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Inflammatory bowel diseases (IBDs) have been classified as modern refractory diseases. However, safe, well-tolerated, and effective treatments for IBDs are still lacking. Therefore, there is an urgent need to develop novel therapeutic targets with fewer undesirable adverse reactions. A growing body of research has shown that infection with live helminths or exposure to defined helminth-derived components can downregulate pathogenic inflammation due to their immunoregulatory ability. Here we were to explore the protective role of Schistosoma japonicum eggs on murine experimental colitis caused by trinitrobenzene sulfonic acid (TNBS) and the underlying mechanism. Frequencies of splenic Treg and Th17 cells were detected by flow cytometry. Protein and mRNA expressions of Foxp3 and RORγt were investigated by Western Blot and quantitative real-time polymerase chain reaction (qPCR), respectively. Concentrations of transforming growth factor-beta1 (TGF-β1), interleukin-10 (IL-10) and IL-17A were assessed with ELISA. Expression levels of genes related to glycolipid metabolism were measured with qPCR. The results showed that pre-exposure to S. japonicum eggs contributed to the relief of colitis in the TNBS model, evidenced by improved body weight loss, reversing spleen enlargement and colon shortening, and decreased histology scores. Compared with the TNBS group, the TNBS+Egg group had increased Treg immune response, accompanied by decreased Th17 immune response, leading to the reconstruction of Treg/Th17 balance. In addition, a ratio of Treg/Th17 was correlated negatively with the histological scores in the experiment groups. Furthermore, the regulation of Treg/Th17 balance by S. japonicum eggs was associated with inhibiting the glycolysis pathway and lipogenesis, along with promoting fatty acid oxidation in the TNBS+Egg group. These data indicate that S. japonicum eggs have a protective effect against TNBS-induced colitis, which is related to restoring Treg/Th17 balance and regulating glucose and lipid metabolism.
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Introduction

Inflammatory bowel diseases (IBDs) constitute a group of idiopathic inflammatory bowel disorders prominently characterized by intestinal immune system dysfunction and metabolic disorders (Chang, 2020). IBDs have been classified as modern refractory diseases by the WHO, with Crohn’s disease (CD) and ulcerative colitis (UC) as two main forms (Hodson, 2016; Na and Moon, 2019). IBDs are quite common in the West, with roughly 200-300 cases per million people. And the incidence of IBDs in the East has soared over the past decade to become a global disease (Mak et al., 2020). However, safe, well-tolerated, and effective treatments for IBDs are still lacking. Therefore, there is an urgent need to develop novel therapeutic targets with fewer undesirable adverse reactions (Na and Moon, 2019).

The pursuit of cleanliness and the subsequent loss of intestinal worms have played an important role in IBDs, although the reasons for the growing cases are not fully understood. And immunological factors including dysregulation of the immune response are associated with IBDs pathogenesis (Savage, 2016). A growing body of research in mouse models has shown that infection with live helminths or exposure to defined helminth-derived components can downregulate pathogenic inflammation due to their immunoregulatory ability (Shi et al., 2022). Schistosoma and its active proteins show a strong ability for immune regulation in a variety of immunological disorders (Mu et al., 2021). It has been shown that Schistosoma mansoni eggs can prevent the development of experimental colitis induced by 2, 4, 6-trinitrobenzene sulfonic acid (TNBS) (Elliott et al., 2003). Results from our group and others have shown that Schistosoma japonicum eggs also prevent the development of experimental colitis induced by TNBS (Mo et al., 2007; Zhao et al., 2009). However, the underlying immune mechanism of schistosome eggs down-regulating the pathogenic response of experimental colitis needs to be further explored. Therefore, a greater understanding of the protective roles of helminths on intestinal inflammation is essential for the development of effective and safe treatments for IBDs.

Growing research works have reported that inflammatory diseases are associated with regulatory T (Treg) and T helper 17 (Th17) imbalance (Noack and Miossec, 2014). The development and progression of IBDs are associated with the delicate balance between anti- and pro-inflammatory cytokines (Neurath, 2014). Disruption of Treg/Th17 is considered to be an essential cause of IBDs, among them Treg cells suppress tissue inflammation whereas Th17 cells represent a pro-inflammatory subset (Yan et al., 2020). Soluble egg antigen (SEA) of S. mansoni can upregulate Treg cells in a diabetes model (Zaccone et al., 2009). Soluble proteins of S. mansoni increase mRNA expression of transforming growth factor-beta (TGF-β) and interleukin-10 (IL-10) while suppressing expression of interleukin-17 (IL-17) in murine TNBS-induced colitis (Ruyssers et al., 2009). Therefore, the protective effect of Schistosoma eggs on immune-mediated disorders is not only related to Treg, but also associated with Th17. Whether S. japonicum eggs prevent experimental colitis via regulating Treg/Th17 balance or not, has not yet been reported.

Recently, increasing studies indicate that metabolic disorders modulate the pathogenesis of IBDs by regulating immune responses (Aden et al., 2019; Lamb et al., 2022; Wang et al., 2022). Furthermore, glucose and lipid metabolism play important roles in T cells’ development and functions, even controlling the balance between Th17/Treg (Qin et al., 2022). It has been proved that both S. japonicum infection and SEA result in the reprogramming of glucose and lipid metabolism in mice (Xu et al., 2019; Cai et al., 2021; Chen et al., 2021). Therefore, the insights into the effects of egg treatment on glucose and lipid metabolic changes will shed light on the underlying mechanism in IBDs.

Based on the above findings, this study observed the effect of S. japonicum eggs on the disease development of experimental colitis induced by TNBS in a mouse model. Treg and Th17 immune responses were detected in the experimental groups. Furthermore, to determine the exact therapeutic mechanisms of egg treatment in the murine experimental colitis, glucose and lipid metabolism in T cells treated with SEA in vitro and in the colon from the mouse model were explored, too.



Materials and methods


Collection of S. japonicum eggs

S. japonicum eggs were harvested from livers of rabbits at days 46 post infection with 1500 cercariae as previously described (Mo et al., 2007). Livers of the infected rabbits were collected and cut into small pieces. Then the liver pieces were homogenized in phosphate-buffered saline (PBS) on ice, filtered, washed, and centrifuged at 12,000 rpm for 15min. And centrifuged eggs were suspended in PBS and stored in liquid nitrogen for further use.



Preparation of SEA

SEA was prepared as previously described (Zhu et al., 2014). Briefly, purified eggs were suspended in pre-cooled PBS of 500 µL with 1 mM Phenylmethanesulfonyl fluoride (PMSF, Roche Diagnostics) and 2 μg/mL Leupeptin (Sigma), and then homogenized on ice with a homogenizer (VirTis Co.). The suspension was frozen and thawed several times and centrifuged at 12,000 rpm for 50 min at 4 °C. SEA in the supernatant was obtained after filtering through a 0.22 μm filter (Millipore Corporation). The protein concentration was determined with the BCA Protein Assay Kit (Beyotime Biotech, Beijing, China).



Induction of murine experimental colitis and egg treatment

Eighteen female BALB/c mice, aged 6-8 weeks, were purchased from the Laboratory Animal Center at Tongji Medical College, China. All mice (five per cage) were maintained in a standard specific pathogen-free research animal facility with food and water provided ad libitum. Mice were randomly divided into three groups: the Control group, TNBS, and TNBS + Egg group. Mice from the TNBS + Egg group were intraperitoneally injected with 10,000 thaw-killed eggs in PBS (100 µL) on days 14 and 10 before TNBS administration, respectively, as previously described (Elliott et al., 2003). The control and TNBS groups were intraperitoneally injected with the same volume of PBS at the corresponding time. On day 0, TNBS (0.5 mg per mouse in 50% ethanol) was challenged in mice to induce colitis in the TNBS and TNBS + Egg groups. It is reported that mice are sacrificed between days 3 and 7 after intrarectal challenge with TNBS in models of acute colitis, because intestinal inflammation is usually strongest at this stage (Wirtz et al., 2017). Generally, mice were sacrificed and analyzed on the 5th day after TNBS administration unless otherwise indicated.



Assessment of activities, appetite, body weight, and spleen index

Activities and appetite of all mice were monitored during the experiment. Mice were weighed and recorded daily. The body weight change was determined by calculating the percentage of weight change relative to the corresponding body weight at day 0. The proportion of the spleen weight to its corresponding body weight was calculated and recorded as spleen index at the end of the experiment.



Stimulation of CD4+ T cells with SEA in vitro

Spleen naïve CD4+ T cells (CD4+ CD25− CD44− CD62L+) were sorted from the TNBS mice as previously described (Bai et al., 2021). Naïve CD4+ T cells were then cultured (3×105 cells/well) in 96-well plates coated with anti-CD3 mAb (5 μg/mL) and soluble anti-CD28 mAb (3 μg/mL) and kept in the presence of IL-2 (100 U/mL). All antibodies were purchased from eBioscience. SEA (10 µg/mL) was added and PBS was used as the control. Cells were cultured in RPMI- 1640 medium, 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL of Penicillin/Streptomycin for 5 days.



Evaluation of colitis inflammation

In addition to analysis of body weight, routine methods for the analysis of degree of intestinal inflammation in colitis include colon length, hematoxylin-eosin (HE) staining of colon tissues, and histopathological scoring (Wirtz et al., 2017). Thus, colons were collected and their extents were recorded. The proximal 1.0 cm of the colonic segment was fixed in 4% formaldehyde and embedded in paraffin. Morphometric analysis was performed on the HE-stained section. The extent of damage and colonic inflammation was graded from 0 to 4 in a blinded fashion by two investigators, according to the histopathological grading system of Neurath et al. (Neurath et al., 1995). The scoring system described previously was 0 = no inflammation, 1= low-level of leukocyte infiltration, 2 = intermediate- level of leukocyte infiltration, 3 = high-level of leukocyte infiltration with vascular density and wall thickening, 4 = transmural leukocyte infiltration, loss of goblet cells, high vascular density, and wall thickening.



Flow cytometric analysis

Flow cytometry analyses were performed to assess the proportion of Treg and Th17 cells in spleens from all groups. Briefly, spleen lymphocytes were purified using lympholyte M (Cedarlane, Ontario, Canada) and washed with PBS twice before staining. Next, surface staining of anti-CD4-FITC and anti-CD25-PE-Cy7 was performed for 30 min at 4°C. Followed by fixation and permeabilization for 30 min at 4°C, anti-Foxp3-PE or anti-IL-17A-PE antibodies were added and incubated at 4°C for 30 min, respectively. Cells were analyzed by BD FACS Calibur and data were calculated with FlowJo software. All antibodies were purchased from eBioscience, San Diego, CA. CD4 +CD25+ Foxp3 + cells were recognized as Treg cells and CD4 + IL-17 + cells as Th17 cells.



Western blot analysis

Colons were homogenized with ice-cold strong lysis buffer (Beyotime, China) containing protease inhibitors. The extracts were separated on 8% SDS-PAGE and then transferred to polyvinylidene fluoride membranes. The membrane was blocked with Tris-buffered saline Tween 20 (TBST) buffer containing 5% skim milk and incubated with the following primary antibodies: rabbit anti-mouse Foxp3 (1:250 dilution, Abcam); rabbit anti-mouse RORγt (1:500 dilution, Abcam) and rabbit anti-mouse β-actin (1:1000 dilution, Abcam). The samples were incubated overnight followed by the addition of horseradish peroxidase (HRP) conjugated anti-rabbit IgG secondary antibodies (1:5000 dilution, Santa Cruz Biotechnology). The signals were visualized via enhanced chemiluminescence (ECL) detection system (Millipore) according to the manufacturer’s protocol. The protein levels were quantified using Image J software and expressed as the ratio to β-actin.



ELISA for murine cytokines

Serum was collected from murine blood and prepared for ELISA analysis as previously (Guan et al., 2021). Splenocyte suspensions were prepared from all mice and single cells (5×106 cells/well) were cultured in RPMI-1640 with 10% FCS and 1% penicillin/streptomycin(Sigma-Aldrich). The cultures were then incubated at 37 °C in 5% CO2 stimulated with SEA (2 µg/ml) for 72 h. The concentrations of TGF-β1, IL-10, and IL-17A in mouse serum or splenocyte supernatant were determined with ELISA kits (R&D Systems) according to the manufacturer’s instructions.



Quantitative real-time polymerase chain reaction PCR (qPCR)

Total RNA was collected with a TRIzol® Reagent kit (Invitrogen, Thermo Fisher Scientific, USA) from the pulverized colon or cultured T cells according to the manufacturer’s instruction. And cDNA was produced via reverse transcription with a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Thermo Fisher Scientific). qPCR was performed using Power Syber Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) with gene-specific primers as listed in Table 1. The amplification reactions were carried out with an initial hold step (95°C for 5 minutes), followed by 36 cycles of a three-step PCR (94°C for 30 seconds, 68°C for 40 seconds, and 72°C for 30 seconds), and a final extension at 72°C for 5 minutes. Quantification of target gene expression was evaluated in the terms of the comparative cycling threshold (Ct) normalized by glyceraldehyde 3-phosphate genase (GAPDH) with the 2−ΔΔCt method.


Table 1 | Primer sequences of target mRNA.





Statistical analysis

All experimental data were presented as means ± SEMs and analyzed with SPSS v19.0 (SPSS, Chicago, IL, USA). All in vivo studies were repeated two independent times, while the in vitro experiments were repeated three times. The significance between the two groups was identified using Student’s t-test. Comparisons among multiple groups were performed by one-way multi-variate analysis of variance (ANOVA) and followed by LSD post-hoc test for comparison between every two groups. Degree of significance of P < 0.05 was considered as significant while P < 0.01 as extremely significant. Graphs were generated with the software GraphPad Prism v.7.0.




Results


Pre-exposure to S. japonicum eggs alleviates the colon inflammation in the TNBS-induced experimental colitis

Consistent with the previous studies, TNBS instillation in mice led to reduced activities, decreased appetite, piloerection, and bloody stool. To determine the effects of S. japonicum eggs on the experimental colitis, we compared parameters of weight loss, colon length, spleen index, and intestinal inflammation between all groups. Murine body weights initially decreased and bottomed out on the 3rd day after modeling in both the TNBS and TNBS+Egg groups, and then gradually improved to the baseline level in the TNBS+Egg group while still lower than those of the control in the TNBS group (Figure 1A). In addition, compared with the TNBS group, the TNBS+Egg group lost more weight on the 3rd day after modeling, but accelerated weight gain from the 5th day after modeling. Therefore, the 5th day after modeling was chosen for the following experiment. Spleen enlargement and colon shortening are common characteristic symptoms of colitis (Wirtz et al., 2017). As shown in Figures 1B–D, the TNBS group had spleen enlargement and significant colon shortening compared with the control. The egg treatment resulted in positive trends for reversing spleen enlargement and colon shortening in the murine model. Moreover, TNBS induced histological abnormalities and inflammatory cell infiltration, while the egg-treated mice presented mild colonic damage and reduced infiltration of inflammatory cells (Figures 1E, F). Taken together, pre-exposure to S. japonicum eggs alleviates damaging inflammation in the colon of mice with experimental colitis.




Figure 1 | Pre-exposure to S. japonicum eggs alleviated the colon inflammation in the TNBS-induced experimental colitis. Female BALB/c mice were randomly divided into 3 groups: Control, TNBS, and TNBS+Egg. TNBS (0.5mg per mouse in 50% ethanol) was used by rectal instillation to induce colitis. Mice of the TNBS+Egg group were pre-exposed to S. japonicum eggs as a preventive intervention. (A) Dynamics of body weight variation at different time points. *P < 0.01, the TNBS group versus the TNBS+Egg group. All samples including B to F were collected on the 5th day after the TNBS modeling. (B) Spleen index. (C) Representative images of colons and (D) the statistical graphs of colon length. (E) Representative images of colon histopathology and (F) the statistical graphs of the colonic histological score. Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. Asterisks mark significant differences among different groups (**P < 0.01, ***P < 0.001).





Pre-exposure to S. japonicum eggs upregulates Treg immune response in the TNBS-induced experimental colitis

Previous studies have highlighted the critical role of Treg responses in immune homeostasis, with defects in the number and suppressive function of Treg cells in patients with Crohn’s disease (Clough et al, 2020). To confirm whether S. japonicum eggs could amplify Treg response in the TNBS-induced colitis, we compared the frequencies, transcription factor, and functional cytokines of splenic Treg among different groups on the 5th day after the TNBS model. As Figures 2A–C revealed, the TNBS group had lower Treg frequency related to the control, accompanied by inhibited mRNA expression of spleen Foxp3, while all the decreases were remarkably reversed by the administration of eggs. To verify the effects of eggs on Treg function in the TNBS mice, we next detected expression levels of the functional cytokines IL-10 and TGF-β1 in serum and splenocyte supernatant. The results (Figures 2D–G) showed that the TNBS group had lower TGF-β1 concentration than the control, however, concentrations of IL-10 and TGF-β1 were significantly elevated with pre-exposure of S. japonicum eggs in the colitis mice. Collectively, the above data imply that pre-exposure to S. japonicum eggs upregulates Treg immune response in the murine experimental colitis.




Figure 2 | Pre-exposure to S. japonicum eggs upregulated Treg immune response in the TNBS-induced experimental colitis. (A, B) The proportion of CD25+Foxp3+Treg in CD4+ T cells in spleen. (C) The mRNA expression level of Foxp3. The concentrations of IL-10 and TGF-β1 in serum (D, E, respectively) and in splenic supernatants (F, G, respectively). Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. Asterisks mark significant differences among different groups (**P < 0.01, ***P < 0.001).





Pre-exposure to S. japonicum eggs downregulates Th17 immune response in the TNBS-induced experimental colitis

Th17 responses are linked to the development of inflammatory diseases, which underpin severe morbidity in IBDs (Alexander et al., 2022). To explore the role of egg treatment on Th17 immune responses in murine colitis, we detected the frequencies of Th17 in different groups. Consistent with the previous studies, the TNBS group had increased percentages of splenic Th17 relative to the control (Figures 3A, B), accompanied by enhanced mRNA expression of RORγt in the spleen (Figure 3C). However, administration of S. japonicum eggs inhibited all the above parameters to varying degrees in the colitis mice (Figures 3A–C). To verify the effect of egg treatment on Th17 function in the colitis mice, next we detected IL-17A concentration in serum and splenocyte supernatant from all groups. As Figures 3D, E indicated, the TNBS group had upregulated concentrations of IL-17A in comparison with the control. However, pre-exposure with eggs restored elevated IL-17A levels caused by the TNBS administration in the mice. Taken together, our results show that pre-exposure to S. japonicum eggs downregulates the Th17 population and function in the TNBS-induced experimental colitis.




Figure 3 | Pre-exposure to S. japonicum eggs downregulated Th17 immune response in the TNBS-induced experimental colitis. The proportion of IL-17+ Th17 in spleen CD4+ T cells (A, B). The mRNA expression level of Th17 specific transcription factor RORγt in spleen (C). The concentration of IL-17A in serum (D) and in splenic supernatant (E). Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. Asterisks mark significant differences among different groups (*P < 0.05, ***P < 0.001).





The protective effect of S. japonicum eggs on the experimental colitis is associated with Treg and Th17 balance in mice

Given that Treg and Th17 imbalance plays a crucial role in inflammatory diseases including IBDs (Yan et al., 2020), we asked whether the shift in splenic Treg/Th17 balance toward Treg response in the mice receiving eggs was associated with the inflammation process in colitis. Thus, we investigated the histological score in colon tissues and the ratio of splenic Treg/Th17 on the 3rd, 5th, and 7th days post the TNBS modeling. As Figures 4A, B shown, the histological score in the TNBS+Egg group were higher than that of the TNBS group on the 3rd day, while much lower than those of the TNBS group on the 5th and 7th days after the TNBS modeling, respectively. However, the ratios of Treg/Th17 had the opposite trend in the groups. Furthermore, the ratio of Treg/Th17 was correlated negatively with the histological scores in the experiment groups (Figure 4C). Thus, these results suggest that the protective effect of S. japonicum eggs on the murine experimental colitis is associated with Treg/Th17 immune balance.




Figure 4 | The colon inflammation had a correlation with the Treg/Th17 ratio in the TNBS-induced experimental colitis. Dynamics of histological scores (A) and ratio of Treg to Th17 (B) in mice with the experimental colitis at the indicated time points. (C) Correlation analysis of the histological scores and the ratio of Treg to Th17 in the experimental colitis.





Regulation of Treg/Th17 balance by SEA via modifying glucose and lipid metabolism in vitro

It has been demonstrated that Schistosoma and Schistosoma-derived products have a strong ability to regulate the glucose and lipid metabolism in the host body (Cai et al., 2021). Given metabolism plays an important role in CD4+ cells differentiation (Chapman et al., 2020; Guan et al., 2020; Qin et al., 2022), we hypothesized that S. japonicum eggs might regulate Treg/Th17 through modulating metabolism in the murine experimental colitis. To test our hypothesis, we sorted naïve CD4+ T cells from the TNBS group and then co-cultured them with SEA in vitro, since SEA is the primary active component secreted by S. japonicum eggs (Xu et al., 2019). As shown in Figures 5A–C, SEA could promote Treg expansion and inhibit Th17 development, evidenced by increased mRNA and protein expressions of Foxp3 and decreased mRNA and protein expressions of RORγt, as compared with the PBS control. To investigate glucose and lipid metabolism-related genes involved in this process, we detected mRNA expression of related genes in cultured cells. As Figures 5D–F indicated, SEA treatment led to the down-regulated expression of glycolysis-related genes (Hypoxia-inducible factor 1α, HIF-1α; c-MYC; Pyruvate kinase isozyme type M2, PKM2), and GLUT1 gene (Glucose transporter 1), but had no effect on other genes (Pyruvate kinase, PK; Phosphofructokinase, PFK; GLUT4) involved in these processes and tricarboxylic acid cycle (TCA) related genes (Citrate synthase, CS; Isocitrate dehydrogenase 3, IDH3G). In addition, the mRNA levels of fatty acid (FA) oxidation-related genes (Peroxisome proliferator-activated receptor alpha, PPARα; Carnitine palmitoyl transferase 1, CTP-1; Medium-chain acyl-CoA Dehydrogenase, MCAD) were significantly upregulated by SEA treatment, while the FA synthesis genes (Fatty acid synthase, FAS; and Stearoyl-CoA desaturase 1, SCD1) and lipid uptake gene (CD36) were downregulated by SEA treatment (Figures 5G–I). L-FABP (Liver-fatty acid binding protein) and ACC (Acetyl coenzyme A carboxylase) involved in these processes did not show any change (Figures 5G, H). Taken together, these results provide evidence that SEA promotes naïve CD4+ T cells to differentiate into Treg, which was associated with the effect of SEA on inhibiting the glycolysis pathway and promoting the FA oxidation pathway in vitro.




Figure 5 | Modification of Treg and Th17 expansion by SEA via regulating glucose and lipid metabolism in vitro. Spleen naïve CD4+ T cells (CD4+ CD25- CD44- CD62L+) were sorted from the TNBS mice on the 5th day post TNBS administration. T cells were cultured (3×105 cells/well) in 96-well plates coated with anti-CD3 mAb (5 μg/mL) and soluble anti-CD28 mAb (3 μg/mL) and kept in presence of IL-2 (100 U/mL). SEA (10 µg/mL) was added and PBS used as the control. Cells were cultured in RPMI-1640 Medium, 10% fetal calf serum, 2 mM L-glutamine, and 100 U/mL of Penicillin/Streptomycin for 3 days. The relative mRNA expression levels of Foxp3 and RORγt (A). The protein expressions of Foxp3 and RORγt (B, C). The relative mRNA expression levels of genes associated with glycolysis (D), glucose transporter (E), TCA (F), fatty acid oxidation (G), lipogenesis (H) and lipid uptake (I) were detected. Data are expressed as means ± SEMs based on 3 samples in each group and from 3 independent experiments. Asterisks mark significant differences among different groups (*P< 0.01, **P < 0.01).





Pre-exposure to S. japonicum eggs regulates glucose and lipid metabolism in the colon tissue from the TNBS-induced colitis mice

Recent investigations indicate S. japonicum infection leads to the reprogramming of glucose and lipid metabolism in hosts, which plays an important role in cross-talk between helminths and inflammation diseases (Yang et al., 2021; Dai et al., 2022). Therefore, we explored the possible effects of egg treatment on intestinal glucose and lipid metabolism in the colon tissues of all groups. As shown in Figures 6A–C, compared with the control, the TNBS group had higher mRNA expressions of glycolytic pathway related genes (HIF-1α; c-MYC; PK; PKM2; PFK); glycose transport related genes (GLUT1 and GLUT4); TCA related genes (CS), although gene expression of IDH3G associated with TCA did not demonstrate any remarkable change. In comparison with the TNBS group, pre-exposure to S. japonicum eggs resulted in lower expressions of glycolytic pathway related genes and GLUT4 in the murine colon with the experimental colitis. Besides, the TNBS administration increased mRNA expressions of FA oxidation genes (PPARα; CTP-1; MCAD; L-FABP), lipogenesis-related genes (FAS; ACC; SCD1), and lipid uptake gene (CD36) in the murine colon (Figures 6D–F) However, all the mentioned parameters of FA oxidation genes in the colon tissues were upregulated by egg treatment to varying degrees, while the colonic expressions of lipogenesis-related genes and lipid uptake genes were inhibited by egg treatment. Together, these results indicate that there is upregulated glucose and lipid metabolism in the colon tissues of the experimental colitis mice. In consistency with these aforementioned in vitro results, pro-exposure with S. japonicum egg results in reprogramming of glycolipid metabolism in the colon with TNBS colitis.




Figure 6 | Pre-exposure to S. japonicum eggs led to reprogramming of glucose and lipid metabolism in colon tissue from mice with experimental colitis. The relative mRNA expression levels of genes related to glycolysis (A), glycose transporters (B), TCA (C), fatty acid oxidation (D), lipogenesis (E), and lipid uptake (F) in colon tissues were evaluated by RT-PCR. Data are expressed as means ± SEMs based on 6 samples in each group and from 2 independent experiments. Asterisks mark significant differences among different groups (*P< 0.01, **P < 0.01, ***P < 0.001).






Discussion

This study aimed to explore the underlying mechanism by which S. japonicum eggs alleviated the acute colon inflammation in the murine TNBS colitis. The findings presented demonstrate that S. japonicum eggs confer a protective effect on colitis and the protective effect is associated with restoring Treg and Th17 balance and reprogramming glycolipid metabolism.

TNBS colitis is a key model of acute colitis form and provides a murine model that resembles human Crohn’s disease to explore the immune responses in IBDs (Wirtz et al., 2007; Wirtz et al., 2017). Since this model is associated with an increase in highly activated T cells and as such T cells play an essential role in TNBS colitis, it is suitable for ascertaining CD4+T cell-dependent immunity in the inflammatory bowel (Wirtz et al., 2017). During active colitis, intestinal inflammation is typically associated with diarrhea and reduced food intake, and thus determining the murine body weight is usually important in estimating the severity of colitis. Differences in body weight curves between animal groups are generally indicative of changes in colitis activity between experimental groups (Wirtz et al., 2017). In this study, we observed that TNBS administration rapidly led to severe colitis with the typical signs of dramatic body weight loss on the 1st day and unrecoverable original weight until the 7th day, accompanied by the lowest body weight on the 3rd day. These results are in accordance with previous studies demonstrated by Aharoni et al. (Aharoni et al., 2005) and Hollenbach et al. (Hollenbach et al., 2005).

It is well established that helminths can protect mice from experimental colitis (Ruyssers et al., 2009; Shi et al., 2022). However, in the present study, pre-exposure to eggs aggravated body weight loss in the mice with colitis on the 3rd day post TNBS inoculation, although it had no effect on the mortality of mice (data not shown). It might be associated with transient damage caused by S. japonicum eggs, because a previous study reports that orthotopic freeze-dried S. japonicum eggs result in granulomatous inflammation in the cerebral tissue of rabbits (Xu et al., 2013). From the 5th day after modeling, S. japonicum egg treatment significantly abrogated overall disease manifestations and inflammatory parameters. That is the reason why this study chose the 5th day after the TNBS administration as the main checkpoint. Collectively, in line with the previous studies (Elliott et al., 2003; Mo et al., 2007; Mu et al., 2021; Shi et al., 2022), egg pretreatment has a protective effect on the experimental colitis in mice.

How eggs modulate colitis has been an area of intense research by several groups, including ours. The Treg-Th17 axis plays an important role in the regulation of intestinal immune responses, and the loss of the balance between regulatory and effector T cells is thought to lead to the development of IBDs (Ueno et al., 2018; Yan et al., 2020). Given the important role of the Treg-Th17 axis in the progression of IBDs, we asked whether the protective effect of S. japonicum eggs on the experimental colitis was associated with their regulation of Treg and Th17 immune responses. The data indicated that TNBS administration led to inhibited frequencies and function of Treg and increased frequencies and function of Th17, which are consistent with the previous report (Lim et al., 2016). The colon inflammation caused by TNBS is most likely due to the downregulation of Treg and upregulation of Th17 differentiation during the colitis. However, relative to the TNBS mice, Treg frequency and function were upregulated, while Th17 frequency and function were downregulated in the TNBS+Egg mice. Furthermore, the ratio of Treg/Th17 was correlated negatively with the histological scores in the experiment groups. Studies have shown that Treg cells prevent the occurrence of autoimmune diseases critically depending on the effect factors TGF-β and IL-10, while Th17 cells promote autoimmune and inflammatory processes mainly by secreting IL-17A closely involved with the severity of IBDs (Britton et al., 2019; Yan et al., 2020). Our data support that the corrected Treg/Th17 immune balance is associated with the protective role of S. japonicum eggs in murine colitis. Further studies will be required to explore the detailed molecular mechanism of how eggs regulate Treg/Th17 responses in TNBS colitis. Collectively, this study reveals that the beneficial role of S. japonicum eggs in promoting resistance to TNBS-induced damage is related to restoring the Treg/Th17 balance.

It has become increasingly clear that T cell activation, differentiation, and effector functions are closely associated with cellular metabolic programs, including glycolysis, FA synthesis, and mitochondrial metabolism (Bantug et al., 2018). There is compelling evidence that the etiology of IBDs may be associated with various metabolic dysregulations (Alexander et al., 2022; Zheng et al., 2022). It has been demonstrated that parasite-derived products have a strong ability to regulate metabolism in the host body (Zhu et al., 2014; Cai et al., 2021; Fisher et al., 2021). Differentiation of T cells can be manipulated through modulating metabolic activity in vitro (Chang et al., 2013). Therefore, we hypothesized that the regulation of S. japonicum eggs on the Treg-Th17 axis might be associated with glycolipid metabolism in experimental colitis.

The in vitro experiment results showed that stimulation of SEA, the main active constituent of eggs, could promote naïve CD4+ T cells to differentiate in favor of Treg, and decreased gene expressions related to glycolysis (HIF-1α, c-MYC, and PKM2), accompanied by increased gene expressions related to FA oxidation. Murine studies have shown that HIF-1α promotes Th17 but inhibits Treg cell differentiation when naive T cells are activated (Bettelli et al., 2006). And HIF-1α deficiency results in greatly reduced glycolytic activity, and thus impairment in the Th17 differentiation, but promoted the development of Treg (Shi et al., 2011). Therefore, the HIF-1α-dependent glycolysis pathway is critical for regulating Th17 and Treg differentiation. In addition, Myc is another critical regulator in T cell metabolism as a transcription factor for GLUT1 (the main glucose transporter in lymphocytes) and PK involved in glycolysis (Gnanaprakasam et al., 2017). It is reported that the PKM2 inhibitor suppresses glycolysis and Th17 differentiation by inhibiting PK activity, thereby alleviating disease activity in experimental autoimmune encephalomyelitis (Kono et al., 2019). Therefore, downregulation of the transcription factor c-Myc is critical in inhibiting glycolysis (Qin et al., 2022). Collectively, decreased glycolytic pathways could shift immune cells from a pro-inflammatory state to anti-inflammatory status.

Numerous studies have proved that lipid metabolism is important in Treg and Th17 balance, among which Treg cells rely mainly on FA oxidation whereas Th17 cells are dependent on FA synthesis (Berod et al., 2014; Wang et al., 2015). Our data indicated that SEA not only facilitated FA oxidation (PPARα, CPT1, and MCAD), but also inhibited lipid synthesis (FAS, ACC, and SCD1) and lipid uptake (CD36) in T cells during the in vitro study. Such metabolic changes promoted differentiation of Treg and inhibit the development of Th17. Several studies have shown that both S. japonicum infection and stimulation with SEA in vitro significantly enhance the mRNA levels of FA oxidation-related genes, but decrease genes related to FA synthesis (FAS, ACC, and SCD1) and lipid uptake (CD36) in macrophages (Xu et al., 2019; Guan et al., 2020; Cai et al., 2021). Our results were consistent with the previous reports. A Murine study has demonstrated that differentiation of Treg is inhibited following treatment with an inhibitor of CPT1 (Michalek et al., 2011). ACC is the key enzyme of de novo fatty acid synthesis. Th17 cell differentiation depends on ACC1-mediated de novo FA synthesis, and ACC1 deletion suppresses Th17 immune response in murine models of colitis (Mamareli et al., 2021). It is reported that glycolysis alone is not sufficient to support Th17 cell differentiation without the help of de novo FA synthesis (Berod et al., 2014; Mamareli et al., 2021). Therefore, inhibition of SEA on Th17 differentiation is associated with both decreased glycolysis and FA synthesis in the present study. Compared to effector CD4+ T cells, Treg cells depend on FA oxidation to fuel mitochondrial respiration (Shi et al., 2011). Interestingly, SEA did not affect TCA-related gene expressions (CS and IDH3G) in the in vitro experiment, and further study is needed to clarify it. Taken together, modulation of SEA on the lipid metabolism affected the differentiation of CD4+ T cells, and inhibition of FA synthesis or promotion of FA oxidation modulates the Th17/Treg axis in favor of Treg cells.

It has been proved that the ultimate effect of intracellular metabolism on immune cell functions is not only influenced by the balance of the different metabolic pathways, but also by external stimuli (Chapman et al., 2020). A previous study reveals that S. japonicum infection induces the reprogramming of glucose and lipid metabolism in the murine colon (Yang et al., 2021). Our data demonstrated that the TNBS+Egg group had lower expressions of glycolytic pathway related genes and GLUT4 genes in the colon tissue than the TNBS group. In addition, the gene expressions involved in the FA oxidation were upregulated by egg treatment, while the FA synthesis gene related to lipogenesis was decreased in the colon with TNBS colitis. These findings are in keeping with the results from the in vitro experiment, which enables an assessment of the importance of parasite eggs in treating colitis by regulating glycolipid metabolism.

A large number of studies, including ours, have confirmed that eggs induce the differentiation of naive T cells into Treg cells, while the underlying complex mechanism is still elusive. It has been reported that SEA can protect against type 1 autoimmune diabetes via increasing Foxp3 expression in a TGF-β-dependent manner, along with upregulating C-type lectins, IL-10, and IL-2 on dendritic cells (DC). These effects of SEA on T cells and DC may act in synergy to induce Foxp3+ Treg in NOD mice (Zaccone et al., 2009). In addition, inflammatory cytokines released from damaged tissues caused by eggs, such as IL-10 and IL-33, can induce Treg differentiation (He et al., 2018; Bai et al., 2021). The components of S. japonicum egg antigens are very complex. Assessing which components of SEA have immunomodulatory effects on Treg will be a prerequisite to exploring helminth-derived molecules as novel immune agents. The major antigenic glycoprotein ω-1 in SEA has been identified to induce Foxp3 expression in naive T cells dependent on TGF-β and retinoic acid (Zaccone et al., 2011). Another group has reported that heat shock protein 60 (SjHSP60), derived from S. japonicum eggs, drives both de novo induction and direct expansion of preexisting Tregs in a TLR4-dependent manner (Zhou et al., 2018). Although our present data indicate the induction of Treg by eggs or SEA is associated with regulating glucose and lipid metabolism, further studies are needed to explore the active component of SEA and its underlying molecular mechanism of Treg induction by eggs in experimental colitis induced by TNBS.

In summary, the present study provides novel insights on the protective role of S. japonicum eggs and the underlying mechanism in treating TNBS colitis, focusing on Treg and Th17 balance and reprogramming glycolipid metabolism. These findings provide experimental evidence for the further exploration of S. japonicum eggs as a potential candidate in the treatment of IBDs. More in-depth investigations are essential to explore the detailed molecular mechanism by which eggs remodel glycolipid metabolism and then regulate the Treg and Th17 immune balance.
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Forward (5" — 3')

CCCATCCCCAGGAGTCTTG
GGGCTGATCCCGTTGAT
GCTCTTACTGACTGGCATGAG
GACCCACACCTCACAAATTGA
TTTAACTCCCTTGGCGCAAAA
TTGAAGGCTGGATTTCCTTTGGGC
GTCGGACAGCCTCACCAAACAG
CAGCCATGGCTGACACCTTC
GGAGCCACTCTGAAGATCACC
GCCACTAAGATGGGTGCTAAGG
GCAGTTCGGCTATAACACTGG
GATTCTGCTGCCCTTCTGTC
CTGTCGGGATGTCACACAATGC
GTGTCCAAGTATCTGGCAGT
TAACATACTCGTCACCCTTC
TTGACGACTGCCTTGACT
TCGGAGACAATTCACCAAACC
CACCAGTTTTGCATTGAGAA
CTTCCTCCTGAATACATCCCTCC
TGGTCAAGCCAGCTAGAAA
CGAATTTGAAAGATGTACTGAGC
GAGTGGTGACCCGGCAC
GTGTTTCCTCGTCCCGTAG

Reverse (5" — 3')

ACCATGACTAGGGGCACTGTA
CCCACTGATACGCCTGAG
CGCAGCTCTAGGAGCATGTG
AGTAGGCCACATTACACTGCT
CTTTCCCTCCGCATTGACAC
TCGTCGCAGATGAAATAGGGCTGT
TAGGTAGTGAGCCACCAGTGTCC
GGATCAGATGCAAAGCTTTCTG
ACTTCTCCATGTAAGCGTTGTCC
CGTACTTGGCTAGGATTTTGAGG
GCGGTGGTTCCATGTTTGATTG
ATTGGACGCTCTCTCTCCAA
TCTTTCAGGTCGTGTTCACAGGTAA
CAGGGTATTTCTCAAAGTCAAC
ATGCCTGTGATTCTTGCT
GCCAGGAGAACTTTGAGC
AGCCATCCCACAGGAGAAACC
TACGCTGTTGAGTTCATAGGCC
CTCCATCCCATCTAGCACAACCT
TCCCAAGTAAGGCCATCTC
CTTAGGCAGCATTTTCTGGC
TCCATCACCCAGTTTCATGATG
ATGGCAACAATCTCCACTTT





