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Abstract

Fibrogenesis in inflammatory bowel diseases is a com-
plex phenomenon aimed at mucosal repair. However,
it may provoke intestinal fibrosis with the develop-
ment of strictures which require surgery. Therefore,
fibrogenesis may be considered as a “two-faced”
process when related to chronic intestinal inflamma-
tion. Many types of cells may be converted into the
fibrogenic phenotype at different levels of the intes-
tinal wall. A complex interaction of cytokines, adhe-
sion molecules and growth factors is involved in the
process. We report an overview of recent advances
in molecular mechanisms of stricturizing Crohn’s dis-
ease (CD) including the potential role of trasforming
growth factor beta, protein kinase C and Ras, Raf and
ERK proteins. Fibrotic growth factors such as vascular
endothelial growth factor and platelet-derived growth
factor, as well as the Endothelial-to-Mesenchymal
Transition induced by transforming growth factor-j,
are considered. Finally, our experience, focused on tu-
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mor necrosis factor o (the main cytokine of inflamma-
tory bowel diseases) and the link between syndecan
1 (a heparan sulphate adhesion molecule) and basic
fibroblast growth factor (a strong stimulator of colla-
gen synthesis) is described. We hypothesize a possible
molecular pattern for mucosal healing as well as how
its deregulation could be involved in fibrotic complica-
tions of CD. A final clinical point is the importance of
performing an accurate evaluation of the presence of
fibrotic strictures before starting anti-tumor necrosis a
treatment, which could worsen the lesions.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: The present minireview reports an outline of
the mechanisms of fibrogenesis in inflammatory bowel
diseases. Potential fibrogenetic cells and their char-
acterization are detailed. Recent advances in possible
molecular mechanisms are highlighted. Our experi-
ence, suggesting the hypothesis of a possible molecu-
lar mechanism of mucosal healing, is described. The
modalities whereby a deregulation of this molecular
pattern may lead to fibrotic strictures in Crohn’s dis-
ease are also illustrated. Finally, possible clinical impli-
cations are outlined.
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INTRODUCTION

Crohn’s disease (CD) and ulcerative colitis (UC) are
immunologically mediated disorders of the gastrointes-
tinal tract in which inflammation and damage are the
main findings. Fibrosis may be a complication of both
processes, occurring more frequently in CD and often
requiring surgical treatment due to the development of
stenosis and hence bowel occlusion. However, fibro-
genesis is a phenomenon that is intimately involved in
mucosal repair'’! and, therefore, fibrotic complications
of the disorders are paradoxically closely linked to a
physiological phenomenon aimed at restoring damaged
mucosa.

On these bases, a better understanding of the mo-
dalities of the evolution of fibrogenesis into fibrosis
is essential, and the issues of how fibrosis differs from
normal tissue repair, as well as the identification of cel-
lular mediators for testing possible therapies, are intrigu-
ing emerging research concepts.

CELLULAR BASIS OF FIBROSIS

Fibrosis in CD can be viewed as an extreme healing re-
sponse to injury. This model predicts that injury causes
an initial activation of normal intestinal mesenchymal
cells, with a shift to a “fibrogenic” phenotype[z’ﬂ. These
cells are characterized by an enhanced ability to trigger
extracellular matrix (ECM) synthesis. Following acute
injury, however, the normal intestinal architecture is re-
stored because post-transcriptional and post-translation-
al mechanisms prevent the accumulation of ECM, while
fibrogenic cells are eliminated. By contrast, in fibrosis
the mechanisms serving to degrade ECM are not opera-
tive at appropriate levels and fibrogenic cells are not only
maintained but increase in number. The mechanisms
regulating these effects are unknown but may include
factors associated with CD, such as cytokines or trans-
mural inflammation.

The normal intestine has a large, heterogeneous popu-
lation of mesenchymal cells, some of which synthesize
significant amounts of collagen. These cells could be
considered to have a fibrogenic phenotype and are mainly
constituted by fibroblasts and smooth muscle cells or
myofibroblasts, as shown by their immunostaining proper-
ties with antibodies to vimentin (V) and a-smooth muscle
actin (-SMA)™”.

Fibroblasts are V+/A-, while smooth muscle cells
are V-/A+ and predominate in the normal musculatis
mucosa and muscularis propria. Subepithelial myofi-
broblasts (SEMF) with a V+/A+ phenotype are found
adjacent to epithelial cells. However, some of these, that
share common features with V+/A+ myofibroblasts, do
not express o, but y-SMA™7,

Interstitial cells of Cajal ICC) are a myofibroblast-
related subtype specific to the intestine. They are located
between enteric smooth muscle layers and serve to regu-
late gut motility. The c-kit receptor, which binds the pro-
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tooncogene stem cell or steel factor, is a marker of cells
of Cajal. Recent studies suggest that in normal human
intestine these elements also express vimentin, but not
a-SMA. It has been suggested that ICC could transform
into a collagen-expressing fibroblast or myofibroblast
phenotype. Another possibility is that ICC are destroyed
during fibrosis and replaced by cells with a fibroblast
phenotype™.

Inflammatory cells that infiltrate the gut in UC and
CD include macrophages, lymphocytes, and plasma cells.
These may have important interactions with mesenchy-
mal cells and thereby impact fibrosis™”.

In normal intestine, SEMF and fibroblasts found in
submucosa, serosa, and intermuscular connective tissue
are the primary sites of expression of collagen mRNA
and protein. In UC, collagen mRNA expression is up-
regulated in SEMF, suggesting that chronic inflammation
further increases the activity of fibrogenic cells.

Recent studies in fibrotic intestine from CD pa-
tients indicate that V+/A- or V+/A+ fibroblasts and
myofibroblasts are the major sites of increased col-
lagen mRNA expression and collagen depositionm. An
overgrowth of the muscularis mucosa and muscularis
propria occurs in CD but not UC, and this contributes
to the development of stenosis, strictures, and obstruc-
tion"!. Muscularis overgrowth also occurs in some ani-
mal models of chronic intestinal inflammation and these
data support the concept that in muscularis overgrowth
in CD, but not in UC, a change in enteric smooth muscle
cells towards a fibroblast or myofibroblast phenotype[gl
is implicated.

MOLECULAR MECHANISMS OF FIBRO-
GENESIS

Cytokines are a heterogeneous class of secretory pro-

teins produced by several types of cells. For some of
them, they act as growth factors, for others as regulators
of cellular division and finally, cytokines may paradoxi-
cally trigger mechanisms which mediate cell death. All
these effects occur zia regulation of the immune system
and inflammation, so cytokines ate currently subdivided
into pro and anti-inflammatory types. The main cytokine
involved in the pathogenesis of both UC and CD is tu-
mor necrosis factor-q (TNF—a)[g’ml. The sites of TNF-
production are the mononuclear phagocytes, antigen
activated T-lymphocytes, activated mast cells and natural
killer cells. Conventional stimulators of TNF-a produc-
tion are the lipopolysaccharides of the Gram negative
bacteria cellular wall, since they are the main mediators
of the host response to these organisms. However,
TNF-o, may be seen as two-faced, since it is able to trig-
ger a closed circle in which, starting from tissue damage,
it generates an inflammatory response that exacerbates
the damage itself. Moreover, increasing doses of TNF-o
may have a lethal effect. Nevertheless, TNF-o plays a
key role in the maintenance of tuberculous granuloma,
allowing Koch’s bacilli to “be walled alive” and thus pre-
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venting their spread in the body of an infected person
(miliary tuberculosis)"'".

Cell adhesion molecules (CAMs) are proteins located
on the cell surface involved in binding with other cells or
with the ECM. Essentially, cell adhesion molecules help
cells to join together and to their surroundings. These
proteins are typically transmembrane receptors and atre
composed of three domains: an intracellular domain
that interacts with the cytoskeleton, a transmembrane
domain, and an extracellular domain that interacts either
with other CAMs of the same kind (homophilic bind-
ing) or with other CAMs or the extracellular matrix (het-
erophilic binding)m]. A subtype of adhesion molecules
containing heparan sulphate (syndecan family) is chemi-
cally a proteo-glycan and plays a significant role in tissue
repair . At intestinal level, syndecan 1 is located in the
basolateral region of the columnar epitheliurnm and is
a relevant factor in the reversal of inflammatory bowel
disease (IBD) damage”s’l(’l. Indeed, in inflamed mucosa,
these molecules are mainly located in the cells of the
stroma and apical epithelium, where the repair of ulcera-
tive lesions will presumably occur.

Basic fibroblast growth factor (bFGF) is a member
of the fibroblast growth factor farnilym, comprising
at least 22 factors with pleiotropic functions"”. This
peptide is able to repair ulcerative lesions because of its
capacity to bind epithelial and stromal cells. In normal
tissue, basic fibroblast growth factor is present in base-
ment membranes and in the subendothelial extracellular
matrix of blood vessels. It stays membrane-bound as long
as there is no signal peptide, when it acts as a potent
angiogenic factor in patho-physiological processes that
include wound healing and tissue repair“g’zzl. The bFGF
has been shown to promote proliferation of endothelial
cells, to increase the number of fibroblasts and myofi-
broblasts and to activate these fibroblasts. The induction
of collagen secretion from CD and UC fibroblasts by
bFGF may be one of the mechanisms inherent to the
stromal processes of the disease, including transmural
fibrosis and stricture formation, as well as tissue repair
and healing,

Klagsbrun ez al™ suggested that heparan sulphate
proteoglycans (and, therefore, syndecan 1) change the
bFGF morphology and modulate the structure of its
receptors, allowing it to bind to the cells dedicated to
the repair process, such as those located at the margins
P42 bFGE, when not activated by
syndecan 1, is destroyed by luminal and circulating pro-
teases, which may be activated by TNF-q, thus impeding
the tissue restoration process.

of an ulcerative lesion

Molecular mechanisms: recent advances

A relevant actor in the pathogenesis of fibrotic com-
plications of CD is the cytokine transforming growth
factor beta (T GF—B)[ZG]. TGF-B is secreted by many cell
types, including macrophages, and has a controlling role
in cellular proliferation, differentiation and apoptosis,
immunoregulation, supervision of the inflammatory
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response, as well as fibrosis and other functions includ-
ing tissue healing. It is known that TGF-f3 promotes
collagen expression by intestinal fibroblasts and smooth
P72 This process is mediated by an intracel-
lular signaling pathway in which a cascade constituted by
protein kinase C and Ras, Raf and ERK proteins plays
a key role”**”". Moreover, it has been hypothesized
that TGF-B promotes the overexpression of adhesion
molecules (¢g., intracellular adhesion molecule-1)P" by
fibroblasts and other pro-fibrotic growth factors such as
vascular endothelial growth factor”! and platelet-derived

muscle cells

growth factor" ). Finally, a recently revealed mechanism
of fibrogenesis in CD, is the Endothelial-to-Mesenchy-
mal Transition induced by TGF-B*. This cytokine is
able to induce a protein expression pattern in endothe-
lium that leads to a de-differentiation of these cells and
to a transformation to a fibrogenetic phenotype, similar
to fibroblasts.

In conclusion, the overexpression of TGF-f3 and its
receptors in both the intestinal wall, and in fibroblast
cultures taken from sites of intestinal stricture in patients
with CD, suggests a potential regulatory role for this cy-
tokine in intestinal ﬁbrogenesisﬁs]

Adipokines are cell-to-cell signaling proteins pro-
duced by adipose tissue. The best known adipokines are
leptin, adiponectin and resistin. They play a key role in
regulating energy intake and expenditure, including ap-
petite and hunger, metabolism, and behavior: indeed,
their role has beenwidely studied in diseases like meta-
bolic syndrome and type 2 diabetes. Recently, however,
further functions of these molecules have been dis-
covered, as mediators of systemic inflammation. It has
been shown that obesity per se, and in particular visceral
adiposity, is associated with systemic microinflammation,
and disturbed circulating adipokines levels®™™. This is
why numerous studies have been focused on the role of
adipokines in the pathogenesis of IBDP.

The outer intestinal wall in patients affected by IBD
is enveloped by fat deposits called “wrapping” or “creep-
ing” fat that seem to play an important role in the patho-
genesis of IBD. An overexpression of leptin mRNA in
mesenteric visceral adipose tissue (mWAT) has also been
found in IBD subjectsm], and is correlated with local
macrophages infiltration, which drives a high expression
of interleukin (IL)-10, IL-6 and TNF-¢*. On the other
hand, adiponectin seems to have a protective function
against inflammation in IBD"#. Rodrigues ez al* evalu-
ated serum adiponectin and leptin by enzyme-linked
immunosorbent assay in patients with active CD (ACD
group), CD in remission (RCD group) and in six healthy
controls, and found that serum adiponectin was lower in
the ACD group as compared to controls, whereas there
were no differences between the ACD and RCD groups.

The Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway is involved in the
control of the expression of DNA sequences that af-
fect basic cell functions, like cell growth, differentiation

and death™. This pathway is triggered by the binding
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of a ligand (usually a pro-inflammatory cytokine such as
IL-6™) 11.-12, IL-1, TNF-q, ot interferon gamma[%]) to a
tyrosine-kinase membrane receptor. Wu ez al'" evaluated
whether intestinal myofibroblasts could produce nitric
oxide (NO) in response to the IBD-associated cytokines
IL-1b, TNF-q, and interferon gamma in a JAK-STAT
dependant pathway, using intestinal myofibroblasts
isolated from mice and cultured. The result was an in-
creasing expression of inducible nitric oxide synthase
(iNOS) mRNA (evaluated by real time polymerase chain
reaction, RT-PCR), but not endothelial NOS or neuro-
nal NOS. This mechanism was shown to be enhanced
by a protein cascade constituted by JAK-STAT, Akt and
NF-kB. The importance of NO in the pathogenesis of
IBD has long been known and is widely discussed in
literature™*, Furthermore, genetic studies investigating
polymorphisms in the [AK gene™ revealed that same
genetic variants (the G allele of rs744166 and the C al-
lele of rs3816769) increase not only the risk of onset
of CD, but even the risk of strictures requiring surgery,
because of the interaction with the CARD75 genem.
Considering the JAK2 1510758669 polymorphism, the
homozygous C/C or heterozygous A/C genotypes had
a higher risk of CD as compared with the homozygous
A/A (OR = 1.76, 95%CI: 1.26-2.45 and OR= 2.30,
95%CI: 1.44-3.806, respectively). On these bases, future
therapy with JAK inhibitors for their anti-inflammatory
effects appears promising[szl.

A novel field of genetics which is attracting the atten-
tion of researchers is epigenetics, ze., the study of all the
heritable modifications that vary gene expression while
not altering the DNA sequence. Micro RNAs (miRNA)®”
are just one example. miRNAs are small non-coding
RNA oligonucleotides that can regulate the expression
of a large number of genes and have been implicated
in different human diseases like cancer’™ and inflamma-
tory diseases”™" including IBD"". A very recent study"”
performed on NCM460 human colonocytes incubated
with interleukin-6 and on colon biopsies from pediatric
and adult patients with UC revealed that a deregulation
(low levels) of miRNA-124 can cause a hyper-phosphor-
ylation of STAT3 (and consequently, hyper-activation),
via a mechanism induced by IL-6, very likely resulting
in a pathogenic system leading to IBD. miRNA-124 is
only a second lead on the crowded stage of miRNAs:
miRNA-192, which is normally expressed in colonic
epithelial cells, is significantly reduced in tissues of pa-
tients with active UC™; miR-150 is up-regulated in mice
with dextran sulfate sodium-induced colitis and in colon
tissues from patients with UC™; an overexpression of
miRNA-21, which promotes inflammation, has been re-
ported in several studies of patients with active UC and
CD colitis".

The process of DNA methylation is another form of
epigenetic regulation of gene expression. It consists in
the binding of a methyl group to cytosines that are part
of cytosine-guanine dinucleotides (CpG), and has a gene
silencing function. The main genes whose methylation
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is involved in the pathogenesis of 1BD are the CDH1",
BCL3, STAT3, OSM, STAT5" proteins involved in the
IL-12 and IL-23 pathways.

Finally, histone modifications are an epigenetic pro-
cess that may modify genomic expression. Histones are
alkaline proteins that package and order the DNA into
structural units called nucleosomes and chromatine!".
They have N-terminal amino acid tails that protrude and
can be modified by acetylation, methylation, ubiquitina-
tion, and phosphorylation. Acetylation, however, is the
most closely studied phenomenon, because it improves
gene transcription and recruitment of transcriptional
factors. In the course of IBD, the main genes targeted
by histone acetylation are p53, STAT3, and HIF14*.
Furthermore, an innate immune response to microbiota
has been proposed to link histone modifications with in-
flammation: butyrate, an endogenous metabolite formed
during fermentation of dietary fibers by the intestinal
microbiota, is a histone deacetylase inhibitor. Butyrate
increases the expression of NOD2 by increasing histone
acetylation in its promoter region[(’ﬁ].

The importance of all these epigenetic mechanisms
lies in possible future therapeutic applications: inhibitors
of deacetylation, demethylating agents and miRNA pro-
duced by genetic engineering could be potential targets
in IBD"".

Molecular mechanisms in mucosal healing and
strictures: our experience
Our previous investigations[és] demonstrated that a de-
crease of TNF-a induced by anti-TNF-q, (infliximab)
treatment is accompanied by a decrease in both syndecan
1 and bFGF when mucosal healing occurs. A possible
explanation is that infliximab therapy may downregulate,
via a marked reduction of TNF-o mucosal levels, the
bFGF/syndecan 1 link. This molecular profile could
represent a pathway of mucosal healing. However, the
parallel trend of TNF-q, syndecan 1 and bFGF could
be just a simultaneous consequence of the control of
inflammation. To dispel this doubt, we analyzed the
“timing” of the TNF-¢, decrease and bFGF/syndecan
1 reversal to normal levels and sites in cultured biopsy
samples taken from patients with both CD and UC and
incubated in a medium containing comparable amounts
of infliximab similar to those reached in the serum of
treated patients. After 24 h we assayed TNF-q, syndecan
1 and bFGF in tissue homogenates. TNF-o was found
to be decreased, while syndecan 1 and bFGF levels were
still high when evaluated by both a molecular method
(reverse transcriptase real time polymerase chain reac-
tion) and immunohistochemistry®”’. This last finding
supports our primary hypothesis that a mucosal TNF-a
reset, induced by biological drugs, is followed by a mu-
cosal restoration in which syndecan 1 modulates the
strong reparative bFGF aptitudes. Finally, in healed mu-
cosa, cytokines, adhesion molecules and growth factors
resume their normal pattern.

A report by Bousvaros ez al™ showed that in chil-
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dren with CD there was a strong correlation between
the bFGF level and disease activity. The relationship of
bFGF with disease activity persisted even after adjusting
for other covariates (including age, sex, hematocrit, albu-
min, and sedimentation rate) in a multivatiate linear re-
gression model. There was also a statistically significant,
although less strong, correlation between the bFGF
level and disease activity in UC. Although bFGF is not
a specific marker for CD, its serum levels reflect disease
activity. Therefore, bFGF release may be important in
mediating the angiogenesis and wound healing seen in
CD. This report, as well as our experience both i vivo
and i vitrd™", suggest a similar molecular mechanism
for mucosal healing both in CD and UC.

In a further study, we investigated the pattern of
TNF-q, syndecan 1 and bFGF in patients with CD
complicated by fibrotic stenosis undergoing surgical re-
section”". We observed that TNF-o mucosal levels were
not significantly increased. A possible explanation for
this finding may be that an overgrowth of fibrotic tissue
may be a successive stage after inflammation, where the
increase in TNF-q is the peculiar aspect. Therefore, at
the stage of fibrotic stenosis requiring surgery, inflam-
matory mucosal changes may be an irrelevant phenom-
enon in most patients. Syndecan 1 levels were increased,
showing a pattern similar to the one observed in dam-
aged tissues. It may be presumed that the molecule
location, albeit limited to the mucosal layer, reflects an
attempt at bFGF modulation. However, this function
cannot be effectively carried out due to the bFGF over-
expression and location all along the intestinal wall, ze.,
outside the district where syndecan 1 could operate!"”.
Indeed, bFGF overexpression affects all intestinal wall
layers, being expressed in epithelium, stroma, muscula-
ris propria and endothelium. It is possible that: (1) the
low levels of TNF-o may provoke a failure in cytokine
induced bFGF proteolysis; (2) the presence of syndecan
1 is limited to the mucosal layer with a consequent very
partial regulation of bFGF binding to specific receptors
dedicated to tissue tepair; and (3) an irreversible trans-
formation of different type of cells to the fibrogenetic
phenotype occurs, thus provoking the prevalence of
fibrotic over inflammatory stenotic lesions' .

In strictures, it is possible that the excess extracellular
matrix cannot be inhibited by the regulatory mechanisms
of the phenomenon, in accordance with the hypothesis
proposed by Pucilowska ez al™. On these bases, we may
conclude that the different molecular patterns in repair
dedicated fibrogenesis and stricturizing fibrosis in CD
could be the consequence of different mucosal levels of
TNF-q.. These are very high in the active disorder, but
undergo a progressive depletion in the long term, and
this event may trigger a polymorphic regulation of the
syndecan 1/bFGF system.

FINAL REMARKS

Fibrogenesis in inflammatory bowel diseases is a phe-
nomenon aimed at tissue repair. Many cellular types are
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involved in this process and cytokines, adhesion mol-
ecules and growth factors interact to achieve mucosal
repair. However, a deregulation of the healing molecular
pathway can progress towards fibrosis and stenotic com-
plications often requiring surgical therapym’m. Therefore,
fibrogenesis and fibrosis may represent the good and
bad sides of the same coin, the former allowing lesion
healing but the latter leading to severe complications.
The main tool for discriminating between them is, in our
expetience, the presence/absence of inflammation (and,
consequently, the level of TNF-q expression).

A final clinical consideration is the importance of

[75] - ..
in cases of stenosis in

making an accurate evaluation
the course of CD using all available diagnostic tools (his-
tology, ultrasonographym with Doppler evaluation of
the resistance index, magnetic resonance! | computed
tomo—enterography[78], biochemical indices of inflamma-
tion*") in order to distinguish inflammatory from fi-
brotic stenosis. This could orient anti-TNF-q therapy[sﬂ,
that should be limited to the first case, avoiding the risk
that the cytokine decrease could support fibrotic compli-

cations rather than mucosal healing,
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