for
reperfusion-induced BBB disrupture. We found that SCM-
198 significantly decreased infarct volume and ameliorated
neurological deficit in the tMCAO model. Moreover, SCM-
198 could also reduce the cell injury caused by OGD/R
in vitro. Further study about the mechanism demonstrated
that HDAC4 could inhibit the expression of NOX4 and
MMP-9 and then improve TJ levels, therefore protect against
BBB breakdown. In conclusion, we first revealed that
HDAC4 was involved in regulating BBB integrity and
SCM-198 had the protective effects against BBB leakage
through enhancing the expression of HDAC4.

The brain suffers from ischemia-induced vast loss of
oxygen and nutrient leading to tissue damage, especially
the cortex and striatum regions [36], and reperfusion
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FIGURE 5: SCM-198 reduced the degradation of TJs induced by OGD/R. (a) FITC-dextran was used to determine BBB integrity. After

reperfusion the leakage of dextran in the plate was remarkably increased. SCM-198 could reduce the leakage, F (4, 10) =6.671, P =0.007.
(b) Expressions of TJs, occludin, claudin-5, and ZO-1 were evaluated by western blot 4 h after reperfusion. OGD/R induced the obvious
loss of TJs, and SCM-198 reversed this loss. (c-e) The results were quantified and expressed relative to control, F (4, 10)=133.1,
P <0.0001, Figure 5(c); F (4, 14)=26.32, P <0.0001, Figure 5(d); F (4, 14)=22.99, P <0.0001, Figure 5(e). (f-h) The expressions of
mRNA levels were detected by real time RT-PCR. SCM-198 could reduce the degradation of TJs at the level of mRNA, F (4, 10) =7.764,
P =0.0041, Figure 5(f); F (4, 15)=5.983, P =0.0044, Figure 5(g); F (4, 21)=12.70, P <0.0001, Figure 5(h). (i) Immunofluorescence
analysis of occludin and ZO-1, and rhodamine-conjugated phalloidin for stress fibre. Scale bar =20 ym. The expressions of occludin and
Z0-1 were significantly reduced by OGD/R while SCM-198 prevented their reduction. SCM-198 also decreased the formation of stress
fibre. Values are expressed as mean + SEM. *p < 0.05 versus the control group, *p < 0.05 versus the OGD group, 1 = 3.

exacerbates this insult because of the fresh oxygen [1].
We found that both cortex and striatum regions in the
tMCAO animals appeared plenty of infarct volume,
approximately 40% of the whole brain (Figures 1(a) and
1(b)). SCM-198 and Edaravone could significantly reduce
the infarct area and reduce neurological deficit scores

(Figures 1(c) and 1(e)). Furthermore, treatment with
SCM-198 at 0.5h postsurgery revealed better therapeutic
effect on infarct area and neurological deficit score than
Edaravone (Figure 1).

BBB is a specialized structure between the brain tissue
and blood circulation to maintain the homeostasis of
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FIGURE 6: SCM-198 mediated the expression of MMP-9, NOX4, and HDAC4 in vitro. (a-d) Western blot images and quantitative analysis of
MMP-9, NOX4, and HDAC4 were shown, F (4, 12) = 20.46, P < 0.0001, Figure 6(b); F (4, 19) =20.6, P < 0.0001, Figure 6(c); F (4, 10) = 34.23,
P <0.0001, Figure 6(d). (e-g) The mRNA levels of HDAC4, NOX4, and MMP-9 were estimated by real-time RT-PCR, F (4, 10) =9.474,
P =0.002, Figure 6(e); F (4, 10)=7.831, P =0.004, Figure 6(f); F (4, 10) =39.81, P <0.0001, Figure 6(g). (h) The HDAC4 inhibitor Taq
(0.2 uM) or vehicle was applied 1 h before until the end of the experiment. Taq exacerbated the production of ROS, while SCM-198, 1 and
10 uM, could still reduce the ROS formation, F (4, 14) =9.319, P = 0.0007, scale bar =2 ym. Values are expressed as mean + SEM. #p <0.05

versus the control group, *p < 0.05 versus the OGD group, n = 3.

microenvironment and avoid the harm from the exoge-
nous compounds. Study showed that treatment with tPA
often accompanies with lethal complication of brain
edema due to reperfusion insult which contribute to the
disrupture of BBB. In our study, I/R-induced BBB disrup-
tion was confirmed by EB dye which crossed from blood
into parenchyma (Figure 1(f)). Furthermore, the increase
of bEnd.3 cells permeability induced by OGD/R in the
in vitro model was tested by FITC-dextrans. SCM-198

remarkably decreased EB and FITC-dextran leakage
(Figure 5(a)). Besides, we also detected that I/R signifi-
cantly increased the water content and edema volume of
the ipsilateral brain compared with the control rats.
SCM-198 decreased the brain edema volume and water
content in the ipsilateral hemisphere (Figures 1(h) and
1(i)). These results indicated that SCM-198 played the
protective effect against BBB breakdown both in vivo
and in vitro.
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F1GURE 7: SCM-198 maintained the BBB integrity via enhancing the expression of HDAC4. The HDAC4 inhibitor Taq (0.2 uM) or vehicle
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MMP-9. Meanwhile, SCM-198 decreased the loss of TJs. The results revealed SCM-198 could protect against the degradation of TJs via
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Following stroke, BBB disrupture has two phases: the
initial opening occurs within hours after stroke onset and
the second phase comes 24-48h later. MMPs, especially
MMP-2 and MMP-9, are involved in such early and late

phases. The early BBB breakdown is mainly caused by
MMP-2 which increased in the early phase of the tMCAO
model [37]. But in our condition, the mRNA expression of
MMP2 was unchanged between each group (Supplementary
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regulating the HDAC4/NOX4/MMP-9 tight junction pathway.

Figure 4). Correspondingly, MMP-9 was elevated during the
delayed barrier disrupture, from 4 h to 4 days. The upregula-
tion of MMP-9 leads to the production of stress fibre and
entire degradation of T7s, in addition to complete disrupture
of BBB and brain edema [38].

In the clinic, MMP-9 is mainly derived from infiltrat-
ing neutrophils and microvessel endothelium after ischemic
stroke in humans [39]. MMP-9 is considered as the predom-
inant protease which can break the integrity of BBB following
ischemic stroke. We supposed that SCM-198 may protect the
further lesion by regulating the expression of MMP-9. We
examined the expression of MMP-9 and found that MMP-9
was indeed declined by SCM-198 treatment. While TJs,
which could be regulated by MMP-9, play critical function
in maintaining BBB integrity. In our study, we found SCM-
198 could enhance the mRNA and protein levels of them
and then defend the insult induced by I/R. These suggested
that SCM-198 has a beneficial effect on BBB damage by inhi-
biting MMP-9 levels and improve TJ expression (Figures 2, 3,
5, and 6).

It is well known that nuclear factor kappa-B (NF-xB) and
reactive oxygen species (ROS) are involving of MMP-9
activation during ischemia [40]. ROS, including hydrogen
peroxide, superoxide anion, and hydroxyl radical, are
induced by ischemia following reperfusion which contributes
to the critical injury to the brain tissue and BBB disruption
[41-43]. When the brain is subjected to oxidative stress,
NOXs are activated and then the electrons are transferred
from NADPH to oxygen producing abundant ROS. NOX
family is the primary source of ROS [44], which comprises
seven members: NOX1, NOX2, NOX3, NOX4, NOXS5, dual

oxidase- (Duox-) 1, and Duox-2. Of these NOX isoforms
identified hitherto [45-47], NOX1, NOX2, and NOX4 are
expressed in the brain and involved in BBB dysfunction after
cerebral ischemia and reperfusion. The recent research had
proved that NOX4™~ mice exhibited the decrease of infarct
volume, oxidative stress, BBB disruption, and neuronal
apoptosis in the tMCAO model. But the absent of NOX2
had no effect on infarct area, BBB leakage, neuronal apopto-
sis, or functional outcome after tMCAO. So the researchers
concluded that deletion of NOX4, not NOX1 or NOX2,
exerted the protective effect [48]. In our study, we found that
the expression of NOX2 did not change in the tMCAO model
(Supplementary Figure 5), suggesting that NOX2 did not
play a predominant role in our situation. As we know,
NOX4 is considered as the major source of ROS. NOX4, first
discovered in the kidney, is mainly distributed in neuron and
endothelial cells of the brain [1, 43]. Ischemic stroke induces
NOX4 activated [48], and previous research revealed that
inhibition of NOX4 could suppress the enhanced level of
MMP-9 induced by tMCAO [47].

Based on these results, we believed that NOX4 may exert
a main role in our tMCAO and OGD/R models. Our results
showed that NOX4 expression was increased in both tMCAO
and OGD/R models. Treatment with SCM-198 would reduce
the expression of NOX4 and then protect against I/R and
OGD/R injury (Figures 3 and 6). A number of transcription
factors, for instance, NF-«xb[49], SMAD proteins [50], HIF1«
[51], E2F [52], Nrf2 [53], Nrf3 [54] and STAT1/3 [55] have
been shown to regulate NOX4 gene expression. However,
few researchers focused on the epigenetic regulation of
NOX4. Some studies confirmed that HDAC inhibition
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provided neuroprotection after cerebral ischemic insult or
intracerebral hemorrhage [56-58]. Histone deacetylases
(HDAC:) are a protein family consisted of 18 proteins which
could be categorized into 4 groups according to their struc-
tural and functional resemblance: class I (HADCs 1, 2, 3,
and 8), class ITa (HDACs 4, 5, 7, and 9), class IIb (HDACs
6 and 10), class III (sirtuins 1-7), and class IV (HDAC 11)
[59]. HDAC dysregulation is associated with brain disorders
such as Huntington’s disease, Alzheimer’s disease, and
ischemic stroke [60, 61]. Therefore, it could be a potential
therapeutic target. He et al. examined the change of HDACs
1-11 induced by ischemia and reperfusion; the results sug-
gested that only HDAC4/5 mRNA levels were significantly
decreased while HDAC9 was prominently increased in
ischemic hemisphere [31].

In our study, in both rat and cell model groups, the levels
of HDAC4 were notably decreased, and treatment with
SCM-198 could enhance the expression of HDAC4
(Figures 6(a) and 6(b)). Furthermore, we overexpressed or
inhibited HDAC4 to clarify the regulative relationship
between HDAC4 and NOX4. The results showed that
HDAC4 could regulate the expression of NOX4 in the oppo-
site direction. Therefore, we demonstrated that SCM-198
could regulate the expression of HDAC4 which modulated
NOX4 level and then influenced the downstream of BBB
disrupture (Figure 7).

5. Conclusion

In summary, our research implied that SCM-198 reduced the
infarct volume, ameliorated the neurological deficit, and
protected against BBB leakage in vivo and in vitro. The
underlying mechanism may be that SCM-198 could improve
the level of HDAC4 which could regulate the expression of
NOX4 and further influence the downstream pathway to
exert the protective effect on BBB disrupture (Figure 8).
SCM-198 may be a promising candidate for the treatment
of cerebral ischemia and reperfusion.

Abbreviations

tMCAO: Transient middle cerebral artery occlusion

BBB: Blood-brain barrier

OGD/R: Oxygen-glucose deprivation and reoxygenation

ROS: Reactive oxygen species

Z0: Zonula occludens

NOX:  Nicotinamide adenine dinucleotide phosphate
oxidases

MMPs:  Matrix metalloproteinases

HDACs: Histone deacetylases

tPA: Tissue-type plasminogen activator

NVU:  Neurovascular unit

TJs: Tight junctional proteins

Cavl: Caveolin-1

JAM: Junctional adhesion molecules

BMECs: Brain microvessel endothelium cells

NF-xB:  Nuclear factor kappa-B

CNS: Central nervous system

I/R: Ischemic reperfusion

15
CBE: Cerebral blood flow
TTC: 2,3,5-Triphenyltetrazolium chloride
BWC:  Brain water content
LDH: Lactate dehydrogenase
EB: Evans blue
DPI: Diphenyleneiodonium
Taq: Tasquinimod.

Conflicts of Interest

The authors declare no competing financial interests.

Acknowledgments

This work was supported by grants from the National
Natural Science Foundation of China (no. 81330080),
Shanghai Committee of Science and Technology of
China (no. 14JC1401100), a key laboratory program of
the Education Commission of Shanghai Municipality
(no. ZDSYS14005), and National Major Scientific and
Technological Special Project (no. 2012ZX09103101i-064;
2012ZX 09501001-001-003).

References

[1] K. A. Radermacher, K. Wingler, F. Langhauser et al,
“Neuroprotection after stroke by targeting NOX4 as a source
of oxidative stress,” Antioxidants & Redox Signaling, vol. 18,
pp. 1418-1427, 2013.

[2] Y. Wang, J. Jia, G. Ao et al, “Hydrogen sulfide protects
blood-brain barrier integrity following cerebral ischemia,”
Journal of Neurochemistry, vol. 129, pp. 827-838, 2014.

[3] M. Khan, T. S. Dhammu, H. Sakakima et al., “The inhibitory
effect of S-nitrosoglutathione on blood-brain barrier disrup-
tion and peroxynitrite formation in a rat model of experimen-
tal stroke,” Journal of Neurochemistry, vol. 123, Supplement 2,
pp. 86-97, 2012.

[4] E. A. Neuwelt, B. Bauer, C. Fahlke et al., “Engaging neuro-
science to advance translational research in brain barrier
biology,” Nature Reviews. Neuroscience, vol. 12, pp. 169-
182, 2011.

[5] Y. Shi, L. Zhang, H. Pu et al., “Rapid endothelial cytoskeletal
reorganization enables early blood-brain barrier disruption
and long-term ischaemic reperfusion brain injury,” Nature
Communications, vol. 7, p. 10523, 2016.

[6] W. Shi, X. Wei, Z. Wang et al., “HDAC9 exacerbates endothe-
lial injury in cerebral ischaemia/reperfusion injury,” Journal of
Cellular and Molecular Medicine, vol. 20, pp. 1139-1149, 2016.

[7] T. Zhang, S. Fang, C. Wan et al., “Excess salt exacerbates
blood-brain barrier disruption via a p38/MAPK/SGK1-depen-
dent pathway in permanent cerebral ischemia,” Scientific
Reports, vol. 5, p. 16548, 2015.

[8] P.Huang, C. M. Zhou, H. Qin et al., “Cerebralcare granule(R)
attenuates blood-brain barrier disruption after middle cerebral
artery occlusion in rats,” Experimental Neurology, vol. 237,
pp. 453-463, 2012.

[9] D.Knowland, A. Arac, K. J. Sekiguchi et al., “Stepwise recruit-
ment of transcellular and paracellular pathways underlies
blood-brain barrier breakdown in stroke,” Neuron, vol. 82,
pp. 603-617, 2014.



16

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

M. M. Tenreiro, R. Ferreira, L. Bernardino, and M. A. Brito,
“Cellular response of the blood-brain barrier to injury: poten-
tial biomarkers and therapeutic targets for brain regeneration,”
Neurobiology of Disease, vol. 91, pp. 262-273, 2016.

X. Liu, L. Pan, X. Wang, Q. Gong, and Y. Z. Zhu, “Leonurine
protects against tumor necrosis factor-alpha-mediated inflam-
mation in human umbilical vein endothelial cells,” Atheroscle-
rosis, vol. 222, pp. 34-42, 2012.

X. H. Liu, L. L. Pan, H. Y. Deng et al., “Leonurine (SCM-198)
attenuates myocardial fibrotic response via inhibition of
NADPH oxidase 4,” Free Radical Biology ¢ Medicine,
vol. 54, pp. 93-104, 2013.

K. P. Loh, J. Qi, B. K. Tan, X. H. Liu, B. G. Wei, and Y. Z. Zhu,
“Leonurine protects middle cerebral artery occluded rats
through antioxidant effect and regulation of mitochondrial
function,” Stroke, vol. 41, pp. 2661-2668, 2010.

F. J. Ortega, J. Jolkkonen, N. Mahy, and M. J. Rodriguez,
“Glibenclamide enhances neurogenesis and improves long-
term functional recovery after transient focal cerebral ische-
mia,” Journal of Cerebral Blood Flow and Metabolism : Official
Journal of the International Society of Cerebral Blood Flow and
Metabolism, vol. 33, pp. 356-364, 2013.

H. Hu, X. Sun, F. Tian, H. Zhang, Q. Liu, and W. Tan,
“Neuroprotective effects of Isosteviol sodium injection on
acute focal cerebral ischemia in rats,” Oxidative Medicine
and Cellular Longevity, vol. 2016, Article ID 1379162, 10 pages,
2016.

K. P. Loh, S. H. Huang, B. K. Tan, and Y. Z. Zhu, “Cerebral
protection of purified Herba Leonuri extract on middle
cerebral artery occluded rats,” Journal of Ethnopharmacology,
vol. 125, pp. 337-343, 2009.

S. Fu, Y. Gu, J. Q. Jiang et al, “Calycosin-7-O-beta-D-
glucoside regulates nitric oxide/caveolin-1/matrix metallo-
proteinases pathway and protects blood-brain barrier integrity
in experimental cerebral ischemia-reperfusion injury,” Journal
of Ethnopharmacology, vol. 155, pp. 692-701, 2014.

N. Li, K. Ragheb, G. Lawler et al., “Mitochondrial complex I
inhibitor rotenone induces apoptosis through enhancing
mitochondrial reactive oxygen species production,” The Jour-
nal of Biological Chemistry, vol. 278, pp. 8516-8525, 2003.

D. Han, W. Fang, R. Zhang et al., “Clematichinenoside pro-
tects blood brain barrier against ischemic stroke superimposed
on systemic inflammatory challenges through up-regulating
A20,” Brain, Behavior, and Immunity, vol. 51, pp. 56-69, 2016.
M. Li, R.N. Ma, L. H. Li, Y. Z. Qu, and G. D. Gao, “Astragalo-
side IV reduces cerebral edema post-ischemia/reperfusion
correlating the suppression of MMP-9 and AQP4,” European
Journal of Pharmacology, vol. 715, pp. 189-195, 2013.

S. Garbuzova-Davis, E. Haller, S. N. Williams et al., “Compro-
mised blood-brain barrier competence in remote brain areas in
ischemic stroke rats at the chronic stage,” The Journal of
Comparative Neurology, vol. 522, pp. 3120-3137, 2014.

J. Liu, X. Jin, K. J. Liu, and W. Liu, “Matrix metalloproteinase-
2-mediated occludin degradation and caveolin-1-mediated
claudin-5 redistribution contribute to blood-brain barrier
damage in early ischemic stroke stage,” The Journal of Neuro-
science : The Official Journal of the Society for Neuroscience,
vol. 32, pp. 3044-3057, 2012.

J. Wu, W. Guo, S. Z. Lin et al, “Gpl30-mediated STAT3
activation by S-propargyl-cysteine, an endogenous hydrogen
sulfide initiator, prevents doxorubicin-induced cardiotoxi-
city,” Cell Death & Disease, vol. 7, article €2339, 2016.

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Oxidative Medicine and Cellular Longevity

S. Wu, Y. Yue, H. Tian et al., “Tramiprosate protects neurons
against ischemic stroke by disrupting the interaction between
PSD95 and nNOS,” Neuropharmacology, vol. 83, pp. 107-
117, 2014.

C. M. Zehendner, L. Librizzi, J. Hedrich et al., “Moderate
hypoxia followed by reoxygenation results in blood-brain bar-
rier breakdown via oxidative stress-dependent tight-junction
protein disruption,” PloS One, vol. 8, article 82823, 2013.

L. L. Pan, X. H. Liu, Y. Q. Shen et al., “Inhibition of NADPH
oxidase 4-related signaling by sodium hydrosulfide attenuates
myocardial fibrotic response,” International Journal of Cardi-
ology, vol. 168, pp. 3770-3778, 2013.

S. M. Gloor, M. Wachtel, M. F. Bolliger, H. Ishihara, R.
Landmann, and K. Frei, “Molecular and cellular permeability
control at the blood-brain barrier,” Brain Research. Brain
Research Reviews, vol. 36, pp. 258-264, 2001.

D. Amantea, G. Micieli, C. Tassorelli et al., “Rational modula-
tion of the innate immune system for neuroprotection in
ischemic stroke,” Frontiers in Neuroscience, vol. 9, p. 147, 2015.

M. Asahi, K. Asahi, J. C. Jung, G. J. del Zoppo, M. E. Fini, and
E. H. Lo, “Role for matrix metalloproteinase 9 after focal cere-
bral ischemia: effects of gene knockout and enzyme inhibition
with BB-94,” Journal of Cerebral Blood Flow and Metabolism :
Official Journal of the International Society of Cerebral Blood
Flow and Metabolism, vol. 20, pp. 1681-1689, 2000.

E. Dejonckheere, R. E. Vandenbroucke, and C. Libert, “Matrix
metalloproteinases as drug targets in ischemia/reperfusion
injury,” Drug Discovery Today, vol. 16, pp. 762-778, 2011.

M. He, B. Zhang, X. Wei et al., “HDAC4/5-HMGBI signalling
mediated by NADPH oxidase activity contributes to cerebral
ischaemia/reperfusion injury,” Journal of Cellular and Molecu-
lar Medicine, vol. 17, pp. 531-542, 2013.

K. Burridge and E. S. Wittchen, “The tension mounts: stress
fibers as force-generating mechanotransducers,” The Journal
of Cell Biology, vol. 200, pp. 9-19, 2013.

E. Vandenbroucke, D. Mehta, R. Minshall, and A. B.
Malik, “Regulation of endothelial junctional permeability,”
Annals of the new York Academy of Sciences, vol. 1123,
pp. 134-145, 2008.

D. Mehta and A. B. Malik, “Signaling mechanisms regulating
endothelial permeability,” Physiological Reviews, vol. 86,
pp. 279-367, 2006.

S. M. Stamatovic, P. Shakui, R. F. Keep et al., “Monocyte
chemoattractant protein-1 regulation of blood-brain barrier
permeability,” Journal of Cerebral Blood Flow and Metabo-
lism : Official Journal of the International Society of Cerebral
Blood Flow and Metabolism, vol. 25, pp. 593-606, 2005.

F. Chen, Z. Qi, Y. Luo et al., “Non-pharmaceutical therapies
for stroke: mechanisms and clinical implications,” Progress in
Neurobiology, vol. 115, pp. 246-269, 2014.

Y. Yang, E. Y. Estrada, J. F. Thompson, W. Liu, and G. A.
Rosenberg, “Matrix metalloproteinase-mediated disruption
of tight junction proteins in cerebral vessels is reversed by
synthetic matrix metalloproteinase inhibitor in focal ischemia
in rat,” Journal of Cerebral Blood Flow and Metabolism : Offi-
cial Journal of the International Society of Cerebral Blood Flow
and Metabolism, vol. 27, pp. 697-709, 2007.

S. E. Lakhan, A. Kirchgessner, D. Tepper, and A. Leonard,
“Matrix metalloproteinases and blood-brain barrier disrup-
tion in acute ischemic stroke,” Frontiers in Neurology,
vol. 4, p. 32, 2013.



Oxidative Medicine and Cellular Longevity

(39]

(40]

[41]

(42]

(43]

[44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

A. Rosell, A. Ortega-Aznar, J. Alvarez-Sabin et al., “Increased
brain expression of matrix metalloproteinase-9 after ischemic
and hemorrhagic human stroke,” Stroke, vol. 37, pp. 1399-
1406, 2006.

G. C. Jickling, D. Liu, B. Stamova et al, “Hemorrhagic
transformation after ischemic stroke in animals and humans,”
Journal of Cerebral Blood Flow and Metabolism : Official
Journal of the International Society of Cerebral Blood Flow
and Metabolism, vol. 34, pp. 185-199, 2014.

P. H. Chan, “Role of oxidants in ischemic brain damage,”
Stroke, vol. 27, pp. 1124-1129, 1996.

P. H. Chan, “Reactive oxygen radicals in signaling and damage
in the ischemic brain,” Journal of Cerebral Blood Flow and
Metabolism, vol. 21, pp. 2-14, 2001.

S. Sciarretta, D. Yee, P. Ammann et al., “Role of NADPH
oxidase in the regulation of autophagy in cardiomyocytes,”
Clinical Science, vol. 128, pp. 387-403, 2015.

S. P. Gray and K. Jandeleit-Dahm, “The pathobiology of
diabetic vascular complications—cardiovascular and kidney
disease,” Journal of Molecular Medicine, vol. 92, pp. 441-
452, 2014.

B. Lassegue, A. San Martin, and K. K. Griendling, “Biochemis-
try, physiology, and pathophysiology of NADPH oxidases in
the cardiovascular system,” Circulation Research, vol. 110,
pp. 1364-1390, 2012.

Y. Maejima, J. Kuroda, S. Matsushima, T. Ago, and J.
Sadoshima, “Regulation of myocardial growth and death by
NADPH oxidase,” Journal of Molecular and Cellular Cardiol-
ogy, vol. 50, pp. 408-416, 2011.

Y. Suzuki, K. Hattori, J. Hamanaka et al., “Pharmacological
inhibition of TLR4-NOX4 signal protects against neuronal
death in transient focal ischemia,” Scientific Reports, vol. 2,
article 896, 2012.

C. Kleinschnitz, H. Grund, K. Wingler et al., “Post-stroke inhi-
bition of induced NADPH oxidase type 4 prevents oxidative
stress and neurodegeneration,” PLoS Biology, vol. 8, 2010.

A. Manea, L. . Tanase, M. Raicu, and M. Simionescu, “Tran-
scriptional regulation of NADPH oxidase isoforms, Noxl
and Nox4, by nuclear factor-kappaB in human aortic smooth
muscle cells,” Biochemical and Biophysical Research Commu-
nications, vol. 396, pp. 901-907, 2010.

A. Sturrock, B. Cahill, K. Norman et al., “Transforming growth
factor-betal induces Nox4 NAD(P)H oxidase and reactive
oxygen species-dependent proliferation in human pulmonary
artery smooth muscle cells,” American Journal of Physiology.
Lung Cellular and Molecular Physiology, vol. 290, pp. L661-
L673, 2006.

L. Diebold, A. Petry, J. Hess, and A. Gorlach, “The NADPH
oxidase subunit NOX4 is a new target gene of the hypoxia-
inducible factor-1,” Molecular Biology of the Cell, vol. 21,
pp. 2087-2096, 2010.

L. Zhang, O. R. Sheppard, A. M. Shah, and A. C. Brewer,
“Positive regulation of the NADPH oxidase NOX4 promoter
in vascular smooth muscle cells by E2F,” Free Radical Biology
& Medicine, vol. 45, pp. 679-685, 2008.

S. Pendyala, J. Moitra, S. Kalari et al, “Nrf2 regulates
hyperoxia-induced Nox4 expression in human lung endothe-
lium: identification of functional antioxidant response ele-
ments on the Nox4 promoter,” Free Radical Biology ¢
Medicine, vol. 50, pp. 1749-1759, 2011.

(54]

(55]

[56]

(57]

(58]

[59]

(60]

[61]

17

A.E. Pepe, Q. Xiao, A. Zampetaki et al., “Crucial role of nrf3 in
smooth muscle cell differentiation from stem cells,” Circula-
tion Research, vol. 106, pp. 870-879, 2010.

A. Manea, L. I. Tanase, M. Raicu, and M. Simionescu, “Jak/
STAT signaling pathway regulates noxl and nox4-based
NADPH oxidase in human aortic smooth muscle cells,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 30,
pp. 105-112, 2010.

B. Wang, X. Zhu, Y. Kim et al., “Histone deacetylase inhibition
activates transcription factor Nrf2 and protects against cere-
bral ischemic damage,” Free Radical Biology & Medicine,
vol. 52, pp. 928-936, 2012.

H. J. Kim, M. Rowe, M. Ren, J. S. Hong, P. S. Chen, and
D. M. Chuang, “Histone deacetylase inhibitors exhibit anti-
inflammatory and neuroprotective effects in a rat permanent
ischemic model of stroke: multiple mechanisms of action,”
The Journal of Pharmacology and Experimental Therapeutics,
vol. 321, pp. 892-901, 2007.

D. I Sinn, S. J. Kim, K. Chu et al., “Valproic acid-mediated
neuroprotection in intracerebral hemorrhage via histone
deacetylase inhibition and transcriptional activation,” Neuro-
biology of Disease, vol. 26, pp. 464-472, 2007.

R. N. Saha and K. Pahan, “HATs and HDACs in neurodegen-

eration: a tale of disconcerted acetylation homeostasis,” Cell
Death and Differentiation, vol. 13, pp. 539-550, 2006.

A. Fischer, F. Sananbenesi, A. Mungenast, and L. H. Tsai,
“Targeting the correct HDAC(s) to treat cognitive disorders,”
Trends in Pharmacological Sciences, vol. 31, pp. 605-617, 2010.

B. Chen and C. L. Cepko, “HDAC4 regulates neuronal
survival in normal and diseased retinas,” Science, vol. 323,
pp. 256-259, 2009.



	Novel Therapeutic Effects of Leonurine On Ischemic Stroke: New Mechanisms of BBB Integrity
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Animal Treatment and Model
	2.3. Measurement of Infarct Volume and Brain Swelling after Ischemia-Reperfusion
	2.4. Behavioral Evaluation
	2.5. Brain Water Content
	2.6. Evaluation of Blood-Brain Barrier Integrity
	2.7. bEnd.3 Cell Culture and Treatment
	2.8. Cellular Viability
	2.9. Lactate Dehydrogenase Assay
	2.10. Reactive Oxygen Species Measurement
	2.11. Measurement of BBB Permeability In Vitro
	2.12. Lentivirus Production and Transduction
	2.13. Western Blot
	2.14. Real-Time RT-PCR
	2.15. Immunofluorescent Staining
	2.16. Statistical Analysis

	3. Results
	3.1. SCM-198 Ameliorated Ischemia-Reperfusion Injury
	3.2. The Effect of SCM-198 on BBB Breakdown
	3.3. SCM-198 Decreased the Degradation of Tight Junctions in Ischemic Brain
	3.4. SCM-198 Provided Protective Effect against OGD/R Insult
	3.5. SCM-198 Decreased ROS Production in bEnd.3 Cell Line
	3.6. SCM-198 Maintained the BBB Integrity In Vitro
	3.7. SCM-198 Ameliorated BBB Injury via Enhancing HDAC4

	4. Discussion
	5. Conclusion
	Abbreviations
	Conflicts of Interest
	Acknowledgments

