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Abstract

Background: Ulcerative colitis (UC) is a chronic inflammatory disorder primarily affecting the rectum and colon. This study aimed
to identify potential therapeutic targets that may inhibit UC progression and mitigate patient suffering. Methods: UC-related datasets
were retrieved from the Gene Expression Omnibus database. Differential expression analysis, weighted gene co-expression network
analysis, immunoinfiltration analysis, and pyroptosis scoring were employed to identify key pyroptosis-related genes implicated in UC
pathogenesis. A dextran sulfate sodium salt (DSS)-induced mouse model of UC was established, and neutrophil extracellular traps
(NETs) were induced in neutrophils by stimulation with phorbol 12-myristate 13-acetate (PMA). Histopathological changes in mouse
colon tissues were assessed by hematoxylin-eosin staining, and NET formation was evaluated via immunofluorescence. The expression
of aquaporin 9 (AQP9), peptidylarginine deiminase 4 (PAD4), zonula occludens 1 (ZO-1), occludin, and proteins related to pyroptosis
and the JAK2-STAT3 pathway was determined by Western blotting. Levels of inflammatory cytokines were measured by enzyme-linked
immunosorbent assay (ELISA), production of reactive oxygen species was assessed using fluorescent probes, and intestinal epithelial
cell viability and death were evaluated using the cell counting kit-8 (CCK-8) and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assays, respectively. Results: Five hub genes (AQP9, S100A8, S100A9, S100A12, and VNN2) were identified through
bioinformatics analysis, with AQP9 selected for further investigation. Single-cell analysis and immunofluorescence revealed that AQP9
was predominantly expressed in neutrophils and upregulated in the colon tissues of mice with UC and PMA-stimulated neutrophils.
Knockdown of AQP9 in PMA-treated neutrophils led to suppression of the JAK2-STAT3 pathway, reduced pyroptosis, and decreased
NET formation. Upon co-culture with intestinal epithelial cells, AQP9 knockdown resulted in enhanced epithelial cell viability, reduced
apoptosis, and upregulation of ZO-1 and occludin. Conversely, treatment of neutrophils from the PMA+si-AQP9 with a JAK2-STAT3
pathway agonist increased pyroptosis, enhanced the formation of NETs, and induced epithelial cell injury. Similarly, treatment with a
pyroptosis agonist enhanced both pyroptosis and the formation of NETs, further aggravating epithelial damage. Conclusion: Knockdown
ofAQP9 inhibits JAK2-STAT3 pathway-mediated pyroptosis, thereby reducing the formation of NETs and attenuating intestinal epithelial
cell injury.
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1. Introduction

Ulcerative colitis (UC) is a recurrent and remitting in-
flammatory bowel disease (IBD) [1]. It is frequently char-
acterized by intestinal mucosal epithelial injury and disrup-
tion of intestinal homeostasis. Clinically, patients with UC
present with symptoms including abdominal pain, hema-
tochezia, fatigue, and fecal incontinence [2]. In recent
years, the incidence of UC has been steadily increasing,
which has contributed to a parallel rise in the prevalence of
colorectal cancer. Currently, pharmacological therapy, of-
ten in combination with colectomy, constitutes themainstay

of UC management [3,4]. However, the use of therapeutic
agents is frequently associated with adverse effects. For
instance, 5-aminosalicylic acid has been reported to induce
high-grade fever and severe allergic reactions, and corticos-
teroids have been linked to reduced bone mineral density,
an elevated risk of fractures and infections, as well as hepa-
totoxicity and nephrotoxicity [5]. Moreover, the complex
pathophysiology of UC, compounded by inter-individual
variability, often limits the efficacy of conventional phar-
macotherapy. Consequently, growing attention has been di-
rected toward the development of targeted therapies for UC.
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Such approaches are increasingly guided by cytokine pro-
files associated with disease stage and patient-specific ex-
pression patterns [6]. Identifying novel therapeutic targets
is therefore an essential step toward improving the safety
and effectiveness of UC treatment.

Neutrophils, as short-lived effector cells of the innate
immune system, play a paradoxical and context-dependent
role in acute inflammation [7]. In response to microbial
invasion or inflammatory stimuli, neutrophils migrate to
sites of mucosal injury. At these sites, they contribute to
host defense by releasing reactive oxygen species (ROS)
and forming neutrophil extracellular traps (NETs), which
together facilitate the clearance of intestinal pathogens [7].
Nonetheless, excessive neutrophil activation can aggravate
tissue injury, disrupt intestinal homeostasis, and elevate the
risk of thrombosis [8,9]. In recent years, NETs have at-
tracted increasing attention for their involvement in various
diseases, including arteriosclerosis, cancer, and immune-
mediated diseases. In UC, Vincenzo Dinallo et al. [10]
reported that mucosal injury generally occurs in regions in-
filtrated by neutrophils, and NETs are primarily localized
within mucosal areas of active inflammation. Therefore,
NETs maintain the inflammatory signal of UC.

Pyroptosis is a form of programmed cell death that
not only affects the rupture of the plasma membrane of
neutrophils but also plays an important role in the release
of NETs [11]. Therefore, this study aimed to identify
pyroptosis-related genes that may affect the progression of
UC and regulate the formation of NETs via bioinformatics
analysis.

2. Materials and Methods
2.1 Data Acquisition and Processing

Raw count data were retrieved from the GSE193677
and GSE214695 datasets available in the Gene Expres-
sion Omnibus database (http://www.ncbi.nlm.nih.gov/geo
/). The GSE193677 dataset includes 872 UC and 461
Control samples, whereas the GSE214695 dataset consists
of 6 UC and 6 Control samples. Ensembl IDs in both
datasets were converted to gene symbols using the reference
genome hg19. The count expression matrices were subse-
quently processed using the “edgeR” package (v 3.40.1) in
R (v 4.2.2, R Foundation for Statistical Computing, Vienna,
Austria) to compute average values and normalize expres-
sion levels for genes with multiple entries.

2.2 Differential Expression Analysis and Functional
Enrichment Analysis

The “edgeR” packagewas employed for screening dif-
ferentially expressed genes (DEGs), with the screening cri-
teria set as |log2FC| >1 & adj. p value < 0.05. Gene
ID conversion was performed on the identified DEGs us-
ing “org.Hs.eg.db”, and functional enrichment analysis was
conducted using the “clusterProfiler” package (v 4.4.4).

2.3 Single-Cell Analysis
Single-cell analysis was carried out using the “Seurat”

package (v 4.3.0.1). Cells were screened based on the cri-
teria of 200< nFeature RNA< 6000. Cell type annotation
was subsequently conducted using the SingleR package (v
2.2.0).

2.4 Pyroptosis Analysis
Pyroptosis-related genes were obtained through a sys-

tematic literature review [12]. Differential expression anal-
ysis of these genes was performed using the GSE193677
dataset. Heatmaps were plotted using the “pheatmap” pack-
age. Gene set variation analysis (GSVA) was carried out
using the “GSVA” package to calculate pyroptosis scores
for each sample group.

2.5 Weighted Gene Co-Expression Network Analysis
(WGCNA)

The “WGCNA” package (v 1.71) was applied for con-
ductingWGCNA on the identified key genes, and the “clus-
terProfiler” package was employed for performing Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analyses.

2.6 Hub Gene Screening
The STRING database (https://string-db.org/, v 11.5)

was used for carrying out protein-protein interaction (PPI)
analysis. The MCODE plug-in in Cytoscape (v 3.9.1) was
employed to identify key genes within the PPI networks.
Hub gene screening was performed using the following
three machine learning approaches: LASSO regression us-
ing the “glmnet” package (v 4.1-4), random forest analy-
sis using the “randomForest” package (v 4.7-1.1), and sup-
port vector machine-recursive feature elimination (SVM-
RFE) using the “CARET” (v 6.0-92) and “e1071” (v 1.7-11)
packages. Venn diagrams were generated with the “Venn”
package. Single-sample gene set enrichment analysis (ss-
GSEA) of aquaporin 9 (AQP9) was performed using GSEA
(v 4.3.2).

2.7 Immunoinfiltration Analysis
Immune cell infiltration analysis was performed on

normalized expression data using the “CIBERSORT” pack-
age (v 1.04). Bar plots were generated to visualize the
relative proportions of immune cells. Correlation analysis
among immune cell types was conducted using the “cor-
rplot” package (v 0.92), with scatter plots and boxplots cre-
ated using the “ggplot2” and “ggpubr” (v 0.6) packages.

2.8 Animal Grouping and Model Establishment
Male C57BL/6 mice (SPF, 6–8 weeks old) were ob-

tained from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd., and housed in an 18–22 °C facility with ad
libitum access to water and food. Following a one-week ac-
climatization period, twelve mice were randomly assigned
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to two groups: Control (n = 6) and UC (n = 6). Mice in
the UC group were continuously administered with drink-
ing water containing 2% (w/v) dextran sulfate sodium salt
(DSS) (Sigma, Shanghai, China, 265152-M) for 7 days,
whilemice in the Control groupwere fedwith normal drink-
ing water. Predefined humane endpoints were established
such that mice exhibiting signs of severe pain during the
experiment would be euthanized prior to the study comple-
tion. However, none of the mice were euthanized, and all
mice survived until the end of the experiment. After 7 days
of treatment as described above, mice were euthanized for
colon tissue collection to evaluate whether the model was
successfully constructed. Euthanasia was performed using
CO2 inhalation at a controlled replacement rate of 30%–
70% of the container volume/minute to ensure rapid and hu-
mane loss of consciousness. This experiment was approved
by the Ethics Committee of Laboratory Animal Manage-
ment and Welfare of the First Affiliated Hospital of Harbin
Medical University (Approval No.: IACUC-2023053), and
was conducted following the ARRIVE guidelines.

2.9 Cell Culture and Model Construction
Human neutrophils (Immocell, Xiamen, Fujian,

China, IMP-H209) and human intestinal epithelial cells
(YaJi Biological, Shanghai, China, YS3102C) were uti-
lized in this study. Neutrophils were cultured in a spe-
cialized medium (Immocell, Xiamen, Fujian, China, IMP-
H209-1), while intestinal epithelial cells were maintained
in Opti-MEM medium supplemented with fetal bovine
serum (ThermoFisher, Shanghai, China, A5256701),
EGF, and GlutaMAX™ (ThermoFisher, Shanghai, China,
42360032). Cells were cultured under standard conditions
(37 °C, 5%CO2). Formation of NETs was induced by stim-
ulating neutrophils with 100 nM/L phorbol 12-myristate 13-
acetate (PMA) for 4 h. Cells were transfectedwith either the
constructed AQP9-targeting siRNA or si-NC. Pyroptosis
was induced by treating the cells with 10 µM nigericin for
24 h. Activation of the JAK2-STAT3 pathwaywas achieved
by exposing the cells to 20 µM Colivelin for 12 h. All cell
lines were validated by STR profiling and tested negative
for mycoplasma.

2.10 Hematoxylin-Eosin (HE) Staining
Tissue samples were fixed in 4% paraformaldehyde,

embedded in paraffin, and sectioned into 4 µm slices. Sec-
tions were stained with HE (Beyotime, Shanghai, China,
C0105S) and examined microscopically.

2.11 Immunofluorescence
1 × 106 cells were inoculated into 24 mm sterile cell

slides and placed in 6-well plates. the following adherence,
cells were fixed with 4% paraformaldehyde and blocked
using a blocking buffer. Cells were then incubated se-
quentially with primary and secondary antibodies, followed
by nuclear staining with DAPI. Slides were mounted and

visualized under a microscope. Primary antibodies used
were myeloperoxidase (MPO, Cell Signaling Technology,
Danvers, MA, USA, 14569) and citrullinated histone H3
(CitH3, Cell Signaling Technology, Danvers, MA, USA,
97272).

2.12 Western Blotting (WB)
Total protein was extracted from colon tissues or cul-

tured cells using a lysis buffer containing 1% protease
inhibitor, and then quantified using the BCA kit (Bey-
otime, Shanghai, China, P0012S). Electrophoresis, mem-
brane transfer, antibody incubation, and color development
were subsequently performed. The antibodies used in-
cluded cleaved N-terminal gasdermin D (GSDMD-N, Cell
Signaling Technology, Danvers, MA, USA, 36425), GS-
DMD (Cell Signaling Technology, Danvers, MA, USA,
39754), p-STAT3 (Cell Signaling Technology, Danvers,
MA, USA, 9145), p-JAK2 (Cell Signaling Technology,
Danvers, MA, USA, 3776), JAK2 (Cell Signaling Tech-
nology, Danvers, MA, USA, 3230), STAT3 (Cell Signal-
ing Technology, Danvers, MA, USA, 12640), AQP9 (In-
vitrogen, Shanghai, China, PA5-114872), ZO-1 (Invitro-
gen, Shanghai, China, 61-7300), and occludin (Cell Signal-
ing Technology, Danvers, MA, USA, 91131). β-actin (Cell
Signaling Technology, Danvers, MA, USA, 4970S) was set
as the internal reference protein.

Table 1. Primer sequences.
Primer Primer sequences

mmu-AQP9-F 5′-CGGATGAAGGGACAAGGTAGCC-3′

mmu-AQP9-R 5′-ACAGAGAGCCACTAAGGAAGAAAGG-3′

mmu-GAPDH-F 5′-GATCATCAGCAATGCCTCCT-3′

mmu-GAPDH-R 5′-TGTGGTCATGAGTCCTTCCA-3′

AQP9, aquaporin 9; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase.

2.13 Enzyme-Linked Immunosorbent Assay (ELISA)
The expression levels of corresponding inflammatory

factors were measured using the following ELISA kits:
mouse interleukin (IL)-1β (Beyotime, Shanghai, China,
PI301), mouse IL-18 (Beyotime, Shanghai, China, PI553),
human IL-1β (Beyotime, Shanghai, China, PI305), human
IL-18 (Beyotime, Shanghai, China, PI558), andMPO-DNA
(COIBO BIO, Shanghai, China, CB21448-Hu).

2.14 qRT-PCR
Total RNA was extracted from colon tissues using

the TRIzol reagent. RNA purity and integrity were as-
sessed via agarose gel electrophoresis, and the A260/A280
ratio was measured by NanoDrop 2000 spectrophotome-
try. cDNA synthesis was performed using the PrimeScript
RT kit (TaKaRa, Beijing, China, RR014A). qRT-PCR was
conducted with PowerTrack™ SYBR Green Master Mix
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Fig. 1. Screening of DEGs. (A) Volcano map showing the results of differential expression analysis from the GSE193677 dataset.
(B) Heatmap showing the expression of DEGs across samples from different groups in the GSE193677 dataset. DEGs, differentially
expressed genes.

(Applied Biosystems, Shanghai, China, A46012) as per the
manufacturer’s instructions. Primer sequences are listed in
Table 1. The relative expression of mRNA was calculated
using the 2−∆∆Ct method.

2.15 Cell Counting Kit-8 (CCK-8) Assay
CCK-8 assay was carried out according to the man-

ufacturer’s manual (Beyotime, Shanghai, China, C0037).
A total of 2000 cells were added to each well of the 96-
well plate and incubated for 24 h. Subsequently, 10 µL of
the CCK-8 solution was added to each well, and incubation
was performed at 37 °C for 2 h. Absorbance at 450 nm was
measured using a microplate reader.

2.16 Terminal Deoxynucleotidyl Transferase dUTP Nick
end Labeling (TUNEL) Assay

Cell death was detected using a TUNEL assay kit (Be-
yotime, Shanghai, China, C1086). Briefly, cells were fixed
with 4% paraformaldehyde for 30 min, and incubated with
PBS containing 0.3% Triton X-100, at room temperature
for 5 min. Subsequently, cells were incubated with 50 µL
of TUNEL reaction mixture at 37 °C for 60 min. After
mounting with an anti-fade sealing solution, samples were
analyzed via fluorescence microscopy.

2.17 Measurement of ROS Levels
Intracellular ROS levels were measured using a

DCFH-DA probe (Beyotime, Shanghai, China, S0033S).
Briefly, 5 × 103 cells were seeded into 96-well plates and
incubated with 8 µM DCFH-DA at 37 °C for 15 min. The
results were observed under a fluorescence microscope.

2.18 Statistical Analysis
GraphPad Prism 9.0.0 (GraphPad Software, Boston,

MA, USA) was utilized for carrying out statistical analy-
sis and data visualization. Data were expressed as mean ±
standard deviation. A t-test was applied for making com-
parisons between groups, with p < 0.05 denoting a statis-
tically significant difference. All animal experiments were
each conducted with six biological replicates, and all cell
experiments were each carried out with three biological
replicates.

3. Results
3.1 Screening of DEGs

Differential expression analysis was performed on the
GSE193677 dataset using the thresholds of |log2FC| >1
& adj. p value < 0.05. A total of 516 DEGs were iden-
tified, comprising 84 downregulated and 432 upregulated
genes (Fig. 1A,B). Functional enrichment analysis of these
DEGs was subsequently conducted. In the GO-biological
process (BP) category (Fig. 2A), DEGswere predominantly
enriched in processes such as defense response to bacteria
and humoral immune response. For the GO-cellular com-
ponent (CC) category (Fig. 2B), enrichment of DEGs was
observed in the immunoglobulin complex and the circulat-
ing immunoglobulin complex. In the GO-molecular func-
tion (MF) category (Fig. 2C), DEGsweremainly associated
with antigen binding, immunoglobulin receptor binding,
and cytokine activity. KEGG pathway analysis (Fig. 2D)
revealed that these DEGs were principally enriched in the
cytokine-cytokine receptor interaction pathway.
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Fig. 2. Functional enrichment analysis of the identified DEGs. (A) GO-BP. (B) GO-CC. (C) GO-MF. (D) KEGG pathway enrichment
analysis results. GO, gene ontology; BP, biological process; CC, cell component; MF, molecular function; KEGG, kyoto encyclopedia
of genes and genomes.

3.2 Pyroptosis Score
Differential expression analysis was conducted on

pyroptosis-related genes within the GSE193677 dataset,
with the results presented in Fig. 3A. Pyroptosis scores for
each sample were calculated via GSVA. The results demon-
strated that the UC group exhibited elevated pyroptosis
scores compared with the Control group (Fig. 3B).

3.3 Weighted Gene Co-Expression Network Analysis
(WGCNA)

WGCNA was performed on the identified DEGs. Ini-
tial sample clustering led to the exclusion of four outlier

samples (Fig. 4A), after which the remaining samples were
re-clustered and a heatmap of clinical features was gener-
ated (Fig. 4B). Based on the scale-free topology criterion, a
soft-thresholding power of 7 was selected to construct the
weighted co-expression network (Fig. 4C–E). A topologi-
cal overlap matrix (TOM) was then constructed (Fig. 4F),
and inter-module correlations were analyzed (Fig. 4G).
Through correlation analysis between clinical traits (pyrop-
tosis score and UC status) and gene modules (Fig. 4H), two
modules, blue (76 genes) and turquoise (252 genes), were
identified with strong correlations (p< 0.05, r> 0.5). Gene
significance (GS) and module membership (MM) analyses
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Fig. 3. Pyroptosis score. (A) Heatmap illustrating the expression of pyroptosis-related genes across samples from different groups in
the GSE193677 dataset. (B) Bar chart showing the pyroptosis scores for each group. *p < 0.05; **p < 0.01; ***p < 0.001.

Fig. 4. WGCNA. (A) Sample clustering. (B) Sample clustering and clinical feature heatmaps. (C) Scale-free fitting index and average
connectivity analysis under different soft threshold powers. (D) Visual testing of scale-free topologies. (E) Heatmap showing the correla-
tion between module characteristic genes and clinical status. (F) TOM diagram. (G) Heatmap showing the correlation between modules.
(H) Heatmap showing the correlation between modules and clinical features. (I) Correlation analysis of the blue module with UC. (J) Cor-
relation analysis of the turquoise module with UC. WGCNA, weighted gene co-expression network analysis; TOM, topological overlap
matrix; UC, ulcerative colitis.

6

https://www.imrpress.com


Fig. 5. Functional enrichment analysis. (A) GO enrichment. (B) KEGG pathway enrichment.

(Fig. 4I,J) confirmed that both modules were positively cor-
related with the pyroptosis score. A total of 149 key genes
were subsequently identified using the criteria of MM>0.6
and GS >0.4, comprising 110 genes from the turquoise
module and 39 from the blue module. Functional enrich-
ment analysis of these key genes (Fig. 5A,B) revealed their
predominant involvement in cytokine-cytokine receptor in-
teraction, leukocyte migration, immune receptor activity,
and positive regulation of cytokine production.

3.4 Hub Gene Screening
PPI analysis was conducted on the 149 key genes iden-

tified through WGCNA (Fig. 6A). Using Cytoscape, a core
network comprising 12 genes (all upregulated in the UC
group) was generated (Fig. 6B). Three machine learning al-
gorithms were applied to these 12 genes to further identify
hub genes: LASSO regression (Fig. 6C,D), random forest
(Fig. 6E,F), and SVM-RFE (Fig. 6G). The intersection of
results from all three algorithms yielded five hub genes:
AQP9, S100A8, S100A9, S100A12, and VNN2 (Fig. 6H).

3.5 Immunoinfiltration Analysis
Immunoinfiltration analysis was conducted on the

GSE193677 dataset (Fig. 7A), and inter-correlations among
immune cell populations were assessed (Fig. 7B). A strong
positive correlation was revealed between neutrophils and
Gamma delta T cells. The relative abundance of in-
dividual immune cell types was compared between the
UC and Control groups (Fig. 7C), with statistically sig-
nificant differences observed in 17 of 22 immune cell

types. Notably, AQP9 expression was positively corre-
lated with neutrophils, macrophages M1, and plasma cells,
while negatively correlated with resting mast cells, mem-
ory B cells, naïve CD4+ T cells, resting dendritic cells,
and macrophages M2 (Fig. 7D). These results suggest that
AQP9 may modulate immune cell infiltration, thereby con-
tributing to the pathogenesis of UC.

3.6 Correlation Between AQP9 and Pyroptosis
Correlation analysis revealed a significant association

between AQP9 expression and pyroptosis scores (Fig. 8A).
Consistently, AQP9 was upregulated in the UC group
within the GSE193677 dataset (Fig. 8B). ssGSEA indi-
cated that AQP9 may influence the JAK-STAT pathway
(Fig. 8C). According to recent literature, the JAK-STAT
pathway plays a pivotal role in the regulation of pyropto-
sis [13].

3.7 AQP9 is Predominantly Expressed in Neutrophils
We interrogated the single-cell RNA sequencing

dataset GSE214695 to pinpoint the specific cell type in
which AQP9 exerts its influence on the pathogenesis of
UC. Upon clustering, a total of 24 distinct cell clusters
were identified (Fig. 9A). These clusters were subsequently
annotated into nine cell types: T cells, tissue stem cells,
neutrophils, epithelial cells, macrophages, B cells, com-
mon myeloid progenitors, endothelial cells, and neurons
(Fig. 9B). Differential expression analysis of AQP9 across
these cell types revealed significant upregulation of AQP9
in epithelial cells and neutrophils, with no significant differ-
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Fig. 6. Hub gene screening. (A) PPI network of 149 WGCNA-derived genes. (B) Key genes identified within the PPI network. (C)
Calculation of regression coefficients. (D) Best forecasting models. (E) The effect of the decision tree number on error rate. (F) Results of
the Gini coefficient method in a random forest classifier. (G) RMSE evaluates SVM regression models. (H) A Venn diagram illustrating
the similarities and differences among the results of the three machine learning algorithms. PPI, protein-protein interaction; RMSE, root
mean square error; SVM, support vector machine.

ential expression observed in B cells, T cells, endothelial, or
macrophages and no expression in the remaining cell types
(Fig. 9C). Therefore, AQP9 is predominantly expressed in
neutrophils and, notably, its expression is elevated in neu-
trophils from UC patients compared to those from individ-
uals in the Control group (Fig. 9C).

3.8 AQP9 is Highly Expressed in the Colon Tissues of
Mice With UC

To validate findings from the bioinformatics analysis
described above, a mouse model of UC was established.
Mice in the Control group were maintained on a standard
diet and water intake, and they exhibited normal activity
and stable body weight. In contrast, mice in the UC group
displayed reduced activity, curled postures, and significant
bodyweight loss after 4–5 days ofmodeling (Fig. 10A). Ad-
ditionally, the spleen index was elevated in the UC group
compared to the Control group (Fig. 10B). Macroscopi-
cally, colon tissues from the Control group showed no signs
of hemorrhage or ulceration, whereas those from the UC
group exhibited marked intestinal congestion, hemorrhagic
changes, and substantial colon shortening (Fig. 10C). Histo-
logical examination revealed that colonic architecture was
preserved in the Control group, with intact glandular struc-
tures, well-aligned epithelial cells, normal crypt morphol-
ogy, and preserved lamina propria and muscular layers. In
contrast, the UC group demonstrated extensive inflamma-

tory cell infiltration, disrupted mucosal architecture, crypt
loss, ulceration, and epithelial necrosis (Fig. 10D). Con-
sistent with these pathological changes, the expression of
pro-inflammatory cytokines IL-18 and IL-1β was signif-
icantly upregulated in the colon tissues of mice with UC
(Fig. 10E), while that of ZO-1 and occludin were markedly
downregulated (Fig. 10F). Subsequent WB and qRT-PCR
analyses confirmed a significant upregulation of AQP9 ex-
pression in the UC group (Fig. 10F–H), consistent with the
findings from bioinformatics analysis. Ly6G is a specific
surface marker for neutrophils. In the merged immunoflu-
orescence image, we observed significant overlap between
the Ly6G and AQP9 signals, which is displayed as a yellow
signal. This indicates that AQP9 is expressed in neutrophils
(Fig. 10H).Moreover, the levels of NET-associatedmarkers
MPO and CitH3 were found to be elevated in the UC group
compared to the Control group. Immunofluorescence anal-
ysis showed their co-localization within the web-like struc-
tures of NETs, which is a hallmark of NETs (Fig. 10I).

3.9 AQP9 Knockdown Inhibits PMA-Induced Formation
of NETs to Alleviate Intestinal Epithelial Cell Injury

Neutrophils were treated with PMA in vitro to induce
the formation of NETs. PMA stimulation was revealed to
promote the expression of NETs markers peptidylarginine
deiminase 4 (PAD4), CitH3, and MPO (Fig. 11A,C), the
expression of pyroptosis marker GSDMD-N (Fig. 11A), as
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Fig. 7. Immunoinfiltration analysis. (A) Proportions of 22 immune cells in the samples within the GSE193677 dataset. (B) Correlations
between immune cells. (C) Comparison of the differences in immune cells between the Control and UC groups. (D) Lollipop plot
showing the correlation between immune cells and AQP9 expression (In the lollipop plot, the color of the circles represents the statistical
significance of the correlation between genes and immune cells).

Fig. 8. Correlation between AQP9 and pyroptosis. (A) Correlation between AQP9 expression and pyroptosis scores. (B) Boxplot
showing the expression of AQP9 in both the UC and Control groups. (C) Association between AQP9 expression and JAK-STAT pathway
activity assessed by ssGSEA. ssGSEA, single-sample gene set enrichment analysis.

well as the expression of p-JAK2 and p-STAT3 (Fig. 11B).
Additionally, PMA treatment upregulated AQP9 expres-
sion (Fig. 11B), elevated ROS levels (Fig. 11D), and in-

creased IL-1β, Lactate Dehydrogenase (LDH), and MPO-
DNA complex levels (Supplementary Fig. 1). To deter-
mine the regulatory role of AQP9, AQP9 expression was
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Fig. 9. AQP9 is predominantly expressed in neutrophils. (A) t-distributed stochastic neighbor embedding (t-SNE) plot showing cell
clustering. (B) t-SNE plot illustrating cell annotation situation. (C) Bar chart displaying the differential expression of AQP9 in each cell
across groups. CMP, common myeloid progenitors. nsp > 0.05, ****p < 0.0001.

silenced in the PMA-treated neutrophils. Knockdown of
AQP9 significantly reduced the expression of PAD4, MPO,
CitH3 (Fig. 11A,C), GSDMD-N (Fig. 11A), p-JAK2 and p-
STAT3 (Fig. 11B), ROS levels (Fig. 11D), as well as levels
of IL-1β, LDH, and MPO-DNA complex (Supplementary
Fig. 1). Co-culture experiments with neutrophils and in-
testinal epithelial cells revealed that PMA treatment re-
duced epithelial cell viability (Fig. 11E), increased cell
death (Fig. 11F), and suppressed the expression of ZO-1
and occludin (Fig. 11G). Conversely, AQP9 knockdown re-
stored epithelial cell viability, decreased cell death, and pro-
moted the expression of ZO-1 and occludin (Fig. 11E–G).

3.10 AQP9 Knockdown Inhibits Pyroptosis-Mediated
Formation of NETs to Alleviate Intestinal Epithelial Cell
Injury

To further elucidate the interplay between AQP9, py-
roptosis, and the formation of NETs, neutrophils from the
PMA+si-AQP9 group were treated with the pyroptosis ag-

onist Nigericin. Nigericin treatment did not alter AQP9 ex-
pression (Fig. 12A), but significantly enhanced GSDMD-N
expression (Fig. 12B), upregulated the expression of NETs
markers PAD4, MPO, and CitH3 (Fig. 12B,C), elevated
ROS levels (Fig. 12D), and increased the levels of IL-
1β, LDH, and MPO-DNA complex (Supplementary Fig.
2). Subsequent co-culture with intestinal epithelial cells
demonstrated that, compared to the PMA+si-AQP9+EC
group, the PMA+si-AQP9+Nigericin+EC group exhibited
reduced epithelial cell viability (Fig. 12E), increased cell
death (Fig. 12F), and decreased expression of ZO-1 and oc-
cludin (Fig. 12G).

3.11 AQP9 Knockdown Regulates Pyroptosis-Mediated
Formation of NETs by Inhibiting the JAK2-STAT3
Pathway to Alleviate Intestinal Epithelial Cell Injury

Based on the results from our previous experiments
showing that AQP9 knockdown suppresses the JAK2-
STAT3 pathway (Fig. 11B), we hypothesized that AQP9
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Fig. 10. AQP9 is highly expressed in the colon tissues of mice with UC. (A) Daily body weight changes of mice in both the Control
and UC groups (n = 6). (B) Spleen index was measured in mice from both the Control and UC groups on day 7 post-modeling (n = 6).
(C) Colon length was measured in mice from both the Control and UC groups on day 7 post-modeling (n = 6). (D) Histopathological
changes in mouse colon tissue were examined in both the Control and UC groups on day 7 post-modeling (n = 6, scale bar = 100 µm).
(E) Measurement of the levels of IL-18 and IL-1β in mouse colon tissues by ELISA in both the Control and UC groups on day 7 post-
modeling (n = 6). (F) Detection of the expression of AQP9 and pyroptosis-related proteins in mouse colon tissues by WB in both the
Control and UC groups on day 7 post-modeling (n = 6). (G) Detection of the expression of AQP9 in mouse colon tissue by qRT-PCR in
both the Control and UC groups on day 7 post-modeling (n = 6). (H) Assessment of the expression of AQP9 and Ly6G in mouse colon
tissue by immunofluorescence in both the Control and UC groups on day 7 post-modeling (n = 6, scale bar = 100 µm). (I) Assessment
of the expression of MPO and CitH3 in mouse colon tissue by immunofluorescence in both the Control and UC groups on day 7 post-
modeling (n = 6, scale bar = 100 µm). **p< 0.01. IL, interleukin; ELISA, enzyme linked immunosorbent assay; WB, western blotting;
Ly6G, lymphocyte antigen 6 complex locus G6D; MPO, myeloperoxidase; CitH3, citrullinated histone H3.
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Fig. 11. AQP9 knockdown inhibits PMA-induced formation of NETs to alleviate intestinal epithelial cell injury. (A) Detection of
intracellular expression of PAD4, GSDMD-N, and GSDMD in different groups by WB (n = 3). (B) Detection of intracellular expression
of AQP9 and JAK2-STAT3 pathway-related proteins in different groups by WB (n = 3). (C) Assessment of intracellular expression of
MPO and CitH3 in different groups by immunofluorescence (n = 3, scale bar = 50 µm). (D) Determination of intracellular ROS levels in
different groups using a fluorescent probe (n = 3, scale bar = 100 µm). (E) Assessment of intestinal epithelial cell viability in each group
after co-culture with the aforementioned neutrophils using the CCK-8 assay (n = 3). (F) Evaluation of intestinal epithelial cell death in
each group by TUNEL assay (n = 3, scale bar = 50 µm). (G) Determination of the expression of ZO-1 and occludin in intestinal epithelial
cells from each group by WB (n = 3). nsp > 0.05; *p < 0.05; **p < 0.01. NETs, neutrophil extracellular traps; PAD4, peptidylarginine
deiminase 4 ; GSDMD-N, cleaved N-terminal gasdermin D; ROS, reactive oxygen species; CCK-8, cell counting kit-8; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling; ZO-1, zonula occludens 1.
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Fig. 12. AQP9 knockdown inhibits pyroptosis-mediated formation of NETs to alleviate intestinal epithelial cell injury. (A) Detec-
tion of intracellular AQP9 expression in different groups by WB (n = 3). (B) Detection of intracellular expression of PAD4, GSDMD-N,
and GSDMD in different groups by WB (n = 3). (C) Assessment of intracellular expression of MPO and CitH3 in different groups by
immunofluorescence (n = 3, scale bar = 50 µm). (D) Measurement of intracellular levels of ROS in different groups using a fluorescent
probe (n = 3, scale bar = 100 µm). (E) Assessment of intestinal epithelial cell viability in each group after co-culture with the aforemen-
tioned neutrophils using the CCK-8 assay (n = 3). (F) Evaluation of intestinal epithelial cell death in each group by TUNEL assay (n =
3, scale bar = 50 µm). (G) Determination of the expression of ZO-1 and occludin in intestinal epithelial cells from each group by WB (n
= 3). **p < 0.01.
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Fig. 13. AQP9 knockdown inhibits the JAK2-STAT3 pathway to regulate pyroptosis-mediated formation of NETs to alleviate in-
testinal epithelial cell injury. (A) Detection of intracellular expression of AQP9 and JAK2-STAT3 pathway-related proteins in different
groups by WB (n = 3). (B) Detection of intracellular expression of PAD4, GSDMD-N, and GSDMD in different groups by WB (n = 3).
(C) Assessment of intracellular expression of MPO and CitH3 in different groups by immunofluorescence (n = 3, scale bar = 50 µm).
(D) Measurement of intracellular ROS levels in different groups using a fluorescent probe (n = 3, scale bar = 100 µm). (E) Assessment
of intestinal epithelial cell viability in each group after co-culture with the aforementioned neutrophils using the CCK-8 assay (n = 3).
(F) Evaluation of intestinal epithelial cell death in each group by TUNEL assay (n = 3, scale bar = 50 µm). (G) Determination of the
expression of ZO-1 and occludin in intestinal epithelial cells from each group by WB (n = 3). **p < 0.01.
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may regulate pyroptosis via modulation of this pathway.
To make further validation, neutrophils from the PMA+si-
AQP9 group were treated with the JAK2-STAT3 pathway
agonist Colivelin. It was revealed that treatment with
Colivelin did not affect AQP9 expression (Fig. 13A) but
markedly enhanced the expression of JAK2, STAT3, and
GSDMD-N (Fig. 13A,B). Additionally, the levels of NET-
associated proteins PAD4, MPO, and CitH3 were upregu-
lated (Fig. 13B,C), ROS levels were elevated (Fig. 13D),
and levels of IL-1β, LDH, and MPO-DNA complex were
increased (Supplementary Fig. 3). Co-culture with epithe-
lial cells demonstrated that Colivelin-treated neutrophils
significantly inhibited epithelial cell viability (Fig. 13E), in-
creased cell death (Fig. 13F), and downregulated ZO-1 and
occludin expression (Fig. 13G), thereby reversing the pro-
tective effects conferred by AQP9 silencing.

4. Discussion
UC is clinically characterized by persistent or recur-

rent diarrhea, abdominal pain, and other systemic manifes-
tations, posing considerable challenges for effective treat-
ment [2]. The disease substantially reduces patients’ qual-
ity of life and has a significant impact on patients’ mental
health [14]. In the present study, 516 DEGs were screened
out fromUC-related datasets. Functional enrichment analy-
sis revealed that theseDEGswere predominantly associated
with immunoglobulin receptor binding, humoral immune
responses, circulating immunoglobulin complexes, antigen
binding, defense responses to bacterial pathogens, cytokine
activity, and cytokine-cytokine receptor interactions. Aber-
rant immune responses involving the gut microbiota are
widely recognized as central to the pathogenesis of IBD
[15]. Previous study have demonstrated that the damage-
related protein highmobility group box 1 protein (HMGB1)
in intestinal epithelial cells can regulate autophagy through
STAT3, thereby protecting the intestine from bacterial in-
fection and damage [16]. Additionally, lactate has been
reported to regulate macrophage polarization both in vitro
and in vivo, inhibit the production of pro-inflammatory cy-
tokines, and modulate the intestinal microbiota to attenu-
ate DSS-induced colitis in murine models [17]. Moreover,
the combination of ziyuglycoside II, syringin, and pedun-
culoside has been reported to suppress cytokine-cytokine
receptor interaction pathways and maintain the integrity of
the intestinal mucosal barrier, thereby influencing the pro-
gression of UC [18].

Pyroptosis is a known form of programmed cell death.
Its inhibition has emerged as a promising therapeutic strat-
egy to slow the progression of UC. Study have reported that
engineered lactic acid-producing probiotic yeasts can in-
hibit macrophage pyroptosis, regulate gut microbiota com-
position, and mitigate mucosal damage in animal models.
This intervention enhances the mucosal barrier and damp-
ens intestinal immune responses, thereby effectively delay-
ing disease progression [17]. In addition, salidroside has

been shown to attenuate UC by inhibiting macrophage py-
roptosis [19], while Shen-Ling-Bai-Zhu-San has shown the
potential to improve DSS-induced colitis by suppressing
caspase-1/caspase-11-mediated pyroptosis of colonic mu-
cosal epithelial cells [20]. Based on these findings, our
study aimed to identify key molecular factors associated
with pyroptosis that may influence UC progression. Py-
roptosis scores were calculated for each sample, revealing a
significant difference betweenUC patients and healthy con-
trols. Subsequently, WGCNAwas performed on the identi-
fied DEGs to identify gene modules significantly correlated
with pyroptosis and UC. To further screen core genes within
the key modules, PPI network analysis and three distinct
machine learning algorithms were employed, leading to the
identification of five hub genes: AQP9, S100A8, S100A9,
S100A12, and VNN2.

AQP9 is a water-selective membrane channel that has
been documented in various diseases, including hepati-
tis [21], clear cell renal cell carcinoma [22], lung cancer
[23], and acute myelogenous leukemia [24]. In colon can-
cer, AQP9 participates in lactate transport within tumor-
associated macrophages and influences macrophage polar-
ization [25]. Moreover, AQP9 functions as an immune-
related prognostic biomarker, regulating the migration, pro-
liferation, and invasion of laryngeal cancer cells [26] and
hepatocellular carcinoma cells [27]. Based on single-cell
transcriptomic analysis and immunofluorescence valida-
tion, it is hypothesized that AQP9 may play a regulatory
role in neutrophils in the context of UC. Notably, study ad-
dressing the interplay between neutrophils and pyroptosis
in UC remain limited. Therefore, the present study sought
to further investigate the role of AQP9 in modulating UC
progression via neutrophil-mediated mechanisms.

GSEA revealed that AQP9 may regulate the JAK-
STAT pathway, a pathway crucial for various important
biological processes. As reported, the JAK-STAT path-
way plays a pivotal role in the pathogenesis of various dis-
eases. JAK inhibitors have been approved for the treat-
ment of multiple autoimmune conditions, including UC
[28], rheumatoid arthritis, psoriasis, and atopic dermatitis
[29]. Notably, a polypeptide (Moringa oleifera Lam. Pep-
tide) isolated from oil sunflower seeds was demonstrated
to reshape the intestinal mucosal barrier by inhibiting ac-
tivation of the JAK-STAT pathway and regulating the gut
microbiota, thereby improving UC [30]. Similarly, pre-
clinical study demonstrated that Sishen Pill, a classical
Chinese medicinal formulation, exerts therapeutic effects
on UC. Its mechanism involves restoring immune home-
ostasis mediated by memory follicular T cells and mem-
ory T cells through suppression of the JAK/STAT path-
way [31]. In Drosophila, ursolic acid was found to at-
tenuate SDS-induced intestinal injury via inhibition of the
JNK/JAK/STAT pathway, thereby exerting protective ef-
fects against UC [32]. In the present study, silencing
AQP9 inhibited activation of the JAK2-STAT3 pathway,
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thereby suppressing neutrophil pyroptosis and the forma-
tion of NETs. Consistently, in models of acute kidney in-
jury, dimethyl fumarate was shown tomitigate pyroptosis in
HK-2 renal epithelial cells through inhibition of the JAK2-
STAT3 signaling axis [13]. Moreover, guanylate binding
protein 5 (GBP5) induces classical pyroptosis in ovarian
cancer cells via the JAK2/STAT1 pathway, thereby inhibit-
ing tumor progression [33]. While existing studies have
demonstrated that NETs can target the secretion of pro-
inflammatory cytokines through the JAK/STAT pathway,
the regulation of NETs by the JAK/STAT pathway remains
unexplored. To clarify that the JAK2-STAT3 pathway can
regulate pyroptosis of neutrophils, we treated neutrophils
from the PMA+si-AQP9 group with JAK2-STAT3 pathway
agonists and observed enhanced pyroptosis of neutrophils
and the formation of NETs.

Kanako Watanabe-Kusunoki et al. [34] reported that
GSDMD regulates neutrophil maturation and subsequent
necrosis, and that the formation of NETs is reduced in
GSDMD−/− mice in the context of thrombotic microan-
giopathy. Likewise, Huang et al. [35] demonstrated that
ficolin-A aggravates the formation of NETs through GS-
DMD in LPS-mediated lung injury. Furthermore, Wei-
jie Chen et al. [36] showed in zebrafish that Edward-
siella piscicida induces the formation of NETs by regulating
pyroptosis-related proteins caspase-B and GSDMEb. Col-
lectively, the foregoing findings suggest a potential link be-
tween neutrophil pyroptosis and NET formation. To vali-
date this hypothesis, neutrophils from the PMA+si-AQP9
group were treated with a pyroptosis agonist, which signif-
icantly enhanced NET formation. Our results indicate that
AQP9 knockdown inhibits JAK2-STAT3-mediated pyrop-
tosis and subsequently suppresses NET formation. Further-
more, co-culture experiments with treated neutrophils and
intestinal epithelial cells revealed that silencing AQP9 at-
tenuates epithelial cell injury by inhibiting JAK2-STAT3-
mediated pyroptosis and NET formation, highlighting a po-
tential therapeutic strategy for preserving intestinal barrier
function in UC.

5. Conclusions
In this study, AQP9 was identified through bioinfor-

matics analysis as a key gene related to neutrophil pyrop-
tosis and the progression of UC. Subsequent animal and
cell experiments confirmed that AQP9 knockdown inhibits
pyroptosis mediated by the JAK2-STAT3 pathway to sup-
press the formation of NETs, thereby alleviating intestinal
epithelial cell injury. According to our findings, AQP9 can
function as a potential target for regulating the formation of
NETs, which offer novel insights into the mechanisms un-
derlying the progression of UC. Nevertheless, certain lim-
itations remain. While this study provides preliminary ev-
idence that AQP9 may act as an upstream regulator of the
JAK2-STAT3 pathway to modulate neutrophil pyroptosis
and NET formation, the precise molecular mechanisms by

which AQP9 regulates this pathway remain to be eluci-
dated. Additionally, although we primarily investigated the
role of AQP9 knockdown in NET formation, future studies
involving AQP9 overexpression are necessary to conclu-
sively establish its regulatory role in the JAK2-STAT3 path-
way. Furthermore, the other four genes identified through
bioinformatics analysis, S100A8, S100A9, S100A12, and
VNN2, have not yet been experimentally investigated in
the context of UC. Future studies should focus on elucidat-
ing their regulatory roles and underlying mechanisms in the
pathogenesis of UC.
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