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Inflammatory bowel disease (IBD) is a chronic non-specific inflammatory disease that occurs in the intestinal tract. It is mainly divided into two subtypes, i.e., the Crohn’s disease (CD) and ulcerative colitis (UC). At present, its pathogenesis has not been fully elucidated, but it has been generally believed that the environment, immune disorders, genetic susceptibility, and intestinal microbes are the main factors for the disease pathogenesis. With the development of the sequencing technology, microbial factors have received more and more attention. The gut microbiota is in a state of precise balance with the host, in which the host immune system is tolerant to immunogenic antigens produced by gut commensal microbes. In IBD patients, changes in the balance between pathogenic microorganisms and commensal microbes lead to changes in the composition and diversity of gut microbes, and the balance between microorganisms and the host would be disrupted. This new state is defined as dysbiosis. It has been confirmed, in both clinical and experimental settings, that dysbiosis plays an important role in the occurrence and development of IBD, but the causal relationship between dysbiosis and inflammation has not been elucidated. On the other hand, as a classic research method for pathogen identification, the Koch’s postulates sets the standard for verifying the role of pathogens in disease. With the further acknowledgment of the disease pathogenesis, it is realized that the traditional Koch’s postulates is not applicable to the etiology research (determination) of infectious diseases. Thus, many researchers have carried out more comprehensive and complex elaboration of Koch’s postulates to help people better understand and explain disease pathogenesis through the improved Koch’s postulates. Therefore, focusing on the new perspective of the improved Koch’s postulates is of great significance for deeply understanding the relationship between dysbiosis and IBD. This article has reviewed the studies on dysbiosis in IBD, the use of microbial agents in the treatment of IBD, and their relationship to the modified Koch’s postulates.
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Introduction

Inflammatory bowel disease (IBD) is a chronic non-specific inflammatory disease that occurs in the intestinal tract. Patients with IBD often present with abdominal pain, diarrhea, fever, nutritional disorders, and weight loss, as well as other recurrent clinical symptoms. IBD is divided into two subtypes, i.e., the Crohn’s disease (CD) and ulcerative colitis (UC). The difference between UC and CD lies in that the UC lesions mainly involve the colon, and the lesions are limited to the superficial part of the large intestine and have a continuous distribution; while CD involves all segments of the digestive tract, mainly in the terminal ileum and adjacent colon (1). IBD patients also have many extra-intestinal manifestations and complications, such as peripheral arthropathy, erythema nodosum, primary sclerosing cholangitis, nephrolithiasis, peripheral neuritis, and anemia. It has the characteristics of systemic diseases (2). The incidence of IBD is higher in western countries, which might be related to urbanization, industrialization, and adjustment of dietary structure. In recent years, globalization has led to rapid economic development of emerging industrial countries such as China. With the society modernization, the incidence of IBD has increased. The incidence of IBD has risen sharply (3), although its incidence is still significantly different in different countries and regions. However, with the passage of time, the incidence of IBD has shown an upward trend in different regions, making IBD gradually known as a global public health problem (4). The pathogenesis of IBD has not yet been elucidated (3). Currently, it is believed that the environment (5), immune disorders (6, 7), genetic susceptibility (8), and gut microbes (9) represent the main factors for the disease pathogenesis. A chronic inflammatory state would result from disruption of the homeostasis between the microbiota, intestinal epithelial cells, and immune cells by genetic and environmental factors (e.g., antibiotics, smoking, and diet) (10).

With the development of the new-generation sequencing technologies and the gut microbiome macrogenomics programs, gut dysbiosis has been better understood. Studies have found that gut dysbiosis can cause and/or modulate most of the major pathogenic causes of IBD, such as the impaired intestinal epithelial cell function, impaired recognition of pathogenic bacteria, and abnormal innate immune responses (11, 12). Therefore, the gut microbiome has received more attention in recent years. It is currently believed that the dysbiosis is not only one of the pathogenic factors of IBD, but also may be the central factor of multifactorial pathogenesis.

The traditional Koch’s postulates (one pathogen, one disease) requires the pathogen to meet the following criteria: (1) the microorganism must be present in all disease cases and not in healthy individuals; (2) the microorganism can be isolated in patients and be purified in the culture medium; (3) the pure cultured microorganism can inoculate a healthy susceptible host, which can lead to the recurrence of the disease; and (4) the microorganism can be isolated and cultured again in the test diseased host (Figure 1). The Koch’s postulates provides a standard for proving the role of organisms in disease. However, with the deepened understanding of diseases, the traditional Koch’s postulates has been unable to meet the etiological assumptions of some microorganisms and/or diseases. Therefore, the Koch’s postulates needs to be improved and modified. Dysbiosis is an ecosystem state that includes diverse microbes and their complex interactions, although many experiments suggest that individual microbes may play important roles in the immune regulation. However, it is currently believed that the gut microbiota dysregulation as a whole plays a key role in the persistent inflammatory response of chronic diseases (13, 14). Therefore, for such a complex group of pathogens, the classical Koch’s postulates might not be comprehensive enough. Through two improved Koch’s postulates, namely, the ecological and symbiotic Koch’s postulates, the dysbiosis and the onset of IBD and the re-establishment of the balance state would be linked with the disease remission. The etiology, pathogenesis, and improvement of the treatment plan have important guiding significance.
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FIGURE 1
Traditional Koch’s postulates. The microorganism must be present in every case of the disease and can be isolated from the diseased host. After cultured in the laboratory, the microorganism can cause the same disease when introduced into a new host.




Gut microflora and inflammatory bowel disease


Symbiotic microflora

There are about 100 trillion microorganisms in the human gastrointestinal tract, including bacteria, viruses, fungi, archaea, and protists (15). The genetic catalog of the gut microbiome shows that more than 99% of them are bacteria (16). The diversity of bacteria increases from 15,000 to 36,000 species according to the rRNA sequence analysis (17). The concept of enterotype in terms of gut microflora has been proposed in recent studies, which identifies three enterotypes: Bacteroides enterotypes, Privobacterium enterotypes, and Ruminococcus enterotypes. All of these samples are pooled around the three enterotypes based on their propensity to make up the community, and the three enterotypes could be varied by the level of one of Bacteroidetes, Privotella, and Ruminococcus. Mutual identification and no correlation between enterotypes and distinct phenotypic characteristics (such as gender, age, race, and country) suggest that changes in the gut microbiome are stratified rather than being continuous (18). Most of the bacteria found in the adult gut belong to the genera Bacteroides, Parabacteroides, and Clostridium (19, 20). The human gut microbiota has co-evolved with the host through a symbiotic relationship. A healthy gut microbiota is important for nutrient uptake of the host, and the immune-microbiota pathway is associated with the maintenance of the homeostasis between mammalian feeding and weight (21). Commensal microbes play an important role in the development and maturation of the immune system (22). Gut microbes are also associated with diurnal fluctuations in host circadian transcription, physiology, and disease susceptibility (23). The microflora maintains the homeostasis of host physiology by competing with potential pathogens for nutrient sites, producing antimicrobial factors, and imposing colonization resistance to prevent the growth of potential pathogens.



Dysbiosis in inflammatory bowel disease patients

The gut microbiome of healthy individuals is highly individualized (16, 19, 24). Although the microbiota differs in healthy individuals, this variation remains at the level of health plane (HP), whereas the microbiota in IBD patients fluctuates. Therefore, compared with healthy people, the gut microflora of IBD patients is in a state of dysregulation (25, 26), which is manifested by changes in the composition, diversity and stability of the microbiota (26–28). Beneficial or commensal bacteria (such as Bacteroidetes, Firmicutes, and Actinobacteria) are reduced in IBD patients, accompanied by increases in pathogenic species (such as Proteobacteria) (29, 30). The ratio of potentially pathogenic microbes to beneficial commensal microbes appears to play a key role in the disease development (31). Studies have shown that IBD patients have a substantial reduction in the gut Bifidobacterium and Lactobacillus (32), which are immunomodulatory bacteria. Bifidobacteria reduce intestinal pH by fermenting lactic acid, thereby preventing the colonization of pathogenic Escherichia coli (33, 34), while certain potentially pathogenic organisms (such as Klebsiella, Enterobacter, Proteus, and fungi) are increased in IBD patients (35). Certain E. coli genera, such as adherent-invasive E. coli and diffuse-adherent E. coli, have elevated proportions in patients with IBD, and patients with active CD have a greater proportion of adherent-invasive E. coli than controls (36), while most of the E. coli isolated from the feces of UC patients are diffuse-adherent E. coli (37). Studies have shown that intestinal flora imbalance is often related to the weakening of intestinal mucosal barrier function and the activation of inflammatory cells (38). Dysbiosis would change the proteome in the host, and affect the mitochondrial function, resulting in a pro-inflammatory state (39). In healthy individuals, the intestinal barrier consists of an intact layer of epithelial cells that are tightly connected by the claudin protein family, and the intestinal epithelial cells create a mucosal barrier that allows the microflora to interact with the host immune cell sequestration, thus reducing intestinal permeability. In patients with active CD, claudin-2 is upregulated, while claudin-5 and claudin-8 are downregulated and redistributed, resulting in a discontinuous state of tight junctions between epithelial cells (40, 41). Due to the existence of dysregulation, individuals have a greatly increased likelihood of opportunistic infection, resulting in low-grade inflammation of the mucosa, followed by increased intestinal permeability, ultimately leading to the so-called permeable gut (42, 43), i.e., the impaired intestinal barrier function. This would create a vicious circle, where intestinal barrier impairment will exacerbate intestinal inflammation and changes in the composition of the gut microbiome, eventually leading to systemic inflammation (44). Single-chain fatty acids (SCFAs), the most abundant microbial metabolites in the gut lumen, have been considered to be potential mediators of gut microbiota affecting gut immune function, which can regulate the expression of pro-inflammatory factors such as interleukin 6 (IL-6), IL-12, and tumor necrosis factor alpha by activating macrophages and dendritic cells, and thereby cause an anti-inflammatory effect of the immune system (45, 46). Under intestinal homeostatic conditions, peroxisome proliferator-activated receptor-γ (PPAR-γ), a nuclear receptor mainly synthesized in intestinal epithelial cells, is activated by butyrate. PPAR-γ promotes mitochondrial β-oxidation and oxidative phosphorylation of single-chain fatty acids in colonocytes to maintain a local hypoxic microenvironment. The obligate anaerobic SCFA-producing bacteria grow vigorously in such an environment. The colonization and growth of facultative anaerobic enteric pathogens are inhibited, and the facultative anaerobic Enterobacteriaceae are significantly increased when the intestinal microbiota is disturbed (47), leading to impaired anti-inflammatory effects of the host intestinal immune system. Experiments have found that wild mice co-bred with NOD2 gene-deficient mice have increased expression of apoptosis, necrosis, and oncogenes in their offspring, and the inflammation caused by chemically induced colitis would be more severe (48). At the same time, Torres et al. (49) have found that during pregnancy, pregnant women with IBD still have IBD-related microbial imbalances in the gut, and changed diversity and richness of bacteria in the neonatal gut. Neonatal dysbiosis microflora transplanted into germ-free mice would elicit abnormalities in the mouse gut immune system. This suggests that susceptibility to intestinal inflammatory disease may be due to the inheritance of a dysregulated microbiota that not only sensitizes the intestinal mucosa to chemical damage, but also triggers immune abnormalities in the gut. Impaired intestinal epithelial function, dysfunctional recognition of pathogens, and abnormal immune responses that accompany dysbiosis, would severely reduce intestinal resistance to pathogenic microbial colonization. The microbiota associated with IBD is rich in pathogenic bacteria. It is synergistic with pathogens in the process of exacerbating pathological reactions (50).



Dysbiosis and ecological Koch’s postulates

Ecological Koch’s postulates (one gut ecosystem state, one disease): (1) an unbalanced microbiota with similar composition/characteristics would be found in all affected individuals; (2) an unbalanced microbiota can be obtained from a diseased host; (3) putting the obtained imbalanced flora into a sterile host and putting the host in a similar environment, and the host would produce similar symptoms; and (4) in a newly invaded host, the composition of the dysregulated microflora remains relatively stable (Figure 2) (51). Compared to the disease caused by a single pathogen, Koch’s postulates of ecology emphasizes the overall role of the microflora. The role of gut microflora dysbiosis in the pathogenesis of IBD has been investigated using the ecological Koch’s postulates. Just as the relationship between H. pylori and gastric ulcers satisfies the classical Koch’s postulates (52), this imbalance can be extracted to lead to the disease recurrence in healthy individuals. Experimental studies using mouse models of single bacteria related to IBD, such as E. coli, fecal E. coli, Bacteroidetes, etc., have shown that a single bacteria as a pathogen can induce chronic inflammation in susceptible hosts (53–55). However, a single bacterium does not reflect the complexity and interindividual variability of the gastrointestinal microflora. By combining seven human IBD-associated gut bacteria, a simplified bacterial consortium, SIHUMI, has been obtained. Eun et al. (56) have successfully colonized SIHUMI in experimental mice and have found that SIHUMI induces colitis in mice, in an antigen-specific manner. But this consortium is still too simplistic compared to the IBD microflora. Studies have reported that obesity-related metabolic phenotypes in humans can be transferred to recipient mice by microbiota transplantation (57). This suggests that the transfer of microflora can trigger related diseases, which provides ideas for IBD-related microflora transplantation experiments. Reinoso et al. (58) have shown that colonization of the microbiota transfer susceptibility to colitis in mice by means of fecal microbiota transplantation (FMT), making the incidence and severity of chronic colitis in recipients less than in donors. Schaubeck et al. (59) have reported that compared with experimental mice, germ-free mice do not develop CD-like ileitis, suggesting that the microbiota would be necessary for the development of intestinal inflammation. In addition, in this study, the disease-related dysbiosis flora is isolated from the cecum of the experimental mice, and the isolated disease-related dysbiosis flora of the cecum is introduced into the germ-free environment genetically susceptible mice, resulting in the latter CD-like gyrus, and occurrence of enteritis. It has been shown that CD-like ileitis can be transmitted through the dysbiosis of the microbiota, that is, the whole of microbiological dysbiosis as a pathogenic factor conforms to the second and third items of the Koch’s postulates. Subsequently, the cecal bacteria of the recipient mice are subjected to the high-throughput sequencing analysis, and it has been shown to be consistent with the donor flora composition. The dysregulated flora is isolated again in the newly pathogenic mice, which is in line with the fourth item of the Koch’s postulate. The results herein prove for the first time that there is a causal relationship between the disease-related flora imbalance and the occurrence of CD-like ileitis in the experimental state (59). These findings provide evidence and ideas for microbiological dysbiosis as a central factor in the pathogenesis of IBD.
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FIGURE 2
Ecological Koch’s postulates. By sequencing healthy individuals and diseased patients, it has been found that their microflora are different. Dysbiosis of microflora can be obtained from the diseased patients. The dysbiosis of microflora can cause the same disease when introduced into a healthy host. The dysbiosis of microflora can be detected from the diseased hosts.


Based on the experimental results of ecological Koch’s postulates above, we make a similar analogy, i.e., if the microecological imbalance can lead to the occurrence of IBD, then when we restore the balance of the microflora, the remission or even disappearance of the disease state would occur. In recent years, experimental advances to assess the therapeutic potential of the gut microbiota in the treatment of IBD support the hypothesis that host microbiota balance can be reconstituted, which would elicit clinical remission in IBD by administration of appropriate microbes.




Microbial therapeutic strategies for inflammatory bowel disease


Antibiotics

Experiments have shown that the application of antibiotics can induce remission in the acute phase of IBD and prevent the recurrence of clinical symptoms in IBD patients (60–63). Antibiotics can improve the microbial environment of IBD patients by reducing pro-inflammatory bacteria and increasing beneficial bacteria in the intestinal lumen of IBD patients (64). A meta-analysis has been performed on the role of antibiotics in the treatment of IBD, and consistent results have been found. The first report has suggested that antibiotics may be beneficial for the relief of clinical symptoms in UC and CD, and the second report supports that antibiotics can improve clinical outcomes in IBD (65, 66). Clinical trials have shown that the combined application of antibiotics is more effective in the treatment of IBD, such as OTICS (metronidazole, amoxicillin, doxycycline, and vancomycin) combination therapy in the clinical treatment of moderate to severe refractory ulcerative colitis in children, and satisfactory results have been obtained in the process (67). In addition, there are data showing that metronidazole, when used in combination with azithromycin, is effective in inducing remission in pediatric CD (68). Meanwhile, antibiotics application can adversely affect the gut microflora, and short-term use of antibiotics will lead to a decrease in antibiotic-sensitive bacteria, a decrease in the overall diversity of the flora, and an increase in the possibility of colonization by naturally resistant bacteria (69, 70).



Prebiotics and probiotics

Prebiotics are non-digestible carbohydrates that are selectively fermented by gut bacteria and promote their activity, resulting in beneficial effects on the host (71). Prebiotics have established an important position in the treatment of IBD by selectively stimulating the growth of commensal microorganisms in the gut microflora and increasing the production of SCFAs, as highlighted in a recent meta-analysis. Beneficial effects in rats with TNBS-induced colitis include increased growth of Lactobacillus and Bifidobacterium, increased production of SCFAs, reduction of colon macroscopic lesions, and regression of inflammatory markers (72, 73). Probiotics are defined as live microorganisms that, when ingested in sufficient amounts, are beneficial to the health of the host. Common probiotics include Lactobacillus, Bifidobacterium, and Boula. In the treatment of IBD, the potential beneficial effects of probiotics include: (1) inhibition of pathogen invasion; (2) improvement of epithelial barrier function; and (3) immunomodulation (74). Clinical trials have shown that the mixed use of lactobacillus and VSL#3 (probiotic combination) shows high efficacy in the treatment of children with IBD, and VSL#3 can also effectively induce remission of active UC. Probiotics seem to be a safe alternative to 5-aminosalicylate as an effective agent for maintaining low activity of biologics in IBD (75, 76). However, to date, the ability to understand and monitor the microbiome in IBD is limited, and clinical trials related to probiotics have not been rationally designed to correct the microbial dysbiosis that may lead to IBD. Therefore, any findings of treatment effects should all be accidental. According to the modern microbial pathogenesis model of inflammatory bowel disease, it is necessary to apply macrogenome sequencing technology to identify specific strains with biologically credible efficacy in IBD, and to design further experiments to study targeted and specific probiotics.



Fecal microbiota transplantation

Fecal microbiota transplantation is a treatment that injects the fecal microflora of a healthy donor into the recipient’s gut. Initially, FMT has been used as a clinical treatment method for the Clostridium difficile recurrent infection (CDI). In a landmark article, the first randomized controlled trial of FMT in the treatment of CDI has been published, and the results show that 81% of patients recover after FMT has been administered through a nasoduodenal tube, while the curing rate in the control group is lower than 31% (77). Thereafter, numerous experiments have demonstrated the role of FMT in the treatment of CDI, and it has been identified as a highly effective therapy for CDI (78), with the curing rate of as high as 97% (79). The application of FMT in CDI patients aims to restore the homeostasis of the patient’s gut microflora, and unlike treatments such as antibiotics and immunosuppressants, FMT significantly increases the number and diversity of recipient fecal bacterial populations. The longer engraftment period of bacterial populations (80, 81) would lead to further assumptions to evaluate the effectiveness of FMT in the treatment of other types of diseases in which dysbiosis is a major pathogenic factor affecting disease progression. Therefore, FMT has been expected to be a potentially promising treatment for IBD. Results of a double-blinded, randomized, and placebo-controlled trial in 81 subjects have shown that the application of high-dose, multi-donor FMT increases the microbial diversity of the experimental group, which persists and is effective in inducing activity clinical remission of stage UC (82). Another experiment, by randomly dividing the subjects into the experimental group (50 ml FMT enema from healthy donors) and control group (placebo, 50 ml water enema), conducts a randomized controlled trial, and the results show that compared with the control group, the experimental patients achieve stable primary efficacy indicators (Mayo score ≤ 2 and endoscopic Mayo score of 0), with no difference in adverse reactions between these two groups. The fecal microbial diversity of patients receiving FMT is significantly higher than the placebo group (p = 0.02, Mann–Whitney U test) (83). These findings show that FMT can be used as an effective clinical treatment for UC. An interesting phenomenon has been observed in the second group of experiments. The feces of one of the six donors induce UC remission in 39% of the experimental group patients, suggesting that FMT therapy may have a donor-receiver compatibility effect in IBD (83). Fang et al. (84) have conducted a meta-analysis of the therapeutic effect of FMT in IBD, and their findings confirm the effectiveness of FMT in the treatment of IBD patients. In addition, their findings suggest that the use of fresh or frozen donor stool, different routes of administration, and factors such as whether there is a history of antibiotic use, have no effects on the efficacy of FMT in the treatment of IBD patients. This suggests that FMT may be a potential rescue therapy for the treatment of acute exacerbations of IBD, or even as an initial standard treatment regimen. He et al. (85) investigated the microbiome changes before and after FMT in IBD patients. In their study, 3–5 Units of fresh fecal bacteria (1 U = 1 × 1013 cells) in suspension (1 U with 20 ml saline) was delivered to patient’s gut. They found that, after FMT, the diversity of the gut microbiota increased significantly in recipients, and approximated the level of healthy donors, indicating the ability of FMT to improve the diversity of disturbed microbiota. Moreover, the relative abundance of the dominant bacteria in recipients after FMT decreased toward the level of the donor, which illustrated the modulating effect of FMT on microbial community structure. In addition, the authors classified the gut bacteria in recipients after FMT into two categories, residents and colonizers. The residents were abundant in patients before FMT, and the colonizers were relatively absent in patients before FMT but newly acquired from donors. Then, they defined the ratio of colonizers to residents after FMT as C2R and found that C2R was significantly elevated in the FMT response group compared to the failure group, suggesting the successful colonization of more bacteria from the donor in the gut of the recipients. These results imply the importance of diversity changes before and after FMT and bacterial colonization in IBD patients, which was also find in CDI patients who are also characterized by gut dysbiosis (85).

In all studies, short-term use of FMT appears to be effective and safe, with most adverse effects being mild, self-limiting, and gastrointestinal (86). In theory, however, FMT therapy involves the introduction of an unspecified suspension of active microbiota that may cause bacterial-related diseases. Therefore, the main limitation of FMT is the long-term effect and safety issues (87, 88). The most common adverse reaction is abdominal pain, and even serious adverse reactions such as IBD recurrence, serious infection, or death may occur (87). The current treatment of IBD-related FMT is still in its infancy, and IBD is a complex disease involving multiple factors. Numerous results suggest that when combined with microbial profiling of donors and recipients, FMT may be an effective treatment and a powerful research tool, which will aid in the establishment of patient classification criteria and the development of personalized microbial therapy program. According to the latest ECCO guidelines, FMT is very promising for the treatment of active UC, and meanwhile, more researches (route of administration, donor characteristics, and frequency and duration of treatment) are needed to determine the optimal treatment of IBD protocol to improve the efficacy and safety of FMT in the disease treatment (89). In this section, we summarized some of the existing microbial therapeutic strategies in IBD patients, and the detailed study characteristics are provided in Table 1.


TABLE 1    The relationship between different aspects of microbial therapies.
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Microbial therapeutic strategies and commensal Koch’s postulates

Koch’s postulates of symbiotic microorganisms (one beneficial microorganism, one improvement in disease state): (1) commensal strains are associated with host health and are regularly found in healthy hosts but less frequently in diseased hosts; (2) the symbiotic bacteria can be isolated as cultures and grown in the laboratory; (3) when the symbiotic strain is introduced into a new host, it can ameliorate or alleviate symptoms; and (4) when the symbiotic strain is introduced into a restored host, this symbiotic strain would be detected (Figure 3) (90). The symbiotic microorganism rule is used to supplement the symbiotic microorganisms of IBD patients to restore the balance of the intestinal microflora, so as to achieve the improvement of the disease state or the remission of clinical symptoms, considering the role of dysbiosis in the pathogenesis of IBD with reverse thinking. It has been reported that two species of Lactobacillus and Bifidobacterium play important physiological functions in healthy individuals (33, 34, 91), while their numbers are significantly reduced in IBD patients (32). Some researchers have isolated two genera Lactobacillus and Bifidobacterium from the feces of healthy mice, and the isolated genera have been cultured, and identified by the Gram’s method. The cultured genera can tolerate simulated gastrointestinal conditions. The two types of bacteria are combined, and called Personalized Probiotic Mix (PP). The experiment has used Dextran Sulfate Sodium Salt to induce colitis mouse model for control experiments. Mice with DDS-induced colitis orally administered PP have less weight loss, lower disease activity index, and fewer clinical signs of disease (hunched back, less movement, and stray hair) compared to controls. In addition, PP can more effectively modulate the host immune response, reduce the expression of pro-inflammatory factors (IL-1β and IL-6), and increase the expression of anti-inflammatory factors (TGF-β and IL-10) (92). The genus Bacteroides has important physiological functions in the gut microflora of healthy individuals, whereas patients with IBD have a reduced number of commensal anaerobic bacteria, including members of the genus Bacteroides. Delday et al. (93) have evaluated the effect of Bacteroides polymorpha, an important component of the Bacteroides genus, on colitis using DDS-induced and IL-10 knockout IBD mouse models, respectively. In the DDS model experiment, compared with the control group (gavage with DDS alone), rats received with gavage of Bacteroides polymorpha showed significant improvement in weight loss, with significantly lower levels of colon histopathological scores and inflammation-related genes (such as IL-6 and IL-1b). The expression of tumor necrosis factor alpha is significantly downregulated. In the IL-10 knockout model, compared with the control group (receiving culture medium alone), the rats in the experimental group had significantly increased body weight, and lower histopathological scores, while macroscopically, colonic edema and tissue destruction were extensive. Inflammatory infiltration was significantly improved, and the expression levels of pro-inflammatory genes (such as Arg1, I-L6, Ccl3, Spp1, and I-L1a) were significantly decreased (93). This suggests that the microbiota transplantation of healthy individuals can restore the balance of intestinal microflora by supplementing the commensal microbiota, destabilizing the antibacterial flora, and reducing the inflammatory response of the intestinal tract, which is in line with the first three items of the Koch’s postulates of commensal microbes. However, further researches are still needed to complement the existing experiments.
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FIGURE 3
Commensal Koch’s postulates. Detection of health-related specific beneficial commensal microorganisms by sequencing in healthy individuals and inflammatory bowel disease (IBD) patients. The beneficial commensal organism can be isolated and cultured in the laboratory. Then the organism can prevent or mitigate disease when it is re-introduced to IBD hosts. The commensal organism can be detected and re-isolated from healthy recovered hosts.





Summary and outlook

Human microbial macrogenomic DNA sequencing has revealed the diversity and complexity of the composition of the human gut microbiota, which is essentially a highly complex community almost indistinguishable from other ecological communities in the natural environment. As hosts, humans coexist and co-evolve with the gut microbiota, maintaining a delicate balance. The stability of the host-gut microbial ecosystem plays a crucial role in human health. In IBD patients, the delicate host-microbiota balance has been disrupted, with significantly altered composition of the gut microbiota, reduced diversity, and altered ratios of pathogenic microbes to symbiotic microbes, resulting in microbiota dysbiosis. This dysbiosis will not only lead to changes in the metabolic pathways of related microorganisms, but also be associated with abnormal immune responses, weakened intestinal barrier function, and genetic susceptibility to diseases. However, the causal relationship of gut microbiota dysbiosis and IBD has not been fully elucidated. Meanwhile, with the progress of research on the role of dysbiosis in the occurrence and development of IBD, the therapeutic effect of microbial preparations in IBD has gradually been paid attention to, and it is considered to be an effective and promising method for the treatment of IBD. Antibiotics, prebiotics, probiotics, and FMT have made encouraging progresses in the treatment of IBD. However, the optimal treatment strategies regarding the optimization of the administration route, treatment time and frequency, and, appropriate strain selection, as well as reducing adverse reactions, still face significant challenges.

Nowadays, the era of whole-genome sequencing has been coming, and further revisions to disease causality guidelines are necessary, especially for the complex diseases such as IBD, where the Koch’s postulates needs to be extended to accommodate polymicrobial triggers. The modified Koch’s postulates is still valuable in proving causality. This article utilizes two extended Koch’s postulates, by reviewing some experimental results, from forward (ecological Koch’s postulates, i.e., the microbial dysbiosis can transmit disease) and reverse (symbiotic microbial Koch’s postulates, i.e., improving dysregulation to re-establish balance can alleviate the disease) directions, expounding the important position of dysbiosis in the pathogenesis of IBD. The current challenge is that the existing experiments do not meet the full conditions of the rule and need to be supplemented by further researches. Meanwhile, given the recent understanding of microbial populations, we should consider them in the broader context of system and etiology of disease, including the host’s genetic susceptibility, abnormal immune response, health status, and microflora. With the advancement of genome sequencing technology and the identification of new host-microbe interaction mechanisms, we need to further expand and supplement the Koch’s postulates to meet its application in non-infectious and complex modern diseases. By linking the modern Koch’s postulates to the microbiome, it is expected not only to reveal the potential causal relationship between microbial dysbiosis and IBD, but also to guide the development of optimized microbial preparations to provide more effective treatment for IBD patients.



Author contributions

HZ devised concept of manuscript. HZ and WZ wrote the manuscript. YL and YH contributed to creation of the figures and made significant revisions. LY and DC contributed to discussions about the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the Natural Science Foundation of Hebei Province, China (H2020406008), Technology Innovation Guidance Project-Science and Technology Work Conference of Hebei Provincial Department of Science and Technology, the Key Subjects at Colleges and Universities of Hebei Province.



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.



References

1. Podolsky DK. Inflammatory bowel disease. N Engl J Med. (2002) 347:417–29. doi: 10.1056/NEJMra020831

2. Ott C, Schölmerich J. Extraintestinal manifestations and complications in IBD. Nat Rev Gastroenterol Hepatol. (2013) 10:585–95. doi: 10.1038/nrgastro.2013.117

3. Kaplan GG, Ng SC. Globalisation of inflammatory bowel disease: perspectives from the evolution of inflammatory bowel disease in the UK and China. Lancet Gastroenterol Hepatol. (2016) 1:307–16. doi: 10.1016/S2468-1253(16)30077-2

4. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al. Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on systematic review. Gastroenterology. (2012) 142:46–54.e42. doi: 10.1053/j.gastro.2011.10.001

5. Ng SC, Bernstein CN, Vatn MH, Lakatos PL, Loftus EV Jr., Tysk C, et al. Geographical variability and environmental risk factors in inflammatory bowel disease. Gut. (2013) 62:630–49. doi: 10.1136/gutjnl-2012-303661

6. 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

7. Cho JH. The genetics and immunopathogenesis of inflammatory bowel disease. Nat Rev Immunol. (2008) 8:458–66. doi: 10.1038/nri2340

8. 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

9. Koboziev I, Reinoso Webb C, Furr KL, Grisham MB. Role of the enteric microbiota in intestinal homeostasis and inflammation. Free Radic Biol Med. (2014) 68:122–33. doi: 10.1016/j.freeradbiomed.2013.11.008

10. Ananthakrishnan AN. Environmental risk factors for inflammatory bowel diseases: a review. Dig Dis Sci. (2015) 60:290–8. doi: 10.1007/s10620-014-3350-9

11. Geremia A, Biancheri P, Allan P, Corazza GR, Di Sabatino A. Innate and adaptive immunity in inflammatory bowel disease. Autoimmun Rev. (2014) 13:3–10. doi: 10.1016/j.autrev.2013.06.004

12. Zhang YZ, Li YY. Inflammatory bowel disease: pathogenesis. World J Gastroenterol. (2014) 20:91–9. doi: 10.3748/wjg.v20.i1.91

13. Kaur N, Chen CC, Luther J, Kao JY. Intestinal dysbiosis in inflammatory bowel disease. Gut Microbes. (2011) 2:211–6. doi: 10.4161/gmic.2.4.17863

14. Scher JU, Ubeda C, Artacho A, Attur M, Isaac S, Reddy SM, et al. Decreased bacterial diversity characterizes the altered gut microbiota in patients with psoriatic arthritis, resembling dysbiosis in inflammatory bowel disease. Arthritis Rheumatol. (2015) 67:128–39. doi: 10.1002/art.38892

15. Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J. (2017) 474:1823–36. doi: 10.1042/BCJ20160510

16. 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

17. Frank DN, Pace NR. Gastrointestinal microbiology enters the metagenomics era. Curr Opin Gastroenterol. (2008) 24:4–10. doi: 10.1097/MOG.0b013e3282f2b0e8

18. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human gut microbiome. Nature. (2011) 473:174–80. doi: 10.1038/nature09944

19. 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

20. Lepage P, Leclerc MC, Joossens M, Mondot S, Blottière HM, Raes J, et al. A metagenomic insight into our gut’s microbiome. Gut. (2013) 62:146–58. doi: 10.1136/gutjnl-2011-301805

21. Chagwedera DN, Ang QY, Bisanz JE, Leong YA, Ganeshan K, Cai J, et al. Nutrient sensing in CD11c cells alters the gut microbiota to regulate food intake and body mass. Cell Metab. (2019) 30:364–73.e7. doi: 10.1016/j.cmet.2019.05.002

22. Lathrop SK, Bloom SM, Rao SM, Nutsch K, Lio CW, Santacruz N, et al. Peripheral education of the immune system by colonic commensal microbiota. Nature. (2011) 478:250–4. doi: 10.1038/nature10434

23. Thaiss CA, Levy M, Korem T, Dohnalová L, Shapiro H, Jaitin DA, et al. Microbiota diurnal rhythmicity programs host transcriptome oscillations. Cell. (2016) 167:1495–510.e12. doi: 10.1016/j.cell.2016.11.003

24. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R. Bacterial community variation in human body habitats across space and time. Science. (2009) 326:1694–7. doi: 10.1126/science.1177486

25. Willing BP, Dicksved J, Halfvarson J, Andersson AF, Lucio M, Zheng Z, et al. A pyrosequencing study in twins shows that gastrointestinal microbial profiles vary with inflammatory bowel disease phenotypes. Gastroenterology. (2010) 139:1844–54.e1. doi: 10.1053/j.gastro.2010.08.049

26. Rajca S, Grondin V, Louis E, Vernier-Massouille G, Grimaud JC, Bouhnik Y, et al. Alterations in the intestinal microbiome (dysbiosis) as a predictor of relapse after infliximab withdrawal in Crohn’s disease. Inflamm Bowel Dis. (2014) 20:978–86. doi: 10.1097/MIB.0000000000000036

27. Lloyd-Price J, Arze C, Ananthakrishnan AN, Schirmer M, Avila-Pacheco J, Poon TW, et al. Multi-omics of the gut microbial ecosystem in inflammatory bowel diseases. Nature. (2019) 569:655–62. doi: 10.1038/s41586-019-1237-9

28. Schirmer M, Garner A, Vlamakis H, Xavier RJ. Microbial genes and pathways in inflammatory bowel disease. Nat Rev Microbiol. (2019) 17:497–511. doi: 10.1038/s41579-019-0213-6

29. Gubatan J, Boye TL, Temby M, Sojwal RS, Holman DR, Sinha SR, et al. Gut microbiome in inflammatory bowel disease: role in pathogenesis, dietary modulation, and colitis-associated colon cancer. Microorganisms. (2022) 10:1371. doi: 10.3390/microorganisms10071371

30. Fu Q, Song T, Ma X, Cui J. Research progress on the relationship between intestinal microecology and intestinal bowel disease. Animal Model Exp Med. (2022) 5:297–310.

31. Bäumler A, Sperandio V. Interactions between the microbiota and pathogenic bacteria in the gut. Nature. (2016) 535:85–93.

32. Braun A, Treede I, Gotthardt D, Tietje A, Zahn A, Ruhwald R, et al. Alterations of phospholipid concentration and species composition of the intestinal mucus barrier in ulcerative colitis: a clue to pathogenesis. Inflamm Bowel Dis. (2009) 15:1705–20. doi: 10.1002/ibd.20993

33. Hawrelak JA, Myers SP. The causes of intestinal dysbiosis: a review. Altern Med Rev. (2004) 9:180–97.

34. Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation of inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature. (2009) 461:1282–6. doi: 10.1038/nature08530

35. Schultz M, Munro K, Tannock GW, Melchner I, Göttl C, Schwietz H, et al. Effects of feeding a probiotic preparation (SIM) containing inulin on the severity of colitis and on the composition of the intestinal microflora in HLA-B27 transgenic rats. Clin Diagn Lab Immunol. (2004) 11:581–7. doi: 10.1128/CDLI.11.3.581-587.2004

36. Giaffer MH, Holdsworth CD, Duerden BI. Virulence properties of Escherichia coli strains isolated from patients with inflammatory bowel disease. Gut. (1992) 33:646–50. doi: 10.1136/gut.33.5.646

37. Burke DA, Axon AT. Adhesive Escherichia coli in inflammatory bowel disease and infective diarrhoea. BMJ. (1988) 297:102–4. doi: 10.1136/bmj.297.6641.102

38. Bäckhed F, Fraser CM, Ringel Y, Sanders ME, Sartor RB, Sherman PM. Defining a healthy human gut microbiome: current concepts, future directions, and clinical applications. Cell Host Microbe. (2012) 12:611–22. doi: 10.1016/j.chom.2012.10.012

39. Mottawea W, Chiang CK, Mühlbauer M, Starr AE, Butcher J, Abujamel T, et al. Altered intestinal microbiota-host mitochondria crosstalk in new onset Crohn’s disease. Nat Commun. (2016) 7:13419. doi: 10.1038/ncomms13419

40. Gassler N, Rohr C, Schneider A, Kartenbeck J, Bach A, Obermüller N, et al. Inflammatory bowel disease is associated with changes of enterocytic junctions. Am J Physiol Gastrointest Liver Physiol. (2001) 281:G216–28.

41. Miele L, Valenza V, La Torre G, Montalto M, Cammarota G, Ricci R, et al. Increased intestinal permeability and tight junction alterations in nonalcoholic fatty liver disease. Hepatology. (2009) 49:1877–87. doi: 10.1002/hep.22848

42. Drago L, Toscano M, De Grandi R, Casini V, Pace F. Persisting changes of intestinal microbiota after bowel lavage and colonoscopy. Eur J Gastroenterol Hepatol. (2016) 28:532–7. doi: 10.1097/MEG.0000000000000581

43. Lynch SV, Pedersen O. The human intestinal microbiome in health and disease. N Engl J Med. (2016) 375:2369–79. doi: 10.1056/NEJMra1600266

44. Luissint AC, Parkos CA, Nusrat A. Inflammation and the intestinal barrier: leukocyte-epithelial cell interactions, cell junction remodeling, and mucosal repair. Gastroenterology. (2016) 151:616–32. doi: 10.1053/j.gastro.2016.07.008

45. Huuskonen J, Suuronen T, Nuutinen T, Kyrylenko S, Salminen A. Regulation of microglial inflammatory response by sodium butyrate and short-chain fatty acids. Br J Pharmacol. (2004) 141:874–80. doi: 10.1038/sj.bjp.0705682

46. Hamer HM, Jonkers DM, Vanhoutvin SA, Troost FJ, Rijkers G, de Bruïne A, et al. Effect of butyrate enemas on inflammation and antioxidant status in the colonic mucosa of patients with ulcerative colitis in remission. Clin Nutr. (2010) 29:738–44. doi: 10.1016/j.clnu.2010.04.002

47. Byndloss MX, Olsan EE, Rivera-Chavez F, Tiffany CR, Cevallos SA, Lokken KL, et al. Microbiota-activated PPAR-γ signaling inhibits dysbiotic Enterobacteriaceae expansion. Science. (2017) 357:570–5. doi: 10.1126/science.aam9949

48. Couturier-Maillard A, Secher T, Rehman A, Normand S, De Arcangelis A, Haesler R, et al. NOD2-mediated dysbiosis predisposes mice to transmissible colitis and colorectal cancer. J Clin Invest. (2013) 123:700–11. doi: 10.1172/JCI62236

49. Torres J, Hu J, Seki A, Eisele C, Nair N, Huang R, et al. Infants born to mothers with IBD present with altered gut microbiome that transfers abnormalities of the adaptive immune system to germ-free mice. Gut. (2020) 69:42–51. doi: 10.1136/gutjnl-2018-317855

50. Gomes-Neto JC, Kittana H, Mantz S, Segura Munoz RR, Schmaltz RJ, Bindels LB, et al. A gut pathobiont synergizes with the microbiota to instigate inflammatory disease marked by immunoreactivity against other symbionts but not itself. Sci Rep. (2017) 7:17707. doi: 10.1038/s41598-017-18014-5

51. Vonaesch P, Anderson M, Sansonetti PJ. Pathogens, microbiome and the host: emergence of the ecological Koch’s postulates. FEMS Microbiol Rev. (2018) 42:273–92. doi: 10.1093/femsre/fuy003

52. Marshall BJ, Armstrong JA, McGechie DB, Glancy RJ. Attempt to fulfil Koch’s postulates for pyloric Campylobacter. Med J Aust. (1985) 142:436–9. doi: 10.5694/j.1326-5377.1985.tb113443.x

53. Becker N, Kunath J, Loh G, Blaut M. Human intestinal microbiota: characterization of a simplified and stable gnotobiotic rat model. Gut Microbes. (2011) 2:25–33. doi: 10.4161/gmic.2.1.14651

54. Buttó LF, Schaubeck M, Haller D. Mechanisms of microbe-host interaction in crohn’s disease: dysbiosis vs. pathobiont selection. Front Immunol. (2015) 6:555. doi: 10.3389/fimmu.2015.00555

55. Ocvirk S, Sava IG, Lengfelder I, Lagkouvardos I, Steck N, Roh JH, et al. Surface-associated lipoproteins link enterococcus faecalis virulence to colitogenic activity in IL-10-deficient mice independent of their expression levels. PLoS Pathog. (2015) 11:e1004911. doi: 10.1371/journal.ppat.1004911

56. Eun CS, Mishima Y, Wohlgemuth S, Liu B, Bower M, Carroll IM, et al. Induction of bacterial antigen-specific colitis by a simplified human microbiota consortium in gnotobiotic interleukin-10-/- mice. Infect Immun. (2014) 82:2239–46. doi: 10.1128/IAI.01513-13

57. Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science. (2013) 341:1241214. doi: 10.1126/science.1241214

58. Reinoso Webb C, den Bakker H, Koboziev I, Jones-Hall Y, Rao Kottapalli K, Ostanin D, et al. Differential susceptibility to T cell-induced colitis in mice: role of the intestinal microbiota. Inflamm Bowel Dis. (2018) 24:361–79. doi: 10.1093/ibd/izx014

59. Schaubeck M, Clavel T, Calasan J, Lagkouvardos I, Haange SB, Jehmlich N, et al. Dysbiotic gut microbiota causes transmissible Crohn’s disease-like ileitis independent of failure in antimicrobial defence. Gut. (2016) 65:225–37. doi: 10.1136/gutjnl-2015-309333

60. Arnold GL, Beaves MR, Pryjdun VO, Mook WJ. Preliminary study of ciprofloxacin in active Crohn’s disease. Inflamm Bowel Dis. (2002) 8:10–5.

61. Kato K, Ohkusa T, Terao S, Chiba T, Murakami K, Yanaka A, et al. Adjunct antibiotic combination therapy for steroid-refractory or-dependent ulcerative colitis: an open-label multicentre study. Aliment Pharmacol Ther. (2014) 39:949–56. doi: 10.1111/apt.12688

62. Jigaranu AO, Nedelciuc O, Blaj A, Badea M, Mihai C, Diculescu M. Is rifaximin effective in maintaining remission in Crohn’s disease? Dig Dis. (2014) 32:378–83.

63. Gilat T, Leichtman G, Delpre G, Eshchar J, Bar Meir S, Fireman Z. A comparison of metronidazole and sulfasalazine in the maintenance of remission in patients with ulcerative colitis. J Clin Gastroenterol. (1989) 11:392–5. doi: 10.1097/00004836-198908000-00008

64. Sartor RB. Therapeutic manipulation of the enteric microflora in inflammatory bowel diseases: antibiotics, probiotics, and prebiotics. Gastroenterology. (2004) 126:1620–33.

65. Khan KJ, Ullman TA, Ford AC, Abreu MT, Abadir A, Marshall JK, et al. Antibiotic therapy in inflammatory bowel disease: a systematic review and meta-analysis. Am J Gastroenterol. (2011) 106:661–73. doi: 10.1038/ajg.2011.72

66. Wang S-L, Wang Z-R, Yang C-Q. Meta-analysis of broad-spectrum antibiotic therapy in patients with active inflammatory bowel disease. Exp Ther Med. (2012) 4:1051–6. doi: 10.3892/etm.2012.718

67. Turner D, Levine A, Kolho KL, Shaoul R, Ledder O. Combination of oral antibiotics may be effective in severe pediatric ulcerative colitis: a preliminary report. J Crohns Colitis. (2014) 8:1464–70. doi: 10.1016/j.crohns.2014.05.010

68. Levine A, Turner D. Combined azithromycin and metronidazole therapy is effective in inducing remission in pediatric Crohn’s disease. J Crohns Colitis. (2011) 5:222–6.

69. Pérez-Cobas AE, Gosalbes MJ, Friedrichs A, Knecht H, Artacho A, Eismann K, et al. Gut microbiota disturbance during antibiotic therapy: a multi-omic approach. Gut. (2013) 62:1591–601. doi: 10.1136/gutjnl-2012-303184

70. Ferrer M, Martins dos Santos VA, Ott SJ, Moya A. Gut microbiota disturbance during antibiotic therapy: a multi-omic approach. Gut Microbes. (2014) 5:64–70.

71. Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: introducing the concept of prebiotics. J Nutr. (1995) 125:1401–12. doi: 10.1093/jn/125.6.1401

72. Rodríguez-Cabezas ME, Camuesco D, Arribas B, Garrido-Mesa N, Comalada M, Bailón E, et al. The combination of fructooligosaccharides and resistant starch shows prebiotic additive effects in rats. Clin Nutr. (2010) 29:832–9. doi: 10.1016/j.clnu.2010.05.005

73. Liu R, Li Y, Zhang B. The effects of konjac oligosaccharide on TNBS-induced colitis in rats. Int Immunopharmacol. (2016) 40:385–91. doi: 10.1016/j.intimp.2016.08.040

74. Dos Reis SA, da Conceição LL, Siqueira NP, Rosa DD, da Silva LL. Review of the mechanisms of probiotic actions in the prevention of colorectal cancer. Nutr Res. (2017) 37:1–19.

75. Fedorak RN, Feagan BG, Hotte N, Leddin D, Dieleman LA, Petrunia DM, et al. The probiotic VSL#3 has anti-inflammatory effects and could reduce endoscopic recurrence after surgery for Crohn’s disease. Clin Gastroenterol Hepatol. (2015) 13:928–35.e2.

76. Bibiloni R, Fedorak RN, Tannock GW, Madsen KL, Gionchetti P, Campieri M, et al. VSL#3 probiotic-mixture induces remission in patients with active ulcerative colitis. Am J Gastroenterol. (2005) 100:1539–46.

77. van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM, et al. Duodenal infusion of donor feces for recurrent Clostridium difficile. N Engl J Med. (2013) 368:407–15. doi: 10.1056/NEJMoa1205037

78. Moayyedi P, Yuan Y, Baharith H, Ford AC. Faecal microbiota transplantation for Clostridium difficile-associated diarrhoea: a systematic review of randomised controlled trials. Med J Aust. (2017) 207:166–72. doi: 10.5694/mja17.00295

79. Sadowsky MJ, Staley C, Heiner C, Hall R, Kelly CR, Brandt L, et al. Analysis of gut microbiota-an ever changing landscape. Gut Microbes. (2017) 8:268–75. doi: 10.1080/19490976.2016.1277313

80. Khoruts A, Sadowsky MJ. Understanding the mechanisms of faecal microbiota transplantation. Nat Rev Gastroenterol Hepatol. (2016) 13:508–16. doi: 10.1038/nrgastro.2016.98

81. Weingarden A, González A, Vázquez-Baeza Y, Weiss S, Humphry G, Berg-Lyons D, et al. Dynamic changes in short and long term bacterial composition following fecal microbiota transplantation for recurrent Clostridium difficile infection. Microbiome. (2015) 3:10. doi: 10.1186/s40168-015-0070-0

82. 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.

83. 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.e6. doi: 10.1053/j.gastro.2015.04.001

84. Fang H, Fu L, Wang J. Protocol for fecal microbiota transplantation in inflammatory bowel disease: a systematic review and meta-analysis. Biomed Res Int. (2018) 2018:8941340.

85. He R, Li P, Wang J, Cui B, Zhang F, Zhao F. The interplay of gut microbiota between donors and recipients determines the efficacy of fecal microbiota transplantation. Gut Microbes. (2022) 14:2100197. doi: 10.1080/19490976.2022.2100197

86. Baxter M, Colville A. Adverse events in faecal microbiota transplant: a review of the literature. J Hosp Infect. (2016) 92:117–27.

87. Wang S, Xu M, Wang W, Cao X, Piao M, Khan S, et al. Systematic review: adverse events of fecal microbiota transplantation. PLoS One. (2016) 11:e0161174. doi: 10.1371/journal.pone.0161174

88. Sunkara T, Rawla P, Ofosu A, Gaduputi V. Fecal microbiota transplant- a new frontier in inflammatory bowel disease. J Inflamm Res. (2018) 11: 321–8.

89. 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

90. Neville BA, Forster SC, Lawley TD. Commensal Koch’s postulates: establishing causation in human microbiota research. Curr Opin Microbiol. (2018) 42:47–52. doi: 10.1016/j.mib.2017.10.001

91. Wang W, Chen L, Zhou R, Wang X, Song L, Huang S, et al. Increased proportions of Bifidobacterium and the Lactobacillus group and loss of butyrate-producing bacteria in inflammatory bowel disease. J Clin Microbiol. (2014) 52:398–406. doi: 10.1128/JCM.01500-13

92. Celiberto LS, Pinto RA, Rossi EA, Vallance BA, Cavallini DC. Isolation and characterization of potentially probiotic bacterial strains from mice: proof of concept for personalized probiotics. Nutrients. (2018) 10:1684. doi: 10.3390/nu10111684

93. Delday M, Mulder I, Logan ET, Grant G. Bacteroides thetaiotaomicron ameliorates colon inflammation in preclinical models of crohn’s disease. Inflamm Bowel Dis. (2019) 25:85–96. doi: 10.1093/ibd/izy281


OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Investigating dysbiosis and microbial treatment strategies in inflammatory bowel disease based on two modified Koch’s postulates



		Introduction



		Gut microflora and inflammatory bowel disease



		Symbiotic microflora



		Dysbiosis in inflammatory bowel disease patients



		Dysbiosis and ecological Koch’s postulates







		Microbial therapeutic strategies for inflammatory bowel disease



		Antibiotics



		Prebiotics and probiotics



		Fecal microbiota transplantation



		Microbial therapeutic strategies and commensal Koch’s postulates







		Summary and outlook



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fmed-09-1023896-t001.jpg
Microbial
therapy

Antibiotics

Prebiotics and

probiotics

FMT

Model

Human

Human

Human

Human

Meta-analysis

Meta-analysis

Human

Human

Rats

Rats

Human

Human

Human

Human

Meta-analysis

Intervention strategy

Ciprofloxacin 500 mg, orally twice daily
for 6 month

Oral amoxicillin, tetracycline, and
metronidazole for 2 weeks

Oral 800 mg of rifaximin twice a day for
12 weeks were compared with those from

patients who received placebo

Metronidazole (0.6 g/d) for 12 month

Antibiotic cocktail [amoxicillin 50 mg/kg
divided by 3 (up to 500 mg X3/d),
metronidazole 5 mg/kg X3/d (up to

250 mg X3/d), and doxycycline 2 mg/kg
X2/d (up to 100 mg X2/d)] for 3 weeks

Azithromycin 7.5-10 mg/kg day up to a
maximal dose of 500 mg, once daily, for
five consecutive days per week for 4 weeks,
and three times a week for the following

4 weeks in conjunction with
metronidazole 15-20 mg/kg/day in two
divided doses, given daily for 8 weeks

Administration of combination of FOS
and resistant starch (37.5% FOS and 62.5%
resistant starch) (2 g/rat/day) for 3 weeks

Administration of KOS (1.0 and
4.0 g/kg/day) for 2 weeks

VSL#3 (probiotic combination) oral

administration twice daily for 90 days

VSL#3 (probiotic combination) oral

administration twice daily for 6 weeks

50 ml FMT or placebo consisting of 50 ml
water given as a retention enema once

weekly for 6 weeks

3-5 Units of fresh fecal bacteria (1

U=1 x 10" cells) in suspension (1 U
with 20 ml saline) was delivered through
one of the three delivery ways: endoscopic,
nasojejunal tube, or transendoscopic
enteral tubing, Patients were assessed at
the point of baseline, day 3, week 4, week
12, and every 3 months after each FMT

/

Results

Experiment group has a significantly lower
disease activity scores than placebo group

63.3% of steroid refractory and 73.4% of
steroid dependent patients showed a

clinical response within 2 weeks

All the patients in experiment group were
in remission after 12 weeks of treatment in
comparison with 84% (70/83) of the
placebo group, and the difference was also

persistent at the 24-week follow-up

Metronidazole was useful in the
maintenance of remission in patients with
ucC

Antibiotics was beneficial for the relief of

clinical symptoms in UC and CD

Antibiotics can improve clinical outcomes
in IBD

Wide-spectrum antibiotic cocktail in

Pediatric UC seems promising outcome in

half of patients

Azithromycin and metronidazole therapy
may be effective in inducing clinical
remission in mild-moderate luminal CD

in children and young adults

Increasing lactobacilli and bifidobacteria,

improving the intestinal barrier function

Increased production of SCFAs, reduction
of colon macroscopic lesions, and

regression of inflammatory markers

VSL#3 has anti-inflammatory effects and
could reduce endoscopic recurrence after

surgery for Crohn’s Disease

Effectively induce remission of active UC

ool from patients receiving FMT had
reater microbial diversity, compared with

aseline, than that of patients given the

o g0 »

acebo

Diversity of the patient’s gut microbiota

increased significantly in recipients, and

approximated the level of healthy donors

FMT is an effective and safe therapy for
both pediatric and adult IBD; fresh or
frozen donor stool, delivery route, and
antibiotic pretreatment or not have no
impact on the efficacy of FMT in IBD

References

George et al. (60)

Kato et al. (61)

Jigaranu et al.
(62)

Gilat et al. (63)

Khan et al. (65)

Wang et al. (66)

Turner et al. (67)

Levine et al. (68)

Maria et al. (72)

Liuetal. (73)

Fedorak et al.
(75)

Bibiloni et al.
(76)

Moayyedi et al.
(83)

He et al. (85)

Fang et al. (84)

Beneficial effects

Pathobiont killing;
population expansion of

beneficial microorganisms

Increasing population of
beneficial microorganisms
(such as Bifidobacterium and
Lactobacillus) preventing the
colonization of pathobiont
(such as E. coli)

Restoring microbial diversity;
population expansion of

beneficial microorganisms

Deficiency

Inability to selectively
eliminate pathobiont without
potentially affecting normal
microorganisms

Limited effects on the overall
composition of the
microbiome as the inability
to monitor the microbiome
in IBD patients

long-term effects and safety
issues (side effect such as
abdominal pain, severe
infection, etc.)





OPS/images/fmed-09-1023896-g001.jpg
Traditional Koch's Postulates

Organism can be
isolated from every
diseased hosts

N Organism can be
cultured in the
a9 laboratory

The organism is re-
introduced to healthy
susceptible anlmal-model

IBD in animal-model

\‘ : The organism can be

~ isolated again from the
new host





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Medicine

Investigating dysbiosis and
microbial treatment strategies
in inflammatory bowel disease
based on two modified Koch's

postulates





OPS/images/fmed-09-1023896-g002.jpg
Ecological Koch's Postulates

Healthy people IBD

/ -/.

Nucleotide

Nucleotide l

Nucleotide

|
IBD in animal-model






OPS/images/fmed-09-1023896-g003.jpg
Commensal Koch's postulates

A [
|
| |
| ‘
/1 |
A /\ / ; \
T T
1 10

Nucleotide

IBD

Nucleotide

Identification of the
beneficial commensal
organism

e

The beneficial commensal
organism can be isolated
and cultured in the
laboratory

Identification of [
the organism

IBD

et e

e
SRt

T = 4
=y

The organism can be The orgaism can The organism is re-
re-isolated and cultured prevent or mitigate introduced to IBD
in the laboratory disease hosts











OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







