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Abstract: Inflammatory Bowel Disease (IBD) is a term used to describe a group of complex disorders
of the gastrointestinal (GI) tract. IBDs include two main forms: Crohn’s Disease (CD) and Ulcerative
Colitis (UC), which share similar clinical symptoms but differ in the anatomical distribution of the
inflammatory lesions. The etiology of IBDs is undetermined. Several hypotheses suggest that Crohn’s
Disease and Ulcerative Colitis result from an abnormal immune response against endogenous flora
and luminal antigens in genetically susceptible individuals. While there is no cure for IBDs, most
common treatments (medication and surgery) aim to reduce inflammation and help patients to
achieve remission. There is growing evidence and focus on the prophylactic and therapeutic potential
of probiotics in IBDs. Probiotics are live microorganisms that regulate the mucosal immune system,
the gut microbiota and the production of active metabolites such as Short-Chain Fatty Acids (SCFAs).
This review will focus on the role of intestinal dysbiosis in the immunopathogenesis of IBDs and
understanding the health-promoting effects of probiotics and their metabolites.

Keywords: Inflammatory Bowel Diseases (IBDs); gut microbiota; dysbiosis; probiotics; metabolites;
Short-Chain Fatty acids (SCFAs); alternative therapeutic approaches

1. Introduction

Crohn’s disease (CD) and Ulcerative colitis (UC) are the main forms of Inflammatory
Bowel Diseases (IBDs). They are chronic disabling conditions that affect the gastrointestinal
(GI) tract and cause several clinical symptoms, including diarrhea, rectal bleeding and
abdominal pain [1,2]. Crohn’s Disease and Ulcerative Colitis commonly appear in early
adulthood [3]. However, the younger population is also affected, with more cases in
pediatric and in adolescent patients in the last two decades [4]. The incidence of IBD varies
considerably in the world. Indeed, CD and UC were initially described as pathologies
affecting mainly the industrialized countries. Currently, their incidence is increasing
worldwide probably due to a greater urbanization and improvement in hygiene [4,5].

The intestinal inflammation in CD is transmural involving “skip areas” of any segment
of the gastrointestinal tract. Whereas in UC, the inflammation is continuous and affects
mainly the colon [1–3]. The exact factors that trigger the chronic and relapsing intestinal
inflammation remain unknown. However, it is now widely accepted that IBDs result from
a deregulated and ongoing immune response towards intestinal microbial antigens in
genetically predisposed individuals under several environmental factors [6,7].

The disturbance of the immune response in IBDs is classically characterized by the
predominance of a TH1 type immune response in CD promoted by the transcription factors
Signal Transducer and Activator of Transcription 4 (STAT-4) and T-box expressed in T
cells (T-bet) and marked by high secretion of Interferon-gamma (IFN-γ), Interleukin-12
(IL-12) and Tumor Necrosis Factor-Alpha (TNF-α). UC is characterized by an atypical TH2
type immune response promoted by the expression of the transcription factors STAT-6 and
GATA binding protein 3 (Gata-3), which generates high levels of IL-5, IL-13 and IL-4 [8,9].
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Moreover, abnormal activation of TH17 and deregulation of the balance between the differ-
ent subsets of effector cells and T regulatory cells (Treg) characterize both conditions [10–12].
Decreased number and function of Treg cells leads to insufficient regulation of the immune
response during the active phase of the disease (Figure 1) [13]. Consequently, the intestinal
mucosa in IBDs is infiltrated by inflammatory cells that release cytokines, chemotactic
molecules, Reactive Oxygen Species (ROS) and Nitric Oxide (NO). These pro-inflammatory
mediators trigger and perpetuate a chronic inflammatory response in the gut, leading to
tissue damage and disease [12,14].
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Figure 1. Immunopathogenic mechanisms in Inflammatory Bowel Diseases (IBDs) and potential beneficial role of probiotics.
Commensal bacteria are essential for the development and the proper functioning of the mucosal immune system and
the protection of the epithelial barrier integrity. Probiotics and their derived factors (metabolites) participate in intestinal
homeostasis through several direct and indirect mechanisms. IBDs are characterized by an altered epithelial barrier and
the infiltration of the intestinal mucosa by inflammatory cells that release cytokines, chemotactic molecules, reactive
oxygen species and nitric oxide. APC: Antigen presenting Cell; SCFAs: Short-Chain Fatty Acids; NF-κB: nuclear factor
kappa-light-chain-enhancer of activated B cells. Th: T helper; TNF-α: tumor necrosis factor alpha; IL: interleukin, NO:
Nitric oxide; ROS: Reactive oxygen species, ICAM-1: Intercellular Adhesion Molecule 1 IFN-γ: Interferon gamma, Treg:
Regulatory T cells; (OONO -): Peroxynitrite.

In the intestine, the mucosal immune system is continually exposed to a dynamic and
complex microbial ecosystem called gut microbiota. To maintain the intestinal homeostasis
in the host, a crosstalk between the immune system and over 1000 different species of
microorganism has been established. In IBDs, the dialogue between the microbiota and the
immune system is interrupted. An alteration of the gut microbiota function and diversity
(referred to as dysbiosis) and a dysregulation of the mucosal immune response are observed.
They constitute the cornerstones of the physiopathology (Figure 1) [15,16].

Both CD and UC are relapsing and remitting conditions alternating flare of active
inflammation followed by periods of remission. The main goals of therapy in IBDs are in-
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ducing and maintaining the clinical remission while improving the quality of life of patients
by lowering the risk of complications and reducing the need for surgery. The conventional
therapies (Salazosulfamide, Glucocorticoids and Immunosuppressive agents) are often
accompanied by side effects or lose their effectiveness over time in some patients [3,17].
Therefore, highlighting a new alternative and complementary therapeutic approach that
targets both the deregulated immune response and the dysbiosis characterizing IBDs is of
great interest.

In the last decade, probiotics have emerged as an interesting therapeutic approach for
IBDs. Probiotics are living microorganisms belonging to the gut microbiota. They promote
beneficial health effects when ingested in adequate amounts [18]. Several clinical trials and
experimental studies reported the beneficial effects of probiotics in a variety of GI disorders.
Their exact mechanism of action is still not well understood, but probiotics seem to be
able to improve the intestinal microbial balance, maintain the integrity of the intestinal
epithelial barrier and modulate local and systemic immune responses [19]. Probiotics can
act by direct contact with the immune and Intestinal Epithelial Cells (IECs) or through
the secretion of active metabolites such as butyrate, a short-chain fatty acid that exerts
numerous anti-inflammatory and cytoprotective actions [20]. The use of such metabolites
has been proposed to overcome the risk of infection associated with the ingestion of large
bacterial loads.

This review will focus on describing the involvement of the dysbiosis in the onset of
IBDs and understanding the potential beneficial effects of probiotics and their metabolites
as a complementary and alternative therapeutic approach.

2. Functional Role of the Gut Microbiota

Microbial colonization of the gastrointestinal tract begins in the newborn as soon as
the fetal membrane breaks. After two to three years of life, the intestinal flora reaches
its equilibrium to become a personal fingerprint. The gut microbiota represents all the
microbial species, including bacteria, fungi, archaea and viruses permanently present in
the gastrointestinal tract of the host. It is made up of 1014 microorganisms that are essen-
tially strict anaerobic bacteria [20]. Three dominant phylogenetic groups characterize the
intestinal microbiota of the healthy adult: Firmicutes, Bacteroidetes and Actinobacteria;
within these phyla, six bacterial genera are found in all individuals: Eubacterium, Lac-
tobacillus, Enterococcus, Clostridium, Bacteroides and Bifidobacterium [21,22]. The gut
microbiota exerts several metabolic, trophic and protective functions essential to the host
physiology. By metabolizing undigestible derived polysaccharide substrates, commensal
bacteria produce SCFAs: acetate, propionate and butyrate (Figure 1). The latter represents
70% of the energetic sources of colonocytes [23]. Butyrate not only regulates the prolifera-
tion, differentiation and apoptosis of epithelial cells but also help to maintain the balance
between TH17 cells and Treg cells in the colon [24]. Furthermore, commensal bacteria are
involved in the transformation of xenobiotics and the production of vitamins (B12, B6, B9
and K). They strengthen the intestinal epithelial barrier through several mechanisms such
as: defense against pathogens by competition for nutrients, production of antibacterial
factors, induction of IgA secretion and mucus production goblet cells (Figure 1) [25]. The
impact of the gut microbiota on host physiology extends beyond the gut and seems to
exert profound effects on mood, motivation and higher cognitive functions. Currently,
numerous studies focus on highlighting the interplay between the microbiota and the
gut–brain axis [26].

The recognition of commensal microorganisms by the immune cells and IECs relies
mainly on a family of receptors known as Pattern Recognition Receptors (PRRs), which
recognize structures common to groups of commensal and pathogenic microorganisms
that have remained constant during evolution, the PAMPS (Pathogen Associated Molec-
ular Pattern). The main PRRs expressed by the IECs are Toll-Like Receptors (TLRs) and
Nucleotide-Binding Oligomerization Domain (NODs). Their activation triggers different
signaling pathways that lead to the activation of innate immune response and contribute to
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the development of the adaptive immune response [27]. Commensal bacteria are, therefore,
essential for the development and the proper functioning of the mucosal immune system.
Experimental studies using germ-free (axenic) mice revealed numerous abnormalities of
the mucosal immune system: a reduced number of Peyer’s patches, a decreased number
of IgA secreting plasma cells and Treg cells [28]. Interestingly, it has been shown that
colonization of the gastrointestinal tract by commensal bacteria or the oral administration
of TLRs ligands to axenic mice leads to the restoration of their mucosal immune system [29].
Bouskra et al. have shown that recognition of peptidoglycan from Gram-negative commen-
sal bacteria by the NOD1 receptor is sufficient to induce the genesis of Isolated Lymphoid
Follicles (ILFs) [30].

Furthermore, the microbiota plays a determining role in the polarization of lym-
phocytes (TH1, TH2) and the maintenance of the balance between the TH17 and Treg
cells [16,24]. Indeed, it has been shown that commensal microorganisms exert an anti-
inflammatory function by interfering with the activation of the Nuclear Factor-kappa B
(NF-кB) signaling and the production of pro-inflammatory cytokines [31,32]. In addition,
they promote the differentiation of tolerogenic Dendritic Cells (DCs) by inducing the pro-
duction of Thymic Stromal Lymphopoietin (TSLP) and Transforming Growth Factor-betta
(TGF-β) by IECs [33]. Given the essential role of the gut microbiota in the intestinal home-
ostasis and host physiology, it is possible to suggest that the intestinal dysbiosis is a key
factor in the development of IBDs.

3. Alteration of Gut Microbiota in IBDs

Among the first evidence incriminating the gut microbiota in the development of
IBDs is the effective responses to antibiotic treatments in some patients and by finding
microbial agents or their components in inflammatory lesions that usually occur in the
segments of intestine with the highest concentration of microorganisms (e.g., colon and
ileum) [34,35]. These observations were consolidated by data from experimental studies
using germ-free mice which resist to colitis in absence of the endogenous flora [16,36,37].
Furthermore, Genome-Wide Association Studies (GWAS) revealed that most of IBDs
associated-susceptible genes are implicated in sensing microbes and activation of the
immune response [38–40].

Advances in next-generation sequencing technology have significantly contributed
to current understanding of the involvement of gut microbiota in intestinal inflammation.
The microbial imbalance in IBDs is characterized by a reduced biodiversity and richness of
the commensal flora and an increase in the number of certain pathogenic microorganisms
(pathobionts) (Figure 1) [41–43]. The most prominent change in the gut microbiota compo-
sition was observed in Crohn’s disease. It is marked by a significant and specific reduction
of Faecalibacterium prausnitzii that belongs to the firmicute phyla on one hand, and by the
predominance of members of the Proteobacteria phyla on the other hand. Faecalibacterium
prausnitzii is one of the most abundant human gut bacteria and appears to be a marker
of gut health due to its anti-inflammatory and immunoregulatory properties. One of its
well-demonstrated functions is the production of anti-inflammatory metabolites such as
butyrate [21,38,44–46]. Currently, the factors that cause the reduced abundance of Faecal-
ibacterium prausnitzii in CD are still unclear. Moreover, the contradictory results obtained
by Hansen et al. in a pediatric cohort of CD showing a high level of Faecalibacterium
prausnitzii emphasize the complex role of the gut microbiota in the onset of the intestinal
inflammation [47].

The involvement of specific pathobiont candidates in IBDs is largely investigated. The
most incriminated are Mycobacterium avium, enteropathogenic strain of the B2 phylotype
E. coli (Adherent-invasive Escherichia coli) and Campylobacter concisus [48]. Several studies
using humanized gnotobiotic (hGB) mouse model are shedding light on the causal involve-
ment of specific microbial communities in the onset of inflammation [16]. However, it
should not be ignored that intestinal dysbiosis does not only concern bacterial communities
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but also extends to yeasts. The study of Sokol et al. identified a fungal microbiota dysbiosis
in IBDs along with the bacterial dysbiosis [49].

4. Role of Probiotics and Their Active Metabolites in IBDs

The history of probiotics began over a century ago when Metchnikoff attributed the
longevity of certain Bulgarian and Armenian populations to their regular consumption
of fermented milk rich in Lactic Acid Bacteria (LAB) [50]. The term probiotic comes from
the Greek language “pro bios” meaning “for life,” which is opposed to that of antibiotic
meaning “against life.” In 2001, the Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO) defined Probiotics as “live
microorganisms, which when administered in adequate amounts, may confer a health
benefit” [18]. Among the microorganisms defined as probiotic, there are LAB, bifidobacteria,
the Gram-negative bacterium Escherichia coli Nissle 1917 and the non-pathogenic yeast
Saccharomyces boulardii [19].

Evidence of the effectiveness of probiotics has been reported in several gastrointestinal
diseases (e.g., irritable bowel syndrome, traveler’s diarrhea, UC and pouchitis) and allergic
diseases (e.g., atopic dermatitis) [51,52]. The administration of the non-pathogenic strain
E. coli Nissle 1917 showed equivalent efficacy and safety to mesalazine (5-aminosalicylic
acid) used in induction and maintenance therapy in adult patients [53] and in children
with UC [54]. The orally administered probiotic cocktail VSL#3 containing: Lactobacillus
plantarum, Lactobacillus delbrueckii subsp. Bulgaricus, Lactobacillus paracasei, Lactobacillus
acidophilus, Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis and Strepto-
coccus subsp. thermophilus has been shown to be effective in inducing remission in patients
with mild to moderate UC and not responding to conventional therapy [55] and in reduc-
ing inflammation in pouchitis [56,57]. Moreover, the non-pathogenic yeast Saccharomyces
boulardii has been shown to be effective in preventing relapse from active disease in patients
with Crohn’s disease [58,59]. Saccharomyces boulardii has been shown to be effective in
preventing recurrent Clostridium difficile infections (CDIs) caused by Clostridium difficile, an
anaerobic gram-positive spore forming and toxin producing bacilli. In IBDs, especially UC,
a high susceptibility to CDIs has been reported due to different factors, such as antibiotic
therapy that alters the microbiota and increases the risk of Clostridium difficile infection.

Prophylactic and therapeutic effects of probiotics have been demonstrated in sev-
eral animal models of colitis. The exact mechanisms underlying the beneficial effects of
probiotics are still poorly defined. However, it has been shown that it depends on the
strain, dose and the severity of the colitis. The administration of VSL#3 has been shown to
be effective in attenuating ileitis in SAMP1/YitFc mice [60] and TNBS induced colitis in
mice [61]. However, it failed to heal Dextran Sulfate Sodium (DSS)-induced chronic colitis
in mice [62].

Probiotics participate in intestinal homeostasis through their direct and indirect effects
on the modulation of gut microbiota and the immune system. It has been demonstrated
that certain probiotics are able to down regulate the expression of pro-inflammatory
cytokines by interfering directly with the activation of NF-κB pathway [31,63–65] or via
the activation of the nuclear receptor Peroxisome Proliferator-Activated Receptor-Gamma
(PPAR-γ) [66,67]. In our previous studies, we have shown the beneficial effects of the
probiotic mixture Ultrabiotique® containing (Lactobacillus acidophilus, Bifidobacterium lactis,
Lactobacillus plantarum and Bifidobacterium breve) in a DSS-induced experimental model of
colitis. The colonic mucosa of treated mice showed a decreased expression of TLR-4, NF-κB
and Inducible Nitric Oxide Synthase (iNOS) [68,69].

Furthermore, numerous in vivo and in vitro studies have highlighted the ability of
probiotics such as VSL#3 to induce the differentiation of tolerogenic DCs through down
regulation of the expression of CD40 and CD80 co-stimulatory molecules, the production
of IL-12 and the induction of IL-10 production [70–72]. Tolerogenic DCs promote the
differentiation of Forkhead Box P3 (Foxp3+) Treg cells capable of exerting immunosup-
pressive activities by secreting IL-10 and TGF-β [73]. Similarly, an in vitro study reported
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the ability of Lactobacillus delbrueckii and Lactobacillus rhamnosus to induce the generation
of tolerogenic DCs from monocytes isolated from Systemic Lupus Erythematosus (SLE)
patients [74]. The anti-inflammatory effects of VSL#3 seem also to be mediated through
the interaction of unmethylated bacterial CpG DNA motifs with the intracellular TLR-9
receptor present in plasmocytoide Dendritic Cells (pDCs), which lead to the production of
Type I Interferon [75].

In addition to the modulation of the immune system, probiotics may compete with
pathogens for nutrients and attachment sites on the surface of the epithelium. They are also
capable of producing antimicrobial molecules or inducing the production of β-defensins
by Paneth cells (Figure 1) [19,76,77]. They can reduce the severity of colitis by modulating
the composition of the gut microbiota and by strengthening the barrier functions of the
intestinal epithelium. Indeed, both in vivo and in vitro studies showed the ability of
probiotics to increase Muc gene expression and enhance the secretion of mucus by goblet
cells and undifferentiated colonic HT29 cell lines, respectively [68,78]. Mucus layer covering
the epithelium plays an essential role in protecting the host against bacterial invasion and
in maintaining the integrity of the intestinal epithelium. Furthermore, probiotics can
decrease epithelial permeability by enhancing tight junction stability and up regulation of
the expression of tight junction proteins (e.g., occluding, Zonula occludens (ZO)-1) [79,80].

Currently, growing evidence supports the importance of microbial metabolism for the
intestinal homeostasis and recommend the use of probiotic supernatants as therapeutic
strategy in IBDs. The culture supernatant of probiotic constitutes the culture medium in
which the microorganisms were grown and then removed by filtration. Thus, it is devoid of
any micro-organism and presents no risk of infection. The culture supernatant of probiotics
contains a mixture of extremely diverse metabolites such as SCFAs, proteins, phospholipids
and bacteriocins [25]. In IBDs, the concentration of butyrate is significantly lower compared
to healthy controls reflecting metabolic alterations likely caused by the dysbiosis [81,82].
Butyrate is mainly produced by bacteria of the clostridial clusters IV (Faecalibacterium
prausnitzii) and XIVa (Eubacterium rectale) belonging to the firmicutes phylum [83]. It has
been shown that the culture supernatant of Faecalibacterium prausnitzii contains butyrate,
which exerts in vivo and in vitro anti-inflammatory functions. Indeed, butyrate down
regulates the production of pro-inflammatory mediators such as TNF-α and IL-8 through
the inhibition of NF-κB [49,63,84–86]. Butyrate plays a critical role in the maintenance
of the effectors T Cells/Treg balance by promoting Treg response. Moreover, it may act
as an epigenetic regulator through inhibition of Histone Deacetylase (HDACs), which
leads to the inactivation of NF-kB, the down regulation of pro-inflammatory cytokines
production and the amplification of the suppressive function of FOXP3+ Treg cells [87–89].
Recently, it has been shown that Faecalibacterium prausnitzii produces an anti-inflammatory
protein called “MAM” able to inhibit NF-κB activation [90]. Other probiotic strains such
as Lactobacillus acidophilus and Lactobacillus rhamnosus GG have been shown to release
extracellular proteins that are able to reduce the pro-inflammatory response and inhibit
cytokine-induced apoptosis in intestinal epithelial cells [91].

The production of Butyrate and other SCFAs by the gut microflora can be stimulated
by nondigestible food ingredients such as oligosaccharides. The most common prebiotics
are Fructo-Oligosaccharides FOS (inulin and oligofructose). They stimulate the growth and
activity of Lactobacilli and Bifidobacteria. The synergistic combination of probiotics with
prebiotics is called ‘Synbiotics’ [92].

Although clinical studies in IBD patients are encouraging, probiotic usage as a “bio-
therapy” is still a matter of debate as research in this innovative field is a relatively new
frontier of investigation. In fact, a large number of clinical studies did not achieve their
goals. They showed potential limitations due to a high heterogeneity observed in enrolled
patients (e.g., active and inactive stage of IBD, disease localization) the relatively short
duration of the studies and the association with other treatments such as 5-ASA mesalazine
and/or immunosuppressants. Moreover, other parameters are related to the bioavailability
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of the probiotics, the efficacy of individual probiotics strains, route of administration
and doses.

5. Conclusions

It is still unclear whether the intestinal dysbiosis is a cause or a consequence of the
chronic inflammation in IBDs. Pro-, pre- and synbiotics appear to be a promising approach
that targets both the deregulated immune response and the intestinal dysbiosis. Overall,
experimental studies and clinical trials have shown encouraging results in IBDs. In UC,
probiotics help maintaining longer remission and improving the quality of life of patients.
They have been shown to be as effective as the gold standard treatment mesalazine. Unlike
with UC, fewer studies were able to support the beneficial effects of probiotics in active
CD. Although CD and UC share similar clinical symptoms, they differ by the anatomical
localization of lesions and the cellular and molecular mechanisms of pathology. These key
differences between UC and CD seems to impact the efficacy of probiotics therapy and
the responsiveness of patient to treatment. Even if pro-, pre- and synbiotics appear to be
relatively well tolerated by patients, their exact mechanism of action is not fully established.
More studies in well-designed and conducted Randomized Controlled Trials (RCTs) need
to be focused on the determination of appropriate dosage and strain of probiotic on the
different categories and stages of IBDs.
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20. Markowiak, P.; Śliżewska, K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. Nutrients 2017, 9, 1021. [CrossRef]
21. Ley, R.E.; Peterson, D.A.; Gordon, J.I. Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell

2006, 124, 837–848. [CrossRef]
22. Rivière, A.; Selak, M.; Lantin, D.; Leroy, F.; De Vuyst, L. Bifidobacteria and Butyrate-Producing Colon Bacteria: Importance and

Strategies for Their Stimulation in the Human Gut. Front. Microbiol. 2016, 7, 979. [CrossRef] [PubMed]
23. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A. Diversity

of the human intestinal microbial flora. Science 2005, 308, 1635–1638. [CrossRef] [PubMed]
24. Clausen, M.R.; Mortensen, P.B. Kinetic studies on the metabolism of short-chain fatty acids and glucose by isolated rat colonocytes.

Gastroenterology 1994, 106, 423–432. [CrossRef]
25. Omenetti, S.; Pizarro, T.T. TFhe Treg/Th17 Axis: A Dynamic Balance Regulated by the Gut Microbiome. Front. Immunol. 2015, 6,

639. [CrossRef]
26. Sommer, F.; Bäckhed, F. The gut microbiota masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227–238.

[CrossRef]
27. Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The gut-brain axis: Interactions between enteric microbiota, central and

enteric nervous systems. Ann. Gastroenterol. 2015, 28, 203–209.
28. Cerf-Bensussan, N.; Gaboriau-Routhiau, V. The immune system and the gut microbiota: Friends or foes? Nat. Rev. Immunol. 2010,

10, 735–744. [CrossRef]
29. Macpherson, A.J.; Harri, N.L. Interactions between commensal intestinal bacteria and the immune system. Nat. Rev. Immunol.

2004, 4, 478–485. [CrossRef]
30. Bouskra, D.; Brézillon, C.; Bérard, M.; Werts, C.; Varona, R.; Boneca, I.G.; Eberl, G. Lymphoid tissue genesis induced by

commensals through NOD1 regulates intestinal homeostasis. Nat. Cell Biol. 2008, 456, 507–510. [CrossRef]
31. Neish, A.S.; Gewirtz, A.T.; Zeng, H.; Young, A.N.; Hobert, M.E.; Karmali, V.; Rao, A.S.; Madara, J.L. Prokaryotic regulation of

epithelial responses by inhibition of IkB-a ubiquitination. Science 2000, 289, 1560–1563. [CrossRef]
32. Kaci, G.; Lakhdari, O.; Doré, J.; Ehrlich, S.D.; Renault, P.; Blottière, H.M.; Delorme, C. Inhibition of the NF-kappaB pathway in

human intestinal epithelial cells by commensal Streptococcus salivarius. Appl. Environ. Microbiol. 2011, 77, 4681–4684. [CrossRef]
[PubMed]

33. Zeuthen, L.H.; Fink, L.N.; Frokiaer, H. Epithelial cells prime the immune response to an array of gut-derived commensals
towards a tolerogenic phenotype through distinct actions of thymic stromal lymphopoietin and transforming growth factor-beta.
Immunology 2008, 123, 197–208. [CrossRef] [PubMed]

34. Kerman, D.; Deshpande, A.R. Gut microbiota and inflammatory bowel disease: The role of antibiotics in disease management.
Postgrad. Med. 2014, 126, 7–19. [CrossRef] [PubMed]

35. Nitzan, O.; Elias, M.; Peretz, A.; Saliba, W. Role of antibiotics for treatment of inflammatory bowel disease. World J. Gastroenterol.
2016, 22, 1078–1087. [CrossRef]

36. Sellon, R.; Tonkonogy, S.; Schultz, M.; Levinus, A.D.; Grenther, W.; Balish, E.; Donna, M.; Rennick, R.; Sartor, B. Resident enteric
bacteria are necessary for development of spontaneous colitis and immune system activation in interleukin-10-deficient mice.
Infect. Immun. 1998, 66, 5224–5231. [CrossRef]

37. Feng, T.; Wang, L.; Schoeb, T.R.; Elson, C.O.; Cong, Y. Microbiota innate stimulation is prerequisite for T cell spontaneous
proliferation and in-duction of experimental colitis. J. Exp. Med. 2010, 207, 1321–1332. [CrossRef]

38. Comito, D.; Cascio, A.; Romano, C. Microbiota biodiversity in inflammatory bowel disease. Ital. J. Pediatr. 2014, 40, 32. [CrossRef]
39. Jostins, L.; Ripke, S.; Weersma, R.K.; Duerr, R.H.; McGovern, D.P.; Hui, K.Y.; Lee, J.C.; Schumm, L.P.; Sharma, Y.;

Anderson, C.A.; et al. Host–microbe interactions have shaped the genetic architecture of inflammatory bowel disease.
Nature 2012, 491, 119–124. [CrossRef]

40. Franke, A.; McGovern, D.P.B.; Barrett, J.C.; Wang, K.; Radford-Smith, G.L.; Ahmad, T.; Lees, C.W.; Balschun, T.; Lee, J.;
Roberts, R.; et al. Genome-wide meta-analysis increases to 71 the number of confirmed Crohn’s disease susceptibility loci. Nat.
Genet. 2010, 42, 1118–1125. [CrossRef]

41. Ott, S.J. Reduction in diversity of the colonic mucosa associated bacterial microflora in patients with active inflammatory bowel
disease. Gut 2004, 53, 685–693. [CrossRef]

http://doi.org/10.1136/gut.36.5.718
http://doi.org/10.1053/j.gastro.2011.02.012
http://doi.org/10.5217/ir.2016.14.2.127
http://doi.org/10.1016/S0140-6736(07)60751-X
http://doi.org/10.3390/nu9091021
http://doi.org/10.1016/j.cell.2006.02.017
http://doi.org/10.3389/fmicb.2016.00979
http://www.ncbi.nlm.nih.gov/pubmed/27446020
http://doi.org/10.1126/science.1110591
http://www.ncbi.nlm.nih.gov/pubmed/15831718
http://doi.org/10.1016/0016-5085(94)90601-7
http://doi.org/10.3389/fimmu.2015.00639
http://doi.org/10.1038/nrmicro2974
http://doi.org/10.1038/nri2850
http://doi.org/10.1038/nri1373
http://doi.org/10.1038/nature07450
http://doi.org/10.1126/science.289.5484.1560
http://doi.org/10.1128/AEM.03021-10
http://www.ncbi.nlm.nih.gov/pubmed/21602373
http://doi.org/10.1111/j.1365-2567.2007.02687.x
http://www.ncbi.nlm.nih.gov/pubmed/17655740
http://doi.org/10.3810/pgm.2014.07.2779
http://www.ncbi.nlm.nih.gov/pubmed/25141239
http://doi.org/10.3748/wjg.v22.i3.1078
http://doi.org/10.1128/IAI.66.11.5224-5231.1998
http://doi.org/10.1084/jem.20092253
http://doi.org/10.1186/1824-7288-40-32
http://doi.org/10.1038/nature11582
http://doi.org/10.1038/ng.717
http://doi.org/10.1136/gut.2003.025403


Gastroenterol. Insights 2021, 12 64

42. Frank, D.N.; St Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic charac-terization of
microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780–13785.
[CrossRef] [PubMed]

43. Dalal, S.R.; Chang, E.B. The microbial basis of inflammatory bowel diseases. J. Clin. Investig. 2014, 124, 4190–4196. [CrossRef]
44. Sokol, H.; Pigneur, B.; Watterlot, L.; Lakhdari, O.; Bermúdez-Humarán, L.G.; Gratadoux, J.-J.; Blugeon, S.; Bridonneau, C.;

Furet, J.-P.; Corthier, G.; et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut
microbiota analysis of Crohn disease patients. Proc. Natl. Acad. Sci. USA 2008, 105, 16731–16736. [CrossRef]

45. Willing, B.; Halfvarson, J.; Dicksved, J.; Rosenquist, M.; Järnerot, G.; Engstrand, L.; Tysk, C.; Jansson, J.K. Twin studies reveal
specific imbalances in the mucosa-associated microbiota of patients with ileal Crohn’s disease. Inflamm. Bowel Dis. 2009, 15,
653–660. [CrossRef] [PubMed]

46. Lopez-Siles, M.; Duncan, S.H.; Garcia-Gil, L.J.; Martinez-Medina, M. Faecalibacterium prausnitzii: From microbiology to diagnostics
and prognostics. ISME J. 2017, 11, 841–852. [CrossRef] [PubMed]

47. Hansen, R.; Russell, R.K.; Reiff, C.; Louis, P.; McIntosh, F.; Berry, S.H.; Mukhopadhya, I.; Bisset, M.W.; Barclay, A.R.; Bishop, J.; et al.
Microbiota of de-novo pediatric IBD: Increased Faecalibacterium prausnitzii and reduced bacterial diversity in Crohn’s but not in
ulcerative colitis. Am. J. Gastroenterol. 2012, 107, 1913–1922. [CrossRef] [PubMed]

48. Singh, V.; Proctor, S.D.; Willing, B.P. Koch’s postulates, microbial dysbiosis and inflammatory bowel disease. Clin. Microbiol. Infect.
2016, 22, 594–599. [CrossRef] [PubMed]

49. Sokol, H.; Leducq, V.; Aschard, H.; Pham, H.P.; Jegou, S.; Landman, C.; Cohen, D.; Liguori, G.; Bourrier, A.; Nion-Larmurier, I.; et al.
Fungal microbiota dysbiosis in IBD. Gut 2017, 66, 1039–1048. [CrossRef]

50. Metchnikoff, E. Lactic acid inhibiting intestinal putrefaction. In The Prolongation of Life: Optimistic Studies; W. Heinemann: London,
UK, 1907; p. 161.

51. Floch, M.H. Recommendations for Probiotic Use in Humans—A 2014 Update. Pharmaceuticals 2014, 7, 999–1007. [CrossRef]
52. Rondanelli, M.; Faliva, M.A.; Perna, S.; Giacosa, A.; Peroni, G.; Castellazzi, A.M. Using probiotics in clinical practice: Where are

we now? A review of existing meta-analyses. Gut Microbes 2017, 8, 521–554. [CrossRef]
53. Kruis, W.; Fric, P.; Pokrotnieks, J.; Lukas, M.; Fixa, B.; Kascak, M.; Kamm, M.A.; Weismueller, J.; Beglinger, C.; Stolte, M.; et al.

Maintaining remission of ulcerative colitis with the probiotic Escherichia coli Nissle 1917 is as effective as wit standard mesalazin.
Gut 2004, 53, 1617–1623. [CrossRef] [PubMed]

54. Henker, J.; Müller, S.; Laass, M.W.; Schreiner, A.; Schulze, J. Probiotic Escherichia coli Nissle 1917 (EcN) for successful remission
maintenance of ulcerative colitis in children and adolescents: An open-label pilot study. Z. Gastroenterol. 2008, 46, 874–875.
[CrossRef] [PubMed]

55. Bibiloni, R.; Fedorak, R.N.; Tannock, G.W.; Madsen, K.L.; Gionchetti, P.; Campieri, M.; De Simone, C.; Sartor, R.B. VSL#3
probiotic-mixture induces remission in patients with active ulcerative colitis. Am. J. Gastroenterol. 2005, 100, 1539–1546. [PubMed]

56. Gionchetti, P.; Rizzello, F.; Venturi, A.; Brigidi, P.; Matteuzzi, D.; Bazzocchi, G.; Poggioli, G.; Miglioli, M.; Campieri, M.
Oral bacteriotherapy as maintenance treatment in patients with chronic pouchitis: A double-blind, placebo-controlled trial.
Gastroenterology 2000, 119, 305–309. [CrossRef] [PubMed]

57. Shen, J.; Zuo, Z.-X.; Mao, A.-P. Effect of Probiotics on Inducing Remission and Maintaining Therapy in Ulcerative Colitis, Crohn’s
Disease, and Pouchitis. Inflamm. Bowel Dis. 2014, 20, 21–35. [CrossRef]

58. Guslandi, M.; Mezzi, G.; Soghi, M.; Testoni, P.A. Saccharomyces boulardii in Maintenance Treatment of Crohn’s Disease. Dig. Dis.
Sci. 2005, 45, 1462–1464. [CrossRef]

59. Kelesidis, T.; Pothoulakis, C. Efficacy and safety of the probiotic Saccharomyces boulardii for the prevention and therapy of
gastrointestinal disorders. Ther. Adv. Gastroenterol. 2012, 5, 111–125. [CrossRef]

60. Pagnini, C.; Saeed, R.; Bamias, G.; Arseneau, K.O.; Pizarro, T.T.; Cominelli, F. Probiotics promote gut health through stimulation
of epithelial innate immunity. Proc. Natl. Acad. Sci. USA 2010, 107, 454–459. [CrossRef]

61. Mencarelli, A.; Distrutti, E.; Renga, B.; D’Amore, C.; Cipriani, S.; Palladino, G.; Donini, A.; Ricci, P.; Fiorucci, S. Probiotics
modulate intestinal expression of nuclear receptor and provide counterregulatory signals to inflammation-driven adipose tissue
activation. PLoS ONE 2011, 6, e22978. [CrossRef]

62. Michel, C.; Segain, J.P.; Cherbut, C.; Hoebler, C. The VSL# 3 probiotic mixture modifies microflora but does not heal chronic
dextran-sodium sulfate-induced colitis or reinforce the mucus barrier in mice. J. Nutr. 2005, 135, 2753–2761.

63. Petrof, E.O.; Kojima, K.; Ropeleski, M.J.; Tao, Y.; de Simone, C.; Chang, E.B. Probiotics inhibit nuclear factor kappaB and induce
heat shock proteins in colonic epithelial cells through proteasome inhibition. Gastroenterology 2004, 127, 1474–1487. [CrossRef]
[PubMed]

64. Versalovic, J.; Iyer, C.; Lin, Y.P.; Huang, Y.; Dobrogosz, W. Commensal-derived probiotics as anti-inflammatory agents. Microb.
Ecol. Health Dis. 2008, 20, 86–93.

65. Kim, C.H.; Kim, H.G.; Kim, J.; Kim, N.R.; Jung, B.J.; Jeong, J.H.; Chung, D.K. Probiotic genomic DNA reduces the production of
pro-inflammatory cytokine tumor necrosis factor-alpha. FEMS Microbiol. Lett. 2012, 328, 13–19. [CrossRef] [PubMed]

66. Kelly, D.; Campbell, J.I.; King, T.P.; Grant, G.; Jansson, E.A.; Coutts, A.G.P.; Pettersson, S.; Conway, S. Commensal anaerobic gut
bacteria attenuate inflammation by regulating nuclear-cytoplasmic shuttling of PPAR-γ and RelA. Nat. Immunol. 2004, 5, 104–112.
[CrossRef]

http://doi.org/10.1073/pnas.0706625104
http://www.ncbi.nlm.nih.gov/pubmed/17699621
http://doi.org/10.1172/JCI72330
http://doi.org/10.1073/pnas.0804812105
http://doi.org/10.1002/ibd.20783
http://www.ncbi.nlm.nih.gov/pubmed/19023901
http://doi.org/10.1038/ismej.2016.176
http://www.ncbi.nlm.nih.gov/pubmed/28045459
http://doi.org/10.1038/ajg.2012.335
http://www.ncbi.nlm.nih.gov/pubmed/23044767
http://doi.org/10.1016/j.cmi.2016.04.018
http://www.ncbi.nlm.nih.gov/pubmed/27179648
http://doi.org/10.1136/gutjnl-2015-310746
http://doi.org/10.3390/ph7100999
http://doi.org/10.1080/19490976.2017.1345414
http://doi.org/10.1136/gut.2003.037747
http://www.ncbi.nlm.nih.gov/pubmed/15479682
http://doi.org/10.1055/s-2008-1027463
http://www.ncbi.nlm.nih.gov/pubmed/18810672
http://www.ncbi.nlm.nih.gov/pubmed/15984978
http://doi.org/10.1053/gast.2000.9370
http://www.ncbi.nlm.nih.gov/pubmed/10930365
http://doi.org/10.1097/01.MIB.0000437495.30052.be
http://doi.org/10.1023/A:1005588911207
http://doi.org/10.1177/1756283X11428502
http://doi.org/10.1073/pnas.0910307107
http://doi.org/10.1371/journal.pone.0022978
http://doi.org/10.1053/j.gastro.2004.09.001
http://www.ncbi.nlm.nih.gov/pubmed/15521016
http://doi.org/10.1111/j.1574-6968.2011.02470.x
http://www.ncbi.nlm.nih.gov/pubmed/22126103
http://doi.org/10.1038/ni1018


Gastroenterol. Insights 2021, 12 65

67. Reiff, C.; Delday, M.; Rucklidge, G.; Reid, M.; Duncan, G.; Wohlgemuth, S.; Hörmannsperger, G.; Loh, G.; Blaut, M.;
Collie-Duguid, E.; et al. Balancing inflammatory, lipid, and xenobiotic signaling pathways by VSL#3, a biotherapeutic agent, in
the treatment of inflammatory bowel disease. Inflamm. Bowel Dis. 2009, 15, 1721–1736.

68. Toumi, R.; Abdelouhab, K.; Rafa, H.; Soufli, I.; Raissi-Kerboua, D.; Djeraba, Z.; Touil-Boukoffa, C. Beneficial role of the
probiotic mixture Ultrabiotique on maintaining the integrity of intestinal mucosal barrier in DSS-induced experimental colitis.
Immunopharmacol. Immunotoxicol. 2013, 35, 403–409. [CrossRef]

69. Toumi, R.; Soufli, I.; Rafa, H.; Belkhelfa, M.; Biad, A.; Touil-Boukoffa, C. Probiotic bacteria lactobacillus and bifidobacterium
attenuate inflammation in dextran sulfate sodium-induced experimental colitis in mice. Int. J. Immunopathol. Pharmacol. 2014, 27,
615–627. [CrossRef]

70. Drakes, M.; Blanchard, T.; Czinn, S. Bacterial probiotic modulation of dendritic cells. Infect. Immun. 2004, 72, 3299–3309.
[CrossRef]

71. Hart, A.L.; Lammers, K.; Brigidi, P.; Vitali, B.; Rizzello, F.; Gionchetti, P.; Campieri, M.; Kamm, A.M.; Knight, S.C.; Stagg, A.J.
Modulation of human dendritic cell phenotype and function by probiotic bacteria. Gut 2004, 53, 1602–1609. [CrossRef]

72. Ng, S.C.; Plamondon, S.; Kamm, A.M.; Hart, A.L.; Al-Hassi, H.O.; Guenther, T.; Stagg, A.J.; Knight, S.C. Immunosuppressive
effects via human intestinal dendritic cells of probiotic bacteria and steroids in the treatment of acute ulcerative colitis. Inflamm.
Bowel Dis. 2010, 16, 1286–1298. [CrossRef]

73. Smits, H.H.; Engering, A.; van der Kleij, D.; de Jong, E.C.; Schipper, K.; van Capel, T.; Zaat, B.A.J.; Maria, Y.; Eddy, A.W.;
van Kooyk, Y.; et al. Selective probiotic bacteria induce IL-10-producing regulatory T cells in vitro by modulating dendritic cell
function through dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin. J. Allergy Clin. Immunol. 2005,
115, 1260–1267. [CrossRef] [PubMed]

74. Esmaeili, S.-A.; Mahmoudi, M.; Rezaieyazdi, Z.; Sahebari, M.; Tabasi, N.; Sahebkar, A.; Rastinet, M. Generation of tolerogenic
dendritic cells using Lactobacillus rhamnosus and Lactobacillus delbrueckii as tolerogenic probiotics. J. Cell Biochem. 2018, 119,
7865–7872. [CrossRef] [PubMed]

75. Katakura, k.; Lee, J.; Rachmilewitz, D.; Li, G.; Eckman, L.; Raz, E. Toll-like receptor9- induced type I IFN protects mice from
experimental colitis. J. Clin. Investig. 2005, 115, 695–702. [CrossRef] [PubMed]

76. O’Toole, P.W.; Cooney, J.C. Probiotic Bacteria Influence the Composition and Function of the IntestinalMicrobiota. Interdiscip.
Perspect. Infect. Dis. 2008, 2008, 175285.

77. Plaza-Díaz, J.; Ruiz-Ojeda, F.J.; Vilchez-Padial, L.M.; Gil, A. Evidence of the Anti-Inflammatory Effects of Probiotics and Synbiotics
in Intestinal Chronic Diseases. Nutrients 2017, 9, 555. [CrossRef]

78. Otte, J.-M.; Podolsky, D.K. Functional modulation of enterocytes by gram-positive and gram-negative microorganisms. Am. J.
Physiol. Liver Physiol. 2004, 286, G613–G626. [CrossRef]

79. Mennigen, R.; Nolte, K.; Rijcken, E.; Utech, M.; Loeffler, B.; Senninger, N.; Bruewer, M. Probiotic mixture VSL#3 pro-tects the
epithelial barrier by maintaining tight junction protein expression and preventing apoptosis in a murine model of colitis. Am. J.
Physiol. Gastrointest. Liver. Physiol. 2009, 296, G1140–G1149.

80. Jiang, M.; Dai, C.; Zhao, D.-H. VSL#3 probiotics regulate the intestinal epithelial barrier inï¿ 1
2 vivo and in vitro via the p38 and

ERK signaling pathways. Int. J. Mol. Med. 2011, 29, 202–208.
81. Thibault, R.; Blachier, F.; Darcy-Vrillon, B.; de Coppet, P.; Bourreille, A.; Segain, J.P. Butyrate utilization by the colonic mucosa in

inflammatory bowel diseases: A transport deficiency. Inflamm. Bowel Dis. 2010, 16, 684–695. [CrossRef]
82. Canani, R.B.; Costanzo, M.D.; Leone, L.; Pedata, M.; Meli, R.; Calignano, A. Potential beneficial effects of butyrate in intestinal

and extraintestinal diseases. World J. Gastroenterol. 2011, 17, 1519–1528. [CrossRef]
83. Louis, P.; Flint, H.J. Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine.

FEMS Microbiol. Lett. 2009, 294, 1–8. [CrossRef] [PubMed]
84. Segain, J.; de la Blétière, D.R.; Bourreille, A.; Leraya, V.; Gervoisb, N.; Rosalesc, C.; Ferriera, L.; Bonneta, C.; Blottièrea, H.M.;

Galmichea, J. Butyrate inhibits inflammatory responses through NFκB inhibition: Implications for Crohn’s disease. Gut 2000, 47,
397–403. [CrossRef]

85. Inan, M.S.; Rasoulpour, R.J.; Yin, L.; Hubbard, A.K.; Rosenberg, D.W.; Giardina, C. The luminal short-chain fatty acid butyrate
modulates NF-kappaB activity in a human colonic epithelial cell line. Gastroenterology 2000, 118, 724–734. [CrossRef]

86. Luhrs, H.; Gerke, T.; Muller, J.G.; Melcher, R.; Schauber, J.; Boxberge, F.; Scheppach, W.; Menzel, T. Butyrate inhibits NF-kappaB
activation in lamina propria macrophages of patients with ulcerative colitis. Scand. J. Gastroenterol. 2002, 37, 458–466. [CrossRef]
[PubMed]

87. Hang, P.V.; Hao, L.; Offermanns, S.; Medzhitov, R. The microbial metabolite butyrate regulates intestinal macro-phage function
via histone deacetylase inhibition. Proc. Natl. Acad. Sci. USA 2014, 111, 2247–2252.

88. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; Van Der Veeken, J.; DeRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, P.J.; et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451–455.
[CrossRef]

89. Zhang, M.; Zhou, Q.; Dorfman, R.G.; Huang, X.; Fan, T.; Zhang, H.; Zhang, J.; Yu, C. Butyrate inhibits interleukin-17 and generates
Tregs to ameliorate colorectal colitis in rats. BMC Gastroenterol. 2016, 16, 84. [CrossRef]

http://doi.org/10.3109/08923973.2013.790413
http://doi.org/10.1177/039463201402700418
http://doi.org/10.1128/IAI.72.6.3299-3309.2004
http://doi.org/10.1136/gut.2003.037325
http://doi.org/10.1002/ibd.21222
http://doi.org/10.1016/j.jaci.2005.03.036
http://www.ncbi.nlm.nih.gov/pubmed/15940144
http://doi.org/10.1002/jcb.27203
http://www.ncbi.nlm.nih.gov/pubmed/29943843
http://doi.org/10.1172/JCI22996
http://www.ncbi.nlm.nih.gov/pubmed/15765149
http://doi.org/10.3390/nu9060555
http://doi.org/10.1152/ajpgi.00341.2003
http://doi.org/10.1002/ibd.21108
http://doi.org/10.3748/wjg.v17.i12.1519
http://doi.org/10.1111/j.1574-6968.2009.01514.x
http://www.ncbi.nlm.nih.gov/pubmed/19222573
http://doi.org/10.1136/gut.47.3.397
http://doi.org/10.1016/S0016-5085(00)70142-9
http://doi.org/10.1080/003655202317316105
http://www.ncbi.nlm.nih.gov/pubmed/11989838
http://doi.org/10.1038/nature12726
http://doi.org/10.1186/s12876-016-0500-x


Gastroenterol. Insights 2021, 12 66

90. Quévrain, E.; Maubert, M.A.; Michon, C.; Chain, F.; Marquant, R.; Tailhades, J.; Miquel, S.; Carlier, L.; Bermúdez-Humarán, L.G.;
Pigneur, B.; et al. Identification of an anti inflammatory protein from Faecalibacterium prausnitzii, a commensal bacterium deficient
in Crohn’s disease. Gut 2015, 65, 415–425. [CrossRef]

91. Konstantinov, S.R.; Smidt, H.; de Vos, W.M.; Bruijns, S.C.M.; Singh, S.K.; Valence, F.; Molle, D.; Lortal, S.; Altermann, E.;
Klaenhammer, T.R.; et al. S layer protein A of Lactobacillus acidophilus NCFM regulates immature dendritic cell and T cell functions.
Proc. Natl. Acad. Sci. USA 2008, 105, 19474–19479. [CrossRef]

92. Damaskos, D.; Kolios, G. Probiotics and prebiotics in inflammatory bowel disease: Microflora ‘on the scope’. Br. J. Clin. Pharmacol.
2008, 65, 453–467. [CrossRef]

http://doi.org/10.1136/gutjnl-2014-307649
http://doi.org/10.1073/pnas.0810305105
http://doi.org/10.1111/j.1365-2125.2008.03096.x

	Introduction 
	Functional Role of the Gut Microbiota 
	Alteration of Gut Microbiota in IBDs 
	Role of Probiotics and Their Active Metabolites in IBDs 
	Conclusions 
	References

