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Introduction: Pediatric sepsis is a complex and life-threatening condition characterized by organ failure due to an uncontrolled immune response to infection. Recent studies suggest that ferroptosis, a newly identified form of programmed cell death, may play a role in sepsis progression. However, the specific mechanisms of ferroptosis in pediatric sepsis remain unclear.Methods: In this study, we analyzed microarray datasets from pediatric sepsis and healthy blood samples to identify ferroptosis-associated genes. A protein-protein interaction (PPI) network analysis and histological validation were performed to identify key genes. Additionally, immune infiltration analysis was conducted to explore the correlation between immune cells, immune checkpoint-related genes, and key genes. A competing endogenous RNA (ceRNA) network was constructed to investigate potential regulatory mechanisms involving long non-coding RNAs (lncRNAs), microRNAs (miRNAs), and key ferroptosis-related genes.Results: We identified 74 genes associated with ferroptosis in pediatric sepsis. Among them, five key genes (MAPK3, MAPK8, PPARG, PTEN, and STAT3) were confirmed through PPI network analysis and histological validation. Immune infiltration analysis revealed significant interactions between immune cells and key genes. The ceRNA network provided insights into the regulatory relationships between lncRNAs, miRNAs, and ferroptosis-related genes.Discussion: These findings enhance our understanding of the role of ferroptosis in pediatric sepsis and highlight potential therapeutic targets for future research and clinical interventions.Keywords: pediatric sepsis, ferroptosis-related genes, immune infiltration, ceRNA network, gene expression omnibus data base
1 INTRODUCTION
Sepsis, a potentially fatal disease, poses a significant threat to public health. This is mainly due to its link with an abnormal immune response to infections, leading to severe organ dysfunction (Cecconi et al., 2018). Globally, it is estimated that there are 22 cases of pediatric sepsis per 100,000 person-years, along with 2202 cases of neonatal sepsis per 100,000 live births, resulting in a total of 1.2 million cases of pediatric sepsis annually (Fleischmann-Struzek et al., 2018). A considerable number of children suffering from sepsis encounter unresponsive shock and/or multiple organ dysfunction syndrome, leading to a high mortality rate within the first 48–72 h of treatment (Morin et al., 2016; Weiss et al., 2020). To improve outcomes for pediatric patients diagnosed with sepsis, it is essential to quickly identify, administer appropriate resuscitation, and provide comprehensive care.
Ferroptosis is a regulated form of cell death that is specifically influenced by iron-dependent lethal lipid peroxidation. Morphologically, ferroptosis is characterized by the disappearance of mitochondrial cristae and the condensation and rupture of mitochondrial membranes (Hirschhorn and Brent, 2019).
Intracellular iron-dependent lethal lipid peroxidation involves iron overload, ROS generation, and increased levels of polyunsaturated fatty acids in phospholipids. These processes result in cell membrane disruption, impaired membrane function due to lipid cross-linking, and oxidative damage to cellular components, ultimately leading to cell death (Huo et al., 2019; Zhao et al., 2019). In sepsis, bacterial infection relies on iron for their growth within the host organism. The release of intracellular iron during infection serves as a rich resource for bacterial utilization (Kleist and Knoop, 2020). This process, combined with the generation of reactive oxygen species and fatty acids by bacterial infection, fuels lipid peroxidation (Wood et al., 2018). This creates a detrimental cycle that worsens the infection and ultimately leads to sepsis, which can result in multi-organ dysfunction (Burke et al., 2019). In summary, ferroptosis plays a significant role in exacerbating infections by providing multiple sources for bacterial growth, making it a critical cascade in sepsis.
This study sourced gene expression datasets from the Gene Expression Omnibus (GEO). Bioinformatics analyses were employed to identify differentially expressed genes (DEGs). By integrating these DEGs with ferroptosis-related genes (FRGs), we pinpointed five key genes: MAPK3, MAPK8, PPARG, PTEN, and STAT3. To underscore the importance of these hub genes, we used the other independent dataset for validation.
2 MATERIALS AND METHODS
2.1 Data collection and acquisition of genes related to ferroptosis
Microarray data were sourced from the Gene Expression Omnibus (GEO) database, specifically from two series: GSE145227, and GSE13904. The GSE145227 series, which was used as the training set, contains 22 total RNA samples derived from whole blood, including 10 samples from children with sepsis and 12 samples from healthy controls. The GSE13904 series, used as the validation set, includes 52 whole blood samples from children with sepsis and 18 samples from healthy controls. For subsequent analyses, we gathered a total of 564 experimentally validated FRGs involved in the regulation, inhibition, or identification of ferroptosis. These were obtained from the publicly accessible FerrDb database (http://www.zhounan.org/ferrdb/), after removing any duplicated genes.
2.2 Discovering differential expression of ferroptosis-associated genes
We re-annotated the series matrix using the “AnnoProbe” package. We then normalized the microarray data and identified differentially expressed genes (DEGs) by comparing sepsis samples and healthy control, using the “limma” package in R software. We considered DEGs with an absolute value of |log2FC| ≥ 1 and an adjusted p-value <0.05 as significant. Furthermore, we applied the same criteria to identify differentially expressed long non-coding RNAs (DElncRNAs). To identify the genes that overlapped between the DEGs and FRGs, we defined them as differentially expressed ferroptosis-related genes (DE-FRGs). Subsequently, we generated volcano plots to visualize the expression patterns of both DEGs and DElncRNAs, using the “ggplot2” package. We also used the “Venndiagram” package to represent the number of DE-FRGs in a Venn diagram. Finally, we demonstrated the expression levels of DE-FRGs through a heatmap, again utilizing the “ggplot2” package.
2.3 Gene set enrichment analysis in child sepsis
To uncover the relevant signaling pathways implicated in the progression of sepsis, gene set enrichment analysis (GSEA) was conducted using the online tool OmicStudio (http://www.omicstudio.cn/tool). Gene sets that exhibited significant enrichment, meeting the criterion of a nominal (NOM) p-value <0.05 and false discovery rate (FDR) <25%, were deemed statistically significant and were subsequently highlighted.
2.4 Functional and pathway enrichment of DEGs and DE-FGRs
We utilized the “clusterProfiler” package in R to perform enrichment analyses on DEGs and DE-FRGs. Our analysis, using Gene Ontology (GO), was designed to reveal biological functions in three distinct categories: biological process (BP), cellular component (CC), and molecular function (MF). Additionally, we carried out an analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) to explore potential pathways.
2.5 Construction of protein–protein interaction network of DE-FRGs
Using the STRING online website (https://string-db.org/), we conducted a protein-protein interaction (PPI) network analysis of the differentially expressed genes (DEGs) related to ferroptosis. The obtained results were imported into Cytoscape (version 3.8.2), and relevant subnetworks were extracted using the MCODE plugin. The top five genes in the PPI network were identified as hub genes based on their rankings using the maximum neighborhood component (MNC), degree, and edge percolated component (EPC) algorithms. These calculations were performed with the cytoHubba plugin.
2.6 Immune infiltration and immune checkpoint genes between sepsis and controls
The progression of sepsis is closely linked to the body’s immune response to harmful microorganisms. To investigate the differential expression of markers on immune cells between the sepsis and control groups, we utilized the CIBERSORT tool. This tool applies the principles of linear support vector regression to decode the matrix of expressed genes related to various human immune cell subtypes. The analysis was conducted using a reference dataset comprising gene expression features for 22 unique subtypes of immune cells. Furthermore, we investigated the differences in the expression of immune checkpoint genes between the sepsis and control groups.
2.7 Validation of hub gene expression in sepsis datasets
The microarray dataset of sepsis (GSE13904, n = 70, normal vs. sepsis) was downloaded from the GEO database to verify the expression of the hub genes. The “limma” package was used to identify the DEGs with thresholds of |log2FC| ≥ 1 and adjusted p < 0.05.
2.8 Sepsis animal model procedure
The animal procedure was reviewed and approved by the Animal Ethics Committee of the Second Affiliated Hospital of Guangzhou Medical University (permit no. B2024-063). Eight-week-old C57BL6 mice (purchase from Guangzhou YanCheng Biotechnology Co., Ltd., Guangzhou, China) were then randomly assigned to two groups. Sepsis was induced in the mice using the cecal ligation and puncture (CLP) method, following established protocols (Wang et al., 2022). Mice were sedated with isoflurane, and a 1 cm midline abdominal incision was made. The cecum was exteriorized, and half of it was ligated using 4–0 silk. A 21-gauge needle was used to puncture the cecum, and patency was confirmed by gentle pressure. The cecum was then returned to the abdominal cavity, and the incision was closed in layers. All mice received a subcutaneous injection of isotonic sodium chloride solution (5 mL/100 g) to prevent dehydration. Sham-operated mice underwent the same procedure without the puncture. All mice were euthanized 24 h post-operation, and tissue samples from the heart were collected.
2.9 Hematoxylin and eosin (H&E) staining
Murine tissues were collected and fixed in 4% paraformaldehyde for 24 h prior to OCT embedding. The embedded blocks were then sectioned into 5 μm cryosections and fixed in 4% PFA for an additional 10 min. The prepared slides underwent H&E staining. Whole-slide images were captured using an Aperio CS2 Digital Pathology Scanner (Leica Biosystems, USA) and converted to TIFF format. The histological scoring was defined as follows: 0, no myocardial lesions; +1, lesions involving up to 25% of the myocardium; +2, lesions involving 25%–50% of the myocardium; +3, lesions involving 50%–75% of the myocardium; and +4, lesions involving more than 75% of the myocardium (Kishimoto scores) (Kishimoto et al., 2001). Five sections from each group were analyzed.
2.10 Real-time quantitative PCR
Total RNA was extracted using AG RNAex Pro Reagent (Cat No: AG21102; Accurate Biology). The RNA concentration was measured using a Nanodrop 2000 spectrophotometer. Subsequently, RNA was reverse transcribed into cDNA using the Evo M-MLV Mix Kit (Cat No: AG11728; Accurate Biology), following the manufacturer’s instructions. qPCR was performed on a CFX-96 Real-time System (BioRad) instrument, utilizing the SYBR Green Premix Pro Taq HS qPCR Kit (Cat No: AG11701; Accurate Biology). The relative expression of the target genes was calculated using the 2^(-ΔΔCt) method, with Gapdh as the reference control. The specific primer sequences used, synthesized and desalted by Generay Biotechnology, are shown in Table 1.
TABLE 1 | Primer sequences.
[image: Table 1]2.11 Western blot
Proteins were isolated from the tissue samples following a standard protein extraction protocol. The extracted proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) based on their molecular weight. After separation, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked for 1 h at room temperature with Tris-buffered saline and Tween-20 (TBST) containing 5% nonfat milk powder. The membrane was incubated with primary antibodies targeting the proteins of interest. The primary antibodies used were as follows: Gpx4 (1:10,000, Cat No: ET1706-45), Mapk3 (1:1000, Cat No: ET1604-32, Huabio), Mapk8 (1:1000, Cat No: R1309-1, Huabio), Pparg (1:1000, Cat No: GB112205-100, Servicebio), Pten (1:1000; Cat No: ET1606-43, Huabio), and Stat3 (1:1000; Cat No: ET1607-38, Huabio). Immunoreactivity was detected using enhanced chemiluminescence (ECL), which visualizes specific proteins through the binding of horseradish peroxidase (HRP) to its substrate. Western blot images were captured using an automated digital gel imaging system.
2.12 Construction of the lncRNA–miRNA–mRNA ceRNA network and TFs-hub genes network
Pearson’s correlation was used to conduct co-expression analysis between differentially expressed long non-coding RNAs (DElncRNAs) and hub genes. Only DElncRNA-hub gene pairs with a correlation coefficient above 0.5 and p-value below 0.05 were chosen for further analysis. To reveal potential interactions between lncRNAs and microRNAs (miRNAs), the ENCORI dataset available at starbase.sysu.edu.cn was utilized. Additionally, the ENCORI databases were employed to identify miRNA-mRNA pairs. Consequently, networks comprising lncRNA-miRNA-mRNA interactions were constructed, utilizing five hub FRGs as the basis.
To predict key genes’ transcription factors, we submitted the hub genes to ChIP-X Enrichment Analysis 3 (ChEA3) platform (Keenan et al., 2019). Key genes-associated TFs ranked by mean rank score. Finally, we selected the TFs which score ≤50 as key predicted TFs.
2.13 Statistical analysis
Statistical analyses were performed using the R programming language (version 4.1.0) and GraphPad Prism 9.0. Differences between two groups were evaluated using either the Wilcoxon test or Student’s t-test. All statistical P values were two-sided, with significance defined as P < 0.05.
3 RESULT
3.1 Identification of DE-FRGs and DE-lncRNAs in child sepsis
To investigate the differentially expressed genes linked to ferroptosis in pediatric sepsis, we gathered 564 ferroptosis-related genes (FRGs) from FerrDb, a comprehensive database providing information on ferroptosis regulators, markers, and associated diseases. We then conducted a differential expression analysis on the GSE145227 dataset, revealing 1336 lncRNAs and 1473 genes with significant expression differences between pediatric sepsis samples and healthy blood samples. Our analysis criteria included a minimum absolute log2 fold change of one and an adjusted p-value of less than 0.05, as illustrated in Figures 1A, B. By comparing the DEGs with the FRGs, we identified 74 DE-FRGs that showed differential expression in pediatric sepsis (Figure 1C). To further visualize the expression patterns of these 74 DE-FRGs, we generated a heatmap (Figure 1D; Supplementary Tables S1, S2).
[image: Figure 1]FIGURE 1 | Summary of differentially expressed ferroptosis-related genes (DE-FRGs) and differentially expressed long non-coding RNAs (DElncRNAs). (A, B) Volcano plot displaying DEmRNAs (A) and DElncRNAs (B) in child sepsis. Upregulated genes were denoted by red dots, while downregulated genes were represented by blue dots. The significance thresholds were set at |log2FC| ≥ 1 and adjusted P < 0.05. The Venn diagram (C) illustrated the overlapping DE-FRGs, and a heatmap (D) was generated to display the expressions of the 74 DE-FRGs in child. In the heatmap, the more highly expressed FRGs were indicated by red bricks, while the lower expression was represented by blue bricks.
3.2 Gene set enrichment analysis
To assess the distinct pathways utilized by the two groups, we conducted a Gene Set Enrichment Analysis (GSEA) based on 1473 DEGs. The GSEA results revealed significant enrichment of several pathways in pediatric sepsis. These include the Toll-like receptor pathway, the Mitogen-activated protein kinase (MAPK) signaling pathway, the p53 signaling pathway, apoptosis, the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway, and the proliferator-activated receptor γ (PPARγ) signaling pathway (Figure 2).
[image: Figure 2]FIGURE 2 | Gene set enrichment analysis. GSEA in child sepsis. NOM P < 0.05, FDR <25%.
3.3 Functional enrichment analysis of DE-FRGs
We utilized GO and KEGG pathway analyses to explore the potential biological functions and pathways linked to the DE-FRGs in both groups. The top 20 results were presented using scatter plots to illustrate enrichment. The GO analysis of DEGs revealed significant enrichment in processes such as positive regulation of cytokine production and immune response-regulating signaling pathway (Supplementary Figure S1A). The KEGG pathway analysis further indicated their involvement in pathways like natural killer cell mediated cytotoxicity, immune cell differentiation, and T cell receptor signaling pathway (Supplementary Figure S1B). A specialized GO analysis was conducted specifically on the DE-FRGs, revealing their involvement with response to oxidative stress, autophagy, iron ion binding, and MAP kinase activity (Figure 3A). As expected, the DE-FRGs exhibited significant enrichment in animal autophagy, NOD-like receptor signaling pathway, and FoxO signaling pathway, as evidenced by the KEGG pathway analysis results (Figure 3B).
[image: Figure 3]FIGURE 3 | Enrichment analysis of DE-FRGs. (A) Top 5 GO (gene ontology) biological processes, cellular component, molecular function pathway. (B) Top 10 KEGG pathway.
3.4 Protein–protein interaction network construction and visualization
To investigate the interactions among DE-FRGs, we utilized the STING database, a widely recognized resource for protein-protein interactions (PPI). We then constructed and visualized the resulting PPI network using Cytoscape 3.10.0. We then eliminated isolated DE-FRGs, yielding a PPI network with 55 nodes and 223 edges (Figure 4A). With the aid of the MCODE algorithm, the PPI network was divided into two distinct clusters (Figure 4B). The first cluster included sixteen genes (DPP4, TXN, TLR4, MAPK3K5, MAPK8, STAT3, AURKA, SNCA, MAPK14, PTEN, MAPK3, ZEB1, DUSP1, ATM, RPTOR, and SMAD7), while the second cluster contained ten genes (TBK1, GABARAPL2, ULK1, LAMP2, WIPI1, CTSB, TIMP1, FURIN, LCN2, and PPARG). Next, we determined the central genes within the network by selecting the top five genes as determined by the Maximum Neighborhood Component (MNC), degree, and Edge Percolated Component (EPC) algorithms. The selected hub genes were MAPK3, MAPK8, PPARG, PTEN, and STAT3 (Figure 4C).
[image: Figure 4]FIGURE 4 | PPI network of DE-FRGs. (A) Protein–protein interaction (PPI) network of 74 differentially expressed FRGs (DE-FRGs).Red indicates the driver of ferroptosis, light blue indicates the marker of ferroptosis, and green indicates the suppressor of ferroptosis. (B) Two clusters of the PPI network. (C) Hub genes calculated using the maximum neighborhood component (MNC), degree, and edge percolated component (EPC) algorithms.
3.5 Examining the association between hub genes and mitochondrial function
Given the association between ferroptosis and mitochondrial activity impairment, we conducted an extensive investigation to establish a link between the hub genes and the genes related to mitochondrial function (MFRGs). Out of the 1899 MFRGs examined, 142 genes were identified as differentially expressed MFRGs (DE-MFRGs) (Supplementary Figure S2A). Among these genes, 114 DE-MFRGs displayed increased expression, while 28 showed decreased expression. Pearson’s correlation analysis demonstrated that a significant number of DE-MFRGs had either positive or negative correlations with the hub FRGs (|r| ≥ 0.5, p < 0.05) (Supplementary Figure S2B).
3.6 Differences in immune infiltration and immune checkpoint genes
In our comparative study of sepsis and controls, we utilized the CIBERSORT algorithm to conduct a comprehensive analysis of immune cells in peripheral blood for identifying disparities between the sepsis and control cohorts. The expression levels of 22 immune cell markers were evaluated in all patients, with the first 12 patients representing the control group and the remaining 10 patients representing the sepsis group (Figure 5A). Significant variances in the expressions of five immune cell markers were illustrated in Figure 5B. Specifically, the sepsis group demonstrated significantly elevated expression levels of two types of immune cells: M0 macrophages and neutrophils. In contrast, the sepsis group displayed lower expression levels of three immune cell markers: CD8 T cells, resting memory CD4 T cells, and activated memory CD4 T cells.
[image: Figure 5]FIGURE 5 | Analysis of immune infiltration in children with sepsis compared to the control group in the GSE145227 dataset. (A) Bar graphs illustrating the proportions of 22 immune cell types in individuals with sepsis and the control group. The first 12 bars represent individuals with the control group, while the remaining 10 bars represent the sepsis. (B) Differential expression of different types of immune cell marker expression between sepsis and controls. (C) Correlation between hub genes and immune cells.
Next, we utilized microarray data to examine the variation in immune checkpoint gene expression between the sepsis and control groups. We observed downregulation in five genes, namely, CTLA4, HAVCR2, LAG3, PDCD1, and TIGIT. However, only the expression of TIGIT (which codes for T cell immunoreceptor with Ig and ITIM domains) was statistically significant (Figure 6A). Meanwhile, CD274, PDCD1LG2, and SLGLEC15 were upregulated in sepsis, but these changes were not statistically significant.
[image: Figure 6]FIGURE 6 | Analysis of immune checkpoint genes in children with sepsis compared to the control group in the GSE145227 dataset. (A) Differential expression of different immune checkpoint genes between sepsis and controls. ns no significance; **P < 0.01. (B) Correlation between hub gene and immune checkpoint genes.
3.7 Correlation of hub genes with immune cells and immune checkpoint genes
To investigate whether hub genes are involved in the immune cell infiltration observed in pediatric sepsis, we carried out a correlation analysis between these hub genes and immune cells. Our findings revealed a negative correlation between the expression level of MAPK8 and the neutrophil count (p < 0.001). Conversely, the expression levels of MAPK3, PPARG, PTEN, and STAT showed a positive correlation with the neutrophil count (p < 0.001; Figure 5C). MAPK3 had significant correlations with five types of immune cells, with the strongest correlation observed in CD8+ T cells (r = −0.77, P < 0.001). MAPK8 also correlated significantly with five immune cells, with the CD4+ memory resting T cells showing the strongest correlation (r = 0.80, P < 0.001). PPARG showed significant correlations with four immune cells, with CD8+ T cells exhibiting the strongest correlation (r = −0.71, P < 0.001). PTEN exhibited significant positive correlations with neutrophil and negative correlations with four others, with the strongest correlation found in neutrophil (r = 0.83, P < 0.001). Similarly, STAT3 displayed significant correlations with five immune cells, with the strongest correlation observed in neutrophil (r = 0.81, P < 0.001). Notably, all the central genes, except for STAT3, were driver genes of ferroptosis, while STAT3 belonged to the suppressor genes of ferroptosis (Figure 5C; Supplementary Tables S2, S4).
In a subsequent analysis of the differential expression of immune checkpoint genes between the sepsis and control groups using microarray data (Figure 6B), we found that MAPK3 had a significant negative association with LAG3 (r = −0.67, P < 0.001), PDCD1 (r = −0.45, p = 0.036), and TIGIT (r = −0.73, p < 0.001), but a positive association with CD274 (r = 0.46, p = 0.031). Conversely, MAPK8 showed a significant negative correlation with CD274 (r = −0.45, P = 0.035) and a positive association with TIGIT (r = 0.47, P = 0.028). PPARG had a negative correlation with CTLA4 (r = −0.46, P = 0.032), LAG3 (r = −0.63, P = 0.002), and TIGIT (r = −0.66, P < 0.001). PTEN showed a negative association with LAG3 (r = −0.52, P = 0.013) and TIGIT (r = −0.52, P = 0.013). Lastly, STAT3 exhibited a positive association with CD274 (r = 0.62, P = 0.002) and a negative association with TIGIT (r = −0.58, P = 0.005). In summary, TIGIT displayed significant negative correlations with four central genes, excluding MAPK8. Additionally, both MAPK3 and STAT3 showed positive correlations with CD274.
3.8 The diagnostic potential of hub genes in identifying sepsis in both the training set and validation set
Figure 7 illustrates the importance of five hub genes associated with ferroptosis in identifying sepsis within the training set (GSE145227). All five hub genes showed a significant increase in expression levels during sepsis compared to the control group, with MAPK3 and PPARG showing a particularly significant increase (P < 0.001), and the other three genes showing a less significant but still notable increase (P < 0.01) (Figure 7A). The area under the receiver operating characteristic curve (AUROC) for diagnosing sepsis using MAPK3 was found to be 0.850 (95% CI 0.639–1.000), demonstrating a sensitivity of 0.800 and a specificity of 1.000 (Figure 6B, Supplementary Table S5). The AUROCs for diagnosing sepsis using MAPK8, PTEN, PPARG, and STAT3 were calculated as 0.808 (95% CI 0.586–1.000), 0.842 (95% CI 0.643–1.000), 0.883 (95% CI 0.713–1.000), and 0.85 (95% CI 0.652–1.000), respectively. These genes demonstrated sensitivities of 0.900, 0.700, 0.800, and 0.800, and specificities of 0.917, 1.000, 0.917, and 0.917, respectively. Moreover, the positive predictive value (PPV), negative predictive value (NPV), and negative likelihood ratio (NLR) were calculated as 0.000, 0.091, 0.000, and 0.091, respectively. The corresponding positive likelihood ratios (PLR) were calculated as 0.250, 9.000, 0.429, and 0.250 (Figure 7B; Supplementary Table S5).
[image: Figure 7]FIGURE 7 | Assessment of hub genes’ diagnostic capability for sepsis in the GSE145227 training set and the GSE13904 validation set. Violin plot displaying expression difference of five hub genes in sepsis and control groups in GSE145227 (A), and GSE13904 (C). Receiver operating characteristic (ROC) curve of five hub genes diagnosis of sepsis in GSE145227 (B) and GSE13904 (D). ns, no significance; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001.
In a validation set (GSE13904) which includes 52 children with sepsis and 18 healthy individuals, the five hub genes also demonstrated excellent diagnostic performance for sepsis (Figures 7C, D). A violin plot was used to display the expression of the five hub genes in the sepsis or infection and healthy group (Figure 7C). MAPK3, PTEN, and STAT3 were significantly upregulated in pediatric sepsis, consistent with the results of GSE145227. The AUROCs of MAPK3, MAPK8, PPARG, PTEN in the diagnosis of sepsis were 0.751, 0.611, 0.781, 0.618, and 0.857, respectively (Figure 7D).
3.9 Validation of the expression of hub genes in animal models
The aforementioned bioinformatics analysis identified core genes potentially implicated in sepsis-associated ferroptosis. To substantiate these findings, we conducted validation experiments using a CLP mouse model. In this model, HE staining of cardiac tissue revealed myocardial rupture and separation, accompanied by inflammatory cell infiltration in the CLP group (Figure 8A). Furthermore, we extracted RNA and protein samples from myocardial tissue (Figures 8B, C) to evaluate the expression levels of the identified core genes. Our results demonstrated a significant reduction in GPX4 protein expression in the cardiac tissue of the CLP group, suggesting the occurrence of ferroptosis in the myocardium of septic mice. At the mRNA level, we observed elevated expression of Mapk3, Pparg, Pten, and Stat in the CLP group compared to the Sham group, with the exception of Mapk8, which was downregulated but not statistically significant. At the protein level, the expression of MAPK8 was significantly reduced, whereas the level of PTEN was elevated in the CLP group compared to the Sham group. These findings indicate that these core genes may indeed play a regulatory role in ferroptosis within the cardiac tissue of septic mice.
[image: Figure 8]FIGURE 8 | Experimental validation of hub genes in heart tissue in sepsis mice. (A) Hematoxylin and eosin (HE) staining reveals the macroscopic morphology of myocardial tissue in mice after CLP surgery. (Kishimoto scores, n = 6 per group, scale bar = 50 μm) (B) Expression levels of the five hub genes in vivo mice model. (C) Protein level of hub genes in sham and CLP group. ns, no significance; *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
3.10 The lncRNA–miRNA–mRNA ceRNA network and TFs-hub genes network construction
Leveraging the competitive endogenous RNA (ceRNA) hypothesis, we constructed networks to investigate the role of long non-coding RNAs (lncRNAs) as miRNA sponges in sepsis (Figure 9A). We integrated upregulated lncRNA and hub ferroptosis-related gene (FRG) pairs with co-expression into the upregulated ceRNA network, along with the inclusion of predicted miRNAs. In total, this ceRNA network consists of 3960 lncRNA nodes, 506 miRNA nodes, five hub gene nodes, and 4466 edges. To predict transcription factors (TFs), we submitted the hub genes to the ChIP-X Enrichment Analysis 3 (ChEA3) platform11. TFs associated with the hub genes were ranked based on their mean rank score. We selected TFs with a score of 50 or less as key predicted TFs, identifying 36 TFs in total (Figure 9B; Supplementary Table S6).
[image: Figure 9]FIGURE 9 | Construction of the competing endogenous RNA (ceRNA) network and TFs-hub genes regulation network. (A). Predicted long non-coding RNAs (lncRNAs) were represented by red nodes, predicted microRNAs (miRNAs) were represented by blue nodes, and hub genes were represented by green nodes. (B). TF-hub genes regulation network, red V nodes represented TFs and hub genes were represented bright blue rectangles.
4 DISCUSSION
In this study, our primarily focus was on the role of ferroptosis in the development of sepsis. Bacterial infection is the main cause of sepsis (Xl et al., 2022). The occurrence of ferroptosis in intestinal epithelial cells can potentially disrupt the integrity of the intestinal barrier, facilitating the translocation of harmful intestinal bacteria and toxins into the bloodstream and extraintestinal tissues in patients with severe pancreatitis (Ma et al., 2021). During the initial stages of the immune response, there is a significant increase in iron and lipid peroxidation in macrophages. Ferroptosis inducers (RSL3, SSP, APAP) enhance the ability of macrophages to eradicate bacterial (Ma et al., 2022). Lipid peroxidation in T cells triggers ferroptosis, which can compromise the immune response against infections. The role of Gpx4 is vital for the survival of CD8+ T cells, as well as the proliferation of CD4+ and CD8+ T cells during infection. Gpx4 achieves this by preventing membrane lipid peroxidation and ferroptosis upon TCR activation. Ferroptosis possesses a dual role in the context of sepsis. It can facilitate bacterial invasion and sepsis induction, but it can also lead to immune cell death, compromising immune function. However, ferroptosis can also aid immune cells in eradicating pathogens. Therefore, maintaining a delicate balance between these two effects is crucial to ensure their positive contributions.
This study has identified key genes associated with ferroptosis, also known as iron death, in pediatric sepsis and has explored the potential pathogenesis of this process. This study identified a total of 74 DE-FRGs, including 60 upregulated genes and 14 downregulated genes, which were significantly expressed in peripheral blood samples of sepsis, and also identified five hub genes. However, further research is needed to confirm the extent to which these genes are involved in the pathogenesis of pediatric sepsis. Gene Ontology (GO) enrichment analysis revealed that these DE-FRGs are primarily enriched in processes such as autophagy, protein kinase activity, and ROS (Figure 3A). Interestingly, GO Molecular Function (GO-MF) enrichment also indicated a relationship between these DE-FRGs and iron ion binding (Figure 3C), which aligns with our expectations. KEGG pathway analysis showed that DE-FRGs are mainly enriched in autophagy, NLRP, and FoxO signaling pathways (Figure 3D). In the protein-protein interaction (PPI) network of DE-FRGs, five out of the 74 genes (MAPK3, MAPK8, PPARG, PTEN, and STAT3) scored higher in Cytohubba’s three algorithms.
Ferroptosis is driven by the peroxidation of specific lipids. Glutathione peroxidase 4 (GPX4) functions both as a structural protein and an antioxidant enzyme, effectively inhibiting lipid oxidation (Liu et al., 2023). In recent years, GPX4 has been recognized as a pivotal regulator of iron homeostasis. Numerous studies have demonstrated that the knockout of GPX4 can directly induce ferroptosis (Li et al., 2023; Zhang et al., 2020; Miao et al., 2022; Hangauer et al., 2017). A reduction in GPX4 activity is considered a hallmark of ferroptosis (Shen et al., 2023).
In this study, we observed that GPX4 expression was suppressed in the cardiac tissue of a CLP-induced mouse sepsis model, suggesting the occurrence of ferroptosis in the myocardial tissue. Through bioinformatics analysis, we identified five genes associated with ferroptosis—MAPK3, MAPK8, PPARG, PTEN, and STAT3—that may contribute to sepsis-related tissue damage. In the cardiac tissue of CLP mice, the protein expression level of MAPK8 was significantly reduced, while the level of PTEN was markedly increased. These findings are consistent with bioinformatics predictions, thereby further validating the reliability of our bioinformatics analysis.
Genetic association studies have demonstrated that multiple mechanisms, including autophagy, lipid metabolism, and protein kinases, are involved in the pathogenesis of sepsis (Atreya et al., 2020; Guillen-Guio et al., 2020; Shao et al., 2017). Although the pathogenesis of pediatric sepsis is not yet fully understood, abnormal autophagy appears to play a significant role (Weiss et al., 2020). Autophagy, which is crucial for maintaining cellular metabolism and organelle homeostasis, may play a role in sepsis by alleviating the condition and its associated organ damage when upregulated (Huang et al., 2023; Wu, et al., 2021). Given the anti-inflammatory effect of protein kinases observed in the experimental sepsis model of young mice, we speculate that protein kinases may improve the progression of pediatric sepsis (Inata et al., 2018). The NLRP3 inflammasome, a characteristic member of the NLR family, has been shown in numerous studies to be activated in response to reactive oxygen species during sepsis. FoxO, which regulates cellular aging mechanisms such as oxidative stress inhibition and autophagy, may also be related to pediatric sepsis and aging based on the activity level of the FoxO pathway (Bouwman and Verhaegh, 2021). The results of these GO and KEGG pathway analyses suggest that the DE-FRGs identified in this study may be involved in the onset and progression of pediatric sepsis through the aforementioned mechanisms.
In sepsis, the overproduction of reactive oxygen species (ROS) has been confirmed. Inhibiting the production of ROS can reduce the inflammatory response and improve various organ damage caused by sepsis (Li et al., 2022; Lu et al., 2022). Simultaneously, an excessive production of ROS and a decrease in the components of the antioxidant system can easily trigger ferroptosis (Park and Chung, 2019). PTEN, a well-known classic tumor suppressor gene, primarily functions as a lipid phosphatase. It dephosphorylates the substrate phosphatidylinositol (3,4,5)-trisphosphate (PIP3) into phosphatidylinositol (4,5)-bisphosphate (PIP2), acting as a negative regulator of the PI3K/Akt signaling pathway. ROS can induce the oxidation of PTEN, form intramolecular disulfide bonds, and inactivate the phosphatase function of PTEN (Nguyen Huu et al., 2021). Research has found that PPARG can reduce pyroptosis and liver damage during sepsis by inhibiting ROS levels and suppressing the TXNIP/NLRP3 signaling pathway (Li et al., 2022). Overactivation of the MAPK pathway may promote the production of ROS and induce cell death by inhibiting cysteine (Cys2) or mitochondrial CDAC2/3 12. Furthermore, MAPK is involved in iron metabolism-related inflammatory signal transduction. For instance, pretreating macrophages with ferritin light chain (FTL1) can inhibit LPS-induced ERK1/2 and JNK activation, reduce the release of NF-KB-mediated inflammatory factors, and improve the survival rate of septic mice (Zarjou et al., 2019). Therefore, the roles of MAPK3 and MAPK8 in regulating ferroptosis, sepsis inflammatory injury mechanisms, and immune responses warrant further exploration.
In this study, to further investigate the impact of immune cell infiltration in pediatric sepsis, the CIBERSORT program was used to analyze the immune infiltration process during pediatric sepsis. We observed changes in various immune cell infiltrations, which may be associated with the onset and progression of pediatric sepsis. Monocytes and macrophages play an important role in the pathophysiological process of sepsis and inflammation (Novakovic et al., 2016). The systemic inflammatory response, triggered by innate immune cells in peripheral blood during sepsis, can also influence tissue-resident immune cells, thereby contributing to organ damage in sepsis (Hoyer et al., 2019). The development of sepsis is also linked to a notable reduction in lymphocytes, characterized by a decrease in the count of CD8, CD4, B cells, and NK cells (Giza et al., 2016). Our study revealed a significant reduction in the abundance of CD4 and CD8 lymphocytes in pediatric sepsis samples. This finding may be associated with the construction of the immune microenvironment in sepsis.
This study does have certain limitations. Firstly, it relies on the GEO database, which is a secondary mining and analysis database of previously published datasets. As a result, our experimental findings may diverge from the conclusions of prior studies, likely due to the small sample size introducing bias into our data analysis. Secondly, the CIBERSORT deconvolution algorithm we used is based on a limited set of genetic data. The variability in disease-inducing factors and the plasticity of disease phenotypes could potentially lead to inaccuracies in our results. Lastly, this study only validated the occurrence of ferroptosis and the expression changes of core ferroptosis genes in the cardiac tissue of septic mice. Whether this phenomenon has clinical relevance remains to be further investigated. Despite these limitations, our study may still offer valuable insights into the potential roles of the identified immune infiltrating cells or immune-related genes in the treatment and diagnosis of sepsis, paving the way for future research into ferroptosis.
5 CONCLUSION
In conclusion, our study successfully identified MAPK3, MAPK8, PPARG, PTEN, and STAT3 as potential ferroptosis-related genes involved in the progression of sepsis. However, our understanding of the molecular mechanisms underlying ferroptosis in sepsis is still in its infancy. Further research is required to elucidate the precise molecular mechanisms involved in ferroptosis, which will provide additional evidence for the potential role of ferroptosis in the prevention and treatment of sepsis. Our study offers novel insights into the relationship between ferroptosis and sepsis, paving the way for future investigations in this area.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by Committee review of animal experiments in The Second Affiliated Hospital of Guangzhou Medical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MF: Software, Writing–original draft. MC: Writing–review and editing. YG: Writing–review and editing. HJ: Writing–review and editing. YL: Funding acquisition, Writing–review and editing. GZ: Writing–review and editing. SC: Writing–review and editing. YX: Conceptualization, Funding acquisition, Project administration, Supervision, Writing–original draft, Writing–review and editing. XC: Conceptualization, Funding acquisition, Project administration, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (grant number. 82270433), the Key Medical Disciplines and Specialties Program of Guangzhou (2021-2023), Guangzhou Municipal Health Commission (grant number. 20221A011080), and PhD Initiating Research Projects of The Second Affiliated Hospital of Guangzhou Medical University in 2020.
ACKNOWLEDGMENTS
We express our gratitude to Dr. Jianming Zeng from the University of Macau and his bioinformatics team, biotrainee, for their generous sharing of experience and codes. We appreciate Dr. Kangjie Wang and Dr. Zhihao Zhou from Professor Yao Chen’s research group at the First Affiliated Hospital of Sun Yat-sen University for their assistance during the process of bioinformatics analysis learning.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2025.1488904/full#supplementary-material
SUPPLEMENTARY FIGURE 1 | Enrichment analysis of DEGs. (A) Top 5 GO (gene ontology) biological processes, cellular component, molecular function pathway. (B) Top 10 KEGG pathway.
SUPPLEMENTARY FIGURE 2 | Investigation of the relationship between the hub genes and DE-MFRGs. (A) Heatmap displayed the expression of the DE-MFRGs. (B) Heatmap indicating the correlation between the hub genes and DE-MFRGs.
REFERENCES
 Atreya, M. R., Whitacre, B. E., Cvijanovich, N. Z., Bigham, M. T., Thomas, N. J., Schwarz, A. J., et al. (2020). Proprotein convertase subtilisin/kexin type 9 loss-of-function is detrimental to the juvenile host with septic shock. Crit. Care Med. 48 (10), 1513–1520. doi:10.1097/CCM.0000000000004487
 Bouwman, W., and Verhaegh, W. (2021). Androgen receptor pathway activity assay for sepsis diagnosis and prediction of favorable prognosis. Front. Med. 8, 767145. doi:10.3389/fmed.2021.767145
 Burke, M. J., Salzer, W. L., Devidas, M., Dai, Y., Gore, L., Hilden, J. M., et al. (2019). Replacing cyclophosphamide/cytarabine/mercaptopurine with cyclophosphamide/etoposide during consolidation/delayed intensification does not improve outcome for pediatric B-cell acute lymphoblastic leukemia: a report from the COG. Haematologica 104 (5), 986–992. doi:10.3324/haematol.2018.204545
 Cecconi, M., Evans, L., Levy, M., and Rhodes, A. (2018). Sepsis and septic shock. Lancet London, Engl. 392 (10141), 75–87. doi:10.1016/S0140-6736(18)30696-2
 Fleischmann-Struzek, C., Goldfarb, D. M., Schlattmann, P., Schlapbach, L. J., Reinhart, K., and Kissoon, N. (2018). The global burden of paediatric and neonatal sepsis: a systematic review. Lancet. Respir. Med. 6 (3), 223–230. doi:10.1016/S2213-2600(18)30063-8
 Giza, D. E., Fuentes-Mattei, E., Bullock, M. D., Tudor, S., Goblirsch, M. J., Fabbri, M., et al. (2016). Cellular and viral microRNAs in sepsis: mechanisms of action and clinical applications. Cell Death Differ. 23 (12), 1906–1918. doi:10.1038/cdd.2016.94
 Guillen-Guio, B., Lorenzo-Salazar, J. M., Ma, S. F., Hou, P. C., Hernandez-Beeftink, T., Corrales, A., et al. (2020). Sepsis-associated acute respiratory distress syndrome in individuals of European ancestry: a genome-wide association study. Respir. Med. 8 (3), 258–266. doi:10.1016/S2213-2600(19)30368-6
 Hangauer, M. J., Viswanathan, V. S., Ryan, M. J., Bole, D., Eaton, J. K., Matov, A., et al. (2017). Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition. Nature 551 (7679), 247–250. doi:10.1038/nature24297
 Hirschhorn, T., and Brent, R. (2019). The development of the concept of ferroptosis. Free Radic. Biol. and Med. 133, 130–143. doi:10.1016/j.freeradbiomed.2018.09.043
 Hoyer, F. F., Naxerova, K., Schloss, M. J., Hulsmans, M., Nair, A. V., Dutta, P., et al. (2019). Tissue-specific macrophage responses to remote injury impact the outcome of subsequent local immune challenge. Immunity 51 (5), 899–914.e7. doi:10.1016/j.immuni.2019.10.010
 Huang, M., Yu, Y., Tang, X., Dong, R., Li, X., Li, F., et al. (2023). 3-Hydroxybutyrate ameliorates sepsis-associated acute lung injury by promoting autophagy through the activation of GPR109α in macrophages. Biochem. Pharmacol. 213, 115632. doi:10.1016/j.bcp.2023.115632
 Huo, S., Li, H., Boersma, A. J., and Herrmann, A. (2019). DNA nanotechnology enters cell membranes. Adv. Sci. Weinheim, Baden-Wurttemberg, Ger. 6 (10), 1900043. doi:10.1002/advs.201900043
 Inata, Y., Piraino, G., Hake, P. W., O'Connor, M., Lahni, P., Wolfe, V., et al. (2018). Age-dependent cardiac function during experimental sepsis: effect of pharmacological activation of AMP-activated protein kinase by AICAR. Am. J. Physiology. Heart Circulatory Physiology 315 (4), H826–H837. doi:10.1152/ajpheart.00052.2018
 Keenan, A. B., Torre, D., Lachmann, A., Leong, A. K., Wojciechowicz, M. L., Utti, V., et al. (2019). ChEA3: transcription factor enrichment analysis by orthogonal omics integration. Nucleic Acids Res. 47 (W1), W212–w224. doi:10.1093/nar/gkz446
 Kishimoto, C., Kawamata, H., Sakai, S., Shinohara, H., and Ochiai, H. (2001). Enhanced production of macrophage inflammatory protein 2 (MIP-2) by in vitro and in vivo infections with encephalomyocarditis virus and modulation of myocarditis with an antibody against MIP-2. J. Virol. 75 (3), 1294–1300. doi:10.1128/jvi.75.3.1294-1300.2001
 Kleist, S. A., and Knoop, K. A. (2020). Understanding the elements of maternal protection from systemic bacterial infections during early life. Nutrients 12 (4), 1045. doi:10.3390/nu12041045
 Li, J., Liu, J., Zhou, Z., Wu, R., Chen, X., Yu, C., et al. (2023). Tumor-specific GPX4 degradation enhances ferroptosis-initiated antitumor immune response in mouse models of pancreatic cancer. Sci. Transl. Med. 15 (720), eadg3049. doi:10.1126/scitranslmed.adg3049
 Li, Z., Liu, T., Feng, Y., Tong, Y., Jia, Y., Wang, C., et al. (2022). PPARγ alleviates sepsis-induced liver injury by inhibiting hepatocyte pyroptosis via inhibition of the ROS/TXNIP/NLRP3 signaling pathway. Oxidative Med. Cell. Longev. 2022, 1269747. doi:10.1155/2022/1269747
 Liu, Y., Wan, Y., Jiang, Y., Zhang, L., and Cheng, W. (2023). GPX4: the hub of lipid oxidation, ferroptosis, disease and treatment. Biochimica Biophysica Acta. Rev. Cancer 1878 (3), 188890. doi:10.1016/j.bbcan.2023.188890
 Lu, J., Liu, J., and Ang, L. (2022). Roles of neutrophil reactive oxygen species (ROS) generation in organ function impairment in sepsis. J. Zhejiang Univ. Sci. B 23 (6), 437–450. doi:10.1631/jzus.B2101075
 Ma, D., Jiang, P., Jiang, Y., Li, H., and Zhang, D. (2021). Effects of lipid peroxidation-mediated ferroptosis on severe acute pancreatitis-induced intestinal barrier injury and bacterial translocation. Oxidative Med. Cell. Longev. 2021, 6644576. doi:10.1155/2021/6644576
 Ma, R., Fang, L., Chen, L., Wang, X., Jiang, J., and Gao, L. (2022). Ferroptotic stress promotes macrophages against intracellular bacteria. Theranostics 12 (5), 2266–2289. doi:10.7150/thno.66663
 Miao, Y., Chen, Y., Xue, F., Liu, K., Zhu, B., Gao, J., et al. (2022). Contribution of ferroptosis and GPX4's dual functions to osteoarthritis progression. EBioMedicine 76, 103847. doi:10.1016/j.ebiom.2022.103847
 Morin, L., Ray, S., Wilson, C., Remy, S., Benissa, M. R., Jansen, N. J. G., et al. (2016). Refractory septic shock in children: a European society of paediatric and neonatal intensive care definition. Intensive Care Med. 42 (12), 1948–1957. doi:10.1007/s00134-016-4574-2
 Nguyen Huu, T., Park, J., Zhang, Y., Park, I., Yoon, H. J., Woo, H. A., et al. (2021). Redox regulation of PTEN by peroxiredoxins. Antioxidants (Basel) 10 (2).
 Novakovic, B., Habibi, E., Wang, S. Y., Arts, R. J. W., Davar, R., Megchelenbrink, W., et al. (2016). β-Glucan reverses the epigenetic state of LPS-induced immunological tolerance. Cell 167 (5), 1354–1368.e14. doi:10.1016/j.cell.2016.09.034
 Park, E., and Chung, Su W. (2019). ROS-mediated autophagy increases intracellular iron levels and ferroptosis by ferritin and transferrin receptor regulation. Cell Death and Dis. 10 (11), 822. doi:10.1038/s41419-019-2064-5
 Shao, Y., Chen, F., Chen, Y., Zhang, W., Lin, Y., Cai, Y., et al. (2017). Association between genetic polymorphisms in the autophagy-related 5 gene promoter and the risk of sepsis. Sci. Rep. 7 (1), 9399. doi:10.1038/s41598-017-09978-5
 Shen, K., Wang, X., Wang, Y., Jia, Y., Zhang, Y., Wang, K., et al. (2023). miR-125b-5p in adipose derived stem cells exosome alleviates pulmonary microvascular endothelial cells ferroptosis via Keap1/Nrf2/GPX4 in sepsis lung injury. Redox Biol. 62, 102655. doi:10.1016/j.redox.2023.102655
 Wang, Y., Chen, D., Xie, H., Jia, M., Sun, X., Peng, F., et al. (2022). AUF1 protects against ferroptosis to alleviate sepsis-induced acute lung injury by regulating NRF2 and ATF3. Cell. Mol. Life Sci. CMLS 79 (5), 228. doi:10.1007/s00018-022-04248-8
 Weiss, S. L., Peters, M. J., Alhazzani, W., Agus, M. S. D., Flori, H. R., Inwald, D. P., et al. (2020). Surviving sepsis campaign international guidelines for the management of septic shock and sepsis-associated organ dysfunction in children. Intensive Care Med. 46 (Suppl. 1), 10–67. doi:10.1007/s00134-019-05878-6
 Wood, P. L., Donohue, M. N., Cebak, J. E., Beckmann, T. G., Treece, M., Johnson, J. W., et al. (2018). Tear film amphiphilic and anti-inflammatory lipids in bovine pink eye. Eye. Metab. 8 (4), 81. doi:10.3390/metabo8040081
 Wu, P., Yu, X., Peng, Y., Wang, Q. L., Deng, L. T., and Xing, W. (2021). Ginsenoside Rg3 alleviates septic liver injury by regulating the lncRNA TUG1/miR-200c-3p/SIRT1 axis. J. Inflamm. Lond. Engl. 18 (1), 31. doi:10.1186/s12950-021-00296-2
 Xl, L., Gy, Z., and R, G. (2022). Ferroptosis in sepsis: the mechanism, the role and the therapeutic potential. Front. Immunol. 13, 956361. doi:10.3389/fimmu.2022.956361
 Zarjou, A., Black, L. M., McCullough, K. R., Hull, T. D., Esman, S. K., Boddu, R., et al. (2019). Ferritin light chain confers protection against sepsis-induced inflammation and organ injury. Front. Immunol. 10, 131. doi:10.3389/fimmu.2019.00131
 Zhang, H., Deng, T., Liu, R., Ning, T., Yang, H., Liu, D., et al. (2020). CAF secreted miR-522 suppresses ferroptosis and promotes acquired chemo-resistance in gastric cancer. Mol. Cancer 19 (1), 43. doi:10.1186/s12943-020-01168-8
 Zhao, S.-Y., Liao, L. X., Tu, P. F., Li, W. W., and Zeng, K. W. (2019). Icariin inhibits AGE-induced injury in PC12 cells by directly targeting apoptosis regulator bax. Oxidative Med. Cell. Longev. 2019, 7940808. doi:10.1155/2019/7940808
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Fan, Chen, Gao, Jiang, Li, Zhu, Chen, Xu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-13-1488904-g005.gif
)

Y7






OPS/images/fcell-13-1488904-g006.gif





OPS/images/fcell-13-1488904-g003.gif





OPS/images/fcell-13-1488904-g004.gif





OPS/images/fcell-13-1488904-g009.gif





OPS/images/fcell-13-1488904-g007.gif
GSE145227

>
Expresson
R RN

GSE13904

L2
—

ih H N W






OPS/images/fcell-13-1488904-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Construction of a novel gene signature linked to ferroptosis in pediatric sepsis		Introduction

		Methods

		Results

		Discussion

		1 Introduction

		2 Materials and methods		2.1 Data collection and acquisition of genes related to ferroptosis

		2.2 Discovering differential expression of ferroptosis-associated genes

		2.3 Gene set enrichment analysis in child sepsis

		2.4 Functional and pathway enrichment of DEGs and DE-FGRs

		2.5 Construction of protein–protein interaction network of DE-FRGs

		2.6 Immune infiltration and immune checkpoint genes between sepsis and controls

		2.7 Validation of hub gene expression in sepsis datasets

		2.8 Sepsis animal model procedure

		2.9 Hematoxylin and eosin (H&E) staining

		2.10 Real-time quantitative PCR

		2.11 Western blot

		2.12 Construction of the lncRNA–miRNA–mRNA ceRNA network and TFs-hub genes network

		2.13 Statistical analysis





		3 Result		3.1 Identification of DE-FRGs and DE-lncRNAs in child sepsis

		3.2 Gene set enrichment analysis

		3.3 Functional enrichment analysis of DE-FRGs

		3.4 Protein–protein interaction network construction and visualization

		3.5 Examining the association between hub genes and mitochondrial function

		3.6 Differences in immune infiltration and immune checkpoint genes

		3.7 Correlation of hub genes with immune cells and immune checkpoint genes

		3.8 The diagnostic potential of hub genes in identifying sepsis in both the training set and validation set

		3.9 Validation of the expression of hub genes in animal models

		3.10 The lncRNA–miRNA–mRNA ceRNA network and TFs-hub genes network construction





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Robotics and Al






OPS/images/fcell-13-1488904-g001.gif





OPS/images/fcell-13-1488904-g002.gif
il ke receptor pathway  MAPK signaimg pathway  pos signaiing pethway
i ]






OPS/images/fcell-13-1488904-t001.jpg
Gene nam: Sense isense

Mapk3 TCCGCCATGAGAATGTTATAGGC GGTGGTGTTGATAAGCAGATTGG ‘
Mapks AGCAGAAGCAAACGTGACAAC GCTGCACACACTATTCCTTGAG

Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT

Plen TGGATTCGACTTAGACTTGACCT GCGGTGTCATAATGTCTCTCAG

Stat3 CCAATACCATTGACCTGCCGAT GAGCGACTCAAACTGCCCT

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





