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Comparative Transcriptomic Analysis Reveals the Immunosuppressive Targets of Mesalazine in Dextran Sulfate Sodium-Induced Ulcerative Colitis












	 
	ORIGINAL RESEARCH
published: 11 August 2021
doi: 10.3389/fgene.2021.698983





[image: image]

Comparative Transcriptomic Analysis Reveals the Immunosuppressive Targets of Mesalazine in Dextran Sulfate Sodium-Induced Ulcerative Colitis

Rong Li, Lin Cheng, Qi Wang and Liming Zhou*

Department of Pharmacology, West China School of Basic Medical Sciences and Forensic Medicine, Sichuan University, Chengdu, China

Edited by:
Cesar Wong, Hong Kong Polytechnic University, China

Reviewed by:
Alvin Ma, Hong Kong Polytechnic University, China
Tin Lap Lee, The Chinese University of Hong Kong, China

*Correspondence: Liming Zhou, scu_zhoulm@sina.com; zhou108@163.com

Specialty section: This article was submitted to RNA, a section of the journal Frontiers in Genetics

Received: 22 April 2021
Accepted: 03 June 2021
Published: 11 August 2021

Citation: Li R, Cheng L, Wang Q and Zhou L (2021) Comparative Transcriptomic Analysis Reveals the Immunosuppressive Targets of Mesalazine in Dextran Sulfate Sodium-Induced Ulcerative Colitis. Front. Genet. 12:698983. doi: 10.3389/fgene.2021.698983

Ulcerative colitis (UC) is a complex inflammatory bowel disorder that can induce colonic and rectal dysfunction. Mesalazine, a first-line medicine, is routinely prescribed for UC treatment. However, the pharmacological targets of mesalazine against UC are not detailed in current publications. In the current study, a transcriptomics strategy was applied to reveal the therapeutic targets and molecular mechanisms of mesalazine for treating dextran sulfate sodium (DSS)-induced UC in mice. Compared with the UC group, a total of 1,663 differentially expressed genes were identified in mesalazine-treated mice, of which 262 were upregulated and 1,401 were downregulated. GO and KEGG enrichment analyses indicated that the protective actions of mesalazine for treating UC were related to the functional regulation of immune inflammatory response, such as the regulation of T cells, white blood cells, and cytokine receptor pathways. In addition, ingenuity pathway analysis of the gene network further revealed the inhibitory action of mesalazine on C–C motif chemokine ligands (CCL11 and CCL21) and C–X–C motif chemokine ligands (CXCL3 and CXCR2). Taken together, the current transcriptomic findings revealed anti-UC pharmacological targets, including the newly discovered biotargets CCL11, CCL21, CXCL3, and CXCR2, of mesalazine against DSS-induced intestinal inflammation.
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INTRODUCTION

Ulcerative colitis (UC), a refractory enteritis disease, is characterized by mucosal inflammation and enterocyte lesions present in the gastrointestinal tract (Guan, 2019). It is reported that the prevalence and burden of UC are increasing worldwide, including in China (Ordás et al., 2012). Genetic factors, environmental factors, and dietetic alterations may be crucial risk indicators for UC (Eisenstein, 2018). If left untreated, chronic UC in Asian patients may result in an elevated risk of developing colorectal cancer when compared with that of the general population (Bopanna et al., 2017). The pathological etiology of UC is multifaceted, including impaired barrier function in the mucus layer, lamina propria lesion, gut microbiota imbalance, and neutrophilic immune response (Kobayashi et al., 2020). Early and precise diagnosis of UC using endoscopy, CT scan, blood biomarker determination, fecal calprotectin testing, and bowel ultrasonography is critical to efficacious therapy (Conrad et al., 2014). Treat-to-target, a countermeasure used for treating chronic disorders, may be achieved by determining pathological targets and mitigating UC (Ungaro et al., 2019). Mesalazine, a precursor of 5-aminosalicylic acid, can be used clinically for mild to moderate UC, and is characterized by a good safety profile and low tolerance (Sehgal et al., 2018). Mesalazine is clinically used a the first-line treatment for patients with UC based on its high effectiveness and safety (Kato et al., 2018). However, or new mesalazine anti-UC targets remain minimally reported in preclinical studies. Transcriptomics, a next-generation sequencing technology, is an emerging and rapid method that can identify genome-wide annotation of DNA functions and perform detailed comparative genomic studies in humans and mice (Breschi et al., 2017). Interestingly, transcriptomic strategies have been used to unravel the detailed targets of pathological liver cancer (Lai et al., 2020), perfluorooctanesulfonate-induced immunotoxicity (Li et al., 2020a), glutathione against cleft lip (Li et al., 2021b), and vitamin C against hepatotoxicity (Li et al., 2021a). Therefore, in the present study, we utilized transcriptomic analysis to reveal detailed and novel biotargets of mesalazine against UC in vivo.



MATERIALS AND METHODS


Animal Maintenance and Treatment

Mature male C57BL/6J mice, aged around 7 weeks, were purchased from STA Lab Animal Co., Ltd. (Changsha, China). All mice were adaptively maintained for approximately 7 days, and then 3% DSS solution was provided freely in drinking water for UC induction. Meanwhile, DSS-exposed mice were treated with 0.4 g/kg mesalazine for 10 days. In addition, mice treated with DSS-free solution were used as the control group. At the end of the experiment, all mice were euthanized via cervical dislocation, and colorectal tissue samples were immediately isolated and snap-frozen with liquid nitrogen before being used for transcriptomics analysis (Su et al., 2019).



Transcriptome Sequencing

Total RNA (n = 5 from each treatment) was extracted using TRIzol reagent, following the manufacturer’s instructions. RNA samples with a RIN number >8.0, were used for library construction. Briefly, poly(A)-mRNA was enriched from ten-micrograms of total RNA using poly T oligo-attached magnetic beads. After purification, the mRNA was fragmented and subjected to cDNA library construction using an Illumina mRNA Seq sample preparation kit. Paired-end sequencing (150 bp each) was performed on an Illumina HiSeq 4000, following the manufacturer’s instructions.



Bioinformatic Analysis of Transcriptome

The adaptor sequences and sequencing primers were trimmed. Low-quality reads with q quality scores lower than 20 were removed. The clean sequence reads were mapped to the UCSC reference genome1 using the HISAT package. StringTie and edgeR were used to determine the expression levels of all the transcripts. Genes with a lLog2 (fold change) > 1 and with statistical significance (q-value < 0.05) were defined as differentially expressed genes (DEGs). The DEGs were subjected to Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, and ingenuity pathway analysis (IPA) to examine the effects of mesalazine on DSS-induced colitis.



Enzyme-Linked Immunosorbent Assay

The colon samples were homogenized, and the supernatants were used for the measurement of inflammatory cytokines using ELISA kits (Elisa Biotech, Shanghai, China). The experimental procedures were performed as described previously (Xu et al., 2019).



Immunostaining

The colon samples from different groups were fixed with 4% paraformaldehyde prior to being cut into 4–5 μm thick sections using a microtome. Thereafter, the sections were dewaxed using xylene and were stained with hematoxylin and eosin dyes for histopathological examination (Wu et al., 2019; Li et al., 2020b).




DISCUSSION

In this study, we performed comparative transcriptomic analysis to understand the molecular basis of DSS-induced colitis and to delineate the molecular mechanism underlying the immunosuppressive effect of mesalazine. In the first part of the study, we attempted to understand the detailed mechanism underlying DSS-induced colitis in a mouse model. It has been well reported that the major cause of UC results from abnormal immune responses to antigens derived from the intestinal microbiota (Podolsky, 2002; Macdonald and Monteleone, 2005). Our results showed that DSS could lead to a large number of differentially expressed genes. The results of GO and pathway analyses further highlighted that the induction of inflammatory and immune responses is mainly through alterations of cytokine-cytokine receptor interaction, IL-17 signaling pathway, leukocyte transendothelial migration, Toll-like receptor signaling pathway, and intestinal immune network for IgA production. In addition, IBD was highlighted in the analysis, suggesting that the model was valid. Cytokine-cytokine receptor interactions play an important role in immune regulation (Wu et al., 2005). It is involved in the T-cell receptor signaling pathway (Qian et al., 2019) and has been reported to be associated with autoimmune disorders (Liu et al., 2013; Xing et al., 2020). Many autoimmune and inflammatory diseases can result from excessive cytokine production or responsiveness. The IL-17 signaling pathway is the founding member of a novel family of inflammatory cytokines (Amatya et al., 2017). IL-17, the hallmark cytokine of the newly defined T helper 17 [T(H)17] cell subset, plays a crucial role in the inflammatory pathology of autoimmune diseases (Gaffen, 2009). The role of the IL-17 family in most common autoimmune diseases, such as psoriasis, IBD, and rheumatoid arthritis, has been extensively characterized (Zhang et al., 2015). Our funding is concordant with the previous IL-17R knockout mice study that IL-17 signaling plays a critical role in the development of TNBS-induced colitis and may represent a target for therapeutic intervention for IBD (Zhang et al., 2006). The toll-like receptor signaling pathway has been recognized as a key repressor of inflammatory signaling and plays an essential role in the pathogenesis of autoimmune diseases (Chen et al., 2016; Shamilov and Aneskievich, 2018). It is a primary sensor of both innate and adaptive immune systems through its modulation of numerous genes that function in host defense, including inflammatory cytokines, chemokines, and antigen presenting molecules (Liu et al., 2006). It has been reported that Toll-like receptor (TLR) signaling-related protein (TLR4) was detected in the colon tissue of DSS model mice (Bai et al., 2021). Furthermore, macrophages in the intestinal mucosa can rapidly induce TLR-mediated inflammatory responses (Wang et al., 2021). Our results provide a better understanding of the immunopathogenesis of UC and may help to identify novel targets for more potent interventions.



RESULTS


DSS-Induced Colitis Through the Induction of Inflammatory Response

To understand the molecular mechanism underlying DSS-induced colitis and the immunosuppressive effects of mesalazine on DSS-induced colitis, a comparative transcriptomic analysis was conducted, followed by bioinformatic analysis. Deep sequencing of RNA libraries derived from control and treatment groups each generated at least 43 million quality-trimmed clean reads (Supplementary Table 1); the read utilization ratio was over 97%. A total of 110 Gb quality-trimmed bases were obtained from transcriptome sequencing (Supplementary Table 1). Over 90% of the sequencing reads could be mapped to the exonic regions of the mouse reference genome (Supplementary Table 2). In the comparative transcriptomic analysis, a total of 1,627 differentially expressed genes (DEGs), including 1,326 upregulated and 301 downregulated genes, were identified in the DSS-induced colitis mice as compared to the control group mice (Figure 1A and Supplementary Table 3). The DEGs were then subjected to GO and KEGG enrichment analyses to understand the alteration of biological functions and signaling pathways in the DSS-induced colitis model. GO results suggested that numerous biological processes, cellular components, and molecular functions were altered in the DSS-induced colitis model. In the analysis of biological processes, we found the activation of numerous inflammatory processes (Figure 1B and Table 1). The KEGG pathway analysis further highlighted the alteration of pathways related to immune and inflammatory responses, including cytokine-cytokine receptor interaction, inflammatory bowel disease (IBD), IL-17 signaling pathway, leukocyte transendothelial migration, Toll-like receptor signaling pathway, and intestinal immune network for IgA production (Figure 1C and Table 2).
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FIGURE 1. Dextran sulfate sodium (DSS) induced colitis through the induction of inflammatory response. The volcano plot shows the differential expression of genes in the gut of DSS-induced colitis mice. The genes with | log2 (fold change: DSS/Ctrl)| > 1 and -log B and H corrected p-value > 1.3 were considered differentially expressed genes (DEGs). The red dot represents upregulated genes, the green dot represents downregulated genes, and the gray dot represents genes with no significant change. (B) The rich factor plot shows the alteration of biological processes related to immunity in the gut of DSS-induced colitis mice. The size of the dot represents the number of DEGs. The color intensity of the dots represents the significance of the biology processes. (C) The rich factor plot showed the alteration of cell signaling pathways related to immunity in the gut of DSS-induced colitis mice. The size of the dot represents the number of DEGs. The color intensity of the dots represents the significance of the signaling pathways.



TABLE 1. Inflammatory responses in gut caused by DSS.
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TABLE 2. Alterations of cell signaling pathways in gut caused by DSS.
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Mesalazine Triggered Immunosuppressive Response in DSS-Induced Colitis

A similar approach was used to determine the immunosuppressive effect of mesalazine on DSS-induced colitis. When we compared the DSS group and DSS + mesalazine group, we identified 1,663 DEGs, of which 262 were upregulated and 1,401 were downregulated (Figure 2A and Supplementary Table 4). In the bioinformatic analysis, we primarily focused on the GO terms and pathways related to immune responses. The results of GO analysis showed that low-dose mesalazine treatment altered different immune processes. This could be due to the regulation of different immune cell types, such as T cells, B cells, natural killer cells, and leukocytes (Figure 2B and Table 3). This results in the regulation of cytokine functions such as cytokine biosynthetic process, cytokine production, cytokine secretion, and cytokine binding (Figure 2B and Table 3), leading to alterations in the immune response of the gut system (Figure 2B and Table 3). The results of KEGG pathway analysis further highlighted the immune-responsive pathways such as ECM-receptor interaction, T-cell receptor signaling pathway, TNF signaling pathway, cytokine-cytokine receptor interaction, chemokine signaling pathway, IL-17 signaling pathway, Th1, Th2, and Th17 cell differentiation, IBD, Hippo signaling pathway, and TGF-beta signaling pathway (Figure 2C and Table 4).
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FIGURE 2. Immunosuppressive effects of mesalazine on DSS-induced colitis. The volcano plot shows the differential expression of genes in the mesalazine-treated colitis mice. The genes with | log2 (fold change: mesalazine + DSS/DSS)| > 1 and -log B and H corrected p-value > 1.3 were considered DEGs. The red dot represents upregulated genes, the green dot represents downregulated genes, and the gray dot represents genes with no significant change. (B) The rich factor plot shows the alteration of biological processes related to immunity in the gut of mesalazine-treated mice with colitis. The size of the dot represents the number of DEGs. The color intensity of the dots represents the significance of the biology processes. (C) The rich factor plot showed the alteration of cell signaling pathways related to immunity in the gut of mesalazine-treated colitis mice. The size of the dots represents the number of DEGs. The color intensity of the dots represents the significance of the signaling pathways.



TABLE 3. Effects of Mesalazine on the DSS-induced biological inflammatory responses.
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TABLE 4. Effects of Mesalazine on the DSS-altered cell signaling pathways.
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Immunosuppressive Effect of Mesalazine via the Regulation of Canonical Pathway

The DEGs were then subjected to IPA to determine the immunosuppressive effect of mesalazine on the treatment of UC. The results of canonical pathway analysis highlighted the substantial alteration of a large number of cell signaling pathways related to immune and inflammatory responses (p < 0.05) (Table 5). They included the regulation of interleukin signaling, such as IL-6, IL-8, IL-15, and IL-17 signaling pathways (Table 5). Furthermore, the results highlighted T cell differentiation, including Th1, Th2, and T helper cells (Table 5). In addition to the T cells, we also observed the regulation of B cells by mesalazine treatment (Table 5). Finally, we conducted IPA gene network analysis to delineate the detailed molecular mechanisms underlying the immunosuppressive responses caused by mesalazine. Our results showed that mesalazine regulated a large number of C–C motif chemokine ligands (CCL5, CCL7, CCL11, and CL21) and C-X-C motif chemokine ligands (CXCL3, CXCL6, CXCL9, and CXCL11) in the extracellular space (Figure 3). This led to the modulation of a group of transmembrane receptors, including interleukin receptors (IL2RB, IL12RB1, and IL12RB2), T-cell surface glycoprotein (CD3E, CD3G, CD28, and CD247), and chemokine receptors (CXCR2 and CXCR3) (Figure 3). The regulation of these receptors has been reported to regulate different enzymes (PDE1A, PDE1B, PDE1C, and MYH10) and kinases (ITK, LCK NOX1, and MAP3K8) involved in immune responses (Figure 3). More importantly, mesalazine treatment reversed the suppressive effect of immune responsive genes, including chemokine (C–X–C motif) ligand (CXCL3), chemokine (C–C motif) ligand (CCL11 and CCL21), chemokine receptor (CXCR2), and colony-stimulating factor (CSF3) in the DSS-induced colitis model (Table 6). Taken together, our results suggest that mesalazine treatment could reverse the DSS-induced immune response through its immunosuppressive effect.


TABLE 5. Effects of Mesalazine on the IPA canonical pathways.
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FIGURE 3. The gene network involved in the immunosuppressive effect of mesalazine on DSS-induced colitis. Ingenuity pathway analysis shows the contribution of different molecules in the immunosuppressive effect of mesalazine. The red symbol represents upregulated genes; the green shape represents downregulated genes.



TABLE 6. Reversed effects of Mesalazine on the DSS-altered genes.
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In the later part of this study, we aimed to determine the molecular pathways underlying the immunosuppressive effect of mesalazine on DSS-induced colitis. Therefore, we focused on immune-related biological processes and pathways in bioinformatic analysis. Our results show that mesalazine treatment can alter different immune cells, including T cells, B cells, and natural killer cells, leading to the control of autoimmune responses (Zitti and Bryceson, 2018; Meffre and O’Connor, 2019; Wing et al., 2019). T cells are reported to contribute to the pathogenesis of chronic intestinal inflammation and are considered targets for UC treatment due to their role in the autoimmune system (Eri et al., 2012). For example, a study using a T cell transfer colitis model demonstrated that CD4(+) T helper cells strongly contributed to the pathogenesis of IBD (Maschmeyer et al., 2021). In addition, imbalanced CD4+ T cells have been reported as predisposing factors for colitis (Pandit et al., 2021). Furthermore, mesalazine treatment mediated cytokine biosynthesis and secretion. As mentioned before, cytokines play an important role in the autoimmune response. More importantly, our gene network analysis further highlighted the suppression of C–C motif chemokine ligands (CCL11 and CCL21) and C–X–C motif chemokine ligands (CXCL3 and CXCR2) by mesalazine treatment. All of these ligands were increased in the DSS-induced model. CCL11, a prototypical Th2 chemokine, is associated with enrichment in Th2 CD4+ T cells (Chao et al., 2014) and is involved in eosinophil recruitment (Hornig et al., 2016). CCL11 expression levels correlated with the expression levels of different ILs. Reduced expression of CCL11 has been reported to alleviate allergic symptoms and allergic inflammatory responses by reducing serum cytokine levels (Lei et al., 2020). It has been reported that CD4+ CD25+ T cells inhibit the development of colitis induced by both Th1 and Th2 cells in a mouse model (Xu et al., 2003). The Th1/Th2 balance of peripheral CD4-positive T cells is considered a biomarker for patients with refractory ulcerative colitis (Nakase et al., 2009). CCL21, a ligand of the receptor CCR7, contributes to the balance of immunity and tolerance through thymocyte development, secondary lymphoid organogenesis, high affinity antibody responses, and regulatory and memory T-cell function (Förster et al., 2008; Comerford et al., 2013). It has been shown that the loss of CCL21 responsiveness in the normal development of the memory T-cell effector function does not hold for autoimmune diseases (Christopherson et al., 2003). A mouse colitis study demonstrated that CCL21 suppression could decrease damage induced by ulcerative colitis (Zhang et al., 2014), suggesting that CCL21 might be a therapeutic target for UC treatment.



Anti-colitis Actions of Mesalazine in vivo

To determine the pharmacological effects of mesalazine against colitis, the structure of the colon tissues was studied. Our results showed that the length of the colon was shortened and colon tissues became fragile in the colitis mouse model, and ulcers were formed, including mucosal abscess and congestion. Mesalazine intervention improved pathological changes in mice with colitis. Histomorphological observations using H&E staining showed that the colon tissue of the colitis mice changed in morphology and showed alterations, such as crypt abscess, decreased density in the colon, and inflammatory infiltration. Mesalazine treatment mitigated mucosal structural changes and reduced inflammatory infiltration (Figure 4A). ELISA data showed that the expression levels of TNF-α, IL-1α, IL-6, and IL-8 in colitis mice were significantly reduced compared with those in control samples. Interestingly, the elevation of inflammatory cytokines in mesalazine-treated colitis mice was decreased (Figure 4B).
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FIGURE 4. In vivo effects of mesalazine treatment on DSS-induced colitis. (A) Hematoxylin and eosin staining show the structural changes including visible crypt abscess, inflammatory infiltration, and cytoclasis in DSS-induced colitis. These alterations were reversed by mesalazine treatment. (B) Mesalazine treatment relieved DSS-induced inflammatory cytokines including TNF-α, IL-1α, IL-6, and IL-8 in the colon samples via its anti-inflammation action.


CXCL3, a small cytokine, controls the migration and adhesion of monocytes through its interaction with the cell surface chemokine receptor CXCR2 (Smith et al., 2005). CXCR2 is a functional receptor for GRO-family chemokines involved in monocyte recruitment and inhibits inflammation. CXCR2 has been found to be significantly increased in colonic mucosal tissues of patients with active UC (Zhu et al., 2020). It has been reported that CXCL3 plays a role in controlling intestinal inflammation and gut mucosal healing, and is considered a key prognostic parameter in the management of IBD (Stronati et al., 2019). Therefore, the suppressive effect of mesalazine on these C–C motif chemokine ligands and C–X–C motif chemokine ligands suggests a possible strategy for the treatment of UC, and a better understanding of the molecular mechanism underlying the immunosuppressive effect of mesalazine has important implications for developing novel anti-UC drugs directed against the CXC chemokine signaling system. However, the newly identified markers need to be further confirmed and investigated using a human model.
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