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Abstract
Non-muscle myosin heavy chain IIA (NMMHC IIA), a member of Myosin II family, plays a critical role in various cellular 
physiological processes. Our previous research had suggested that NMMHC IIA could participate in regulating tight junc-
tion morphological changes induced by ischemia stroke. Thus, in the current study, we attempted to uncover the regulation 
pattern of NMMHC IIA on tight junction dysfunction in oxygen glucose-deprived (OGD) mouse brain bEND.3 endothelial 
cells. The regulation of NMMHC IIA on tight junction in OGD-stimulated bEND.3 cells was evaluated by western blotting 
assay. Morphologic change of occludin, claudin-5, and ZO-1 tight junction proteins was compared with pretreatment with 
NMMHC II inhibitor blebbistatin via immunohistochemical staining. Detection of activation of NMMHC IIA on OGD-
mediated tight junction transduction pathway was investigated via Koch’s postulate using corresponding protein inhibi-
tor. Our results showed that NMMHC IIA was activated in OGD-stimulated bEND.3 endothelial cells. The inhibition of 
NMMHC IIA could attenuate the morphologic change of occludin, claudin-5, and ZO-1 tight junction proteins. NMMHC 
IIA participated in regulating downstream transduction pathway TLR4, phosphatidylinositol 3-kinase (PI3K), Akt, JNK1/2, 
14-3-3ε, nuclear factor kappa B (NF-кB) and matrix metalloprotein 9 (MMP9). Blocking of these pathways using indicated 
inhibitors demonstrated that NMMHC IIA destroyed the connection of tight junction via the activation of TLR4/PI3K/
Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 pathway. Our study described the key role of NMMHC IIA in OGD-stimulated mouse 
brain bEND.3 endothelial cells, while also exhibited the molecule effect on tight junction dysfunction via TLR4/PI3K/Akt/
JNK1/2/14-3-3ε/NF-κB/MMP9 signal transduction pathway.

Keywords  Non-muscle myosin heavy chain IIA · Mouse brain bEND.3 endothelial cells · Tight junction dysfunction · 
TLR4/PI3K/Akt/JNK1/2/14-3-3ε/NF-κ/BMMP9

Introduction

BBB compromise is a hallmark of stroke, when the BBB 
suffers a damage, such as ischemia or trauma, resulting 
in the structural changes constructed of the tight junction 
(TJ) proteins between adjacent endothelial cells (Luissint 
et  al. 2012; Greene et  al. 2016). TJ dysfunction gave 
rise to cascading inflammatory responses and succedent 

morphological changes of tight junction (Stamatovic et al. 
2016). The driving power behind these dramatic changes is 
produced by reorganization of myosin cytoskeletal struc-
ture, which is consisted of non-muscle myosin II and actin 
(Wickman et al. 2013). Myosin II is a molecular motor that 
hydrolyzed through ATP to convert chemical energy into 
mechanical force that bound and contracted actin (Butt 
et al. 2010). Myosin II exists in non-muscle cells, called 
non-muscle myosin heavy chains (NMMHCs). In addition 
to providing power for intracellular molecular movement, 
NMMHCs also was involved in various cellular physiologi-
cal activities, such as cell migration, adhesion, cytokinesis, 
vesicle metastasis, endocytosis, and gene transcription. The 
NMMHCs are encoded by three genes, MYH9, MYH10, 
and MYH14, that named three isoforms, i.e., NMMHC 
IIA, MMMHC IIB, and MMMHC IIC (Clark et al. 2008). 
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Mashukova A revealed that TJ dysfunction was obvious in 
aPKC knockdown confluent Caco-2 monolayers, upregulat-
ing the expression of NMMHC IIA (MYH9) could attenuate 
the TJ damage, while the change of NMMHC IIB (MYH10) 
and NMMHC IIC (MYH14) levels did not have an impact on 
the TJ (Mashukova et al. 2011), also previous studies have 
suggested the same results (Utech et al. 2005). In addition, 
NMMHC IIA highlights its unique role in the adjustment 
and control of epithelial adherens by exerting functions on 
tight junctions in mammalian epithelia (Ivanov et al. 2007). 
Although the relationship of NMMHC IIA and TJ has been 
reported, the exact mechanism of NMMHC IIA still remains 
unexplored.

Previous work had revealed that NMMHC IIA, TLR4-
mediated PI3K/AKT/JNK1/2/14-3-3ε signaling pathway 
explored the mechanism underlying Blood–Brain–Bar-
rier dysfunction via the tight junction pathway (Lv et al. 
2018). Two hours of ischemia stroke not only activated the 
expression of NMMHC IIA, but also activated the expres-
sion of TLR4, p-PI3K, PI3K, p-AKT, AKT, p-JNK1/2, 
p-JNK1/2, p-Bad (S136), Bad (S136), p-Bad (S128), Bad 
(S128), 14-3-3ε, NF-κB p-p65, and NF-κB p65. How-
ever, the compelling evidence involved in NMMHC IIA 
modulating TJ in endothelial cells was not clear. In the 
present study, we sought to determine the possible regu-
lation effect of NMMHC IIA on tight junction in oxygen 
glucose-deprived (OGD) brain endothelial cells via TLR4/
PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 signal transduc-
tion pathway. The effect of NMMHC IIA on the expression 
of occludin, claudin-5, ZO-1, TLR4, phosphatidylinosi-
tol 3-kinase (PI3K), Akt, JNK1/2, 14-3-3ε, nuclear factor 
kappa B (NF-кB) pathway, and MMP9 were evaluated by 
immunohistochemical staining and western blotting assay. 
Meanwhile, the reliable chain of transduction signaling path-
way and the underlying mechanism were investigated via 
Koch’s postulate using corresponding protein inhibitor. We 
hoped that our findings on NMMHC IIA could facilitate 
to underlie the mechanism of the progression of ischemia 
stroke. In vivo and in vitro findings would exhibit a key 
role of NMMHC IIA in TJ expression and ischemia stroke 
pathological process.

Materials and Methods

Animals and Cells Culture

C57BL/6J mice weighing 18–22 g were purchased from 
the Yangzhou University Model Animal Research Center 
(Certificate No. SCXK 2017-0004) and raised in a 12-h 
light–dark cycle in the laboratory of The First Affiliated 
Hospital of Nanchang University. All animal care-related 
procedures were based on the National Institutes of Health 

Guide for the use of Laboratory Animals. All the experimen-
tal items were approved by Institutional Animal Care and use 
Committee of Nanchang University. All efforts were aimed 
at minimizing the pain of animals and the number of ani-
mals used. Before performing the experiments, all animals 
were randomized into experimental groups, and the indices 
were measured by operators blinded to the study procedures. 
Mouse brain bEND.3 endothelial cells were purchased from 
the Bioleaf Biotech (Shanghai, China). Cell were cultured 
in RPMI 1640 (Invitrogen, USA) and supplemented with 
15% fetal bovine serum (FBS, Sigma, USA), 100 U/mL 
penicillin, and 100 U/mL streptomycin (Ameresco, USA) 
at 37 °C in a humidified atmosphere of 5% CO2 and 95% 
air. The density difference of the bEND.3 endothelial cells 
on the plate was carefully minimized. blebbistatin and all 
other chemicals used were obtained from Sigma Chemicals 
(Sigma-Aldrich, USA, B0560).

Co‑immunoprecipitation

According to the instructions of Pierce™ Direct IP Kit 
(Thermo Fisher Scientific, 26148, CN) 20 µl Amino Link 
Plus Resin and Pierce control Agarose Resin (negative con-
trol) were applied to incubate with 4 µg NMMHC IIA rabbit 
monoclonal for 90 min, then added to 500 µL (about 1 mg) 
whole cell lysates. Protein samples on PVDF membrane 
after transfer were washed four times with immunoprecipita-
tion lysis/wash buffer overnight, then washed one time with 
condition buffer, and then eluted with solution buffer. The 
prepared samples were used for 12.5% SDS-PAGE electro-
phoresis and western blot. The samples were incubated with 
rabbit anti-mouse NMMHC IIA primary antibody (1:1000) 
and rabbit anti-mouse TLR4 primary antibody (1:1000) at 
4 °C overnight, respectively. After TBST was washed three 
times, corresponding HRP-labeled antibodies were added 
and incubated for 1 h at room temperature. After TBST 
washing for three times, the images were captured by a Bio-
Image Analysis System using ECL chemical solution. In 
addition, reverse co-immunoprecipitation and western blot is 
the same as above. Instead, the rabbit anti-mouse NMMHC 
IIA antibody was replaced by rabbit anti-mouse TLR4 anti-
body. The precipitated proteins carried out western blot with 
the same steps as previously described.

Animals and Cell Culture Grouping

In protocol 1, to determine regulation pattern of NMMHC 
IIA in tight junctions proteins in OGD-activated brain 
endothelial cells, we treated the cells with a myosin II inhibi-
tor blebbistatin (Kovacs et al. 2004). NMMHC IIA-inhibited 
group was incubated with 1 µM blebbistatin for 1 h dissolved 
in DMSO. After the treatment of bEnd.3 endothelial cells, 
OGD was induced in the cells for 2 h in glucose-free RPMI 
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1640 medium in hypoxia chamber for 2 h, in an atmosphere 
of 5% CO2 and 95% N2, subsequently cultured under nor-
moxia conditions. After pre-incubated with 1 µM blebbi-
statin for 1 h, the OGD + NMMHC IIA-inhibited group was 
obtained via the bEND.3 cells were then exposed to OGD 
for an additional 6 h. The control + vehicle group was treated 
with an equal volume of DMSO. The bEND.3 endothelial 
cells in each group were collected and applied to western 
blotting and immunofluorescence. The photos were taken 
using an Olympus Confocal Laser Scanning Microscope 
(Olympus, Nagano, Japan).

In protocol 2, to determine the regulation pattern of 
NMMHC IIA on tight junction in ischemia stroke, mice 
were pretreated with the NMMHC IIA inhibitor blebbista-
tin. C57BL/6 mice were anesthetized with 1.2% isoflurane 
during the ischemia period. Focal cerebral ischemia was 
carried out by intraluminal middle cerebral artery occlu-
sion as previously described (Lv et al. 2015). A laser Dop-
pler flowmeter (Moor Instruments, FLPI2, UK) was used 
to detect the blood flow of middle cerebral artery. Animals 
whose blood flow greater than 30% of pre-ischemia levels 
were used for further study. 6 mice were subjected to 2 h of 
ischemia stroke in the MCAO (Middle cerebral artery occlu-
sion) model. The lysis solution was prepared from brain tis-
sue of each group. The sham group received an equivalent 
volume of 0.9% NaCl solution. Mice were randomly divided 
into six groups (n = 6 in each group): (1) sham-operated 
mice; (2) MCAO mice exposed to 2 h of ischemia stroke; 
(3) C57BL/6J mice were injected with blebbistatin (1 mg/
kg) intraperitoneally and then underwent 2 h of ischemia 
stroke later. At the end point of the ischemia stroke period, 
the brain tissues were executed for analysis of NMMHC IIA, 
occludin, claudin-5, ZO-1, and GAPDH expression. In addi-
tion, the tissue samples were immunostained and scanned by 
full electronic scanning, while the immunofluorescence of 
each brain specimen was examined by optical microscopy.

In protocol 3, in the inhibitor group, the inhibitor treat-
ment was dissolved in DMSO and added 1 h prior to OGD 
stimulation, while cells in the control + vehicle group were 
treated with an equal volume of DMSO. The bEND.3 cells 
were randomly divided into five groups (n = 9 per group): 
(1) control + vehicle group; (2) OGD plus vehicle for 6 h; (3) 
pretreatment with low concentration inhibitor (The specific 
inhibitor and corresponding concentration were described in 
2.8) and then exposed to OGD for 6 h; (4) pretreatment with 
moderate concentration inhibitor (The specific inhibitor and 
corresponding concentration were described in 2.8) and then 
exposed to OGD for 6 h; (5) pretreatment with high concen-
tration inhibitor (The specific inhibitor and corresponding 
concentration were described in 2.8) and then exposed to 
OGD for 2 h. After 2 h of incubation, the bEND.3 cells 
in each group were collected and analyzed for NMMHC 
IIA, TLR4, p-PI3K, PI3K, p-Akt, Akt, p-JNK1/2, JNK1/2, 

p-Bad (S136), Bad (S136), p-Bad (S128), Bad (S128), 14-3-
3ε, p-IKKα, IKKα, p-IKKβ, IKKβ, NF-κB p-p65, NF-κB 
p65, p-IκBα, IκBα, MMP9, occludin, claudin-5, ZO-1, and 
GAPDH expression via western blotting.

NMMHC IIA siRNA Transfection

bEND.3 endothelial cells were sub-cultured in 24-well plates 
with the density of 3 × 105 cells/mL. NMMHC IIA siRNA, 
and control non-specific siRNA were synthesized by Shang-
hai Biotechnology Corporation (CN). siRNA transfection 
was performed using ExFect Transfection Reagent (Shang-
hai Biotechnology Corporation, CN) according to the manu-
facturer’s instructions. Cells were transfected with RNAs at 
a final concentration of 100 nM for 48 h. The NMMHC IIA 
sequences were: forward, 5-GAG​GCA​AUG​AUC​ACU​GAC​
UdTdT-3 and reverse, 5-AGU​CAG​UGA​UCA​UUG​CCU​
CdTdT-3. To assess the NMMHC IIA siRNA efficiency, 
total NMMHC IIA siRNA cell lysate were subjected to 
western blot analysis, followed by GAPDH (Shanghai Bio-
technology Corporation, CN) as internal reference.

Immunofluorescence of Related Proteins in bEND.3 
Cells

To obtain green fluorescent protein (GFP) labeled bEND.3 
cells were transducted with lentivirus harboring GFP gen-
erated using the Lenti-X HTX system (Daquinag et  al. 
2011), according to the manufacturer’s protocol (Clontech, 
CN). According to protocol 1, bEND.3 cells were sepa-
rately washed with phosphate-buffered saline (PBS, pH 
7.4) and immobilized with cold ethanol at 4 °C for 10 min, 
and immobilized with 10% normal goat serum, 3% bovine 
serum albumin and 0.1% Triton X-100 in PBS for 1 h. Then 
incubated with the anti-NMMHC IIA (CST, USA, 3403, 
1:1000 for WB, 1:50 for IF), anti-occludin (Invitrogen, 
USA, 33-1500, 1:1000 for WB, 1:200 for IF), anti-claudin-5 
(Invitrogen, USA, 34-1600, 1:1000 for WB, 1:200 for IF), 
and anti-ZO-1 (Invitrogen, USA, 40-2300, 1:1000 for WB, 
1:200 for IF) primary antibody for 48 h at 4 °C. After wash-
ing, cells separately were incubated overnight with Alexa 
Fluor® 488 conjugated Donkey Anti-Goat IgG (H + L) anti-
body (Abcam, UK, ab150129, 1:1000) at 4 °C. The wash 
step was repeated, the nuclei of all cells were then washed 
and incubated with 40,6-diamidino-2-phenylindole (DAPI, 
CST, USA, 4083, 1:1000) for 15 min at room temperature. 
Briefly, confocal images were converted to 8-bit format, and 
then noise speckle removal was performed to eliminate the 
single-pixel background fluorescence. The images were all 
converted to binary images and the fluorescence intensity in 
each group was analyzed of each frame.
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Western Blot Analysis

The protein concentration was measured by the BCA assay. 
Samples containing 40 µg protein were isolated by 12.5% 
SDS-PAGE electrophoresis. Subsequently, the proteins were 
transferred onto PVDF membranes in Tris-glycine transfer 
buffer. The membranes were sealed with 5% nonfat dry 
milk for 2 h at room temperature. Rabbit anti-NMMHC IIA 
(CST, USA, 3403, 1:1000), anti-TLR4 (CST, USA, 14358, 
1:1000), anti-p-PI3K (CST, USA, 4228(Tyr458), 1:1000), 
anti-PI3K (CST, USA, 4249, 1:1000), anti-p-Akt (CST, 
USA, 4060(Ser473), 1:1000), anti-Akt (CST, USA, 4685, 
1:1000), anti-p-JNK1/2 (CST, USA, 9255(Thr183/Tyr185), 
1:1000), anti-JNK1/2 (CST, USA, 9252, 1:1000), anti-p-Bad 
(S136) (CST, USA, 4366(Ser136), 1:1000), anti-Bad (S136) 
(CST, USA, 9292, 1:1000), anti-p-Bad (S128) (Abcam, UK, 
ab216829(Ser128), 1:1000), anti-Bad (S128) (CST, USA, 
9292, 1:1000), anti-14-3-3ε (CST, USA, 9635, 1:1000), 
anti-p-IKKα/β (CST, USA, 2697(Ser176/180), 1:1000), 
anti-IKKα/β (CST, USA, 9936, 1:1000), anti-NF-κB p-p65 
(CST, USA, 3033(Ser536), 1:1000), anti-NF-κB p65 (CST, 
USA, 4767, 1:1000), anti-p-IκBα (CST, USA, 2859(Ser32), 
1:1000), anti-IκBα (CST, USA, 7543, 1:1000), anti-MMP9 
(CST, USA, 3852, 1:1000) and anti-GAPDH (CST, USA, 
5174, 1:1000) were applied to be incubated overnight, then 
incubated with the appropriate HRP-conjugated secondary 
antibody lasted for 50 min. The bands were displayed by 
enhanced chemiluminescence, while the images were cap-
tured by a Bio-Image Analysis System (Bio-Rad, Hercules, 
USA).

Double‑Labeled Staining Evaluation of Albumin/
Occludin, Albumin/Claudin‑5, and Albumin/ZO‑1

After ischemia stroke injury, the brains of protocol 2 mice 
were fixed with saline and infused with 4% paraformalde-
hyde for 24 h. After dehydration, the brains were embedded 
in paraffin and continuously cut into a series of 5-m thick 
section 20 µL FITC-albumin (Albumin-fluorescein isothio-
cyanate conjugate, Sigma-Aldrich, USA, A9771, 1:50) water 
solution (20 mg/ml FITC-albumin dissolved water solution) 
was applied to cover the brain section at 4 °C for 6 h. The 
sections were washed with PBS, and subjected to incuba-
tion with occludin (Invitrogen, USA, 33-1500, 1:200 for 
IF), claudin-5 (Invitrogen, USA, 34-1600, 1:200 for IF), 
and ZO-1 (Invitrogen, USA, 40-2300, 1:200 for IF) primary 
antibodies. Under 20 × objective using a 3-CCD color video 
camera, 9 fields of the ischemia boundary area were cap-
tured and analyzed10. Positive immunofluorescence staining 
area of occludin, claudin-5 and ZO-1 were measured under 
×200 magnified view. The data were shown as the percent-
age of the positive stained area.

Detection of the NMMHC IIA‑Mediated Pathway 
in OGD‑Stimulated bEND.3 Endothelial Cells

We examined the effect of NMMHC IIA on the activ-
ity of tight junction-mediated pathway, in protocol 3, a 
dose-dependent inhibition experiment was used to test the 
regulation of the TJ-mediated pathway in OGD-stimulated 
bEND.3 endothelial cells. NMMHC IIA inhibitor blebbi-
statin (0.01, 0.1, 1 µM, respectively, for low, moderate, 
high dose)(Sigma-Aldrich, USA, B0560); TLR4 inhibi-
tor TAK-242 (0.25 µM, 0.5 µM, 1 µM, respectively, for 
low, moderate, high dose)(Abmole, USA, M4838); PI3K/
Akt inhibitor LY294002 (2.5, 5, 10  µM, respectively, 
for low, moderate, high dose)(Abmole, USA, M1925); 
JNK1/2 inhibitor SP600125 (10 20, 40 µM, respectively, 
for low, moderate, high dose)(Abmole, USA, M2076); 
14-3-3 inhibitor R18 (25, 50, 100 µM, respectively, for 
low, moderate, high dose)(Generous gift from Department 
of Complex Prescription of TCM, China Pharmaceutical 
University); NF-κB inhibitor PDTC (50, 100 200 µM, 
respectively, for low, moderate, high dose)(Sigma, USA)
(Abmole, USA, M4005); MMP9 inhibitor BB-1101 (10 
20, 30 µM, respectively, for low, moderate, high dose)
(Generous gift from Department of Complex Prescription 
of TCM, China Pharmaceutical University). MTT cell pro-
liferation and cytotoxicity assay kit (Nanjing Jiancheng 
Bioengineering Institute, G020, CN) was applied to eval-
uate the cellular viability under OGD condition or not. 
Results from MTT assay made sure that the concentration 
chosen for each inhibitor did not affect cell viability. The 
bEND.3 cells in each group were subsequently collected 
and subjected to western blot analysis of NMMHC IIA, 
TLR4, p-PI3K, PI3K, p-Akt, Akt, p-JNK1/2, JNK1/2, 
p-Bad (S136), Bad (S136), p-Bad (S128), Bad (S128), 
14-3-3ε, p-IKKα, IKKα, p-IKKβ, IKKβ, NF-κB p-p65, 
NF-κB p65, p-IκBα, IκBα, MMP9, occludin, claudin-5, 
ZO-1, and GAPDH expression. The use of antibodies was 
in accordance with the method in western blot assay.

Statistical Analysis

All values are expressed in terms of mean ± S.D. The data 
were analyzed by a two-tailed Student’s t test (two groups) 
or two-way analysis of variance (ANOVA) followed by 
Bonferroni’s test (three or more groups). The significance 
level was set at P < 0.05 and P < 0.01.
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Results

Co‑immunoprecipitation was used to Verify 
the Interaction Between NMMHC IIA and TLR4

Rabbit anti-mouse NMMHC IIA antibody and brain 
endothelial cell total protein were used for immunoprecipi-
tation. The western blot results could detect TLR4 protein 
in immune complexes, and the bands appeared were consist-
ent with those in total proteins of bEND.3 endothelial cells, 
which showed the authenticity of the results (Fig. 1). Corre-
spondingly, the interaction between NMMHC IIA and TLR4 
in bEND.3 endothelial cells was verified by reverse immu-
noprecipitation. The rabbit anti-mouse TLR4 antibody was 
used for reverse immunoprecipitation. Western blot could 
detect NMMHC IIA protein in immune complexes, and the 
bands appeared in western blot were consistent with the 
NMMHCIIA protein in total protein of bEND.3 endothelial 
cells (Fig. 1). This indicated that NMMHC IIA interacted 
with TLR4. And then the upstream and downstream relation-
ship between the proteins were further investigated.

Inhibition of NMMHC IIA Improved Tight Junction 
Dysfunction in OGD‑Stimulated bEND.3 Endothelial 
Cells and Ischemia Stroke Mice

Immunostaining and western blot analysis showed the acti-
vation of NMMHC IIA (red) in OGD-stimulated bEND.3 
endothelial cells (OGD + vehicle: 1.72 ± 0.05, P < 0.01, 
control + vehicle: 1.07 ± 0.03, Fig.  2), while blebbista-
tin inhibited the upregulation expression of NMMHC IIA 
(1.37 ± 0.02, P < 0.01). Occludin, claudin-5, and ZO-1 

were continuous and well organized in the bEND.3 cellular 
layer of microvessels in the control + vehicle group (Fig. 2). 
After stimulation with OGD, occludin, claudin-5, and 
ZO-1 revealed structural disruptions with re-arrangements 
compared with the control + vehicle group. The expression 
of occludin, claudin-5, and ZO-1 (0.64 ± 0.06, P < 0.01, 
0.62 ± 0.01, P < 0.01, 0.70 ± 0.08, P < 0.01) were reduced 
compared with those the bEND.3 cells stimulated by OGD 
(1.12 ± 0.04, 1.17 ± 0.03, 1.21 ± 0.04, Fig. 2). Moreover, the 
fragmented immunocytochemical staining of TJ proteins 
along the bEND.3 cells border were restored to a bright-
ener and more distinct shape in response to the inhibition of 
NMMHC IIA (occludin: 0.79 ± 0.02, P < 0.01; claudin-5: 
0.82 ± 0.05, P < 0.01; ZO-1: 0.77 ± 0.03, P < 0.01, Fig. 2).

Endothelial cell injury of BBB could be evaluated by 
Evans Blue and albumin microvascular leakage (Garbu-
zova-Davis et al. 2013). The albumin/occludin, albumin/
claudin-5, and albumin/ZO-1 double-labeled staining 
were observed for pathological changes in the ischemia 
hemisphere by immunofluorescence staining, respectively 
(Fig. 3). More leakage of FITC-albumin was seen in the 
ischemia area of ischemia hemisphere compared with that 
of the non-ischemia blood flow region. Fluorescence inten-
sity of FITC-albumin in the ischemia area was reduced 
via the intervention of blebbistatin, thus possibly suggest-
ing neurological recovery of ischemia-damaged area. This 
linear shape of tight junctions decreased after subjected to 
ischemia stroke, while the intensity of occludin, claudin-5, 
and ZO-1 signal was weaker compared with the sham group 
(Fig. 3). The results showed that blebbistatin could amelio-
rate the pathological damage of brain tissues, enhancing the 
signal intensity and improving immunostaining intensity of 
occludin, claudin-5, and ZO-1.

Regulation of NMMHC IIA in OGD‑Induced bEND.3 
Endothelial Cells Influenced TLR4/PI3K/Akt/
JNK1/2/14‑3‑3ε/NF‑κB/MMP9 Pathways

Two-hour OGD not only upregulated the expression of 
NMMHC IIA, but also activated the expression of TLR4, 
p-PI3K, PI3K, p-Akt, Akt, p-JNK1/2, p-JNK1/2, p-Bad 
(S136), Bad (S136), p-Bad (S128), Bad (S128), 14-3-3ε, 
p-IKKα, IKKα, p-IKKβ, IKKβ, NF-κB p-p65, NF-κB p65, 
p-IκBα, IκBα, MMP9, occludin, claudin-5, and ZO-1. The 
myosin II inhibitor blebbistatin dose dependently (low, mod-
erate, high dose: 1.59 ± 0.06, P < 0.05, 1.47 ± 0.04, P < 0.05, 
1.36 ± 0.06, P < 0.01) suppressed the upregulation of 
NMMHC IIA (OGD + vehicle: 1.54 ± 0.03, P < 0.01), while 
TLR4 activation was prevented together with the phospho-
rylation of PI3K, Akt, JNK1/2, Bad (S136), Bad (S128), 
NF-κB p65, and 14-3-3ε at all protein levels (Fig. 4). The 
myosin II inhibitor blebbistatin dose dependently could also 
rescue the tight junction protein occludin (low, moderate, 

Fig. 1   Interaction between NMMHC IIA and TLR4 via co-immuno-
precipitation was detected by western blot. a Western blot detected 
TLR4 protein in anti-NMMHC IIA co-immunoprecipitation com-
plex. b Western blot detected NMMHC IIA protein in anti-TLR4 co-
immunoprecipitation complex. (1): equal amount load sample of total 
bEND.3 endothelial cellular proteins; (2). co-immunoprecipitation 
with negative control; (3). specified protein obtained from anti-speci-
fied protein co-immunoprecipitation
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Fig. 2   The inhibition of NMMHC IIA on occludin, claudin-5, and 
ZO-1 expression in OGD-treated bEND.3 endothelial cells. a–c) 
Representative images on the colocalization of NMMHC IIA (red) 
and occludin (green), claudin-5 (green), and ZO-1 (green) in OGD-
stimulated bEND.3 endothelial cells by immunofluorescent staining. 
The bEND.3 endothelial cells nuclei were counterstained with DAPI 
(blue). At a magnification of ×200, a confocal microscope is used 
to capture the images. The images were representative of nine indi-

vidual plates from each group. d The expression of MMMHC IIA, 
occludin, claudin-5, and ZO-1 in OGD-treated bEND.3 endothelial 
cells was detected by western blot. The results were expressed as the 
percentage of control + vehicle from nine independent experiments. 
The data were averages with S.D., n = 9. # P < 0.05, ## P < 0.01 vs. 
the control + vehicle group of bEND.3 endothelial cells, *P < 0.05, 
**P < 0.01 vs. the bEND.3 endothelial cells exposed to 2 h of OGD 
stimulation
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high dose: 0.48 ± 0.02, P < 0.01, 0.53 ± 0.03, P < 0.01, 
0.66 ± 0.03, P < 0.01; OGD + vehicle: 0.39 ± 0.05, P < 0.01), 
claudin-5 (low, moderate, high dose: 0.49 ± 0.03, P < 0.01, 
0.53 ± 0.03, P < 0.01, 0.67 ± 0.04, P < 0.01; OGD + vehicle: 
0.41 ± 0.02, P < 0.01), and ZO-1 (low, moderate, high dose: 
0.49 ± 0.04, P < 0.01, 0.57 ± 0.05, P < 0.01, 0.67 ± 0.06, 
P < 0.01; OGD + vehicle: 0.40 ± 0.02, P < 0.01). NMMHC 
IIA was successfully knocked down, which exhibited the 
significant descending change in protein expression. Fur-
thermore, NMMHC IIA knockdown prevented the TLR4/
PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 activation 
with or without OGD stimulation, which demonstrated a 
similar effect to the NMMHC IIA inhibitor blebbistatin 
(Fig. 5). These findings indicated that NMMHC IIA was 
the upstream role in regulating TLR4/PI3K/Akt/JNK1/2/14-
3-3ε/NF-κB/MMP9 pathways. The suppression of NMMHC 

IIA expression could rescue the tight junction proteins in the 
OGD-stimulated bEND.3 endothelial cells.

The TLR4 inhibitor-TAK-242 had no effects on the 
upregulation of NMMHC IIA in OGD-stimulated bEND.3 
endothelial cells, while TAK-242 dose dependently inhib-
ited the activation of TLR4 and the phosphorylation of 
PI3K, Akt, JNK1/2, Bad (S136), Bad (S128), NF-κB p65, 
and 14-3-3ε in OGD-stimulated bEND.3 endothelial cells 
(Fig. 6). Subsequently, the cell groups subjected to the inter-
ference with PI3K inhibitor LY294002 revealed that the 
increased phosphorylation of PI3K and Akt were prevented 
by LY294002 (low, moderate, high dose, p-PI3K/PI3K: 
1.64 ± 0.03, P < 0.05, 1.50 ± 0.05, P < 0.05, 1.43 ± 0.05, 
P < 0.01; OGD + vehicle: 1.72 ± 0.05, P < 0.05; p-Akt/Akt: 
1.60 ± 0.07, P < 0.05, 1.55 ± 0.07, P < 0.05, 1.43 ± 0.01, 
P < 0.05; OGD + vehicle: 1.64 ± 0.05, P < 0.01) in a 

Fig. 3   The inhibiting effects of NMMHC IIA on the expression 
change in albumin/occludin, albumin/claudin-5, and albumin/ZO-1 
in ischemia stroke mice via immunofluorescence staining. Six slides 
from each brain were digitized under a 20 × objective with a 3-CCD 
color camera. Each slice contained eight fields of view from ischemia 
boundary region. Figures labeled with capital letters were the pano-
ramic view of the figure. Throughout the scan, the figures labeled 
with lowercase letters of double-labeled staining of albumin (green)/

occludin (red), albumin (green)/claudin-5 (red), and albumin (green)/
ZO-1 (red) regions were observed under ×200 magnified view. The 
data were the percentage of positive cell numbers or positive ves-
sel areas or areas in the ischemia boundary area. The results were 
expressed as six independent experiments. The data were averages 
with S.D., n = 6. #P < 0.05, ##P < 0.01 vs. sham mice, *P < 0.05, 
**P < 0.05 vs. 2 h of ischemia stroke mice
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Fig. 4   Regulation of NMMHC IIA in OGD-treated bEND.3 endothe-
lial cells influenced TLR4/PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/
MMP9 pathways and tight junction proteins. NMMHC IIA inhibitor 
blebbistatin was infused 1  h before OGD stimulation and subjected 
to an evaluation of the inhibitory effect on the TJ-mediated signal-
ing pathway in bEND.3 endothelial cells via western blot analysis. 
The functions of NMMHC IIA inhibitor blebbistatin (0.01, 0.1, and 

1 µM, respectively, for low, moderate, and high dose) were evaluated. 
Results were expressed as the percentage of control + vehicle from 
nine independent experiments. The data were averages with S.D., 
n = 9. #P < 0.05, ##P < 0.01 vs. the control + vehicle group of bEND.3 
endothelial cells, *P < 0.05, **P < 0.01 vs. the bEND.3 endothelial 
cells exposed to 2 h of OGD stimulation
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dose-dependent manner, while the activation of NMMHC 
IIA and TLR4 showed no significant difference in compari-
son to the control + vehicle group (Fig. 7). Upregulation 
of p-JNK1/2, p-Bad (S136), p-Bad (S128), NF-κB p-p65 
and downregulation of 14-3-3ε were inhibited. Moreover, 
dose-dependent inhibition of JNK1/2 by SP600125 (Fig. 8) 

affected the relative activity of p-JNK1/2 and p-Bad (S128) 
(low, moderate, high dose, p-JNK1/JNK1: 1.44 ± 0.07, 
P < 0.05, 1.39 ± 0.02, P < 0.01, 1.31 ± 0.04, P < 0.01; 
OGD + vehicle: 1.55 ± 0.06, P < 0.01; p-JNK2/JNK2: 
1.44 ± 0.02, P < 0.05, 1.37 ± 0.02, P < 0.05, 1.31 ± 0.06, 
P < 0.05; OGD + vehicle: 1.57 ± 0.07, P < 0.01; p-Bad 

Fig. 5   The regulation of knockdown of NMMHC IIA on TLR4/PI3K/
Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 pathways and tight junction pro-
teins in OGD-treated bEND.3 endothelial cells. After 48 h of trans-
fection, control siRNA and NMMHC IIA knockdown bEND.3 cells 
were stimulated under OGD condition for 2  h. NMMHC IIA and 
total downstream targets were analyzed by western blotting. Results 

were expressed as the percentage of control + vehicle from nine 
independent experiments. The data were averaged with S.D., n = 9. 
#P < 0.05, ##P < 0.01, vs. the control + siRNA or NMMHC IIA siRNA 
group of bEND.3 endothelial cells under OGD condition. *P < 0.05, 
**P < 0.01, the differences among three groups were analyzed by 
Bonferroni’s test
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Fig. 6   Regulation of TLR4 in OGD-treated bEND.3 endothelial 
cells influenced PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 path-
ways and tight junction proteins. TLR4 inhibitor-TAK-242 was 
infused 1  h before OGD stimulation and subjected to an evaluation 
of the inhibitory effect on the TJ-mediated signaling pathway in 
bEND.3 endothelial cells via western blot analysis. The functions 
of TLR4 inhibitor-TAK-242 (0.25  µM, 0.5  µM, and 1  µM, respec-

tively, for low, moderate, and high dose) were evaluated. Results were 
expressed as the percentage of control + vehicle from nine independ-
ent experiments. The data were averages with S.D., n = 9. #P < 0.05, 
##P < 0.01 vs. the control + vehicle group of bEND.3 endothelial cells, 
*P < 0.05, **P < 0.01 vs. the bEND.3 endothelial cells exposed to 2 h 
of OGD stimulation
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Fig. 7   Regulation of PI3K/Akt in OGD-treated bEND.3 endothe-
lial cells influenced JNK1/2/14-3-3ε/NF-κB/MMP9 pathways and 
tight junction proteins. PI3K/Akt inhibitor-LY294002 was infused 
1  h before OGD stimulation and subjected to an evaluation of the 
inhibitory effect on the TJ-mediated signaling pathway in bEND.3 
endothelial cells via western blot analysis. The functions of PI3K/Akt 
inhibitor-LY294002 (2.5, 5, and 10  µM, respectively, for low, mod-

erate, and high dose) were evaluated. Results were expressed as the 
percentage of control + vehicle from nine independent experiments. 
The data were averages with S.D., n = 9. #P < 0.05, ##P < 0.01 vs. 
the control + vehicle group of bEND.3 endothelial cells, *P < 0.05, 
**P < 0.01 vs. the bEND.3 endothelial cells exposed to 2 h of OGD 
stimulation
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Fig. 8   Regulation of JNK1/2 in OGD-treated bEND.3 endothelial 
cells influenced 14-3-3ε/NF-κB/MMP9 pathways and tight junction 
proteins. JNK1/2 inhibitor-SP600125 was infused 1  h before OGD 
stimulation and subjected to an evaluation of the inhibitory effect on 
the TJ-mediated signaling pathway in bEND.3 endothelial cells via 
western blot analysis. The functions of JNK1/2 inhibitor-SP600125 

(10 20, and 40  µM, respectively, for low, moderate, and high dose) 
were evaluated. Results were expressed as the percentage of con-
trol + vehicle from nine independent experiments. The data were 
averages with S.D., n = 9. #P < 0.05, ##P < 0.01 vs. the control + vehi-
cle group of bEND.3 endothelial cells, *P < 0.05, **P < 0.01 vs. the 
bEND.3 endothelial cells exposed to 2 h of OGD stimulation



313Cellular and Molecular Neurobiology (2019) 39:301–319	

1 3

(S128)/Bad (S128): 0.41 ± 0.02, P < 0.05, 0.56 ± 0.06, 
P < 0.05, 0.64 ± 0.07, P < 0.01; OGD + vehicle: 0.33 ± 0.06, 
P < 0.01), while the expression of NMMHC IIA and TLR4, 
and the phosphorylation of PI3K, Akt, Bad (S136), and 
NF-κB P65 were not influenced. Interestingly, the phos-
phorylation of Bad (S136) was inhibited only by PI3K/Akt 
inhibitor-LY294002, however, had no influence of the inhi-
bition of JNK1/2 inhibitor-SP600125, while 14-3-3ε were 
still downregulated and inhibited by either one of the inhibi-
tors. The activation of TLR4 and the phosphorylation of 
PI3K, Akt, JNK1 and JNK2 were blocked by a high dose of 
the 14-3-3 inhibitor-R18, while the phosphorylation of Bad 
(S136)/Bad (S128), 14-3-3ε, phosphorylation of IKKα/β/
NF-κB p-p65/IκBα, and MMP9 were blocked by all doses 
of the 14-3-3 inhibitor-R18, whereas NMMHC IIA was not 
affected (Fig. 9). All the mentioned inhibitors could restore 
the decreased expression of occludin, claudin-5, and ZO-1 
tight junctions.

Pyrrolidine dithiocarbamate (PDTC), a metal chelator 
and antioxidantis, a selective NF-κB inhibitor, which could 
inhibit the activation of NF-κB specifically by suppressing 
the release of the inhibitory subunit IκB from the latent cyto-
plasmic form of NF-κB. In contrast to other inhibitors, treat-
ment with the NF-κB inhibitor PDTC had no effect on other 
proteins except for the phosphorylation of NF-κB pathway 
itself and MMP9, p-IKKα/IKKα (low, moderate, high dose: 
1.43 ± 0.04, P < 0.01, 1.56 ± 0.04, P < 0.01, 1.69 ± 0.04, 
P < 0.01; OGD + vehicle: 1.80 ± 0.06, P < 0.01), p-IKKβ/
IKKβ (low, moderate, high dose: 1.67 ± 0.02, P < 0.01, 
1.56 ± 0.03, P < 0.01, 1.43 ± 0.04, P < 0.01; OGD + vehi-
cle: 1.79 ± 0.06, P < 0.01), p-IκBα/IκBα (low, moderate, 
high dose: 1.75 ± 0.03, P < 0.01, 1.64 ± 0.03, P < 0.01, 
1.44 ± 0.05, P < 0.01; OGD + vehicle: 1.86 ± 0.02, P < 0.01), 
p-NF-κB p65/NF-κB p65 (low, moderate, high dose: 
1.57 ± 0.04, P < 0.05, 1.51 ± 0.05, P < 0.01, 1.44 ± 0.04, 
P < 0.01; OGD + vehicle: 1.73 ± 0.03, P < 0.01), and MMP9 
(low, moderate, high dose: 1.63 ± 0.03, P < 0.01, 1.52 ± 0.06, 
P < 0.01, 1.41 ± 0.04, P < 0.01; OGD + vehicle: 1.75 ± 0.05, 
P < 0.01) (Fig. 10). Different concentrations of MMP9 inhib-
itor BB-1101 could only affect MMP9 itself (low, moder-
ate, high dose: 1.64 ± 0.04, P < 0.01, 1.52 ± 0.05, P < 0.01, 
1.40 ± 0.04, P < 0.01; OGD + vehicle: 1.77 ± 0.07, P < 0.01), 
simultaneously could rescue the decreasing change of tight 
junction proteins (Fig. 11).

Discussion

The TJ transmembrane proteins included intact mem-
brane proteins, such as the occludin, claudins, and zonula 
occludens, which were identified as inducing the formation 
of TJ-like structures (Wen et al. 2004). TJ proteins of the 
BBB were considered to be new insights into function and 

dysfunction disorders, suggesting that paraendothelial trans-
port mediated by TJ participated in endothelial cell-medi-
ated BBB permeability. The executive phase of TJ protein 
variation was characterized by a variety of morphological 
changes. It has been shown to regulate the BBB permeability 
and to induce loss of occludin, claudin-5, and ZO-1 tight 
junction proteins. In addition, many studies have shown that 
the increase in permeability of BBB marked the degradation 
of ZO-1 and other closely coupled components (Liu et al. 
2012). The fluorescence in endothelial cell microvessels was 
shown with a significant decrease in occludin, claudin-5, 
and ZO-1 intensity under OGD condition. There was a trend 
toward increased occludin, claudin-5, and ZO-1 fluorescence 
in the NMMHC IIA inhibition group. In addition, immuno-
fluorescence suggested that the bEND.3 endothelial cells 
structure were recovered with a more dense neuropil and 
tight boundary connection tight junction. The maintenance 
of tight junctions depended on the proper tissues of connec-
tive scaffold proteins such as ZO-1, therefore it was expected 
that TJ would be interrupted due to the alters in contraction 
patterns.

GO analysis and KEGG pathway in our previous 
work indicated that the original role of NMMHC IIA in 
the ischemia stroke mice displayed a close connection 
with tight junction of BBB (Lv et al. 2018). MYH9 was 
recruited to cell attachment and protein binding GO ontol-
ogy annotation, and TJ signal KEGG pathways (Lv et al. 
2018). Recent reports have revealed that the maintenance 
of epithelial barrier depended on the proper assembly of the 
actin cytoskeleton and intercellular junctions (Campos et al. 
2016). Research examining intestinal mucosal barrier per-
meability has indicated that non-muscle myosin II was a key 
cytoskeletal motor for the integrity of epithelial TJs (Nayde-
nov et al. 2016). It is known that actin–myosin cytoskeleton 
that generated contractile force, which is the main mecha-
nism promoting cellular morphological changes and cellular 
apoptosis (Kim et al. 2015). Activation of myosin light chain 
kinase could increase the assembly of non-muscle myosin II 
and mediate the role of proinflammatory signals in simple 
epithelia and in TJ tissues (Turner et al. 2006). Myosin IIA 
was reported to bind to actin more quickly and strongly than 
myosin IIB (Kolega et al. 2006). The interaction between 
myosin IIA and F-actin provided the basis for H2O2-induced 
contractile forces in neuronal cells (Wang et al. 2016a, b). 
In addition, researches have showed that knocking down 
NMMHC IIA, but not NMMHC IIB or NMMHC IIC, sig-
nificantly reduced the levels of TF protein in TNF-stimulated 
endothelial cells, while NMMHC IIA was likely located 
upstream of Akt/GSK3β-NF-κB based on its regulation 
of the signaling pathways (Zhai et al. 2015). Meanwhile, 
NMMHC IIA-activated PI3K-AKT signaling following 
MEK inhibition in metastatic negative breast cancer (Choi 
et al. 2016), while it could inhibit migration and invasion of 



314	 Cellular and Molecular Neurobiology (2019) 39:301–319

1 3

Fig. 9   Regulation of 14-3-3ε in OGD-treated bEND.3 endothelial 
cells influenced TLR4/PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 
pathways and tight junction proteins. 14-3-3 inhibitor-R18 was 
infused 1  h before OGD stimulation and subjected to an evaluation 
of the inhibitory effect on the TJ-mediated signaling pathway in 
bEND.3 endothelial cells via western blot analysis. The functions of 
14-3-3 inhibitor-R18 (25, 50, and 100 µM, respectively, for low, mod-

erate, and high dose) were evaluated. Results were expressed as the 
percentage of control + vehicle from nine independent experiments. 
The data were averages with S.D., n = 9. # P < 0.05, ## P < 0.01 vs. 
the control + vehicle group of bEND.3 endothelial cells, *P < 0.05, 
**P < 0.01 vs. the bEND.3 endothelial cells exposed to 2 h of OGD 
stimulation
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gastric cancer cells via the c-Jun N-terminal kinase signal-
ing pathway (Liu et al. 2016). Our data demonstrated that 
disruption of tight junctions between bEND.3 endothelial 

cells was mediated through activation of NMMHC IIA by 
inhibition test. The data demonstrated that treatment with 
myosin II inhibitor blebbistatin suppressed the activation 

Fig. 10   Regulation of NF-κB p65 in OGD-treated bEND.3 endothe-
lial cells influenced 14-3-3ε/NF-κB/MMP9 pathways and tight junc-
tion proteins. NF-κB inhibitor PDTC was infused 1  h before OGD 
stimulation and subjected to an evaluation of the inhibitory effect on 
the TJ-mediated signaling pathway in bEND.3 endothelial cells via 
western blot analysis. The functions of NF-κB inhibitor-PDTC (50, 

100, and 200  µM, respectively, for low, moderate, and high dose) 
were evaluated. Results were expressed as the percentage of con-
trol + vehicle from nine independent experiments. The data were 
averaged with S.D., n = 9. #P < 0.05, ##P < 0.01 vs. the control + vehi-
cle group of bEND.3 endothelial cells, *P < 0.05, **P < 0.01 vs. the 
bEND.3 endothelial cells exposed to 2 h of OGD stimulation
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of TLR4 together with the phosphorylation of PI3K, Akt, 
JNK1/2, Bad (S136), Bad (S128), 14-3-3ε, NF-κB, and 
MMP9 at all protein levels. In addition, in the inhibition of 

TLR4, PI3K, Akt, JNK1/2, Bad (S136), Bad (S128), NF-κB 
p65, 14-3-3ε, NF-κB or MMP9 could not produce any effect 
on the expression of NMMHC IIA, which confirmed the 

Fig. 11   Regulation of MMP9 in OGD-treated bEND.3 endothelial 
cells influenced and tight junction proteins. MMP9 inhibitor BB-1101 
was infused 1 h before OGD stimulation and subjected to an evalu-
ation of the inhibitory effect on the TJ-mediated signaling pathway 
in bEND.3 endothelial cells via western blot analysis. The func-
tions of MMP9 inhibitor-BB-1101 (10 20, and 30 µM, respectively, 

for low, moderate, and high dose) were evaluated. Results were 
expressed as the percentage of control + vehicle from nine independ-
ent experiments. The data were averages with S.D., n = 9. #P < 0.05, 
##P < 0.01 vs. the control + vehicle group of bEND.3 endothelial cells, 
*P < 0.05, **P < 0.01 vs. the bEND.3 endothelial cells exposed to 2 h 
of OGD stimulation
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upstream NMMHC IIA regulation of PI3K/Akt/JNK1/2/14-
3-3ε/NF-κB/MMP9 activation. According to our results, our 
results provided evidences for the central role of NMMHC 
IIA in mediating TLR4-mediated signaling pathways in 
OGD-stimulated bEND.3 endothelial cells.

TLR4 was induced in response to a strong inflammatory 
response to BBB dysfunction and brain edema following 
focal cerebral ischemia (Cai et al. 2016). Meanwhile, inhibi-
tion of the PI3K/Akt/Rac-1 signaling pathway underlied the 
protective role in the regulation of TJ protein BBB. MAPK/
ERK and PI3K/Akt kinase pathways were involved in the 
regulation of BBB permeability and the early nuclear trans-
location of NF-κB (Wang et al. 2016a, b). It was suggested 
that the TJ pathway was closely related to either TLR4 or 
PI3K/Akt signaling pathways. Koch’s postulates were used 
in this study to interpret the relationships via the gradual 
addition of corresponding inhibitors. After interference 
with TLR4 inhibitor, the expressions levels of PI3K, Akt, 
JNK1/2, Bad (S136), Bad (S128), NF-κB p65, and 14-3-3ε 
were altered, which might be triggered by common upstream 
signals. Subsequent exposure to the PI3K inhibitor, p-Akt 
and p-JNK1/2 were both influenced. The literature also indi-
cated that PI3K/Akt/FoxO1 signaling pathway was shown to 
participate in OGD-induced TLR4 expression and microglial 
activation (Zhaocheng et al. 2016). Meanwhile, we found 
that the increased phosphorylation of PI3K, Akt and JNK1/2 
exerted the functions on p-Bad (S136), p-Bad (S128), 14-3-
3ε, and NF-κB p-p65. These results demonstrated the PI3K/
Akt could regulate the JNK1/2/14-3-3ε/NF-кB pathways 
in OGD-stimulated bEND.3 endothelial cells. Moreover, 
14-3-3 had been shown to participate in the formation of 
TLR-mediated signaling platform (Funami et al. 2016). 
Reports have been reported that 14-3-3ε and 14-3-3σ could 
impair TLR4-mediated NF-κB and IFN-β reporter gene 
activity, and also bind to TLR aptamers (Butt et al. 2014). 
Meanwhile, the cellular process of autophagy adjusted by 

MAPK, PI3K, and mTOR were tightly regulated by 14-3-3 
proteins (Pozuelo-Rubio et al. 2012). Furthermore, 14-3-3ζ 
enhanced Akt phosphorylation by activating PI3K bound 
to the p85 regulatory subunit of PI3K and increasing PI3K 
transport to the cell membrane (Neal et al. 2012). In the pre-
sent study, 14-3-3 could reduce the relative activity of TLR4, 
PI3K, Akt, JNK1 and JNK2, which could regulate the TLR4/
PI3K/Akt/JNK1/2 pathways in both positive and negative 
patterns. The potential mechanisms of occludin degrada-
tion could be due to MMP9. Occludin were degraded by 
MMP9 and rescued by MMP inhibitor BB-1101 after focal 
cerebral ischemia (Liu et al. 2009). MMP9 was confirmed to 
be modulated Akt/NF-κB pathway (Lu et al. 2018) or JNK-
p38-ERK signaling pathway (Zhou et al. 2017). A possible 
mechanism, according to the results of sequence added cor-
responding inhibitor was shown in Fig. 12.

14-3-3ε is a member of the 14-3-3 protein family, which 
acted as an anti-apoptotic role by isolating pro-apoptotic 
molecules such as Bad (Schuster et al. 2011). Phosphoryl-
ated Bad interacts with 14-3-3, which prevents Bad from 
interacting with Bcl-xl on mitochondrial membrane (Wu 
et al. 2009). In the present study, under OGD condition, both 
p-Bad (S136), and p-Bad (S128) were activated, while 14-3-
3ε expression was inhibited. Inhibition of PI3K/Akt influ-
enced the activity of p-JNK1/2, and the activity of p-Bad 
(S136), p-Bad (S128), and 14-3-3ε. The downregulation 
of p-Bad (S136) and p-Bad (S128) displayed the same ten-
dency, with a reduction of 14-3-3ε leading to reduced bind-
ing. This result was consistent with the literature (Zhu et al. 
2014; Nomura et al. 2003), might be due to potential regula-
tion of JNK1/2 by PI3K/Akt. Increasing evidence suggested 
that Bad could be phosphorylated not only by Akt1 but also 
by JNK1/2 after transient global ischemia in the rat hip-
pocampal CA1 region (Wang et al. 2007). Akt1 mediated the 
phosphorylation of Bad at serine 136, leading to neuronal 
survival. In contrast, JNK1/2 induced the phosphorylation 

Fig. 12   Schematic representa-
tion of the role of NMMHC 
IIA in the regulation of tight 
junction in OGD-stimulated 
bEND.3 endothelial cells
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of Bad at serine 128, inhibiting the interaction of PI3K/Akt-
induced serine 136-phosphorylated Bad with 14-3-3 proteins 
and thereby promoting the apoptotic effect of Bad. The fate 
of cells to survive or die depended on a balance between 
survival and apoptotic signals. Inhibition of JNK1/2 under 
OGD-treated bEND.3 cells led to the upregulation of Bad 
(S128) phosphorylation, with no influence on the activity 
of p-Bad (S136), while the total expression tendency of 
14-3-3ε was still downregulated. PI3K/Akt and JNK1/2 was 
affected by the balance of 14-3-3ε, while JNK1/2 played a 
critical role in bEND.3 cells under OGD condition, further 
improving the survival rate of apoptotic cells.

Although efforts have been made to ensure the interlinks 
of signaling pathways as complete as possible, more accu-
rate experimental methods such as siRNA, co-immunopre-
cipitation, in situ hybridization deed need to be subjected to 
in-depth exploration. This study offered a promising expla-
nation for interpreting the role of NMMHC IIA underlying 
BBB dysfunction induced by ischemia stroke via the TLR4/
PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 pathway. Fur-
ther elucidating the pathological process of ischemia stroke 
required more comprehensive potential targets and signaling 
pathways.

Conclusions

Our findings uncovered a key role of NMMHC IIA in mod-
ulating tight junction dysfunction mediated by regulating 
TLR4/PI3K/Akt/JNK1/2/14-3-3ε/NF-κB/MMP9 signaling 
pathways. These results provided compelling evidence for 
the role of NMMHC IIA in ischemia stroke and might lead 
to novel therapeutics for cerebral ischemia-related diseases.
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