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Background: The genetic factors play important roles on the pathogenesis of inflammatory bowel disease (IBD). EpCAM is highly expressed in the intestinal epithelium. It is still unclear if the decrease or somatic mutation of EpCAM could cause IBD.Methods: The WT and EpCAM+/− mice were administrated with DSS intermittently for nearly 8 weeks. The colon, liver and feces were harvested to check the morphological and histological changes, the expression of inflammatory genes and the gut microbiota via H&E staining, immunofluorescence, qPCR, western blot and 16S rDNA sequence assays.Results: The DSS administration induced more serious inflammation in the colon of EpCAM+/− mice than WT mice. Compared to DSS-induced WT mice, the transcriptional levels of IL-6, F4/80, Ly6g, Ly6d and Igha were significantly higher in the colon of DSS-induced EpCAM+/− mice. The protein levels of MMP7 and MMP8 and the activation of JNK, ERK1/2 and p38 were significantly increased in the colon of DSS-induced EpCAM+/− mice. The protein levels of CLDN1, CLDN2, CLDN3, CLDN7, OCLD, ZO-1 and pIgR were significantly decreased in the colon of DSS-induced EpCAM+/− mice. The serum concentration of LPS was significantly higher in the DSS-induced EpCAM+/− mice which caused the acute inflammation in the liver of them. The expression of Pigr was significantly reduced in the liver of DSS-induced EpCAM+/− mice. The ratio of Firmicutes/Bacteroidetes at the phylum level was higher in the gut microbiota of EpCAM+/− mice than WT mice.Conclusion: In conclusion, the heterozygous mutation of EpCAM increased the susceptibility to colitis, gut microbiota dysbiosis and liver injury.Keywords: EpCAM, inflammatory bowel disease, tight junction, pIgR, gut microbiota
1 INTRODUCTION
EpCAM is highly localized in the basolateral membrane of intestinal epithelial cells (IECs) (Huang et al., 2018). The congenital tufting enteropathy (CTE) which is a rare disease of human is caused by the homozygous mutation of EpCAM (Sivagnanam et al., 2008). The inflammation has been detected in the intestines of CTE patients and EpCAM−/− mice (Gerada et al., 2013; Lei et al., 2022), indicating the deficiency of EpCAM leads to the breakdown of the intestinal immune homeostasis. CTE has been considered as one kinds of very early onset IBD (Kammermeier et al., 2014). The knockdown of EpCAM in the colon increases the severity of DSS-induced IBD of mice (Jiang et al., 2016). The parents of CTE patients should be the heterozygotes of EpCAM mutation. It is still unclear if the intestinal immune homeostasis of the heterozygotes of EpCAM mutation would be affected.
The apical and the basolateral plasma membrane domains of IECs are separated by the network of tight junctions which seal the adjacent epithelial cells (Tsukita et al., 2001). The knockout of JAM-A, one of the key structural components of tight junctions, causes mild colitis in mice, and these mice show the increased susceptibility to DSS induced IBD (Laukoetter et al., 2007, Serek and Oleksy-Wawrzyniak, 2021). The deficiency of tight junction protein Claudin 7 also causes serious inflammation in the intestines (Ding et al., 2012). Therefore, the tight junctions in the intestinal epithelium are essential to maintain the immune homeostasis of intestines. EpCAM has important roles on maintaining the normal physiological function of tight junctions in the intestinal epithelium (Lei et al., 2012). Hence, the tight junctions in the intestinal epithelium of the heterozygotes of EpCAM mutation still need to be explored.
The immunoglobulin A (IgA) and IgM have important function on the intestinal immune protection (Chen et al., 2020; Casali et al., 2021). They are generated by plasma cells in the lamina propria and then are translocated across intestinal epithelium by pIgR (polymeric immunoglobulin receptor) (Chen et al., 2020). Part of IgA antibodies are translocated across hepatocytes from blood into the bile through pIgR and then are transported into the intestinal lumen (Shimada et al., 1999). Somatic mutation of PIGR has been detected in inflamed intestinal epithelium of patients with ulcerative colitis (UC) (Nanki et al., 2020). It has also been reported that knockout of pIgR exacerbates DSS-induced colitis (Murthy et al., 2006). pIgR is significantly downregulated in the intestinal epithelium of EpCAM−/− mice (Lei et al., 2022). However, it is still unclear if the expression of pIgR would be affected in the intestines of heterozygotes of EpCAM mutations.
The host-gut microbiota crosstalk has been reported to have important functions in the physiology and disease (Marchix et al., 2018; Ma et al., 2022). The miRNAs from the host with IBD has been demonstrated to shape the gut microbiota (Casado-Bedmar et al., 2022). The gut microbiota derived lipopolysaccharide (LPS) has been found to exacerbate the progression of acute myeloid leukaemia because of the impaired tight junctions in the intestinal epithelium (Wang R. et al., 2022). Many studies have demonstrated that LPS can induce the liver inflammation or even liver injury (Wang L. et al., 2022; Zhang et al., 2022). However, the crosstalk between the heterozygotes of EpCAM mutations and gut microbiota of them is still unclear.
In the present study, EpCAM+/− mice were administrated with DSS to explore the susceptibility and related mechanisms of the heterozygotes of EpCAM mutations to IBD. Our work demonstrated that the heterozygous mutation of EpCAM might be one of the genetic factors leading to IBD and the gut microbiota might also play important roles in the occurrence of IBD in the heterozygotes of EpCAM mutations.
2 MATERIALS AND METHODS
2.1 Mice
All the animal experiments were approved by the Experimental Animal Ethics Committee of Guangdong Pharmaceutical University and adhered to the ARRIVE guidelines. The 15–17 weeks old female WT and EpCAM+/− mice were used, and they were got from mating the C57BL/6 WT females with the EpCAM+/− males which were previously generated (Yang et al., 2019). Mice were housed in the SPF mouse facility, at 25°C, 12 h light-dark cycle, 60%–65% humidity, with free access to water and food. The mice were divided into WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups, 6 mice in each group. For the WT + DSS and EpCAM+/− + DSS groups, mice drank waters containing 3% DSS (CD4421-100 g, Coolaber) ad libitum according to the procedures shown in Figure 1A.
[image: Figure 1]FIGURE 1 | DSS induced more serious inflammation in the colon of EpCAM+/− mice (A). The scheme of the experimental design (B). Representative images of intestines from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (C). Graph showed the length of large intestines from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (D). Representative images of H&E staining of paraffin sections of colons from mice of WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. Scale bar, 50 μm (E). Representative images of immunofluorescence staining with antibodies to EpCAM of frozen sections of colon from mice of WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. DAPI was used for counter staining. Scale bar, 50 μm (F). Graphs showed relative mRNA expression levels of TNFα, IFN-γ, IL-1β, IL-6, IL-8rb, IL-1rn, IL-10, Mip2, Mcp1 and Cox2 in the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (G). Graphs showed the qPCR results of F4/80, Ly6g, Ly6d and Igha in the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. a, b, c, meaning significant difference among groups. WT, wild type (EpCAM+/+); DSS, dextran sulfate sodium salt; TNFα, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL-1β, interleukin 1 beta; IL-6, interleukin 6; IL-8rb, interleukin-8 receptor B; IL-1rn, interleukin 1 receptor antagonist; IL-10, interleukin 10; Mip2, macrophage inflammatory protein-2; Mcp1, monocyte chemoattractant protein-1; Cox2, cyclooxygenase 2; F4/80, cell surface glycoprotein F4/80; Ly6g, lymphocyte antigen 6 complex, locus G; Ly6d, lymphocyte antigen 6 complex, locus D; Igha, immunoglobulin heavy constant alpha.
2.2 Hematoxylin and eosin (H&E) staining
The colonic tissues were washed quickly with cold PBS, and then were transferred into the fixative of 4% paraformaldehyde in PBS. After the overnight fixation at 4°C, the tissues were dehydrated with ethanol series, then were embedded in paraffin and sectioned to 4-µm-thick sections. After dewaxing, the sections were stained with hematoxylin (H9627, Sigma-Aldrich) for 3 min at room temperature, and then were treated with eosin (E4009, Sigma-Aldrich) for 20 s. The images of H&E staining were taken with the Olympus DP74 microscope.
2.3 Immunofluorescence (IF) staining
The IF staining was conducted as previously described (Lei et al., 2021b). The primary antibodies included rabbit anti-EpCAM (1:100; Cat. No. ab71916) and rat anti-pIgR (1:400; Cat. No. ab170321; Abcam). The Alex Fluor 488-labeled secondary antibodies (Invitrogen) were used for the analysis. Images were got through the Olympus confocal microscope.
2.4 qRT-PCR
To extract total RNA, the dissected colonic tissues were washed in cold PBS quickly, and then were treated using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The RNA quality and concentration were checked through Nano Drop. Then, the cDNA was synthesized using the PrimeScript™ RT Reagent kit (Takara Bio, Inc.) according to the manufacturer’s protocol. The qPCR was carried out using the SYBR Premix Ex Taq kit (Takara Bio, Inc.) and the LightCycler 480II System (Roche, Inc.). The mouse GAPDH was used as the reference for the calculation of the mRNA relative expression. All primers used for qPCR were listed in Supplementary Table S1.
2.5 Western blot
The colonic tissues were washed quickly in cold PBS, and then lysed using the Radio-Immunoprecipitation Assay lysis buffer (Dalian Meilun Biotechnology co., Ltd.). Lysates were cleared through centrifugation at 13,680 × g, at 4°C, for 30 min. The protein concentration was determined using BCA kit (P0011, Beyotime). Then, 30 μg protein was separated through the sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then the separated proteins were transferred electrophoretically to the PVDF membrane. The PVDF membrane was exposed in the TBST buffer containing 10% skimmed milk at room temperature for 1 h, then was probed with primary antibodies at 4°C for overnight. After washing and incubation with HRP (horseradish peroxidase)-labeled secondary antibodies, the blots were detected using enhanced chemiluminescence reagent (Bio-Rad 170–5060). The densitometry was analyzed relative to the GAPDH loading control using the ImageJ software (version 1.53a). The primary and secondary antibodies used for WB were listed in Supplementary Table S2.
2.6 Determination of inflammatory factors in serum
The concentrations of LPS, TNF-α and IL-1β in the serum were measured according to the manufacturer’s protocol for each kit. The determination kits for LPS (CSB-E13066 m), TNF-α (CSB-E04741 m) and IL-1β (CSB-E08054 m) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
2.7 16S rDNA gene analysis
Fecal samples of mice were quickly frozen in liquid nitrogen and then stored at −80°C. Fecal bacterial DNA extraction, 16S rDNA gene PCR amplification, sequencing, and analysis were performed by Gene Denovo Biotechnology Company (Guangzhou, China). The procedures were described previously (Lei et al., 2021a).
2.8 Statistical analysis
Statistical analysis was determined via the SPSS software (version 23.0; IBM Corp.). Mean ± SEM was used to express data. One-way ANOVA followed by Tukey’s post hoc test was conducted to analyze differences among the groups, and the p-value <0.05 was considered to be significant.
3 RESULTS
3.1 The heterozygous mutation of EpCAM increased the sensitivity to the DSS-induced colitis
To explore the impact of the heterozygous mutation of EpCAM on the intestinal immune homeostasis, the WT and EpCAM+/− mice were administrated with 3% DSS to induce the colitis as shown in Figure 1A. After administration, the average length of the colon in the EpCAM+/− + DSS mice was the shortest among 4 groups, and importantly, it was significantly shorter than the WT group (p < 0.05) (Figures 1B,C). The DSS administration caused the infiltration of inflammatory cells in the colon of mice, especially in the EpCAM+/− mice (Figure 1D). The protein level of EpCAM was lower in colons of heterozygotes than the WT mice, and the DSS administration also caused the reduction of EpCAM in the colon especially of WT mice (Figure 1E). These results were consistent with our previous report that the short-term DSS treatment caused the decrease of EpCAM in the colon of mice (Lei et al., 2020). Hence, the downregulation of EpCAM might increase the sensitivity of EpCAM+/− mice to DSS-induced colitis.
To confirm the inflammatory situation in the colon of DSS-induced mice at molecular levels, the transcriptional levels of genes related with inflammatory factors in the colon were subsequently tested via qPCR assay (Figure 1F). The expression of IL-6 was more than 20 folds higher in the colon of EpCAM+/− + DSS group than the WT, WT + DSS and EpCAM+/− groups. The level of TNFα was significantly higher in the WT + DSS group than the WT group (p < 0.05), and it was also increased in the EpCAM+/− + DSS group compared to the EpCAM+/− group (p = 0.275). The levels of IFN-γ (p ≤ 0.01) and IL-1β (p ≤ 0.01) were evidently increased in the DSS administrated both WT and EpCAM+/− mice. The levels of IL-8rb and IL-1rn were significantly higher in the EpCAM+/− + DSS group than both WT (p ≤ 0.01) and EpCAM+/− (p < 0.05) groups, and the mRNA of IL-1rn in EpCAM+/− + DSS group was also noticeably higher than the WT + DSS group (p ≤ 0.001). Although the increase of IL-10 in the EpCAM+/− + DSS group was not significant (p = 0.064) compared to the EpCAM+/− group, it was significant compared to WT group (p < 0.05). The DSS administration also induced the increase of Mip2 in both WT (p = 0.431) and EpCAM+/− mice (p = 0.075), although not significantly. However, the DSS administration caused more than 10 folds increase of Mcp1 in both WT and EpCAM+/− mice, especially in EpCAM+/− mice. The level of Cox2 was significantly higher in the WT + DSS group than the WT (p ≤ 0.001), EpCAM+/− (p ≤ 0.001) and EpCAM+/− + DSS (p < 0.05) groups, and it was also significantly increased in the EpCAM+/− + DSS group compared to WT mice (p ≤ 0.01). The overexpression of the pro-inflammatory cytokine IL-6 in the colon indicated the increased sensitivity of EpCAM+/− mice to DSS-induced colitis compared to WT mice.
Moreover, the mRNA levels of genes related to inflammatory cells in the colon was also checked (Figure 1G). The transcriptional levels of F4/80 (p < 0.05), Ly6g (p ≤ 0.01), Ly6d (p ≤ 0.001) and Igha (p ≤ 0.001) were all significantly higher in the EpCAM+/− + DSS group than the WT, WT + DSS and EpCAM+/− groups, and the expressions of Ly6g and Igha increased 5–10 folds in EpCAM+/− + DSS group compared with WT group. The level of Igha was also noticeably increased in WT + DSS group compared to both WT (p ≤ 0.001) and EpCAM+/− (p < 0.05) groups. These results demonstrated the increase of the infiltrated inflammatory cells and more serious inflammation in the colon of EpCAM+/− + DSS group compared to the WT + DSS mice.
3.2 The heterozygous mutation of EpCAM increased the expression of matrix metalloproteinases and the activation of MAPKs in the colon of DSS-induced mice
To further evaluate the severity of the inflammation at molecular levels, the expression of the colonic abundant matrix metalloproteinases (MMPs) was subsequently checked. The transcriptional levels of Mmp2 (p ≤ 0.001), Mmp8 (p < 0.05) and Mmp12 (p ≤ 0.001) were all evidently higher in the EpCAM+/− + DSS group than the WT, WT + DSS and EpCAM+/− groups, and the mRNA levels of Mmp2 (p < 0.05) and Mmp8 (p ≤ 0.01) were also significantly increased in WT + DSS group compared to WT mice (Figure 2A). Moreover, the mRNA level of Mmp2 was noticeably higher in EpCAM+/− group than the WT group (p ≤ 0.01) (Figure 2A). The protein levels of MMP7 (p ≤ 0.001) and MMP8 (p < 0.05) were all evidently higher in the EpCAM+/− + DSS group than the WT, WT + DSS and EpCAM+/− groups, and they are also significantly increased in the WT + DSS group compared to WT group (p ≤ 0.01) (Figures 2B,C). Furthermore, the protein level of MMP7 was significantly higher in EpCAM+/− group than the WT group (p < 0.05), and MMP8 was also increased in EpCAM+/− mice compared to the WT group (p = 0.232) although not significantly (Figures 2B,C). The increase of the expression of MMP2 and MMP7 in the colon indicated that the EpCAM+/− mice are more sensitive to colitis than WT mice, and the elevation of the levels of MMP2, MMP7, MMP8 and MMP12 further confirmed that the DSS administration induced the severer inflammation in the colon of EpCAM+/−mice than the WT mice.
[image: Figure 2]FIGURE 2 | DSS stimulation upregulated the expression of genes for matrix metalloproteinases and hyperactivated MAPK signals in the colon of EpCAM+/− mice (A). The relative mRNA expression levels of Mmp2, Mmp3, Mmp8, Mmp12, Mmp13 and Mmp15 in the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (B). Representative images of the western blot results of MMP7, MMP8, p-JNK, JNK, p-ERK1/2, ERK1/2, p-p38 and p38 for the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (C). Quantification data of the western blot results of MMP7, MMP8, p-JNK, JNK, p-ERK1/2, ERK1/2, p-p38 and p38 for the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups.
Furthermore, the activation of MAP kinases (MAPKs) was also tested through western blot. The levels of p-JNK, p-p38 and p-ERK1/2 were all significantly higher in the EpCAM+/− + DSS group than the WT, WT + DSS and EpCAM+/− groups (p ≤ 0.001), although the total proteins of JNK, p38 and ERK1/2 had no significant difference among 4 groups (p = 0.192–0.909) (Figures 2B,C). However, the phosphorylated proteins of JNK, ERK1/2 and p38 had no significant change in WT + DSS mice comparted to WT group (p = 0.407–0.666) (Figures 2B,C). The levels of p-JNK and p-ERK1/2 were also significantly upregulated in EpCAM+/− mice compared to WT group (p ≤ 0.01) although the p-p38 showed no significant difference between EpCAM+/− and WT groups (p = 0.192) (Figures 2B,C), indicating the increase of the sensitivity of EpCAM+/− mice to colitis.
3.3 The heterozygous mutation of EpCAM aggravated the downregulation of tight junction components and pIgR in the colon of DSS-induced mice
To explore the related mechanism, the expression of the components of tight junctions including members of Claudin (Cldn) family, Zo-1 and Occludin (Ocln) was first tested. The transcriptional levels of Cldn1 and Cldn7 were evidently higher in the EpCAM+/− + DSS group than the WT, WT + DSS, and EpCAM+/− groups (p ≤ 0.001) (Figure 3A). However, DSS administration caused the significant decrease of CLDN1 and CLDN7 proteins in WT + DSS group compared to WT mice (p ≤ 0.001), and moreover, the protein levels of CLDN1 and CLDN7 were significantly lower in EpCAM+/− and EpCAM+/− + DSS groups than the WT and WT + DSS groups (p < 0.05) (Figures 3B,C). These results confirmed our previous report that EpCAM regulates the expression of Cldn1 and Cldn7 at the post-transcriptional level (Lei et al., 2012; Huang et al., 2018). There was no significant difference of the mRNA levels of Cldn2 and Cldn4 among the 4 groups (p = 0.101–1.000), (Figure 3A). However, the protein level of CLDN2 was noticeably decreased in the EpCAM+/− + DSS group compared to the WT, WT + DSS and EpCAM+/− groups (p ≤ 0.001) (Figures 3B,C). The DSS administration significantly upregulated the transcription of Cldn3 in WT mice (p < 0.05) but evidently downregulated it in EpCAM+/− mice (p ≤ 0.001) (Figure 3A). At the protein level, the CLDN3 was significantly decreased in both EpCAM+/− and EpCAM+/− + DSS groups compared to mice from WT and WT + DSS groups (p ≤ 0.001) (Figures 3B,C). The mRNA levels of Zo1 and Ocln were noticeably lower in the EpCAM+/− + DSS group than the WT, WT + DSS, and EpCAM+/− groups (p ≤ 0.001) (Figure 3A). At the protein level, DSS administration significantly reduced the OCLN in both WT (p < 0.05) and EpCAM+/− mice (p ≤ 0.001), and the OCLN is significantly lower in EpCAM+/− group than the WT group (p ≤ 0.001) (Figures 3B,C). Furthermore, the OCLN was significantly reduced in EpCAM+/− + DSS group compared to the WT + DSS group (p ≤ 0.001) (Figures 3B,C). The ZO-1 protein was significantly lower in the EpCAM+/− + DSS group than the WT (p ≤ 0.001) and WT + DSS groups (p < 0.05) (Figures 3B,C).
[image: Figure 3]FIGURE 3 | DSS stimulation downregulated the expression of genes for tight junction proteins and pIgR in the colon of EpCAM+/− mice (A). Graphs showed the qPCR results of Cldn1, Cldn2, Cldn3, Cldn4, Cldn7, Zo1 and Occludin in the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (B). Representative images of the western blot results of CLDN1, CLDN2, CLDN3, CLDN7, OCLN and ZO-1 for the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (C). Quantification data of the western blot results of CLDN1, CLDN2, CLDN3, CLDN7, OCLN and ZO-1 for the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (D). The relative mRNA expression level of Pigr in the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (E). The western blot results of pIgR for the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. Lower panel: Quantification data of the western blot results of pIgR for the colon of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (F). Representative images of immunofluorescence staining with antibodies to pIgR of frozen sections of colon from mice of WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. DAPI was used for counter staining. Scale bar, 50 μm (G). The concentrations of LPS, TNFα and IL-1β in the serum of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups.
The expression of Pigr in the colon was also tested at both mRNA and protein levels. The administration of DSS significantly inhibited the transcription of Pigr in both WT and EpCAM+/− mice (p ≤ 0.01) (Figure 3D). The protein level of pIgR was significantly lower in the WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups than the WT mice (p ≤ 0.001), although the localization of pIgR had no evidently change in the IECs of them (Figures 3E,F).
Consistent with the decrease of tight junction proteins in the intestinal epithelium, the serum concentration of LPS was significantly increased in mice from EpCAM+/− + DSS group compared to the WT (p < 0.05), WT + DSS (p ≤ 0.05), EpCAM+/− (p < 0.05) groups (Figure 3G). The DSS administration caused the significant increase of the serum concentration of TNFα in both WT and EpCAM+/− mice (p ≤ 0.001), and the serum concentration of TNFα was significantly higher in the EpCAM+/− + DSS group than the WT + DSS group (p ≤ 0.001) (Figure 3G). The serum concentration of IL-1β was significantly increased in both WT and EpCAM+/− mice after administration of DSS (p ≤ 0.01) (Figure 3G).
3.4 The heterozygous mutation of EpCAM caused the inflammation in the liver of DSS-induced mice
To confirm if the increased LPS would affected the hepatic tissues, the livers were next tested. The morphology of livers from the 4 groups showed no significant difference (Figure 4A). However, the DSS administration caused the significant increase of the liver weight (p ≤ 0.001) and liver index (p < 0.05) of EpCAM+/− mice (Figures 4B,C). The mRNA levels of TNF-α, IFN-γ, IL-6, IL-8rb, IL-10, Mip2, Mcp1, and Cox2 were all significantly higher in the EpCAM+/− + DSS group than the WT, WT + DSS, EpCAM+/− groups (p ≤ 0.01) (Figure 4D).
[image: Figure 4]FIGURE 4 | DSS stimulation caused serious inflammation in the liver of EpCAM+/− mice (A). Images of the liver of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (B). Graph showed the liver weight of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (C). Graph showed the liver index of mice rom WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (D). Graphs showed the qPCR results of TNFα, IFNγ, IL-1β, IL-6, IL-8rb, IL-1rn, IL-10, Mip2, Mcp1 and Cox2 in the liver of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (E). Relative mRNA levels of F4/80, Ly6g and Ly6d in the liver of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (F). Relative mRNA levels of Igha and Pigr in the liver of mice from WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups.
The markers of inflammatory cells were subsequently checked via qPCR assay. The transcriptional level of F4/80 was significantly reduced in the DSS administrated both WT and EpCAM+/− mice (p ≤ 0.001) (Figure 4E). The levels of Ly6g and Ly6d were all evidently higher in the EpCAM+/− + DSS group than the WT, WT + DSS, EpCAM+/− groups (p ≤ 0.01) (Figure 4E). The administration of DSS significantly decreased the transcription of Igha in WT mice (p < 0.05) (Figure 4F). Intriguingly, the transcriptional level of Pigr was significantly reduced in DSS-induced both WT and EpCAM+/− mice (p ≤ 0.001), and it was also significantly lower in EpCAM+/− + DSS group than the WT + DSS group (p < 0.05) (Figure 4F), indicating the translocation of IgA from blood to bile should be affected in the hepatic tissues of DSS administrated mice, especially in EpCAM+/− + DSS group.
3.5 The DSS administration exacerbated the gut microbiota dysbiosis in mice with heterozygous mutation of EpCAM
The 16S rDNA genes of the fecal microbiota from the 4 groups were sequenced. The Shannon curves of each group reached the saturation platforms (Figure 5A), demonstrating that the sequence coverage of samples from 4 groups was sufficient to represent the composition of the bacteria. The α diversity analysis results showed that the bacterial diversity of the EpCAM+/− group was significantly reduced compared to WT group (p < 0.05), and the administration of DSS caused the reduction of the α diversity of both WT (p = 0.219) and EpCAM+/− mice (p = 0.089) (Figure 5B). The PCo analysis (PCoA) indicated that samples from DSS treated and non-treated mice could be notably distinguished (Figure 5C). Analysis of similarity (ANOSIM) also confirmed the separation among the 4 groups (R = 0.623, p = 0.01) (Figure 5D).
[image: Figure 5]FIGURE 5 | DSS stimulation altered the relative abundance of gut microbiota in both WT and EpCAM+/− mice (A). Shannon rarefaction curves for the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (B). Graph showed the α diversity of the gut microbiota from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (C). The PCo analysis of the gut microbiota of mice from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (D). Analysis of similarity (ANOSIM) of the gut microbiota from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. (E, F). The relative abundance (E) and the heatmap (F) of the gut microbiota at phylum level in mice from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. Different colors illustrated different flora. (G, H). The relative abundance of gram negative (G) and gram positive (H) bacteria in the feces of mice from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups. Different colors illustrated different flora.
The composition and changes of the gut microbiota at the phylum level were shown in Figures 5E,F. Compared with WT mice, the abundance of Firmicutes was increased but the abundance of Bacteroidetes was reduced in the EpCAM+/− mice (Figures 5E,F). The DSS administration reduced the abundance of Patescibacteria in both WT and EpCAM+/− mice, and the abundance of it was decreased in the EpCAM+/− group compared to WT group (Figures 5E,F). The abundance of Patescibacteria in the EpCAM+/− + DSS group was also reduced compared to the WT + DSS group (Figures 5E,F). The abundance of Verrucomicrobia, Deferribacteres and Epsilonbacteraeota was increased in both WT and EpCAM+/− mice after administration of DSS, and the abundance of them was also increased in the EpCAM+/− + DSS group compared to the WT + DSS group (Figures 5E,F). The abundance of Tenericutes and Proteobacteria was decreased in WT mice after administration of DSS, but the abundance of them was increased in EpCAM+/− mice after administration of DSS (Figures 5E,F). The abundance of Tenericutes and Proteobacteria was also reduced in EpCAM+/− group compared to the WT group, and the abundance of them was increased in the EpCAM+/− + DSS group compared to the WT, WT + DSS and EpCAM+/− groups (Figures 5E,F). Furthermore, the composition and changes of Gram-positive bacteria and Gram-negative bacteria from the feces was shown in Figures 5G,H.
The results of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed the top 20 altered pathways (Figure 6A). The pathways of “Biosynthesis of ansamycins,” “Biosynthesis of vancomycin group antibiotics” and “Streptomycin biosynthesis” were all increased in EpCAM+/−mice compared to WT mice, and the increase of these pathways might be the important mechanism on the reduction of the bacterial diversity of the EpCAM+/− group (Figure 6A). Moreover, the administration of DSS caused the further increase of “Biosynthesis of vancomycin group antibiotics” and “Streptomycin biosynthesis” pathways in the EpCAM+/− mice, although the pathway of “Biosynthesis of ansamycins” was reduced in EpCAM+/− mice with the treatment of DSS (Figure 6A).
[image: Figure 6]FIGURE 6 | KEGG Assignments of the Gut Microbiota from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups (A). KEGG analysis showed the top 20 altered pathways of the gut microbiota from the WT, WT + DSS, EpCAM+/− and EpCAM+/− + DSS groups.
The above results demonstrated the gut microbiota dysbiosis in the EpCAM+/− mice and it was exacerbated by the DSS administration. Therefore, the dysbiosis of the gut microbiota might increase the sensitivity of EpCAM+/− mice to DSS-induced IBD.
4 DISCUSSION
Herein, the heterozygous mutation of EpCAM increased the sensitivity to colitis and exacerbated the dysbiosis of the gut microbiota in the DSS administrated mice because of the impaired tight junctions and the downregulated Pigr. The serious inflammation also occurred in the hepatic tissues from the DSS administrated heterozygotes of EpCAM mutant mice because of the increased serum LPS. Therefore, the normal level of EpCAM is essential to maintaining the immune balance of intestines and even liver, and the EpCAM mutation might be one of the potential risk factors for IBD.
The infiltration of immune cells, including macrophages, neutrophils and others, plays important roles in the occurrence of IBD (Chen et al., 2021; Lin et al., 2022; Yuan et al., 2022). F4/80 is the cell surface marker of macrophages (Meli et al., 2021; Niu et al., 2022), and the accumulation of F4/80+ macrophages has been detected in the ileum and colon of DSS-induced mice (Jiao et al., 2015). The Ly6G is the cell surface marker of neutrophils (Tanaka et al., 2015; Lei et al., 2022), and the frequency of the Ly6G+ neutrophils is higher in the severe inflammatory intestinal tissues of DSS-treated mice (Xie et al., 2018). In the present study, the levels of both F4/80 and Ly6g were all significantly higher in the colon of DSS-induced EpCAM+/− mice than the WT + DSS group (Figure 1G). Hence, the infiltration of both macrophages and neutrophils should be increased in the DSS-induced EpCAM+/− mice compared to the WT + DSS group. The corresponded results also could be observed in the colonic tissues from H&E staining (Figure 1D). Therefore, the more severe inflammation occurred in the colon of EpCAM+/− mice than WT mice after the administration of DSS. The increase of both macrophages and neutrophils demonstrated that the colitis in the DSS-induced EpCAM+/− mice showed the features of both chronic and acute inflammation. On the contrary, the increased Ly6g but reduced F4/80 in the colon from DSS-induced WT mice indicated that only the acute inflammation occurred (Figure 1G). IBD is characterized by the chronic inflammation in the gastrointestinal tract (Tanaka et al., 2015). Therefore, the EpCAM+/− mice were more sensitive to the DSS-induced IBD than WT mice.
The MAPKs including JNK, ERK1/2 and p38 are associated with different stages of inflammatory process (Kaminska et al., 2010; Yeung et al., 2018; Tew et al., 2020; He et al., 2021). It was reported that DRAM1 aggravates the intestinal epithelium damage of IBD patients and mouse models through increasing the activation of JNK/c-Jun pathway, but the expression of DRAM1 shows no significant change in the intestinal tissues with acute inflammation (Zhang et al., 2021). The downregulation of EZH2 also causes IBD via activating JNK pathway both in vivo and in vitro (Lou et al., 2019). The increased p-ERK1/2 has been demonstrated to be the important mechanism of heat-stress induced IBD of pigs because it downregulates the expression of tight junction components in the intestinal epithelium (Yong et al., 2021). The increased MCT4 exacerbates the inflammation in IECs through enhancing the activation of ERK1/2-NFκB pathway (Wang et al., 2021). The endoplasmic reticulum (ER) stress in the IECs promotes IBD mediated by the activation of p38 signaling pathway, and the activated TLR4 promotes the inflammation of IBD through ER stress-p38 MAPK signal pathway (Hu et al., 2022; Long et al., 2022). IFN-γ has been detected to upregulate the expression of OTUD5 through p38-dependent mechanism to amplify the aberrant inflammatory cytokine response in IBD (Dinallo et al., 2022). In the present study, the activation of JNK, ERK1/2 and p38 signals was significantly increased in the EpCAM+/− + DSS group but not in the WT + DSS group, and importantly the activation of JNK and ERK1/2 was also higher in EpCAM+/− mice than WT mice (Figure 2C). Therefore, the susceptibility of EpCAM+/− mice to IBD should be higher than the WT mice. At the same time, the higher concentration of LPS in the serum might promote the inflammation in the colon of mice from the EpCAM+/− + DSS group through TLR4-ER stress-p38 pathway. The increased p-ERK1/2 might also exacerbates the impaired tight junctions in the colonic epithelium of the EpCAM+/− + DSS group.
EpCAM plays important role on maintaining the tight junctions in the intestinal epithelium (Lei et al., 2012). In the present study, the protein levels of CLDN1, CLDN7 and OCLD were all significantly reduced in the EpCAM+/− mice compared to WT mice (Figures 3B,C). The reduction of CLDN1 has also been detected in the colonic tissues of DSS-treated C57B/6 mice (Castro-Ochoa et al., 2019; Lee et al., 2021). The intestine-specific knockout of Cldn7 initiates the colonic inflammation because of the increase of the paracellular flux of the bacterial products from the intestinal lumen to lamina propria, such as LPS, peptidoglycan and N-formyl-L-methionyl-L-leucyl-L-phenylalanine (Tanaka et al., 2015). Therefore, the reductions of CLDN1 and CLDN7 in the colonic tissues might be one of the mechanisms of the increase of the susceptibility to IBD of the EpCAM+/− mice. The reductions of CLDN1 and CLDN7 might causes the increase of the paracellular flux of the bacterial products from the intestinal lumen into blood of EpCAM+/− mice.
EpCAM has important function on keeping the normal level of pIgR in the intestinal epithelium (Lei et al., 2022). Here, there was only around 50% of pIgR proteins in the colon of EpCAM+/− mice compared to the WT mice (Figures 3E,F). The decrease of pIgR has been confirmed in the colonic mucosa of both Crohn’s disease (CD) and UC patients (Bruno et al., 2015). Furthermore, the somatic mutation of PIGR in the colon has been considered as one of the causal roles in the pathogenesis of IBD in patients (Olafsson et al., 2020). Therefore, the reduction of pIgR in the colonic tissues might be another mechanism on increasing the susceptibility to IBD for the EpCAM+/− mice. Since IgA and IgM are transported into the intestinal lumen by pIgR to impair the pathogen colonization (Lokken-Toyli et al., 2021), the reduction of pIgR in the colonic tissues might cause the dysbiosis of the gut microbiota in the EpCAM+/− mice.
For the composition of the gut microbiota, the increase of the abundance of Firmicutes and the decrease of the abundance of Bacteroidetes cause the higher ratio of Firmicutes/Bacteroidetes at the phylum level in the EpCAM+/− mice than WT mice (Figures 5E,F). The increase of the ratio of Firmicutes/Bacteroidetes has been considered a dysbiotic pattern contributed to various diseases and it is correlated with the increase of the intestinal paracellular permeability (Muntjewerff et al., 2021; Wang S. et al., 2022). The abundances of Patescibacteria and Proteobacteria are significantly reduced in the gut microbiota of diarrheic horses compared with the healthy horses (Li Y. et al., 2022), and both of these two phyla were also reduced in the EpCAM+/− mice compared to WT mice (Figures 5E,F). On the contrary, the relative abundance of Verrucomicrobia is dramatically increased in the gut microbiota of diarrheic horses (Li Y. et al., 2022). It was also reported that one of the major risk factors of IBD, sphingosine kinases (SphKs), can increase the Verrucomicrobia in the gut microbiota (Miao et al., 2022). In the present study, the DSS treatment caused the significant increase of the abundance of Verrucomicrobia in both WT and EpCAM+/− mice, and it was higher in the EpCAM+/− + DSS group than the WT + DSS group (Figures 5E,F). Hence, the genetic background of EpCAM+/− mice caused the alteration of the gut microbiota, which increased the susceptibility to IBD.
The serum concentration of LPS was significantly increased in the EpCAM+/− + DSS group because of the impaired tight junctions in the colonic epithelium (Figure 3G). The increased LPS in the blood has been demonstrated to cause the liver injury in DSS-induced mice (Guan et al., 2022). The high level of LPS in the serum also causes the hepatocyte necrosis and even cholestasis (Li T. et al., 2022). In the present study, the acute inflammation was occurred in the liver of DSS-induced EpCAM+/− mice marked by the significant increase of Ly6g but the significant decrease of F4/80 in the hepatic tissues, but the liver of DSS-induced WT mice was still not significantly affected (Figure 4E). Hence, the liver of EpCAM+/− mice might be also more sensitive to the DSS stimulation than WT mice. Importantly, the administration of DSS significantly downregulated the expression of Pigr at transcriptional level in the liver, especially in EpCAM+/− mice (Figure 4F). The concentration of IgA should be reduced in the bile, and the transport of IgA from liver to the intestinal lumen might also be decreased. The reduction of the content of IgA in bile might aggravate the dysbiosis of gut microbiota in EpCAM+/− mice.
In conclusion, the heterozygous mutation of EpCAM increased the susceptibility to colitis, gut microbiota dysbiosis and liver injury of mice (Figure 7). The decreased EpCAM caused the downregulation of CLDN1, CLDN7, OCLD and pIgR at the post-transcriptional level, and then the intestinal paracellular permeability increased and the dysbiosis of gut microbiota occurred, the paracellular flux of LPS from the intestinal lumen to blood also increased. The higher concentration of LPS in the blood induced the occurrence of inflammation and the downregulation of Pigr in the liver, and then reduced the transport of IgA from liver to the intestines to exacerbate the gut microbiota dysbiosis. Finally, it led to the vicious circle between the colitis, gut microbiota dysbiosis and liver injury of EpCAM+/− mice.
[image: Figure 7]FIGURE 7 | The heterozygous mutation of EpCAM increased the susceptibility to colitis, gut microbiota dysbiosis and liver injury of mice. The decreased EpCAM in the colonic tissues of the heterozygotes of EpCAM mutant mice caused the downregulation of the proteins of CLDN1, CLDN7, OCLD and pIgR, and then the intestinal paracellular permeability increased and the dysbiosis of gut microbiota occurred in the EpCAM+/− mice. Therefore, the paracellular flux of LPS from the intestinal lumen to blood also increased in EpCAM+/− mice. The higher concentration of LPS in the blood induced the occurrence of inflammation and the downregulation of Pigr in the hepatic tissues, and then the transport of IgA from liver to the intestines was also reduced to exacerbate the gut microbiota dysbiosis of EpCAM+/− mice with the stimulation of DSS. Finally, it led to the vicious circle between the colitis, gut microbiota dysbiosis and liver injury of EpCAM+/− mice if they are stimulated with environmental factors to occurrence of the colonic inflammation.
DATA AVAILABILITY STATEMENT
The data presented in this study are deposited in the SRA repository, accession number PRJNA1144604.
ETHICS STATEMENT
The animal study was approved by the Experimental Animal Ethics Committee of Guangdong Pharmaceutical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YN: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing–original draft. TL: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing–original draft. YY: Conceptualization, Investigation, Software, Writing–original draft. WL: Data curation, Methodology, Supervision, Writing–original draft. QH: Conceptualization, Investigation, Software, Writing–original draft. GC: Formal Analysis, Project administration, Validation, Writing–original draft. LH: Formal Analysis, Project administration, Validation, Writing–original draft. HW: Conceptualization, Data curation, Writing–original draft. CK: Methodology, Supervision, Writing–original draft. ZL: Writing–original draft, Writing–review and editing. JG: Funding acquisition, 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 (Nos 82171855 and 81830113); the Guangdong Basic and Applied Basic Research Foundation (2021A1515012383); the Key Field Special Project for Colleges and Universities of Guangdong Province (Biomedicine and Health) (No. 2023ZDZX 2030).
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/fmolb.2024.1442611/full#supplementary-material
REFERENCES
 Bruno, M., Rogier, E., Arsenescu, R., Flomenhoft, D., Kurkjian, C., Ellis, G., et al. (2015). Correlation of biomarker expression in colonic mucosa with disease phenotype in Crohn's disease and ulcerative colitis. Dig. Dis. Sci. 60, 2976–2984. doi:10.1007/s10620-015-3700-2
 Casado-Bedmar, M., and Viennois, E. (2022). MicroRNA and gut microbiota: tiny but mighty-novel insights into their cross-talk in inflammatory bowel disease pathogenesis and therapeutics. J. Crohn's colitis 16, 992–1005. doi:10.1093/ecco-jcc/jjab223
 Casali, P., Li, S., Morales, G., Daw, C., Chupp, D., Fisher, A., et al. (2021). Epigenetic modulation of class-switch DNA recombination to IgA by miR-146a through downregulation of Smad2, Smad3 and Smad4. Front. Immunol. 12, 761450. doi:10.3389/fimmu.2021.761450
 Castro-Ochoa, K., Vargas-Robles, H., Chánez-Paredes, S., Felipe-López, A., Cabrera-Silva, R., Shibayama, M., et al. (2019). Homoectoine protects against colitis by preventing a claudin switch in epithelial tight junctions. Dig. Dis. Sci. 64, 409–420. doi:10.1007/s10620-018-5309-8
 Chen, H., Wu, X., Xu, C., Lin, J., and Liu, Z. (2021). Dichotomous roles of neutrophils in modulating pathogenic and repair processes of inflammatory bowel diseases. Precis. Clin. Med. 4, 246–257. doi:10.1093/pcmedi/pbab025
 Chen, K., Magri, G., Grasset, E., and Cerutti, A. (2020). Rethinking mucosal antibody responses: IgM, IgG and IgD join IgA. Nat. Rev. Immunol. 20, 427–441. doi:10.1038/s41577-019-0261-1
 Dinallo, V., Di Fusco, D., Di Grazia, A., Laudisi, F., Troncone, E., Di Maggio, G., et al. (2022). The deubiquitinating enzyme OTUD5 sustains inflammatory cytokine response in inflammatory bowel disease. J. Crohn's colitis 16, 122–132. doi:10.1093/ecco-jcc/jjab121
 Ding, L., Lu, Z., Foreman, O., Tatum, R., Lu, Q., Renegar, R., et al. (2012). Inflammation and disruption of the mucosal architecture in claudin-7-deficient mice. Gastroenterology 142, 305–315. doi:10.1053/j.gastro.2011.10.025
 Gerada, J., Degaetano, J., Sebire, N. J., Hill, S., and Attard, T. M. (2013). Mucosal inflammation as a component of tufting enteropathy. ImmunoGastroenterology 2, 62–67. doi:10.7178/ig.33
 Guan, F., Luo, H., Wu, J., Li, M., Chen, L., Huang, N., et al. (2022). Andrographolide sodium bisulfite ameliorates dextran sulfate sodium-induced colitis and liver injury in mice via inhibiting macrophage proinflammatory polarization from the gut-liver axis. Int. Immunopharmacol. 110, 109007. doi:10.1016/j.intimp.2022.109007
 He, W., Zhu, H., and Liu, C. (2021). Profiles of inflammation factors and inflammatory pathways around the peri-miniscrew implant. Histol. Histopathol. 36, 899–906. doi:10.14670/HH-18-336
 Hu, T., Zhao, Y., Long, Y., Ma, X., Zeng, Y., Wu, W., et al. (2022). TLR4 promoted endoplasmic reticulum stress induced inflammatory bowel disease via the activation of p38 MAPK pathway. Biosci. Rep. 42. doi:10.1042/BSR20220307
 Huang, L., Yang, Y., Yang, F., Liu, S., Zhu, Z., Lei, Z., et al. (2018). Functions of EpCAM in physiological processes and diseases (Review). Int. J. Mol. Med. 42, 1771–1785. doi:10.3892/ijmm.2018.3764
 Jiang, L., Shen, Y., Guo, D., Yang, D., Liu, J., Fei, X., et al. (2016). EpCAM-dependent extracellular vesicles from intestinal epithelial cells maintain intestinal tract immune balance. Nat. Commun. 7, 13045. doi:10.1038/ncomms13045
 Jiao, L., Inhoffen, J., Gan-Schreier, H., Tuma-Kellner, S., Stremmel, W., Sun, Z., et al. (2015). Deficiency of group VIA phospholipase A2 (iPLA2β) renders susceptibility for chemical-induced colitis. Dig. Dis. Sci. 60, 3590–3602. doi:10.1007/s10620-015-3807-5
 Kaminska, B., Gozdz, A., Zawadzka, M., Ellert-Miklaszewska, A., and Lipko, M. (2010). MAPK signal transduction underlying brain inflammation and gliosis as therapeutic target. Anat. Rec. 292, 1902–1913. doi:10.1002/ar.21047
 Kammermeier, J., Drury, S., James, C. T., Dziubak, R., Ocaka, L., Elawad, M., et al. (2014). Targeted gene panel sequencing in children with very early onset inflammatory bowel disease--evaluation and prospective analysis. J. Med. Genet. 51, 748–755. doi:10.1136/jmedgenet-2014-102624
 Laukoetter, M., Nava, P., Lee, W., Severson, E., Capaldo, C., Babbin, B., et al. (2007). JAM-A regulates permeability and inflammation in the intestine in vivo. J. Exp. Med. 204, 3067–3076. doi:10.1084/jem.20071416
 Lee, H., Lee, J., Cho, H., Lee, Y., Kim, E., Kim, S., et al. (2021). Antioxidant analogue 6-Amino-2,4,5-Trimethylpyridin-3-ol ameliorates experimental colitis in mice. Dig. Dis. Sci. 66, 1022–1033. doi:10.1007/s10620-020-06267-6
 Lei, Z., Liu, W., Nie, Y., Yang, Y., Chen, G., Huang, L., et al. (2022). EpCAM is essential to maintaining the immune homeostasis of intestines via keeping the expression of pIgR in the intestinal epithelium of mice. Front. Immunol. 13, 843378. doi:10.3389/fimmu.2022.843378
 Lei, Z., Maeda, T., Tamura, A., Nakamura, T., Yamazaki, Y., Shiratori, H., et al. (2012). EpCAM contributes to formation of functional tight junction in the intestinal epithelium by recruiting claudin proteins. Dev. Biol. 371, 136–145. doi:10.1016/j.ydbio.2012.07.005
 Lei, Z., Wu, H., Yang, Y., Hu, Q., Lei, Y., Liu, W., et al. (2021a). Ovariectomy impaired hepatic glucose and lipid homeostasis and altered the gut microbiota in mice with different diets. Front. Endocrinol. 12, 708838. doi:10.3389/fendo.2021.708838
 Lei, Z, Yang, L, Lei, Y, Yang, Y, Zhang, X, Song, Q, Chen, G, Liu, W, Wu, H, and Guo, JJT (2021b) High dose lithium chloride causes colitis through activating F4/80 positive macrophages and inhibiting expression of Pigr and Claudin-15 in the colon of mice. 457: 152799
 Lei, Z., Yang, Y., Liu, S., Lei, Y., Yang, L., Zhang, X., et al. (2020). Dihydroartemisinin ameliorates dextran sulfate sodium induced inflammatory bowel diseases in mice. Bioorg Chem. 100, 103915. doi:10.1016/j.bioorg.2020.103915
 Li, T., Bai, J., Du, Y., Tan, P., Zheng, T., Chen, Y., et al. (2022a). Thiamine pretreatment improves endotoxemia-related liver injury and cholestatic complications by regulating galactose metabolism and inhibiting macrophage activation. Int. Immunopharmacol. 108, 108892. doi:10.1016/j.intimp.2022.108892
 Li, Y., Lan, Y., Zhang, S., and Wang, X. (2022b). Comparative analysis of gut microbiota between healthy and diarrheic horses. Front. veterinary Sci. 9, 882423. doi:10.3389/fvets.2022.882423
 Lin, R., Wu, W., Chen, H., Gao, H., Wu, X., Li, G., et al. (2022). GPR65 promotes intestinal mucosal Th1 and Th17 cell differentiation and gut inflammation through downregulating NUAK2. Clin. Transl. Med. 12, e771. doi:10.1002/ctm2.771
 Lokken-Toyli, K., de Steenhuijsen Piters, W., Zangari, T., Martel, R., Kuipers, K., Shopsin, B., et al. (2021). Decreased production of epithelial-derived antimicrobial molecules at mucosal barriers during early life. Mucosal Immunol. 14, 1358–1368. doi:10.1038/s41385-021-00438-y
 Long, Y., Zhao, Y., Ma, X., Zeng, Y., Hu, T., Wu, W., et al. (2022). Endoplasmic reticulum stress contributed to inflammatory bowel disease by activating p38 MAPK pathway. Eur. J. Histochem. 66, 3415. doi:10.4081/ejh.2022.3415
 Lou, X., Zhu, H., Ning, L., Li, C., Li, S., Du, H., et al. (2019). EZH2 regulates intestinal inflammation and necroptosis through the JNK signaling pathway in intestinal epithelial cells. Dig. Dis. Sci. 64, 3518–3527. doi:10.1007/s10620-019-05705-4
 Ma, Y., Liu, X., and Wang, J. (2022). Small molecules in the big picture of gut microbiome-host cross-talk. EBioMedicine 81, 104085. doi:10.1016/j.ebiom.2022.104085
 Marchix, J., Goddard, G., and Helmrath, M. (2018). Host-gut microbiota crosstalk in intestinal adaptation. Cell. Mol. Gastroenterol. Hepatol. 6, 149–162. doi:10.1016/j.jcmgh.2018.01.024
 Meli, V., Donahue, R., Link, J., Hu, J., Athanasiou, K., and Liu, W. (2021). Isolation and characterization of porcine macrophages and their inflammatory and fusion responses in different stiffness environments. Biomaterials Sci. 9, 7851–7861. doi:10.1039/d1bm00746g
 Miao, R., Zhan, S., Cui, S., and Qu, X. (2022). Intestinal aberrant sphingolipid metabolism shaped-gut microbiome and bile acids metabolome in the development of hepatic steatosis. FASEB J. 36, e22398. doi:10.1096/fj.202200148RR
 Muntjewerff, E., Tang, K., Lutter, L., Christoffersson, G., Nicolasen, M., Gao, H., et al. (2021). Chromogranin A regulates gut permeability via the antagonistic actions of its proteolytic peptides. Acta physiol. 232, e13655. doi:10.1111/apha.13655
 Murthy, A., Dubose, C., Banas, J., Coalson, J., and Arulanandam, B. (2006). Contribution of polymeric immunoglobulin receptor to regulation of intestinal inflammation in dextran sulfate sodium-induced colitis. J. gastroenterology hepatology 21, 1372–1380. doi:10.1111/j.1440-1746.2006.04312.x
 Nanki, K., Fujii, M., Shimokawa, M., Matano, M., Nishikori, S., Date, S., et al. (2020). Somatic inflammatory gene mutations in human ulcerative colitis epithelium. Nature 577, 254–259. doi:10.1038/s41586-019-1844-5
 Niu, W., Bao, Y., Zhang, N., Lu, Z., Ge, M., Li, Y., et al. (2022). Dehydromevalonolactone ameliorates liver fibrosis and inflammation by repressing activation of NLRP3 inflammasome. Bioorg. Chem. 127, 105971. doi:10.1016/j.bioorg.2022.105971
 Olafsson, S., McIntyre, R., Coorens, T., Butler, T., Jung, H., Robinson, P., et al. (2020). Somatic evolution in non-neoplastic IBD-affected colon. Cell 182, 672–684.e11. doi:10.1016/j.cell.2020.06.036
 Serek, P., and Oleksy-Wawrzyniak, M. (2021). The effect of bacterial infections, probiotics and zonulin on intestinal barrier integrity. Int. J. Mol. Sci. 22, 11359. doi:10.3390/ijms222111359
 Shimada, S., Kawaguchi-Miyashita, M., Kushiro, A., Sato, T., Nanno, M., Sako, T., et al. (1999). Generation of polymeric immunoglobulin receptor-deficient mouse with marked reduction of secretory IgA. J. Immunol. 163, 5367–5373. doi:10.4049/jimmunol.163.10.5367
 Sivagnanam, M., Mueller, J., Lee, H., Chen, Z., Nelson, S., Turner, D., et al. (2008). Identification of EpCAM as the gene for congenital tufting enteropathy. Gastroenterology 135, 429–437. doi:10.1053/j.gastro.2008.05.036
 Tanaka, H., Takechi, M., Kiyonari, H., Shioi, G., Tamura, A., and Tsukita, S. (2015). Intestinal deletion of Claudin-7 enhances paracellular organic solute flux and initiates colonic inflammation in mice. Gut 64, 1529–1538. doi:10.1136/gutjnl-2014-308419
 Tew, X., Lau, N. X., Chellappan, D., Madheswaran, T., Zeeshan, F., Tambuwala, M., et al. (2020). Immunological axis of berberine in managing inflammation underlying chronic respiratory inflammatory diseases. Chemico-Biological Interact. 317, 108947. doi:10.1016/j.cbi.2020.108947
 Tsukita, S., Furuse, M., and Itoh, M. (2001). Multifunctional strands in tight junctions. Nat. Rev. Mol. cell Biol. 2, 285–293. doi:10.1038/35067088
 Wang, L., Chen, L., Wang, Q., and Xie, X. (2022a). Silencing the Tlr4 gene alleviates methamphetamine-induced hepatotoxicity by inhibiting lipopolysaccharide-mediated inflammation in mice. Int. J. Mol. Sci. 23, 6810. doi:10.3390/ijms23126810
 Wang, R., Yang, X., Liu, J., Zhong, F., Zhang, C., Chen, Y., et al. (2022b). Gut microbiota regulates acute myeloid leukaemia via alteration of intestinal barrier function mediated by butyrate. Nat. Commun. 13, 2522. doi:10.1038/s41467-022-30240-8
 Wang, S., Cui, K., Liu, J., Hu, J., Yan, K., Xiao, P., et al. (2022c). Mogroside-rich extract from siraitia grosvenorii fruits ameliorates high-fat diet-induced obesity associated with the modulation of gut microbiota in mice. Front. Nutr. 9, 870394. doi:10.3389/fnut.2022.870394
 Wang, Y., Zhou, X., Zou, K., Chen, G., Huang, L., Yang, F., et al. (2021). Monocarboxylate transporter 4 triggered cell pyroptosis to aggravate intestinal inflammation in inflammatory bowel disease. Front. Immunol. 12, 644862. doi:10.3389/fimmu.2021.644862
 Xie, X., Ni, Q., Zhou, D., and Wan, Y. (2018). Rab32-related antimicrobial pathway is involved in the progression of dextran sodium sulfate-induced colitis. FEBS open bio 8, 1658–1668. doi:10.1002/2211-5463.12514
 Yang, Y., Liu, S., Lei, Z., Chen, G., Huang, L., Yang, F., et al. (2019). Circular RNA profile in liver tissue of EpCAM knockout mice. Int. J. Mol. Med. 44, 1063–1077. doi:10.3892/ijmm.2019.4270
 Yeung, Y. T., Aziz, F., Guerrero-Castilla, A., and Arguelles, S. (2018). Signaling pathways in inflammation and anti-inflammatory therapies. Curr. Pharm. Des. 24, 1449–1484. doi:10.2174/1381612824666180327165604
 Yong, Y., Li, J., Gong, D., Yu, T., Wu, L., Hu, C., et al. (2021). ERK1/2 mitogen-activated protein kinase mediates downregulation of intestinal tight junction proteins in heat stress-induced IBD model in pig. J. Therm. Biol. 101, 103103. doi:10.1016/j.jtherbio.2021.103103
 Yuan, Y., Ni, S., Zhuge, A., Li, L., and Li, B. (2022). Adipose-derived mesenchymal stem cells reprogram M1 macrophage metabolism via PHD2/HIF-1α pathway in colitis mice. Front. Immunol. 13, 859806. doi:10.3389/fimmu.2022.859806
 Zhang, Q., Wei, J., Liu, Z., Huang, X., Sun, M., Lai, W., et al. (2022). STING signaling sensing of DRP1-dependent mtDNA release in kupffer cells contributes to lipopolysaccharide-induced liver injury in mice. Redox Biol. 54, 102367. doi:10.1016/j.redox.2022.102367
 Zhang, Y., Li, X., Li, Y., Li, Y., Wang, Y., Zhu, L., et al. (2021). DNA damage-regulated autophagy modulator 1 (DRAM1) mediates autophagy and apoptosis of intestinal epithelial cells in inflammatory bowel disease. Dig. Dis. Sci. 66, 3375–3390. doi:10.1007/s10620-020-06697-2
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 © 2024 Nie, Lin, Yang, Liu, Hu, Chen, Huang, Wu, Kong, Lei and Guo. 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/fmolb-11-1442611-g005.gif
o Grampositive 4 GramNegative

1 m






OPS/images/fmolb-11-1442611-g006.gif
‘Bacterial chemotaxis. 159
Biosynnesisof ansamycins o1
Pentose prosphate pahay

D-Gisamine and Dgtamate metaboism

Garbon fxaionin ptosypinetc crganisms.
Reosome

O-Alanine metabolsm

Poptioglycan biosynthesis

Blosyiesisof vancomycin roup antbiotics
AminoacybRNA bosyrinesi

Mamatcn repa

el ol - Cauiobacter

Alanin, aspartae and gutamate metzboism
Faty acd bosynthess

C5-Branched dbesi acd metabolsm
Steptomyciabiosyatnesis

One carbon poot by fate

Valine, leucine and soeucine iosyniesis

Lysine bosynthesis
Partothenate and CoA bosyriesis





OPS/images/fmolb-11-1442611-g003.gif





OPS/images/fmolb-11-1442611-g004.gif





OPS/images/fmolb-11-1442611-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		The downregulation of tight junction proteins and pIgR in the colonic epithelium causes the susceptibility of EpCAM+/− mice to colitis and gut microbiota dysbiosis		Background

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Mice

		2.2 Hematoxylin and eosin (H&E) staining

		2.3 Immunofluorescence (IF) staining

		2.4 qRT-PCR

		2.5 Western blot

		2.6 Determination of inflammatory factors in serum

		2.7 16S rDNA gene analysis

		2.8 Statistical analysis





		3 Results		3.1 The heterozygous mutation of EpCAM increased the sensitivity to the DSS-induced colitis

		3.2 The heterozygous mutation of EpCAM increased the expression of matrix metalloproteinases and the activation of MAPKs in the colon of DSS-induced mice

		3.3 The heterozygous mutation of EpCAM aggravated the downregulation of tight junction components and pIgR in the colon of DSS-induced mice

		3.4 The heterozygous mutation of EpCAM caused the inflammation in the liver of DSS-induced mice

		3.5 The DSS administration exacerbated the gut microbiota dysbiosis in mice with heterozygous mutation of EpCAM





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences

The downregulation of tight
junction proteins and plgR in
the colonic epithelium causes
the susceptibility of EpCAM™*/~
mice to colitis and gut
microbiota dysbiosis





OPS/images/fmolb-11-1442611-g001.gif





OPS/images/fmolb-11-1442611-g002.gif
3 o o o e o
er e PN T ——

e
PERIK [ e MW 0 pp28 [ o
o EEEEEE==. % EEsmmeme
caPoH [E=mmmmmsl s cAroH ()

i










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





