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Abstract
The incidence of chronic inflammatory bowel diseases (IBD) 
is rising worldwide, and the interaction between the muco-
sal immune system and the intestinal microbiota is crucial 
for the understanding of these diseases. Due to new tech-
nologies, the data published on the intestinal microbiota has 
increased rapidly in the recent years. While many findings 
are descriptive, reporting associations between disease and 
microbial populations, recent advancement in technology 
made it possible to ask and answer more functional ques-
tions and to elucidate complex interactions between the in-
testinal microbiota and the mucosal immune system. In ad-
dition, first trials influenced the intestinal microbiota with 
the intention to treat IBD. This review summarizes aspects of 
the physiological function as well as the inflammation-in-
duced changes of the gut microbiota and the association be-
tween the gut microbiota and pathogenesis in IBD. In addi-
tion, diagnostic and therapeutic options for treating IBD are 
reviewed. © 2019 S. Karger AG, Basel

Introduction

Inflammatory bowel diseases (IBD), including Crohn’s 
disease (CD) and ulcerative colitis (UC), are character-
ized by chronic immune-mediated intestinal inflamma-
tion that is driven by a misled interplay of host-microbial 
interaction. The current concept of IBD pathogenesis is 
based on the theory of a disrupted intestinal barrier and 
a dysregulated immune response in a genetically suscep-
tible host. These assumptions are underscored by early 
studies showing a strong clustering in families and with 
certain ethnicities. More recent studies showed a 15–50 
times increased relative risk for siblings of a CD patient 
to also develop CD. In only 4% of all dizygotic twins both 
develop CD, yet in nearly 50% of all cases both monozy-
gotic twins develop CD. In many of the families the pat-
tern of the disease is also very similar, showing relat- 
ed complications, patterns of extra-intestinal manifesta-
tions, and organ involvement. IBD is a complex, poly-
genic disease with every patient having a very individual 
set of genes involved. Several genome-wide association 
studies and in silico meta-analysis of genetic data helped 
identify more than 200 genes associated with an increased 
risk to develop CD, UC, or both disease entities (for re-
view, see Jostins et al. [1]). Altogether, genetics has led to 
the identification of various archetypical biological prin-
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ciples that contribute to disease pathophysiology on mul-
tiple independent cellular levels (e.g., T cells, B cells, and 
intestinal epithelial cells). These principles are as follows:
• defects in intestinal barrier function
• defects in autophagy
• disturbance of the innate immune system with an im-

paired phagocytic function
• hyper- and autoinflammatory reactions
• disturbed T- and B-cell activation and differentiation

In addition to a variety of genetic factors, also environ-
mental factors are essential for the development of IBD 
and are an important trigger for flairs of the disease. These 
environmental factors can be discriminated between fac-
tors originating in early childhood that increase the risk 
for developing IBD and other lifelong factors that in-
crease the risk for flairs of already established disease (for 
review, see Lakatos [2]). The relevance of environmental 
factors is highlighted by studies on migrant populations. 
Moving from low-incidence areas to high-incidence ar-
eas, the incidence of IBD for the first generation born at 
the new place of residence is nearly identical to that of the 
resident population [3, 4]. Obviously, this rapid equili-
bration in disease burden cannot be explained by chang-
es in genetics. Currently, the highest prevalence rates for 
IBD are found in northern America, northern Europe, 
and Australia; however, countries with a rising socioeco-
nomic status such as China or India currently see a steep 
rise of incidence in various immune-related disease, in-
cluding IBD [5, 6]. Indisputably, nutrition is one of  
the strongest environmental factors influencing disease 
pathogenesis, yet it is difficult to pinpoint the proinflam-
matory potential of nutrition down to a single ingredient. 

One common environmental factor in these areas is 
the western-style diet rich in sugar, fat, and protein. This 
diet has a strong and rapid influence on the intestinal mi-
crobiota and results in a microbiota distinctly different 
from the one seen with a plant-based diet [7]. Some small-
er studies show a connection between fat- and protein-
based diet and IBD [8, 9]; up to now large, prospective 
trials that show a direct connection between diet and IBD 
are missing. Another modulator of the intestinal micro-
biota associated with an increased risk for CD is the rising 
exposure to antibiotics [10]. Furthermore, the increase in 
Caesarian sections has been associated with an increased 
risk for IBD in the offspring due to a change in intestinal 
microbiota [11].

Specific Changes in the Intestinal Microbiota 
Associated with IBD

A key role of the gut microbiota in the pathophysiol-
ogy of IBD has long been suggested; however, definitive 
cause-mechanism relationships in human IBD are cur-

rently lacking. The predominant role of the gut microbi-
ota in IBD derives from the association of microbial dys-
biosis, defined as a decrease of microbial diversity and a 
selective overgrowth of potentially pathogenic microor-
ganisms. Until today, several overlapping patterns of dys-
biosis in IBD have emerged, including a reduction in bio-
diversity (α- and β-diversity), a loss of “protective” bac-
teria of the Firmicutes phylum; e.g., Faecalibacterium 
prausnitzii [12], or concomitantly elevated “pathogenic” 
Gammaproteobacteria [13].

Due to the fact that IBD manifest itself most frequent-
ly in bowel segments with a high density of micro-organ-
isms, a causal connection between the microbiota and 
IBD has been suspected for a long time [14]. As one his-
topathologic hallmark of CD is the epithelioid granulo-
ma, many studies tried to prove a connection to an infec-
tion with atypical mycobacteria [15], yet up to now this 
hypothesis could not be proven. In contrast to this infec-
tion hypothesis, the role of the intestinal microbiota as an 
important driver of the intestinal inflammation in IBD 
has been proven by animal and clinical studies. A number 
of different mouse models did show significant improve-
ment of symptoms or complete healing if the animals 
were treated with antibiotics [16, 17]. In keeping with 
these experimental findings, patients suffering from ac-
tive CD benefit from diverting ostomy or antibiotic treat-
ment results by improvement of symptoms. Yet re-estab-
lishment of intestinal continuity or discontinuation of 
antibiotic therapy results in a rapid re-occurrence of in-
testinal inflammation [18–20]. Stool sampling in healthy 
adults reveals usually a spectrum of roughly 100 different 
bacterial species. This bacterial composition is specific for 
a given individual and usually very stable during the per-
son’s lifespan [21]. The typical western stool microbiota 
consists mainly of four phyla: Firmicutes, Bacteroidetes, 
Actinobacteriae, and Proteobacteria. Differential analysis 
of 16S rRNA of stool microbiota from patients with CU 
and CD revealed no typical population pattern for either 
disease, yet showed a typical reduction in diversity [22, 
23]. The attempt to identify disease-specific differences in 
microbiota composition is hampered by the wide variety 
of different approaches to sampling and analysis and de-
fining patient cohorts. Yet most studies find a reduction 
in Firmicutes and Bacteroidetes in CD patients’ stool [24, 
25] and mucosal biopsy samples [26]. In UC patients, 
these specific changes are less prominent [26]. Yet these 
changes in diversity and phyla compositions are specific 
for the context of intestinal inflammation as patients who 
have a pouch surgery after colectomy for familial adeno-
matous polyposis do not develop the same changes in lo-
cal microbiota, leading to chronic pouchitis in some UC 
patients [27].

A detailed analysis beneath the “phylum layer” show 
the changes as described above, and also an increase in 
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Gammaproteobacteria [26].These belong to the family of 
Enterobacteriacea and Pasteurellaceae that have been 
shown to be also increased in patients with CD [28]. The 
quantity of Clostridium group IV and XIV is decreased 
[28, 29]. This is of functional relevance, since they are im-
portant for the production of butyrate, thus supporting 
the metabolism of epithelial cells and protecting the in-
tegrity of the epithelium and lowering the rate of apopto-
sis [30]. The reduction of butyrate-producing bacteria 
could also be demonstrated in patients with CU [31].

Currently, a bacterium from the group of Clostrdiae, 
Faecalibacterium prausnitzii, is in the center of attention, 
since a reduction of F. prausnitzii has been associated 
with a change in disease development. It could be shown 
that patients with CD and lower levels of F. prausnitzii 
have a higher risk of postoperative disease recurrence 
[12] and that patients with higher levels of this bacterium 
need to undergo surgery less often [29].

Despite the overwhelming evidence of an association 
of decreased gut microbial diversity with IBD, the precise 
role of dysbiosis in disease pathogenesis remains unclear. 
It remains an open question whether intestinal dysbiosis 
reflects the output of an overactivated inflammatory net-
work of the host, which actively shapes the gut microbio-
ta or rather reflects an independent layer of primary dis-
ease susceptibility that is shaped by host genetics and – 
from the luminal site – by nutritional and environmental 
factors. Several studies, especially from animal models of 
intestinal inflammation, indicate that host factors (e.g., 
genetics, inflammatory tone) actively shape the intestinal 
microbiota and generate a transmissible colitogenic phe-
notype [32, 33]. These studies point out the crucial rela-
tionship between host-mediated intestinal immune re-
sponse mechanisms and gut microbial homeostasis and 
are further supported by various known IBD suscepti-
bility variants in immune-related genes (e.g., NOD2,  
ATG16L1) that contribute to intestinal containment of 
gut microbiota [34]. 

In fact, changes in commensal microbiota have also 
been shown in patients carrying mutations of known IBD 
risk genes, such as NOD2, Atg161l, and Fucosyltransfer-
ase 2 (FUT2) [35, 36]. The modification of the innate and 
adaptive immune system triggered by these mutations 
not only influence the composition of the intestinal mi-
crobiota but also increases the vulnerability for intestinal 
pathogens [37, 38] and a loss of protective functions [39].

Importantly, many of the observed phenotypes can be 
recapitulated in mice carrying either full-body or condi-
tional deletions (e.g., in intestinal epithelial cells) of IBD 
risk genes [34, 40, 41]. Hence, these studies further un-
derline an important role of the intestinal epithelium in 
acting as the primary response layer of the mucosal im-
munity. On the other hand, gut dysbiosis might also re-
flect the response of a microbial community to environ-

mental stress factors elicited from the inflamed mucosa. 
As an example, colonocyte metabolism in itself is inter-
twined with the metabolism of the gut microbiota as 
healthy colonocytes maintain an anaerobic condition, al-
lowing the selection for obligate anaerobic organism. In 
contrast, inflamed colonocytes shift their metabolism to-
wards aerobic conditions, allowing for the expansion of 
facultative aerobic organism contributing to gut dysbio-
sis [42].

Functional Understanding of the Intestinal 
Microbiome in IBD 

Recent technological advances (comprehensive me-
tabolomics, metagenomics, metaproteomics, and meta-
transcriptomic analyses are now feasible at relatively low 
cost per sample) have paved the way for a detailed mech-
anistic understanding on the functional consequences of 
gut dysbiosis in IBD. In that sense, the understanding of 
the microbiota’s role in IBD has changed from the de-
scriptive compositional information on the genus level 
into a more functional understanding of the contribu-
tion. In contrast to the anticipated potential of a mecha-
nistic understanding of microbial metabolites in IBD 
 dysbiosis, only few microbiota-generated metabolites 
 affecting host physiology have been identified so far, de-
manding further study of the subject. These metabolites 
include for example secondary bile acid or trimethyl-
amine-N-oxide, a product of microbial-host co-metabo-
lism of nutrients such as phosphatidylcholine, choline, 
and L-carnitine, which are present in high-fat diets [43, 
44]. An important identified pathway that has been im-
plicated in IBD pathophysiology is the synthesis of short-
chain fatty acids (SCFA), which originate from bacterial 
degradation of dietary fibers (e.g., inulin), and this path-
way represents one of the few so far identified actionable 
metabolic pathways in IBD. It has been shown by various 
studies that disturbances in the microbial networks con-
taining taxa that typically produce SCFA characterize 
treatment failure to conventional and biologic therapy 
[45, 46], rendering butyrate, a major microbiome-derived 
SCFA, as a potential candidate for metabolic intervention 
in IBD therapy [47]. However, previous attempts in rein-
stalling luminal SCFA production by butyrate enemas 
have not entirely proven efficacious in IBD therapy. 

Mechanistically, the downstream role of SCFA on 
host biology are suggested to be mediated via GPR43, 
although recent data also indicate a potential role of 
SCFA in inducing innate lymphoid cell 3-dependent IL-
22 production and subsequent restoration of epithelial 
homeostasis [48]. Later studies linked a microorgan-
ism-derived metabolite (SCFA) with a well-studied im-
munological principle of pathobiont control (IL-22), 
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and we and others have shown that mucosal IL-22 sig-
nalling influences epithelial proliferation and produc-
tion of antimicrobial peptides, which in return contrib-
ute to the containment of gut microbiota, including vi-
ruses in IBD [49, 50]. 

Microbiome Diagnostics and Therapeutics in IBD

The acknowledgement of the gut microbiome as a po-
tential reservoir of immunomodulatory metabolites that 
might actively shape host immune response has gener-
ated the concept of targeted microbiome editing as a ther-
apeutic approach in IBD. However, current conceptual 
approaches have been made in murine studies, and the 
translational feasibility has not been shown yet. Recently, 
it has been shown that targeted inhibition of the molyb-
denum cofactor-dependent microbial respiratory path-
ways, which is selectively employed in anaerobic bacteria 
of the Enterobacteriaceae family during inflammation us-
ing the compound of tungsten, could ameliorate experi-
mental colitis [51]. Although these findings are mind-
changing in its conceptual design, it remains to be shown 
in the clinical future whether they provide a novel thera-
peutic approach in IBD. In contrast to experimental mi-
crobiome editing, the efficacy of fecal microbial transfer 
(FMT) in the treatment of UC has gained further evi-
dence in clinical trials. Although clinical trials included 
relatively small patient numbers (> 100), these prelimi-
nary data indicate clinical efficacy of FMT in patients with 
UC [52, 53]. Importantly, detailed metabolomics and 
shotgun metagenomics analysis of the microbiota of FMT 

patients achieving clinical remission revealed an enrich-
ment of Eubacterium halii and Roseburia inulivorans and 
increased levels of SCFA biosynthesis and secondary bile 
acids [54]. Hence, these data underscore that indeed spe-
cific metabolomic principles are crucially associated with 
clinical efficacy in IBD therapy. It remains to be shown 
whether pharmacological interception to enrich these 
pathways (e.g., SCFA synthesis) are efficacious in amelio-
rating disease activity or whether increased SCFA synthe-
sis rather reflects the final homeostatic state of clinical 
remission. 

Conclusion

Altogether, the current technological advances into a 
more functional understanding of the intestinal microbi-
ome in actively contributing to mucosal immunology will 
provide future diagnostic and therapeutic entry points 
within the intestinal microbiota to optimize IBD therapy. 
Further research should therefore move away from the 
association of bacterial composition with presumable 
function and rather aim for a thorough mechanistic un-
derstanding to delineate the underlying host and micro-
bial mechanisms that contribute to observed metabolite-
phenotype associations. 
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