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Abstract
The destruction of the blood-brain barrier (BBB) contributes to a spectrum of neurological diseases such as stroke, and the
hyperpermeability of endothelial cells is one of the characters of stroke, which is possibly exacerbated after reperfusion.
However, the underlying mechanisms involving hyperpermeability after reperfusion between the endothelial cells remain poorly
understood. Therefore, in the present study, the human microvascular endothelial cells (HBMECs) were exposed to oxygen-
glucose deprivation/reperfusion (OGD/R) to mimic ischemic stroke condition in vitro with the aim to investigate the potential
mechanisms induced by OGD/R. The permeability of cultured HBMECs was measured using FITC-labeled dextran in a
Transwell system and transendothelial electrical resistance (TEER), while the RhoA activity was detected by pull-down assay.
In addition, the phosphorylation of MYPT1, which reflects the activation of ROCK and the internalization of VE-cadherin, was
detected by Western blot. It showed that OGD/R treatment significantly increased the permeability of HBMEC monolayers and
facilitated the internalization of VE-cadherin in HBMEC monolayers. Pull-down assay showed that RhoA activation was
obviously enhanced after OGD/R treatment, while RhoA and ROCK inhibitor significantly reversed OGD/R-induced
HBMEC monolayers hyperpermeability and the internalization of VE-cadherin. Meanwhile, the knockdown assay showed that
RhoA small interfering RNA (siRNA) led to similar effects. The inactivation of the downstream effector protein ROCKwas also
examined. Intriguingly, ROCK2 rather than ROCK1 exerted its adverse effects on HBMEC monolayer integrity, since ROCK2
knockdown markedly reverses the injury of OGD/R in HBMEC monolayers. In conclusion, the present study provides evidence
that OGD/R may induce HBMEC monolayer hyperpermeability via RhoA/ROCK2-mediated VE-cadherin internalization,
which may provide an impetus for the development of therapeutics targeting BBB damage in ischemic stroke.
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Introduction

The blood-brain barrier (BBB) dysfunction contributes to oc-
currence and development of many neurological disorders
(Brailoiu et al. 2018), including the cerebral edema in stroke
(Kassner and Merali 2015; Prakash and Carmichael 2015;
Xiang et al. 2017). In the acute and the subacute phase of stroke,
the impairment of BBB is marked by the decreased expression
of junction proteins and increased permeability, which may last
for a few days. BBB dysfunction leads to severe clinical con-
sequences of stroke such as hemorrhagic transformation (HT)
and motor and cognitive function deficits (Khatri et al. 2012).

Endothelial cells (ECs) of the microvasculature represent a
critical site of barrier regulation (Taddei et al. 2008).
Endothelial cells are tightly connected to each other via interac-
tions of adherens junction (AJ) proteins, such as VE-cadherin
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(Vandenbroucke et al. 2008; Stamatovic et al. 2016). VE-
cadherin is a calcium-dependent cell-cell adhesion molecule
and is the endothelial-specific transmembrane component that
localizes exclusively at endothelial cell-cell contacts. It maintains
endothelial permeability and vessel integrity by interactions with
catenins, including β-catenin and p120-catenin (Harris and
Nelson 2010). Though the barrier function of the endothelium
is supported by multiple intercellular adhesion systems, disrup-
tion of VE-cadherin is sufficient to disrupt other intercellular
junctions. Evidence has shown that blockage of VE-cadherin
with the specific antibodies significantly increases vascular per-
meability (Semina et al. 2014). Moreover, recent studies have
revealed that impaired vascular barrier function is accompanied
by VE-cadherin decreased and enhanced internalization in neu-
roinflammation (Li et al. 2012, 2018). Therefore, due to the cru-
cial roles of VE-cadherin in responsible for the opening and
closing of the endothelial barrier, it might be a critical therapeutic
target for ECs permeability changes.

RhoA, a small GTPases of the Rho protein family, is dem-
onstrated to be the key regulator of actin cytoskeleton and cell
junction (Heasman and Ridley 2008; Huang et al. 2015). The
activation of RhoA disturbs endothelial barrier function and
leads to the impairment of cell adhesion junction. Rho-
associated protein kinase (ROCK) is the effector protein of small
Rho GTPases, including two subtypes ROCK1 and ROCK2.
RhoA/ROCK signaling pathway exerts important roles in regu-
lating multiple intracellular activities, including cell contraction,
migration, axon elongation, cell adhesion, and differentiation. It
has indicated that Y27632 and Fasudil, the ROCK inhibitors,
improve endothelial function, increase cerebral blood flow, and
protect against focal cerebral ischemia (Rikitake et al. 2005).
Additionally, loss of RhoA shows decreased phosphorylation
of Myosin Light Chain and increases VE-cadherin expression
at cell-cell contacts after thrombin stimulation (MCA et al.
2017). Based on the evidence aforementioned, we hypothesized
that RhoA/ROCK signaling pathway might be involved in the
OGD/R-induced endothelial cell hyperpermeability.

Therefore, the main goal of the present study was attempted
to investigate the HBMECs hyperpermeability after OGD/R,
meanwhile, the potential mechanism involving RhoA/ROCK
signaling pathway in this process was also fully discussed.

Material and Methods

Reagents and Antibodies

Anti VE-cadherin was purchased from Abcam (Cambridge,
MA), RhoA antibody, phosphorylation of MYPT1 antibody,
and GAPDH antibody were all from Cell Signaling
Technology (Danvers, MA), and C3-transferase was from
Cytoskeletion (Danvers, CO). Y-27632 was from Calbiochem

(San Diego, CA). All other chemicals were of the best available
quality, usually analytical grade.

HBMEC Monolayer Permeability Assay

PrimaryHBMECswere obtained fromCell SystemsCorporation
(ACBRI376, Kirkland, WA), cultured in complete growth media
EBM-2 (Lonza, Walkersville, MD) with 10% FBS in a humidi-
fied 5% CO2 incubator at 37 °C. The cells were seeded on the
inner surface of collagen-coated transwell inserts (6.5-mm diam-
eter, 0.4-μm pore size polycarbonate filter; Corning, NY), which
were placed in wells of a 24-well plate. When the monolayer of
cells was confluent, confirmed by ensuring that it is impermeable
tomedia, the cells were serum starved for 8 hwith EBM-2media
without growth supplement before OGD/R treatment. The con-
trol group is the monolayer culture without OGD/R treatment.
For OGD/R treatment, EBM-2 media were replaced with
DMEMwithout glucose, and the cells were then put in a special-
ized, humidified chamber (Heidolph, incubator 1000, Brinkmann
Instruments, Westbury, NY) at 37 °C, which contained an anaer-
obic gas mixture (90% N2, 5% H2, and 5% CO2). After 4-h
incubation, the cultures were removed from the anaerobic cham-
ber, and the OGD medium was replaced with EBM-2 complete
medium. Then the cells were allowed to recover in a regular
incubator for 20 h (reoxygenation) before permeability measure-
ment. For the C3 transferase (RhoA inhibitor) treated group, C3
transferase was added to the medium (final concentration of
1 μg/ml) before OGD/R. For the Y27632 (ROCK inhibitor)
treated group, Y27632 was added to the medium (final concen-
tration 10 μM) before OGD/R. After 20-h reoxygenation, media
in both upper and lower chambers were removed and replaced
with fresh media without supplement. Permeability was mea-
sured by adding 0.1 mg/ml of fluorescein isothiocyanate
(FITC)-labeled dextran (MW, 70,000 Da; Sigma, St. Louis,
MO) to the upper chamber, with a lower compartment containing
fresh serum-free media. After incubation for 20 min, 100 μl of
the sample from the lower compartment was measured for fluo-
rescence at excitation 490 nm and emission 520 nm. All inde-
pendent experiments were performed in triplicate.

Transendothelial Electrical Resistance

The method is based on an established process to monitor
transendothelial electrical resistance of cultured HBMEC
monolayers by an EndOhm-6 chamber and an EVOM resis-
tance meter (Millicell, World Precision Instruments, Sarasota,
FL) following the manufacturer instructions. Briefly, the
transwells containing cultured endothelial cell monolayers were
transferred into the EndOhm-6 chamber containing 0.1 M KCl.
The culture media within the transwells was also replaced with
0.1 M KCl. EndOhm cap was then inserted on the top of the
chamber and transwell and then connected with the chamber
using a connector cable, and resistance was then measured
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using the EVOM resistancemeter. A blank transwell containing
0.1 M KCl without any cells was used as blank control.

Western Blot

HBMECs were harvested and lysed with RIPA buffer. The cell
extracts were subjected to western blot analysis as previously
described. The trypsinization assay, which was performed as
previously described, was used to distinguish cell surface and
intracellular pools of VE-cadherin (Xiao et al. 2003). In brief,
HBMECs treated with different conditions were rinsed and then
incubated in trypsin-EDTA to remove cell surface VE-cadherin.
Then, the cells were collected and lysed with RIPA buffer for
western blot assay. As a negative control, cells were harvested
in parallel using RIPA buffer without trypsinization.

GTP-RhoA Pull-Down Assay

Cells were stimulated and washed with ice-cold 1× PBS and
lysed in lysis buffer A (25 mM Tris pH 7.5, 150 mM NaCl,
1% NP-40, 5 mM MgCl2, 5% glycerol and protease inhibitors
including 1mMPMSF, 1μg/ml of each leupeptin, aprotinin, and
pepstatin A). Lysates were clarified by centrifugation and

equalized for total volume and protein concentration. After incu-
bation with GST-Rhotekin-Rho binding domain (RBD) beads,
washing three times with ice-cold lysis buffer B (50 mM Tris
pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5 mM MgCl2,
100μMorthovanadate, with protease inhibitors), the bound frac-
tion (active RhoA-GTP) was separated on SDS-PAGE. Total
RhoA levels were similarly analyzed using a reserved aliquot
of whole cell lysate. Active RhoA and total RhoAwere analyzed
by western blotting with an anti-RhoA antibody. The relative
amount of active RhoA was determined by taking the ratio of
RhoA sedimented byGST-RBD beads (active RhoA) divided by
the amount of total RhoA in the whole cell lysate. The results
were quantified using Photoshop 7.01 software.

Small Interfering RNA-Mediated Gene Silencing

RhoA, ROCK1, ROCK2 siRNA, and control siRNAwere ob-
tained from Santa Cruz Biotechnology. siRNA transfection was
conducted following the manufacturer’s instruction. Briefly,
HBMECs were cultured on six-well plates or transwells for
fusion. siRNA duplex and siRNA Transfection Reagent
(Santa Cruz) were separately diluted with Transfection
Medium (Santa Cruz) and then mixed together and incubated

Fig. 1 OGD/R induces HBMEC monolayers hyperpermeability.
Cultured HBMECs in transwells were subjected to 4-h OGD followed
by 20-h reoxygenation. The integrity of HBMEC monolayers was
measured by FITC-dextran permeability and TEER. a The percentage
of FITC-dextran (4, 10, 70 kDa) in the upper chamber and in the
bottom chamber. b The amount of FITC-dextran (4, 10, 70 kDa)

diffused to the bottom chamber was analyzed. c HBMEC monolayers
were treated as indicated and the electrical resistance was measured.
Cells without treatment belonged to the control group. Data are
expressed as means ± SD of three independent experiments (*p < 0.01
vs. the control group. **p < 0.01 vs. the control group)
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at room temperature for 40 min. The cells were washed once
with siRNA Transfection Medium. Then it is incubated with
mixed siRNA and siRNA Transfection Reagent for 5 h at
37 °C. The cells on six-well plates were collected for Western
Blot to detect protein level, and cells in transwells underwent
OGD/R treatment and tested for permeability.

Statistical Analysis

Data were analyzed with SPSS 17.0 software. Experimental
results were presented as mean ± SD. Multiple comparisons

were evaluated by one-way ANOVA followed by a Student-
Newman-Keuls post hoc test. p < 0.05 was considered statis-
tically significant.

Results

OGD/R Induces HBMEC Monolayer Hyperpermeability

Since the endothelial monolayer permeability is closely associat-
ed with cerebral edema, the first step was to examine whether

Fig. 2 OGD/R activates
RhoA/ROCK signaling pathway
and causes internalization of VE-
cadherin in HBMEC monolayers.
a The activation of RhoAwas
tested by pull-down assay. The
active RhoA protein (RhoA-GTP)
level was normalized to the total
RhoA. Cells without treatment
belonged to the control group. b
Effect of OGD/R on MYPT1
phosphorylation at Thr850. The
protein levels were quantified by
densitometric analysis,
normalized to GAPDH. c After
treatment with or without OGD/
R, trypsinized and non-
trypsinized HBMECs were lysed,
and the proteins were analyzed by
Western Blot. Quantification of
intracellular VE-cadherin was
shown. Data are expressed as
means ± SD of three independent
experiments (*p < 0.05 vs. the
control group. **p < 0.01 vs. the
control group)
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OGD/R treatment contributed to endothelial monolayer perme-
ability. The cultured HBMEC monolayers in transwells were
subjected to 4 h of OGD followed by 20 h of reoxygenation,
and then themonolayer permeability was evaluated by the FITC-
dextran (4, 10, 70 kDa); assay was then measured. As shown in
Fig. 1a, the mean percentage of 4, 10, and 70 kDa FITC-dextran
migrated through the HBMEC monolayer are 18.1%, 17.3%,
and 15.2% in the control group, respectively. Furthermore, there
was no significant difference among the three groups. OGD/R
treatment significantly increased the mean percentage of 4, 10,
and 70 kDa FITC-dextran migrated through the HBMECmono-
layer. As shown in Fig. 1b, OGD/R treatment significantly in-
creased the permeability of HBMEC monolayers, manifested as
more than twofold number of cell fluorescence was detected in
the OGD/R treatment group when compared with the control
group (p < 0.01). In the following experiment, we chose
70 kDa FITC-dextran as the indicator of the permeability of
HBMEC monolayers. To further corroborate the finds that
OGD/R-mediated monolayer hyperpermeability aforemen-
tioned, the EndOhm chamber and EVOM resistance meter was
used and the TEER in the two groups was detected. In line with
the results in Fig. 1a, OGD/R significantly decreased the TEER
of cultured HBMECmonolayers compared to that in the control
group (Fig. 1c, p< 0.01), suggesting that OGD/R induces mono-
layer hyperpermeability.

OGD/R Activates RhoA/ROCK Signaling Pathway
and Facilitates Internalization of VE-Cadherin
in HBMEC Monolayers

Having determined that OGD/R-induced monolayer
hyperpermeability, we then sought to examine whether
RhoA/ROCK signaling pathway was involved in this process.
As shown in Fig. 2a and b, OGD/R treatment significantly
increased RhoA activity (p < 0.05) and MYPT1 phosphoryla-
tion (p < 0.01), indicating an activation of RhoA/ROCK signal-
ing pathway. We also monitored another key protein VE-
cadherin after OGD/R treatment, because of its critical roles
in maintaining cell membrane integrity (Benn et al. 2016).
Therefore, the trypsinization and Western blot assays were per-
formed to explore the expression of internalized VE-cadherin in
HBMECs. As shown in Fig. 2c, OGD/R markedly enhanced
the intracellular VE-cadherin accumulation in HBMECs
(p < 0.05) and decreased the total VE-cadherin level (p < 0.01).

Inhibition of RhoA/ROCK Signaling Pathway
Ameliorated OGD/R-Induced HBMEC Monolayers
Hyperpermeability

To further support the function of the RhoA/ROCK signaling in
OGD/R-induced HBMEC monolayer hyperpermeability, C3

Fig. 3 Inhibition of RhoA/ROCK
signaling pathway protects
against OGD/R-induced HBMEC
monolayers hyperpermeability.
HBMEC monolayers were
subjected to OGD/R in the
presence or absence of C3
transferase (1 μg/ml) for 30 min
or Y27632 (10 μM) for 30 min.
Then, the integrity of monolayers
was measured by FITC-dextran
permeability and TEER. a The
amount of FITC-dextran diffused
to the bottom chamber was
analyzed. b HBMEC monolayers
were treated as indicated and the
electrical resistance was
measured. c After treatment with
or without OGD/R, trypsinized
and non-trypsinized HBMECs
were lysed, and the proteins were
analyzed by western blot.
Quantification of intracellular
VE-cadherin was shown. Data are
expressed as means ± SD of three
independent experiments (*p <
0.05 vs. the control group. **p <
0.01 vs. the control group. #p <
0.05 vs. the group treated with
OGD/R)
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transferase (1 μg/ml), the RhoA inhibitor, and Y27632 (10 μM),
the blocker of ROCK was used in the present work. It showed
that pretreatment of Y27632 obviously reduced the permeability
of HBMEC monolayers compared to that in the OGD/R group
(p< 0.05). Meanwhile, with the transendothelial electrical resis-
tance assay, a similar result observed that administration of C3
transferase significantly reduced the transendothelial electrical
resistance, suggesting the impairment of OGD/R on the
HBMEC monolayers (Fig. 3a and b, p < 0.05). Additionally,
OGD/R-induced hyperpermeability was further strengthened by
the observation that both of the inhibitors substantially attenuated
OGD/R-induced VE-cadherin internalization compared with
OGD/R treatment alone (Fig. 3c, p < 0.05). These results, taken
together, indicated that the RhoA/ROCK signaling pathway ex-
erts important roles in OGD/R-induced hyperpermeability.

RhoA Suppression Obviously Inhibited
OGD/R-Induced HBMEC Monolayers
Hyperpermeability and Internalized VE-Cadherin

Having determined the roles of RhoA/ROCK signaling path-
way i n OGD /R - i n d u c e d HBMEC mono l a y e r s
hyperpermeability via the pharmacological way, the siRNA
technology was exploited to further assess the RhoA/ROCK
signaling pathway in OGD/R-induced HBMEC monolayers
impairment (Fig. 4). As depicted in Fig. 4a, RhoA siRNA
effectively knockdown RhoA expression, which contributed
to obvious decreased FITC-dextran leakage and increased
TEER of HBMEC monolayers (Fig. 4b and c, p < 0.05); in
accordance with these investigation aforementioned, internal-
ization of VE-cadherin was obviously decreased after RhoA

Fig. 4 RhoA depletion
ameliorates HBMEC monolayers
hyperpermeability and
internalization of VE-cadherin
induced by OGD/R. a HMVECs
were transferred RhoA siRNA,
then the knockdown efficiency
was confirmed withWestern Blot.
b Permeability of HMVEC
monolayers was measured by
70 kDa weight FITC-dextran. c
HBMEC monolayers’ electrical
resistance was measured. d After
treatment with or without OGD/
R, trypsinized and non-
trypsinized HBMECs were lysed,
and the proteins were analyzed by
Western Blot. Quantification of
intracellular VE-cadherin was
shown. Data are expressed as
means ± SD of three independent
experiments (*p < 0.05 vs. the
control group. #p < 0.05 vs. the
group treated with OGD/R)
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knockdown when compared with the OGD/R treated group
(Fig. 4d, p < 0.05).

ROCK2 Suppression Inhibits OGD/R-Induced HBMEC
Monolayers Hyperpermeability and Internalized
VE-Cadherin

Since the ROCK inhibitor (Y27632) is non-selective and can-
not distinguish between the two ROCK isoforms, then we
further knockdown ROCK1 and ROCK2 by performing
siRNA technology. It showed that ROCK1 knockdown did
not obviously affect the FITC-dextran leakage and TEER
(Fig. 5b and c, p > 0.05). However, ROCK2 depletion mark-
edly retarded OGD/R-induced increase of FITC-dextran

leakage and reduction of TEER in HBMEC monolayers, ac-
company by decrease of internalization of VE-cadherin after
OGD/R (Fig. 6b and c, p < 0.05); these results demonstrated
that ROCK2, rather than ROCK1, was involved in OGD/R-
mediated monolayer damage.

Discussion

Ischemic stroke is a reduction or cessation of blood flow to the
brain, which deprives the cerebral tissue of important nutrients
and oxygen as well as the removal of metabolic waste prod-
ucts. The fibrinolytic treatment of ischemic stroke or success-
ful recanalization restores the oxygenation but initiates

Fig. 5 ROCK1 depletion has no
effect on HBMEC monolayers
hyperpermeability and
internalization of VE-cadherin
after OGD/R. a HMVECs were
transferred ROCK1 siRNA, then
the knockdown efficiencies were
confirmed with Western Blot. b
Permeability of HMVEC
monolayers was measured by
70 kDa weight FITC-dextran. c
HBMEC monolayers’ electrical
resistance was measured. d After
treatment with or without OGD/
R, trypsinized and non-
trypsinized HBMECs were lysed,
and the proteins were analyzed by
Western Blot. Quantification of
intracellular VE-cadherin was
shown. Data are expressed as
means ± SD of three independent
experiments (*p < 0.05 vs. the
control group. #p < 0.05 vs. the
group treated with OGD/R)
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secondary local inflammation after reperfusion which in turn
exacerbates cerebral tissue injury, the so-called reperfusion
injury (I/R) (Asaithambi et al. 2014). Recent advances in treat-
ments (i.e., endovascular thrombectomy and tissue plasmino-
gen activator (t-PA)) that target the stroke-causing blood clot,
while improving overall stroke mortality rates, have had much
less of an impact on overall stroke morbidity. This may in part
be attributed to the lack of therapeutics targeting reperfusion-
induced injury after the blood clot has been removed, which, if
left unchecked, can expand injury from its core into the sur-
rounding at-risk tissue (penumbra) (Edwards and Bix 2019).
I/R injury causes widespread inflammation, reactive oxida-
tion, excitotoxicity, and cell-specific dysregulation of meta-
bolic processes, leading to cerebrovascular hyperpermeability
(Mark and Davis 2002), whichmay further lead to the destruc-
tion of the BBB, and thereby finalized brain vasogenic edema.

Therefore, suppression of BBB damage induced by I/R will be
beneficial to prevent ischemic stroke and improve prognosis
(Heye et al. 2014; Shi et al. 2017). In the current study, we
highlighted the potential molecular mechanisms underlying
BBB damage in OGD/R, and we found that in the OGD/R
cell model, the activation of the RhoA/ROCK2 signaling
pathway significantly enhanced OGD/R-induced BBB dam-
age and upregulation of the internalization of VE-cadherin.

Brain microvessel endothelial cells (BMECs) form a met-
abolic and physical barrier, separating the periphery from the
brain to maintain cerebral homeostasis. Endothelial barrier
dysfunction is one of the major pathological characteristics
for BBB disruption after stroke (Jin et al. 2010; Heye et al.
2014). Hypoxia-reoxygenation induces endothelial cell
hyperpermeability and edema formation, which presents a
major impediment for the recovery of the organ (Aslam

Fig. 6 ROCK2 depletion
ameliorates HBMEC monolayers
hyperpermeability and
internalization of VE-cadherin
induced by OGD/R. a HMVECs
were transferred ROCK2 siRNA,
then the knockdown efficiencies
were confirmed with Western
Blot. b Permeability of HMVEC
monolayers was measured by
70 kDa weight FITC-dextran. c
HBMEC monolayers’ electrical
resistance was measured. d After
treatment with or without OGD/
R, trypsinized and non-
trypsinized HBMECs were lysed,
and the proteins were analyzed by
Western Blot. Quantification of
intracellular VE-cadherin was
shown. Data are expressed as
means ± SD of three independent
experiments (*p < 0.05 vs. the
control group. #p < 0.05 vs. the
group treated with OGD/R)
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et al. 2013). In line with these pathological characteristics, our
results in the cell OGD/R model showed that OGD/R leads to
HBMEC monolayers hyperpermeability.

RhoA, one subtype of the Rho family, is an important reg-
ulator of endothelial actin cytoskeleton dynamics and AJs,
which plays a crucial role in the maintenance of the endothe-
lial barrier. Hypoxia-reoxygenation induces loss of endothelial
barrier function and edema formation accompanied by a rise
in RhoA/ROCK signaling (Aslam et al. 2013). Luo SY report-
ed that inhibition RhoA/ROCK pathway had a potent protec-
tive effect on myocardial I/R injury in rats (Luo et al. 2016).
These results strongly supported our results that OGD/R
caused a pronounced activation of RhoA, which was accom-
panied by enhanced phosphorylation of MYPT1 at Thr850
(ROCK site). Based on this observation, we hypothesized that
inhibition of RhoA/ROCK signaling would protect against
reoxygenation-induced BBB hyperpermeability.

Using the pharmacological assay, C3 transferase or
Y27632 inhibited the RhoA/ROCK signaling pathway, re-
spectively. The results showed that inhibition of either RhoA
with C3 transferase or ROCK with Y27632 significantly ab-
rogated OGD/R-induced hyperpermeability. These data indi-
cated that the activated RhoA/ROCK pathway is involved in
OGD/R-induced endothelial monolayer permeability.

The adherence junction proteins are known to be vital to
vascular barrier function; however, little is known about the
role of VE-cadherin in the context of the pathophysiology of
stroke-induced BBB breakdown and injury. Recent studies
indicate that some pools of cadherin on the cell surface are

endocytosed and recycled back to the plasma membrane and
enhanced internalization of VE-cadherin leads to vascular
dysfunction (Gavard 2014), suggesting that cadherin endocy-
tosis is an important regulatory mechanism that controls
cadherin cell surface levels and perhaps regulates overall
levels of cadherin expression. The extracellular portion of
these adhesive proteins can be hydrolyzed into the serum,
which may be able to indicate the occurrence and develop-
ment of the disease. It has been reported that the expression
level of serum VE-cadherin in patients with acute myocardial
infarction is increased and the degree of elevation is related to
the severity of the disease (Soeki et al. 2004). Serum VE-
cadherin may also be a biological indicator for assessing the
blood-brain barrier after stroke. Therefore, the present study
aimed to evaluate the interactions between RhoA/ROCK
pathway and internalization of VE-cadherin. Our data showed
that OGD/R caused a strong activation of RhoA, accompanied
by enhanced internalization of VE-cadherin and decreased
expression of VE-cadherin in cell-cell junction. Intriguingly,
inhibition of RhoA or ROCK significantly abrogated OGD/R-
induced internalization of VE-cadherin. These results indicat-
ed that activated RhoA/ROCK pathway is involved in OGD/
R-induced endothelial monolayer permeability and increase
internalization of VE-cadherin (Fig. 7).

To confirm that the RhoA activity mediated the OGD/R-
induced HBMEC monolayers hyperpermeability, we success-
fully suppressed RhoA by performing siRNA technology and
confirmed the effects of RhoA suppression on HBMEC
monolayers. The results showed that RhoA suppression

Fig. 7 Hypothetical model of OGD/R-induced endothelial cell
hyperpermeability. OGD/R activates RhoA/ROCK signaling pathway
and facilitates internalization of VE-cadherin in HBMEC monolayers,

inducing monolayer hyperpermeability. The inactivation of RhoA/Rock
signaling pathway shows anti-permeability activity through
downregulation of internalization of VE-cadherin
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significantly inhibited OGD/R-induced HBMEC monolayers
hyperpermeability and increased the expression of VE-
cadherin. These results are consistent with those of the appli-
cation of RhoA inhibitor, indicating that OGD/R-induced bar-
rier dysfunction and the expression of VE-cadherin through
RhoA activation.

Concerning the tissue distribution of Rho-kinases, it was
reported that ROCK I was highly expressed in non-neuronal
tissues such as the liver and lungs, whereas ROCK2 was pre-
dominantly expressed in the brain and muscles (Nakamura
et al. 2001). We further suppressed ROCK1 and ROCK2 by
performing siRNA technology respectively. The data show
that the loss of ROCK2, but not ROCK1, led to enhanced
endothelial function. Similar to our results, it reported that
ROCK2 is the main isoform in the brain, with significant
expression in many cell types of the neurovascular unit that
is relevant to stroke severity. These data indicate that inhibi-
tion of ROCK2 partially protects against hypoxia-
reoxygenation-induced endothelial hyperpermeability.

There are two limitations in our study. First, the astrocyte-
endothelium co-culture system or neuron-astrocyte-
endothelium co-culture system is often used as the model of
blood-brain barrier (BBB) in vitro (Wu et al. 2018). However,
siRNA transfection of RhoA, ROCK1, and ROCK2 in the
model of endothelium cells, astrocytes, or neuron needs dif-
ferent experimental conditions. Thus, we chose the model of
monoculture of brain endothelial cell without any other cell
type of neurovascular unit. Ysrayl BB also used the HBMECs
as the model of BBB in vitro in his recently published article
(Ysrayl et al. 2019). In our future studies, we should build a
more suitable model of BBB to mimic its function and struc-
ture form. Second, this is only an in vitro study to demonstrate
the effect of RhoA/ROCK and VE-cadherin on OGD/R-
induced HBMEC monolayers permeability. We should use
the cerebral ischemia animal stroke models to investigate the
effect of RhoA/ROCK signaling pathway on BBB
dysfunction.

In summary, in this study, we clearly demonstrated that the
RhoA/ROCK2 pathway was involved in OGD/R-induced
HBMEC monolayers hyperpermeability through regulating
the internalization of VE-cadherin. This mechanism probably
also contributes to the neuroprotective effects after ischemic
stroke. Thus, inactivation of RhoA/ROCK2/VE-cadherin may
potentially develop therapeutic strategies to mitigate the clin-
ical consequences of ischemic stroke.
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