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Abstract: Objectives: Angiogenesis plays a significant role in the occurrence and development of inflammatory bowel disease (IBD). The aim of this study is to explore potential angiogenesis related genes (ARGs) in IBD through bioinformatics analysis and in vivo experiments. Methods: GSE57945, GSE87466, and GSE36807 were obtained from the Gene Expression Omnibus database. GSE57945 was used as the training set, while GSE87466 and GSE36807 were used as the validation set. The key ARGs associated with IBD were identified using the least absolute shrinkage and selection operator (LASSO) and random forest methods. These identified ARGs were then utilized to construct a diagnostic model for IBD. The Single-Sample Genome Enrichment Analysis, Cibersort, and Xcell methods were used to evaluate the immune infiltration. Expression of amyloid beta precursor protein (APP) was verified in the IBD mouse model induced by dextran sulfate sodium using immunohistochemistry (IHC). Results: The receiver operating curve area of GSE57945 was 0.948. Two distinct clusters were identified using consensus clustering and non-negative matrix factorization clustering. Subsequent analyses revealed significant differences in immune levels and functional enrichment between the two clusters. The successful construction of the animal model for the IBD was evident by hematoxylin and eosin staining, while IHC results showed a high expression of APP in IBD and a low expression in normal tissues. Conclusion: Our findings provide new insights into the diagnosis of IBD by ARGs, and APP could be a potential novel biomarker for IBD and promising therapeutic targets.
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Introduction

Inflammatory bowel disease (IBD) is characterized by chronic and recurrent inflammation of the digestive system, leading to immune-mediated tissue damage and impaired intestinal barrier function. Crohn's disease can affect any segment of the digestive tract, with the ability to penetrate the intestinal wall, whereas Ulcerative Colitis (UC) is limited to the colonic mucosa. Research suggests that genetic factors and gastrointestinal immune disorders are the primary contributors to the development of IBD (Rana et al., 2022).

Angiogenesis is the process of formation of new capillaries and generation of new blood vessels from the existing ones. The process is primarily mediated through two mechanisms: budding formation and sprouting. Growth factors, interleukins (ILs), and other cytokines play crucial roles in regulating angiogenesis, along with their involvement in signal transduction pathways (Alkim et al., 2015). Angiogenesis plays a role not only in cancer diseases, but also in non-neoplastic diseases, especially autoimmune diseases, such as gastric ulcer and Alzheimer’s disease (AD) (Costa et al., 2007).

IBD, being an autoimmune inflammatory disorder, often presents varying degrees of ulcerative lesions and regenerative processes. Angiogenesis plays a crucial role in repairing the sites of inflammation in IBD, highlighting its close association with the disease (Alkim et al., 2015). Associated studies have demonstrated that the lesion site of IBD, has more abundant neovascularization (Alkim et al., 2009), which is also confirmed by more intuitive narrowband endoscopic imaging (Danese, 2010).

In this study, the association of ARGs with IBD was examined at the transcriptomic level, and provides a deeper understanding of the pathogenesis, diagnosis, and immune microenvironment of IBD. Then, combined with the diagnostic model and predictive ability, amyloid beta precursor protein (APP) was screened for experimental verification.

The increased deposition of amyloid-like proteins is a major pathological feature of AD, and the APP gene plays a crucial role in this process. Transcriptomic analysis provides evidence of a strong association between AD and IBD (Maden and Acuner, 2021). While the APP gene is a well-known hallmark gene in AD, its presence in IBD does not imply a sole correlation between IBD and AD. Research suggests intricate connections between IBD and degenerative diseases represented by AD. For instance, triggering receptors expressed on myeloid cells (TREM-1/2) expressed on bone marrow cells has been confirmed as a common participant in both IBD and neurodegenerative diseases (Natale et al., 2019). Furthermore, as part of the amyloid precursor protein family, the APP gene plays a role in mutually influencing the expression of other amyloid-like proteins. APP has been established to have connections with α-synuclein, a characteristic protein associated with Parkinson’s disease (PD) (Cheng et al., 2023). This highlights the intricate interplay between different molecular pathways implicated in various neurodegenerative conditions. Indeed, while connections exist between IBD and degenerative diseases such as AD and PD, it is clear that the APP gene primarily holds a more substantial role in AD. As a result, this study specifically concentrates on the APP gene within the context of ARGs. IHC analysis of APP expression is carried out to provide insights into the potential relationship between IBD and AD from an angiogenesis perspective.

Our findings have significant implications for the diagnosis of patients with IBD and can potentially guide the development of novel targeted treatment strategies for IBD. This study holds the potential to uncover the causal relationship between IBD and AD.

Materials and Methods

Microarray data sources

Datasets GSE57945, GSE87466, and GSE36807 were obtained from the Gene Expression Omnibus (GEO) database. We chose the larger cohort of cases from GSE57945 as our training set, to ensure robust and reliable outcomes. Following this, we utilized the independent datasets GSE87466 and GSE36807 for validation purposes. For detailed information regarding these datasets, please refer to Table 1. MSigDB database was used to obtain 36 genes related to angiogenesis.

[image: images]

Construction of diagnostic model

Random forest algorithm and Meandegreasegini index were used to select the genes with significant influence on IBD from 36 genes related to angiogenesis. The least absolute shrinkage and selection operator (LASSO) technique was then used to train the model, and the candidate genes with significant effects on IBD were included in the model to obtain key genes associated with IBD. The risk scoring formula derived from the LASSO analysis is as follows: 
risk score=∑i=1n⁡βi×Expi
, in which βi is the coefficient of gene i, Expi indicates the expression of gene i.

Identification of molecular subtypes

The R package “ConsensusClusterPlus” was used to classify and verify samples. In order to verify the accuracy of consistent clustering, the non-negative matrix factorization (NMF) method is used. We chose the standard “brunet” option and went through 100 iterations. We set k clusters between 2 to 5, and the minimum member of the subclass was set to be 10.

Identification and association of immune infiltrating cells in disease

Exploring the composition of the immune microenvironment will help us better understand the occurrence and treatment of diseases. The Single-Sample Genome Enrichment Analysis (ssGSEA) algorithm is used to quantify the composition of 28 immune cells in the disease microenvironment. We used the “CIBERSORT” package to calculate the 22 immune cell types in the dataset for patients with different immune patterns and used boxplots to show the immune cell composition of patients with different immune patterns. As an approach based on gene expression characteristics, xCell is able to describe the enrichment of 64 immune and stromal cell types which assists in better understanding the cellular heterogeneous landscape of human tissue expression profiles.

Functional enrichment analysis of differentially expressed genes in different immune models

We used R package “limma” to screen for differentially expressed genes in subgroups. Differentially expressed genes with log2FC > 1 and adj. p < 0.05 were up-regulated, while differentially expressed genes with log2FC < −1 and adj. p < 0.05 were down-regulated. Based on patient gene expression profiles, we used GSEA to explore differences in biological processes between subgroups. Genome “c2. Cp. KEGG. Symbols. GMT” and “c5. Go. Version. Symbols. GMT” were obtained from the MSigDB database.

Experimental animals

A total of 10 C57BL/6 male mice (8–9 weeks of age) (GemPharmatech, Nanjing, China) were placed together in one cage at 22/21°C for 12 h in a light/dark cycle. Each group of five mice was randomly assigned to: (1) the control group, receiving routine drinking water; (2) the treatment group, receiving 3% dextran sulfate sodium (DSS; MP Biomedicals, Shanghai, China) dissolved in high-pressure water and injected into the beverage bottle of the feeding cage. Each mouse was given 5 mL of DSS solution daily. On day 14, the mice were humanely sacrificed by cervical dislocation, and their colon tissue was obtained. All experiments were conducted in accordance with the animal experiment protocol described by Xi’an Jiaotong University.

Hematoxylin and eosin (H&E) staining and immunohistochemistry

The mice were sacrificed by cervical vertebrae dislocation method, and the cecum, colon, and anus of the mice were collected. After dissection, and H&E staining was performed on the obtained samples after fixation, dehydration, paraffin embedding. Paraffin-embedded tissue sections were dewaxed and heated in a pressure cooker. The endogenous peroxidase activity was inhibited by 3% hydrogen peroxide solution. Sections were sealed in 3% bovine serum albumin at room temperature for 30 min and incubated overnight with monoclonal mouse anti-APP IgG (Servicebio, Wuhan, China, diluted 1:200) at 4°C. After incubation with secondary antibody, chromogenic reaction was performed with DABkit (Servicebio, Wuhan, China). Subsequently, quantitative analysis of immunohistochemistry for the treatment and control groups was performed using the IHC-Toolbox plugin in ImageJ (National Institutes of Health, Maryland, USA) (Shu et al., 2016).

Statistical analysis

All data were processed and calculated in R Studio (Posit Software, Boston, USA). Independent sample t-test was used to compare normally distributed continuous variables, and Wilcoxon test was used to compare non-normally distributed continuous variables. Spearman rank correlation was used to analyze the correlation of two continuous variables. All statistical p-values were two-sided, and those <0.05 were considered to have significant differences.

Results

Expression of angiogenesis related genes in inflammatory bowel disease

The research process is shown in Fig. 1. First, the distribution of 36 ARGs between healthy subjects and patients with IBD were explored. In the GSE57945 data set, the distribution of 30 ARGs was statistically different between healthy people and IBD patients (Suppl. Fig. S1A), which initially indicated that ARGs played a role in the development of IBD. To verify the authenticity of the distribution, we performed the same exploration in GSE87466, the results of which demonstrated that most genes still had statistically significant distributions (Suppl. Fig. S1B), supporting this conclusion.
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Figure 1: Flow chart.

Construct angiogenesis related genes diagnostic model

The random forest algorithm was used to identify 15 genes with significant influence on IBD from 36 ARGs (Meandegreasegini > 0, Suppl. Fig. S2). Subsequently, the LASSO algorithm was used for regression analysis to construct the model (Figs. 2A and 2B). A total of 13 genes were selected to construct the model (Fig. 2A), and the corresponding coefficients are shown below: CXCL6 × (−1.588) + SERPINA5 × 0.831 + SLCO2A1 × (−0.580) + FSTL1 × 3.538 + COL3A1 × (−0.268) + TNFRSF21 × 1.409 + PDGFA × 1.464 + TIMP1 × (−0.865) + NRP1 × 0.014 + JAG1 × (−1.663) + POSTN × (−0.490) + VTN × (−0.024) + APP × (−1.221). According to the receiver operating curve (ROC) curve the area under the curve (AUC) was 0.944 (Fig. 2C). Similarly, we also tested the predictive power of 13 genes individually (Suppl. Fig. S3). In order to prove the predictability of the model, we verified the accuracy of our model in GSE87466 (Fig. 2D) and GSE36807 (Fig. 2E) with AUC values of 0.857 and 0.898, which indicated that the accuracy and specificity of our model were relatively high.
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Figure 2: Construct angiogenesis related genes (ARGs) diagnostic model (A and B) Gene signatures were screened from ARGs with Meandegreasegini > 0 using the least absolute shrinkage and selection operator algorithm; (C) Receiver operating curve (ROC) of inflammatory bowel disease (IBD) diagnostic and predictive risk score in GSE57945; (D) ROC of IBD diagnostic and predictive risk score in GSE87466; (E) ROC of IBD diagnostic predictive risk score in GSE36807.

Correlation of angiogenesis related genes signature

We examined the functional correlation between 13 marker genes at the gene expression level. In the normal group (Suppl. Fig. S4A), FSTL1 was positively correlated with other genes except PDGFA. TIMP1 was negatively correlated with other genes except SERPINA5 and VTN, while VTN was negatively correlated with other genes except SERPINA5 and TIMP1. In the IBD group (Suppl. Fig. S4B), the correlation between COL3A1 and FSTL1 reached above 0.9. PDGFA was negatively correlated with other genes except JAG1. There were obvious differences between the normal group and the IBD group: TIMP1 was negatively correlated with most genes in the normal group, while positively correlated with most genes in the IBD group; on the contrary, SERPIN5 was negatively correlated with most genes in the IBD group from positively correlated with most genes in the normal group and negatively correlated with most genes in the IBD group. The negative correlation between APP and TIMP1 was weakened and a weak positive correlation was found in the IBD group.

Immune characteristics of angiogenesis related genes subtypes

The progression of IBD is closely related to changes in the immune microenvironment. In order to explore the immune characteristics under the ARGS model, we identified two types (Cluster 1 and Cluster 2) using Consensus Cluster analysis (Figs. 3A–3C). Concurrently, we used the NMF clustering method (Suppl. Fig. S5) to further confirm whether it is reliable to divide the samples into two types. Cluster 1 has 109 samples and Cluster 2 has 145 samples. A boxplot (Fig. 4A) was created to show the expression differences of the 13 ARGS in Cluster 1 and Cluster 2: except JAG1 and SERPINA5, the expression of the other genes showed statistically significant differences. Expressions of CXCL6, SLCO2A1, FSTL1, COL3A1 TNFRSF21, TIMP1, POSTN, and APP in Cluster 1 were higher, while PDGFA and VTN were higher in Cluster 2.
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Figure 3: Construction of ARGs-subtypes (A–C) Consistent clustering of samples based on 13 gene signatures.

[image: images]

Figure 4: Immune characteristics of angiogenesis related genes (ARGs)-subtypes. (A) Expression of 13 gene signatures in cluster 1 and cluster 2: Horizontal axis represents genes, vertical axis represents gene expression levels (ns p ≥ 0.05, **p < 0.01, ***p < 0.001); (B) Histogram of immune cell content calculated by ssGSEA: horizontal axis represents 28 immune cells, vertical axis represents cell content; Blue represents Cluster 1 and Red represents Cluster 2.

In this study, the ssGSEA algorithm was used to quantify the immune microenvironment: there was no significant difference in activated CD8 T cell and memory B cell between Cluster 1 and Cluster 2 except activated B cell, and the rest of other immune cells was statistically different (Fig. 4B). There are a large number of significantly enriched immune cells in Cluster 1, especially dendritic cell, macrophage, mast cells, myeloid-derived suppressor cells (MDSC), neutrophils, regulatory T cells, macrophage T helper cells, and other inflammatory cells. We then proceeded to verify the immune differences between Cluster 1 and Cluster 2 using Xcell (Suppl. Fig. S6A) and cibersort (Suppl. Figs. S6B and S6C) algorithms. Consistent with the results of ssGSEA, both Cibersort and Xcell showed that Cluster 1 had more obvious immune cell enrichment. Notably, Cibersort showed that M1 and M0 macrophages were significantly increased in Cluster 1, while M2 macrophages were significantly increased in Cluster 2. Similarly, activated mast cells were significantly increased in Cluster 1, while resting mast cells were significantly increased in Cluster 2. In Xcell, the immune score, stroma score, and microenvironment score of Cluster 1 were higher than those of Cluster 2.

Correlation angiogenesis related genes signature with immune cells

Spearman correlation calculation was used to explore the role of 13 maker genes in immune microenvironment in ssGSEA (Fig. 5A). PDGFA was negatively correlated with all immune cells, especially with activated dendritic cell, eosinophils and type 1 helper T cell (Figs. 5B–5D). Except for the weak positive correlation between jagged 1 (JAG1) and central memory CD8 T cell and eosinophils, JAG1 was negatively correlated with the remaining immune cells. FSTL1 was positively correlated with all immune cells, especially with natural killer (NK) cells and plasmacytoid dendritic cells (Figs. 5E and 5F). Similarly, TIMP1 is positively correlated with all immune cells, and macrophage, MDSC, and regulatory T cell are particularly well correlated (Figs. 5G–5I). Except for the weak negative correlation between CXCL6 and memory B cells, CXCL6 was positively correlated with all other immune cells, for instance, the correlation between CXCL6 and immature dendritic cells reached a value of 0.89 (Fig. 5J). The special relationship between PDGFA and TIMP1 with immune cells is also reflected in the above discussion: PDGFA, FSTL1, and TIMP1 showed significant negative correlation in both normal patients and IBD groups. Both JAG1 and TIMP1 show an obvious negative correlation. The above results have also been verified in Cibersort, Xcell. It Cibersort, PDGFA, and macrophages_M2 have a positive correlation, which is significantly different from other algorithms. In the above mentioned study, cibersort showed that macrophages_M2 is obviously enriched in Cluster 2, indicating a possible important role of platelet-derived growth factor subunit A (PDGFA) in Cluster 2.
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Figure 5: Correlation of angiogenesis related genes (ARGs) signature with immune cells (A) Correlation between 13 gene signatures and immune cells, red indicates negative correlation; blue indicates positive correlation; (B–D) The correlation between PDGFA and immune cells ((B) Activated dendritic cell; (C) Eosinophil; (D) Type 1 T helper cell). (E and F) The correlation between FSTL1 and immune cells ((E) Natural killer cell, (F) Plasmacytoid dendritic cells); (G and I) The correlation between TIMP1 and immune cells ((G) Macrophage; (H) MDSC; (I) Regulatory T cells); (J) Correlation between CXCL6 and immature dendritic cells.

Differential analysis of the two immune models

In this study, “limma” package was used to obtain 653 DEGs in Cluster 1 and Cluster 2. In the Cluster 1 group, 329 DEGs were up-regulated and 324 DEGs were down-regulated. In GSEA-GO (Fig. 6A), regulation of IL−6 production, cell activation involved in immune response, regulation of programmed cell death, and chemokine activity is suppressed; however, many molecular metabolic processes such as carboxylic acids and organic acids are activated. In GSEA-Kyoto Encyclopedia of Genes and Genomes (KEGG) (Fig. 6B), many intracellular cascade signaling pathways, including toll-like receptors, nod-like receptors, and IL-17 signals were inhibited; instead, the activated pathways are concentrated in compound metabolisms, such as carcinogenic-DNA adducts, drug metabolism, and steroid hormones.
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Figure 6: Difference analysis of the two immune models. (A and B) Gene Set Enrichment Analysis (GSEA) analysis of differentially expressed genes (DEGs) ((A) GSEA-Gene Ontology (GO) analysis: horizontal coordinate is gene ratio; The ordinate represents the GO term; Color indicator -log10 (p-value); Node size represents the number of genes enriched in GO terms. (B) GSEA-Kyoto Encyclopedia of Genes and Genomes (KEGG): abscissa is the gene ratio; The ordinate represents the KEGG term; Node size represents the number of genes enriched in the path. Node color indicates -log10 (p-value).

Validation of amyloid beta precursor protein expression in the mouse model of colitis

To better understand whether the expression of signature genes is actually increased in IBD, the mouse model of colitis was established. Microscopic observation in the mice control group showed that the intestinal gland epithelial cells, and the intestinal villi were closely arranged, with no inflammation observed overall (Fig. 7A). The whole tissue of mice treated with DSS underwent severe destruction. Visible to the naked eye, the crypt structure was partially lost, intestinal villi were partially shed, and inflammation was obvious (Fig. 7B). These findings were evident in confirming the success of model construction. According to previous bioinformatical analysis, among the genes with predictive ability (AUC) > 0.65, CXCL6, COLA3A1, and TIMP1 genes have considerable experimental support for their function in IBD. APP has a relatively high predictive ability (AUC = 0.685), but few experiments support the value of APP in IBD; therefore, in this study, APP gene was selected for experimental verification of the diagnostic model. We used the above tissue sections to detect the expression of APP by immunohistochemistry. The results showed that the expression of APP in the colitis tissue was significantly higher than that in the normal tissue (p < 0.01), which was consistent with our results (Figs. 7C–7E).
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Figure 7: Validation of amyloid beta precursor protein (APP) expression in the mouse model of colitis (scale bars: 100 and 50 µm) (A) Hematoxylin and Eosin (HE) staining of the colon of mice in the control group; (B) HE staining of the colon in the treatment group; (C) APP immunohistochemistry of the colon in the treatment group; (D) APP immunohistochemistry of the colon in the control group; (E) Histogram of APP immunohistochemistry in treatment group and control group, with the vertical axis representing APP positive cells/field (**p < 0.01) (3% dextran sulfate sodium (DSS) group: N = 5; Control group: N = 5).

Discussion

The prevalence of IBD, including CD and ulcerative colitis, is expected to increase in 1% by 2030 due to changes in living conditions and environment (Kaplan and Windsor, 2021). Whether it is neovascularization or the formation of new blood vessels based on the original blood vessels, angiogenesis is very important for the occurrence, metastasis, and prognosis of tumors (Carmeliet, 2005). Vascular endothelial growth factors (VEGFs) have an impact on angiogenesis by affecting the corresponding pathways, thus affecting the disease (Wan et al., 2021). However, the clinical correlation between ARGs and IBD has not been fully elucidated.

In this study, we established a diagnostic model that predicts the prevalence of IBD patients based on characteristics of ARGs and validated its accuracy on an independent validation dataset. ARGs score and associated diagnostic model can preliminarily predict the prevalence of patients and immune characteristics of IBD patients. In addition, we also obtained differential genes from established diagnostic models to further explore the unique biological characteristics of IBD.

We identified 13 ARGs related to IBD diagnosis, including CXCL6, FSTL1, PDGFA, and VTN. PDGFA is a protein-coding gene, and an important paralog of this gene is PDGFB. In one previous study (Rana et al., 2022), the interaction of gasdermin B with PDGFA affected regeneration and repair of IBD epithelium through programmed cell death. Follistatin-like 1 (FSTL1), a secreted glycoprotein, is involved in various physiological processes, such as angiogenesis, immune response regulation, cell proliferation and differentiation, stimulates innate immune responses via CD14 and toll-like receptors (Murakami et al., 2012). In a Genome-Wide Association Study, sequencing study (Garcia-Etxebarria et al., 2022), FSTL1 was shown to have a clear correlation with IBD. Interestingly, in human aortic smooth muscle cells cultured in vitro (Miyabe et al., 2014), FSTL1 can inhibit the cell migration and proliferation process of PDFG-BB and reduce endocardial thickening after intimal injury. The correlation between FSTL1 and PDGFA is reflected in the correlation of gene expression in normal tissues of patients with IBD. In patients with growth hormone deficiency (Galimov et al., 2015) and acute myeloid leukemia with FTL3 mutation (Chen et al., 2020), both FSTL1 and COL3A1 have been identified as key genes affecting the development of the disease. Similarly, this study also observed a strong synergistic effect of FSTL1 and COL3A1 in IBD patients, suggesting that FSTL1 and COL3A1 may be related in patients with IBD. TIMP1 belongs to the TIMP gene family, which encodes proteins that can promote cell proliferation in various cell types and may have anti-apoptotic functions. Studies have shown (Albini et al., 2021) that TIMP1 is expressed more frequently in CD patients with colorectal cancer (CRC) development than in CD patients without CRC. In this study, the expression of TIMP1 was significantly different from the 12 genes identified in normal tissues and tissues of patients with IBD, which further proved that the genes we screened played a non-negligible role in the occurrence and development of IBD.

In this study, Consistent clustering and NMF clustering methods were used to divide the samples into two groups: Cluster 1 and Cluster 2. Then we used ssGSEA, cibersort and Xcell algorithm to analyze the difference of immune infiltration between the two groups. Macrophages and neutrophils are the most important gatekeepers of intestinal immune homeostasis and innate immunity against foreign pathogens (Pan et al., 2022). Macrophages and neutrophils in Cluster 1 were significantly higher than those in Cluster2. In addition, we found a large number of immune cells in Cluster 1, especially those expressing dendritic cells, mast cells, MDSC, NK T cells, regulatory T cells, T helper cells, and other inflammatory cells. We suggest Cluster 1 as “immune hot” type, which was also proved by Cibersort and Xcell. Interestingly, in Cibersort, macrophage M1 and M0 types were significantly increased in Cluster 1, while macrophage M2 type was significantly increased in Cluster 2. According to different functions, macrophages can be categorized into M1 and M2 macrophages (Shapouri Moghaddam et al., 2018). M1 macrophage is considered to be a proinflammatory subtype, leading to stimulating inflammation, tissue injury, and aggravating epithelial injury (Pan et al., 2022). M2 macrophages repair damaged tissue by promoting angiogenesis and phagocytic debris (Braga et al., 2015). This difference in the distribution of macrophages further supports the ability of the 13 marker genes we identified to distinguish patients with IBD from healthy subjects.

To better understand the influence of gene signatures on the immune environment, we continued to investigate the association between genes and immune cells. Immune cell types in head and neck squamous cell carcinoma are regulated by PDGFA (Duhen et al., 2021), and in this study, PDGFA is also closely associated with immune cells in IBD. As a cell fate decision factor during hematopoiesis (Li et al., 1998), JAG1 has been shown to promote inflammatory leukocyte recruitment through the Notch pathway in atherosclerotic lesions (Nus et al., 2016). In cell culture, tissue inhibitor of metalloproteinases 1 (TIMP1) has a potential role in controlling the polarization of NK cells induced by tumor-related cytokine TGFβ (Altadill et al., 2021). On the other hand, TIMP1 was found to promote the immune response in the lungs after influenza infection and promote the injurious phenotype caused by influenza infection (Allen et al., 2018). CD8 T cells, neutrophils, and other immune cells are affected by FSTL1 (Li et al., 2020a), resulting in the disorder of systemic immune status and promoting tumor metastasis (Kudo-Saito, 2013). The role of chemokines in angiogenesis has not been fully elucidated. SR-PSOX/CXCL16, as a scavenger receptor, is involved in bacterial antigen phagocytosis and Th1 immune response by producing IL-12 and interferon-γ in patients with IBD (Uza et al., 2011). However, studies have shown that neutrophils can be activated by CXC chemokine ligand 6 (CXCL6) to change the state of the tumor cell environment, further affecting the development of the disease (Gijsbers et al., 2005).

In the GSEA analyses, the DEGs were enriched in the IL−17 signaling pathway, cytokine activity, neutrophil-mediated immunity, neutrophil activation, leukocyte chemotaxis and Cytokine−cytokine receptor interaction, and tumor necrosis factor (TNF) signaling pathway. In fact, the hallmark of active IBD is neutrophil infiltration in IBD intestinal tissue (Li et al., 2020b). Neutrophils have a strong chemotaxis, so they are the first inflammatory cells to reach the focal area (Kolaczkowska and Kubes, 2013). CD177 neutrophils, as an important subgroup of neutrophils, play an important role in protecting the gastrointestinal immune environment, and their deficiency leads to impaired intestinal barrier function (Zhou et al., 2018). More studies have pointed out that the neutrophil-lymphocyte ratio may be a promising biomarker of IBD (Langley et al., 2021). IL-17 affects T cell differentiation by affecting the NF-κB signaling pathway and induces the generation of more Th17 cells, thus influencing the immune environment (Blauvelt and Chiricozzi, 2018). The mucous membranes of the gastrointestinal tract play an important role in immunity. Th17 cells can affect the permeability of the mucous membranes, resulting in dysregulation of the immune response (McGeachy et al., 2019). In addition to neutrophils and IL17, the role of chemokines and TNF in IBD cannot be overlooked. In the intestine, different intestinal sites show different chemokine expression patterns, which contribute to the division of leukocyte recruitment and thereby regulate regional immunity (Trivedi and Adams, 2018). The CCR6-CCL20 axis and CCR9-CCL25 axis are important for intestinal homeostasis in IBD, and their functional status affects the inflammatory load and thus increases the risk of colon cancer in colitis (Meitei et al., 2021).

While the AUC values of CXCL6, COL3A1, and TIMP1 may be higher than that of APP, it is worth noting that the involvement of these three genes in the development of IBD has already been established. Therefore, to further validate the scientific validity of our diagnostic model, we specifically selected the APP gene for verification as a key gene. This selection is based on the potential of APP as a novel biomarker for IBD and its potential relevance in the pathogenesis and treatment of the disease. In this study, IHC was used to detect the expression levels of key gene-APP in IBD and normal bowel tissues. The results showed that the trend of APP expression between patients with IBD and normal tissues was consistent with our results: APP expression increased in tissues of patients with IBD, thus indicating the reliability of our diagnostic model.

APP plays an important role in AD (Maden and Acuner, 2021), which can activate microglia cells in the brain and cause inflammation (Akiyama, 1994). Existing studies have demonstrated the association between AD and IBD (Maden and Acuner, 2021). Notably, KEGG and immune infiltration analysis revealed a substantial presence of neutrophils in the lesions of both IBD and AD. The role of neutrophils as a bridge between the two diseases has drawn attention. Studies using mouse models have confirmed that increased neutrophils caused by acute intestinal inflammation can also lead to the aggregation of neutrophils in the brain, thus promoting the occurrence of AD (Kaneko et al., 2023). However, this phenomenon has not been observed in chronic intestinal inflammation. Matrix metalloproteinase 9 (MMP-9) has been found to be highly expressed in glial cells of AD mouse models (Yan et al., 2006), and researchers have also discovered increased neutrophils in the brain enhance MMP-9 activity, resulting in elevated levels of amyloid-like proteins and an increased risk of AD (Kaneko et al., 2023). Similar findings have been observed in clinical practice. As a therapeutic medication for IBD, thiopurine is an inhibitor of Ras-related C3 botulinum toxin substrate 1 (Rac1) (Wang et al., 2009), which can lead to an increase in APP (Borin et al., 2018). Clinical cohort studies have revealed a lower incidence of AD in IBD patients treated with thiopurine, indicating the continued importance of APP in this context (Sutton et al., 2019).

This study represents our initial endeavor to employ a bioinformatics approach for identifying ARGs in IBD. Bioinformatics and artificial intelligence have become pivotal in the realm of IBD research. These technologies facilitate personalized treatment strategies, novel drug development, and numerous other facets of IBD research (Agrawal et al., 2022). Moreover, they open new vistas in areas like pathological image analysis, prediction modeling, and preventive measures, propelling groundbreaking progress in IBD diagnosis, treatment, and management (Stidham and Takenaka, 2022). Utilizing various bioinformatics methods, we successfully identified 13 potential diagnostic biomarkers. Furthermore, the IHC results validated the significance of APP as not only a potential novel biomarker for IBD but also a promising therapeutic target. However, further experiments, including clinical data validation, are necessary to confirm the value of these 13 genes in the context of IBD. Building upon previous studies, our findings contribute to a deeper understanding of the relationship between angiogenesis and IBD. This knowledge holds potential implications for the diagnosis and treatment of IBD.

Conclusion

In this study, bioinformatics methods were employed to investigate the relationship between ARGs and IBD, as well as its associated immune microenvironment. IHC was conducted in a mouse model of colitis, confirming the elevated expression of APP. Although the primary function of APP is to contribute to the formation of amyloid-like proteins, its role in angiogenesis may also be significant in AD and IBD. These findings suggest that APP has the potential to serve as a biomarker for the treatment of IBD.
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TABLE 1

Details of the GEO datasets included in this study

Datasets Platform Sample size Application
(IBD/normal)

GSE57945  GPL11154 322 (280/42) Training dataset
GSE87466 ~ GPL13158 108 (87/21) External validation
GSE36807  GPL570 35 (28/7) External validation

Note: IBD, inflammatory bowel disease.
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