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Editorial on the Research Topic
Microbiome in IBD: From Composition to Therapy

Inflammatory bowel disease (IBD) is a chronic, non-specific, inflammatory intestinal disease with a high relapse rate. It has become a huge burden worldwide (Kaplan and Ng, 2017). IBD is characterized by changes in the gut microbiome. However, the role of the gut microbiome in the pathogenesis of IBD is still unclear. Therefore, this theme issue aims to discuss the changes of gut microbiome in IBD and its relevance for the treatment of IBD.
Currently, many studies have found that the composition of the gut microbiome in IBD were significantly altered which is considered to contribute to this immune disorder (Glassner et al., 2020). A probable mechanism is that the metabolites of the microbiota regulate metabolic pathways and inflammatory signal transduction thereby affecting the host immune system. On the other hand, the gut microbiota may affect the gut immunity through adherent bacteria. In this issue, Chen et al. reported that in pediatric IBD, adherent bacteria attached to the terminal ileum were associated with elevated Th17 cells and SIgA responses (Chen et al.). The limitation of this study was the lack of intervention approach. Previous studies of adherent bacteria mainly rely on models of immortal cell lines, which cannot reproduce the tissue-like environment. To address limitations, Mayorgas et al. established a human colonic organoids model which represents a promising tool to study the cross talk between Adherent-invasive Escherichia coli and intestinal epithelial cells (Mayorgas et al., 2021).
Studies on the microbial change in pharmaceutical treatment of IBD provided additional evidence for the microbial contribution in IBD pathogenesis. Dai et al. investigated the pharmaceutical mechanism of mesalamine in the treatment of UC through 16S sequencing and metabolomics (Dai et al.). Mesalamine is a radical scavenger and antioxidant, often used to treat UC. The authors observed that the abundance of some bacteria and metabolites were reversed toward the healthy status after mesalamine treatment. Similarly, as summarized in this issue by Li et al., many natural products may exert their therapeutic effects on the gut microbiota in the treatment of IBD (Li et al.). These studies reveal possible molecular mechanisms of naturally derived polysaccharides from plants, seaweeds, and mushrooms in the treatment of IBD, and also identified many potential clinical therapeutic targets. In the same direction, Guo et al. reported that ginger can significantly increase the diversity of intestinal microbiome and alleviate the severity of UC (Guo et al.). This study suggests that the abnormality of the microbiome is closely related to amino acid metabolism, oxidative phosphorylation, protein translation, and ribosome biogenesis. Also in this issue, the study of Zhao et al. is unique in utilizing a nano-targeted drug delivery system to achieve a highly efficient delivery of berberine (Zhao et al.), which effectively regulated inflammation and reconstructed the intestinal microbial community.
One surprising report by Liu et al. explored the effect of metformin in the treatment of IBD from the perspective of drug repurposing (Liu et al.). Although metformin is commonly used to treat type 2 diabetes, some studies report that metformin affect the intestinal microbiome and thus may have a beneficial effect on IBD (Sanchez-Rangel and Inzucchi, 2017). Liu et al. demonstrated a positive effect of metformin on IBD and its association with altered microbiota, that is, significantly increased abundance of the anti-inflammatory bacterium A. muciniphlia in the metformin treatment group. Interestingly, Silverstri et al. reported that the anti-inflammatory effects of fish oil and cannabidiol are also associated with increased abundance of A. muciniphlia in mouse enteritis models (Silvestri et al.). These studies suggest that microbial intervention could be an effective strategy to control inflammation.
Recently, fecal microbiota transplantation (FMT) gains popularity as an intervention to restore the community of the intestinal microbiota and to treat several gastrointestinal diseases (Weingarden and Vaughn, 2017), including IBD, which was reviewed by Tan et al. in this issue (Tan et al.). This review provided an overview of the effectiveness of FMT in the treatment of IBD. Further, the authors summarized the therapeutic mechanisms of FMT in IBD.
The research topic of “Microbiome in IBD: From Composition to Therapy” discuss not only the role of intestinal microbiome in the pathological mechanisms of IBD, but also in the pharmaceutical mechanisms of multiple drugs. We expect that this collection of inspiring work will stimulate new avenues of thinking, approaches, and collaborations in exploring the complex pathogenesis of IBD and lead to novel therapeutic targets for IBD.
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Fecal microbiota transplantation (FMT) has successfully been applied for the treatment of recurrent Clostridioides difficile infection (CDI), which has led to studies on its application to other gastrointestinal diseases and extraintestinal diseases associated with gut microbiota dysbiosis. Recently, the results of FMT for patients with inflammatory bowel disease (IBD) have been encouraging. However, studies have not fully clarified the clinical application of this emerging therapy. Here, we aimed to review the current knowledge in this fast-growing field and characterize the effectiveness, safety and mechanisms of FMT for the treatment of IBD patients.
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Introduction

Fecal microbiota transplantation (FMT) refers to the therapeutic procedure of transplanting fecal bacteria from healthy persons into patients (Gupta and Khanna, 2017). FMT is aimed at restoring the colonic microbiota through the introduction of fit bacterial population by infusing the gut microbiota, for example via colonoscopy, the orogastric tube, enema, or orally in the form of a capsule that contains the freeze-dried substance, to obtain an intestinal microbiota from a suitable donor. This therapeutic method has been proven to be incredibly successful for the treatment of recurrent Clostridioides difficile infection (CDI). (Drekonja et al., 2015)

The techniques of FMT deal with three key aspects, including donor selection, together with preparation of donor substance, and FMT delivery (Kelly et al., 2015; Mullish et al., 2018). Appropriate donors should include those of the age range of 18–60 years (Anand et al., 2017; Mullish et al., 2018), in addition to those with a BMI from 18 to 30 kg/m2 (Alang and Kelly, 2015). The employment of multiple donors was more effective compared with single donor, because that multiple donors increase the microbial diversity in the fecal suspension compared with that of single donor (Levy and Allegretti, 2019). In each of the FMT preparations, the stool requires a weight of at least 25 g for lower gastrointestinal delivery and 12.5 g for upper gastrointestinal delivery (Cammarota et al., 2019). The final fecal substance preserved frozen at a temperature of −80°C is considered to have a maximum shelf life of 2 years (Cammarota et al., 2019). Prior to utilisation, the frozen fecal material should be thawed at 37°C, followed by use within a period of 6 h of thawing (Costello et al., 2015). The fecal microbiota could be supplied via the upper GI route (endoscopically or with the use of a nasogastric tube, nasoduodenal tube, or nasojejunal tube), the lower GI route (retention enema, colonoscopy), or through capsules (which contain either the freeze-dried or lyophilised fecal substance) (Mullish et al., 2018). Proton pump inhibitor and prokinetics (for example, metoclopramide) should be considered before FMT via the upper GI route (De Jager et al., 2012; Cohen et al., 2016). Bowel lavage must be performed before FMT via the lower GI route. Specifically, Polyethylene glycol preparations are preferred (Kelly et al., 2016). A single dose of loperamide (or other anti-exercise drugs) could be considered subsequent to the lower GI FMT delivery. Further, a minimum 24-h washing period is required from the last dose of antibiotics to FMT treatment (Cammarota et al., 2015). When recipients also show signs of long-term antibiotic use within 8 weeks after FMT, it is necessary to consult infectious disease experts or medical microbiologists for advice (Terveer et al., 2017). 

FMT is considered approximately 90% success rate for individuals with recurrent or refractory CDI (Quraishi et al., 2017). In 2013, FMT was approved by the USA Food and Drug Administration for clinical applications of recurrent or refractory CDI (Surawicz et al., 2013). In addition to CDI, there are some studies that have proven that FMT could emerge as a productive method to treat inflammatory bowel disease (IBD). IBD refers to an intestinal disorder, including ulcerative colitis (UC) as well as Crohn’s disease (CD). IBD is characterized by chronic inflammation of the gastrointestinal tract, as well as the periodicity of disease progression and remission. During disease activity, patients are likely to present with diarrhoea, coupled with nausea, loss of weight, anepithymia, fever, and celialgia (White et al., 2018). However, the precise pathophysiology is not entirely clear and the aetiology is multifactorial, influenced by individual genetic susceptibility, the external environment, internal gut microbiota, and the host immune response (Zhou et al., 2017). The imbalance of the gut microbiota has been suggested to markedly impact IBD progression (Zuo and Ng, 2018). Metabolomic and metagenomics research has identified the characteristics of IBD microbiota, in addition to finding a general decline in bacterial diversity, with a particular decline in members of Lachnospiraceae, as well as the Bacteroidetes phylum, coupled with an increase in Proteobacteria and Actinobacteria (Henson and Phalak, 2017). Biopsy samples attained from patients with CD were found a decline in Fecalibacterium prausnitzii which has the effects of anti-inflammatory (Sokol et al., 2008).

FMT is currently regarded as a productive intervention for recurring CDI (Bakken et al., 2011). Meanwhile, the use of FMT in IBD does not result in the same exceptional outcomes. However, emerging data have suggested the possibility that this therapy could have a better effect on these diseases. Reviewing the current evidence on the utility of FMT for the treatment of IBD, we focus on the effectiveness, safety and mechanisms of this new treatment, as well as ongoing research in this growing field.



Efficacy and Safety of FMT for IBD

The traditional methodology of treating IBD was aimed at reducing the inflammatory. Nevertheless, the latest insights focus on the microbiome, in addition to the idea of dysbiosis and its latent role in IBD pathogenesis, resulting in irreplaceable therapeutic methodologies like FMT, a fascinating area of investigation. FMT was identified as a standard therapy for recurrent CDI, but its efficacy for IBD therapy is controversial (Basso et al., 2018). Most of the researches did not indicated key negative events or severe negative events that were considered medically associated with FMT treatment (Paramsothy et al., 2017b). Sood et al. (2020) performed a retrospective analysis of 101 active UC patients receiving multiple FMT via colonoscopy. The study found that the most common short-term adverse events of FMT included abdominal discomfort (30.8%), flatulence (15.9%), abdominal distension (9.8%), borborygmi (7.9%), and low-grade fever (7.6%). The long-term adverse events were arthritis/arthralgia (6.5%), urticaria (4.3%), depression (2.2%), allergic bronchitis (2.2%), and partial sensorineural hearing loss (2.2%). FMT appears to be a safe procedure.


IBD With CDI

Patients who get IBD are easily infected by C. difficile (Rodemann et al., 2007). Khoruts et al. (2016) suggested that FMT could be successful for clearing CDI form both IBD and non-IBD patients. Nevertheless, in patients with underlying IBD, the efficiency of single FMT therapy for this application was lower than that in patients without IBD (74.4% vs. 92.1%; P = 0.0018). More than 1/4 of patients with IBD (25.6%) related to CDI experienced a significant flare of IBD after treatment with FMT. The latest study including 56 CDI patients (22 UC and 13 CD) who received FMT procedures via colonoscopy was successful for 48/56 (85.7%) of cases. In contrast, more than 50% of patients with UC experienced a sudden outbreak of IBD activity (Newman et al., 2017). The largest study of IBD patients with recurrent or refractory CDI included 67 patients (35 CD, 31 UC, and one indeterminate colitis). Respectively, the success rates of the first, second, and third fecal microbiota transplantation were 79%, 88%, and 90%. After FMT, 25 patients (37%) reported improvements in IBD disease activity, 20 patients (30%) had no change, and for nine patients (13%), disease worsened. Serious adverse events included CDI hospitalisation (2.9%), hospitalisation for IBD flares (2.9%), colectomy (1.4%), small bowel obstruction (1.4%), pancreatitis (1.4%), and cytomegalovirus colitis (1.4%) (Fischer et al., 2016). In conclusion, FMT has shown safety and efficacy in clearing CDI from patients with IBD, but the results need to be further evaluated systematically.



Ulcerative Colitis

To date, there have been five published randomised controlled trials (RCT) that assessed the effectiveness of FMT in UC (Table 1) (Moayyedi et al., 2015; Rossen et al., 2015; Paramsothy et al., 2017a; Costello et al., 2019; Sood et al., 2019). In July 2015, the first research using a nasoduodenal tube for FMT found that there is no statistically significant difference in the rate of endoscopic and clinical remission between FMT and control groups (Rossen et al., 2015). However, the other four trials using lower gastrointestinal microbiota transplantation showed encouraging results (Moayyedi et al., 2015; Paramsothy et al., 2017a; Costello et al., 2019; Sood et al., 2019). Moayyedi et al. (2015) found that patients with UC for less than 1 year, but not longer, could enter a state of remission after treatment with FMT. These different findings are likely due to dissimilarities in the routes of administration, in addition to the stool donors and dosing schedules. Sood et al. (2019) conducted a study among 61 UC patients in clinical remission. Participants were randomly assigned to receive either FMT or placebo. Maintaining clinical remission at 48 weeks was achieved in 87.1% patients receiving FMT compared with 66.7% receiving placebo. There was a statistically significant impact of FMT on Endoscopic remission (FMT: 58.1% compared with placebo: 26.7%, p = 0.026) and histological remission (FMT: 45.2% compared with placebo: 16.7%, p = 0. 033). It is indicated that maintenance FMT in UC patients with clinical remission could help sustain endoscopic, histological, and clinical remission.


Table 1 | Characteristics of randomized controlled trials on fecal microbiota transplantation (FMT) for ulcerative colitis.



One recently published meta-analysis assessing the aforementioned four RCTs indicated that 39 of 140 (28%) patients achieved clinical remission in the FMT groups compared to 13 of 137 (9%) patients in the placebo groups, with an odds ratio of 3.67 (95% CI: 1.82–7.39, P < 0.01). Compared to 38 of 137 (28%) placebo patients, 69 of 140 (49%) patients in FMT groups achieved clinical responses, and the odds ratio was 2.48 (95% CI: 1.18–5.21, P = 0.02) (Costello et al., 2017). The latest systematic review and meta-analysis considered 27 research papers, which included 596 adult and paediatric IBD patients, and 459 patients were treated with FMT. During the follow-up period, 132 of 459 (28.8%) patients achieved clinical remission. The clinical effective rate was 53% (241/459). The overall clinical remission rate for UC was 21% (95% CI: 8–37%). As subgroup analyses revealed, the clinical remission rate prevailing in adult UC patients amounted to 26% (95% CI: 10%–48%), whereas paediatric patients showed a rate of 10% (95% CI: 0%–43%) (Fang et al., 2018). Hence, the therapeutic effect of FMT for patients with UC is very promising, particularly for patients with multiple transfusions through the lower digestive tract.



Crohn’s Disease

The evidence on the effect of FMT in CD has recently been presented. There are currently several active trials studying the effectiveness of FMT for CD, and the results are diverse (Table 2) (Cui et al., 2015; Suskind et al., 2015; Wei et al., 2015; Vaughn et al., 2016; Vermeire et al., 2016; Goyal et al., 2018; Gutin et al., 2019; Sokol et al., 2020; Xiang et al., 2020). Xiang et al. (2020) studied 174 CD patients treated with FMT via Mid-gut including nasojejunal tube, endoscopy and mid-gut TET (except one through colonic TET). At 1 month after FMT, 76% (19/25), 72.7% (101/139), 70.6% (12/17) and 61.6% (90/146) of patients achieved improvement in hematochezia, abdominal pain, fever and diarrhoea respectively. At the final follow-up, the clinical remission was achieved in 20.1% (35/174) and the clinical response was achieved in 43.7% (76/174). Sokol and colleagues conducted a randomized controlled study of FMT in CD patients. Participants were randomly assigned either to the FMT group or the control group. The incidence of flare in the FMT group was lower than in the control group but there was not a statistically significant impact of FMT on clinical remission. The clinical remission at 10 and 24 weeks was 7/8 (87.5%) and 4/8 (50.0%) in the FMT group and 4/9 (44.4%) and 3/9 (33.3%) in the control group. Crohn’s Disease Endoscopic Index of Severity decreased at 6 weeks in the FMT group (p = 0.03) but not in the control group (p = 0.8). On the contrary, the CRP level increased at 6 weeks in the control group (p = 0.008) but not in the FMT group (p = 0.5) (Sokol et al., 2020).


Table 2 | Characteristics of fecal microbiota transplantation for Crohn’s disease.



Xiang et al. (2020) believed that FMT in CD against targeted therapeutics was efficient, especially hematochezia, abdominal pain, diarrhoea and fever. Whereas, Further research needs to be conduced to gain more high-quality data and provide conclusions with respect to the use of FMT for these patients and subsequently which CD phenotypes are most likely to benefit.



Pouchitis

Pouchitis is the most common complication of patients with refractory UC with ileal pouch-anal anastomosis, and morbidity can reach nearly 50%. Similar to that with UC and CD, a decrease in intestinal microbial diversity plays a critical role in its pathogenesis. Antibiotics might induce remission of pouchitis but can lead to recurrence (Shen, 2012; Maharshak et al., 2017). Probiotics can prevent recurrence, which might be related to recovery of the mucosal barrier (Persborn et al., 2013). Five studies have been conducted to evaluate FMT in patient with pouchitis (Table 3) (Landy et al., 2015; Stallmach et al., 2016; Herfarth et al., 2019; Nishida et al., 2019; Selvig et al., 2020). In the four studies using a single-source fecal bacteria, none of the patients achieved remission of clinical symptoms (Landy et al., 2015; Herfarth et al., 2019; Nishida et al., 2019; Selvig et al., 2020). Stallmach et al. (2016) used multi-source fecal bacteria and many transplantations, and 80% of the patients achieved clinical remission, with the rest attaining a clinical response. It was lacked of available data and randomized controlled trials to demostrate the efficiency of FMT in treating Pouchitis. Recently, A prospective randomized controlled trial assessing the efficacy of FMT in pouchitis patients was prematurely stopped for low donor FMT engraftment (Selvig et al., 2020). Larger randomized controlled trials are needed to validate the effectiveness of FMT in pouchitis.


Table 3 | Characteristics of fecal microbiota transplantation for pouchitis.






Immunomodulatory Effects and Mechanisms of FMT

FMT therapy has been used for CDI for decades, whereas its use for IBD began since the year 2012. Reviewed from current researches, the immunomodulatory effects and mechanisms of FMT have been concluded:


Intestinal Microbial Ecology

Various gastrointestinal disorders, which include IBD, are linked to changes in the intestinal microbiota composition and metabolic dysbiosis. It is not known if tissue impairment is caused by abnormal immune responses to normal microbiota or by a normal immune response to abnormal microbiota or if dysbiosis constitutes a cause or outcome of IBD (Sheehan et al., 2015; Ni et al., 2017). FMT is considered a promising therapeutic methodology for IBD patients, primarily to achieve outcomes of intestinal microbial restoration (Burrello et al., 2019).

FMT can increase the diversity of intestinal microorganisms, together with rebuilding the immune system and maintaining the balance of intestinal microecology. Even though comprehensive studies on increasing the microbial diversity of the intestines are continually being updated, many current studies could provide such proof-of-concept. Zeng et al. (2019) carried out a study analyzing the latest trials dealing with the immunomodulatory effects and underlying processes of probiotics and FMT, in addition to examining the effectiveness and safety of probiotics and FMT for medical experiments. Their group concluded that the intestinal microbiota from the donors limited intestinal permeability, inhibited intestinal epithelial cell apoptosis, re-established the function of the intestinal barrier, mitigated the production of proinflammatory cytokines and restored the metabolism of secondary bile acids in the intestinal tract. Further, FMT could compete with or antagonise pathogenic bacteria, in addition to enhancing insulin resistance. As a result, the patient’s immunity is improved. The IBD microbiome was discovered to promote inflammation and show signs of augmented oxidative stress, in addition to the enhanced secretion of type II toxins and the elevated level of virulence-associated bacterial genes (Erickson et al., 2012).



T-Cell Populations

The populations of gut-linked immune cells make a critical contribution to initiating and sustaining intestinal inflammation, which occurs in patients with IBD and in experimental models of intestinal inflammation (Blumberg et al., 1999; Kaser et al., 2010). Natividad et al. (2015) showed that mice colonized with microbial populations from UC patients that were low in Firmicutes were more sensitive to colitis than mice colonized with Firmicutes-rich faeces or synthetic ecosystems. Here, Firmicutes bacteria were not abundant, the expression of Th17-related genes was increased, and the CD4+ cells expressing IL-17A were expanded. Further, bacterial isolates supplemented with Firmicutes can eliminate the enhanced Th17 response in vitro, and the results support the use of ecotherapy strategies rich in Firmicutes to prevent or treat UC.

Populations of T cells that are separated from the colons of mice treated by FMT exhibit a decrease in their ability to proliferate compared to those isolated from colitis mice without FMT treatment. Phenotypically, FMT-treated mice show lower percentages of CD8+ T and CD4+ T cells, which express the cytotoxicity-related molecule CD107a. This further supports the observation of a decrease in the pro-inflammatory phenotype of colonic T cells in mice treated with FMT (Burrello et al., 2019).



Inflammatory Cytokines

UC has been linked to abnormal Th2 cell response-mediated inflammation (Oh et al., 2017). Burrello and colleges induced intestinal inflammation in mice using the chronic infusion of dextran sodium sulphate (DSS), which is similar to that observed in patients with IBD. Both the mucus and faeces from normal biological donors were given orally to the mice with established chronic colitis induced by DSS. Normoxic FMT therapy was found to lower the intestinal inflammation, as suggested by a robust decline in not only the colonic expression of the pro-inflammatory marker interferon (IFN)-γ but also tumor necrosis factor (TNF), interleukin (IL)-1β, IL-17, and IL-6. Restoring a main ecology of normal organisms contributed to resolving inflammation (Burrello et al., 2019). Wei et al. (2018) identified that FMT could alleviate the acute colitis stimulated by DSS in mice and FMT results in the upregulation of not only aryl hydrocarbon receptor (AHR) but also transforming growth factor beta (TGF-β) and IL-10 in colon tissues. Wang et al. (2020) carried out a study on active UC patients who received three times FMT from a single donor at an interval of 2–3 months. The clinical response was achieved in 14/16 (87.5%) patients. Compared to those before FMT, serum levels of IL-6, IL-1Ra, epithelial neutrophil activating peptide (ENA)-78, and interferon-inducible protein (IP)-10 significantly decreased after the second FMT (P < 0.05), and serum levels of vascular cell adhesion molecule (VCAM)-1, granulocyte-colony stimulating factor (G-CSF) and mucosae-associated epithelial chemokine (MEC) significantly decreased after both the first and second FMT (P < 0.05). Those findings shed light on the fact that FMT has the potential to control IBD through augmenting anti-inflammation cytokines and reducing pro-inflammatory cytokines.




Conclusion and Future Perspectives

The understanding of FMT effectiveness for IBD is in its infancy even today. The preliminary findings from medical experiments are conflicting, perhaps owing to the dissimilarities existing in patient populations among various research works, disease seriousness in participants, the delivery processes of FMT, FMT preparations, and the follow-up after transplantation (Rubin, 2015). Nevertheless, the latent potential of FMT for the treatment of IBD should be addressed. It is not clear why some patients with IBD respond impressively following FMT, whereas other patients fail to respond. Nonetheless, it is evident that FMT does not refer to a “one size fits all” and many determinants seem to contribute to its successful use for the treatment of IBD. The host genotype, the course of disease, the use of antibiotics linked to illness onset, the specific types of IBD-linked dysbiosis, and/or donor attributes are all determinants that can potentially dictate the ultimate result. Accordingly, further investigations and a better understanding of this application are required (Rossen et al., 2015). To conclude, applying FMT to manage IBD is likely to constitute an intriguing treatment choice; nonetheless, large and methodical studies are lacking. Further, many concerns related to pathophysiological, methodological, and mechanistic factors require an explanation.

FMT refers to a new potential option for treating IBD; nonetheless, there are many issues that still exist. More research is required to build a more comprehensive and deeper knowledge base, with respect to the entire treatment process ranging from FMT methodologies to FMT immunomodulatory impacts and mechanisms. Being a new treatment for IBD, its efficacy and safety are still not certain, and patient acceptability is also not high; accordingly, longer-term follow-up investigations are required. Standards regarding donor selection are also required. Through further studies, better methodologies and more effective protocols to prepare fecal substances and administer FMT will be realized. Moreover, related laws and regulations need to be formulated to standardise and limit all aspects of the treatment.
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Inflammatory bowel disorders can be associated with alterations in gut microbiota (dysbiosis) and behavioral disturbances. In experimental colitis, administration of fish oil (FO) or cannabinoids, such as cannabidiol (CBD), reduce inflammation. We investigated the effect of combined FO/CBD administration on inflammation and dysbiosis in the dextran sulphate sodium (DSS) model of mouse colitis, which also causes behavioral disturbances. Colitis was induced in CD1 mice by 4% w/v DSS in drinking water for five consecutive days followed by normal drinking water. FO (20–75 mg/mouse) was administered once a day starting two days after DSS, whereas CBD (0.3–30 mg/kg), alone or after FO administration, was administered once a day starting 3 days after DSS, until day 8 (d8) or day 14 (d14). Inflammation was assessed at d8 and d14 (resolution phase; RP) by measuring the Disease Activity Index (DAI) score, change in body weight, colon weight/length ratio, myeloperoxidase activity and colonic interleukin (IL)-1β (IL-1β), IL-10, and IL-6 concentrations. Intestinal permeability was measured with the fluorescein isothiocyanate-dextran. Behavioral tests (novel object recognition (NOR) and light/dark box test) were performed at d8. Fecal microbiota composition was determined by ribosomal 16S DNA sequencing of faecal pellets at d8 and d14. DSS-induced inflammation was stronger at d8 and accompanied by anxiety-like behavior and impaired recognition memory. FO (35, 50, 75 mg/mouse) alone reduced inflammation at d8, whereas CBD alone produced no effect at any of the doses tested; however, when CBD (3, 10 mg/kg) was co-administered with FO (75 mg/mouse) inflammation was attenuated. FO (20 mg/mouse) and CBD (1 mg/kg) were ineffective when given alone, but when co-administered reduced all inflammatory markers and the increased intestinal permeability at both d8 and d14, but not the behavioral impairments. FO, CBD, and their combination affected gut bacteria taxa that were not affected by DSS per se. Akkermansia muciniphila, a species suggested to afford anti-inflammatory action in colitis, was increased by DSS only at d14, but its levels were significantly elevated by all treatments at d8. FO and CBD co-administered at per se ineffective doses reduce colon inflammation, in a manner potentially strengthened by their independent elevation of Akkermansia muciniphila.




Keywords: colitis, cannabinoid, gut-brain axis, fish oil, microbiome



Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD), the two most common inflammatory bowel diseases (IBDs), are chronic, relapsing, and lifelong ailments characterized by strong inflammation of the colon. They affect millions of people worldwide with increasing incidence (Kaplan and Ng, 2017; Ng et al., 2018). IBDs result from the interaction between environmental, genetic, and epigenetic risk factors causing an excessive immune response in the mucosa leading to uncontrolled inflammation, and represent, in turn, a risk factor for the development of colorectal cancer (Keller et al., 2019). Recent evidence suggests that the imbalance of the gut microbiota ecosystem, also known as gut dysbiosis, is linked to the initiation and progression of IBDs (De Musis et al., 2020). In fact, dysbiosis, through disruption of the intestinal epithelial barrier and ensuing entry of gram-negative bacteria-derived pro-inflammatory molecules such as lipopolysaccharide (LPS) into the blood stream may contribute to systemic inflammation. However, it is still unclear whether gut dysbiosis is one of the primary causes of IBD, or if it is secondary to IBD-induced mucosal inflammation and exacerbates its consequences (Ananthakrishnan et al., 2018; Pittayanon et al., 2020).

Fish oil (FO), mostly thanks to its high content in omega-3 polyunsaturated fatty acids (n-3-PUFAs), i.e., eicosapentaenoic (EPA; C20:5) and docosahexaenoic (DHA; C22:6) fatty acids, has been suggested to produce important anti-inflammatory actions both in pre-clinical and clinical studies [see (Calder, 2017) for review]. Several mechanisms have been proposed for this property of FO, including, but not limited to, the capability of EPA and DHA to: 1) replace arachidonic acid (AA) in membrane phospholipids, and hence reduce the amounts of this omega-6 PUFA that can act as direct or indirect biosynthetic precursors for endocannabinoids and pro-inflammatory eicosanoids (Calder, 2017; Innes and Calder, 2018); and 2) affect the gut microbiota to ameliorate gut dysbiosis and counteract, among others, its contribution to chronic, lowgrade inflammation (Costantini et al., 2017). As a consequence, it has been suggested that FO may provide therapeutic relief for IBDs (Marton et al., 2019). Also, plant cannabinoids from Cannabis sativa, and in particular: 1) Δ9-tetrahydrocannabinol (THC), which activates cannabinoid receptor of type-1 (CB1) or, particularly, type-2 (CB2) [see (Ibeas Bih et al., 2015; Turner et al., 2017) for review], and 2) cannabidiol (CBD), which modulates several pro-inflammatory targets [see (Burstein, 2015) for review] have been shown to produce anti-inflammatory effects in animal models of several inflammatory disorders, including IBDs (Gotfried et al., 2020; Williamson et al., 2020). Importantly, purified plant-derived CBD is now currently approved in both the USA (as Epidiolex®) and Europe (as Epidyolex®, as an adjunctive therapy with clobazam) as an effective treatment for seizures associated with Dravet syndrome and Lennox-Gastaut syndrome (intractable rare pediatric epilepsies); while generally well tolerated, diarrhea is a common adverse event (Pauli et al., 2020).

We have shown that, in the dinitrobenzenesulphonic acid (DNBS) and croton oil models of lower and upper intestinal inflammation, CBD can produce beneficial effects, although often with lower potency/efficacy than other cannabinoids (Borrelli et al., 2009; Borrelli et al., 2013; Romano et al., 2013; Pagano et al., 2019) or CBD-enriched Cannabis extracts (Pagano et al., 2016). A CBD-rich extract was indeed tested in an open label phase II trial against UC and, although promising results were seen on some secondary endpoints (subjective physician’s global assessment of illness severity, subject global impression of change and patient-reported quality-of-life outcomes), it did not achieve statistically significant results for the primary endpoint (percentage of patients in remission after treatment) (Irving et al., 2018). Given the potential advantages afforded by the use in IBDs of a drug already approved for other indications, we hypothesized that a possible way to improve CBD efficacy and potency at counteracting inflammation would be through its oral co-administration with dietary FO. To test this, we developed a co-administration protocol of the two treatments in a widely used animal model of IBD, and UC in particular, i.e., the dextran sulphate sodium (DSS)-induced colitis in mice. This model has been described to: 1) produce effects on the gut microbiota composition that could contribute to colonic inflammation, and hence has been employed to investigate the anti-inflammatory potential of treatments targeting gut dysbiosis (Munyaka et al., 2016; Ke et al., 2020; Liu et al., 2020); and 2) be accompanied by behavioral cognitive and affective impairments (Reichmann et al., 2015), which, in view of the ever increasing evidence in favor of the microbiota-gut-brain axis [see (Emge et al., 2016) for review], could also be the consequence of DSS-induced dysbiosis. We co-administered different oral doses of FO and CBD during the development of colonic inflammation by administration of DSS until either its peak, at day 8 (d8), or the inflammatory resolution phase (RP), at d14. We also investigated if the potentially stronger effects of combined FO and CBD treatment was accompanied by effects on DSS-induced gut dysbiosis at d8 and d14, or on behavioral impairments at d8.



Materials and Methods


Drugs and Reagents

Dextran Sulfate Sodium (DSS, molecular weight 36,000–50,000) and myeloperoxidase (MPO) from human leucocytes were purchased from MP Biomedical (Illkirch, France) and Sigma Aldrich S.r.l. (Milan, Italy), respectively. Purified, botanically derived CBD (≥98%), was supplied by GW Research Ltd (Cambridge, UK). FO (Marco Viti Farmaceutici S.p.A (Mozzate, Como, Italy)] and sesame oil [SO, Il fiore di Loto S.r.l. (Orbassano, Torino, Italy)] were obtained from a local pharmacy. All chemicals and reagents employed in this study were of analytical grade. CBD was dissolved in sesame oil (90 µl/mouse). Sesame oil had no significant effects on the responses under study.



Animals

Male CD1 mice (weighing 28–30 g) were obtained from Charles River Laboratories (Calco, Lecco, Italy) and housed per experimental group in polycarbonate cages (Tecniplast S.p.A), under a 12-h light/dark cycle, controlled temperature (23 ± 2°C) and constant humidity (60%). Mice had free access to tap water and standard rodent diet (Mucedola srl, Milan, Italy). All mice were fasted 2 h before the oral gavage of CBD and FO. Mice were randomly allocated to different experimental groups (at least six animals for each group, five to six for each cage) of equal size and outcome assessments were performed in blind. All the experimental protocols were evaluated and approved by the Institutional Animal Ethics Committee for the use of experimental animals and conformed to guidelines for the safe use and care of experimental animals in accordance with the Italian D.L. no. 116 of 27 January 1992 and associated guidelines in the European Communities Council (86/609/ECC and 2010/63/UE). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) and with the recommendations made by the British Journal of Pharmacology (Curtis et al., 2018). G Power was used for sample size calculation (Faul et al., 2007).



Induction of Murine Colitis and Pharmacological Treatments

Colitis was induced in CD1 mice by providing 4% w/v DSS in drinking water for five consecutive days followed by normal drinking water for another 3 or 9 days (DSS water was changed every 2 days) (Chassaing et al., 2014). FO was administered once a day starting two days after DSS and continued every day until d8 or d14. CBD, dissolved in sesame oil, was administered once a day starting one day after the administration of FO (i.e., 3 days after DSS), in order not to overstress the mice with two administrations in the initial phase of the pro-inflammatory treatment and continued every day until euthanasia on d8 or d14 (see Figure 1A). Additionally, in preliminary experiments FO was given either simultaneously or one day before CBD; results showed a greater beneficial effect of CBD when it was given one day after FO (data not shown). Therefore, all the experiments were carried out according to this schedule of administration. All animals were euthanized by asphyxiation with CO2.




Figure 1 | (A) Experimental protocols and time points of intestinal, inflammation and microbiota evaluations. (B–E) Fish oil (FO) reduces inflammation in a dose-dependent manner in DSS-treated mice (Experiment 1). Effect of FO (20, 35, and 50 mg/mouse, by oral gavage) on disease activity index (DAI) score (B), colon weight/colon length ratio (C), MPO activity (D), and body weight (E), in DSS-treated mice (weighing 28–30 g). Bars are mean ± SEM of 10 animals for (B, C, E) and five tissues for (D) for each experimental group. Data in (B) [F(4,45) = 12.94; p < 0.0001], (C) [F(4,45) = 14.91; p < 0.0001], (D) [F(4,20) = 18.95; p < 0.0001], and (E) [F(4,45) = 57.33; p < 0.0001] were statistically analyzed using one-way ANOVA followed by the Dunnett’s multiple comparisons test #p < 0.0001 vs. control; *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. DSS. V, vehicle (sesame oil).



Four experiments were carried out (Figure 1A): Experiment 1) a dose-response curve for FO (20–50 mg/mouse each mouse weighing 28–30 g), to find the highest inactive dose of FO; Experiment 2) a dose-response curve for CBD (0.3–10 mg/kg by gavage in sesame oil) in the presence or absence of FO (20 mg/mouse), to find the highest inactive dose of CBD; Experiment 3) a co-administration of an inactive dose of FO (20 mg/mouse) with an inactive dose of CBD (1 mg/kg), to assess the potential stronger anti-inflammatory effects of a combination treatment in the acute and remission phases of DSS-induced colitis; and Experiment 4) a co-administration of FO at a dose of 75 mg/mouse with different doses (0.3–30 mg/kg) of CBD, to determine even potentially stronger effects on markers of inflammation through the combination of non-inactive doses. In the first, second and fourth experiments, animals were sacrificed at d8, and in the third at both d8 (immediately after behavioral tests) and d14 (RP), (see Figure 1). In the third set of experiments, intestinal inflammatory parameters were evaluated at both d8 and d14, whereas behavioral tests were performed at d8 only. In the other experiments, only intestinal inflammatory parameters were evaluated at d8 (Figure 1). Stools were collected within 1 h directly from mice previously kept in clean separate cages at d0, d8 and d14 (immediately before the sacrifice) and quickly stored at −80°C. The results of each experimental group were pooled.

For Experiment 1, animals were divided into the following groups: (1) Control (no vehicle or treatment); (2) DSS; (3) DSS + FO 20 mg/mouse; (4) DSS + FO 35 mg/mouse; (5) DSS + FO 50 mg/mouse.

For Experiment 2, animals were divided into the following groups: (1) Control (no vehicle or treatment); (2) DSS; (3) DSS + vehicle (sesame oil, 90 µl/mouse); (4) DSS+ FO 20 mg/mouse; (5) DSS+ CBD 0.3 mg/kg; (6) DSS+ CBD 1 mg/kg; (7) DSS+ CBD 3 mg/kg; (8) DSS+ CBD 10 mg/kg; (9) DSS+ FO 20 mg/mouse+ CBD 0.3 mg/kg; (10) DSS+ FO 20 mg/mouse+ CBD 1 mg/kg; (11) DSS+ FO 20 mg/mouse+ CBD 3 mg/kg; (12) DSS+ FO 20 mg/mouse+ CBD 10 mg/kg.

For Experiment 3, animals were divided into the following groups: (1) Control (no vehicle or treatment) (2) vehicle (sesame oil, 90 µl/mouse); (3) FO 20 mg/mouse; (4) CBD 1 mg/kg; (5) CBD + 1 mg/kg +FO 20 mg/mouse; (6) DSS; (7) DSS + vehicle; (8) DSS + FO 20 mg/mouse; (9) DSS+ 1 mg/kg CBD; (10) DSS+ 20 mg/mouse FO + 1 mg/kg CBD.

For Experiment 4, animals were divided into the following groups: (1) Control (no vehicle or treatment); (2) DSS; (3) DSS + vehicle (sesame oil, 90 µl/mouse); (4) DSS + FO 75 mg/mouse; (5) DSS + CBD 0.3 mg/kg; (6) DSS + CBD 3 mg/kg; (7) DSS + CBD 10 mg/kg; (8) DSS + CBD 30 mg/kg; (9) DSS+ FO 75 mg/mouse + CBD 0.3 mg/kg; (10) DSS+ 75 mg/mouse+ 75 mg/mouse FO+ CBD 3 mg/kg; (11) DSS+ 75 mg/mouse FO+ CBD 10 mg/kg; (12) DSS + 75 mg/mouse FO + CBD 30 mg/kg.



Assessment of Colitis

Body weight, food, and water consumption were measured daily throughout the experiment. Stool consistency and visible blood in faeces were also examined to determine the Disease Activity Index (DAI) score [Table 1, (Nishiyama et al., 2012)]. At the time of sacrifice, colons were removed and colon weight/colon length ratio was measured. Colons were then snap frozen at −80°C for determination of myeloperoxidase (MPO) activity and interleukin (IL) levels.


Table 1 | Disease activity index (DAI) scoring system [adapted from (Nishiyama et al., 2012)].





Myeloperoxidase Activity

MPO activity, a marker used to quantify the extent of neutrophil accumulation in whole-tissue colons (Krawisz et al., 1984), was determined in full-thickness colons. Briefly, tissues were homogenized in an appropriate lysis buffer composed of 0.5% hexadecyltrimethylammonium bromide in 3-(N-morpholino)propanesulfonic acid (MOPS) 10 mM in a ratio of 50 mg tissue/1 ml MOPS. The samples were then centrifuged for 20 min at 15,000 x g at 4°C. An aliquot of the supernatant was then incubated with NaPB (sodium phosphate buffer pH 5.5) and 3,3′,5,5′-tetramethylbenzidine (16 mM). After 5 min, H2O2 (1mM) in NaPB was added and the reaction stopped by adding acetic acid. The rate of change in absorbance was measured by a spectrophotometer at 650 nm. Different dilutions of human MPO enzyme of known concentration were used to obtain a standard curve (representative R2 = 0.94). MPO activity was expressed as unit(U)/mg of tissue.



Interleukin Levels Determination

Interleukin (IL)-1β (IL-1β), IL-10, and IL-6 concentrations were determined in homogenates obtained from full-thickness mice colonic tissues using commercial ELISA kits (ThermoFisher Scientific, Milano) according to manufacturer’s instructions.



Intestinal Permeability Assay

Intestinal permeability was examined using a fluorescein isothiocyanate (FITC)-labelled-dextran method (Pagano et al., 2019). Briefly, the day before sacrifice (day 7 and day 13), mice received fluorescein isothiocyanate (FITC)-conjugated dextran (molecular mass 3–5 kDa; 600 mg/kg) by oral gavage. One day later, blood was collected by cardiac puncture, and the serum was immediately analyzed for FITC-derived fluorescence using a fluorescent microplate reader (excitation-emission wavelengths: 485–520 nm). Serially diluted FITC-dextran was used to generate a standard curve. Intestinal permeability was expressed as nM FITC found in the serum.



Behavioral Tests

Behavioral tests: novel object recognition (NOR) task to evaluate recognition memory and Light/Dark box test to evaluate anxiety (Guida et al., 2017; Zhu et al., 2018) were performed at d8 only.

NOR task was done as described previously with some modifications (Zhu et al., 2018). Mice were placed on at a time in a cage (40 cm × 25 cm × 18 cm) in the presence of two identical objects (training phase) and filmed for 10 min. Successively, one object was replaced with a new object and mice were placed again in the cage for 10 min (testing phase). The tests were automatically detected by a video camera coupled with video-tracking software (Any-maze, Stoelting Co., Wood Dale, IL, USA). Video clips were analyzed considering the number of explorations of the new object and the meters traveled in the cage (spontaneous locomotion). Mice with cognition disorders spend less time with the new object. After each trial, the cages and the objects were cleaned with 70% ethanol in order to remove odor cues.

Light/Dark box was performed as previously reported (Guida et al., 2017). Mice, one at a time, were placed for 10 min in a light and dark box apparatus, i.e., a box (60 cm × 30 cm × 30 cm) divided in a dark area and a light area (equally sized compartments, 30 x 30 cm each). Mice were placed in the light area and allowed to move freely. Time spent in dark side (mice with anxiety spent more time in dark) and number of transitions between light side and dark side (in order to observe mouse movements) were evaluated.



Statistical Analysis

The data and statistical analysis comply with the British Journal of Pharmacology’s recommendations and requirements on experimental design and analysis (Curtis et al., 2018). Results are expressed as mean ± SEM. Data were analyzed for normality using the Anderson-Darling method (http://www.kevinotto.com/RSS/templates/Anderson-DarlingNormalityTestCalculator.xls). Group comparisons were assessed using one-way ANOVA (followed by the Dunnett’s or Tukey-Kramer multiple comparisons test). Post-hoc tests were conducted only if F achieved P < 0.05 and there was no significant variance in homogeneity. Analysis was performed using GraphPad Prism 7.00 (La Jolla, USA). According to recent preclinical guidelines in pharmacology, statistical analysis was undertaken only when each group size (i.e., number of independent values) had a minimum of n = 5 independent animals/samples. Statistical analysis was performed using independent values and technical replicates were not considered independent values. A P value less than 0.05 was considered significant.



Analysis of the Faecal Microbiome

DNA was extracted from faeces using the QIAmp PowerFecal DNA kit (Qiagen, Hilden, Germany) according to the manufacturers’ instructions. The DNA concentrations of the extracts were measured fluorometrically with the Quant-iT PicoGreen dsDNA Kit (Thermo Fisher Scientific, MA, USA) and the DNAs were stored at −20°C until 16S rDNA library preparation. Briefly, 1 ng of DNA was used as template and the V3-V4 region of the 16S rRNA gene was amplified by polymerase chain reaction (PCR) using the QIAseq 16S Region Panel protocol in conjunction with the QIAseq 16S/ITS 384-Index I (Sets A, B, C, D) kit (Qiagen, Hilden, Germany) (Rausch et al., 2019). The 16S metagenomic libraries were eluted in 30 µl of nuclease-free water and 1 µl was qualified with a Bioanalyzer DNA 1000 Chip (Agilent, CA, USA) to verify the amplicon size (expected size ~600 bp) and quantified with a Qubit (Thermo Fisher Scientific, MA, USA). Libraries were then normalized and pooled to 2 nM, denatured and diluted to a final concentration of 6 pM and supplemented with 5% PhiX control (Illumina, CA, USA). Sequencing (2 × 275 bp paired-end) was performed using the MiSeq Reagent Kit V3 (600 cycles) on an Illumina MiSeq System. Sequencing reads were generated in less than 65 h. Image analysis and base calling were carried out directly on the MiSeq. Data was processed using the DADA2 pipeline and taxonomic assignation with reference to the RDP database (Callahan et al., 2016). All sequences were cumulative sum scaled (CSS) (Paulson et al., 2013).



Statistical Analysis of Faecal Microbiome Data

The primary objective of the analysis was to evaluate the impact of DSS-induced colitis on gut microbiota composition in comparison to control and to evaluate the potential that CBD, FO or a combination of both have on reversing the DSS-associated disturbances. Vehicle (sesame oil) treated mice were used as control for DSS-Vehicle, and the latter as a control for DSS-CBD, DSS-FO, or DSS-CBD + FO.

Outliers were defined as samples outside the 95% CI ellipse by a PCA. Following this analysis, no samples were defined as outliers and analyses were therefore carried on all samples of interest.

The Firmicutes to Bacteroidetes ratio is often, but not always, positively associated to diet-induced obesity and dysmetabolism as well as other inflammatory conditions (Ley et al., 2006; Turnbaugh et al., 2008; Boulange et al., 2016; Forbes et al., 2016; Santoru et al., 2017). Asterisks (if none: ns) displayed above boxes represent Kruskal Wallis p-values * p < 0.05. Wilcoxon p-values for pairwise comparisons (within group) are displayed above brackets.

The heatmap.2 package for R was used to represent bacterial family composition between treatment groups and time points using CSS-normalized bacterial counts. Bacterial families or treatment groups and time points were clustered using unsupervised hierarchical clustering.

Differential abundance testing was assessed using two-way ANOVA (taxa ~ Group*Day) and Tukey HSD post-hoc p-values. Data is represented in box plots with boxes showing first, second and third quartiles and whiskers indicating samples within 1.5 times the interquartile range. Samples outside this range are indicated by dots.




Results


FO Reduces Inflammatory Colitis in Mice in a Dose Dependent Manner (Experiment 1)

FO, administered at 20, 35, or 50 mg/mouse (by oral gavage) to DSS-treated mice, significantly attenuated the DAI score (Figure 1B), colon weight/colon length ratio (Figure 1C) and MPO activity (Figure 1D), in a dose-dependent manner. Despite this, DSS-induced loss of body weight was unaffected by any FO dose (Figure 1E).



Combined Administration of FO and CBD at Per Se Ineffective Doses Is Associated With Reduced Colon Inflammation in DSS-Treated Mice (Experiment 2)

CBD, given by oral gavage at the dose range of 0.3-10 mg/kg did not affect DSS-induced intestinal inflammation for any of the four endpoints measured (Figure 2). However, co-administration of a per se ineffective dose of FO (20 mg/mouse; Figure 1) with CBD reduced DAI score (Figure 2A), colon weight/colon length ratio (Figure 2C) and MPO activity (Figure 2D), but not the loss of body weight (Figure 2B) in DSS-treated mice; a numerical reduction was observed for the latter with CBD 1 mg/kg but this did not reach significant levels. While the effects appeared to be consistent across all concentrations above CBD 1 mg/kg, this was the most effective dose and was therefore, selected for Experiment 3.




Figure 2 | Effect of fish oil (20 mg/mouse) and CBD (0.3–10 mg/kg), both alone and in combination, on intestinal inflammation in DSS-treated mice (Experiment 2). Effect of sesame oil (V, 90 µl/mouse, by oral gavage, used as a vehicle control), fish oil [FO, 20 mg/mouse, by oral gavage], CBD (0.3–10 mg/kg, by oral gavage) and FO + CBD on disease activity index (DAI) score (A), body weight (B), colon weight/colon length ratio (C), and MPO activity (D) in DSS-treated mice (weighting 28–30 g). On the x-axis the doses shown are for CBD. Bars are mean ± SEM of 10 animals (A–C) or of five tissues (D) for each experimental group. Data in (A) [F(11,108)=10.41; p < 0.0001], (B) [F(11,108) = 16.14; p < 0.0001], (C) [F(11,108)=18.3; p < 0.0001], and (D) [F(11,48) = 19.36; p < 0.0001] were statistically analyzed using one-way ANOVA followed by the Dunnett’s multiple comparisons test #p < 0.0001 vs. control, *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. DSS + FO.





Co-Administered Per Se Ineffective Doses of FO and CBD Reduce Colon Inflammation and Epithelial Barrier Permeability in DSS-Treated Mice, but Do Not Affect Behavioral Impairments (Experiment 3)

We confirmed the results of experiments 1 and 2 that FO (20 mg/mouse), CBD (1 mg/kg) or CBD vehicle (sesame oil’ SO), all given alone by oral gavage, did not affect DSS-induced intestinal inflammation (Figure 3). However, combined treatment with CBD (1 mg/kg) and FO (20 mg/mouse) significantly reduced the changes induced by DSS administration at d8 (corresponding to active disease phase) on DAI score (Figure 3A), colon weight/colon length ratio (Figure 3B), and MPO activity (Figure 3C), but there was no effect on the loss of mice body weight (Figure 3D). Some of these effects were also present at the RP (d14), when the overall degree of inflammation was lower than at d8 (Figures 3E–H), and the combination restored almost all intestinal parameters to control levels. When given in combination, but not alone, CBD and FO also significantly reduced DSS-induced increases in intestinal permeability at d8 and d14, and increases in IL-6 and IL-1β and decreases in IL-10 levels at d8. At d14 the combined treatment only reduced the DSS-induced increase of IL-1β levels (Figure 4).




Figure 3 | Effect of fish oil (20 mg/mouse) and CBD (1 mg/kg), both alone and in combination, on intestinal inflammation at its peak (day 8) and during remission (day 14) in DSS-treated mice (Experiment 3). Effect of sesame oil (V, 90 µl/mouse, by oral gavage, used as CBD vehicle), fish oil (FO, 20 mg/mouse, by oral gavage), CBD (1 mg/kg, by oral gavage) and FO + CBD on disease activity index (DAI) score (A, E), weight/colon length ratio (B,F), MPO activity (C,G) and body weight (D,H) in control mice (without DSS treatment) and in animals with colitis (induced by DSS) at day 8 (A–D) or day 14 (E–H) from the first injection of DSS. Bars are mean ± SEM of 10 animals (A, B, D–F, H) or five tissues (C, G) for each experimental group. Data in (A) [F(9,90) = 54.88; p < 0.0001], (B) [F(9,90) = 121.3; p < 0.0001], (C) [F(9,40) = 84.75; p < 0.0001], (D) [F(9,90)=98.41; p < 0.0001], (E) [F(9,90) = 0.653; p = 0.7485], (F) [F(9,90) = 109.9; p < 0.0001], (G) [F(9,40) = 3.277; p = 0.0045], and (H) [F(9,90) = 8.823; p < 0.0001] were statistically analyzed using one-way ANOVA followed by the Tukey-Kramer multiple comparisons test #p < 0.0001 (A–D, F) or p < 0.01 (H) vs. control; °p < 0.0001 (A–D, F) or p < 0.01 (H) vs. vehicle; *p < 0.05 and ****p < 0.0001 vs. DSS + vehicle and DSS + FO and DSS + CBD.






Figure 4 | Effect of fish oil (20 mg/mouse) and CBD (1 mg/kg), both alone and in combination, on DSS-induced changes in interleukin-1β, interleukin-6, and interleukin-10 levels and intestinal permiability (Experiment 3). Effect of sesame oil (V, 90 µl/mouse, by oral gavage, used as a control), fish oil (FO, 20 mg/mouse, by oral gavage), CBD (1 mg/kg, by oral gavage) and FO + CBD on interleukin-1β (A, E), interleukin-6 (B, F), interleukin-10 (C, G) and serum FICT-dextran concentration (a measure of intestinal barrier function; D, H) in control and DSS-treated mice (weighing 28–30 g) at day 8 (A–D) and day 14 (E–H) from DSS injection. Bars are mean ± SEM of five tissues (A–D, E, F) or 6 serum samples (D, H) for each experimental group. Data in (A) [F(9,40) = 48.44; p < 0.0001], (B) [F(9,40) = 31.52; p < 0.0001], (C) [F(9,40) = 25.34; p < 0.0001], (D) [F(9,50) = 22.99; p < 0.0001], (E) [F(9,40) = 9.521; p < 0.0001], (F) [F(9,40) = 4.837; p = 0.0002], (G) [F(9,40) = 5.822; p < 0.0001], and (H) [F(9,50) = 23.78; p < 0.0001] were statistically analyzed using one-way ANOVA followed by the Tukey-Kramer multiple comparisons test. #p < 0.05 (F) or p < 0.01 (E, G) or p < 0.0001 vs. control (A–D, H); °p < 0.05 (G), 0.001 (E), or p < 0.0001 (A–D, H) vs. vehicle; *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. DSS + vehicle or DSS + FO or DSS + CBD.



CBD (1 mg/kg) and FO (20 mg/mouse), either given alone or in combination, did not affect the DSS-induced behavioral changes in the light-dark box (anxiety test) and NOR (cognitive ability test) at d8 (Supplementary Figure 1).



Per Se Ineffective Doses of FO and CBD, Alone or in Combination, Produce Profound Effects on the Gut Microbiome of DSS-Treated Mice (Experiment 3)

Neither DSS nor the treatments or their combination with DSS affected in a statistically significant manner Shannon diversity of mouse fecal microbiome (data not shown). At the level of phyla, the Firmicutes:Bacteroidetes ratio increased with time after DSS, but significantly only at the RP (d14). All treatments (i.e., CBD, FO, and CBD + FO) prevented this time-related increase (Figure 5A). No statistically significant difference among treatments was observed at either d8 or d14.




Figure 5 | Effect of fish oil (20 mg/mouse) and CBD (1 mg/kg), both alone and in combination, both at day 8 and day 14, on microbiota in faecal samples collected from DSS-treated mice belonging to the same treatment groups as – (Experiment 3). (A) Firmicutes:Bacteroidetes ratio. Wilcoxon P-values for pairwise comparisons are displayed above brackets. (B) Hierarchical clustering of treatment groups using CSS-normalized bacterial family counts. (C) Heat map and hierarchical clustering of family composition using CSS-normalized bacterial counts.



Hierarchical clustering of sequencing counts at the family level revealed that all d0 and vehicle-alone groups (irrespective of day) clustered together as did the DSS and DSS + Veh groups at d8 (i.e., during the inflammatory peak; Figure 5B). Most notably, all DSS-treated groups at d14 (i.e., the RP) clustered together independently but within a larger cluster than included the experimental treatments (CBD, FO, and CBD + FO) at d8.

DSS treatment (DSS + Veh vs. Veh) affected several families, genera and species of gut bacteria mostly at RP (d14) (Figures 5C, 6 and Supplementary Figures 2–5; see Supplementary Tables 1–3 for statistical details).




Figure 6 | Effect of fish oil (20 mg/mouse) and CBD (1 mg/kg), both alone and in combination, both at day 8 and day 14, on the relative abundance of Akkermansia muciniphila and Parabacteroides goldsteinii in faecal samples collected from DSS-treated mice belonging to the same treatments groups as – (Experiment 3). Only the species for which statistically significant differences were observed between DSS-Veh and Veh at day 14 are shown. Data were analyzed by two-way ANOVA followed by Tukey HSD post-hoc tests #, P < 0.05 vs. relevant control of the same day. For F values, please see Supplementary Tables 1.



The only families that showed numerical alterations without reaching statistical differences at d8 were Saccharimonadaceae (P = 0.06) and Streptococcaceae (P = 0.096), which were reduced, with the latter family being increased by CBD (DSS + CBD vs. DSS + Veh, Figure 5C and Supplementary Figure 2). On the other hand, at RP (d14), Akkermansiaceae and Tannerellaceae were increased in the DSS + Veh vs. Veh group, and this increase was significant also at d14 with all three treatments and clustered together within the heatmap in which family sequencing counts were subjected to hierarchical clustering (Figure 5C and Supplementary Figure 2).

Several families that were not modified by DSS, were instead modified from their relative abundancies in DSS + Veh mice by one or more of the three treatments at either d8 or d14. These included: Clostridiaceae_1 (reduced by CBD at d8), Defluviitaleaceae (increased by CBD and FO at d8), Marinifilaceae (decreased by CBD + FO at d8), Christensenellaceae (increased in a statistically significant manner by FO at d14 but not d8), Desulfovibrionaceae (decreased by CBD + FO at d14). A numerical decrease, which did not reach statistical significance (P = 0.1), was also seen at d14 with Ruminococcaceae in the presence of CBD + FO (Supplementary Figure 3).

At the genus level (Supplementary Figure 4), the only taxa for which a numerical increase, which did not reach statistical significance, was observed at d8 following DSS was Akkermansia (P = 0.09). This increase was however, further increased in a statistically significant manner by all treatment groups at d8. Akkermansia was increased by DSS at d14, and as for d8 all treatments resulted in even greater increases. The genus Acetitomaculum, instead, was significantly decreased only at d14, and none of the treatments could reverse this effect (Supplementary Figure 4). There were, however, several genera that were not affected by DSS but were significantly different from DSS + Veh following treatments (Supplementary Figure 5): Anaerotruncus and Candidatus_Arthromitus were both decreased at d8 by CBD, whereas, at the same time point, Odoribacter was decreased by CBD + FO, and Defluviitaleaceae-UCG011 was increased by CBD and FO. On the other hand, at d14, Christensenellaceae_R7-group was increased by FO, Ruminococcaceae-UCG-005 was decreased by CBD, and Tyzzerella_3 was decreased by FO and CBD + FO.

Finally, although the method used does not usually allow identification of species, we could identify Akkermansia muciniphila and Parabacteroides goldsteinii as being increased by DSS at d14, and, in the presence of all treatments, also at d8 (Figure 6).



An Effective Dose of FO Administered Together With CBD Abolishes Colon Inflammation (Experiment 4)

FO administration at 75 mg/mouse, numerically reduced colon weight/length ratio and DAI score (Figures 7A, B), but this did not reach significant levels, and had no effect on the loss of body weight (Figure 7C) in DSS-treated mice. However, it significantly attenuated MPO activity (Figure 7D) as observed above. CBD, given by oral gavage at the dose range of 0.3–30 mg/kg did not affect DSS-induced intestinal inflammation, but when administered in FO-treated mice strongly, but variedly, reduced the DAI score (0.3, 3, and 10 mg/mouse only), the colon weight/colon length ratio (all doses of CBD tested) the loss of body weight (3 and 10 mg/mouse only) and MPO activity (all doses of CBD tested) (Figures 7A–D).




Figure 7 | Effect of fish oil (75 mg/mouse) and CBD (0.3–30 mg/kg), both alone and in combination, on DSS-induced inflammation (Experiment 4). Effect of sesame oil (V, 90 µl/mouse, by oral gavage, used as a control), fish oil (FO, 75 mg/mouse corresponding to 70 µl/mouse, by oral gavage), CBD (0.3–30 mg/kg, by oral gavage), and FO (75 mg/mouse) + CBD on disease activity index (DAI) score (A), body weight (B), colon weight/colon length ratio (C), and MPO activity (D) in DSS-treated mice (weighting 28–30 g). On the x-axis the doses shown are for CBD. Bars are mean ± SEM of 10 animals (A–C) and of five tissues (D) for each experimental group. Data in (A) [F(11,108) = 13.48; p < 0.0001], (B) [F(11,108) = 11.13; p < 0.0001], (C) [F(11,108) = 44.81; p < 0.0001], and (D) [F(11,48) = 48.28; p < 0.0001] were statistically analyzed using one-way ANOVA followed by the Tukey-Kramer multiple comparisons test #p < 0.01–0.0001 vs. control; °p < 0.05 vs. DSS alone; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. DSS + FO.






Discussion

Inflammatory bowel diseases represent widespread and increasing chronic pathological conditions that still lack effective treatments. A plethora of recent studies have highlighted the role of gut dysbiosis in these conditions (Pittayanon et al., 2020). FO and its n-3-PUFAs have been suggested as a potential adjunctive treatment for IBDs, although the clinical data that have been obtained so far come from small cohorts of patients using variable modes of consumption (types of foods or types of formulation) and are therefore still controversial (Marton et al., 2019). On the other hand, while various Cannabis preparations have been tested in IBD patients as a potential treatment, purified cannabinoids have been mostly tested in animal models of colitis (Couch et al., 2018). Approximately 15% of IBD patients use Cannabis to ameliorate CD symptoms (i.e., abdominal pain, abdominal cramps, joint pain, and diarrhea), although so far there have been only three small placebo-controlled studies regarding the use of Cannabis in this disorder, involving 93 subjects altogether. Two of these studies showed overall significant clinical improvement but no amelioration in markers of inflammation (Naftali, 2020). With regard to UC, Kafil et al. recently reviewed the literature of the small clinical trials performed for this type of IBD, and stated that “no firm conclusions regarding the efficacy and safety of Cannabis or cannabidiol in adults with active ulcerative colitis can be drawn” (Kafil et al., 2018). This may be due, among other reasons, to the use of small numbers of patients, difficulties in obtaining a real placebo, or the relatively high dropout of patients in the active arm of the study. Nevertheless, several studies in animal models of colitis have highlighted that purified plant-derived cannabinoids can be efficacious, although, of these compounds, purified plant-derived CBD, appeared to be the most studied and the least promising (Borrelli et al., 2009; Borrelli et al., 2013; Romano et al., 2013; Pagano et al., 2016; Couch et al., 2018; Pagano et al., 2019). However, a formulation of highly purified plant-derived CBD was recently approved by the Food and Drug Administration (as Epidiolex®) and European Medicines Authority (as Epidyloex®, as an adjunctive therapy with clobazam) for the treatment of seizures associated with Dravet and Lennox Gastaut syndromes (two rare forms of pediatric epilepsy); while generally well tolerated, diarrhea is a common adverse event (Pauli et al., 2020). Importantly, while FO and n-3 PUFAs have been tested in experimental colitis also with regard to their effects on the gut microbiota, no preclinical or clinical study has ever been conducted with CBD in this context.

The major finding of the present study is that, when co-administered with inactive or minimally active doses of FO in the DSS murine model of colitis, oral purified botanically derived CBD (≥98%) attenuates inflammation even at relatively low doses. The second major finding of our study is that the potentiating effect on colon inflammation of per se ineffective doses of FO and CBD does not appear to be dependent on their effects on the gut microbiota. Finally, we have shown that DSS-induced behavioral alterations, which have been previously described in mice (Reichmann et al., 2015), were not affected by the combination of per se ineffective doses of FO and CBD despite its anti-inflammatory effects. However, it must be emphasized that the two behavioral tests used here, although used in previous studies on DSS-induced colitis in mice, cannot be considered sufficient alone to fully evaluate cognitive impairment and anxiety behavior in rodents (Kafil et al., 2018).

When tested in two different sets of experiments of DSS-treated mice, oral FO showed moderate and statistically significant efficacy at counteracting several parameters of DSS-induced colon inflammation, with a maximal effect being observed between 50 and 75 mg/mouse. Conversely, in two separate sets of experiments, oral CBD (0.3–30 mg/kg) produced no significant effect on the same parameters, in partial agreement with previous data obtained using the DNBS and croton oil models of lower and upper intestinal inflammation, where this compound showed only weak activity (Borrelli et al., 2009; Pagano et al., 2016). However, when CBD was administered to mice concurrently treated with FO, it produced an amelioration in most macroscopic measures of inflammation. CBD in conjunction with a per se ineffective (20 mg/mouse) dose of FO resulted in partial remission, whereas in conjunction with an effective dose (75 mg/mouse) of FO resulted in full remission. Interestingly, similar results have also been obtained with the DNBS model of colitis (Pagano et al., in press).

DSS-treated mice co-administered with per se ineffective doses of FO (20 mg/mouse) and CBD (1 mg/kg) also exhibited a recovery from their elevations in colonic inflammatory cytokine levels and permeability. Such general amelioration was observed both during the apex of inflammation, at d8, and during the RP, at d14. However, this combined treatment did not ameliorate the anxiety-like behavior and cognitive deficits of DSS-treated mice, which are known to be maximal at d8 (Emge et al., 2016) and were only assessed at this time point.

The gut microbiota has been suggested to be both one of the underlying causes of IBDs, when dysfunctional (gut dysbiosis) (Manichanh et al., 2012; Khan et al., 2019; Alam et al., 2020), and a mediator of the anti-inflammatory and therapeutic effects of several different types of pharmacological, nutraceutical and nutritional interventions that proved beneficial against these disorders when investigated in preclinical models (and in the DSS model, in particular) (Wu M. et al., 2019; Fernandez et al., 2020; Gu et al., 2020). Gut dysbiosis is also known to accompany, and possibly underlie, some behavioral disturbances, such as those that are observed in DSS-treated mice, i.e., anxiety and cognitive deficits (Reichmann et al., 2015; Emge et al., 2016). In the present study, only few gut microbiota phyla, families, genera and species were affected by DSS at day 8, possibly suggesting that commensal bacteria may not play an important role in DSS-associated inflammatory and behavioral disturbances under our experimental conditions. Conversely, several taxa were significantly altered at day 14, thus indicating that gut bacteria may play a role in the late effects of DSS, in terms of either residual/resolved inflammation or potential residual behavioral disturbances (which we did not assess at this time point). Interestingly, the anti-inflammatory effect of the combination of per se ineffective doses of FO (20 mg/mouse) or CBD (1 mg/kg) was accompanied by changes in several gut bacterial taxa, some of which have been suggested to play a beneficial role in inflammation (see below). However, we found that also when administered alone, these non-anti-inflammatory doses of FO or CBD often similarly modified the relative abundances of commensal bacterial taxa that were either affected or not by DSS at d8. This indicates that the observed effects of FO or CBD on the gut microflora were independent from their effects on inflammation and vice versa. Nevertheless, some of these effects on the gut microbiota, as in the case of those of the FO/CBD combination, may have reinforced the anti-inflammatory actions, whereas others, as in the case of those of FO or CBD administered per se, may have opposed them. Likewise, the fact that the effects of FO, CBD and their combination on gut microbiota taxa were in some cases only observed at RP (day 14), when resolution of inflammation was ongoing, is indicative of either inflammation-independent effects, or effects that were synergistic/antagonistic with those of endogenous inflammation resolution factors.

In particular, at the phyla level, the Firmicutes:Bacteroidetes ratio was previously reported to be increased in some models of colonic inflammation and in human IBDs (Manichanh et al., 2012; Santoru et al., 2017). In the present study, this biomarker of gut inflammation, typical also of obesity-induced dysbiosis (Ley et al., 2006), was increased by DSS only at RP. The combination of per se ineffective doses of FO and CBD, but also the single treatments that exerted no effect on inflammation, counteracted this increase, suggesting that at least the effects of the combination of the two substances may have been reinforced by, but was not dependent on, their action on the Firmicutes:Bacteroidetes ratio.

Of note, the combination of CBD + FO specifically decreased the levels of a small number of bacterial families (Marinifilaceae at d8 and Desulfovibrionaceae and Ruminococcaceae at d14) and one genus (Odoribacter at d8) in DSS-treated mice, all of which have previously been shown by others to be modified either in patients with IBDs or their preclinical models. Desulfovibrionaceae has been reported to be increased in abundance in the faeces of IBD patients (Berry and Reinisch, 2013) and Ruminococcaceae have been reported to be increased in those with UC, but decreased in patients with CD (Morgan et al., 2012; Alam et al., 2020). Pre-clinical studies in addition to ours suggest that these families may have functional roles in IBDs. Indeed, DSS-induced increases of Desulfovibrionaceae in mice were abrogated through treatment with the probiotic Bifidobacterium breve (Yang and Yang, 2018). However, Desulfovibrionaceae and Ruminococcaceae were both increased by gentamicin in DSS-treated mice in association with an improved DAI and inflammatory profile (Zhai Z. et al., 2019). Most interestingly, Ptpn22−/− mice, which are resistant to faster recovery in response to cohousing-mediated faecal microbiota transfer, have decreased Desulfovibrionaceae levels (Spalinger et al., 2019). These data are counterintuitive in the light of our data presented here and given that this family may be an indicator of colitis disease activity. In contrast, in the study by Zhai Z. et al. (2019), Marinifilaceae positively correlated with inflammatory status in the mice, which is in line with our study describing significant decreases in this family at d8 by CBD (1 mg/kg) + FO (20 mg/mouse), concomitant to decreased inflammation. Furthermore, both Marinifilaceae and Ruminococcaceae were decreased in rats fed an acorn-fed cured ham diet (having high levels of the mono-unsaturated fatty acid oleic acid), in conjunction with significant prevention of DSS-induced colitis symptoms (Fernandez et al., 2020).

The short chain fatty acid-producing genus Odoribacter is generally considered to play a beneficial role against inflammation and is reduced in CD and UC (Morgan et al., 2012). However, its levels have been shown to increase in response to DSS and decrease in response to electroacupuncture and moxibustion treatment that improved the DAI (Wei et al., 2019). Furthermore, Odoribacter is increased in azoxymethane (AOM) and DSS-induced colitis-associated cancer in mice, and its levels are reduced in response to treatment with a probiotic in conjunction with decreased tumor formation (Song et al., 2018). Here we found that the abundance of this genus was not altered by DSS, and was decreased by the FO + CBD combination, an effect that, depending on the role of these bacteria, could either contribute to inhibition of inflammation or represent an adaptive consequence of the latter.

A. muciniphila, a species that plays a beneficial role in inflammation and was previously reported to be increased in murine models of IBDs and to mediate the anti-inflammatory effects of several treatments on these models (Bian et al., 2019; Li et al., 2019; Zhai R. et al., 2019; Zhang et al., 2019), was increased by DSS only at d14, suggesting that this effect might represent a potentially adaptive and protective mechanism intervening the resolution of inflammation. Importantly, this effect was rendered statistically significant also at d8 by a combination of per se ineffective doses of FO and CBD, but also by the single treatments. This bacterial species may, therefore, participate in some of the beneficial effects of the FO/CBD combination on DSS-induced inflammation, but does not seem to be sufficient to induce such effects. However, the exact role of A. muciniphila in colitis remains to be confirmed, as colonization with this gram-negative species has also been shown to increase intestinal inflammation in both specific-pathogen-free and germ-free Il10−/− mice (Seregin et al., 2017). Interestingly, the effects of the treatments observed here on A. muciniphila were also observed at the level of its family (Akkermansiaceae) and genus (Akkermansia), suggesting that this species is the main, if not only, component of its family in the fecal microbiome of DSS-treated mice, and possibly explaining why we could identify this species even though the sequencing method used normally only allows to detect taxa down to the level of genera.

We could also detect at least another species, P.goldsteinii, whose abundance, like with A. muciniphila, was increased in DSS-treated mice during the RP, and which is known to play a beneficial action in gut inflammation as well obesity (Chang et al., 2019; Wu T. R. et al., 2019). Accordingly, this increase was observed already at d8 following co-treatment with the anti-inflammatory combination of FO and CBD (but, again, also with the single treatments).

Finally, it should be noted that in the present study we have not measured gut motility changes associated with inflammation, an UC clinical phenomenon (Ohama et al., 2007). However, previous studies have demonstrated that CBD does not affect motility under physiological conditions, but it normalizes intestinal motility when this is perturbed by a pro-inflammatory stimulus (Capasso et al., 2008; Lin et al., 2011), and ameliorated motility changes in a TNBS-induced colitis model (Wei et al., 2020). Although CBD has been shown to reduce acetylcholine- and prostaglandin F2α-induced contractions in the isolated ileum (Capasso et al., 2008), there is no evidence that CBD may slow colonic transit under physiological conditions. This is relevant in the light of the observation that drugs able to slow colonic motility (e.g., narcotic, antidiarrheal, or anticholinergic preparations) are contraindicated in toxic megacolon (Gan and Beck, 2003).

In conclusion, we have shown here that FO in combination with CBD can produce strong intestinal anti-inflammatory effects on DSS-induced colitis in mice, and that both FO and CBD, alone or in combination, can also affect the gut microbiota in these mice in a manner partly independent from their anti-inflammatory actions. Future studies should investigate the possibility of using combinations of low doses of FO and CBD, two clinically used substances with very few undesired side effects, for the treatment of colonic inflammation in IBDs. Understanding the functional/biological relevance of the changes induced by the FO/CBD combination on gut microbiota (both murine and human) also merits further research.
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Humans and symbiotic bacteria are interdependent and co-evolved for millions of years. These bacteria communicate with human hosts in the gut in a contact-independent metabolite. Because most intestinal bacteria are non-adhesive, they do not penetrate the mucus layer and are not directly in contact with epithelial cells (ECs). Here, we found that there are adhesive bacteria attached to the Children's terminal ileum. And we compared the immune factors of non-adhesive bacteria in the children ileum with adhesive bacteria as well. Stimulated Th17 cell associated with adherent bacteria in the ileum ECs. SIgA responses are similar to those roles in mouse experiments. Immunohistochemical analysis confirmed that the expression of SAA1, IL-2, IL-17A, foxp3, RORγt, TGFβ, and protein increased in Th17 cells. Finally, we used 16S rRNA genes 454 pyrosequencing to analyze the differences in bacterial communities between adhesive and non-adhesive bacteria in the ileum. Ileum with adherent bacteria demonstrated increased mucosa-related bacteria, such as Clostridium, Ruminococcus, Veillonella, Butyricimonas, and Prevotella. We believe that adhesive bacteria in children’s terminal ileum associated with an increased Th17 cell activation and luminal secretory IgA. Adhesive bacteria very closely adhere to terminal ileum of children. They may play important role in human gut immunity and Crohn’s disease.
Keywords: Th17 cells, adhesive bacteria, terminal ileum, Crohn’s disease, SIgA
INTRODUCTION
Trillions of bacteria are present in our bodies (Sender et al., 2016). These bacteria genomes encode a number of genes not naturally existing in the host, regulate host gut gene expression and affect the differentiation and maturation of the host immune system (Mazmanian et al., 2005). The intestinal walls in humans are joined between the luminal contents and the epithelium, and the mucus layer is separated from the gut bacteria in the intestinal epithelial cells (Meddings, 2008). Past research has found that penetrating bacteria in the intestinal mucosa may cause diseases in humans, such as ulcerative colitis (van der Waaij et al., 2005; Caselli et al., 2013; Johansson et al., 2014). The adhesion features of intestinal bacteria are key factors for inducing Th17 cells (Atarashi et al., 2015). One individual-based model demonstrated that hosts select specific bacteria using adhesion (McLoughlin et al., 2016), because adhesion provides a competitive advantage within host-associated communities (Schluter et al., 2015). However, whether bacteria in intestinal mucosal tissue are both penetrative and adhesive, as well as the effect human gut immunity like SFB induce Th17 cells in mice (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009), is unknown.
Segmented filamentous bacteria (SFB), or Candidatus Savagella (Fernández et al., 2013) in mice are both penetrative and adhesive. A large number of SFB penetrated the villi of wild-type mice during weaning, and induced Th17 cell differentiation and secretory immunoglobulin (SIgA) secretion (Ivanov et al., 2009). SFB enhanced the maturity of the immune system and regulated the immune balance in mice. However, to our knowledge, no study has yet tried to identify that SFB and other bacteria penetrate or adhere to the human ileum. To better understand this issue, we used Scanning Electron Microscopy (SEM) images and observed adhesive bacteria and other mucosa-associated bacteria that penetrate and adhere to the ileum in human. We hypothesized that these bacteria play an important role in human gut immunity, are similar to that of SFB and other adhesive bacteria in mice. We examined Th17 cells associated cytokines SAA1, IL-17, foxp3, TGFβ, IL-22, RORγt and host B cells associated cytokine SIgA. To understand the main roles of the mucosa-associated bacteria, we identified the microbiota flora structure non-adhesive and adhesive bacteria of terminal ileum by using 16S rDNA 454 pyrosequencing.
MATERIALS AND METHODS
Subjects
We profiled 106 specimens from the terminal ileum in patients ranging from 6 to 180 months of age by colonic endoscopy because of digestive symptoms such as diarrhea, hematochezia, and abdominal pain. Exclusion criteria: antibiotics used in the last 2 weeks. Recruitment was conducted in the clinic under the protocol approved by the Ethics Committee of Children's Hospital of Zhejiang University School of Medicine. Written informed consent was provided by the parents and from the children as appropriate.
Scanning Electron Microscopy
The terminal ileum biopsies obtained from endoscopy was directly fixed in 4% glutaraldehyde buffer, sample preparation process is described in the documentation (Brandi et al., 1996; Yu et al., 2013). After coating the gold-palladium film (Chen et al., 2018) on the sample, observe the sample at 20 kV under the H-9500 Hitachi SEM microscope.
DNA Extraction 16s rRNA Gene 454 Pyrosequencing
QIAamp DNA Stool mini kit (Qiagen, Germany) was used for DNA extractions according to the instructions, and then PCR amplified with bacterial genomic DNA. NanoDrop ND-2000 (NanoDrop Products, United States) was used to quantify DNA. For each DNA sample, the 16S rRNA gene was amplified using a fusion primer set specific for V3–V5 hypervariable regions (F: 5-′TCC​TAC​GGG​AGG​CAG​CAG-3′ and R: 5′-TGT​GCG​GGC​CCC​CGT​CAA​TT-3′) and contained adaptors, key sequences and barcode (Multiple Identifier) sequences as described by the 454 Sequencing System Guidelines for Amplicon Experimental Design (Roche), according to the following protocol: 5 min at 94°C, 27 cycles of 30 s at 94°C, 45 s at 55°C and 1 min at 72°C, followed by a final extension of 7 min at 72°C. The 454 pyrosequencing was determined using the GS FLX+ system and the XL+ chemistry following the manufacturer’s recommendations (Roche 454). Further processing was conducted in a data curation pipeline implemented in QIIME 1.7.0 as pick_closed_reference_otus.py (Caporaso et al., 2010). In summary, this pipeline chose OTUs using a reference-based method and constructs from an OTU table. Taxonomy was assigned using the Green genes predefined taxonomy map of the reference sequence OTUs to taxonomy (McDonald et al., 2012; Vazquez-Baeza et al., 2013). The resulting OTU tables were checked for mislabeling (Knights et al., 2011) and contamination, and further microbial community analysis and principal coordinates beta diversity visualizations were created using Emperor (Knights et al., 2011). A mean sequence depth of 19,914 sequences per sample was obtained, and samples with fewer than 3,000 filtered sequences were excluded from analysis. Alpha- and beta-diversity were calculated using QIIME 1.6.0 (Caporaso et al., 2010), and PcoA plots were produced using Emperor (http://qiime.org/emperor).
Immunohistochemistry
Biopsy specimens were cut at 5 μm and fixed in 4% paraformaldehyde overnight. For the staining process, tissues were cryoprotected with 30% sucrose in PBS overnight. Two unacquainted pathologists, Weizhong Gu and Xiaojun Wang, who are blinded to score evaluated the results of immunohistochemical staining. Only nuclear staining was considered positive. The scoring rules are as follows: 0 (no detectable staining); 1 (25% positive cells); 2 (25–49% positive cells); 3 (50–74% positive cells); and 4 (75% positive cells). The densities of IL-22, IL-17, foxp3, TGFβ, IL-22, and RORγt positive cells in the surface epithelium and lamina propria were determined by numbers of stained cells per mm2 of lamina propria. All data were expressed as mean ± SD (standard deviation) using SPSS 20.0.
Enzyme Linked Immunosorbent Assay
Measure the total concentration of the fluid in the SIgA chamber, centrifuge approximately 500 μl of sample for 1,000 min at 1,000 × g at 4°C. The sample was diluted 1/10 and serially diluted two times. Human immunoglobulin IgA ELISA kit (Elabscience, China) was used to quantify total SIgA according to the manufacturer's instructions (Chen et al., 2018).
RNA Extraction and Gene Expression Analysis
Total RNA was extracted from Biopsy specimens of the terminal ileum using Trizol reagent (Life Technologies, United States) and purified using RNeasy mini Kit (Qiagen, Germany).
The amount of gene expression was determined by real-time fluorescent quantitative PCR. RNA was purified from intestinal tissues and qRT-PCR was performed using TaqMan gene expression detection, TaqMan universal PCR master mix (Applied Biosystems) or human-specific primers using SYBR-Green PCR master mix (Applied Biosystems). IL-22 was generated, RORγt IL-17, foxp3 TGFβ, and SAA1 primer sequences were added to the S1 shown in the table. The endogenous control gene is beta actin. Repeated DNA sample assays, each sample normalized to related gene expression and 2-ΔCtβ-actin calculations. The two-tailed t-test of unpaired students was statistically significant unless otherwise stated. The p value is shown in the graph and the table, and the bar indicates SD (standard deviation). To compare the differences in SIgA levels between adhesive and non-adhesive flora, a non-linear fit curve was introduced into the data using GraphPad Prism 6 (Chen et al., 2018).
RESULTS
The Adhesive Bacteria That Penetrate and Adhere to Pediatric Ileum Were Age-Dependent
To determine if the bacteria penetrated and adhered to small intestinal mucosal tissue, we used SEM images to visualize adhesive bacteria on the surfaces of 14 ileum mucosal biopsy specimens (Figures 1A–D, 2). These bacteria showed that the adhesion in the ileal mucosa was similar to SFB adhesive to ECs in mice. However, most ileum villi were without adhesive bacteria (Figures 1E–H). van der Waaij also did not observe direct contact between bacterial and epithelial cells in adults with normal ileum mucosa (van der Waaij et al., 2005). Among the 14 samples with collected adhesive bacteria, 12 samples were found in the ileum of children 11–36 months. As shown in Table 1, 35.29% of ileum samples collected from children under 11–36 months of age had observable adhesive bacteria on the ileal villi. These results suggested that adhesive and adhesive bacteria penetrated and adhered to 11–36 months pediatric ileum (shortly after weaning).
[image: Figure 1]FIGURE 1 | SEM micrographs of human ileal biopsies. The specimens were processed for the observation of microbiota by SEM and as described in Methods. (A) SFB-like bacteria inserted and attached tightly to epithelial cell in the terminal ilea by penetrating mucous layer. Sample ID 12,×3000; (B) SFB-like bacteria adhered to the ileal mucosa ×6000; (C) SFB-like bacteria adhered tightly to the epithelial cell of villi, ×3000; (D) SFB-like bacteria superficially penetrated the epithelium of the villi of ilea with both ends outside, ×2700; and (E--H) Non-adhesive bacteria observed in the villous epithelium.
[image: Figure 2]FIGURE 2 | (A) SFB-like bacteria attached to epithelial cell in the terminal ilea. Sample ID 12, ×600; (B --H) numerous adhesive bacteria observed in the ileal mucosa and epithelial cell ×2500.
TABLE 1 | Age distribution of children with adhesive bacteria on their ileum.
[image: Table 1]The Presence of Adhesive Bacteria Correlated With Induced Th17-Mediated Immune Response Programs in Pediatric Ileum
Since SFB and adhesive bacteria play key roles in the induction of Th17 cells (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009). We next examined the influence of adhesive bacteria compared with non-adhesive bacteria in ileum EC immunity gene expression profiles using real-time PCR and immunohistochemical staining (Figure 3). We measured the mRNA SAA1, IL-17, foxp3, TGFβ, IL-22, RORγt in 32 of the biopsied samples. qRT-PCR data were expressed as the mean ± SD (n = 32). p Values were calculated using the Student’s t-test. The upregulated transcripts, including the Th17 cell effector cytokines, exhibited increased transcripts SAA1 (a member of the SAA family), interleukin IL-17 and interleukin IL-22 in ileal mucosa with adhesive bacteria (Figure 3). An abundance of SAA1 in adhesive bacteria samples suggested that SAA induction required bacteria adhesion to epithelial cells (ECs). The Th17 cell effector cytokines, such as IL-22 and IL-17, which were required for Th17 cell function, were considered to guard against infections with Salmonella and Citrobacter rodentium (Atarashi et al., 2015). We next found that the Th17 cell specific transcription regulatory factors, RORγt (retinoic acid-related orphan receptor family), Treg specific transcription factors, Foxp3 (Fork head box P3), TGFβ (transforming growth factor β) are upregulated in ileum with adhesive bacteria.
[image: Figure 3]FIGURE 3 | Induction of Th17 cell genes related to the presence of adhesive bacteria. (A) qRT-PCR analysis of Th17 cell genes related to the presence of adhesive bacteria. Data are expressed as means (n = 28) and standard deviations. P-values are calculated using the Student's t-test. qRT-PCR was performed as described in the Methods section of this paper. (B)(a--j) Photographs of the immunohistochemistry in adhesion bacteria and non-adhesion bacteria, IL22, IL17, Foxp3, and RORγt,TGFβ (brown). (C) A total score (ranging from 1-25) was obtained by multiplying the staining intensity score (1-5) in the terminal ileum epithelial cells with the positive fraction score (1-5). The densities of IL-22, IL-17, foxp3, TGFβ, IL-22, and RORγt positive cells in the lamina propria and in the surface epithelium were determined by counting the number of stained cells per mm2 of lamina propria with adhesive bacteria and non-adhesive bacteria.
These upregulated immunity gene expressions showed that, as in mice, many samples had adhesive microbes that adhered to epithelial cells, and the qRT-PCR of the total ileal tissue exhibited increased amounts of genes participating in T cell differentiation and responses in the adherence bacteria samples.
The Presence of Adhesive Bacteria Activating SIgA Secretions in the Human Ileum
Secretory immunoglobulin is an important component of the epithelial barrier because it maintains host intestinal homeostasis (Peterson et al., 2007; Derebe et al., 2014). Many bacteria in the gut are covered by SIgA, and certain adhesive species, such as helicobacter spp. and SFB, are particularly heavily covered by SIgA (Palm et al., 2014). We also quantified SIgA concentrations in intestinal fluids using ELISA age-matched individuals. The results showed that adhesive bacteria ileum fluid had an abundance of SIgA 105.8 μg/ml ± 10.25 μg/ml (mean ± SD, n = 12) compared to that of the non-adhesive bacteria ileum fluid 68.53 μg/ml ± 7.24 μg/ml (mean ± SD, n = 20) (p < 0.001, Figure 4). This indicated that the host secrete more SIgA to maintain intestinal homeostasis.
[image: Figure 4]FIGURE 4 | Comparison of SIgA in luminal fluids collected from the adhesive and non-adhesive ileum (n = 12 vs 20). Approximately 500 µl of luminal fluids from each patient were used for the measurement of SIgA as previously described. The supernatants were assayed for total secretory IgA using ELISA with a Human Secretory IgA ELISA Detection Kit as previously described. The SIgA was expressed as µg/ml of fecal materials. Statistical analysis and boxed-plot was performed with the Student's t-test using the Graph Pad Prism 6.
The Difference of Microbiota in the Ileum With Adhesive Bacteria and Non-Adhesive Bacteria
A supervised analysis of the 16S rRNA gene sequencing data with LDA effect size compared the bacterial community structure in the ileum with adhesive bacteria to the ileum with non-adhesive bacteria by using an LDA threshold score of 4 (n ≥ 5). Adhesive bacteria ileum samples increased the mucosa-associated bacteria Clostridium, Veillonella, Ruminococcus, Butyricimonas and Prevotella, and decreased Escherichia, Fusobacterium, Klebsiella, Bacteroides (Figure 5A). An unweighted UniFrac-based was used to compare the adhesive microbiota and non-adhesive microbiota from pediatric ileum (Figure 5B). The PCoA analysis indicated that the overall diversity in the adhesive microbial composition had greater differences in the samples with non-adhesive microbiota (Table 2). qRT-PCR data were confirmed these findings (Table 3).
[image: Figure 5]FIGURE 5 | 16s rRNA gene 454 pyrosequencing analysis of the gut microbiota. Approximately 500 µg of gut contents from 24 patients were used for the extraction of genomic DNA. Approximately 2 µg of genomic DNA from each patient was used for de novo sequencing and the principal coordinate analysis (PCoA) of the genus profile. The top four genera as the main contributors were determined and plotted by their loadings in these two components. (A) Differences in abundance are shown for the taxonomic biomarkers that were detected using a multivariate statistical approach. The fold change for each taxon was calculated by dividing the mean abundance in the cases by that of the controls. Several taxonomic biomarkers measured at both the ileal and the rectal sites were found to be significantly correlated with the adhesive bacteria. (B) A set of principal coordinate plots of the unweighted UniFrac distance. PC1, PC2, and PC3 represented the top three principal coordinates that captured most of the diversity, with a fraction of diversity captured by the coordinate, shown as a percent.
TABLE 2 | Comparison of phylotype coverage and diversity estimation of the 16S rRNA gene libraries at 3% dissimilarity from the pyrosequencing analysis.
[image: Table 2]TABLE 3 | Primers used in this study.
[image: Table 3]TABLE 4 | Real time PCR results for human intestinal lavage fluid samples.a
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The ileum epithelial cells and the mucus layer usually separate from the bacteria in the small intestinal. Also, small intestinal bacteria usually cannot penetrate the mucosal layer (van der Waaij et al., 2005), and some bacteria avoid it, such as SFB and pathogenic invasive bacteria. The bacteria had direct contact with the colonic epithelial cells and showed significant associations with ulcerative colitis in humans and mice (Caselli et al., 2013; Johansson et al., 2014). We hypothesized that adhesive and adhesive bacteria also have immunostimulatory and gut immune system maturation roles in humans like that in mice.
Commensal Bacteria Typically Living in Luminal Fluid and Avoid Direct
Contact with epithelial cells in the human terminal ileum. Atarashi et al. (2015) found that the adhesion of microbes such as Citrobacter rodentium, Escherichia coli O157, and 20 bacterial strains from human feces induced Th17 cells in mouse models, are similar to the SFB’s role in the maturation of the host gut immune system (Goto et al., 2014; Lee and Cua, 2014; Schnupf et al., 2015). Based on the individual model which is a hybrid between an individual based model of microbes and a continuum model of solutes (McLoughlin et al., 2016), the results indicated that the host-mediated adhesion increased the competitive advantage of microbes and created a rendezvous for ecological species with slow growth rates (Schnupf et al., 2015). Positive selection through the adhesive can be converted into the negative if the host secreted large amounts of mucus in the matrix. Therefore, the penetration and adhesion bacteria in the human ileum should be studied to understand the impact on the development of the human immune system. Considering that the tight attachment of SFB or other adhesive bacteria, the results showed that host released serum amyloid A (SAA). SAA1 was induced by SFB in the terminal ileum of germ-free (GF) mice. SAA1 induced Th17 cell differentiation in a concentration-dependent manner in vitro (Curtiss et al., 2009; Schnupf et al., 2015).
We also investigated whether adhesion was another potential mechanism of the host positive selective. Our findings suggested that microorganisms on the surface of intestinal epithelial cells used adhesion to correlate with immune responses (Schluter et al., 2015).
Our results showed that Th17 cells in the lamina propria were correlated with adhesive microbiota in the human gut. We also observed similar effects in Th17 cells differentiation in mice monocolonized with SFB (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009). Signals from adhesive bacteria provide a secondary effect, such as the polarization reaction of T helper cells of the Th17 extraction without tissue damage in cases of intestinal immune suppression. Attached SFB stimulated the development of a subset of T helper cells (Faith et al., 2013). Similarly, in that study Clostridium also induced regulatory T cells, but the population of many species was more effective than a single isolated or a combination of several species by the reaction of the regulatory T cells. As a result, many other beneficial microbes promoted stable long-term co-existence within the immune system.
Through localized, immune-facilitated and adherence-dependent interactions, the diverse community of microbial symbionts distribution had spatial-temporal heterogeneity in human intestines (Donaldson et al., 2016). The 16S gene rRNA sequencing study of the colonic crypt microbiome demonstrated that the intestinal crypt community included many aerobic bacteria and had a distinct profile relative to the luminal bacteria (Pedron et al., 2012). The human small intestine exhibited lower microbiota diversity than in the colon, and was enriched by certain Clostridium spp. members (Palm et al., 2014). In mice, Proteobacteria and members of the family Lactobacillaceae are enriched in the small intestinal (Lee and Cua, 2014).
Intestinal epithelial cells serve as a physical barrier between microbes and the host's body, and mediate mucous immune responses through the direct perception of microbiota immune responses (Goto et al., 2014), including adaptive immune responses such as SIgA (Peterson et al., 2007; Hapfelmeier et al., 2010), and influence the establishment of the microbiota. The immune system selects appropriate microbiota by innate and adaptive mechanisms, such as SIgA (Caselli et al., 2013). In monoclonization SFB mice model, the numbers of SFB in the terminal ileum changed in an age-dependent manner and was particularly influenced by the IgA concentration in maternal milk during the sucking period and in the luminal content produced by the pups after weaning (Jiang et al., 2001). In this study, we also find the adhesive bacteria increased after weaning. These results show that IgA from maternal milk may regulate the composition of adhesive bacteria in the children ileum.
We propose a model where adhesive bacteria strongly colonize on the small intestines since adhesion permits bacteria to resist displacement by others, and non-adhesive bacteria are more likely to be pushed away from the epithelial cells surface. So long as adhesive bacteria grow on the mucosa layer, the adhesive strain will be dominant. Therefore, adhesion may be a bacterial strategy for colonization in the gut and model (Guzman et al., 1997; Grubb et al., 2009; Nowrouzian et al., 2007).
Few studies addressed the role of immunomodulation by non-pathogens, an aspect that requires these bacteria to have access to the tissue. Based on our observations, we found that the host provided limited space to specific bacteria and that the immune system only allowed adhesive bacteria to access these locations. A particular species close to epithelial cells created a protected microbials despite the rapidly changing conditions in the small intestinal lumen. For example, SFB are members of the symbiotic microbes that penetrate the villi during weaning in wild-type mice.
We showed that adhesive bacteria such as adhesive bacteria in human ileum were special because they were adhesive to the ileal mucosa, are similar to SFB in mice. This behavior resembled that of pathogens and was in contrast with that of most other commensals, which instead remained on the mucus. Adhesive microorganisms have striking characteristic in terms of their morphologies and close proximities to the gut wall. Anchorage into host cells is thought to be necessary for adhesive bacteria to obtain nutrients indispensable for growth but also to induce signals that stimulate the post-natal development of the gut immune system. The findings of these Adhesive and adhesion bacteria in humans are valuable to study their effects on the immune system and human health.
CONCLUSION
Adhesive bacteria typically penetrated and adhered to pediatric ileum induced the Th17 cells in the ileum ECs, and triggered SIgA responses. Adhesive bacteria ileum samples exhibited increased amounts of mucosa-associated bacteria, such as Clostridium, Veillonella, Ruminococcus, Butyricimonas, and Prevotella.
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Mesalamine has been well used in the improvement of ulcerative colitis (UC) in clinics, however, the underlying mechanisms were not well illustrated. To explore its efficacy from the perspective of gut microbiota and related metabolites, we employed 16S rRNA sequencing and metabolomics approaches in stool samples across 14 normal healthy controls (NC group), 10 treatment-naïve UC patients (UC group) and 14 UC patients responded to mesalamine treatment (mesalamine group). We noted that the gut microbiota diversity and community composition were remarkably perturbed in UC group and partially restored by mesalamine treatment. The relative abundance of 192 taxa in genus level were significantly changed in UC group, and 168 genera were significantly altered after mesalamine intervention. Meanwhile, a total of 127 metabolites were significantly changed in UC group and 129 metabolites were significantly altered after mesalamine treatment. Importantly, we observed that many candidates including 49 genera (such as Escherichia-shigella, Enterococcus and Butyricicoccus) and 102 metatoblites (such as isoleucine, cholic acid and deoxycholic acid) were reversed by mesalamine. Spearman correlation analysis revealed that most of the candidates were significantly correlated with Mayo score of UC, and the relative abundance of specific genera were significant correlated with the perturbation of metabolites. Pathway analysis demonstrated that genera and metabolites candidates were enriched in many similar molecular pathways such as amino acid metabolism and secondary metabolites biosynthesis. Importantly, ROC curve analysis identified a gut microbiota signature composed of five genera including Escherichia-Shigella, Streptococcus, Megamonas, Prevotella_9 and [Eubacterium] _coprostanoligenes _group which might be used to distinguish UC group from both NC and mesalamine group. In all, our results suggested that mesalamine might exert a beneficial role in UC by modulating gut microbiota signature with correlated metabolites in different pathways, which may provide a basis for developing novel candidate biomarkers and therapeutic targets of UC.
Keywords: 16S rRNA sequencing, metabolomics, mesalamine, ulcerative colitis, gut microbiota
INTRODUCTION
Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by relapsing and remitting mucosal inflammation. The affected site starts in the rectum and could extend to proximal segments of the colon (Ungaro et al., 2017). The typical symptoms of UC include bloody stools, diarrhoea and fatigue, which may severely impact work capacity and quality of life (Hoivik et al., 2013; Lynch and Hsu, 2020). The global incidence and prevalence of UC experienced a great increase in recent years, posing a significant burden on public health system (Kotze et al., 2020). Hence, it is urgent to explore underlying pathogenesis of UC and discover efficient therapies.
UC is consider as a disease of unknown aetiology, which is a multifactorial disorder (Shen et al., 2018; Kaur and Goggolidou, 2020). It has been reported that a variety of complex factors including genetics, environment, epithelial barrier defects and immune system disorders were related to the pathogenesis of ulcerative colitis (Porter et al., 2020). Meanwhile, abundant evidence have demonstrated that gut microbiota might play a crucial role in ulcerative colitis, and many studies have revealed that biodiversity and composition of gut microbiota were changed in UC patients and animal models (Bajer et al., 2017; Shang et al., 2017). However, the mechanisms of gut microbiota contributing to the pathogenesis of UC and efficient interventions need further investigation. The aim of UC treatment is to induce and maintain remission of the disease (Scaldaferri et al., 2016). Mesalamine has been used in controlling UC, which is recommended as the first-line therapy (Adams and Bornemann, 2013). As a free radical scavenger and an antioxidant, mesalamine could regulate inflammatory response by modulating the production of inflammatory cytokines and the functions of immune cells (Nakashima and Preuss, 2020). However, few studies have reported the influence of mesalamine on gut microbiota and related metabolites in UC patients.
In the present study, we employed 16S rRNA sequencing and LC-MS (liquid chromatography mass spectrometry) metabolomics, observed the changes of gut microbiota composition and the related metabolites among normal healthy controls, UC patients with no treatment and UC patients with mesalamine treatment, reported the effects of mesalamine in restoring perturbance of metabolites and gut microbiota, and identified the underlying functional pathways and biomarkers of UC. The present study will enhance the comprehension of gut microbiota in UC pathogenesis and mechanisms of mesalamine in treating UC, which may benefit development of novel therapeutic agents in future.
MATERIALS AND METHODS
Study Design
This exploratory study composed of two sequential cross-sectional trials. Firstly, we designed a cohort contained 10 treatment-naïve UC patients (UC group) and 14 healthy volunteers (NC group), to investigate the potential difference in gut microbiota and related metabolites between UC and healthy status. Then, another cohort was established, which composed of all patients from UC group and 14 UC patients in mesalamine group who were well responded to mesalamine treatment, to discover underlying gut microbiota and related metabolites that mesalamine could modulate. All patients were screening from inpatient and outpatient of gastroenterology and anorectal departments in Longhua Hospital from January 2019 to August 2020. Healthy controls were recruited voluntarily from health examination department. The present study was approved by the Ethics Committee of Longhua Hospital, and informed consent was obtained from all participants.
Participants and Sample Collection
UC was diagnosed based on a combination of clinical symptoms, endoscopic and histological findings, and absence of other reasons induced colitis according to the Chinese consensus on diagnosis and treatment of inflammatory bowel disease (Beijing, 2018) (Wu et al., 2018). In brief, the following criteria were compulsory: 1) persistent or recurrent diarrhea with mucus and bloody purulent discharge for more than 6 weeks; 2) endoscopic findings of erythema, mucosal congestion, disappearance of vascular pattern, erosions, ulcerations and so on; 3) histological evidences of inflammatory cell infiltration, distortion of crypt architecture and mucosal erosion or ulceration; 4) exclusion of other pathologies including but not limited to infection, medications, radiation and ischemia.
Patients aged 18–65 years old who had mild and moderate UC with a modified Mayo score of 3–10 were screened. The additional inclusion criteria for UC group were treatment-naïve patients, who were defined as patients who were initially diagnosed as UC and received no treatment, or had a complete remission at least 6 months but experienced a recent relapse before any medication administration. On the other hand, the extra inclusion criteria for mesalamine group were mesalamine-responded UC patients. The administration rules should be oral intake of 1.0 g mesalazine enteric-coated tablets, three times a day, 1 h before three meals for at least continuous 3 months. The treatment response was set as a reduction from initial treatment in total Mayo score of at least 30%, with an accompanying decline in the dimension for rectal bleeding of at least one point or an absolute score for rectal bleeding of 0 or 1 (Rutgeerts et al., 2005). Patients were excluded if they met any of following criteria: breastfeeding or pregnant, participation in other clinical trials within the past 6 months, administration of antibiotics within the past 3 months, administration of immunosuppressive agents, biological agents, other non-steroidal (steroidal) anti-inflammatory drugs besides mesalamine, gastrointestinal mucosal protective agents, intestinal probiotics and prebiotics within the past 4 weeks. Besides, patients were also excluded if they combined with severe heart, liver, kidney and other important organ and blood system diseases, as well as gastroduodenal ulcer, history of intestinal surgery, intestinal obstruction, intestinal perforation, perianal abscess, severe hemorrhagic disease and mental disorders. This study also recruited age and gender matched healthy volunteers as NC group. The corresponding eligible criteria contained: 1) no administration of salicylic acid drugs in the past 4 weeks; 2) no history of gastrointestinal diseases in the past 6 months; 3) no existence of gastrointestinal symptoms such as abdominal distension, abdominal pain, diarrhea and constipation; 4) no combination with severe cardiovascular, hepatic, renal and digestive diseases. Based on above inclusion and exclusion criteria, the first cohort included 10 treatment-naïve UC patients and 14 healthy volunteers, then the second cohort contained 10 treatment-naïve UC patients and 14 mesalamine-responded UC patients.
Age, gender and body mass index (BMI) were recorded for all participants. Disease course, Montreal classification, Mayo score and corresponding disease severity were also documented for UC patients. In addition, Baron index was utilized to quantify the endoscopic activity in UC patients (Baron et al., 1964). Participants were informed to terminate administration of antibiotics, probiotics, prebiotics or other microbiota-related preparations at least 4 weeks before sampling. All participants were instructed to collect 3.0 g morning first feces using sterile fecal collection tubes. The fecal samples should avoid contamination from other mediums such as urine. The collected samples were stored at −80°C for further16S rRNA sequencing and untargeted metabonomics detection.
DNA Extraction and 16S rRNA Sequencing
Fecal samples were performed 16S rRNA sequencing in Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China) following the manufactures’ procedures. Briefly, DNA were extracted from fecal samples according to the instructions of E. Z.N.A®soil (Omega Bio-tek, Norcross, GA, United States). The quality of DNA was detected by 1% agarose gel electrophoresis, and the concentration and purity were detected by NanoDrop 2000. 16S rRNA genes were amplified using PCR with primers targeting the V3-V4 region (338F–806R). The amplicons were purified using AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), and quantified by QuantiFluor™-ST (Promega, United States) to construct libraries and perform paired-end rRNA sequencing on Illumina MiSeq platform (Illumina, San Diego, United States) following the manufactures’ instructions.
16S rRNA Sequencing Data Analysis
The adapters and low-quality bases were trimmed using fastp tool to obtain clean reads (Chen et al., 2018), and then merged by FLASH software (Magoc and Salzberg, 2011). Sequences with 97% similarity were clustered in OTUs (operational taxonomic units) using UPARSE software (Edgar, 2013). Taxonomy was annotated and aligned with Silva 16S-rDNA database (v138) using RDP classifier (Wang et al., 2007). The Chao and Shannon index was used to estimate Alpha diversity and principle coordinates analysis (PCoA) using unweighted UniFrac distance was performed to reveal the Beta diversity among samples. ANOSIM (analysis of similarities) analysis was performed to assess the significance of difference in PCoA plots. Kruskal-Wallis H test or Wilcoxon rank-sum test were used to assess the significant difference of bacterial genera abundance among groups. The functional prediction of taxa was performed using PICRUSt analysis (Langille et al., 2013). p value less than 0.05 was considered as significantly different. The signature to discriminate UC group from NC and mesalamine group was identified using ROC (receiving operator curve) analysis by estimating AUC (area under curve) value.
Metabolomics Data Acquisition
Stool samples were performed metabolomics analysis in Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China) following the manufactures’ procedures. Briefly, 50 mg stool samples were added 400 Ul of cold methanol solution (methanol: water = 4:1), broken by a high-throughput tissue crusher at low temperature. After vortex mixing, the samples were extracted by ultrasound on ice for 10 min and three times, placed at −20°C for 30 min, centrifuged at 13,000 g, 4°C for 15 min, and the supernatant was performed metabolomics analysis using ultra performance liquid chromatography-triple time of flight mass spectrometry (UPLC-Triple TOF-MS, AB SCIEX Company, United States) following the manufactures’ protocols. The chromatographic column was BEHC18 column (100 × 2.1 mm i.d., 1.7 µm; Waters, Milford, United States). Mobile phase A was water (containing 0.1% formic acid), and mobile phase B was acetonitrile/isopropanol (1/1) (containing 0.1% formic acid). The flow rate was 0.4 ml/min, injection volume was 20 µl and column temperature was 40°C. The chromatographic elution gradient was 0.0 min, 95%A and 5% B; 3 min, 80%A and 20% B; 9.0 min, 5%A and 95% B; 13 min, 5%A and 95% B; 13.1 min, 95%A and 5% B and 16 min, 95%A and 5% B. The samples mass spectrometry signal acquisition was used positive and negative ion scanning mode. The electrospray capillary voltage, injection voltage and collision voltage were 1.0 kV, 40 V and 6 eV, respectively. The ion source temperature and desolvation temperature were 120 °C and 500 °C, carrier gas flow was 900 L/h, mass spectrometry scanning range was 50–1,000 m/z and resolution was 30,000. Quality control (QC) samples were pooled from all experimental samples and analyzed with the same procedure.
Metabolomics Data Analysis
Raw data were processed using Progenesis QI software (Waters Corporation, Milford, United States), then a data matrix of retention time, m/z and peak area was obtained. Only variables with a non-zero value of more than 50% in all samples were retained, and the missing values were filled with 1/2 of the minimum value in the original matrix. The total peaks were normalized, and variables with a relative standard deviation (RSD) of QC samples of more than 30% were deleted to obtain a data matrix for further analysis. To identify the structure of metabolites, raw data were imported to Progenesis QI software (Waters Corporation, Milford, United States) and the mass spectra were compared to an in-house standard library and public databases such as The Human Metabolome Database (HMDB) and METLIN.
Using R package ropls (version1.6.2), principle component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed for multivariate statistical analysis, and variable importance of projection (VIP) values were obtained. For univariate statistical analysis, Welch’s t test was used to calculate p values between groups. Fold changes of metabolites were calculated between groups based on the ratio of average normalized peak intensity. The differential metabolites between groups were identified with the threshold of VIP > 1 and p < 0.05. Venn diagram (R package, version1.6.2) was used to obtain the intersection of differential metabolites between pairwise groups. Hierarchical cluster was performed to reveal the expression patterns of differential metabolites among groups, and pathway enrichment was performed to reveal metabolites related biological functions using scipy (Python, version1.0.0).
Statistical Analysis
For baseline data, data were presented as median with interquartile range or number with percentage. Statistical analysis was performed using SPSS 24.0 software. The qualitative data among three groups were assessed using one-way analysis of variance (ANOVA) or Kruskal-Wallis test based on data distribution. The qualitative data was analyzed by Chi-square test. Difference between two groups were determined by Student’s T test or Wilcoxon rank sum test. For correlation analysis, Spearman rank correlation coefficient was calculated. p value less than 0.05 was considered as significant difference.
RESULTS
Baseline Characteristic of Participants
A total of 14 normal healthy controls (NC group), 10 UC patients with no treatment (UC group), and 14 UC patients with mesalamine treatment (mesalamine group) were included in the present study. Detailed demographic and clinical characteristics of enrolled participants were shown in Table 1. No significant difference was found in age, gender and BMI among three groups. UC phenotypes based on Montreal Classification was comparable between UC group and mesalamine group. Patients in mesalamine group showed milder disease severity and endoscopic activity than UC groups, according to modified Mayo score and Baron index, respectively.
TABLE 1 | Baseline characteristics of included participants.
[image: Table 1]Mesalamine Intervention Improved Gut Microbiota Diversity in UC Patients
The 16S rRNA sequencing of stool samples from three groups was performed to reveal the difference of gut microbial community structure. Analysis of Chao index indicated that there was a significant increase in taxa richness in UC group, while mesalamine could obviously restore the disturbance (Figure 1A). The Shannon index of taxa evenness exhibited a decreased trend in UC group, and mesalamine partially improved the perturbance (Figure 1B). PCoA plots revealed that there was remarkable difference in bacterial composition between UC group and NC group, while mesalamine intervention could ameliorate the difference (Figure 1C).
[image: Figure 1]FIGURE 1 | Gut microbiota diversity and composition analysis. (A) α-Diversity evaluated by Chao index (***p < 0.001) (B). α-Diversity evaluated by Shannon index. (C) PCoA plots based on unweighted UniFrac distance (D). Diagram of Circos analysis, the small semicircle (left half circle) represents the species composition in the sample, the color of outer ribbon represents the group from which the species came, the color of inner ribbon represents the species, and the length represents the relative abundance of the species in the corresponding samples; the large semicircle (right half circle) represents the distribution proportion of species in different samples at the taxonomic level, and the outer layer ribbon represents the species, the inner ribbon color represents different groups, and the length represents the distribution proportion of the sample in a certain species. (E) The overall percentage of gut microbiota community abundance on genus level.
Mesalamine Intervention Improved Gut Microbiota Abundance in UC Patients
To examine whether relative abundance of gut microbiota was associated with the diversity difference, Circos analysis (Figure 1D) and community bar plots (Figure 1E) at genus level were performed. The results showed that the relative abundance of various specific microbiotas at genus level were different between groups. For example, the relative abundance of genus Streptococcus in UC group, mesalamine group and NC group was 11.24, 1.81, and 1.27%, respectively. To test whether there was a significant difference of specific microbiota between UC group and NC group or between mesalamine group and UC group, the differential microbiota analysis based on relative abundance at genus level was performed using Wilcoxon rank-sum test. Our results showed that there were 192 significantly differential genera between UC group and NC group (Supplementary Table S1), and the representative top 15 genera were presented in Figure 2A. Meanwhile, mesalamine intervention significantly changed the relative abundance of 168 genera in UC patients (Supplementary Table S2), and the top 15 differential genera were revealed in Figure 2B. Interestingly, we observed that mesalamine intervention could significantly reverse the relative abundance of 49 genera in UC patients (Table 2), which were identified as candidate genera for further analysis. The top 15 mesalamine reversed genera were presented in Figure 2C, which revealed that the relative abundance of Escherichia-Shigella, Megamonas, Clostridium_ sensu_stricto_1, Enterococcus and Citrobacter was significantly increased in UC group compared to NC, and restored by mesalamine treatment. The relative abundance of genera including Megamonas [Eubacterium]_ventriosum_ group, Prevotella_9, Ruminococcus_2, Roseburia, Parabacteroides, Butyricicoccus, Dialister, Akkermansia and [Eubacterium]_coprostanoligenes_group were significantly reduced in UC group compared to NC, which was obviously increased by mesalamine intervention.
[image: Figure 2]FIGURE 2 | Significantly changed taxa on genus level among groups. (A) Top 15 differential genera between UC group and NC group. (B) Top 15 differential genera between UC group and mesalamine group (C). Top 15 mesalamine restored genera. *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001.
TABLE 2 | 49 candidate genera reversed by mesalamine intervention.
[image: Table 2]Mesalamine Intervention Restored the Perturbance of Fecal Metabolites in UC Patients
Using UPLC-Triple TOF-MS, the fecal metabolites across NC, UC and mesalamine groups were profiled. As shown in Figure 3A, the PCA plots of three groups revealed that there was distinct separation among groups, and the plots of mesalamine group were close to NC group. The results indicated that the metabolites profile in UC group might be different from both NC and mesalamine group, and the metabolites profile of latter two groups might be similar. To identify the differential metabolites, OPLS-DA model was performed between pairwise groups (UC vs NC group, and mesalamine vs UC group). The results showed that the plots of UC group samples were obviously separated from NC or mesalamine group (Figures 3B,C). With the threshold of VIP more than 1, p value less than 0.05 and fold change not equal to 1, a total of 127 differential metabolites between UC group and NC were obtained, and 129 differential metabolites between mesalamine and UC group were identified (Figures 4A,B; Supplementary Table S3, S4). Importantly, a total of 102 metabolites reversed by mesalamine intervention in UC patients were filtered out as candidates for further analysis (Figure 4C; Table 3). For example, the level of ophthalmic acid, isoleucine, styrene and creatine was elevated in treatment-naïve UC patients compared to normal healthy controls, and restored by mesalamine treatment. The level of cholic acid, deoxycholic acid and enoxolone was reduced in treatment-naïve UC patients, and restored by mesalamine intervention.
[image: Figure 3]FIGURE 3 | PCA and OPLS-DA plots among groups. (A) PCA score plots of NC, UC and mesalamine groups, red dots represented NC group, green dots represented mesalamine group and blue dots represented UC group. (B) OPLS-DA score plots of NC and UC groups, red dots represented NC group and green triangles represented UC group. (C) OPLS-DA score plots of UC and mesalamine groups, red dots represented UC group and blue triangles represented mesalamine group.
[image: Figure 4]FIGURE 4 | Significantly changed metabolites among groups. (A) Volcano plots of differential metabolites between UC group and NC group, grey dots represent metabolites with no significant change, red dots represent up-regulated metabolites and green dots represent down-regulated metabolites. (B) Volcano plots of differential metabolites between UC group and mesalamine group, grey dots represent metabolites with no significant change, red dots represent up-regulated metabolites and green dots represent down-regulated metabolites. (C) Hierarchical cluster of 102 candidate metabolites. The color indicates the relative expression level of metabolites in this group of samples, red indicates up-regulated and blue indicated down-regulated.
TABLE 3 | 102 candidate metabolites reversed by mesalamine intervention.
[image: Table 3]Mesalamine Restored Gut Microbiota and Metabolites Correlated with UC Clinical Indexes
To explore whether mesalamine restored gut microbiota and metabolites were related to UC clinical features, Spearman correlation analysis was performed. As shown in Figure 5A total of 26 genera (such as Bacillus, Butyricicoccus and Streptococcus) was significantly correlated with both Mayo score and the course of disease (month). Interestingly, the genera decreased by mesalamine in UC patients were positively correlated with Mayo score and the course of disease, and vice versa. For instance, the relative abundance of Bacillus, Enterococcus and Streptococcus reduced by mesalamine exhibited a significant positive correlation with Mayo score and the course of disease. Whereas, Butyricicoccus, Parabacteroides and Pseudomonas were increased by mesalamine and had a negative correlation with Mayo score and the course of disease. The results indicated mesalamine might exert a beneficial role in UC by restoring the gut microbiota perturbance.
[image: Figure 5]FIGURE 5 | Spearman correlation analysis of candidate genera and metabolites with UC clinical indexes. (A) Spearman correlation of candidate genera with UC Mayo score and the course of disease (month). (B) Spearman correlation of candidate metabolites with UC Mayo score and the course of disease (month). Different colors represent the value of correlation coefficient, red indicates positive correlation and blue indicated negative correlation. *0.01 < p ≤ 0.05，**0.001 < p ≤ 0.01，***p ≤ 0.001.
Besides, most of the candidate metabolites (85/102) revealed a significant correlation with UC Mayo score (Figure 5B). It was worth noting that the metabolites decreased by mesalamine were also positively correlated with Mayo score, and vice versa. For example, the levels of ophthalmic acid, allysine and styrene were reduced by mesalamine and positively correlated with Mayo score. Whereas, several metabolites increased by mesalamine such as cholic acid, deoxycholic acid and enoxolone exhibited negative correlation with Mayo score. Interestingly, the correlation pattern of metabolites with Mayo score was consistent with that of gut microbiota, which suggested that the perturbance of gut microbiota might correlate with metabolites disturbance in UC.
Gut Microbiota Correlated with Metabolites Changes in Different Pathways
Spearman correlation analysis was also performed for 49 genera and 102 metabolites candidates to examine whether there is a correlation of gut microbiota with metabolites changes (Figure 6). Of interest, a batch of mesalamine increased metabolites were negatively correlated with mesalamine decreased genera, and vice versa. The metabolites such as ophthalmic acid and styrene that were reduced by mesalamine were positively correlated with mesalamine decreased Enterococcus genus, and mesalamine increased metabolites such as deoxycholic acid and enoxolone were positively correlated with mesalamine increased genera Butyricicoccus and Parabacteroides, respectively.
[image: Figure 6]FIGURE 6 | Spearman correlation between candidate genera and metabolites. Different colors represent the value of correlation coefficient, red indicates positive correlation and blue indicated negative correlation. *0.01 < p ≤ 0.05，**0.001 < p ≤ 0.01，***p ≤ 0.001.
Furthermore, the functional correlation between gut microbiota and metabolites changes was explored. Using PICRUSt analysis, the 49 candidate genera were enriched in 24 function classes including carbohydrate transport and metabolism, amino acid transport and metabolism, lipid transport and metabolism, signal transduction mechanisms, secondary metabolites biosynthesis, transport and catabolism, etc (Figure 7A). The 102 candidate metabolites were enriched in 14 KEGG pathway related items such as amino acid metabolism, biosynthesis of other secondary metabolites, lipid metabolism, carbohydrate metabolism, etc (Figure 7B). We observed that the candidate genera and metabolites were enriched in many similar molecular pathways such as amino acid metabolism and secondary metabolites biosynthesis, which might implicate the high functional correlation of gut microbiota with related metabolites.
[image: Figure 7]FIGURE 7 | Pathway analysis of candidate genera and metabolites. (A) The candidate genera functional prediction by PICRUSt analysis. The horizontal axis represents the function number, and the vertical axis represents the functional abundance. (B) Pathway enrichment of candidate metabolites. The horizontal axis represents the number of enriched metabolites, and the vertical axis represents the enriched pathway items.
The Gut Microbiota Signature Discriminate Treatment-Naïve UC Patients from Both Normal Healthy Control and Mesalamine-Responded UC Patients
To evaluate whether gut microbiota could be used to distinguish treatment-naïve UC patients from normal healthy control or mesalamine-responded UC patients, ROC analysis was performed for 49 candidate genera. Our results indicated that a gut microbiota signature composed of five genera including Escherichia-Shigella, Streptococcus, Megamonas, Prevotella_9 and [Eubacterium]_coprostanoligenes _group might be used to distinguish treatment-naïve UC patients from normal healthy controls (AUC = 0.79, 95% CI 0.6–0.98, Figure 8A). Meanwhile, the five genera signature might also be used to discriminate treatment-naïve UC patients from mesalamine-responded UC patients (AUC = 0.73, 95% CI 0.52–0.94, Figure 8B).
[image: Figure 8]FIGURE 8 | A signature composed of five genera discriminating UC group from both NC and mesalamine groups. (A) ROC curve analysis of UC group and NC group. (B) ROC analysis of UC group and mesalamine group.
DISCUSSION
In the present study, 16S rRNA sequencing and LC-MS metabolomics were integrated to detect the perturbance of gut microbiota and metabolites in UC patients and observed the effect of mesalamine. We observed there were significant changes of gut microbiota and metabolites in UC patients, and mesalamine might exert beneficial effects in UC by partially restoring gut microbiota and correlated metabolites in different pathways.
The important role of gut microbiota in UC has been widely accepted, and disruptions to the microbiome have been implicated in the pathogenesis (Derikx et al., 2016). A recent study of fecal microbiota analysis revealed that the relative abundance of Escherichia-shigella and Streptococcus was elevated, whereas Bacteroides and Prevotella_9 was reduced in UC patients compared to healthy participants (Sun et al., 2019). Another study reported the gut microbial dysbiosis in Chinese inflammatory bowel disease patients, and found that the community of Megamonas and Butyricicoccus, which could produce short-chain fatty acids and modulate colonic regulatory T cells, was significantly repressed in UC patients stool samples (Ma et al., 2018). Here, we also observed significant changes of gut microbiota composition in treatment-naïve UC patients using 16S rRNA sequencing bacteria community analysis. We noted that the relative abundance of many genera such as Escherichia-shigella, Megamonas, Clostridium_sensu_stricto_1, Enterococcus and Citrobacter was increased, while a batch of genera such as Megamonas, Prevotella_9, Parabacteroides [Eubacterium]_ventriosum_ group, Ruminococcus_2, Roseburia, Butyricicoccus, Dialister, Akkermansia and [Eubacterium]_coprostanoligenes_group was reduced in UC patients. The results were partially consistent with previous studies. Importantly, we observed that the relative abundance of 49 candidate genera was significantly reversed by mesalamine intervention. It is interesting that most of the candidate genera were significantly correlated with Mayo score and the course of disease. Of which, several genera such as Enterococcus and Streptococcus exhibited a significant positive correlation with Mayo score and the course of disease, exerting their adverse effect in UC pathogenesis. Whereas, other genera such as Butyricicoccus, Parabacteroides and Pseudomonas were negatively correlated with Mayo score and the course of disease, which implicated their beneficial role in UC. It has been reported the amount of Enterococcus was higher in UC patients than in healthy subjects (Nemoto et al., 2012). Another longitudinal analyses of gut mucosal microbiotas in UC patients revealed that high clinical activity indices and sigmoidoscopy scores were associated with Enterococcus faecalis (Fite et al., 2013). Our results were partially consistent with these data. However, there were conflicting results concerning the role of Streptococcus in UC. For example, it is suggested that infection with highly-virulent specific types of Streptococcus mutans might be a potential risk factor in the aggravation of UC (Kojima et al., 2012), whereas, it has been reported that Streptococcus thermophilus strain might have the potential to reduce signs of colitis (Bailey et al., 2017). These results indicated that specific strain of Streptococcus might have different role in the development of UC. In the present study, we reported the association of Streptococcus genus level with UC and did not examine the specific Streptococcus species. Further extensive investigation of the identified candidate genera may obtain novel gut microbiota targets for UC treatment.
It is noted that the perturbation of gut microbial community may lead to metabolite alterations. The disordered metabolites may enter the host, then modulate intestine epithelial cells and inflammation in the disease progression (Arpaia et al., 2013). Therefore, we examined the metabolite profiles across fecal samples from normal healthy subjects, treatment-naïve UC patients and mesalamine-responded UC patients. By LC-MS metabolomics, we noted that a batch of metabolites were significantly different in treatment-naïve UC patients, and mesalamine restored the changes of 102 candidate metabolites. Many amino acids in serum such as leucine, isoleucine, glycine and histidine have been implicated in inflammatory bowel diseases (Dawiskiba et al., 2014; Probert et al., 2018). In the present study, l-isoleucine and l-histidine in fecal samples were remarkably changed in treatment-naïve UC patients and could be restored by mesalamine intervention. The findings indicated their potential role in UC and might serve as potential therapeutic targets. Dysmetabolism of bile acids has also been found in UC pathogenesis (Pavlidis et al., 2015). Duboc, et al., 2013 reported that the level of secondary bile acids was decreased in fecal and serum samples of UC patients, and Sinha, et al., 2020 observed lithocholic acid and deoxycholic acid were reduced in stool samples of UC patients (Duboc et al., 2013; Sinha et al., 2020). Our results partially conformed to their findings. We noted that cholic acid and deoxycholic acid concentrations were reduced in UC patients and could be restored by mesalamine intervention. Besides, we also obtained many other mesalamine reversed candidates which had been implicated in UC. For example, styrene is a benzenoid compound produced by decarboxylation of cinnamic acid and has been reported positively correlated with disease activity in UC (De Preter et al., 2015). In present study, we noted that the level of styrene was higher in treatment-naïve UC patients than normal healthy controls and positively correlated with UC Mayo score. It is worth noting that most of the candidate metabolites were not only significantly correlated with UC Mayo score, but also correlated with specific bacteria genera. Furthermore, we observed that the candidate genera and metabolites were enriched in many similar KEGG pathways such as amino acid metabolism and secondary metabolites biosynthesis, indicating their high functional correlation. The results suggested that mesalamine might exert a beneficial role in UC by modulating gut microbiota genera and relevant metabolites in different pathways. In-depth extensive investigation of the identified candidates may provide us novel targets for UC treatment.
Finally, we identified a gut microbiota signature composed of five genera that might be used to discriminate treatment-naïve UC patients from both normal healthy controls and mesalamine-responded UC patients. However, our study has some inherent limitations. Firstly, the findings in the present study were based on the limited samples with no further functional experiments, and the identified genera and metabolites candidates should be further verified in a comprehensive and large scale investigation. Second, this exploratory study composed of two cross-sectional trials. Current results could only support correlation, not the causality. Besides, the cross-sectional design ignored the pre-treatment clinical information of mesalamine group. Potential imbalance may exist between UC group and mesalamine group, which may affect the results. Longitudinal design should be considered in future studies. Third, the course of disease might affect the gut microbiota and metabolites, and further study should be performed in UC patients with matched course of disease to validate our findings.
CONCLUSION
In summary, 16S rRNA sequencing and metabolomics approaches were integrated to detect the perturbance of gut microbiota and metabolites in stool samples across normal healthy controls, treatment-naïve UC patients and mesalamine-responded UC patients. We observed significant changes of gut microbiota and metabolites in UC patients. Mesalamine might exert beneficial effects in UC by modulating gut microbiota and correlated metabolites in different pathways. We also identified a gut microbiota signature to discriminate treatment-naïve UC from normal healthy controls and mesalamine-responded UC patients. Our results may shed new lights on the mechanism of mesalamine in UC treatment and provide us novel therapeutic targets.
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Case Report: IL-21 and Bcl-6 Regulate the Proliferation and Secretion of Tfh and Tfr Cells in the Intestinal Germinal Center of Patients With Inflammatory Bowel Disease
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Objective: This study aimed to investigate the effect of interleukin (IL)-21 and B cell lymphoma protein-6 on germinal center follicular helper T (Tfh) cells and follicular regulatory T (Tfr) cells and its relationship with the clinical features of inflammatory bowel disease (IBD).
Methods: The expression of peripheral blood cytokines IL-21 and Bcl-6 mRNA was detected by reverse transcription–polymerase chain reaction. The distribution characteristics of Tfh and Tfr cells were detected using the triple immunofluorescence staining analysis.
Results: The expression of IL-21 and Bcl-6 mRNA was upregulated in the ulcerative colitis (UC) and Crohn disease (CD) groups compared with that in the control group. Triple immunofluorescence staining showed that the number of Tfh cells in the intestinal germinal center obviously increased in the UC and CD groups compared with that in the control group, whereas the number of Tfr cells reduced.
Conclusion: This study suggested that the Tfr and Tfh cells might be involved in the regulation of IBD. Bcl-6 and IL-21 can regulate the Tfh/Tfr ratio in the intestinal germinal center, promoting the occurrence and development of IBD.
Keywords: Bcl-6, follicular helper T cells, follicular regulatory T cells, germinal center, IL-21, inflammatory bowel disease
INTRODUCTION
Inflammatory bowel disease (IBD) is characterized by inflammation and abnormal bowel patterns. However, its etiology and pathogenesis are still not clear, possibly due to intestinal microbial infection or physicochemical factors (such as certain foods and drugs), coupled with a variety of factors related to individual genetic susceptibility, or caused by excessive activation of intestinal mucosal immune response (Baumgart and Sandborn, 2007) IBD includes ulcerative colitis (UC) and Crohn disease (CD). The main difference between UC and CD is that UC is mainly located in the colon and rectum, while CD can affect the entire digestive tract (Baumgart et al., 2012; Ordás et al., 2012). Two new types of T helper cells have been found in the germinal center of lymphoid tissues: follicular helper T (Tfh) cells and follicular regulatory T (Tfr) cells, which differentiate and proliferate in lymphoid follicles. (Deenick and Ma, 2011; Linterman et al., 2011) These two types of cells are closely related to various autoimmune diseases (Wang et al., 2014; Dhaeze et al., 2015). Despite minimal research on the Tfr/Tfh ratio in patients with IBD, some scholars (Ozaki et al., 2002; Eto et al., 2011) reported that changes in the levels of IL-2 and IL-6 in the local microenvironment of IBD might be involved in the differentiation of Tfh cells and the abnormal expression of transcription factors such as Bcl-6 and c-MAF. Treg cells may also be involved in the abnormal regulation of Tfh cells. Based on the characteristics of IBD with excessive immune damage and autoimmune response, it is reasonable to speculate that Tfh and Tfr cells are involved in the progression of IBD. The proportion of Tfh and Tfr cells in the peripheral blood of patients with IBD and healthy population was detected by flow cytometry to determine the correlation between Tfh/Tfr ratio and IBD. The expression of IL-21 and Bcl-6 was assessed by reverse transcription–polymerase chain reaction (RT-PCR) in patients. Moreover, triple immunofluorescence staining analysis was performed to detect the distribution characteristics of Tfh cells in the germinal center and Tfr cells in the intestinal tissue of patients with IBD by illustration there specia cell phenotype CD57/FoxP3. The present study might provide a theoretical basis for the clinical treatment of IBD by the intervention of Tfh and Tfr cells.
MATERIALS AND METHODS
Materials
Blood samples were collected from 134 patients with IBD in the Department of Gastroenterology, the First Affiliated Hospital of Guangxi Medical University, China. Among them, 79 were males and the remaining 55 were females. The age ranged from 21 to 65 years, with an average age of 38.12 ± 7.23 years colorectal inflammation tissue of 111 patients were collected by endoscopy. Among them, 69 were males and the remaining were females. The age ranged from 21 to 68 years, with an average age of 37.08 ± 6.03 years. In addition, 90 cases of blood samples and 80 cases of colorectal tissue samples were collected from healthy controls. The subjects were healthy people who had been treated in the First Affiliated Hospital of Guangxi Medical University at the same time, who had excluded tumor, autoimmune disease and family history of IBD. There was no significant difference in age and gender between IBD group and healthy control group (p > 0.05). All specimens obtained were approved by ethics committee of the First Affiliated Hospital of Guangxi Medical University, and all patients were informed and agreed.
Methods
Expression of Peripheral Blood Cytokines IL-21 and Bcl-6 mRNA Was Detected by RT-PCR in Patients With IBD and Healthy Controls
The total RNA was extracted from the peripheral blood using chloroform and TRIzol solution (TaKaRa Bio Inc., Shiga, Japan). A first-strand cDNA synthesis was performed with 1 μg of total RNA. The cDNA samples were thereafter amplified in the ABI Prism 7500 Sequence Detection System (Applied Biosystems, MA, United States) for 40 cycles (95°C for 3 s and 60°C for 34 s) with specific oligonucleotide primers (TaKaRa Bio Inc.). Each sample was analyzed in triplicate, with β-actin used for normalization. The relative quantification of target genes was determined using the ΔΔCT method. The primers used in RT-PCR analyses are listed in Table 1.
TABLE 1 | Primer sequences for PCR.
[image: Table 1]Triple Immunofluorescence Staining Analysis of the Distribution Characteristics of Tfh/Tfr Ratio in the Germinal Center
IBD intestinal tissue was taken and fixed with paraformaldehyde. The paraffin-embedded sections were stained with immunohistochemistry. The tissue sections were washed with PBS, water, and then skimmed milk. Two groups of three fluorescent-labeled antibodies were added at room temperature: the first group comprised the primary antibodies to CD4 (BioLegend, United States) , CXCR5, and FOXP3 (eBioscience, United States); the second group comprised the primary antibodies in three different colors: green fluorescent protein labeling, Cy3-labeled red fluorescence, and AMCA blue fluorescence. The secondary antibodies were stained in three different colors, representing different Tfr and Tfh cells. The results were analyzed using average optical density values.
STATISTICAL ANALYSIS
All data were expressed as mean ± standard deviation. Comparisons between groups were performed using one-way analysis of variance followed by the Student–Newman–Keuls post hoc test. p values less than 0.05 were considered statistically significant. All the statistical analyses were performed using the statistical software package SPSS version 16.0 (SPSS Inc., IL, United States).
RESULTS
Effect of IBD on the mRNA Expression of IL-21 and Bcl-6
The expression of IL-21 and Bcl-6 mRNA was examined in the peripheral blood by RT-PCR (Figures 1, 2). The expression of IL-21 and Bcl-6 mRNA was low in the control group, while it significantly increased in the UC and CD groups (p < 0.05). The reason probably is that Tfh can secrete IL-21R in an autocrine manner at the same time, IL-21R can also stimulate the production of Bcl-6, which can also secrete Tfh. Therefore, it was hypothesized that IL-21 and Bcl-6 played an important role in the pathogenesis of IBD.
[image: Figure 1]FIGURE 1 | Expression of Bcl-6 mRNA in the peripheral blood of UC and CD groups.
[image: Figure 2]FIGURE 2 | Expression of IL-21 mRNA in the peripheral blood of UC and CD groups.
Triple Immunofluorescence Staining Analysis of the Distribution Characteristics of Tfh/Tfr Ratio in the Germinal Center
Triple immunofluorescence staining was performed to analyze the distribution characteristics of Tfh/Tfr ratio in the germinal center of intestinal tissues (Figure 3). Red fluorescence indicated CXCR5; green fluorescence indicated CD4; and blue fluorescence indicated FOXP3/CD57. The coincidence of white fluorescence with red, blue, or green fluorescence indicated that the site was Tfh or Tfr cells. When the three channels were coincident, the white light appeared in the germinal center of the lymph nodes. We used the average of optical density to evaluate the intensity of cell staining in each groupStaining of the intestinal tissue samples from the normal control group showed that the staining intensity of Tfr cells in the germinal center was obviously upregulated compared with the UC and CD groups (p < 0.05). However, the staining intensity of Tfh cells in the germinal center from the UC and CD groups significantly increased compared with the control group (p < 0.05).
[image: Figure 3]FIGURE 3 | Tfh and Tfr triple immunofluorescence staining (×20).
DISCUSSION
IBD is a disease with autoimmune characteristics because of immune response imbalance. The incidence of IBD is continuously rising; however, its etiology and pathogenesis are not clear.
The Tfh cells are regulated by B cells, Inducible costimulator, SLAM-associated protein, and PD-1, whose surface marker is CD4+CD57+CXCR5. They can secrete IL-21, IL-6, and IL-27 (Auderset et al., 2013). IL-21, a T-cell–derived cytokine, is produced in excess in inflammatory bowel diseases, which can be highly expressed in intestinal mucosa of IBD patients (Chelsky et al., 2007). The main function of Tfh cells is to form B cells with high-affinity antibodies and lack of differentiation into autoreactive plasma cells and memory B cells with high affinity and long-term protective effect against infection. Tfh cells also play a key role in promoting the formation of germinal center, immunoglobulin class switching, and maintaining long-term humoral immune response (Cannons et al., 2013). It has been found that IL-21 and Bcl-6 are the key factors regulating the development and function of Tfh cells. The research shows that Tfh cells form but decline faster in the absence of IL-21 (Linterman et al., 2010). The most probably reason is that IL-21 is involved in the differentiation of B cells, which are produced by the Tfh cells and play a key role in the survival of Tfh cells. It is involved in the transformation of CD4+T cells into Tfh cells, which is essential for the growth and development of Tfh cells (Yu et al., 2015).
Tfr is a newly discovered regulatory T cell subgroup. Tfr surface markers, including Tfh cell-related molecules, play an essential role in the regulation of germinal center response (Linterman et al., 2011; Linterman et al., 2012). Tfr cells can express CD8, CXCR5, Bcl-6, and FOXP3, and are located in the germinal center, inhibiting the immune response (Deaglio et al., 2007). Tfr cells are characterized by the overlap of surface phenotype and Tfh cells, so that Tfr and Tfh have dual functional characteristics. Tfr cells can regulate the number of Tfh cells and the response of germinal centers (Szanya et al., 2002; Borsellino et al., 2007; Deaglio et al., 2007). If FOXP3+Bcl-6+Treg lacks in the follicles, the germinal centers lose the role of inhibiting the immune response, resulting in the secretion of antibodies from a large number of B cells. Therefore, it is believed that FOXP3+Bcl-6+ Treg is an autoimmune regulatory signal (Wollenberg et al., 2011). However, Tfr and Tfh cells have the same phenotypic characteristics, which may be related to the germinal centers (Chung et al., 2011). A certain number of Tfr cells exist in the circulation, which can be activated by CD28 and ICOS and inhibited by PD-1 and PD-L1 (Sage et al., 2012). The specific inhibition needs further investigation. A recent study showed that Tfr cells mediated Tfh cell and B cell responses, regulating the germinal center reaction. Therefore, Tfr cell dysregulation is critical to the development of autoimmune diseases (Sage and Sharpe, 2016).
Tfh can secrete IL-21R in an autocrine manner, which promotes the proliferation of Tfh cells with high expression of CXCR5 and ICOS and their migration to lymph nodes and germinal centers (Sarra et al., 2012; Spolski et al., 2012). However, Tfh cells not only increase the expression of Bcl-6 but also increase the expression of Tfh surface protein gene. The reason may be that Bcl-6 is necessary for the differentiation of CD4+T cells into Tfh cells in vivo (Johnston et al., 2009). The high expression of Bcl-6 can induce the formation of Tfh phenotype cells (such as CXCR5, PD-1, and CXCR4) (Nurieva et al., 2009). The initial T cells receive dendritic cells presenting antigen and ICOS stimulation signals and begin to express Bcl-6 at high levels (Choi et al., 2013). It has been confirmed that transcription factors and regulatory factors Bcl-6 and IL-21 are important factors in the regulation of Tfh differentiation (Wollenberg et al., 2011; Ding et al., 2014). The changes in the expression of IL-21 and Bcl-6 mRNA in the peripheral blood were measured in the present study to evaluate the numbers of Tfh cells. The results showed an increase in the expression of IL-21 and Bcl-6 mRNA, suggesting an increase in the number of Tfh cells. The lack of Tfr cells might be due to the decrease in STAT3 in Treg cells (Hao et al., 2016). The loss of Tfr cells and the corresponding decrease in the cell phenotype FOPX3 lead to a decrease in the number of Treg cells (Aloulou et al., 2016). An increase in the number of Tfh cells promotes the activation of Bcl-6/IL-21, leading to the occurrence and development of IBD.
This study showed two kinds of cells in patients with IBD having abnormal regulation and differentiation: Tfh and Tfr. It was suggested that Tfh and Tfr might be involved in the immune regulation of IBD. These results also suggested that Bcl-6/IL-21 could regulate the changes in Tfh/Tfr ratio and promote the occurrence and development of IBD.
In summary, this study suggested that Tfh cells helped B cells in germinal center formation and produced high-affinity antibodies. However, Tfr cells inhibited B cells, which secreted IL-21, thereby reducing the inflammatory reaction. Tfr cells play a key role in negative immune regulation in the pathogenesis of IBD. This study may provide a theoretical basis for future studies on the pathogenesis and clinical treatment of IBD.
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Ginger Alleviates DSS-Induced Ulcerative Colitis Severity by Improving the Diversity and Function of Gut Microbiota
Shanshan Guo1,2†, Wenye Geng3†, Shan Chen2†, Li Wang2, Xuli Rong4, Shuocun Wang1, Tingfang Wang1, Liyan Xiong1, Jinghua Huang2*, Xiaobin Pang4* and Yiming Lu1,25*
1School of Medicine, Shanghai University, Shanghai, China
2Eight Plus One Pharmaceutical Co., Ltd, Guilin, China
3Institutes of Integrative Medicine, Fudan University, Shanghai, China
4School of Pharmacy, Henan University, Kaifeng, China
5Department of Critical Care Medicine, Shanghai Tenth People’s Hospital, School of Medicine, Tongji University, Shanghai, China
Edited by:
Lixin Zhu, The Sixth Affiliated Hospital of Sun Yat-sen University, China
Reviewed by:
Antonella Marino Gammazza, University of Palermo, Italy
Rinaldo Pellicano, Molinette Hospital, Italy
* Correspondence: Jinghua Huang, Huangjh.81@188.com; Xiaobin Pang, pxb@vip.henu.edu.cn; Yiming Lu, bluesluyi@sina.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Gastrointestinal and Hepatic Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 23 November 2020
Accepted: 08 January 2021
Published: 22 February 2021
Citation: Guo S, Geng W, Chen S, Wang L, Rong X, Wang S, Wang T, Xiong L, Huang J, Pang X and Lu Y (2021) Ginger Alleviates DSS-Induced Ulcerative Colitis Severity by Improving the Diversity and Function of Gut Microbiota. Front. Pharmacol. 12:632569. doi: 10.3389/fphar.2021.632569

The effects of ginger on gastrointestinal disorders such as ulcerative colitis have been widely investigated using experimental models; however, the mechanisms underlying its therapeutic actions are still unknown. In this study, we investigated the correlation between the therapeutic effects of ginger and the regulation of the gut microbiota. We used dextran sulfate sodium (DSS) to induce colitis and found that ginger alleviated colitis-associated pathological changes and decreased the mRNA expression levels of interleukin-6 and inducible nitric oxide synthase in mice. 16s rRNA sequencing analysis of the feces samples showed that mice with colitis had an intestinal flora imbalance with lower species diversity and richness. At the phylum level, a higher abundance of pathogenic bacteria, Proteobacteria and firmicutes, were observed; at the genus level, most samples in the model group showed an increase in Lachnospiraceae_NK4A136_group. The overall analysis illustrated an increase in the relative abundance of Lactobacillus_murinus, Lachnospiraceae_bacterium_615, and Ruminiclostridium_sp._KB18. These increased pathogenic bacteria in model mice were decreased when treated with ginger. DSS-treated mice showed a lower abundance of Muribaculaceae, and ginger corrected this disorder. The bacterial community structure of the ginger group analyzed with Alpha and Beta indices was similar to that of the control group. The results also illustrated that altered intestinal microbiomes affected physiological functions and adjusted key metabolic pathways in mice. In conclusion, this research presented that ginger reduced DSS-induced colitis severity and positively regulated the intestinal microbiome. Based on the series of data in this study, we hypothesize that ginger can improve diseases by restoring the diversity and functions of the gut microbiota.
Keywords: colitis, ginger, 16S rRNA, intestinal microbiota, dextran sodium sulfate
INTRODUCTION
Ulcerative colitis (UC) is an idiopathic chronic inflammatory disease of the colonic mucosa, which starts in the rectum and usually continuously extends proximally through part of or the entire colon. The most common clinical symptoms of UC include diarrhea, abdominal pain and bloody mucoid stools (Silverberg et al., 2005).
The exact cause of UC is still unknown, but extensive research suggested that aberrant responses to environmental factors, genetic susceptibility, abnormal immune regulation, the intestinal mucosal barrier, and intestinal microecological changes contribute to the occurrence and development of UC (Heller et al., 2005; Dong et al., 2019).
The expression of β-defensin produced by intestinal epithelial cells to promote host defense and limit bacterial invasion has also been reported to be upregulated in colon samples of UC patients (Rahman et al., 2010). Recent years, a more popular theory indicted that dysregulation of immune responses to microbes in the gut contributed to the occurrence, progression, and changes of UC (Zheng et al., 2017). The innate and adaptive immunity of the host can prevent the invasion of harmful bacteria, tolerate the normal microflora. However, imbalance intestinal flora reduces intestinal immunity, resulting in overstimulation of intestinal mucosal immune response, finally contributing to the disease (Zhang et al., 2015).
Human gut microbiome disorder is closely related to a variety of human diseases like autism and mood disorders (Mangiola et al., 2016), as well as obesity, diabetes and cardiovascular diseases (Hills et al., 2019). Series of researches proved that gut microbiome played an important role in the etiopathogenesis and treatment of inflammatory bowel disease (IBD) (Masoodi et al., 2019). Colonocyte metabolism regulates the content of anaerobic bacteria, and restoration of this colonocyte metabolism seems to be a novel therapeutic approach for IBD (Litvak et al., 2018). The intestinal microbiome is a diverse combination of bacteria, archaea, fungi, prokaryotes and viruses located in the intestines of all mammals. Fungi and bacteria occupy the main position, with the most abundant and diverse in the distal ileum and colon (Ley et al., 2006). Researchers established that intestinal microbiome was a strong inducer of pro-inflammatory T helper 17 cells (TH17) and regulatory T cells (Tregs) in the intestinal, which regulated type 2 responses and balanced mucosal immune responses by inducing type 3 retinoic acid-related orphan receptor-γt (RORγt) (+) Tregs cells and TH17 cells (Ohnmacht et al., 2015). The fecal microbiome of UC patients showed significantly less biodiversity than that of healthy people (Zhang and Li, 2014). A common difference between Crohn disease (CD) and UC patients was that they showed a decrease in the proportion of Firmicutes and a contrasting increase in that of Proteobacteria (Marchesi et al., 2016). Akkermansia muciniphila, the most abundant bacterial species in the human intestinal flora, has also been observed to decrease significantly in UC patients (Bajer et al., 2017).Various novel therapeutic approaches using prebiotic, probiotic, symbiotic and fecal microbiota transplantation (FMT) as complementary and alternative medicine has improved the condition of IBD patients (Khan et al., 2019). Probiotics can repair the damaged intestinal mucosal barrier in UC patients (Abraham and Quigley, 2017). A randomized controlled trial showed that FMT can be used to relieve the symptoms of UC patients in the short term (Narula et al., 2017).
Ginger (Zingiber officinael) is a perennial rhizome herb that has been globally used to treat gastrointestinal disorders such as nausea, dysentery, diarrhea and infections. Recent years, numerous studies proved that ginger exert anti-inflammatory, antioxidant, antitumor and antiulcer effects (Mohd Sahardi and Makpol, 2019; Nikkhah Bodagh et al., 2019). Ginger extract 6-gingerol has been proved to induce the apoptosis of gastric cancer cells through tumor necrosis factor (TNF)-related apoptosis-inducing ligand-(TRAIL-)(Prasad and Tyagi, 2015). The high content of 6-shogaol contributed to the antitumor activity of ginger against breast, cervical and hematological cancer in vitro (Sharifi-Rad et al., 2017; Mahomoodally et al., 2019). In addition to gastrointestinal disorders, ginger also alleviated fatty liver and irritable bowel syndrome (Nikkhah Bodagh et al., 2019). Ginger nanoparticles (GDNPs 2) have been shown to relieve colitis by reducing the expression of inflammatory cytokines in FVB/NJ mice colitis model (Zhang et al., 2016) while ginger exosome-like nanoparticles alleviated colitis in mice model via Lactobacillus rhamnosus (LGG) (Teng et al., 2018).
In this study, we elucidated the effects of ginger on intestinal microbiome in dextran sulfate sodium (DSS) induced mice. Fecal samples were collected and 16s rRNA sequencing was perform to investigate the changes in the gut microbiota.
MATERIALS AND METHODS
Biological Materials and Reagents
Ginger powder was purchased from Fujian Longzhi Biotechnology Co., Ltd (Fujian, China), and DSS salt (reagent grade) was purchased from MP Biomedicals (Santa Ana, CA, USA). Chloroform was purchased from Sinopharm Chemical Reagent (Co., Ltd.) (Shanghai, China). Sulfasalazine (SASP) was purchased from Dalian Meilun Biotechnology Co., Ltd (Dalian, China). RNAiso Plus, TB Green® Premix Ex Taq™ II, and PrimeScript™ RT Master Mix were purchased from Takara Biomedical Technology Co. (Beijing, China). QIAamp 96 PowerFecal QIAcube HT kit was purchased from Thermo Fisher Scientific Inc (Waltham MA, USA). All other chemicals and reagents used in this study were of analytical grade.
DSS Induced Colitis Mice Model
Male BALB/c mice (weighing 18–22 g) were purchased from the Experimental Animal Center, Second Military Medical University (Shanghai, China) and were maintained under a 12 h light-dark cycle at a temperature of 24°C. After adapting to the environment, 32 mice were divided into four groups. All animal experiments were conducted according to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health, and the study protocol was approved by the Animal Care and Use Committee of the Shanghai University. The DSS-induced colitis mice model were established as previously described (Chassaing et al., 2014). Briefly, BALB/c mice were administered 2.5% DSS for 7 days, Weighing body weight and monitoring disease action index (DAI) daily.
After acclimatization for 3 days, mice were randomly divided into four groups as follows: 1) the control group, fed with standard rodent food and water, without any other treatment; 2) the model group provided free access to 2.5% DSS, and orally administered normal saline at 100 μL/20 g daily; 3) provided free access to 2.5% DSS and orally administered SASP at 400 mg/kg daily; 4) provided free access to 2.5% DSS and orally administered ginger at 500 mg/kg daily. The dose of ginger was determined according to the method by Teng et al. (2018), because we had used the same ginger. Body weight and DAI were noted daily.
Sample Collection
At the end of the experiment, fresh fecal samples were collected from the mice in autoclaved Eppendorf tubes and stored at −80°C before mice were sacrificed. The length of each colon was measured and divided into three parts for real time-PCR, and histopathological studies.
Histopathological Studies
The colon tissues were formalin-fixed, paraffin-embedded, cut into 5 μm sections, and stained with hematoxylin and eosin (H&E). Colonic histological damage was observed under a light microscope.
RNA Extract and Real-Time PCR
Total RNA was extracted from the colon tissue using with RNAiso Plus and chloroform, and then the total RNA concentration and purity were measured using a NanoDrop 2000 spectrophotometer. cDNA was synthesized using the PrimeScript™ RT Master Mix. Real-time PCR was conducted using TB Green® Premix Ex Taq™ II, and the reaction solution contained 5 μL TB Green® Premix Ex Taq™ II, 0.5 μL of each primer (10 μM), 3 μL genomic DNA, and nuclease-free water (total volume 10 μL). The following primer sequences of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), interleukin 6 (IL-6) and inducible nitric oxide synthase (iNOS), are presented in Table 1.
TABLE 1 | Primer sequences of inflammatory factor.
[image: Table 1]DNA Extraction
Total genomic DNA was extracted using QIAamp 96 PowerFecal QIA cube HT kit (Qiagen), and the integrity and concentration were measured using NanoDrop (Thermo Fisher Scientific) and 1% agarose gel electrophoresis (voltage, 120 V; electrophoresis time, 15 min).
16S rRNA Sequence
16S rRNA sequencing was performed by Oebiotech (Shanghai, China), the amplification of the V3V4 region (343–798) of the 16S rRNA gene was conducted with these primer pairs: 343F-5′-TACGGRAGGCAGCAG-3′, 798R-5′- AGGGTATCTAATCCT-3′. For library construction, the 30 µL PCR mixture consisted of 10–50 ng DNA template, 1 µL each of the forward and reverse PCR primers (5 pmol/μL each), 15 µL 2× Gflex PCR buffer (Takara), 0.6 μL Tks Gflex DNA polymerase (1.25 U/μL, Takara), and an appropriate volume of double distilled water (ddH2O) was added to make up the volume to 30 μL. The PCR program was as follows: initial denaturation at 94°C for 5 min, followed by 26 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, extension at 72°C for 20 s, and a final extension at 72°C for 5 min.
Bioinformatic Analysis
Raw data were analyzed in the FASTQ format, and Trimmomatic software was used to preprocess paired-end reads. After trimming, paired-end reads were assembled using FLASH software, and reads with chimeras were detected and removed using UCHIME software. Clean reads were clustered into Operational Taxonomic Unit (OTUs) with 97% similarity cutoff using Vsearch software. The representative reads were selected using QIIME and blast against Greengenes or Silva (version 132) using a PDR classifier.
Statistical Analysis
All values are expressed as mean ± standard error of the mean (SEM). All statistical analyses were performed using GraphPad Prism. Differences between groups were analyzed using the two-tailed Student’s t-test, and results with p < 0.05 were considered statistically significant.
Sequence Accession Numbers
The sequences generated in the present study are available through the NCBI Sequence Read Archive (accession number PRJNA680889).
RESULTS
Ginger Alleviates the Symptoms and Inhibits the Inflammation in DSS Induced Mice Colitis
As shown in Figure 1A, mice administered ginger and SASP shown a lower weight loss than the model group. The disease activity index (DAI) of mice administered Ginger and SASP were also decreased significantly (Figure 1B). Colon length shortening was less in ginger- and SASP-treated mice than the model group mice (Figure 1C). The spleen index of the ginger- and SASP-treated mice was significantly lower than the model group mice (Figure 1D).
[image: Figure 1]FIGURE 1 | Ginger alleviates the symptoms and reduced the mRNA expression of inflammatory cytokines in DSS induced mice colitis (A) Body weight of mice. (B) Disease activity index (DAI). (C) Colon length. (D) Spleen index. (E) Interleukin 6 (IL-6) expression. (F) Inducible nitric oxide synthase (iNOS) expression. (G) Images of colon samples showing colon length. (H) Images of hematoxylin and eosin (H and E)-stained colon tissue samples. Magnification, ×200. Values are mean ± standard error of the mean (SEM); *p < 0.05, **p < 0.01, and ***p < 0.001 for ginger and SASP vs. model group.
Real-time PCR analysis revealed significantly increased mRNA levels of IL-6 and iNOS in the model mice, whereas SASP and ginger treatment decreased the mRNA expression levels of these inflammatory cytokines. Ginger was less effective than SASP in decreasing the expression of IL-6 (Figure 1E) but they were both equally effective in decreasing the expression level of iNOS (Figure 1F). Ginger-treated colitis mice exhibited less reduction in colon length than the model group mice (Figure 1G). Hematoxylin and eosin (H&E) staining of the colon tissues showed less severe intestinal mucosa injury (destruction of the epithelial structure and inflammatory cell infiltration) in SASP and ginger treatment groups than the model group (Figure 1H).
Ginger Restores the Composition of Intestinal Flora in Colitis Mice
The total number of tags in the OTU was collected to obtain the OTU level bar plot of each sample (shown in Table 2 and Figure 2A). After quality control, approximately 41,264 and 74,044 clean tags were obtained; the chimeras were removed and the valid tags obtained were used for the analysis. The average length of valid tags ranged from 405.99–417.12 bp. The number of OTUs in each sample was counted by subtracting the representative sequences from OTU counts, and it ranged from 577–1835 bp (Figure 2B).
TABLE 2 | Sample tag distribution summary table.
[image: Table 2][image: Figure 2]FIGURE 2 | Analysis of the microbial community structure of each group (A) Operational taxonomic unit (OTU) level bar plots. The X-axis shows the name of each sample, and the Y-axis is the total number of tags in OTUs under class. (B) Flower plot analysis of the number of OTUs in each sample. The values were obtained by subtracting representative sequences from OTU counts. OTUer ring indicates samples. Values on petals were the exact OTU numbers of each sample. The center of the circle represents sequences. (C) Relative abundance of phyla. Each column represents a sample. Different colors indicate different bacteria in phyla. The X-axis represents samples, and the Y-axis shows relative abundance in phyla. (D) Relative abundance of families. Each column represents a sample. Different colors indicate different bacteria in families. The X-axis represents samples, and the Y-axis is the relative abundance of families. (E) Relative abundance of genus. Each column represents a sample. Different colors indicate different bacteria in genus. The X-axis represents samples, and the Y-axis is the relative abundance of classes. (F) Heatmaps illustrate the relative abundance of families in samples, cluster tree on the left represents the clustering of families. The above-clustering branch group represents samples from different groups. Orange and blue indicate higher and lower relative abundance, respectively.
We further analyzed the community structural distribution and first calculated the relative abundance based on biological taxonomy levels. The differences in abundance between each group at the phylum level are shown in Figure 2C, where we detected the top 30 representative phyla, in which we observed that colitis mice presented a high relative abundance in Firmicutes compared to the other three groups. Subsequently, we focused on the difference in abundance at the family and genus levels (Figures 2D,E) in each group. At the phylum level, colitis mice presented a high relative abundance of Proteobacteria and Firmicutes, which had been proved to be a signature of dysbiosis of the gut microbiota. Mice treated with ginger and SASP showed completely opposite results. We also observed a slight increase in Gemmatimonadetes. At the family level, Lachnospiraceae showed a significant increase in mice treated with DSS than in the control group. Ginger and SASP decreased the relative abundance of Lachnospiraceae. In contrast, Muribaculaceae were reduced in colitis mice, and ginger corrected this disorder. At the genus level, the Lachnospiraceae_NK4A136_group showed a sharp increase in the model group. Finally, we calculated the average data in each group and performed a heatmap to illustrate the top 15 different species at the family level (Figure 2F). The heatmap showed that Lactobacillus_murinus, Lachnospiraceae_bacterium_615, and Ruminiclostridium_sp._KB18 levels increased in the model group but decreased in ginger and SASP treatment groups. However, Bacteroides_acidifaciens_JCM_10,556 showed an opposite trend.
The Diversity of Species in the Microbiological Environment
Alpha diversity analysis was performed to observe the species diversity in each individual sample. The constructed dilution curve of the diversity index presents the differences in species richness, and the goods_coverage in Figure 3A shows the sequencing depth with an index value close to 1 that proved the rationality of this analysis. The species richness index was calculated with Chao1 (Figure 3B). Mice with colitis showed a lower richness index, which suggested that DSS disrupted the microbiology structure. The administration of ginger and SASP to mice altered this phenomenon. Rank abundance (Figure 3C) demonstrated the species richness and evenness of each group. DSS disrupted the balance in the composition of the gut microbiota. Mice treated with ginger and SASP showed a higher species richness and evenness compared to the model group. Furthermore, the specaccum species accumulation curve illustrated in Figure 3D showed that the number of species increased with an increasing number of samples, and the gentle curve indicates sufficient sampling. We also obtained the average results in each group and finally obtained an observed species curve in Figure 3E to prove the results. Mice in the control group showed the highest diversity in microbiome species, and mice treated with ginger came next. DSS reduced diversity sharply, and it seems SASP could not reverse this. Finally, we performed Wilcoxon rank-sum, and a violin diagram was obtained, which more clearly indicated the microbial diversity in mice from different groups. (Figure 3F). We confirmed that DSS destroyed the microbiology structure in mice colon, and ginger slightly corrected this; however, the influence was not dramatic.
[image: Figure 3]FIGURE 3 | Alpha diversity index calculation statistics correct sequencing depth. (A) Goods_coverage analysis of each sample. Each curve represents a sample. The X-axis is the depth of random sampling (number of sequences sampled), and the Y-axis is the exponential value. An increase in the number of extracted sequences and the gradually flattening curve indicate that the amount of sequencing data is reasonable. (B) The chao 1 estimator. The X-axis is the depth of random sampling (number of sequences sampled), and the Y-axis is the number of OTUs. (C) Species richness and evenness of each group. On the X-axis, OTUs are sorted according to the number of sequences they contain. For example, “500” represents the 500th most abundant OTU in the sample. On the Y-axis, the relative abundance of OTU, such as “0.01”, represents 0.01%; eg, “0.1” stands for 0.1%. (D) Species accumulation curve. The X-axis represents the number of samples, and the Y-axis represents detected operational taxonomic unit (OTU) numbers. The flat curve indicates sufficient sampling. (E) The average OTUs numbers of observed species in each group. The X-axis is the depth of random sampling (number of sequences sampled), and the Y-axis is the exponential value. When the curve tends to be flat, it indicates that the amount of sequencing data is large enough to reflect most of the microbial species information in the sample. (F) Violin diagram shows alpha diversity index. The X-axis represents different groups are distinguished by different colors, and Y-axis is the index value.
Sequencing Depth Correlation and Multivariate Statistical Analysis of Microorganisms
Beta diversity analysis reflects the diversity among habitats, which means the differences between different samples are often based on OTU sequence similarity or the structure of the community (i.e., species abundance and distribution), or both the evolutionary relationship of the OTU sequence and the structure of the community. First, we obtained the beta-diversity index and found that the microbial diversity observed in mice treated with ginger was similar to that of the control group (Figure 4A). We also used principal coordinate analysis (PCoA) of the microbial community to compare the degree of variation between different samples, and the results are shown with a 3D diagram (Figure 4B). Here we conclude that, overall, microbial evolution in mice treated with ginger is closer to that in control mice. A larger difference was observed between saline- and SASP-treated mice with colitis. We observed that these two groups possessed a larger difference compared to the control group. Nonmetric multidimensional scaling (NMDS) is often used to compare differences between sample groups, and it is based on evolutionary relationships or quantitative distance matrices. We also obtained an NMDS 3D diagram (Figure 4C), and the results were consistent with the PCoA. For clarity, we obtained a circular hierarchical clustering_tree (Figure 4D) using the unweighted pair-group method with arithmetic mean (UPGMA) statistics. The distance between the two branches demonstrates the differences between the two samples. Finally, we performed an analysis of variance (ANOVA) and counted the top 10 different abundant microbiomes at the genus level (Figure 4E) and species level (Figure 4F). We found that most of the microbiomes were similar in the other three groups compared to the control group, but there were also some differences in those three groups. At the genus level, SASP and ginger decreased the abundance of Odoribacter compared to colitis mice. Ruminococcaceae_UCG-014 was decreased in colitis mice, and SASP did not reverse this, but mice treated with ginger showed a similarity in abundance with control mice. At the species level, we observed a sharp increase in the relative abundance of Azospiellum_sp_47_25 in the model and SASP groups; mice in the ginger group only had a slight increase. We also found that Lachnospiraceae_bacterium_615, Ruminiclostridum_sp._kb 18, and intestinimonas_gabonensis were high in colitis mice compared to control mice, and SASP and ginger reduced this change. Meanwhile, Lactobacillus_gasseri and Oscillibacter_sp._1-3 showed contrasting trends.
[image: Figure 4]FIGURE 4 | Sequencing depth corrected and multivariate statistical analysis of microorganisms. (A) Beta diversity analysis of the variability of each group. In the heatmap (above and left), the clustering branch represents samples from different groups. The deeper the blue, the closer the two groups are. The intensity of the red color indicates the opposite. (B) PCoA represents differences between groups. The abscissa (PC1) and the ordinate (PC2) are the two main coordinates with the largest interpretation of the difference between samples. Each point in the figure represents a sample, the same color is the same group, similar samples will be clustered together, if there is a big difference between the samples, the distance will be farther in figure. (C) NMDS analysis. Each point in the figure represents a sample, the same color is the same group, similar samples will be clustered together, if there is a big difference between the samples, the distance will be farther in figure. (D) UPGMA analysis the differences between samples. Each color represents a group. The closer the branch distance, the more similar the samples. Bar boxes illustrate the relative abundance of dominant species and compared the differences within different groups in (E) genus and (F) species.
Species Correlation and Phylogenetic Analysis
Random forest is a machine learning algorithm that can effectively and accurately classify microbial community samples and identify different key components (OTUs or species) between regions. We drew a random forest diagram in Figure 5A and predicted the outstanding species. The Spearman correlation coefficient was calculated based on the relative abundance between species samples. The interrelations between species within the sample or group of samples were obtained, and the network of species interactions was constructed using a visual software that showed the interrelations between species. We plotted a network map of species in Figure 5B to exhibit the species correlation of various classification levels under certain environmental conditions. The abundance of each OTU was calculated. TOP50 with the most tags (most abundant) were selected to construct a phylogenetic tree (Figure 5C) and were shown with a heatmap (Figure 5D). We observed a lower abundance of bacteria such as Epsilonbacteraeota and Bacteroidetes and a higher abundance of bacteria such as Firmicutes, Proteobacteria, and Tenericutes in colitis mice compared to mice treated with ginger and SASP.
[image: Figure 5]FIGURE 5 | Microbiome community samples classification and phylogeny analysis of phylum. (A) Species (variables) importance point map. The abscissa is the importance measurement standard, and the ordinate is the species name sorted by importance. The figure uses standardized importance values by default. (B) Species correlation network diagram. The size of the nodes in the figure indicates the abundance of species, and different colors indicate different species; the color of the line indicates positive and negative correlation, red indicates positive correlation, and green indicates negative correlation; the thickness of the line indicates the size of Pearson's correlation coefficient. Thicker line represents more higher the correlation between species. the abundance of OTUs in each sample are shown (C) and phylogenetic tree and species abundance combination diagram (D) is obtained. The clustering branch represents different bacterial phyla. The abundance graph is shown on the right, which corresponds to the abundance of left operational taxonomic units (OTUs) in each sample.
Gut Microbiome Disorder Contributed to Metabolic Dysfunction
As shown in Figure 6A, Wilcoxon analysis was used, and we eventually found that changes in the intestinal flora in different groups showed a close relationship with human physiological function. The most prominent function focused on human disease, organismal systems, genetic information processing, metabolism, and cellular processes. Kruskal–Wallis analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database identified 30 pathways based on different flora (Figure 6B). The predictions revealed that most pathways involved were related to metabolism, including the metabolism of starch, sucrose (and oxidative phosphorylation), and amino acids (alanine, aspartate, and glutamate), as well as genetic information processing (DNA repair and recombination proteins, ribosome, and pyrimidine metabolism). Clusters of Orthologous Groups of proteins (COG) is a database of the NCBI. COG is categorized into two: prokaryotes and eukaryotes. Prokaryotes are generally called COG databases. In this research, cluster analysis of difference results was performed based on COG databases, and the heatmap in Figure 6C shows the top 30 COG related to different species in the four groups. We also generated a bar blot, as shown in Figure 6D, to predict the potential functions microbiomes possess. However, we only found two functions, carbohydrate transport and metabolism and transcription, slightly related to their microbiology.
[image: Figure 6]FIGURE 6 | Prediction of the functional composition of the gut microbiome. (A) and (B) Kruskal–Wallis analysis was performed to predict functions (A) and pathways (B) the different microbiome species related. The results are shown as a heatmap. (C) Clusters of Orthologous Groups of proteins were predicted and shown in the heatmap. The cluster tree on the left represents the clustering of different metabolic pathways, and the above-clustering branch represents samples from different groups (D) COG bar plot predicted the microbiome function; the x-axis is sample name and the Y-axis is relative abundance of predicted COG_category.
DISCUSSION
In this study, we established a DSS-induced mice colitis model to determine whether ginger restored the gut microbiome composition or not. We also chose SASP, a sulfa antimicrobial that has been used as a therapy for IBD (Sutherland and Macdonald, 2006), as a positive control. Our findings revealed that ginger inhibited colitis progression, alleviated colon injury, and regulated the fecal microbiome.
In recent years, many investigators have researched the treatment mechanism of SASP, especially its regulatory effect on the intestinal microbiome. It has also been proven that SASP altered the gut microbiome and restored the TNBS-induced gut dysbiosis in TNBS-induced colitis (Zheng et al., 2017). We have also mentioned that SASP is widely chosen as a positive control in research that elaborates on the regulation effect of rhizome herb on intestinal microbiota in experimental IBD (Liu et al., 2018; Jia et al., 2020). In our study, the results indicated that ginger alleviated weight loss and reduced DAI in colitis mice, an effect that is similar to that of SASP. The results also showed similar effects on the changing of colon length and spleen index. Although ginger was slightly disadvantageous in reducing the expression of IL-6, it exhibited the same efficiency in regulating the expression of iNOS. Therefore, we proved that oral ginger delayed DSS-induced colitis progression in Balb/C mice.
A community structure or a biological community refers to all creatures with a direct or indirect relationship to each other in the communal biological environment or the collection of all organisms. The various groups in a microbial community coexist and have distinct types of nutrition and metabolism (Hooper et al., 2012). Imbalances in the gut microbiome disrupt homeostasis and contribute to UC; therefore, novel treatment approaches such as manipulation of the gut microbiome (Cohen et al., 2019) and FMT have been proposed for treating UC (de Groot et al., 2017). The microbial diversity results of our study suggested that the ecological structure of the intestinal flora was disrupted as colitis progressed. Our analysis of the community structure revealed a high composition of Proteobacteria, firmicutes, Gemmatimonadetes, and Lachnospiraceae in DSS-induced model mice, which was reduced by ginger and SASP. Ginger especially showed a higher efficiency compared to SASP. In contrast, Muribaculaceae was decreased in colitis mice. In more detail, we found that Bacteroides_acidifaciens_JCM_10,556, a species in the Bacteroides phylum, was decreased in the model group; although ginger could also correct this disorder, SASP almost reversed this change.
The presence of Proteobacteria is a sign of microbiota disorder, and increased levels contribute to dysbiosis and the risk of disease (Shin et al., 2015). In addition to IBD and other intestinal diseases, asthma and chronic obstructive pulmonary disease have also been observed to be associated with increased Proteobacteria composition (Rizzatti et al., 2017). Recent studies have revealed the relationship between a high abundance of firmicutes and IBD risk (Eom et al., 2018). Gemmatimonadetes, one of four major families of organisms constituting the human gut microbiota, plays an important role in gastrointestinal and systemic diseases (Binda et al., 2018). Ginger reduced the abundance of these pathogenic bacteria and was an active component that improved colitis via the gut microbe regulation. Lachnospiraceae depletion was reported in most research (de Oliveira, 2019), contrasting with our research; this needs more experimentation to explore the changes accurately. Bacteroides imbalance was reported in IBD patients who presented with a lower abundance compared to healthy humans (Brown et al., 2019). Bacteroides ovatus monotherapy has also been proven to be more effective than FMT to treat IBD (Ihekweazu et al., 2019). In this study, we also found a decrease in the relative abundance of Bacteroides_acidifaciens_JCM_10,556 in model groups. Ginger and SASP slightly improved the abundance.
Alpha diversity analysis reflects the diversity of species in the biological environment, and Beta diversity is the degree of diversity between habitats, that is, to compare the differences of samples in different groups. Two methods were used in this research. Colitis mice treated with SASP and ginger all showed a relatively healthy gut microbiome status and similar microbial diversity to mice in the control group. According to Alpha analysis results, ginger was more effective than SASP, suggesting that ginger stabilized the gut microbiome. This observation might explain the use of ginger as a traditional medicine for alleviating gastrointestinal diseases, such as IBD and necrotizing enterocolitis (Cakir et al., 2018). However, some microbiomes showed an opposite trend with the control group, and this needs further verification.
The gut microbiome is well known to play a major role in sustaining human health, and temporal and spatial changes in the gut microbiota occur throughout life (Jandhyala et al., 2015). Important metabolic pathways such as lipid metabolism (Wang et al., 2016), drug metabolism and efficacy (Wilson and Nicholson, 2017) and the production of tryptophan, phenylalanine, and tyrosine (Dodd et al., 2017) have been shown to be modulated by the gut microbiome. In this study, we first analyzed the correlation between different diseases and physiological functions. The results showed that the differences between the four groups contribute to human disease, organismal systems, genetic information processing, metabolism, and cellular processes. For further analysis, we used the KEGG database to explore the metabolic changes caused by different gut microbiome structure in colitis mice and identified 42 pathways related to the different microbiome. We found that gut microbiome disorder disrupts metabolic pathways of amino acid metabolism, as well as oxidative phosphorylation and genetic information processing, such as translation and ribosome biogenesis.
We predicted that gut microbiome disorder significantly contributed to the upsetting of metabolic pathways such as transport and catabolism, oxidative phosphorylation, glycan biosynthesis and metabolism, and biosynthesis of other secondary metabolites. Researchers have shown that changes in carbohydrate metabolism and amino acid biosynthesis are related to nutrient transport and uptakee (Morgan et al., 2012). Epidemiological research has also shown that antibiotics over-scavenge the gut flora, causing macrophages to overreact to bacteria, thereby disrupting oxidative phosphorylation. Hypermutation occurs in 27% of IBD-associated colorectal cancer cases, including DNA repair dysfunction (Din et al., 2018). Lipopolysaccharide isolated from Helicobacter disrupts intestinal DNA repair, increasing the risk of permanent genotoxic effects, contributing to IBD or colon cancer (Cavallo et al., 2011). The COG prediction results also focus on nucleic acid and metabolism-related functions. We observed a significant relationship between the different species and RNA processing and modification, chromatin structure and dynamics, amino acid transport and metabolism, and nucleotide transport and metabolism.
In conclusion, the results in this research showed that ginger ameliorates the severity of DSS-induced colitis in mice. We also observed that ginger treatment altered the intestinal microbiomes of colitis mice, increasing the relative abundance of some species. According to KEGG and COG analysis, the observed changes have a close relationship with the physiological functions of mice. Therefore, we hypothesize that the IBD alleviation effect of ginger may be related to the function of intestinal bacteria. However, the components of ginger that contribute to its regulatory effects on the gut microbiota and mediate its therapeutic effects still need further exploration.
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Over the last decades, Adherent-Invasive Escherichia coli (AIEC) has been linked to the pathogenesis of Crohn’s Disease. AIEC’s characteristics, as well as its interaction with the gut immune system and its role in intestinal epithelial barrier dysfunction, have been extensively studied. Nevertheless, the currently available techniques to investigate the cross-talk between this pathogen and intestinal epithelial cells (IECs) are based on the infection of immortalized cell lines. Despite their many advantages, cell lines cannot reproduce the conditions in tissues, nor do they reflect interindividual variability or gut location-specific traits. In that sense, the use of human primary cultures, either healthy or diseased, offers a system that can overcome all of these limitations. Here, we developed a new infection model by using freshly isolated human IECs. For the first time, we generated and infected monolayer cultures derived from human colonic organoids to study the mechanisms and effects of AIEC adherence and invasion on primary human epithelial cells. To establish the optimal conditions for AIEC invasion studies in human primary organoid-derived epithelial monolayers, we designed an infection-kinetics study to assess the infection dynamics at different time points, as well as with two multiplicities of infection (MOI). Overall, this method provides a model for the study of host response to AIEC infections, as well as for the understanding of the molecular mechanisms involved in adhesion, invasion and intracellular replication. Therefore, it represents a promising tool for elucidating the cross-talk between AIEC and the intestinal epithelium in healthy and diseased tissues.
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Introduction

Escherichia coli (E. coli) strains are widely known inhabitants of the healthy human gut microbiota, being one of the first colonizers as well as among the most prevalent microorganisms in the intestines (1, 2). E. coli promotes health benefits to its hosts by preventing the colonization of pathogens and thus, positively contributes to intestinal homeostasis (3, 4). However, several E. coli strains, including the Adherent-Invasive E. coli (AIEC) pathotype, have acquired a virulent nature. Despite the lack of typical enteropathogenic E. coli virulent factors in AIEC isolates, these are able not only to adhere to and invade intestinal epithelial cells (IECs), but also to replicate within macrophages without inducing cell death, thus evading protective host immune responses (5–7).

AIEC was first identified in the ileal mucosa of patients with Crohn’s Disease (CD) and may constitute more than the 50% of the total number of bacteria both in early and chronic ileal lesions (8, 9). AIEC prevalence in Inflammatory Bowel Disease (IBD) – which comprises CD and Ulcerative Colitis (UC) – patients is significantly higher than in non-IBD subjects and, in general, AIEC strains are found in ileal and colonic samples of CD patients (6, 10–17). In UC, although the prevalence of this pathobiont is less clear, a recent meta-analysis suggests that this pathotype could be involved in its pathogenesis (18). Both in vitro and in vivo assays helped explain the molecular basis of AIEC pathogenicity in CD (9, 19). AIEC mechanisms to cross the mucus layer include the secretion of bacterial proteases (20, 21) as well as the alteration of host antimicrobial peptides (22). Adhesion and invasion to IECs occurs through the interaction between, among others, AIEC type 1 pili and the eukaryotic glycoprotein CEACAM6 (23, 24). On the other hand, flagella are crucial in mediating AIEC-induced cellular responses through their binding to IECs-toll like receptor (TLR)-5 (25). All these events end up triggering a cytokine release which, in turn, promotes intestinal epithelial permeability (26) and intestinal inflammation in compromised patients (27). AIEC are also able to invade M cells and translocate through Peyer’s patches reaching the lamina propria and rapidly spreading through the mesenteric lymph nodes (28–30), and to translocate across the intestinal barrier due to tight junctions expression alteration (31). Overall, it has been demonstrated that AIEC infections affect a wide variety of host cell processes such as protein synthesis, signal transduction, cell division, and cytoskeletal function among many others (32).

AIEC identification is currently challenging, as it relies on phenotypic assays based on infected cell cultures, which are highly time-consuming. Therefore, the identification of AIEC molecular markers is of great importance since it would support detection of AIEC carriers, which is necessary to carry out epidemiological studies and to eventually establish prevention protocols (33–35). Different immortalized cell lines have been applied to assess the AIEC phenotype. The most common ones for the study of AIEC adhesion and invasion capacity are Caco2, Intestine-407 (I407), T84 and Hep2 as reviewed by Camprubí-Font et al. (36). Even though cell lines are easy to obtain, handle and expand over time, they lack important physiological features such as tissue cytoarchitecture, inter-individual variability and gut location-specific attributes. All of these limitations can be overcome by using human primary cultures. Organs or tissues isolated from their in vivo environment offer the advantage of providing a more physiological experimental setting due to their mimesis of the tissue of origin, phenotype and structure. Hence, infecting human colonocytes derived from patient biopsies might represent a promising strategy for studying the intestinal epithelium response to AIEC, as well as new pathogenicity mechanisms associated with this pathobiont. Such an approach could lead to the discovery of new disease biomarkers and new therapeutic targets. To our knowledge, there are few publicly available reports that analyze the interaction between enteric pathogens and human isolated IECs (23, 37–41). More recently, Sayed et al. published a study in which AIEC infection of organoid-derived 2D cultures is applied to explore host engulfment in IBD. Their research supports the suitability of human organoid-derived epithelial monolayers (ODMs) as a tool to study AIEC pathogenicity (42). Here, we deeply describe our recently developed infection method that uses colonic ODMs to examine the ability of AIECs to adhere to and invade primary human epithelial cells. This ex vivo cell culture exhibits an appropriate cell polarization for a more physiological-like bacteria-host cell interplay and thus represents a powerful tool for AIEC-infection studies. Throughout the next sections we will detail the entire procedure by which ODMs are obtained and lately infected with AIEC. To that end, we will also specify the performed infection-kinetics assay to determine the ideal time of infection and the bacteria/IEC ratio for this pathobiont to efficiently invade ODMs.



Materials and Equipment


Reagents


Biological Reagents

	Human Epithelial Organoid 3D Cultures (EpOCs): intestinal samples of healthy sigmoid colon with no evidence of macroscopic inflammatory lesions were obtained from subjects undergoing surgery for left-sided colorectal cancer (CRC) or routine endoscopy for CRC screening. For surgical pieces, a segment of healthy mucosa was collected at least 10 cm from the margin of the affected area. Biopsy samples showed no evidence of neoplastic lesions. However, biopsies were not specifically assessed for signs of microscopic inflammation.

Surgical or biopsy samples were immediately used for generating EpOCs. Supplementary Table 1 shows the clinical and demographic characteristics of the subjects enrolled to develop this protocol and from which 3D cultures were obtained. EpOCs samples were used on day 5 of expansion and were distributed among different subgroups based on the experimental approaches used. Patients were recruited at the Department of Gastroenterology, Hospital Clinic Barcelona. The study protocol was approved by the Ethics Committee of the Hospital Clinic of Barcelona (registration number HCB/2016/0546).

	Cell lines: Intestine-407 – I407 – (ATCC CCL-6, RRID: CVCL_1907) cell line.

	Bacterial Strains: The AIEC strain LF82, which was isolated from a chronic ileal lesion of a patient with CD, and the non-pathogenic strain E. coli K12 C600 [a prototypical derived laboratory strain which has been extensively used for molecular microbiology and bacterial physiology studies since its isolation in 1954 (43)], were provided in 2006 by Prof. Arlette Darfeuille-Michaud (Université d’Auvergne, Clermont-Ferrand, France).





Primary Cell Culture Reagents

All concentrations shown here correspond to the used working concentration (WC).

	Heat inactivated – at 56°C for 30 minutes – fetal bovine serum – FBS – South American (Applied Biosystems, Foster City, CA, USA. Ref. 10270106).

	Washing medium (WM) (Supplementary Table 2).

	Matrigel Growth Factor Reduced Basement Membrane (Corning, NY, USA. Ref. 356231): -80°C stored bottles were thawed overnight (ON) on ice. 500 µl aliquots were prepared and frozen at -20°C for later use. Once thawed, aliquots were stored at 4°C for no longer than one week.

	Cell Recovery solution (Corning, NY, USA. Ref. 354253).

	Dissociation medium (Supplementary Table 3).

	Wnt3a-conditioned medium + Y (STEM+Y medium) (Supplementary Table 4).

	Trypan blue Solution (Gibco, Grand Island, NY, USA. Ref. 15250061).

	Differentiation medium (DIFF medium) (Supplementary Table 5).





Cell Line Reagents

	Trypsin-EDTA (Lonza, Basel, Switzerland. Ref. H3BE17-161E). WC: 170,000 U/L trypsin and 200mg/L EDTA.

	EMEM Complete Medium (Supplementary Table 6).





Bacterial Culture Reagents

	Liquid Luria-Bertani (LB) Broth (Sigma-Aldrich, Saint Louis, MO, USA. Ref. L3022).





Gentamicin Protection Assay Reagents

	Minimal media (EMEM-MM/DIFF-MM; Supplementary Tables 7 and 8, respectively).

	Minimal media containing 100 µg/ml of gentamicin (Lonza, Basel, Switzerland. Ref. 17-519Z).

	Ringer Solution (Scharlau, Barcelona, Spain. Ref. 06-073-500).

	LB Agar (Supplementary Table 9).





RNA Isolation and Quantitative Multiplex Real-Time Polymerase Chain Reaction Reagents

	TRIzol reagent (Life Technologies, Carlsbad, CA, USA. Ref. 15596018).

	Chloroform (Sigma-Aldrich, Saint Louis, MO, USA. Ref. C2432-500).

	RNeasy Kit (Qiagen, Hilden, Germany. Ref. 74106).

	High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA. Ref. 4368813).

	RNAse Inhibitor (Applied Biosystems, Carlsbad, CA, USA. Ref. N8080119).

	TaqMan™ Fast Universal PCR Master Mix (2X), no AmpErase™ UNG (Applied Biosystems, Carlsbad, CA, USA. Ref. 4366073).

	Nuclease Free Water (Promega, Madison, WI, USA. Ref. P1193).

	Pre-designed TaqMan Assays (Applied Biosystems, Carlsbad, CA, USA.): MYC (Mm00487804_m1), MKI67 (Mm01278617_m1), AXIN2 (Hs00610344_m1), TJP3 (Hs00274276_m1), TFF3 (Hs00902278_m1), MUC2 (Hs03005094_m1), LGR5 (Hs00173664_m1), FYN (Hs00176628_m1), CDCA7 (Hs00230589_m1), ZG16 (Hs00380609_m1), TLR3 (Hs01551078_m1), TLR4 (Hs00152939_m1), CCL20 (Hs01011368_m1), CXCL1 (Hs00605382_gH), CXCL2 (Hs00601975_m1), ANPEP (Hs00952642_m1), FABP2 (Hs01573164_g1), AQP8 (Hs00154124_m1), CA1 (Hs01100176_m1), CHGA (Hs00154441_m1), CEACAM7 (Hs03988977_m1), OCLN (Hs00170162_m1), PHGDH (Hs01106330_m1), CYP1B1 (Hs00164383_m1), (all of them conjugated with FAM dye) and ACTB (endogenous control; Ref. 4310881E) with VIC dye.





Immunostaining Assay Reagents

	Paraformaldehyde aqueous solution – PFA – (Electron Microscopy Sciences, Hatfield, PA, USA. Ref. 15710. WC: 4%.

	Glycine (Sigma-Aldrich, Saint Louis, MO, USA Ref. G7126). WC: 20 mM.

	Bovine serum albumin – BSA – (Sigma-Aldrich, Saint Louis, MO, USA Ref. T8787). WC: 1%.

	Primary antibodies: mouse anti-EpCAM (1:100; Dako, Denmark. Ref. M0804), rabbit anti-E-Cadherin (1:100, Cell Signaling Technology, Danvers, MA, USA. Ref. 3195S), mouse anti-KI67 (1:100, Leica, Wetzlar, Germany. Ref. NCL_L-KI67_MM1), rabbit anti-MUC2 (1:250, Santa Cruz Biotechnology, Dallas, TX, USA. Ref. sc-15334), mouse anti-VILLIN (1:100; Dako, Denmark. Ref. M3637) all diluted in 1% BSA.

	Secondary antibodies: anti-mouse Cy3 (1:400, Jackson ImmunoResearch, Cambridge, UK. Ref. 115-165-205. RRID: AB_2338694) and anti-rabbit Alexa 488 (1:400, Jackson ImmunoResearch, Cambridge, UK. Ref. 111-545-144. RRID: AB_2338052) all diluted in 1% BSA.

	4′,6-diamidino-2-phenylindole (DAPI) (diluted 1:10000 in DPBS, Invitrogen, Carlsbad, CA, USA. Ref. D1306).

	Alexa Fluor™ 555 Phalloidin (diluted 1:40 in 1%BSA; Invitrogen, Carlsbad, CA, USA. Ref. A34055).

	Mounting medium: glycerol (Sigma. Ref. G5516-500). WC: 80%.





Other Reagents

	Dulbecco phosphate-buffered saline – DPBS – (Gibco, Grand Island, NY, USA. Ref. 14190-169).

	Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA. Ref. T8787).

	Distilled H2O.

	CellTox™ Green Cytotoxicity Assay (Promega, Madison, WI, USA. Ref. G8741).

	Digitonin (Sigma-Aldrich, Saint Louis, MO, USA., Ref. D141). WC: 100 µg/ml.






Equipment


Consumables

	1.5 ml tubes (Eppendorf, Hamburg, Germany. Ref. 211-2130).

	1.5 ml tubes RNAse free (Invitrogen, Carlsbad, CA, USA Ref. AM12400).

	Falcon 15ml Sterile Disposable Conical Centrifuge Tubes (BD Biosciences, San Jose, CA, USA. Ref. 352096).

	Falcon 50ml Sterile Disposable Conical Centrifuge Tubes (BD Biosciences, San Jose, CA, USA. Ref. 352070).

	Filtered pipette tips – 10 µl, 20 µl, 200 µl, 1000 µl – (VWR International Eurolab, Barcelona, Spain. Refs. 732-1148/732-1150/732-1153/732-1154).

	Serological pipettes: 5, 10, 25 ml and 50 ml (VWR International Eurolab, Barcelona, Spain. Refs. 357543/357551/357535/734-1740).

	Scalpels (VWR, International Eurolab, Barcelona, Spain. Ref. SWAN6608).

	Microscope slides (DDBiolab, Barelona, Spain. Ref. 37519).

	KOVA® Glasstic Slide 10 With Counting Grids (Kova, Garden Grove, CA, USA. Ref. 87144E).

	BD Emerald 5 ml syringes (BD Biosciences, San Jose, CA, USA. Ref. 1026307731).

	BD Microlance® 3 21Gx1’’ 0.8mmx25mm (BD Biosciences, San Jose, CA, USA. Ref. 301156).

	MicroAmp™ Optical Adhesive Film (Applied Biosystems, Foster City, CA, USA. Ref. 4311971).





Plates and Flasks

	48-well plates (Corning, NY, USA. Ref. 3548).

	24-well plates (Jet Biofil, Guangzhou, China. Ref. TCP-011-024).

	µ-Slide 8 Well ibiTreat: #1.5 polymer coverslip, tissue culture treated, sterilized (IBIDI, Gräfelfing, Germany. Ref. 80826).

	T25 and T75 tissue culture flasks (BioLab, Barcelona, Spain. Refs. 55400/55402).

	120x120mm Petri dishes (Corning, NY, USA. Ref. GOSSBP124-05).

	Microplate 96 well qPCR FAST THERMAL CYCLING (Applied Biosystems, Foster City, CA, USA. Ref. 4346907).





Lab Equipment

	Vortex mixer.

	Thermo Scientific™ NanoDrop™ OneC Microvolume UV-Vis Spectrophotometer Precision Scale.

	Veriti 96-well Thermal Cycler (Applied Biosystems).

	Benchtop shaker (BOECO Mini-Rocker Shaker MR-1).

	Benchtop refrigerated centrifuge (for 1.5 ml, 15 ml and 50 ml conical tubes).

	Inverted microscope (Olympus X51 Inverted Microscope).

	Fluorescence Inverted Microscope Nikon S Ti.

	Cell incubator (37°C, 5% CO2).

	Biosafety hood.

	Autoclave.

	Spectrophotometer.

	ABI PRISM 7500 Fast RT-PCR System (Applied Biosystems).

	Leica TCS_SP5 scanning spectral confocal microscope (Leica Microsystems, Germany) equipped with an DMI 6000 inverted fluorescence microscope, blue diode (405nm), Argon (488nm), diode pumped solid state (561nm) lasers and a Apochromat 63X oil immersion objective (NA 1.4).

	Zeiss LSM880 laser scanning spectral confocal microscope (Carl Zeiss, Jena, Germany) equipped with an Axio Observer 7 inverted microscope, blue diode (405nm), Argon (488nm), diode pumped solid state (561nm) and HeNe (633nm) lasers and a Plan Apochromat 63X oil (NA 1.4) immersion objective lenses.





Other Equipment

	Micropipettes and Pipettor.

	Tube racks.

	Refrigerated racks.

	Aluminum foil.

	Cell-counter.

	Forceps.

	Scissors.

	Spectrophotometer Cuvettes.





Software Equipment

	Image processing software (Image J Fiji, https://imagej.net/Fiji).

	Data software analysis Graphpad Prism 5 (GraphPad Software, http://www.graphpad.com/).







Methods

Our prime aim was to develop a new model of infection using primary human intestinal epithelium. For that purpose, ODMs were generated from EpOCs and differentiated (d-ODMs) before being infected by E. coli.

In this section we will accurately describe the optimized protocol for ODM generation from EpOCs, ODM differentiation and AIEC infection of d-ODMs to evaluate AIEC’s invasive capacity in differentiated primary epithelial cells.


Organoid-Derived Monolayer (Timing  4d)


Generation of Organoid-Derived Monolayers

EpOCs were generated as previously described (44, 45). Briefly, crypts were isolated from intestinal samples after an incubation of 45’ with 8mM EDTA at 4°C. Crypts were then embedded in 25 µl of Matrigel and covered with 250 µl of STEM medium (Supplementary Table 4 – modified without Y). After 2-3 days, the crypt culture was mechanically dissociated to single cells using a dispase-based solution (Supplementary Table 3) and expanded at a 1:3 dilution. EpOCs were used after 5 days of expansion to generate ODMs as detailed below. Prior to EpOCs dissociation, 48-well plates were pre-coated with a thin layer of diluted (1:20) Matrigel in DPBS to promote cell adhesion. A volume of 150 µl/well was added and plates were incubated at room temperature (RT) for 1h. Excess Matrigel was discarded and the diluted-Matrigel layer was covered with Advanced DMEM/F12 medium and kept at RT until immediate use. Alternatively, coated plates were stored at 4°C covered in DPBS for up to 7 days.

Δ CRITICAL. Based on our experience, every EpOCs drop contains around 40,000-100,000 cells. Thus, depending on the final number of single cells needed for the invasion assay, a determined number of EpOCs drops will be used at the starting point.

To generate ODMs from EpOCs, the protocol was as follows:

	(1) Matrigel drops containing EpOCs were washed with cold DPBS and collected in Cell Recovery solution (300 µl/well) at 4°C for 40 minutes. Every 5-10 minutes, cell suspensions were gently inverted upside-down.

	(2) 4-5 ml of washing medium (WM) (Supplementary Table 2) were added, and the cell suspensions were centrifuged at 400g for 4 minutes at 4°C.

	(3) Supernatant was discarded and the pellet was resuspended in Dissociation Medium (Supplementary Table 3) followed by 15-20 minutes of incubation at 37°C. On average, 5 ml Dissociation Medium were used for every 20-25 Matrigel drops.

	(4) After organoid release, cells were mechanically disaggregated using a 5 ml syringe with a 21G needle until the cells were totally dissociated (20-50 strokes were conducted depending on the sample (Figure 1A)). To evaluate the extent to which EpOCs were dissociated to single cells, microscope observation was performed. If required, additional rounds of 10-20 strokes followed by microscope observation were performed until complete cell dissociation was reached.

	(5) Cells were centrifuged at 800g at 4°C for 4 minutes and washed with 5 ml of WM after supernatant removal. This step was repeated twice.

	(6) The remaining pellet was resuspended in 1-2 ml of WM for manual cell counting:

	a. Cells (10 µl) were diluted 1:1 with Trypan blue Solution.

	b. 10 µl of the cell suspension was loaded into a Glasstic Slide 10 With Counting Grids and the cell number was estimated according to the manufacturer’s recommendations. The mortality rate (% of dead cells over the total number of cells) was usually below 10%.

	(7) Single cells were again centrifuged, and the pellet was resuspended in the required volume of STEM+Y medium (Supplementary Table 4) to achieve 2x105 cells/well/250 µl.

	(8) Cells were seeded on Matrigel pre-coated 48-well plates and incubated for 24h at 37°C 5% CO2 (Figure 1B).






Figure 1 | Illustrated experimental workflow of the most critical steps of the d-ODMs-E. coli infection protocol. (A) Mechanical dissociation of EpOCs with the help of a 5 ml syringe with a 21G needle until achievement of single-cells. (B) Single-cell counting and seeding (2x105 cells/well on pre-coated 48-well plates with diluted Matrigel (1:20). Cells were incubated until ODM formation for further differentiation. (C) Characterization of ODMs and d-ODMs by qPCR and immunostaining (only during the protocol set-up). (D) ON growth of E. coli LF82 and K12 strains were grown in liquid LB. (E) Infection of d-ODMs with E. coli strains performed by gently releasing the drop. Infection times were from 4-7 hours. (F) Gentamicin (100 µg/ml) addition for 1 hour to eliminate adherent bacteria. (G) Cell treatment with 1% Triton X-100 to facilitate intracellular bacteria release. The bacterial suspension was then serially diluted and seeded. (H) ON incubation of bacterial dilutions in LB agar plates. (I) After colony counting, the Invasion Index for each strain was determined. This figure was created using BioRender.com.





Differentiation of Organoid-Derived Monolayers

After incubation, ODMs were induced to differentiation. To this end, STEM + Y medium was discarded and ODMs were washed with DPBS and Advanced DMEM/F12 medium (300 µl/well) at RT to remove dead cells. DIFF medium (250 µl/well) (Supplementary Table 5) was then added and ODMs were incubated at 37°C 5% CO2 for an additional 48h.

Under these conditions, the differentiated monolayer (d-ODMs) reached 100% confluence 1-2 days after differentiation (Figure 2A). Therefore, the period between cells seeding and infection was 72h (cells were incubated for 24h after seeding and before differentiation, and 48h after differentiation and before infection).




Figure 2 | Organoid-Derived Monolayers (ODMs) characterization. (A) ODMs (left panel) 24 hours after seeding showed a confluence of around 70-80% and d-ODMs (right panel) 48 hours after differentiation, showed 100% confluence. (B) Gene expression analysis of ODMs and d-ODMs (n = 5 for each culture type). AXIN2, MYC, MKI67, TFF3, MUC2 and TJP3 genes were analyzed by qPCR to determine their expression levels in ODM vs. d-ODMs. A paired t-test was performed to examine statistically different expression patterns between the two groups (ODMs/d-ODMs). A P value of <0.05 was considered statistically significant. AXIN2: ** indicates P = 0.0012. MYC: *indicates P = 0.0135. MKI67: *indicates P = 0.0335. TJP3: *indicates P = 0.0365. (C) Protein expression analysis by immunofluorescence. KI67 and MUC2 were analyzed to confirm the proliferation and differentiation status of both ODMs and d-ODMs. E-Cadherin and EpCAM were used as epithelial cell-wall markers. DAPI was used to counterstain the cell nuclei. Scale bars: 25 µm. Images are representative of n = 3 independent experiments performed with samples from two different donors. (D) Box-plot distribution of the fluorescent signal of KI67 and MUC2 proteins in ODMs and d-ODMs, expressed as Mean Intensity. Fluorescence was quantified in 5 different fields per sample. A paired t-test was performed to examine statistically different expression patterns between the two groups (ODMs/d-ODMs). A P value of <0.05 was considered statistically significant. KI67: **indicates P = 0.0013.





Quantitative Multiplex Real-Time Polymerase Chain Reaction and Immunofluorescence

Δ FOR SYSTEM SET UP ONLY. The methodology described in this section was only utilized during optimization and until the protocol we established was entrenched (Figure 1C).


RT-qPCR

Both ODMs and d-ODMs were harvested in Trizol for RNA extraction (Supplementary Table 1 Group 1) and isolation using the RNeasy Kit. RNA was transcribed to cDNA at a final concentration of 250 ng/50 µl using the reverse transcriptase High-Capacity cDNA RT kit with RNase inhibitor. Reverse transcription was performed using a Programmable Thermal Cycler for 10 minutes at 25°C followed by 2 hours at 37°C. Quantitative Multiplex Real-time PCR (qPCR) was then conducted to characterize the monolayer gene expression pattern in ODMs versus d-ODMs. qPCR 96-well microplates contained a .volume of 10 µl/well (1 µl cDNA+0.5 µl each TaqMan Assay diluted in TaqMan Fast Universal PCR Master Mix and H2O). Target genes were amplified and quantified using ACTB as the endogenous control. PCR reaction was run in the ABI PRISM 7500 Fast RT-PCR System using the following program: a holding stage for 20 seconds at 95°C and a cycling stage for 3 minutes at 95°C and 30 seconds at 60°C during 40 cycles. Target gene expression values relative to ACTB were expressed as arbitrary units (AU) following this formula:

	



Immunofluorescence Staining

Monolayer cultures (both ODMs and d-ODMs, Supplementary Table 1 Group 3) seeded in µ-Slide 8 Well ibiTreat chambers (for optimal image acquisition) were processed for immunofluorescent staining as follows:

	(1) After two DPBS washes, the cell monolayer was fixed with 2% PFA (1:1 4% PFA + DPBS) for 5 minutes at RT and then with 4% PFA for 10 minutes at RT.

	(2) Cells were washed three times with DPBS: 1st fast; 2nd and 3rd 5 minutes at RT.

	Δ CRITICAL. STOP POINT – Cells were stored at 4°C covered in DPBS (300 µl) or were immediately used for staining.

	(3) 250 µl of 20mM Glycine was added for 10 minutes at RT to reduce background staining.

	(4) DPBS washes were conducted as described in step (2).

	(5) For permeabilization, 250 µl of 0.25% Triton X100 were added for 20 minutes at RT.

	(6) Cells were then washed 3 additional times – 5 minutes each – with DPBS.

	(7) To block non-specific binding, 250 µl of 1% BSA was applied and incubated at RT for 30-45 minutes.

	(8) Primary antibodies (150-200 µl/well) – EpCAM, E-Cadherin, MUC2, Villin or KI67 – were added at the specified dilutions (in 1% BSA) and incubated ON at 4°C.

	(9) After 3 DPBS washes (as in step 6), cells were incubated with 150-200 µl/well of the secondary antibodies – Anti-mouse Cy3 and Anti-rabbit 488 – at the specified dilutions (see Materials section) in 1% BSA for 1h of incubation at RT. Cells were washed 3x with DPBS at RT as described in step 6.

	(10) For DNA counterstaining, DAPI (250 µl/well) was added and incubated at RT for 10 minutes. Washes were repeated as in step 6.

	(11) Finally, 200 µl/well of mounting medium (80% Glycerol in DPBS) were added. Samples were stored at 4°C for subsequent fluorescent microscope observation.



Δ CRITICAL. After adding the secondary antibodies, cells were kept in the dark.

Δ CRITICAL. For short-term storage, stained cells were kept at 4°C or at -20°C for up to 6 months.





AIEC Infection of Differentiated Organoid-Derived Monolayer (Timing  3d)


Bacterial Strains

Prior to infection, LF82 and E. coli K12 strains were cultured in 1.5 ml of LB Broth and incubated for 12-18 hours at 37°C without shaking (Figure 1D).



Reference Model of Infection

The I407 cell line, originally employed for AIEC-pathotype identification (6), was used as the reference method of the gentamicin protection assay in order to ensure that the bacterial strains ON cultures show the expected phenotype. Cells were passaged every 2-3 days via 5-minute incubation with 1 ml of Trypsin-EDTA after a washing step with DPBS. After collection, cells were centrifuged at 500g for 5 minutes and 20°C. Pelleted cells were resuspended in EMEM complete medium (Supplementary Table 6) and seeded in T75 flasks. Twenty-four hours before infection, 4x105cells/well were plated on 24-well plates.

The assay was performed at Multiplicity of Infection (MOI) 10, as described previously (46, 47). Infection lasted 3 hours followed by 1 hour of gentamycin treatment. During the entire procedure, EMEM-MM (Supplementary Table 7) was employed. Invasive ability was quantified as the percentage of the intracellular bacteria from the initial inoculum (4×106 cfu/ml):

	

Δ FOR SYSTEM SET UP ONLY. This model of infection was only performed until establishment of the d-ODM-based gentamicin protection assay.



d-ODM-Based Gentamicin Protection Assay


d-ODM Cell Counting

To infect cells with a determined MOI, it is crucial to know the exact number of cells seeded as a monolayer at the time of infection. In our particular case, we seeded 2x105 EpOCs-derived single cells/well in 48-well plates based on previous experience (data not published), although this may need to be adjusted by each lab as culture conditions can vary slightly. To monitor the number of cells present in the plate at 100% confluency, experiments were performed seeding the above number of cells/well and counting cells present in d-ODM prior to infection. This step proved decisive in order to adjust the needed inoculum of bacteria and achieve the desired MOI. Briefly, d-ODMs were washed with DPBS to remove non-attached cells. Trypsin-EDTA (150 µl) was added to the culture for 10-15 minutes at 37°C 5% CO2. Detached cells were collected and resuspended in Advanced DMEM/F12 + 10% FBS. These last two steps were repeated until complete cell-detachment was achieved. Cells were centrifuged at 800g for 4min and at 4°C and resuspended in 200 µl of Advanced DMEM/F12 + 10% FBS for cell counting as explained in a previous section (see the ODM generation section).

Δ CRITICAL. It is important to not exceed the 10-15 minutes incubation with Trypsin-EDTA in order to prevent cell death.

On average, we recovered approximately 1.8x105 cells/well prior to infection (Supplementary Figure 1), which is close to the number of cells initially seeded. Notice that these numbers may have to be adjusted by each lab, as mentioned above.

For the infection assay, two different MOI – 20 and 100 – were assessed on d-ODM-based assays.

Thus, d-ODM counted-cells (1.8x105 cells/well) were multiplied 20- or 100-times to determine the bacterial colony forming units (cfu)/ml required for reaching each MOI value. In our case, 3,6x106 or 18 x106 E. coli cfu/ml were needed.

Δ CRITICAL. Working at a confluence as close as possible to 100%, is essential to ensure the optimal ratio of bacterial cells/eukaryotic cells in order to reach the desired MOI.



Bacterial Optical Density and Colony Forming Unit Adjustment

The study of the E. coli growth curve in LB allowed us to estimate the cfu/ml at every measured Optical Density (OD) (Supplementary Figure 2). Prior to infection, ON bacterial cultures (both from LF82 and K12 strains) were adjusted to OD = 0.1, corresponding to 1.6x108 cfu/ml. This OD was chosen since it represents an adequate inoculum volume for the infection assay for both of the assessed MOIs. The bacterial suspension was prepared following these steps:

(1) ON bacterial cell suspensions (500 µl) were diluted 1:1 with LB medium and 1 ml was transferred to a cuvette.

(2) The OD was measured with a spectrophotometer at a wavelength (λ) of 600 nm.

(3) OD adjustment was achieved in accordance with the following formula:

	

iV; Initial Volume (required volume for the ON culture)

fOD; Final OD (0.1 in this case)

fV; Final Volume (1 ml)

mOD; Measured OD

(4) The calculated iV and DIFF-MM (Supplementary Table 8) up to 1 ml total volume were added to a 1.5 ml tube.



ODM Infection and Gentamicin Protection Assay

As already mentioned, LF82 and K12 strains were used as positive (invasive) and negative (non-invasive) control, respectively. Infection was performed using d-ODMs generated from 7 different subjects (Supplementary Table 1 Group 2) as the starting material. Every experiment was conducted in duplicate.

DIFF medium was discarded from 100% confluent d-ODMs; cells were washed twice with DPBS at RT (500 µl/well) and fresh DIFF-MM was added (500 µl/well). Then, the corresponding volume of OD 0.1 bacterial suspension (Table 1) was inoculated to reach each assessed MOI by gently releasing the drop (Figure 1E). Infected d-ODMs were incubated for 4, 5, 6 or 7 hours at 37°C 5% CO2 for the complete infection-kinetics study. At the end of each time point, cells were washed 3 times with DPBS at RT – as explained above – and DIFF-MM containing 100 µg/ml of gentamicin was added for 1 additional hour (Figure 1F) in order to remove the extracellular bacterial cells. Three more DPBS washes at RT were required after gentamicin treatment. 1% Triton X-100 (250 µl/well) was added to d-ODMs to release the internalized bacteria. Vigorous pipetting to generate bubbles was required to efficiently detach and break the eukaryotic cell membranes (Figure 1G).


Table 1 | Adjustment of the added bacterial-culture volume to the d-ODM culture depending on the tested MOI.



Δ CRITICAL. The Triton X-100 step should not take longer than 30 minutes in order to avoid bacterial cell death.



Invasion Index

To be able to count cfu/ml, the bacterial suspension resulting from the Triton X-100 treatment was serially diluted in Ringer Solution (Figure 1G). Dilutions of 10-1 and 10-2, as well as the non-diluted samples, were plated (25  µl) in LB agar plates (Supplementary Table 9) and incubated ON at 37°C.

♦ TIP. 120x120mm square plates were used to plate up to 4 different dilutions. Plating was performed with the pipette-tip itself immediately after inoculation. The inoculum was streaked homogeneously through the plate-section (Figure 1H).

Δ CRITICAL. For a homogeneous mixture of bacterial dilutions, vortexing solutions is highly recommended.

Grown colonies in each dilution were only taken into consideration when the counting was between 15 - 150 (Figure 1I).

	

n1 = number of plates at the more concentrated dilution

n2 = number of plates at the less concentrated dilution

DF = dilution factor of the more concentrated dilution

Once the number of cfu/well was obtained, the invasion index (%) was calculated considering the amount of bacteria initially inoculated to d-ODMs:

	

†: in this context, 3.6x106 for MOI 20 or 18 x106 for MOI 100.

As previously described by Darfeuille-Michaud et al., who studied AIEC infection by using immortalized cell lines (6), we considered a strain to be invasive when the Invasion Index was > 0.1%




Fluorescent Cyto-staining and CellTox Green Cytotoxicity Assay

Notice that even though the techniques detailed herein are not mandatory, they were performed to obtain a deeper understanding of the results obtained from the AIEC infection of d-ODM (see Anticipated Results section).


Fluorescent Cyto-Staining

To visualize the bacterial internalization, LF82- and K12-infected monolayer cultures (at 5 hours of infection followed by 1 hour of gentamicin treatment (5 + 1) and MOI 100) seeded in µ-Slide 8 Well ibiTreat chambers, were processed for fluorescent cyto-staining. This procedure was identical to that used for ODM/d-ODM characterization until step (7) of the Immunofluorescence Staining section. After incubation with the blocking solution, 150-200 µl/well of Phalloidin diluted 1:40 in 1% BSA was added for staining of the actin filaments. After 1-hour incubation at RT, cells were washed 3x with DPBS at RT as in step 6 (see Immunofluorescence Staining section). DAPI (250 µl/well) was then added and the protocol continued as described in steps 10 and 11. The assay was performed with cells obtained from 3 different subjects (Supplementary Table 1 Group 3).



CellTox Green Cytotoxicity Assay

The protocol for d-ODMs cytotoxicity assessment corresponded to that recommended by the manufacturer. Briefly, after the infection assay, infected and non-infected d-ODMs were incubated with the CellTox reagent (1:1, 150 µl DIFF-MM + 150 µl CellTox) previously diluted according to the manufacturer’s instructions (1:500 in Assay Buffer). After ≥15 minutes of incubation at 37°C in the dark, cultures were observed using a fluorescence microscope. A positive control of cell death was included by adding 100 µg/ml of digitonin in the uninfected d-ODM for 1 hour.





Data and Statistical Analysis

Quantitative data are expressed as the standard error of the mean (SEM). A paired t-test was performed to examine statistically different expression patterns between 2 groups, and a 2-way ANOVA test to examine statistical significance in multiple group data sets, followed by a Tukey test correction for multiple testing. A p-value of <0.05 was considered statistically significant. Data were analyzed using Graphpad Prism 8 (version 8.2.1).




Anticipated Results


Establishment of Differentiated Human Intestinal Epithelial Monolayer Cultures

The intestinal crypt is organized so that the stem-cell compartment resides at the bottom, thereby protected from the luminal content, while the differentiated and surface epithelium is more directly in contact with the microbiota and its metabolites. In order to develop a model that would more closely resemble the type of upper crypt epithelium that is more susceptible to bacterial interactions and based on previous results from our lab (48, 50), we used a monolayer of differentiated epithelial cells derived from epithelial organoid cultures (d-ODMs).

First, we aimed to determine the optimal culture conditions for the ODMs to acquire a differentiated phenotype while reaching an appropriate confluence (100%) for the AIEC invasion assay. Based on previous experiments by our lab, we seeded 2x105 single cells/well. On day 1, cells created clusters that alternated with empty areas, while on day 3, the monolayers reached 100% confluence, the requirement for AIEC infection (Figure 2A). Under these conditions, cells were collected and counted, obtaining an average of approximately 1.8x105 cells/well (Supplementary Figure 1). Once the d-ODM number of cells at ~100% confluency was determined, we confirmed the differentiated phenotype of the monolayer by measuring key genes and proteins whose expression changes dramatically upon epithelial stem cell differentiation (38, 50).

As shown in Figure 2B, mRNA levels of AXIN2, MYC and MKI67, (the first, marker of stemness and the two last, markers of proliferation), were significantly higher in ODMs compared to d-ODMs. On the other hand, transcriptional levels of the differentiation markers TFF3 and MUC2, showed an up-regulation, despite not statistically significant, in d-ODMs compared to ODMs. Similarly, TJP3, representative marker of epithelial cell junctions, was significantly up-regulated in d-ODM. Other markers included in the analysis (Supplementary Figure 3) confirmed the differentiated phenotype of the d-ODM culture (48).

Although using transcriptional analysis to easily screen cultures for their differentiation status – or other phenotypic features – is valuable, protein staining of the intact 2D cultures would help evaluate not just protein expression but also localization within the cell monolayer.

As an example, here we determined the protein expression of KI67, MUC2 and Villin by immunofluorescence. Figure 2C and Supplementary Figure 4A show representative images from 3 independent experiments. In agreement with the differentiated phenotype achieved in d-ODMs, KI67 was markedly decreased while MUC2 and Villin were increased compared to ODMs. These results were confirmed by fluorescence quantification analysis (Figure 2D and Supplementary Figure 4B).

Finally, to prove that the 2D culture exhibited an appropriate cell polarization, orthogonal views of MUC2 and Villin were analyzed (Supplementary Figure 5), showing a marked up-regulation of these two differentiation markers at the apical side of the d-ODM.

Altogether, both approaches demonstrated that primary cells derived from human EpOCs can establish a stable monolayer that preserves the intestinal identity thus mimicking the tissue of origin. Moreover, we achieved a differentiated and polarized phenotype in the d-ODMs at optimal confluence for the AIEC-infection study.



AIECs Can Invade d-ODMs

To the date, the characteristics and pathogenicity of AIECs have been studied so far by employing immortalized cell lines (36). Here, we studied the capability of AIECs to interact and invade a primary intestinal monolayer culture. First, we designed a kinetics infection assay to determine the time course of bacterial entry and/or intracellular survival in our culture system. To verify the strains’ invasiveness capacity, I407 cell line was used as the reference method of the gentamicin protection assay. Both invasion assays (d-ODM and I407 infection) were carried out in parallel; thus, the E. coli ON cultures used for their infection were the same for each experiment performed. Results represented in Supplementary Figure 6 show an INV-I% in I407 cells of 0.99 ± 0.225 and 0.0025 ± 0.00094 for the LF82 and K12 strains, respectively. These results were in agreement with previously published data (6, 46). Therefore, we conducted an infection-kinetics study to examine AIEC-d-ODMs infection by determining the percentage of internalized bacteria every hour for 7 hours of infection followed by 1 hour of gentamicin treatment as detailed in the previous sections. The assessed MOIs were 20 and 100. As shown in Figures 3A, B, we could quantitatively prove that the AIEC LF82 strain was able to invade d-ODMs, while the non-invasive E. coli strain (K12) showed an invasion index (INV-I%) below the established background (<0.1%). Moreover, LF82 showed a time-dependent increment of the INV-I%, and thus of the invasion capacity and/or intracellular multiplication in the AIEC-reference strain. Nevertheless, this capability was significantly higher compared to the K12 strain, both at 6 and 7 hours after infection for MOI 20 (Figure 3A) and at all time points for MOI 100 (Figure 3B). In fact, 5 hours of infection followed by 1 hour of gentamicin treatment at MOI 100 showed the greatest difference; the LF82 INV-I% measured almost 13 times greater than the K12 INV-I%. This occurred despite the fact that all INV-I% were lower at MOI 100 than at MOI 20. Furthermore, working with a greater number of bacteria/cell (higher MOI) ensured a remarkable reproducibility over time with highly consistent numbers of internalized bacteria in every experiment performed (Figure 3C). Nevertheless, this does not ensure higher INV-I%; in fact, this proved to be higher when the MOI was lower, as shown in Figures 3A, B. Maintenance of the d-ODMs cells’ viability throughout all of the timepoints was observed via the CellTox Green assay (data not shown).




Figure 3 | Graphic representation of E. coli LF82 and K12 invasion indexes on d-ODMs. INV-I% of both E. coli strains (n = 5 for each represented point in the graph) at MOI 20 (A) and 100 (B) relative to the increasing infection time points. The dashed line represents the established threshold (0,1) over which E. coli strains were considered to be invasive. The error bars correspond to the SEM. (C) Mean, SEM and adjusted p-values obtained by a 2-way ANOVA test to examine statistical significance between LF82 and K12 INV-I% for each infection timepoint. This analysis was followed by a Tukey test correction for multiple testing. A P value of <0.05 was considered statistically significant, and it is highlighted in bold.



By staining the eukaryotic actin filaments (Figure 4), we confirmed the presence of high amounts of intracellular LF82 bacteria in the majority of those cells that formed the d-ODMs compared to the K12 strain.




Figure 4 | E. coli LF82 and K12 invasion of d-ODMs as determined by the gentamicin protection assay. Phalloidin staining was performed to visualize the non-invasive control strain K12 (A) and the invasive LF82 (B) in d-ODMs after 5 hours of infection and 1 hour of gentamicin treatment at MOI 100. Phalloidin marked the eukaryotic actin filaments while DAPI bound to the DNA of both epithelial and bacterial cells. White arrows show bacterial localization inside the IECs. Scale bars: 25 µm. Images are representative of n = 3 independent experiments performed with samples from two different donors.



In summary, we demonstrated the capacity of AIECs to invade the epithelial cells of d-ODMs. Thus, we present here a method that can be applied in multiple AIEC-IEC cross-talk studies, not only to discover new AIEC pathogenic mechanisms and host implicated molecules, but also, and more relevantly, to establish a possible starting point for further clinically oriented applications.




Advantages and Disadvantages

In the following section we will highlight which, in our opinion, are the most noteworthy advantages and disadvantages that this protocol presents. By doing so, we can focus on its practicality and try to overcome its limitations.


Advantages

	Working with samples isolated from their natural surroundings (the human intestine in this case), preserves the cytoarchitecture and most of the intercellular connections and interactions. Moreover, it also provides the option to consider the interindividual variability that exists between different subjects.

	Working with ODMs and d-ODMs offers accessibility to the IECs-apical side, contrary to 3D-organoid structures which may be required for infectious models.

	We also demonstrate its great reproducibility, a highly relevant feature when one considers the differences between individuals and their responses to microbes.

	Given the fact that ODMs and d-ODMs can be generated from potentially any individual, including patients suffering from IBD, this method offers the possibility of testing personalized treatment approaches.





Disadvantages

	Time-consuming. EpOCs and ODM cultures are time intensive. Nonetheless, once the system is set up, organoid-derived single cells can be more rapidly obtained, shortening the time required for the entire procedure.

	Costly. EpOCs and ODM cultures could remain unaffordable for some research groups due to the high costliness of most of the reagents that are required.

	Access to patient specimens is required.

	Sample-to-sample variability might lead to differences in the number of cells obtained from every EpOCs drop. This might be an important limiting aspect that should be considered when applying the method described here.






Discussion

In this manuscript we describe the steps required to develop a novel and reproducible human intestinal epithelial model for the study of enteric bacterial infections, particularly AIEC-related infections. Our model takes into consideration the variability of human biological responses to any pathogens, something that other models based on the use of cell lines cannot fully address (41, 51). Indeed, one of the main advantages of working with ex vivo primary cultures (as we mentioned in the previous section) is that these might offer a more physiological view of the host’s response to AIEC infections. However, unpredictable biological variability could hinder the obtainment of the necessary cell concentration at the starting point. In that context, establishing an accurate and standardized protocol is crucial to facilitating reproducibility and enabling results comparisons. In our case, reproducibility was assessed first, by testing the gene and protein expression levels of the 2D cultures derived from the different donors. Moreover, AIEC infections were carried out in duplicate, exposing those EpOCs-derived d-ODMs from seven different individuals to E. coli. This validation approach is of great importance in host-pathogen interaction studies, considering the real differences in infection susceptibility among individuals and the divergence in host responses to a pathogen (39).

While a more extensive characterization of the d-ODM at protein level would add robustness to our culture system, our results suggest that ODMs and d-ODMs preserve the characteristics of the intestinal epithelium in vivo, resembling cells at the base and top of colonic crypts, respectively. Determining the number of cells that form the monolayer at the time of infection is a crucial step to better adjusting the working conditions in order to (1) achieve the optimal differentiated phenotype of the monolayer cultures, and (2) to properly adjust the number of exposed bacterial cells to the d-ODMs (MOI), which can greatly affect the results.

AIEC infection of d-ODMs was performed at different time points to analyze and select the best condition for achieving high reproducibility of infection and maximum specificity (lowest infection by non-invasive E. coli). Over time, increasing amounts of invasive bacteria were detected, with higher values evident when smaller amounts of bacteria (MOI 20) were added to the culture at the starting point. Based on this finding, we concluded that adding more bacteria does not directly correlate with higher invasion values. Similar results were obtained by Boudeau et al. in 1999 with Hep-2 cells (46). A 5-fold increase in the inoculum only represented an increase of 2.06 ± 0.7–fold (mean value of the fold-change increase for each timepoint) in intracellular bacteria. As d-ODMs cells were verified as viable with the CellTox Green assay, differences in the invasion indices were related to the initial inoculum. We believe that the d-ODMs can harbor a limited number of intracellular bacteria and, therefore, upon a given quantity of initial inoculum the invasion index will be lower. Even so, working with higher bacterial loads ensures a remarkable reproducibility of the results. This observation is not only valid for the invasive LF82 strain but also for the non-invasive control, K12.

Another observation concerns the dramatic decrease in the invasion index at the longest time of infection on LF82 INV-I% for both MOI 20 and 100. Other authors have similarly reported a decrease in the intracellular bacteria 4 hours after infection in mouse embryonic fibroblasts and HeLa, Hep-2 and I407 cell lines (53). Initially, we hypothesized that this event might be a consequence of eukaryotic cell death due to the bacterial infection process. Based to this assumption, when the initial bacterial load was higher (MOI 100), eukaryotic cells would have begun dying at earlier time points. Nonetheless, using the CellTox Green assay we observed that infected cells viability was maintained over time (data not shown). Although AIECs are capable of evading IECs and macrophage-related stress responses in order to eliminate intracellular pathogens (6, 7, 46), decreases in the intracellular bacteria could reflect the capacity of IECs to restrict AIEC replication after a certain infection period (52). Testing the intracellular-bacteria viability at each time point would help confirm our hypothesis. It would also be interesting to determine, using this model, the presence of intracellular AIEC cells with a persistent phenotype; i.e. viable bacteria in a non-replicating state (53).

Similar strategies have been applied to study the interaction between AIEC, or other enteric pathogens and E. coli pathotypes, and human isolated IECs (23, 37–39, 41) and there is a recent and relevant publication in which organoid-derived 2D cultures are infected with AIEC (42). Nonetheless, this report does not include a detailed description of the steps taken to optimize infection efficacy. In contrast, our focus was to describe the steps required to obtain optimal ODM from EpOCs, that can be used as a model of primary epithelial cell infection with different E. coli strains. In particular, we go over the optimized steps from cell counting prior to infection to ODMs differentiation, and from infection kinetics to MOI testing. To the best of our knowledge, this is the first publicly accessible protocol that demonstrates the capacity of AIEC, compared to a non-invasive strain, to infect human primary IECs in a 2D configuration. Nonetheless, in our study we did not evaluate the impact of AIEC infection on epithelial cells including expression of bacterial sensing molecules, tight junctions, or immune response secreted proteins (54, 55). Such studies deserve further attention and will help elucidate how the epithelium differentially responds to invasive compared to non-invasive E. coli.

In conclusion, we can report the successful development of a human primary organoid-derived epithelial monolayer model of infection. Further application of this model, such as growing the d-ODMs in transwell-chambers in order to co-culture monolayers with AIECs and other human intestinal cell types (56) or the generation of d-ODMs derived from IBD patients, might lead not only to the development of a more comprehensive approach for studying the interaction of AIECs with the human gut, but also to a better understanding of the pathophysiology underlying inflammatory intestinal disorders.
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Inflammatory bowel disease (IBD) is a refractory disorder characterized by chronic and recurrent inflammation. The progression and pathogenesis of IBD is closely related to oxidative stress and irregularly high concentrations of reactive oxygen species (ROS). A new oxidation-responsive nano prodrug was constructed from a phenylboronic esters-modified carboxylmethyl chitosan (OC-B) conjugated with berberine (BBR) that degrades selectively in response to ROS. The optimized micelles exhibited well-controlled physiochemical properties and stability in a physiological environment. OC-B-BBR micelles could effectively encapsulate the anti-inflammatory drug berberine and exhibit ideal H2O2-triggered release behavior as confirmed by in vitro drug loading and release studies. The in vivo anti-inflammatory effect and regulation of gut microbiota caused by it were explored in mice with colitis induced by dextran sodium sulfate (DSS). The results showed that OC-B-BBR significantly ameliorated colitis symptoms and colon damage by regulating the expression levels of IL-6 and remodeling gut microbiota. In summary, this study exhibited a novel BBR-loaded Carboxylmethyl Chitosan nano delivery system which may represent a promising approach for improving IBD treatment.
Keywords: berberine, nanoparticles, colitis, drug delivery, gut microbiota
INTRODUCTION
Inflammatory bowel disease (IBD) is a refractory gastrointestinal disorder characterized by chronic and recurrent inflammation. Ulcerative colitis (UC) and Crohn's disease (CD) are the two main forms of IBD (Kaser et al., 2010). IBD has a high incidence in the United States (more than 1 million) and in Western Europe (2.5 million), and has evolved into a widespread disease with increasing prevalence all over the world (Kaplan, 2015). The pathogenesis of IBD is still not fully understood, but it is mainly considered to be associated with environmental factors, host genetic susceptibility, changes in intestinal flora and intestinal epithelial barrier dysfunction, and other factors (Zundler and Neurath, 2015). Oxidative stress plays an essential role in the pathogenesis and progression of IBD (Tian et al., 2017), and leads to excessive ROS accumulation. Biopsies from patients with IBD demonstrate abnormally high levels of ROS at the site of the lesion, with mucosal ROS concentrations increasing from 10- to 100-fold (Simmonds et al., 1992; Lih-Brody et al., 1996).
Although there is no clear evidence of a relationship between IBD and mortality, there is no doubt that IBD has an adverse impact on the quality of life of patients. Many drugs are available for the treatment of UC including 5-Aminosalicylic acid, steroids, immunosuppressant, probiotics, biological agents, herbal medicines, and so on. Ulcerative colitis can be cured with FMT in patients who do not respond to other more accessible treatments. However, IBD is difficult to cure permanently at present. Taking medicine inevitably brings about many adverse reactions and consumes a lot of medical resources (Shivaji et al., 2019; Wilke et al., 2020).
Berberine (BBR) is an isoquinoline alkaloid, often used as an antidiarrheal, derived from the rhizome of Coptis chinensis (“Huang-Lian” in Chinese) of the Ranunculaceae family. Recently, BBR and its derivatives have been examined for use in IBD treatment (Massironi et al., 2013; Wakuda et al., 2013). It is worth noting that BBR may alleviate intestinal inflammation through different mechanisms. It seems to be related to the regulation of the Treg/Th17 balance by modifying gut microbiota (Cui et al., 2018). In addition, BBR could identify bitter taste receptors on intestinal Tuft cells and activate IL-25-ILC2-IL-13 immune pathway to impair damaged intestinal tract by promoting differentiation of intestinal stem cells (Xiong et al., 2021). There is also a broad space to improve the efficacy and bioavailability of BBR. For example, its absolute bioavailability has been reported to be less than 1% (Chae et al., 2008; Chen et al., 2011) and the plasma level of BBR is very low, although the significant pharmacological effects of BBR have been observed in clinic (Hua et al., 2007).
A targeted drug delivery system can ensure that the drug is released only at the intestinal inflammation site instead of healthy tissue. Targeting and selectivity are achieved by the abnormally high concentration of ROS in the inflammation site (Wilson et al., 2010; Zhang et al., 2016). Because the nanosized targeted delivery system will mainly accumulate in the inflamed part of the intestine, it is considered to be an excellent idea for the treatment of IBD (Lamprecht et al., 2001). Santos’ group reported a nano-in-micro composite to achieve an oxidation-responsive delivery of rifaximin (RIF) for IBD treatment. RIF mediates changes in epithelial cell physiology and reduces bacterial attachment and internalization, and also antagonized the effects of tumor necrosis factor-α on intestinal epithelial cells by activating pregnane X receptor, which inhibits nuclear factor-κB-mediated proinflammatory mediators and induces detoxification genes. RIF-loaded nanoparticles have been prepared by phenylboronic esters-modified dextran (OxiDEX). Under physiologically relevant H2O2 concentrations, the nanoparticles exhibited a high degree of H2O2-responsive degradation ability and controlled drug release (Bertoni et al., 2018). Nanoparticles are likely to adjust the properties of drugs, such as stability, solubility, and release ability, and their surface is easily modified to introduce targeting ligands, and even adjust surface characteristics, including surface charge and adhesion properties. Consequently, we here proposed a functional prodrug micelle as an inflammation-targeted drug, which was comprised of BBR covalent linked to biocompatible carboxylmethyl chitosan by aryl boronic ester as responsive linker. This nanosystem was adopted so that chitosan-based prodrug micelles could effectively deliver berberine to inflamed tissue by ROS responsive mechanism, improving its bioavailability in the specific site (Figure 1). Compared with the RIF-loaded delivery system, BBR in the current system was covalently linked to the carrier by unique catechol group, which can precisely achieve ROS-responsive and prevent the premature release of drugs in the delivery process. The synthesis and physiochemical properties of polymeric OC-B-BBR were explored to optimize micelle structure. The ability of the system to release berberine in physiological and simulated ROS overexpression medium was also investigated. In vivo anti-inflammatory effect and regulation of gut microbiota by it were explored in mice with colitis induced by dextran sodium sulfate (DSS), which showed features in common with ulcerative colitis in humans.
[image: Figure 1]FIGURE 1 | The schematic presentation of OC-B-BBR prodrug micelles structure and their inflamed-selective anti-inflammatory drug delivery by ROS-triggered mechanism.
MATERIALS AND METHODS
Materials
Carboxylmethyl chitosan (OC, Mw = 37 kDa, degree of deacetylation = 88.7%) was purchased from Macklin. Berberine (BBR) was purchased from Saen Chemical Technology Co., Ltd. The Spectra/Por 1 dialysis membrane (MWCO: 3,500) was purchased from Spectrum Laboratories. All the other reagents and solvents were provided by Beijing Chemical Reagent Co., Ltd. and used without further purification. A Bruker AV-400 nuclear magnetic resonance spectroscope was used to record all NMR spectra at 400 MHz in CDCl3 (unless otherwise specified). An Agilent 6540 UHD Q-TOF MS (analyzed ions up to m/z 6,000) equipped with a gas nebulizer probe was used to record data of High-resolution mass spectra (HRMS). DSS was purchased from MP Biomedicals Co., Ltd. TNF-α and IL-6 enzyme-linked immunosorbent assay (ELISA) kits were purchased from Wuhan servicebio technology Co., Ltd. TGF-β and IL-23 ELISA kits were purchased from Multisciences (LIANKE) Biotech Co., Ltd.
Preparation of OC-B-BBR Micelles
Phloroglucinol (2.5 g, 19.8 mmol) was dissolved in 60% H2SO4 (50 ml) and stirred at room temperature until the raw materials were completely dissolved to form a colorless solution. Berberine (2.5 g, 7.4 mmol) was added to the above solution, and the mixture was stirred at 95°C for 15 min. Then the reaction was transferred to the saturated NaCl solution and stirred at room temperature for 2 h. The solution was filtered, and the filter cake was dissolved with methanol. The resulted solution was concentrated in vacuo and washed by ethyl acetate for twice. The solution was then filtered again, upon which the compound demethyleneberberine was obtained as a dark red solid (yield 90%). 1H-NMR (400Mz, DMSO-d6): δ/ppm = 3.105–3.136 (t, 2H, - CH2), 4.070 (s, 3H, - CH3), 4.095 (s, 3H, - CH3), 4.898–4.929 (t, 2H, - CH2), 6.884 (s, H, Ph-H), 7.557 (s, H, Ph-H), 8.052–8.075 (d, H, Ph-H), 8.173–8.196 (d, H, Ph-H), 8.768 (s, H, Ph-H), 9.432 (bs, H, -OH), 9.857 (s, H, Ph-H), 10.246 (bs, H, -OH).
We dissolved carboxymethyl chitosan (OC, 128 mg, 0.24 mmol) and 0.2 ml of tetramethylguanidine in 15 ml deionized water, then stirred the mixture for 30 min 4-nitrophenyl [4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]methyl ester (NBC, 0.2 g, 0.501 mmol) was dissolved in 5 ml THF, which was added dropwise to the above mixture at 25°C. After the reaction was finished, the solution was dialyzed against water for 2 days. The product OC-B was obtained by lyophilization.
The OC-B-BBR micelles were prepared using dialysis method. In brief, OC-B (20 mg) was dissolved in 8.4 ml deionized water and saturated NaHCO3 was added to adjust pH = 8. Then 3 ml DMA was added to the above solution with stirring for 10 min at room temperature. 10 mg of demethyleneberberine dissolved in methanol (2 ml) were slowly added to the mixture, then stirred for 8 h at 25°C. The resulting solution was dialyzed against water/methanol (1,000 : 2, v/v) for 2 days (molecular weight cut off 3,500 Da) to remove by-products, and then lyophilized to obtain a dry reddish brown flocculent product of OC-B-BBR micelles (60 mg).
Characterization of Physiochemical Properties
Gel permeation chromatography (GPC) (TDK 302, Viscotek, USA) was used to determine the molecular weight distribution of the analytes, in which the mobile phase was water. A Zetasizer Nano instrument (Zetaplus, Brookhaven, USA) and a HeeNe laser (633 nm) were used to measure the particle size of micelles by dynamic light scattering (DLS) to collect optical measurements. All analytes were suspended in pH 7.4 PBS at a concentration of 1 mg mL−1 in DLS measurement. S-4700 cold field emission scanning electron microscope (SEM, Hitachi, Japan) was used to analyze the surface morphology of polymeric products and obtain SEM images. Double-sided tape was used to mount the sample for SEM to the metal post, and a thin layer of gold was sputtered under vacuum. For zeta potential measurement, a Nano-ZS ZEN3600 particle sizer (Malvern Instruments) was used.
The encapsulation efficiency (EE) and loading capacity (LC) of OC-B-BBR micelle were depicted as Eqs. 1 and 2, respectively.
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In Vitro Drug Release of Micelles
A dialysis membrane was used to evaluate the release of OC-B-BBR micelles under sink conditions. For simulated ROS released study, H2O2 with different concentrations was added into phosphate-buffer solution (PBS, pH 7.4) as the release media. In brief, 2 mg of OC-B-BBR micelles (DS = 13.1%) were kept in a dialysis bag (MWCO: 3.5 kDa), sealed and placed in 200 ml of release medium, and continuously shook at 100 rpm at 37°C. 1 ml of buffer solution was collected at various time intervals, and 1 ml of fresh medium was added in time after each collection. The cumulative amounts of berberine were determined by Waters Alliance HPLC (UV-detector, λ = 360 nm, C-18 column, eluent: 0.2% phosphoric acid in water: acetonitrile (36:64, v/v), flow rate: 1.0 ml min−1).
Animal Experiments and Dosage Information
Animal experiments were designed according to ARRIVE 2.0 Guideline. C57BL/6 J mice aged 6–8 weeks were obtained from the SPF (Beijing) Biotechnology Co., Ltd (permission number: SCXK (jing) 2019–0,010). The mice were cultured under standard conditions (temperature of 20–26°C, relative humidity of 40–70%, light-dark cycle of 12/12 h, clean bedding, free access to water, and standard dry pellet diet). After a week of adaptive feeding, the mice were randomly divided into four groups, with eight mice in each group. The groups were as follows: 1) Control group, continually fed water alone for 10 days; 2) DSS group, colitis was induced with 3% DSS, which was added to their drinking water for 6 days, on the fourth day, started to use normal saline for gavage for 7 days; 3) OC-B-BBR group, colitis was induced with 3% DSS, which was added to their drinking water for 6 days, on the fourth day, started to use nano-berberine for gavage (30 mg kg−1·d−1) for 7 days; 4) Mesalazine group, colitis was induced with 3% DSS for 6 days, on the fourth day, started to use mesalazine for gavage (100 mg kg−1) for 7 days.
Animal studies were performed according to the NIH Guide for the Care and Use of Laboratory Animals and were approved by Animal Care and Use Committee of Beijing Hospital of traditional Chinese Medicine, Capital Medical University.
Disease Activity Index (DAI)
The body weight, stool viscidity, and fecal occult blood were observed daily, and the DAI (Yan et al., 2018) of the mice were measured, including body weight loss (the percentage of weight loss relative to the initial body weight, where 0 score = none, 1 score = 1%–5%, 2 score = 5%–10%, 3 score = 10%–20%, 4 score => 20%), stool viscidity (0 score = normal, 2 score = loose, 4 score = diarrhea), and fecal occult blood (0 score = no blood, 1 score = +, 2 score = ++, 3 score = +++, 4 score = gross bleeding). DAI = (body mass index + stool viscidity + bleeding)/3.
Sample Collection and Measurement
Colons and spleens were excised from sacrificed mice, and then the length of colons and weight of the spleens were measured. The spleen index = wet weight of the spleen (mg)/the bodyweight (g). Feces were collected for 16 S ribosomal RNA (16SrRNA) analysis. Portions of the colon were fixed in 10% formalin and then embedded in paraffin sections for hematoxylin-eosin (H&E) staining. A portion of that colon was store at -80°Cfor ELISA analysis.
Intestinal Mucosal Injury Index Analysis
The colons were dissected to observe the damages on intestinal mucosa. The extent of the damage was graded by colonic mucosa damage index (CMDI) (Yan et al., 2018), scored as follows: 0, no injury to the colonic mucosa; 1, the surface of intestinal mucosa is smooth, no erosion or ulcer, but with mild hyperemia and edema; 2, has congestion and edema, the mucosa is coarse and granular, with erosion or intestinal adhesion; 3, necrosis and ulcers appeared on the surface of intestinal mucosa, which also has high congestion and edema (the maximum longitudinal diameter of the ulcer is shorter than 1.0 cm), moreover, the intestinal wall surface has necrosis and inflammation or the hyperplasia of intestinal wall; and 4, the maximum longitudinal diameter of ulcer is longer than 1.0 cm, or with total intestinal wall necrosis more severe than 3 points.
Histological Analysis
H&E stained sections of colonic tissue was determined by two independent, blinded investigators following a scoring system for inflammation-associated histological changes in the colon (Wirtz et al., 2007). The scoring system for inflammation-associated histological changes in the colon was: 0, No evidence of inflammation; 1, Low level of inflammation with scattered infiltrating mononuclear cells (1–2 foci); 2, Moderate inflammation with multiple foci; 3, High level of inflammation with increased vascular density and marked wall thickening; and 4, Maximal severity of inflammation with transmural leukocyte infiltration and loss of goblet cells.
ELISA Analysis
Levels of TNF-α (purchased from Wuhan servicebio technology Co., Ltd.), IL-6 (purchased from Wuhan servicebio technology Co., Ltd.), TGF-β (purchased from Multisciences (LIANKE) Biotech Co., Ltd.), and IL-23 (purchased from Multisciences (LIANKE) Biotech Co., Ltd.) in colon tissue were quantified using ELISA kits according to the instructions.
16SrNA Analysis
Magpure stool DNA KF kit B (Magen, China) was used to extract genomic DNA from feces. 30ng of qualified genomic DNA samples and corresponding fusion primers were used to configure the PCR reaction system. The v3-v4 region of 16 S rRNA of genomic DNA was amplified by setting the PCR reaction parameters. The PCR products were purified with agencourt ampure XP magnetic beads, dissolved in elusion buffer, labeled, and completed the establishment of the library. Agilent 2,100 Bioanalyzer was used to detect the fragment range and concentration of the library. According to the size of inserted fragments, hiseq platform was selected for sequencing. After getting off the machine, the data were filtered, and the reads were spliced into tags through the overlap relationship between reads. Under the given similarity, tags were aggregated into out, and the OTU representative sequences were compared with the database by RDP classifer (V2.2) software for species annotation, and the confidence threshold was set to 0.6. Based on OTU and annotation results, species complexity analysis, species diversity analysis, and correlation analysis were carried out.
Statistical Analysis
Multiple groups were compared by one-way analysis of variance (ANOVA). t-test or Mann-Whitney U-test was used to compare the two groups. Data were expressed as mean ± standard deviation (SD). p < 0.05 was considered statistically significant.
RESULTS
Design and Synthesis of Berberine Nanomicelle
Carboxylmethyl chitosan was chosen as a carrier to improve solubility and biocompatibility of micelles for drug delivery. Stimuli-responsive phenyl borate ester as a linker conjugated berberine to carboxylmethyl chitosan by effective aminolysis reaction. The synthesis route of the nanocarrier OC-B-BBR was depicted in Supplementary Scheme S1. Initially, NBC was prepared according to previous reports (Jourden and Cohen, 2010; Chung et al., 2018), as a key intermediate for linking glycol chitosan and berberine. Phenyl boronate moiety was linked to 2-NH2 on carboxylmethyl chitosan by aminolysis, and subsequently borate ester was then easily hydrolyzed under alkaline conditions to give OC-B. A simple strategy was proposed to conjugate berberine by its unique catechol structure. The exposed boronic acid group can spontaneously react with catechol in water to form stable borate ester (OC-B-BBR). The successful synthesis of OC-B-BBR nanocarrier was confirmed by 1H NMR spectra. The characterization of OC and OC-B was also presented as controls to better assign the proton signals of berberine in OC-B-BBR (Supplementary Figures S1–S3). The amphiphilic OC-B-BBR conjugates readily formed self-assembled micelles in an aqueous environment. In mild excess ROS environment, the stimuli-responsive borate ester was broken to release berberine molecules.
Physicochemical Properties of Micelles
The physiochemical properties of nanocarriers should be carefully considered to achieve target special delivery of the particles. The primary concerns, including degree of substitute (DS), particle size, encapsulation efficiency (EE), and loading capacity (LC), were determined as shown in Table 1. The feed ratio of the reaction was changed to adjust the DS of berberine, which can greatly affect the self-assembly behavior and hydrophilic-lipophilic balance of the micelles. Phenyl boronic ester was firstly grafted to OC with different DSs ranged from 10.08 to 26.02%, and the mean diameters of the micelles, measured by DLS, were in the 120–140 nm range. The poor solubility of berberine and reactivity of phenolic hydroxyl (alcoholic hydroxyl was more likely to react with phenylboric acid), to a large extent, limited the increase of DS. The optimized OC-B-BBR (DS = 13.6%) was used to evaluate the subsequent drug release and in vivo anti-inflammatory efficacy.
TABLE 1 | Physiochemical properties of OC, OC-NBC, and OC-B-BBR.
[image: Table 1]The nanoscale morphology of the obtained structure was shown by electron microscope images. As shown in Figure 2A by SEM measurement, OC and blank OC-B were spherical nanoparticles (about 100 nm) and cross-linked. The micelles of OC-B-BBR maintained good microsphere morphology, as shown in Figure 2A in different scales. The average particle size of the nanoparticles was about 130 nm, and slightly larger than the carrier OC-B. The change trends of particle size measured by DLS were basically the same as that measured by SEM. For the specific data of particle size, the DLS results were slightly larger than the SEM results. This was mainly because the structure was in a hydrated state during DLS measurement, which made the size of the structure larger.
[image: Figure 2]FIGURE 2 | (A) SEM images of the different polymers. (B) The changes in OC-B-BBR nanoparticle size in pH 7.4 medium. (C) The changes in surface charges and PDI (D)In vitro drug release profiles of berberine. The OC-B-BBR micelle was incubated in pH = 7.4 buffer without H2O2 (black dot), 10 μM H2O2 (red square), and 1 mM H2O2 (wine square), as measured through HPLC.
Subsequently, the stabilities of OC-B-BBR micelles were monitored on the basis of variation in sizes and surface charges. In pH = 7.4 medium, the micelles showed insignificant changes in size and a negligible decrease in zeta potential in 5 days (Figures 2B,C), suggesting the good stability of the micelles that was essential for a prolonged blood half-life in vivo.
In Vitro Drug Release Profile
The drug release profiles in physiological and simulated ROS environment were explored. As shown in Figure 2D without H2O2, less than 20% berberine was released in 72 h incubation at pH 7.4, indicating that the micelles had satisfactory stability around physiological conditions. When 10 μM H2O2 was added in the micelles system, 50% of berberine was collected in 24 h incubation, indicating the ROS-sensitivity of OC-B-BBR micelles. At least 65% of the drugs were released over the tested time. The same assays were performed again with 1 mM H2O2 incubation, and the rate of berberine release sharply increased. More than 90% of the drugs can be released in 24 h incubation, showing the sensitivity to excess ROS. The sustained and thorough release indicated that the nanomicelles have a favorable response ability in inflamed tissues with high levels of ROS, which promoted drug delivery efficacy.
OC-B-BBR Showed a Potential Role in Ameliorating the Colitis Induced by DSS in Mice
To study the effect of OC-B-BBR in colitis, five parameters, DAI, colon length, spleen index, CMDI score, and histological score, were evaluated. Mice in the DSS group presented more severe colitis than mice in the OC-B-BBR group, as evidenced by a significant increasing of DAI (Figure 3A) and spleen index (p < 0.01) (Figure 3B), and shortening of the colon (p < 0.05) (Figures 3C,D). The damage on intestinal mucosa by visual inspection in the DSS group presented significantly higher congestion and edema, more serious erosion or intestinal adhesion, bigger ulcers, and higher CDMI score (p < 0.01) (Figure 3E) compared with the OC-B-BBR group. Similarly, the inflammatory cell infiltration and histological score of H&E staining sections of colon tissue in the DSS group were significantly higher compared with the OC-B-BBR group (p < 0.01) (Figures 3F,G). There were no significant differences between the OC-B-BBR and mesalazine group in the DAI, colon length, spleen index, or CMDI score. The histological scores of the OC-B-BBR group were significantly lower than that of the mesalazine group (p < 0.05). Above all, OC-B-BBR could effectively ameliorate DSS-induced colitis in mice and may have potential advantages over mesalazine.
[image: Figure 3]FIGURE 3 | OC-B-BBR ameliorated DSS-induced colitis in mice. Results represent mean ± SD; n = 8, *p < 0.05; **p < 0.01. (A) disease activity indexes (DAI); (B) Spleen index; (C) Colon picture; (D) Colon length; (E) Colonic mucosa damage index (CMDI) score; (F) Histological score; (G) H&E staining of sections displayed colonic tissue damage and leukocyte infiltration, ✕4 and ✕10; (H) TNF-α; (I) IL-6; (G) TGF-β; (K) IL-23.
OC-B-BBR Suppressed the Secretion of Some Inflammatory Cytokines in DSS-Induced Mice
Excessive production of proinflammatory cytokines lead to the progression and exacerbation of colitis. To understand the anti-inflammatory effect of OC-B-BBR, we measured the levels of proinflammatory cytokines in the colon homogenates by ELISA. The results showed that the levels of TNF-α and IL-6 were significantly increased after DSS-induced (p < 0.05 or p < 0.01). The increase of IL-6 was significantly reduced by OC-B-BBR treatment (p < 0.01), while the increase of TNF-α was significantly reduced by mesalazine treatment (p < 0.05). There were no significant differences of TGF-β and IL-23 in the four groups (Figures 3H–K).
OC-B-BBR Modified Gut Microbiota
α-diversity analysis reflected the richness and diversity of microbial communities, including a series of statistical analysis indexes. The Chao and ACE indexes are used to estimate the microbial richness, while Shannon index is used to estimate the microbial diversity. The ACE index of DSS group was significantly lower than that of the normal group, of which the OC-B-BBR group and mesalazine group were significantly increased (p < 0.05) (Figure 4A). Although the Chao index did not increase significantly, the increase in species richness was demonstrated to some extent (Figure 4A). Shannon index showed no significant difference among the four groups (Figure 4A). No apparent clustering was observed in principal component analysis (PCA) (Figure 4B) or principal coordinate analysis (PCoA) (Figure 4B) among the normal group, DSS group, OC-B-BBR group, or mesalazine group.
[image: Figure 4]FIGURE 4 | (A)α-Diversity estimated by ACE, Chao, and Shannon indexs,*p < 0.05; (B) PCA score and PCoA score plots; (C) Gut microbiota composition at phylum level in each group; (D) Firmicutes/Bacteroidetes ratio at phylum level in each group; (E) The proportions of key species at phylum level, Normal group vs DSS group; (F) The proportions of key species at phylum level, OC-B-BBR group vs DSS group; (G) The proportions of key species at phylum level, Mesalazine group vs DSS group; (H) Gut microbiota composition at genus level in each group; (I) The proportions of key species at genus level, Normal group vs DSS group; (J) The proportions of key species at genus level, OC-B-BBR group vs DSS group; (K) The proportions of key species at genus level, Mesalazine group vs DSS group; (L) LDA score and LEfSe taxonomic cladogram.
At phylum level, the compositions of gut microbiota in each group were shown in Figure 4C. Compared with the normal group, the relative abundance of Bacteroidetes, Deferribacteres, and Proteobacteria in the DSS group increased significantly, while the relative abundance of Firmicutes and Verrucomicrobia decreased significantly (p < 0.05 or p < 0.01) (Figures 4D,E). Compared with the DSS group, the relative abundance of Firmicutes increased significantly in the OC-B-BBR group, while the relative abundance of Proteobacteria decreased (p < 0.05) (Figure 4F). There was no significant difference between the DSS group and mesalazine group (Figure 4G).
At genus level, the compositions of gut microbiota in each group were shown in Figure 4H. Compared with the normal group, the relative abundance of Bacteroides, Escherichia, Helicobacter, and so on increased significantly in the DSS group, while the relative abundance of Akkermansia and Coprococcus decreased significantly (p < 0.05 or p < 0.01) (Figure 4I). Compared with DSS group, the relative abundance of Bacteroides and Escherichia decreased significantly in the OC-B-BBR group (p < 0.05) (Figure 4J). There was no significant difference between the DSS group and mesalazine group (Figure 4K).
LEfSe linear discriminant analysis (LDA) was used to discriminate the significant different species (LDA>4, p < 0.05). The higher the LDA score, the greater effect of the relative abundance of species on the difference. There were significant differences in the composition of key species among the four groups. A LEfSe taxonomic cladogram represented key bacterial alterations. Different colors of purple, blue, red, and green respectively represent the NC, model, OC-B-BBR, and mesalazine groups. Each small circle at different taxonomic levels represents a taxon at that level, and the diameter of the small circle is proportional to the relative abundance (Figure 4L).
DISCUSSION
Chinese herbal medicine treatment of inflammatory bowel disease has a long history in China and around the world (Zhao et al., 2017). However, due to the low content of active ingredients and oral bioavailability, the further improvement of the curative effect of Chinese herbal medicine is limited. The development of targeted drug delivery based on nano technology presents a new approach for natural drugs extracted from Chinese herbal medicine in the treatment of IBD.
Chitosan is a natural polymer of living organisms, which provides a basis for the construction of functional polymer biomaterials with biological properties and unique physicochemical properties, biocompatibility, and biodegradability. In particular, through the controlled functionalization of some simple borate parts, we can obtain an intelligent system for specific site drug delivery with certain required response characteristics, such as ROS response (Maji et al., 2015). Herein, based on ROS responsiveness, we designed a new type of chitosan nanocarrier to achieve targeted drug delivery to inflammation sites. The ROS responsive group, which can effectively deliver the encapsulated BBR to the inflammatory site by ROS-triggered release in the microenvironment of oxidative stress, was formed by the self-assembly of amphiphilic carboxymethyl chitosan and phenylborate side groups. The selectivity of phenylborate as the linker was mainly due to its ROS responsiveness and biocompatibility, as well as convenient conjugation with drugs via catechol moiety. Many natural anti-inflammatory drugs contained catechol, such as quercetin and rutin. Thus, the current design provided a realistic and general strategy for constructing catechol-based responsive nanodrug delivery system.
Dynamic light scattering (DLS) was used to evaluate the size and polydispersity index (PDI) of the OC-B-BBR micelles. The hydrodynamic average size was about 220 nm, with a relatively similar particle size distribution of 0.22 (Table 1). However, in the case of the empty nanocarrier OC-B, the detected particle size distribution was slightly wider at 0.42, due to the weak hydrophobicity in the core without drugs. This result was consistent with the observation on SEM. In the subsequent stability tests, the relatively intact micelles were obtained in a few days by DLS and zeta potential analysis, which provided a vital guarantee for stable drug delivery before reaching the inflammatory site.
Here our results showed that OC-B-BBR alleviated DSS-induced colitis in mice. Compared with the DSS group, after OC-B-BBR treatment the DAI score and spleen index was decreased, the colon length was increased, and the damage to the colon (congestion, edema, erosion, ulcer or inflammatory cell infiltration etc) was reversed. A particular concern was that histological scores were significantly lower in the OC-B-BBR group than in the mesalazine group, while there were no significant differences between the two groups on other indicators. This showed that for histological healing OC-B-BBR may have had potential advantages over mesalazine. Histological deep healing is the highest goal of clinical treatment for IBD patients. A recent systematic review and meta-analysis revealed that patients who achieved endoscopic and histological remission have a significantly lower risk of clinical relapse than patients who achieved clinical remission (Yoon et al., 2020). The proinflammatory cytokines levels correlate with the severity of colitis. Our results showed that OC-B-BBR treatment inhibited the release of IL-6, while mesalazine treatment inhibited the release of TNF-α. It suggests that OC-B-BBR and mesalazine may exert anti-inflammatory effects through different pathways.
The pathogenesis of IBD is complicated and not clear. It is now accepted that a complex interplay of genetic and environmental factors and gut microbiota lead to abnormal immune responses and chronic colitis (Nishida et al., 2018). Compared with healthy people, IBD patients had less bacteria with anti-inflammatory capacities and more bacteria with inflammatory capacities (Peterson et al., 2008). The most recognized changes were a decrease in the diversity of the intestinal microbial community, a decrease in abundance of Firmicutes, and increases in abundance of Proteobacteria and Bacteroidetes (Manichanh et al., 2006; Walker et al., 2011). Our results showed that OC-B-BBR increased the community richness of gut microbiota decreased by DSS induction. At phylum and genus level, compared with the DSS group, the relative abundance of Firmicutes was increased, while the relative abundance of Proteobacteria, Bacteroides, and Escherichia was decreased in the OC-B-BBR group. In the DSS group, the ratio of Firmicutes and Bacteroidetes was inverted, and OC-B-BBR treatment was shown to restore its normal trend. OC-B-BBR treatment shifted the microbiome toward a “healthy” phenotype. The relative abundance of species in the mesalazine group were not significantly different from the DSS group. OC-B-BBR may attenuate DSS-induced colitis by modulating the composition of bacterial communities. In future studies, we need to explore the mechanism of OC-B-BBR inhibiting inflammation by regulating gut microbiota.
CONCLUSIONS
In summary, BBR was conjugated to carboxylmethyl chitosan by aryl boronic ester, giving a potential ROS responsive for an effective delivery of drugs to the inflammatory tissue. OC-B-BBR as carboxylmethyl chitosan nanomicelles were prepared and characterized, which ameliorates DSS-induced colitis and remodels gut microbiota. The novel natural drug nano delivery system may represent a promising approach for improving IBD treatment.
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Inflammatory bowel disease (IBD) is a chronic inflammatory disease impairing the gastrointestinal tract, and its incidence and prevalence have been increasing over time worldwide. IBD greatly reduces peoples' quality of life and results in several life-threatening complications, including polyp, toxic colonic dilatation, intestinal perforation, gastrointestinal bleeding, and cancerization. The current therapies for IBD mainly include drugs for noncritical patients and operation for critical patients. However, continuous use of these drugs causes serious side effects and increased drug resistance, and the demand of effective and affordable drugs with minimal side effects for IBD sufferers is urgent. Natural-derived polysaccharides are becoming a research hotspot for their therapeutic effects on IBD. This study focuses on the research progress of various natural polysaccharides from plants, seaweeds, and mushrooms for the treatment of IBD during recent 20 years. Regulation of oxidative stress, inflammatory status, gut microbiota, and immune system and protection of the intestinal epithelial barrier function are the underlying mechanisms for the natural-derived polysaccharides to treat IBD. The excellent efficacy and safety of polysaccharides make them promising candidates for IBD therapy.
Keywords: inflammatory bowel disease, polysaccharides, therapeutic effects, action mechanism, plants, mushrooms, seaweeds
INTRODUCTION
Inflammatory bowel disease (IBD) includes two chronic idiopathic inflammatory diseases: Crohn’s disease (CD) and ulcerative colitis (UC), which have become prevalent all over the world (Ananthakrishnan et al., 2019). According to statistics, the prevalence of IBD is the highest in North America, Europe, and Oceania, which exceeded 0.3% of the population (Ng et al., 2017). In contrast, the incidence and prevalence of IBD in Asia and Africa was relatively rare (Kaplan and Ng, 2016; Kaplan and Ng, 2017). However, with westernized diet and lifestyle, a wave of rapidly rising incidence has followed (Mak et al., 2020). The annual direct and indirect expenses associated with IBD are assessed to be as high as €4.6–5.6 billion in Europe and US$6 billion in the United States of America (Kaplan, 2015).
IBD is a chronic inflammatory disease of the gastrointestinal tract, which is characterized by long course, difficulty in curing, low quality of life, and high risk of canceration (Sairenji et al., 2017). At present, IBD has been listed as one of the modern refractory diseases by the World Health Organization. The main clinical symptom of IBD is bloody diarrhea, abdominal pain, hematochezia and emesis; some patients have extraintestinal manifestations, such as arthritis, iridocyclitis, hepatosis, and eye and skin lesion (Vavricka et al., 2015; Ribaldone et al., 2019). No sex predominance exists in IBD, and the peak age of disease onset is between ages 17 and 40 years (Kotze et al., 2020). Although the cause of IBD remains unknown, studies have provided evidence that the pathogenesis (Figure 1) of IBD is multifactorial, mainly including genetic predisposition, epithelial barrier defects, dysregulated immune responses, and environmental factors (Guan, 2019; Li C. L. et al., 2020). Modern medical therapy for patients with IBD mainly involves aminosalicylic acids, glucocorticoids, immunosuppressants, and biological agents, which can control its symptoms (Eberhardson et al., 2019). However, many disadvantages (Table 1) are increasingly prominent, such as severe side effects, easy recurrence, increased drug resistance, and high price (Moreau and Mas, 2015). Therefore, scientists are constantly devoting themselves to the development of more safe and effective drugs for treating IBD.
[image: Figure 1]FIGURE 1 | Current overview on the pathogenesis of IBD.
TABLE 1 | Current drugs and their disadvantages for the treatment of IBD.
[image: Table 1]Polysaccharides are polymeric carbohydrates consisting of at least 10 monosaccharides with glycoside bonds (Ferreira et al., 2015). They range in structure from linear to highly branch. Generally, there are more than 100 monosaccharides in polysaccharides, and even as many as thousands, with great different properties (Yu et al., 2018). Polysaccharides are not only the supporting tissues and storage nutrients of animals and plants but also possess rich physiological activities, such as immune regulation (Tabarsa et al., 2020), antitumor (Khan et al., 2019), anti-oxidation (Ma et al., 2020), and so on. Notably, a large number of studies have shown that polysaccharides from different sources exerted significant inhibitory effects on IBD (Figure 2). In this study, the research progress of natural polysaccharides for the treatment of IBD was reviewed. It is hoped that it will provide inspiration for the researchers to design, research, and develop new drugs for IBD therapy.
[image: Figure 2]FIGURE 2 | Glance at the natural sources of polysaccharides for the treatment of IBD in the past decades and the essential steps on the isolation and purification of them.
METHODS
To identify the studies related to the effect and mechanism of natural-derived polysaccharides against IBD, we referred to the published articles in the following academic databases from the creation date to August 2020: Google Scholar, Web of Science (WOS), PubMed, and Embase. In the literature retrieval, the following search terms were adopted in combination (“polysaccharide” OR “polysaccharose”) AND (“inflammatory bowel disease” OR “IBD,” “ulcerative colitis” OR “colitis” OR “ulcer colitis” OR “UC,” OR “Crohn’s disease” OR “CD”). All articles with abstracts were considered.
After searching, the acquired articles were carefully screened. First, the articles on the effect and mechanism of natural-derived polysaccharides against IBD were initially selected through reading the titles and abstracts. Second, for the articles that cannot be identified through preliminary screening, the full text was further examined. Finally, all articles that fit the topic were imported into EndNote as the supporting resources of this review.
POLYSACCHARIDES FROM PLANTS
Due to the wide variety, large amount, and easy access, terrestrial plants have always been the most important natural resources for human survival. The original sources of food and medicine for humans also mainly come from terrestrial plants. At present, the researches on bioactive components mainly focus on edible and medicinal plants (Atanasov et al., 2015). Significantly, there are many studies on plant polysaccharides against IBD. Tables 2, 3 listed the chemical and pharmacological information of polysaccharides from plants for the treatment of IBD, respectively.
TABLE 2 | Monosaccharide composition, molecular weight, and main glycosidic bond of polysaccharides from natural sources.
[image: Table 2]TABLE 3 | Summary of the mechanisms of polysaccharides from natural sources in the treatment of IBD.
[image: Table 3]Astragalus membranaceus
A. membranaceus belongs to the Leguminosae family and is one of the most commonly used Chinese herb medicine in China. It has many pharmacological effects, such as immune regulation, antitumor, antivirus, and so on (Fu et al., 2014). Polysaccharides, triterpenoids, and flavonoids are the three main active components of A. membranaceus (Jin et al., 2014). Lv et al. (2017) prepared a polysaccharide APS from A. membranaceus and evaluated the therapeutic roles of APS and delineated the possible molecular mechanisms in the DSS-induced mouse colitis model. The results demonstrated that APS treatment observably improved colitis-related clinical signs and pathological damage of colon caused by DSS exposure. Moreover, APS could also significantly inhibit the intestinal inflammation response through downregulating the colonic mRNA expression and release of pro-inflammatory mediators, including TNF-α, IL-1β, and IL-6, and reducing the MPO activity. In addition, APS treatment was observed to block NF-κB activation by suppressing the phosphorylation of NF-κB p65. Overall, these found implied that APS could serve as a natural therapeutic approach for the treatment of IBD.
Scutellaria baicalensis
S. baicalensis is a species of the flowering plant in the Lamiaceae family. Its dried roots have been used for over 2,000 years as a traditional Chinese medicine known as Huang-Qin (Zhao et al., 2016). Cui et al. (2019) obtained a purified polysaccharide SP1-1 from S. baicalensis, and found that SP1-1 administration can effectively improve DSS-induced colitis by reducing DAI scores, colonic lesions, and MPO activity. SP1-1 significantly suppressed the production of pro-inflammatory cytokines TNF-α, IL-1β, and IL-18 in the serum and colon of DSS-induced colitis mice and LPS-induced THP-1 derived macrophages. In addition, SP1-1 remarkably decreased the colonic CD11b+ macrophage infiltration. Meanwhile, SP1-1 treatment effectively inhibited the activation of the NF-κB pathway through reducing phosphorylation of IKKα, IKKβ, and IκBα, and inhibiting the translocation of NF-κB p65 from cytoplasm to nucleus. Furthermore, the elevated expression of NLRP3, caspase-1, cleaved caspase-1, IL-1β, pro-IL-1β, IL-18, and pro-IL-18 in DSS treated mice was mitigated by SP1-1, resulting in the inactivation of NLRP3 inflammasome. These data implied that the anti-inflammatory effect of SP1-1 against DSS-induced colitis was closely related to its inhibition of NLRP3 inflammasome and NF-κB signaling pathways. SP1-1 may be served as a novel candidate drug to treat IBD in future.
Angelica sinensis
A. sinensis belongs to the Umbelliferae family, which has been traditionally used in Chinese medicinal formulation for a long time and is also commonly used as a dietary supplement in Europe and America (Wei et al., 2016). Polysaccharides are a class of phytochemicals in A. sinensis, which have been proved to have many pharmacological activities (Jin et al., 2012). Cheng et al. (2020) extracted an acidic polysaccharide ASP (Figure 3A) from A. sinensis and investigated the protective effects of ASP on DSS-induced colitis. Results showed that ASP observably attenuate the severity of colitis symptoms manifested as the reduction of weight loss, DAI score, and colon length shortening induced by DSS. Furthermore, the mRNA expressions of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) and MPO activity caused by DSS were strikingly inhibited by ASP treatment. ASP also improved the colonic barrier function via enhancing the expressions of TJs proteins (ZO-1, occludin, and claudin-1) and decreasing cell membrane permeability in LPS-stimulated Caco-2 cell. In addition, ASP could significantly mitigate intestinal epithelium cell apoptosis and promote proliferation through upregulating Bcl-2 protein expression and downregulating Bax and caspase-3 levels in colon tissues of DSS-induced colitis mice. Collectively, these results manifested that ASP can be a potential natural ingredient for the treatment of IBD.
[image: Figure 3]FIGURE 3 | Chemical structures of polysaccharides from natural sources for the treatment of IBD. (A) ASP from Angelica sinensis; (B) DOPS from Dendrobium officinale; (C) ASPP from Ipomoea batatas; (D) GLP from Ganoderma lucidum; (E) DIP from Dictyophora indusiata; and (F) EP-1 from Hericium erinaceus.
Dendrobium officinale
D. officinale, a precious plant of the Orchidaceae family, possesses extremely high medicinal and edible values. It has been broadly applied to treat gastrointestinal diseases in China for thousand years, which was the earliest recorded in Shennong's Classic of Materia Medica (Tang et al., 2017). Liang et al. (2018) obtained a heteropolysaccharide DOPS (Figure 3B) from D. officinale, and found DOPS could obviously ameliorate the clinical symptoms, reduce mortality, and relieve pathological damage of colon in colitis mice induced by DSS. Interestingly, DOPS treatment pronouncedly regulated the imbalance of pro-/anti-inflammatory mediators through reducing the production of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β, IL-18, and IFN-γ) and augmenting the anti-inflammatory IL-10 level, and thus descending the ratio of pro-/anti-inflammatory cytokines. In addition, DOPS could significantly inhibit the expression of NLRP3, ASC, caspase1, and β-arrestin1 in DSS-induced colitis mice and LPS-stimulated NCM460 cells. In summary, these data indicated that DOPS administration exhibited a therapeutic effect on DSS-induced experimental colitis in mice, which was probably associated with the suppression of NLRP3 inflammasome activation and β-arrestin1 signaling pathway, and the subsequent expression of pro-inflammatory cytokines. DOPS is expected to be a potential candidate component for the treatment of inflammatory diseases like IBD in the future.
Chrysanthemum morifolium
C. morifolium, a medicinal and edible plant of the Asteraceae family, has been broadly applied in clinical practice for thousands of years in China and Korea (Tao et al., 2016). Tao et al. (2017), Tao et al., (2018) abstracted polysaccharides from C. morifolium and found that CP possessed pronouncedly protective effects on TNBS-induced colitis in rats. CP administration could significantly enhance the production of anti-inflammatory mediators IL-4, IL-10, and IL-13 while decreased the secretion of pro-inflammatory factors, including TNF-α, IL-1β, IL-6, IL-17, IL-23, and IFN-γ. Moreover, CP inhibited oxidative stress by increasing the SOD level and reducing the MDA content. Further mechanistic study illustrated that the anti-inflammatory roles of CP might be related to blocking the activation of NF-κB/TLR4 and IL-6/JAK2/STAT3 signaling pathways by inhibiting the mRNA levels of NF-κB, TLR4, IL-6, JAK2, and STAT3, and the protein expression of NF-κB p65, p-p65, TLR4, JAK2, STAT3, and p-STAT3 in colonic tissues of TNBS-induced colitis rats. Additionally, 16S rRNA sequencing analysis result revealed that CP remarkably raised the ratio of Firmicutes/Bacteroidetes, and elevated microbial diversity and community richness in rats with colitis. The relative abundance of pathogens (Escherichia, Enterococcus, and Prevotella) was downregulated, while the levels of probiotics including Butyricicoccus, Clostridium, Lactobacillus, Bifidobacterium, Lachnospiraceae, and Rikenellaceae were increased after CP treatment. Correlation analysis demonstrated that the gut microflora was correlated closely with the expression of cytokines, and they interacted with each other to modulate immune function. In conclusion, CP could alleviate IBD by regulating intestinal microecological balance and maintaining immune homeostasis, which promote the curative drug development of IBD.
Morinda citrifolia
M. citrifolia, commonly known as noni, belongs to the Rubiaceae family and is a native tropical shrub in Southeast Asia. It has been used in traditional medicine for more than 2,000 years. Nowadays, M. citrifolia attracted the attention of researchers from the pharmaceutical and food industry for different therapeutic purposes (Almeida et al., 2019). Batista et al. (2020) extracted polysaccharides (PLS) from the fruits of M. citrifolia. PLS was found to ameliorate the intestinal damage and MPO activity in acetic acid–induced colitis. PLS significantly reduced oxidative damage by increasing the GSH level and decreasing the content of MDA and NO3/NO2. Moreover, PLS could prominently inhibit the expression of TNF-α, IL-1β, and COX-2. This result demonstrated that PLS exhibited an anti-inflammatory effect against colitis by mitigating inflammatory response and oxidative stress in the inflamed colon, suggesting PLS possessed therapeutic potential against inflammatory diseases like IBD.
Ziziphus jujuba
Z. jujuba, also called jujube, is a thorny, rhamnaceous deciduous plant broadly distributed in northern China. Its fruits are much admired for their high nutritional and medicinal values (Gao et al., 2013). Yue et al. (2015) abstracted a crude polysaccharide WJPs from wild jujube sarcocarp and investigated the therapeutic roles of WJPs on TNBS-induced colitis rats and TNF-α-stimulated Caco-2 cells. Results showed that WJPs could observably ameliorate the severity of colitis and attenuate mucosal injury in colitis rats. In addition, WJPs mitigated the intestinal inflammatory response by inhibiting the levels of TNF-α, IL-1β, IL-6, and MPO activity. Furthermore, WJPs was found to improve the intestinal epithelial barrier function as WJPs could significantly reverse TNF-α-induced increase of FD-4 flux and decrease of TER in Caco-2 cells, and upregulate the expression of TJs proteins (ZO-1, occludin, claudin-1, and claudin-4) in colonic tissues of rats with TNBS-induced colitis. Further mechanistic study revealed that WJPs remarkably induced activation of the AMPK pathway through upregulation of the phosphorylation of AMPK and ACC in vivo and in vitro. Taken together, WJPs possess prominently protective effect on colitis, at least partly through enhancing intestinal barrier function, and suppressing inflammation response. WJPs may be used as a promising candidate to meet the medication needs of IBD.
Arctium lappa
A. lappa, also called burdock, is a medicinal and edible plant belonging to the Asteraceae family. It is mainly distributed in China and Western Europe and traditionally used to treat various diseases. Nowadays, A. lappa is regarded as a valued source for secondary metabolites, which exhibits many biological activities and pharmacological functions (Gao et al., 2018). Wang Y. et al. (2019) extracted a water-soluble polysaccharide ALP-1 from A. lappa and applied the DSS-induced mice model to assess the protective effect of ALP-1 on colitis. The results revealed that ALP-1 could dramatically increase anti-inflammatory cytokine IL-10 and alleviate pro-inflammatory mediator (IL-1β, IL-6, and TNF-α) levels in colon and serum of colitis mice. Moreover, the reduced level of IgA caused by DSS exposure was notably increased after ALP-1 treatment. In addition, compared with the DSS-induced colitis group, ALP-1 treatment remarkably enhanced the relative abundance of probiotics, including Firmicutes, Ruminococcaceae, Lachnospiraceae, and Lactobacillus, while descended the levels of pathogen, such as Proteobacteria, Alcaligenaceae, Staphylococcus, and Bacteroidetes. In conclusion, the research showed that the anti-colitis effect of ALP-1 may be associated with the regulation of gut microbiota structure and the imbalance of inflammatory cytokines. ALP-1 may be applied as a dietary supplement agent for patients with IBD.
Malva sylvestris
M. sylvestris, known as common mallow, belongs to the Malvaceae family. It is a medicinal and edible plant that mainly grows in Europe, North Africa, and Asia. Studies have proved that M. sylvestris possess beneficial gastrointestinal effects (Gasparetto et al., 2012). Polysaccharides are reported to be the major active components of M. sylvestris. Hamedi et al. (2016) found that the isolated polysaccharide MSP from M. sylvestris could effectively ameliorate macroscopic and microscopic parameters and inhibit inflammation symptoms of colitis, which exhibited obviously a protective effect against IBD induced by acetic acid in rats.
Cynanchum wilfordii
C. wilfordii belongs to the Asclepiadaceae family and is mainly distributed in Korea, Japan, and China. Its underground roots are traditionally used for the treatment of gastrointestinal diseases (Jiang et al., 2011). Cho et al. (2017) prepared a crude polysaccharide HMFO from C. wilfordii, and explored the anti-inflammatory effects and underlying mechanisms of HMFO in DSS-induced mouse colitis and LPS-stimulated RAW 264.7 cells. Results showed that HMFO dramatically relieved the pathological characteristics and histological damage of colitis, reduced MPO activity, and inhibited the production of pro-inflammatory factors TNF-α and IL-6 in the colon of colitis mice. Furthermore, HMFO significantly downregulated the expression of iNOS, COX-2, and phosphorylated NF-κB in mice. In vitro, HMFO sharply mitigated several cytokines and enzymes associated with inflammation, including NO, PGE2, TNF-α, IL-6, iNOS, and COX-2. Further mechanism study revealed that HMFO blocked the activation of NF-κB and MAPK signaling pathways by retarding the phosphorylation of NF-κB p65, IκBα, IKK α/β, p38, ERK, and JNK. These results speculated that HMFO is a promising remedy to treat IBD.
Rauvolfia verticillata
R. verticillata belongs to the Apocynaceae family and is mainly distributed in China and Vietnam. Its roots and leaves are used for medicinal purposes including treating hypertension, hyperthermia, insomnia, and so on (Hong et al., 2012). Miao et al. (2019) obtained a pectic polysaccharide PP from the rootstocks of R. verticillata and found that PP treatment attenuated the overall physical activity, DAI, and morphological damage in DSS-treated colitis mice. Meanwhile, PP dramatically reduced TNF-α, IL-6, and MPO activity. Furthermore, the down-regulated IκBα level and up-regulated expression of NF-κB p65, ERK, JNK, and p38 caused by DSS exposure were reversed by PP treatment. In short, these findings strongly suggested that PP can inhibit the colonic inflammation via suppressing NF-κB and MAPK pathways, providing a scientific basis for the application of PP as an effective therapeutic agent for the treatment of IBD.
Portulacae oleracea
P. oleracea belongs to the Portulacaceae family and is a widespread edible and medicinal plant for alleviating various diseases (Iranshahy et al., 2017). Wang et al. (2018), Wang Z. et al. (2020) acquired a polysaccharide POLP from P. oleracea and found that POLP could relieve DSS-induced clinical symptoms and improve histopathological damage. The levels of pro-inflammatory factors TNF-α, IL-1β, IL-6, IL-18, and PGE2 were markedly decreased, whereas the secretion of anti-inflammatory mediator IL-10 was increased after POL administration. Moreover, POLP sharply upregulated the IκBα protein expression, inhibited the translocation of NF-κB p65 from cytoplasm to nucleus, and downregulated the NF-κB p65 related proteins (including Bcl-2 and survivin) in DSS-treated mice. In addition, POLP significantly suppressed the COX-2 protein expression and the phosphorylation of STAT3. Thus, it was speculated that POLP exhibited excellent protective effects on IBD, and the mechanisms were closely associated with the inhibition of NF-κB and STAT3/COX-2 pathways.
Vaccinium oxycoccos
V. oxycoccos, also called European cranberry, is a plant belongs to the Ericaceae family. Its fruits are a valuable source of antioxidants and other biologically active substances (Jurikova et al., 2019). Popov et al. (2006) extracted a pectic polysaccharide OP from V. oxycoccos and found that the colonic macroscopic damage score and total injury area were obviously relieved in the OP treatment group compared with those of the 5% acetic acid–induced colitis group. OP has shown to reduce the MPO activity in colon tissue and increase the mucus content. Moreover, OP pretreatment can significantly reduce the colon MDA level. OP has also been found to suppress inflammation, which is estimated by preventing vascular permeability. In addition, the adhesion of peritoneal neutrophils and macrophages was mitigated after OP administration. Overall, OP has a therapeutic effect on acetic acid–induced colitis in mice. The protective effect of OP may be related to the inhibition of neutrophil infiltration and antioxidant.
Ipomoea batatas
I. batatas, a plant belongs to the Convolvulaceae family, is generally called purple sweet potato for purple flesh and treated as a nutritionally rich food (Mohanraj and Sivasankar, 2014). Sun et al. (2020) abstracted a novel alkali-soluble polysaccharide ASPP (Figure 3C) from I. batatas, and assessed the protective effects of ASPP on DSS-induced colitis in mice. The results demonstrated that ASPP improved the immune organ (spleen and thymus) indices and alleviated the colonic pathological damage. In addition, the levels of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 in colonic tissue and serum were significantly inhibited by ASPP treatment. ASPP could also elevate the SCFAs production, such as AA, PA, and BA in DSS-induced mice. Moreover, the 16S rRNA sequencing result suggested that ASPP regulated the compositions of gut microbiota in DSS-induced colitis mice by increasing the relative abundance of Firmicutes and reducing the levels of Bacteroidetes, Proteobacteria, and Actinobacteria. In conclusion, ASPP diminished intestinal inflammation through mitigating pro-inflammatory factors and modulating the gut microbiota structure of DSS-induced colitis mice.
Malus pumila
M. pumila belongs to the Rosaceae family, and its fruits (namely apple) have very high nutritional values for containing abundant minerals and vitamins. Meanwhile, apples contain a variety of phytochemicals with bioactivity (Boyer and Liu, 2004). Li et al. (2017) extracted a polysaccharide MAP from M. pumila and applied a DSS-induced mouse colitis, MCA-38 cell line, and DC2.4 cell to investigate the anti-inflammatory properties and underlying mechanisms of MAP. Results showed that MAP significantly ameliorated intestinal toxicity caused by DSS in mice, and suppressed the proliferation of MCA-38 cells. Besides, MAP treatment remarkably increased IL-22BP levels, while inhibited the expression of IL-22, p-STAT3, Bcl-2, and cyclin D1 in vivo and in vitro. In short, these data indicated that MAP was likely to exert a protective effect on colitis via modulating the expression and function of IL-22 and IL-22BP, which provided a theoretical basis for apples used to prevent colitis.
POLYSACCHARIDES FROM MUSHROOMS
Mushrooms are fungi that generally live on dead trees. According to statistics, there are more than 2000 kinds of edible mushrooms in the world, including about 700 kinds of mushrooms with medicinal value. Edible mushroom is one of the important sources of nutrients in people's daily life, and its factory cultivation is an emerging sunrise industry in the 21st century. Meanwhile, due to the richness of various active components, mushrooms are increasingly appreciated for their health and medicinal value (Roupas et al., 2012). There have been several polysaccharides from this source and have shown evident efficacy for IBD. Tables 2, 3 listed the chemical and pharmacological information of polysaccharides from mushrooms in the treatment of IBD, respectively.
Ganoderma lucidum
G. lucidum, called Ling-Zhi in Chinese and Reishi in Japanese, is a famous medicinal mushroom growing on dead wood. Its main components are polysaccharides and triterpenes, which have various pharmacological activities, such as immunomodulation, antitumor, and anti-oxidation (Ahmad, 2018; Lu et al., 2020). Xie et al. (2019) reported that a polysaccharide GLP (Figure 3D) from G. lucidum remarkably reduced DSS-induced DAI scores and augmented SCFAs levels (including TA, AA, PA, and BA). Moreover, GLP effectively regulated the intestinal microbiota structure by increasing the amount of prebiotics (e.g., Ruminococcus_1) and reducing some pathogens (e.g., Escherichia–Shigella). Transcriptional analysis indicated that GLP regulated the expression of genes enriched in inflammation-related KEGG pathways, such as elevating Ccl5, Cd3e, Cd8a, Il21r, Lck, and Trbv, and decreasing the levels of Ccl3, Gro, Il11, Mhc2, and Ptgs2, resulting in improvement of immunity and reduction of inflammation and colonic carcinoma risk. Therefore, these results demonstrated that GLP ameliorated DSS-induced colitis and may have potential application prospects in the remission of IBD.
Hericium erinaceus
H. erinaceus, a kind of edible and medicinal mushroom, is commonly used to prevent and treat gastrointestinal disorders (Friedman, 2015). Ren et al. (2018) isolated a polysaccharide HECP from H. erinaceus, and found that HECP obviously improved DSS-induced clinical symptoms and pathological damage. HECP ameliorated oxidative damage through inhibiting the levels of NO, MDA, and MPO, and increasing the T-SOD activity. HECP could also suppress the development of inflammation via inhibiting COX-2, iNOS, and phosphorylation of NF-κB (p65 and IκBα), MAPK (p38, ERK, and JNK), and PI3K/AKT (AKT) signaling pathways in colon tissues of DSS-induced colitis mice. As a consequence, the mRNA expression and levels of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-1β, were dramatically suppressed after HECP treatment. Moreover, HECP could regulate gut microbiota dysbiosis, manifested as the reduction of Verrucomicrobia and Actinobacteria, elevation of Bacteroidetes, and subsequently the decrease of some bacterial species, including Arthrobacter spp., Methylibium sp., Succinivibrio sp., and Akkermansia muciniphila and the enhancement of Desulfovibrio sp. in fecal sample, resulting in microbiota composition close to that of normal mice and prevent intestinal barrier damage caused by DSS. Taken together, HECP exhibited an important protective effect on DSS-induced colitis in mice, at least partly through the modulation of oxidative stress, inflammation-related cytokines and signaling pathways, and gut microbiota dysbiosis, indicating HECP can serve as a potential dietary nutrient against IBD in the future.
Another purified polysaccharide EP-1 (Figure 3F) was extracted from H. erinaceus, and research showed that EP-1 observably relieved the clinical symptoms and colonic mucosa damage in acetic acid–induced colitis rats. EP-1 effectively regulated the gut microbial structure, increased the levels of SCFAs (including AA, PA, BA, VA, IBA, and IVA), GPR41, and GPR43. EP-1 treatment could also upregulate SOD activity, downregulate MDA and ROS production, and thus inhibit oxidative damage both in acetic acid–induced colitis mice and in H2O2-induced Caco-2 cells. Consequently, the mitochondria integrity and function were remarkably improved, indicated by the elevated levels of MMP, OCR, and ATP. Furthermore, EP-1 was found to exhibit an appreciable anti-inflammatory effect, which was closely associated with the blockade of NF-κB pathways by decreasing the expression of NF-κB p-65 and p-p65 in colonic tissue and subsequently reducing the production of pro-inflammatory cytokines TNF-α, IL-1, and IL-6 in rat serum. EP-1 also exerted an immunoregulation effect through increasing the IgM content and decreasing the C3 level. Additionally, EP-1 treatment inhibited intestinal epithelial cells apoptosis by increased Bcl-2 and decreasing caspase-3 activation (Shao et al., 2019; Wang D. D. et al., 2019). Overall, these results proved that EP-1 shows potential for the development of novel functional foods and drugs to treat IBD.
Poria cocos
P. cocos, an edible and pharmaceutical fungus, is widely applied in the formulation of tea supplements, cosmetics, and functional foods (Rios, 2011). Polysaccharides are the major component of P. cocos, which have aroused wide attention on the structural features and pharmacological activities (Jia et al., 2016). A novel polysaccharide CMP33 was abstracted from P. cocos. Animal experiment found that after the administration of CMP33, the elevated mortality rate, DAI scores, MPO activity, and macro- or microscopic histopathological score induced by TNBS in mice were remarkably mitigated (Liu X. F. et al., 2018). Furthermore, CMP33 significantly reduced the release of pro-inflammatory cytokines (TNF-α, IL-6, L-1β, IL-12, IFN-γ, IL-2, and IL-17), whereas triggered anti-inflammatory factors IL-4 and IL-10 in the colon tissue and serum of colitis mice. Besides, CMP33 could effectually abrogate lipid peroxidation by decreasing MDA content in TNBS-induced colitis mice. iTRAQ-based proteomics revealed that CMP33 exhibited anti-inflammation effect by decreasing seven proteins (B3gnt6, B4galnt2, Ca1, Fabp2, Hmgcs2, Hp, and Sap). Additionally, GC-TOF-MS-based metabolomics data suggested that oleic acid and DHT might be the targets of CMP33. Collectively, these results indicated that CMP33 exhibited an important protective effect on colitis in mice.
Inonotus obliquus
I. obliquus, the most promising medicinal fungus, grows on the birch trunks at low latitude in Europe and North America. Studies have shown that polysaccharides of I. obliquus may potentially be used for treating many diseases including tumors, diabetes, and colitis (Duru et al., 2019). I. obliquus polysaccharide (IOP) administration was reported to strikingly relieve DSS-induced chronic murine intestinal inflammatory symptoms (Chen et al., 2019). IOP treatment could significantly ameliorate DAI and the mucosa damage, where increase the TJs proteins ZO-1 and occludin in colon tissues. IOP could also upregulate the expression of Treg and Th2 and downregulate Th17 and Th1 in colon tissues, spleen, and mesenteric lymph nodes, resulting in reducing the mRNA levels of IFN-γ, IL-17, T-bet, and ROR-γt, and enhancing that of IL-4, IL-10, GATA-3, and Foxp3. Moreover, the elevated p-STAT1 and p-STAT3 and reduced p-STAT6 in DSS-induced mice were dramatically reversed by IOP. Taken together, these results demonstrated that IOP regulated the balance of Th1/Th2 and Th17/Treg through modulating the JAK-STAT pathway in DSS-induced colitis mice, suggesting IOP as a potential natural effective therapeutic agent or options for IBD.
Dictyophora indusiata
D. indusiata, a saprophytic fungus of bamboo forest, has been one of the most popular edible mushrooms for its edible values and medicinal functions (Habtemariam, 2019). Wang Y. L. et al. (2019) extracted a purified polysaccharide DIP (Figure 3E) from D. indusiata, and investigated the anti-colitis effect and underlying mechanism of DIP in DSS-treated mice. Results showed that DIP could ameliorate colitis manifested as the reduction of clinical DAI scores, spleen index, and colonic histpathologic damage induced by DSS. Immunofluorescence staining illustrated that DIP significantly increased the colonic TJP1 protein expression, resulting in repairing epithelium barrier function. DIP could also relieve intestine oxidative stress by decreasing the MDA content and increasing the expression of GSH and HO-1 in the colonic tissue. Meanwhile, DIP treatment remarkably regulated inflammation responses through upregulating the anti-inflammatory cytokine IL-10 level and downregulating MPO activity and the release of pro-inflammatory cytokines TNF-α, IL-6, IL-1β, and IL-18 in DSS-induced colitis. DIP treatment was found to block the NF-κB, STAT3, and NLRP3 pathways via reducing the expression of NLRP3, p-IκBα, and p-STAT3, which may be responsible for the anti-inflammatory mechanism of DIP on colitis. Additionally, DIP could modulate macrophage subset through promoting DSS-induced IRF4 protein expression and inhibiting IRF5 and CD86 protein levels. Furthermore, DIP significantly inhibited DSS-induced apoptosis, which was associated with an upregulation of Bcl-2 expression and downregulation of Bax expression and TUNEL positive nuclei in colonic tissues. In conclusion, these results indicated that DIP exerted an obvious anti-colitis efficacy by reducing oxidative stress and inflammation, inhibiting key inflammatory signaling pathways, and regulating the macrophage subset. DIP could be served as a functional food or nutraceutical agent for the treatment of IBD.
Pycnoporus sanguineus
P. sanguineus is a saprophytic fungus, which is widely applied in industry and medicine all over the world. Li M. X. et al. (2020) extracted a polysaccharide PPS from P. sanguineus and found that PPS could alleviate the colitis induced by DSS, which is manifested by reducing DAI, colon shortening, colonic MPO activity, and serum LPS concentration. PPS could effectively restored intestinal barrier function by increasing the expression of ZO-1, E-cadherin, and PCNA. Moreover, PPS significantly descended the proportions of Th cells and its subsets (Th2, Th17, and Treg), increased Th1 level, and suppressed the secretion of several inflammation-related cytokines, including IL-10, IL-15, IL-17, and IL-12p40 while increased chemokine MCP-1β. In addition, PPS mitigated the colitis-induced autophagy via downregulating the LC3 II/I ratio and upregulating the expression of ULK1, LC3 II, LC3 I, p62, and Beclin-1. This study revealed that PPS could relieve Th cell-associated inflammatory response, inhibit autophagy, and restore the intestinal barrier function, which might hold an important clinical implication for the treatment of IBD.
Flammulina velutipes
F. velutipes is a well-known edible mushroom and widely consumed all over the world. Previous studies suggested that polysaccharides are the major component of F. velutipes and possess various bioactivities (Dong et al., 2020). Zhang et al. (2020) extracted a water-soluble polysaccharide FVP from F. velutipes, and found that FVP treatment could improve the DSS-induced colitis manifestations and epithelial mucous damage in vivo. The MPO and NO released by neutrophils in colonic inflammatory tissues were significantly inhibited by FVP. FVP also exhibited antioxidant capacity via decreasing the plasma DAO level, increasing intestinal SOD activity in DSS-induced colitis mice. Furthermore, FVP was found to show a favorable anti-inflammatory effect through downregulating the expression of TLR4, NF-κB, and NF-κB p-p65, resulting in suppression of the TLR4/NF-κB signaling pathway. Meanwhile, FVP could modulate the intestinal microbial dysbiosis and enhance the production of SCFAs (including AA, PA, BA, IVA, and VA). In summary, these results can promote the potential utilization of FVP as a functional food ingredient therapeutic for IBD.
Lachnum YM130
Lachnum sp. is a genus of higher fungi with extremely high bioactivity value, which grows throughout Asia, America, and Europe. Zong et al. (2020) found that Lachnum YM130 polysaccharide (LEP) could remarkably alleviate clinical symptoms, colonic pathological damage, and inflammatory cell infiltration in DSS-induced colitis mice. Compared to the DSS-induced model group, the levels of MPO, Ly6G, F4/80 macrophage, and CD4+IL-10+ were significantly decreased in the LEP treatment group, suggesting LEP can inhibit the infiltration of inflammatory cells. LEP treatment also improved intestinal barrier integrity through increasing the expression of TJs proteins (including ZO-1, occludin, claudin-1, E-cadherin, claudin-3, and claudin-7), enhancing antimicrobial proteins expression Reg3β and Reg3γ, and upregulating the mRNA levels of mucus layer protective proteins, such as MUC1, MUC2, TFF3, and Relmβ. Moreover, LEP treatment strikingly inhibited the expression of inflammatory cytokines, including TNF-α, IL-1β, IL-6, NO, PGE2, iNOS, and COX-2 in colonic tissue of DSS-treated mice. Mechanistically, LEP treatment was found to block the activation of PPARγ/NF-κB and STAT3 pathways by upregulating PPARγ expression and retarding the phosphorylation of NF-κB p65, IκB, and STAT3 in DSS-induced colitis. LEP treatment also sharply downregulated the protein levels of NLRP3, ASC, caspase-1, and IL-1β in colonic tissues, thus inhibiting NLRP3 inflammasome activation. In addition, DSS-induced promotion of MDA, nitrotyrosine, and NOx levels and decrease of SOD, CAT, and T-AOC activities were significantly reversed after LEP administration. Meanwhile, the ER stress markers IRE1α and XBP1 were evidently elevated, whereas Bip, ATF6, PERK, CHOP, and C-Cas3 were descended in the LEP treatment group as compared with that in the DSS-induced colitis group. Overall, these results demonstrated that LEP possessed pronounced anti-colitis capacity and its mechanism might be tightly associated with protecting intestinal mucosal barrier function, suppressing inflammatory response, ER stress, and oxido-nitrosative stress.
POLYSACCHARIDES FROM SEAWEEDS
Seaweed is an indispensable part of the marine ecosystem with many kinds, large quantity, and fast propagation. Moreover, it is also a rich and valuable resource for human beings, which plays an important role in functional food, food additives, marine drugs, organic fertilizer, bioenergy, and many other fields (Venkatesan et al., 2015). There are some studies on the treatment of IBD with polysaccharide from seaweeds, which have attracted extensive attention of researchers. Tables 2, 3 listed the chemical and pharmacological information of polysaccharides from seaweeds in the treatment of IBD, respectively.
Gracilaria birdiae
G. birdiae is a kind of red algae, which is used to produce agar in Brazil with important economic value. In the past few years, the structure and bioactivity of G. birdiae polysaccharide have been widely studied (Souza et al., 2012). Brito et al. (2014) isolated an agar-type polysaccharide from G. birdiae and found that GBP treatment significantly ameliorated intestinal macroscopic and microscopic damage caused by TNBS in rats. In addition, it could also decrease the levels of pro-inflammatory cytokines IL-1β and TNF-α and MPO activity. Additionally, PLS relieved TNBS-caused oxidative stress injury manifested as the upregulation of the GSH level and reduction of MDA and NO3/NO2 concentration in the colonic mucosa. Together, this data concluded that GBP has a protective effect on intestinal epithelial damage by mitigating inflammatory cell infiltration, pro-inflammatory cytokine release, and oxidative stress.
Ulva lactuca
U. lactuca is a kind of green giant algae, which participates in the destructive green tide observed all over the world. However, U. lactuca has been found to contain commercially valuable constituents including bioactive compounds, food or biofuel (Dominguez and Loret, 2019). Zhu et al. (2017) prepared selenium nanoparticles decorated with U. lactuca polysaccharide ULP with average size ∼130 nm. ULP treatment exhibited a prominent protective effect on DSS-induced acute colitis in mice. ULP could suppress macrophage infiltration by decreasing the colonic CD68 level. Moreover, ULP markedly attenuated oxidative stress damage via increasing the colonic GSH, GPx, and Se levels and reducing the generation of MDA. In addition, ULP exerted a strong effect on mitigating the mRNA expression and levels of inflammatory markers, including IL-6, TNF-α, iNOS, and COX-2 in DSS-induced colitis mice and in LPS-stimulated BMDMs. Mechanistically, ULP pretreatment was found to suppress the inactivation of the NF-κB signaling pathway via retarding the phosphorylation of NF-κB p65 and IκBα in vivo and in vitro. Altogether, these data indicated that ULP supplementation might be a potential therapeutic candidate for preventing inflammatory diseases, like IBD.
Eucheuma cottonii
The edible red algae E. cottonii is largely cultivated due to carrageenan production. Meanwhile, it is rich in active constituents, such as polyphenols, steroids, and polysaccharides (Namvar et al., 2012). Sudirman et al. (2018) extracted crude polysaccharides ECP from E. cottonii and found that after treatment for 7 days, ECP could remarkably ameliorate DSS-induced colitis by alleviating weight loss and colonic mucosa injury and reducing the ratio of colon weight and length. Additionally, ECP also dramatically decreased the levels of pro-inflammatory mediators TNF-α, IL-1β, and IL-6 in serum and increased the anti-inflammatory cytokine IL-10 level in colon tissue of DSS-treated mice. This result revealed that ECP exhibited a pronouncedly effect on colitis, which might be used to a promising candidate for the treatment of IBD in the future.
Blidingia minima
B. minima is prevalent along many coastlines since these green algae originate in areas with large differences in seawater salinity and freshwater tidal areas. Song et al. (2019) extracted polysaccharides from B. minima, and conducted the in vitro and in vivo experiments to investigate the anti-inflammatory effect of BMP through using DSS-treated intestinal epithelial cells (IPEC-J2 cells) and C57BL/6J mice, respectively. Results illustrated that BMP exhibited a remarkably anti-inflammatory effect on DSS-stimulated cells. Additionally, BMP noticeably ameliorated colitis symptoms, and improved colonic infiltration by reducing the levels of MPO and EPO in the colonic tissue. BMP treatment restored the colonic barrier functions by upregulating the expression of TJs proteins (ZO-1, occludin, and claudin-1) and DAO activity, and downregulating the ET-1 level in DSS-treated mice. Moreover, the mRNA expression and production of pro-inflammatory cytokines TNF-α and IL-1β were mitigated, while anti-inflammatory factor IL-10 was enhanced after BMP treatment. Furthermore, the phosphorylated protein levels of NF-κB, IκBα, and AKT in colonic tissue were all decreased by BMP supplementation. These results indicated that BMP was endowed with a pronounced anti-inflammatory property, and its mechanism might be intimately associated with the inhibition of NF-κB and AKT pathways.
DISCUSSION AND CONCLUSION
With the progress of civilization, people's lifestyles and eating habits have also undergone tremendous changes. The diet structure is changing to a high-fat, low-fiber pattern, which has a negative impact on the body, decreases immunity, and makes people susceptible to diseases and pathogenic bacteria. Early IBD was prevalent in western countries. However with globalization and changes in lifestyle, the incidence of IBD is rapidly increasing in Asian countries such as India and China (Mak et al., 2020). Current strategies for IBD therapy are mainly synthetic drugs intervention, which is accompanied by a wide range of side effects. For centuries, polysaccharides, as a natural product, are endowed with various beneficial treatment effects, such as immunomodulatory, anti-inflammatory, antioxidant, and bacteriostasis, with no or fewer toxicity, making them one of the novel therapeutic agents or optimal candidate drugs for treating IBD. In this review article, for the first time, we present the investigations conducted in this field since the beginning of this century, mainly focusing on polysaccharides from plants, edible mushrooms, and seaweeds that exert ameliorative effects against experimental IBD and related properties along with their mechanisms of action (Figure 4).
[image: Figure 4]FIGURE 4 | Involved mechanisms of natural-derived polysaccharides in the treatment of IBD (promotion and inhibition).
Intestinal epithelium, located at the junction of intestinal microbiota and lymphoid tissue, plays a key role in mucosal formation and defense against luminal antigens, endotoxins, and pro-inflammatory mediators. The barrier defects are considered as the first event during IBD pathological progression, resulting in increasing intestinal permeability, and ultimately leading to a severe inflammatory response in intestinal tissues (Luo et al., 2020). Mucinous layer, consists of mucins (mainly including MUC1 and MUC2) released by epithelial goblet cells, is the first line of defense against the invasion of pathogens. TJs proteins (including ZO-1, ZO-2, occludin, and claudin1), located between the adjacent intestinal epithelial cells, are an essential mechanical barrier, which plays a crucial role in the regulation of intestinal epithelial barrier integrity and intestinal permeability (Li C. L. et al., 2020; Zhao et al., 2020). In IBD patients, decreased expression of TJs and mucins were observed, which are currently emerged as a novelty effective target for IBD therapy. In this review, we found that the expression of TJs proteins and mucins proteins was reduced by DSS or TNBS exposure. However, this change was reversed after polysaccharides treatment, such as ASP, WJPs, LEP, and BMP.
In addition to TJs changes, increased epithelial cell apoptosis may also lead to intestinal barrier dysfunction (Dong et al., 2015). Under physiological conditions, the life span of intestinal epithelial cells is relatively short. Apoptosis caused by programmed cell death is a carefully controlled process, which is essential for maintaining normal barrier function (Yuan et al., 2015; Butkevych et al., 2020). However, excessive epithelial cell apoptosis can damage the intestinal barrier function and is related to the initiation and development of IBD (Wang W. et al., 2020). The Bcl-2 family plays a vital role in the apoptosis pathway, and Bcl-2 is an apoptosis suppressor molecule involved in protection against oxidative stress-induced apoptosis and maintenance of cell survival. Conversely, Bax is an apoptosis-promoting gene. The ratio of Bax/Bcl-2 determines cell growth or apoptosis (Jia et al., 2015). Additionally, Caspase-3 is an important downstream transducer in most types of cells. It plays an important role in the initiation of apoptosis by cleavage of cell substrates (Gansukh et al., 2019). In the current review, we found that the expression of Bax and caspase-3 was significantly downregulated, whereas the expression of Bcl-2 was upregulated by multiple polysaccharides treatment, such as ASP, MAP, EP-1, and DIP, leading to a decrease of Bax/Bcl-2 ratio. These results elucidated that these polysaccharides exerted a certain anti-apoptotic effect in DSS- or acetic acid–induced UC mice, which promote the recovery of intestinal barrier defects.
Abnormal chronic inflammation is one of the pivotal clinical symptoms of IBD (Na et al., 2019). In the presence of persistent inflammation, strong colonic inflammation was developed, accompanied with augmented levels of pro-inflammatory mediators (e.g., TNF-α, IL-1β, and IL-6) and descended production of anti-inflammatory cytokines (e.g., IL-4, IL-10, and IL-13), causing increase of intestinal permeability and impairment of mucosal barrier function. Among them, pro-inflammatory mediators could promote the immune inflammatory response through activating Th cells, triggering neutrophil migration and inducing intracellular signal transduction. Inversely, anti-inflammatory cytokines could ameliorate the development of colitis clinically (Lee et al., 2020). Therefore, regulating the balance of pro-inflammatory and anti-inflammatory cytokines is a crucial therapeutic strategy to suppress the inflammatory process. In the current review, the up-regulated release of pro-inflammatory mediators, such as TNF-α, IL-6, IFN-γ, IL-1β, and IL-18, and the down-regulated levels of anti-inflammatory factors, such as IL-4, IL-10, and IL-13, in colitis mice were dramatically inhibited by polysaccharides from edible and medicinal plants (e.g., APS, DOPS, and ASPP), edible mushrooms (e.g., HECP, EP-1, and IOP), and seaweeds (e.g., ECP, BMP, and GBP). MPO activity, a marker of the inflammatory response in damaged tissues, was also decreased. Further mechanism study manifested that their anti-inflammatory effect was mainly associated with the blockage of major inflammatory signaling pathways including NF-κB, MAPK, IL-6/JAK2/STAT3, PI3K/AKT, and NLRP3 inflammasome pathways.
In addition, oxidative stress in intestinal mucosa has been regarded as a key event during the pathological progression of IBD (Piechota-Polanczyk and Fichna, 2014). Excessive inflammatory cytokines could induce oxidative stress and nitrosative stress by irritating ROS and RNS production systems, which in turn further aggravates the immune inflammation, resulting in tissue damage and deterioration of patient’s condition (Saber et al., 2019). In the development of IBD, ROS-generating processes are sharply elevated, consequently causing intestinal epithelial cell injury (Mei et al., 2020). Therefore, the anti-oxidative stress approach is one of the crucial strategies in treating IBD. In the experimental IBD model, excessive oxidative stress was observed as the increased contents of ROS, MDA, NO3/NO2, decreased levels of SOD, CAT, and T-AOC. However, after the treatment of polysaccharide, such as PLS, HECP, EP-1, and LEP, these changes could significantly be reversed.
Gut microbiota, approximately 100 trillion microorganisms, is a large bacterial community that colonizes in the intestine, which plays a substantial role in regulating the intestinal structure and intestinal permeability, and its dysbiosis is closely related to the IBD (Stange and Schroeder, 2019). In the case of IBD, the richness and diversity of intestinal microbiota were strikingly reduced in comparison with healthy individuals. Moreover, the abundance of pathogenic bacteria, such as Escherichia, Enterococcus, and Prevotella was increased while the ratio of Firmicutes to Bacteroidetes decreased dramatically (Liu W. et al., 2018). In the present review, we found that natural polysaccharides, including CP, ALP-1, ASPP, and HECP prominently increased the diversity of intestinal flora and modulated the gut microbiota community close to that of normal mice.
In addition, SCFAs, mainly including AA, PA, BA, and VA, are the major fermentation products of prebiotic metabolism in the gut lumen, which plays a crucial function in intestinal homeostasis (Sun et al., 2017). Notably, AA and BA can activate GPR41 and GPR43 and suppress histone deacetylase to exhibit the anti-inflammatory effect (Kobayashi et al., 2017). In colonic tissues of IBD patients, the contents of BA, AA and so on, were significantly decreased (Macia et al., 2015). Thus, the regulation of SCFAs production has also become a promising therapeutic target for IBD treatment. Interesting, in the present review, it showed that the decreased proportions of AA, BA, PA, and TA in colon of the disease model group were remarkably upregulated by polysaccharides treatment, including ASPP, GLP, EP-1, and FVP.
In summary, this article firstly summarizes the therapeutics effect of polysaccharides derived from plants, mushrooms, and seaweeds and shows how these polysaccharides exhibited prominently and beneficial effects in attenuate colonic inflammation. Multiple factors are involved in their protective effects on IBD, including the alleviation of the intestinal barrier destruction via increasing TJs proteins and mucus layer protective proteins and reducing epithelial cell apoptosis, modulation of gut microbiota, reduction of excessive oxidative stress, and inhibition of aberrant inflammatory response, inflammatory cells infiltration, and MPO activity through blocking NF-κB, MAPK, IL-6/JAK2/STAT3, PI3K/AKT, and NLRP3 inflammasome signaling pathways. In conclusion, these findings provided a solid scientific basis for utilization of natural polysaccharides from plants, mushrooms, and seaweeds as promising candidates for IBD therapy. Further clinical and preclinical studies to reveal the molecular mechanisms are needed to promote the clinical translation of natural polysaccharides for IBD.
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GLOSSARY
AA Acetic acid
Akt Protein kinase B
AMPK AMP-activated protein kinase
Ara Arabinose
ASC Apoptosis-associated speck-like protein containing a CARD
ATF6 Activating transcription factor 6
ATP Adenosine triphosphate
BA Butyrate acid
Bax Bcl2-associated X protein
Bcl-2 B-cell lymphoma-2
BDP Beclomethasone dipropionate
Bip Binding immunoglobulin protein
BMDMs Bone marrow-derived macrophages
B3gnt6 Beta-1,3-N-Acetylglucosaminyltransferase 6
B4galnt2 Beta-1,4-N- acetylgalactosaminyltransferase 2
CAT Catalase
CA1 Carbonic anhydrase I
C-Cas3 Cleaved-caspase-3
Ccl3 C-C motif chemokine 3
Ccl5 C-C motif chemokine 5
Cd3e T-cell surface glycoprotein CD3 epsilon chain
Cd8a T-cell surface glycoprotein CD8 alpha chain
CDH1 Cadherin 1
CFC-113 Trichlorotrifluoroethane
CHOP C/EBP homologous protein
COX-2 Cyclooxygenase-2
C3 Complement C3
DAI Disease activity index
DAO Diamine oxidase
DHT Dihydrotestosterone
DSS Dextran sulfate sodium
EPO Eosinophil peroxidase
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
ET-1 Endothelin 1
EtOH Ethanol
Fabp2 Fatty acid binding protein 2
FD-4 FITC-conjugated dextran-4
Foxp3 Transcription factor forkhead box P3
FP Fractional precipitation
Fru Fructose
F4/80 Adhesion G protein-coupled receptor E1
Gal Galactose
GalA Galacturonic acid
GATA3 GATA-binding protein 3
Glc Glucose
GluA Glucuronic acid
GPC Gel permeation chromatography
GPR41 G protein-coupled receptor 41
GPR43 G protein-coupled receptor 43
GPx Glutathione peroxidase
Gro Cxcl1/2/3
GSH Glutathione
Hmgcs2 3-hydroxy-3-methylglutaryl-CoA synthase 2
HNF4-α Hepatocyte nuclear factor 4-α
HO-1 Heme oxygenase
Hp Haptoglobin
IBA Isobutyric acid
IBD Inflammatory bowel disease
ICAM-1 Intercellular adhesion molecule-1
IEC Ion-exchange chromatography
IFN-γ Interferon γ
IgA Immunoglobulin A
IgM Immunoglobin M
IκBα Inhibitor of nuclear factor-κB
IKK Inhibitor of nuclear factor-κB kinase
IL Interleukin
IL-22BP IL-22binding protein
IL-12p40 Interleukin 12B
Il21r Interleukin 21 receptor
iNOS Inducible nitric oxide synthase
IRE1α Inositol-requiring enzyme 1α
IRF4 Interferon regulatory factor 4
IRF5 Interferon regulatory factor 5
IVA Isovaleric acid
JAK2 Janus kinase 2
JNK C-Jun N-terminal kinase
Lck Lymphocyte cell-specific protein tyrosine kinase
LC3 Light chain 3
Ly6G Lymphocyte antigen 6 complex locus protein G
LPS Lipopolysaccharide
Man Mannose
MAPK Mitogen-activated protein kinases
MCP-1β Monocyte chemoattractant protein-1β
MDA Malondialdehyde
Mhc2 MHC class II antigen
MMP Mitochondrial membrane potential
MPO Myeloperoxidase
MUC1 Mucin 1
MUC2 Mucin 2
MW Molecular weight
NA Not Available
NF-κB Nuclear factor -κB
NLRP3 (NOD)-like receptor family pyrin domain containing 3
NO Nitric oxide
NOx Nitrites
NO3/NO2 Nitrate/nitrite
NSAIDs Nonsteroidal anti-inflammatory drugs
OCR Oxygen consumption rate
OFR Oxygen free radical
PA Propionic acid
p-ACC Phospho-acetyl-coA carboxylase
PCNA Proliferating cell nuclear antigen
PERK Protein kinase RNA-like ER kinase
p-ERK Phospho-extracellular signal-regulated kinase
PGE2 Prostaglandin E2
p-IκBα Phosphonated inhibitor of nuclear factor-κB
PI3K Phosphatidylinositol-3-kinase
p-JNK Phospho-c-jun N-terminal kinase
p62 Sequestosome 1
p65 Nuclear factor-κB p65
p-p38 Phospho-p38 mitogen-activated protein kinases
p-p65 Phospho-nuclear factor-κB-p65
p-STAT3 Phospho-signal transducer and activator of transcription 3
Ptgs2 Prostaglandin-endoperoxide synthase 2
Reg3β Regenerating islet-derived 3β
Reg3γ Regenerating islet-derived 3γ
Relmβ Resistin-like molecule β
Rha Rhamnose
Rib Ribose
RNS Reactive nitrogen species
ROR-γt Retinoid-related orphan nuclear receptor γt
ROS Reactive oxygen species
SCFAs Short chain fatty acids
Se Selenium
SOD Superoxide dismutase
STAT3 Signal transducer and activator of transcription 3
T-AOC Total antioxidant capacity
TCA Trichloroacetic acid
T-bet T-box protein 21
TER Transepithelial electrical resistance
TFF3 Trefoil factor 3
Th Helper T cells
TJs Tight junctions
TJP1 Tight junction protein 1
TLR4 Toll-like receptor 4
TNBS Trinitrobenzene sulfonic acid
TNF-α Tumor necrosis factor α
Trbv T-cell receptor beta chain V region;
Treg Regulatory T cell
TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
UA Uronic acid
ULK1 Unc51-like kinase 1
VA Valeric acid
XBP1 X-box binding protein 1
Xyl Xylose
ZO-1 Zonula occluden-1
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Background: Inflammatory bowel disease (IBD) is an increasingly common and globally emergent immune-mediated disorder. The etiology of IBD is complex, involving multiple factors such as immune dysregulation, environmental factors, genetic mutations, and microbiota dysbiosis, exacerbated by a lack of effective clinical therapies. Recently, studies hypothesized that dysbiosis of intestinal flora might participate in the onset of IBD. Metformin is widely used to treat type 2 diabetes and has shown beneficial effects in mouse models of IBD, although its underlying mechanisms remain poorly understood. Accumulating studies found that metformin shows beneficial effects for diabetes by affecting microbiota composition. This study explores possible regulatory effects of metformin on intestinal microecology during treatment for IBD.
Methods: Inflammation was induced using 3% Dextran Sulfate Sodium (DSS) solution to generate mice models of IBD. Metformin treatments were assayed by measuring body weights and colon lengths of mice and H&E staining to observe histological effects on colon tissue structures. Changes in bacterial community composition and diversity-related to IBD and metformin treatment were assessed by high-throughput metagenomic sequencing analysis.
Results: Metformin administration significantly ameliorated body weight loss, inhibited colon shrinking, and contributed to preserving the integrity of colon histological structures. The gut microbiota profiles revealed that the biodiversity of intestinal flora lost during inflammation was restored under metformin treatment. Metformin administration was also associated with decreased pathogenic Escherichia shigella and increased abundance of Lactobacillus and Akkermansia.
Conclusion: Metformin appears to induce anti-inflammatory effects, thus ameliorating colitis symptoms, concurrent with enrichment for beneficial taxa and restored microbial diversity, suggesting a viable strategy against IBD.
Keywords: inflammatory bowel disease, metformin, gut microbiota, anti-inflammatory effect, biodiversity
INTRODUCTION
Inflammatory bowel disease (IBD), characterized by chronic inflammatory disorders of the colon and small intestine, are common and widespread. Ulcerative colitis (UC) and Crohn’s disease (CD) are the two main types of IBD, manifested with severe intestinal disorders, including diarrhea, abdominal pain, weight loss, and bloody stools (De Souza and Fiocchi, 2016). The IBD-associated immune reaction is triggered by intestinal components, especially gut microbiota, which are suspected of contributing to susceptibility to CD and UC (Ni et al., 2017). Evidence has been reported in both human and animal studies for a potential role for imbalance among gut microbiota in the pathogenic mechanisms of IBD (Matsuoka and Kanai, 2015; Nishida et al., 2018). According to clinical observations, the majority of colitis lesions in IBD patients are located in segments where gut microbes are highly concentrated, significantly associated with fecal accumulation, such as the colorectal terminal segment (Ni et al., 2017). Molecular and high-throughput sequencing analysis of gut microbiota in IBD patients has revealed changes in characteristic microbial profiles, or dysbiosis, characterized by disruption in the balance between commensal, intestinal probiotics, and opportunistic pathogens, ultimately resulting in decreased gut biodiversity (Wlodarska et al., 2015).
Metformin is a widely used drug for the treatment of type 2 diabetes, and its therapeutic mechanisms are associated with the activation of 5′-adenosine mono-phosphate-activated protein kinase (AMPK) to reduce insulin resistance. AMPK is also involved in anti-inflammatory pathways by inhibiting pro-inflammatory cytokines production (Kim et al., 2014), which suggests a therapeutic role for metformin in inflammatory disease and immune disorders. Furthermore, in diabetic and high-fat diet (HFD) rats, enrichment for a beneficial intestinal bacterial community was observed with long-term metformin treatment. The abundance of short-chain fatty acid-producing bacteria increased significantly, and the level of Lactobacillus, Prevotella, and Akkermansia muciniphila was also elevated, thus improving the maintenance of metabolic processes and the homeostasis of intestinal tissue (Bauer et al., 2018).
Here, we explored the intervention effects of metformin on dysbiosis of intestinal microecology in DSS-induced colitis mice model. To this end, we histologically evaluated the degree of inflammation in intestinal tissue structures, in addition to assessing overall changes in body weight and colon length under metformin pretreatment, treatment and non-treatment conditions during DSS-induced colitis. We also profiled gut microbiota via high-throughput sequencing of the v3-v4 region of 16s ribosomal DNA (rDNA) for metagenomic analysis of microbiota composition and diversity. We report restoration of diversity under metformin treatment that was lost under inflammatory conditions and enrichment for beneficial taxa associated with ameliorated colitis symptoms following metformin administration. This work provides insight into the relationship between metformin exposure and gut microbiota in an induced mouse model of intestinal colitis and suggests a potentially viable clinical strategy for this widespread disease.
MATERIALS AND METHODS
Experimental Animals
Forty C57BL/6 male mice, aged 8–10 weeks, were purchased from the laboratory animal center of Nanchang University. The mice were housed in a sterile, ventilated room for a week at 20–25°C and given sufficient sterile food and water. All the animal protocols were approved and followed the guidelines and laws of the Animal Care Committee of Nanchang University Jiangxi Medical College (Animal protocol: NCDXSYDWFL-2015097).
Instruments and Reagents
Dextran Sodium sulfate powder (Dextran Sulfate Sodium, DSS, MW 36,000–50,000) was purchased from the MP Biomedicals company (United States). Metformin was from Sigma (Germany). TransGen AP221-02:TransStart Fastpfu DNA Polymerase (TransGen Biotech, Beijing, China), AxyPrep DNA gel extraction kit (AXYGE, United States), QuantiFluorTM-ST (Promega, United States), TruSeqTM DNA Sample Prep Kit (Illumina, United States).
A bx-41 binocular optical microscope was purchased from Olympus company (Japan), polymerase chain reaction instrument (ABI GeneAmp® 9700, ABI, United States), Embedding cassettes (Citotest Labware Manufacturing Co., Ltd., China), KD-TS3D tissue processor (KEDEE, United States).
Induction of Experimental Intestinal Bowel Disease
The procedures of disease induction were carried out as follows. The C57BL/6 male mice were given sterile drinking water for acclimation 7 days before induction of colitis. Then forty mice were randomly divided into five groups (as shown in Table 1): 1) control group (C group) receiving sterile drinking water and PBS intraperitoneal injection. 2) DSS-induced colitis model group (D group) receiving PBS intraperitoneal injection. 3) metformin treatment for DSS-induced colitis (MD group) receiving metformin intraperitoneal injection (150 mg/kg/day) 3 days after disease induction. 4) metformin pretreatment for DSS-induced colitis group (P group) receiving metformin injection (150 mg/kg/day) one day before disease induction. 5) metformin group (M group) receiving sterile water and intraperitoneal injection of metformin (150 mg/kg/day). The weight of each mouse was measured daily at the same time. At eight days after giving 3% DSS solution, the mice were sacrificed, and the length of the colons above 5 mm from the end of the rectum was measured and recorded. After rinsed by PBS solution, the colons were divided into the upper, middle, and lower segments, and the middle parts were collected. The feces samples were rapidly collected from the end of the colon and stored in −80°C refrigerator.
TABLE 1 | Grouping and time of medication.
[image: Table 1]Histopathological Analysis
The colon tissues were fixed in 4% formalin solution for 24 h and then washed thoroughly with PBS solution, dehydrated, and embedded in paraffin. The tissues were cut into 4 µm slices by lycra slicer and stained with H&E stain. Finally, the tissue sections were observed and photographed at 100x and 400x magnification with an optical microscope.
Gut Microbiota Analysis
The feces samples kept in dry ice was sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd., for DNA extraction and sequencing. The gut microbiota DNA was extracted from lumenal stools, and PCR reactions amplified the fragments of 16s rDNA v3-v4 region with TransStart Fastpfu DNA Polymerase (AP221-02), and the final products were quantified by QuantiFluorTM-ST (Promega, Beijing, China). The DNA was collected by AxyPrep DNA gel extraction kit (AxyPrep Co., Ltd.). Then, the purified DNA products were processed by TruSeqTM DNA Sample Prep Kit and sequenced by Illumina Miseq. The sequencing data were spliced, quality controlled to obtain an optimized sequence with FLASH (v1.2.11). Moreover, subsequently, the bacterial sequences were clustered by Uparse (v7.0.1090) on the level of OTU (Operational Taxonomic Units) that classifies bacteria with 97% similarity of 16 s gene sequences. The OTU abundance table was conducted for subsequent biogenetic analysis.
The alpha diversity of observed OTU level and Shannon index were analyzed on the platform of the Majorbio cloud. Beta diversity analysis based on the Bray Curtis distance and Weighted unifrac algorithm was presented by the Principal coordinate analysis (PCoA) figure, and Adonis calculated the difference between groups. The linear discriminant analysis effect size (LEfSe) analysis was performed to represent the biomarkers of samples on different taxonomic levels using the LDS score to estimate the influence of richness on the extent of the difference.
Statistical Analysis
The data and statistical analysis were conducted by GraphPad Prism (v.8.2.1). The results of the quantitative analysis were presented by mean ± standard error of the mean (SEM). The significant differences were evaluated either by unpaired Student’s t-test, two-way analysis of variance and by Wilcoxon rank-sum method or Mann-Whitney U test for non-parametric data. p < 0.05 indicates statistical significance. Asterisks used to indicate significance correspond with: *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
Metformin Ameliorates General Symptoms and Histopathological Change in DSS-Induced Colitis Mice
Prior to investigating a potential relationship between metformin and microbiota in the amelioration of UC and IBD, we first examined the effects of metformin treatment on C57BL/six mouse body weight and colon length. The weights of individual mice were measured daily during the colitis induction period (Figure 1A). The body weights of the control (C) and metformin-treated healthy mice (M) similarly showed a slight but non-significant decrease during the first two days of treatment but remained stable over the remaining period of model establishment. In contrast, the DSS-induced colitis (D) and DSS-induced colitis with metformin treatment (MD) groups did not show any apparent weight loss until the third day, at which point the D group exhibited a dramatic weight reduction following DSS administration, while the MD group showed significant alleviation of colitis-associated weight loss (p < 0.05). The mice that received metformin pretreatment (P) showed slight weight loss but had delayed occurrence and a smaller range of weight loss compared with the D group (p < 0.0001).
[image: Figure 1]FIGURE 1 | Metformin prevents DSS-induced colitis in mice. C57BL/6 mice were divided into five groups and induced acute colitis by giving 3% DSS. The mice were treated with intraperitoneal PBS or metformin (150 mg/kg/day) daily. (A) The body weight changes during the colitis induction process. Significance was tested by Two-way ANOVA. *p < 0.05 ****p < 0.0001, n = 8. (B) The colon length of each group. The Significance was analyzed by student t-test (mean ± SEM, n = 8), **p < 0.01, ***p < 0.001. (C) The representative macroscopic image of mice colon. (D) Histology analyzed the severity of colitis in DSS with H&E staining. Representative images are shown. Overview: 100 ×; magnification: 400 ×, Scale bar = 100 µm and 20 µm.
These changes in body weight due to DSS were reflected by a marked decrease in colon lengths of induced colitis mice (Figure 1B). The colons of the C and M mice were the longest among these five groups, significantly longer than those of the D group (p < 0.0001). In addition, metformin treatment (M) and pretreatment (p) significantly inhibited colon shortening compared with untreated colitis (D) mice (p < 0.01) but did not show complete restoration of the colon length to that of non-colitis mice. These results show that metformin administration can counteract colitis’s negative impacts on body weight and colon length in DSS-induced colitis mice.
To better understand the changes associated with colitis and metformin treatment at the cellular level in colon tissue, we conducted a histological evaluation of each treatment group (Figure 1D). To this end, colon sections from each of the five groups were sampled at the eighth day after giving DSS solution, processed by H&E staining, and observed by light microscopy. At 100X magnification, we observed that the intestinal layer and glands of the D group exhibited substantially greater inflammatory cell infiltration in the mucosal epithelium and lamina propria, loss of glandular parts, and hypertrophy of the colon wall compared to that of C and M groups. In the MD and p groups, the muscular layers were more intact, and the arrangement of intestinal glands appeared relatively healthy. Under 400X magnification, we found that the mucosal columnar epithelium and goblet cells in the gut glands were severely damaged, and the architectures of both crypt and villus were disrupted in the colons of D group mice. In sharp contrast with MD and p groups after metformin treatment, the inflammatory cells were significantly decreased, and more intact mucosal epithelium was observed. Moreover, more significant alleviation of inflammation was observed among P group mice, with a large number of goblet cells and longer, well-organized glands. These results together indicate that metformin protects the histological architecture of the colon and ameliorate pathological damages during the process of colitis induction.
Metformin Restores Biodiversity of Gut Microbiota in Induced-Colitis Mice
In light of the apparent damage associated with colitis and the effects of metformin treatment, we evaluated differences in gut microbial diversity among the treatment groups. The results of observed-OTU index analysis showed that the M group had the highest diversity of OTUs, which was significantly greater than that of the other four groups (p < 0.05) (Figure 2A). However, there was no significant difference in either the observed-OTU or Shannon Alpha diversity indexes between the MD group and D groups (Figures 2A,B), although the trend indicated increasing diversity of intestinal flora after metformin treatment. Meanwhile, p group mice showed considerable restoration of bacterial diversity with longer metformin treatment courses and were significantly different from the D group (p < 0.05) (Figure 2A).
[image: Figure 2]FIGURE 2 | Metformin restores the species diversity and richness of gut microbiota in DSS-induced colitis. (A) The Alpha-diversity index is based on observe-OTU of intestinal flora within each group. (B) The Alpha-diversity index is based on Shannon of intestinal flora within each group. (C) Beta-diversity (PCoA analysis based on Bray_curitis). (D) Beta-diversity (PCoA analysis based on Weighted_unifrac). Significance was tested by Wilcoxon rank-sum method. (Data are presented as mean ± SEM.*p < 0.05. C = Control, D = DSS + PBS injection, MD = DSS + Metformin injection, P = pre-Metformin injection, M = only Metformin injection).
The results of OTU-level principal component analysis (PCA) revealed differences in Beta diversity, an indicator of group similarity calculated by the Bray_Curtis distance and Weighted_unifrac algorithms, among these groups (Figures 2D,C). The C and M groups shared a large overlapping area that suggested a large number of bacteria were shared between these two groups, whereas the biological composition of gut microbiota was significantly changed in the D group. Clustering patterns of the MD and P groups revealed that they became more similar to the C group following metformin treatment, while the difference between the P and C groups was smaller than that between the MD and C groups. These results indicate that metformin treatment does not affect healthy microbiota diversity but can restore the diversity of mice with induced colitis.
Metformin Restores Gut Microbiota Composition of Induced-Colitis Colons
We then conducted LEfSe analysis to identify differentially enriched microbiota within each group that could potentially serve as biomarkers for colitis in the gut. This analysis showed that at the phylum level, the M group was significantly associated with Bacteroidetes, D group with Proteobacteria, MD group with Firmicutes, and the P group with Actinobacteria (Figures 3A,B). Analysis of phylum-level (other <0.01) community composition showed that Bacteroidetes, Firmicutes, Proteobacteria, Verrucomicrobia, and Actinobacteria accounted for the largest proportions of phyla in all groups (Figure 3C). Community barplot analysis of genus-level (other <0.01) also showed that Escherichia-Shigella, Lactobacillus, and Akkermansia and Ricknellaceae taxa which are potentially associated with IBD pathogenesis and therapeutic effects of metformin, were varied among D, MD, and P groups (Figure 3D). Further analysis of the relative abundance of individual taxa revealed that the C and M groups shared a similar proportion of these four bacteria (Figures 3E–H). However, compared with the C group, the D group showed a significant increase in Escherichia-Shigella, although the growth of this genus was inhibited in the MD and P groups. The relative abundances of Lactobacillus, Akkermansia, and Ricknellaceae were significantly reduced in the D group compared with control mice but exhibited a substantial increase after treatment with metformin. The pretreatment group also showed significantly higher levels of Lactobacillus, Akkermansia, and Ricknellaceae than those of the D group (p < 0.01). These results together suggest that disruption of colon community composition by colitis, resulting in over-representation of disease-associated taxa, can be restored by metformin treatment to a similar composition as that of a healthy colon environment.
[image: Figure 3]FIGURE 3 | Metformin exerts regulatory effects on the balance of some inflammation-related bacteria proportion and the overall composition of the community. (A) The bar plot of differential microbiota distribution among different groups based on LDA value. (B) The cladogram of differential microbiota on the level from Phylum to Family among different groups. (C) The bar plot of community composition on the Phylum level. (D) The bar plot of community composition on the Genus level. (E) The relative abundance of Escherichia shigella(F)Lactobacillus(G)Akkermansia(H)Ricknellaceae within each group. The p-value was calculated by the Mann-Whitney U test. *p < 0.05, **p < 0.01. C = Control, D = DSS group. MD = DSS + Metformin, P = DSS + pre-Metformin, M = Metformin.
DISCUSSION
In this study, we examined the potential inflammatory disease therapeutic metformin for its effects on diversity and composition of colon microbiota in a DSS-induced mouse model of IBD. We confirmed that induced colitis disrupted the architecture of the intestinal epithelium and subsequently enriched the guts of these mice for bacterial taxa associated with inflammatory disease. Our results showed that treatment with metformin did not disrupt the microbiota composition or diversity of healthy mice. Moreover, metformin administration, either before or after the induction of colitis, resulted in amelioration of physical symptoms and also partially restored microbiota composition and diversity to more closely resemble that of healthy, non-colitis mice. Notably, we identified several enriched phyla that were indicative of specific treatments or disease states. Most notably, we observed the differential prevalence of genera that were significantly associated with disease, such as Escherichia sp., which were absent from healthy mice but enriched in colitic mice, Lactobacillus, which were prevalent in healthy and metformin-treated mice, and Akkermansia, which was absent in colitic mice but restored in metformin-treated mice. We also found high amounts of Ricknellaceae, which were specifically enriched during and after colitis, and Turicibacter, which were absent from the healthy controls. Our findings provide useful insights into the effects of metformin on enrichment for gut bacteria associated with healthy colon conditions during treatment for IBD.
Phenotypic examination of the induced-colitis mice confirmed that body weight and colon length were both reduced by colitis and that intestinal glands had severe infiltration by inflammatory cells infiltration, disrupted intestinal crypts, and depletion of goblet cells. These symptoms of dysbiosis in the gut microenvironment have been previously associated with pathogenic taxa (Ni et al., 2017), which are both enriched by inflammatory conditions, and also contribute to the disease progression. Intestinal microbiota has been shown to participate in interaction networks resulting in the formation of a protective barrier that can suppress excessive immune responses and ensure the integrity of the intestinal tract (Wu et al., 2020). Previous work in a mouse model of IBD has shown that metformin administration can attenuate inflammation and exert protective effects on the intestinal barrier (Lee et al., 2015). Moreover, a recent longitudinal cohort study found that long-term use of metformin provided prophylactic effects against IBD in type 2 diabetes mellitus patients (Tseng, 2020). Metformin may potentially preserve the community composition of healthy state gut microbiota through proposed anti-inflammatory mechanisms, including inhibition of pro-inflammatory cytokines production (Xue et al., 2016), activation of AMPK (Bułdak et al., 2016), improved insulin resistance (Viollet et al., 2012), or up-regulation of postbiotic (short-chain fatty acid and vitamin D) production. However, much further investigation is required to establish a causative relationship between metformin administration and restoration of healthy microbiota in IBD patients.
We next focused on the beneficial effects of metformin on the diversity of intestinal flora. The alpha diversity index at the OTU level indicated that metformin treatment leads to increased richness and diversity of gut microbiota, which ameliorated the dominance of fewer, inflammation-associated taxa, and hence the low bacterial biodiversity of colitic mice. We observed an increasing trend but no significant difference in alpha diversity between the D and MD groups, and this might indicate that the influence of metformin to restore gut biodiversity may also rely on other contributing factors, such as treatment time, diet. For example, our diversity analysis of the P group showed that a longer treatment course or a prophylactic treatment with metformin facilitated the recovery of biodiversity. This finding is consistent with that reported by Zhang and colleagues, who found metformin effect to increase microbial diversity in diabetic mice (Zhang et al., 2019). Nevertheless, mice fed with a high-fat diet exhibited had reduced microbial diversity after metformin administration, whereas mice fed with chow and treated with metformin did not experience a significant change in gut biodiversity (Zhang et al., 2015). One possible explanation for these variations in the effects of metformin is that metformin can ostensibly shift microbial diversity toward ecological equilibrium, as proposed by Elbert and co-workers, but in a manner dependent on other factors such as disease or diet since metformin did not appear to shift the diversity of healthy communities (Elbere et al., 2018).
Several specific pathogens reported to induce or exacerbate IBD-associated diseases, e.g., Mycobacterium paratuberculosis (Crohn’s disease) (Zarei-Kordshouli et al., 2019) or Fusobacterium nucleatum (ulcerative colitis) (Chen et al., 2020), are likely to outcompete and subsequently reduce the abundance of beneficial microbiota that bind to epithelial receptors for survival, such as Lactobacillus and butyrate-producing bacteria (e.g., Faecalibacterium prausnitzii) (Takaishi et al., 2008; Eppinga et al., 2016). Under healthy conditions, these beneficial taxa help stabilize intestinal flora by inhibiting pathogen colonization, promoting mucus production, and enhancing immune response (Wlodarska et al., 2015). We observed the loss of several potentially beneficial taxa, as well as enrichment for other poorly understood, and potentially pathogenic OTUs, from colitic mice. At the phylum level, IBD patients have characteristically reduced ratios of obligate anaerobes such as Firmicute and Bacteroidetes, but enriched levels of facultative anaerobes, especially Proteobacteria and Actinobacteria (Matsuoka and Kanai, 2015). Consistent with these prior studies, we observed a significantly higher abundance of Proteobacteria, especially Escherichia-Shigella associated with the untreated (D) colitis group, which has been correlated with relapse of Crohn's disease in other studies (Bai and Ouyang, 2006; Cantó et al., 2019). However, we also observed increased Firmicute abundance in the treated (MD) colitis group, strongly suggesting that metformin may help restore taxa associated with health conditions. However, whether and how metformin promotes colonization of specific taxa requires much more in-depth investigation.
In this study, we also found that the relative abundances of few probiotics were significantly enriched in response to metformin treatment (and especially in the pretreatment group), such as that of Akkermansia, which has been reported by similar previous studies (Guo et al., 2017). This commensal species reportedly inhibits enteric disease development by maintaining the integrity of the mucosal barrier through mucin degradation, which leads to the freshening of the mucosa, prevention of pathogen establishment, and a clean environment conducive to physiological function (Everard et al., 2013). Moreover, Akkermansia administration also reportedly contributed to the prevention of weight loss and inflammatory responses associated with IBD (Bian et al., 2019). Similarly, Lactobacillus sp. abundance decreased in the diseased group but was restored after metformin treatment, which was consistent with the previously observed effect of metformin (Zhang et al., 2019). However, in contrast with Akkermansia, pretreatment had no apparent positive effects on Lactobacillus abundance compared with direct treatment. Interestingly, we found that Ricknellaceae abundance increased after metformin treatment, consistent with fluctuations related to Ilex kudingcha and 2-O-β-D-glucopyranosyl-L-ascorbic acid treatment of DSS-induced colitis. (Huang et al., 2019; Wan et al., 2019), although its relationship with colitis requires further investigation.
In marked contrast with these non-pathogens, Escherichia shigella, a common, opportunistic, causative agent for diarrhea(Kotloff et al., 2013), was suppressed after metformin administration. Escherichia shigella may enhance the side effects of metformin, and 20–30% of patients with long-term metformin treatment had moderately increased abundance of E. shigella abundance, associated with mild diarrhea, in agreement with its enrichment in pretreated mice that had longer metformin courses (Elbere et al., 2018). However, we found that E. shigella was not significantly enriched in metformin-treated healthy mice, nor did these mice display diarrhea. In fact, E. shigella abundance decreased in diseased mice following metformin treatment, indicating that the relationship between metformin and this pathogen warrants closer scrutiny, perhaps under isolated, in vitro conditions.
CONCLUSION
In conclusion, our study showed the effects of metformin on intestinal flora during treatment for IBD, especially highlighting the restoration of microbial diversity and enrichment in the relative abundance of specific taxa. These effects on gut microbiota appear to be related to anti-inflammatory effects required for the alleviation of the symptom of DSS-induced colitis. Therefore, we propose that metformin is a strong potential candidate for IBD therapy, and further investigation of metformin-induced changes in gut microbiota and its anti-inflammatory effects should be investigated to clarify its molecular interactions the gut.
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Name Source Model

Polysaccharides from edible and medicinal plants

APS Astragalus DSS-induced C57BL/6 mice
membranaceus

SP1-1  Scutellaria baicalensis  DSS-induced C57BL/6 mice; LPS-
stimulated THP-1 cells

ASP Angelica sinensis DSS-induced BALB/c mice; LPS-
stimulated Caco-2 cells

DOPS  Dendrobium officinale  DSS-induced BALB/c mice; LPS-
stimulated NCM460 cells

cP Chrysanthemum TNBS-induced SD rats

morifolium

PLS Morinda citrifolia HOAc-induced Swiss mice

WJPs  Ziziphus jujuba “TNBS-induced SD rats; TNF-
a-stimulated Caco-2 cells

ALP-1  Arctium lappa DSS-induced ICR mice

HMFO  Cynanchum wilfordii  DSS-induced BALB/c mice; LPS-
stimulated RAW264.7 cells

PP Rauvolfia verticilata DSS-induced BALB/c mice

POLP  Portulacae oleracea DSS-induced Kunming mice

oP Vaccinium oxycoccos  HOAc-induced A/HeJ mice

ASPP  Ipomoea batatas DSS-induced ICR mice

MAP Malus domestica DSS-induced ICR mice

Polysaccharides from edible mushrooms

GLP  Ganoderma lucidum  DSS-induced Wistar rats

HECP  Hericium erinaceus  DSS-induced C57BL/6 mice

EP-1  Hericium erinaceus  HOAc-induced SD rats
H,0,-induced Caco-2 cells

CMP33  Poria cocos TNBS-induced Kunming mice

P Inonotus obliquus ~ DSS-induced BALB/c mice

DIP  Dictyophora indusiata  DSS-induced C57BL/6 mice

PPS  Pycnoporus DSS-induced BALB/G mice

sanguineus
FVP Flammuliana velutipes ~DSS-induced SD rats
LEP  Lachnum YM130 DSS-induced ICR mice

Polysaccharides from seaweeds

GBP Gracilaria birciae “TNBS-induced Wistar rats

uLP Ulva lactuca DSS-induced C57BL/6 mice

ECP Eucheuma cottonii DSS-induced BALB/c mice

BMP Blidingia minima DSS-induced C57BL/6J mice and

IPEC-J2 cells

Mechanism of action

Downregulation: TNF-q, IL-1p, IL-6, MPO, and NF-xB p-p65

Upregulation: p65 (cytoplasm) and p-p65 (cytoplasm);
downregulation: MPO, p-IKKa, -IKKp, p-IxBa, p65 (nucleus), p-p65
(nucleus), NLRP3, caspase-1, cleaved caspase-1, IL-1, pro-IL-1p,
IL-18, and pro-IL-18

Upregulation: ZO-1, occludin, claudin-1, and Bcl-2; downregulation:
MPO, IL-6, IL-1, TNF-a, Bax, and caspase-3

Upregulation: IL-10; downreguiation: IL-1, IL-6, IL-18, TNF-a, IFN-y,
NLRP3, ASC, caspasel, and p-arrestin

Upregulation: IL-4,IL-10, IL-13, SOD, Firmicutes/Bacteroidetes,
Butyricicoccus, Clostridium, Lactobacillus, Bifidobacterium,
Lachnospiraceae, and Rikenellaceae; downregulation: MPO,
TNF-a, IL-1, IL-6, IF-17, IL-23, IFN-y, MDA, TLR4, p65, p-p65,
STATS, p-STATS, JAK2, Escherichia, Enterococcus, and
Prevotela

Upregulation: GSH; downregulation: MPO, MDA, NOy/NOz, and
cox-2

Upregulation: occiudin, claudin-1, claudin-4, ZO-1, p-AMPK, and
P-ACC; downregulation: TNF-a, IL-1p, IL-6, and MPO
Upregulation: IL-10, IgA, Firmicutes, Ruminococcaceae,
Lachnospiraceae, and Lactobacilus; downregulation: IL-1, IL-6,
TNF-a, Proteobacteria, Alcaligenaceae, Staphylococcus, and
Bacteroidetes

Downregulation: MPO, PGE,, NO, TNF-a, IL-6, INOS, COX-2,
p-p65, plkBa, p-IKK a/p, p-JNK, p-ERK, and p-p38
Upregulation: IxBa; downreguiation: MPO, TNF-a, IL-6, p65, ERK,
JNK, and p38

Upregulation: IL-10, kBa, and NF-kB p65 (cytoplasm);
downregulation: TNF-a, IL-1, IL-6, IL-18, PGEz, Bch-2, survivin,
p-STATS, COX-2, and NF-xB p65 (nudleus)

Downregulation: MDA

Upregulation: AA, PA, BA, and Firmicutes; downregulation: TNF-a,
IL-1B, IL-6, Bacteroidetes, Proteobacteria, and Actinobacteria
Upregulation: IL-22BP; downreguiation: IL-22, p-STATS, Bl-2, and
cyciin D1

Upregulation: TA, AA, PA, BA, Ruminococcus_1, Cals, Ca3e, CdBa,
1211, Lok, and Trbv; downreguiation: Escherichia-Shigela, Ccl3,
Gro, 1111, Mhc2, and Pigs

Upregulation: T-SOD and Bacteroidetes; downregulation: NO,
MDA, MPO, IL-6, IL-1, TNF-a, COX-2, iNOS, p-p65/p65,
p-IBalkBa, PAKVAKt, p-p38/p38, p-ERK/ERK, p-JNKAINK,
Verrucomicrobia, Actinobacteria, Arthrobacter spp.,
Methylibium sp., Succinivibrio sp., Desulfovibrio sp., and
Akkermansia muciniphila

Upregulation: MMP, SOD, OCR, ATP, Bcl-2, AA, PA, BA, VA, IBA,
IVA, GPR41, GPR43, and IgM; downregulation: MDA, TNF-a, IL-1,
IL-6, ROS, p-p65, p65, caspase-3, and C3

Upreguiation: IL-4, IL-10, and DHT; downreguiation: MPO, MDA,
TNF-q, IL-6, L-1B, IL-12, IFN-y, IL-2, IL-17, Hmgcs2, Fabp2, Hp,
Bdgalnt2, B3gnt6, Sap, Cat, and oleic acid

Upregulation: ZO-1, occludin, IL-4, IL-10, GATA-3, Foxp3, and
p-STAT6; downregulation: p-STAT1, p-STAT3, IFN-y, IL-17, T-bet,
and ROR-yt

Upregulation: GSH, HO-1, IL-10, Bcl-2, TUP1, and IRF4;
downregulation: MDA, MPO, TNF-a, IL-6, IL-1p, IL-18, NLRP3,
p-IxBa, p-STATS, Bax, IRFS, and CD86

Upregulation: ZO-1, E-cadherin, PONA, Th1, MCP-1B, ULK1,LC31,
P62, Beciin-1, and LC3 Il; downreguiation: LPS, Proportions of Th
cells, Th2, Th17, Treg, MPO, IL-10, IL-12p40, IL-15, IL-17, and
LC3 /1

Upreguiation: SOD, AA, PA, BA, IVA, and VA; downregulation: MPO,
NO, DAO, TLR4, NF-«B, and p-p65

Upregulation: ZO-1, occludin, claudin-1, E-cadherin, claudin-3,
claudin-7, MUC1, MUC2, TFF3, Relmp, Reg3p, Reg3y.
PPARy, CAT, SOD, T-AOC, IRE1a, XBP1; downregulation
TNF-a, IL-1B, IL-6, INOS, COX-2; NO, PGEy; NF-«B p-p65,
p-IxBa, p-STAT3 MPO, Ly6G; CD4'IL-10", F4/80, NLRP3,
ASC, caspase-1, Bip, ATF6, PERK, CHOP, C-Cas3, MDA,
nitrotyrosine, and NOx

Upregulation: GSH; downregulation: IL-1p, TNF-a, MPO, MDA, and
NO/NO,

Upregulation: GSH, GPx, and Se; downregulation: MPO, IL-6, TNF-a,
iNOS, COX-2, CD68, NF-xkB p-p65, and p-IkBa

Upregulation: IL-10; downregulation: TNF-a, IL-14, and IL-6
Upregulation: ZO-1, occludin, claudin-1, IL-10, and DA
downregulation: MPO, EPO, ET-1, TNF-a, IL-1B, p-NF-«B, p-ikBa,
and p-AKT

Reference

Lvetal. (2017)

Cui et al. (2019)

Cheng et al. (2020)
Liang et al. (2018)

Tao et al. (2017, 2018)

Batista et al. (2020)
Yue et al. (2015)

Wang Y. et al. (2019)

Cho et al. (2017)
Miao et al. (2019)

Wang et al. (2018), Wang
Z. et al. (2020

Popov et al. (2006)
Sun et al. (2020)
Lietal (2017)

Xe et al. (2019)

Ren et al. (2018)

Shao et al. (2019); Wang
D. D. etal. (2019)

Liu X, F. et al. (2018)

Chen et al. (2019)

Wang V. L. etal. (2019)

LiM. X. et al. (2020)

Zhang et al. (2020)

Zong et al. (2020)

Brito et al. (2014)
Zhu et al. (2017)

Sudirman et al. (2018)
Song et al. (2019)





OPS/images/fphar-12-651813/fphar-12-651813-g003.gif
A g

EUTEETG IR S —————

3
Porpome-Dso | Dnon
T RUTRR SIS S NPRPRPIS AT —

c
B

[ —

B
F
BT





OPS/images/fphar-12-651813/fphar-12-651813-g004.gif





OPS/images/fphar-12-651813/fphar-12-651813-t001.jpg
Type

5-amino salicylic acids

Glucocorticoids

Immunosuppressants

Biologicals

Drug

Balsalazide
Sulfasalazine
Mesalazine
Olsalazine
Hydrocortisone
Predhisone
BDP
Budesonide
Azathioprine

6
mercapopurine
Cyclosporine A
Infiximato
Adalimumab

Limitation

There are certain adverse reactions such as diarrhea, stomachache, nausea, and
emesis. The new-type 5-amino salicylic acids including mesalazine and olsalazine
are expensive

Short-term treatment has a good effect, while long-term application may lead to
adverse reactions such as moon-shaped face, weakened immunity, and acne,
whose efficacy and safety are difficult to be guaranteed

The effect takes a long time. The mechanism of action willlead to the inhibition
of the body’s normal immune response. Long-term application may cause liver
and kidney damage

These drugs also have some adverse reactions and are expensive

Reference
Caprili et al. (2009); Rosenberg and
Peppercor (2010)

Ren et al. (2015); Rosenberg and
Peppercom (2010)

Falasco et al. (2002); Mao et al. (2017)

Danese et al. (2014); Freeman (2012)
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Name Source Monosaccharide
composition

Polysaccharides from edible and medicinal plants

APS  Roots of Astragalus Rha, Glc, Gal, and Arain a ratio of 1.00:
‘membranaceus 18.46:3.63:7.11

SP1-1 Roots of Scutellaria Man, Rib, GIuA, Gic, Xyl, and Ara in a ratio
baicalensis of 2.14:3.61:1.00:2.86:5.98:36.39

ASP  Roots of Angelica GluA, Gic, Ara, and Gal in a ratio of 1.00:
sinensis 1.70:1.85:5.02

DOPS  Stems of Denarobium  Man, Glc, and Ara in a ratio of 5.55:
offcinale 1.00:0.12

cP Flowers of NA
Chrysanthemum
morifolium

PLS  Fruits of Morinda citifola  GalA, Gal, Ara, Rha, and Man in a ratio of

29.10:30.90:31.00:5.40:3.60
WJPs Sarcocarps of Ziziphus Glc, Ara, GalA, and Gal in a ratio of 38.59:
Juiuba 23.16:17.64:10.44
ALP-1 Roots of Arctium lappa Fru and Glc

MSP Aerial parts of Malva Gal, Glc, UA, Ara, and Rhain aratio of 4.00:
sylvestris 5.00:14.00:6.00:1.00

HMFO  Roots of Cynanchum Glc, Ara, Gal, Rha, and GalA
wilfordlii

PP Rootstocks of Rauvolfia  GalA, Gal, Ara, Rha, Gic, and Man in a ratio
verticillata of 51.00:6.80:7.10:2.60:31.30:0.70

POLP  Aerial parts of Portulacae  NA
Oleracea

oP Fruits of Vaccinium GalA, Rha, Ara, Gic, and Gal in a ratio of
oxycoccos 82.00:1.50:8.00:5.00:3.00

ASPP  Tubers of joomoea Rha, Ara, Xyl, Man, and Gic in a ratio of
batatas 2.80:1.90:1.00:7.60:53.30

MAP Fruits of Malus/ GalA and Gal
domestica

Polysaccharides from edible mushrooms

GLP Ganoderma lucidum NA

HECP  Hericium erinaceus Gic, Gal, Ara, Xyl, Rha, and Man in aratio of

76.71:14.26:4.04:2.57:1.32:1.14

EP-1 Hericium erinaceus Gilc, Man, Gal

CMP33  Poria cocos NA

IoP Inonotus obliquus Man, Rha, Glc, Gal, Xyl, and Ara in aratio of

9.20:4.40:46.60:11.50:11.10:4.30
DP  Dictyophora indusiata Gl

PPS Pycnoporus sanguineus  Gle, Man, and Gal
FVP Flammuliana velutipes Gilc, Man, and Gal in a ratio of 56.20:29.70:

14.10
LEP Lachnum YM130 Man and Gal in a ratio of 3.80:1.00
Polysaccharides from seaweeds
GBP Gracilaria birdiae Gal and AnGal
uLP Uhva lactuca Rha, Xyl, Glc, and UA
ECP Eucheuma cottonii Gal

BMP Blidingia minima Rha, Xyl, GluA, and Glc

M.W. (Da)

4.56 x 10°
8.00 x 10°

3.94 % 10°

NA
NA
5.12x 10°
1.30 x 10°
0.12-6.20
x 10°
0.50-3.00

x 10°
NA

1.00-3.00
x10°
1.80 x 10°

050-1.00
x10*

1.08 x 10°
8.67 x 10

310 10°

16.23 x 10*
NA

5.36 x 10°

3.29x 10°
5.48 x 10°

1.31 x 10°
0.38-2.60
x10°
NA
NA

NA

NA
(1=3)-linked Galp, (1—6)-linked Galp, and 2-
OMe-(1-6)-finked Galp

(1—4)-linked f-D-mannopyranosyl residues
and -o-glucopyranosyl residues

NA

NA

NA

(21)-p-o-fructofuranose

NA

NA

NA

NA

NA
1,4-linked Glcp

NA

1,6-nked f-D-Gicp
NA

(1-3)-linked glucan

(1-3)-linked glucose
NA

p-(1-3)-D-glucan

NA
NA

NA

—4-3,6-anhydro-a-L-Galp (1-3) p-D-Galp
1- segments

NA

NA

NA

Reference

Lvet al. (2017)
Cui et al. (2019)
Cheng et al. (2020)
Liang et al. (2018)

Tao et al. (2017,
2018)

Batista et al. (2020)
Yue et al. (2015)

Wang Y. et al
(2019)

Hamed et al
(2016)

Cho et al. (2017)

Miao et al. (2019)

Wang et al. (2018),
Wang Z. et al.
(2020)

Popov et al. (2006)

Sun et al. (2020)

Lietal. (2017)

Xie et . (2019)
Ren et al. (2018)

Wang D. D. et al.
(2019)

LiuX.F. etal. (2018)
Chen et al. (2019)

Wang Y. L. et al
(2019)

LiM. X. etal. (2020)
Zhang et al. (2020)

Zong et al. (2020)
Brito et al. (2014)
Zhu et al. (2017)

Sudirman et al

(2018)
Song et al. (2019)
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GAPDH

IL-6

iNOS

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

5'-AGG TCG GTG TGA ACG GAT TTG-3’
5'-TGT AGA CCA TGT AGT TGA GGT-3'
5'-CCA ATG CTC TCC TAA CAG AT-3'
5'-TGT CCA CAA ACT GAT ATG CT-3"
5'-GCC AGT CAG GTC TCA GCA AG-3'
5'- CGC ATG CAA TGT GTG CTT GT-3'
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Gene name

IL-21

Bcl-6

B-actin

B-actin;:

Direction

Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequences (5-3)

CACAGACTAACATGCCCTTCAT
GAATCTTCACTTCCGTGTGTTCT
CGGAAGGGTCTGGTTAG
TGAGCACGATGAACTTGTAT
'CCCATACCCACCATCACACC
GAGAGGGAAATCGTGCGTGAC

, interleukin; PCR, polymerase chain reaction.
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#SamplelD  Clean tags Valid_tags  Valid_percent (%) Valid minLength  Valid meanLength ~ Valid maxLength ~ OTU_counts  Total OTUs

C1.08 71,734 65,958 91.95 256 416.09 439 1,694 4,135
C2.08 74,044 68,076 91.94 228 41424 455 1949 4,135
C3.08 41,264 37,203 90.16 229 41622 441 1,429 4,135
C4.08 72,438 67,264 92.86 228 41212 440 1733 4,135
C5.08 71,160 66,202 93.03 228 41404 437 1,694 4,135
C6.08 73,320 67,309 91.80 236 41418 440 1,661 4,135
C8.08 73,930 68,725 92.96 228 41427 440 1753 4,135
M1.08 71,501 67,026 93.74 228 41438 41 1,441 4,135
M2.D8 72,059 65,866 91.41 228 417.12 442 1,307 4,135
M3.D8 71,152 67,237 94.50 228 41551 440 1,257 4,135
M4.D8 73,322 68,919 93.99 259 406.4 446 1,152 4,135
M5.08 72,402 68,246 94.26 248 4126 440 1,206 4,135
M6.08 73,007 69,406 95.07 256 405.99 438 1,009 4,135
M7.D8 73,086 67,713 92.67 258 410417 441 1312 4,135
M8.08 73,764 69,241 93.87 222 409.59 441 1,263 4,135
SA1.D8 72,246 67,236 93.07 228 41588 450 1,100 4,135
SA2.08 67,957 58,735 86.43 258 41537 455 691 4,135
SA3.08 69,731 62,157 89.14 256 414.68 445 930 4,135
SA4.D8 69,355 61,676 88.93 258 416.79 438 1,413 4,135
SA5.D8 71,149 65,883 92.60 228 41219 441 889 4,135
SA6.D8 71,172 63,337 88.99 228 416.76 437 1,496 4,135
G1.08 72,469 66,439 91.68 228 41308 437 1,379 4,135
G2.08 71,143 66,258 93.13 248 4114 440 1,438 4,135
G3.D8 72,253 64,874 89.79 229 41279 442 1,392 4,135
G4.08 70,144 64,416 91.83 258 415.05 440 1,091 4,135
G5.D8 70,345 63,676 90.52 228 41017 441 1,402 4,135
G6.D8 70,384 61,150 86.88 258 41015 a41 1,268 4,135
G7.08 72,754 68,379 93.99 256 411.65 440 1,291 4,135
G8.08 70,885 65,241 92.04 228 41171 441 1,420 4,135

G4.D8 70,144 64,416 91.83 258 41505 440 1,091 4,135
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Sample Bacteroides  Klebsiella ~ Clostridium E. coli Prevotella Butyricimonas Veillonella Ruminococcus  Fusobacterium

Adhesive bacteria 124 11.64% 10.7* 11.88% 12.09% 10.65% 11.00% b7 of 11.02%
Non-adhesive bacteria 13.14° 12.08% 9.74* 12.20° 11.28% 10.29% 10.24* 10.66% 11.62*

apresents log10 bacteria 165 rRNA gene for each mi of liquid. All data repeated three times.
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Age
(months)

2-10
11-36
37-72
73-108
109-180
Total

Gender
(F/M)

8/9
16/18
9/10
9/9
8/10
50/56

Adhesive bacteria
(%)

5.89
35.29
5.26
0
0
13.20

Adhesive
bacteria/total
samples

117
12/34
119
018
018
14/106
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Group Reads oTus® Good’s® ACE 95% CI Chao1 95% CI Shannon®

Non-adhesive bacteria 88,485 2,968 0.978 78,488 76,558.6 77,6645 52,565.4 50,124.8 55,455.8 3.287
Adhesive bacteria 78,458 2,645 0.972 69,484 67,895.8 68,892.4 48,998.5 48,235.6 49,878.1 2.686

“The operational taxonomic units (OTUS) were defined with 3% dissimilarty level.
"The coverage percentage (Goods), richness estimators (ACE and Chaof) and diversity indices (Shannon) were calulated using Good's method in the mothur program, respectively.
“The Shannon index of evenness was calculated with formula E = H/in(S), where H is the Shannon diversity index and S is the total number of sequences in that group.
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TABLE 3 |
Gene name Primer sequence

FOXP3 F/IR 5'-ATCCGCCACAACCTGAGTCT-3'/6'-TCCACACAGCCCCCT

TCTC-3'

IL-17 FIR 5'-TCCTAGGGCCTGGCTTCTG-3'/5'-AGTTCGTTCTGCCCC
ATCAG-3'

SAAT 5'-GCTGATCAGGCTGCCAATG-3'/5'-GCCAGCAGGTCGGAA
GTG-3'

TGFB 5'-GCTGAGCGCTTTTCTGATCCT-3'/5'-CGAGTGTGCTGC
AGGTAGACA-3'

IL-22 5'-CCCCACTGGGACACTTTCTA-3'/5"-TGGCCCTTTAGGTAC
TGTGG-3"

RORyt 5'-TGAGAAGGACAGGGAGCCAA-3'/5'-CCACAGATTTTGCAA
GGGA3'

Clostridium Clol-F: TACCHRAGGAGGAAGCCAC

Clol-R: GTTCTTCCTAATCTCTACGCAT
Ruminococcus  F: 5'-AGAGTTTGATCMTGGCTCAG-3'

R: 5'-ACGGCTACCTTGTTACGACTT-3'
Veilonella 5'-CAGAAGCAGGTTCCCGTAACTC-3"

5'-GCCTACCGCAAGTGGCAATA-3'
Butyricimonas  Buty1f,5'-GGTGAGTAACACGTGTGCAAC-3"

Buty1r;5'-TACCCCGCCAACTACCTAATG-3'
Prevotella 303F: 5'-GAAGGTCCCCCACATTG-3"

708R: 5'-CAATCGGAGTTCTTCGTG-3"
Bacteroides F: 5'-CGTCCATTAGGCAGTTGGT-3"

R: 5'-CGTAGGAGTTTGGACCGTG-3'

Klebsiella F: 5'-GACGATCCCTAGCTGGTCTG-3'
R: 5'-GTGCAATATTCCCCACTGCT-3'
E. coli F: 5'-AATGATACGGCGACCACCGAGATCT-3'

R: 5'-CAAGCAGAAGACGGCATACGAGAT-3'
Fusobacterium F: 5'CAACCATTACTTTAACTCTACCATGTTCA-3"
R: 5'GTTGACTTTACAGAAGGAGATTATGTAAAAATC-3'
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Genus
name

g__Escherichia-shigella
g__Megamonas
g_Streptococous
g_Roseburia

g_Prevotela_9

g_Dilister

g_ [Eubacterium]_ventriosum_group
g_Butyricicoccus
g_Parabacteroides
g_Akkermansia
g_Ruminococcus_2
g_Clostridium_sensu_stricto_1
g_Enterococcus

o__[Eubacterium]_coprostandiigenes_group

g_Klebsiella
g_[Clostridium]_innocuum_group
g__Ruminococcaceae_UCG-002
g__norank_f__Saccharimonadaceae
g_Actinomyces

g__Odoribacter
g_Pseudomonas
g__Coprococaus_1
g__Ruminococcaceae_UCG-003
g_Rothia

g_Granuiicatella
g_Family_XIll_AD3011_group
g_Citrobacter

g_Bilophila
g_unclassified_f_Ruminococcaceae
g_Gemella

g_ Oribacterium
g_norank_f_Muribaculaceae
g_ Solobacterium

g_Morganelia

g_ Atopobium
g__Staphylococcus
g_Lachnospiraceae_UCG-001
g_ Weissella

g_Aeromonas
g__Corynebacterium
g_Lactococcus
g__Family_Xil_UCG-001
g_Bacilus
g__Corynebacterium_1
g_Finegoldia

g_Acinetobacter
g__Porphyromonas
g__Leuconostoc

g_Anaerofium

NC group
proportion (%)

0.827
5.136
1.266
0.669
2.401
0.281
0.229
0.931
1.209
0.824
2.465
0.102
0.109
5.477
0.228
0.007
0.418
0.009
0.048
0.152
0.609
0.109
0.085
0.006
0.015
0.038
0.150
0.002
0.038
0.004
0.002
0.080
0.002
0.000
0.003
0.001
0.144
0.002
0.000
0.002
0.004
0.031
0.000
0.001
0.001
0.001
0.002
0.002
0.001

UC group
proportion (%)

8.721
1.185
11.240
0171
0.128
0.044
0.003
0.247
0.158
0.032
0.050
2413
1.602
0.002
0.648
0.533
0.009
0.180
0.335
0.014
0.012
0.029
0.005
0.131
0.331
0.008
0.963
0.005
0.061
0.148
0.023
0.176
0.038
0.011
0.021
0.149
0.002
0.030
0.049
0.022
0.021
0.000
0.181
0.017
0.012
0.033
0.021
0.008
0.002

Mesalamine group
proportion (%)

6.317
2.162
1.807
1.676
1.470
1.406
0.877
0.648
0.595
0.449
0.431
0.194
0.193
0.186
0.176
0.153
0.163
0.102
0.070
0.058
0.055
0.063
0.049
0.045
0.044
0.044
0.029
0.028
0.020
0.018
0.014
0.013
0.008
0.006
0.005
0.003
0.003
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000

p Value

0.039
0.017
0.001
0.042
0.020
0.024
0.020
0017
0.003
0.010
0.002
0.008
0.001
0.016
0.026
0.008
0.046
0.000
0.002
0.046
0.006
0.023
0.045
0.000
0.001
0.003
0.000
0.012
0.009
0.000
0.025
0.000
0.000
0.004
0.026
0.000
0.008
0012
0.000
0.028
0.000
0.003
0.000
0.004
0.013
0.000
0.000
0.004
0.028
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Metabolite Fold change (UCgroup/ UCgroup vs Fold change Mesalamine group

NC group) NC groupp value  (mesalamine vs
group/UC group) UC group
p Value

D8'-merulinic acid A 0.573 0.000 1.726 0.000
(4E,7E,10Z,13E, 16, 19E)-docosa-4,7,10,13,16,19-hexaenoic acid 0.731 0.000 1443 0.000
13(S)-HPODE 1.234 0.000 0.734 0.000
Marmesin rhamnoside 0.309 0.001 2.865 0.003
Cynaroside A 0.570 0.001 1728 0.001
Methyl 7-epi-12-hydroxyjasmonate glucoside 0.530 0.082 1.819 0.048
2-(1-Ethoxyethoxy)propanoic acid 1.296 0.000 0.761 0.001
Valyl-Proline 1.243 0.000 0.638 0.000
Ophthalmic acid 1.750 0.000 0.587 0.003
Neoacrimarine F 0.400 0.000 2.305 0.001
N-acetylaspartate 1342 0.000 0.727 0.000
N2-Fructopyranosylarginine 2.104 0.000 0.479 0.000
L-Histidine 1275 0.000 0.740 0.000
Pseudomonine 1.693 0.000 0.458 0.000
Stearoyllactic acid 0545 0.000 1.824 0.000
N-Palmitoylsphingosine 0.768 0.000 1.296 0.000
Cerebroside B 0.770 0.000 1.289 0.001
Lucyobroside 0.718 0.001 1.423 0.001
()-Stercobilin 0.624 0.001 1.373 0.029
Hydroxyprolyl-isoleucine 1.330 0.006 0717 0.001
Gallic acid 1.286 0.010 0.774 0.016
3-Hydroxypicolinic acid 1.355 0.000 0.777 0.000
3-Isopropyimalate 1.704 0.000 0.607 0.001
3-(3,4-Dihydroxyphenyliactic acid 1953 0.000 0.624 0.002
Piscidic acid 1.634 0.000 0.503 0.000
Dopaquinone 1276 0.000 0.810 0.000
Portulacaxanthin Il 0.544 0.000 2037 0.000
2-Isopropyimalic acid 1327 0.000 0.784 0.000
Rhoifolin 0.546 0.041 2.149 0.009
Cholic acid 0.801 0.007 1221 0.014
2,2,6,6-Tetramethyl-4-piperidinone 1.204 0.000 0.836 0.000
Nomilinic acid 17-glucoside 0.522 0.003 1.872 0.004
Tyrosyl-Hydroxyproline 1733 0.002 0629 0.019
Simvastatin hydroxy acid 0478 0.000 1.996 0.000
Notoginsenoside R10 1.745 0.000 0518 0.000
Deoxycholic acid 0.780 0.004 1218 0.017
DG (20:3n9/0:0/18:2n6) 0.555 0.000 1711 0.000
Ethyl maltol 0.741 0.000 1.330 0.000
Sesaminol glucosyh-(1->2)-glucosyl-(1->6)}-glucoside 0.267 0.008 3.804 0.005
Ceramide (d18:1/92-18:1) 0.759 0.000 1.349 0.000
N-Oleoyl phenylalanine 1.558 0.000 0.551 0.000
CPA(18:0/0:0) 1.703 0.000 0.464 0.000
LysoPC(20:1 (112) 2195 0.000 0.763 0.001
Ascorbyl stearate 3.000 0.000 0.696 0.004
3beta-3-Hydroxy-11-oxolanosta-8,24-dien-26-al. 0618 0.015 1.606 0.015
Dihydroceramide C2 0.593 0.006 1.566 0.018
Enoxolone 0.740 0.003 1.397 0.001
Ankorine 0.368 0.001 2.885 0.001
Oleoy! ethanolamide 1.902 0.000 0.598 0.000
2-Hydroxy-3-methoxyestrone 0.144 0.000 6.006 0.001
N-Phenylacetylglutamic acid 6.671 0.000 0.266 0.000
3-keto Fusidic acid 0.721 0.001 1.343 0.002
5-(14-Nonadecenyl)-1,3-benzenediol 1.305 0.000 0.683 0.000
Cucurbitachrome 1 0.397 0.002 2.343 0.004
Bilirubin glucuronide 2746 0.000 0.635 0.005
13Z-Docosenamide 0.785 0.000 1.281 0.000
Gingerglycolipid A 1314 0.001 0.552 0.000
Petasinine 2.264 0.000 0.484 0.000
L-isoleucine 1.926 0.000 0.390 0.000
9,10,13-Trihydroxystearic acid 0.675 0.000 1.448 0.000
(-)-trans-Carveol glucoside 1410 0.000 0.724 0.000
Indole 1516 0.000 0.398 0.000
Trans-O-Methylgrandmarin 0.309 0.003 2.599 0.033
N-Methyl-14-O-demethylepiporphyroxine 3.542 0.000 0.670 0.032
4-Hydroxynomantenine. 0.737 0.008 1.477 0.002
Styrene 1.740 0.000 0.613 0.000
Alpha-L-Rhamnopyranosyi-(1->3)-alpha-o-galactopyranosyl-(1->3)- 0.687 0019 1.397 0.036
-fucose

6-Acetyl-2,3-dihydro-2-(nydroxymethyi)-4(1H)-pyridinone 3212 0.000 0615 0.001
Arginyl-Proline 1.773 0.000 0.662 0.001
Porphobilinogen 0.560 0.003 1.714 0.006
Chondroitin o-glucuronate 0.609 0.001 1.490 0.007
1-Acetylpiperidine 1341 0.000 0.715 0.000
N-Acetyiputrescine 1471 0.000 0.812 0.002
N1,N12-Diacetylspermine 1.426 0.000 0.740 0.001
1,4-Methylimidazoleacetic acid 1.208 0.000 0.746 0.001
Creatine 3.589 0.000 0.434 0.000
4-Pyrimidine methanamine (hydrochloride) 1472 0.000 0.673 0.000
o-Pipecolic acid 1.260 0.000 0.741 0.000
Beta-sitostenone 0.841 0.000 1.169 0.000
Corey PG-Lactone Diol 0.590 0.000 1.586 0.001
L-a-Lysophosphatidylserine 0.799 0.000 1.403 0.000
PG (18:1 (92)/0:0) 1A 0.000 0813 0.000
Alpha-Hederin 0413 0011 2.049 0.046
Linoleoyl ethanolamide 0.677 0.000 1.445 0.000
N-Undecanoylglycine 127 0.000 0.768 0.000
Bassic acid 0.822 0.000 1214 0.000
Minocycline 0.690 0.002 1.459 0.002
Latanoprost ethyl amide 0.353 0.003 3.037 0.001
22,23-Dihydroergosterol 0.787 0.000 1.229 0.000
3-Carboxy-2,3,4,9-tetrahydro-1H-pyrido [3,4-blindole-1-propanoic acid 5817 0.000 0.624 0.044
Dehydro (11,12)ursolic acid lactone 0.704 0.000 1.377 0.000
Crucigasterin 277 1.761 0.000 0.649 0.000
D-Urobilin 2.769 0.000 0.465 0.000
L-Glutamate 1.187 0.000 0.795 0.000
4,4-Dimethylcholesta-8,14,24-trienol 0.681 0.000 1.369 0.000
Allysine 1.442 0.000 0.675 0.000
PS(18:1 (92)/0:0) 1673 0.001 0.723 0.004
(3beta,11alpha, 13beta)-3,11,13-Oleananetriol 0.379 0.004 2537 0.006
Deoxycholic acid 3-glucuronide 2053 0.003 0.509 0.000
LysoPC(22:2 (13Z,162) 1371 0.000 0.775 0.007
Isozeaxanthin 0.712 0.000 1.412 0.000

2-Hydroxycinnamic acid 1.165 0.000 0.824 0.000
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NC group uc group Mesalamine p Value

(n=14) (n=10 group (n = 14)
Age, years 3250 (10.0) 27.50 (11.0) 4250 (29) 0.084
Gender, male 7 (50.0%) 5 (50.0%) 9 (64.3%) 0694
BMI, kg/m? 22.35(1.5) 20.15 (4.4) 2335 (2.5) 0075
Course, months - 9.50 (34.0) 48.00 (77.0) 0,007
Montreal classification 0546
Proctitis - 3 6
Left-sided coliis - 3 4
Extensive colis - 4 4
Modified mayo score - 8.00 (3.0) 500 2.0) 0.005
Disease severity® - 0022
Ginical remission - 0 2
Mid - 3 9
Moderate - 6 3
Severe - 1 0
Baron index - 3.00 (0.0) 1.00 (2.0) 0.002

“Evaluation of disease severity is based on modified Mayo score: 1) Clinical remission: total score <2 points, and every sub-cimension score <1 point; 2) Mild: total score of three to five
points: 3) Moderate: total score of 6-10 points: 4) Severe: total score of 11-12 points.
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