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Chronic spontaneous urticaria (CSU), a mast cell-driven disease, substantially affects the quality of life. While genetics affect CSU susceptibility and severity, the specific genetic factors associated with mast cell activation in CSU remain elusive. We aimed to identify key genetic factors and investigate their roles in CSU pathogenesis. Two gene expression datasets from the Gene Expression Omnibus were merged and validated using principal component analysis and boxplots. The merged dataset was subjected to limma and weighted gene co-expression network analyses. Genes whose expression correlated highly with CSU were identified and analyzed using Gene Set Enrichment Analysis (GSEA), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. As GSEA, GO, and KEGG analyses highlighted the importance of chemokine (C-C motif) ligand 2 (CCL2) and cholesterol 25-hydroxylase (CH25H) gene and tumor necrosis factor (TNF) signaling pathways in CSU; the three corresponding genes were knocked down in human mast cell line-1 (HMC-1), followed by incubation with thrombin to mimic CSU pathogenesis. CCL2, CH25H, and TNF knockdown reduced excitability and cytokine production in HMC-1. Our findings suggest that genes involved in the CCL2, CH25H, and TNF pathways play crucial roles in CSU pathogenesis, providing insights into potential therapeutic targets for CSU treatment.
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1 Introduction

Chronic spontaneous urticaria (CSU), a skin disease driven by mast cells, is characterized by the recurrence of transient wheals, angioedema, or both for more than 6 weeks (1). This condition significantly impacts the quality of life of patients, causing physical discomfort, emotional distress, sleep disturbances, and social isolation due to its debilitating symptoms. Furthermore, CSU imposes a substantial burden on society, as it leads to increased healthcare costs, reduced work productivity, and absenteeism (2, 3). Although progress has been made in understanding the pathogenesis of CSU, the exact mechanisms underlying this disease, particularly those related to its recurrence and susceptibility, are not completely understood. Recent research suggests that genetic factors may play a crucial role in the development and recurrence of CSU (4). However, the specific genetic mechanisms underlying this process remain unclear.

Investigating the genetic factors underlying CSU requires a large sample size to ensure reliability; however, individual studies may struggle to obtain a substantial number of samples. The Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) addresses this issue by serving as a free public repository for high-throughput functional genomic data, allowing researchers to merge multiple studies, increase sample sizes, compare datasets, and gain insights into the gene expression patterns of a disease (5). In this context, bioinformatics tools such as ‘limma’ (6) and weighted gene co-expression network analyses (WGCNA) (7) have been widely used to identify relevant genes and molecular pathways.

Mast cells are immune cells that play a central role in the pathogenesis of CSU. Activation of mast cells leads to the production and release of multiple inflammatory mediators, such as histamine, cytokines, and chemokines. These mediators are responsible for the characteristic symptoms of CSU, including wheals, itching, and angioedema (8, 9). Moreover, one well-established mechanism in CSU pathogenesis involves thrombin, a serine protease involved in blood coagulation, which activates mast cells and promotes the release of inflammatory mediators (10, 11). Additionally, human mast cell line (HMC-1) is a well-established and widely used model that exhibits many characteristics of mast cells, making them a valid tool for studying mechanisms of mast cells in CSU (12). Furthermore, histamine (13), a key player in CSU, along with other inflammatory mediators including chemokine (C-C motif) ligand (CCL) 2, C-X-C motif chemokine ligand (CXCL)1, CXCL5, interleukin (IL) 6, tumor necrosis factor (TNF)-α, and vascular endothelial growth factor (VEGF) were found to be essential for CSU severity (14–21). Therefore, monitoring the production of these mediators in the thrombin-activated HMC-1 model may help us evaluate the severity of CSU.

In this study, we aimed to investigate gene expression patterns in CSU using the publicly available GEO database. Bioinformatics analyses were conducted on merged datasets using the limma and WGCNA packages to identify key genes and pathways associated with the disease. To validate these findings, experiments were performed using HMC-1 cell and the effects of key genes and pathways on mast cell-derived inflammatory cytokine production was investigated following the knockdown of these genes or channels and co-incubation with thrombin. This study will contribute to a better understanding of the genetic factors involved in CSU and may uncover potential therapeutic targets for this debilitating condition.




2 Materials and methods

A flowchart of the process is shown in Figure 1.




Figure 1 | Flowchart of the study. PCA, principal component analysis; WGCNA, weighted gene co-expression network analysis; DEGs, differentially expressed genes; sDEGs, specific differentially expressed genes; TM, thrombin 0.2 U/mL.





2.1 Integrating and validating CSU microarray data from GEO

Human CSU-related gene expression data was searched in the GEO database of NCBI (https://www.ncbi.nlm.nih.gov/geo/) with “urticaria” and “Homo sapiens” as keywords. Microarray data from the same platform were selected and screened. Eligible microarray data, specifically GSE57178 and GSE72540, were merged based on gene names, and the SVA R package was used for normalization and batch effect removal. GSE57178 and GSE72540 both included skin samples from three groups: lesional (CSU-L) and non-lesional skin (CSU-C) of patients with active CSU, as well as from healthy volunteers (Nor). The adjusted dataset was validated using boxplot and principal component analysis (PCA) to confirm the absence of confounding batch-variable effects. This step was crucial to ensure that the merged dataset was appropriate for subsequent analyses. The normalized dataset was subjected to limma analysis and WGCNA.




2.2 Limma analysis and WGCNA

Limma analysis was performed using the ‘limma’ package in R software. A design matrix that included the experimental conditions (Nor, CSU-C, and CSU-L) as covariates was created. The differentially expressed genes (DEGs) among the Nor, CSU-C, and CSU-L groups were estimated using the empirical Bayes method. The average expression, P-values, adj. P-val, and logFC were calculated for each gene. The purpose of the limma analysis was to identify and quantify the DEGs between the CSU-L and the other groups (Nor and CSU-C).

The top 5,000 genes with the highest median absolute deviation in the merged dataset were selected for WGCNA. The WGCNA package for R identified the co-expressed gene modules and explored the correlation between the gene network and CSU-L. The soft power threshold was selected using the pickSoftThreshold function. Co-expression modules were identified using the blockwiseModules function with modified parameters, including soft threshold (power), minModuleSize (22), and mergeCutHeight (0.25). A topological overlap matrix was used to evaluate network connectivity, and hierarchical clustering was used to construct topological overlap matrix dendrograms. Genes were clustered into different modules based on their expression patterns, and intermodule correlations were calculated and visualized using a heat map. Module-trait correlations were evaluated to determine the modules associated with CSU-L for analysis. The purpose of WGCNA was to identify gene modules co-expressed in CSU-L and explore their correlation with the disease state.




2.3 Identifying specific differentially expressed genes (sDEGs) in CSU-L using WGCNA and limma

The color modules that were significantly correlated with CSU-L were identified using WGCNA. Genes within these modules were selected for further analysis. The selected genes were paired with DEGs obtained from the limma analysis to generate an expression matrix for highly sDEGs. A volcano plot visually represented the filtering process, clearly displaying sDEGs associated with CSU-L meeting the criteria of P < 0.01 and the log FC cutoff (>1-fold upregulation or downregulation). The sDEGs were then subjected to GSEA and enrichment using GO and KEGG analyses to identify the specific signaling pathways associated with CSU. The aim of combining WGCNA and limma analysis was to pinpoint sDEGs and their associated pathways in CSU-L.




2.4 siRNA transfection and thrombin co-incubation

The reagents and cell information are provided in Supplementary Material (Supplementary Data 1). Detailed methods for HMC-1 cell culture and the CCK-8 cell viability assay are provided in Supplementary Material (Supplementary Data 2). Detailed protocols for quantitative polymerase chain reaction (qPCR), western blotting, and enzyme-linked immunosorbent assay (ELISA) are provided in Supplementary Material (Supplementary Data 3). The primer sequences used are listed in Supplementary Material (Supplementary Table 1).

siRNA Screening: HMC-1 cells were seeded and transfected with three distinct siRNAs against CCL2, cholesterol 25-hydroxylase (CH25H), and TNF using Lipofectamine 3000 transfection reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions. The NC group was transfected with non-sense siRNA, while the CON group consisted of HMC-1 cells cultured with an equal volume of PBS as a control. After 48 h, the transfection efficiency was assessed using qPCR to determine the knockdown of CCL2, CH25H, and TNF mRNA levels, and the most effective siRNA was selected for each target. The siRNA sequences are presented in Supplementary Material (Supplementary Table 2).

Thrombin co-incubation: HMC-1 cells were transfected with CCL2, CH25H, and TNF siRNAs, NC siRNA, or CON. After 48 h, the transfected cells were co-incubated with thrombin for 8 or 16 h. Cytokine mRNA levels were assessed using qPCR and western blotting, and protein levels were measured using ELISA.




2.5 Statistical analysis

Data are presented as means ± standard deviations. Data analysis was performed using SPSS v20.0 (SPSS Inc., Chicago, IL, USA). CCK-8 data were analyzed using one-way analysis, whereas data regarding the expression of multiple inflammatory mediators in HMC-1 cells and supernatants were analyzed using a one-way analysis of variance with Dunnett’s multiple comparison tests. P-values less than 0.05 were considered significant.





3 Results



3.1 GSE57178 and GSE72540 were merged into a single dataset for further analysis

Microarray data from GSE57178 (23) and GSE72540 (24) were used for the analysis. These datasets were chosen based on their use of the same sequencing platform and consistent sample classification, ensuring compatibility and reliability for comparative analysis. GSE57178 included six skin samples from CSU-L, seven skin samples from the CSU-C of patients with active CSU, and five skin samples from Nor. GSE72540 included 10 skin samples from CSU-L, 14 skin samples from CSU-C of the same patients with severely active CSU, and 7 skin samples from Nor. Patients in both studies were not receiving any other treatments at the time of sample collection. Both datasets were based on the GPL16699 platform (Agilent-039494 SurePrint G3 Human GE v2 8×60K Microarray 039381; Agilent Technologies, Santa Clara, CA, USA). A single matrix was obtained by merging GSE57178 and GSE72540 for further analysis while preserving the matched gene symbols, combined gene expression matrix, and group information. A flowchart of the study is presented in Figure 1.




3.2 Post-correction boxplots and PCA plots showed consistent biology-driven clustering

Upon batch-effect correction, the boxplots exhibited more uniform and comparable distributions of gene expression values across all sample groups (Figure 2A). Moreover, post-batch effect correction clustered the samples more closely based on their respective biological groups (CSU-L, CSU-C, and Nor) (Figure 2B). This suggests that the batch effect was successfully mitigated, rendering the merged dataset more appropriate for subsequent analyses.




Figure 2 | Post-correction boxplots and PCA plots showing consistent biology-driven clustering. (A) Post-correction boxplots of merged dataset consistency. (B) PCA results. (C) Volcano plot showing differentially expressed genes from limma analysis. Arabic numerals represent the number of up-, non-, and downregulated genes based on P < 0.01, logFC cutoff >1-fold upregulation or downregulation. PCA, principal coordinate analysis.






3.3 Limma analysis and WGCNA: uncovering significant gene modules and sDEGs in CSU-L subtype

Limma analysis generated a table of DEGs with associated statistics focusing on their relationship with the CSU-L group. The table includes log fold change (logFC), average expression, t-statistic (t), P-value, adj. P-val, and gene names. Of the 15,646 genes, 136 were upregulated and 24 were downregulated (P < 0.01, logFC cutoff >1-fold upregulation or downregulation) (Figure 2C). The cutoff criteria (P < 0.01, logFC > 1-fold upregulation or downregulation) were selected based on their ability to effectively reduce false positives while maintaining a sufficient number of biologically relevant genes for subsequent enrichment analysis and experimental validation.

The optimal soft threshold for a scale-free network in WGCNA was determined to be 10. Figure 3A shows the scale-free topology model fit (signed R2) and mean connectivity as functions of the soft threshold values, confirming a chosen power of 10. Genes were grouped into 15 distinct modules via hierarchical clustering based on topological overlaps, representing gene clusters with similar expression patterns (Figure 3B).




Figure 3 | WGCNA revealed strong correlations between the blue and brown modules, particularly the blue module and the CSU-L subtype. (A) Optimal soft threshold. (B) Genes were grouped into 15 distinct modules. (C) Blue and brown modules were closely associated with the CSU-L subtype. (D) Correlation of the blue and brown modules with CSU. CSU, chronic spontaneous urticaria.



The module-trait relationship heat map revealed strong correlations between the blue and brown modules, particularly the blue module and the CSU-L subtype, suggesting their potential significance in CSU-related biological processes (Figure 3C). Notably, the CCL2 gene within the blue module emerged as the most significant DEG associated with CSU-L, while the CH25H gene was the second most significant DEG (Figure 3C). The blue module showed a strong correlation with CSU (COR = 0.94, P < 1e-200), whereas the brown module exhibited a significant but weaker association (COR = 0.69, P = 1.3e-63) (Figure 3D).

The blue and brown modules contain 846 and 441 genes, respectively. These genes were subjected to DEG analysis using limma, yielding a dataset of highly sDEGs.




3.4 Functional analysis of sDEGs: highlighting the potential importance of CCL2, CH25H, and TNF signaling pathways in CSU-L

Based on P < 0.01 and logFC cutoff (>1-fold up or downregulation), 110 genes were upregulated, and 9 genes were downregulated among sDEGs. Notably, the CCL2 gene had the highest logFC and -log P-value, indicating its close association with CSU-L (Figure 4A). The CH25H gene, however, also exhibited a high logFC and -log P-value, making it the second most closely associated gene with CSU-L (Figure 4A).




Figure 4 | Functional analysis of sDEGs highlighted the CCL-2 and TNF signaling pathways in CSU-L. (A) Volcano plot showing sDEGs. (B) GSEA highlighting the TNF signaling pathway. (C) KEGG enrichment analysis highlighting the TNF signaling pathway. (D) Results of GO enrichment analysis.



GSEA of sDEGs identified 25 enriched pathways (adjusted P-value < 0.05), with the “TNF signaling pathway” among the top pathways, emphasizing its potential role in CSU-L. Other significant pathways included “lipid metabolism and atherosclerosis,” “AGE-RAGE signaling pathway in diabetic complications,” and “human cytomegalovirus infection” (Figure 4B). In the over-representation test of sDEGs using KEGG pathways, the “TNF signaling pathway” was again among the top enriched terms, further reinforcing its importance in the context of CSU. Additional pathways included “IL-17 signaling pathway,” “malaria,” and “AGE-RAGE signaling pathway in diabetic complications” (Figure 4C).

GO enrichment analysis of sDEGs revealed significant terms in three categories: biological process, molecular function, and cellular components. The key biological process terms included “leukocyte migration and chemotaxis,” “zymogen activation,” and “negative regulation of responses to external stimuli.” For molecular function, the top terms were “cytokine activity,” “cytoskeletal structural constituents,” and “protein kinase inhibitor activity.” In cellular components, the most enriched terms were “extracellular matrix” and “plasma membrane components” (Figure 4D). The CCL2 and CH25H genes and TNF signaling pathways were also associated with biological process of “leukocyte migration and chemotaxis,” “negative regulation of response to external stimulus,” and “cell chemotaxis,” as well as the molecular function of “cytokine activity.”

Considering the significant roles of the CCL2 and CH25H genes and TNF signaling pathways revealed through the functional analysis of sDEGs, we further investigated their involvement in CSU using cellular experiments.




3.5 siRNA-mediated CCL2 and TNF knockdown mitigated mast cell activation and CSU pathogenesis

The results of the cell counting kit (CCK)-8 assay did not show any significant differences in cell viability among the transfected groups (CCL2 and TNF siRNAs) compared with that of NC and CON groups, indicating that transfection did not negatively affect HMC-1 cell viability (Figure 5A).




Figure 5 | CCL-2 and TNF gene knockdown using siRNAs reduced mast cell activation and CSU pathogenesis. Data from 2–5 independent trials. One-way ANOVA, followed by Tukey’s multiple comparisons test, was used for group comparisons **P < 0.01; ***P < 0.001; N.S, no statistical difference. (A) CCK8 assay results. (B) qPCR for HMC-1 cells transfected with CCL-2 or TNF siRNA. (C) ELISA for HMC-1 supernatant transfected with CCL-2 or TNF siRNA following thrombin incubation. (D) qPCR of HMC-1 cells with CCL-2 or TNF siRNA transfection following thrombin incubation. (E) Western blot analysis. (Left) Representative images; (Right) Densitometric quantification using ImageJ software. (F, G) qPCR results for HMC-1 cells with CCL-2 or TNF siRNA transfection following thrombin incubation. TM, thrombin 0.2 U/mL.



qPCR analysis revealed a significant knockdown of CCL2 and TNF in HMC-1 cells transfected with their respective siRNAs compared with those in the NC group. The most effective siRNAs against CCL2 and TNF were selected for further experiments (Figure 5B).

Compared with that in the NC and CON groups, the transfected groups (CCL2 and TNF siRNAs) exhibited reduced histamine levels in the supernatants (Figure 5C) and significantly decreased TPSAB1 mRNA expression in HMC-1 cells (P < 0.01; Figure 5D). Western blot analysis revealed that tryptase-1 levels decreased in the transfected groups (CCL-2 and TNF siRNAs) (Figure 5E). Since tryptase-1 is a specific marker of mast cell activation, and histamine is a major pathogenic factor in CSU, these results suggest that CCL2 and TNF knockdown with the corresponding siRNAs reduces mast cell activation and CSU pathogenesis.

Compared with that in the NC and CON groups, the transfected groups (CCL2 and TNF siRNAs) displayed decreased expression of CCL2, CXCL1, CXCL5, IL6, TNFα, and VEGF mRNAs in HMC-1 cells (Figures 5F, G).




3.6 siRNA-mediated downregulation of the CH25H gene attenuates mast cell activation and CSU pathogenesis

CCK-8 assay results showed no significant differences in cell viability among the transfected CH25H siRNAs groups compared with that of the NC and CON groups, indicating that transfection did not negatively affect HMC-1 cell viability (Figure 6A).




Figure 6 | CH25H gene knockdown using siRNAs reduced mast cell activation and CSU pathogenesis. Data were from 2–5 independent trials. One-way ANOVA, followed by Tukey’s multiple comparisons test, was used for group comparisons. * indicates a statistical difference between groups. **P < 0.01; ***P < 0.001; N.S, no statistical difference. (A) CCK8 assay results. (B) qPCR for HMC-1 cells transfected with CH25H siRNA. (C) ELISA for HMC-1 supernatant transfected with CH25H following thrombin incubation. (D) qPCR results for HMC-1 cells with CH25H siRNA transfection following thrombin incubation. (E) Western blot analysis. (Left) Representative western blot images; (Right) Densitometric quantification using ImageJ software. (F) qPCR results for HMC-1 cells with CH25H siRNA transfection following thrombin incubation. TM, thrombin 0.2 U/mL.



Quantitative PCR analysis revealed a significant knockdown of CH25H in HMC-1 cells transfected with CH25H siRNAs compared with those in the NC group. The most potent CH25H-targeting siRNAs were chosen for subsequent experiments (Figure 6B).

A reduction in histamine levels in the supernatants was observed in the CH25H siRNA-transfected group compared with the NC and CON groups (Figure 6C). This group also exhibited significantly diminished TPSAB1 mRNA expression in HMC-1 cells (P < 0.01; Figure 6D). Western blot analysis revealed that tryptase-1 levels decreased in the CH25H siRNAs transfected groups (Figure 6E). These results imply that CH25H knockdown with the corresponding siRNAs mitigates mast cell activation and CSU pathogenesis.

Compared with the NC and CON groups, the group transfected with CH25H siRNAs showed decreased expression of CCL2, CXCL1, CXCL5, IL6, TNFα, and VEGF mRNAs in HMC-1 cells (Figure 6F).





4 Discussion

In this study, we showed that the CCL2 and CH25H genes and TNF signaling pathways play crucial roles in CSU development. Using comprehensive bioinformatics analyses, we initially identified key genetic factors and signaling pathways implicated in CSU pathogenesis. The CCL2 and CH25H genes and TNF signaling pathways were screened using limma, WGCNA, GSEA, GO, and KEGG enrichment analyses. Furthermore, we confirmed their role in CSU by showing the reduced expression of mast cell activation marker tryptase-1, a crucial CSU mediator histamine, and several inflammatory mediators in HMC-1 cells transfected with siRNAs targeting the CCL2 and CH25H genes and TNF pathways after thrombin incubation.

Merging of the GSE57178 and GSE72540 datasets was justified as their platforms and sample groups were shared. PCA and boxplot analyses demonstrated the effectiveness of the merged dataset in subsequent analyses. GSE57178 and GSE72540 were individually utilized in previous studies (25, 26). However, our dataset merging approach increased the sample size and enhanced reproducibility and data integration. Importantly, HMC-1 cell-based gene and signaling pathway knockdown experiments improved the reliability of the results of bioinformatics analysis (27), providing stronger evidence regarding the involvement of the CCL2 and CH25H genes and TNF pathways in CSU in our study.

Combined analysis of limma and WGCNA showed that the CCL2 gene, which had the greatest fold change and lowest P-value, and the CH25H gene, which was the second most significant, were both strongly associated with CSU, highlighting their potential relevance to the disease. ‘Limma’ is a R/Bioconductor package that uses linear models and empirical Bayesian methods to identify DEGs, estimate fold changes and P-values, and control false discovery rates (6), whereas WGCNA is a correlation-based network construction method that identifies co-expressed genes and modules correlated with a specific phenotype and can identify hub genes that play a central role in the network (7). Key genes identified by combining these methods increase the reliability and likelihood of their biological relevance to a disease (28). Both GSEA and KEGG enrichment analyses showed that the TNF signaling pathway was among the top enriched terms, indicating its critical role in CSU pathogenesis. GSEA and KEGG pathway analyses were used to identify key signaling pathways associated with certain diseases, providing valuable insights regarding the underlying molecular mechanisms and identifying potential therapeutic targets (29). The CCL2 and CH25H genes and TNF signaling pathways were also highlighted in the results of GO enrichment analyses. Based on our findings, we suggest that the CCL2 and CH25H genes and TNF signaling pathways are closely implicated in CSU pathogenesis.

The diminished production of tryptase-1, a unique marker of activated mast cells (30), in HMC-1 cells transfected with siRNAs targeting the CCL2 and CH25H genes and TNF signaling pathways following thrombin incubation emphasizes their vital role in thrombin-mediated mast cell activation. Decreased secretion of histamine, a critical mediator of CSU (13), further indicates the involvement of the CCL2 and CH25H genes and TNF pathways in CSU pathogenesis. Mast cells are the central effector cells in CSU, and thrombin-activated mast cells represent one of the confirmed contributors to CSU pathogenesis (10, 11). Stimulation conditions and designated time points for sample collection were based on previous studies (22, 31). The downregulation of various inflammatory mediators after mast cell knockdown highlights the intricate and potent inflammatory properties of the CCL-2 and CH25H genes and TNF pathways in CSU. Multiple mediators are produced in CSU. In the present study, we focused on the mediators essential for CSU chronicity and severity. For example, IL6 and TNFα play pivotal roles in inflammatory responses and correlate with disease activity in CSU (14, 15). Additionally, the level of VEGF, which induces vasopermeability, is elevated in CSU patients (16). Perivascular non-necrotizing cellular infiltration is a hallmark of CSU (17, 18), and CXCL-1, CXCL5, and CCL2 promote the recruitment of eosinophils, neutrophils, and lymphocytes (19–21). These results suggest that mast cell activation associated with the CCL2 and CH25H genes and TNF pathways may exert multifaceted effects on CSU. Given that the symptoms of CSU, such as hives and angioedema, are largely driven by the release of histamine and other inflammatory mediators from activated mast cells, the observed decrease in mast cell activation and mediator production following siRNA-mediated knockdown of CCL2, CH25H, and TNF genes in our HMC-1 model suggests a potential mechanism by which these genes may contribute to CSU pathogenesis. Furthermore, the elevated expression of these genes in CSU-L skin samples from patients, as well as their association with key inflammatory pathways, underscores their potential relevance to the disease process in CSU. These findings indicate that targeting the CCL2 and CH25H genes and TNF pathways may offer therapeutic potential for managing CSU.

CCL2, which was identified as a gene significantly associated with CSU in our study, recruits and activates leukocytes, including mast cells, at inflammation sites (32). The TNF signaling pathway is involved in mast cell activation (33). The prominence of the TNF signaling pathway in GSEA and KEGG analysis in our study further highlights its significance. Elevated CCL2 (34) and TNFα levels (35) in CSU patients support their potential roles in CSU pathogenesis. Our findings emphasize that CCL2 and TNF pathways are potential therapeutic targets for CSU. The CH25H gene has been characterized as exerting complex yet critical effects on immune cells (36); its significance has been demonstrated in skin inflammation (37) and irritant contact dermatitis (38). Based on our findings, the CH25H gene may play a role in mast cell activation and the pathogenesis of CSU, warranting further research in the future.

The limitations of this study include the need for animal model studies to confirm our in vitro findings. In addition, we only investigated the mechanism involving thrombin-activated mast cells in CSU because of its complex pathogenesis. Further studies should investigate other mechanisms, such as those involving exosomes (39).

In conclusion, our study identified CCL2 and CH25H genes and TNF signaling pathways as key factors in CSU pathogenesis, with HMC-1 cell experiments confirming their involvement in mast cell activation and inflammatory mediator production. These findings provide valuable insights regarding the molecular mechanism of CSU and identify potential therapeutic targets. Further studies are required to confirm these results and investigate the roles of other genes and pathways in CSU pathogenesis.
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