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 Introduction and Background

It has been well said that the human body is nothing but a vessel 
to carry microbes. One of the places the microbes are abundant 
and contribute in a number of ways is the gastrointestinal sys-
tem. The host–microbe interactions in the gastrointestinal tract 
are bidirectional, complex, and not well understood. These 
host–microbe interactions in the gastrointestinal (GI) tract and 
especially the intestines and colon can be mutually beneficial 
or have adverse effects that contribute to inflammation.

On the one hand, intestinal microbial colonization is 
essential to nutrition, energy metabolism, and proper “con-
ditioning” of the gastrointestinal and peripheral immune 
systems. On the other hand, the GI lumen can contain micro-
biota and microbial-derived factors that may promote inflam-
matory bowel disease (IBD) in the context of an underlying 
genetic immune defect.

The intestinal microbiota is acquired at birth but changes 
rapidly during the first year of life; thereafter there are only 
minor changes throughout childhood. In adults, each per-
son’s unique population of fecal microbiota is fairly stable 
over time, but fluctuations occur in response to environmen-
tal and developmental factors and in disease.

Intestinal microbiota and the ability of the host to rec-
ognize and respond to this microbiota are important in the 
generation and optimal function of intestinal antimicro-
bial proteins, epithelial cells, immune cells, cytokines, and 

immunoglobulin A (IgA). The host immune system, various 
host conditions (obesity) and environmental factors (diet, 
antibiotic exposure) can influence intestinal microbial com-
munities. The microbial community alterations can, in turn, 
modulate intestinal inflammatory outcomes. In patients with 
IBD, alterations in both the diversity and density of bacteria, 
in specific bacteria directly associated with the mucosa, and 
in the functions of the bacteria present (oxidative stress) have 
been described, further suggesting a significant role of intes-
tinal microbiota in the pathogenesis of IBD.

This chapter strives to shed light on the current under-
standing of this complex interaction and how it contributes to 
the pathogenesis of inflammatory bowel disease.

 Epidemiology

In North America, incidence rates of IBD range from 2.2 
to 19.2 cases per 100,000 person-years for ulcerative coli-
tis (UC) and 3.1 to 20.2 cases per 100,000 person-years for 
Crohn’s disease (CD) [1, 2]. Microbes play a significant role 
in its development as suggested by the correlation between 
specific microorganisms and IBD and the association 
between acute gastroenteritis and IBD. A case control study 
suggested that the risk of IBD was significantly increased 
in patients with a prior episode of acute gastroenteritis 
(OR 1.4; 95% CI 1.2–1.7) [3]. A separate population-based 
cohort study of patients with documented Salmonella or 
Campylobacter gastroenteritis also showed an increased risk 
of IBD, when compared with a matched control group (1.2% 
vs. 0.5%, HR 2.9, 95% CI 2.2–3.9) with the highest risk 
being in the first year after the gastroenteritis episode [4].

 Pathogenesis of IBD (Fig. 37.1)

Inflammatory bowel disease (IBD) is an immune-mediated 
chronic intestinal condition. It represents heterogeneous dis-
orders affecting the gastrointestinal tract. Two major types 
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of IBD are ulcerative colitis (UC) and Crohn’s disease (CD). 
Ulcerative colitis is a chronic inflammatory disease limited 
to the mucosal layer of the colon. It nearly always involves 
the rectum and usually extends in a proximal and continu-
ous fashion to involve other portions of the colon. Crohn’s 
disease is a chronic inflammatory disease characterized by 
transmural inflammation and by skip lesions. Accumulating 
evidence suggests that inflammatory bowel disease results 
from an inappropriate inflammatory response to intestinal 
microbes in a genetically susceptible host [5].

The human gastrointestinal tract harbors a hundred tril-
lion different microbial organisms, including bacteria, 
viruses, fungi, and protozoa; this constitutes the micro-
biota also referred to as microbial flora [6]. Resident bac-
teria outnumber human somatic and germ cells tenfold and 
represent a combined microbial genome well in excess of 
the human genome and thus microbiota has the metabolic 
activity of a virtual organ within an organ [7]. A healthy gut 
microbial flora is very important for gastrointestinal func-
tions like development of the immune system, development 
of host defenses, and supply of nutrients and energy. The 
fetal gastrointestinal tract is sterile, and colonization begins 
immediately after birth, which is influenced by diet, medica-
tions, and hygiene levels [7]. The establishment of a stable 
gut microbiota generally accompanies two big transitions in 

infancy. The first transition occurs soon after birth, during 
lactation, and results in dominance of the gut microbiota by 
Bifidobacterium. The second transition occurs during the 
weaning period, with the introduction of solid foods and 
continuation of breast milk feeding, and results in the estab-
lishment of an adult-type complex microbiome dominated 
by the phyla Bacteroidetes and Firmicutes [8].

At present, the exact etiology of IBD is unclear. However, 
it is believed that disruption of the immune system and/or 
imbalanced interactions with microbiota leads to the devel-
opment of chronic intestinal inflammation and the potential 
addition of environmental factors triggers genetically sus-
ceptible hosts [9]. In the following section, we will be talk-
ing briefly about the different known etiologies/pathogenesis 
for IBD at this time.

 Environmental and Genetic Factors

Important environmental risk factors for the pathogenesis of 
IBD include smoking, diet, antibiotics, and oral contracep-
tives pills (OCPs) [10, 11]. Multiple theories have been pro-
posed to explain the unknown environmental exposures that 
may interact with the immune system and result in an abnor-
mal inflammatory response to intestinal microflora. The most 

Fig. 37.1 Pathogenesis of 
IBD: a multifactorial concept
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predominant theory is the hygiene hypothesis. This hypoth-
esis proposes that the rising frequency of immunologic dis-
orders can be attributed to a lack of childhood exposure to 
enteric pathogens. Improved sanitation and hygiene, along 
with decreased exposure to enteric organisms during early 
childhood, may lead to a greater susceptibility to develop an 
inappropriate immunologic response upon exposure to new 
antigens (e.g., a gastrointestinal infection) later in life [10].

Since the discovery of nucleotide-binding oligomerization 
domain-containing 2 (NOD2), more than 160 IBD- associated 
gene loci have been identified. NOD2’s involvement in 
microbial sensing, innate and adaptive immune activation, 
plus its role in autophagy, the gut epithelial barrier, and shap-
ing the gut microbiota suggest that it is a versatile protein 
with many roles in IBD pathogenesis. These genetic asso-
ciations highlight the importance of gene–microbe–environ-
ment interactions in IBD pathogenesis. Smoking is a major 
environmental risk factor, with evidence for gene–microbe 
interactions in its contribution to disease. It has been inde-
pendently demonstrated that NOD2 −/− mice have altered 
gut microbiota composition, and that cigarette smoke can 
alter NOD2 expression and function in intestinal epithelial 
cells [11].

Similarly, diet is another environmental risk factor for the 
development of inflammatory bowel disease. Studies have 
shown how dietary habits result in compositional changes to 
the microbiota and could theoretically lead to inflammation 
in genetically susceptible individuals. A report has shown 
increased dietary intake of n-6 polyunsaturated fatty acids 
and animal protein together with a change toward a more 
westernized diet increases the risk of IBD. On the other hand, 
surveys and case control studies have shown that a range of 
other dietary factors, such as refined sugar, fast foods, mar-
garine, and dairy products increase the risk of IBD, while 
vegetables, fruits, fish, and dietary fiber appear to have a pro-
tective effect [11, 12].

 Gut Microbiota in IBD

The gut microbiota forms a natural defense barrier and pro-
vides numerous protective, structural, and metabolic effects 

to the host [7, 8] (Fig.  37.2). Commensal microbes are 
source for nutrients and energy, like production of short-
chain fatty acids (SCFAs) and vitamin synthesis. They also 
help in the development of immune systems like IgA pro-
duction and regulation of T-helper cell. Last but not least, 
microbiota is also involved in the host defense, like in the 
production of bacteriocins and lactic acid, which act as anti-
microbial factors [7, 8].

The majority of commensal bacteria consist of gram- 
negative bacteria, such as Bacteroidetes, and gram-positive 
bacteria, such as Firmicutes [8, 9]. Gut bacteria such as 
Bifidobacterium can help in the production and supply of 
vitamins such as vitamin K and the water-soluble B vita-
mins [11]. The phyla Firmicutes and Bacteroidetes produce 
SCFAs from indigestible carbohydrates through collabora-
tion with species specialized in oligosaccharide fermenta-
tion (e.g., Bifidobacteria). SCFAs are major anions in the 
colon, mainly as acetate, propionate, and butyrate. Butyrate 
is a primary energy source for colonic epithelial cells. 
Butyrate is consumed mainly by the colonic epithelium, and 
acetate and propionate will then become available systemi-
cally. The levels of SCFAs are significantly decreased in 
IBD, which may be a key factor that compromises intesti-
nal and immune homeostasis [8]. Gut microbiota also play 
a very vital role in the growth of the host’s immune sys-
tem. A literature search has shown how one of the bacteria 
Candidatus Arthromitus, also known as segmental filamen-
tous bacteria (SFB), alone promotes the maturation of the 
mucosal immune system [8, 13].

Any unfavorable alteration of the composition and func-
tion of the gut microbiota is known as dysbiosis, which alters 
the host–microbiota interaction and the host immune system 
[8]. Lately, many studies have been able to identify intesti-
nal dysbiosis if present in patients with IBD, even though 
it still remains largely unknown whether the severity of gut 
dysbiosis is the cause of, or the response to, the severity of 
the disease [14, 15]. Studies summarizing the gut microbiota 
in patients with IBD compared with controls have consis-
tently shown changes in microbiota composition as well as 
reduction in overall biodiversity [11]. IBD is associated with 
an increased abundance of Enterobacteriaceae, including 
Escherichia coli and Fusobacterium. It is also associated with 

Fig. 37.2 Physiological role 
of gut microbiota
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an increased abundance of Fusobacteriaceae, Pasteurellaceae, 
and Bifidobacteriaceae [11, 14]. These pathogenic bacteria 
have the ability to adhere to the intestinal epithelium, which 
in turn alters the diversity and composition of commensal 
microbes causing intestinal inflammation [8].

 Role of Microbes

Several bacteria have been associated with the pathogen-
esis of IBD, including Mycobacterium avium paratuber-
culosis, enterotoxigenic Bacteroides fragilis, adherent/
invasive Escherichia coli, Campylobacter jejuni, Listeria 
monocytogenes, Chlamydia sp., Aeromonas hydroph-
ila, Salmonella typhi, and Clostridium difficile (C. diff) 
[16–18].

 Clostridium difficile

Clostridium difficile (C. diff) is a gram-positive, spore- 
forming, toxin-producing, anaerobic bacteria. Pathogenically, 
it primarily affects the colon, leading to either asymptomatic 
carriage or clinical disease that may range in severity from 
mild diarrhea to fatal pseudomembranous colitis, accounting 
for up to 50–75% of antibiotic-associated colitis [19, 20]. 
C. diff infections (CDI) are known to occur more frequently 
in patients with IBD, many of whom may not have had pre-
vious exposure to any antibiotics. Studies also show higher 
rates of asymptomatic carriage of C. diff of 8.2% (9.4% in 
patients with UC and 6.9% in patients with CD), versus 1% 
in healthy volunteers [21].

Toxins A and B (also known as TcdA and TcdB) are exo-
toxins that are thought to be major virulence factors of C. 
difficile. At least four functionally distinct domains of tox-
ins A and B have been identified including the N-terminal 
region, enzymatically active glucosyltransferase domain, 
a cysteine protease domain, a hydrophobic segment, and 
C-terminal region with repetitive oligopeptide repeats 
(CROPs). Toxin A or B binds to the cell surface receptor 
with its C-terminus, followed by clathrin-mediated endo-
cytosis of the toxin–receptor complex. A decrease in the 
pH inside the endosomal compartment leads to conforma-
tional changes within the toxins, permitting pore formation 
and translocation of the glucosyltransferase and protease 
domains into the cytoplasm. After activation, the cyste-
ine protease domain autocatalytically cleaves the toxin to 
release the glucosyltransferase region, which inactivates 
the Rho family of proteins through glucosylation. Rho 
family of proteins is involved in intracellular signaling, 
and inactivation of Rho proteins in turn leads to disruption 

of the cell cytoskeleton and cell death. The inactivation of 
these proteins and cell death impairs the integrity of the 
membrane cytoskeleton and the barrier function of epithe-
lial cells [22].

C. diff toxins have also been implicated in triggering 
a number of innate immune response pathways includ-
ing NF-kB and MAP kinase. Exposure to toxin A leads to 
secretion on IL-8 by intestinal epithelial cells [23]. Studies 
suggest several other inflammatory cytokines are released 
in response to Toxin A and B including interleukin 18 (IL-
18), IL-1beta, IL-6, and tumor necrosis factor (TNF-a). This 
alteration in the immune system with CDI may act as a trig-
ger to IBD. A reduction in bile acids that occurs in IBD pro-
motes C. diff growth and spore germination [22].

 Helicobacter pylori

Helicobacter pylori (H. pylori) is a gram-negative, spiral- 
shaped pathogenic bacterium that has been associated with 
chronic gastritis, peptic ulcer disease, and gastric malignan-
cies [24]. Helicobacter species can be subdivided into two 
major lineages, the gastric Helicobacter species such as H. 
pylori and the enterohepatic (nongastric) Helicobacter spe-
cies, which predominantly colonize the intestine and the 
hepatobiliary system. They have been linked to chronic liver 
and intestinal diseases [24]. In studies related to IBD, epide-
miological evidence suggests negative correlations between 
the incidence of H. pylori and IBD [25].

A possible mechanism for the protective role of H. 
pylori in the development of IBD may be an alteration of 
the host immunologic response away from the pro-inflam-
matory T-helper (Th1/Th17) response toward an increased 
T-regulatory cell immune response, by increasing the expres-
sion of forkhead box P3 (FOXP3) [26, 27].

 Listeria

Listeria monocytogenes (L. monocytogenes) is an intra-
cellular gram-positive bacteria identified in 0.8–3.4% of 
the asymptomatic population on stool analysis [28]. It has 
been associated with infections in the central nervous sys-
tem and bacteremia in patients with immunodeficiency, 
children, elderly, pregnant females, as well as healthy 
people [29]. Several studies have investigated the affinity 
between IBD and L. monocytogenes. It is presumed since 
patients with IBD receive immunosuppressive drugs, the 
defensive barrier in the gut is compromised, thereby mak-
ing patients vulnerable to the colonization of L. monocy-
togenes [30].

S. Jatwani et al.
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 Mycobacterium avium Complex 
and Paratuberculosis

Mycobacterium avium subspecies paratuberculosis (MAP) 
is an obligate pathogenic organism, linked to Johne’s disease 
in cattle. Dalziel in 1913 first postulated the hypothesis of a 
link between Crohn’s disease (CD) and MAP even before 
CD was described as he noted the similarities with Johne’s 
disease, an intestinal disorder of cattle, and IBD in humans 
[31]. MAP causes chronic granulomatous ileitis (Johne’s 
disease) in cattle and sheep, similar to some pathological 
features seen with CD.  Olsen et  al. showed an increased 
presence of MAP-reactive T cells that were extremely reac-
tive to MAP and produced the pro-inflammatory cytokines 
Interferon-γ (INFγ) and Interleukin-17 (IL17) [32].

CD patients commonly have circulating antibodies 
namely anti-Saccharomyces cerevisiae antibody (ASCA) 
[33]. The epitope for this antibody is a mannan with a spe-
cific mannose alpha of 1–3 mannose (Man alpha1–3Man) 
terminal disaccharide. MAP is a possible source for the 
ASCA mannan epitope, and probably releases a mannose- 
containing glycoconjugate that inhibits killing of phago-
cytosed E. coli by macrophages, thus causing an indirect 
pathogenic mechanism for CD [34]. Nucleotide-binding 
oligomerization domain-containing protein 2, also known as 
caspase recruitment domain-containing protein 15 (NOD2/
CARD15) receptors mutations, is known to be associated 
with increased rates of intracellular survival of the bacteria, 
eventually causing infection, due to abnormal development 
of Peyer’s patches [35, 36]. Mutations in Nramp1 (natural- 
resistance associated macrophage protein 1) have been asso-
ciated with an increased risk of mycobacterial infections, 
and polymorphisms in the Nramp1 promoter have been 
identified in patients with IBD [37]. It has also been hypoth-
esized that even though MAP infects a large population, it 
only becomes pathogenic in individuals who are genetically 
susceptible due to an underlying genetic deficiency causing 
dysfunctional IFNγ activity [38].

 E. coli

E. coli is a facultative gram-negative aerobe that has been 
found to be the numerically most dominant bacteria in the 
gut microbiota [39]. The association of E. coli with IBD was 
first suggested in 1978 when Tabaqchali et  al. noted high 
titers of antibodies against E. coli O-antigens in patients 
with IBD [40]. Escherichia coli (E. coli) strains are classi-
fied into the following categories: A, B1, B2, C, D, E, and 
F phylogenetic groups. Group A and B1 are mainly com-
mensal strains, while B2 and D groups are mainly patho-

genic strains. Patients with IBD compared to the healthy 
individuals have been reported to have increased amounts of 
B2 and D strains of E. coli [41–43]. E. coli isolates from 
patients with IBD show increased adherence to gastrointes-
tinal epithelial cells and are called adhesive and invasive E. 
coli (AIEC). AIEC have been shown to promote release of 
the pro-inflammatory cytokine IL-8 [44]. AIEC strains also 
result in increased expression of cell adhesion molecules; 
such as carcinoembryonic antigen related cell adhesion mol-
ecule 6 (CEACAM6) to promote bacterial colonization in 
the intestinal mucosa [45]. Studies have shown that certain 
genes promoting virulence are overrepresented in AIEC rela-
tive to nonpathogenic E. coli, namely, k1 and kpsm2 (effec-
tive in capsule synthesis), FynA, yersiniabactin, chu operon 
(utilized in iron metabolism), and ibeA gene (involved in 
invasion) [46, 47].

 Campylobacter concisus

Campylobacter concisus (C. concisus) is a gram-negative, 
fastidious aerobic bacterium that normally colonizes the 
human oral cavity [48]; however, few studies found a signifi-
cantly higher intestinal prevalence of C. concisus in patients 
with CD [49–51]. Strains of C. concisus have been shown 
to express a zonula occludens toxin (Zot) acquired likely 
through a CON-Phi2 prophage (a mechanism similar to 
Vibrio cholerae toxin), which enhances permeability of the 
epithelial cells [52]. Studies have shown an increased preva-
lence of Zot gene in C. concisus strains isolated from IBD 
patients [53].

 Chlamydia pneumoniae

Chlamydia pneumoniae is a gram-negative rod suggested 
to have a higher prevalence in IBD patients. Mutations in 
the NOD2/CARD15 receptor have been studied as possible 
pathogenic mechanism for this bacterium. This mutation 
can cause activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-KB) pathway, react with 
basic myelin protein in the immune system, and potentially 
trigger an autoimmune response [54, 55].

 Mycoplasma pneumoniae

Mycoplasmas are small bacteria without a rigid cell wall, 
existing as either commensals or pathogens. Mycoplasmas 
are thought of as organisms of ubiquitous distribution with 
the potential to cause inflammatory diseases. M. pneumoniae 
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DNA was detected at a significantly higher rate in intestinal 
biopsies from patients with CD, suggesting some role in the 
pathogenesis of IBD [56]. Possible pathogenic mechanisms 
associated with Mycoplasma include increased production of 
various regulatory cytokines (IL-2, IL-4) and inflammatory 
cytokines (IL-6, IL-8) [57] as well as increased oxidative 
stress due to increased production of hydrogen peroxidase 
and superoxide radicals resulting in damage to epithelial 
cells [58].

 Fecal Bacteria

Several studies have suggested an alteration in the rela-
tionship of commensal bacteria in the intestine and host 
immune system as a possible pathogenic mechanism in IBD 
[59, 60]. 95% of the bacteria in stool samples from healthy 
adults belong to the Bacteroides, Clostridium coccoides, and 
Clostridium leptum subgroup [61]; however, IBD patients 
have lower numbers of these organisms, including bifido-
bacteria but, in particular, the C. leptum subgroup. Studies 

have found a strong association between ileal CD and lack 
of Faecalibacterium prausnitzii. F. prausnitzii has anti- 
inflammatory effects on Caco-2 cells, as metabolites secreted 
by this bacterium blocks NF-kappa B activation and IL-8, 12 
and IFN-gamma secretion, and promotes secretion of anti- 
inflammatory IL-10 [62] (Table 37.1).

 Animal Models of Intestinal Inflammation

Several types of models for colitis are available including 
genetically driven, chemically induced or immune mediated, 
all of which are represented in mouse models of colitis. Some 
of the examples of genetically driven models available are 
interleukin-10 (IL-10) deficient mouse, resulting in uncon-
trolled inflammation in the gut [63, 64], the Mdr1a−/−mouse, 
deficient in P-glycoprotein 170, resulting in increased gut 
permeability, microbial translocation and colitis develop-
ment [65], the SAMP1/YitFc mouse, which develops sponta-
neous ileitis [66], and the TRUC mouse, where deficiency in 
both T-bet and Rag2 causes increased TNFα responses [67]. 

Table 37.1 Role of microbes and possible pathogenic mechanisms

Pathogen Possible mechanism of action References Strength of evidence
Clostridium difficile Toxin A- or B-related endocytosis releasing the glucosyltransferase 

region, which inactivates the Rho family of proteins → cell 
cytoskeleton and cell death.
Trigger immune pathways including NF-kB and MAP kinase
Release Interleukin 18 (IL-18), IL-1beta, IL-6, and Tumor necrosis 
factor (TNF-a)

[22, 23] Likely a strong association, 
several studies available in 
literature

Helicobacter pylori Alteration of the host immunologic response leading to an 
increased T-regulatory cell immune response
Increasing the expression of forkhead box P3 (FOXP3)

[26, 27] Likely a moderately strong 
association, few studies 
available in literature

Listeria monocytogenes Excessive colonization of L. monocytogenes [30] Possible weak association, 
only a few studies available in 
literature

Mycobacterium avium 
subspecies 
paratuberculosis

Source for the ASCA mannan epitope, to release a mannose- 
containing glycoconjugate that inhibits killing of phagocytosed E. 
coli by macrophages: an indirect pathogen
Inherent mutations or alteration in NOD 2/CARD 15, Nramp1, or 
IFNγ activity

[34–38] Likely a strong association, 
several studies available in 
literature

Escherichia coli Release pro-inflammatory cytokine IL-8.
Increased expression of cell adhesion molecules, such as 
CEACAM6
Overexpression of virulent genes: k1, kpsm2, FynA, yersiniabactin, 
chu operon, and ibeA gene

[44–47] Likely a strong association, 
several studies available in 
literature

Campylobacter concisus Zot enhances permeability of the epithelial cells [52, 53] Possible weak association, 
only a few studies available in 
literature

Chlamydia pneumoniae Mutation in NOD2/CARD15 receptor causes activation of NF-KB 
pathway, react with basic myelin protein and trigger autoimmune 
response

[54, 55] Possible weak association, 
only a few studies available in 
literature

Mycoplasma pneumoniae Increased production of IL-2, 4, 6, 8
Increased production of hydrogen peroxidase and superoxide 
radicals → damage to epithelial cells

[57, 58] Possible weak association, 
only a few studies available in 
literature

Fecal Bacteria Decreased numbers of Faecalibacterium prausnitzii and 
bifidobacteria

[61, 62] Likely a moderately strong 
association, few studies 
available in literature
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Models that are developed by immune activation include the 
T cell transfer model, where naive T cells are transferred into 
a lymphopenic recipient mouse, that may result in wasting 
disease, prevented by cotransfer of regulatory T cells [68, 
69] and anti-CD3ε monoclonal antibody model, in which 
T cell activation results in intestinal mucosal damage and a 
cytokine storm [70, 71]. Citrobacter rodentium or rotavirus 
can cause intestinal inflammation, and is used as a model 
to study the inflammatory response [72–75]. Models with 
chemically induced colitis include administration of com-
pounds that cause epithelial damage, for example, dextran 
sulfate sodium (DSS), piroxicam or 2,4,6-trinitrobenzene 
sulfonic acid.

 Management

 Options Targeting Microbes

A variety of therapeutic options have emerged to target 
microbes in IBD. These include probiotics, prebiotics, anti-
biotics, fecal microbiota transplantation (FMT), and dietary 
changes.

Probiotics are live microorganism preparations thought to 
promote human health; they have been studied in IBD with 
the theory that they might work to improve the balance in 
the gastrointestinal microbiota, thereby reducing intestinal 
inflammation. The mechanism by which this could occur 
may be due to less colonization resistance, better intestinal 
barrier function, signal transduction alteration, and metabolic 
effects [76]. Different preparations of probiotics have been 
used in studies. VSL#3, a combination of eight different lac-
tic acid bacteria, has been used in numerous studies [77–81]. 
Other formulations include Nissle 1917 (a nonpathogenic 
E. coli strain), Lactobacillus GG, Bifidobacteria- fermented 
milk, and Bifidobacterium longum/Synergy [82–89], among 
others. Additionally, probiotic therapy has been studied in 
pouchitis, a known possible complication after surgical 
reconstruction in IBD patients [90].

Gut microbiota is affected by dietary intake. A similar 
concept to probiotics in the treatment of IBD is the use of 
prebiotics, which have been suggested to provide a meta-
bolic substrate to promote the proliferation of beneficial 
microbes [91].

Fecal microbiota transplantation is another potential ther-
apeutic option to alter gut dysbiosis in IBD. In FMT, fecal 
flora from a healthy person is transplanted to the diseased. 
This therapy has been shown to be efficacious in resolution 
of C. difficile-associated diarrhea and is now used in clinical 
practice as a treatment option [92]. If IBD is the result of 
dysbiosis, it is thought that FMT from a healthy donor may 
be able to restore symbiosis, similar to the outcomes found 
in C. difficile infection resolution.

Antibiotics have widely been used to treat acute and 
chronic pouchitis and fistulizing disease [93]. Ciprofloxacin 
and/or metronidazole are used in perianal CD in con-
junction with other medications such as biologics [94]. 
Azithromycin and rifaximin have also been used to treat 
mild to moderate luminal CD. The theory behind the use 
of antibiotics is to eradicate potentially pathologic gut 
microbes. Use of antibiotics has been with caution, how-
ever, due to the concern of creating an imbalance in com-
mensal organisms such as the case with the potential for 
development of pathogenic C. difficile colitis. A system-
atic review and meta- analysis of 22 studies showed signifi-
cantly higher rates of CDIs in patients with CD involving 
their colon [95]. There was also an association with CDIs 
in those who used antibiotics within the last 30 days and in 
those using biologic medications.

 Evidence, Efficacy, and Prognosis

Lactobacillus casei, a probiotic, has been shown in a study 
to downregulate pro-inflammatory cytokines in Crohn’s 
disease thereby antagonizing the inflammatory effects 
of host E. coli [96]. Several studies have explored this 
concept in mouse models. An example is C. rodentium-
induced colitis in mice, which was lessened by the use of 
Saccharomyces boulardii, a probiotic [97]. Another exam-
ple is the use of probiotics to reduce gut inflammation by 
means of modulating growth factors to promote epithelial 
restoration [98].

Several studies using VSL#3 in UC patients have shown 
it to be efficacious in both induction of remission as well as 
use in maintenance therapy [77–81]. Prevention of recur-
rence of chronic, relapsing pouchitis with the use of VSL#3 
was shown in two double-blinded placebo-controlled tri-
als [77, 78]. When VSL#3 was added to standard therapy 
(mesalazine and steroids) in 29 pediatric patients with UC, 
remission rates at 4 weeks were 92.8% compared to 36.4% 
in placebo [81]. When they looked at recurrence rates 
1 year later, the VSL#3 group was 36.4% vs. 73.3% in the 
placebo. A study in patients with UC who underwent ileal-
pouch-anal- anastomosis involved 4  weeks of daily lacto-
bacilli and bifidobacteria administration to 51 UC patients. 
Stools samples showed an increase in the number of these 
bacteria during intervention as well as a decrease in invol-
untary defecation, leakage, abdominal cramps, fecal num-
ber, consistency, and mucus, and urge to evacuate stools 
[90]. Lactobacillus, Bifidobacterium, and Saccharomyces 
boulardii in combination, as well as Nissle 1917, were 
found to induce and maintain remission in moderately 
severe UC [99].

One of the first studies using FMT dates back to 1989, 
when an author of the paper, with UC, received FMT and 
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reported disease-free remission [100]. In 2012, a systematic 
review showed 13 out of 18 patients with UC who achieved 
remission with FMT [101]. There is some conflicting evi-
dence in other studies; two longitudinally prospective stud-
ies of FMT therapy in UC patients did not achieve clinical 
remission [102, 103]. There was suggestion in these stud-
ies that in most patients, the gut microbiota was indeed 
altered, albeit temporarily, and so may require repeat FMT 
therapy at periodic intervals to sustain disease remission. 
Additionally, there may be specific organisms which con-
fer worse success with FMT when overrepresented in the 
gut flora as compared to other organisms [102]. This might 
be an important factor in determining which individual is 
more likely to respond to FMT. A more promising study of 
10 UC pediatric patients showed a 79% clinical response 
rate to FMF therapy within 1  week [104]. A more recent 
meta-analysis and systematic review of 29 studies and 524 
FMT-treated IBD patients has shown a concerning alterna-
tive outcome—IBD flaring after FMT [105]. The rates of 
IBD worsening were higher with lower GI FMT delivery 
as opposed to upper GI delivery, suggesting a possible site 
variance (16.5% vs. 5.6%). The rates of worsening were 
considered to be marginal (4.6%) and it was questioned as 
to whether it was due to other etiologies.

Prebiotic data is limited, but as of a 2014 review, had yet 
to show any effect as a therapeutic option in IBD [91].

It appears that the data have been conflicting regarding 
the use of antibiotics in CD and UC. A meta-analysis made 
the conclusion that antibiotics were superior to placebo in 
inducing remission [91]. Another had a similar encouraging 
conclusion that antibiotic therapy induced remission and pre-
vented relapse in IBD patients [106]. As stated previously, 
however, the risk of developing a CDI is increased in those 
with IBD and increased in those IBD patients who used anti-
biotics within the last 30 days [95].

As stated by Aleksandar et  al. in their work on the 
microbiome in IBD, there is no certain diet in IBD 
patients which has been shown to cause, prevent or treat 
this disease [107]. However, Enterobacteriaceae have 
been shown to be increased in IBD, and one study showed, 
in long-term strict vegan diets, a significant decrease 
in Enterobacteriaceae, as well as Bacteroides spp. and 
Bifidobacterium spp. [108].

In review of the variety of therapeutic options to target 
microbes in IBD, it appears that some have shown more 
promise than others and all require more data to be able to 
draw more solid conclusions. A significant amount of work 
seems to be focused on the use of probiotics and more is 
emerging for the use of fecal microbiota transplantation as 
well. Probiotic data is encouraging while FMT data is con-
flicting. At this time, it does not seem that any particular diet 
is definitely efficacious nor are prebiotics. These findings are 
summarized in Table 37.2.

 Discussion and Future Direction

As highlighted in detail above, gut microbiota are an excit-
ing target to study and are likely to reap rich rewards in 
furthering our understanding of initiation and perpetua-
tion of chronic IBD. However, there is a complex relation-
ship between the gut immune system and the microbiota. 
Accumulating evidence also suggests that the dynamic 
balance between microbes, particularly commensal flora, 
and host defensive responses at the mucosal frontier has 
a pivotal role in the initiation and pathogenesis of chronic 
IBD.  However, it remains unclear whether the dysbiosis 
observed in IBD is a cause or a consequence of intestinal 
inflammation. It still remains unclear how dysbiosis regu-
lates the gut immune system. Hence, further research into 
this relationship is not only likely to give us better insight 
into it but is almost necessary to improve outcomes of 
chronic IBD.

It is also important to note that the etiopathogenesis of 
chronic IBD is complex, multifactorial, and a combination 
of genetic predisposition and environmental exposures, and 
the gut microbiota play significant roles. Among genetic fac-
tors, NOD2 has remained the strongest genetic risk factor 
associated with chronic IBD development for nearly two 
decades, although exactly how it is related to disease onset 
remains elusive. Important environmental risk factors for the 
pathogenesis for IBD include smoking, diet, antibiotics, and 
OCPs. Among these, smoking has been best studied and has 
shown a clear association with chronic IBD. Also important 
is the hygiene theory, which can explain unknown environ-
mental exposures that may interact with the immune system 
and result in an abnormal inflammatory response to intesti-
nal microflora.

Several bacteria have been associated with the patho-
genesis of IBD and remain the focus of research in fur-
thering the understanding of their role in chronic IBD. The 
gut microbiota is composed not only of bacteria but also of 
viruses and fungi which also likely contribute significantly 
to IBD. The role of these should also be studied in detail. 
The role of gut microbiota is being suggested strongly by 
the analysis of mouse models and has revealed at least two 
major courses of disease: dysbiosis (involving the depletion 
or alteration in resident species, which can be followed by 

Table 37.2 Summary of management options targeting microbes

Microbe target Evidence Reference
Probiotics Encouraging, mostly 

in UC and pouchitis
Matsuoka, [2–6, 
19–22, 109, 110]

Fecal microbiota 
transplantation (FMT)

Conflicting, may be 
transient effect

[23–28]

Prebiotics No clear effect [111]
Antibiotics Conflicting [18, 29, 111]
Diet No clear effect [30]

S. Jatwani et al.



407

loss of  colonization resistance, acute infection by bacteria 
that can breach the intestinal barrier, then possibly develop 
into chronic inflammation) and chronic pathogen infection 
(which can be aggravated by the presence of commensals 
because barrier disturbances and immunomodulation can 
increase immune responses to resident bacteria). The most 
likely pathogens remain elusive but there are a number of 
candidate pathogens that may have a strong contribution to 
the development of chronic IBD.  Further efforts to iden-
tify pathogens that are commonly associated with human 
disease and the potential protective microbiota, deple-
tion of which might aggravate disease, can provide clari-
fication on these issues. The likely candidate pathogens 
include enterotoxigenic Bacteroides fragilis, Clostridium 
difficile, Helicobacter spp. and Campylobacter spp. and 
should be further investigated. An exciting candidate is 
Mycobacterium avium subspecies paratuberculosis, which 
has received considerable attention as a possible trigger of 
human IBD.

Unfortunately, our understanding of the microbial flora 
itself is quite incomplete. Insights into the microbial–host 
interrelationships are hampered by both the limited knowl-
edge of the diversity and complexity of the microbial flora 
and the limitation of available tools to delineate these char-
acteristics. Metagenomic and computational analysis of the 
so- called microbiome may provide a foundation to achieve 
an understanding of the relevant, functional diversity of the 
flora in the context of IBD. Understanding the distribution, 
dynamics, and responses to microbial flora in these dis-
ease states will probably provide insights into a number of 
aspects of IBD.

Since gut microbiota are such an exciting target in under-
standing of chronic IBD, a number of therapeutic strategies 
have been tried to target them. These include probiotics, 
prebiotics, antibiotics, fecal microbiota transplantation 
(FMT), and dietary changes. It is very clear that antibiotics 
are not efficacious and are possibly harmful in this context. 
Dietary changes and prebiotics also do not seem to work. 
Probiotics and fecal microbiota transplant remain promis-
ing. Probiotics have been shown to be efficacious and tend 
to be well tolerated with minimal downside. They should be 
considered in appropriate patients with chronic IBD. On the 
other hand, the role of FMT in the therapy of chronic IBD 
remains unclear, and various studies have provided conflict-
ing results including raising concern for possible worsen-
ing of the disease. This may be due to the study design, the 
selection of population, and unclear standardization of the 
FMT procedure.

All of the above developments highlight the role gut 
microbiota plays in chronic IBD, and it is our belief that 
we have only scratched the surface of our understanding of 
this role.

 Summary

The main factors playing a role in IBD are genetic, environ-
mental, gut microbiota, and immune response. Among these, 
gut microbiota influences every aspect involved in causation 
and perpetuation of the disease with complex interactions 
among these factors. Yet, it remains elusive how a single 
agent or a short list of agents exerts a majority of this influ-
ence. The use of probiotics and fecal microbiota transplant 
to impact the gut microbiota looks promising but unproven. 
Nonetheless, gut microbiota represents a “gold mine” for 
both clinical and basic IBD research and this is an exciting 
time of discovery; breakthroughs are likely to come soon in 
this area.
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