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Inhibition of neutrophil extracellular traps ===

alleviates blood-brain barrier disruption

and cognitive dysfunction via Wnt3/
B-catenin/TCF4 signaling in sepsis-associated
encephalopathy

Jianhe Yue'", Lijuan Mo®", Guotao Zeng?', Ping Ma?, Xiaolin Zhang?, Yuhang Peng?, Xiang Zhang?, You Zhou?,
Yongxiang Jiang? Ning Huang®” and Yuan Cheng?’

Abstract

Background Neutrophils and neutrophil extracellular traps (NETs) have been identified as crucial contributors in sev-
eral neuroinflammatory models, such as stroke and traumatic brain injury, but their role in sepsis-associated encepha-
lopathy (SAE) has not been thoroughly investigated.

Methods In this study, we established an SAE model using cecal ligation puncture (CLP) surgery to examine neutro-
phil infiltration and NETs formation. A protein arginine deiminase 4 (PAD4) inhibitor, GSK484, was employed to sup-
press NETs release. To assess changes in hippocampal gene expression induced by GSK484 treatment in CLP mice, we
utilized RNA sequencing (RNA-Seq) combined with bioinformatics analysis. Additionally, the Elisa, cognitive function
test, western bolt and immunofluorescence staining were used to measured hippocampal inflammatory cytokine,
cognitive function, and the protein levels of tight junctions (TJs) and adherens junctions (AJs) in SAE mice. We

also established a Transwell™ co-culture system using bEnd.3 cells and bone marrow-derived neutrophils to examine
the effects of GSK484 on endothelial cell function. This comprehensive approach allowed us to evaluate the impact
of NETs inhibition on neuroinflammation, cognitive function, and the underlying molecular mechanisms in the CLP-
induced SAE model.

Results Our findings revealed that neutrophils were significantly overactivated, releasing abundant NETSs in the hip-
pocampus of CLP-induced SAE mice. Inhibition of NET formation using GSK484 led to reduced neuroinflammatory
responses, improved blood-brain barrier (BBB) integrity, and enhanced survival rates and cognitive function in SAE
mice. RNA-Seq and bioinformatics analyses identified the Wnt signaling pathway as the most significant pathway
affected. Subsequent experiments demonstrated that NETs inhibition alleviated BBB damage primarily by increasing
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the expression of Occludin, a TJs protein, and promoting the formation of the VCL/B-catenin/VE-cadherin complex
at AJs, mediated by the Wnt3/{-catenin/TCF4 signaling pathway.

Conclusions Our results suggest that inhibition of NETs may protect BBB permeability and cognitive function
through the Wnt3/B-catenin/TCF4 signaling pathway in the context of CLP-induced SAE, which provides a promising

strategy for SAE therapy.

Keywords Neutrophil extracellular traps, Sepsis-associated encephalopathy, Neuroinflammation, Blood—brain barrier,

Adhesion junction

Introduction
Sepsis is defined as a life-threatening organ dysfunction
resulting from a dysregulated host’s reaction to infec-
tion. It affects a shockingly high number of patients, with
estimates ranging from 19 to 48.9 million cases per year
worldwide, making it a leading cause of death globally [1].
Despite significant clinical and therapeutic efforts, mor-
tality rates remain high, with approximately 11.0 million
sepsis-related deaths reported, accounting for 19.7% of
all global deaths [2]. Sepsis dramatically impacts multiple
organs, including the liver, kidneys, lungs, gut, and brain
[3]. As one of the organs affected by sepsis, approximately
9% to 71% of patients with severe sepsis may develop sep-
sis-associated encephalopathy (SAE) [4]. SAE is respon-
sible for short-term morbidity, prolonged hospital stay,
long-term physical and cognitive impairment, and poses
a large economic burden to healthcare systems [5]. The
primary pathogenesis of SAE is driven by endotoxemia,
which triggers the systemic release of pro-inflammatory
cytokines. These cytokines activate immune cells, lead-
ing to a cycle of inflammation that exacerbates brain dys-
function and contributes to the progression of SAE [6].
Nevertheless, the specific molecular mechanisms under-
lying this neuroinflammatory response remain unclear.
Neutrophils are essential components of the innate
immune system and serve as the first line of defense
against infectious agents [7]. Following blood-brain
barrier (BBB) injury, neutrophils are among the first
peripheral immune cells recruited to the brain [8]. They
primarily contribute to the inflammatory response
through phagocytosis and the secretion of inflamma-
tory mediators [9, 10]. Additionally, activated neutro-
phils release web-like structures known as neutrophil
extracellular traps (NETs), which consist of tangled
decondensed DNA, histones, myeloperoxidase (MPO),
and other granular components [11, 12]. NETs are a
double-edged sword, serving as both an essential initial
line of defense against invading pathogens and, in cer-
tain cases, excessive NETs release may induce endothelial
cells (ECs) to shift toward a pro-inflammatory phenotype
[10, 12]. An increasing number of studies have shown
that NETs mediate brain damage under various neuro-
inflammatory conditions, including trauma, stroke, and

neurodegenerative diseases [9, 13—15]. Nevertheless, the
specific role of NETs in SAE has yet to be comprehen-
sively investigated.

In sepsis, pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs) activate neutrophils, which combat infec-
tions through three primary mechanisms: phagocytosis,
degranulation, and the release of NETs[16]. NETs, com-
posed of histones, MPO, elastase, and other proteases
[12], directly result in endothelial permeability, endothe-
lial barrier dysfunction, and the disruption of adherens
junctions (AJs) and actin cytoskeleton reorganization
[12, 17]. In vitro studies suggest that NETs can pro-
mote endothelial dysfunction, as indicated by increased
endothelial expression of ICAM-1, VCAM-1, E-selec-
tin, tissue factor, and von Willebrand factor [17]. These
mediators play a crucial role in endothelial dysfunction,
including damage to cerebrovascular ECs. Cerebrovas-
cular EC injury and BBB leakage have been observed as
early as 6-8 h after the onset of sepsis [18]. Alongside
BBB damage, the infiltration of neutrophils, NETs, and
pro-inflammatory cytokines into the brain [19], triggers
microglial and astrocyte activation, leading to the release
of large quantities of inflammatory factors [20]. This cas-
cade further exacerbates endothelial injury and BBB dis-
ruption. In SAE mice. Zhu et al. reported that NETs were
found to be abundant in both the blood and hippocam-
pus of CLP mice, and the degradation of NETs with
DNase I alleviated sepsis-induced changes in the hip-
pocampus, suggesting a key role for NETs in the develop-
ment of this disease [11]. However, while these findings
are promising, the molecular mechanisms underlying the
neuroprotective effects of NET inhibition in SAE remain
largely unexplored and require further investigation.

Protein arginine deiminase (PAD) enzymes are widely
distributed in mammals and are closely related to cell
development and differentiation [21]. PADs convert
protein Arg residues into citrulline in a calcium and
sulfhydryl-dependent manner, which plays a key role in
physiological and pathological processes [22]. There are
five types of PAD enzymes in human and mouse, includ-
ing PAD4 [23]. PAD4 catalyzes citrullination of histones
and promotes chromatin decondensation [23]. GSK484,
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a potent and selective antagonist of PAD4, could effec-
tively inhibit the formation of NETs in the brain and
blood effectively [24]. Previous studies demonstrated
that GSK484 administration significantly reduced brain
edema and neuronal injury following subarachnoid hem-
orrhage [24]. Additionally, in models of traumatic brain
injury (TBI) and cerebral ischemia—reperfusion injury
(CIRI), GSK484 effectively attenuated neuroinflamma-
tion, improved neurological deficits, and enhanced sur-
vival rates [25].

Here, we demonstrated that the inhibition of NETs
formation using GSK484, enhances the integrity of the
BBB by promoting the expression of TJs proteins and
facilitating the formation of the VCL/B-catenin/VE-
cadherin complex. This inhibition also alleviates cog-
nitive dysfunction and neuroinflammatory responses,
primarily through the activation of the Wnt3/p-catenin/
TCF4 signaling pathway. Conversely, the use of LF3, an
antagonist of B-catenin/TCF4, counteracted the pro-
tective effects of GSK484, leading to disruption of both
tight junctions (TJs) and AJs. Collectively, these findings
showed that inhibiting NET formation plays a crucial
role in improving BBB function and mitigating cognitive
dysfunction and neuroinflammatory responses via the
Wnt3/p-catenin/ TCF4 signaling pathway.

Materials and methods

All antibodies, reagents, vendors, catalogue numbers,
and concentrations or dilution ratios are shown in detail
in Suppl. Table 1.

Animals

Male C57BL/6 mice (8—10 weeks old and 22-25 g) were
purchased from the Byrness Weil biotechnology Ltd
(Chonggqing, China). Prior to the experiments, the mice
were acclimated for at least one week in an environment
with controlled humidity (55-65%) and temperature
(20-23 °C), under a 12-h light/dark cycle. The animal
program was authorized by the Institutional Animal Care
and Use Committee of Chongqing Medical University
Affiliated Second Hospital (Chongqing, China).

Cecal ligation and puncture (CLP) model

SAE was established by CLP as previously described [26—
28]. Briefly, mice were anesthetized with isoflurane, and a
2 cm-wide midline laparotomy was performed to expose
the cecum. The cecum was ligated with a 4.0 silk suture at
1/4 distance to the end below the ileocecal flap and then
punctured with a 22G sterilized needle. Intestinal con-
tents were pushed out through the perforation site. The
cecum was then returned to the peritoneal cavity, and the
laparotomy was closed with 4.0 silk sutures. All animals
received a dose of antibiotic (primaxin, 0.5 mg/mouse in
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200 uL of sterile saline) subcutaneously immediately at
the end of surgery. The animals were housed individually
post-surgery with unrestricted access to food and water.
In the sham group, mice underwent the same surgical
procedures but without cecal ligation or puncture.

Intracerebroventricular cannulation and drug
administration
Following anesthetization, mice were placed in the stere-
otaxic apparatus (RWD life science Co. Ltd., China). Fol-
lowing established protocols [29], guide cannulas (RWD
life science Co. Ltd., China) were planted into the right
lateral ventricle at coordinates 0.6 mm posterior to the
bregma, 1.5 mm lateral, and 2 mm deep from the dura.
The cannulas were secured with dental cement, and mice
were allowed to recover in individual cages for 7 days.
Daily handling was conducted to monitor cannula posi-
tioning and to habituate the animals to the investigators.
To investigate the role of NETs inhibition on SAE,
we first set up three groups, namely, Sham, CLP,
CLP +GSK484, and CLP+GSK484 group mice were
administered 4 mg/kg (dissolved in sterile saline) of
GSK484 (GLPBIO, USA), a PAD4 inhibitor, via tail vein
injection. GSK484 was administered three days prior
to and two days after CLP surgery [30], For -catenin/
TCF4 inhibition, LF3 (MCE, USA), a selective antago-
nist, was dissolved in a vehicle solution of 2% DMSO,
40% PEG300, 5% Tween-80, and 53% saline to achieve a
final concentration of 250 mg/mL. We set up six groups,
namely, Sham, CLP, Sham+GSK484, CLP+ GSK484,
CLP +GSK484+ Vehicle, CLP+GSK484+LF3. 'The
Vehicle and LF3 (5 pL) were administered intracer-
ebroventricularly (i.c.v.) 30 min before CLP surgery and
every 24 h thereafter.

Immunofluorescence (IF) staining

For IF analysis, paraffin embedding (4 pm) or frozen
(12 pm) brain sections were incubated overnight at 4 °C
with primary antibodies: ZO-1, Occludin, MSN, Fermtl,
VCL, CD31, NeuN, GFAP, Ibal, MPO, Cit-H3, Ly6G,
CD11b, pB-catenin and VE-cadherin (details provided
in Suppl. Table 1), in blocking solution. Following this,
sections were treated with goat anti-mouse Alexa Fluor
Plus 488/594/647 secondary antibodies (Invitrogen,
USA) and subsequently mounted with a medium con-
taining DAPI (Solarbio, China) in a dark environment.
A multiplex immunofluorescence kit was also utilized
as needed (AiFang biological, China). Images were cap-
tured under a fluorescent microscope (Olympus, Japan).
Optical density was calibrated, and areas along with
integrated densities were measured using Image] (USA).
Changes in immunofluorescent intensity were calculated
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as mean fluorescence intensity (integrated densities/
areas).

Cell culture, neutrophil extraction, and construction

of co-culture system

bEnd.3 cell lines were purchased from the Chinese Acad-
emy of Sciences Shanghai Cell Bank (Shanghai, China).
The cells were cultured in Dulbecco’s modified Eagle’s
essential medium (Gibco, USA) containing 10% fetal
bovine serum (Gibco, USA) and 1% penicillin/streptomy-
cin (Beyotime, China) under 37°C and 5% CO2.

According to the manufacturer’s instructions, bone
marrow-derived neutrophils were isolated from mice
using a neutrophil extraction kit (HISTOPAQUE-1119,
HISTOPAQUE-1077, Sigma, USA). After extraction,
the cells were resuspended in complete culture medium
(RPMI-1640+10% FBS). The cells were cultured in a
37 °C incubator with 5% CO,. On the following day,
phorbol 12-myristate 13-acetate (PMA, 100 nM, Beyo-
time, China) was added to induce NETs formation for
12 h.

For co-culture experiment 1, neutrophils (1x 10° cells)
were seeded in the upper chamber of a 12-well Tran-
swell " plate, and bEnd.3 cells (1 x 10° cells) were cultured
in the lower chamber. Four groups were established as
follows: Ctri: No treatment applied. Co-culture + GSK484:
Neutrophils and bEnd.3 cells co-cultured with only
GSK484 treatment. Co-culture+ PMA: Neutrophils and
bEnd.3 cells co-cultured with only PMA treatment. Co-
culture + PMA + GSK484: Neutrophils and bEnd.3 cells
co-cultured with PMA and GSK484 treatment.

For co-culture experiment 2, neutrophils (1x 10° cells)
were seeded in the upper chamber of a 12-well Tran-
swell " plate, and bEnd.3 cells (1 x 10° cells) were cultured
in the lower chamber. Six groups were established as fol-
lows: Ctrl: No treatment applied. Co-culture: Neutrophils
and bEnd.3 cells co-cultured without treatment. Co-cul-
ture + PMA + Wnt3: Neutrophils and bEnd.3 cells co-cul-
tured with PMA and Wnt3 treatment. Co-culture + PMA:
Neutrophils and bEnd.3 cells co-cultured with PMA
treatment. Co-culture + PMA + Wnt3 + GSK484: Neu-
trophils and bEnd.3 cells co-cultured with PMA, Wnt3,
and GSK484 treatment. Co-culture+PMA + GSK484:
Neutrophils and bEnd.3 cells co-cultured with PMA and
GSK484 treatment.

NETs staining in vivo and in vitro

NETs staining was performed as described in a previous
study [31]. For in vivo staining, tissues were fixed with 4%
paraformaldehyde, embedded in paraffin, and sectioned
at 4 um thickness. In vitro, neutrophils induced for NETSs
formation were fixed with 4% paraformaldehyde and per-
meabilized with 0.3% Triton X-100. In both in vivo and
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in vitro conditions, the primary antibody was incubated
overnight at 4 °C. NETs were co-stained withMPO (1:50,
Santa Cruz, USA), Citrullinated histone H3 (Cit-H3)
(1:50, Abcam, UK), and DAPI (Solarbio, China). Positive
NETs were identified by the presence of triple-positive
(Cit-H3/MPO/DAPI) zone observed in multiple fields of
view. Fluorescence images were captured using a fluores-
cence microscope (Olympus, Japan).

Brain water content (BWC)

The mice were euthanized at 72 h after surgery. The
whole brain was instantly collected and weighed as the
wet weight, and then dried at 100°C for 24 h to acquire the
dry weight. The BWC was calculated using the formula:
BWC =[(wet weight — dry weight)/(wet weight)] = 100%.

Fluorescein sodium (FS) permeability assay

FS was applied to evaluate BBB permeability as previ-
ously described [32]. Briefly, 2% FS (Sigma, USA ) was
injected through the femoral vein at 4 mL/kg under anes-
thesia at 71 h after modelling. After 1 h, all animals were
euthanized and transcardially perfused with 0.9% saline
for 20 min to remove the intravascular dye. The hip-
pocampus was then dissected from the brain, weighed
separately, homogenized in 0.5 mL of 60% trichloroacetic
acid and incubated at 4 °C for 30 min. After centrifuga-
tion (12,000 rpm, 15 min), the FS concentration in the
supernatant was measured at OD 440 nm by a microplate
reader (BioTek, USA). We visualized FS leakage under
a Fluorescence Scanning Microscope (KFBIO, China)
using 12 um frozen brain sections.

Morris water maze (MWM) test

Learning and memory were examined using a standard-
ized 7-day MWM test, as described previously [33]. The
MWM was conducted in a circular pool with a diameter
of 125 cm and a height of 40 cm, filled with water to a
depth of approximately 30 cm, maintaining a temperature
of 20£2 °C. A submerged platform with a diameter of
10 cm and a height of 29 cm was placed in the pool. Each
mouse underwent six daily trials with a 1-min intertrial
interval to locate the platform, being individually placed
in one of four quadrants (the target quadrant where the
platform was positioned). Each daily acquisition session
included four trials per quadrant. A trial concluded once
the mouse reached the platform or after 60 s had elapsed.
If the mouse failed to find the platform within this time, it
was gently guided to the platform and allowed to remain
there for 10 s. After each session, the mice were carefully
dried with a clean towel and returned to their home cage.
On the final day, the platform was removed to conduct
a probe trial, during which the number of crossings over
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the target quadrant and the total time spent in the target
quadrant were recorded (MED Associates, USA).

Open field test (OFT)

The locomotor and exploratory activities of mice were
measured in an open-field apparatus. A mouse was gently
placed in the center of a plastic chamber (50 X 50 X 40 cm)
for 5 min, and its activities were automatically recorded
using a video tracking system (MED Associates, USA).
The total distance travelled and time spent in the center
of the arena were recorded to assess the locomotor activ-
ity and spatial exploration of the mice. The apparatus was
cleaned with 75% alcohol between tests to remove any
odor cues.

Western blot (WB)

Proteins were extracted from hippocampus tissues or
bEnd.3 cells in a lysis buffer (Solarbio, China) containing
a protease inhibitor cocktail (Solarbio, China) and boiled
in a SDS sample buffer (Beyotime, China) for 15 min.
Nuclear proteins were extracted from homogenized tis-
sues or cells using nuclear protein extraction kits (Solar-
bio, China), respectively. Equal amounts of protein per
sample were separated by SDS-PAGE (8% or 10%) and
electrotransferred to a polyvinylidene difluoride mem-
brane (Milipore, USA). Membranes were blocked with
5% BSA (Beyotime, China) for 1 h at room temperature,
and rinsed three times (10 min/time) with 0.5% PBST
(0.5 mL Tween-20 in 1 L 0.01 M PBS). Next, incubated
with the specified primary antibodies at 4°C overnight,
rinsed three times (10 min/time) with 0.5% PBST, and
then 1 h with HRP-conjugated goat anti-rabbit IgG
(detailed antibodies were shown in Suppl. Table 1), rinsed
three times (10 min/time) with 0.5% PBST, followed by
detection using an enhanced chemiluminescence kit
(Milipore, USA). All uncropped Western blot image with
markers were shown in Suppl. File 1.

Transcriptome sequencing

Mice were treated with saline or GSK484 (4 mg/kg) for
5 days (3 days before CLP and 2 days after CLP; n=3).
Total RNA was isolated using TRIzol (Invitrogen, USA),
and genomic DNA was removed using DNase I (Takara,
Japan). Subsequent steps included RNA purification,
reverse transcription, library construction, and sequenc-
ing. The mRNA was fragmented, and the resulting short
sequence fragments were sequenced using the BGI plat-
form. The final library was sequenced on the DNBSEQ-
T7 sequencer (MGI Tech Co., Ltd., China) using the
PE150 model. The raw sequencing data were initially
filtered with Trimmomatic (version 0.36). Clean data
were aligned to the reference genome using STAR soft-
ware (version 2.5.3a). Reads mapped to the exon regions
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of each gene were quantified using featureCounts (Sub-
read-1.5.1; Bioconductor), followed by the calculation of
RPKM values. Differential expression analysis was per-
formed with the edgeR package (version 3.12.1), consid-
ering genes with a p<0.05 as significantly differentially
expressed genes (DEGs). Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analyses were conducted using R. The
DEGs were uploaded to STRING (version 11.0), with
a median confidence score of 0.2 to construct protein—
protein interaction (PPI) networks. Cytoscape (v.3.7.2)
was employed for PPI network visualization, while the
CytoHubba plug-in was used to identify key modulators
based on network metrics. Hub genes were predicted by
screening important nodes within the PPI network mod-
ules, with the top 10 genes determined using the MCC,
DMNC, MNC, Degree, and EPC algorithms. Addition-
ally, the MCODE plug-in was utilized with default crite-
ria to identify the top modules ranked by MCODE scores
in descending order.

Cytokine examination

Expression levels of TNF-a, IL-6, IL-1p and IL-10 were
quantified using a commercial ELISA kit (Boster Biologi-
cal Technology, China). All procedures were carried out
following the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
9. All data were presented as mean+SD and tested for
normal distribution by Shapiro—Wilk test. For normally
distributed data, differences between the two groups
were compared by independent-sample t-tests. Mean-
while, differences among multiple means were assessed
by one-way, two-way or repeated-measure of ANOVA,
followed by a Bonferroni test whenever appropriate. The
survival rate was analyzed by the Kaplan-Meier method
and compared by the log-rank test. Statistical significance
was set at p<0.05.

Results

Dynamic expression of neutrophils and NETs after CLP
over a period of time

With the aim of investigating the neuroinflammatory
role of NETs formation, we conducted a series of experi-
ments at various time points following sham or CLP
operations, as detailed in Fig. 1A. Firstly, we designed a
7-day experiment to observe the time point of neutrophil
accumulation after CLP. The IF co-staining of Ly-6G and
CD11b revealed that the number of neutrophils began
to increase at 8 h post-CLP, peaked at 48 h, and then
returned to baseline levels by day 7 in the hippocampal
CA1 region (Fig. 1B, C). Similarly, The IF co-staining
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of Cit-H3/MPO/DAPI revealed that NETs started to
increase at 12 h post-injury, peaked at 72 h, and then
then gradually decrease in the hippocampal CA1 region
(Fig. 1D, E). Based on these findings, we selected 72 h as
the sacrifice time point for the CLP mice in subsequent
experiments, unless otherwise specified. Having estab-
lished the time course of neutrophil and NETs accumu-
lation, we next sought to determine whether inhibiting
NETs formation could mitigate neuroinflammation and
cognitive impairments in SAE.

Pharmacological inhibition of NETs improved survival,
reduced neuroinflammation, and alleviated cognitive
impairment in SAE Mice

To investigate the specific role and underlying mecha-
nism of NETs in the progression of SAE, we administered
GSK484, a potent and reversible PAD4 inhibitor that
blocks NETs formation, via intravenous injection 3 days
before and 2 days after CLP surgery. We first investi-
gated the effects of different drug doses on the mortality
rate of CLP mice. Our results showed that higher doses
of the drug did not further improve the survival rate of
the CLP mice. Instead, when the dose reached 16 mg/
kg, the mortality rate significantly increased compared
to the 4 mg/kg dose group. A treatment dose of 8 mg/
kg also appeared to increase the mortality rate, although
the difference was not statistically significant. Based
on literature reports [11], we selected 4 mg/kg as the
therapeutic dose for further studies. (Fig. 2A). Treat-
ment with 4 mg/kg of GSK484 significantly improved
the body weight of the mice (Fig. 2B). As shown by Cit-
H3/MPO/DAPI IF staining, the GSK484 treatment sig-
nificantly reduced NETs formation in the hippocampus
CA1 region (Fig. 2C, quantified in Fig. 2D). Moreover,
GSK484 treatment diminished the production of key
inflammatory cytokines (IL-6, IL-1p, TNF-a and IL-10)
in the hippocampus of CLP mice (Fig. 2E-H), indicating
a significant decrease in neuroinflammation. And treat-
ment with GSK484 alone had no significant effect on the
levels of inflammatory cytokines in the brain of the con-
trol group. To assess cognitive function, we conducted
the MWM and OFT. The results showed that GSK484-
treated mice exhibited significantly increased movement

(See figure on next page.)
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distance and time spent in the center in the OFT (Fig. 2I-
K), and demonstrated improved performance in the
MWM test (Fig. 2L-N), suggesting that NETs inhibition
mitigated CLP-induced cognitive impairment. These
results revealed that inhibiting NETs formation not only
reduces neuroinflammation but also restores cogni-
tive function, suggesting a critical role of NETs in both
inflammatory and cognitive outcomes in SAE.

Inhibition of NETs formation via GSK484 induced global
changes of septic mice in the hippocampus transcriptome
The RNA-Seq technique in combination with bioinfor-
matics analysis was used to characterize alteration in
the hippocampus gene expression after GSK484 treat-
ment in CLP mice (All sequenced genes and their relative
expression levels are shown Suppl. File. 2). Differen-
tially expressed genes (DEGs) were identified using the
DESeq2 R package, with 705 DEGs showing significant
expression differences (p<0.05) between the CLP and
CLP + GSK484-treated groups. As depicted in Fig. 3A,
the volcano plot illustrates 162 and 543 genes, which
were significantly up- and down-regulated between two
groups, respectively. To further analyze the biologi-
cal significance of these DEGs, GO enrichment analy-
sis was performed using the “clusterProfiler” R package,
covering three categories: biological process (BP), cel-
lular component (CC), and molecular function (MF).
The top 10 terms for each category are displayed in a
bar chart. Notably, DEGs were significantly enriched
in “muscle organ development,” “ERK1 and ERK2 cas-
cade,” and “negative regulation of protein phosphoryla-
tion” within the BP category. For the CC category, terms
such as “collagen-containing extracellular matrix (ECM),’
“main axon,” and “adherens junction” were enriched,
while in the MF category, “ECM structural constituent,’
“hormone binding,” and “actin binding” were prominent
(Fig. 3B). These results uncovered that GSK484 treatment
predominantly affected genes related to inflammation,
cell adhesion, and cellular structure. Functional annota-
tion and KEGG pathway analysis were also conducted on
the DEGs using R software. The top 10 enriched path-
ways included “cytoskeleton in muscle cells,” “gastric
Wnt signaling pathway,” “hepatocellular

» o«

acid secretion,

Fig. 1 Dynamic expression of neutrophils and NETs after CLP over a period of time. A Schematic timeline of the experimental procedures. B and C
Representative photographs of IF co-staining of Ly-6G and CD11b, a neutrophil biomarker, and quantification of the number of Ly-6G/CD11b+cell
in the hippocampal CA1 region of mice from the sham group and CLP group at4 h,8h, 12 h, 24 h, 48 h, 72 h, 5 days and 7 days (n=6). D and E
Representative photographs of IF staining of Cit-H3 with MPO, a NETs biomarker, and quantification of the number of Cit-H3/MPO/DAPI + cells

in the hippocampal CA1 region of mice from the sham group and CLP group at4 h, 8 h, 12 h, 24 h, 48 h, 72 h, 5 days and 7 days (n=6). Nuclei were
stained with DAPI. Scale bar=20 um. NETs: Neutrophil extracellular traps, CLP: Cecal Ligation and Puncture; Cit-H3: Citrullinated histones H3; MPO:
Myeloperoxidase; IF: immunofluorescence. (Data are expressed as the mean =+ SD. *p < 0.05 compared with sham, ns: no significance, *p <0.05,

*p<0.01, ***p<0.001, ****p<0.0001)
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Fig. 2 The inhibition of NETs formation improved SAE mice survival, defended neuroinflammation and alleviated cognitive impairment. A 7-day
survival rates of SAE mice treated with different concentrations of GSK484 (n=15). B Quantification of NETs numbers (n=6). C and D GSK484
inhibited NETs formation in the CA1 region of the hippocampus by IF staining (n=6). E-H ELISA test showed that GSK484 decreased the levels
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carcinoma,” “proteoglycans in cancer, “breast cancer,’
“oxytocin signaling pathway,” “mTOR signaling pathway,’
“Cushing syndrome,” and “human papillomavirus infec-
tion” (Fig. 3C). Among these, the Wnt signaling path-
way was the most significantly enriched, suggesting that
it may play a key regulatory role in the protective effects
observed after GSK484 treatment.

Next, the DEGs were uploaded to the STRING database
for PPIs analysis, and visualized the PPI networks using
Cytoscape software to identify key gene interactions
(Fig. 3D). We applied five different algorithms to identify
the top 10 hub genes based on the CytoHubba plug-in

in Cytoscape (Fig. 3E), which included VCL, Cldnll,
MSN, Ocln, Fermtl, Gial, Pik3rl, Xbpl, Mbp, and Esrl.
Notably, the top five hub genes primarily encoded pro-
teins involved in AJs, TJs and cellular structural related
proteins. Using the MCODE plugin, we identified two
functional modules based on their MCODE scores. The
top module, consisting of three genes—VCL, MSN, and
Fermtl—was selected for further visualization (Fig. 3F).
These data supposed that Wnt signaling pathway and
downstream key genes related to AJs, TJs, and cellular
structure were modulated after inhibition of NETs for-
mation in CLP-induced SAE model.
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The inhibition of NETs formation protected BBB integrity
by alleviating TJs disruption in brain ECs
To assess brain damage, we first measured BWC. At 72 h
post-CLP, BWC was significantly increased in CLP mice
compared to sham controls. GSK484 treatment notably
decreased BWC in the CLP group (p<0.05, Fig. 4A). ES
extravasation, a marker for BBB disruption, was used to
further evaluate BBB integrity [28]. As shown in Fig. 4B,
C, the FS levels in both the hippocampus and global brain
tissues were markedly elevated in CLP mice but were
significantly reduced following GSK484 administration,
and representative sections for FS leakage are shown in
Fig. 4D. And treatment with GSK484 alone had no sig-
nificant effect on BWC or FS extravasation in the brain
of the control group. These findings suggested that NETs
contribute BBB leakage, and inhibiting NETs forma-
tion could effectively attenuate the BBB leakage in CLP-
induced SAE mice.

Based on bioinformatics analysis, the top 5 hub genes
have been identified through the CytoHubba plug-in
in Cytoscape, including VCL (Vinculin, a cytoskeletal

protein involved in cell-cell and cell-matrix junctions),
Cldn11 (Claudin-11, a component of TJs and CNS mye-
lin), MSN (Moesin, which links the cell membrane to
the cytoskeleton), Ocln (Occludin, a key T] protein), and
Fermtl (Fermtl, involved in integrin signaling and the
connection of the actin cytoskeleton to the ECM, and a
negative regulator of Wnt/B-catenin signaling). These
hub genes primarily encode proteins associated with TJs,
AJs, and cellular structure. Therefore, we first analyzed
the expression of major TJs-related genes in the hip-
pocampus from our RNA-seq data (mRNA expression is
obtained from RNA-seq data shown in Suppl. File. 2).
The barrier function of BBB is primarily depends on
brain ECs and their TJs proteins, those proteins seal con-
tact sites between ECs, which seal contact sites between
ECs and block the paracellular transport of ions, mac-
romolecules, and polar solutes [34]. TJs are consist of
integral membrane proteins such as Claudin, Occludin,
along with cytoplasmic accessory proteins like Zonula
occludens (ZO-1, ZO-2, ZO-3), and junction adhesion
molecules (JAMs) and cingulin [35]. Furthermore, we
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evaluated major TJs proteins expression, including ZO-1,
Claudin-5, and Occludin in the hippocampus using WB
analysis. As shown in Fig. 4E, F, the protein expression
levels of ZO-1, Occludin and Claudin-5 were sharply
downregulated in the CLP group compared to the sham
group (p<0.05). GSK484 treatment specifically restored
Occludin expression (p<0.05) but had no significant
effect on ZO-1 or Claudin-5 levels.

We also assessed the distribution of TJs between ECs
in the hippocampus using double IF staining. CLP-
induced neuroinflammation disrupted the distribution
of ZO-1 and Occludin, spreading them in the form of

a dotted appearance and weakening their fluorescence
intensity (Fig. 4G-J), suggesting a loss of protein—pro-
tein interactions within the TJs. However, GSK484
treatment restored Occludin distribution, forming a
continuous line with enhanced fluorescence inten-
sity. In contrast, the distribution and intensity of ZO-1
showed only limited improvement. These data reveal
that NETs play a critical role in maintaining TJs integ-
rity, and their excessive activation leads to TJs disinte-
gration and BBB disruption. Inhibiting NETs formation
protects the BBB primarily by promoting Occludin
expression in brain ECs.
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Additionally, Cldnli, one of the top 5 hub genes,
encodes Claudin-11, a critical component of central
nervous system (CNS) myelin, rather than a major TJs
protein. [36—38]. Our WB results showed that its protein
expression level was sharply downregulated in the CLP
group compared to the sham group (p<0.05). GSK484
treatment failed to restore its expression, and further
reduced its expression (Suppl. Figures 1A-1B). Further-
more, the IF results showed that Claudin-11 is predomi-
nantly expressed in neurons within the CA1 region of
the hippocampus (Suppl. Figure 1C). Treatment with
GSK484 led to a reduction in Claudin-11 expression
in neuronal cell, which may suggest potential injury to
neuronal fibers. To further investigate whether GSK484
exerts a protective effect on endothelial cells, we con-
ducted a co-culture experiment with NE and bEnd.3 cells.
Our findings revealed that treatment with GSK484 alone
had little effect on the fluorescence intensity and conti-
nuity of Occludin expression in bEnd.3 cells. However,
after NETs formation was induced with PMA, GSK484
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intensity and continuity of Occludin expression (Suppl.
Figures 1D-1E).

The inhibition of NETs formation alleviated BBB AJs
disruption in SAE mice.

In addition to T7Js that regulate the paracellular endothe-
lial barrier properties, AJs also play a crucial role in cell-
cell adhesion at the BBB [39]. AJs are composed of key
proteins such as cadherins, actin, catenin, and vinculin
(VCL), which have been identified in microvessels of the
BBB [40]. Based on bioinformatics analysis, the remain-
ing three genes (VCL, MSN and Fermtl) among the top
5 hub genes are all associated with AJs proteins. We then
analyzed the expression of these three genes in the hip-
pocampus from our RNA-seq data (mRNA expression is
obtained from RNA-seq data shown in Suppl. File. 2). To
further validate the findings, we assessed the expression
of the corresponding proteins in the hippocampus using
WB. As shown in Fig. 5A-D, the protein expression of
VCL, VE-cadherin and Fermt1 were significantly reduced

treatment significantly enhanced the fluorescence in the CLP group compared to the sham group (p <0.05).
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GSK484 treatment notably increased the expression of
those proteins in CLP mice (p<0.05). Interesting, MSN
protein levels were significantly elevated in the CLP
group (p<0.05) and were further increased following
GSK484 treatment (p<0.05, Fig. 5E). These results sug-
gest that the protective effects of inhibiting NETs forma-
tion are not limited to TJs but also involve AJs and the
remodeling of cellular structure. The modulation of these
proteins highlights the role of NETs in maintaining BBB
integrity by regulating both junctional and cytoskeletal
components.

Inhibiting NETs formation alleviated AJs damage

by promoting VCL/B-catenin/VE-cadherin complex
formation in SAE mice

Using the MCODE plugin, we identified a key module
consisting of three genes: VCL, Fermtl and MSN. To
explore the expression and distribution of these genes
after GSK484 treatment, we performed double IF stain-
ing in the hippocampus. As shown in Fig. 6A, B, VCL was
primarily expressed in brain ECs and not in microglia,
astrocytes, or neurons. A similar distribution pattern
was observed for Fermtl (Fig. 6C, D). In contrast, MSN
showed a broader expression, being present in both ECs
and glial cells, including microglia and astrocytes (Suppl.
Figures 2A-2B). These findings suggest that the top mod-
ule genes are mainly involved in regulating the BBB in the
CLP-induced SAE model.

Next, we assessed the protein expression levels and
distribution of VCL, Fermtl and MSN. Both VCL and
Fermtl protein are associated with cell adhesion, with
VCL localizing to focal adhesion complexes [41] and
Fermt1 linking the cellular actin cytoskeleton to the ECM
via integrin signaling [42]. In the CLP group, fluorescence
intensity for VCL (Fig. 7A-C) and Fermtl (Fig. 7D-F)
was significantly lower than in the sham group, but
GSK484 treatment notably increased their expression
levels in both CD31-positive and total areas (p<0.05).
This suggests that inhibiting NETs formation may reduce
AJs disruption by increasing the levels of AJs proteins.
MSN, a protein involved in linking the plasma membrane
to the actin cytoskeleton, plays a crucial role in cellular
morphology and motility [43]. IF staining revealed that
the mean fluorescence intensity of MSN was higher in
the CLP group compared to the sham group, and further

(See figure on next page.)
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increased after GSK484 treatment (p<0.05, Suppl. Fig-
ures 3A-3B). While MSN levels in CD31-positive areas
were also elevated in the CLP group, GSK484 treatment
did not further enhance MSN expression in these areas
(Suppl. Figure 3C). These findings suggested that MSN-
mediated cellular status changes may not be closely
related to cell adhesion of ECs.

The interaction between VCL and B-catenin is essential
for stabilizing cadherins at the cell surface, which ensures
that the junctions between ECs remain intact, thereby
preventing the paracellular passage of substances [44].
VE-cadherin, an endothelial-specific adhesion protein,
regulates EC permeability [45]. To investigate the inter-
action among VCL, B-catenin, and VE-cadherin, we per-
formed triple labeling. Colocalization of VCL, 3-catenin,
and VE-cadherin (Fig. 8A) indicated their potential func-
tion as a complex. Quantification showed no significant
difference in -catenin expression in the total area among
the sham, CLP, and CLP + GSK484 groups (Fig. 8C), con-
sistent with WB data. However, VCL (Fig. 8B) and VE-
cadherin (Fig. 8D) expression levels were reduced in CLP
mice but were significantly increased following GSK484
treatment (p <0.05). In summary, inhibition of NETs for-
mation alleviates AJs disruption, likely by promoting the
formation of the VCL/B-catenin/VE-cadherin complex,
thereby preserving EC adhesion barrier and BBB integ-
rity in SAE mice. The close interaction between VCL,
B-catenin, and VE-cadherin is particularly relevant for
BBB integrity, as it ensures that the junctions between
ECs remain intact, preventing the paracellular passage of
substances that could compromise brain homeostasis.

Inhibition of NETs by GSK484 enhances BBB integrity

via Wnt3/B-Catenin/TCF4 signaling: in vitro and in vivo
insights

Through RNA-seq and bioinformatics analysis, we iden-
tified the Wnt signaling pathway as the most significantly
altered pathway following GSK484 treatment. Given that
VCL, B-catenin, and VE-cadherin form a complex criti-
cal for maintaining EC AJs, we investigated the impact
of NETs inhibition on the Wnt signaling pathway, which
is known to regulate these key proteins. Key compo-
nents of this pathway, including Wnt2, Wnt3, Wnt9a,
B-catenin, and TCF4, were selected for further analy-
sis (mRNA expression is obtained from RNA-seq data

Fig. 6 The expression distribution of the top 1 modules associated proteins in the hippocampus. A Double labeling IF staining of VCL

with microglia (Iba-1), astrocytes (GFAP), neurons (NeuN) and ECs (CD31) in the hippocampus (n=6). B The colocalization analysis of VCL with Iba-1,
GFAP, NeuN and CD31 by ImageJ (n=6). C Double labeling IF staining of Fermt1 with microglia (Iba-1), astrocytes (GFAP), neurons (NeuN) and ECs
(CD31) in the hippocampus (n=6). D The colocalization analysis of Fermt1 with Iba-1, GFAP, NeuN and CD31 by ImageJ (n=6). NETs: Neutrophil
extracellular traps; CLP: Cecal Ligation and Puncture; SAE: Sepsis-associated encephalopathy; IF: immunofluorescence
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shown in Suppl. File. 2). To validate these findings, we
assessed the protein expression levels of these compo-
nents: Wnt2, Wnt3, Wnt9a, B-catenin, phosphorylated
[B-catenin (P-P-catenin), nuclear B-catenin and TCF4
(Fig. 9A). WB results showed that TCF4 expression was
significantly downregulated in the CLP group compared
to the sham group, whereas GSK484 treatment markedly
restored TCF4 levels (p<0.05, Fig. 9B), demonstrating
the activation of the Wnt/B-catenin signaling pathway
after GSK484 treatment. Interestingly, the total B-catenin

levels did not differ significantly among the sham, CLP,
and CLP+ GSK484 groups (Fig. 9C). Further analysis of
P-B-catenin (Fig. 9D) and nuclear P-catenin (Figs. 9E)
revealed that nuclear [B-catenin levels were decreased
in the CLP group but significantly upregulated after
GSK484 treatment. In contrast, P-B-catenin levels were
increased in the CLP group but significantly reduced fol-
lowing GSK484 treatment. These findings suggest that
GSK484 may regulate the dynamic balance between
P-B-catenin and nuclear [B-catenin. Since P-B-catenin
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inhibits Wnt signaling by limiting the availability of active
[-catenin for nuclear translocation [46], the reduction in
P-p-catenin levels induced by GSK484 likely facilitates
[B-catenin nuclear translocation, thereby restoring Wnt
signaling activity and contributing to its downstream
effects.

Next, we found that the expression of Wnt2 and Wnt9a
have no significant changes among sham, CLP and
CLP +GSK484 (Fig. 9F, G). However, Wnt3 expression
was significantly downregulated in CLP group compared
to the sham group, and GSK484 treatment markedly
increased Wnt3 levels (p<0.05, Fig. 9H). As, Wnt3 is
a ligand of the Frizzled receptor. Therefore, we further
investigated its expression and distribution to identify
the cellular source of Wnt3 secretion in the hippocampus

CA1 region of septic mice. And we found that Wnt3 is
mainly expressed within neurons in the hippocampal
CA1 region (Fig. 91, J). These findings underscore the
central role of the Wnt3/B-catenin/TCF4 axis in mediat-
ing the protective effects of NET inhibition on the BBB,
particularly in maintaining the integrity of both TJs and
AJs.

To explore the molecular mechanisms by which
GSK484 regulates the integrity of cerebral ECs and the
Wnt3/B-catenin/TCF4 signaling pathway, we first iso-
lated bone marrow-derived neutrophils (NEs) from
mice and induced NETs formation using PMA (100 nM).
GSK484 treatment significantly reduced PMA-induced
NETs formation (p<0.05, Suppl. Figures 4A-4B). Sub-
sequently, we established a co-culture model using a
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Transwell " system, with NEs seeded in the upper cham-
ber and bEnd.3 cells in the lower chamber. In this system,
PMA-induced NETs formation by NEs simulated the
interaction between NETs and ECs. Our results dem-
onstrated that NETs formation in the co-culture system
significantly suppressed the [-catenin/TCF4 signaling
pathway in bEnd.3 cells, indicating that NETs negatively
regulate this pathway at the cellular level. Interestingly,
while GSK484 treatment alone showed limited activation
of the p-catenin/TCF4 pathway, the addition of exog-
enous Wnt3 significantly restored its activation. Notably,
the combined treatment with Wnt3 and GSK484 resulted
in an even greater activation of the -catenin/TCF4 path-
way, surpassing the effects of Wnt3 alone (p <0.05, Suppl.
Figures 4C-4G). These findings suggest that GSK484
enhances B-catenin/TCF4 signaling in ECs in a Wnt3-
dependent manner, offering new insights into the role
of NETs inhibition in preserving endothelial function
in vitro.

LF3-mediated inhibition of B-catenin/TCF4 signaling
reverses GSK484-induced protection of BBB integrity

and cognitive function

To further confirm the role of Wnt/p-catenin/TCF4 sign-
aling in regulating the TJs and AJs integrity after NETs
inhibition, we treated CLP + GSK484 mice with LF3, an
antagonist of B-catenin/TCF4 signaling, via intracere-
broventricular (i.c.v.) administration. LF3 disrupted Wnt
signaling by inhibiting the interaction between p-catenin
and TCF4. WB analysis (Fig. 10A—C) revealed that
LF3 treatment significantly decreased Wnt3 and TCF4
expression in the CLP +GSK484 +LF3 group compared
to the CLP + GSK484 group. Similarly, nuclear B-catenin
levels were reduced in the LF3-treated group (Fig. 10D),
though total pB-catenin levels remained unchanged
(Fig. 10E). Notably, P-B-catenin expression was reversed
by LF3 treatment (Fig. 10F), suggesting that block-
ing p-catenin/TCF4 signaling reinstated P-p-catenin-
mediated inhibition of Wnt signaling.

Next, we examined the expression levels of T] and AJ
proteins following LF3 treatment. The results showed
that LF3 administration reduced the expression of ZO-1,
Occludin, VCL, MSN, VE-cadherin, and Fermtl in the
CLP + GSK484 mice (Fig. 10G—M). To evaluate cogni-
tive function following LF3 treatment, we conducted the
OFT and MWM test. The results revealed that mice in
the CLP+GSK484+LF3 group showed a significantly
reduced movement distance and spent less time in the
center area during the OFT (Suppl. Figures 5A-5C)
compared to the CLP +GSK484 group. Similarly, in the
MWM test, the CLP+GSK484+LF3 group exhibited
worsened performance (Suppl. Figures 5D-5F), indicating
that inhibition of B-catenin/TCF4 signaling counteracted
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the cognitive improvements induced by GSK484 in CLP
mice. These findings suggest that inhibiting NET forma-
tion preserved the integrity of TJs and AJs, as well as cog-
nitive function, primarily through the activation of the
Wnt3/B-catenin/TCF4 signaling pathway.

Discussion

NETs formation has been reported to be a potential tar-
get for treating early brain injury in CNS disease [15, 24],
though few studies have examined its role in SAE. In this
study, we aimed to further investigate the contribution of
NETs to SAE progression and elucidate the underlying
mechanisms (Fig. 11). We observed the following find-
ings. (1) The expression level of NETs was significantly
increased in mice and peaked at 72 h in the brain post-
CLP modeling. (2) Pharmacological inhibition of NETSs
formation significantly alleviated CLP-induced neu-
roinflammation response, BBB damage, and cognitive
dysfunction. (3) inhibiting NETs formation significantly
alleviated BBB damage by upregulating Occludin expres-
sion in TJs and promoting the VCL/B-catenin/VE-cad-
herin complex in AJs; and (4) the Wnt3/pB-catenin/TCF4
signaling pathway was involved in protecting TJs and AJs
following NETs inhibition.

SAE is a systemic inflammatory response induced by
sepsis resulting in brain BBB injury and diffuse neuro-
inflammatory response [5], yet its pathogenesis remains
unclear. In this study, we employed the classical CLP
model to induce sepsis in mice and investigate SAE
pathogenesis [28]. Previous research by Zhu et al. high-
lighted the critical roles of neutrophils and NETs in CLP-
induced cognitive impairment and BBB permeability
[11]. However, their research primarily focused on inhib-
iting NETs formation and reducing neutrophil activation,
without fully exploring the downstream protective mech-
anisms of NETs inhibition. Our study addressed this gap
by administering GSK484 and employing RNA-seq to
assess hippocampal RNA expression changes post-treat-
ment. Additionally, we provided the first detailed time-
line of neutrophils infiltration and NETs formation in
SAE mice, underscoring their pivotal role in the disease’s
pathogenesis. Through our study, we also evaluated the
protective effects of GSK484 in mitigating SAE severity.

Neutrophils, as the first line of innate immune defense,
combat infection through phagocytosis and inflamma-
tory cytokine release, while also forming NETs to trap
pathogens [12]. However, excessive neutrophil activa-
tion and NETs formation exacerbate inflammation and
damage [7, 12], as observed in neuroinflammatory con-
ditions like stroke [47, 48], traumatic brain injury [49],
and sepsis [11, 17]. In sepsis, elevated circulating NETs
are associated with poor outcomes, including organ
failure, thrombocytopenia, coagulopathy, and increased
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Fig. 10 The LF3 treatment reversed the expression of Wnt3/f3-catenin/TCF4 signaling pathway, TJs and AJs proteins. A Western blot detected

the Wnt/B-catenin/TCF4 signaling proteins expression levels in the hippocampus after LF3 treatment (n=6). B-F The quantification analysis

of Wnt/B-catenin/TCF4 signaling proteins expression levels after LF3 treatment (n=6). G Western blot detected the TJs and AJs proteins expression
levels in the hippocampus after LF3 treatment (n=6). H-M The quantification analysis of TJs and AJs proteins expression levels after LF3 treatment
(n=6). NETs: Neutrophil extracellular traps; CLP: Cecal Ligation and Puncture; SAE: Sepsis-associated encephalopathy; BBB: Blood-brain barrier; TJs:
Tight junctions; AJs: adherens junction (ns: no significance, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001)

mortality [17, 50]. Higher NET-forming capacity has
been linked to disseminated intravascular coagulation
(DIC) and 28-day mortality, while increased MPO-DNA
levels are associated with hypotension, oxygenation
impairment, and higher SOFA scores [51]. These find-
ings highlight the promise and translational potential
of therapeutic strategies targeting NETs in sepsis. The
ongoing trial (NCT05453695), investigating the safety
and efficacy of DNase in reducing organ dysfunction and
ICU stay, underscores the clinical relevance of NET inhi-
bition [52]. Similarly, reparixin, a CXCR1/2 inhibitor, has
demonstrated efficacy in reducing NET formation and
fibrin deposition in septic lungs [53], Cl-amidine, a PAD4

inhibitor currently in clinical trials for diabetes, further
illustrates the potential of targeting NETs in inflamma-
tory diseases [54]. In this context, GSK484, a novel PAD4
inhibitor, stands out as a promising candidate. Although
research on GSK484 remains limited, its ability to inhibit
NET formation and protect against neuroinflammation
and BBB damage positions it as a potential therapeutic
option for sepsis and related disorders (Such as SAE).
These findings warrant further investigation into its ther-
apeutic potential.

Utilizing RNA-seq data, we identified DEGs and their
interactions through the STRING database, pinpointing
the top 10 most significant hub genes. Among these, we
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Fig. 11 Mechanism diagram illustrating how NETs affect endothelial cell barrier function by activating the Wnt3/B-catenin/TCF4 signaling pathway

focused on five key hub genes: VCL, Cldnil, MSN, Ocln,
and Fermtl, all of which play roles in the formation of
TJs, AJs and cellular structure. We conducted a detailed
analysis of the expression and function of these genes and
their corresponding proteins in the SAE model. As previ-
ously mentioned, Occludin, ZO-1, and Claudins are the
primary components of TJs [55]. Therefore, the observed
increase in Occludin expression following GSK484 treat-
ment suggests a potential enhancement in BBB perme-
ability in the SAE model. While Claudin-11, encoded by
the Cldnll gene, was also investigated as another TJs
protein in this context. It primarily functions to establish
an electrically tight barrier in myelinated nerves, where it
is a major component of CNS myelin [38]. Unlike other
TJs proteins, Claudin-11’s role is more closely associated
with the physical properties of myelin rather than with
BBB integrity. As such, its impact on BBB permeability
is limited. In humans, Cldnl11 variants have been linked

to mild intellectual impairments [56], but its primary
function remains within myelin, where it accounts for
approximately 7% of the total protein composition. Inter-
estingly, Cldn11 knockout mice exhibit mild neurological
deficits, such as body tremors, hindlimb weakness, and
behavioral abnormalities, but no impairment in myelin
formation [37, 57]. In the context of SAE, GSK484 treat-
ment resulted in a reduction of Claudin-11 expression
in neuronal cell. However, given its limited role in BBB
integrity and cognitive function, this change is unlikely to
have a significant impact. Instead, the observed upregu-
lation of Occludin and other TJs components following
GSK484 treatment underscores its therapeutic potential
in enhancing BBB permeability and mitigating neuroin-
flammation in SAE.

MSN is a member of ezrin/radixin/moesin fam-
ily, which plays an essential role in the control of cellu-
lar morphology, adhesion, and motility by linking actin
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cytoskeleton to membrane [43]. In hepatocellular carci-
noma cells, MSN overexpression increased invadopodia
formation, improved the expressions of B-catenin and
its downstream factors, and also enhanced the nuclear
translocation of B-catenin [58]. Furthermore, high MSN
expression activated the Wnt/B-catenin pathway and
resulted in aggressive glioblastoma development in
mice [59]. These results showed that MSN has also been
related to the activation of Wnt/p-catenin pathway. In
our study, GSK484 treatment increased the expression of
MSN in both mRNA and protein levels, but this increase
has no sharply different in the CD31-positive area.
Therefore, the MSN might not support brain ECs cellular
structural remodeling, cell adhesion or Wnt//p-catenin
activation in CLP-induced SAE model, and the detailed
role of MSN in brain of SAE mice are needed to further
explore.

Another significant hub gene, Fermt1, encodes a mem-
ber of the fermitin family, and contains a FERM domain
and a pleckstrin homology domain [60]. Its encoded pro-
tein is involved in integrin signaling and linkage of the
actin cytoskeleton to the ECM. In colon cancer, Fermtl
interacted directly with B-catenin and activated the Wnt/
[-catenin signaling pathway by decreasing the phospho-
rylation level of B-catenin, enhancing p-catenin nuclear
translocation and increasing the transcriptional activity
of B-catenin/TCF/LEF [61]. Which indicated that Fermt1
is not only a protein that regulates cell adhesion, but also
a positive regulator of Wnt signaling. Our data found that
Fermtl expression in the brain is mainly located in ECs,
and GSK484 treatment significantly increase its expres-
sion. Therefore, we speculated that Fermtl may involve
in improving the adhesion between brain ECs and ECM,
coupled with activation of Wnt/B-catenin signaling path-
way after inhibiting NETs.

VCL, a highly conserved cytoplasmic protein and a
key component of cortical scaffolding, is critical for cell-
cell adhesion and the function of AJs [62]. It localizes
to specific adhesion sites with the help of various bind-
ing partners, including talin and a-catenin, which target
VCL to integrin and cadherin complexes, respectively,
as well as a-actinin and B-catenin [62]. B-catenin, a sub-
membrane protein, connects the cytoplasmic domains
of cadherins to the actin cytoskeleton through a-catenin
[35]. In vitro binding assays have shown a direct interac-
tion between B-catenin and VCL, which facilitates the
mitigation of excess tension and stabilizes the cadherin-
catenin complex, thereby strengthening the link between
the cytoskeleton and the cell cortex [44]. VE-cadherin,
the first endothelial-specific cadherin molecule, also
interacts with P-catenin, a relationship crucial for regu-
lating vascular permeability [55, 63]. During inflamma-
tory injury, inflammatory agents can transiently disrupt
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the VE-cadherin/B-catenin complex [64]. Conversely,
the mechanisms of dissociation and subsequent reasso-
ciation of VE-cadherin/B-catenin play a critical role in
restoring normal barrier function following exposure to
acute inflammatory mediators [64]. Our triple labeling
experiments revealed colocalization of VCL, [B-catenin,
and VE-cadherin, suggesting that VCL may form a com-
plex with VE-cadherin and B-catenin, playing a crucial
role in stabilizing their interaction and thereby preserv-
ing BBB integrity.

Previous studies have indicated that activation of
the Wnt/B-catenin pathway can specifically induce the
expression of TJs and AJs proteins transcription fac-
tors in brain ECs [65-67]. Our RNA-seq and WB results
showed that activation of the Wnt/B-catenin/TCF signal-
ing pathway increases the expression of Occludin, VCL,
and Fermtl at both the mRNA and protein levels. Nota-
bly, GSK484 treatment elevated the protein levels of VE-
cadherin, although no significant change in VE-cadherin
mRNA expression was observed. Our previous research
demonstrated that the expression levels of matrix metal-
loproteinase 2/9 (MMP2/9) in hippocampal tissue were
upregulated after CLP surgery [46], and it is well-estab-
lished that MMPs can degrade both TJs and AJs proteins
[68, 69]. Moreover, activation of Wnt signaling has been
reported to lower the degradation of VE-cadherin [67].
Therefore, we proposed that Wnt/p-catenin/TCF4 sign-
aling regulates VE-cadherin protein expression, possibly
by reducing its degradation rather than through tran-
scriptional activation, particularly in the context of CLP-
induced neuroinflammation.

Our bioinformatics analysis and WB results identified
the Wnt3/B-catenin/TCF4 signaling pathway as the most
significant signaling pathway activated by GSK484 treat-
ment. Wnt/B-catenin signaling is fundamental in CNS
vascularization, BBB formation, and maturation during
embryonic and postnatal development [70, 71]. In the
CNS, astrocytes, neurons and oligodendrocytes secrete
Wnt ligands, such as Wnt2, Wnt3, Wnt3a and Wnt7.
These ligands bind to Frizzled receptor complexes on
ECs, stabilizing and activating Wnt/B-catenin signaling
[72]. Activation of this pathway strengthens endothelial
AJs and TJs, decreases transendothelial vesicular traf-
ficking, and induces specific transporters for the deliv-
ery of essential nutrients to the CNS [70, 71, 73]. Several
research found that inhibiting Wnt/B-catenin signal-
ing aggravates BBB breakdown and lead to hemorrhagic
transformation in mouse ischemic stroke model [74,
75]. Conversely, pharmacological or genetic activation
of Wnt/B-catenin signaling has been found to repair
BBB damage and reduce hemorrhagic defects following
ischemic stroke [72, 74, 76]. These findings suggest that
Wnt/B-catenin signaling activation plays a protective role
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in maintaining BBB integrity during acute neuroinflam-
mation-induced brain injury, which is consistent with our
results.

[-catenin serves a dual role as both an AJs protein that
links to the actin cytoskeleton and as a key transcrip-
tion factor in the Wnt signaling [77]. When endothelial
AJs are disrupted, p-catenin is released from the plasma
membrane, leading to its transcriptional activity [78].
And the increased expression of B-catenin binds to TCF
transcription factors in the nucleus, thereby activating
Wnt signaling [79]. However, our findings indicated that
total PB-catenin protein levels did not significantly dif-
fer among the sham, CLP, and CLP+ GSK484 groups.
In contrast, nuclear B-catenin levels were significantly
downregulated in the CLP group compared to the sham
group, and GSK484 treatment effectively reversed this
decrease. Additionally, we observed a significant increase
in P-B-catenin in the CLP group compared to the sham
group. As reported by Lilien et al., B-catenin phospho-
rylation disrupts its interaction with VE-cadherin in AJs,
leading to complex dissociation and p-catenin release
[80]. P-P-catenin is unstable and prone to degrada-
tion [81], and its presence reduces the amount of active
[-catenin available to enter the nucleus, thereby inhibit-
ing Wnt signaling activation [46]. Our results suggest
that GSK484 treatment reduces P-B-catenin levels, allow-
ing for an increase in active -catenin in the cytoplasm,
which facilitates its transport to the nucleus and mem-
brane, ultimately promoting Wnt signaling activation.

Nevertheless, this study several limitations. First, while
previous studies have explored the mechanisms of NETs
release and the protective effects of DNase I on SAE [11],
our study used GSK484 to inhibit NETs formation with-
out testing DNase I or Cl-amidine in CLP mice. Second,
although we partially uncovered the protective mecha-
nism of NETs inhibition by GSK484, the precise mech-
anism by which NETs regulate Wnt signaling remains
unclear. While we demonstrated how Wnt signaling reg-
ulates BBB permeability by promoting Occludin expres-
sion and VCL/B-catenin/VE-cadherin complex formation
in an animal model, we were unable to show how NETs
influence this complex at the cellular level. Further
research is needed to clarify the relationships and mecha-
nisms among NETs, BBB integrity, and Wnt signaling
through multi-dimensional experimental approaches.

Conclusions

NETs gave rise to inflammatory injury following CLP.
Pharmacological inhibition of NETs significantly allevi-
ated the CLP-induced neuroinflammation response, BBB
damage and cognitive dysfunction. The protect effect of
NETs inhibition on BBB is primarily mediated through
increased Occludin expression and the formation of the
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VCL/B-catenin/VE-cadherin complex, facilitated by the
activation of the Wnt3/p-catenin/TCF4 signaling path-
way. Thus, NETs may serve as a novel therapeutic target
for CLP-induced SAE and offer a promising strategy for
SAE treatment.
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SAE Sepsis-associated encephalopathy
NETs Nneutrophil extracellular traps
RNA-Seq  RNA sequencing
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Supplementary Material 3: Supplementary Fig. 1 Effects of GSK484 treat-
ment on Claudin-11 expression in brain of SAE mice and the expression of
Occludin in bEnd.3 cells. A. Western blot detected the Claudin-11 proteins
expression levels in brain (n=6). B. The quantification analysis of Clau-
din-11 proteins expression in brain (n=6). C. IF staining shows expression
and distribution of Claudin-11 in the CA1 region of the hippocampus (40x,
n=6). D. Quantification of the fluorescence intensity and distribution of
Occludin in bEnd.3 cells. E. IF staining shows expression and distribution
of Occludin in bEnd.3 cells. IF: immunofluorescence. (ns: no significance,
*p <0.05,** p <0.01, *** p <0.001, *** p <0.0001).

Supplementary Material 4: Supplementary Fig. 2 The expression patterns
of MSN in brain cell types. A. Double labeling IF staining of MSN with
microglia (Iba-1), astrocytes (GFAP), neurons (NeuN) and ECs (CD31) in the
hippocampus (n=6). B. The colocalization analysis of MSN with Iba-1, GFAP,
NeuN and CD31 by ImageJ (n=6). NETs: Neutrophil extracellular traps, CLP:
Cecal Ligation and Puncture, SAE: Sepsis-associated encephalopathy, IF:
immunofluorescence.

Supplementary Material 5: Supplementary Fig. 3 MSN expression is
elevated in the CLP group and partially affected by GSK484 treatment.
A. Double labeling IF staining of MSN with ECs (CD31) after GSK484
treatment in the hippocampus (n=6). B. Quantification of the mean
fluorescence intensity of MSN in all area (n=6). C. Quantification of
the fluorescence intensity of MSN in CD31-positive area (n=6). NETs:
Neutrophil extracellular traps, CLP: Cecal Ligation and Puncture, SAE:
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Sepsis-associated encephalopathy, IF: immunofluorescence.
(* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001; *: sham vs CLP,": CLP vs
CLP+GSK484).

Supplementary Material 6: Supplementary Fig. 4 GSK484 enhances
B-catenin/TCF4 signaling in ECs through Wnt3-dependent mechanisms

in vitro. A. Representative photographs of IF staining of Cit-H3/MPO/DAPI
in PMA-treated NE; B. The quantification of the number of Cit-H3/MPO/
DAPI+ cells (n=3). C. Western blot detected the B-catenin/TCF4 signaling
proteins expression levels in bEnd.3 cell (n=3). D-G. The quantification
analysis of Wnt/B-catenin/TCF4 signaling proteins expression in bEnd.3
cell (n=3). NE: Neutrophil, EC: Endothelial cell, Cit-H3: Citrullinated histones
H3, MPO: Myeloperoxidase, IF: immunofluorescence. (ns: no significance,
*p <0.05,** p <0.01,** p <0.001, *** p <0.0001).

Supplementary Material 7: Supplementary Fig. 5 The 3-catenin/TCF4
inhibitor, LF3, reversed the cognitive improvements induced by GSK484 in
CLP mice. A. The trace heat map of OFT. The time (B) and the movement
distance (C) in center in OFT. D. The trace heat map of MWM test. The
movement distance (E) in island, and the time (F) in NW area in the MWM
test were increased after GSK484 treatment (n=6). CLP: Cecal Ligation and
Puncture, OFT: open field test, MWM: Morris water maze. (ns: no signifi-
cance, * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001).
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