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Abstract
Inflammatory bowel disease (IBD) is a chronic, recurrent, and debilitating disorder, and includes Crohn’s disease and ulcerative colitis. The pathogenesis of IBD is closely associated with intestinal dysbiosis, but has not yet been fully clarified. Genetic and environmental factors can influence IBD patients’ gut microbiota and metabolism, disrupt intestinal barriers, and trigger abnormal immune responses. Studies have reported the alteration of gut microbiota and metabolites in IBD, providing the basis for potential therapeutic options. Intestinal microbiota-based treatments such as pre/probiotics, metabolite supplementation, and fecal microbiota transplantation have been extensively studied, but their clinical efficacy remains controversial. Repairing the intestinal barrier and promoting mucosal healing have also been proposed. We here review the current clinical trials on intestinal microecology and discuss the prospect of research and practice in this field.
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Core Tip: The intestinal microecological system plays an important role in the pathogenesis of inflammatory bowel disease (IBD). Reconstructing healthy intestinal microecology is a promising therapeutic strategy, but has not been widely accepted in the routine management of IBD. We herein discuss the progress and prospects of studies on IBD treatment targeting the intestinal microecological system, including disordered gut microbiota, metabolites, and intestinal epithelium.

INTRODUCTION
The intestinal microecological system is an organic and dynamic balancing state involving the intestinal epithelial barrier, mucosal immune barrier, gut microbiota, nutrition, metabolites, and other factors. Numerous studies have shown that disrupted intestinal homeostasis is closely related to inflammatory disorders, as well as metabolic, cardiovascular, allergic, psychological, and malignant diseases[1]. Inflammatory bowel disease (IBD) is a heterogeneous group of chronic recurrent inflammatory diseases, historically subdivided into two main subtypes, Crohn’s disease (CD) and ulcerative colitis (UC)[2,3]. IBD is a complex gastrointestinal disorder resulting from an inappropriate immune response to altered intraluminal microbiota in a genetically susceptible host.
Gut microbes and their metabolites help maintain intestinal homeostasis through signal transduction, immune system modulation, endocrine regulation, and other mechanisms[4]. With the development and application of multi-omics research techniques, studies have shown dramatic changes in the gut microbiome and metabolome in IBD patients. The loss of microbial diversity and metabolic diversity was observed. In addition, a longitudinal analysis showed decreased stability of the gut microbiome in IBD patients[5]. For example, facultative anaerobes such as Escherichia coli are increased in IBD patients. Obligate anaerobic producers of short-chain fatty acids (SCFAs) including Faecalibacterium prausnitzii and Roseburia hominis are decreased[5]. With regard to metabolite features, remarkable differences between IBD patients and non-IBD controls were identified. Enrichments of primary bile acids, polyunsaturated fatty acids, sphingolipids, and acylcarnitines, and depletions of secondary bile acids, triacylglycerols, tetrapyrroles, SCFAs, and vitamins have also been documented[5,6]. 
These findings shed light on the pathogenesis of IBD, providing more targets for potential diagnostic and therapeutic research. Reconstructing healthy intestinal microecology is a promising therapeutic approach using pre/probiotics supplementation, fecal microbiota transplantation, and immune and signal molecule regulation. However, these therapeutic strategies are far from established and have not been widely accepted in the routine management of IBD. In this review, we summarize the progress of studies on IBD treatment targeting intestinal microecology, especially the latest evidence from clinical trials. The limitations of current studies and prospects for future studies are also discussed (Figure 1). 

PROBIOTICS, PREBIOTICS, AND SYNBIOTICS
Probiotics, prebiotics, and synbiotics are microecological agents used as alternative or complementary therapy for IBD, but the results of clinical trials are inconsistent. In a recent systematic review and meta-analysis including 38 randomized controlled trials (RCTs), probiotics, prebiotics, and synbiotics showed benefits in inducing/maintaining remission and reducing disease activity, especially in UC patients[7].
Probiotics are live microorganisms that are beneficial to the host by directly regulating gut microbiota. Commonly used probiotic microorganisms include Lactobacillus, Bifidobacterium, Escherichia coli Nissle 1917 (EcN), Enterococcus, and Saccharomyces boulardii. Probiotics containing Lactobacillus and Bifidobacterium or VSL#3 were effective in inducing remission and reducing disease activity in UC according to pooled results of meta-analyses[8,9]. In addition, the use of a mixture of strains had higher effects than using one single strain[7]. Probiotics were also used in combination with conventional medications. Compared with routine medical treatment, the use of probiotics combined with glucocorticoid or mesalazine was more effective in protecting mucosa, improving microflora composition, and inhibiting inflammatory cytokines[10-12].
Prebiotics refer to some organic substances (mainly oligosaccharides) that are not digested and absorbed by the host but can selectively promote the metabolism and proliferation of beneficial bacteria. Fructooligosaccharide (FOS) has been investigated in several RCTs. In a placebo-controlled trial, FOS showed no clinical benefit in active CD[13]. However, oligofructose-enriched inulin was associated with early fecal calprotectin normalization in active UC, decreased levels of Ruminococcus gnavus, and increased levels of butyrate and acetaldehyde in CD[14-16]. Wilson et al[17] investigated the effect of prebiotic galactooligosaccharide (GOS) supplementation in 17 active UC patients. GOS did not reduce clinical scores or inflammation. With regard to microbiota composition, the proportions of Bifidobacterium and Christensenellaceae were increased in patients with less active disease, indicating the correlation between disease activity and the prebiotic effect. It is reasonable to hypothesize that less-active or early-stage IBD patients may have a less-pathological gut environment and are more likely to respond to microecological agents.
Synbiotics are combined applications of probiotics and prebiotics, which are theoretically more effective than probiotics and prebiotics due to the synergistic effect[7]. Compared with placebo, synbiotics Lactocare® (seven strains with FOS) significantly decreased disease activity and achieved a higher response rate in UC patients[18]. Another study similarly supported synbiotic therapy (six strains with FOS) in reducing the inflammatory reaction, and clinical and endoscopic activity of UC[19]. For CD patients, synbiotic consumption decreased disease activity and proliferated mucosal Bifidobacterium, but did not prolong the time to relapse when given as an adjunct to standard therapy[20,21].
Although probiotics and prebiotics are generally considered safe, there are still some risks such as systemic infections, deleterious metabolic activities, excessive immune stimulation in susceptible individuals, gene transfer and gastrointestinal side effects[22]. These risks may increase in children, immunosuppressed individuals and the critically ill[23]. For severe active IBD patients with impaired mucosal barrier, translocation of bacteria and secondary bacteremia have been reported in cases and should be carefully surveilled[24-26].
It should be noted that these published studies of probiotics, prebiotics, and synbiotics were heterogeneous. There is no consensus or guidelines on the application strategies to guide the resource, composition, and dosage of strains. The same probiotics may have different effects on different patients due to factors such as age, lifestyle, and disease severity. Moreover, the intestinal environment itself is extremely complex. The interaction between the supplementary bacteria and the original gut microbiota, and among different probiotics have not been thoroughly elucidated. Therefore, future research and application of microecological treatment should follow the principle of individualized medicine. With the help of omics technology, hopefully, changes in the composition of pathological gut microbiota can be analyzed to find targets for complementary therapy.

INTESTINAL METABOLITES
There are bidirectional interactions between gut microbiota and metabolites. Changes in metabolites either contribute to or result from intestinal dysbiosis. A recent study examined fecal metagenomics and metabolomic changes in IBD patients. A total of 135 metabolites were differentially expressed between IBD and control patients. Pathways including primary bile acid biosynthesis, vitamin digestion and absorption, and carbohydrate metabolism were affected[27]. Through treatments targeted at abnormal intestinal metabolism, gut-related symptoms may be alleviated, and hopefully, gut microbiota structure may be reconstructed.

Short-chain fatty acids
SCFAs are mainly derived from the fermentation of indigestible carbohydrates by gut bacteria. SCFAs are signaling molecules that mediate the interaction between diet, gut microbiota, and the host, playing important roles in regulating immunity, metabolism, and the endocrine system. A meta-analysis reported a decrease in acetate, valerate, and total SCFAs in UC patients compared with healthy controls. In addition, a decrease in acetate, butyrate, and valerate was also observed in CD patients. The change in certain SCFA concentrations might have associations with disease activity[28]. These findings provide a potential therapeutic option for IBD by regulating SCFA metabolism. 
SCFA enemas were used for UC treatment more than 20 years ago[29,30]. There is no consistent conclusion regarding the efficacy of SCFAs, and the optimal dose and indication are still unknown. The response rate ranged from 33% to 70%, but most studies showed no significant difference between butyrate administration and placebo[31-35]. Recently, a RCT evaluated the effect of oral supplementation with exogenous butyrate on the gut microbiota of IBD patients. The results showed that SCFA-producing bacteria increased both in UC (Lachnospiraceae spp.) and CD patients (Butyricicoccus). However, the effect on clinical activity was not observed in both sodium-butyrate or placebo groups[36]. Similarly, in children and adolescents with newly diagnosed IBD, 12 wk of oral sodium butyrate showed no effectiveness in remission rate and disease activity[37]. The actual clinical efficacy of butyrate supplementation still needs further investigation.

Bile acids
Bile acid malabsorption (BAM) occurs in CD due to the involvement of the ileum and the possible requirement of small bowel resection (type I BAM)[38]. BAM-associated diarrhea is a typical symptom in CD patients and can be relieved by bile acid sequestrant (BAS). In a randomized, double-blind, placebo-controlled study, colesevelam treatment reduced liquid stools and improved diarrhea in CD patients[39]. Colesevelam also improved patients’ life quality in a CD cohort[40]. Further studies are needed to determine which group of patients are likely to respond to BAS treatment.
There is a proven bidirectional interaction between bile acids (BAs) and gut microbiota. Gut microbiota metabolizes BAs secreted into the gut, and in turn, BAs affect the growth and composition of gut microbiota. In IBD patients, abnormal gut microbial structure and reduced microbial enzymatic activity result in dysmetabolism in the gut, especially depleted synthesis of secondary BAs. Ursodeoxycholic acid (UDCA) is a secondary BA with both cytoprotective and anti-inflammation effects, and can also modify patients’ microbiome[41,42]. The supplementation of secondary BAs is a potential therapeutic approach to correct gut dysbiosis in IBD, but no clinical trials have yet been published[43]. Apart from direct supplementation, exclusive enteral nutrition, diet intervention, and FMT can also restore the abnormal gut microbial structure and secondary BA depletion[44-46].

FECAL MICROBIOTA TRANSPLANTATION
FMT is a direct approach to restoring the intestinal environment. It has been recommended for the treatment of Clostridium difficile infection (CDI)[47]. Experience in a large-volume European FMT center showed the effectiveness and safety of FMT in IBD patients with recurrent CDI. Not only did the Clostridium difficile toxin turn negative, but IBD disease activity also improved[48]. Increasing evidence has driven the implementation of FMT for IBD treatment. 
A recent systematic review and meta-analysis included six double-blind RCTs and reported a pooled clinical and endoscopic remission rate of 30.43% in the FMT group[49]. In 2015, the first RCT evaluating the efficacy of FMT for active UC found a significantly higher remission rate in the FMT group than in the placebo group, and there was no difference in adverse events. In addition, according to the results of 16S rRNA sequencing, the FMT group had a greater increase in microbial diversity[50]. In another RCT, no statistically significant difference in clinical and endoscopic remission was observed between FMT from healthy donors or autologous fecal microbiota[51].
Given that UC is a chronic disease with a high relapse rate, the long-term outcome of FMT requires attention. However, only pilot studies with a small sample size have been conducted with a long-term perspective. Sood et al[52] evaluated maintenance FMT (every eight weeks, for 48 wk) in UC patients in clinical remission. Maintenance of steroid-free clinical remission was achieved in 27/31 patients receiving FMT and in 20/30 receiving placebo. Endoscopic and histological remission rates were also significantly higher in the FMT group. In a study with a follow-up period of 24 mo after one FMT treatment, one of nine FMT responders relapsed after six months and five maintained clinical and mucosal remission at month 24[53]. More long-term trials with adequate powers are expected to evaluate the efficacy, safety, changes in the gut environment, and effect on life quality.
Compared to UC, there is limited evidence regarding FMT in CD. Challenges include frequent involvement of the small bowel and the heterogeneity of CD phenotypes. Yang et al[54] included 27 CD patients who were randomized to receive FMT by either gastroscopy or colonoscopy. Two-thirds showed clinical remission two weeks after FMT and there was no difference between the two groups. No significant endoscopic response or remission was observed in either group. Another sham-controlled pilot trial showed a higher steroid-free clinical remission rate at week 10 in the FMT group but the difference was not statistically significant. Endoscopic activity was significantly decreased in the FMT group. This study used FMT after corticosteroid-induced clinical remission, suggesting the potential role of FMT in remission maintenance[55].
Apart from clinical and endoscopic remission, quality of life should also be addressed in IBD patients. FMT significantly improved the quality of life in IBD patients as measured by the IBD Questionnaire[56]. FMT also seems to be a cost-effective treatment. Compared with conventional therapy, FMT was 73% and 75% likely to be cost-effective from the healthcare and societal perspectives, respectively[57]. 
Furthermore, FMT may be a particularly effective, safe, and well-tolerated treatment for pediatric IBD. Early age of onset indicates long-term impairment and the cumulative burden of conventional treatment. Furthermore, the pediatric microbiome and immune system are highly dynamic and developing, which may be more responsive to FMT[58]. In a prospective trial, 21 IBD patients (median age 12 years) refractory to medical therapy received a single FMT. The clinical response rate at one and six months was 57% and 28%, respectively. Two CD patients were in remission at six months[59]. In another trial with a two-week FMT course, clinical response was observed in nine of ten patients, and five achieved remission[60]. Side effects in both trials were mild to moderate and self-limited[52,53]. Popov et al[61] interviewed pediatric patients and their parents regarding their experiences on receiving FMT. The efficacy and naturality of FMT were accepted, encouraging future trials involving children. 
FMT for IBD treatment still has a long way from clinical trials to routine practice. Donor selection, preparation methodology, delivery route, frequency, and dose of FMT were different and controversial in previous studies. Intensive-dosing multi-donor FMT, anaerobically prepared pooled donor FMT, daily oral frozen encapsulated FMT, and oral lyophilized FMT have been assessed in RCTs, and the remission rate ranged from 27% to 53%[62-65]. 
Although few FMT-related serious adverse events were reported in previous studies, the FDA warned about the risk of multidrug-resistant organisms and theoretical COVID-19 transmission via FMT[66,67]. Therefore, the process from patient and donor selection, FMT preparation and administration, to long-term follow-up requires continuous standardization and optimization.

EPITHELIAL BARRIER REPAIR
The intestinal epithelium, as the barrier between the inner and outer environment, is under rapid regeneration. It is also the interface between pathogenic factors of IBD including genetic factors, environmental factors, microbiota, and immune reactions. With the increased understanding of the epithelial barrier in IBD pathogenesis, the therapeutic targets have been upgraded to “mucosal healing”, which is related to long-term remission and a lower risk of receiving surgical therapy[68]. 
Glutamine is one of the major nutrients for the small-bowel mucosa which helps maintain mucosal integrity and prevent bacterial translocation. However, two earlier studies found no significant effect of glutamine supplementation on small intestinal permeability or disease activity in CD[69,70]. Benjamin et al[71] conducted a RCT in 2011 and reported that intestinal permeability and morphology in CD patients improved significantly in both the oral glutamine and active control groups. 
To achieve mucosal healing, promoting epithelial regeneration and repair is a more direct method. Previous studies have proposed the use of growth factors, such as epidermal growth factor, and another notable area is stem cell therapy[72]. Autologous hematopoietic stem cell transplantation has been found to be feasible and effective in treatment-refractory CD, although with a higher security risk and higher requirements[73-76]. Furthermore, mesenchymal stroma cells (MSCs) have been successfully used for the treatment of complex perianal fistula in CD patients. In a long-term phase 3 trial comprising 212 patients, local injection of adipose-derived stem cells achieved a significantly greater proportion of closed external openings compared with placebo (56.3% vs 38.6%)[77]. Forty participants in this trial entered an extended follow-up to week 104. The results showed that clinical remission might be sustained in the long term and no apparent new safety signals were identified[78]. In the latest phase I-II pilot trial, local MSC injection may also help resolve CD strictures[79]. However, using MSCs to promote ulcer healing and repair the epithelial barrier has not been confirmed by clinical trials and more studies are awaited.

CONCLUSION
Reconstruction of intestinal homeostasis is an important therapeutic target. In order to identify relevant treatments, a deeper understanding of the pathogenesis is required.
Currently, the strategies targeting intestinal microecology are considered to be part of complementary and alternative medicines or in preclinical trials, which are still outside conventional treatment. The first step in promoting routine application is to select an appropriate population. According to previous studies, pediatric or less severe patients may benefit from gut microbiota-related interventions, and stem cell treatment is more beneficial for CD patients. Further trials are needed to confirm detailed indications, especially based on subtypes and severity of IBD. Another important topic is the exploration of optimal treatment recommendations, such as the preparation, delivery route, frequency, and dose of microbiota agents. For therapeutic response evaluation, long-term, dynamic and systematic observation results are required.
There is a high degree of heterogeneity between IBD patients and during disease courses. Therefore, the principle of individualized treatment should be emphasized in trial designs, pre-treatment assessment, treatment protocol designation and adjustment, and dynamic evaluation. Multi-omics sequencing technology may be a promising tool allowing for individualized assessment and prediction of therapeutic response in the future. 
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Figure 1 Intestinal microecology-based treatment for inflammatory bowel disease. SCFA: Short-chain fatty acids; BA: Bile acid; FMT: Fecal microbiota transplantation.
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