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Yersiniabactin produced by Escherichia coli promotes intestinal inflammation through lipid peroxidation and ferroptosis
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Escherichia coli (E. coli), a major foodborne pathogen, poses significant risks to public health by causing gastrointestinal diseases. Among its virulence factors, Yersiniabactin (Ybt), a siderophore, plays a crucial role in iron acquisition and enhancing intestinal colonization. Despite previous studies highlighting E. coli-Ybt’s involvement in inflammation, its exact mechanisms remain unclear. This study investigates how Ybt contributes to intestinal inflammation through ferroptosis, using both in vitro and in vivo models. Our findings demonstrate that Ybt promotes oxidative stress, lipid peroxidation, inflammation, and iron accumulation in intestinal epithelial cells, leading to ferroptosis. Mechanistically, Ybt suppresses the Keap1/Nrf2 pathway, amplifying reactive oxygen species (ROS) and activating the TNF/NF-κB pathway, which drives inflammation. Moreover, Ybt induces lipid peroxidation via the arachidonic acid pathway, producing 6-trans-leukotriene B4 (6-transLTB4), which exacerbates inflammation and ferroptosis. Exogenous 6-transLTB4 further intensifies this cascade. Additionally, Ybt disrupts iron efflux by suppressing FPN1 expression, causing excessive intracellular iron accumulation. Using tree shrews as an in vivo model, we confirm that Ybt-induced ferroptosis significantly aggravates intestinal inflammation. These findings underscore the pathogenic role of Ybt in E. coli-induced intestinal injury and highlight ferroptosis as a novel mechanism contributing to gut health disruption. This study provides new insights into the molecular pathways of E. coli infection, with implications for therapeutic strategies targeting ferroptosis in intestinal diseases.
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1 Introduction

Escherichia coli (E. coli), a significant zoonotic pathogen, is a leading cause of foodborne illnesses (Wang et al., 2024). It adheres to the intestine through pili proteins and subsequently causes various gastrointestinal diseases in humans, such as diarrhea and hemorrhagic colitis (Govindarajan et al., 2020; Govindarajan and Kandaswamy, 2022; Wang et al., 2024). Infections often result from consuming contaminated food or water, underscoring the importance of understanding E. coli’s effects on gut health. While most E. coli strains are harmless, some acquire the high pathogenicity island (HPI) via horizontal gene transfer, enabling the production of Yersiniabactin (Ybt) (Koh et al., 2017). This siderophore enhances E. coli’s intestinal colonization and virulence (Sobieszczańska, 2008), contributing to severe gastrointestinal infections that can escalate to systemic organ failure and fatal outcomes (Bachman et al., 2011; Garcia et al., 2011; Ellermann et al., 2019). Previous studies have focused on Ybt-induced inflammatory responses, including elevated levels of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) (Liu et al., 2018). Ybt has also been shown to induce autophagy and activate the NLRP3 inflammasome, leading to pyroptosis (Dalmasso et al., 2021; Wang et al., 2023b).

Ferroptosis is a distinct form of cellular demise, distinguishing itself from other modalities such as autophagy and pyroptosis (Dixon et al., 2012; Jiang et al., 2021; Zhang et al., 2023). It is characterized by intracellular phospholipid peroxidation and iron accumulation, influenced by phospholipids containing polyunsaturated fatty acid chains (PUFA-PL) and transition metals. Various signals within and between cells, along with environmental factors affecting cell metabolism and levels of reactive oxygen species (ROS), regulate ferroptosis (Bersuker et al., 2019; Jiang et al., 2021). The regulatory pathways governing ferroptosis include the glutathione/glutathione peroxidase 4 (GSH/GPX4) pathway (Ingold et al., 2018; Doll et al., 2019), the lipid metabolism pathway (Rochette et al., 2022), and the iron metabolism regulation pathway associated with ferroptosis (Stockwell et al., 2017; Stockwell, 2022). Notably, E. coli infections are known to trigger oxidative stress and lipid peroxidation (Portolés et al., 1993; Fock et al., 2018), suggesting that ferroptosis may represent a novel mechanism by which Ybt contributes to intestinal injury.

This study explores the link between Ybt and intestinal inflammation using tree shrews as an in vivo model. Our findings highlight the critical role of Ybt-induced ferroptosis in driving oxidative stress, lipid peroxidation, and iron accumulation, contributing to intestinal damage. These results further highlight the potential risk of pathogenic E. coli to intestinal health and may provide additional valuable evidence for understanding E. coli damage to human gut.



2 Materials and methods


2.1 Cell culture

FHs 74 Int cells, derived from human small intestinal epithelial cells (Guangzhou Otwo Biotech, Guangzhou, China), were used to model in vitro infection. These cells were cultured in a medium supplemented with 10% FBS, penicillin, and streptomycin. Subsequently, cells were maintained in an incubator at 37°C with 5% CO2.



2.2 Bacterial strains

Escherichia coli-Tb is a clinically pathogenic strain isolated from the feces of a tree shrew with diarrhea in Yunnan, China, is classified as enteropathogenic E. coli (EPEC). This strain harbors the HPI and produces Ybt.



2.3 Construction of Escherichia coli-irp2 gene knockout and complement strains

In this study, TbΔirp2 was generated using CRISPR/Cas9 gene editing methodology, following a pre-established protocol (Jiang et al., 2015; Wang et al., 2023a). TbΔirp2(Ybt−) is a mutant strain derived from E. coli-Tb (Ybt+), with the deletion of the irp2 gene leading to the loss of Ybt production.

The full open reading frame (ORF) of the irp2 gene was cloned into the pBAD33 plasmid. This recombinant plasmid was introduced into the irp2-deleted strain to create a complemented strain, C-TbΔirp2. All strains (E. coli-Tb, TbΔirp2, and C-TbΔirp2) were cultured in LB medium at 37°C.



2.4 Animal experiments

Thirty male tree shrews (190 ± 10 g, approximately 1.5 years old) were obtained from the Kunming Institute of Zoology, Chinese Academy of Sciences. The animals were housed in a temperature-controlled facility under a 12-h light/dark cycle with ad libitum access to food.

To induce intestinal infection, tree shrews were intraperitoneally (i.p.) injected with a bacterial solution at a concentration of 1 × 107 CFU/animal. The animals were randomly assigned to four groups (n = 3 per group): Control (PBS only), E. coli-Tb, TbΔirp2, and C-TbΔirp2.

For metabolite pro-inflammatory studies, 6-transLTB4 (Santa Cruz Biotechnology, Inc., #71652-82-9) was administered intraperitoneally at a dose of 0.5 mg/kg, 3 h after E. coli infection. The 6-transLTB4 stock solution in DMSO was diluted with PBS to achieve a final concentration of 0.5 mg/mL. The tree shrews were divided into six groups (n = 3 per group): Control group (PBS only), 6-transLTB4 group (6-transLTB4 injection only), E. coli-Tb group (E. coli-Tb infection only), E. coli-Tb+ 6-transLTB4 group (E. coli-Tb infection followed by 6-transLTB4 injection), TbΔirp2 group (TbΔirp2 infection only), TbΔirp2+ 6-transLTB4 group (TbΔirp2 infection followed by 6-transLTB4 injection). Animals were euthanized 24 h post-treatment, and intestinal samples were collected for further analysis.

After the experimental animals were treated in different ways, we collected intestinal samples after euthanizing the animals 24 h later. This study received ethical approval from the Animal Ethics Committee of Yunnan Agriculture University (202303006) and adhered to the ARRIVE guidelines.



2.5 Cells experiments

For the infection experiment, 2 × 106 FHs 74 Int cells were seeded into culture plate wells, followed by the addition of E. coli at a multiplicity-of-infection (MOI) of 20:1. The experiment comprised four groups: Control, E. coli-Tb, TbΔirp2, and C-TbΔirp2. The Control group received sterile PBS only, while the other groups were treated with the corresponding E. coli strains at the predetermined dose.

For the metabolite validation experiment, 10 nM 6-transLTB4 was added to the cultured cells. Six experimental groups were established, mirroring the in vivo experimental setup: Control (PBS), 6-transLTB4 only, E. coli-Tb, E. coli-Tb+ 6-transLTB4, TbΔirp2, and TbΔirp2+ 6-transLTB4. 6-transLTB4 was administered 0.5 h after infection with the respective E. coli strains at the predetermined dose.

Cells and cell supernatants were collected at designated time points (8 h post-infection) for subsequent analysis. All cell experiments were performed with a minimum of three biological replicates.



2.6 Enzyme-linked immunosorbent assay

The concentrations of TNF-α (Mlbio, # ml077385) and IL-1β (Mlbio, # ml058059) in cell samples were determined utilizing an enzyme-linked immunosorbent assay (ELISA) kit. All procedures were carried out following the manufacturer’s protocols.



2.7 Lipid peroxidation assay

Cellular lipid peroxidation levels were assessed using specific lipid peroxidation detection kits, namely LPO (Jiancheng Bioengineering, Nanjing, China), MAD (Boxbio Co., Ltd.), SOD (Boxbio Co., Ltd.), CAT (Boxbio Co., Ltd.), and GSH-Px (Jiancheng Bioengineering, Nanjing, China). All procedures were conducted following the manufacturer’s protocols. Each experiment was replicated three times.



2.8 ROS assay

To quantify ROS levels in cell samples, a ROS-ELISA kit (#AKCE002-2, Beijing Boxbio Science & Technology, Nanjing, China) was used according to the manufacturer’s instructions.

For fluorescence imaging of intracellular ROS, the ROS Red fluorescence detection kit (#CA1420, Solarbio) was employed. Cells were treated with DHE red fluorescent dye (15 μM) and incubated at 37°C in the dark for 30 min. After incubation, the staining solution was removed, and the cells were washed twice with PBS. ROS levels were then visualized using fluorescence microscopy.



2.9 Assessment of iron levels

Iron concentrations in cell lysates and intestine were determined utilizing an iron detection kit (Sigma-Aldrich, #025), adhering to the manufacturer’s instructions.



2.10 Ferroptosis assay

FHs 74 Int cells were treated with E. coli for 12 h, with or without ferrostatin-1 (Fer-1, 0.4 μM). Additionally, to validate oxidative lipid metabolites, FHs 74 Int cells were exposed to E. coli and 6-transLTB4 alone or in combination for 12 h, with or without ferrostatin-1 (Fer-1, 0.4 μM). Cell death was quantified by measuring LDH release utilizing the CytoTox-ONE™ Cytotoxicity Detection Kit (Promega, #G7890).



2.11 Immunohistochemical assay

Duodeno-intestinal specimens were fixed in a 4% paraformaldehyde solution for 24 h, embedded in paraffin, and sectioned into 5 μm slices using the Leica RM2125 RTS slicing mechanism. Immunohistochemical assay (IHC) analysis included repairing the intestinal tract sections with eBioscience™ IHC (Thermo Fisher, # 00-4956-58) antigen retrieval solution, followed by a 1-h incubation with 5% BSA to block nonspecific antigens. Specific antibodies against IL-6 (#66146-1-Ig, Proteintech), IL-18 (#10663-1-AP, Proteintech), IL-1β (#16806-1-AP, Proteintech), TNF-α (#60291-1-Ig, Proteintech), and SLC40A1 (#26601-1-AP, Proteintech) were then used for staining. Subsequently, incubation with HRP-labeled secondary antibodies was followed by DAB color development.



2.12 qPCR analysis

RNA was extracted from cells in different treatment groups using RNAiso Plus (Trizol, # 9109); the extracted RNA was reverse transcribed into cDNA following the instructions of the reverse transcription kit. The mRNA levels of the target genes in cells were detected by qPCR, utilizing relative quantification to assess the mRNA levels of each gene within the respective groups. Primer information is provided in Supplementary Table S1.



2.13 Western blot

After washing the cells with PBS, proteins were extracted using RIPA lysis buffer. Protein concentrations were determined using a BCA kit. A 30 μg protein sample was separated on a 10% SDS-PAGE gel and transferred onto a PVDF membrane. The membrane was blocked with a protein-free rapid blocking solution and incubated overnight at 4°C with specific primary antibodies: ACSL4 (Proteintech, 22401-1-AP), SLC7A11 (Proteintech, 26864-1-AP and 26601-1-AP), GPX4 (Proteintech, 30388-1-AP). Protein bands were visualized using enhanced chemiluminescence (ECL) staining after incubation with species-specific secondary antibodies. Beta-actin was used as a loading control.



2.14 RNA-seq analysis

Cells were collected 8 h post-bacterial infection according to established protocols. RNA was extracted and stored at −80°C until subjected to RNA-Seq analysis using a BGISEQ-500 sequencing platform provided by BGI Company, China. Differentially expressed genes (DEGs) were identified using DEGseq (fold change ≥2 and adjusted p-value ≤0.01). Enrichment analyses of the DEGs were performed for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) using OmicShare tools.1 Heatmaps and volcano plots were generated to illustrate DEG expression based on log2 FPKM values.



2.15 Targeted oxidative lipidomics

The AB Sciex QTRAP 6500 MetWare LC-ESI-MS/MS platform2 was utilized to analyze the content of oxidative metabolites derived from polyunsaturated fatty acids, including ARA, linoleic acid, α-linolenic acid, DHA, EPA, DGLA, among others. Differential metabolites between groups were identified based on VIP and absolute Log2FC. GO and KEGG enrichment analysis of differential metabolites were conducted utilizing the Metware Cloud tools.3



2.16 Molecular docking

FPN1 (PDB: 6W4S) from the RCSB PDB database was employed as the receptor protein, while Ybt (CID: 443589) from PubChem was utilized as the small molecule ligand. Subsequently, molecular docking was conducted using CB-Dock2 (Liu et al., 2022).



2.17 Statistical analysis

Statistical analysis was based on a minimum of three biological replicates. Data were expressed as mean ± SD and analyzed using either Student’s t-test or two-way ANOVA. Significance was defined as p-values less than 0.05.




3 Results


3.1 Ybt promotes intestinal inflammation caused by Escherichia coli

Ybt production is directed by HPI, which comprises the functional core region formed by the irp2-FyuA gene axis (Carniel et al., 1996) Mutations in the irp2 gene disrupt Ybt production (Magistro et al., 2017). To investigate Ybt’s role in E. coli pathogenesis, we knocked out the irp2 gene in E. coli-Tb. The gene structure of HPI is shown in Supplementary Figure S1A. Using two sgRNAs, we targeted the irp2 gene for editing, as illustrated in Supplementary Figure S1B. Subsequently, we confirmed the creation of TbΔirp2 through PCR and gene sequencing (Supplementary Figure S1C). In addition, we followed the procedure of Supplementary Figure S2 to construct the corresponding mutant complement strain and named it C-TbΔirp2.

We established E. coli infection models using enterocytes and tree shrews (Figure 1A). Analysis of inflammatory markers revealed that, starting at 6 h post-infection, E. coli-Tb strains capable of secreting Ybt induced significantly higher levels of IL-1β in cells compared to strains lacking Ybt (TbΔirp2). This reduction in IL-1β release in TbΔirp2-infected cells was reversed upon infection with the complement strain C-TbΔirp2 (Figure 1B). In addition, we observed the levels of inflammatory factors (TNF-α and IL-18) in the intestinal tract of tree shrews, and similar results were observed in intestinal epithelial cells (Figures 1C,D). These results show that E. coli strains capable of secreting Ybt exhibited heightened inflammatory-inducing activity in the intestinal tract.
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FIGURE 1
 Ybt promotes intestinal inflammation caused by E. coli. (A) Schematic diagram of the Ybt infection model. (B) Changes in IL-1β content in cell supernatant after infection, n = 3. (C,D) IHC findings of the intestinal tract of tree shrews after different treatments (scale: 50 μm; arrows indicate typical damage) and quantification of the mean optical density of the results, n = 3. (E) Top 10 KEGG analysis of differentially expressed DEGs between different groups (pathways related to inflammatory response highlighted in red font). (F) Heatmap depicting the expression of inflammation-related genes following various treatments. (G) Schematic illustration of the inflammatory mechanism caused by Ybt. **p < 0.01 and ****p < 0.0001.


RNA-seq analysis was performed on intestinal epithelial cells infected with E. coli-Tb and TbΔirp2 to delve deeper into the mechanism of Ybt in promoting intestinal inflammation. KEGG analysis of the enriched DEGs revealed that the majority of the top 10 pathways following infection were associated with inflammation (Figure 1E). Particularly, E. coli-Tb infection resulted in a greater enrichment of inflammatory pathways compared to TbΔirp2 infection (Figure 1E). The TNF pathway and NF-kB pathway are typical inflammatory pathways (Hsu et al., 1995; Tang et al., 2009), and our analysis revealed that Ybt contributed to the enrichment of numerous inflammatory DEGs, many of which were key components of the TNF and NF-κB pathways (Figure 1F). These findings suggest that Ybt augments the pro-inflammatory traits of E. coli and contributes to E. coli-induced intestinal inflammation via the TNF/NF-κB pathway (Figure 1G).



3.2 Ybt promotes oxidative stress injury in intestinal epithelial cells

ROS serves as a pivotal regulator of the TNF/NF-κB proinflammatory signaling pathway (Pham et al., 2004) (Figure 2A). Considering the exacerbating effect of Ybt on intestinal inflammation, we hypothesized that it might be associated with ROS-mediated oxidative stress. RNA-seq GO analysis revealed the participation of ROS and oxidative stress pathways in E. coli infection, with a greater enrichment of DEGs related to oxidative stress in E. coli-Tb infection compared to TbΔirp2 (Figures 2B,C). Additionally, infection with E. coli-Tb markedly increased the up-regulation or down-regulation of oxidative stress-related DEGs compared to TbΔirp2 infection (Figure 2D). Further validation and annotation of KEGG functions were performed through functional annotation of DEGs using Metascape, revealing enrichment of the top 20 clusters of biological processes, including “response to oxidative stress” and “reactive oxidative stress metabolic process” (Figure 2E). These findings suggest that E. coli-Tb induces oxidative stress injury in intestinal epithelial cells.
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FIGURE 2
 Ybt promotes oxidative stress injury. (A) Schematic representation illustrating how ROS promotes inflammatory responses. (B,C) GO analysis of DEGs associated with oxidative stress following various treatments. (D) Cluster heatmap showing DEGs related to oxidative stress after different treatments. (E) The Metascape tool was utilized to analyze the pathway network of DEGs associated with oxidative stress. (F) GO enrichment was conducted to explore the correlation between Ybt and ROS generation. (G) The levels of ROS in the cells were measured using ELISA, n = 3. (H) A cluster heatmap was generated to visualize the DEGs related to ROS generation after different treatments. (I) qPCR was employed to ascertain the mRNA levels of NFE2L2, KEAP1, and Txnip, n = 4. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


ROS-mediated oxidative stress plays a crucial role in the inflammatory process (Pham et al., 2004; Morris et al., 2022). Consequently, GO enrichment analysis of ROS-associated pathways following E. coli infection was conducted, indicating a greater number of ROS-associated DEGs in E. coli-Tb infection compared to TbΔirp2 infection (Figure 2F). To further investigate this, we measured ROS levels in intestinal epithelial cells. The results revealed a significant increase in ROS levels during E. coli-Tb infection. In contrast, TbΔirp2 infection reduced ROS overproduction. However, infection with the complement strain C-TbΔirp2 restored ROS levels to those observed during E. coli-Tb infection (Figure 2G).

The Keap1/Nrf2-ARE pathway is essential for maintaining homeostasis by regulation of oxidative stress (DeNicola et al., 2011; Hayes and Ashford, 2012). RNA-seq analysis shows that Ybt enhanced the inhibition of this pathway, corroborated by qPCR results (Figures 2H,I). Consequently, the induction of oxidative stress injury in intestinal epithelial cells by Ybt is linked to Ybt’s inhibition of the Keap1/Nrf2 pathway, resulting in elevated ROS levels.



3.3 Ybt induces ferroptosis in intestinal epithelial cells

Ferroptosis is closely linked to ROS accumulation (Yang et al., 2023). Given the augmentation of oxidative stress by Ybt, we delved deeper into the association between Ybt and ferroptosis. RNA-seq KEGG enrichment analysis indicates the involvement of ferroptosis in E. coli-Tb infection (Figure 3A). Subsequent volcano plot and heatmap enrichment analysis of DEGs demonstrate notable upregulation or downregulation of ferroptosis-related genes in E. coli-Tb infection compared to TbΔirp2 infection, as validated by qPCR (Figures 3B,C; Supplementary Figure S3). Additionally, we assessed the expression levels of ferroptosis marker proteins following E. coli infection. Ybt upregulated the expression of acyl-CoA synthetase long-chain family member 4 (ACSL4). Conversely, the expression of solute carrier family members SLC7A11, glutathione peroxidase 4 (GPX4), and the iron efflux pump protein FPN1/SLC40A1 was downregulated, with this effect alleviated in the TbΔirp2 infection group. These changes were reversed in the C-TbΔirp2 infection group (Figures 3D,E).
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FIGURE 3
 Ybt induces ferroptosis in intestinal epithelial cells. (A) KEGG analysis was employed to investigate the association between Ybt and ferroptosis. (B) Volcano plots were generated to compare differential fold changes and p-values for individual genes after different treatments. (C) Clustering heatmaps were created to visualize the DEGs associated with ferroptosis after different treatments. (D,E) Western blot was used to detect the expression levels of iron death marker proteins after different treatments, including ACSL4, SLC7A11, GPX4, and SLC7A1, at the same time, the protein expression was quantitatively analyzed. (F–J) Intracellular lipid peroxide content was quantified at various time points following diverse treatments, including LPO, CAT, GSH-Px, MDA and SOD, n = 3. (K) The impact of the ferroptosis inhibitor Fer-1 on cell viability was evaluated following various treatments, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Lipid peroxidation significantly contributes to the occurrence and progression of ferroptosis (Nishizawa et al., 2021). Findings demonstrate that E. coli-Tb infection elevates lipid peroxidation in cells, whereas this effect is diminished in TbΔirp2-infected cells (Figures 3F–J). Importantly, Fer-1, a ferroptosis inhibitor, alleviated Ybt-induced cell death (Figure 3K). These findings indicate that Ybt effectively trigger ferroptosis in intestinal epithelial cells.

The occurrence of ferroptosis is positively correlated with the intracellular accumulation of iron ions (Han et al., 2022). Consequently, we assessed the ferrous ion levels in infected cells, revealing a significant rise in E. coli-Tb-infected cells compared to TbΔirp2-infected ones (Figure 4A). We analyzed genes associated with iron metabolism to probe the molecular mechanism underlying this Ybt-triggered iron accumulation. Interestingly, our findings revealed a decrease in the expression of FPN1 (SLC40A1), the primary cellular iron efflux protein (Ravasi et al., 2020; Dang et al., 2023), induced by Ybt. This downregulation was validated via Western Blot, RNA-seq and qPCR analysis (Figures 3D, 4B,C), with similar results observed in the intestinal tract of tree shrews (Figure 4D). To better understand the impact of Ybt on SLC40A1 expression, we employed molecular docking techniques to predict the binding affinity between Ybt and FPN1. Docking simulations uncovered a robust binding interaction between Ybt and FPN1, yielding a docking score of −9.3 (Figure 4E). Collectively, these results indicate that Ybt induces ferroptosis by stimulating lipid peroxidation and intracellular iron ion accumulation. The downregulation of FPN1 expression is identified as one of the mechanisms facilitating this process.
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FIGURE 4
 Ybt induces the accumulation of intracellular iron ions. (A) The observation of intracellular iron ion accumulation after various treatments. (B) Cluster heat maps were generated to visualize the DEGs associated with intracellular iron ion metabolism following various treatments. (C) qPCR was employed to ascertain the mRNA levels of SLC11A2, TFR2, STEAP3, and SLC40A1, n = 4. (D) IHC findings of various treatments (scale: 50 μm; arrows indicate typical damage) and quantification of the mean optical density of the results. (E) Identify the optimal binding sites of Ybt and FPN1, and to assess the docking scores obtained from different binding methodologies. **p < 0.01, ***p < 0.001, and ****p < 0.0001.




3.4 Oxidized lipidomic characteristics of Ybt induced ferroptosis

Lipid peroxides are considered the main feature of ferroptosis, with PUFA being the most susceptible lipid to peroxidation during this process (Cao and Dixon, 2016). To evaluate the effect of Ybt-induced ferroptosis, we utilized LC-MS/MS to analyze oxidized lipids. Hierarchical cluster analysis was performed to assess the accumulation patterns of lipid oxide metabolites in cells following various treatments (Supplementary Figure S4A). Our results demonstrate a substantial increase in lipid peroxidation induced by Ybt, along with elevated levels of oxidative metabolites, especially those derived from ARA, docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and dihomo-gamma-linolenic acid (DGLA). In contrast, a significant decrease in the levels of oxidative metabolites was observed after TbΔirp2 infection (Figure 5A). Additionally, a radar map depicting the top 1–10 metabolites with the highest fold change values was generated by comparing the quantitative results of metabolites across different groups (Supplementary Figure S5A). The findings highlight the substantial upregulation of the arachidonic acid (ARA) derivative, 6-transLTB4, by Ybt.
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FIGURE 5
 Oxidized lipidomic characteristics of Ybt induced ferroptosis. (A) The significant differential metabolites were selected to generate a cluster heat map to visualize the characteristics of oxidative lipid metabolites in the cells after different treatments. (B) The dynamic distribution map of the differences in metabolite content was drawn, with annotations provided for the top 10 down-regulated and up-regulated metabolites. (C) The differences of lipid oxidation metabolites in different groups were analyzed by KEGG enrichment.


To enhance the understanding of metabolic differences, a dynamic distribution map was created to illustrate variations in metabolite content. The top 10 up-regulated and down-regulated metabolites were identified and labeled (Figure 5B). KEGG enrichment was subsequently conducted on the differentially expressed metabolites in each group, revealing enrichment in the ARA metabolism pathway with an up-regulation of metabolites (Figure 5C). This suggests that E. coli Ybt triggers oxidative stress in cells, resulting in lipid peroxidation and the subsequent generation of lipid metabolites via the ARA metabolic pathway. Additionally, correlations between various differential metabolites were assessed using Pearson correlation analysis (Supplementary Figure S4B).

A comprehensive analysis of RNA-seq and oxidative lipidomics results was undertaken to further investigate how Ybt contributes to bodily injury. Correlations between all differential genes and metabolites were calculated and visualized in a correlation cluster heat map (Supplementary Figure S5B). The analysis unveiled notable differences in the expression profiles of DEGs and metabolites after E. coli-Tb and TbΔirp2 infection. Furthermore, KEGG pathway enrichment analysis of both omics datasets indicated the collective involvement of specific DEGs and metabolites in the ARA metabolic pathway post Ybt infection (Supplementary Figure S5C). These results suggest that Ybt exacerbates lipid peroxidation in cells through the ARA pathway, ultimately promoting ferroptosis in intestinal epithelial cells.



3.5 6-transLTB4 promoted Ybt-induced inflammation and ferroptosis

6-transLTB4, a pro-inflammatory lipid mediator derived from n-6 PUFA, belongs to the leukotriene family and is an isomer of LTB4. It has been shown to induce leukocyte chemotaxis and increase the production of ROS-like substances (Fretland et al., 1991; Shivaprakash et al., 2021). Interestingly, we intercrossed the differential metabolites among the Control group, E. coli-Tb group, and TbΔirp2 group and found that Ybt significantly upregulated the content of 6-transLTB4 (Figure 6A), we further explored the involvement of 6-transLTB4 in Ybt-induced inflammation and ferroptosis. We treated cells with varying doses of 6-transLTB4 and monitored cell viability over a 48-h period. After determining the non-toxic concentration of 6-transLTB4, this concentration was subsequently applied to the cells (Figures 6B,C).

[image: Figure 6]

FIGURE 6
 6-transLTB4 facilitated Ybt-induced inflammation and ferroptosis. (A) The differential metabolites after different treatments were analyzed using an Upset plot, the left side of the graph lists the names of all the collections, and the corresponding bar chart shows the total number of elements in each collection, with each row representing an independent collection and each column representing a specific crossover between the corresponding collections. (B) The toxicity of 6-transLTB4 to cells was assessed by measuring LDH content, n = 3. (C) Schematic representation of an exposure model involving Ybt and 6-transLTB4. (D–G) IL-18 and IL-1β level alterations were evaluated through both ELISA and qPCR methodologies, n = 3. (H–I) The intracellular lipid peroxide content was measured at different time points following distinct treatments, n = 3. (J,K) ROS levels in the cells were monitored using a fluorescence probe method. (L) The effect of the Fer-1 on cell death was observed after different treatments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Assays of inflammatory factors revealed that 6-transLTB4 alone had minimal impact on the inflammatory response of cells. However, co-treatment with Ybt significantly enhanced the expression and release of TNF-α and IL-1β (Figures 6D–G). Furthermore, the combination of 6-transLTB4 and Ybt induced significant lipid peroxidation damage and intracellular ROS accumulation, with 6-transLTB4 notably promoting Ybt-induced lipid peroxidation (Figures 6H–K). Notably, cell death induced by the combined treatment of 6-transLTB4 and Ybt was mitigated by the ferroptosis inhibitor Fer-1 (Figure 6L). To accomplish this, we established an in vivo infection model in tree shrews (Figure 7A), where the combined effects of 6-transLTB4 and E. coli Ybt increased the expression of inflammatory factors, leading to exacerbated intestinal inflammation in tree shrews (Figure 7B). These findings suggest that 6-transLTB4 plays a crucial role in promoting inflammation and ferroptosis induced by Ybt.
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FIGURE 7
 6-transLTB4 enhances Ybt-induced intestinal inflammation. (A) A schematic diagram of the tree shrews’ exposure model to Ybt and 6-transLTB4 is depicted. (B) IHC findings of various treatments (scale: 50 μm; arrows indicate typical damage) and quantification of mean optical density are presented. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





4 Discussion

The correlation between Ybt and E. coli-induced intestinal inflammation remains a topic with limited research. We observed that Ybt enhances E. coli-induced inflammation by upregulating the expression of inflammatory factors in the intestine. Further investigation into inflammatory mechanisms unveiled a notable enrichment of key genes in the TNF/NF-κB pathway in Ybt-stimulated intestinal epithelial cells, suggesting a close linkage between E. coli-induced inflammation and this pathway. The NF-κB pathway activation is governed by ROS, which subsequently triggers the expression of TNF-α and IL-1β (Siomek, 2012; Blaser et al., 2016). Moreover, ROS and cytokines establish a feedback loop through NF-κB, intensifying the inflammatory response. Bioinformatics analyses indicated a significant impact of Ybt infection on the ROS metabolic pathway, promoting ROS production. Cellular ROS equilibrium is primarily governed by antioxidative stress capacity, with the Keap1/Nrf2 pathway assuming critical importance (DeNicola et al., 2011; Hayes and Ashford, 2012). Interestingly, the study proposes that Ybt inhibits the Keap1/Nrf2 pathway, leading to intracellular ROS accumulation during Ybt infection.

Despite the well-known virulence of Ybt, its specific molecular mechanisms remain poorly understood. The Ybt iron carrier of E. coli is involved in activating host cell autophagy, thereby promoting the onset of Crohn’s disease (Dalmasso et al., 2021). Furthermore, Ybt promotes pyroptosis, which contributes to E. coli-induced intestinal inflammation via activation of the NLRP3 pathway (Wang et al., 2023b). Ferroptosis is closely linked to ROS accumulation, and its molecular mechanism differs from that of pyroptosis and autophagy (Nishizawa et al., 2021; Yang et al., 2023). Our research indicates a strong correlation between Ybt and ROS generation, leading us to propose that Ybt could trigger ferroptosis. Bioinformatics analysis provides initial support for the involvement of ferroptosis in the infection process of E. coli. Our study revealed that Ybt regulates the expression of key genes involved in ferroptosis, and that Ybt enhances lipid peroxidation and intracellular iron accumulation. Moreover, we observed that Fer-1 can alleviate Ybt-induced cell death, providing additional support for our hypothesis. FPN1, the main iron efflux protein in cells (Ravasi et al., 2020; Dang et al., 2023), plays a crucial role in regulating cellular iron homeostasis. Our data illustrates that Ybt suppresses FPN1 expression in cells and intestines, and has the ability to interact with FPN1. This implies that Ybt might hinder FPN1 expression through binding, leading to intracellular iron accumulation. The buildup of intracellular iron can trigger ROS production, escalate lipid peroxidation, and ultimately instigate ferroptosis. Therefore, the initiation of Ybt-induced ferroptosis may commence with the suppression of FPN1 expression. This further enhances our understanding of the mechanisms by which E. coli induces bodily harm.

We observed lipid oxidation metabolites induced by Ybt were predominantly present in downstream metabolites of ARA, DHA, EPA, and DGLA, with a particular emphasis on ARA metabolites. Notably, the ARA metabolic pathway is closely associated with the development of inflammation (Wang et al., 2019), suggesting that the oxidative stress induced by E. coli Ybt may promote inflammation by generating distinct metabolites through the ARA pathway. Furthermore, a significant upregulation of the differential metabolite 6-transLTB4 in the ARA pathway post Ybt treatment. Therefore, upon exogenous addition of 6-transLTB4, we observed a significant enhancement in Ybt-induced inflammation, ROS generation, and ferroptosis. This finding highlights the critical metabolic role of 6-transLTB4 in Ybt-mediated inflammation and ferroptosis.

Phylogenetic analysis indicates a close evolutionary relationship between tree shrews and humans, particularly with primates (Fan et al., 2013). Moreover, high-throughput analyses reveal a significant similarity between the proteomic compositions of muscle and liver tissues in tree shrews and humans (Li et al., 2012). Therefore, studying the effects of E. coli on tree shrew intestinal health can provide valuable evidence for understanding E. coli-induced intestinal damage in humans.



5 Conclusion

In conclusion, ferroptosis induced by E. coli-Ybt exacerbates E. coli-induced intestinal inflammation by promoting ROS production, activating the TNF/NF-κB pathway, and suppressing FPN1 expression. Our findings also reveal that oxidative metabolites generated by Ybt via the ARA metabolic pathway, particularly 6-transLTB4, significantly enhance inflammation and ferroptosis (Figure 8). However, a limitation of this study is the incomplete understanding of how Ybt specifically modulates the interaction between ROS and iron homeostasis. Future research should focus on elucidating the detailed molecular mechanisms underlying these processes. Overall, Ybt plays a pivotal role in E. coli-induced intestinal injury, offering valuable insights into its novel pathogenic mechanisms.
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FIGURE 8
 Schematic representation of the molecular mechanism of the article.
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