

[image: image1]
The Communication Between Intestinal Microbiota and Ulcerative Colitis: An Exploration of Pathogenesis, Animal Models, and Potential Therapeutic Strategies












	
	REVIEW
published: 13 December 2021
doi: 10.3389/fmed.2021.766126






[image: image2]

The Communication Between Intestinal Microbiota and Ulcerative Colitis: An Exploration of Pathogenesis, Animal Models, and Potential Therapeutic Strategies

Yu Hu1†, Zhen Ye1†, Mingquan Wu2, Yingqi She1, Linzhen Li3, Yujie Xu4, Kaihua Qin5, Zhipeng Hu3, Maoyi Yang3, Fating Lu1 and Qiaobo Ye1*


1School of Basic Medical Sciences, Chengdu University of Traditional Chinese Medicine, Chengdu, China

2Department of Pharmacy, Sichuan Provincial Orthopedic Hospital, Chengdu, China

3Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China

4Guangzhou University of Chinese Medicine, Guangzhou, China

5Health Preservation and Rehabilitation College, Chengdu University of Traditional Chinese Medicine, Chengdu, China

Edited by:
Yan-Dong Wang, Beijing University of Chemical Technology, China

Reviewed by:
Hong Nie, Jinan University, China
 Jianping Chen, The University of Hong Kong, China

*Correspondence: Qiaobo Ye, yeqiaobo@cdutcm.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 28 August 2021
 Accepted: 18 November 2021
 Published: 13 December 2021

Citation: Hu Y, Ye Z, Wu M, She Y, Li L, Xu Y, Qin K, Hu Z, Yang M, Lu F and Ye Q (2021) The Communication Between Intestinal Microbiota and Ulcerative Colitis: An Exploration of Pathogenesis, Animal Models, and Potential Therapeutic Strategies. Front. Med. 8:766126. doi: 10.3389/fmed.2021.766126



Ulcerative Colitis (UC) is a chronic inflammatory bowel disease. The prolonged course of UC and the lack of effective treatment management make it difficult to cure, affecting the health and life safety of patients. Although UC has received more attention, the etiology and pathogenesis of UC are still unclear. Therefore, it is urgent to establish an updated and comprehensive understanding of UC and explore effective treatment strategies. Notably, sufficient evidence shows that the intestinal microbiota plays an important role in the pathogenesis of UC, and the treating method aimed at improving the balance of the intestinal microbiota exhibits a therapeutic potential for UC. This article reviews the relationship between the genetic, immunological and microbial risk factors with UC. At the same time, the UC animal models related to intestinal microbiota dysbiosis induced by chemical drugs were evaluated. Finally, the potential value of the therapeutic strategies for restoring intestinal microbial homeostasis and treating UC were also investigated. Comprehensively, this study may help to carry out preclinical research, treatment theory and methods, and health management strategy of UC, and provide some theoretical basis for TCM in the treatment of UC.
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INTRODUCTION

Ulcerative Colitis (UC) is a chronic inflammatory bowel disease (IBD) that involves the rectum and colonic mucosal layer, leading to superficial damage to the intestinal wall (1). Chronic diarrhea, fecal blood or rectal bleeding are the main clinical manifestations of these patients. Approximately 15% of UC patients develop severe illnesses (2). More importantly, chronic UC is associated with an increased risk of colorectal cancer. Yet the pathogenesis of UC has not been fully elucidated, it is mainly related to genetic, immunological, microbial and other risk factors. The intestinal microbiota is considered as a kind of “mysterious organization” in human body and has been proved to play an essential role in the pathogenesis of UC (3). In recent years, based on the development of high-throughput sequencing technology, related significant progress has been made in this research field, which is helpful for understanding the microbiota on human mucosal surface (4). Under physiological conditions, the interactions between bacteria, fungi, and other members maintain a dynamic balance called intestinal microbial homeostasis. Once the homeostasis is broken, the links between microbiota will change, resulting in a decreasing microbial diversity and increasing opportunistic pathogens (5). These changes further induce an abnormal immune response in the host intestine and eventually led to UC (6).

At present, anti-inflammatory and immunosuppressive therapies are the important treating method for UC. 5-aminosalicylic acid (5-ASA), corticosteroids, and thiopurines are commonly used drugs. However, steroid dependence and side effects of thiopurine make long-term use of the drug at high risk (7). Moreover, even with medication, 20–25% of patients eventually need surgery (8). As a consequence, it is imminent to find effective and safe treatment strategies. Of note, the therapeutic approaches aimed to improve microbial dysbiosis has shown great potential for the treatment of UC. Similarly, traditional Chinese medicine (TCM), as an important part of complementary and alternative medicines (CAMs), has been used in China for more than 2,000 years. At present, various scholars have begun to pay attention to the therapeutic effect of TCM on UC, and have made some progress in China (9, 10). Increasing evidence shows that the efficacy of TCM in the treatment of UC dependents on its effect on intestinal microbiota (11, 12).

In this review, the essential components involved in the pathogenesis of UC are firstly summarized, and the critical role of intestinal microbiota is further discussed. Secondly, the potential of UC animal models applied in studying the intestinal microbiota is also addressed and evaluated. At last, potential therapeutic strategies which exerting a therapeutic role in UC by modulating the intestinal microbiota are exposed and revealed as much as possible (Figure 1). This work is expected to theoretical support and inspiration for the drug selection and development for treating UC.
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FIGURE 1. The summary of themes in this review. FMT, Fecal microbiota transplantation; TCM, traditional Chinese medicine; DSS, dextran sulfate sodium; TNBS, 2,4,6-trinitrobenzene sulfonic acid; OXA, oxazolone.




THE RISK FACTORS WITH THE OCCURRENCE OF UC


Genetic Factors

Although certain studies have shown that the heritable risk of Crohn's disease (CD) is greater than that of UC, the risk of the disease in first-degree relatives of UC patients is still four times greater than that of the general population, suggesting that the risk of genetic factors remains a contributor to the occurrence of UC (13, 14). The first genome-wide association studies based on IBD identified IL23R, a gene encoding the pro-inflammatory cytokine interleukin (IL)-23, whose abnormalities and mutations are associated with the development of CD and UC (15). To date, more than 240 risk loci have been identified to be associated with IBD (16). It was interesting that only 4–7% of UC occurrence can be explained through known risk loci, but genetic factors appear to be more important for early IBD that develops in children (17, 18).

The disease-associated loci of involving genes with different functions, such as the innate and adaptive immune systems, cytokine signaling, lymphocyte activation, and response function to microbial molecules (17). For example, variants in CARD9, a bridging protein involved in antifungal innate immunity, enhance the host response to the fungus and increase the production of inflammatory cytokines, and is also considered as one of the genetic risk factors for CD and UC (19). Moreover, the ADCY7 gene is expressed in hematopoietic cells and encodes a protein, adenylate cyclase 7, which converts ATP to cAMP to participate in the regulation of host innate and adaptive immunity (20, 21). And it is reported that the missense variant of ADCY7 increases the risk of UC. For other IBD risk loci, a complete description was given in the research article published in 2017 (16).

So far, the genetic risk of CD has been well studied, and a large number of studies have shown a strong genetic predisposition for CD. For example, disorders of the NOD2 gene have been identified as an essential causative factor for CD occurrence (22). At the same time, researches on the genetic risk of UC and IBD is continuing, which not only facilitates the development of the pathogenesis of IBD and the differentiation of IBD subtypes but also contributes to the updating of therapeutic targets and drugs or programs for the disease.



Immunological Factors

Genetic, environmental and microbial factors have been identified as risk factors of UC (22). However, UC is ultimately linked with immune abnormalities, which indicated immunological factors may be the central link (1). The human immune system can be divided into innate immunity and adaptive immunity according to functions, and the available evidence points to the involvement of both innate and adaptive immunity in the pathogenesis of UC (23).

The innate immune response is the first line of defense against any attack, and the neutrophils, dendritic cells or macrophages that mediate innate immunity has been confirmed to be involved in the pathogenesis of UC. The earliest feature of intestinal inflammation is the infiltration of neutrophils into the mucosa and epithelium, and is present throughout the period of active inflammation of the intestine. The tissue and epithelial barrier disruption are caused by neutrophils with oxidative and proteolytic damage, as well as promote the release of pro-inflammatory cytokines to perpetuate inflammation (24). Dendritic cells are also involved in the expression of Toll-like receptors (TLRs) and the recognition of microbiota (25). Increased activation and sensitivity of mature dendritic cells and significantly higher the level of TLR2 and TLR4 expressed by mucosal dendritic cells are observed in UC patients, which lead to abnormal activation of signaling pathways such as the nuclear factor κB (NF-κB) to promote the inflammatory cascade (26). Macrophages can be polarized into classically activated pro-inflammatory or alternatively activated anti-inflammatory macrophages depending on the stimulus (27). The pro-inflammatory macrophages are induced by pathogen-associated molecular patterns and involved in the production of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-1β and IL-6 to intensify inflammation (28). In addition, the polarization of pro-inflammatory macrophages has been found to promote the development of colitis. In conclusion, excessive abnormalities in innate immunity and the occurrence of inflammatory cascade aggravate the emergence and persistence of local inflammation in the colon, which is closely associated with the occurrence of UC.

After recognizing of antigens, the dendritic cells and macrophages will present antigens to T cells and B cells, leading to the activation of adaptive immunity (29). And the abnormalities of adaptive immunity are another risk factor of UC (30). UC is thought to be a disease mediated by T helper type (Th) 2 cells, which are involved in the secretion of IL-4, IL-5 and IL-13. Published studies have shown the increase in IL-5 and IL-13 secretion in UC patients, with IL-13 affecting the intestinal epithelium and disrupting tight junctions to cause an inflammatory state (31, 32). In addition, abnormalities in Th9 and Th17 cells provide evidence for the involvement of adaptive immunity in UC. Th9 cells are associated with the release of IL-9, which can inhibit the repair of intestinal epithelial cells and increase the concentration of TNF-α (33). Similarly, Th17 cells are also involved in the release of pro-inflammatory cytokines such as IL-17A, IL-17F, IL-21 and IL-22, and increased Th17 cells expression has been observed in UC patients (34, 35). In summary, current evidence suggests that both innate immunity and adaptive immunity are critical in the pathogenesis of UC (1).



Microbial Factors
 
The Role of Intestinal Bacteria in the Pathogenesis of UC

The intestinal microbiota mainly settles in the gastrointestinal tract of humans, and bacteria occupy the primary advantage in the composition (36). The intestinal bacteria are comprised of three types: anaerobic bacteria, facultative anaerobic bacteria and aerobic bacteria, with anaerobic bacteria being the dominance (37). At the phylum level, the intestinal bacteria are mainly composed of Firmicutes, Bacteroides, Proteobacteria and Actinobacteria (38). Under physiological conditions, intestinal bacteria play an essential role in stimulating the absorption of nutrients and minerals, breaking down protein compounds, synthesizing amino acids and vitamins, promoting intestinal cell renewal, and maintaining immune function (39).

Heredity, age, environment and dietary structure can influence the composition of intestinal bacteria. For example, a high-fat diet reduces the abundance of Bifidobacterium spp in the intestinal tract of mice (40). Various types of studies have shown that the abundance of Bacteroides in the elderly is greater than that of the young (41). Other studies reported that the intestinal bacteria's amount and diversity of UC patients are significantly decreased (42). At the same time, the changes in flora composition were also found in the pathological state. At the phylum level, the abundance of Bacteroidetes and Proteobacteria increased, while the abundance of Firmicutes decreased (5). In specific microbes, the number of beneficial bacteria such as the Roseburia spp and lactobacillus in the intestine decreased, while the number of destructive bacteria such as Escherichia coli, Bacteroides fragilis, and Helicobacter increased (5, 43, 44). So far, many experts believe that the dysbiosis of intestinal microbiota can lead to the dysregulation of the immune response to bacterial antigens, and ultimately leads to the occurrence of IBD (45, 46).

The intestinal epithelial barrier is mainly composed of the intestinal epithelial cells, tight junctions (connecting the epithelial cells), goblet cells, and mucus (secreted by goblet cells). This barrier is the first defensing phase to ensure the normal physiological function of the intestinal tract and prevent pathogenic microbes from crossing the intestinal mucosa. As an integral part of the barrier, intestinal mucus can limit the direct contact between host and intestinal bacteria, promote bacteria clearance, and inhibit inflammation and infection (47). Furthermore, dysbiosis of intestinal microbiota can affect the function of epithelial barrier. Firstly, the tight junction is damaged, resulting in increased intestinal mucosa permeability (48). Secondly, the dysbiosis of bacteria will significantly impact intestinal mucus. For example, Akkermansia muciniphila and Enterorhabdus mucosicola can degrade intestinal mucus and proliferate in the mucus layer (42), Escherichia coli and Gardnerella can form adherent biofilms on the surface of intestinal epithelium, destroy intestinal mucus, and allow other commensal bacteria to migrate to the mucosa (49). Muc2 protein, secreted by goblet cells, is the primary source of mucus. This protein is mediated by intestinal microbes to maintain the balance of the mucus layer. However, loss of goblet cells and Muc2 protein is a typical feature of epithelial barrier changes after the dysbiosis of intestinal bacteria in UC patients (50).

When the epithelial barrier is disrupted, symbiotic bacteria are allowed to flow in the epithelial layer. Invasion of pathogenic bacteria and opportunistic pathogens activate the host's maladaptive immune response (51). TLR is a protein molecule involved in nonspecific immunity, while lipopolysaccharide, a component of the outer membrane of Gram-negative bacteria, can bind to TLR4 (52). Similarly, peptidoglycan, lipoprotein, and lipoteichoic acid in the bacterial cell wall can also bind to TLR2/TLR6 complex. TLR9 responds to non-methylated bacterial DNA (CpG-DNA) (53). After recognizing the components of the bacterial cell wall, TLRs interact with Myeloid differentiation factor 88 (MyD88), up-regulated the activation signal of IL-1 receptor-related kinase (IRAK) of related member, activated the NF-κB signaling pathway, released pro-inflammatory cytokines, resulting in abnormal intestinal inflammation and occurrence of UC (Figure 2) (54).
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FIGURE 2. The dysbiosis of intestinal microbiota (bacteria and fungi) results in the occurrence of UC. Under the influence of risk factors, intestinal microbial homeostasis is disrupted. The dysbiosis of microbiota leads to changes in the tight junctions between intestinal epithelial cells, damage of intestinal epithelial barrier, disruption of the mucus layer, and an increase of intestinal permeability. Symbiotic microorganisms and pathogens cause direct damage to the intestinal wall. Furthermore, the main components of the bacterial cell wall (lipopolysaccharide, peptidoglycan, and lipoprotein) are recognized by TLRs, and C-type lectin receptors recognize the components of the fungal cell wall (β-glucan, α-mannan, and α-mannose). After recognition of the antigen, these receptors induce downstream signaling and activate the NF-κB signaling pathways, further induce abnormal immune responses in the host and ultimately leading to the occurrence of UC.TLR, Toll-like receptor; MyD88, Myeloid differentiation factor 88; IRAK, interleukin-1 receptor-associated kinase; NF-κB, nuclear factor κB; Mincle, Macrophage-inducible C-type lectin; SYK, spleen tyrosine kinase; CARD9, caspase recruitment domain family member nine.


As well, dysbiosis of intestinal microbiota also affects the regulation of bacterial metabolites (55). Short-chain fatty acids (SCFAs) are produced by symbiotic bacteria that digest dietary fiber in the intestine, including acetate, propionate, and butyrate, etc. (56). SCFAs can maintain the balance of regulatory T cells number to regulate intestinal inflammation (57). It is worth noting that the disorder of SCFAs' generation occurs in UC patients, which is related to the significant reduction of butyrate-producing bacteria (5). Therefore, the dysbiosis of intestinal bacteria further leads to the disorder of its metabolites and products, destroys normal immune response of the host intestine, and is also an important factor leading to UC.



The Role of Intestinal Fungi in the Pathogenesis of UC

Fungi are also normal inhabitants of the human intestine. In healthy individuals, the number of intestinal fungi only accounts for 0.1% of intestinal microorganisms, among which the most dominant fungi are Candida, Saccharomyces and Cladosporium (4). The interaction between symbiotic fungi in the intestine and the other microbial members remain balanced, but risk factors can cause changes in the composition of fungi in the human intestine. High-carbohydrate diets increase the number of Candida albicans in the intestine, while high-protein diets are the opposite. And meat-based diets promote the abundance of Penicillium fungi (58, 59). An analysis showed different intestinal fungal spectrums in UC patients and healthy people, and the diversity of intestinal fungi in UC patients was significantly reduced (60). In terms of its composition, intestinal fungi of UC patients also changed. The abundance of Candida albicans increased, and the abundance of Wickerhamomyces fungi was positively correlated with the severity of UC patients (61). Saccharomyces cerevisiae, a fungus that can stimulate the release of IL-10 to inhibit intestinal inflammation, and its abundance is absolutely decreased in the acute phase of intestinal inflammation (62).

Intestinal fungi imbalance can reduce host immune tolerance and activate abnormal immune responses. The main component of the fungal cell wall, β-glucan, α-mannan and α-mannose, can be identified by TLRs and C-type lectin receptors (Dectin-1, Dectin-2, and Mincle) (63). Dectin-1 is a key molecule involved in fungi immune response, and the polymorphism of the Dectin-1 gene is closely related to the severity of UC. Mice without Dectin-1 were more susceptible to dextran sulfate sodium (DSS)-induced colitis (63). After recognition, spleen tyrosine kinase (SYK) and caspase recruitment domain family member 9 (CARD9) were activated, thereby activating the NF-kB pathway, releasing pro-inflammatory cytokines, and inducing inflammatory response (Figure 2) (64).

In addition, the DSS-induced mouse antifungal drug experiment reported that antifungal drugs could aggravate the inflammation response in mice (65). The expression of tumor necrosis TNF-α and IL-17A in the colon of UC patients is positively correlated with Wickerhamomyces and Penicillium fungi (61). These studies also provide evidence that intestinal fungal dysbiosis is associated with the occurrence of UC.



Intestinal Microbial Homeostasis and UC

Intestinal microbiota is a complex and extensive system composed of bacteria, fungi, archaea, viruses and protozoa, etc. Interactions between the microbiome maintain homeostasis, help host resist pathogen infection, and promote host immunity and health (66).

The interaction between intestinal fungi and bacteria plays a key role in maintaining intestinal microbial homeostasis. A study found that after antibiotic treatment, the number of intestinal fungi in mice increased as bacteria continued to decrease. This change returned to the initial state after the antibiotics stopped (67).

However, after the use of antifungal drugs, the decrease of intestinal symbiotic fungi promotes the growth of pathogenic bacteria in the intestinal tract, thereby aggravating intestinal inflammation (68). Bacteria can limit the effective colonization of fungi in the intestinal tract by producing antifungal compounds and competing nutrients. This phenomenon reflects the competitive relationship between bacteria and fungi due to the limited intestinal resource. In fact, there is also a synergistic relationship between them (69). Candida albicans is the most common human infectious fungi, mainly affecting immunologically impaired individuals (70). In another study, researchers found that the harmful effects of Candida albicans depended on the presence of colistin-sensitive bacteria in the intestine (71). At the same time, Candida albicans can form mixed biofilms with other intestinal bacteria, which can surround anaerobic bacteria to protect them from the effects of an oxygenated environment (72).

Under different interactions, intestinal microbiota maintains balance and stability in the intestine. Affected by risk factors, the dysbiosis of intestinal bacteria and fungi leads to susceptibility of the host to UC (73). The positive and negative correlations between intestinal bacteria and fungi in UC patients are higher than those in healthy individuals (62). Therefore, the disruption of intestinal microbial homeostasis is tightly related to the occurrence of UC. With the increase of relevant evidence, the relationship between microbial homeostasis and the pathogenesis of UC is increasingly obvious.




The Importance of the Intestinal Microbiota in UC's Occurrence

Abnormalities of the immune system are certainly important for the pathogenesis of UC, which is also a major reason for the appearance and persistence of local inflammation in UC patients. However, except for the immune system, the mucus and epithelial barriers are the first physical and chemical lines of defense protecting the intestinal epithelium from pathogens and antigens. Mucus barrier disorders in the colon are also a possible cause of UC. Moreover, a recent study has shown that the disorders of mucus barrier were not related to local inflammation and immune response, but the response of goblet cells to microbial alterations (74). In addition, defects in the mucus barrier occur early in the onset of UC, further leads to increased intestinal permeability and exposure to antigens, thus activating abnormal immune responses (22, 23). This suggests that it was necessary to consider other risk factors. Notably, there is growing evidence that dysbiosis of intestinal microbiota is associated with disruption of the intestinal barrier, increased permeability, and increased antigen exposure.

Bacteria occupy the absolute advantage of intestinal microbiota, but fungi, viruses, and archaea are also important parts of the intestinal microbiota. Microbiota maintains a dynamic balance through complex interactions and connections, and the homeostasis is a key to maintaining host healthy. The composition of intestinal microbiota and the interactions between microorganisms are often altered by the risk factors such as genes, eating habits, unhealthy lifestyles, and drug abuse. For example, a long-term high-fat diet thins intestinal mucus, increases intestinal permeability, and impairs the tight junctions of intestinal epithelial cells, leading in intestinal barrier dysfunction (75). Additionally, the intestinal barrier function tends to deteriorate as the body matures (76). Increased intestinal permeability and breakdown of the intestinal barrier allow bacteria to readily pass past the epithelium and colonize the mucosa, hence amplifying their effect on the intestine (77). Although intestinal commensal microbiota contributes to the regulation of intestinal epithelial and immune function in the physiological state, risk factors such as diet, environment, and age can also result in dysbiosis of the intestinal microbiota, as revealed by decreased diversity and changes in specific microbial species and abundance (3). Inequality within each microbial community and changed interactions contribute to overall microbial homeostasis imbalance (78). Reduced probiotic bacteria and a rise in pathogenic and opportunistic pathogenic bacteria are significant aspects of microbial homeostasis imbalance in UC patients (79–81). The intestinal microbiota can directly interact with the immune system of the body (82). Certain Clostridium bacteria demonstrate pro-inflammatory properties by penetrating and mucosalizing the intestinal mucosa. Similarly, increasing bifidobacteria abundance has been shown to stimulate Th1 cell-mediated immune responses (83). Additionally, TLRs identification of bacterial and fungal surface components results in excessive activation of TLRs signaling pathways, triggering innate and adaptive immunity and chronic inflammation when the gut barrier is disrupted and pathogenic bacteria colonize. The metabolites generated by intestinal microbiota play a role in modulating host immune responses, such as SCFAs and bile acids, which are critical for sustaining anti-inflammatory effects and safeguarding intestinal barrier function (84, 85). Likewise, a decrease in the absolute abundance of SCFAs-producing bacteria is another unique symptom of microbial dysregulation in UC patients. Thus, the combination of reduced intestinal barrier function, microbial homeostasis imbalance, and lack of beneficial microbial products results in disruption of the intestinal epithelium and an abnormal immune response, which is a significant contributor to the development of UC.

The intestinal microbiota is a very complex and extensive system. Although the mechanisms of bacteria and fungi in the occurrence of UC are increasingly obvious, members such as viruses and archaea are also related to UC. Therefore, more in-depth studies are needed to explore the relationship between the intestinal microbiota and UC. At the same time, drugs and treatment methods focusing on restoring intestinal microbiota homeostasis may be the key to the treatment of UC.




COMMON ANIMAL MODELS OF UC

Establishing an appropriate animal model helps to study the pathogenesis of UC and investigate potential therapeutic drugs. UC animal models can be established with chemical drug induction, pathogen colonization, genetic engineering modification, and adoptive cell transfer (86). Notably, due to the limitations of modeling methods and prices, experimental colitis induced by the chemical drugs has become the most common animal model of UC (87). DSS, 2,4,6-trinitrobenzene sulfonic acid (TNBS) and oxazolone (OXA) are three commonly used chemical drugs. Therefore, it is necessary to review the advantages and limitations of these three models to provide a scientific basis for the reasonable selection of UC animal models.


DSS

DSS is normally used to induce experimental colitis by dissolving it in water and provided ad libitum for several days to animals. It is generally believed that DSS can induce acute UC in SD rats and Winstar rats at a concentration of 2–5% added to drinking water for 5–9 days. At the same time, adding 3–5% of DSS in drinking water for 5–8 days can induce acute UC in C57BL/6 mice and BALB/C mice (88). Multiple repeated drinking cycles are required if model is necessary to induce chronic UC (89). DSS can cause complete loss of intestinal epithelial cells to destroy the epithelial barrier. The lamina propria and submucosa are subsequently exposed to antigens and microbiota in the intestinal lumen, which eventually induced inflammation (90). During the administration of DSS, animals showed weight loss, thickening of stool, bloody stool and diarrhea etc. (91). Histopathological changes such as epithelial denuding, loss of mucin and goblet cells, submucosal edema, hyperemia and erosions, infiltration of inflammatory cells in the lamina propria and loss of crypt structures could be observed (92, 93).

The DSS-induced UC model has the characteristics of simple administration, easy control of drug dose and duration. Moreover, researchers can design acute or chronic experimental colitis by controlling the dose and duration of administration. Meanwhile, due to the induction of severe intestinal ulcer in animals, this model is also been interpreted as the animal model closest to human UC (94). Similarly, DSS-induced model also showed changes in the intestinal microbiota. The decrease in microbial diversity and abundance of beneficial symbiotic bacteria (Lactobacillus and Alistipes), and the increase of the abundance of pathogenic bacteria (Oscillibacter, Streptococcus, and Escherichia–Shigella) are similar to the changes of intestinal microbiota in UC patients (87, 95), which makes it also has advantages in studying the effects of drugs on the intestine microbiota. However, DSS-induced UC model also has obvious limitations. It is reported that DSS-induced inflammatory response began to ease naturally after 7 days, and the changes in the intestinal microbiota returned to normal levels after 21 days (87, 95). Besides, the sensitivity of certain types of mice to DSS is also different. After 5 days of acute administration, C57BL/6 mice induced colon inflammation, while BALB/C mice recovered simultaneously (94). Since UC itself is a chronic disease, DSS-induced model still lacks sufficient representation for UC.



TNBS

Rats were first used in TNBS-induced experimental colitis modeling. 5-30 mg TNBS into 0.25 ml of 50% ethanol, and the colon ulcer and inflammation in rats were successfully induced by intraluminal drip administration. The BALB/C and C57BL/6 mice are also used for colitis models by 0.3–5.0 mg of TNBS mixed with 50% ethanol (96). In TNBS-induced animal model, the use of ethanol is not only a solvent or carrier but also can destroy epithelial barrier of animals. TNBS is a hapten reagent that induces the immune response of T cells to tentacle proteins and luminal antigens through acute oxidative stress, resulting in intestinal wall necrosis (97). After administration of TNBS, animals showed bloody diarrhea and weight loss. Histopathological changes can be observed in intestinal wall thickening, edema, bleeding, and ulcer (98). Chronic TNBS colitis is manifested with diffuse necrosis of the intestinal wall, involving the mucosa, submucosa and muscle layer. At the same time, there are significant edema and immune cell infiltration in submucosa (99).

The TNBS-induced colitis model has the advantages of rapid disease development, localized colon injury and low cost. Compared with DSS-induced UC model, animal inflammation does not begin to relieve until the 15th day, which seems to be more conducive to researchers to ensure the accuracy of their research results (97). However, TNBS-induced animal model is associated with the immune response mediated by Th1 cells, which is considered closer to the immunological changes of CD. Moreover, the intestinal microbial changes in TNBS-induced mice showed a decrease in α-diversity, possibly beneficial bacteria decreased and harmful bacteria increased, similar to those in patients with Crohn's disease (100). Interestingly, some experts believe that it causes intestinal ulcer in animals to be similar to UC (101). Hence, it is still doubtful whether the TNBS-induced colitis model can represent human UC.



OXA

OXA is also a hapten reagent that needs to be administered with ethanol to induce colitis in animals (102). Before administration, 3% OXA (100–150 μl) was dissolved in 40–50% ethanol to sensitize the skin of mice and induce experimental colitis (103). The sensitivity of different strains of mice to OXA is also different. SJL/J mice and C57BL/10 mice are highly susceptible to OXA, but C57BL/10 mice are more resistant than SJL/J mice. BALB/C mice are more suitable for inducing chronic colitis (104).

The OXA-induced mice have symptoms of diarrhea, bloody stool, and weight loss. Histopathological changes are mainly characterized by epithelial cell loss, inflammatory cell infiltration, edema, and occasionally crypt abscess (105). As a kind of hapten reagent, OXA-induced colitis in mice is closely related to Th2 cell-related immune response, which is similar to human UC (91, 106). Compared with other animal models induced by chemical drugs, The OXA-induced model is more suitable for studying the pathology of UC. However, due to the high mortality rate of OXA, it is rarely applied in practical research (94, 105). In experimental animals, whether OXA can cause microbial disorders similar to human UC still needs more research.



The Role of Microbiota in Different UC Animal Models

As is well known, the application of drugs is the key to successful modeling of chemically induced animal models. However, intestinal microbiota has also been found to play a role in different animal models. A study found that during the induction of colonic inflammation in mice with DSS, an increase in the proportion of cells expressing CD11c and TLR4 in the mesenteric lymph nodes of mice was consistent with an increase in the number of Enterobacteriaceae and Akkermansia on the colonic mucosa, implying that the response of the immune system to microbial recognition and the induction of inflammatory responses (107). Similarly, in TNBS and OXA-induced inflammation models, the abundance of Sulfate-reducing bacteria, which produce hydrogen sulfide that damages the colon, causes epithelial damage and inflammation, and induces a Th17 cell-associated immune response, was increased (108, 109).

All of these studies provide that microbiota is also vital in UC animal models. However, there are existed those different conclusions were from other experts. Gancarcikova et al. found the absence of microbiota did not affect the inflammatory effects of DSS when exposed antibiotic-treated germ-free mice to DSS (110). Another study found that in the absence of intestinal microbiota, the function of the intestinal barrier was also impaired although intestinal inflammation was significantly reduced in animals exposed to DSS (111). Obviously, the intestinal microbiota is a very complex organization, and different microorganisms play different roles. Therefore, further studies on the specific effects of microbiota in animal models are still necessary to resolve the current controversies, but this does not affect the use of animal models as a tool for UC research in subsequent studies.



Selection of Animal Models

The establishment of animal models is necessary to study the pathogenesis and pathological changes of UC. So far, the DSS-induced mice model has been most widely used. The intestinal microbiota of mice showed similar diversity to humans at the levels of Firmicutes, Bacteroidetes, and Proteobacteria. And the DSS-induced model is considered to be similar to the changes in the intestinal microbiota in UC patients. Therefore, DSS may be the current advantageous animal model for studying the relationship between intestinal microbiota and UC. However, the DSS-induced model may still be a limited result of obvious inflammation and rapid recovery of intestinal microbiota disorder, which still needs to be improved and developed.

Notably, many researchers have begun to use germ-free mice as an important tool to mimic the close relationship between intestinal microbiota and host (112). Studies ranged from single microorganisms to whole microbiota can be carried out in germ-free mice (23). For example, the intestinal bacteria highly coated with immunoglobulin A in IBD patients were isolated and cultured, and then transplanted into germ-free mice, which were eventually found to exhibit a high susceptibility to DSS-induced colitis (113). Consequently, germ-free mice may be a promising UC animal model, and the studies based on germ-free mice are also more conducive to revealing the specific link between intestinal microbiota and UC pathogenesis.




THE MEDICATION OF UC

The disease progression with outpatient medications can be managed successfully in most UC patients (114). The choice of specific medications should be evaluated according to the severity of disease, with 5-ASA preferred for patients with mild to moderate UC, and corticosteroids for patients who do not respond to or are intolerant of 5-ASA medications (1, 115). For patients with moderate to severe UC, systemic corticosteroids are the first-line induction therapy. Thiopurines are indicated for patients with steroid-refractory or steroid-dependent UC (116, 117). Moreover, current guidelines also recommend thiopurines as corticosteroid-free maintenance therapy (118). The mechanism of action, advantages and limitations of each of the three classes of drugs are different and compared (Table 1).


Table 1. The difference of three types of commonly used drugs in treating UC.
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5-ASA

The use of 5-ASA dates back to 1941 when sulfasalazine (SASP) was used for the treatment of UC. SASP is composed of 5-ASA linked to sulfapyridine via a diazo bond, which can be cleaved by bacteria in the colon. After colonic bacterial azoreductase enzyme cleaves the diazo bond, 5-ASA achieves a high intraluminal concentration in the colon, makes it the active moiety of SASP (119, 120). To date, mesalazine and SASP are the main 5-ASA drugs used in the treatment of UC.

5-ASA acts on the colonic epithelium and exerts local mucosal anti-inflammatory effects by inhibiting cyclooxygenase and lipoxygenase, which subsequently leads to a decrease in prostaglandin and leukotriene production (121, 122). It has also been reported that 5-ASA inhibits the activation of the NF-κB signaling pathway, which promotes the transcription of pro-inflammatory cytokines and is an important mechanism in the pathogenesis of UC (123). In addition, 5-ASA also inhibits the function of active lymphocytes, macrophages, and natural killer cells in the inflammatory process, which can scavenge the reactive oxygen metabolites (122). In conclusion, the local mucosal anti-inflammatory effect of 5-ASA is the main mechanism of action for treating UC.

Both American Gastroenterology Association and European Crohn's and Colitis Organization recommend 5-ASA as the first-line therapy for mild to moderate UC (116, 117). And the 5-ASA compound is a pillar for patients with mild to moderate ulcerative colitis, both as induction and maintenance therapy. Studies have shown that one-third of mild to moderate UC patients achieved clinical remission and half of the patients had mucosal healing after 8 weeks of oral 5-ASA treatment (124). Moreover, up to three-fifths of patients showed significant clinical remission and endoscopic improvement with 5-ASA maintenance therapy, which strongly supports the effectiveness of 5-ASA (125). In terms of specific drug use, there was no significant difference in efficacy between mesalazine and SASP, but patients with SASP often experienced adverse events (124, 125). However, 5-ASA still has a high safety profile compared to corticosteroids and thiopurines, and long-term 5-ASA therapy may have a preventive effect on colorectal cancer (126, 127). Notably, several studies have demonstrated that 5-ASA (including SASP and mesalazine) can restore the microbial diversity and the abundance of beneficial bacteria and fungi, reduce the abundance of pathogenic bacteria, and increase the production of SCFAs in experimental colitis and UC patients, which implying that 5-ASA also has the potential to modulate gut microbial homeostasis (80, 128, 129). Unfortunately, 5-ASA is not available for all UC patients. First, there are still some patients who do not respond to or are intolerant of 5-ASA therapy, and such patients usually dependent on corticosteroids. Second, for patients with moderate to severe UC, guidelines suggest that 5-ASA should not be used for induction or maintenance therapy (116, 117). Thus, corticosteroids, thiopurines, and even advanced therapies are in development after 5-ASA.



Corticosteroids

Corticosteroids are used in patients with mild to moderate UC who are unresponsive or intolerant to 5-ASA therapy. In addition, corticosteroids are the treatment of choice for patients with moderate to severe UC. The first use of corticosteroids in treating UC was reported in 1955, with the surgical resection rate of the colon was significantly lower in UC patients treated with cortisone than in the placebo group (130). After that, the first generation of corticosteroids such as prednisone and hydrocortisone began to be widely used in UC. Corticosteroids act in the cell nucleus and ultimately play a role in regulating the immune response by inhibiting gene expression during transcription, down-regulating the production of transcription factor NF-κB and the expression of pro-inflammatory cytokines, and causing a decrease in the expression of adhesion molecules to limit the transfer of immune-inflammatory cells to inflammatory areas (131–133).

Since the immunosuppressive effects of first-generation corticosteroids are non-specific, inevitably, other body parts besides the intestinal inflammatory sites are also affected. As a result, up to 90% of UC patients experienced adverse effects after corticosteroid treatment (134), which led to the creation and development of second-generation corticosteroids such as beclomethasone dipropionate and budesonide. Compared to first-generation corticosteroids, second-generation corticosteroids can target the site of inflammation to exert local anti-inflammatory effects, to potentially reduce systemic corticosteroid concentrations (135). Similarly, the use of second-generation corticosteroids has an overall better safety profile and a reduced incidence of adverse events (136). However, all corticosteroids are absorbed by the body to some extent, and this leads to a continued occurrence of adverse events. In a study evaluating the safety of budesonide MMX, a novel Multimatrix formulation of budesonide, adverse events were reported in 31.8% of patients (137). In conclusion, as hormonal drugs, the therapeutic risk of corticosteroids rises with increasing dose and duration of exposure (138). In addition, steroid dependence is an issue that has to be considered (139). Therefore, corticosteroids are not recommended as the first choice for maintenance therapy, and corticosteroid use should be tapered or discontinued after clinical remission.



Thiopurines

The first application of thiopurine for UC was in 1962 (140). To date, thiopurines are the most commonly used drug for maintenance treatment of UC after 5-ASA (141). Thiopurines are recommended for maintenance therapy without corticosteroids. In addition, the use of thiopurines is necessary for patients with moderate to severe UC who have developed steroid-refractory or steroid-dependent. Thiopurine analogs include azathioprine, mercaptopurine, and thioguanine, of which thioguanine is considered an atypical thiopurine drug, and is used only in those that have failed to respond to mercaptopurine and azathioprine in a few countries and regions (121). As a type of immunosuppressants, the mechanism of action of thiopurines may be the incorporation of their pharmacologically active metabolite, 6-thioguanine nucleotides, into DNA or RNA as false purine analogs, which lead to DNA damage, cell cycle arrest and apoptosis, and inhibition of nucleotide and protein synthesis (142). Ultimately, the expression of inflammatory genes can be inhibited (142).

Although thiopurines are thought to play a corticosteroid-sparing role in the treatment of steroid-dependent UC patients, it remains controversial in using thiopurines. Firstly, thiopurines have significant toxic effects, including bone marrow suppression, impaired red blood cell regeneration, and death in rare cases (143). Secondly, the use of thiopurines may increase the incidence of lymphoma and non-melanoma skin cancer in patients (144). Therefore, the treatment of thiopurines needs to be effective in a way that ensures a reduced risk of side effects, which often requires a rigorous evaluation by the physician.



Potential Treatment Strategies of UC

Undoubtedly, 5-ASA, corticosteroids, and thiopurines have controlled the course of UC, and even saved the lives of a large number of UC patients. But the limitations of these drugs are also obvious and led to the search for more effective and safer drugs, which is an important reason for the rapid development of more advanced treatment strategies such as biologics and small molecules products. In addition, the microbial dysbiosis often occurs at the early stage in the occurrence of UC, suggesting that the therapeutic strategy based on restoring the microbial balance may be beneficial (145). Therefore, fecal microbiota transplantation (FMT), probiotics, prebiotics and synbiotics have become potential therapeutic approaches for UC and researched in fronter. It is also mentioned that TCM has potential advantages in the treatment of UC and should be paid more attention to (146).


FMT

FMT, originally used in the treatment of Clostridium difficile infection, is a method of regulating microbial dysbiosis by transplanting healthy donors' feces into patients (147). In 2013, the U.S. Food and Drug Administration officially approved FMT as a clinical treatment for recurrent or refractory Clostridium difficile infection (148). Moreover, studies have shown that its success rate is as high as 90%, which means that FMT can restore healthy microbial ecology (149). Therefore, FMT is extended to treat other microbial-related diseases, including UC.

To date, multiple randomized controlled trials (RCTs) have explored the efficacy and safety of FMT in the treatment of UC (Table 2). Among them, 5 RCTs showed that the clinical remission rate of FMT in the treatment of UC was significantly different from that of placebo or autologous fecal transplantation, suggesting that FMT has therapeutic effect on UC (150, 152–155). On the contrast, one study showed that there was no significant difference in the efficacy between FMT and autologous fecal transplantation (156). In addition, another study showed that in UC patients, FMT had worse clinical remission outcomes than 5-ASA, though both had the same clinical response rate (151). These studies seem inconsistent in evaluating the efficacy of FMT. It is worth noting that a meta-analysis involving four FMT-related RCTs finally found that the overall clinical remission rate of FMT group was 28%, which was significantly better than of placebo group, providing some evidence to support the effectiveness of FMT for UC (157). Regarding the different results obtained from these RCTs, it seems biased in relation to specific trials undertaken. For example, experts in a clinical trial found that only one female patient responded to fecal microbiota from male donors, implying that gender may have an impact on the specific efficacy of FMT (151). Second, due to the increased microbial diversity associated with multiple donors, the treatment with multiple donors is more effective than that of individual donor (154, 158). In addition, enema administration is more effective than naso-duodenal tube administration (154). In conclusion, the curative effect of FMT may be influenced by various factors, and more strict and standardized research is needed to explore more standardized strategies for FMT use.


Table 2. The characteristics of some randomized controlled trials of FMT for treating UC.
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In terms of safety evaluation, although 4 RCTs reported severe adverse reactions in some patients during treatment, there was no significant statistical difference between FMT and placebo groups (152, 154–156). Furthermore, according to the assessment from principal investigators, the occurrence of severe adverse reactions was not related to FMT treatment. It is worth noting that some experts pointed out that the risk of long-term use of FMT infection transmission is still unclear. In theory, the risk increases with the increase of multiple donors' infusions times, which indicates that the long-term safety of FMT still needs to be studied and evaluated (154).

In addition to adequate evaluating the efficacy and safety, it is also essential to study the effect of FMT interventions on the microbiota of UC patients. Studies have shown that both OUT diversity and Shannon diversity of intestinal microbiota in UC patients after FMT are enhanced (159). Moreover, the abundance of Bifidobacteriaceae and Coriobacteriaceae increased at the phylum level (160). Bifidobacteriaceae has been used as probiotics for the treatment of UC, and Coriobacteriaceae plays a significant role in the transformation of bile salts and steroids (161). Furthermore, as an important component of SCFAs, butyrate can regulate intestinal homeostasis. After FMT treatment, the abundance of butyrate-producing bacteria increased significantly and SCFAs recovered (162). In short, FMT can change the microbiota composition of patients, correct microbial dysbiosis, and ultimately exert therapeutic effects for UC by transplanting the microbiota from healthy people to patients. Nevertheless, some problems needed to solved to make FMT a regular treatment strategy for UC. Firstly, a large number of studies are needed to critically evaluate the clinical efficacy and safety of FMT for long-term use. Secondly, the selection of donor sources, whether gender factors and donor diversity need to be considered, and how to avoid the potential infection risks also need to be explored in subsequent studies. Furthermore, there is a lack of standard guidance on specific transplant modalities and treatment periods. In summary, it is undeniable that FMT is a promising treatment for UC. Focusing on FMT research will help its development and maturity.



Probiotics, Prebiotics and Synbiotics

Probiotics are active microorganisms that have beneficial effects on the host health at sufficient and accurate doses. A large number of functional foods containing probiotics are safe to eat and have some health effects, suggesting that probiotics are usually safe. At the same time, plenty of studies began to evaluate the therapeutic effects of probiotics on UC. So far, some probiotic species have been proved to have therapeutic potential for UC (Table 3). Among these probiotics, Escherichia coli Nissle 1917 and VSL # 3, a probiotic mixture containing L. paracasei, L. plantarum, L. acidophilus, L. delbrueckii, B. longum, B. breve, B. infantis and Streptococcus thermophilus, are two probiotic products that have been studied more. Studies have shown that VSL # 3 has therapeutic effect on patients with mild to moderate UC, whether for induction therapy or maintenance therapy (174). Moreover, VSL # 3 also has the effect of preventing disease progression (175). The European Society of Nutrition and Metabolism also recommended VSL # 3 and Escherichia coli Nissle 1917 as drug for the treatment of mild to moderate UC, suggesting that probiotics do have therapeutic potential for UC (176).


Table 3. Probiotics with proven therapeutic potential for UC.
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The mechanism of probiotics improving UC has not been determined, but different probiotics may play a role in different ways. VSL # 3 inhibits the activation of NF-κB signaling pathway, which is a key factor in the development and persistence of chronic inflammation in UC (177). Another probiotic mixture, Symprove is thought to improve UC by restoring microbial homeostasis, increasing SCFAs production, and restoring epithelial tight junctions (178). In summary, the mechanism of action of probiotics depends on the strains used, and the specificity of some probiotic properties means that often multiple species of probiotics have better therapeutic effects than single probiotics (179). At the same time, a specific probiotic may not be suitable for all UC patients. Therefore, the evaluation of the selection and utilization of probiotics still need to be continued.

Probiotics have been widely studied and gradually applied. Prebiotics are substrates that host probiotic bacteria can selectively utilized and produce health benefits (180). Consequently, prebiotics are used to increase the abundance and activity of probiotics, prolong their lifespan, change the composition of intestinal microbiota, and improve the intestinal barrier function, which is also considered as a mechanism for prebiotics to treat UC (181, 182). Lactulose, inulin, fructooligosaccharide and malt are the most studied prebiotics (183). Although the number of RCTs evaluating the efficacy of prebiotics in the treatment of UC is limited, some preclinical studies and clinical trials have shown their therapeutic potential. Malt is effective for UC to alleviate clinical symptoms and reduce clinical activity index in UC patients (184). Lactulose can improve the quality of life of UC patients (185). Similarly, preclinical studies have found that after treatment with fructans and resveratrol, the abundance of probiotics Bifidobactrium and Lactobacillus in IBD model rats increase, and starch can induce beneficial changes in the microbiota composition by promoting butyrate production and inhibiting the growth of potentially harmful bacteria (186–188). This evidence supports that prebiotics have the potential to treat UC. However, more well-controlled and high-quality RCTs are urgently needed to further evaluate the therapeutic effects and safety of prebiotics.

Given that both probiotics and prebiotics may have therapeutic potential, the role of synbiotics is also being evaluated. Considering that the probiotic intake can help the host correct the dysbiosis of microbiota, the use of synbiotics, a mixture of probiotics and prebiotics, seems reasonable and prebiotics can also increase the abundance of probiotics and restore the intestinal microbiota (189). Studies have shown that the clinical efficacy of synbiotics in the treatment of UC is significant. The combined application of bifidobacterial strains and galactooligosaccharide improved the colonoscopy score and inflammatory markers in UC patients (190). Similarly, a comprehensive meta-analysis showed that synbiotics improved colonoscopy score, clinical activity index and inflammation-related indicators in UC patients (191). In addition, synbiotics can also increase the abundance of probiotics in the intestinal tract of UC patients, and these studies also provide evidence for the treatment of UC by synbiotics.

Since the microbiota is mainly concentrated in the colon, the therapeutic strategies aimed at restoring intestinal microbial homeostasis have a more obvious effect on the colonic microbiota (192). Therefore, probiotics, prebiotics, and synbiotics treatment have more therapeutic value for UC patients than CD patients. In addition, the therapeutic potential of probiotics, prebiotics and synbiotics cannot be ignored in the urgent search for more efficient and safer alternatives to UC. However, the evaluation of their effectiveness and safety is remain inadequate. First, the number of studies on probiotics, prebiotics and synbiotics seems to be decreasing in recent years (Table 4). Second, researchers do not always get positive reactions or conclusions in these RCTs. Some studies have shown that there is no significant different between the efficacy of probiotics and placebo. The underlying reasons may be related to the selection of specific probiotic strains, dosage and the duration of treatment, which also suggests that there is a lack of standard protocol for the use of probiotics. Fortunately, a meta-analysis showed that the use of probiotics increased the risk of side effects compared with placebo, but these symptoms were limited to gastrointestinal reactions and abdominal pain (192). Therefore, the use of probiotics seems to be safer than corticosteroids, thiopurines and other drugs. These drugs always produce severe adverse effects and requires strict follow-up RCTs to re-evaluation.


Table 4. The characteristics of some clinical trials of probiotics, prebiotics and synbiotics for treating UC.
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The Application of TCM in Treating UC
 
The Potential Effect of TCM on Intestinal Microbiota

Due to the complex active ingredients, unclear pharmacological effects, and low oral availability of Chinese medicinals, it is difficult to fully clarify its effective mechanism, which is a great challenge to TCM. However, with intestinal microbiota becoming an emerging field to understand the occurrence and development of diseases in recent years, researchers begin to pay attention to TCM. On this basis, it is found that the pharmacological effects of TCM are related to the intestinal microbiota (12).

Most medicinals are oral. Low oral availability compounds from medicinals can reach the colon, which is the most concentrated part of the intestinal microbiota (197). Medicinals will inevitably be exposed to intestinal microbiota, providing the necessary conditions to affect the intestinal microbiota (198). After TCM compounds enter the intestinal tract, the composition and metabolism of the intestinal microbiota are regulated directly and indirectly (12).

The intestinal microbiota participates in the transformation of TCM compounds by expressing corresponding biological enzymes to activate, inactivate, or reactivate TCM compounds (199). Berberine is the primary pharmacological component of huáng lián (the dried rhizome of Coptis chinensis Franch.), with low oral availability and maximum blood concentration in human body. Interestingly, the berberine ethanol extracts significantly reduced the abundance of Firmicutes and Bacteroides in the feces of HFD mice (200). Meanwhile, the diversity and total number of intestinal microbiotas treated with berberine were also significantly reduced (201). The use of TCM is often not only an herb blindly but also a combination of medicinals with different effects through compatibility. Huáng Qín Tāng (Scutellaria Decoction), widely used in the treatment of gastrointestinal diseases, has been found that its improvement effect on UC is related to intestinal microbiota regulation (202). In short, some medicinals with low oral availability can exert sound effects in the treatment of various diseases, which is closely related to intestinal microbiota.



The Preclinical Study of Application TCM in Animal Models of UC

TCM is characterized by abundant resources and clinical safety. Numbers of researchers have invested in TCM for treating UC and made some progress (9, 10). The research on animal experiments is essential in discovering suitable therapeutic drugs and studying their possible mechanisms. Consequently, recent animal studies have shown that TCM may have a potential to be applied to UC patients. According to the different TCM selected by the researchers in animal experiments, we categorized the investigated medicinals into three parts: compound extracted from Chinese medicinals and single medicinal, couplet medicinal, and Chinese medicinal formula.

Compound Extracted From Chinese Medicinals and Single Medicinal. Although a single medicinal is rarely used in clinical practice, relative studies can identify its unilateral effectiveness in UC. The selection of specific medicinals, animal models, and study results of these experiments are shown in Table 5. Under the guidance of TCM theory, the particular efficacy of TCM and pharmacological research will become the essential reference for researchers to choose TCM. On this basis, choosing appropriate TCM for animal experiments is more likely to find medicinals with obvious therapeutic effects on UC.


Table 5. Application of compound extracted from Chinese medicinal (or single medicinals) in animal models of UC.
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Qīng dài (the dried processed product of leaf or stem and leaf of Strobilanthes cusia (Nees) Kuntze), qiàn căo (the dried root and rhizome of Rubia cordifolia L.) and huáng qín (the dried root of Scutellaria baicalensis Georgi) have the effect of clearing heat, and its pharmacological effects with anti-inflammatory and antibacterial have also been proved (210, 211). In animal experiments, it was found that these medicinals have an improvement effect on the general symptoms such as diarrhea, bloody stool of animals and colon inflammation in experimental colitis. At the same time, the disease activity index (DAI) score and histopathological score also showed a downward trend.

The release of pro-inflammatory cytokines plays an essential role during the development of UC (212). Compared with the model group, the expressions of pro-inflammatory cytokines such as IL-1β, IL-2, IL-6, IL-18, TNF-α and interferon-gamma (IFN-γ) decreased obviously after administration. The levels of IL-4 and IL-10, considered to be anti-inflammatory cytokines, increased after administration. The use of medicinals also reduced the levels of pro-inflammatory cytokines in animals to alleviate experimental colitis.

Abnormal activation of signaling pathways is often the key to induce inflammation. The activation of NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways have been found to be important factors leading to the occurrence and development of UC (213). Similarly, medicinals also inhibit the signaling pathways such as NF-κB and MAPK in animal experiments. The phosphorylation of protein kinase B (Akt) was increased in mice after the induction of DSS, while dà xuè téng (the dried stem of Sargentodoxa cuneata (Oliv.) Rehder & E.H.Wilson) reversed this alteration (10).

Chuān xīn lián (the dried above-ground part of Andrographis paniculata (Burm.f.) Nees) not only down-regulates the expression of NF-κB p65 and p-IκBα, inhibits the activation of NF-κB, but also down-regulates the phosphorylation of MAPK subfamily-related kinases (extracellular signal-regulated kinase, p38mapk, and c-Jun amino-terminal kinase), thereby inhibiting the activation of MAPK signaling pathway to alleviate DSS-induced UC (206). Besides, the application of qīng dài (203, 204), huáng qín (205), and shí hú (the fresh or dried stem of Dendrobium nobile Lindl.) (209) also showed an inhibitory effect on the NF-κB signaling pathway. Briefly, the inhibition of key signaling pathways can improve or relieve UC, which also offers a theoretical basis for the efficacy of TCM.

The pharmacological effects of medicinals in the human body lie in their interaction with the intestinal microbiota. The abnormal host immune response caused by the dysbiosis of intestinal microbiota is considered to be the critical mechanism for UC (46), so the essential role of intestinal microbiota in the pathogenesis of UC has been attracted more and more attention (214). Of course, we also found that some scholars have focused their researches on intestinal microbiota with TCM in treating UC. DSS-induced rats have a dysbiosis of the intestinal microbiota, including a decrease in the diversity of the microbiota, a reduction in the abundance of Firmicutes, and an increase in the abundance of Bacteroidetes. After the treatment of qing dài, the diversity of the rat's bacteria and the balance between the two microbiotas were restored. It is considered that qing dài modulates its immune response by changing the intestinal microbiota, finally reduce DSS-induced colitis (203).

Many animal experiments conducted on a single medicinal show that TCM can treat experimental colitis by inhibiting the activation of related inflammatory signal pathways and the release of pro-inflammatory cytokines. Besides, some researchers have noticed that it has a therapeutic effect on experimental colitis by improving the intestinal microbiota, indicating that the potential of TCM in the treatment of UC has been proved.

Couplet Medicinal. Couplet medicinal is a combination of two medicinal that enhances curative effect or reduces toxicity according to the principle of TCM treatment. It is also the basic unit of Chinese medicinal formula (215). Researches on couplet medicinals help to dispel the interactions between medicinals and explain the mechanism behind them. The corresponding couplet medicinals are shown in Table 6.


Table 6. Application of couplet medicinals in animal models of UC.
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Huáng qín and huáng lián is a combination commonly used in the treatment of intestinal diseases. Baicalin and berberine are two main chemical constituents extracted from these medicinals. And the baicalin-berberine complex was found in Huáng qín-huáng lián decoction (218). After administration of baicalin-berberine hybrid compound to DSS-induced mice, the myeloperoxidase (MPO) activity in colon tissue and the expression of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) were inhibited, and the development of inflammation was prevented. Besides, the therapeutic effect of baicalin-berberine complex was significantly better than that of baicalin and berberine (215).

Another couplet medicinal, dăng shēn (the dried root of Codonopsis pilosula (Franch.) Nannf.) and huáng qí (the dired root of Astragalus mongholicus Bunge), is also commonly used in the Chinese medicinal formula for treating UC. The polysaccharides in this combination improved the symptoms of experimental colitis mice and alleviated the intestinal mucosa injury. At the same time, the diversity of intestinal microbiota recovered with the increase of Bacteroidetes abundance as well as the decrease of Firmicutes and Proteobacteria (216). Moreover, the therapeutic effects of the polysaccharides of dăng shēn and huáng qí on UC are better than that of a single polysaccharide.

In addition to enhancing the efficacy of medicinals, the couplet medicinals can also reduce the toxicity of TCM. fù zi (the processed lateral root of Aconitum carmichaelii Debeaux) and gān jiāng (the dried rhizome of Zingiber officinale Roscoe) are commonly used to treat diarrhea (219). However, hypaconitine, mesaconitine, and aconitine are the main toxic chemical composition in fù zi (220). After the co-use of fù zi and gān jiāng, the dissolution of hypaconitine and mesaconitine significantly reduced, indicating that the compatibility is beneficial to reduce the toxicity of fù zi. Meanwhile, the combination can reduce the release of pro-inflammatory cytokines by inhibiting the MAPK, NF-κB, and signal transducer and activator of transcription 3 (STAT3) signaling pathways in the DSS-induced colitis (217).

The use of couplet medicinals can often improve the efficacy of TCM for experimental colitis. Besides, the reasonable compatibility of some toxic medicinals can also reduce its harmful effects, which also provides strong evidence for the treatment of UC by TCM.

Chinese Medicinal Formula. Under the guidance of the TCM theory, the Chinese medicinal formula is to combine different single medicinal or couplet medicinals into a complete formula with corresponding effects (221). The outstanding multi-target synergistic effect of Chinese medicinal formula provides a certain basis for its rationality (222). The selection of specific formulas and study results are shown in Table 7. Each Chinese medicinal formula usually comprises different medicinals, but we found that huáng qín, huáng lián, huáng qí, dăng shēn and qīng dài were widely used in these selected formulas in animal experiments. In the DSS-induced colitis in rats or mice, the general symptoms of the animals were improved compared with the model groups. The DAI score and histopathological score were decreased. Meanwhile, the decreased expression of various pro-inflammatory cytokines also suggests the effect of Chinese medicinal formulas in reducing UC.


Table 7. Application of Chinese medicinal formulas in animal models of UC.
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The diversity of the constituent medicinals of a Chinese medicinal formula determines the difference in its mechanism of action. Bàn Xià Xiè Xīn Tang (Pinellia Heart-Draining Decoction) (221), Shēn Líng Bái Zhú Săn (Ginseng, Poria and Atractylodes Macrocephalae Powder) (224), Jiàn Pí Qīng Cháng Tāng (Spleen-Fortifying and Intestine-Clearing Decoction) (222), Sān Huáng Shú Ài Tāng (Scutellaria, Coptis, Phellodendron bark and Mugwort Decoction) (228) and Huáng Lián Jiĕ Dú Tāng (Coptis Toxin-Resolving Decoction) (229) can inhibit the signal of NF-κB Pathways to reduce colon inflammation. Qīng Cháng Wēn Zhong Tāng (Intestine-Clearing and Center-WarmingDecoction) is related to the inflammation mediated by the interferon gamma-induced protein 10(IP10)/Chemokine (cys-x-cys motif) receptor 3 (CXCR3) axis (208). Moreover, Suqīng Wán is thought to be involved in the up-regulation of anti-inflammatory cytokines and down-regulation of pro-inflammatory and oxidative factors (230).

The effect of Chinese medicinal formula on intestinal microbiota has also been confirmed. The microbial dysbiosis in UC patients includes the decreased diversity and microbiota composition disorder (231). Dà Huáng Mŭ Dān Tāng (Rhubarb and peony bark Decoction) (223), Píng Wèi Săn (Stomach-Calming Powder) (225), Qing Cháng Huà Shī Tāng (Intestine-Clearing and Dampness-Removing Decoction) (226), Sān Huáng Shú Ài Tāng (228) and Bā wèi Xī lèi Sǎn (232) all could restore the diversity of the intestinal microbiota in DSS-treated mice. Meanwhile, it was found that the intestinal bacteria in DSS-treated mice also showed a recovery after administration: the abundance of Firmicutes increased, the amount of Bacteroides and Proteobacteria decreased, and the amount of lactobacillus increased.

Intestinal bacteria are responsible for the biotransformation of bile acids and the production of SCFAs in the intestinal lumen. The dysbiosis of intestinal bacteria will be secondary to the imbalance of the microbiota metabolites and products in the development of UC (5). Interestingly, Qīng Cháng Huà Shi Tāng restores the balance between BAs metabolism and SCFAs production (226).

Single medicinal, couplet medicinal and Chinese medicinal formula all can play an obvious therapeutic effect on UC through animal experiments, which proves the effectiveness of TCM. The inhibition of inflammatory signaling pathways, the reduction of pro-inflammatory cytokines expression, and the restoration of intestinal microbiota disorders also indicate the critical mechanism of TCM in treating UC.



The Clinical Application of TCM in Treating UC

The most common clinical manifestations of UC are mucus, bloody stool, and diarrhea (1), which correspond to diseases such as “dysentery,” “chronic dysentery,” and “intestinal diarrhea” in TCM (233). According to the consensus opinion of the TCM diagnosis and treatment of UC issued by the Spleen and Stomach Diseases Branch of the China Association of Chinese Medicine in 2017, it is believed that TCM should diagnose and treat UC with “chronic dysentery” because that UC also has the characteristics of recurring attacks and difficult to be cured.

According to the principle of pattern differentiation and treatment and the latest consensus opinion, UC can be divided into seven syndromes characterized by large intestinal damp-heat, spleen deficiency and damp accumulation, intense heat toxin, cold and heat in complexity, liver constraint and spleen deficiency, spleen-kidney yang deficiency, and yin-blood depletion. In clinical practice, intestinal damp-heat spleen deficiency and damp accumulation are the two most common syndromes in UC patients (234). Patients with intestinal damp-heat syndrome can use the prescription Sháo Yào Tāng (Peony Decoction), while patients with spleen deficiency and damp accumulation syndrome can use Shēn Líng Bái Zhú Săn for treatment. Interestingly, syndrome differentiation determines that the use of TCM is individualized. Doctors always prescribe the appropriate formulas or medicinals according to the symptoms and signs of patients. When conducting animal experiments to evaluate the therapeutic effects of TCM, researchers often choose medicinals and formulas with afficacy of clearing heat, strengthening the spleen, and drying dampness. Moreover, the main chemical constituents of these medicinals have been proven to have antibacterial and anti-inflammatory effects similar to antibiotics. Through the analysis of medication rules of UC in TCM from 2000 to 2020, it was found that medicinals such as huáng lián, ku shēn (the dried root of Sophora flavescens Aiton), huáng qín, mù xiāng (the dried root of Aucklandia costus Falc.), and bái zhú (the dried rhizome of Atractylodes macrocephala Koidz.) are used frequently (235).

The heat-clearing medicinals are the most widely used for classification based on efficacy. Similar results were obtained by analyzing the formulas related to the treatment of UC in the Chinese patent database. Among these formulas, huáng lián is the most frequently used medicinal (236). Notably, the formula Sháo Yào Tāng and Shēn Líng Bái Zhú Săn mentioned in the consensus opinion also contain medicinals such as huáng lián, huáng qín, and bái zhú. Thus, it can be found that medicinals with heat-clearing effects are critical among the specific medications currently used in TCM to treat UC.

TCM has been widely used in the clinical treatment of UC in China. In the retrospective study on 247 UC patients, TCM was chosen in mild to moderate UC patients and used as an adjuvant treatment for severe UC. It was finally found that TCM treatment is indeed effective (237). At the same time, the application of TCM showed the same therapeutic effect as that of mesalazine with fewer adverse reactions (238, 239). Another medicinal, qing dài, was found to alleviate moderate active UC significantly (240). The results of a randomized controlled trial on the treatment of UC by Jiàn Pí Qing Cháng Tāng showed that it could improve the clinical symptoms of patients with mild to moderate UC and improve the quality of life (241). Undoubtedly, these studies provide more evidence for the effectiveness of TCM in treating UC. However, sufficient evidence-based medical evidence is needed to support its effectiveness and safety for long-term use. Moreover, given the typically low quality of existing TCM-related randomized controlled trials, there remains an urgent need for more rigorous randomized controlled trials to offer high-quality evidence for the appropriate application of various TCM.



Potential and Deficiency of TCM

In a series of animal experiments, alleviation of animal symptoms, reducing inflammation, and decreasing expression of pro-inflammatory cytokines all suggest the therapeutic potential of TCM on experimental colitis. Most researchers focus on the critical inflammatory signal pathways affected by TCM, including NF-κB and MAPK pathways, and study the mechanism of action. Interestingly, some medicinals have also shown significant regulatory effects on the intestinal microbiota, including increasing the diversity and changing the composition of the microbiota. Therefore, TCM can restore the intestinal microbial homeostasis, reduce the damage of pathogenic bacteria and opportunistic pathogens to the epithelial barrier, inhibit the abnormal activation of key inflammatory signaling pathways, and ultimately reduce the abnormal immune response of the host, which may be the key mechanism of TCM in treating UC.

Moreover, medicinals with heat-clearing effects prioritized treating UC in the animal experiment stage and specific clinical practice. Heat-clearing medicinals have cold or cool properties in nature according to the theory of TCM. Pharmacological studies have shown that they have antibacterial and anti-inflammatory effects. Notably, excessive and long-term use of heat-clearing herbs can damage the “yang” of the stomach and spleen, resulting in abdominal pain, and diarrhea and other gastrointestinal symptoms. To a certain extent, it is still unclear whether the irrational use of heat-clearing drugs in UC patients will further destroy the intestinal microbial homeostasis and eventually lead to the aggravation of UC. Consequently, more preclinical studies and evidence-based clinical studies are needed to support whether heat-clearing medicinals as critical drugs for treating UC and establishing reasonable use specifications to obtain better clinical benefits.






CONCLUSION

According to current evidence, the occurrence of UC is associated with multiple risk factors such as heredity, immunity and microorganisms. It is worth noting that more and more studies have pointed out that the intestinal microbiota may play a key role in the development of UC. What's more, the microbial disorders are also related to abnormal immune system. Therefore, further study of intestinal microbiota may be a prospective direction to elucidate the pathogenesis of UC. Similarly, it is found that treatments aimed at correcting the imbalance and restoring the homeostasis of intestinal microbiota may be an essential strategy for the treatment of UC. In many animal studies and clinical practices, FMT, probiotics, prebiotics and synbiotics treatment have shown great therapeutic potential for UC. At the same time, more researches are needed to support their efficacy and safety, and to explore more standardized approaches in their application. Likewise, TCM has obvious advantages in the treatment of UC, and it has systematic and comprehensive advantages in regulating intestinal microbiota and human body, and has potential and practical value in the treatment of UC. In addition, animal models are basic tools for studying the pathogenesis of diseases and exploring therapeutic strategies. In the most commonly used models, the DSS-induced UC model is closer to the occurrence and development of UC, but the role of microbiota in it seems unclear or even controversial. In conclusion, it is necessary to study the roles of microbiota in the pathogenesis of UC and the improvement of UC by microbial therapy.



AUTHOR CONTRIBUTIONS

YH, ZY, and MW proposed the idea. YH and ZY searched the literature. YH, ZY, MW, YS, KQ, and YX reviewed and summarized the literature. ZH, MY, FL, and QY modify the manuscript. LL was contributed to the figures and tables. All authors read and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (no. 81973742), the Science and Technology Department of Sichuan Province (nos. 2020YJ0383 and 20YYJC0910), and the Sichuan Youth Science and Technology Innovation Research Team Project (no. 2020JDTD0022).



ACKNOWLEDGMENTS

Figures 1, 2 were modified from Servier Medical Art (http://smart.servier.com/), licensed under a Creative Common Attribution 3.0 Genetic License. (http://creativecommons.org/licenses/by/3.0/).



ABBREVIATIONS

UC, Ulcerative Colitis; IBD, Inflammatory bowel disease; 5-ASA, 5-aminosalicylic acid; TCM, Traditional Chinese medicine; CAMs, Complementary and alternative medicines; CD, Crohn's disease; IL, Interleukin; TLR, Toll-like receptor; NF-κB, Nuclear factor κB; TNF-α, Tumor necrosis factor-α; Th, T helper type; CpG-DNA, Non-methylated bacterial DNA; MyD88, Myeloid differentiation factor 88; IRAK, IL-1 receptor-related kinase; SCFAs, Short-chain fatty acids; DSS, Dextran sulfate sodium; SYK, Spleen tyrosine kinase; CARD9, Caspase recruitment domain family member 9; TNBS, 2, 4, 6-trinitrobenzene sulfonic acid; OXA, Oxazolone; SASP, Sulfasalazine; FMT, Fecal microbiota transplantation; RCTs, Randomized controlled trials; DAI, Disease activity index; IFN-γ, Interferon-gamma; MAPK, Mitogen-activated protein kinase; Akt, Protein kinase B; MPO, Myeloperoxidase; IP10, gamma-induced protein 10; CXCR3, Chemokine (cys-x-cys motif) receptor 3; STAT3, Signal transducer and activator of transcription 3.



REFERENCES

 1. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel JF. Ulcerative colitis. Lancet. (2017) 389:1756–70. doi: 10.1016/S0140-6736(16)32126-2

 2. Dignass A, Eliakim R, Magro F, Maaser C, Chowers Y, Geboes K, et al. Second European evidence-based consensus on the diagnosis and management of ulcerative colitis part 1: definitions and diagnosis. J Crohns Colitis. (2012) 6:965–90. doi: 10.1016/j.crohns.2012.09.003

 3. Guo XY, Liu XJ, Hao JY. Gut microbiota in ulcerative colitis: insights on pathogenesis and treatment. J Dig Dis. (2020) 21:147–59. doi: 10.1111/1751-2980.12849

 4. Underhill DM, Iliev ID. The Mycobiota: Interactions Between Commensal Fungi and the Host Immune System. Nat Rev Immunol. (2014) 14:405–16. doi: 10.1038/nri3684

 5. Imhann F, Vich VA, Bonder MJ, Fu J, Gevers D, Visschedijk MC, et al. Interplay of host genetics and gut microbiota underlying the onset and clinical presentation of inflammatory bowel disease. Gut. (2018) 67:108–19. doi: 10.1136/gutjnl-2016-312135

 6. Gersemann M, Wehkamp J, Stange EF. Innate immune dysfunction in inflammatory bowel disease. J Intern Med. (2012) 271:421–8. doi: 10.1111/j.1365-2796.2012.02515.x

 7. Kobayashi T, Matsuoka K, Yokoyama Y, Nakamura T, Ino T, Numata T, et al. A multicenter, retrospective, observational study of the clinical outcomes and risk factors for relapse of ulcerative colitis at 1 year after leukocytapheresis. J Gastroenterol. (2018) 53:387–96. doi: 10.1007/s00535-017-1356-8

 8. Samuel S, Ingle SB, Dhillon S, Yadav S, Harmsen WS, Zinsmeister AR, et al. Cumulative incidence and risk factors for hospitalization and surgery in a population-based cohort of ulcerative colitis. Inflamm Bowel Dis. (2013) 19:1858–66. doi: 10.1097/MIB.0b013e31828c84c5

 9. Luo CX, Wen ZH, Zhen Y, Wang ZJ, Mu JX, Zhu M, et al. Chinese research into severe ulcerative colitis has increased in quantity and complexity. World J Clin Cases. (2018) 6:35–43. doi: 10.12998/wjcc.v6.i3.35

 10. Zhang Z, Yang L, Wang B, Zhang L, Zhang Q, Li D, et al. Protective role of liriodendrin in mice with dextran sulphate sodium-induced ulcerative colitis. Int Immunopharmacol. (2017) 52:203–10. doi: 10.1016/j.intimp.2017.09.012

 11. Chang CJ, Lin CS, Lu CC, Martel J, Ko YF, Ojcius DM, et al. Ganoderma lucidum reduces obesity in mice by modulating the composition of the gut microbiota. Nat Commun. (2015) 6:7489. doi: 10.1038/ncomms8489

 12. Feng W, Ao H, Peng C, Yan D. Gut microbiota, a new frontier to understand traditional Chinese medicines. Pharmacol Res. (2019) 142:176–91. doi: 10.1016/j.phrs.2019.02.024

 13. Graham DB, Xavier RJ. Pathway paradigms revealed from the genetics of inflammatory bowel disease. Nature. (2020) 578:527–39. doi: 10.1038/s41586-020-2025-2

 14. Moller FT, Andersen V, Wohlfahrt J, Jess T. Familial risk of inflammatory bowel disease: a population-based cohort study 1977-2011. Am J Gastroenterol. (2015) 110:564–71. doi: 10.1038/ajg.2015.50

 15. Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, et al. A genome-wide association study identifies IL23R as an inflammatory bowel disease gene. Science. (2006) 314:1461–3. doi: 10.1126/science.1135245

 16. de Lange KM, Moutsianas L, Lee JC, Lamb CA, Luo Y, Kennedy NA, et al. Genome-wide association study implicates immune activation of multiple integrin genes in inflammatory bowel disease. Nat Genet. (2017) 49:256–61. doi: 10.1038/ng.3760

 17. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-microbe interactions have shaped the genetic architecture of inflammatory bowel disease. Nature. (2012) 491:119–24. doi: 10.1038/nature11582

 18. Crowley E, Muise A. Inflammatory bowel disease: what very early onset disease teaches us. Gastroenterol Clin North Am. (2018) 47:755–72. doi: 10.1016/j.gtc.2018.07.004

 19. Limon JJ, Tang J, Li D, Wolf AJ, Michelsen KS, Funari V, et al. Malassezia is associated with crohn's disease and exacerbates colitis in mouse models. Cell Host Microbe. (2019) 25:377–88. doi: 10.1016/j.chom.2019.01.007

 20. Luo Y, de Lange KM, Jostins L, Moutsianas L, Randall J, Kennedy NA, et al. Exploring the genetic architecture of inflammatory bowel disease by whole-genome sequencing identifies association at ADCY7. Nat Genet. (2017) 49:186–92. doi: 10.1038/ng.3761

 21. Dahle MK, Myhre AE, Aasen AO, Wang JE. Effects of Forskolin on Kupffer cell production of interleukin-10 and tumor necrosis factor alpha differ from those of endogenous adenylyl cyclase activators: possible role for adenylyl cyclase 9. Infect Immun. (2005) 73:7290–6. doi: 10.1128/IAI.73.11.7290-7296.2005

 22. de Souza HS, Fiocchi C. Immunopathogenesis of IBD: current state of the art. Nat Rev Gastroenterol Hepatol. (2016) 13:13–27. doi: 10.1038/nrgastro.2015.186

 23. Chang JT. Pathophysiology of inflammatory bowel diseases. N Engl J Med. (2020) 383:2652–64. doi: 10.1056/NEJMra2002697

 24. Brazil JC, Louis NA, Parkos CA. The role of polymorphonuclear leukocyte trafficking in the perpetuation of inflammation during inflammatory bowel disease. Inflamm Bowel Dis. (2013) 19:1556–65. doi: 10.1097/MIB.0b013e318281f54e

 25. Cario E, Podolsky DK. Differential alteration in intestinal epithelial cell expression of toll-like receptor 3. (TLR3) and TLR4 in inflammatory bowel disease. Infect Immun. (2000) 68:7010–7. doi: 10.1128/IAI.68.12.7010-7017.2000

 26. Hart AL, Al-Hassi HO, Rigby RJ, Bell SJ, Emmanuel AV, Knight SC, et al. Characteristics of intestinal dendritic cells in inflammatory bowel diseases. Gastroenterology. (2005) 129:50–65. doi: 10.1053/j.gastro.2005.05.013

 27. Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage polarization: different gene signatures in M1(LPS+) vs. Classically and M2(LPS-) Vs. alternatively activated macrophages. Front Immunol. (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

 28. Gordon S, Martinez FO. Alternative activation of macrophages: mechanism and functions. Immunity. (2010) 32:593–604. doi: 10.1016/j.immuni.2010.05.007

 29. Kim DH, Cheon JH. Pathogenesis of inflammatory bowel disease and recent advances in biologic therapies. Immune Netw. (2017) 17:25–40. doi: 10.4110/in.2017.17.1.25

 30. Du L, Ha C. Epidemiology and pathogenesis of ulcerative colitis. Gastroenterol Clin North Am. (2020) 49:643–54. doi: 10.1016/j.gtc.2020.07.005

 31. Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, et al. Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in inflammatory bowel disease. Crohn's disease LP cells manifest increased secretion of IFN-Gamma, whereas ulcerative colitis LP cells manifest increased secretion of IL-5. J Immunol. (1996) 157:1261–70. doi: 10.1097/00024382-199703001-00528

 32. Inoue S, Matsumoto T, Iida M, Mizuno M, Kuroki F, Hoshika K, et al. Characterization of cytokine expression in the rectal mucosa of ulcerative colitis: correlation with disease activity. Am J Gastroenterol. (1999) 94:2441–6. doi: 10.1111/j.1572-0241.1999.01372.x

 33. Gerlach K, Hwang Y, Nikolaev A, Atreya R, Dornhoff H, Steiner S, et al. TH9 cells that express the transcription factor PU.1 drive T cell-mediated colitis via IL-9 receptor signaling in intestinal epithelial cells. Nat Immunol. (2014) 15:676–86. doi: 10.1038/ni.2920

 34. Galvez J. Role of Th17 cells in the pathogenesis of human IBD. ISRN Inflamm. (2014) 2014:928461. doi: 10.1155/2014/928461

 35. Pene J, Chevalier S, Preisser L, Venereau E, Guilleux MH, Ghannam S, et al. Chronically inflamed human tissues are infiltrated by highly differentiated Th17 lymphocytes. J Immunol. (2008) 180:7423–30. doi: 10.4049/jimmunol.180.11.7423

 36. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity of the human intestinal microbial flora. Science. (2005) 308:1635–8. doi: 10.1126/science.1110591

 37. Sommer F, Backhed F. The gut microbiota–masters of host development and physiology. Nat Rev Microbiol. (2013) 11:227–38. doi: 10.1038/nrmicro2974

 38. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene catalogue established by metagenomic sequencing. Nature. (2010) 464:59–65. doi: 10.1038/nature08821

 39. Ekmekciu I, von Klitzing E, Neumann C, Bacher P, Scheffold A, Bereswill S, et al. Fecal microbiota transplantation, commensal Escherichia coli and lactobacillus johnsonii strains differentially restore intestinal and systemic adaptive immune cell populations following broad-spectrum antibiotic treatment. Front Microbiol. (2017) 8:2430. doi: 10.3389/fmicb.2017.02430

 40. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al. Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes. (2008) 57:1470–81. doi: 10.2337/db07-1403

 41. Claesson MJ, Cusack S, O'Sullivan O, Greene-Diniz R, de Weerd H, Flannery E, et al. Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proc Natl Acad Sci U S A. (2011) 108 Suppl 1:4586–91. doi: 10.1073/pnas.1000097107

 42. Lepage P, Hasler R, Spehlmann ME, Rehman A, Zvirbliene A, Begun A, et al. Twin study indicates loss of interaction between microbiota and mucosa of patients with ulcerative colitis. Gastroenterology. (2011) 141:227–36. doi: 10.1053/j.gastro.2011.04.011

 43. Jess T, Simonsen J, Nielsen NM, Jorgensen KT, Bager P, Ethelberg S, et al. Enteric salmonella or campylobacter infections and the risk of inflammatory bowel disease. Gut. (2011) 60:318–24. doi: 10.1136/gut.2010.223396

 44. Tuci A, Tonon F, Castellani L, Sartini A, Roda G, Marocchi M, et al. Fecal detection of mycobacterium avium paratuberculosis using the IS900 DNA sequence in crohn's disease and ulcerative colitis patients and healthy subjects. Dig Dis Sci. (2011) 56:2957–62. doi: 10.1007/s10620-011-1699-6

 45. Becker C, Neurath MF, Wirtz S. The intestinal microbiota in inflammatory bowel disease. Ilar J. (2015) 56:192–204. doi: 10.1093/ilar/ilv030

 46. Hegazy AN, West NR, Stubbington M, Wendt E, Suijker K, Datsi A, et al. Circulating and tissue-resident CD4(+) T cells with reactivity to intestinal microbiota are abundant in healthy individuals and function is altered during inflammation. Gastroenterology. (2017) 153:1320–37. doi: 10.1053/j.gastro.2017.07.047

 47. Fu J, Wei B, Wen T, Johansson MEV, Liu X, Bradford E, et al. Loss of intestinal core 1–derived O-glycans causes spontaneous colitis in mice. J Clin Invest. (2011) 121:1657–66. doi: 10.1172/JCI45538

 48. Llopis M, Antolin M, Carol M, Borruel N, Casellas F, Martinez C, et al. Lactobacillus casei downregulates commensals' inflammatory signals in Crohn's disease mucosa. Inflamm Bowel Dis. (2009) 15:275–83. doi: 10.1002/ibd.20736

 49. Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The Inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc Natl Acad Sci U S A. (2008) 105:15064–9. doi: 10.1073/pnas.0803124105

 50. Gersemann M, Becker S, Kubler I, Koslowski M, Wang G, Herrlinger KR, et al. Differences in goblet cell differentiation between Crohn's disease and ulcerative colitis. Differentiation. (2009) 77:84–94. doi: 10.1016/j.diff.2008.09.008

 51. Nakanishi Y, Sato T, Ohteki T. Commensal gram-positive bacteria initiates colitis by inducing monocyte/macrophage mobilization. Mucosal Immunol. (2015) 8:152–60. doi: 10.1038/mi.2014.53

 52. Yue B, Ren J, Yu Z, Luo X, Ren Y, Zhang J, et al. Pinocembrin alleviates ulcerative colitis in mice via regulating gut microbiota, suppressing TLR4/MD2/NF-KappaB pathway and promoting intestinal barrier. Biosci Rep. (2020) 40. doi: 10.1042/BSR20200986

 53. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A toll-like receptor recognizes bacterial DNA. Nature. (2000) 408:740–5. doi: 10.1038/35047123

 54. Lu Y, Li X, Liu S, Zhang Y, Zhang D. Toll-like receptors and inflammatory bowel disease. Front Immunol. (2018) 9:72. doi: 10.3389/fimmu.2018.00072

 55. Sui Y, Wu J, Chen J. The role of gut microbial beta-glucuronidase in estrogen reactivation and breast cancer. Front Cell Dev Biol. (2021) 9:631552. doi: 10.3389/fcell.2021.631552

 56. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. From dietary fiber to host physiology: short-chain fatty acids as key bacterial metabolites. Cell. (2016) 165:1332–45. doi: 10.1016/j.cell.2016.05.041

 57. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M, et al. The microbial metabolites, short-chain fatty acids, regulate colonic treg cell homeostasis. Science. (2013) 341:569–73. doi: 10.1126/science.1241165

 58. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature. (2014) 505:559–63. doi: 10.1038/nature12820

 59. Hoffmann C, Dollive S, Grunberg S, Chen J, Li H, Wu GD, et al. Archaea and fungi of the human gut microbiome: correlations with diet and bacterial residents. Plos ONE. (2013) 8:E66019. doi: 10.1371/journal.pone.0066019

 60. Ott SJ, Kuhbacher T, Musfeldt M, Rosenstiel P, Hellmig S, Rehman A, et al. Fungi and inflammatory bowel diseases: alterations of composition and diversity. Scand J Gastroenterol. (2008) 43:831–41. doi: 10.1080/00365520801935434

 61. Qiu X, Ma J, Jiao C, Mao X, Zhao X, Lu M, et al. Alterations in the mucosa-associated fungal microbiota in patients with ulcerative colitis. Oncotarget. (2017) 8:107577–88. doi: 10.18632/oncotarget.22534

 62. Sokol H, Leducq V, Aschard H, Pham HP, Jegou S, Landman C, et al. Fungal microbiota dysbiosis in IBD. Gut. (2017) 66:1039–48. doi: 10.1136/gutjnl-2015-310746

 63. Iliev ID, Funari VA, Taylor KD, Nguyen Q, Reyes CN, Strom SP, et al. Interactions between commensal fungi and the C-type lectin receptor dectin-1 influence colitis. Science. (2012) 336:1314–7. doi: 10.1126/science.1221789

 64. Romani L. Immunity to fungal infections. Nat Rev Immunol. (2011) 11:275–88. doi: 10.1038/nri2939

 65. Wheeler ML, Limon JJ, Bar AS, Leal CA, Gargus M, Tang J, et al. Immunological consequences of intestinal fungal dysbiosis. Cell Host Microbe. (2016) 19:865–73. doi: 10.1016/j.chom.2016.05.003

 66. Sun Z, Pei W, Guo Y, Wang Z, Shi R, Chen X, et al. Gut microbiota-mediated NLRP12 expression drives the attenuation of dextran sulphate sodium-induced ulcerative colitis by Qingchang Wenzhong decoction. Evid Based Complement Alternat Med. (2019) 2019:9839474. doi: 10.1155/2019/9839474

 67. Dollive S, Chen YY, Grunberg S, Bittinger K, Hoffmann C, Vandivier L, et al. Fungi of the murine gut: episodic variation and proliferation during antibiotic treatment. Plos ONE. (2013) 8:E71806. doi: 10.1371/journal.pone.0071806

 68. Qiu X, Zhang F, Yang X, Wu N, Jiang W, Li X, et al. Changes in the composition of intestinal fungi and their role in mice with dextran sulfate sodium-induced colitis. Sci Rep. (2015) 5:10416. doi: 10.1038/srep10416

 69. Seelbinder B, Chen J, Brunke S, Vazquez-Uribe R, Santhaman R, Meyer AC, et al. Antibiotics create a shift from mutualism to competition in human gut communities with a longer-lasting impact on fungi than bacteria. Microbiome. (2020) 8:133. doi: 10.1186/s40168-020-00899-6

 70. Allison DL, Willems H, Jayatilake J, Bruno VM, Peters BM, Shirtliff ME. Candida-bacteria interactions: their impact on human disease. Microbiol Spectr. (2016) 4. doi: 10.1128/microbiolspec.VMBF-0030-2016

 71. Sovran B, Planchais J, Jegou S, Straube M, Lamas B, Natividad JM, et al. Enterobacteriaceae are essential for the modulation of colitis severity by fungi. Microbiome. (2018) 6:152. doi: 10.1186/s40168-018-0538-9

 72. Fox EP, Cowley ES, Nobile CJ, Hartooni N, Newman DK, Johnson AD. Anaerobic bacteria grow within Candida albicans biofilms and induce biofilm formation in suspension cultures. Curr Biol. (2014) 24:2411–6. doi: 10.1016/j.cub.2014.08.057

 73. Sam QH, Chang MW, Chai LY. The fungal mycobiome and its interaction with gut bacteria in the host. Int J Mol Sci. (2017) 18. doi: 10.3390/ijms18020330

 74. van der Post S, Jabbar KS, Birchenough G, Arike L, Akhtar N, Sjovall H, et al. Structural weakening of the colonic mucus barrier is an early event in ulcerative colitis pathogenesis. Gut. (2019) 68:2142–51. doi: 10.1136/gutjnl-2018-317571

 75. Mizuno S, Ono K, Mikami Y, Naganuma M, Fukuda T, Minami K, et al. 5-aminosalicylic acid intolerance is associated with a risk of adverse clinical outcomes and dysbiosis in patients with ulcerative colitis. Intest Res. (2020) 18:69–78. doi: 10.5217/ir.2019.00084

 76. Liu A, Lv H, Wang H, Yang H, Li Y, Qian J. Aging increases the severity of colitis and the related changes to the gut barrier and gut microbiota in humans and mice. J Gerontol A Biol Sci Med Sci. (2020) 75:1284–92. doi: 10.1093/gerona/glz263

 77. Xu N, Bai X, Cao X, Yue W, Jiang W, Yu Z. Changes in intestinal microbiota and correlation with TLRs in ulcerative colitis in the coastal area of Northern China. Microb Pathog. (2021) 150:104707. doi: 10.1016/j.micpath.2020.104707

 78. Ahlawat S, Kumar P, Mohan H, Goyal S, Sharma KK. Inflammatory bowel disease: tri-directional relationship between microbiota, immune system and intestinal epithelium. Crit Rev Microbiol. (2021) 47:254–73. doi: 10.1080/1040841X.2021.1876631

 79. Zakerska-Banaszak O, Tomczak H, Gabryel M, Baturo A, Wolko L, Michalak M, et al. Dysbiosis of gut microbiota in polish patients with ulcerative colitis: a pilot study. Sci Rep. (2021) 11:2166. doi: 10.1038/s41598-021-81628-3

 80. Jun X, Ning C, Yang S, Zhe W, Na W, Yifan Z, et al. Alteration of fungal microbiota after 5-ASA treatment in UC patients. Inflamm Bowel Dis. (2020) 26:380–90. doi: 10.1093/ibd/izz207

 81. Seidelin JB, Bahl MI, Licht TR, Mead BE, Karp JM, Johansen JV, et al. Acute experimental barrier injury triggers ulcerative colitis-specific innate hyperresponsiveness and ulcerative colitis-type microbiome changes in humans. Cell Mol Gastroenterol Hepatol. (2021) 12:1281–96. doi: 10.1016/j.jcmgh.2021.06.002

 82. Beheshti-Maal A, Shahrokh S, Ansari S, Mirsamadi ES, Yadegar A, Mirjalali H, et al. Gut mycobiome: the probable determinative role of fungi in IBD patients. Mycoses. (2021) 64:468–76. doi: 10.1111/myc.13238

 83. Maldonado-Arriaga B, Sandoval-Jimenez S, Rodriguez-Silverio J, Lizeth AS, Cortes-Espinosa T, Perez-Cabeza DVR, et al. Gut dysbiosis and clinical phases of pancolitis in patients with ulcerative colitis. Microbiologyopen. (2021) 10:E1181. doi: 10.1002/mbo3.1181

 84. Lavelle A, Sokol H. Gut microbiota-derived metabolites as key actors in inflammatory bowel disease. Nat Rev Gastroenterol Hepatol. (2020) 17:223–37. doi: 10.1038/s41575-019-0258-z

 85. Yoo JY, Groer M, Dutra S, Sarkar A, McSkimming DI. Gut microbiota and immune system interactions. Microorganisms. (2020) 8. doi: 10.3390/microorganisms8101587

 86. Martin R, Chain F, Miquel S, Motta JP, Vergnolle N, Sokol H, et al. Using murine colitis models to analyze probiotics-host interactions. Fems Microbiol Rev. (2017) 41:S49–70. doi: 10.1093/femsre/fux035

 87. Jialing L, Yangyang G, Jing Z, Xiaoyi T, Ping W, Liwei S, et al. Changes in serum inflammatory cytokine levels and intestinal flora in a self-healing dextran sodium sulfate-induced ulcerative colitis murine model. Life Sci. (2020) 263:118587. doi: 10.1016/j.lfs.2020.118587

 88. Randhawa PK, Singh K, Singh N, Jaggi AS. A review on chemical-induced inflammatory bowel disease models in rodents. Korean J Physiol Pharmacol. (2014) 18:279–88. doi: 10.4196/kjpp.2014.18.4.279

 89. Giner E, Recio MC, Rios JL, Giner RM. Oleuropein protects against dextran sodium sulfate-induced chronic colitis in mice. J Nat Prod. (2013) 76:1113–20. doi: 10.1021/np400175b

 90. Low D, Nguyen DD, Mizoguchi E. Animal models of ulcerative colitis and their application in drug research. Drug Des Devel Ther. (2013) 7:1341–57. doi: 10.2147/DDDT.S40107

 91. Kim JJ, Shajib MS, Manocha MM, Khan WI. Investigating intestinal inflammation in DSS-induced model of IBD. J Vis Exp. (2012). doi: 10.3791/3678

 92. Dharmani P, Leung P, Chadee K. Tumor necrosis factor-alpha and Muc2 mucin play major roles in disease onset and progression in dextran sodium sulphate-induced colitis. Plos ONE. (2011) 6:E25058. doi: 10.1371/journal.pone.0025058

 93. Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran Sulfate Sodium (DSS)-induced colitis in mice. Curr Protoc Immunol. (2014) 104:15–25. doi: 10.1002/0471142735.im1525s104

 94. Bilsborough J, Fiorino MF, Henkle BW. Select animal models of colitis and their value in predicting clinical efficacy of biological therapies in ulcerative colitis. Expert Opin Drug Discov. (2020) 1–11. doi: 10.1080/17460441.2021.1851185

 95. Nagalingam NA, Kao JY, Young VB. Microbial ecology of the murine gut associated with the development of dextran sodium sulfate-induced colitis. Inflamm Bowel Dis. (2011) 17:917–26. doi: 10.1002/ibd.21462

 96. Silva I, Pinto R, Mateus V. Preclinical study in vivo for new pharmacological approaches in inflammatory bowel disease: a systematic review of chronic model of TNBS-induced colitis. J Clin Med. (2019) 81. doi: 10.3390/jcm8101574

 97. Seoane-Viano I, Gomez-Lado N, Lazare-Iglesias H, Barreiro-De AM, Silva-Rodriguez J, Luzardo-Alvarez A, et al. Longitudinal PET/CT evaluation of TNBS-induced inflammatory bowel disease rat model. Int J Pharm. (2018) 549:335–42. doi: 10.1016/j.ijpharm.2018.08.005

 98. El-Salhy M, Hatlebakk JG. Changes in enteroendocrine and immune cells following colitis induction by TNBS in rats. Mol Med Rep. (2016) 14:4967–74. doi: 10.3892/mmr.2016.5902

 99. Alex P, Zachos NC, Nguyen T, Gonzales L, Chen TE, Conklin LS, et al. Distinct cytokine patterns identified from multiplex profiles of murine DSS and TNBS-induced colitis. Inflamm Bowel Dis. (2009) 15:341–52. doi: 10.1002/ibd.20753

 100. He Q, Li X, Liu C, Su L, Xia Z, Li X, et al. Dysbiosis of the fecal microbiota in the TNBS-induced Crohn's disease mouse model. Appl Microbiol Biotechnol. (2016) 100:4485–94. doi: 10.1007/s00253-015-7205-x

 101. Sadar SS, Vyawahare NS, Bodhankar SL. Ferulic acid ameliorates TNBS-induced ulcerative colitis through modulation of cytokines, oxidative stress, INOs, COX-2, and apoptosis in laboratory rats. Excli J. (2016) 15:482–99. doi: 10.17179/excli2016-393

 102. Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W. Oxazolone colitis, a Th2 colitis model resembling ulcerative colitis, is mediated by IL-13-Producing NK-T Cells. Immunity. (2002) 17:629–38. doi: 10.1016/S1074-7613(02)00453-3

 103. Nascimento R, Machado A, Galvez J, Cazarin C, Marostica JM. Ulcerative colitis: gut microbiota, immunopathogenesis and application of natural products in animal models. Life Sci. (2020) 258:118129. doi: 10.1016/j.lfs.2020.118129

 104. Wirtz S, Popp V, Kindermann M, Gerlach K, Weigmann B, Fichtner-Feigl S, et al. Chemically induced mouse models of acute and chronic intestinal inflammation. Nat Protoc. (2017) 12:1295–309. doi: 10.1038/nprot.2017.044

 105. Kojima R, Kuroda S, Ohkishi T, Nakamaru K, Hatakeyama S. Oxazolone-induced colitis in BALB/C mice: a new method to evaluate the efficacy of therapeutic agents for ulcerative colitis. J Pharmacol Sci. (2004) 96:307–13. doi: 10.1254/jphs.FP0040214

 106. Hoving JC, Kirstein F, Nieuwenhuizen NE, Fick LC, Hobeika E, Reth M, et al. B cells that produce immunoglobulin E mediate colitis in BALB/c mice. Gastroenterology. (2012) 142:96–108. doi: 10.1053/j.gastro.2011.09.044

 107. Hakansson A, Tormo-Badia N, Baridi A, Xu J, Molin G, Hagslatt ML, et al. Immunological alteration and changes of gut microbiota after dextran sulfate sodium (DSS) administration in mice. Clin Exp Med. (2015) 15:107–20. doi: 10.1007/s10238-013-0270-5

 108. Figliuolo VR, Dos SL, Abalo A, Nanini H, Santos A, Brittes NM, et al. Sulfate-reducing bacteria stimulate gut immune responses and contribute to inflammation in experimental colitis. Life Sci. (2017) 189:29–38. doi: 10.1016/j.lfs.2017.09.014

 109. Kozik AJ, Nakatsu CH, Chun H, Jones-Hall YL. Comparison of the fecal, cecal, and mucus microbiome in male and female mice after TNBS-induced colitis. Plos ONE. (2019) 14:E225079. doi: 10.1371/journal.pone.0225079

 110. Gancarcikova S, Lauko S, Hrckova G, Andrejcakova Z, Hajduckova V, Madar M, et al. Innovative animal model of DSS-induced ulcerative colitis in pseudo germ-free mice. Cells-Basel. (2020) 9. doi: 10.3390/cells9122571

 111. Hernandez-Chirlaque C, Aranda CJ, Ocon B, Capitan-Canadas F, Ortega-Gonzalez M, Carrero JJ, et al. Germ-free and antibiotic-treated mice are highly susceptible to epithelial injury in DSS colitis. J Crohns Colitis. (2016) 10:1324–35. doi: 10.1093/ecco-jcc/jjw096

 112. Round JL, Palm NW. Causal effects of the microbiota on immune-mediated diseases. Sci Immunol. (2018) 3. doi: 10.1126/sciimmunol.aao1603

 113. Reinshagen M. Immunoglobulin a coating identifies colitogenic bacteria in inflammatory bowel disease. Z Gastroenterol. (2015) 53:53. doi: 10.1055/s-0034-1385651

 114. Kobayashi T, Siegmund B, Le Berre C, Wei SC, Ferrante M, Shen B, et al. Ulcerative colitis. Nat Rev Dis Primers. (2020) 6:74. doi: 10.1038/s41572-020-0205-x

 115. Sandborn WJ, Travis S, Moro L, Jones R, Gautille T, Bagin R, et al. Once-daily budesonide MMX(R) extended-release tablets induce remission in patients with mild to moderate ulcerative colitis: results from the core i study. Gastroenterology. (2012) 143:1218–26. doi: 10.1053/j.gastro.2012.08.003

 116. Harbord M, Eliakim R, Bettenworth D, Karmiris K, Katsanos K, Kopylov U, et al. Third European evidence-based consensus on diagnosis and management of ulcerative colitis. part 2: current management. J Crohns Colitis. (2017) 11:769–84. doi: 10.1093/ecco-jcc/jjx009

 117. Ko CW, Singh S, Feuerstein JD, Falck-Ytter C, Falck-Ytter Y, Cross RK. AGA clinical practice guidelines on the management of mild-to-moderate ulcerative colitis. Gastroenterology. (2019) 156:748–64. doi: 10.1053/j.gastro.2018.12.009

 118. Bressler B, Marshall JK, Bernstein CN, Bitton A, Jones J, Leontiadis GI, et al. Clinical practice guidelines for the medical management of nonhospitalized ulcerative colitis: the Toronto consensus. Gastroenterology. (2015) 148:1035–58. doi: 10.1053/j.gastro.2015.03.001

 119. Peppercorn MA, Goldman P. The role of intestinal bacteria in the metabolism of salicylazosulfapyridine. J Pharmacol Exp Ther. (1972) 181:555–62.

 120. Gisbert JP, Gomollon F, Mate J, Pajares JM. Role of 5-aminosalicylic acid (5-ASA) in treatment of inflammatory bowel disease: a systematic review. Dig Dis Sci. (2002) 47:471–88. doi: 10.1023/a:1017987229718

 121. Berends SE, Strik AS, Lowenberg M, D'Haens GR, Mathot R. Clinical pharmacokinetic and pharmacodynamic considerations in the treatment of ulcerative colitis. Clin Pharmacokinet. (2019) 58:15–37. doi: 10.1007/s40262-018-0676-z

 122. Tavares JA, de Araujo J, Meneguin AB, Chorilli M. Characteristics, properties and analytical/bioanalytical methods of 5-aminosalicylic acid: a review. Crit Rev Anal Chem. (2020) 1–15. doi: 10.1080/10408347.2020.1848516

 123. Kaiser GC, Yan F, Polk DB. Mesalamine blocks tumor necrosis factor growth inhibition and nuclear factor KappaB activation in mouse colonocytes. Gastroenterology. (1999) 116:602–9. doi: 10.1016/S0016-5085(99)70182-4

 124. Murray A, Nguyen TM, Parker CE, Feagan BG, MacDonald JK. Oral 5-aminosalicylic acid for induction of remission in ulcerative colitis. Cochrane Database Syst Rev. (2020) 8:D543. doi: 10.1002/14651858.CD000543.pub5

 125. Sutherland L, Macdonald JK. Oral 5-aminosalicylic acid for maintenance of remission in ulcerative colitis. Cochrane Database Syst Rev. (2006) D544. doi: 10.1002/14651858.CD000544.pub2

 126. Lyakhovich A, Gasche C. Systematic review: molecular chemoprevention of colorectal malignancy by mesalazine. Aliment Pharmacol Ther. (2010) 31:202–9. doi: 10.1111/j.1365-2036.2009.04195.x

 127. Le Berre C, Roda G, Nedeljkovic PM, Danese S, Peyrin-Biroulet L. Modern use of 5-aminosalicylic acid compounds for ulcerative colitis. Expert Opin Biol Ther. (2020) 20:363–78. doi: 10.1080/14712598.2019.1666101

 128. Zheng H, Chen M, Li Y, Wang Y, Wei L, Liao Z, et al. Modulation of gut microbiome composition and function in experimental colitis treated with sulfasalazine. Front Microbiol. (2017) 8:1703. doi: 10.3389/fmicb.2017.01703

 129. Olaisen M, Spigset O, Flatberg A, Granlund A, Brede WR, Albrektsen G, et al. Mucosal 5-aminosalicylic acid concentration, drug formulation and mucosal microbiome in patients with quiescent ulcerative colitis. Aliment Pharmacol Ther. (2019) 49:1301–13. doi: 10.1111/apt.15227

 130. Dubois-Camacho K, Ottum PA, Franco-Munoz D, De la Fuente M, Torres-Riquelme A, Diaz-Jimenez D, et al. Glucocorticosteroid therapy in inflammatory bowel diseases: from clinical practice to molecular biology. World J Gastroenterol. (2017) 23:6628–38. doi: 10.3748/wjg.v23.i36.6628

 131. Barnes PJ. Molecular mechanisms and cellular effects of glucocorticosteroids. Immunol Allergy Clin North Am. (2005) 25:451–68. doi: 10.1016/j.iac.2005.05.003

 132. Ford AC, Bernstein CN, Khan KJ, Abreu MT, Marshall JK, Talley NJ, et al. Glucocorticosteroid therapy in inflammatory bowel disease: systematic review and meta-analysis. Am J Gastroenterol. (2011) 106:590–9. doi: 10.1038/ajg.2011.70

 133. Silverman J, Otley A. Budesonide in the treatment of inflammatory bowel disease. Expert Rev Clin Immunol. (2011) 7:419–28. doi: 10.1586/eci.11.34

 134. Curtis JR, Westfall AO, Allison J, Bijlsma JW, Freeman A, George V, et al. Population-based assessment of adverse events associated with long-term glucocorticoid use. Arthritis Rheum. (2006) 55:420–6. doi: 10.1002/art.21984

 135. Saibeni S, Meucci G, Papi C, Manes G, Fasci-Spurio F. Low bioavailability steroids in inflammatory bowel disease: an old chestnut or a whole new ballgame? Expert Rev Gastroenterol Hepatol. (2014) 8:949–62. doi: 10.1586/17474124.2014.924396

 136. D'Haens G. Systematic review: second-generation vs. conventional corticosteroids for induction of remission in ulcerative colitis. Aliment Pharmacol Ther. (2016) 44:1018–29. doi: 10.1111/apt.13803

 137. Rubin DT, Cohen RD, Sandborn WJ, Lichtenstein GR, Axler J, Riddell RH, et al. Budesonide multimatrix is efficacious for mesalamine-refractory, mild to moderate ulcerative colitis: a randomised, placebo-controlled trial. J Crohns Colitis. (2017) 11:785–91. doi: 10.1093/ecco-jcc/jjx032

 138. Gross V, Bunganic I, Belousova EA, Mikhailova TL, Kupcinskas L, Kiudelis G, et al. 3g Mesalazine granules are superior to 9mg budesonide for achieving remission in active ulcerative colitis: a double-blind, double-dummy, randomised trial. J Crohns Colitis. (2011) 5:129–38. doi: 10.1016/j.crohns.2010.11.006

 139. Travis S. How do you avoid and treat steroid side effects? Inflamm Bowel Dis. (2008) 14 Suppl 2:S214–5. doi: 10.1002/ibd.20649

 140. Bean RH. The treatment of chronic ulcerative colitis with 6-mercaptopurine. Med J Aust. (1962) 49:592–3. doi: 10.5694/j.1326-5377.1962.tb20590.x

 141. Vegh Z, Burisch J, Pedersen N, Kaimakliotis I, Duricova D, Bortlik M, et al. Incidence and initial disease course of inflammatory bowel diseases in 2011 in Europe and Australia: results of the 2011 ECCO-epicom inception cohort. J Crohns Colitis. (2014) 8:1506–15. doi: 10.1016/j.crohns.2014.06.004

 142. Coskun M, Steenholdt C, de Boer NK, Nielsen OH. Pharmacology and optimization of thiopurines and methotrexate in inflammatory bowel disease. Clin Pharmacokinet. (2016) 55:257–74. doi: 10.1007/s40262-015-0316-9

 143. Gisbert JP, Nino P, Cara C, Rodrigo L. Comparative effectiveness of azathioprine in Crohn's disease and ulcerative colitis: prospective, long-term, follow-up study of 394 patients. Aliment Pharmacol Ther. (2008) 28:228–38. doi: 10.1111/j.1365-2036.2008.03732.x

 144. van Gennep S, de Boer NK, D'Haens GR, Lowenberg M. Thiopurine treatment in ulcerative colitis: a critical review of the evidence for current clinical practice. Inflamm Bowel Dis. (2017) 24:67–77. doi: 10.1093/ibd/izx025

 145. Li Q, Ding X, Liu K, Marcella C, Liu X, Zhang T, et al. Fecal microbiota transplantation for ulcerative colitis: the optimum timing and gut microbiota as predictors for long-term clinical outcomes. Clin Transl Gastroenterol. (2020) 11:E224. doi: 10.14309/ctg.0000000000000224

 146. Zhang Q, Yang H, An J, Zhang R, Chen B, Hao DJ. Therapeutic effects of traditional chinese medicine on spinal cord injury: a promising supplementary treatment in future. Evid Based Complement Alternat Med. (2016) 2016:8958721. doi: 10.1155/2016/8958721

 147. Borody TJ, Brandt LJ, Paramsothy S. Therapeutic faecal microbiota transplantation: current status and future developments. Curr Opin Gastroenterol. (2014) 30:97–105. doi: 10.1097/MOG.0000000000000027

 148. Surawicz CM, Brandt LJ, Binion DG, Ananthakrishnan AN, Curry SR, Gilligan PH, et al. Guidelines for diagnosis, treatment, and prevention of clostridium difficile infections. Am J Gastroenterol. (2013) 108:478–98. doi: 10.1038/ajg.2013.4

 149. Quraishi MN, Widlak M, Bhala N, Moore D, Price M, Sharma N, et al. Systematic review with meta-analysis: the efficacy of faecal microbiota transplantation for the treatment of recurrent and refractory clostridium difficile infection. Aliment Pharmacol Ther. (2017) 46:479–93. doi: 10.1111/apt.14201

 150. Crothers JW, Chu ND, Nguyen L, Phillips M, Collins C, Fortner K, et al. Daily, Oral FMT for long-term maintenance therapy in ulcerative colitis: results of a single-center, prospective, randomized pilot study. Bmc Gastroenterol. (2021) 21:281. doi: 10.1186/s12876-021-01856-9

 151. Schierova D, Brezina J, Mrazek J, Fliegerova KO, Kvasnova S, Bajer L, et al. Gut microbiome changes in patients with active left-sided ulcerative colitis after fecal microbiome transplantation and topical 5-aminosalicylic acid therapy. Cells-Basel. (2020) 9. doi: 10.3390/cells9102283

 152. Costello SP, Hughes PA, Waters O, Bryant RV, Vincent AD, Blatchford P, et al. Effect of fecal microbiota transplantation on 8-week remission in patients with ulcerative colitis: a randomized clinical trial. JAMA. (2019) 321:156–64. doi: 10.1001/jama.2018.20046

 153. Sood A, Mahajan R, Singh A, Midha V, Mehta V, Narang V, et al. Role of Faecal microbiota transplantation for maintenance of remission in patients with ulcerative colitis: a pilot study. J Crohns Colitis. (2019) 13:1311–7. doi: 10.1093/ecco-jcc/jjz060

 154. Paramsothy S, Kamm MA, Kaakoush NO, Walsh AJ, van den Bogaerde J, Samuel D, et al. Multidonor intensive faecal microbiota transplantation for active ulcerative colitis: a randomised placebo-controlled trial. Lancet. (2017) 389:1218–28. doi: 10.1016/S0140-6736(17)30182-4

 155. Moayyedi P, Surette MG, Kim PT, Libertucci J, Wolfe M, Onischi C, et al. Fecal microbiota transplantation induces remission in patients with active ulcerative colitis in a randomized controlled trial. Gastroenterology. (2015) 149:102–9. doi: 10.1053/j.gastro.2015.04.001

 156. Rossen NG, Fuentes S, van der Spek MJ, Tijssen JG, Hartman JH, Duflou A, et al. Findings from a randomized controlled trial of fecal transplantation for patients with ulcerative colitis. Gastroenterology. (2015) 149:110–8. doi: 10.1053/j.gastro.2015.03.045

 157. Costello SP, Soo W, Bryant RV, Jairath V, Hart AL, Andrews JM. Systematic review with meta-analysis: Faecal microbiota transplantation for the induction of remission for active ulcerative colitis. Aliment Pharmacol Ther. (2017) 46:213–24. doi: 10.1111/apt.14173

 158. Levy AN, Allegretti JR. Insights into the role of fecal microbiota transplantation for the treatment of inflammatory bowel disease. Therap Adv Gastroenterol. (2019) 12:321941539. doi: 10.1177/1756284819836893

 159. Jacob V, Crawford C, Cohen-Mekelburg S, Viladomiu M, Putzel GG, Schneider Y, et al. Single delivery of high-diversity fecal microbiota preparation by colonoscopy is safe and effective in increasing microbial diversity in active ulcerative colitis. Inflamm Bowel Dis. (2017) 23:903–11. doi: 10.1097/MIB.0000000000001132

 160. Venturi A, Gionchetti P, Rizzello F, Johansson R, Zucconi E, Brigidi P, et al. Impact on the composition of the Faecal Flora by a new probiotic preparation: preliminary data on maintenance treatment of patients with ulcerative colitis. Aliment Pharmacol Ther. (1999) 13:1103–8. doi: 10.1046/j.1365-2036.1999.00560.x

 161. Lee T, Clavel T, Smirnov K, Schmidt A, Lagkouvardos I, Walker A, et al. Oral versus intravenous iron replacement therapy distinctly alters the gut microbiota and metabolome in patients with IBD. Gut. (2017) 66:863–71. doi: 10.1136/gutjnl-2015-309940

 162. Fuentes S, Rossen NG, van der Spek MJ, Hartman JH, Huuskonen L, Korpela K, et al. Microbial shifts and signatures of long-term remission in ulcerative colitis after faecal microbiota transplantation. Isme J. (2017) 11:1877–89. doi: 10.1038/ismej.2017.44

 163. Kruis W, Schutz E, Fric P, Fixa B, Judmaier G, Stolte M. Double-blind comparison of an oral Escherichia coli preparation and mesalazine in maintaining remission of ulcerative colitis. Aliment Pharmacol Ther. (1997) 11:853–8. doi: 10.1046/j.1365-2036.1997.00225.x

 164. Rembacken BJ, Snelling AM, Hawkey PM, Chalmers DM, Axon AT. Non-pathogenic Escherichia coli versus mesalazine for the treatment of ulcerative colitis: a randomised trial. Lancet. (1999) 354:635–9. doi: 10.1016/S0140-6736(98)06343-0

 165. Kruis W, Fric P, Pokrotnieks J, Lukas M, Fixa B, Kascak M, et al. Maintaining remission of ulcerative colitis with the probiotic Escherichia coli Nissle 1917 Is as Effective as With Standard Mesalazine. Gut. (2004) 53:1617–23. doi: 10.1136/gut.2003.037747

 166. Guslandi M, Giollo P, Testoni PA. A Pilot Trial of Saccharomyces Boulardii in Ulcerative Colitis. Eur J Gastroenterol Hepatol. (2003) 15:697–8. doi: 10.1097/00042737-200306000-00017

 167. Ishikawa H, Akedo I, Umesaki Y, Tanaka R, Imaoka A, Otani T. Randomized controlled trial of the effect of bifidobacteria-fermented milk on ulcerative colitis. J Am Coll Nutr. (2003) 22:56–63. doi: 10.1080/07315724.2003.10719276

 168. Kato K, Mizuno S, Umesaki Y, Ishii Y, Sugitani M, Imaoka A, et al. Randomized placebo-controlled trial assessing the effect of bifidobacteria-fermented milk on active ulcerative colitis. Aliment Pharmacol Ther. (2004) 20:1133–41. doi: 10.1111/j.1365-2036.2004.02268.x

 169. Zocco MA, dal Verme LZ, Cremonini F, Piscaglia AC, Nista EC, Candelli M, et al. Efficacy of Lactobacillus GG in maintaining remission of ulcerative colitis. Aliment Pharmacol Ther. (2006) 23:1567–74. doi: 10.1111/j.1365-2036.2006.02927.x

 170. Sood A, Midha V, Makharia GK, Ahuja V, Singal D, Goswami P, et al. The probiotic preparation, VSL#3 induces remission in patients with mild-to-moderately active ulcerative colitis. Clin Gastroenterol Hepatol. (2009) 7:1202–9. doi: 10.1016/j.cgh.2009.07.016

 171. Tursi A, Brandimarte G, Papa A, Giglio A, Elisei W, Giorgetti GM, et al. Treatment of relapsing mild-to-moderate ulcerative colitis with the probiotic VSL#3 as adjunctive to a standard pharmaceutical treatment: a double-blind, randomized, placebo-controlled study. Am J Gastroenterol. (2010) 105:2218–27. doi: 10.1038/ajg.2010.218

 172. Oliva S, Di Nardo G, Ferrari F, Mallardo S, Rossi P, Patrizi G, et al. Randomised clinical trial: the effectiveness of lactobacillus reuteri ATCC 55730 rectal enema in children with active distal ulcerative colitis. Aliment Pharmacol Ther. (2012) 35:327–34. doi: 10.1111/j.1365-2036.2011.04939.x

 173. Bjarnason I, Sission G, Hayee B. A randomised, double-blind, placebo-controlled trial of a multi-strain probiotic in patients with asymptomatic ulcerative colitis and crohn's disease. Inflammopharmacology. (2019) 27:465–73. doi: 10.1007/s10787-019-00595-4

 174. Miele E, Pascarella F, Giannetti E, Quaglietta L, Baldassano RN, Staiano A. Effect of a probiotic preparation (VSL#3) on induction and maintenance of remission in children with ulcerative colitis. Am J Gastroenterol. (2009) 104:437–43. doi: 10.1038/ajg.2008.118

 175. Derwa Y, Gracie DJ, Hamlin PJ, Ford AC. Systematic review with meta-analysis: the efficacy of probiotics in inflammatory bowel disease. Aliment Pharmacol Ther. (2017) 46:389–400. doi: 10.1111/apt.14203

 176. Akutko K, Stawarski A. Probiotics, prebiotics and synbiotics in inflammatory bowel diseases. J Clin Med. (2021) 10. doi: 10.3390/jcm10112466

 177. Jakubczyk D, Leszczynska K, Gorska S. The effectiveness of probiotics in the treatment of inflammatory bowel disease (IBD)-A Critical Review. Nutrients. (2020) 12. doi: 10.3390/nu12071973

 178. Ghyselinck J, Verstrepen L, Moens F, Van den Abbeele P, Said J, Smith B, et al. A 4-strain probiotic supplement influences gut microbiota composition and gut wall function in patients with ulcerative colitis. Int J Pharm. (2020) 587:119648. doi: 10.1016/j.ijpharm.2020.119648

 179. Darb EA, Rajabpour M, Ghanavati R, Asadolahi P, Farzi S, Sobouti B, et al. The effects of probiotics, prebiotics and synbiotics on the reduction of IBD complications, a periodic review during 2009-2020. J Appl Microbiol. (2021) 130:1823–38. doi: 10.1111/jam.14907

 180. Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, et al. Expert consensus document: the international scientific association for probiotics and prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics. Nat Rev Gastroenterol Hepatol. (2017) 14:491–502. doi: 10.1038/nrgastro.2017.75

 181. Pandey KR, Naik SR, Vakil BV. Probiotics, prebiotics and synbiotics- a review. J Food Sci Technol. (2015) 52:7577–87. doi: 10.1007/s13197-015-1921-1

 182. Rasmussen HE, Hamaker BR. Prebiotics and inflammatory bowel disease. Gastroenterol Clin North Am. (2017) 46:783–95. doi: 10.1016/j.gtc.2017.08.004

 183. Kamarli AH, Akal YE, Akin M. Effects of synbiotic therapy in mild-to-moderately active ulcerative colitis: a randomized placebo-controlled study. Turk J Gastroenterol. (2019) 30:313–20. doi: 10.5152/tjg.2019.18356

 184. Kanauchi O, Mitsuyama K, Homma T, Takahama K, Fujiyama Y, Andoh A, et al. Treatment of ulcerative colitis patients by long-term administration of germinated barley foodstuff: multi-center open trial. Int J Mol Med. (2003) 12:701–4. doi: 10.3892/ijmm.12.5.701

 185. Hafer A, Kramer S, Duncker S, Kruger M, Manns MP, Bischoff SC. Effect of oral lactulose on clinical and immunohistochemical parameters in patients with inflammatory bowel disease: a pilot study. Bmc Gastroenterol. (2007) 7:36. doi: 10.1186/1471-230X-7-36

 186. Rose DJ, Venema K, Keshavarzian A, Hamaker BR. Starch-entrapped microspheres show a beneficial fermentation profile and decrease in potentially harmful bacteria during in vitro fermentation in faecal microbiota obtained from patients with inflammatory bowel disease. Br J Nutr. (2010) 103:1514–24. doi: 10.1017/S0007114509993515

 187. Damaskos D, Kolios G. Probiotics and prebiotics in inflammatory bowel disease: microflora 'on the Scope'. Br J Clin Pharmacol. (2008) 65:453–67. doi: 10.1111/j.1365-2125.2008.03096.x

 188. Larrosa M, Yanez-Gascon MJ, Selma MV, Gonzalez-Sarrias A, Toti S, Ceron JJ, et al. Effect of a low dose of dietary resveratrol on colon microbiota, inflammation and tissue damage in a DSS-induced colitis rat model. J Agric Food Chem. (2009) 57:2211–20. doi: 10.1021/jf803638d

 189. Oka A, Sartor RB. Microbial-Based and microbial-targeted therapies for inflammatory bowel diseases. Dig Dis Sci. (2020) 65:757–88. doi: 10.1007/s10620-020-06090-z

 190. Ishikawa H, Matsumoto S, Ohashi Y, Imaoka A, Setoyama H, Umesaki Y, et al. Beneficial effects of probiotic bifidobacterium and galacto-oligosaccharide in patients with ulcerative colitis: a randomized controlled study. Digestion. (2011) 84:128–33. doi: 10.1159/000322977

 191. Rufino MN, Da CA, Jorge EN, Paiano VF, Camparoto ML, Keller R, et al. Synbiotics improve clinical indicators of ulcerative colitis: systematic review with meta-analysis. Nutr Rev. (2021) nuab017. doi: 10.1093/nutrit/nuab017

 192. Dore MP, Bibbo S, Fresi G, Bassotti G, Pes GM. Side effects associated with probiotic use in adult patients with inflammatory bowel disease: a systematic review and meta-analysis of randomized controlled trials. Nutrients. (2019) 11. doi: 10.3390/nu11122913

 193. Chen P, Xu H, Tang H, Zhao F, Yang C, Kwok LY, et al. Modulation of gut mucosal microbiota as a mechanism of probiotics-based adjunctive therapy for ulcerative colitis. Microb Biotechnol. (2020) 13:2032–43. doi: 10.1111/1751-7915.13661

 194. Yilmaz I, Dolar ME, Ozpinar H. Effect of administering kefir on the changes in fecal microbiota and symptoms of inflammatory bowel disease: a randomized controlled trial. Turk J Gastroenterol. (2019) 30:242–53. doi: 10.5152/tjg.2018.18227

 195. Yoshimatsu Y, Yamada A, Furukawa R, Sono K, Osamura A, Nakamura K, et al. Effectiveness of probiotic therapy for the prevention of relapse in patients with inactive ulcerative colitis. World J Gastroenterol. (2015) 21:5985–94. doi: 10.3748/wjg.v21.i19.5985

 196. Matsuoka K, Uemura Y, Kanai T, Kunisaki R, Suzuki Y, Yokoyama K, et al. Efficacy of bifidobacterium breve fermented milk in maintaining remission of ulcerative colitis. Dig Dis Sci. (2018) 63:1910–9. doi: 10.1007/s10620-018-4946-2

 197. Bevins CL, Salzman NH. Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis. Nat Rev Microbiol. (2011) 9:356–68. doi: 10.1038/nrmicro2546

 198. Chen F, Wen Q, Jiang J, Li HL, Tan YF, Li YH, et al. Could the gut microbiota reconcile the oral bioavailability conundrum of traditional herbs? J Ethnopharmacol. (2016) 179:253–64. doi: 10.1016/j.jep.2015.12.031

 199. Swanson HI. Drug metabolism by the host and gut microbiota: a partnership or rivalry? Drug Metab Dispos. (2015) 43:1499–504. doi: 10.1124/dmd.115.065714

 200. Xie W, Gu D, Li J, Cui K, Zhang Y. Effects and action mechanisms of berberine and rhizoma coptidis on gut microbes and obesity in high-fat diet-fed C57BL/6J mice. Plos ONE. (2011) 6:E24520. doi: 10.1371/journal.pone.0024520

 201. Zhang X, Zhao Y, Zhang M, Pang X, Xu J, Kang C, et al. Structural changes of gut microbiota during berberine-mediated prevention of obesity and insulin resistance in high-fat diet-fed rats. Plos ONE. (2012) 7:E42529. doi: 10.1371/journal.pone.0042529

 202. Yang Y, Chen G, Yang Q, Ye J, Cai X, Tsering P, et al. Gut microbiota drives the attenuation of dextran sulphate sodium-induced colitis by Huangqin Decoction. Oncotarget. (2017) 8:48863–74. doi: 10.18632/oncotarget.16458

 203. Sun Z, Li J, Dai Y, Wang W, Shi R, Wang Z, et al. Indigo naturalis alleviates dextran sulfate sodium-induced colitis in rats via altering gut microbiota. Front Microbiol. (2020) 11:731. doi: 10.3389/fmicb.2020.00731

 204. Gao W, Guo Y, Wang C, Lin Y, Yu L, Sheng T, et al. Indirubin ameliorates dextran sulfate sodium-induced ulcerative colitis in mice through the inhibition of inflammation and the induction of Foxp3-Expressing Regulatory T Cells. Acta Histochem. (2016) 118:606–14. doi: 10.1016/j.acthis.2016.06.004

 205. Liu Q, Zuo R, Wang K, Nong FF, Fu YJ, Huang SW, et al. Oroxindin Inhibits Macrophage NLRP3 Inflammasome Activation in DSS-Induced Ulcerative Colitis in Mice via Suppressing TXNIP-Dependent NF-KappaB Pathway. Acta Pharmacol Sin. (2020) 41:771–81. doi: 10.1038/s41401-019-0335-4

 206. Gao Z, Yu C, Liang H, Wang X, Liu Y, Li X, et al. Andrographolide derivative CX-10 Ameliorates dextran sulphate sodium-induced ulcerative colitis in mice: involvement of NF-KappaB and MAPK Signalling Pathways. Int Immunopharmacol. (2018) 57:82–90. doi: 10.1016/j.intimp.2018.02.012

 207. Li J, Zhang JL, Gong XP, Xiao M, Song YY, Pi HF, et al. Anti-inflammatory activity of Mollugin on DSS-induced colitis in mice. Curr Med Sci. (2020) 40:910–6. doi: 10.1007/s11596-020-2262-5

 208. Wang X, Li D, Zhang Y, Wu S, Tang F. Costus root granules improve ulcerative colitis through regulation of TGF-Beta Mediation of the PI3K/AKT signaling pathway. Exp Ther Med. (2018) 15:4477–84. doi: 10.3892/etm.2018.5946

 209. Liang J, Chen S, Chen J, Lin J, Xiong Q, Yang Y, et al. Therapeutic roles of polysaccharides from Dendrobium Officinaleon colitis and its underlying mechanisms. Carbohydr Polym. (2018) 185:159–68. doi: 10.1016/j.carbpol.2018.01.013

 210. Ponnusamy K, Ramasamy M, Savarimuthu I, Paulraj MG. Indirubin potentiates ciprofloxacin activity in the nora efflux pump of Staphylococcus aureus. Scand J Infect Dis. (2010) 42:500–5. doi: 10.3109/00365541003713630

 211. Yang YZ, Tang YZ, Liu YH. Wogonoside displays anti-inflammatory effects through modulating inflammatory mediator expression using RAW264.7 cells. J Ethnopharmacol. (2013) 148:271–6. doi: 10.1016/j.jep.2013.04.025

 212. Moldoveanu AC, Diculescu M, Braticevici CF. Cytokines in inflammatory bowel disease. Rom J Intern Med. (2015) 53:118–27. doi: 10.1515/rjim-2015-0016

 213. Thorsteinsdottir S, Gudjonsson T, Nielsen OH, Vainer B, Seidelin JB. Pathogenesis and biomarkers of carcinogenesis in ulcerative colitis. Nat Rev Gastroenterol Hepatol. (2011) 8:395–404. doi: 10.1038/nrgastro.2011.96

 214. Pittayanon R, Lau JT, Leontiadis GI, Tse F, Yuan Y, Surette M, et al. Differences in gut microbiota in patients with vs without inflammatory bowel diseases: a systematic review. Gastroenterology. (2020) 158:930–46. doi: 10.1053/j.gastro.2019.11.294

 215. Jia D, Dou Y, Li Z, Zhou X, Gao Y, Chen K, et al. Design, synthesis and evaluation of a baicalin and berberine hybrid compound as therapeutic agent for ulcerative colitis. Bioorg Med Chem. (2020) 28:115697. doi: 10.1016/j.bmc.2020.115697

 216. Tang S, Liu W, Zhao Q, Li K, Zhu J, Yao W, et al. Combination of polysaccharides from astragalus membranaceus and codonopsis pilosula ameliorated mice colitis and underlying mechanisms. J Ethnopharmacol. (2021) 264:113280. doi: 10.1016/j.jep.2020.113280

 217. Huang C, Dong J, Jin X, Ma H, Zhang D, Wang F, et al. Intestinal anti-inflammatory effects of Fuzi-Ganjiang herb pair against DSS-induced ulcerative colitis in mice. J Ethnopharmacol. (2020) 261:112951. doi: 10.1016/j.jep.2020.112951

 218. Wang JR, Tanaka T, Zhang H, Kouno I, Jiang ZH. Formation and conformation of baicalin-berberine and wogonoside-berberine complexes. Chem Pharm Bull. (2012) 60:706–11. doi: 10.1248/cpb.60.706

 219. Lu X, Zhang L, Li P, Wang J, Li R, Huang Y, et al. The protective effects of compatibility of Aconiti Lateralis Radix Praeparata and Zingiberis Rhizoma on rats with heart failure by enhancing mitochondrial biogenesis via Sirt1/PGC-1alpha pathway. Biomed Pharmacother. (2017) 92:651–60. doi: 10.1016/j.biopha.2017.05.117

 220. Zong X, Yan X, Wu JL, Liu Z, Zhou H, Li N, et al. Potentially cardiotoxic diterpenoid alkaloids from the roots of aconitum carmichaelii. J Nat Prod. (2019) 82:980–9. doi: 10.1021/acs.jnatprod.8b01039

 221. Chen G, Yang Y, Liu M, Teng Z, Ye J, Xu Y, et al. Banxia Xiexin decoction protects against dextran sulfate sodium-induced chronic ulcerative colitis in mice. J Ethnopharmacol. (2015) 166:149–56. doi: 10.1016/j.jep.2015.03.027

 222. Chen YL, Zheng YY, Dai YC, Zhang YL, Tang ZP. Systems pharmacology approach reveals protective mechanisms of Jian-Pi Qing-Chang decoction on ulcerative colitis. World J Gastroenterol. (2019) 25:2603–22. doi: 10.3748/wjg.v25.i21.2603

 223. Luo S, Wen R, Wang Q, Zhao Z, Nong F, Fu Y, et al. Rhubarb peony decoction ameliorates ulcerative colitis in mice by regulating gut microbiota to restoring Th17/Treg Balance. J Ethnopharmacol. (2019) 231:39–49. doi: 10.1016/j.jep.2018.08.033

 224. Chao L, Li Z, Zhou J, Chen W, Li Y, Lv W, et al. Shen-Ling-Bai-Zhu-San Improves Dextran Sodium Sulfate-Induced Colitis by Inhibiting Caspase-1/Caspase-11-Mediated Pyroptosis. Front Pharmacol. (2020) 11:814. doi: 10.3389/fphar.2020.00814

 225. Zhang Z, Cao H, Shen P, Liu J, Cao Y, Zhang N. Ping Weisan Alleviates Chronic Colitis in Mice by Regulating Intestinal Microbiota Composition. J Ethnopharmacol. (2020) 255:112715. doi: 10.1016/j.jep.2020.112715

 226. Hu J, Huang H, Che Y, Ding C, Zhang L, Wang Y, et al. Qingchang Huashi Formula Attenuates DSS-induced colitis in mice by restoring gut microbiota-metabolism homeostasis and goblet cell function. J Ethnopharmacol. (2020) 266:113394. doi: 10.1016/j.jep.2020.113394

 227. Mao TY, Shi R, Zhao WH, Guo Y, Gao KL, Chen C, et al. Qingchang Wenzhong Decoction ameliorates dextran sulphate sodium-induced ulcerative colitis in rats by downregulating the IP10/CXCR3 axis-mediated inflammatory response. Evid Based Complement Alternat Med. (2016) 2016:4312538. doi: 10.1155/2016/4312538

 228. Wu ZC, Zhao ZL, Deng JP, Huang JT, Wang YF, Wang ZP. Sanhuang Shu'ai decoction alleviates DSS-induced ulcerative colitis via regulation of gut microbiota, inflammatory mediators and cytokines. Biomed Pharmacother. (2020) 125:109934. doi: 10.1016/j.biopha.2020.109934

 229. Yuan Z, Yang L, Zhang X, Ji P, Hua Y, Wei Y. Huang-Lian-Jie-Du decoction ameliorates acute ulcerative colitis in mice via regulating NF-KappaB and Nrf2 signaling pathways and enhancing intestinal barrier function. Front Pharmacol. (2019) 10:1354. doi: 10.3389/fphar.2019.01354

 230. Shao J, Liu Z, Wang L, Song Z, Chang H, Han N, et al. Screening of the optimized prescription from Suqingwan in terms of its therapeutic effect on DSS-induced ulcerative colitis by its regulation of inflammatory and oxidative mediators. J Ethnopharmacol. (2017) 202:54–62. doi: 10.1016/j.jep.2017.03.006

 231. Munyaka PM, Rabbi MF, Khafipour E, Ghia JE. Acute dextran sulfate sodium (DSS)-induced colitis promotes gut microbial dysbiosis in mice. J Basic Microbiol. (2016) 56:986–98. doi: 10.1002/jobm.201500726

 232. Wen J, Teng B, Yang P, Chen X, Li C, Jing Y, et al. The potential mechanism of Bawei Xileisan in the treatment of dextran sulfate sodium-induced ulcerative colitis in mice. J Ethnopharmacol. (2016) 188:31–8. doi: 10.1016/j.jep.2016.04.054

 233. Sheng ZS, Gou LQ, Hong S, Kai Z, Bai Y. Consensus on diagnosis and treatment of ulcerative colitis by traditional Chinese medicine. Chinese Journal of Integrated Traditional and Western Medicine. (2010)30:527–32.

 234. Zhang YL, Cai LT, Qi JY, Lin YZ, Dai YC, Jiao N, et al. Gut microbiota contributes to the distinction between two traditional Chinese medicine syndromes of ulcerative colitis. World J Gastroenterol. (2019) 25:3242–55. doi: 10.3748/wjg.v25.i25.3242

 235. JIA Yuan WZ, Zhen LX, Min MM, San. Data mining of drug use rules based on chinese medicine treatment of ulcerative colitis. China Journal of Chinese Materia Medica. (2020) 1–8. doi: 10.19540/J.CNKI.CJCMM.20200911.501

 236. Ren H, Ting ZY, Jiang ZW, Fang WH, Sheng SX. Analysis of the medication rule and mechanism of patent-prescription of Chinese medicine for ulcerative colitis based on patent database. Chin J Hosp Pharm. (2020) 40:1811–5. doi: 10.13286/j.1001-5213.2020.17.04

 237. Dai YC, Zhang YL, Wang LJ, Guo Q, Yang K, Ye RH, et al. Clinical presentation and treatment strategies for ulcerative colitis: a retrospective study of 247 inpatients. Chin J Integr Med. (2016) 22:811–6. doi: 10.1007/s11655-015-2118-1

 238. Tang T, Targan SR, Li ZS, Xu C, Byers VS, Sandborn WJ. Randomised clinical trial: herbal extract HMPL-004 in active ulcerative colitis - a double-blind comparison with sustained release mesalazine. Aliment Pharmacol Ther. (2011) 33:194–202. doi: 10.1111/j.1365-2036.2010.04515.x

 239. Gong Y, Zha Q, Li L, Liu Y, Yang B, Liu L, et al. Efficacy and safety of fufangkushen colon-coated capsule in the treatment of ulcerative colitis compared with mesalazine: a double-blinded and randomized study. J Ethnopharmacol. (2012) 141:592–8. doi: 10.1016/j.jep.2011.08.057

 240. Sugimoto S, Naganuma M, Kiyohara H, Arai M, Ono K, Mori K, et al. Clinical efficacy and safety of Oral Qing-Dai in patients with ulcerative colitis: a single-center open-label prospective study. Digestion. (2016) 93:193–201. doi: 10.1159/000444217

 241. Dai YC, Zheng L, Zhang YL, Chen X, Chen DL, Tang ZP. Effects of Jianpi Qingchang decoction on the quality of life of patients with ulcerative colitis: a randomized controlled trial. Medicine. (Baltimore). (2017) 96:E6651. doi: 10.1097/MD.0000000000006651

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hu, Ye, Wu, She, Li, Xu, Qin, Hu, Yang, Lu and Ye. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-766126-t003.jpg
Probiotic

Escherichia coli Nissle 1917

Saccharomyces boulardii
Bifidobacteria

Lactobacilus GG
VSL # 3 (a probiotic mixture containing L. paracasei,
L. plantarum, L. acidophilus, and L. delbrueckii
subsp bulgaricus, B. longum, B. breve, B. infantis
and Streptococeus thermophilus

Lactobacillus reuteri ATCC 55730

Symprove (a probiotic mixture containing
Lactobacillus rhamnosus NCIMB 30174,
Lactobacillus plantarum NCIMB 30173,
Lactobacillus acidophilus NCIMB 30175 and
Enterococeus faecium NCIMB 30176)

Reference

Kruis et al., Rembacken
etal, Kruisetal.,
(163-165).

Guslandi et al., (166).

Ishikawa et al., Kato et al.,
(167, 168).

Zocco et al. (169).

Sood et al., Miele et al.,
Tursi etal,, (170, 171).

Oliva etal., (172).
Bjarnason et al., (173).





OPS/images/fmed-08-766126-t004.jpg
Study

Chen et al. (193)

Bjamason et al.
(179)

Yimaz et al. (194)

Kamarli et al.
(183)

Yoshimatsu et al.
(195)

Matsuoka et al.
(196)

N (Treatment/
Control)

25 (12/13)

81 (40/41)

25 (15/10)

36 (18/18)

46 (28/23)

192 (97/95)

Treatment

Probiotic

Probiotic

Probiotic

Synbiotic

Probiotic

Probiotic

Species

A probiotic product that contained L. casei
Zhang, L. plantarum P-8 and B. animalis
subsp. lactis VO

Symprove (contains Lactobacills
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Control
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Efficacy

The overall remission rate was
91.67% for the probiotic group
vs. 69.23% for the placebo group
(P=0.034)
The calprotectin levels were
significantly decreased following 4
weeks in the probiotic group (o =
0,011 and 0,001, ttest and
Wilcoxon's, respectively)
No statistically significant
difference was found between
weeks 1 and 2 in patients with UG
in terms of abdominal pain,
bioating, frequency of stools,
defecation consistency, and
feeling good.
The change in the CRP and
sedimentation values had
statistically significant decrease in
the synblotic group (P = 0.003).
The improvement in the clinical
acthvity was significantly higher in
the synbiotic group (p < 0.05).
The relapse rates in the treatment
and placebo groups were 0.0%
vs. 17.4% at months (p = 0.036).
At 12 months, the remission rate
was 69.5% in the treatment group
and 56.6% in the placebo group
(p=0248).
Relapse-free survival was not
significantly different between the
treatment and placebo groups (P
0.643)

Safety

No adverse events were
reported.

Three mild adverse events
occurred which could not be
tuled out whether is associated
with the probiotic.
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Corticosteroids

Mild to moderate UC patients who are
unresponsive or intolerant to 5-ASA
treatment

Moderate to severe UC patients

Inhibition of gene expression in the nucleus
to suppress pro-inflammatory signaling
pathway activation and fimit immune cell
transiocation to sites of inflammation
Available for UG patients who do not
respond to 5-ASA therapy

Long-term use willincrease the risk of
steroid dependence and steroid refractory

Thiopurines

Steroid-dependent and
Steroidt-refractory UC patients

As an immunosuppressant that
inhibits inflammatory gene
expression.

Available as a maintenance
treatment option for UC patients
Obious adverse events and
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Water
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Delivery
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and oral maintenance therapy
with frozen FMT Capsules.

Enema

Initial colonoscopy then enema

Colonoscopic infusion at weeks
0,8, 16,24, 32, 40 and 48.

Initial colonoscopy then enema

Initial colonoscopy then enema

Naso-duodenal tube

FMT, fecal microbiota transplantation; SCCAI, Simple Clinical Colitis Activity Index.

Primary end point

Amayo score < 2and an
endoscopic sub-score of < 1 at
week 12.

AMayo score < 2, with no
subscore > 1 at week 12.

Atotal Mayo score of <2
(range, 0-12) with an
endoscopic Mayo score of <1
(range, 0-3) at week 8.
Amayo score <2, all
sub-scores < 1 at week 48

Atotal Mayo score < 2, with all
Mayo subscores < 1, and at
least a 1-point reduction from
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Afull Mayo score <3 and
complete healing of the mucosa
at flexible sigmoidoscopy at
week 7.

ASCCAI score of <2 in
combination with =1 point
improvement on the combined
Mayo endoscopic score of the
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Efficacy
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group: none. (95% Cl =
0.38-infinity, p = 0.45)

FMT group: 37.5%, control group:
50.0% (P = 0.51)

FMT group: 82%, control group:
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Safety

None of the subjects.
experienced FMT-associated
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No adverse events were
reported during the treatment
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Three serious adverse events in
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There were no serious adverse
events in FMT group.
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Ban Xia Xié Xin Tang
(Pinellia Heart-Draining
Decootion)

Da Huéing Mi Dén
Tang (Rhubarb and
peony bark Decoction)

Shen Ling Bai Zhi San
(Ginseng, Poria and
Atractylodes
Macrocephalae
Powder)

Jién Pi Qing Chéng
Tang (Spleen-Fortifying
and Intestine-Clearing
Decoction)

Ping Wei Sin
(Stomach-Calming
Pouwder)

Qing Chéng Hua Shi
Tang (Intestine-Clearing
and
Dampness-Removing
Decoction)

Qing Chéng Wen
Zheng Tang
(Intestine-Clearing and
Center-Warming
Decoction)

San Huéng Shi Ai
Tang (Soutelaria,
Coptis, phellodendron
bark and Mugwort
Decoction)

Hudng Lidn Jié Dd
Tang (Coptis
Toxin-Resolving
Decoction)

Siiging Wan

Ba wei Xi léi San

Medicinals

ban xia (the dried tuber of Pinellia
ternata (Thunb.) Makino), hudng
qin (the dried root of Scutellaria
baicalensis Georg), hudng liin (the
dried rhizome of Coptis chinensis
Franch.), gan jiang (the dried
thizome of Zingiber officinale
Roscoe), rén shén (the dried root
and rhizome of Panax ginseng
C.AMey), gan cio (the dried root
and rhizome of Glycyrrhiza
uralensis Fisch. ex DC.), da 240
(the dried ripe fruit of Ziziphus
jujuba Mill)

dé huéng (the dried root and
thizome of Rheum palmatum L),
mil dén pf (the dried velamen of
Paeonia x suffruticosa Andrews),
téo rén (the dried ripe seed of
Prunus persica (L) Batsch), mang
xido (Natrii Sulfas), dong gua i (the
dried ripe seed of Benincasa
hispida (Thunb.) Cogn)

rén shén, fu ling (the dried sclerotia
of Poria cocos (Schw.) Wolf), béi
2hi (the dried thizome of
Atractylodes macrocephala
Koidz), shén yao (the dried
thizome of Dioscorea oppositifolia
L), béi bizn déu (the dried ripe
seed of Lablab purpureus subsp.
purpureus), lién zi (the dried ripe
seed of Nelumbo nucifera Gaertn.),
yiyirén (the died ripe seed kernel
of Coix lacrymarjobi var. ma-yuen
(Rom.Caill Stapf), sha rén (the
dried ripe fruit of Wurfbainia villosa
(Lour) Skornick. & A.D.Poulsen), jié
géng (the dried root of Platycodon
grandifiorus (Jacq) A.DC), gan
cio

hudng gi (the dired root of
Astragalus mongholicus Bunge),
dang shén (the dried root of
Codonopsis pilosula (Franch.)
Nannf.), m chi xian (the ried
above-ground part of Portulaca
oleracea L), di yd (the dried root of
Sanguisorba officinalis L), san i
(the dried root and rhizome of
Panax notoginseng (Burkil)
FH.Chen), bai i (the dried tuber of
Bletila striata (Thunb.) Rehb..), m
xidng (the dried root of Aucklandia
costus Falc.), huéng lién, gén cio
cang zhii (the dried rhizome of
Atractylodes lancea (Thunb) DC.),
hou po (the dried bark of Magnolia
officinalis Rehder & E.H.Wilson),
chén pi (the dried ripe pericarp of
Gitrus reficulata Blanco), gan co,
shéng jiang (the fresh thizome of
Zingiber officinale Roscoe), d zio

huéng i, béi shéo (the dried root
of Paconia lactiffora Pal), béi tu
wéng (the dried root of Pulsatila
chinensis (Bunge) Regel), béi zhi
(the diried oot of Angefica dahurica
(Hoffm.) Benth. & Hook f. ex
Franch. & Sav), hudng gin, di yd
hudng lién, péo jiang (the
processed product of root of
Zingiber officinale Roscoe), kii
shén (the dried root of Sophora
flavescens Aiton), qing déi, diydtan
(the processed product of root of
Sanguisorba officinalis L), mi
xidng, san di, gan cdo

huéng lién, huéng qin, huéng bai
(the dried bark of Phellodiencion
chinense C.K.Schneid.), & yé (the
dried leaf of Artemisia argyi H.Lév.
& Vaniot)

huéng fién, huéng qin, hudng b,
zhi Zi (the dried ripe fruit of
Gardenia jasminoides J.Ells)

jin yin hua (the dried bud of flower
of Lonicera japonica Thunb.), lidn
qido (the dried fruit of Forsythia
suspensa (Thunb.) Vahi), pu gong
ying (the dried whole grass of
Taraxacum mongolicum Hand.
-Mazz), di yd, tian hua fen (the
dried root of Trichosanthes kirilowii
Maxim.), bai zhi, shéng d (the fresh
or died tuberous oot of
Rehmannia glutinosa (Gaertn.)
DC,), shéng mé (the dried rhizome
of Actaea cimicifuga L), huéng di,
déng gui (the dried root of Angelica
sinensis (Oliv.) Diels), ji néi jin
(Endothelium Corneum Gigeriae
Gall), xudn shén (the dried root of
Scrophularia ningpoensis Hemsl.),
gén cio

Xi gua shuang (Mirabilitum
Praeparatum), hén shul shi
(Glauberitum), nid hudng (Caloulus
Bovis), zhén zh (Margarita), péng
sha (Borax), bing pian (Borneolum
Syntheticum), ndo sha (Sal
Ammoniacum), ging déi

Animals Experimental

methods

C57BL/6
mice

Dss

C57BL/6
mice

Dbss

C57BL/6 DSS

mice

C57BL/6
mice

Dss

C57BL/6
mice

Dss

C57BL/6
mice

Dss

SD rats Dss

BALB/C mice ~ DSS

BABL/c mice bss

Kunming DSS

mice

C57BL/6
mice

Dbss

Results (symptoms, cytokines and pathways)

It ameliorates body weight loss, DAl and histology score.
TNF-a, IL-18, IL-17, IL-23, COX-2, p-p65, MPO and
8-Oxoguanine were decreased. IL-10, SOD activity and
Nif2 expression were elevated.

Da Huéng Mu Dén Tang rescued the
inflammation-refated reciuction of colon length,
ameliorated body weight loss and damaged tissue of
mice.

The level of IL-6, TNF-a, IFN-y, IL-10, IL-17A, IL-21,
IL-22 in colon was decreased.

The Th17/Treg balance wes restored.

It could increase body weight and colon length of UG
mice, decrease the DAI score and improve colonic injury.
The production of IL-18, IL-18, and TNF-a was
decreased.

It also inhibited the MAPK and NF-KB signaling
pathways.

Jian Pi Qing Chéng Téng increased body weight and
colon length of UC mice and decreased DAI score.
TNF-a and IL-1B were decreased.

It could inhibit the NF-B/HIF-fa signaling pathway.

Ping Wei Sn improved body weight, bloody feces and
diarrhea of UC mice.
MPO, IL-17A and IFN-y mRNA levels were decreased.

It could improve weight loss, diarthea, and rectal
bleeding of DSS-treated mice.

Expression of IL-1B, IL-6, TNF-a, NLRP3, caspasef, and
IL-18 were decreased, Muc2 and Reg3y were increased.

Qing Chiéng Wen Zhong Tang improved weight loss, DAl
score, and histological score of DSS-induced rats.
Expression of IP10, CXCRS and NF-«B p65 were
decreased.

San Hudng Shi Aj Téng restored weight loss, colon
length of UG mice. DAl score wad decreased.
IL-1B, IL-6, TNF-a, P-p65, MPO and MDA were reduced.

Hudng Lién Jié Di Tang decreased DAI score, inhibited
weight loss and colon shortening of UC mice.

IL-1p and TNF-a were reduced, IL-10 was increased.

It could suppress NF-kB signaling pathway, activating
Nrf2 signaling pathway, and enhancing intestinal barrier
function.

Suging Wén decreased DAI score and attenuated
symptoms of UC mice.

TNF-a, IL-18, IL-6, MPO, and MDA were reduced.IL-4
and IL-10 were increased.

Ba wei Xi 18 Sén improved bodly weight loss and colon
length of DSS-treated mice.

The expression level of Th17-related cytokines IL-17A/F
and IL-22 was significantly reduced, resulting in the
restoration of Th17/Treg balance.

Results(Intestinal Microbiota)

a-diversity of gut microbiota was
restored. Abundance

of Firmicutes and Actinobacteria
was increased. Proteobacteria
was decreased. The content of
'SCFA in intestinal tract

was restored.

The abundance of microbiota in
mice was restored. In the phylum
level, Firmicutes was increased
and Bacteroidetes was
decreased. Besides, the
abundance of Lactobacills was
restored. The level of LPS in
serum was reduced.

a-diversity of intestinal microbiota
was improved. The level of
Firmicutes was increased. In
contrast, the level of
Bacteroidetes was decreased,

Species of intestinal flora were
restored. The abundance of
Lactobacillus sp. was increased.

The level of Lactobacilus was
improved.
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DA, disease activity index; TNF-e, tumor necrosis factor-a; IL, interieukin; COX-2, cyclooxygenase-2; MPO, myeloperoxidase. SOD, superoxide dismutase; Nif2, Nuclear factor E2-related factor 2; IFN-y, interferon-gamma; MAPK,
mitogen-activated protein kinase; NF-«B, nucleer factor «B; HIF-1a, Hypoxia-inducible factor-1a; Reg3y, regenerating gene 3y; IP10, Interferon gamma-induced protein 10; CXCRS, Chemokine (cys-x-cys moti) receptor 3;
MDA, malondiaidehyde.
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qing dai (the dried
processed product of
leaf or stem and leaf of
Strobilanthes cusia
(Nees) Kuntze)

huéng gin (the dried
root of Scuteflaria
baicalensis Georg))

da xué téng (the dried
vine stems of
Sargentodoxa cuneata
(Cliv) Rehder &
E.H.Wilson)

chuan xin lién (the dried
above-ground part of
Andrographis
paniculata (Burm.)
Nees)

qian cio (the dried root
and thizome of Rubla
cordifofia L)

mu xiang (the dried root
of Aucklandia costus
Falc)

shihu (the fresh or
dried stem of
Dendirobium nobile
Lindl)

Compounds

Indirubin
Indigo

Oroxindin

Liriodendrin

3,14,19-
triacetyl
andrographolide

Mollugin

Polysaccharides

Animals

BALB/c mice
8D rats

C57BL/6 mice

BALB/c mice

BALB/c mice

C57BL/6 mice

8D rats

BALB/C mice

Experimental
methods

Dss

Dss

Dss

Dss

Dss

TNBS

Dss

Results (symptoms, cytokines and pathways)

It inhibited the loss of bodyweight, reversed the elevation
of DAI store, alleviated crypt distortion and mucosal
injury, and reduced inflammatory cell infitration in the
colon mucosa.

TNF-a, IFN-y, IL-2, MPO were decreased. IL-4, IL-10
were increased. Few CDA-+ T cells were observed in
colon tissues.

The activation of NF-«B signaling was inhibited.

Oroxindin suppressed massive macrophages infitration
and attenuated pathological changes in colonic tissue.
The expression of IL-1, IL-18, caspase-1 and p-p65
were decreased, it suggested that Oroxindin inhibited
NLRPS inflammasorme formation and NF-x8 activation.

Liriodendrin improved DAI, colon length and histological
damage in colon of mice. MPO, IL-6, TNF-a, and IL-1p
were reduced.

It also suppressed the activation of Akt and NF-«B
pathways and up-regulated the expression of Erp.

It reduced body weight loss, colon length shortening,
colon weight, the spleen index, and DAI store, and
alleviated histological damage in the colon.

MPO, TNF-a, and IL-6 were decreased.

It could inhibit the activation of NF-kB and MAPK
pathways.

Mollugin decreased the DAI scores and histological
score.

IL-1B and TNF-a were decreased.

The level of TLR4 was decreased.

M xiang ameliorated stomachache, diarthea and
hematochezia of rats. Body weight was increased.
IL-1B, TNF-a, caspase-3, BAD were decreased. IL-6,
IL-10, pS3 and Bel-2 were upregulated.

The activity level of PIBK and Akt was increased.
Polysaccharides of shi hu could improve ciinical signs
and symptorns, decrease mortality, alleviate colonic
pathological damage.

IL-1B, IL-6, IL-18, TNF-a, and IFN-y were decreased.
IL-10 was increased.

It could also suppress the activation of NLRP3
inflammasome and p-arrestin{.

Results(Intestinal Microbiota) References
o-diversity was increased. At the (203, 204)
phylum level, Firmicutes and

Actinobacteria were increased,

Bacteroidetes was decreased. At

the family level, the abundance of
bifidobacteriaceae and

Ruminococcaceae was

increased.

- (205)

E (10)

- (206)

- (207)

- (208)

: (209)

DA, disease activity index; TNF-a, tumor necrosis factor-a; IL, interleukin; MPO, myeloperoxidase; NF-xB, nuclear factor kB; Akt, protein kinase B; TLR, Toll-like receptor; Bcl-2, apoptosis regulator Bcl-2; BAD, Bel2-associated agonist

of cell death; PI3K, phosphatidylinositol 3-kinase; IFN-y, interferon-gamma.
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methods
huéng gin (the dried Baicalin and BALB/c mice DSS It ameliorated the disease symptoms and prevented the - (215)
root of Scuteflaria berberine colon damage of mice. Expression of MPO, IL-18, TNF-a:
baicalensis Georg) and hybrid and IL-6 were decreased. Level of SOD was increased.
huéng fian (the dried compound
thizome of Coptis
chinensis Franch.)
dang shén (the dried Total C57BL/6 mice DSS It alleviated weight loss and DAI score of mice. The level of Firmicutes and (216)
root of Codonopsis polysaccharides The level of MLN coefficient, MDA, IL-18, TNF-c, IL-6 Proteobacteria was
pilosula (Franch.) of hudng qi and were decreased. In contract, SOD, IL-10, IL-22 were down-regulated. Bacteroidetes
Nannf) and hudng gi total increased. was up-regulated. Also,
(the dired root of polysaccharides production of butyrate and overall
Astragalus of dang shén microbiota structure were
mongholicus Bunge) improved.
101 i (the processed - C57BL/6 mice DSS Fii zi and gan jidng significantly ameliorated the clinical - ©17)
lateral root of Aconitum ‘symptoms of body weight loss, colonic shortening,
carmichaeli Debeaux) increased DAl and splenomegaly, as well as histological
and gan jiang (the dried scores of UG mice.
thizome of Zingiber IFN-y, TNF-a, IL-1B, IL-6, IL-10 and IL-17A were
officinale Roscoe) suppressed. The levels of MPO, iNOS and COX-2 mRNA

were suppressed 100,
The activation of MAPK, NF-B and STATS signaling
pathways were inhibited.

MPO, myeloperoxidase; IL, interleukin; TNF-a, tumor necrosis factor-«; SOD, superoxide dismutase; MLN, mesenteric lymph node; DAI, disease activity index; IFN-y, interferon-gamma; iNOS, inducible nitric oxide synthase; COX-2,
cyclooxygenase-2; MAPK, mitogen-activated protein kinase; NF-xB, nuclear factor xB.
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