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Abstract

Ischemic stroke can cause blood-brain barrier (BBB) injury, which worsens brain damage induced by stroke. Abnormal expression of tight junction proteins

in endothelial cells (ECs) can increase intracellular space and BBB leakage. Selective inhibition of mitogen-activated protein kinase, the negative regulatory
substrate of mitogen-activated protein kinase phosphatase (MKP)-1, improves tight junction protein function in ECs, and genetic deletion of MKP-1 aggravates
ischemic brain injury. However, whether the latter affects BBB integrity, and the cell type-specific mechanism underlying this process, remain unclear. In this
study, we established an adult male mouse model of ischemic stroke by occluding the middle cerebral artery for 60 minutes and overexpressed MKP-1 in

ECs on the injured side via lentiviral transfection before stroke. We found that overexpression of MKP-1 in ECs reduced infarct volume, reduced the level of
inflammatory factors interleukin-1B, interleukin-6, and chemokine C-C motif ligand-2, inhibited vascular injury, and promoted the recovery of sensorimotor
and memory/cognitive function. Overexpression of MKP-1 in ECs also inhibited the activation of cerebral ischemia-induced extracellular signal-regulated kinase
(ERK) 1/2 and the downregulation of occludin expression. Finally, to investigate the mechanism by which MKP-1 exerted these functions in ECs, we established
an ischemic stroke model in vitro by depriving the primary endothelial cell of oxygen and glucose, and pharmacologically inhibited the activity of MKP-1 and
ERK1/2. Our findings suggest that MKP-1 inhibition aggravates oxygen and glucose deprivation-induced cell death, cell monolayer leakage, and downregulation
of occludin expression, and that inhibiting ERK1/2 can reverse these effects. In addition, co-inhibition of MKP-1 and ERK1/2 exhibited similar effects to inhibition
of ERK1/2. These findings suggest that overexpression of MKP-1 in ECs can prevent ischemia-induced occludin downregulation and cell death via deactivating

ERK1/2, thereby protecting the integrity of BBB, alleviating brain injury, and improving post-stroke prognosis.
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Introduction

Ischemic stroke is a sudden interruption of continuous blood flow to
the brain, and is a primary cause of death and disability worldwide.
One hallmark of ischemic stroke pathology is blood-brain barrier (BBB)
breakdown, which is characterized by the death of brain capillary
endothelial cells (ECs) and the disassembly of intercellular tight junction
(TJ) proteins (Daneman, 2012; Cao et al., 2021; Deng et al., 2022). BBB
hyperpermeability has been shown to increase the risk of tissue swelling
and hemorrhage (Kimura and Harashima, 2022). In addition, circulating
immune cells may penetrate the brain parenchyma, attracted by pro-
inflammatory mediators produced by the injured tissue, which results in
secondary injury and consequently worsens neurological outcomes (Jiang
et al., 2018; Kim and Cho, 2021). However, the pathological mechanism of

endothelium dysfunction in ischemic stroke remains unclear, and there is no
effective therapeutic strategy for protecting BBB integrity.

Mitogen-activated protein kinase phosphatases (MKPs) are dual-specificity
protein phosphatases that directly inactivate their mitogen-activated protein
kinase (MAPK) substrates, primarily extracellular signal-regulated protein
kinase (ERK) 1/2, P38, and Jun N-terminal kinase, by dephosphorylating
threonine and tyrosine residues (Farooq and Zhou, 2004; Murphy and Blenis,
2006). MKP-1 was the first MKP to be discovered and is widely expressed in
multiple cell types within the central nervous system, e.g., neurons, microglia,
and ECs (Zakkar et al., 2008; Horita et al., 2010; Liu et al., 2014). MKP-1 has
been implicated in the pathogenesis and development of various neurological
diseases (Collins et al., 2015), including cerebral stroke. For example,
depletion or pharmacological inhibition of MKP-1 worsens ischemic brain
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injury (Liu et al., 2014), in contrast to the generally beneficial effect of ERK1/2
and P38 inhibitors in animal models of hemorrhagic and ischemic stroke (Sun
and Nan, 2016). Liu et al. (2014) suggested that MKP-1 may protect against
ischemic brain injury in a cell type-specific manner. They found that MKP-
1 possesses anti-apoptotic and anti-inflammatory properties by controlling
the activity of microglial P38 in the mouse brain. In the hemorrhagic stroke
model, subarachnoid hemorrhage induces phosphorylation-mediated
activation of ERK1/2 within the endothelium, as well as marked upregulation
of matrix metallopeptidase 9, a key factor causing BBB damage and further
expansion of brain injury (Parker et al., 2013). Blocking the ERK pathway
prevents upregulation of matrix metallopeptidase 9 and activation of the
cerebrovascular inflammatory response (Maddahi et al., 2012), suggesting
that inhibiting MAPKs signaling in ECs could help prevent stroke-induced BBB
disruption.

Alterations in TJs are a main cause of increased BBB permeability. The TJs
occludin, claudin-5, and zonula occludens 1 are well studied. Their stepwise
modification, translocation, and degradation take place from hours to days
after ischemia, which determines the severity of BBB disruption and brain
injury (Gonzélez-Mariscal et al., 2008; Rodrigues and Granger, 2015; Zhang
et al.,, 2021). MAPKs can hamper vascular barrier integrity by disrupting
intercellular junctions in a multitude of diseases. For instance, cell cytotoxicity
induced by oxygen and glucose deprivation (OGD) is prevented by inhibition
of ERK1/2 signaling in cultured ECs from mice (Narasimhan et al., 2009).
Excess salt exacerbates BBB leakage via P38-dependent down-regulation of
TJ proteins, including occludin and zonula occludens 1, as demonstrated by in
vivo and in vitro ischemic models (Zhang et al., 2015). Furthermore, decreased
levels of TJ proteins, including occludin and claudin-5, as well as widened
TJ gap with perivascular swelling are observed at the ultrastructural level in
the mouse brain after ischemic preconditioning, and these effects can be
prevented by tail vein injection of an ERK1/2 inhibitor (Shin et al., 2015). Taken
together, these lines of evidence suggest that MKP-1 activation may be helpful
in alleviating MAPK-dependent BBB breakdown. In this study, we explored the
effect of EC-specific MKP-1 overexpression on ischemia-induced BBB and brain
tissue injury, as well as neurological deficit, and the mechanism underlying BBB
breakdown involving MAPK and TJs signaling in ischemic stroke.

Methods

Animals and study design

A total of 130 young (7- to 8-week-old, 24-26 g body weight) male C57BL/6)
wide-type mice were purchased from GemPharmatech Co., Ltd. (Nanjing,
Jiangsu Province, China). Among them, 24 were excluded due to death after
surgery, absence of neurological deficits, or failure to complete the behavioral
evaluation. All animals were handled in accordance with the guidelines
provided by the Animal Center of Luohu Hospital, and the experimental
protocols were approved by the Experimental Animal Ethics Committee of
Luohu Hospital (No. 20210901-SZY, approval date September 1, 2021). Mice
were maintained on a 12/12-hour light/dark cycle and allowed ad libitum
access to food and water. All animals were housed at a maximum of five per
cage in specific pathogen-free conditions and were allowed to acclimate
to the housing conditions for at least 1 week before use. All experimental
procedures were carried out during the daytime (light cycle). The animals
were randomly allotted into groups. Randomization and treatment were
carried out by the same person, who did not communicate the group
assignments to the other examiners or data analysts. A detailed description
of the in vivo study design and animal allocations are presented in Additional
Figure 1 and Additional Table 1, respectively.

In vivo model of ischemic stroke

Transient middle cerebral artery occlusion (tMCAQ) surgery was performed
as described previously (Bu et al., 2021). Briefly, inhalation anesthesia was
administered as air containing isoflurane (4% isoflurane within 2—3 minutes
for induction, 1.2-1.5% isoflurane for maintenance during surgery, RWD
Life Science, Shenzhen, Guangdong Province, China, Cat# R510-22-8), and
a heating pad was used to maintain body temperature at 36.5°C. The right
common carotid artery, external carotid artery, and internal carotid artery
were isolated. Then, an intraluminal filament (coating diameter 0.20-0.21
mm, coating length 3—4 mm, RWD Life Science, Cat#f MSMC21B120PK50)
was advanced from the external carotid artery stump into the internal carotid
artery. One hour after occlusion, mice were re-anesthetized, and the brains
were re-perfused by suture withdrawal. Mice then received softened chow
and intraperitoneal injection of normal saline for 5 days.

Lentivirus administration in vivo

To over express MKP-1 specifically within ECs, lentiviral vectors carrying MKP-
1 (Duspl) under the control of the endothelial promotor Tiel (pLV[Exp]-
EGFP:T2A:Puro-Tiel>mDusp1l) and control vectors without MKP-1 were
constructed by Vectorbuilder Inc. (Guangzhou, Guangdong Province, China,
Cat# VB211015-1395ekb). The lentivirus concentration was adjusted to
> 1 x 10° transduction units/mL prior to delivery. Lentiviral vectors were
injected into the brain 5 days before tMCAO as described previously (Bu et
al., 2019, 2021). Briefly, a four-point injection was carried out at the following
coordinates: (i) 0.5 mm anterior to the bregma, 2.0 mm lateral to the sagittal
suture at the ipsilateral side of tMCAO, 1.0 mm from the surface of the skull;
(ii) 0.5 mm anterior to the bregma, 2.0 mm lateral to the sagittal suture at the
ipsilateral side of tMCAO, 2.8 mm from the surface of the skull; (iii) 0.5 mm
anterior to the bregma, 3.0 mm lateral to the sagittal suture at the ipsilateral
side of tMCAQO, 1.0 mm from the surface of the skull; and (iv) 0.5 mm anterior
to the bregma, 3.0 mm lateral to the sagittal suture at the ipsilateral side of

tMCAO, 2.8 mm from the surface of the skull (Bu et al., 2019, 2021). One
microliter of lentivirus was injected into each position at a rate of 0.5 ulL/min
with a 30-gauge needle.

In vitro model and study design

Primary human brain microvascular ECs (HBMECs, Cat# CTCC-161-HUM)
were purchased from and identified by Meisen Cell Technology Co. Ltd.
(Jinhua, Zhejiang Province, China), subcultured, and placed in liquid nitrogen
for long-term storage. Cells were grown in EC medium (ScienCell Research
Laboratories, Carlsbad, CA, USA, Cat# 1001) comprising basal medium,
5% fetal bovine serum (FBS), 1% endothelial growth supplement, and 1%
penicillin/streptomycin. All cells were maintained at 37°C in a humidified
incubator with 5% CO,. To mimic ischemia, an OGD model was established
as previously described (Shi et al., 2017). Briefly, cells were incubated in
glucose /FBS™ medium (ScienCell Research Laboratories, Cat# 1001-GF) and
placed in a hypoxic chamber (Billups-Rothenberg, Del Mar, CA, USA, Cat# MIC-
101) with 5% CO,-balanced N, at 37°C for 1 hour. Cells were then returned to
95% air and 5% CO,, and glucose’/FBS" medium (reperfusion). Control cells
were maintained in glucose’/FBS" medium and air for the same. Passage 7
cells were used in all groups. To investigate downstream signaling of MKP-1 in
vitro, HBMECs were cultured with 1 pM of the MKP-1 inhibitor (Korotchenko
et al., 2014) BCl (MedChemExpress, Shanghai, China, Cat# HY-115502) or 10
nM of the ERK1/2 inhibitor (Blake et al., 2016) ravoxertinib (MedChemExpress,
Cat# HY-15947) during and after OGD. The chemicals were dissolved in
0.1% dimethyl sulfoxide. An equal amount of dimethyl sulfoxide was used as
vehicle control. A detailed description of in vitro study design is presented in
Additional Figure 1.

Immunofluorescence staining

Three days after tMCAQ, mice were deeply anesthetized with 5% isoflurane
and transcardially perfused with phosphate-buffered saline followed by 4%
(v/v) paraformaldehyde (PFA). The whole brain was post-fixed in 4% PFA
overnight and then transferred to a 30% (w/v) sucrose solution for 48 hours.
The brain was sliced into 30-um-thick coronal sections that were incubated
in 0.1% Triton X-100 for 15 minutes, followed by 1 hour of antigen blocking
in 1% bovine serum albumin (Solarbio Science & Technology, Beijing, China,
Cat#t SW3015) at 25°C. To detect MKP-1 expression, sections were incubated
with rabbit anti-MKP-1 antibody (1:500, Thermo Fisher Scientific, Waltham,
MA, USA, Cat# PA5-105274, RRID: AB_2853876) overnight at 4°C followed by
anti-rabbit secondary antibody (Alexa Fluor 488, 1:1000, Abcam, Cambridge,
UK, Cat#t ab150073, RRID: AB_2636877) for 1 hour at 25°C. In addition, 200
uL of tomato lectin (0.5 mg/mL, DyLight 594, Thermo Fisher Scientific, Cat#
L32471), a blood vessel marker (Robertson et al., 2015), was injected through
the tail vein 30 minutes prior to animal sacrifice. Impairment of BBB integrity
was assessed by immunohistochemistry for mouse immunoglobulin (Ig) G
(Ehrlich et al., 2012; Zong et al., 2020), as circulating 1gG accumulates in the
brain parenchyma and is detectable in the case of BBB disruption (Min et al.,
2019). Sections were incubated with anti-mouse 1gG antibody (Alexa Fluor
594, 1:1000, Thermo Fisher Scientific, Cat# A32742, RRID: AB_2762825) for
1 hour at 25°C. The nuclei were stained using 4',6-diamidino-2-phenylindole
(Abcam, Cat# ab104139).

Twelve hours after OGD, HBMECs grown on collagen-coated coverslips in 12-
well culture plates were fixed with 4% PFA for 15 minutes followed by blocking
with 1% bovine serum albumin for 1 hour at 25°C. The cells were then
incubated with the following primary antibodies overnight at 4°C: rabbit anti-
cleaved caspase-3 (Asp175) (1:400, Cell Signaling Technology, Danvers, MA,
USA, Cat# 9661S, RRID: AB_2341188) and rabbit anti-occludin (1:400, Cell
Signaling Technology, Cat# 91131S). After rinses in phosphate-buffered saline,
the cells were incubated with anti-rabbit secondary antibodies conjugated
with Alexa Fluor 594 (1:1000, Thermo Fisher Scientific, Cat# A11012, RRID:
AB_2534079) or Alexa Fluor 488 (1:1000, Abcam, Cat# ab150073, RRID:
AB_2636877) for 1 hour at 25°C. Finally, the coverslips were treated with anti-
fade solution containing 4',6-diamidino-2-phenylindole and mounted on glass
slides.

Fluorescence images were captured with a confocal microscope at 40x
magnification. Regions of interest were randomly selected from the similar
coordinates of brain coronal slices among the groups. We considered the
tissue area within 1.5 mm of the infarct core to be the peri-infarct area
(Agulla et al., 2013; Bu et al., 2021). Integrated optical density was calculated
using ImageJ software (V1.52e, National Institutes of Health, Bethesda, MD,
USA), and the results were normalized by dividing each value by the mean
integrated optical density of the control group.

Infarct volume measurement

On day 3 after tMCAO, the mouse brains were removed, frozen at
—80°C for 5 minutes and then sliced into five coronal sections (2-mm
thickness). The sections were stained for 15 minutes at 37°C with 1.5%
2,3,5-triphenyltetrazolium chloride monohydrate (Sigma-Aldrich, St. Louis,
MO, USA, Cat# T8877) and fixed with 4% PFA. The infarct volume was then
calculated as previously described (Liu et al., 2014). Briefly, section images
were captured with a bright field microscope (Leica, Wetzlar, Germany, Cat#
M&0), and the infarct volumes were measured using ImageJ software.

Western blot analysis

Microvessels were extracted from the injured hemisphere 3 days after
tMCAOQ according to an established approach (Yin et al., 2010). Microvessel
protein was collected in 1x NP-40 buffer (Solarbio Science & Technology,
Cat# N8032) containing 1 mM phenylmethanesulfonyl fluoride, protease
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inhibitor (MedChemExpress, Cat# HY-K0010) and phosphatase inhibitor
(MedChemExpress, Cat# HY-K0021), and sonicated for 10 seconds. Tissue
lysate was centrifuged at 20,000 x g for 20 minutes at 4°C, and the protein-
containing supernatant was collected. Protein concentration was measured
by bicinchoninic acid assay (Beyotime Biotechnology, Shanghai, China, Cat#
P0012). Equal amounts of protein (30 pg) were loaded onto 10% precast
protein gels (Beyotime Biotechnology, Cat# PO456M) for electrophoresis.
After that, proteins were transblotted to polyvinylidene fluoride membranes
and blocked with 5% skim milk for 1 hour at 25°C. Next, the membranes were
exposed to primary antibodies against T202/Y204 phosphorylated ERK1/2
(1:2000, Cell Signaling Technology, Cat# 4370S, RRID: AB_2315112), ERK1/2
(1:2000, Cell Signaling Technology, Cat# 4695S, RRID: AB_390779), Thr180/
Tyr182 phosphorylated P38 (1:1000, Cell Signaling Technology, Cat# 46318,
RRID: AB_331765), P38 (1:1000, Cell Signaling Technology, Cat #8690S, RRID:
AB_10999090), occludin (1:1000, Cell Signaling Technology, Cat# 91131S), and
B-actin (1:1000, Cell Signaling Technology, Cat# 4970S, RRID: AB_2223172)
for 1 hour at 25°C. Once excess primary antibody was washed off with Tris-
buffered saline containing Tween 20, the membranes were incubated with
anti-rabbit horseradish peroxidase-linked secondary antibody (1:4000, Cell
Signaling Technology, Cat# 7074S, RRID: AB_2099233) for 1 hour at 25°C.
Relative protein expression was normalized to B-actin. Optical density was
captured with a Bio-Rad imaging system (Hercules, CA, USA, Cat# ChemlIDoc).

Survival rate
Before and after tMCAO, the percentage of surviving animals in each group
was recorded each day to determine the survival rate.

Behavioral tests

To assay functional recovery after stroke, we performed a battery of
behavioral tests including: (1) neurological deficit score (NDS) as a measure
of overall neurological deficits, (2) novel objective recognition test (NORT) for
memory/cognitive function, (3) adhesive removal test (ART) for sensorimotor
function, and (4) wire hanging test (WHT) for grip strength. We performed
NDS at 3 days, ART and WHT at 3, 7, and 14 days, and NORT at 14 days after
tMCAO. Baseline performance in each test was assayed prior to tMCAO.

NDS

The Bederson score system, with minor modifications, was employed to
assess neurological deficit (Bieber et al., 2019): 0 = no deficit, 1 = forelimb
flexion, 2 = circling to the left, 3 = decreased resistance to lateral push, and
4 = no spontaneous walking with reduced level of consciousness (the most
severe).

NORT

This test is based on the tendency of mice to interact more with a novel
object than with a familiar object, which enables investigation of memory
deficits after stroke (Bevins and Besheer, 2006). Briefly, animals were allowed
to explore an arena containing two identical objects for 5 minutes (trial 1).
After a 5-minute interval in a feeding cage, mice were placed in the same
arena where one of the objects had been replaced with a novel object, for
another 5-minute exploration (trial 2). The time spent at both objects was
recorded in seconds, and the discrimination index was calculated as follows:
(TNtrial2/TFtrial2)/(TFtriall/TFtriall), in which TN indicates the time spent at
the novel object and TF indicates the time spent at the familiar object.

ART

To measure sensorimotor deficits, adhesive-backed tape (25 mm?) was used
as tactile stimulus, placed on the distal-radial region of the left wrist. Elapsed
time from tape adhesion to tape removal in three trials was averaged (Bu et
al., 2021).

WHT

To measure post-stroke limb strength and balance, WHT was performed
using a wire cage top (18 cm x 9 cm in size) that was held 90 cm above a cage
containing soft bedding. Mice were monitored for up to 120 seconds, and the
latency to fall from the inverted cage top was recorded in seconds (Ruan and
Yao, 2020).

Enzyme-linked immunosorbent assay

Three days after tMCAO, the ipsilateral hemisphere was collected from each
mouse. Tissue homogenate was prepared as described previously (Al Mamun
et al., 2018). The levels of cytokines, including interleukin (IL)-1B (Thermo
Fisher Scientific, Cat# BMS6002), IL-6 (Thermo Fisher Scientific, Cat#t BMS603-
2), tumor necrosis factor (TNF)-a (Thermo Fisher Scientific, Cat#t BMS607-
3) using, and chemokine C-C motif ligand (CCL)-2 (Thermo Fisher Scientific,
Cat# BMS6005), were measured by commercially available enzyme-linked
immunosorbent assay kits according to manufacturers’ instructions.

Assessment of cell viability and BBB impairment

Cell viability was assessed by cell counting kit-8 (CCK-8, APExBIO, Houston, TX,
USA, Cat# K1018-1) according to the manufacturer’s protocol. Briefly, CCK-8
reagent was added to the cell culture medium at a ratio of 1:10, followed by
incubation for 1 hour. The absorbance of each well at 450 nm was determined
an automatic microplate reader (BioTek, Winooski, VT, USA, Cat# Synergy
HIM).

EC monolayers are a well-accepted in vitro BBB model that is used to precisely
assess barrier permeability (Paradis et al., 2016). In this study, an HBMEC

monolayer was established in transwell inserts as described previously, with
minor modifications (Shi et al., 2016). Briefly, the transwell polyethylene
terephthalate membranes (0.4-um pore, Corning Incorporated, Corning, NY,
USA, Cat# 3460) were coated with collagen (10 pg/mL, Corning Incorporated,
Cat# 354265) and fibronectin (20 ug/mL, Corning Incorporated, Cat# 356008).
HBMECs were seeded onto the membrane and grown until they reached
confluence. To assess paracellular permeability, fluorescein isothiocyanate-
dextran (70 kDa, Sigma-Aldrich, Cat# 46945) was added to the luminal
chamber at a concentration of 1 uM in 300 pL EC medium. The fluorescence
intensity of 30 uL of medium collected from the larger chamber was
measured with a fluorescence reader (BioTek, Cat# H1M) before and 1, 3, and
6 hours after OGD. The medium in the larger chamber was replaced (700 L)
30 minutes before each time point. The results were normalized by dividing
each value by the mean of the pre-OGD values from the phosphate-buffered
saline control group.

Statistical analysis

The results are presented as mean + standard error of mean (SEM). Data
were analyzed by GraphPad Prism (version 9.0.0 for Windows, GraphPad
Software, San Diego, CA, USA, www.graphpad.com). Normal distribution and
homogeneity of variance were examined by the Kolmogorov-Smirnov test.
Unpaired t-test was used for comparisons between two individual groups.
One-way analysis of variance followed by Bonferonni multiple comparisons
test was applied for comparisons across multiple groups. Significant
differences were defined as P < 0.05. Sample size was not calculated in this
study. Instead, the number of animals used in this study was calculated based
on the power analysis used for similar experiments in our earlier study (Liu et
al., 2018).

Results

MKP-1 overexpression in ECs ameliorates ischemic brain injury

To elucidate the specific role of MKP-1 expression in ECs, lentiviral vector
encoding MKP-1 under the control of the endothelial promotor Tiel was
injected into the ischemic side of the brain. Five days after injection, isolated
microvessel homogenate was prepared to validate MKP-1 overexpression
by western blot assay. We found that MKP-1 expression was significantly
enhanced in the Tiel-MKP-1 group compared with the control vector
group (P < 0.01; Figure 1A). MKP-1 overexpression was confirmed by
immunofluorescence staining, as an increase in MKP-1 expression in
microvessels (lectin®) was observed in the Tiel-MKP-1 group compared with
the control group (P < 0.05; Figure 1B). To evaluate the effect of MKP-1 on
brain injury, infarct size was measured 3 days after tMCAO. As expected, MKP-
1 overexpression significantly reduced infarct size compared with the control
vector group (P < 0.05; Figure 1C).

MKP-1 overexpression in ECs promotes sensorimotor and memory/
cognitive function recovery after ischemia

We next investigated whether EC-specific MKP-1 overexpression can improve
post-stroke outcomes. The survival rate was not markedly altered up to 14
days after stroke (Figure 2A). However, stroke-induced neurological deficit
was attenuated by EC-specific MKP-1 overexpression compared with the
control group (P < 0.05; Figure 2B). Three types of behavioral tests were
performed to comprehensively evaluate sensorimotor and memory/cognitive
functions (Figure 2C—E). In the control group, sensorimotor deficiencies (as
assessed by ART and WHT) were the most prominent at 3 days after tMCAO,
followed by gradual recovery. The mice in the MKP-1 overexpression group
exhibited significantly better performance than the control group starting
from 3 days after tMCAO in the ART test (P < 0.01; Figure 2C), and starting 7
days after tMCAO in the WHT test (P < 0.05; Figure 2D), although their scores
recovered to levels comparable to those of the control mice within 14 days.
Furthermore, ECs-specific MKP-1 overexpression improved memory/cognitive
function recovery, as assayed by NORT, at 14 days after tMCAO (P < 0.05;
Figure 2E).

MKP-1 overexpression in ECs mitigates ischemia-induced microvessel
destruction and BBB impairment

Cerebral microvessel destruction and BBB impairment after stroke are the
key factors causing secondary brain injury (Arai et al., 2011). Therefore, to
investigate the role of EC-specific MKP-1 expression in vascular integrity,
we visualized microvessels by intravenous injection of lectin conjugated
with DyLight 594 and quantified MKP-1 and lectin coexpression 3 days after
tMCAO. We found that ischemia induced blood vessel destruction in the peri-
infarct zone, as evidenced by a reduction in lectin signal intensity compared
with the sham group (P < 0.01; Figure 3A). EC-specific MKP-1 overexpression
protected against vessel destruction compared with the control vector
group (P < 0.05). Next, the effect of EC-specific MKP-1 on BBB leakage was
investigated. Ischemia increased BBB permeability, which was reflected by
the increase in 1gG signal intensity compared with the sham group (P < 0.001;
Figure 3B). As expected, EC-specific MKP-1 overexpression ameliorated
stroke-induced BBB leakage compared with the control vector group (P < 0.01).

Circulating neutrophils and macrophages can infiltrate through the disrupted
BBB within hours of an ischemic event and produce pro-inflammatory
cytokines, such as IL-1, IL-6, and TNF-a. This induces the release of
chemokines such as CCL-2 from brain tissue (An et al., 2014; Jayaraj et al.,
2019), leading to expansion of the infarct area. We hypothesized that the
protective effect of EC-specific MKP-1 overexpression on BBB integrity would
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alleviate this inflammatory reaction. We measured a panel of inflammatory
cytokines and chemokines in ischemic brain parenchyma 3 days after tMCAO.
Indeed, tMCAO led to a significant increase in the expression of markers of
inflammation, including IL-1B, IL-6, TNF-a, and CCL-2 (all P < 0.001; Figure
3C). EC-specific MKP-1 overexpression alleviated the increase in IL-1B, IL-6,
and CCL-2 expression compared with the control vector group (all P < 0.05).
However, TNF-a expression levels were not altered by MKP-1 overexpression.

EC-specific MKP-1 overexpression alleviates MAPK signaling activation and

TJ protein downregulation in the ischemic brain

Next, we investigated the molecular mechanism of the microvascular
protection exerted by EC-specific MKP-1 overexpression. ERK1/2 and P38
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Figure 1 | Effect of ECs-MKP-1 overexpression on ischemic brain injury.

have been considered as the detrimental effectors in mediating brain injury
at the early stage of ischemic stroke (Sun and Nan, 2016). Thus, we assessed
ERK1/2 and P38 expression in ECs overexpressing MKP-1 at 3 days after
tMCAO. We found that ischemia significantly induced phosphorylation of
ERK1/2 (Thr202/Tyr204) (P < 0.05), but not P38 (Thr180/Tyr182), compared
with the sham group (Figure 4). EC-specific MKP-1 overexpression prevented
the upregulation of phosphorylated ERK1/2 (P < 0.05). Total ERK1/2 and P38
expression levels were not altered. In addition, occludin expression decreased
after tMCAO (P < 0.01; Figure 4), and this effect was reversed by EC-specific
MKP-1 overexpression (P < 0.05). These results suggest that alleviation of
stroke-induced downregulation of occludin expression may be associated with
ERK1/2 deactivation by MKP-1.
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(A) Survival rate (n = 12/group). (B) Neurological deficit was assayed by neurological deficit score (n = 6/group, unpaired t-test). (C, D) Sensorimotor function was assayed by (C)
adhesive removal test and (D) wire hanging test (n = 8/group, one-way analysis of variance followed by Bonferonni multiple comparisons test). (E) Memory/cognitive function was
assessed by novel object recognition test (n = 8/group, one-way analysis of variance followed by Bonferonni multiple comparisons test). All values are shown as mean + SEM. *P < 0.05;
#P < 0.05, ##P < 0.05, vs. Tiel-MKP-1 group. MKP-1: Mitogen-activated protein kinase phosphatase-1; tMCAO: transient middle cerebral artery occlusion.

A Sham tMCAO

Control vector Control vector Tie1-MKP-1

il oE .

B Sham tMCAO

Control vector

Control vector

Tie1-MKP-1

Lectin intensity (%)

Control
vector

Sham

150
S
2 100
7]
=
£5)
£
c 50
3
[
u}
Control Control Tiel-
vector vector MKP-1
Sham tMCAO
C
= Control vector (Sham)
= Control vector (tMCAOQ)
= Tie1-MKP-1 (tMCAO)
5
k=
@
b}
=

Control Tiel- IL-1B IL-6 TNF-a  CCL-2
vector MKP-1
tMCAO
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(A-left) Representative images showing immunofluorescence of the EC marker lectin (red, DyLight 594) and the nuclear marker DAPI (350 nm). Schematic diagram of a coronal section
of mouse brain; the infarct core is shown in red area. Fluorescence images were captured of the peri-infarct zone, which is indicated by the white box. (A-right) Statistical analysis of
lectin signal intensity (n = 5/group). (B-left) Representative images showing IgG immunofluorescence (red, Alexa Fluor 594). (B-right) Statistical analysis of IgG signal intensity (n =5/
group). Scale bars: 100 um. (C) Levels of pro-inflammatory markers were measured in the ischemic hemisphere 3 days after tMCAO by enzyme-linked immunosorbent assay (n = 6/
group). All values are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Bonferonni multiple comparisons test). CCL-2: Chemokine C-C
motif ligand-2; DAPI: 4',6-diamidino-2-phenylindole; EC: endothelial cell; IL: interleukin; MKP-1: mitogen-activated protein kinase phosphatase-1; tMCAO: transient middle cerebral

artery occlusion; TNF-a: tumor necrosis factor-a.
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Western blotting was performed to quantify the relative intensity of proteins of interest, including p-ERK1/2 (Thr202/Tyr204), t-ERK1/2, p-P38 (Thr180/Tyr182), t-P38, and occludin,
normalized to B-actin. All values are shown as mean + SEM (n = 6/group). *P < 0.05, **P < 0.01 (one-way analysis of variance followed by Bonferonni multiple comparisons test). EC:
Endothelial cell; MKP-1: mitogen-activated protein kinase phosphatase-1; p-ERK1/2: phosphorylated extracellular-regulated protein kinases 1/2; p-P38: phosphorylated P38; t-ERK1/2:
total extracellular-regulated protein kinases 1/2; t-P38: total P38; tMCAO: transient middle cerebral artery occlusion.

Inhibiting MKP-1 worsens OGD-induced BBB leakage by reactivating ERK1/2
in vitro

Given that Tiel has been detected in human and rat platelets (Fujikawa et al.,
1999), it is possible that the Tie1-MKP-1 vector-mediated BBB protection that
we observed in vivo may be due to MKP-1 expression within platelets. To rule
out this possibility, we confirmed the role of EC-specific MKP-1 expression in
an in vitro BBB model. An EC monolayer was subjected to 60-minute OGD, and
the transit of fluorescent tracers (fluorescein isothiocyanate-dextran, 70 kDa)
through the monolayer was evaluated. Compared with normoxic conditions,
OGD induced significant leakage through the monolayer, as evidenced by
an increase in the concentration of the fluorescent tracer in the abluminal
medium 6 hours after OGD (P < 0.001; Figure 5A). Importantly, perfusion
with 1 uM of the MKP-1 inhibitor BCI progressively worsened barrier leakage
compared with vehicle control group (P < 0.01 at 3 hours, P < 0.001 at 6
hours), which is in line with our in vivo results. We then explored pathways
downstream of MKP-1. ERK1/2 inhibition with 10 nM ravoxertinib significantly
alleviated monolayer leakage (P < 0.01 at 6 hours). In addition, occludin
expression was measured 12 hours after OGD by immunofluorescence assay.
The OGD-induced reduction in occludin expression was worsened by BCI (P
< 0.01; Figure 5B) and alleviated by ravoxertinib (P < 0.05) compared with
the vehicle groups. Interestingly, co-incubating cells with MKP-1 and ERK1/2
inhibitors had the same effect on barrier permeability and occludin expression
as treatment with ERK1/2 inhibitor alone, suggesting that MKP-1 protects
against BBB leakage by deactivating ERK1/2.
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Figure 5 | Effect of inhibiting MKP-1-ERK1/2 signaling on BBB permeability in vitro.
HBMECs were subjected to 60 minutes of OGD followed by reperfusion for 6 hours. The
cells were incubated with 1 uM of the MKP-1 inhibitor BCl and 10 nM of the ERK1/2
inhibitor ravoxertinib during and after OGD; 0.1% DMSO was used as the drug vehicle.
The same volume of PBS was used for the blank control group. (A) Permeability of the
HBMEC monolayer in the transwell insert. The concentration of the fluorescent tracer
(fluorescein isothiocyanate-dextran, 70 kDa) in the larger chamber was quantified
pre-OGD and 1, 3, and 6 hours after OGD (n = 6/group). (B) The intensity of occludin
expression (green, Alexa Fluor 488) in HBMECs was quantified 12 hours after OGD. The
signal in the drug vehicle group was quantified pre-OGD and used as the baseline value.
DAPI (blue) was used as a nuclear marker (n = 5/group). Scale bar: 50 um. All values are
shown as mean + SEM. ¥*P < 0.05, ¥**P < 0.01, ¥***P < 0.001. TTP<0.01, TTTP < 0.001, vs.
vehicle group (one-way analysis of variance followed by Bonferonni multiple comparisons
test). BBB: Blood-brain barrier; DAPI: 4,6-diamidino-2-phenylindole; DMSO: dimethyl
sulfoxide; ERK1/2: extracellular-regulated protein kinases 1/2; HBMEC: human brain
microvascular endothelial cell; MKP-1: mitogen-activated protein kinase phosphatase-1;
OGD: oxygen and glucose deprivation; PBS: phosphate-buffered saline.

Inhibiting MKP-1 worsens OGD-induced cell death by reactivating ERK1/2
in vitro

We next asked whether MKP-1-ERK1/2 signaling regulates EC viability.
Neither 1 uM BCl nor 10 nM ravoxertinib altered cell viability under normoxic
conditions, as determined by CCK-8 assay (Figure 6A), suggesting that MKP-
1 and ERK1/2 inhibition were not cytotoxic. Similar to a previous study (Bu et
al.,, 2019), OGD induced significant cell death (P < 0.001; Figure 6A) as well
as caspase-3 cleavage, an essential sign of programmed cell death (Porter
and Janicke, 1999) (P < 0.001; Figure 6B) at 12 hours after OGD. Importantly,
incubation of ECs with BCI further reduced cell viability compared with
the vehicle group (CCK-8: P < 0.001; cleaved caspase-3: P < 0.01), whereas
ravoxertinib significantly salvaged cells (CCK-8: P < 0.05; cleaved caspase-3: P
< 0.05). There was no significant difference between cells treated with both
BCl and ravoxertinib and cell treated with ravoxertinib alone.
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Figure 6 | Effect of inhibiting MKP-1-ERK1/2 signaling on HBMEC viability in vitro.
HBMECs were subjected to 60 minutes of OGD followed by reperfusion. The cells

were treated with 1 uM of the MKP-1 inhibitor BCl and 10 nM of the ERK1/2 inhibitor
ravoxertinib during and after OGD; 0.1% DMSO was used as the drug vehicle. Cells

were maintained in glucose’/FBS" medium with 95% air as the normoxic control. (A)
Assessment of endothelial cell viability by CCK-8 (n = 6/group). (B) Cleaved caspase-3
(Asp175) expression (red, Alexa Fluor 594) was assessed by immunofluorescence. DAPI
(blue) was used as a nuclear marker (n = 5/group). Scale bar: 50 um. All values are
shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance
followed by Bonferonni multiple comparisons test). CCK-8: Cell counting kit-8; DAPI:

4' 6-diamidino-2-phenylindole; DMSO: dimethyl sulfoxide; ERK1/2: extracellular-regulated
protein kinases 1/2; FBS: fetal bovine serum; HBMEC: human brain microvascular
endothelial cell; MKP-1: mitogen-activated protein kinase phosphatase-1; OGD: oxygen
and glucose deprivation.

Discussion

In this study, we revealed an EC-specific role for MKP-1 in protecting against
ischemia-induced brain injury. EC-specific MKP-1 overexpression prevented
microvessel ERK1/2 activation and occludin downregulation, as well as BBB
breakdown induced by ischemic stroke in mice. By preserving BBB integrity,
EC-specific MKP-1 overexpression reduced cerebral pro-inflammatory factor
production and expansion of brain infarct area, and these effects were
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accompanied by improved post-stroke recovery. Furthermore, mechanistic
investigation showed that inhibition of MKP-1 worsened the EC barrier
leakage, cell death, and occludin downregulation induced by OGD, whereas
inhibition of ERK1/2 had the opposite effect. Finally, co-inhibition of MKP-1
and ERK1/2 had no additive effect compared with inhibition of ERK1/2 alone,
suggesting that MKP-1 preserves BBB integrity via deactivating ERK1/2.

How does EC-specific MKP-1 improve functional recovery after ischemia?
BBB breakdown is usually associated with high mortality and worsens clinical
consequences after stroke (Rodrigues and Granger, 2015). A preclinical
study demonstrated that blocking early BBB dysfunction by manipulating
endothelial genes can provide parenchymal protection and improve long-
term functional outcomes (Jiang et al., 2018). In the present study, we
found that EC-specific MKP-1 overexpression by lentivirus reversed stroke-
induced microvessel damage. This effect was accompanied by improved
behavioral recovery, suggesting that EC-specific MKP-1 improves post-stroke
outcomes by protecting the integrity of the BBB. It is worth noting that, in
addition to protecting against microvessel damage, MKP-1 can also improve
neovascularization. In a murine model of hind limb ischemia, genomic deletion
of Duspl blunted angiogenesis and microvascular arteriogenesis (Boerckel et
al., 2014). In addition, cell-type specific deletion of Duspl abrogated vascular
endothelial growth factor-induced migration and tube formation and reduced
proliferation in cultured ECs (Kinney et al., 2008). In the present study, Tiel-
MKP-1 lentivirus was injected into the brain parenchyma, where continually
augmented MKP-1 production during both the acute phase (tissue injury)
and chronic phase (tissue remodeling) after stroke, and may have promoted
neovascularization to some extent. However, the exact role of MKP-1 in
neovascularization after cerebral ischemia requires further investigation.

To understand the role of MKP-1 downstream signaling in ECs in mediating
BBB integrity, we isolated brain microvessels and determined the expression
levels of MKP-1 substrates, including ERK1/2 and P38, in response to stroke
insult in mice. We found that stroke induces phosphorylation of ERK1/2
(T202/Y204) but not P38 (Thr180/Tyr182), and that this effect was robustly
prevented by MKP-1 overexpression. We then investigated the causal
relationship between MKP-1 and ERK1/2 within ECs in vitro. We found that
the downregulation of occludin and the increase in EC barrier permeability
after OGD were worsened by pharmacological inhibition of MKP-1. ERK1/2
inhibition had a beneficial effect, unlike MKP-1 inhibition, and co-inhibition
of MKP-1 and ERK1/2 had no addictive effect compared with inhibition of
ERK1/2 alone, suggesting that MKP-1 preserves BBB integrity via deactivating
ERK1/2 during ischemia. Interestingly, although ERK1/2 and P38 have high
homology (Sun and Nan, 2016), MKP-1 deletion augments p38, but not
ERK1/2, activation in cerebral microglia during the acute phase of ischemic
stroke in mice (Liu et al., 2014). This difference is probably due to the cell-type
specific preference of MKP-1 for diverse members of the MAPK family.

How MKP-1-ERK1/2 signaling influences occludin expression is not well
addressed here, but Sma and Mad protein (SMAD) 3/4 is likely to be involved.
SMAD3/4 can co-repress the occludin promoter in epithelial cells (Vincent et
al., 2009), and ERK1/2 activation can induce SMAD3 phosphorylation (Qing et
al., 2014). In this case, we assume that the inhibitory activity of MKP-1 toward
ERK1/2 may prevent SMADs from binding to the occludin promotor, resulting
in increased expression of occludin in cerebral ischemia. It is worth noting
that MAPKs are able to modulate the expression of other T members other
than occludin in multiple pathological conditions, e.g., excess salt intake and
ischemic preconditioning (Shin et al., 2015; Zhang et al., 2015). More research
is needed to investigate the response of TJs to MKP-1 signaling within ECs
after stroke.

Ischemia-induced ECs death is a major factor involved in BBB disruption
(Zille et al., 2019). Oxidative stress elicits epithelial caspase-3 cleavage,
nuclear condensation, and cell apoptosis, which can be reversed by ERK1/2
inhibition (Zhuang et al., 2007). In this study, pharmacological inhibition of
MKP-1 in cultured ECs aggravated OGD-induced cell death and caspase-3
cleavage (Asp175), whereas inhibition of ERK1/2 performs had the opposite
effect (which was comparable to the effect of co-inhibition of MKP-1 and
ERK1/2), suggesting that MKP-1 may alleviate ischemia-induced ECs death via
negatively modulating ERK1/2 activity. It is worth noting that, in response to
extracellular signals, ERKs coordinate a broad range of intracellular activities,
ranging from motility, inflammation, and differentiation to cell death and
survival (Roux and Blenis, 2004); however, the role of ERKs in stroke is still
debated (Sawe et al., 2008). In contrast to the detrimental effect of ERK1/2
on ECs survival during the acute phase after ischemic stroke, as we observed
here, a previous study showed that delayed perfusion with Racl and Pakl
inhibitors prevented ECs proliferation and migration, which was accompanied
by a reduction in p-ERK1/2 and BDNF release (Bu et al., 2019), implying a
positive correlation between ERK1/2 activity and microvessel reconstitution.
Although the contribution of ECs ERK1/2 expression to microvessel
reconstitution needs to be confirmed using pharmacological or genetic tools,
it appears that microvessel modulation by MKP-1/ERK1/2 signaling relies on
progress after stroke (acute vs. chronic phases) to some extent, and that the
potential side effects of targeting MKP-1 need to be considered carefully in
further translational studies.

There were several limitations to this study. First, we only studied EC-specific
MKP-1 overexpression in young male mice. BBB hyperpermeability after
stroke occurs much earlier and is more severe in aged subjects than in young
subjects (Jiang et al., 2018), resulting in a poorer prognosis. In addition, sex
differences in stroke risk are well documented. Pre-menopausal women own
a survival advantage after stroke than men is predominantly attributed to the

protective effects of estrogen (Manwani et al., 2013). Thus, future studies of
MKP-1-mediated protection of BBB integrity and against brain injury should
be conducted in both sexes and in aged subjects as well as young subjects.
Even so, the efficacy of increasing EC-specific MKP-1 expression to promote
post-stroke recovery in aged females may not differ from that seen in young
male animals. Another limitation of the study is that post-stroke survival was
not markedly altered by MKP-1 overexpression in cerebral ECs. In this study,
9 out of 12 mice in the Tiel-MKP-1 group and 8 out of 12 mice in the control
vector group survived. This negligible improvement in survival conferred by
Tiel-MKP-1 suggests that a larger sample size may be required, and that the
modulation of post-stroke mortality by EC-specific MKP-1 overexpression may
also be dependent on the severity of brain injury and on the stroke model.
Last but not least, we manipulated MKP-1 expression prior to stroke insult in
vivo, which was conducive to studying the acute phase of stroke. However,
this approach is impractical for stroke treatment in a clinical setting. The effect
of delayed EC-specific MKP-1 overexpression on post-stroke recovery should
be addressed in the future.

In summary, this study used multiple approaches as well as in vivo and in
vitro stroke models to reveal that EC-specific MKP-1 overexpression protects
against BBB breakdown induced by ischemic stroke, and that this process
is mediated by ERK1/2 signaling. Overexpression MKP-1 in ECs may offer a
potential therapeutic strategy for protecting the brain against ischemic injury
and promoting functional recovery.
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