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Background: The roles of mitochondrial dysfunction (MD) and oxidative stress (OS) in the pathogenesis of ulcerative colitis (UC) 
have received increasing attention. Given their close association, it is crucial to clarify the molecular characteristics and biological 
functions of MD and OS-related genes in UC.
Methods: Gene expression profiles, mitochondrial-related genes, and OS-related genes were obtained from the corresponding 
databases. Unsupervised clustering of UC samples was performed based on differentially expressed MD and OS-related genes 
(DEMORGs). The CIBERSORT algorithm was used to assess immune cell infiltration. Feature genes were selected from 
DEMORGs by machine learning. The receiver operating characteristic (ROC) curves were plotted, and a nomogram was constructed 
to evaluate the diagnostic efficacy of feature genes for UC. Colonoscopic biopsy tissues from UC patients and controls were collected 
retrospectively to verify the protein expression levels of feature genes through immunohistochemical staining.
Results: Based on nine DEMORGs, two MD and OS-related subtypes were identified in UC samples. Subtype C2 is characterized by 
a more severe degree of MD, higher OS levels, and more severe disease activity. The infiltration proportions of follicular helper 
T cells, M1 macrophages, activated dendritic cells, and neutrophils were significantly higher in subtype C2 compared to subtype C1. 
CPT1A, EPHX2, and PRDX4 were obtained as UC feature genes related to MD and OS. All the three feature genes exhibited good 
diagnostic value for UC, and their expression levels were significantly correlated with the clinical activity of UC.
Conclusion: CPT1A, EPHX2, and PRDX4 are feature genes related to MD and OS in UC, and their expression levels are 
significantly associated with the proportion of immune cell infiltration and disease activity. This study provides valuable insights 
into the role of MD and OS in UC.
Keywords: ulcerative colitis, mitochondrial dysfunction, oxidative stress, bioinformatics analysis, machine learning

Introduction
Ulcerative colitis (UC) is an inflammatory bowel disease (IBD) primarily affecting the rectal and colonic mucosa, 
typically with clinical manifestations of hematochezia and diarrhea.1 The pathogenesis of UC is complex and incom-
pletely understood. At present, it is thought to involve genetic susceptibility, environmental factors, impaired intestinal 
epithelial barrier, immune dysregulation, and gut microbiota imbalance.2 Since UC is incurable and characterized by 
a course of relapses and remissions, it severely impacts patients’ quality of life and places a heavy burden on healthcare 
systems.3 Currently, the therapeutic goal of UC is to induce and maintain remission, and therapeutic agents mainly 
include aminosalicylic acid preparations, glucocorticoids, immunomodulators, and biological agents.4 The advent of 
biological agents, which target inflammatory factors or signal transduction molecules, has undoubtedly been a boon to 
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patients with UC, but the overall remission rate is still limited.5 Thus, there is an urgent need to further understand the 
pathogenesis of UC to identify more biomarkers and treatment strategies.

In recent years, increasing attention has been paid to the role of mitochondrial dysfunction (MD) in the pathogenesis 
of UC. Studies have shown that colonic epithelial cells in UC patients exhibit structural and functional abnormalities in 
mitochondria, such as mitochondrial swelling, loss of cristae structure, and decreased activity of electron transport chain 
(ETC) complexes.6,7 Cunningham et al found that the expression of peroxisome proliferator-activated receptor γ 
coactivator 1α (PGC1α), a key regulator of mitochondrial biogenesis, was reduced in the intestinal tissues of UC patients 
and colitis mice.8 They further revealed that PGC1α downregulation exacerbates colitis by impairing mitochondrial 
homeostasis and intestinal barrier function.8 Additionally, high levels of mitochondrial DNA (mtDNA) can be detected in 
the plasma and feces of UC patients, and these levels are significantly correlated with inflammatory markers and disease 
activity.6 mtDNA is considered a type of damage-associated molecular pattern (DAMP) released following mitochondrial 
injury, which can be recognized by intracellular pattern recognition receptors (PRRs), thereby triggering a cascade of 
inflammatory and immune responses.9 MD can also influence the phenotype and function of immune cells through 
metabolic reprogramming, leading to the maintenance of a pro-inflammatory state.10

Mitochondria are the primary source of reactive oxygen species (ROS) within cells.11 Under physiological conditions, 
the antioxidant defense system maintains ROS at low levels, enabling their beneficial roles in signal transduction, 
immune defense, and metabolic adaptation.12 During MD, factors such as decreased activity of ETC complexes and 
abnormal mitophagy lead to a pathological elevation of ROS levels.13 Once these levels exceed the clearing capacity of 
the antioxidant defense system, oxidative stress (OS) can occur. In UC, a deficiency in intestinal mucosal antioxidant 
defense is also a contributing factor to OS, such as the reduced expression or dysfunction of nuclear factor E2-related 
factor 2 (Nrf2). Nrf2 is a transcription factor that induces the production of various antioxidant enzymes and plays 
a critical role in oxidative defense.14 OS can accelerate cellular damage through protein modifications and lipid 
peroxidation, while also upregulating pro-inflammatory signaling pathways and disrupting tight junctions in intestinal 
epithelial cells (IECs).15 Recent research has also revealed that OS drives intestinal inflammation by activating 
mitochondria-dependent necroptosis.16 More importantly, OS aggravates MD through multiple mechanisms, including 
mtDNA damage, disruption of mitochondrial membrane structure, and impairment of ETC function, ultimately establish-
ing a vicious cycle between MD and OS.17 Therefore, it is essential to clarify the molecular characteristics and biological 
functions of MD and OS-related genes in UC. Most current studies focus only on a single factor,18,19 with limited 
research combining both aspects.

The application of microarray technology, bioinformatics analysis, and machine learning has made the screening of 
disease characteristic molecules and the search for therapeutic targets more precise. In this study, we integrated 
bioinformatics analysis and machine learning methods to mine gene expression data selected from the Gene 
Expression Omnibus (GEO), to reveal the association between MD and OS-related genes and immune cell infiltration, 
identify MD and OS-related feature genes, and explore their clinical significance in UC. The flowchart of this study is 
presented in Figure 1.

Methods
Data Sources
The gene expression profiles of intestinal mucosal biopsy samples were obtained from GEO (https://www.ncbi.nlm.nih. 
gov/geo/), including the training set (GSE92415)20 and the validation set (GSE206285),21 both of which are annotated by 
the GPL13158 platform. GSE92415 included 87 UC patients prior to treatment with golimumab or placebo, along with 
21 healthy controls (HC), while GSE206285 consisted of 550 UC patients and 18 healthy subjects. A total of 1,136 
mitochondrial-related genes (MRGs) were downloaded from the Human MitoCarta3.0 database (https://www.broad 
institute.org/mitocarta/). Using the term “oxidative stress”, 401 oxidative stress-related genes (OSRGs) were retrieved 
from the Molecular Signatures Database (MSigDB) (http://www.gsea-msigdb.org/gsea/downloads.jsp), and 990 OSRGs 
were identified from the GeneCards database (https://www.genecards.org/) based on a relevance score>8, resulting in 
a final set of 1,139 OSRGs. Details of MRGs and OSRGs are provided in Supplementary Table 1.
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Identification and Functional Enrichment Analysis of Differentially Expressed Genes 
(DEGs)
Using |log2(Fold Change)|>1 and adjusted P-value<0.05 as criteria, DEGs between UC and HC were identified in the 
GSE92415 dataset using the “limma” package, and heatmaps and volcano plots were generated with the “pheatmap” and 
“ggplot2” packages, respectively. Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses were performed on DEGs using the “clusterProfiler” package. GO analysis was used for 
biological function annotation, including biological process (BP), cellular component (CC), and molecular function 
(MF). KEGG analysis explored the signaling pathways that DEGs may be involved in.

Identification of MD and OS-Related Subtypes
The intersection of DEGs, MRGs, and OSRGs represents the differentially expressed MD and OS-related genes (DEMORGs). 
And the correlations among DEMORGs can be visualized by the “corrplot” package. Based on the expression data of 
DEMORGs, unsupervised clustering of UC samples was performed using the “ConsensusClusterPlus” package to identify 
different MD and OS-related subtypes. The expression levels of DEMORGs, mitochondrial function scores, and disease activity 
were compared between subtypes to identify the characteristics of each UC subtype. Mitochondrial function scores for each UC 
sample were calculated using MRGs through Gene Set Variation Analysis (GSVA), and disease activity was measured by the 
Mayo score.

Figure 1 Flowchart of the study. 
Abbreviations: MSigDB, Molecular Signatures Database; GEO, Gene Expression Omnibus; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; 
LASSO, Least Absolute Shrinkage and Selection Operator; SVM-RFE, Support Vector Machine-Recursive Feature Elimination; UC, ulcerative colitis.
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Assessment of Immune Cell Infiltration
CIBERSORT is one of the most widely used methods for assessing immune cell infiltration. We used the CIBERSORT 
algorithm to infer the infiltration proportions of 22 types of immune cells from gene expression profiles and visualized 
the differences in immune cell infiltration between UC and HC, as well as between different UC subtypes, using boxplots 
created with the “ggplot2” package. Simultaneously, a correlation analysis was conducted between the expression of 
DEMORGs and the infiltration proportions of immune cells.

Machine Learning Screening for Feature Genes
Least Absolute Shrinkage and Selection Operator (LASSO) and Support Vector Machine-Recursive Feature Elimination 
(SVM-RFE) are commonly used machine learning algorithms for selecting feature genes. LASSO regression is a regularized 
linear regression method that reduces model complexity and selects important features, while SVM-RFE is a feature 
selection algorithm that progressively removes unimportant features using an SVM model. The two algorithms were used 
separately to filter DEMORGs, and the intersection was taken to obtain MD and OS-related feature genes.

Diagnostic Efficacy Analysis of Feature Genes
The “pROC” package was used to plot the receiver operating characteristic (ROC) curves for each feature gene and 
calculate the area under the curve (AUC), while validation was conducted in the GSE206285 dataset. Furthermore, 
a diagnostic nomogram for UC was generated using the “rms” package, and its predictive performance was evaluated 
through ROC curve, calibration curve, and decision curve analysis (DCA).

Correlation Analysis Between Feature Genes and Disease Activity
Spearman correlation coefficients and P-values between the expression of each feature gene and disease activity 
(represented by the Mayo score) were calculated among UC patients in the GSE92415 dataset. Changes in the expression 
of feature genes before and after treatment with biological agents were also compared. Among UC patients treated with 
golimumab, 42 had gene expression profiles at weeks 0 and 6, including 24 responders and 18 non-responders at week 6.

Collection of Clinical Samples
In this study, the clinical data and colonoscopic biopsy paraffin sections of 10 patients with active UC and 5 healthy 
subjects who were hospitalized in the Department of Gastroenterology, Renmin Hospital of Wuhan University from 
October 2022 to May 2023 were retrospectively collected. All included patients with a clear diagnosis of UC were 
supported by clinical symptoms, endoscopic manifestations, and pathological characteristics. This study has been 
approved by the Ethics Committee of Renmin Hospital of Wuhan University (WDRY 2022-K130), and all participants 
have signed an informed consent form.

Immunohistochemical Staining
After paraffin sections were deparaffinized with xylene and hydrated with graded concentrations of ethanol, high- 
pressure antigen retrieval was performed with citrate repair solution, and 3% H2O2 solution was prepared to inactivate 
endogenous peroxidases. Subsequently, the sections were blocked with 10% goat serum and incubated overnight at 4°C 
with specific concentrations of primary antibodies (Supplementary Table 2). The next day, the sections were washed and 
incubated with horseradish peroxidase-labeled secondary antibody for 1 hour and color developed with diaminobenzidine 
(DAB). Finally, the nuclei were counterstained with hematoxylin, and the images were acquired using a slide scanning 
system after the sealing was completed. For each slide, three random fields were selected at 400× magnification, and the 
average optical density (AOD) was calculated using Image J software for statistical analysis.

Statistical Analysis
All bioinformatics and statistical analyses in this study were conducted in R software (version 4.4.0). Comparisons 
between two groups were performed using the t-test or Wilcoxon test, while paired samples were analyzed using the 
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paired t-test. Correlations between variables were assessed by calculating the Spearman correlation coefficient. All 
statistical tests were two-sided, and P values less than 0.05 were considered statistically significant.

Results
DEGs were Significantly Enriched in Biological Functions and Signaling Pathways 
Related to Inflammation and Immunity
A total of 1,210 DEGs were identified between UC and HC, including 808 upregulated genes and 402 downregulated 
genes (Figure 2A and B). GO analysis revealed that DEGs were significantly enriched in BP (such as response to 
lipopolysaccharide and leukocyte migration) and MF (such as cytokine activity and receptor binding) related to 
inflammatory response and immune regulation (Figure 2C). KEGG analysis demonstrated that DEGs were significantly 
enriched in multiple classic inflammatory and immune signaling pathways, including the TNF signaling pathway, IL-17 
signaling pathway, and NF-κB signaling pathway (Figure 2D).

Nine DEMORGs Were Identified
The intersection of 1,136 MRGs and 1,139 OSRGs yielded 252 genes related to MD and OS. These 252 genes were further 
intersected with DEGs, and nine DEMORGs were finally obtained, which were ETFDH, CPT2, ACADS, SOD2, PDK2, 
CPT1A, EPHX2, MAOA, and PRDX4 (Figure 2E). The correlations among DEMORGs are shown in Figure 2F, where 
PRDX4 is positively correlated with SOD2, but both genes are negatively correlated with the remaining seven genes.

Two MD and OS-Related Subtypes Were Identified in UC Patients
Unsupervised clustering was conducted on 87 UC patients in the GSE92415 dataset based on the nine DEMORGs. As 
shown in Figure 3A, the consistency score of the clustering was optimal when the number of clusters “k” was set to 2. 
Therefore, the UC patients were categorized into two MD and OS-related subtypes, with 45 cases in subtype C1 and 42 
cases in subtype C2. The consistency matrix heatmap, principal component analysis (PCA) plot, and gene expression 
heatmap further verified the stability of the clustering results (Figure 3B–D). Comparing subtypes C1 and C2, we found no 
significant age difference between the two subtypes (P=0.400), whereas subtype C2 had lower mitochondrial function 
scores and higher Mayo scores (both P<0.05) (Figure 3E–G). Regarding gene expression, the expression of SOD2 and 
PRDX4 in subtype C2 was significantly higher than that in subtype C1 (both P<0.001), while the expression of ETFDH, 
CPT2, ACADS, PDK2, CPT1A, EPHX2, and MAOA was significantly lower in subtype C2 (all P<0.001) (Figure 3H). 
Therefore, subtype C2 is characterized by a more severe degree of MD, higher OS levels, and more severe disease activity.

There Were Significant Differences in Immune Cell Infiltration Between the Two 
Subtypes
As shown in Figure 4A and B, among the 22 immune cell types evaluated by CIBERSORT, the infiltration proportions of 
follicular helper T (Tfh) cells, M1 macrophages, activated dendritic cells (DCs), and neutrophils were significantly higher 
in the UC group compared to the HC group (all P<0.001), and were significantly higher in subtype C2 than in subtype C1 
(all P<0.05). In contrast, the infiltration proportions of CD8+ T cells, activated NK cells, M2 macrophages, and resting 
mast cells were significantly lower in the UC group compared to the HC group (all P<0.05), and were also significantly 
lower in subtype C2 than in subtype C1 (all P<0.05). Among the nine DEMORGs, the expression of SOD2 and PRDX4 
was positively correlated with the infiltration proportion of elevated immune cells in the UC group/subtype C2, and 
negatively correlated with the infiltration proportion of decreased immune cells in the UC group/subtype C2; while the 
other seven genes exhibited the opposite pattern (Figure 4C).

Three UC Feature Genes Related to MD and OS Were Identified Through Machine 
Learning
Four genes (ETFDH, CPT1A, EPHX2, and PRDX4) were screened from DEMORGs by LASSO regression. Meanwhile, 
four genes (CPT1A, PRDX4, SOD2, and EPHX2) were also identified using SVM-RFE algorithm. The results of 
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Figure 2 Identification of DEGs and DEMORGs. (A) Heatmap of DEGs between UC patients and healthy controls. (B) Volcano plot of DEGs between UC patients and 
healthy controls. (C) Results of GO enrichment analysis of DEGs. (D) Results of KEGG enrichment analysis of DEGs. (E) Venn diagram: the intersection of DEGs, MRGs, 
and OSRGs is DEMORGs. (F) Heatmap of correlations among DEMORGs (Spearman correlation coefficient). 
Abbreviations: DEGs, differentially expressed genes; DEMORGs, differentially expressed mitochondrial dysfunction and oxidative stress-related genes; UC, ulcerative 
colitis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function; MRGs, 
mitochondrial-related genes; OSRGs, oxidative stress-related genes.
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Figure 3 Identification of MD and OS-related subtypes. (A) Consistency scores for unsupervised clustering when the number of clusters “k” is taken as 2–9. (B) Consensus 
matrix heatmap when k=2. (C) Principal component analysis plot. (D) Gene expression heatmap. (E-G) Boxplots comparing mitochondrial function scores, age, and Mayo 
scores between subtypes C1 and C2 (median [IQR], Wilcoxon test). (H) Violin plot comparing the expression levels of DEMORGs between subtypes C1 and C2 (median 
[IQR], Wilcoxon test). ***P<0.001. 
Abbreviations: MD, mitochondrial dysfunction; OS, oxidative stress; IQR, interquartile range; DEMORGs, differentially expressed MD and OS-related genes.
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Figure 4 Assessment of immune cell infiltration. (A) Boxplot comparing the infiltration proportions of 22 types of immune cells between UC patients and healthy controls 
(median [IQR], Wilcoxon test). (B) Boxplot comparing the infiltration proportions of 22 types of immune cells between subtypes C1 and C2 (median [IQR], Wilcoxon test). 
(C) Heatmap of the correlation between the expression levels of DEMORGs and the infiltration proportions of immune cells (Spearman correlation coefficient). *P<0.05, 
**P<0.01, ***P<0.001. 
Abbreviations: IQR, interquartile range; ns, no significance.
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LASSO and SVM-RFE were intersected, and finally CPT1A, EPHX2, and PRDX4 were obtained as UC feature genes 
related to MD and OS (Figure 5A–C).

MD and OS-Related Feature Genes Have Good Diagnostic Value for UC
As presented in Figure 5D, the expression of CPT1A and EPHX2 in the UC group was significantly lower than that in the 
HC group (both P<0.001), while the expression of PRDX4 was significantly higher than that in the HC group (P<0.001). 
The ROC curves indicated that CPT1A (AUC=0.982), EPHX2 (AUC=0.882), and PRDX4 (AUC=0.894) all had good 
diagnostic efficacy for UC (Figure 5E). The above results were validated in the GSE206285 dataset (Figure 5F and G). 
Furthermore, we constructed a nomogram for UC diagnosis based on these three feature genes (Figure 6A), and the ROC 
curve, calibration curve, and DCA demonstrated that the nomogram has good predictive performance (Figure 6B–D).

The Expression Levels of MD and OS-Related Feature Genes were Significantly 
Associated with the Clinical Activity of UC
The expression levels of the three feature genes were significantly correlated with Mayo scores (Figure 7A–C), with CPT1A 
(r=−0.28, P<0.001) and EPHX2 (r=−0.38, P<0.001) showing negative correlations, and PRDX4 (r=0.40, P<0.001) showing 
a positive correlation. In UC patients treated with golimumab, the response group exhibited a significant decrease in Mayo 
scores at week 6 (P<0.001), along with a trend toward increased EPHX2 expression (P<0.05) and decreased PRDX4 
expression (P<0.01) (Figure 7D and E). However, in the non-response group, there were no significant differences in Mayo 
scores or the expression levels of the feature genes between week 6 and week 0 (Figure 7F and G).

Experimental Validation of MD and OS-Related Feature Gene Expression
The results of immunohistochemical staining showed that the protein expression levels of CPT1A and EPHX2 in the 
intestinal biopsy tissues of UC patients were significantly lower than those of controls (both P<0.001), while the protein 
expression level of PRDX4 was significantly higher than that of controls (P<0.001) (Figure 8). This is consistent with the 
results of bioinformatics analysis.

Discussion
The identification of UC biomarkers related to immune cell infiltration, disease activity, and therapeutic response may 
offer valuable references for the precision diagnosis and treatment of UC.22,23 In this study, nine DEMORGs were first 
identified, based on which UC samples were clustered, and the correlation between DEMORGs and immune cell 
infiltration was analyzed. Secondly, three MD and OS-related feature genes with diagnostic value for UC were screened 
by machine learning, and a diagnostic nomogram was constructed. Finally, the protein expression levels of the feature 
genes were verified in tissue sections.

Among the nine DEMORGs, PRDX4 and SOD2 were upregulated genes primarily involved in the detoxification of 
ROS;24,25 the remaining seven were downregulated genes closely associated with mitochondrial metabolic functions, 
such as glucose metabolism, fatty acid metabolism, and oxidative phosphorylation (OXPHOS).26–28 Subtype C2 
identified through unsupervised clustering had lower mitochondrial function scores and higher disease activity, thus 
justifying the classification and further illustrating the association between MD and UC disease activity. MD involves an 
increase in ROS, suppression of OXPHOS, and a decrease in the NAD/NADH ratio.29 ROS levels exceeding physio-
logical thresholds can cause cellular damage and further induce necroptosis or pyroptosis.16,30 Meanwhile, DAMPs 
released after cell death, such as mtDNA, can promote immune cell recruitment and inflammatory responses.6,31 The 
suppression of OXPHOS in IECs is not conducive to the maintenance of a physiological hypoxic environment at the 
epithelial-lumen interface, leading to a reduction in the abundance of obligate anaerobic bacteria that ferment dietary 
fibers into short-chain fatty acids (SCFAs).32 NAD deficiency reduces the activity of mitochondrial homeostasis 
regulators sirtuin 1 (SIRT1) and SIRT3, thereby affecting mitochondrial biogenesis and antioxidant responses.33,34 

Therefore, MD is closely associated with typical UC manifestations, such as mucosal inflammation, epithelial barrier 
damage, and gut microbiota dysbiosis.
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Figure 5 Machine learning screening for feature genes. (A) Coefficient path and optimal lambda selection in LASSO regression. (B) Cross-validation error in SVM-RFE algorithm. (C) 
Venn diagram: the intersection of LASSO and SVM-RFE results is the feature genes. (D) Violin plot comparing the expression levels of feature genes between UC patients and healthy 
controls in the training set (median [IQR], Wilcoxon test). (E) ROC curves showing the diagnostic performance of feature genes in the training set. (F) Violin plot comparing the 
expression levels of feature genes between UC patients and healthy controls in the validation set (median [IQR], Wilcoxon test). (G) ROC curves showing the diagnostic performance of 
feature genes in the validation set. ***P<0.001. 
Abbreviations: LASSO, Least Absolute Shrinkage and Selection Operator; SVM-RFE, Support Vector Machine-Recursive Feature Elimination; UC, ulcerative colitis; IQR, 
interquartile range; ROC, receiver operating characteristic; AUC, area under the curve.
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Immune dysregulation is a key factor in the initiation and perpetuation of UC inflammation.35 In recent years, the role 
of Tfh cells in the pathogenesis of UC has gained increasing attention, especially regarding their imbalance with 
follicular regulatory T (Tfr) cells and their interaction with DCs.36,37 The immune cell infiltration assessment in this 
study also showed consistent results, indicating significantly higher infiltration of Tfh cells and activated DCs in the UC 
group or subtype C2. However, whether MD and OS are involved in the Tfh/Tfr imbalance remains unclear. Additionally, 
we found that the infiltration of M1 macrophages increased while that of M2 macrophages decreased in the UC group or 
subtype C2. It is widely recognized that M1 is the pro-inflammatory macrophage phenotype, while M2 is the anti- 
inflammatory phenotype.38 Studies have shown that mitochondrial ROS can promote macrophage polarization towards 
the M1 type.10 Moreover, macrophage polarization involves metabolic reprogramming, as many typical functions of M1 
macrophages depend on glycolysis, whereas M2 macrophages rely more on OXPHOS.39 Thus, MD in macrophages may 
contribute to M1 polarization.

Regarding the three MD and OS-related feature genes identified through machine learning, current research has not 
fully elucidated their specific roles in the onset or progression of UC. CPT1A is associated with mitochondrial fatty acid 
metabolism, encoding carnitine palmitoyltransferase 1, which is located on the outer mitochondrial membrane and acts as 
the rate-limiting enzyme in the β-oxidation of long-chain fatty acids.27 A previous bioinformatics analysis by Alghamdi 

Figure 6 Diagnostic nomogram for UC. (A) Nomogram. (B) ROC curve. (C) Calibration curve. (D) Decision curve analysis. 
Abbreviation: UC, ulcerative colitis.
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et al reported that CPT1A is a key gene associated with IBD.40 Since the energy supply and functional maintenance of 
certain immune cells rely on fatty acid oxidation (FAO), the role of CPT1A in immune cell differentiation has attracted 
considerable attention. Inducible regulatory T (iTreg) cells are a subset of Treg cells and are essential for maintaining 
intestinal immune homeostasis.41 Research by Hao et al demonstrated that butyrate facilitates FAO and iTreg cell 
differentiation by upregulating CPT1A activity.42 A recent study by Li et al revealed that the gut microbial metabolite 
indole-3-propionic acid alleviates colitis by inducing M2 macrophage polarization, a process mediated by CPT1A 
upregulation and enhanced FAO.43 EPHX2 encodes soluble epoxide hydrolase (sEH), a bifunctional enzyme with 

Figure 7 Correlation analysis between feature genes and disease activity. (A–C) Correlation analysis between the expression levels of feature genes and Mayo scores 
(Spearman correlation coefficient). (D) Boxplot comparing Mayo scores at week 0 and week 6 in the golimumab response group (median [IQR], Wilcoxon test). (E) Paired 
comparison of feature gene expression levels at week 0 and week 6 in the golimumab response group (paired t-test). (F) Boxplot comparing Mayo scores at week 0 and 
week 6 in the golimumab non-response group (median [IQR], Wilcoxon test). (G) Paired comparison of feature gene expression levels at week 0 and week 6 in the 
golimumab non-response group (paired t-test). *P<0.05, **P<0.01, ***P<0.001. 
Abbreviations: IQR, interquartile range; ns, no significance.
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epoxide hydrolase activity in its C-terminal domain and lipid phosphatase activity in its N-terminal domain.44 

Epoxyeicosatrienoic acids (EETs), derived from arachidonic acid metabolism via cytochrome P450 enzymes, are 
recognized as anti-inflammatory mediators, whereas sEH is the hydrolase of EETs.45 Qiu et al were the first to investigate 
the levels of EETs and sEH in intestinal tissues of UC patients and found that EETs concentrations were elevated while 
sEH expression was reduced in inflamed tissues compared to adjacent non-inflammatory tissues, suggesting that 
increased EETs levels may be part of the protective mechanism in UC.46 Reisdorf et al did not observe a statistically 
significant difference in EPHX2 protein expression levels between UC colonic biopsy samples and healthy controls using 
Western blot analysis.47 However, treatment with the sEH inhibitor (GSK1910364) alleviated dextran sulfate sodium 
(DSS)-induced colitis in mice.47 It is currently considered that sEH inhibitors exert their effects through EETs-mediated 
regulation of mitochondrial function, reduction of ROS levels, and inhibition of endoplasmic reticulum stress.48 PRDX4 
encodes peroxiredoxin 4, which is primarily localized in the endoplasmic reticulum and has a dual function in hydrogen 
peroxide degradation and protein oxidative folding.49 It has been investigated in multiple diseases. For example, a cohort 
study by Geertsema et al identified serum peroxiredoxin 4 as an OS biomarker associated with the risk of chronic kidney 
disease.50 Research by Huang et al found that peroxiredoxin 4 mitigates diabetic retinopathy by suppressing endoplasmic 
reticulum stress, OS, and MD in Müller cells.51 In the field of colitis, animal studies have shown that PRDX4 knockout 
exacerbates DSS-induced colonic mucosal injury.52 Additionally, peroxiredoxin 4 directly regulates IL-1β release by 
restricting caspase-1 activity.53 Therefore, CPT1A, EPHX2, and PRDX4 all have promising research prospects in UC.

Figure 8 Immunohistochemical staining of proteins encoded by feature genes in colonoscopic biopsy tissues from UC patients and controls (mean±SD, t-test). ***P<0.001. 
Abbreviations: UC, ulcerative colitis; AOD, average optical density; SD, standard deviation.
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Considering the close association between MD and OS, this study comprehensively analyzed the molecular subtypes, 
immune infiltration characteristics, and feature genes related to MD and OS in UC, offering new insights into biomarker 
identification and therapeutic strategy development. However, this study still has some limitations. First, there is a lack of 
exploration into the specific mechanisms by which the proteins encoded by the feature genes participate in immune 
regulation and inflammatory response, which requires further research for clarification. Second, although colonoscopic 
biopsy tissues from UC patients and controls were collected, the sample size is relatively small. Finally, the current study 
did not analyze the degree of MD, OS levels, or the expression of feature genes in specific cell types.

Conclusions
CPT1A, EPHX2, and PRDX4 are feature genes related to MD and OS in UC, and their expression levels are significantly 
associated with the proportion of immune cell infiltration and disease activity. This study provides valuable insights into 
the role of MD and OS in UC.
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