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Integrated Analysis Reveals the Targets and Mechanisms in Immunosuppressive Effect of Mesalazine on Ulcerative Colitis
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Background: Ulcerative colitis (UC) is an inflammatory bowel disease that causes inflammation and ulcers in the digestive tract. Approximately 3 million US adults suffer from this disease. Mesalazine, an anti-inflammatory agent, is commonly used for the treatment of UC. However, some studies have demonstrated side effects of mesalazine, such as acute pancreatitis and hypereosinophilia. Therefore, a better understanding of the anti-inflammatory mechanism of mesalazine in UC could help improve the effectiveness of the drug and reduce its side effects. In this study, we used a dextran sodium sulfate-induced UC mouse model, and applied network pharmacology and omics bioinformatics approaches to uncover the potential pharmaceutical targets and the anti-inflammatory mechanism of mesalazine.

Results: Network pharmacology analysis identified the core targets of mesalazine, biological processes, and cell signaling related to immunity and inflammatory responses mediated by mesalazine. Molecular docking analysis then indicated possible binding motifs on the core targets (including TNF-α, PTGS2, IL-1β, and EGFR). Metabolomics and 16S metagenomic analyses highlighted the correlation between gut microbiota and metabolite changes caused by mesalazine in the UC model.

Conclusions: Collectively, the omics and bioinformatics approaches and the experimental data unveiled the detailed molecular mechanisms of mesalazine in UC treatment, functional regulation of the gut immune system, and reduction of intestinal inflammation. More importantly, the identified core targets could be targeted for the treatment of UC.
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INTRODUCTION

Inflammatory bowel diseases (IBD), mainly comprising ulcerative colitis (UC) and Crohn's disease, are complex multifactorial diseases (1). UC, a condition characterized by inflammation and ulceration of the colon and rectum, is a risk factor for colorectal cancer (2). The etiology of UC onset is complicated, and can be caused by complex synonym such as immune, genetic, environmental, and infection synonym (3). Epidemiological data indicate that due to changes in modern dietary habits, the incidence of UC has increased worldwide in recent years (4). According to the data from the Centers for Disease Control and Prevention in 2015, ~3 million US adults suffer from Crohn's disease or UC. More importantly, the number of diagnosed cases has increased significantly since 1999 (5). Recent studies have demonstrated that the occurrence and development of UC is closely related to disturbances in the intestinal flora. Intestinal bacteria play a regulatory role in maintaining gut homeostasis (6). Studies have shown that colonic bacteria in patients with UC can penetrate the mucus layer to interfere with epithelial cells and cause inflammation, suggesting that this could be the basis of the pathogenesis of UC (7). It has been reported that the chronic inflammatory response triggered by disturbance in gut microbiota homeostasis can cause infiltration of inflammatory cells, and the interaction between inflammatory factors can induce the development of UC (8). More importantly, there is accumulating evidence of a correlation between gut microbiota and host metabolite composition in different human diseases (9). Therefore, a better understanding of the pathogenic role of gut microbiota and metabolites in UC may reveal novel targets for tackling the disease and improving the efficiency of drug treatment.

Mesalazine (MZ), an active agent of 5-aminosalicylic acid, is prescribed for patients with UC because of its significant anti-inflammatory effect and safety (10). MZ inhibits the synthesis of inflammatory mediators and prostaglandins that cause inflammation and formation of leukotrienes (11). However, some clinical studies have demonstrated the side effects of MZ treatment, such as acute pancreatitis and hypereosinophilia (12, 13). Although some studies have explored the anti-UC molecular mechanism of MZ, further investigation in the form of mechanistic studies is needed to improve the effectiveness of MZ. The dextran sodium sulfate (DSS)-induced UC mouse model is commonly used to study UC pathogenesis. The model is simple to operate and acute or chronic UC can be easily induced in it by adjusting different intervention doses (14). Compared with other methods, the DSS-induced UC method has low cost, high success rate, and good reproducibility (15). The deterioration of intestinal tissue lesions, which is induced by DSS in mice with UC is similar to that in human patients with UC (16).

In this study, we first used network pharmacology and molecular docking to identify the core targets, biological functions, and therapeutic mechanisms of MZ. We used a DSS-induced UC mouse model, together with 16S ribosomal ribonucleic acid (16S rRNA) metagenomic sequencing and metabolomic analysis, to determine the structure and composition of gut microbiota in relation to the alteration of metabolite composition in UC. In addition, we aimed to determine the immunosuppressive effect of MZ through the modulation of the gut microbiota and metabolite composition. This study identified novel pharmaceutical targets of MZ. Moreover, we uncovered the relationship between the gut microbiota and metabolite composition in UC, to gain a better understanding of the molecular mechanism underlying the beneficial effect of MZ in UC treatment.



MATERIALS AND METHODS


Identification of MZ- and UC-Associated Genes

MZ-associated genes were identified by searching in different databases, including Swiss Target Prediction, BATMAN TCM, and HitPick databases. Then, the UC-associated genes were extracted using Uniprot, GeneCard, OMIM, DisGeNET, and Therapeutic Target Database databases (17). Moreover, the identified genes of MZ and UC were compared to collect the human database-correlated targets using the online software Venn diagram (18).



Interaction Network Analysis of the Common MZ- and UC-Associated Genes

The common MZ- and UC-associated genes were used to construct the gene network using STRING protein-protein interaction network functional enrichment analysis. Topological parameters from the median and maximum degrees of freedom were determined using the Network Analyzer of Cytoscape 3.7.1 software. The core targets were identified according to the degree value as follows: The median degree of freedom of the target point was 11.056, and the maximum degree of freedom was 40. Subsequently, the standard range of the core target was determined as 23–40 (19, 20). Core targets were subjected to gene ontology (GO) and Kyoto Encyclopedia of Genes Genomes (KEGG) pathway enrichment analysis. The terms and pathways were considered statistically significant if the p-value was < 0.05 (18, 21).



Molecular Docking Testing

Molecular docking analysis was used to determine the possible binding of MZ to the core targets. The cytoarchitectures of the targeted proteins were obtained from the Protein Data Bank database. Then, ChemBio 3D software with ChemOffice setting was applied to the three-dimensional module of protein structures using molecular mechanics-2 analysis. Autodock Vina software was used to determine the functional crystal structures and molecular graphics, as previously described (22, 23).



Animal Experimental Setup

Sixty C57BL/6 mice (6–7 weeks old, male) were purchased from Slack Jingda Experimental Animal Company (Changsha, Hunan) under the animal license number SCXK (Hunan) 2019-0004. All mouse experiments were approved by the Guilin Medical College-Experimental Animal Ethics Committee with an experimental animal ethics review number: GLMC202003117. The mice were kept in a relative humidity of 50% ± 10%, temperature of 20–25°C, and natural circadian rhythm light. Sixty mice were divided into three groups (20 mice each): (1) normal control group, (2) DSS group, and (3) DSS + MZ group. The normal control group freely drank pure water. On the other hand, the water was replaced with a 3% DSS solution in the DSS and DSS + MZ groups. The mice in the DSS + MZ group were given 0.8 g of MZ / body weight (kg) solution by gavage, once a day. The DSS-induced UC model was confirmed by the presence of bloody stool (Supplementary Figure 1). After the 7-day experimental period, the mice were euthanized by cervical dislocation, and the colorectal tissues were harvested and the feces were collected.



Gut Metabolomics Analysis

The intestinal tissue was harvested for metabolomics analysis, the gut metabolites were extracted using protein precipitation with organic reagents, ground repeatedly with the metabolite extract, and placed in a refrigerated centrifuge at 4,000 g for 20 min. Chromatographic separation was performed using an ultra-high-performance liquid chromatography (UPLC) system (SCIEX, UK) ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μm, Waters, UK), and TripleTOF 5600 high-resolution tandem mass spectrometer (SCIEX, UK) in positive and negative ion modes (PIM NIM) was used to determine the metabolites in the samples. The MS data collection adopted the IDA mode, and the TOF mass range was 60–1,200 Da. The original detection data were converted into readable data using the MSConvert software. The primary mass spectrometry information of metabolites was identified using the Human Metabolome Database (HMDB), while the KEGG database was used as a reference for annotation analysis. Secondary mass spectrometry information was matched with an in-house standard database. If the mass difference between the measured sample result and the database value was <10 ppm, an annotation was made. Then, the molecular formula of the metabolite was determined using isotope analysis. In addition, quantitative screening analysis of differential metabolites was performed to distinguish variables between groups of samples. The t-test was used to evaluate the difference in metabolite concentrations between the treatment and control groups. The screening conditions for metabolites were q < 0.05 and VIP ≥ 1.



16S RRNA Intestinal Metagenomic Sequencing

Fecal samples were collected using normal saline flushing enema, and mouse feces were collected by centrifugation and used for 16S rRNA sequencing, which was performed by the Lianchuan Biological Company (Hangzhou). Briefly, DNA was extracted from fecal samples of mice in each group using a stool DNA extraction kit, and primers were designed. The forward 341F (5 '- CCTACGGGNGGCWGCAG−3') and reverse 805R (5 '- GACTACHVGGGTATCTAATCC−3 ') were used for PCR amplification of the fecal 16S rRNA v3-v4 variable region. After amplification, the products were detected using gel electrophoresis and purified using AMPure XT beads. Finally, Qubit was used for DNA quantification. Purified samples were sequenced according to the manufacturer's instructions. The original data were filtered by fqtrim 0.94, merged with FLASH, and then filtered again using Vsearch software 2.3.4. The feature table and sequence of each group were demodulated by dada2, and the SILVA classifier was used to normalize the relative abundance of samples to the characteristic abundance. Bioinformatics analysis was performed using Qiime2 (19).



Immunostaining

Colorectal samples were fixed with 4% paraformaldehyde buffer and prepared as 5 μm sections for immunohistochemical staining (24, 25). Briefly, the deparaffinized sections were incubated with 3% bovine serum albumin for 1 h. The sections were then incubated with 1:100 diluted primary antibodies against TNF-α, PTGS2, IL-1β, or EGFR (Bioss, Beijing, China) at 4°C overnight. After incubation with secondary antibodies, the antigen-antibody complex was stained with diaminobenzidine, and the nuclei were counterstained with hematoxylin (26, 27).



Statistical Analysis

Statistical analysis of the data was conducted using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). The data was tested for normal distribution using the Shapiro-Wilk test. Non-parametric statistical analysis between the multiple treatment groups was conducted using the Kruskal-Wallis test. Post-hoc pairwise comparisons between the groups were performed with the Dunn's test, to test statistical significance between the groups. The experimental data were expressed as the mean ± standard deviation. Significant results were determined using a cutoff of p < 0.05 and represented by asterisk.




RESULTS


Mechanism of MZ-Mediated Anti-inflammatory Effect on UC

We identified 2711 UC-associated genes and 175 MZ-associated genes using a database search. Upon comparing these genes, 75 common targets were identified (Figure 1A). These common targets were subjected to STRING protein–protein interaction networks to determine the interaction between the common genes (Figure 1A). Nine core targets, namely ALB, TNF, INS, PTGS2, MMP9, IL-1β, EGFR, HSP90AA1, and MMP2, were identified using Cytoscape, that were associated with both MZ and UC (Supplementary Table 1). These nine core targets were subjected to GO and KEGG enrichment analyses. In the data analysis, we mainly focused on biological processes related to immunity, inflammatory responses, and cell signaling. Our results showed that the biological processes related to immunity consisted of regulation of immune effector processes, leukocyte-mediated immunity, lymphocyte-mediated immunity, humoral immune response, adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, and cytokine production involved in immune response (Figure 1B). In addition, we identified many biological processes related to inflammatory responses, such as regulation of acute and chronic inflammatory response, regulation of inflammatory response, regulation of neuroinflammatory response, interleukin-6 production and secretion, and biosynthetic processes of interleukin-2 and interleukin-8 (Figure 1B). In the KEGG pathway analysis, our results highlighted many cell signaling pathways related to cellular functions, namely MAPK signaling pathway, PI3K-Akt signaling pathway, TNF signaling pathway, relaxin signaling pathway, NOD-like receptor signaling pathway, mTOR signaling pathway, GnRH signaling pathway, oxytocin signaling pathway, phospholipase D signaling pathway, NF-kappa B signaling pathway, Toll-like receptor signaling pathway, HIF-1 signaling pathway, and FoxO signaling pathway (Figure 1C). More importantly, many pathways related to immunity (Th17 cell differentiation and antigen processing and presentation) and inflammatory responses (IL-17 signaling pathway, TNF signaling pathway, and IBD) were highlighted (Figure 1C). Taken together, our results suggest that MZ-mediated immunosuppressive effects are mediated by the regulation of different targets involved in immunity and inflammatory responses.
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FIGURE 1. The identification of mesalazine (MZ)- and ulcerative colitis (UC)-associated genes and their immunosuppressive effect. (A) Venn diagrams show the number of common MZ- and colitis-associated genes. (B) The GO enrichment analysis highlighted the biological processes related to immunosuppressive effect of MZ on UC through the regulation of immunity, inflammatory responses, and cell signaling. (C) The KEGG pathway enrichment analysis highlighted the immunity and inflammatory response-related pathways controlled by MZ in DSS-induced UC model. The red bar presented inflammatory processes, the green bar represented the immunity, the blue bar represented the cell signaling pathways.




MZ Inhibited the Induction of TNF, PTGS2, IL-1β, and EGFR in DSS-Induced UC Model

Molecular docking analysis was used to determine the possible binding of MZ to its target proteins, including TNF, PTGS2, IL-1β, and EGFR. For TNF (PDB ID: 6OOY), the free energy of binding to MZ was −4.3 kcal/mol through hydrogen bond formation with amino acid residues SER-60 (3.3 Å), LEU-120 (2.5 Å), and TYR-151 (2.9 Å) (Supplementary Figure 2A). For PTGS2 (PDB ID: 5IKR), the free energy of binding to MZ was −6.5 kcal/mol through hydrogen bond formation with TYR-385 (2.6 Å) and SER-530 (2.4 Å) (Supplementary Figure 2B). For IL-1β (PDB ID: 5R85), the free energy of binding to MZ was −5 kcal/mol through hydrogen bond formation with LEU-26 (3.0 Å) and LEU-82 (3.1 Å) (Supplementary Figure 2C). For EGFR (PDB ID: 5UGC), the free energy of binding to MZ was −6.1 kcal/mol through hydrogen bond formation withMET-793 (3.1 Å) (Supplementary Figure 2D). Then, we further investigated the effect of MZ on these proteins in DSS-induced UC model using immunostaining analysis. Our results showed elevated levels of TNF-α, PTGS2, IL-1β, and EGFR in the colorectal tissues of DSS-induced UC mice (Supplementary Figure 2E). And, treatment with MZ attenuated these inductions (Supplementary Figure 2E).



Alteration of Gut Metabolites in DSS-Induced UC Model

Comparative metabolomic analysis was used to determine the metabolic changes in the DSS-induced UC model, and the effect of MZ on DSS-induced UC. Upon comparing the control group and the DSS-induced colitis group, we noted a significant dysregulation of 773 annotated metabolites, including 495 upregulated and 278 downregulated metabolites (Figure 2A), of which 156 metabolites were identified from a batch search on the human metabolome database (HMDB) in MS2 analysis. The dysregulated metabolites were subjected to KEGG enrichment analysis to understand the alteration of pathways in the DSS-induced UC model. Our results showed that DSS-induced UC caused significant dysregulation of a cluster of metabolites that are responsible for cellular processes, environmental information processing, human diseases, metabolism, and organismal systems (FDR <0.05) (Figure 2B). Autoimmune thyroid disease was highlighted in the category of human diseases. This was mainly caused by the downregulation of thyroxine. The inflammation mediated regulation of TRP channels was also altered in the DSS-induced UC model (Figure 2B). In addition, many metabolic pathways, including tyrosine metabolism, phenylalanine metabolism, tryptophan metabolism, arginine biosynthesis, lysine biosynthesis, glycerophospholipid metabolism, biosynthesis of unsaturated fatty acids, linoleic acid metabolism, ether lipid metabolism, glycerolipid metabolism, and biotin metabolism, were dysregulated in the DSS-induced UC model (Figure 2B).
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FIGURE 2. Change of gut metabolites in DSS-induced UC model. (A) Heatmap showed the level of gut metabolites in control group and DSS-induced colitis group. Red color represented the upregulation of metabolites. Blue color represented downregulated metabolites. (B) Rich factor plot showed the alteration of KEGG pathways in DSS-induced UC model. The size of dot represented the number of gene. The color intensity of dot represented the significance of the pathways.




Anti-inflammatory Effect of MZ Is Mediated Through the Induction of Serotonin

To further understand the immunosuppressive effect of MZ on DSS-induced UC, we compared the metabolite changes in the DSS and DSS + MZ groups. We observed a significant change in 17 annotated metabolites, including 9 upregulated and 8 downregulated metabolites (Figure 3A). The KEGG pathway analysis of the dysregulated metabolites showed that the treatment with MZ altered many metabolic pathways, such as linoleic acid metabolism and biosynthesis of unsaturated fatty acids (Figure 3B). More importantly, the MZ treatment increased the levels of serotonin, leading to the mediation of tryptophan metabolism and inflammation mediated regulation of TRP channels (Figure 3B). In addition, we also observed the induction of paracetamol and linoleic acid by MZ treatment.


[image: Figure 3]
FIGURE 3. Alteration of gut metabolites in DSS-induced UC model caused by MZ treatment. (A) Volcano plot showed the change of gut metabolites after MZ treatment in DSS-induced UC model. Green dots represented reduced metabolites. Red dots represented induced metabolites. (B) Rich factor plot showed the alteration of KEGG pathways in DSS-induced UC model caused by MZ treatment. The size of dot represented the number of gene. The color intensity of dot represented the significance of the pathways.




Change in Gut Bacterial Community Richness in DSS-Induced UC Model Under MZ Treatment

Fecal 16S rRNA metagenomic analysis was used to determine the changes in the gut microbiome in the DSS-induced UC model after MZ treatment. At least 26 million valid bases were obtained for each sample (Supplementary Table 2). Operational taxonomic units (OTUs) were used to classify microbial diversity in terms of bacterial strains based on 16S rRNA gene sequence similarity. We identified 1,562 OTUs in the control group (Supplementary Figure 3A) and 1,452 OTUs in the DSS group (Supplementary Figure 3A), of which 398 OTUs were found to be common among the two groups (Supplementary Figure 3A). We then examined the effects of MZ on DSS-induced gut microbiome changes. We identified 1,340 OTUs in the DSS + MZ group (Supplementary Figure 3B), of which 430 OTUs were found to be common among the DSS and DSS + MZ groups (Supplementary Figure 3B). The identified OTUs were subjected to alpha diversity analysis to examine the species diversity in each sample using Shannon and Simpson indices, that reflect the richness and evenness of the bacterial community in the gut. When we compared the species diversity between the control, and DSS groups, we found a significant reduction in the Shannon (Supplementary Figure 3C) and Simpson (Supplementary Figure 3D) indices in the DSS group, as compared to those in the control group. More importantly, when we compared the species diversity between the DSS and DSS + MZ groups, we found that treatment with MZ could reverse the DSS-induced reduction in gut microbiome richness and evenness (Supplementary Figures 3C,D), reflected by the rebound of Shannon and Simpson indices in the DSS + MZ group as compared to those in the DSS group.



Rebalancing of the Gut Microbial Taxa in DSS-Induced UC Model by MZ Treatment

We then investigated the changes in the taxonomic composition of each sample at different taxonomic levels. Our results showed that DSS-induced UC significantly reduced the number of gut microorganisms at the phylum level (Supplementary Figure 4A). The gut microbial species belonging to the phylum Patescibacteria were significantly reduced in the DSS group (Supplementary Figure 4A). This decrease was attributed mainly to the reduction in the abundance of the Saccharimonadia class (Supplementary Figure 4B). In addition, we observed a significant reduction in the classes Bacteroidia and Coriobacteriia (Supplementary Figure 4B). In contrast, an increase in the Bacilli and Verrucomicrobiae classes was observed in the DSS group (Supplementary Figure 4B). We further examined the effect of MZ on DSS altered gut bacterial taxonomic composition. We found that MZ treatment reversed the DSS-induced decrease in the orders Betaproteobacteriales and Coriobacteriales (Table 1). At the genus level, we observed a DSS-induced reduction in Anaerotignum, Enterorhabdus, Erysipelatoclostridium, and Lachnospiraceae_UCG-006. Interestingly, treatment with MZ reversed these reductions (Table 2). The dysregulated gut microbiota was subjected to phylogenetic investigation of communities using reconstruction of unobserved states (PICRUSt), an ancestral state reconstruction algorithm. The results of KEGG orthology (KO) showed 73 significant alterations of pathways (p < 0.05), including the activation of L-histidine degradation, I myo-, chiro-scillo-inositol degradation, NAD biosynthesis II (from tryptophan), and L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde (Supplementary Figure 4C), caused by MZ treatment. In addition, we observed the downregulation of enterobactin biosynthesis, fucose degradation, and a group of super pathways, including the biosynthesis of (Kdo)2-lipid A L-tryptophan, as well as the degradation of L-tryptophan, L-arginine, L-ornithine, L-arginine, putrescine, and 4-aminobutanoate (Supplementary Figure 4C).


Table 1. MZ treatment reversed the DSS-altered gut bacterial taxonomic composition at order level.
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Table 2. MZ treatment reversed the DSS-altered gut bacterial taxonomic composition at genus level.
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DISCUSSION

UC is a common chronic inflammatory gastrointestinal disease that affects gut function (28). While the pharmacological treatment options of UC are limited, MZ has been reported to be safe and effective for this purpose (10, 29). In patients with UC, MZ was found to inhibit the transcription factor NF-kappa B in inflamed mucosa in biopsies (30). However, many reports have demonstrated the potential side effects of MZ. For instance, MZ was reported to induce acute pancreatitis and eosinophilic glossitis in patients with UC (12, 13). Therefore, a better understanding of the molecular targets and mechanisms underlying the effect of MZ would help reduce its side effects and improve its effectiveness in treating UC. In this study, we used omics and bioinformatic analyses to delineate the biological functions and signaling pathways affected by MZ treatment.

First, the network pharmacology analysis identified the core targets of MZ, including ALB, TNF, INS, PTGS2, MMP9, IL-1β, EGFR, HSP90AA1, and MMP2. The GO and KEGG enrichment analyses further highlighted the immunosuppressive effect of MZ through the regulation of immunity, inflammation, and various cell signaling pathways. One of the important pathways affected by MZ is TNF signaling. TNF, also known as TNF-α, is a well-known proinflammatory cytokine that is released by white blood cells and can induce systemic or cellular inflammation, causing rheumatoid arthritis (31). Thus, the inhibition of TNF-α is an effective strategy for treating UC, as reported in clinical and animal studies (32, 33). Furthermore, molecular docking also indicated the targeting of TNF by MZ. In addition, our results highlighted the binding of MZ to PTGS2, IL-1β, and EGFR. PTGS2, alternatively termed COX-2, is an inflammatory enzyme associated with intestinal inflammatory disease like IBD (34). A previous clinical study has demonstrated a negative correlation between the protein levels of COX-2 and the disease severity of IBD (35). A review has also suggested that COX-2 can cause the clinical manifestations of a bacterial infection, including inflammation and septic shock (36). Moreover, the safety and efficacy of COX-2 inhibitors in patients with IBD have been previously reported in clinical practice (37). IL-1β is a pro-inflammatory cytokine that plays an essential role in acute or chronic inflammatory responses (38). A single nucleotide polymorphism study on IDB patients showed that a mutant of IL-1β increased the proportion of IBD-associated colorectal cancer in the population (39). More importantly, an increase in IL-1β levels was found to be associated with increased severity of IBD (40). A study involving DSS-induced UC in mice demonstrated the induction of IL-1β through NLRP3 inflammasome activation (41). EGFR, a 170 kDa transmembrane tyrosine kinase, can activate target genes in the nucleus to promote cell division and proliferation (42). In a preclinical study, an EGFR-dependent mechanism of intestinal injury was identified in DSS-induced UC mice (43). More importantly, these targets were found to be induced in our DSS-induced UC mouse model as well, and the treatment with MZ could reverse their induction, suggesting that all these targets can be used to evaluate the immunosuppressive effect of MZ. In addition, they can be used as novel markers for possible combination therapy for treating UC.

In the second part of the study, we used comparative metabolomic analysis to understand the role of gut metabolism modulation in the immunosuppressive effect of MZ on DSS-induced UC. We identified many metabolic dysregulations in the DSS-induced UC model. Most of these metabolic pathways play a pathological role in UC. For instance, tyrosine metabolism controls the various ways in which tyrosine is catabolized or transformed to generate a wide variety of biologically important molecules. Tyrosine kinases catalyze the phosphorylation of tyrosine residues in proteins. It has been reported that tyrosine kinase 2 (TYK2) plays an important role in inflammation through pro- and anti-inflammatory cytokines, and is involved in the pathogenesis of IBD (44, 45). Our results also highlighted the alteration of tryptophan metabolism in the DSS-induced UC model. Tryptophan metabolism is also associated with IBD (46). Moreover, tryptophan is a gut microbiota-derived metabolite that regulates inflammation in UC (47). In addition, inflammation induces tryptophan metabolism through the kynurenine pathway and yields immunologically relevant metabolites in UC, suggesting a close association between tryptophan metabolism and UC (48). In addition, we found a significant downregulation of thyroxine in the DSS-induced UC model. Thyroxine, also known as T4, plays a crucial role in digestive function, metabolism, and muscle control. In the digestive system, thyroxine increases the secretion of digestive juices and promotes smooth muscle function, thus facilitating contractions of gastric motility (49). Therefore, the reduction in thyroxine levels leads to malfunction of the digestive system.

To delineate the molecular mechanism underlying the beneficial effects of MZ in UC treatment, we used metabolomic analysis to determine the metabolite changes and their functional implications in MZ treatment. Although we only observed a small number of metabolite changes under the treatment, the pathway analysis highlighted that the changes in metabolites were related to the alteration of linoleic acid metabolism and biosynthesis of unsaturated fatty acids. Linoleic acid, a polyunsaturated omega-6 fatty acid, is commonly found in red meat and many oils. A cohort study conducted in Europe reported that a high dietary intake of linoleic acid increased the risk of developing incident UC (50). Another animal study also demonstrated that partial replacement of dietary linoleic acid with long-chain n-3 polyunsaturated fatty acids protected against DSS-induced UC in rats (51), indicating a role of linoleic acid in the pathogenesis of UC. In our study, we also observed the modulation of unsaturated fatty acids by MZ treatment. It has been reported that an imbalance in polyunsaturated fatty acids is one of the causes of IBD (52), because the modification of fatty acid metabolism stimulates inflammatory cytokines, leading to inflammation and UC (53). Therefore, MZ treatment could restore the levels of polyunsaturated fatty acids. In addition, it also controlled tryptophan metabolism and inflammation mediated regulation of TRP channels. The impact of gut microbiota on the intestinal immunity mediated by tryptophan metabolism has been previously reported (54). Tryptophan plays a crucial role in maintaining the balance between intestinal immune tolerance and preservation of the gut microbiota, which in turn influences gut immune homeostasis and the intestinal immune response (55). Our data showed that most of the effects of MZ treatment were achieved through the induction of serotonin. Serotonin plays a key role in the modulation of chronic inflammatory processes, including autoimmune diseases, through its immunomodulatory effect on the interaction between the nervous and immune systems (56). In addition, serotonin receptors regulate inflammatory responses in experimental colitis (57). A mouse study demonstrated that prophylactic administration of tryptophan could ameliorate colitis through its impact on serotonin receptor signaling (58). Our findings suggest that MZ treatment increases the levels of serotonin to mediate different signaling pathways, to ameliorate the autoimmune activity in UC.

UC is a systemic disease characterized by immunological alterations in the colon. Gut microbiome performs pivotal functions like promotion of digestion, xenobiotic metabolism, and regulation of innate and adaptive immunological processes (59). Many studies have demonstrated a close association between gut microbiota and gut metabolites (60). It has been reported that gut microbes play important roles in gastrointestinal health and disease, ranging from protective to pro-inflammatory actions (61). In context of regulatory T cells, it is plausible that the gut microbiome may play a role in other chronic immune-mediated inflammatory diseases. Therefore, in the last part of the study, we used 16S metagenomic sequencing to determine the changes in the gut microbiota in response to DSS-induced UC, aiming to understand the role of alteration of gut microbiota in the anti-inflammatory effect of MZ on UC. In our study, we found a significant reduction in the richness and evenness of the gut microbiome diversity in DSS-induced UC. This finding is similar to that of a recent study, in which patients with IBD were found to harbor, on average, 25% fewer microbial genes than healthy people (62). More importantly, a study of the gut of obese Danish individuals indicated that gut samples with low bacterial richness are characterized by a more pronounced inflammatory phenotype (63). This response could be explained by changes in host metabolite composition related to inflammation (64). Furthermore, we found that MZ reversed the reduction in richness and evenness of the gut microbiome in the DSS-induced UC model, suggesting a positive effect of the treatment. Interestingly, in context of the alterations in bacterial taxonomy, we observed that MZ treatment could reverse the colitis-induced reduction in the order Coriobacteriales. Bacteria of this order are gram-positive and belong to the phylum Actinobacteria. Moreover, it has been reported that the order Coriobacteriales increases significantly in the ceca of mice in response to stress (65) and is associated with changes in the inflammation phenotype (66). In addition, we observed a similar change in bacterial taxonomy following treatment with MZ. It includes the rebalancing of Enterorhabdus, which is a gram-positive and non-spore-forming bacillus that exists in mammalian intestines, and is associated with inflamed gut mucosa. It has been reported that the levels of Enterorhabdus are associated with Toll-like receptors (TLRs), which play a valuable role in the intestinal mucosal immune system by mediating TLR4/MyD88 signal transduction (67). Additionally, an increase in Enterorhabdus was reported to improve intestinal barrier integrity in the gut of a non-alcoholic fatty liver disease model (68). MZ treatment reversed the reduction in Erysipelatoclostridium and Lachnospiraceae UCG-006, indicating high efficacy of MZ in the treatment of UC. A DSS-induced UC mouse study demonstrated the association of Erysipelatoclostridium with reduced inflammatory intestinal damage (69). Lachnospiraceae UCG-006 has been reported to regulate intestinal homeostasis and physiology (70). More importantly, Lachnospiraceae UCG-006 was found to regulate the immune system and gut microbiota through its antiallergic and anti-inflammatory effects (71). Lastly, we used PICRUSt to determine the role of the rebalancing of bacterial taxonomy by MZ treatment. Our data demonstrated that MZ treatment could lead to a reduction in enterobactin biosynthesis. Enterobactin, a catecholate siderophore, is a potent inhibitor of myeloperoxidase. It suppresses the host innate immune response during inflammatory gut diseases (72). The reduced bioactivity of enterobactin was reported to enhance the tolerance to adverse pH, high concentrations of bile acids, and oxidative stress in the inflamed gut (73), leading to protection against intestinal inflammation (74). In addition, we found that MZ treatment might increase fructose levels by suppressing fructose degradation. It has been reported that fructose ameliorates DSS-induced acute UC by inhibiting M1 macrophage polarization as well as the NLRP3 inflammasome (75). Moreover, fucose protects the gut from intestinal inflammation by modulating the crosstalk between bile acids and gut microbiota in a chronic UC model (76).

In conclusion, the identified molecular targets and gut microbial taxa with differential abundance patterns common in UC may serve as biomarkers for the detection of UC, and indicate that there may be a common component of colitis etiology. Our work sheds light on the impact of MZ on the gut microbiome and innate immune responses in context of the treatment of UC. A better understanding of the mechanism of action of MZ could help identify optional targets for combined therapy, leading to increase in effectiveness and reduction of the side effects of MZ in UC treatment.
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Supplementary Figure 4. The change of gut microbiome taxonomy in DSS-induced UC model. (A) DSS induced gut microbial community change in phylum level. (B) DSS-induced gut microbial community change in class level. (C) Prediction of functional change in DSS-induced UC model caused by MZ treatment. The experimental data were expressed as the mean ± standard deviation. Post-hoc pairwise comparisons between the groups were performed with the Dunn's test, to test statistical significance between the groups. The experimental data were expressed as the mean ± standard deviation. Significant results were determined using a cutoff of p < 0.05 and represented by asterisk.
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