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Background: Ulcerative colitis (UC), a chronic inflammatory bowel disease with rising global incidence, involves neutrophil-driven 
mucosal damage. The precise mechanisms remain elusive, hindering targeted therapies. Therefore, this study aims to integrate single- 
cell transcriptomics with in vivo experiments to reveal the key signaling axes driving pathogenic neutrophil activation in UC.
Methods: Single-cell transcriptomics characterized UC inflammatory microenvironments, focusing on neutrophil functional states 
and intercellular interactions. Based on key findings from bioinformatics analysis, we hypothesize that the eNAMPT-integrin α5β1 
signaling axis drives abnormal neutrophil-endothelial cell communication and functionally validate this hypothesis in in vivo models.
Results: Neutrophils exhibited aberrant activation and significant NAMPT overexpression in UC. Extracellular eNAMPT functioned 
as a signaling molecule binding endothelial integrin α5β1, mediating pathological neutrophil-endothelial crosstalk. Pharmacological 
blockade of the eNAMPT/integrin α5β1 axis inhibited neutrophil mucosal infiltration, reducing inflammation and tissue damage in UC 
mouse models.
Conclusion: The eNAMPT-integrin α5β1-mediated neutrophil-endothelial communication axis represents a novel pathogenic path
way in UC, providing a foundation for precision therapies targeting this mechanism.
Keywords: ulcerative colitis, neutrophils, endothelial cells, NAMPT, bioinformatics

Introduction
Ulcerative colitis (UC) is a chronic inflammatory disease that affects the rectum and colon. In 2023, the global prevalence 
of UC was estimated to be 5 million cases, and the incidence rate continues to rise. Patients with ulcerative colitis may 
experience disease progression toward the proximal colon, eventually developing pancolitis. This is accompanied by 
structural and functional changes that lead to an impaired quality of life.1 Despite the increasing availability of clinical 
treatment options, controlling the disease remains challenging due to the complex underlying mechanisms, which are not 
yet fully understood.2 The prevailing view is that individuals with genetic susceptibility develop ulcerative colitis 
following environmental exposure. Intestinal epithelial barrier disruption, abnormal immune activation, and dysbiosis 
of the gut microbiota are the primary drivers of persistent inflammation.3

In ulcerative colitis, the role of immune factors in the pathogenesis of the disease is well established.4 The innate 
immune response serves as the first line of defense against any attack, mediated by various cell types, including classical 
immune cells such as neutrophils, monocytes, macrophages, and dendritic cells, as well as non-immune cells such as 
epithelial cells, endothelial cells, and mesenchymal cells.

In the pathological process of ulcerative colitis, neutrophils serve as core effector cells of acute mucosal inflammation 
and are among the first immune cells to be recruited during acute inflammatory responses in the intestinal mucosa. Their 
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abnormal activation has been confirmed as a key driver of tissue damage.5 Studies have shown that neutrophils not only 
exacerbate mucosal barrier damage by releasing pro-inflammatory factors such as TNF-α and IL-1β upon early 
recruitment to the site of intestinal injury, but also promote the sustained deterioration of the inflammatory microenvir
onment by forming neutrophil extracellular traps (NETs).3,6 Notably, despite the well-established pro-inflammatory role 
of neutrophils in IBD, significant gaps remain in our understanding of their intercellular communication networks with 
intestinal mucosal endothelial cells and other stromal components, which limits the precise development of strategies 
targeting neutrophil regulation. Although strategies targeting neutrophil infiltration7,8 show promise, existing approaches 
still have limitations in terms of specificity, efficacy, or safety.

Based on this, the present study utilized single-cell transcriptomics to systematically analyze the inflammatory 
microenvironment of UC, identifying neutrophil-highly expressed nicotinamide phosphoribosyltransferase (NAMPT), 
a multifunctional molecule with both metabolic regulation and extracellular signaling functions. eNAMPT may establish 
a neutrophil-endothelial cell communication axis through its receptor integrin α5β1, thereby participating in the 
pathogenesis of IBD. Blocking the regulatory axis between neutrophils and endothelial cells can effectively alleviate 
intestinal inflammation in a UC mouse model. This study not only provides a new perspective on the pathogenesis of 
ulcerative colitis but also offers potential new therapeutic targets for the disease.

Materials and Methods
Data Sources
The gene expression matrices of normal human intestines and intestinal mucosal samples of UC patients were retrieved 
from the Gene Expression Omnibus (GEO) database (Home-GEO DataSets-NCBI (nih.gov)). Single cell RNA sequence 
files for UC and normal samples were obtained using the keyword “single cell ulcerative colitis”. GSE214695 was used 
to include colon cells from healthy controls (6), ulcerative colitis (6), and Crohn’s disease (6) patients selected from 
healthy controls and ulcerative colitis (6) patients. The healthy control and ulcerative colitis groups were selected for 
subsequent single-cell sequencing analysis. All these datasets were obtained in compliance with the ethical standards of 
their original institutions and have undergone complete anonymization. Pursuant to Article 32, Paragraphs 1 and 2 of the 
Measures for Ethical Review of Life Science and Medical Research Involving Human Subjects (China, 2023), the use of 
such de-identified publicly available data does not require further ethical review by our institutional ethics review board.

scRNA-Seq Data Analysis
R (version 4.4.1) and the Seurat R package (version 4.3.0) were used for analysis. Using the Seurat R package, a Seurat 
object was created for each sample using CreateSeuratObject with a gene-by-gene count matrix (parameter: min.cells=5). 
Cells with high mitochondrial content (>15%) and low gene count assays (<200) were considered low quality cells and 
discarded. Single-cell sequencing data were normalized using the NormalizeData method, and the FindVariableFeatures 
function was used to find the top 2,000 high margin genes for subsequent analysis, which were then downscaled by PCA 
with T-SNE, and significant principal components (PCs) were identified based on the jackStraw function. When 
combining different samples, highly variable genes were identified, and batch correction was performed using the 
Harmony algorithm integrated in Seurat. Harmony removes batch-specific and technical variations across samples 
through iterative correction of principal components, while retaining true biological variability before clustering. Cells 
were clustered into 23 different cell types (clusters 0–22) at 1.0 resolution using the “FindClusters” function, and the 
“FindAllMarkers” function was used to identify differentially expressed genes in each cluster (clusters 0–22) differen
tially expressed genes (DEGs) in each cluster. In addition, some classical markers defined by cell subgroups were 
obtained from previous studies and manually annotated based on marker expression. The Benjamini–Hochberg false 
discovery rate (FDR) correction was applied to adjust p-values for multiple hypothesis testing, and genes with FDR < 
0.05 were considered statistically significant. To further explore the biological significance of DEGs, Gene Ontology 
(GO) enrichment analysis was performed using the clusterProfiler R package. Terms with adjusted p-values (FDR < 0.05) 
were regarded as significantly enriched.
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Augur Analysis
The single cell data was divided into ulcerative colitis samples and normal control samples according to the data in GEO, 
and the Augur package9 was used to determine the most sensitive cell types in the disease and normal groups. This 
analysis identified the cells that showed the most significant changes under the experimental conditions in a manner 
independent of the number of cells in each group.

Cell-Cell Communication Analysis
Cell-Cell communication analysis of single-cell transcriptome data was performed using the Cellchat.10 Based on the 
normalized expression matrix and known ligand-receptor (LR) databases, the probability of communication between 
each cell type was calculated and significant cell-communication pairs were screened by a permutation test (p < 0.05). 
Only LR pairs containing at least one receptor gene were retained, excluding receptor-receptor or undefined interactions. 
The Augur method was further combined to identify the most sensitive cell types in the disease state, which were used as 
signaling sources to deeply analyze the key ligand-receptor pairs and their associated signaling pathways.

Experimental Animals and Ethics Statement
This investigation utilized male BALB/C mice (aged 8 weeks, 20–21 g body weight) maintained under controlled 
environmental conditions (temperature: 22 ± 1 °C, humidity: 50 ± 10%) with ad libitum access to standard chow and 
water following a 7-day acclimation period. All experimental procedures were conducted in accordance with the National 
Institutes of Health Guidelines for Laboratory Animals and approved by the Institutional Animal Care and Use 
Committee of Tianjin Medical University General Hospital (Ethics Approval No. IRB2025-DW-50). This investigation 
adhered to the ARRIVE guidelines 2.0 for preclinical animal studies.

In addition, this study made use of publicly available human transcriptomic datasets obtained from the Gene 
Expression Omnibus (GEO) database. According to item 1 and item 2 of Article 32 of the Measures for Ethical 
Review of Life Science and Medical Research Involving Human Subjects (issued on February 18, 2023, China), research 
involving the use of publicly accessible, de-identified human data is exempt from Institutional Review Board (IRB) 
approval. Therefore, ethical approval for the analysis of these publicly available human datasets was not required.

DSS-Induced Colitis in Mice
In this experiment, 30 adult BALB/C mice of 8 weeks of age were randomly divided into 5 groups of 6 mice each, of 
which 4 groups, ie, 24 mice, were administered with drinking water containing 3% Dextran Sulfate Sodium (DSS, 
Yeasen, China) for 7 days and returned to normal water intake for 3 days to induce acute colitis, and the other 6 mice 
were given normal water intake as Healthy control group, given normal drinking water. The groups of DSS-fed mice 
were: the UC model group; the anti-Ly6G group, which was injected intraperitoneally with anti-Ly6G antibody (1.25 mg/ 
kg, Selleck, USA) every 2 days to deplete neutrophils;11 the Daporinad group, which was injected intraperitoneally with 
Daporinad (2.4 mg/kg, MedChemExpres, USA) every day to inhibit NAMPT activity and reduce eNAMPT levels;12 

ATN-161 group, daily intraperitoneal injection of ATN-161 to block integrin α5β1 receptor function (1 mg/kg, MCE).13 

Mice were weighed and recorded daily from the beginning of the laboratory and were executed by CO2 asphyxiation 
on day 10 and whole colon samples as well as serum were obtained for subsequent assays.

Flow Cytometric Analysis (FACS)
To assess the changes in systemic neutrophils, the proportion of whole blood neutrophils in each group of model mice 
was measured by flow cytometry. Zombie NIR™ stain (ACP-CY7, 423106, BioLegend, USA) was first incubated at 
room temperature for 10 min to differentiate live cells, followed by incubation of the cells with fluorescently labeled 
surface antibodies anti-Ly6G (APC, 127614, BioLegend) and anti-CD11b (PE, 101208, BioLegend) for 50 min at 4°C 
and then addition of PBS to terminate the staining, and finally resuspended in 200 μL PBS for on-line detection. Data 
were obtained and analyzed using FlowJo software.
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Hematoxylin-Eosin Staining (H&E Staining)
Samples from the distal colon of mice were obtained and fixed in 4% paraformaldehyde for 24 hours. The samples were 
then dehydrated, paraffin-embedded, and cut into 5 μm sections for H&E staining using an ultramicrotome (LEICA, 
Germany). Each section was observed under a high magnification field of view (400×) of a light microscope and five 
fields of view were randomly selected, and then scoring criteria were used to quantify the severity of colonic epithelial 
damage and inflammatory cell infiltration in each group.14 Specifically, colonic epithelial injury was scored as follows: 0, 
normal; 1, hyperproliferation, loss of cup cells, and abnormal foci of crypts; 2, mild to moderate loss of crypt foci 
(10–50%); 3, extensive loss of crypt foci (50–90%); 4, complete loss of crypt foci, with epithelium intact; 5, small to 
medium-sized ulcers (crypt width <10); 6, large ulcers (crypt width ≥ 10). Inflammatory infiltration was categorized as 
mucosal (0, normal; 1, mild; 2, moderate; 3, severe), submucosal (0, normal; 1, mild to moderate; 2, severe), and 
muscular/plasma layer (0, regular; 1, moderate to severe), respectively. The total score ranged from 0 to 12 depending on 
epithelial damage and inflammatory infiltration.

Immunohistochemistry (IHC)
In order to clarify the differences in the expression of eNAMPT and integrin α5β1 in different experimental groups, IHC 
was used in this study for localization and semi-quantitative analysis. Paraffin-embedded tissue samples were taken and 
serial sections of 5 μm thickness were prepared, placed on anti-debonding slides and baked at 60°C for 2 hours to 
enhance tissue adhesion. Sections were deparaffinized to hydration by xylene and gradient ethanol and incubated with 
3% H2O2 solution for 15 min at room temperature to eliminate endogenous peroxidase activity and reduce background 
staining. Sections were placed in EDTA antigen repair buffer (pH 9.0) and thermally induced antigen repair was 
performed using the microwave repair method (100°C, 15 min) to fully expose the target antigenic epitopes, and the 
sections were naturally cooled to room temperature after repair was completed. Sections were washed with PBS and 
closed for 30 min at room temperature using 10% normal goat serum to block non-specific binding. Then anti-NAMPT 
antibody (1:200, 11776-1-AP, Proteintech Group, USA) and anti-integrin α5β1 antibody (1:150, YT5589, ImmunoWay 
Biotechnology Company, USA) were added dropwise, respectively, and incubated in a wet box overnight at 4°C. The 
following day, the sections were rewarmed and incubated with HRP-labeled goat anti-rabbit IgG polymer (EnVision™ 
Detection System, DAB kit, ZSGB-BIO,China) for 20 min at room temperature, DAB color solution (3,3′- 
diaminobenzidine) for 3–5 min away from light, and the reaction was terminated by microscopic control. Hematoxylin 
was used to re-stain the nuclei for 4 min, ethanol hydrochloride was used to differentiate the nuclei, ammonia was used to 
return the blue color, and neutral dendrimer was used to seal the sections after gradient ethanol dehydration. Each section 
was observed under a high magnification field of view (400×) of a light microscope and 5 fields of view were randomly 
selected to count the number of NAMPT or integrin α5β1 positive cells.

Enzyme-Linked Immunosorbent Assay
The concentrations of inflammatory factors TNF-α, IL-6, IL-1β and chemokine CXCL1 in the serum of each group of 
mice were detected by ELISA kit (DAKEWE, China). Optical density (OD) values were measured with a microplate 
reader. Mouse serum was centrifuged at 12,000 × g for 15 min at 4°C, and the supernatant was removed after sediment 
removal and assayed in strict accordance with the manufacturer’s instructions.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism v.10.0 (GraphPad software). Results were expressed as 
mean ± standard error (SEM). Differences between multiple groups were analyzed using one-way ANOVA. Statistical 
significance was set at *P<0.05, **P<0.01, and ***P<0.001.

Workflow of the Study
A schematic overview of the overall experimental and analytical design is illustrated in Supplementary Figure 1. The 
workflow summarizes the entire process of this study, which included single-cell transcriptomic analysis, intercellular 
communication inference, and in vivo validation.
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Result
Single-Cell Transcriptome Analysis of Ulcerative Colitis
In order to analyze the cell infiltration in ulcerative colitis tissues, we selected single-cell transcriptome data from 
ulcerative colitis (UC) tissues and healthy control (HC) tissues for analysis. A total of nine cell populations were 
identified by unsupervised clustering. Combining the classical cell marker genes and the expression characteristics of 
each clustering class, we manually annotated the major immune and intrinsic cell types including B cells, CD4+ T cells, 
NK cells, Fibroblasts, M1 macrophages, Neutrophils, Epithelial cells, Endothelial cells, and Mast cells (Figure 1A). 
Further comparison of cellular composition differences between the UC and HC groups showed that the proportion of 
neutrophils was significantly higher in the UC group (Figure 1B and C), suggesting that they may play a key role in the 
development of the disease.

In addition, we further focused on the expression pattern of NAMPT gene (proposed by Cell Chat) in different cell 
types. The TSNE plot (Figure 1D) showed that NAMPT was mainly enriched in neutrophils of UC samples, suggesting 
that NAMPT may be an important factor mediating the pro-inflammatory function of neutrophils. Figure 1E also clearly 
showed that the expression of NAMPT in the neutrophils in the UC group had significantly elevated expression compared 
to the HC group, further emphasizing its specific activation in the disease state. In addition, we demonstrated the genes 
that were significantly over-expressed or under-expressed in each cell subpopulation relative to other cells (Figure 1F), 
and these differentially expressed genes helped to more clearly characterize the molecular features of various types of 
cells, for example, the genes that were significantly over-expressed in neutrophils, including S100A8, S100A9, etc, were 
closely related to inflammation and immune response. We then analyzed the differentially expressed genes (DEGs) 
between UC and HC groups (Figure 1G) and performed GO functional enrichment analysis to explore their functional 
significance (Figure 1H), which showed that these genes were significantly enriched in multiple inflammation-related 
biological processes such as positive regulation of cytokine production, immune response-activating signaling pathway, 
and leukocyte migration, and further supported that neutrophils play an important role in the pathogenesis of UC by 
regulating these pathways.

Augur Algorithm to Identify the Most Differentiated Cell Types Between the 
Ulcerative Colitis Group and the Normal Group
We used Augur to identify the most differentially responsive cell types in patients with ulcerative colitis versus healthy 
controls.15 We visualized individual cells based on the AUC difference calculated by the Augur algorithm (Figure 2A), 
and neutrophils had the highest area under the curve (AUC) for the difference between the two groups (0.712) 
(Figure 2B) This analysis identified the cells that showed the most pronounced change between the experimental 
conditions in a manner that was unaffected by the number of cells in each group as being neutrophils, suggesting that 
neutrophil granulocytes play an important role in the pathophysiologic process of ulcerative colitis.

Complex Cellular Communication Networks in Ulcerative Colitis
To further explore the potential communication relationship between different cell types, we performed a systematic 
analysis of intercellular communication using the CellChat tool. The results showed that in the disease state, cellular 
communication was mainly mediated by Secreted Signaling, followed by ECM-Receptor and Cell-Cell Contact 
(Figure 3A), suggesting that in the inflammatory microenvironment of ulcerative colitis, multiple types of signaling 
pathways are involved. The further constructed cell-to-cell communication network (Figure 3B) reveals the complex 
interactions among the nine cell subpopulations. The size of the nodes in the figure represents the degree of activity of 
each cell type in the communication network, and the thickness of the connecting lines indicates the number or 
strength of interactions between cells. The results showed that B cells, CD4+ T cells, and neutrophils interacted most 
frequently with other cell populations, suggesting that they may play a key role in inflammatory regulation. Given that 
neutrophils showed significant differences between disease and control groups (confirmed by Augur analysis), we 
further focused on their associated signaling pathways. By analyzing ligand-receptor pairs between neutrophils and 
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Figure 1 Single-cell transcriptome reveals differences in cellular composition and neutrophil characteristics between UC and healthy controls. (A) TSNE demonstrating a total of 9 major cell types identified. (B) Cellular composition of 
UC compared to healthy controls, with a significant increase in the proportion of neutrophils in the UC group. (C) Histogram of the proportion of the different cell types in each sample, further demonstrating a significant increase in 
neutrophils in the UC group. (D) NAMPT spatial expression distribution map of NAMPT across cell types, further demonstrating a significant increase in neutrophils in the UC group. (E) Violin plot of NAMPT expression in different cell 
types and different groups. (F) Differential gene distribution plot (Dot plot) of each cell type relative to the others, with the color indicating the average level of gene expression (logFC). (G) Differential expression volcano plot of 
neutrophils between UC and control, with up-regulated genes in red and down-regulated genes in blue. (H) Differential gene GO functional enrichment analysis.
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other cells (Supplementary Figure 2), we identified the NAMPT-ITGA5+ITGB1 (integrin α5β1) pathway as having the 
highest probability of communication between multiple cell types, especially between neutrophils and endothelial 
cells, suggesting that this pathway may be an important molecular axis for neutrophil-mediated inflammatory response, 
suggesting that this pathway may be an important molecular axis for neutrophil-mediated inflammatory response. 

Figure 2 Cell type annotation based on AUC score. (A) TSNE plot showing the results of cell annotation based on AUC (area under the curve) score. The score is 
calculated from the set of classical marker genes for each cell. Colors in the graph indicate high or low AUC values. (B) Bar graph of maximum AUC values for each cell type. 
Neutrophils had the highest AUC (0.712).

Figure 3 Overview of intercellular communication types and VISFATIN signaling pathway network. (A) Three pie charts summarize the types of ligand-receptor 
interactions, structural composition, and data sources. The majority of the interactions belonged to secretory-type signaling (61.8%), with the rest being ECM-receptor 
(21.7%) and cell-cell contacts (16.5%); 47.9% of the ligand-receptor pairs were heterodimers; 73% of the data were derived from the KEGG database, and 27% were from the 
literature support; and (B) Chordal graphs illustrating the overall intercellular communication network. The width of the connection represents the number or strength of 
interactions. (C) Diagram of the inter-cellular communication network of the Visfatin signaling pathway. Arrows indicate the direction of signaling, and thicker lines indicate 
higher communication strength. (D) Heatmap showing the roles of each cell type in the Visfatin pathway, including Sender, Receiver, Mediator, and Influencer.
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Further pathway-specific network analysis showed that Visfatin (NAMPT) signaling was mainly emitted by neutro
phils and acted on multiple cell subpopulations, including endothelial cells and fibroblasts (Figure 3C). Functional role 
analysis in Figure 3D further suggested that neutrophils played a major role in Visfatin signaling network. The 
functional role analysis of Figure 3D further suggests that neutrophils play a major role in the Visfatin signaling 
network as a “Sender”, while endothelial cells mainly act as a “Receiver”, which together constitute a pro- 
inflammatory communication network centered on neutrophils.

Neutrophil Depletion Ameliorates DSS-Induced Colitis in Mice by Attenuating the 
Inflammatory Response
To validate the role of neutrophils in colitis, we used a DSS-induced acute colitis mouse model. Compared with Healthy 
control group, UC model group mice lost weight (Figure 4A, p<0.001) and shortened colon length (Figure 4B, p<0.001), 
and HE staining showed localized depletion of cuprocytes, loss of focal crypts, and increase of inflammatory infiltration 
in the intestines (Figure 4C, p<0.001), and immunohistochemical staining showed a significant increase in neutrophils 
with localized infiltration in the intestine, suggesting that neutrophils are involved in the pathological process of 
ulcerative colitis (Figure 4D, p<0.001).

Flow cytometry results showed a significant increase in the proportion of neutrophils in whole blood of mice in the 
UC model group compared with the Healthy control group (Figure 4E, p<0.001, for the gating strategy, see 
Supplementary Figure 3), and the anti-Ly6G antibody given by intraperitoneal injection effectively depleted neutrophils 
in whole blood of mice (Figure 4E, p<0.001), and immunohistochemical staining showed a significant reduction of 
localized neutrophil infiltration in the intestine (Figure 4D, p<0.001), as well as an increase in body weight (Figure 4D, 
p<0.001) compared with the UC model group. Compared with the UC model group, weight regain (Figure 4A, p<0.001), 
colorectal length lengthening, and histopathological examination showed a significant reduction in the degree of 
inflammatory damage (Figure 4A–D, p<0.001) (Figure 4B, p<0.001).

In addition elisa results suggested that compared with Healthy control group, the expression levels of pro- 
inflammatory cytokines TNF-α, IL-6, CXCL1, and IL-1β, which are mainly expressed by neutrophils, were significantly 
higher in serum of UC model group (Figure 4F, p<0.001), and after depletion of neutrophils The expression levels of pro- 
inflammatory cytokines TNF-α, IL-6, CXCL1, and IL-1β in serum were significantly decreased (Figure 4F, p<0.001).

The above results strongly confirmed that neutrophils have a crucial role in the development of ulcerative colitis, and 
the presence of neutrophils aggravated the response of ulcerative colitis, and the removal of neutrophils could attenuate 
the inflammatory response to ameliorate DSS-induced colitis in mice.

Inhibition of NAMPT Attenuates the Inflammatory Response in DSS-Induced Colitis in 
Mice
This study continued to investigate the role of eNAMPT released by neutrophils in colitis. The NAMPT inhibitor 
Daporinad was administered by intraperitoneal injection to inhibit its function. The results suggested that weight regain 
(Figure 5A, p<0.001) and colorectal length were increased (Figure 5B, p<0.001) after inhibition of NAMPT function in 
the Daporinad group compared to the UC model group, and histological assessment showed a significant reduction in 
inflammatory infiltration and damage (Figure 5C, p<0.001), which could be effective in investigating the role of 
eNAMPT released by neutrophils. 0.001), which could effectively improve intestinal inflammation in mice.

Immunohistochemical staining results suggested that the protein expression level of NAMPT was increased in the 
localized intestinal tract of the UC model group compared with that of the Healthy control group (Figure 5D, p<0.001), 
and the application of the NAMPT inhibitor effectively reduced the localized intestinal tract expression of NAMPT 
(Figure 5D, p<0.001), and the protein expression level of NAMPT was significantly reduced in the intestinal localization 
after neutrophil depletion (Figure 5D, p<0.001). In addition the expression levels of pro-inflammatory cytokines TNF-α, 
IL-6, CXCL1 and IL-1β were reduced in the Daporinad group compared to the UC model group (Figure 5E, p<0.001).

The above results suggest that the expression of neutrophil-derived eNAMPT is elevated in ulcerative colitis and 
inhibition of eNAMPT can effectively attenuate the inflammatory response of DSS-induced colitis in mice.
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Figure 4 Neutrophil depletion ameliorates DSS-induced colitis in mice by attenuating the inflammatory response. (A) Body weight of each group was monitored for 10 days 
(n = 6). (B) Representative images of colon and colon length in each group were measured on day 10 (n = 6). (C) Representative H&E-stained micrographs of colon from 
each group and quantitatively assessed for colon injury using histopathology scores (n = 6); black arrowheads indicate inflammatory cell infiltration (scale bar: 25 μm; original 
magnification ×400). (D) Representative immunohistochemical staining of Ly6G-positive cells in colonic mucosa (scale bar: 25 μm; original magnification ×400) and 
quantification of Ly6G-positive cells per high-power field (n = 6), with black arrows indicating positive cells. (E) Representative flow cytometry dot plots showing Ly6G+ cells 
in peripheral blood and quantification of Ly6G+ cells frequency (n = 6). (F) ELISA assay was performed to examine the serum concentrations of pro-inflammatory cytokines 
CXCL1, IL-6, TNF-α and IL-1β (n = 6). Statistical analysis was performed by one-way ANOVA. **: p<0.01; ***: p<0.001.
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Inhibition of Integrin α5β1 Receptor Function Attenuates Inflammatory Injury in DSS- 
Induced Colitis in Mice
This study continues to investigate the role of integrin α5β1, the primary receptor for eNAMPT released by neutrophils, 
in colitis. ATN-161, an inhibitor of integrin α5β1, was given by intraperitoneal injection to inhibit its function. The 
results suggested that weight regain (Figure 6A, p<0.001) and colorectal length (Figure 6B, p<0.05) were increased in the 
ATN-161 group compared to the UC model group after inhibition of the function of integrin α5β1, and histological 
assessment showed a significant reduction in the inflammatory infiltration and damage (Figure 6C, p<0.05), which was 
effective in reducing the inflammatory infiltration and damage. p<0.05), effectively improving intestinal inflammation in 
mice.

Immunohistochemical staining results suggested an increase in the number of integrin α5β1+ cells localized in 
the intestines of the UC model group compared with the Healthy control group (Figure 6D, p<0.001). There was 
no difference in the expression level of integrin α5β1 localized in the intestines of the ATN-161 group compared 
to the UC model group (Figure 6D, ns). In addition the expression levels of pro-inflammatory cytokines TNF-α, 
IL-6, CXCL1, and IL-1β were reduced in the ATN-161 group compared to the UC model group (Figure 6E, 
p<0.001).

The above results suggest that the expression of integrin α5β1 is elevated in ulcerative colitis and that inhibition of 
integrin α5β1 function can effectively attenuate the inflammatory injury in DSS-induced colitis in mice.

Figure 5 Inhibition of NAMPT attenuates DSS-induced inflammatory response to colitis in mice. (A) Body weight of each group was monitored for 10 days (n = 6). 
(B) Representative images of colon and colon length in each group were measured on day 10 (n = 6). (C) Representative H&E stained micrographs of colon in each group 
and quantitative assessment of colon injury using histopathological scores (n = 6); black arrowheads indicate inflammatory cell infiltration (scale bar: 25 μm; original 
magnification ×400). (D) Representative immunohistochemical staining of NAMPT+ cells in colonic mucosa (scale bar: 25 μm; original magnification ×400) and quantification 
of NAMPT+ cells per high-power field (n = 6), with black arrows indicating positive cells. (E) ELISA assay was performed to examine the serum concentrations of pro- 
inflammatory cytokines CXCL1, IL-6, TNF-α and IL-1β (n = 6). Statistical analysis was performed by one-way ANOVA. ***: p<0.001.
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Discussion
The pathogenesis of ulcerative colitis is highly complex and has not been fully elucidated, but immune-mediated 
pathologic injury has been identified as a central pathogenetic mechanism. In this process, neutrophils, as the core 
effector cells of acute inflammation in the mucosa, are the first myeloid immune cells to be directionally recruited to the 
site of intestinal inflammation. Their aberrant activation drives tissue injury through pro-inflammatory mediator release, 
NETosis effects, and immune cell interactions. The infiltration density of neutrophils is significantly and positively 
correlated with the depth of mucosal ulceration and disease activity index in patients with UC, and is a key enforcer of 
tissue destruction in the acute phase.1–5

Indeed in this study we found neutrophils to be the most highly associated immune cells with a dominant role in UC 
by analyzing single-cell sequencing data. Combined with animal experiments we found that the proportion of neutrophils 
increased in modeled mice, as did the local infiltration of the intestinal tract, while depletion of neutrophils significantly 
improved the intestinal inflammatory response, reduced the expression levels of the pro-inflammatory cytokines TNF-α, 

Figure 6 Inhibition of integrin α5β1 receptor function attenuates inflammatory injury in DSS-induced colitis in mice. (A) Body weight of each group was monitored for 10 
days (n = 6). (B) Representative images of colon and colon length were measured in each group on day 10 (n = 6). (C) Representative H&E stained micrographs of colon in 
each group and quantitative assessment of colon injury using histopathology scores (n = 6); black arrowheads indicate inflammatory cell infiltration (scale bar: 25 μm; 
original. (D) Representative immunohistochemical staining of integrin α5β1+ cells in colonic mucosa (scale bar: 25 μm; original magnification ×400) and quantification of 
integrin α5β1+ cells per high-power field (n = 6), with black arrows indicating positive cells. (E) ELISA assay was performed to examine the serum concentrations of pro- 
inflammatory cytokines CXCL1, IL-6, TNF-α and IL-1β (n = 6). Statistical analysis was performed by one-way ANOVA. ns: not significant; *: p<0.05; ***: p<0.001.
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IL-6, CXCL1, and IL-1β, and attenuated inflammatory injury while alleviating shortening of the intestinal tract length, 
which was favorable for weight regain, highlighting the role of the critical role of neutrophils in UC.

When analyzing the possible pathogenic mechanisms of neutrophils in depth, we found that neutrophils highly 
express Visfatin (NAMPT), which is the key rate-limiting enzyme for nicotinamide adenine dinucleotide (NAD) 
synthesis, and plays a key role in intracellular NAD metabolic homeostasis.12 In addition to functioning as an enzyme 
in the intracellular compartment to participate in the intracellular metabolic control, NAMPT can be secreted to the 
extracellular compartment to play a cytokine-like role.13 In addition to its intracellular role as an enzyme in the regulation 
of intracellular metabolism, NAMPT can also be secreted into the extracellular compartment to play cytokine-like roles 
in the regulation of inflammatory responses.13,16 Extracellular NAMPT (eNAMPT) is strongly up-regulated in a variety 
of immune disorders,17–20 including IBD, and plays an important role in the inflammatory process. These constitute an 
important mechanistic link between inflammatory, metabolic and transcriptional pathways and NAD metabolism.4

In fact, the present study found that the local expression level of NAMPT protein in the intestine of mice with 
experimental colitis was increased and significantly decreased after removal of neutrophils, whereas the application of 
inhibitors of NAMPT exerted a therapeutic effect by depleting intracellular NAMPT stores and thereby reducing the 
expression of eNAMPT to alleviate the intestinal inflammatory response, suggesting that UC neutrophils are the main 
source of eNAMPT and are the major source of eNAMPT.

Based on cellular communication and ligand-receptor pair analysis, we found that eNAMPT-integrin α5β1 ligand- 
receptor pairs play a key role in neutrophil-endothelial cell communication in ulcerative colitis. Indeed the current study 
concludes that integrin α5β1 acts as a major functional receptor for eNAMPT.21–24 Integrin family proteins act as 
adhesion molecules between cells and between cells and the extracellular matrix (ECM) and play a key role in immune 
cell migration and inflammatory responses,25 among which integrin α5β1 has been reported to potentially play an 
important role in several inflammatory and autoimmune diseases.26 Studies have shown that integrin α5β1 is significantly 
upregulated in intestinal inflammation and is involved in the migration of immune cells, especially neutrophils, to 
inflammatory sites.13 From a translational medicine perspective, targeting this axis holds promise for complementary or 
combined strategies with existing anti-inflammatory therapies (such as anti-TNF-α drugs), particularly offering new 
potential treatment options for patients with refractory ulcerative colitis.

Endothelial cells play an important role in the pathological process of ulcerative colitis27,28 and their dysfunction 
directly drives the inflammatory cascade response.29,30 Activated endothelial cells show barrier function disruption in 
response to stimulation by pro-inflammatory factors (eg, TNF-α, IL-1β), which is manifested by down-regulation of the 
expression of tight junction proteins (e.g.claudin-531) and an increase in vascular permeability, leading to plasma 
exudation and local tissue edema.32,33

Meanwhile, endothelial cells highly express integrins,34 especially integrin α5β1,35,36 in the inflammatory environ
ment, driving the adhesion of immune cells, including neutrophils, and infiltration into the inflamed intestinal mucosa. In 
addition, cytokines such as IL-6 and IL-837 secreted by endothelial cells further activate mesenchymal stromal cells,38 

forming a positive feedback amplification loop of pro-inflammatory signals. Targeted modulation of endothelial activa
tion (e.g.blocking adhesion molecules) has emerged as a novel strategy for intervention in UC.39,40

In the present study, it was found that the expression of integrin α5β1 was increased locally in the intestine of mice 
with experimental colitis, and the application of an inhibitor of integrin α5β1 alleviated the intestinal inflammatory 
response by inhibiting the function of integrin α5β1. These results further suggest that neutrophils act on integrin α5β1 
expressed by endothelial cells by releasing Visfatin/eNAMPT, thereby inducing inflammatory responses and intestinal 
injury.

In conclusion, the present study found that the abnormal activation of neutrophils in UC led to an increase in the 
expression of eNAMPT, and the increased eNAMPT induced the degree of inflammatory damage in ulcerative colitis by 
acting on the integrin α5β1 receptor of endothelial cells experimenting that neutrophils as well as endothelial cell 
communication together, which provides a new perspective for the pathogenesis of ulcerative colitis, and provides a new 
potential target for the treatment of ulcerative colitis, providing new potential targets. However, there are some 
limitations in this study. First, although we initially verified the relationship between eNAMPT and integrin α5β1 with 
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the help of animal experiments, the specific downstream signaling pathways still need to be further explored and 
clarified. Second, this study mainly focused on the acute colitis model, and the mechanism of action in long-term 
chronic inflammation still needs more experimental verification.

This study has certain limitations. Bioinformatics analysis was based on a single cohort with a small sample size 
in vivo, and primarily utilized an acute colitis model, factors that limit the generalizability of the results. Furthermore, 
downstream signaling pathways of the eNAMPT-integrin α5β1 axis require further investigation. The lack of detailed 
clinical metadata in the databases used also represents a potential constraint. Therefore, future studies should validate this 
pathway in larger-scale studies and chronic disease models, while focusing on elucidating its downstream molecular 
mechanisms to assess its clinical translational value.

Conclusion
In this study, by integrating single-cell sequencing technology, bioinformatics analysis and in vivo experiments, we 
preliminarily revealed that aberrant activation of neutrophils in UC achieves cellular communication with endothelial 
cells and aggravates the inflammatory response in ulcerative colitis through the eNAMPT-integrin α5β1 pathway. This 
study provides a theoretical basis and experimental evidence to improve the understanding of the pathogenesis of 
ulcerative colitis and to develop new therapeutic strategies. At the same time, we recognize that these findings are 
preliminary, and their potential for clinical translation must be validated in larger-scale studies and more complex disease 
models.
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