
O R I G I N A L  R E S E A R C H

Comprehensive Analysis of Selenium Metabolism 
and Selenoproteins-Associated Gene Signatures in 
Ulcerative Colitis
Chang Gao1,*, Jiaojiao Wang1,*, Siqi Dai2, Danning Wang1, Jianwei Wang1,2

1Department of Oncology, The Fourth Affiliated Hospital of School of Medicine, and International Institutes of Medicine, Zhejiang University School 
of Medicine, Yiwu, 322000, People’s Republic of China; 2Department of Colorectal Surgery and Oncology, Key Laboratory of Cancer Prevention and 
Intervention, Ministry of Education, Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, 310009, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Jianwei Wang, Email sypzju@zju.edu.cn

Background: Ulcerative colitis (UC) is a chronic inflammatory bowel disease marked by persistent mucosal inflammation. Oxidative 
stress plays a vital role in UC pathogenesis. Selenium (Se), an essential trace element, functions via selenoproteins and metabolites. 
Selenocysteine (Sec), the 21st amino acid, is incorporated into selenoproteins with strong antioxidant and anti-inflammatory properties. 
However, the role of selenium metabolism and selenoproteins (SeMet) in UC remains poorly understood.
Methods: Gene expression and clinical data from UC patients and healthy controls were obtained from the GEO database. SeMet- 
related gene sets were collected from Molecular Signatures Database (MSigDB). Weighted gene co-expression network analysis 
(WGCNA) and differential expression analysis identified key modules and genes associated with UC. Machine learning algorithms 
were used to screen signature genes and construct a UC risk prediction model. Single-cell RNA sequencing (scRNA-seq) was 
performed to examine gene expression at the cellular level. Expression of differentially regulated genes (DRGs) and signature genes 
was validated using quantitative polymerase chain reaction (qPCR), Western blotting, and immunohistochemistry (IHC).
Results: DRGs were significantly upregulated in UC and used to classify 161 UC samples into two subtypes. Six candidate signature 
genes were identified by integrating WGCNA and machine learning, showing high diagnostic potential and inter-correlation. scRNA- 
seq revealed upregulation of many selenoproteins in epithelial cells and downregulation of SELENOP in immune cells. The six 
signature genes were consistently upregulated across multiple cell types. WARS1 (tryptophanyl-tRNA synthetase 1), one of the 
signature genes, responded strongly to oxidative stress, and its knockdown elevated inflammatory cytokine levels.
Conclusion: SeMet-related genes are crucial in UC pathogenesis, particularly through antioxidant defense and immune modulation. 
The identified six-gene signature offers promising diagnostic and therapeutic potential for UC.
Keywords: ulcerative colitis, selenium metabolism, selenoproteins, oxidative stress, WARS1

Introduction
UC is a chronic, idiopathic inflammatory bowel disease (IBD) characterized by persistent mucosal inflammation. It 
affects millions of individuals worldwide, with its prevalence steadily increasing in recent years.1 The development of 
UC is multifactorial, involving genetic susceptibility, impaired epithelial barrier integrity, dysregulated immune 
responses, and environmental triggers.2 Among these factors, the essential trace element Se has attracted growing 
attention due to its antioxidant3 and anti-inflammatory properties, as well as its potential therapeutic value in UC.4,5

Selenium exerts its biological effects primarily through selenoproteins—proteins that incorporate the amino acid Sec.6 

The human genome encodes 25 selenoproteins,7 many of which, such as glutathione peroxidases (GPx), thioredoxin 
reductases (TrxR), and iodothyronine deiodinases (DIO), serve as intracellular antioxidants with well-established 
oxidoreductase functions.8 Recent studies have shown that selenoproteins play a critical role in the onset and progression 
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of UC. In knockout mouse models, both GPx-1 and GPx-2 have demonstrated protective roles against intestinal 
inflammation; their simultaneous deletion results in ileocolitis.9 Although GPx-3 deletion alone does not induce colitis, 
it significantly exacerbates disease severity in dextran sulfate sodium (DSS)-treated GPx-3−/− mice.10 Additionally, 
Selenoprotein S (SELENOS) expression increases in vivo alongside the endoplasmic reticulum (ER) stress marker 
GRP78 following DSS treatment.11 In patients with UC, Selenoprotein P (SELENOP) is downregulated in colon biopsy 
samples, with its expression inversely correlated with disease severity as measured by endoscopy.12 Specific deletion of 
Selenoprotein I (SELENOI) in intestinal epithelial cells triggers ferroptosis, impairs intestinal regeneration, and reduces 
colonic tumor growth.13 Furthermore, Selenoprotein W (SELENOW) is essential for resolving experimental colitis by 
regulating the epidermal growth factor receptor (EGFR) and Yes-associated protein 1 (YAP1) signaling pathways.14

In this study, we investigated the role of SeMet-related genes in UC using integrative bioinformatics and experimental 
approaches. Gene expression and clinical data were obtained from the GEO database, and SeMet-related gene sets were 
collected from MSigDB. WGCNA and differential expression analysis were performed to identify key modules and 
DRGs. Based on eleven upregulated SeMet-related genes, 161 UC patients were stratified into two molecular subtypes. 
Machine learning algorithms were applied to identify six candidate signature genes with high diagnostic potential, which 
were then used to construct a UC risk prediction model. Single-sample gene set enrichment analysis (ssGSEA) revealed 
strong correlations between signature genes and immune cell infiltration. ScRNA-seq analysis showed upregulation of 
several selenoproteins in epithelial cells and downregulation of SELENOP in immune cells. We further validated the 
elevated expression of selenoprotein M (SELENOM) and selenoprotein N (SELENON) in UC tissues and demonstrated 
that WARS1 responds to oxidative stress, with its knockdown increasing inflammatory cytokine levels. These findings 
enhance our understanding of SeMet-related genes in UC and highlight their diagnostic and therapeutic relevance.

Materials and Methods
Sources and Processing of Datasets
Eight UC datasets were obtained from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) 
database, including GSE75214,15 GSE87466,16 GSE47908,17 GSE206171, GSE48958,18 GSE9452,19 GSE38713,20 

and GSE13367.21 Next, the GSE75214 and GSE87473 datasets were combined, and batch effects in the gene expression 
data were addressed using the “comBat” function from the “sva” package in R. The datasets GSE47908, GSE206171, 
and GSE48958 were used as test sets for machine learning. The gene set “Selenium Metabolism and Selenoproteins” was 
obtained from the Molecular Signatures Database v5.0 (http://software.broadinstitute.org/gsea/msigdb/index.jsp).

Immune Cell Infiltration Analysis
ssGSEA22 was employed to estimate the relative infiltration levels of immune cell types in the UC microenvironment. 
Gene sets specific to various immune cell types were obtained from the study by Charoentong et al.23 The analysis was 
conducted using the R package GSVA, which calculates enrichment scores for individual gene sets across samples based 
on transcriptome data.

Defining SeMet-Associated Molecular Subtypes in Ulcerative Colitis
Unsupervised hierarchical clustering analysis was then conducted on 161 UC samples using the “ConsensusClusterPlus” 
R package, based on the significantly upregulated DRGs.24 Molecular pathways with significant enrichment were 
identified based on gene set variation analysis (GSVA) scores across distinct subtypes. Immune cell infiltration variations 
between these subtypes were then analyzed.

Gene Co-Expression Network Construction
To identify co-expressed gene modules and investigate their relationships with various traits or phenotypes, we employed 
WGCNA analysis.25,26 Initially, the necessity for filtering gene samples was assessed using the “goodSamplesGenes” 
function from the “WGCNA” package (v1.69). Next, we constructed an adjacency matrix by calculating Pearson’s 
correlation coefficients between all gene pairs. This matrix was then used to build a scale-free co-expression network, 
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applying a soft-thresholding technique that amplifies strong gene correlations and suppresses weaker ones. Finally, the 
adjacency matrix was transformed into a topological overlap matrix (TOM), which quantitatively reflects the similarity 
between node pairs based on their weighted correlations.

Identification of Feature Genes and Construction of a Risk Model Based on Machine 
Learning Algorithms
In order to identify key genes with potential diagnostic value, we applied two advanced feature selection methods: the 
Least Absolute Shrinkage and Selection Operator (LASSO) and Support Vector Machine-Recursive Feature Elimination 
(SVM-RFE). Genes identified by both algorithms were considered as potential candidates for further investigation. 
Following this, we developed a UC risk prediction model by integrating 15 different machine learning algorithms and 
evaluating 207 distinct combinations of these models. The algorithms incorporated included: neural networks, logistic 
regression, linear and quadratic discriminant analysis, K-nearest neighbors (KNN), decision trees, random forests, 
XGBoost, ridge regression, LASSO regression, elastic net regression, support vector machines, gradient boosting 
machines, stepwise logistic regression, and naive Bayes.27,28

Gene Set Enrichment Analysis (GSEA) and Correlation Analysis
To explore the functional relevance of specific genes in the context of UC, we analyzed their expression profiles in 
relation to other mRNAs through Pearson correlation using transcriptomic datasets from the GEO database. To gain 
insights into the potential biological pathways involved, Gene Set Enrichment Analysis (GSEA) was carried out utilizing 
the R package “clusterProfiler”.29 For this study, the “c2.cp.kegg.v7.5.1.entrez.gmt” collection was used in GSEA.

Single-Cell Analysis
To further investigate the signature genes and DRGs at the single-cell level in UC, the GSE21469530 and GSE23199331 

datasets were downloaded from the GEO database for single-cell sequencing analysis. High-throughput sequencing data 
were analyzed using the “Seurat” package in R to construct single-cell expression profiles. To reduce dimensionality and 
identify clusters based on highly variable genes, principal component analysis (PCA) was initially performed. For further 
nonlinear dimensionality reduction and visualization, the UMAP algorithm was applied. To correct for batch effects 
between control and UC samples, the “Harmony” R package was utilized. Cell type annotation was performed using the 
“SingleR” R package in combination with manual curation based on published literature, ensuring both computational 
accuracy and biological relevance. Marker genes for each cell population were identified using the FindAllMarkers 
function. The expression patterns and distribution of both signature genes and DRGs were examined across individual 
cell clusters. To explore intercellular communication patterns within the UC microenvironment, the “CellChat” 
R package was employed. Finally, the Monocle2 package was employed to perform pseudotime analysis on 
macrophages.

Cell Culture
The HCT116 human colon cancer cell line and NCM460 normal human colonic epithelial cell line were obtained from 
the American Type Culture Collection. The cells were cultured in complete DMEM medium (Thermo Scientific, 
Waltham), supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo Scientific, Waltham), in a CO2 incubator 
set at 5% CO2 and 37°C.

Western Blotting
The cells were lysed with ice-cold RIPA lysis buffer (Servicebio, China) containing protease inhibitors and then 
centrifuged at 4°C (12,000 rpm for 20 min). The protein supernatant was then quantified using a BCA protein assay 
kit (Biyuntian, China). After protein denaturation, 30 μg of protein were separated on 10% gels by SDS-PAGE and 
transferred to a PVDF membrane (Millipore, USA). After blocking with 5% skim milk in TBS-T, the membrane was 
incubated overnight at 4°C with the following antibodies: anti-SELENOM (SANTA, 1:400); anti-SELENON (SANTA, 
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1:400); anti-GPX1/2 (SANTA, 1:400); anti-WARS1 (Proteintech, 1:1000); anti-GAPDH (Proteintech, 60004-1-Ig). The 
membranes were then incubated with goat anti-rabbit (Proteintech, RGAR001, 1:5000) or mouse IgG secondary 
antibodies (Proteintech, RGAM001, 1:5000) for 1 hour. The membranes were then washed with TBS-T three times 
(5 min per wash) and finally visualized using enhanced chemiluminescence substrate.

RNA Transcription and Real-Time PCR
Total RNA was extracted from tissue and cell samples of UC using the RNAiso kit (Vazyme RC201). mRNA was then 
reverse transcribed into complementary DNA (cDNA) using the cDNA synthesis kit (Vazyme R222-01). RT-qPCR was 
subsequently performed using the SYBR Green Master Mix reagent (Vazyme Q131). Relative expression levels were 
determined using the 2−∆∆Ct method, with GAPDH used as an internal control.

Histology and Immunohistochemistry
Colon tissue samples were preserved in 4% paraformaldehyde, embedded in paraffin, and sectioned into 5 μm slices for 
histological analysis. For immunofluorescence staining, antigen retrieval was performed by heating the sections in 
a sodium citrate buffer solution. To suppress endogenous peroxidase activity, tissue slices were treated with 3% hydrogen 
peroxide. Subsequently, non-specific binding sites were blocked using 3% bovine serum albumin (BSA) for 30 minutes 
at ambient temperature. Primary antibodies were applied and incubated overnight at 4 °C. The next day, after applying 
the corresponding secondary antibodies, the sections were developed with DAB, counterstained with hematoxylin, and 
examined under a standard brightfield microscope.

Animals and Animal Models
All animal experiments in this study were conducted in accordance with the welfare and ethical guidelines for 
experimental animals established by Zhejiang University and approved by the Animal Experimental Ethics 
Committee. Wild-type C57BL/6 mice (6 weeks old) were acquired from GemPharmatech (Jiangsu, China) and main
tained in a specific-pathogen-free (SPF) animal facility. The mouse colitis model was induced by administering 3% 
dextran sulfate sodium (DSS, Yeasen Biotech, Shanghai, China) dissolved in filter-purified and sterilized water ad libitum 
to the Wild-type C57BL/6 mice for 7 days.

Sample Collection
Five patients diagnosed with UC and five healthy controls (HC) were recruited from the Fourth Affiliated Hospital of 
Zhejiang University. Intestinal mucosal biopsies were obtained during endoscopic examination. All participants provided 
written informed consent prior to anesthesia. The study was approved by the Medical Ethics Committee of the Fourth 
Affiliated Hospital of Zhejiang University and conducted in accordance with the Declaration of Helsinki.

Results
Variations of SeMet-Related Genes in Active Ulcerative Colitis
To investigate alterations in SeMet-related genes associated with active UC, datasets GSE75214 and GSE87466 were 
merged, and batch effects were removed. Differentially regulated genes (DRGs) were then identified using the “limma” 
package in R. As shown in Figure 1A, 27 DRGs displayed distinct expression patterns between UC and healthy controls. 
Specifically, genes such as FOS, SELENOM, SELENON, DIO2, GPX1, GPX2, SELENOK, RELA, SELENOS, CREM, 
and TRNAU1AP were significantly upregulated, while SELENBP1, SELENOW, GPX4, TXNRD2, and others were 
notably downregulated. Genes with |log₂FC| > 0.5 and adjusted P-value < 0.05 were selected for downstream analysis. 
Figure 1B presents the correlation matrix among the 11 most significantly dysregulated DRGs. To explore immune 
dysregulation in UC and the involvement of DRGs, we applied ssGSEA to quantify the relative abundance of various 
immune cell types in both UC and control samples. As shown in Figure 1C, immune cell populations such as activated 
dendritic cells, CD8⁺ T cells, B cells, natural killer (NK) cells, macrophages, and neutrophils were significantly enriched 
in UC tissues. Correlation analysis between DRGs and immune infiltration revealed distinct association patterns 
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Figure 1 Variations of SeMet-Related Genes in Active Ulcerative Colitis. (A) Scatter plots showing differential expression of SeMet-related genes between UC and control 
groups. (B) Pie chart size reflects correlation coefficients among genes. (C) Violin plots comparing immune cell infiltration between UC and controls. (D) Correlation 
analysis of 11 differentially expressed DRGs and immune cell types. (E) Consensus clustering heatmap for k = 2. (F) Heatmap of differential expression of 11 DRGs across 
identified subtypes. (G) Boxplots displaying subtype-specific expression of 11 DRGs. (H) Violin plots illustrating immune cell infiltration differences between subtypes. (I) 
GSVA results comparing pathway enrichment between cluster 1 and cluster 2. Statistical significance is indicated as follows: ns, not significant; *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001.
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(Figure 1D). SELENOM and SELENON were positively correlated with central memory CD4⁺ T cells, effector memory 
CD8⁺ T cells, and NK cells, whereas SEPSECS, SEPHS2, and SELENBP1 showed inverse correlations with neutrophils 
and macrophages. These findings suggest that DRGs may influence disease progression in UC through modulation of 
immune cell infiltration and activity.

Consensus clustering analysis of 161 active UC samples was performed based on the expression profiles of eleven 
upregulated DRGs. The optimal number of clusters was determined to be k = 2, supported by multiple evaluation metrics, 
including the structure of the consensus matrix (Figure 1E), the shape of the cumulative distribution function (CDF) 
curve (Figure S1A), and the inflection point in the CDF area change plot (Figure S1B). Consequently, two molecular 
subtypes associated with selenoproteins and selenium metabolism were identified and designated as Cluster 1 (n = 73) 
and Cluster 2 (n = 88). The heatmap and boxplot (Figure 1F and G) revealed significantly higher expression levels of 
SELENOK, SELENOM, SELENOS, CREM, and DIO2 in Cluster 1 compared to Cluster 2. Immune profiling demon
strated that activated CD4⁺ T cells, activated dendritic cells, effector memory CD8⁺ T cells, neutrophils, and macrophages 
were significantly enriched in Cluster 1 relative to Cluster 2 (Figure 1H). Gene set variation analysis (GSVA) further 
indicated that Cluster 1 was positively enriched in multiple immune-related pathways, including natural killer cell- 
mediated cytotoxicity, JAK-STAT signaling, toll-like receptor signaling, and NOD-like receptor signaling, whereas it was 
negatively enriched in selenocysteine metabolism and the PPAR signaling pathway (Figure 1I). These findings suggest 
that patients in Cluster 1 are likely in a stage characterized by pronounced inflammatory responses and impaired 
selenoprotein function. Given the classification of selenoproteins into housekeeping and stress-related types,32 we 
performed differential expression analysis comparing selenoprotein expression between inactive and active colitis 
patients using the GSE75214 dataset. This analysis identified significant upregulation of SELENOM, SELENOS, and 
DIO2 in active colitis (Figure S1C), supporting their involvement during periods of inflammatory activity.

Verification of Signature Genes and Construction of a Prediction Model
To identify genes strongly associated with clinical traits, we selected the top 25% of genes showing the highest variability 
between UC and healthy control samples for WGCNA. Outlier samples were removed, and a soft-thresholding power of 
β = 18 was selected based on the scale-free topology criterion (cutoff = 0.8; Figure S1D). Using the dynamic tree cut 
algorithm, nine distinct gene modules were identified, each represented by a unique color. Correlation analysis between 
module eigengenes and clinical traits revealed that the pink module (containing 202 genes) exhibited the strongest 
association with UC status (Figures 2A and S1E). A separate WGCNA was conducted based on the two UC subtypes 
identified previously. With a soft-thresholding power of β = 17, eight distinct modules were detected (Figure S1F). 
Correlation analysis with subtype features indicated that the brown module showed the strongest positive correlation with 
Cluster 1, comprising 216 genes (Figures 2B and S1G). By intersecting the gene sets from the pink and brown modules, 
19 overlapping candidate signature genes were identified for further analysis (Figure 2C). To reduce dimensionality and 
eliminate redundancy, least absolute shrinkage and selection operator (LASSO) regression with tenfold cross-validation 
was employed, resulting in the selection of 10 genes (Figure 2D and E). Subsequently, a support vector machine (SVM) 
model was applied to the overlapping gene set for further screening, and the root mean square error (RMSE) reached its 
minimum when six genes were included (Figure 2F and G). Combining the results from both approaches, six potential 
core genes were identified: WARS1, Kynureninase (KYNU), Chitinase 3 Like 1 (CHI3L1), Plasminogen Activator, 
Urokinase (PLAU), Granzyme B (GZMB), and Caspase-4 (CASP4) (Figure 2H). To construct a predictive model for UC, 
15 machine learning algorithms were utilized and evaluated using the merged dataset as well as three external validation 
cohorts (GSE47908, GSE48958, and GSE206171). The top 50 models, ranked by area under the curve (AUC), are 
presented in Figure 2I. Gene feature importance across the different models was calculated (Figure S2A), and 
a comprehensive integration of multiple models yielded the final ranking of predictive genes (Figure 2J).

Functional Analysis of Signature Genes in Active UC
Subsequent analyses were performed to validate the expression and diagnostic potential of the six identified signature 
genes. In independent test sets, all six genes—WARS1, KYNU, CHI3L1, PLAU, GZMB, and CASP4—were signifi
cantly upregulated in UC samples compared to healthy controls (Figure 3A), with AUC values exceeding 0.80, indicating 
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Figure 2 Verification of Signature Genes and Construction of a Prediction Model. (A) Heatmap displaying correlations between module eigengenes and UC status; red and 
blue indicate positive and negative correlations, respectively. (B) Correlation heatmap between module eigengenes and molecular subtypes. (C) Shared genes identified 
between disease-related and subtype-associated modules. (D and E) Feature selection using the LASSO regression model. (F and G) Key gene identification through SVM- 
RFE analysis. (H) Venn diagram showing common candidate genes identified by both machine learning approaches. (I) Integrated heatmap presenting the top 50 AUC values 
across datasets for each algorithm. (J) Bar plot ranking the importance scores of the six selected feature genes.
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Figure 3 Functional Analysis of Signature Genes in Active UC. (A) Expression profiles of WARS1, KYNU, CHI3L1, PLAU, GZMB, and CASP4 in the training set. (B) ROC 
curves evaluating the diagnostic performance of signature genes in the training set. (C) GSEA results illustrating pathway enrichment of individual signature genes. (D) 
Correlation matrix showing associations between signature genes and 28 immune cell types. (E) Inter-gene correlation among the six signature genes. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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robust diagnostic performance (Figure 3B). Similarly, in the external validation set, the six genes remained significantly 
upregulated (Figure S2B), and their respective AUC values also demonstrated high diagnostic accuracy (Figure S2C). To 
elucidate the potential biological functions of these genes in active UC, Gene Set Enrichment Analysis (GSEA) was 
conducted. All six signature genes were positively enriched in multiple immune-related signaling pathways, including 
cytokine–cytokine receptor interaction, B cell receptor signaling, T cell receptor signaling, Toll-like receptor signaling, 
and the JAK-STAT pathway (Figure 3C). In contrast, these genes were negatively enriched in pathways associated with 
neurodegenerative disorders, such as Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease (Figure 3C). 
Given the enrichment of immune-related pathways, we further investigated the association between the six signature 
genes and the infiltration of 28 immune cell types. A strong positive correlation was observed between the expression of 
these genes and various immune cell populations (Figure 3D), suggesting their involvement in immune activation. 
Furthermore, correlation analysis among the six signature genes revealed potential co-regulatory relationships 
(Figure 3E). Collectively, these results suggest that the signature genes may contribute to UC pathogenesis by modulating 
immune cell responses, potentially through synergistic mechanisms.

Single-Cell Transcriptomic Analysis of Selenoprotein-Related Genes in Ulcerative 
Colitis
Single-cell RNA sequencing analysis was performed on six UC tissue samples from the GSE214695 dataset using the 
Seurat R package. Through clustering and dimensionality reduction using principal component analysis (PCA) and 
uniform manifold approximation and projection (UMAP), 13 distinct cell types were identified and annotated: B cells, 
CD4⁺ T cells, CD8⁺ T cells, colonocytes, endothelial cells, fibroblasts, glial cells, goblet cells, macrophages, mast cells, 
neutrophils, plasma cells, and tuft cells (Figure 4A). Given that SELENOP is a key selenoprotein responsible for 
transporting approximately 60% of total serum selenium, further analysis focused on selenoproteins that were elevated in 
bulk transcriptome data, including SELENOP. The expression profiles of selenoprotein genes across the 13 identified cell 
types are shown in Figure 4B. Differential expression analysis between UC and healthy control samples was conducted 
using the FindMarkers function in Seurat. Results revealed significant upregulation of multiple selenoprotein genes in 
epithelial cell populations, particularly in colonocytes and goblet cells (Figure 4C).

In contrast, SELENOP expression was significantly downregulated in several immune cell populations, including 
macrophages, CD4⁺ T cells, CD8⁺ T cells, and neutrophils (Figure 4C). Given the critical role of macrophage polarization 
in modulating inflammatory responses in UC, we further explored the functional roles of key selenoproteins—specifically 
SELENOP, SELENOK, SELENOM, SELENOS, and GPX2—within macrophage populations. Based on the classifica
tion by Alba et al30 we annotated macrophages into four distinct subtypes: M0 macrophages, M2 macrophages, 
inflammation-dependent alternative (IDA) macrophages, and M1 macrophages (Figure 4D). Recent studies suggest 
that resident macrophages typically fall into M0 or M2 subsets, whereas inflammatory macrophages are classified as 
either M1 or IDA types.30 To better understand the transcriptional relationships among macrophage populations, we 
applied the unsupervised inference method Monocle 2 to construct potential transitional trajectories (Figures 4E and 
S3A) and generated faceted pseudotime plots illustrating the distribution of cells from each patient (Figure S3B). 
Previous studies have demonstrated that SELENOK plays a critical role in the migration of immune cells, including 
T cells, neutrophils, macrophages, and dendritic cells (DCs).33–36 By contrast, macrophages lacking SELENOP show 
markedly reduced migratory capacity.12 Moreover, impaired SELENOP function correlates with enhanced M2 
polarization.37 Interestingly, SELENOP may suppress pro-inflammatory immune polarization, thereby mitigating inflam
mation-driven tumorigenesis.38 This suggests a complex regulatory role in macrophage behavior and immune home
ostasis. Additionally, SELENOS deficiency in macrophages promotes M1 polarization by targeting Ubiquitin A-52 
Ribonucleoprotein (Uba52) to inhibit YAP ubiquitination and degradation.39 In our analysis, the differentiation trajectory 
revealed notable changes in SELENOK and SELENOP expression (Figure 4F). After classifying macrophages into 
resident and inflammatory subtypes, we observed that inflammatory macrophages from UC patients significantly 
upregulated SELENOK and SELENOS, while downregulating SELENOP (Figure S3C). Collectively, these findings 
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Figure 4 Single-Cell Transcriptomic Analysis of Selenoprotein-Related Genes in Ulcerative Colitis. (A) UMAP analysis showing identified cell types. (B) Feature plots 
showing selenoprotein genes expression in the 13 cell types. (C) Heat map showing the expression disparity of selenoprotein genes between UC and control groups. (D) 
UMAP of macrophage subtypes: M0, M2, IDA, and M1. (E) Monocle 2 pseudotime analysis reveals macrophage differentiation trajectories and transcriptional dynamics 
across subtypes. (F) Pseudotime-dependent expression of selenoproteins (SELENOP, SELENOK) across macrophage polarization states. (G) CellChat analysis reveals that 
intestinal epithelial cells regulate macrophage function through the LGALS9–HAVCR2 signaling axis. (H) Differential SELENOP expression in epithelial cells with varying 
LGALS9 expression levels. “×” denotes genes with no detectable expression in the corresponding cell type. Statistical significance is indicated as follows: ns, not significant; 
*P < 0.05; **P < 0.01; ***P < 0.001.
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suggest that multiple selenoproteins cooperatively modulate macrophage polarization and function, playing pivotal roles 
in UC-associated inflammation and shaping the immune microenvironment.

To investigate the potential crosstalk between immune cells and epithelial cells, we conducted further analysis using 
CellChat. The results revealed that intestinal epithelial cells may regulate macrophage function through the LGALS9– 
HAVCR2 signaling axis (Figure 4G). Notably, epithelial cells with higher SELENOP expression also exhibited elevated 
LGALS9 levels, suggesting that the activity of this signaling pathway may be more pronounced in these cells 
(Figure 4H).

We applied the same algorithm to analyze the expression of signature genes at the single-cell level (Figure S3D–F). 
Among them, WARS1, CASP4, KYNU, and PLAU were broadly upregulated across most cell types. GZMB was mainly 
upregulated in immune cells, while CHI3L1 showed the highest expression in fibroblasts. Notably, inflammatory 
macrophages from UC patients displayed significant upregulation of WARS1, CASP4, and KYNU.

To further validate these results, we analyzed 12 additional samples from the GSE231993 dataset, which included UC 
and normal tissue samples from eight patients. After dimensionality reduction and clustering, we used the SingleR 
package to identify nine distinct cell types (Figure S4A). Subsequent refinement of monocyte clustering revealed four 
subsets: resident macrophages, infiltrating macrophages, DCs, and a minor proliferating macrophage population (Figure 
S4B). We then assessed expression differences and distribution patterns of selenoprotein genes and signature genes 
across these nine cell types (Figure S4C–F). Consistent with earlier findings, most selenoproteins were significantly 
upregulated in epithelial cells, while SELENOP showed marked downregulation in most non-epithelial cell types. 
Signature genes were also broadly elevated across nearly all cell types. Finally, differential analysis between resident 
and inflammatory macrophages yielded results similar to those previously described (Figure S4G). Further studies are 
required to elucidate the biological functions underlying these differences.

Validation of Differential Expression of Selenoproteins in Ulcerative Colitis
To investigate the differential expression of selenoprotein genes and six signature genes, we established a murine colitis 
model induced by DSS. After induction, we collected colonic tissues from both control and DSS-treated mice for 
molecular and histological analyses. Additionally, colonic tissue samples from five UC patients and five healthy 
individuals were obtained for further validation. qPCR revealed significant upregulation of several key selenoprotein 
genes, including DIO2, GPX2, SELENOM, SELENON, and SELENOS, in the DSS group compared to controls 
(Figure 5A). Among these, GPX2, SELENOM, and SELENON were further validated at the protein level by IHC 
(Figures 5B and S5A–B) and Western blotting (Figure 5C), both of which consistently confirmed their elevated 
expression in inflamed colonic tissues. Given the established roles of selenoproteins in maintaining redox homeostasis 
and mitigating oxidative stress, we next examined their inducibility under oxidative stress in vitro. Cells were treated 
with hydrogen peroxide (H₂O₂) to mimic oxidative damage, and gene expression dynamics were monitored over time. 
Notably, protein levels of GPX1/2, SELENOM, and SELENON increased in a time-dependent manner following H₂O₂ 
stimulation, suggesting their involvement in cellular antioxidant defense mechanisms (Figure 5D).

WARS1 as a Potential Therapeutic Target in Ulcerative Colitis
The analysis of signature genes validated the bioinformatic predictions, revealing significant upregulation in the DSS- 
treated group (Figure 6A). Given that WARS1 ranked highest in gene importance across multiple machine learning 
algorithms, we performed further investigation on this gene. Intracellularly, WARS1 primarily ligates tryptophan (Trp) to 
its corresponding tRNA for protein synthesis. Extracellularly, it also serves as an innate immune activator.40 Previous 
studies have reported that IFN-γ-mediated secretion of WARS1 from mesenchymal stem cells (MSCs) contributes to the 
suppression of excessive inflammation and the progression of IBD,41 highlighting its immunomodulatory potential. 
Recent studies have shown that WARS1 downregulation affects cytosolic translation and mitochondrial protein synthesis, 
activating the mitochondrial unfolded protein response (UPRmt), which is an important pathway in cellular stress and 
inflammation.42 Overall, these findings suggest that WARS1 may play a significant role in UC.

To further explore the function of WARS1, we analyzed gene expression profiles from colonic mucosal samples of 
UC patients and healthy controls using four publicly available datasets (GSE75214, GSE13367, GSE38713, and 
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Figure 5 Validation of Differential Expression of Selenoproteins in Ulcerative Colitis. (A) The result of Real-time PCR analysis illustrated the expression levels of several key 
selenoprotein genes. (B) Immunohistochemistry experiment validating the expression of GPX1/2, SELENOM and SELENON in the colon of WT mice with UC. (C) GPX1/2, 
SELENOM and SELENON protein levels in the colon of WT mice with UC. (D) Western blot analysis of the dynamic expression of GPX1/2, SELENOM and SELENON in 
HCT116 cells and NCM460 cells during H2O2 (200μM) stimulation. Statistical significance is indicated as follows: ns, not significant; *P < 0.05; **P < 0.01.
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Figure 6 WARS1 as a Potential Therapeutic Target in Ulcerative Colitis. (A) The result of Real-time PCR analysis illustrated the expression levels of signature genes. (B) 
Expression levels of WARS1 mRNA in multiple GEO datasets. (C) Immunohistochemical staining images of WARS1 expression in inflamed intestinal tissues from UC 
patients and normal tissues from control subjects. (D) WARS1 protein levels in the colon of WT mice with UC. (E) Western blot analysis of dynamic expression of WARS1 
in HCT116 and NCM460 cells during H2O2 (200μM) stimulation. (F) Western blot confirming WARS1 knockdown in HCT116 and NCM460 cells. (G) qPCR showing 
changes in inflammatory factors in WARS1 knockdown and control HCT116 and NCM460 cells. Statistical significance is indicated as follows: ns, not significant; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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GSE9452) from the Gene Expression Omnibus (GEO). WARS1 expression was significantly higher in active UC patients 
compared to both healthy controls and those with inactive UC (Figure 6B). We further confirmed the elevated WARS1 
protein levels in the DSS-treated group by immunohistochemistry (Figure 6C and S5C) and Western blotting 
(Figure 6D). Notably, WARS1 expression progressively increased in cells exposed to H₂O₂, suggesting a role in oxidative 
stress responses (Figure 6E). In addition, we observed a strong positive correlation between WARS1 and inflammatory 
cytokines including TNF-α, IL-1β, and IL-6 in active UC patient samples (Figure S5D), implying its involvement in the 
inflammatory cascade. To validate this, we knocked down WARS1 in HCT116 and NCM460 cell lines (Figure 6F), 
which resulted in a marked upregulation of TNF-α, IL-1β, and IL-6 (Figure 6G). Taken together, these findings indicate 
that WARS1 may function as a regulator of inflammation and oxidative stress in UC and could serve as a promising 
therapeutic target. However, further studies are needed to elucidate its precise role and underlying mechanisms.

Discussion
The incidence of UC has increased globally in recent years. Its pathogenesis involves genetic predisposition, epithelial 
barrier disruption, immune dysregulation, and environmental factors.2 Current treatments aim to induce remission and 
improve quality of life, but often cause side effects and fail in some patients.43,44 Thus, novel therapies that resolve 
inflammation and promote intestinal healing are urgently needed.

Selenium and selenoproteins, due to their antioxidant and anti-inflammatory properties, are thought to protect against 
UC. The exacerbation of experimental colitis in selenium or selenoprotein deficiency highlights selenium’s role in 
regulating inflammatory pathways and oxidative stress in the gut.10 Although several studies have reported on the roles of 
various selenoproteins in UC, a comprehensive analysis of the selenoprotein family in relation to UC remains lacking. 
Therefore, for the first time, we aimed to analyze the potential association of selenoproteins with UC from 
a bioinformatics perspective.

Intestinal barrier dysfunction and immune imbalance play central roles in UC onset and progression. Therefore, 
protecting intestinal epithelial cells and modulating immune nd inflammatory responses represent two key therapeutic 
strategies. Our analysis indicates that the selenoprotein family may contribute to both processes. We identified six 
selenoproteins upregulated in active UC patients compared to controls. Single-cell data showed that most of these genes 
had significantly increased expression in epithelial cells. Conversely, SELENOP expression decreased markedly in most 
immune cells. SELENOP primarily functions as a selenium transporter and also acts as an extracellular antioxidant.45 It 
is mainly produced by the liver and secreted into plasma, where it delivers selenium to tissues through its ten 
selenocysteine residues.46 Within tissues, cells uptake and degrade SELENOP to release selenocysteines for the synthesis 
of other selenoproteins. Plasma SELENOP levels, together with selenium and GPx measurements, commonly assess 
selenium status.47 Studies show that impaired SELENOP function promotes polarization toward M2 macrophages.37 

SELENOP deficiency compromises macrophage migration and disrupts intracellular selenoprotein balance.12 The 
intestinal macrophage pool includes resident and infiltrating populations.48 Resident macrophages generally suppress 
inflammation during UC,49 whereas infiltrating monocytes differentiate into pro-inflammatory effectors.50 Our results 
reveal a significant reduction of SELENOP in inflammatory macrophages relative to resident macrophages, possibly due 
to its consumption during immune activation. The broad decline of SELENOP across immune cells suggests it acts as 
a critical regulator during UC-associated immune responses.

Although we consistently observed SELENOP downregulation at the transcriptomic level in macrophages, its 
regulatory mechanism remains unclear. Whether this decrease results from transcriptional repression, defective uptake, 
or increased protein degradation requires further investigation. Future research using transcriptional reporter assays, 
mRNA stability studies, and protein turnover experiments will clarify how SELENOP expression is controlled in 
macrophages and how this regulation affects intestinal immune homeostasis. Moreover, this study offers preliminary 
evidence of immune–epithelial crosstalk via the LGALS9–HAVCR2 signaling axis, especially in epithelial cells expres
sing high levels of SELENOP. While these findings provide novel mechanistic insights, additional functional experiments 
are necessary to confirm the biological significance of this pathway and elucidate the role of selenoproteins in 
intercellular communication during UC.
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In this study, WARS1, CHI3L1, GZMB, KYNU, PLAU, and CASP4 were identified as critical biomarkers for the 
diagnosis of UC. Previous studies reported downregulation of WARS1 in a DSS-induced experimental colitis model.51 

Furthermore, it has been demonstrated that WARS1 inhibits the proliferation of CD4+ T cells derived from hUCB- 
MSCs by promoting apoptosis.51 However, recent research suggests that secreted WARS1, an endogenous ligand for 
Toll-like receptor (TLR) 2 and TLR4 involved in infection response, is a key activator of genes characteristic of 
a hyperinflammatory sepsis phenotype.52 Our study shows that WARS1 is significantly upregulated in active UC and 
gradually increases with prolonged oxidative stress. Knockdown of WARS1 leads to an increase in the expression of 
inflammatory factors, suggesting that it is more likely to act as a regulator in response to inflammation and oxidative 
stress. CHI3L1, a glycoprotein implicated in various diseases, including IBD, exerts its influence on multiple 
components of both the innate and adaptive immune responses.53 GZMB, a serine protease extensively studied for 
its role in cytotoxic lymphocyte-mediated apoptosis, has been identified as a promising biomarker for detecting active 
IBD and predicting treatment response.54 KYNU is a hydrolase involved in tryptophan metabolism. The silencing of 
KYNU has been shown to suppress inflammatory responses in intestinal epithelial cells under IL-1β stimulation.55 

PLAU encodes the urokinase-type plasminogen activator (uPA), which converts plasminogen to plasmin, a potent 
protease involved in fibrinolysis and extracellular matrix (ECM) degradation. A recent study suggests that local 
nutrient deprivation may serve as a candidate mechanism for PLAU upregulation in intestinal fibroblasts, a process 
that could be further amplified by IBD risk factors.56 The CASP4 gene encodes a protein that plays a role in immunity 
and inflammatory processes.57 Human caspases-4 and −5 have been shown to be elevated in the stromal tissue of 
patients with UC, and their expression levels are correlated with disease activity and inflammation scores.58 In 
conclusion, the six signature genes identified in this study are closely linked to the pathogenesis of UC and could 
be potential targets for early diagnosis and treatment of the disease.

To summarize, our study highlights the potential contribution of SeMet-related genes and selenoproteins to UC 
pathogenesis, proposing new molecular targets for intervention. Nevertheless, our findings are primarily based on 
bioinformatics and in vitro analyses, with limited in vivo validation. Importantly, our in vivo data are restricted to the 
DSS-induced colitis model, which—despite its reproducibility—mainly reflects epithelial injury and innate immune 
responses. Given the multifactorial nature of UC and the involvement of adaptive immunity, future studies should 
incorporate complementary models, such as the T cell transfer colitis model, to validate the universality of selenoprotein 
alterations and further elucidate their immunoregulatory roles.

Conclusion
In summary, this study identified 11 SeMet-related genes that were significantly upregulated in UC patients, revealing 
their association with immune cells. Additionally, six signature genes (WARS1, KYNU, GZMB, CHI3L1, PLAU, and 
CASP4) were identified, and based on these genes, a highly accurate predictive model was developed. Among these, 
WARS1 was notably upregulated in response to oxidative stress, and its knockdown resulted in elevated levels of 
inflammatory cytokines, underscoring its critical role in the pathogenesis of UC. Single-cell RNA sequencing demon
strated that selenoproteins were predominantly expressed in epithelial cells and may protect epithelial cells from 
oxidative stress. These findings provide new insights into the early diagnosis and potential therapeutic targets for UC.
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