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Abstract
In individuals with inflammatory bowel diseases, intestinal fibrosis is a serious clinical
complication with no specific therapies. Patients develop bowel fistulae and strictures that usually
require surgery and often reoccur. The main driver of gut fibrogenesis is believed to be chronic
inflammation, which leads to mesenchymal cell recruitment and activation. Recent findings
suggest that the environment—in particular the microbiome—plays a critical role in this process.

Crohn’s disease (CD) and ulcerative colitis (UC) are lifelong relapsing and remitting
inflammatory conditions of the gastrointestinal tract. Both forms of inflammatory bowel
disease (IBD) are highly heterogeneous. The vast majority of CD patients present with
inflammation of the gut at diagnosis. The disease eventually progresses to include
complications, such as fistulae or strictures, in about 70% of patients (1). More than 30% of
CD patients develop fibrosis-induced intestinal obstruction, with debilitating symptoms such
as severe abdominal pain, nausea, vomiting and inability to pass stool (1). These individuals
often ultimately require surgery, but inflammation and re-stenosis commonly reoccur (2).

Although immunosuppressants such as azathioprine (AZA)/6-mercaptopurine and biologics
[antibodies to tumor necrosis factor (TNF)-α, for example] can control intestinal
inflammation (3), there are no specific antifibrotic therapies. Although new preliminary data
suggest that early, prolonged use of immunosuppressive or biologic agents can reduce the
need for surgery and hospitalizations (4), we need a mechanistic understanding of intestinal
fibrosis to develop preventive and therapeutic approaches.

Intestinal fibrogenesis
Fibrosis is defined as an excessive accumulation of extracellular matrix (ECM) that
ultimately leads to organ dysfunction, resulting from chronic tissue damage, impaired
wound healing, and an underlying expansion of mesenchymal cells (5). These events occur
in both forms of IBD but in distinct locations: in UC the colonic mucosa and submucosa are
affected, while in CD fibrosis extends through the entire thickness of the small or large
bowel wall, including the muscularis propria and serosa (6). Intestinal fibrosis in IBD is a
considered a classic chronic inflammation-driven process, with the inflammation being
much more severe than in fibrosis of the kidney, liver, or lung (5, 7). The ultimate outcome
of the disease depends on the severity, duration and location of inflammation: The intestine
has a remarkable ability to fully regenerate after short-lived insults—such as infectious
enteritis, acute peptic ulcer disease, or mild diverticulitis—but it cannot do so in the face of
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unrelenting, severe inflammation. When repair mechanisms are continuously activated, scar
tissue forms a stricture and eventually the bowel is obstructed.

The main effector cell for fibrosis in all organs, including the intestine, is the mesenchymal
cell, which exists in three distinct but interrelated forms: the fibroblast, the myofibroblast,
and the smooth muscle cell (5) (collectively called fibroblasts here). In health, fibroblasts in
the intestinal wall produce small amounts of ECM (collagen and fibronectin). In response to
injury or inflammation, fibroblasts become highly versatile repair units that rapidly increase
in numbers, migrating up a gradient of growth factors from a multitude of sources inside and
outside of the intestine (Fig. 1). These cells are exposed to a complex mix of immune cells,
non-immune cells and their products, most of which directly or indirectly activate fibroblasts
to produce excess ECM and, under pathological conditions, fibrosis (Fig. 2; Table 1).

Environmental factors in intestinal fibrosis
Environmental factors inside and outside the gut can trigger or ameliorate IBD pathogenesis
(8), although the relevant agents remain poorly characterized. Probable exogenous agents
include pollution, diet, lifestyle, drugs, psychosocial stress, infections, and xenobiotics.
Endogenous influences include the gut microbiome and secondary products of inflammation
and metabolism.

Microbiome-host interaction
Most human-associated microbes are found in the gut, where they influence health and
disease. Alterations in the immune system, the barrier function of the intestine or the
composition of the microflora can upset the host-microbiome interaction and lead to
inflammation. Essentially all intestinal immune (dendritic cells, macrophages, lymphocyte
etc.) and non-immune cells (epithelial cells, fibroblasts, endothelial cells, etc.) sense
microbe-derived, pathogen-associated molecular patterns (PAMPs) through pattern
recognition receptors, including Toll-like receptors (TLRs) and Nod-like receptors (NLRs)
(9). Recognition of microbial molecules by these receptors induces innate and adaptive
immune responses. Each intestinal cell type can have a distinct response to the same pattern
recognition receptors, and different receptors can elicit the same response in a given cell [a
common response is the activation of nuclear factor kB (NFkB)] (9).

Pattern recognition receptors and mesenchymal cells
Fibroblasts express multiple TLRs and NLRs (10–12) that, once activated, drive the cell
towards a proinflammatory or pro-fibrotic phenotype (13, 14). Although these pathways
have been extensively studied in the intestine, the link between the microbiota and
fibrogenesis has been predominantly explored in the liver.

Via TLR4, the microbe-derived ligand lipopolysaccaride (LPS) in the portal vein or
translocation of bacteria or their products to the liver promotes fibrogenesis (15, 16).
Blocking TLR4 signaling in mice or reducing liver exposure to intestinal microbes by
decontaminating the gut with antibiotics inhibits experimental liver fibrosis (12). Hepatic
stellate cells (HSC), which are closely related to intestinal fibroblasts, carry all known
human TLRs, are activated by TLR4 ligands, and thereby mediate these fibrotic effects (11,
12). TLR4 ligands also indirectly contribute to fibrogenesis by rendering HSC more
susceptible to TGF-β1 through downregulation of BAMBI, a TGF-β1 decoy receptor (12).
By analogy, the fibroblasts of the intestine likely initiate TLR-mediated pro-fibrogenic
events in the inflamed gut.

Translocation of PAMPs through the gut epithelium brings them in direct contact with the
so-called subepithelial myofibroblasts located immediately below the basement membrane.
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Intestinal fibroblasts express TLR1 to 9 and Nod1 and 2 (17, 18). Exposure of human
intestinal fibroblasts to live bacteria (E. coli or S. aureus) activates NFkB, causes subsequent
secretion of cytokines and chemokines, and enhances fibroblast contraction, another
fibroblast function possibly important for the luminal narrowing of the intestine in stricture
formation. Several TLRs could mediate this effect (13, 17): Ligands to TLR4
(predominantly from gram-negative bacteria) or TLR2 (predominantly from gram-positive
bacteria) activate NFkB and cause cytokine and chemokine secretion in intestinal fibroblasts
(14, 17), and the TLR5 ligand flagellin (present in all flagellated bacteria – gram-positive
and -negative) induces a pro-inflammatory and pro-fibrotic phenotype in primary human
intestinal fibroblasts (18). In addition, PAMPs can also expand and recruit intestinal
fibroblasts: TLR5 ligands promote fibroblast cell cycle entry and proliferation (19), and
colonic epithelial cells undergo epithelial-to-mesenchymal transition after ligation of the
TLR4 variant D299G (20).

Microbe-induced intestinal fibrosis in animal models
In several animal models, microbes initiate or perpetuate gut inflammation and fibrosis: (i)
The spontaneous, senescence-accelerated SAMP1/YitFc mouse exhibits chronic CD-like
ileitis in the absence of chemical, immunologic, or genetic manipulations, but intestinal
inflammation is attenuated under pathogen-free conditions. (ii) IL-10 knock out mice show
no inflammation under pathogen-free conditions, but develop intestinal inflammation upon
transfer to regular housing conditions. (iii) In chemically induced, colitis in mice, the
epithelial barrier is breached and colonic proteins modified, activating a delayed-type
hypersensitivity reaction; inflammation is reduced after treatment with antibiotics (21).
Additionally, microbial products can be directly pro-fibrogenic: Injection of a bacterial cell
wall component into rat bowel wall induces inflammation that eventually evolves to fibrosis
(22). Injection of fecal material or anaerobic bacteria into autologous animals (23) has the
same effect. In the above described models, fibrogenesis is accompanied by an increase in
classical pro-fibrotic mediators, such as TGF-β1, in the mucosa and can be inhibited by
antibiotic treatment. Blockade of TGF-β1 reduces intestinal collagen deposition, showing
that microbial components bypassing the intestinal barrier (e.g. by barrier dysfunction or
injection) triggers inflammation and fibrosis, and that TGF-β1 is a key pro-fibrotic mediator.

The microbiota in human gut fibrogenesis
These in vitro findings and animal studies indicate that microbes and their products can be
pro-fibrogenic in the gut. But what do these results mean for understanding and treatment of
fibrosis in IBD?

Human genetic studies can be informative about gut microbiota participation in fibrogenesis.
Gene variants that affect innate immunity, located in or near genes involved in bacterial
recognition and processing, are genetically linked to IBD and CD (24). These variants are
best exemplified by polymorphisms of the nucleotide-binding oligomerization domain-
containing protein 2/caspase recruitment domain-containing protein 15 (NOD2/CARD15)
gene, an intracellular pattern recognition receptor that binds muramyl dipeptide, a cell wall
component of many gram-positive and -negative bacteria. Loss of function of NOD2
enhances inflammatory responses. CD patients carrying the most prevalent of these variants
(Arg702Trp, Gly908Arg and the frameshift mutation Leu1007insC) are at increased risk for
complications such as bowel obstruction and the need for surgery (25). The risk of these
complications increases proportionally with the number of variants carried by the patient
(26). The low prevalence and incomplete penetrance of these variants make them unsuitable
as biomarkers of disease outcome, but understanding how they lead to exacerbated disease
will be informative.
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CD is associated with shifts in the composition of the enteric microbiota, so-called
dysbiosis. These shifts include an overall reduced diversity of the microflora plus a relative
depletion of the phyla Firmicutes and Bacteroidetes and increased frequencies of
Actinobacteria and Proteobacteria, as compared to healthy individuals (27, 28). The loss of
Firmicutes is largely a result of fewer species of the order clostridiales (27). Possibly related
is the fact that host genetic variants, such as NOD2/CARD15 or autophagy-related protein
16-like 1 (ATG16L1), are also linked to shifts in microbial composition. The clinical CD
phenotype, too, including age at surgical intervention, is associated with changes in
Faecalibacterium and Escherichia abundance (27). These hints point toward a relationship
between the composition of the microbial community and the course of IBD, but it remains
to be determined which is the cause and which the consequence.

Circulating antibodies against microbial peptides are found in some patients with IBD and
are believed to arise from an immune response towards the luminal microbiota. These
antibodies are qualitatively and quantitatively associated with and predictive of a more
complicated disease phenotype; a higher percentage of patients with more severe CD carry
these antibodies than do those with milder forms (29).

Food and other environmental agents
Non-microbial factors, such as gadolinium, cigarette smoking, alcohol or iron induce or
exacerbate organ fibrosis in, for example, the skin or liver (30, 31). Because the intestine is
in constant contact with numerous exogenous factors, this is likely also to be the case for the
intestine. A link between the environment and gut biology may be the aryl-hydrocarbon
receptor (AhR), a promiscuous ligand-dependent transcription factor that controls the
expression of cytochrome P450 genes (32). AhR agonists are found among a variety of
environmental factors, such as food components---extracts from vegetables (broccoli,
cauliflower, and cabbage), fruits (apple), herbs (ginseng, ginkgo biloba, and black cohosh)
and pesticides used in agriculture (cyprodinil), but also include aromatic hydrocarbons such
as the toxin dioxin. Endogenous ligands to the AhR have been described as well (32).

The AhR controls diverse processes (cell proliferation, differentiation, migration, etc), and
has been suggested to have anti-fibrotic properties: Among these is inhibition of TGF-β1-
induced myofibroblast differentiation and ECM production in primary human lung, orbital
and corneal fibroblasts in vitro (33). AhR activation also exerts an anti-fibrotic effect in
experimental bile duct, liver and heart fibrosis (34, 35). Despite the fact that the AhR ligand
dioxin is a component of cigarette smoke and smoking has been linked to more severe CD
courses, AhR activation reduces the clinical and histologic severity of experimental colitis
(whether induced by chemical agents or T-cell transfer) in rodents (36, 37). It remains to be
determined, if specific AhR ligands exert distinct effects, such as suppression of
inflammation and fibrosis. Diet, intestinal microbiota and AhR appear to be functionally
linked: AhR KO animals harbor a distinct gut flora with increased colonization by
Bacteroides spp., a finding that can be reproduced by depriving wild type mice of AhR-
activating food components (37). Together, data from in vitro and in vivo experiments (36,
37) suggest that activation of the AhR can protect against intestinal inflammation and
fibrogenesis, making this environment-sensing receptor a potential target for anti-fibrotic
therapy in IBD.

Obstacles and unknowns
Several key fundamental questions remain, the most of which important is: What are the
early triggers that lead to intestinal fibrosis in IBD? No other organ is exposed to as many
endogenous and exogenous factors as the gut and in no other organ is the relation between
the environment and the immune system as intimate. The multitude of substances bathing
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the intestinal walls makes it very possible that several distinct agents or mechanisms can
cause IBD and subsequent fibrosis and that intestinal fibrosis should not be seen as driven
only by inflammation, but as the result of a complex interplay between exogenous agents,
immune and non-immune cells.

A second open issue is that we do not understand the natural history of fibrostenosing IBD,
especially with respect to the gut microbiome. Is the abnormal bacterial composition of the
gut microbiota in patients with IBD a primary or secondary phenomenon? The microbes
found in a patient with established IBD may not be the same as the organisms that triggered
the initial events.

Indeed, intestinal fibrosis, once initiated, may be self-perpetuating. In mice with intestinal
fibrosis triggered by Salmonella, the early blockade of inflammation prevents fibrosis, but
with continuing inflammation fibrosis becomes progressive – even if inflammation is
brought under control (38). This observation at the bench fits well with human clinical trials
indicating that early suppression of intestinal inflammation can better prevent the later
development of complications than treatment of established disease (4, 39). This may be
because the quality of IBD inflammation changes over time, from an acute proinflammatory
type to a chronic profibrotic type (40). Additionally, ECM accumulation leads to an
increased tissue stiffness that can, by itself, drive fibrogenesis through integrin-mediated
fibroblast activation (41). Further studies will clarify whether the timing of therapeutic
intervention is likely to be as important as the precise type of the anti-fibrotic intervention.

A further difficulty is that no commonly accepted histopathological or clinical definition of
intestinal fibrosis exists. This makes testing of new anti-fibrotic therapies difficult, as it
limits efficient inclusion of patients in clinical trials as well as the choice of relevant
endpoints. Further, there are no reliable biomarkers to monitor fibrostenosing IBD.

Clinicians still see the development of fibrotic strictures as unavoidable and accept
endoscopic or surgical interventions as part of the routine management of patients with
complicated IBD. Even so, the notion that fibrosis is inevitable and irreversible has been
challenged by demonstrations that established fibrosis in the liver can regress (5). By
unraveling the steps leading to fibrotic pathology in the intestines of IBD patients, we may
reveal targets for therapeutic agents that can cause reversal and healing of intestinal fibrosis
in IBD patients. Interventions could include restoration of intestinal barrier integrity or the
use of selective TLR and NLR antagonists to reduce the effective exposure of fibroblasts to
microbial and environmental factors.
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Highlights

Intestinal fibrosis is a frequent, serious sequela of IBD that has no specific treatment
available.

Intestinal fibrosis shares many of its molecular features with other forms of fibrosis,
but the gut microbiota and contents may play a particularly prominent and unique
role.

In intestinal fibrosis, molecules with pathogen-associated molecular patterns cross
the gut epithelial barrier and trigger an inflammatory and ultimately fibrotic
response.

The early triggers for intestinal fibrosis in IBD and its natural history are not well
understood and require further research.
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Figure 1.
Sources of fibroblasts in inflammatory bowel disease-associated fibrosis. Fibroblast
precursors can derive from intestinal stellate cells (6) or from fully differentiated epithelial
or endothelial cells under inflammatory pressure [epithelial- (42) or endothelial-to-
mesenchymal transition (EMT) (43)]. Fibrocytes, circulating fibroblast precursors, which
express both hematopoietic (CD14, CD45) and mesenchymal (CD34, Col I) cell markers
(44), as well as bone marrow stem cells (which replenish intestinal fibroblasts) are recruited
to inflamed or injured intestine (6). The role of pericytes, the main origin of fibroblasts in
kidney fibrosis (5), has not been investigated in intestinal stricture formation.

Rieder Page 11

Sci Transl Med. Author manuscript; available in PMC 2013 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rieder Page 12

Table 1

Profibrotic Immune- and Non-Immune Cell Factors in the Intestine

Growth factors Transforming growth factor (TGF)-β1
Platelet derived growth factor (PDGF)
Insulin-like growth factor (IGF)-1
Epidermal growth factor (EGF)
Basic fibroblast growth factor (bFGF)

(45–51)

Cytokines Interleukin (IL)-1
IL-4
IL-13
IL-17

(52–55)

Chemokines Monocyte chemotactic protein (MCP)-1
Macrophage inflammatory protein (MIP)-1α
MIP-1β
MIP-3α

(56, 57)

Bacterial products Toll-like receptor ligands
Nod-like receptor ligands

(17, 18, 58)

Matrix molecules Hyaluronan
Laminins
Collagens

(59, 60)
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