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A B S T R A C T   

The bile acids (BA) in the intestine promote inflammation by interacting with immune cells, 
playing a crucial role in the progression of UC, but the specific mechanism between the two 
remains elusive. This study aims to explore the relationship between BAMand UC inflammation 
and determine its potential mechanisms.Firstly, we employed a hybrid approach using Lasso 
regression and support vector machine (SVM) feature selection in bioinformatics to identify genes 
linked to UC and BAM. The relationship between these genes and immune infiltration was 
explored, along with their correlation with immune factors in the Tumor-Immune System 
Interaction Database (TISIDB) database. Gene Set Enrichment Analysis (GSEA) pathway enrich
ment analysis was then used to predict signaling pathways associated with key genes in UC. 
Single-cell data from the GSE13464 dataset was also analyzed. Finally, Five differentially 
expressed genes (DEGs) related to BAM (APOA1, AMACR, PEX19, CH25H, and AQP9) were 
significantly upregulated/downregulated in UC immune cells. The expression of important genes 
in UC tissue was confirmed in the experimental validation section and AQP9, which showed 
significant differential expression, was chosen for further validation. The results showed that the 
AQP9 gene may regulate the IFN - γ/JAK signaling axis, thereby promoting CD8+T cell activa
tion. This research has greatly advanced our comprehension of the pathogenesis and underlying 
mechanism of BAM in immune cells linked to UC.   
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1. Introduction 

Ulcerative colitis (UC) is a chronic non-specific inflammatory disease of unknown etiology primarily affecting the colorectal 
mucosa and submucosa. Its protracted duration and propensity for recurrence can significantly impact the quality of life of individuals, 
potentially elevating the likelihood of developing colitis-associated neoplasms [1,2]. Currently, the etiology and pathophysiological 
mechanisms of UC are yet to be fully elucidated, with potential associations with genetic, environmental, microbial, and inflammatory 
factors [3]. Specifically, aberrations in the intestinal immune system are directly implicated in the disease onset. Common therapeutic 
approaches for UC management encompass aminosalicylic acid preparations, antibiotics, corticosteroids, biologics, and probiotics [4]. 
Nevertheless, these interventions may provide only partial symptom relief and are linked to notable adverse effects [5]. Hence, there is 
an urgent need to identify novel drug targets and formulate potent and safe pharmaceutical agents for the management of UC. 

Immune system dysfunction is the most important promoting factor for UC [6]. Neutrophils, such as helper T cell-17 (Th17) and 
natural killer cells (NK), and their released cytokines, have been shown to infiltrate the intestinal mucosa of UC patients [7]. Inter
leukin (IL) is an important member of cytokines, involved in many cellular and tissue immune responses [8]. Toll like receptors (TLRs) 
are widely distributed in various cells and can recognize molecules expressed by pathogens, playing an important role in connecting 
innate and adaptive immunity [9], further suggesting that immunity plays a pivotal role in UC [10]. 

The differentiation and function of immune cells may be regulated by gut microbiota metabolites such as short chain fatty acids 
(SCFAs) and bile acid (BA) derivatives [11]. BA and its derivatives can bind to nuclear receptors and cell surface receptors expressed in 
various immune cells, including Macs, DCs, myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), regulatory B cells 
(Bregs), innate lymphoid cells (ILCs), Th17 cells, CD4+ Th1 cells, Th2 cells, CD8 cells, B cells and natural killer T (NKT) cells. These BAs 
and their derivatives can affect the differentiation and function of these immune cells in distinct manners [12]. BA can stimulate the 
proliferation of intestinal stem cells (ISCs) and is an important regulatory substance for the integrity of intestinal epithelial barrier 
function, closely related to immune homeostasis [13]. However, the potential immune mechanism by which BAM affects intestinal 
barrier function is still unclear. Utilizing the GSE42911 dataset, derived from the Affymetrix microarray platform, the present study 
sought to explore the etiology of UC and offer innovative perspectives for its timely detection and the advancement of pharmacological 
treatments. 

2. Materials and methods 

2.1. Dry lab 

2.1.1. Retrieval of datasets 
The Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/info/datasets.html), maintained by the Na

tional Center for Biotechnology Information (NCBI) in the USA, serves as a repository for gene expression data. Specifically, the 
GSE75214 dataset was accessed from the GEO database, using the GPL6244 annotation platform. This dataset included 96 samples in 
total, with 22 being healthy controls and 74 UC samples. Additionally, the GSE87473 dataset was also sourced from the GEO database, 
utilizing the GPL13158 annotation platform. This dataset consisted of 127 samples, including 21 healthy controls and 106 UC samples. 
Moreover, single-cell data files for GSE134649 were obtained from the NCBI GEO database, selecting 6 samples with comprehensive 
expression profiles for analysis. 

2.1.2. Difference analysis 
The limma package [14], an R package tailored for differential expression analysis, is widely utilized for identifying significantly 

differentially expressed genes between groups. In this study, the R package “limma” was applied to investigate the molecular 
mechanisms in UC data. It was specifically used to detect differentially expressed genes between control and disease samples. The 
criteria for identifying differential genes included a P value < 0.05 and a log fold change (FC) > 0.585. Moreover, volcano plots and 
heatmaps were generated to visually represent the differential gene expression results. 

2.1.3. Function enrichment analysis 
The intersection genes were functionally annotated using the Cluster Profiler [15] tool to thoroughly understand their functional 

significance. Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were utilized to evaluate the pertinent 
functional categories. Pathways showing significant enrichment in both GO and KEGG, with p-values and q-values under 0.05, were 
identified as significant categories. 

2.1.4. The feature selection process of lasso regression and SVM algorithm 
We utilized Lasso logistic regression and the SVM algorithm [16] for selecting diagnostic markers of the disease. The Lasso al

gorithm was executed using the “glmnet” package [17] in R. Furthermore, SVM-RFE, a machine learning technique based on support 
vector machines, was employed to identify the most predictive variables by removing feature vectors produced by SVM. SVM-RFE 
models were constructed using the “e1071” software package to further assess the diagnostic value of these biomarker pairs. 

2.1.5. Immunoassay 
The CIBERSORT [18] method is a popular technique for assessing immune cell types within the microenvironment. This approach 

is based on support vector regression and conducts deconvolution analysis on the expression matrix of immune cell subtypes. It 
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includes 547 biomarkers that differentiate 22 human immune cell phenotypes, such as T cells, B cells, plasma cells, and myeloid cell 
subsets. In this study, the CIBERSORT algorithm was employed to analyze patient data, aiming to estimate the relative proportions of 
22 infiltrating immune cell types. Additionally, Pearson correlation analysis was performed to evaluate the relationship between gene 
expression and immune cell content. 

2.1.6. GSEA pathway enrichment analysis 
Gene Set Enrichment Analysis (GSEA) [19] employs a predefined gene set to rank significant genes based on their differential 

expression between two sample types. It then determines if the specified gene set is enriched at the top or bottom of the ranked list. In 
this study, GSEA was used to compare the differences in the KEGG signaling pathways between the high expression and low expression 
groups. The objective was to elucidate the molecular mechanisms underlying the core genes of the two patient groups. The analysis 
was conducted with 1000 permutations, and the permutation type was set to phenotype. 

2.1.7. The key transcriptional genes 
The R package RcisTarget [20] was used for predicting transcription factors. RcisTarget’s calculations are based on motifs. The 

normalized enrichment score (NES) of a motif depends on the total number of motifs present in the database. In addition to motifs 
annotated with source data, additional annotations were inferred based on motif similarity and gene sequences. To estimate the 
overexpression of each motif within a gene set, the area under the curve (AUC) for each motif-motif set pair was calculated. This 
involved computing the recovery curve of the gene set against the motif ordering. Subsequently, the NES for each motif was deter
mined from the AUC distribution of all motifs in the gene set. 

2.1.8. Single cell analysis 
Initially, the data was processed using the Seurat package [21], and the positional relationships between clusters were determined 

through t-distributed stochastic neighbor embedding (tSNE) algorithm analysis. Next, clusters were annotated with the celldex 
package, focusing on cells that were critical to disease pathogenesis. Finally, marker genes for each cell subtype were extracted from 
the single-cell expression profile by setting the logfc.threshold parameter of FindAllMarkers to 1. Genes with |avg log2FC| > 1 and 
p-value adj < 0.05 were identified as unique marker genes within each cell subtype. 

2.1.9. Wet lab 
Meanwhile, we employed reverse transcription-polymerase chain reaction (RT-PCR) and Western blot techniques to assess the 

expression of key genes in UC tissue and the pathway in CD8+ T cell line CTLL2. 

2.1.10. Animal tissue acquisition 
Male (20–25 g) C57BL/6 mice (n = 20) were purchased from Beijing Sibeifu Experimental Animal Technology Co., Ltd. All mice 

were placed SPF grade experimental animals at room temperature (25 ± 2 ◦C), with a light/dark cycle of 12/12 h, and were fed freely 
on a standard diet. All animal experiments were approved by the Animal Ethics Committee of Nanjing University of Chinese Medicine. 
The mice were randomly divided into two groups. The model group was treated with drinking water containing 2.5 % DSS for 7 days to 
construct a colitis model, while the control group was treated with the same volume of PBS. Immediately after anesthesia, the mice 
were euthanized, and colon tissue was taken and stored at − 80 ◦C. 

2.1.11. Cell culture 
The CD8+T cell line CTLL2 was cultured in complete Roswell Park Memorial Institute (RPMI) 1640 growth medium containing 10 

% (v/v) fetal bovine serum (FBS), 50 μ M 2-mercaptoethanol, and 100 units/ml of recombinant human IL-2 protein, and passaged 
every 2–3 days [22]. The cells were treated with 10 ng/mL of TNF-α for a duration of 4 h. 

Table 1 
The primers of RT-PCR.  

Gene Primer Sequences(5′-3′) 

Apoa1 F GGCACGTATGGCAGCAAGAT 
R CCAAGGAGGAGGATTCAAACTG 

Amacr F GCCAATCGGGAATTTTCTCCA 
R GTAGGGGTTCTCACCGCTT 

Pex19 F GACAGCGAGGCTACTCAGAG 
R GCCCGACAGATTGAGAGCA 

Ch25 h F TGCTACAACGGTTCGGAGC 
R AGAAGCCCACGTAAGTGATGAT 

Aqp9 F TGGTGTCTACCATGTTCCTCC 
R AACCAGAGTTGAGTCCGAGAG 

β-actin F GGCTGTATTCCCCTCCATCG 
R CCAGTTGGTAACAATGCCATGT  
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2.1.12. Western blot 
Western blotting was utilized to assess the expression of apolipoprotein A1 (APOA1), alpha-methylacyl-CoA racemase (AMACR), 

peroxisomal biogenesis factor 19 (PEX19), cholesterol-25-hydroxylase (CH25H), aquaporin-9 (AQP9), IFN-γ, Janus kinase (JAK), and 
apoptosis-related genes B-cell lymphoma 2 (Bcl2), and Bcl2-associated X protein (BAX). The secondary antibodies are donkey anti 
rabbit IRDye800 and donkey anti mouse IRDye680 secondary antibodies, imaged using the Odyssey imaging system. Quantify protein 
bands using ImageStudioLite software. 

2.1.13. Real time PCR 
Use RT-PCR to detect the mRNA expression of target genes. Mouse CD8+T cells were pretreated with carrier control (dimethyl 

sulfoxide (DMSO)) or 10 ng/mL TNF - α for 24 h. Total RNA was extracted using RNeasy Mini kit, complementary DNA (cDNA) was 
synthesized, and detected on QuantStudio 5 real-time PCR instrument according to the reaction system.The primers used are listed in 
Table 1. 

2.1.14. Statistical analysis 
All statistical analyses were performed using R language (Version 4.2.2), and P < 0.05 was considered statistically significant. 

3. Results 

3.1. Gene diversity related to BAM in UC 

GSE75214 and GSE87473 datasets related to UC were downloaded from the GEO database, encompassing expression profile data 
from 223 patient groups, including the control group (n = 43) and the disease group (n = 180). The state vector algorithm (SVA) was 
utilized to correct the chips, and a principal component analysis (PCA) plot was employed to illustrate the batch situation pre- and 
post-correction. The SVA algorithm successfully mitigated the batch effect across chips (Supplementary Figure). The limma package 
was utilized to calculate differentially expressed genes (DEGs) between the control and disease groups. The screening criteria were set 
as P-value < 0.05 and logFC > 0.585, resulting in the identification of 2,318 DEGs, including 1,211 upregulated and 1,107 down
regulated genes (Fig.1A-B). Subsequently, the 2,318 DEGs were intersected with BAM-related genes, yielding 35 overlapping DEGs 
(Fig. 1C). Pathway analysis of the overlapping genes was further conducted. GO enrichment analysis revealed that the overlapping 

Fig. 1. The differential gene related to BAM and key genes affecting UC. A: The volcano of differential gene; B: The volcano of differential gene; C: 
The venn of differential gene; D: The pathway analysis on the intersection genes. The GO enrichment analysis; E: The KEGG enrichment analysis; F: 
Lasso regression; G: The volcano of selection algorithm; H: The venn of UC by the SVM-RFE algorithm; I: The c-lasso-SVM-venn of the charac
teristic genes. 
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genes were primarily enriched in signaling pathways such as steroid metabolic process and peroxisome. Additionally, KEGG pathway 
enrichment analysis demonstrated that the genes were primarily enriched in the PPAR signaling pathway, fatty acid metabolism, fatty 
acid biosynthesis, and other signaling pathways (Fig. 1D–E). 

To further identify the key genes that affecsupportt UC, a combination of the least absolute shrinkage and selection operator 
(LASSO) regression and support vector machine (SVM) feature selection algorithms was employed to screen for intersectional DEGs 
(Figs. 1F-G). Additionally, signature genes in UC were evaluated using the SVM-recursive feature elimination (RFE) algorithm 
(Fig. 1H). The top 9 characteristic genes in the UC dataset exhibited the highest accuracy (Fig. 1I). Based on these findings, 5 inter
section genes, including APOA1, AMACR, PEX19, CH25H, and AQP9, were identified as the key genes for subsequent analysis. 

3.2. The microenvironment affecting UC 

A microenvironment, composed primarily of immune cells, extracellular matrix, various growth factors, inflammatory factors, and 

Fig. 2. The microenvironment related to the five key genes. A: Immune infiltration; B: Immune cell correlation map; C: Immune cell comparison. D: 
Correlation between cibersort and expression of AMAC; E: Immune infiltration Correlation between cibersort and expression of APOA1; F: Immune 
infiltration Correlation between cibersort and expression of AQP9; G: Immune infiltration Correlation between cibersort and expression of CH25H; 
H: Immune infiltration Correlation between cibersort and expression of PEX19. 
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distinct physical and chemical characteristics, significantly impacts the diagnosis, survival outcome, and clinical treatment sensitivity 
of diseases. Subsequently, the relationship between the five key genes and immune infiltration was analyzed to further investigate the 
potential molecular mechanism by which the key genes influence UC progression. The distribution of immune infiltration levels and 
the heat map of immune cell correlations are presented in Fig. 2A–B. Compared with normal patients, UC patients exhibited signif
icantly increased levels of plasma cells, activated memory CD4+ T cells, resting NK cells, M0 macrophages, M1 macrophages, activated 
DCs, activated mast cells, and neutrophils (Fig. 2C). Furthermore, all five key genes were strongly correlated with immune cells 
(Fig. 2D–H), aligning with our expectations.3.4 Relationship between the five key genes and different immune factors and pathway. 

3.3. Relationship between five key genes and different immune factors and pathway 

Additionally, correlations between the five key genes and various immune factors were obtained from the TISIDB database [23], 
encompassing immune-related chemokines, immunosuppressants, immune stimulators, receptors, etc. (Fig. 3A–E). These analyses 
indicated that the key genes were intricately associated with the degree of immune cell infiltration and played crucial roles in the 
immune microenvironment. 

The current study further attempted to investigate the specific signaling pathways linked to the five key genes and clarify the 
molecular mechanisms by which these genes influence the progression of UC. The GSEA results revealed that AMACR was enriched in 
signaling pathways such as CYTOSOLIC_DNA_SENSING_PATHWAY, BETA_ALANINE_METABOLISM, and JAK_
STAT_SIGNALING_PATHWAY (Fig. 3F); APOA1 was enriched in TYROSINE_METABOLISM, PHENYLALANINE_METABOLISM, and 
ADHERENS_JUNCTION (Fig. 3G); AQP9 was enriched in FOCAL_ADHESION, BUTANOATE_METABOLISM, and CHRON
IC_MYELOID_LEUKEMIA signaling pathways (Fig. 3H); CH25H was enriched in B_CELL_RECEPTOR_SIGNALING_PATHWAY, RETI
NOL_METABOLISM, and FOCAL_ADHESION (Fig. 3I); and PEX19 was enriched in OXIDATIVE_PHOSPHORYLATION, 
BETA_ALANINE_METABOLISM, and other signaling pathways (Fig. 3J). These findings indicate that the key genes may influence 
disease progression via modulation of these signaling pathways. 

Fig. 3. The correlation between these five key genes and different immune factors as well as the specific signaling pathways involved in these genes. 
A: Immune related chemokines; B: Immunosuppressants; C: Immune stimulating factors; D: MHC; E: Immune related receptors; F: AMACR; G: 
APOA1; H: AQP9; I: CH25H; J: PEX19. 
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Fig. 4. The single-cell data of GSE134649 and performed single-cell analysis. A: 24 subtypes through TSNE; B: Each cluster through the R package 
SingleR; C–D: The expression of key genes in T_cells, NK_cell, Endothelial_cells, B_cell, and Monocyte cells. 
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3.4. The disease genes associated with UC 

Next, the genes associated with UC were obtained from the GeneCards database (https://www.genecards.org/) [24]. The 
expression levels of the top 20 genes were assessed based on relevance scores and differential expression among disease-related genes 
was examined in various groups. Notably, significant differential expression were observed for NOD2, IL6, IL10, TNF, H19, IL23R, 
IL1B, TLR4, HLA-DRB1, TGFB1, IL10RA, ABCB1, TLR2, IL1RN, HLA-B, IL2, and IFNG among the groups (Supplementary Figure). 

3.5. Single-cell analysis of UC 

Single-cell data were downloaded from GSE134649 and single-cell analysis was conducted using the Seurat package. Cells were 
clustered using the t-SNE algorithm, resulting in 24 subtypes (Fig. 4A). Subsequently, each cluster was annotated using the SingleR 
package in R, which categorized all clusters into five main cell types: T_cells, NK_cells, Endothelial_cells, B_cells, and Monocytes 
(Fig. 4B). The expression patterns of key genes across these cell types are presented in Fig. 4C–D. AQP9 exhibited a strong association 
with the CD8+ T cell-related gene cytotoxic T-lymphocyte-associated protein 4 (CTLA4), which was further correlated with PRDM1. 
APOA1 demonstrated a correlation with programmed cell death protein 1 (PDCD1) and cluster of differentiation 8 subunit beta 
(CD8B), while CH25H was correlated with eomesodermin (EOMES) and inducible costimulator (ICOS). All these factors positively 
correlated with disease progression. Similarly, AQP9 was closely associated with NK cell marker factors granzyme B (GZMB), 
interleukin-15 receptor subunit alpha (IL-15RA), and signal transducer and activator of transcription 1-alpha/beta (STAT1/A/B), 
while CH25H was strongly linked to EOMES and STAT4. All these factors positively influenced disease progression. 

3.6. AQP9 inhibited the CD8+T cell activity 

To validate the bioinformatics analysis findings, we isolated total RNA and protein from animal UC tissues and control tissues. 
Western blot and RT-PCR analysis were conducted to assess the protein expression (Fig. 5A) and messenger RNA (mRNA) (Fig. 5B) of 
the aforementioned five genes. The results revealed a significant upregulation of AMACR, PEX19, AQP9, and CH25H in UC tissues 
compared with the control group (P < 0.05), with AQP9 exhibiting the most profound increase. Conversely, APOA1 expression was 
markedly downregulated. 

Fig. 5. The key genes expression in UC tissue. A: The protein level in UC and the gray level; B: The mRNA level of the UC. **P < 0.01 versus control 
group; ***P < 0.001 versus control group. 
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Additionally, the infiltration of CD8+ T cells has been implicated in the progression of UC, and this research further confirms the 
association between the AQP9 gene and CD8+ T cell infiltration at cellular level (Fig. 6A). We evaluated the functionality of CD8+T 
cell following the knockdown of AQP9 in a TNF-α-induced cell model. TNF-α treatment substantially increased the expression of AQP9 
mRNA and protein, decreased CD8+T cell activity, upregulated apoptosis-related protein Bax, downregulated Bcl2 (Fig. 6B), and 
elevated the cell apoptosis rate (Fig. 6C). These observations align with the bioinformatics findings. However, the cell activity partially 
recovered, reaching approximately 80 % of the control group after 72 h, Bax expression decreased to approximately 60 %, and Bcl2 
expression was significantly upregulated after AQP9 knockdown. This led to a decrease in the cell apoptosis rate, indicating a sub
stantial improvement effect. 

3.7. AQP9 regulates CD8+T cell infiltration 

The aforementioned results confirmed a strong correlation between the AQP9 and CD8+T cell. The infiltration of CD8+ T cells has 
been implicated in the progression of UC. Our study showed that the mRNA and protein expression of AQP9 were significantly 
increased in CD8+T cell In the TNFα induced cellular UC model. Specifically, the CD8+T cell regulator IFN-γ and the common pathway 
protein JAK levels were increased remarkably following TNFα stimulation (Fig. 7A–B). These findings indicated that AQP9 may play a 
role in modulating the IFN-γ/JAK signaling pathway to increase the CD8+T cell infiltraion. 

A knockdown efficiency of 60 % was achieved during the construction of the AQP9 knockdown short hairpin RNA (shRNA) and 
Lipo2000 transfected CD8+T cell model (details showed in Fig. 7C). It was found that knocking down AQP9 knockdown significantly 
reduced the levels of inflammatory factors IL-4 and IL-6 (which were related to CD8+T cell activity) (Fig. 7D). Which indicated that 
AQP9 could increase inflammatory infiltration of CD8+ T cells and potentially influencing the progression of UC, AQP9 knockdown 
reversed this trend. 

4. Discussion 

The present study identified BAM and immune response as crucial mechanisms underlying the pathogenesis of UC. BAs, prevalent 
metabolites produced by the gut microbiota, serve as signaling molecules that modulate an individual’s predisposition to intestinal 
inflammation. Additionally, BAs play a pivotal role in maintaining innate immunity [25,26]. BA can regulate the function of intestinal 
immune cells, maintain immune tolerance, and ultimately prevent the occurrence of intestinal inflammatory reactions [27]. 

Fig. 6. Cell level analysis of the effect of AQP9 expression on CD8+T cell. A: Detection of cell activity 72 h after knocking down AQP9; B: The 
protein expression of apoptosis related proteins Bax and Bcl2 after knocking down AQP9; C: Flow cytometry was used to detect the apoptosis rate of 
cells after knocking down AQP9. **P < 0.01 versus control group; ##P < 0.01 versus TNF-α-si-NC group. 
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Dysfunctional BA signaling may contribute to immune dysregulation in UC [28]. The expression of BA inducible (bai) genes in UC 
tissues is significantly reduced [29]. 

Five overlapping BA genes (APOA1, AMACR, PEX19, CH25H, and AQP9) were identified as key genes for subsequent studies using 
the SVM-RFE algorithm evaluation combined with the LASSO regression algorithm. Our study sought to investigate the potential 
molecular mechanisms through which key genes and their correlation with immune infiltration influence UC progression. Our findings 
revealed that plasma cells, activated memory CD4+ T cells, NK cells (resting), M0 macrophages, M1 macrophages, activated DCs, 
activated mast cells, and neutrophils were significantly elevated in UC patients compared with normal patients. Additionally, These 
five key genes are strongly correlated with immune cells and play a crucial role in the immune microenvironment. Specifically, (1) 
downregulation of APOA1 gene expression is negatively correlated with UC progression [30]. APOA1 mimetic has been shown to 
alleviate cyclooxygenase-2 (COX2) dependent intestinal inflammation [31]. APOA1 correlated with the infiltration of CD8+ T cells in 
pediatric patients with Crohn’s disease [32]. (2) AMACR can promote abnormal epithelial proliferation in UC [33]; however, no 
specific studies have explored its association with UC progression. To the best of our knowledge, this is the first study to reveal a direct 
relationship between AMACR expression and UC, providing insights into its regulatory role in immunity. (3) PEX19 can induce viruses 
to evade immune responses [34]. There are limited reports on its role in intestinal diseases. This study found for the first time that 
overexpression of PEX19 is closely related to the progression of UC. (4) CH25H exacerbated the inflammatory response of lipid-laden 
macrophages through modulation of cholesterol accessibility in the plasma membrane, resulting in altered Toll-like receptor 4 (TLR4) 
signaling, enhanced nuclear factor-κB-mediated proinflammatory gene expression, and heightened susceptibility to apoptosis [35]. 
The expression of CH25H mRNA was elevated in the inflamed colon of UC patients [36]. However, the underlying molecular 
mechanisms by which CH25H regulates UC progression are complex and deserve further exploration. (5) AQP9, an aquaporin, is 
involved in fluid metabolism in various epithelial and endothelial tissues. Additionally, AQP9 is implicated in cell proliferation, 
migration, and apoptosis, and serves as an immune-related marker that modulates tissue-specific physiological characteristics in UC 
tight junctions [37,38]. Previous studies reported that AQP9 expression was positively correlated with regulatory T cells, macrophage 
M2, CD4+ T cells, and neutrophils and negatively correlated with mast cells, NK cells, and CD8+T cells [39]. Given the strong as
sociation between AQP9 and intestinal inflammation, exploring its interaction with immune mechanisms and its influence on the 
advancement of UC is imperative. The current study found that target genes (APOA1, AMACR, PEX19, CH25H, and AQP9) were related 
to BAM in UC and played a crucial role in regulating immune responses. 

After further analysis, AQP9 was selected as the validation target, and the potential mechanism and principle governing AQP9 gene 
regulation in immune cells were elucidated at the cellular level. The UC microenvironment is primarily composed of a complex 
interplay of immune cells, extracellular matrix, various growth factors, inflammatory cytokines, and distinct physicochemical char
acteristics, all of which significantly impact the diagnosis, prognosis, and responsiveness to clinical treatments. Immune cells rely on 
fatty acids to regulate internal metabolic pathways, thereby maintaining normal cellular function. CD8+effector T cells associated 

Fig. 7. The expression of the AQP9 and CD8+cell infiltration related pathway. A: The mRNA level of AQP9 and CD8+cell infiltration related 
protein; B: The protein level of AQP9 and CD8+cell infiltration related protein; C: AQP9 knockdown efficiency; D: The levels of CD8+T related 
cytokines IL-4 and IL-6. **P < 0.01 versus control group; ##P < 0.01 versus TNF-α-si-NC group. 
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with UC can promote the release of TNF - α and initiate tissue damage. This study suggests that overexpression of AQP9 can promote 
the activation of CD8+T cells., whereas effector post cells acquire innate properties to perform regulatory functions that could 
potentially alleviate excessive inflammation [40]. IFN-γ-producing CD8+ tissue-resident memory T cells have been identified as 
markers for immune checkpoint inhibitor-induced colitis [41]. Treatment with immune checkpoint inhibitors leads to CD8+ T cell 
infiltration in patients with colitis, exhibiting a similar infiltration pattern to that observed in UC [42]. AQP9 plays a role in 
recruitment of CD8+ T cells within the tumor microenvironment (TME), potentially hindering immune activity in the TME [43]. 
However, there is currently a paucity of research examining the role of AQP9 in regulating UC. 

Subsequently, we further investigated the potential mechanism of AQP9 and CD8+ T cell infiltration in UC cell models. Our findings 
showed that AQP9 enhanced IFN-γ production and stimulated the activation of CD8+ T cells by modulating the JAK pathway. 
However, AQP9 knockdown reversed this trend. The JAK-STAT pathway, which involves JAKs and STATs, plays a crucial role in both 
innate and adaptive immunity [44]. Activating JAK-STAT can promote the progression of UC [45]. Research has shown that the 
JAK-STAT pathway is the main signaling axis that affects the formation and maintenance of memory T cells. STAT3 activation can 
protect the production of CD8+T cells in memory [46]. Manipulation of the JAK/STAT5 pathway has been shown to regulate CD8+ T 
cell immune infiltration in mouse models of colitis [47]. Taken together, these findings suggest that AQP9 may promote IFN-γ pro
duction, activate the JAK signaling pathway, and sensitize CD8+ T cells, ultimately contributing to the progression of UC. 

In summary, this study screened and identified five BA-associated DEGs (APOA1, AMACR, PEX19, CH25H, and AQP9) that 
demonstrated strong correlation with immune-related DEGs. Notably, all five genes were significantly upregulated or downregulated 
in immune cells. Our wet experiments revealed that AQP9 plays a role in regulating JAK–IFN–γ activation of CD8+ T cells, ultimately 
contributing to UC progression. This study provides more insights into the pathogenesis of BAM in the immune cells of UC patients and 
will aid in elucidating immune-related signaling pathways through genome-wide screening of pivotal genes. These discoveries offer 
potential theoretical targets for future clinical interventions. 
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C. Sessa, C. Giannarelli, R.J. Schneider, G. Tellides, J.G. McDonald, C. Fernández-Hernando, Y. Suárez, Macrophage-derived 25-hydroxycholesterol promotes 
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