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Inhibition of the AP-1/TFPI2 axis contributes to alleviating cerebral
ischemia/reperfusion injury by improving blood-brain barrier
integrity
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Abstract

Reperfusion after cerebral ischemia leads to secondary damage to the nervous system, called cerebral ischemia/reperfusion
injury (CIRI). The blood-brain barrier (BBB) consists of endothelial cells and tight junction (TJ) proteins, and its disruption
aggravates CIRI. Two GSE datasets identified Tissue Factor Pathway Inhibitor 2 (TFPI2) as a differentially upregulated gene
(Log2FC> 1, p<0.01) in the cerebral cortex of ischemic rats, and TFPI2 affects angiogenesis of endothelial cells. Moreover,
genes (c-Jun, c-Fos, FosLL1) encoding subunits of Activator Protein-1 (AP-1), a transcription factor involved in IRI, were
highly expressed in ischemic samples. Thus, the effects of the AP-1/TFPI2 axis on CIRI were explored. We determined
increased TFPI2 expression in the cerebral cortex of rats receiving middle cerebral artery occlusion (MCAO) for 90 min
and reperfusion (R) for 48 h. Then AAV2-shTFPI2 particles (5 10'° vg) were injected into the right lateral ventricle of
rats 3 weeks before MCAO/R. TFPI2 knockdown decreased infarct size and neuronal injury in ischemic rats. It improved
BBB integrity, demonstrated by reduced FITC-dextran leakage in brain tissues of MCAO/R-operated rats. Furthermore, it
increased the expression of TJ proteins (Occludin, Claudin-5, TJP-1) in the cerebral cortex of rats with CIRI. Consistently,
we found that TFPI2 knockdown mitigated cell damage in mouse endothelial bEND.3 cells with oxygen and glucose depriva-
tion (ODG) for 6 h and reoxygenation (R) for 18 h (OGD/R) treatment. High co-expression of c-Jun and c-Fos significantly
elevated TFPI2 promoter activity. c-Jun knockdown inhibited TFPI2 expression in OGD/R-treated bEND.3 cell. Collectively,
our findings demonstrate that inhibition of the AP-1/TFPI2 axis alleviates CIRI.

Keywords Cerebral ischemia/reperfusion injury - Blood—brain barrier - Tight junction - Tissue factor pathway inhibitor 2 -
Activator protein-1

Introduction

Cerebral ischemia is a cerebrovascular disease with high
morbidity and mortality, taking a toll on the life quality and
span of patients [1, 2]. The pathogenesis of cerebral ischemia
is complicated and it remains challenging despite a lot of
efforts. Restoration of blood-flow supply to ischemic brain
tissue is a common treatment after cerebral ischemia [3],
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providing a valuable opportunity for the survival of neurons
[4]. However, reperfusion results in undesired consequences,
known as cerebral ischemia/reperfusion injury (CIRI), for
the nervous system, including neuronal apoptosis, microglia
activation, and inflammatory responses [5]. Furthermore,
it is worth noting that vascular endothelial injury plays an
important role in CIRI [6]. Vascular endothelial cells con-
nected by tight junction (TJ) proteins form the crucial part
of the blood-brain barrier (BBB) [7]. CIRI induces vascular
endothelial injury and thereby aggravates BBB disruption,
which was associated with the extent of inflammation dur-
ing CIRI [8]. BBB disruption was proposed to interact with
microglia activation and neuronal apoptosis [9, 10]. Pres-
ervation of BBB integrity was discovered to contribute to
functional recovery after ischemia [11]. Therefore, improve-
ment of BBB integrity might help for alleviating CIRI.
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Based on two GSE datasets (GSE33725 and
GSE97537) that contain gene expression profiles in the
cerebral cortex of rats after cerebral ischemia and rep-
erfusion or sham operation, we found that Tissue Factor
Pathway Inhibitor 2 (TFPI2) was aberrantly upregulated
in ischemic samples. TFPI2 is a Kunitz-type serine pro-
tease inhibitor mainly expressed by endothelial cells [12].
A large body of literature has demonstrated that TFPI2
took part in the development of several diseases such as
cancer progression [13], and diabetes [14]. Nevertheless,
the exact role of TFPI2 in CIRI has not been well stud-
ied previously. Ivanciu et al. reported that overexpres-
sion of TFPI2 inhibited migration and angiogenesis of
endothelial cells [15]. Upregulation of TFPI2 expression
was related to impaired angiogenesis of human umbilical
vein endothelial cells [16]. These previous studies have
pointed out the possibility that TFPI2 affects the develop-
ment of CIRI through modulating the BBB permeability.
How TFPI2 impacts CIRI and whether the underlying
mechanism was mediated by BBB require to be further
explored.

Activator Protein-1 (AP-1) is an important nuclear
transcriptional activator and it is a heterodimer complex
consisting of the JUN family (c-Jun, JunB, and JunD) and
the FOS family (c-Fos, FosB, FosL1, and FosL2) [17,
18]. The promoter region of genes containing 12—0-tet-
radecanoyll-phordol-13-acetate (TPA)-responsive ele-
ments (TREs, 5'-"TGAG/CTCA-3") or cAMP-responsive
elements (CRE, 5'-TGACGTCA-3") could be bound
by AP-1, which promotes activation of gene transcrip-
tion [19]. Similarly, the increased expression of c-Jun,
c-Fos, and FosL1 was observed both in the GSE33725
and GSE97537 datasets. The c-Jun expression was usu-
ally upregulated in the injured nervous system [20].
Dai et al. revealed that focal CIRI induced high c-Jun
and c-Fos protein levels in the cortex of rats, and the
blockage of AP-1 activity exhibited beneficial effects
[21]. Activated AP-1 after myocardial IRI was reported
by Zingarelli et al. [22]. DNA binding activity of AP-1
and JunD protein levels was significantly increased after
liver IRI [23]. These findings indicated a strong associa-
tion between AP-1 and IRI. Several subunits of the AP-1
complex were predicted to bind to the promoter region of
TFPI2 by the JASPAR database. Therefore, we supposed
that AP-1 regulated the transcriptional activity of TFPI2
and further affected CIRI development.

In the present study, we investigated the role of TFPI2
knockdown and the transcriptional regulatory effect of
AP-1 on TFPI2 after CIRI by loss-of-function experi-
ments. Our results provide evidence that the inhibition
of the AP-1 complex decreased the TFPI2 expression,
alleviating the development of CIRI.
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Materials and methods

The bioinformatics analysis of gene expression
in rats with MCAO surgery

To explore the novel therapeutic target of CIRI treatment,
GSE33725 and GSE97537 were downloaded from the
Gene Expression Omnibus (GEO) of the NCBI database
for bioinformatics analysis. Genes with ILog2FCI> 1 and
p value < 0.05 were determined as differentially expressed
genes (DEGs) in the current study.

MCAO rat model

Male Sprague-Dawley (SD) rats (8—10 weeks old)
(Changsheng biotechnology, Liaoning, China) were sub-
jected to middle cerebral artery occlusion (MCAO) sur-
gery by suture-occluded method according to a previous
protocol [24]. Briefly, after 1 week of adaptation, rats were
anesthetized and incised along the midline of the neck to
expose the right common carotid artery (CCA), internal
carotid artery (ICA), and external carotid artery (ECA). A
4.0 monofilament nylon suture was inserted into ICA along
CCA to achieve MCAO. Then the filament was removed
after 90 min of occlusion for reperfusion. Eventually, rats
were sacrificed after reperfusion of different times (6 h,
12 h, 24 h, or 48 h). Rats that suffered the same surgery
but without occlusion were used as controls.

To explore the role of TFPI2 in CIRI, rats were injected
with the recombinant adeno-associated virus (AAV) 2
(pPAAV-CMV-U6) carrying shTFPI2 (5% 10'° vg in 5 pL for
each rat) using a 36-gage glass cannula connected to a 10 pL
of syringe (0.2 pL/min). The injection location was located
at 1.0 mm posterior to bregma, 2.0 mm lateral to midline on
the right, and 3.5 mm below the skull surface. The recombi-
nant AAV?2 carrying non-targeting sShRNA was used as the
negative control. At 3 weeks after injection, rats that suffered
the MCAO and 48 h of the reperfusion model were scored
for neurologic deficits according to a widely used method
[25]. Assessment of neurologic deficit score was performed
by the investigator blinded to the experimental groups. The
detailed scoring criteria are shown in Table S1. Evans blue
(2%) was administrated to rats at the dose of 4 mL/kg by
tail-vein injection 3 h before euthanasia. One mL of FITC-
dextran (50 mg/mL) was injected into the tail vein of rats to
evaluate the permeability of the blood—brain barrier (BBB)
according to the previously described [26]. After 30 min of
injection, rats were euthanized and their brain tissues were
collected for further use.

A total of 275 rats were used in the current study,
of which 203 were used for the establishment of the
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MCAO/R model. The mortality rate of rat MCAO/R model
was 13.8%. Not all surviving MCAO/R-treated rats were
included in the animal study. The exclusion criteria for
surviving rats with MCAO/R treatment are as follows: sub-
arachnoid hemorrhage and no observed ischemic patho-
logic changes using a microscope.

Tetrazolium Cchloride (TTC) staining

Fresh brain tissues were frozen at —20 °C for 3 h and cut
into 5 serial coronal sections. Then brain sections were
removed into culture dishes and fully stained with 2% TCC
solution in a thermostatic incubator at 37 °C under the dark
condition for 15 min. After being turned over, sections were
stained by TCC solution again for 15 min. Brain tissues were
photographed to represent infarct size. Finally, infarct size
analysis was performed by the investigator blinded to the
experimental groups.

Evans blue and FITC-dextran extravasation

Evans blue and FITC-dextran extravasation were used to
evaluate BBB integrity. For Evans blue leakage, fresh brain
tissues were removed from rats after heart perfusion with
normal saline and photographed. Subsequently, brain tis-
sues were frozen at —20 °C for 3 h, cut into 5 serial coro-
nal sections, and photographed. For FITC-dextran leakage,
fixed brain tissues were successively immersed into 20% and
30% sucrose solutions for dehydration. After OCT embed-
ding, brain tissues were frozen-sectioned into 10 pm slices,
which were subjected to antigen retrieval under high-tem-
perature and low-fire conditions for 10 min. Blocked brain
tissues were immune-labeled by CD31 (a marker for vascu-
lar endothelial cells) antibody (1:50) (Santa Cruz, Califor-
nia, USA) at 4 °C overnight and Goat anti-mouse [gG-Cy3
(1:1000) (Proteintech, Hubei, China) at room temperature
(RT) for 60 min successively. After DAPI (Aladdin, Shang-
hai, China) counterstain and treatment with an antifading-
mounting medium (Solarbio, Beijing, China), images were
captured by a microscope (BX53, OLYMPUS, Japan).

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Tissues or cells were treated with TRIZOL reagent (BioTeke,
Beijing, China) for isolation of total RNA. Subsequently, the
RNA concentration was determined spectrophotometrically
using NANO 2000 (Thermo, Massachusetts, USA). Com-
plementary DNA was obtained by transcribing total RNA
and it was used to run SYBR Green-based PCR on Exicy-
cler 96 system (BIONEER, South Korea). The SYBR Green
gRT-PCR conditions are as follows: 95 °C for 5 min, and
then 40 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C

for 15 s, followed by melting curve analysis. The mRNA
levels of specific genes were determined using the 2 *
(—~AACT) method and normalized by p-actin. BeyoRT™ II
M-MLYV reverse transcriptase was purchased from Beyotime
(Shanghai, China). The RNase inhibitor was purchased from
Biosharp (Anhui, China). SYBR Green and PCR MasterMix
were purchased from Solarbio (Beijing, China). A detailed
description of primer sequences used for qRT-PCR is shown
in Table S2.

Western blot analysis

Tissues or cells were treated with RIPA buffer (Proteintech,
Hubei, China) for total protein isolation. Then, the protein
concentration was determined by a BCA Protein Concentra-
tion Detection Kit (Proteintech, Hubei, China). Total protein
was separated by SDS-PAGE and transferred to PVDF mem-
branes (Thermo, Massachusetts, USA). Skim milk solution
(5%) prepared with Tris-buffered saline Tween 20 (TBST)
buffer was used to treat membranes for the blockage of non-
specific binding sites. Then, membranes were incubated with
primary antibodies overnight at 4 °C and secondary anti-
bodies for 40 min at 37 °C, successively. After color devel-
opment by Ultrasensitive ECL Detection Kit (Proteintech,
Hubei, China), protein bands were visualized by Tanon-5200
(Shanghai, China). f-actin (Proteintech, Hubei, China) was
used as the loading control. HRP-conjugated Affinipure
Goat Anti-Rabbit IgG and HRP-conjugated Affinipure Goat
Anti-Mouse IgG were purchased from Proteintech (Hubeli,
China). Antibodies against Occludin, Claudin-5, TJP-1,
TFPI2, c-Jun, p—c-Jun, c-Fos, and FosL1 were purchased
from Affinity (Jiangsu, China). A detailed description of
antibodies used for western blot is shown in Table S3.

Immunofluorescence staining

Fixed cells were permeated with 0.1% Triton X-100 (Beyo-
time, Shanghai, China) for 30 min at RT. For double immu-
nofluorescence analysis, brain slices (5 pm) were prepared
after dehydration with gradient ethanol and paraffin embed-
ding. They were then treated with xylene solution for dewax-
ing and gradient ethanol solution for rehydration, and boiled
using antigen retrieval solution for antigen retrieval. After
being blocked with 1% BSA solution at RT for 15 min, cells
or brain slices were subjected to primary antibody incuba-
tion overnight at 4 °C, followed by secondary antibody incu-
bation at RT (60 min for single-plex immunofluorescence
staining and 90 min for multiplex immunofluorescence stain-
ing). Afterward, cells or brain slices were stained with DAPI
(Aladdin, Shanghai, China), and mounted with an antifad-
ing-mounting medium (Solarbio, Beijing, China). Images of
immunofluorescence staining were captured by a microscope
(BX53, OLYMPUS, Japan). Antibodies against Occludin
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and TFPI2 were purchased from Affinity (Jiangsu, China).
CD31 antibody was purchased from Santa Cruz (California,
USA). Goat anti-rabbit IgG-FITC, Goat anti-rabbit IgG-Cy3,
and Goat anti-mouse IgG-Cy3 were purchased from Protein-
tech (Hubei, China). A detailed description of antibodies
used for immunofluorescence staining is shown in Table S4.

Nissl staining

Paraffin-embedded brain tissues were cut into slices (5 pm)
and subjected to dewaxing and rehydration. Subsequently,
brain slices were covered with 0.5% cresyl violet solution
for 10 min at RT. Then 0.25% glacial acetic acid prepared
with 95% ethanol solution was used for color differentia-
tion. After being dehydrated with a gradient ethanol solu-
tion, cleared with xylene, and mounted with neutral gum,
brain slices were observed by a microscope (BX53, OLYM-
PUS, Japan). Cresyl violet was purchased from Sinoreagent
(Shanghai, China). Glacial acetic acid was purchased from
Chemreagent (Tianjin, China).

Transmission electron microscopy

Cerebral cortex samples were fixed with 2.5% glutaral-
dehyde (Servicebio, Hubei, China), post-fixed with 1%
OsO4 (Ted Pella, Germany), and dehydrated with gradi-
ent ethanol and anhydrous acetone (Sinoreagent, Shang-
hai, China). After that, they were subjected to infiltration
with acetone/812-embedding agents (Structure Probe Inc.,
Pennsylvania, USA) (1:1) at 37 °C for 2-4 h, and with
acetone/812-embedding agent (1:2) at 37 °C overnight, fol-
lowed by treatment with the pure 812-embedding agent at
37 °C for 5-8 h. Polymerization of embedding resin was
accomplished by 48 h of baking at 60 °C. Ultra-thin slices
(60-80 nm) were prepared and placed in 150-mesh copper
grids, which were stained with 2% uranyl acetate in alco-
holic solution for 8 min in the dark condition and 2.6% lead
citrate solution for 8 min in the absence of carbon dioxide.
Dried copper meshes were observed under a transmission
electron microscope (H-7650, Hitachi, Japan).

Brain-water content

After euthanasia, brain tissues of rats were removed and
weighed immediately. Then brain tissues were dried until
the weight remained constant. Brain-water content was cal-
culated by the following formula: [(wet weight-dry weight)/
wet weight] X 100%.
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Cell culture, transfection, and treatment

Brain-derived Endothelial cells.3 (bEnd.3) cells were pur-
chased from iCell Bioscience (Shanghai, China) and cultured
with Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) in an incubator
at 37 °C under an atmosphere of 5% CO,. To mimic CIRI
in vitro, bEnd.3 cells were cultured in the oxygen and glu-
cose deprivation (OGD) environment (glucose-free Earle’s
solution, 94% N,, 1% O,, 5% CO,) for 6 h, followed by the
reoxygenation (R) environment (DMEM, 95% air, 5% CO,)
for 18 h. For gene knockdown, bEnd.3 cells were transfected
with siRNAs targeting TFPI2 or c-Jun using Lipo3000 (Inv-
itrogen, Massachusetts, USA) for 48 h. Non-targeting siRNA
was used as the normal control. For gene expression at a
high level, bEnd.3 cells were co-transfected with pcDNA3.1-
c-Jun and pcDNA3.1-c-Fos plasmids (1:1) for 48 h. Empty
pcDNA3.1 plasmid was used as the control. The siRNAs
targeting TFPI2 and c-Jun were purchased from JTSBIO
(Hubei, China). The pcDNA3.1-c-Jun and pcDNA3.1-c-Fos
plasmids were synthesized by YouBio (Hunan, China).

Cell viability

Cell viability was performed using the Cell counting kit-8
(CCK-8) kit (KeyGEN, Jiangsu, China) according to the
manufacturer’s protocol. Briefly, bEnd.3 cells were seeded
into 96-well plates (5% 10° cells/per well). After transfec-
tion, cells were subjected to OGD/R treatment. The 10 pL
of CCK-8 detection solution was added to each well. Then
plates were cultured in a 5% CO, incubator at 37 °C for
2 h. Following that, the optical density (OD) value at the
wavelength of 450 nm was detected by a microplate reader
(800TS, BIOTEK, USA).

Measurement of lactate dehydrogenase (LDH)
activity

LDH activity in the supernatant of the cell culture medium
was determined by the Lactate dehydrogenase assay kit
(Nanjing Jiancheng, Jiangsu, China) according to the manu-
facturer’s protocol.

Measurement of transepithelial electrical resistance
(TEER)

The TEER value of the bEnd.3 monolayer was measured by an
electrical resistance meter (Millicell ERS-2, Millipore, Ger-
many) to assess the integrity of BBB. Briefly, cells (5.0x 10%
each well) were seeded into 12 mm cell culture filter inserts
(LABSELECT-Cat#14,212, Anhui, China), which were
inserted into 12-well plates and cultured until the cell mon-
olayer reached confluence. Then, cells were transfected with
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siRNA targeting TFPI2 and subjected to OGD/R treatment.
Wells only containing the culture medium were used as the
blank control. Electrodes of the electrical resistance meter
were connected to two sides of the cell monolayer to measure
the TEER value of the cell monolayer in the culture chamber.

Prediction of the binding relationship

An online analysis website JASPAR (https://jaspar.elixir.
no/) was used to predict the binding site of subunits of the
AP-1 complex in the promoter region of TFPI2, for exploring
whether the TFPI2’s effects were regulated by the AP-1 com-
plex. First, the promoter sequence of TFPI2 in the FASTA for-
mat was obtained using the UCSC Genome Browser (https://
genome.ucsc.edu/). Then, JASPAR was used to predict the
presence or absence of binding sites.

Dual luciferase reporter assay

TFPI2 promoter (—2000~ 445 bp) was inserted into the pGL3-
Basic vector to produce the TFPI2 promoter report construct
(pGL3-TFPI2"R9). An empty pGL3-Basic vector was used as
the control. Hela cells purchased from iCell Bioscience (Shang-
hai, China) were cultured with Minimum Essential Medium
(MEM) supplemented with 10% FBS in a 5% CO, incubator
at 37 °C. After 24 h of culture, Hela cells were co-transfected
with the empty plasmid (pcDNA3.1) or pcDNA3.1-c-Jun or/
and pcDNA3.1-c-Fos plasmids along with pGL3-TFPI2FRO
using Lipo3000. Luciferase activity was measured using a Dual
Luciferase Reporter Gene Assay Kit (KeyGEN, Jiangsu, China)
and calculated by the following formula: Firefly luciferase
activity/Renilla luciferase activity. The pGL3-Basic vector was
purchased from Hunan Fenghui Biotechnology (Hunan, China).

Statistical analysis

Quantitative data were displayed in the form of mean + stand-
ard deviation (SD). GraphPad Prism 9 was used for statisti-
cal analysis. Significant differences between two groups were
determined by two-tailed Student’s t test or Mann—Whitney test.
Kruskal-Wallis with Dunn’s post-hoc test or one-way ANOVA
with the Tukey post-hoc test was used for three or more groups.
Statistical significance was set at p <0.05.

Results

High TFPI2 expression in cerebral ischemic samples
To find a novel target for alleviating CIRI, we first analyzed
DEGs from two GSE datasets (GSE33725 and GSE97537).

By overlapping DEGs from cortex samples of rats after 2 h
and 6 h of MCAO surgery in the GSE33725 dataset, we

determined 55-upregulated and 2-downregulated genes.
Subsequently, the intersection of DEGs between two GSE
datasets was performed and the results displayed that there
were 25-upregulated genes and no downregulated genes.
Among these upregulated DEGs, we further identified
TFPI2 as the potential therapeutic target for CIRI because
of its close relationship with endothelial cells (Fig. 1a). The
expression profile of TFPI2 in GSE33725 and GSE97537
datasets was shown in Fig. 1b. TFPI2 mRNA level was sig-
nificantly increased in ischemic samples compared with that
in sham-operated samples.

TFPI2 expression was increased after CIRI

To investigate the role of TFPI2 in CIRI, rats were subjected
to MCAO/R surgery to stimulate CIRI in vivo (Fig. 2a).
Brain tissues of rats were collected and stained by TTC to
evaluate infarct size. Representative images of TTC staining
manifested that ischemic rats had obvious cerebral infarction
(the region with pale white) on the right side of brain tis-
sues (Fig. 2b). Quantitative analysis for TTC-stained brain
tissues also confirmed that MCAO/R promoted the increase
of infarct area in brain tissues of rats compared with sham
operation (Fig. 2¢). The TFPI2 mRNA and protein expres-
sion in the cerebral cortex were detected after ischemia for
90 min and reperfusion with different time (6, 12, 24, and
48 h). The MCAO/R group showed a higher TFPI2 expres-
sion than the Sham group. The longer reperfusion time led
to a higher TFPI2 level (Fig. 2d, ). Double immunofluores-
cence staining was performed to locate the TFPI2 expres-
sion in vascular endothelial cells of the cerebral cortex. It
revealed that CIRI led to increased TFPI2 expression in vas-
cular endothelial cells (Fig. 2f).

TFPI2 knockdown blunted CIRI

Similar to the expression profile of TFPI2 in two GSE data-
sets, we also validated the higher TFPI2 expression in the
ischemic samples. Afterward, we carried out the loss-of-
function of TFPI2 experiments in vivo to explore the effects
of TFPI2 on CIRI (Fig. 3a). After the MCAO/R operation,
neurologic function of rats was assessed by neurologic defi-
cit scoring in which higher scores represents more severe
function damage. In comparison with sham-operated rats,
ischemic rats exhibited marked neurologic function impair-
ment while TFPI2 knockdown threw light on the unfavorable
situation (Fig. 3b). The beneficial effect of TFPI2 knock-
down on infarct size caused by MCAO/R was evidenced by
images of TTC staining and its quantitative analysis (Fig. 3c,
d). A successful knockdown of TFPI2 in the cerebral cor-
tex of MACO/R-operated rats was demonstrated by the
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Fig.1 TFPI2 is identified as a candidate gene in cerebral ischemia/ b The expression profile of TFPI2 from GSE33725 and GSE97537.
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expressed genes (DEGs) shared between GSE33725 and GSE97537.
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Inhibition of the AP-1/TFPI2 axis contributes to alleviating cerebral ischemia/reperfusion...

«Fig.3 TFPI2 knockdown alleviates CIRI in rats. a The schematic
diagram for the timeline of rats receiving AAV2-mediated TFPI2
knockdown, MCAO/R treatment, Evans blue and FITC-dextran injec-
tion. b Neurologic deficit scores visualize neurologic function of
rats (n=12). ¢ Images of TTC staining display cerebral infarction of
rats. d Quantitative analysis of infarct size indicated by TTC staining
(n=06). e The mRNA expression of TFPI2 in cerebral cortex of rats
(n=6). f The protein expression of TFPI2 in cerebral cortex of rats
(n=06). g Images of Nissl staining display neuronal damage in cer-
ebral cortex of rats (n=26). Scale bar=100 pm. **p <0.01 versus the
Sham group, ##p < 0.01 versus the MCAO/R + NCXP-AAV?2 group

TFPI2 knockdown prevented BBB disruption

Damaged BBB integrity is an important pathologic event in
CIRI. It contributes to the development of cerebral edema.
The increased brain-water content in ischemic rats indicated
that CIRI caused BBB leakage and further cerebral edema
and it was reversed by TFPI2 knockdown (Fig. 4a). Evans
blue and FITC-dextran cannot cross BBB under normal
physiologic conditions and they were successively admin-
istrated to rats before sacrifice by tail-vein injection. We
then collected brain tissues and observed their extravasa-
tion to evaluate BBB integrity. And we noted that TFPI2
knockdown inhibited MCAO/R-induced Evans blue leak-
age in brain tissues of rats (Fig. 4b). For the FITC-dextran
leakage assay, FITC-dextran was injected into rats via the
tail vein. Subsequently, the cerebral cortex tissues of rats
were collected and subjected to immunofluorescence stain-
ing with CD31 to mark the vascular endothelial barrier.
After being imaged under a microscope, the FITC-dextran
leakage through the BBB could be observed. Representa-
tive images showed that FITC-dextran passed through the
BBB and distributed in the cerebral cortex of rats with CIRI,
while its extravasation was mitigated by TFPI2 knockdown
(Fig. 4c). Images derived from transmission electron micros-
copy revealed that MCAO/R treatment resulted in the dis-
ruption of tight junction, shown as the increased paracellular
spaces, while TFPI2 knockdown restored the physical bar-
rier between vascular endothelial cells (Fig. 4d).

TFPI2 knockdown restored the expression of TJ
proteins

TJ proteins are crucial components of BBB and their expres-
sion is tied to BBB integrity (Fig. 5a). Occludin, Claudin-5,
and Tight Junction Protein 1 (TJP-1) are classic TJ proteins,
and their expression levels were determined with western
blot. Western blot assay showed that MCAO/R treatment
reduced the expression of TJ proteins. However, rats treated
with AAV2 encoding shTFPI2 had higher protein levels of
Occludin, Claudin-5, and TJP-1 in the cerebral cortex com-
pared with those treated with AAV2 encoding non-targeting
shRNA (Fig. 5b). Then Occludin expression in vascular

endothelial cells was visualized by double immunofluores-
cence staining, which also revealed that TFPI2 knockdown
inhibited the decrease in the Occludin expression caused by
MCAOV/R operation, consistent with the result of western
blot (Fig. 5¢).

TFPI2 knockdown alleviated vascular endothelial
cell damage after OGD/R treatment

OGDJ/R is a well-established method to simulate CIRI
in vitro. After 48 h of transfection with siTFPI2, mouse brain
microvascular endothelial cells bEND.3 were subjected to
OGD/R treatment to explore the effects of TFPI2 knock-
down on BBB disruption (Fig. 6a). The expression profile of
TFPI2 was similar to that in in vivo experiments. Increased
TFPI2 mRNA and protein levels in OGD/R-treated bEND.3
cells were downregulated by TFPI2 knockdown (Fig. 6b,
c). OGD/R treatment reduced cell viability, but TFPI2
knockdown inhibited the alternation (Fig. 6d). LDH release
into the culture supernatant was used to assay cell damage.
TFPI2 knockdown inhibited OGD/R-induced LDH release
of bEND.3 cells (Fig. 6e). TEER values of bEND.3 cell cul-
ture could indicate the tightness between endothelial cells.
Disrupted endothelial barrier integrity caused by the OGD/R
condition was reversed by TFPI2 knockdown, as revealed
by the increased TEER value (Fig. 6f). Accordingly, west-
ern blot assay showed that the decreased protein levels of
Occludin, Claudin-5, and TJP-1 were significantly elevated
by TFPI2 knockdown in bEND.3 cells after OGD/R expo-
sure (Fig. 6g). Immunofluorescence staining also confirmed
that OGD/R-treated cells had a lower Occludin expression
compared with untreated cells, whereas an opposite alterna-
tion was caused by TFPI2 knockdown (Fig. 6h).

AP-1 regulated the transcriptional activity of TFPI2
in OGD/R-treated endothelial cells

Two GSE dataset analyses showed that subunits of transcrip-
tion factor AP-1 were differentially expressed in ischemic
samples. The expression profile of genes that encode
proteins composed of AP-1 was displayed in the form of
heat maps. We could easily observe that c-Jun, c-Fos, and
FosL1 were upregulated in both GSE33725 and GSE97537
(Fig. 7a). Then western blot assay verified increased c-Jun
and c-Fos protein levels and phosphorylated c-Jun (p—c-Jun)
in the cerebral cortex after MCAO/R treatment. However,
compared to the Sham group, the FosL1 expression in the
MCAOI/R group showed only slight changes (Fig. 7b). Thus,
we next selected c-Jun or/and c-Fos to verify the transcrip-
tionally regulatory role of AP-1 in TFPI2 through dual lucif-
erase reporter assay. The sequence and location of the TFPI2
promoter that AP-1 might bind to were shown in Fig. 7c.
And results from luciferase activity suggested that high
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Inhibition of the AP-1/TFPI2 axis contributes to alleviating cerebral ischemia/reperfusion...

«Fig.4 TFPI2 knockdown improves blood-—brain barrier (BBB) integ-
rity. a Brain-water content in brain tissues of rats (n=6). b Evans
blue extravasation in brain tissues of rats (n=6). ¢ FITC-dextran
extravasation in brain tissues of rats and images of immunofluores-
cence staining locate endothelial cells (n=6). Scale bar=50 pm.
d Images of transmission electron microscopy characterize tight
junction (TJ) between endothelial cells (n=6). Red arrows point
out normal TJ while blue arrows point out abnormal TJ. Scale
bar=500 nm. **p<0.01 versus the Sham group, ##p <0.01 versus
the MCAO/R +NCXP-AAV?2 group

c-Jun or c-Fos expression elevated TFPI2 promoter activ-
ity compared with the empty vector group. Of note, com-
pared with that, high co-expression of c-Jun and c-Fos had
a higher relative luciferase activity (Fig. 7c). By measuring

a b

Occludin |- ||

o)

///flghl ]unc(lon\

the TFPI2 expression in bEnd.3 cells co-transfected with
pcDNA3.1-c-Jun and pcDNA3.1-c-Fos plasmids, we found
that TFPI2 mRNA and protein levels were greatly promoted
by high co-expression of c-Jun and c-Fos (Fig. 7d, e). The
siRNA-mediated c-Jun knockdown was conducted to inhibit
the AP-1 activity in OGD/R-subjected bEnd.3 cells. A suc-
cessful c-Jun knockdown was verified by the reduced c-Jun
mRNA and protein level in OGD/R-subjected bEnd.3 cells
after transfection with siRNA targeting c-Jun (Fig. 7f, g).
The TFPI2 expression was significantly decreased following
c-Jun knockdown (Fig. 7h, 1).
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Fig.5 TFPI2 knockdown elevates the expression of TJ proteins. a
The schematic diagram of the physical basis of BBB. b The protein
levels of TJ proteins (Occludin, Claudin-5, TJP-1) in cerebral cor-

tex of rats (n=6). ¢ Images of double immunofluorescence stain-
ing locate Occludin expression in endothelial cells (n=6). Scale
bar=50 pm

@ Springer



Y.Caoetal.

C
TFPI2 -
B-actin | e c— o —
AN ) QO
({\@ O\Q‘ e-d &
P F &L
O\Q~ &
O &
oL
OC?
f
80
T #
>%60 e =
S 40 -
04 i ol
W 20
'_
0 QO ©
Q NSNS
& S L ¥
o° O \Qf &‘(
K
OCD

a bEnd.3 cells b § 4 TFPI2
DMEM o &
+ S 3 PooooTe
10% FBS x
v < 2
JGlucose deprivation %
N 94% N2 € 1 13:-_#
%Ght)) | 1%0. 3
5% CO: N 0
© QO Q
R E OXG d
5 SO K
. S U O <&
R ' 95 % air z ) P
(18 h) 5% CO: OC? 0\
/ 0
O
d e
1.5 400 -
= T
£1.0 T H# 3 300 T
g & £ it
=) s 2 200 L
O 05 At 8 H
T
9 100
0 3 O O 0 N\ O ©
Q‘\\@ O\Qi\;d \(t & Q\Qed \(T’L
O OO X <<Q ()O OC? » <<Q
MR K0
K O
OCQ QCQ
g h
Occludin S
5
B-actin | - ew— c— — &)
Claudin-5| s — _D:
a
B'actin — 8
TJP-1 T
Xo
B-actin S S — 8(2)
O
\ O o |
(,\\«o OO\Q‘ V\C\; o —
& O X ,{(Q + o
0\ X g &
& s oa
L
OG OF

@ Springer




Inhibition of the AP-1/TFPI2 axis contributes to alleviating cerebral ischemia/reperfusion...

«Fig.6 TFPI2 knockdown suppresses endothelial cell injury under
the in vitro environment of CIRI. a The schematic diagram of mouse
brain-drived Endothelial cells.3 (bEnd.3) cells exposed to oxygen and
glucose deprivation (OGD) and reoxygenation (R) environment. b
The mRNA expression of TFPI2 in bEnd.3 cells (n=3). ¢ The pro-
tein level of TFPI2 in bEnd.3 cells. d Cell viability of bEnd.3 cells
indicated by CCK-8 assay (n=3). e LDH activity in supernatant of
bEnd.3 cell culture medium (n=3). f TEER value reveals endothelial
integrity of bEnd.3 cells (n=3). g The protein levels of TJ proteins
(Occludin, Claudin-5, TJP-1) in bEnd.3 cells (n=3). h Images of
immunofluorescence staining display Occludin expression in bEnd.3
cells (n=3). Scale bar=50 pm. **p <0.01 versus the Control group,
##p <0.01 versus the OGD/R +NCXP group

Discussion

Reperfusion following cerebral ischemia contributes to dis-
rupted BBB integrity [27]. BBB is located at the interface
between the blood and the brain tissues [28]. Brain micro-
vascular endothelial cells combined with TJ and adherens
junction constituted the physical basis of it [29]. Increased
BBB permeability promotes adverse factors like cerebral
inflammation and oxidative stress and in turn aggravates
CIRI [30, 31]. In the current study, we set the BBB perme-
ability as the entry point for alleviating CIRI. Based on this
preset, TFPI2 was selected from upregulated DEGs derived
from two GSE datasets. The effects of TFPI2 on CIRI and
the underlying mechanism were subsequently clarified. For
further exploration, we simulated CIRI in rats by MCAO/R
surgery and bEnd.3 cells by OGD/R treatment.

So far, although TFPI2 has been extensively studied, the
majority of them concentrated on the in vitro and in vivo
models of cancers. GSE datasets showed that higher
TFPI2 expression in the cerebral cortex of rats subjected
to MCAO/R surgery was linked to CIRI, which provided a
strong association between TFPI2 and CIRI. We also verified
that rats had increased TFPI2 expression in the cerebral cor-
tex following the MCAO/R operation. TFPI2 has been previ-
ously reported to inhibit angiogenesis. Chand et al. reported
that TFPI2 secreted by tumor cells inhibited their malignant
behaviors by playing a suppressive role in angiogenesis [32].
The increased angiogenesis was proposed to be along with
the improvement in the BBB integrity [33]. Therefore, there
was a possibility that the higher TFPI2 level downregulated
endothelial cell angiogenesis and thereby took part in BBB
disruption. Consistently, the increased TFPI2 in MEGS
silenced human umbilical vein endothelial cells was related
to impaired angiogenic sprouting and endothelial function
[16]. Similar to that previous evidence, we found that TFPI2
knockdown in bEnd.3 cells could alleviate endothelial cell
damage following OGD/R treatment. Moreover, our results

revealed that TFPI2 knockdown increased the expression
of TJ proteins (Occludin, Claudin-5, and TJP-1) in both
rats and bEnd.3 cells with IRI. Colocalization of CD31 and
TFPI2 in the cerebral cortex of rats revealed that TFPI2 was
not only expressed in vascular endothelial cells. An online
database (http://betsholtzlab.org/VascularSingleCells/datab
ase.html) showed that TFPI2 was expressed in pericytes,
which are also cells in the cerebral cortex, of the adult
mouse brain. Thus, TFPI2 might be expressed in pericytes
in the cerebral cortex tissue, causing the staining of TFPI2
not completely to overlap with CD31. Our findings suggest
that the effects of TFPI2 knockdown on CIRI were medi-
ated by improved BBB integrity, including the alleviation of
endothelial cell injury and the restoration of TJ, providing
a new therapeutic target for CIRI treatment. However, we
cannot rule out whether TFPI2 could affect MCAO/R by
regulating other cells.

Increased LDH activity was found in the supernatant of
bEnd.3 cells under the OGD/R condition and it was inhibited
by TFPI2 knockdown. As a cytoplasmic enzyme, LDH could
exert its roles during glycolysis such as regulating the con-
version between lactate and pyruvate in the NAD-dependent
manner [34]. It rapidly releases following the integrity of
cell membranes is destroyed. Thus, LDH is a strong marker
of the extent of cell damage. Ischemia is usually accompa-
nied by oxygen deprivation of damaged tissues [35]. Under
the hypoxia condition, anaerobic glycolysis increases and
LDH catalyzes the conversion of pyruvate to lactate, caus-
ing tissue acidosis [36, 37]. Metabolic acidosis promotes the
progression of inflammation. Furthermore, plenty of reactive
oxygen species (ROS) are formed during reperfusion due to
the re-induction of oxygen [38]. Both inflammation and ROS
are risk factors for cell membrane disruption [39, 40]. There-
fore, the increased LDH activity released by OGD/R-treated
bEnd.3 cells might be related to inflammation and oxida-
tive stress, which are considered to be important biologic
processes during IRI [41]. Therefore, the effects of TFPI2
knockdown on the alleviation of OGD/R-induced endothe-
lial cell injury might be partly mediated by downregulated
inflammation and oxidative stress. However, we did not
take inflammation and oxidative stress into consideration in
the present study. The mechanism related to inflammation
and oxidative stress underlying the role of TFPI2 in CIRI
requires further elucidation.

According to GSE dataset analysis and JASPAR pre-
diction, we believed that nuclear transcription factor AP-1
could regulate the transcription of TFPI2 and then affect
the development of CIRI. By performing the dual luciferase
reporter assay, we found that although high expression of
c-Jun or c-Fos improved TFPI2 transcriptional activity, high
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Inhibition of the AP-1/TFPI2 axis contributes to alleviating cerebral ischemia/reperfusion...

«Fig. 7 AP-1 regulates the TFPI2 transcription activity. a Heat maps
show the expression profile of genes (c-Jun, JunB, JunD, c-Fos, FosB,
FosL1, FosL2) encoding subunits of AP-1 complex from GSE33725
and GSE97537.+means 1<Log2FC<2,+ +means Log2FC>2,
** means p<0.01. b The protein levels of c-Jun, c-Fos, and FosL1
in cerebral cortex of rats treated with sham operation or MCAO/R
(n=3). ¢ The schematic diagram of possible binding sequences of
AP-1 in the TFPI2 promoter region (left); TFPI2 promoter activity
indicated by Firefly/Renilla luciferase (LUC) activity (right) (n=3).
d The mRNA expression of TFPI2 in bEnd.3 cells transfected with
pcDNA3.1-c-Jun and pcDNA3.1-c-Fos (1:1) (n=3). e The protein
level of TFPI2 in bEnd.3 cells pcDNA3.1-c-Jun and pcDNA3.1-c-
Fos (1:1) (n=3). f The mRNA expression of c-Jun in bEnd.3 cells
transfected with siRNA targeting c-Jun (n=3). g The protein expres-
sion of c-Jun in bEnd.3 cells transfected with siRNA targeting c-Jun
(n=3). h The mRNA expression of TFPI2 in bEnd.3 cells trans-
fected with siRNA targeting c-Jun (n=3). i The protein level of
TFPI2 in bEnd.3 cells transfected with siRNA targeting c-Jun (n=3).
**p <0.01 versus the pGL3-Basic+EV group or the Control group,
##p<0.01 versus the pGL3-TFPI2PRO4+EV group, the EV group,
or the OGD/R +c-Jun®P group, and +1p<0.01 versus the pGL3-
TFPI2"RO 4 c-Jun group or the the pGL3-TFPI2PRC 4 c-Fos group

expression of the AP-1 complex (c-Jun and c-Fos) promoted
the increase in the TFPI2 promoter activity to a greater

extent. Accordingly, it was the AP-1 complex that regulated
the transcriptional activity of TFPI2, rather than just the
subunits of the JUN or FOS family. There is a low affinity
of c-Jun for DNA while high affinity of the AP-1 complex
was found for the promoter of target genes [42], providing a
certain support for results. Following that, loss of the c-Jun
function in bEnd.3 cells was performed to partially inhibit
the activity of the AP-1 complex. Decreased TFPI2 expres-
sion in OGD/R-treated bEnd.3 cells after c-Jun knockdown
demonstrated the AP-1 complex was involved in CIRI by
regulating TFPI2 transcriptional activity.

In summary, our study suggests that the high TFPI2
expression was associated with CIRI. TFPI2 knockdown
restored BBB integrity by increasing the expression of TJ
proteins and reducing endothelial cell injury, alleviating
MCAO/R-induced CIRI. TFPI2 expression was transcrip-
tionally regulated by AP-1. Our findings provide new evi-
dence that the regulation of AP-1/TFPI2 axis could be used
as a strategy to modulate BBB permeability, thereby affect-
ing the development of CIRI (Fig. 8).

Fig.8 The AP-1/TFPI2 axis
affects the development of CIRI
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