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Chapter 22

The Pathogenesis of Intraabdominal
Adhesions: Similarities

and Differences to Luminal Fibrosis

Edward Macarak and Joel Rosenbloom

Abstract Essentially every organ in the human body, including the intestine, can be
affected by fibrotic reactions. Under normal homeostatic conditions these reactions
are self-limited and constitute an important reparative process aimed at the restora-
tion of the functional integrity of injured tissues. However, under pathologic circum-
stances the homeostatic regulatory mechanisms evolve into an uncontrolled fibrotic
process characterized by the accumulation of large amounts of fibrotic tissue, which
disrupts normal organ architecture and ultimately leads to organ failure. Even
though their etiology varies greatly, all fibrotic reactions share common features. It
is universally accepted that myofibroblasts are the cells ultimately responsible for
the pathologic fibrotic process. Myofibroblasts, expressing a-smooth muscle actin
(-SMA), comprise a distinctive population of mesenchymal cells. When activated,
they markedly increase the production of fibrillar collagens (types I, III, V, and VI)
and other extracellular matrix (ECM) macromolecules coupled with an increased
inhibition of ECM-degradative enzymes which may result in the production of inju-
rious scar tissue in the intestine. While abdominal adhesions may be caused by
infection, inflammation or ischemia, surgical procedures are the primary cause.
Unfortunately, adequate therapeutic solutions have proven elusive. The peritoneal
surfaces, both visceral and parietal, are covered by a monolayer of mesothelial cells
bound to a basement membrane. Because the mesothelial cells are weakly con-
nected, the peritoneal surface is delicate and easily injured, resulting in a series of
events, which can be broken down into coagulation cascade and inflammatory stages
leading to a fibrous adhesion stage. TGF-f, IL-6 and likely other cytokines and
growth factors play critical roles in adhesion formation by mediating the formation
of myofibroblasts and stimulating the production of ECM. In the pathogenesis of
fibrosis in inflammatory bowel disease (IBD), many factors need to be considered,
including a much more sustained inflammatory response, a clear if still poorly
understood genetic predisposition, the potential involvement of multiple mesenchy-
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mal cells, exposure of the mucosa to intestinal bacteria and the involvement of the
immune system. In IBD, the normal wound healing process triggered by injury and
inflammation fails and, instead of resolution, there is continued ECM production by
myofibroblasts. Because of a protracted inflammatory response, one could imagine
that anti-inflammatory therapy might be an effective approach. Unfortunately, this
has not been the case, and it appears that once the damaging fibrotic reaction has
been initiated in fibrosis-prone individuals, it is self-propagating. Thus, as in other
fibrotic situations, the aberrant myofibroblast becomes the ultimate target. However,
unlike adhesions in which the potential instigators can be anticipated and candidate
drugs given over a fairly short time, in IBD the pathogenesis is much more pro-
tracted. There are a number of FDA—approved drugs capable of intercepting path-
ways potentially critical in the fibrotic reaction. TGF-f} signaling is, of course, the
primary target. However, because of the manifold activities of TGF-f, one or more
downstream events in the signaling pathways must be judiciously selected so as not
to elicit toxic responses. The same caution must be applied when dealing with other
potential targets. Because of the inherent redundancy in signaling from multiple
cytokines/growth factors involved in fibrotic reactions, it is likely that more than one
drug must be administered simultaneously to obtain effective beneficial inhibition.

Keywords Fibrosis - Myofibroblasts - TGF-f - Abdominal adhesions -
Inflammatory bowel disease - Crohn’s disease - Ulcerative colitis

22.1 Introduction

In order to place abdominal adhesions and luminal fibrosis in inflammatory bowel
disease (IBD) on a more comprehensive platform to take advantage of what is
known in other systems characterized by fibrotic reactions, we first discuss the
pathophysiology of fibrosis in a general sense. Essentially every organ in the human
body can be affected by fibrotic reactions. Under normal homeostatic conditions,
these reactions are self-limited and constitute an important reparative process aimed
at the restoration of the functional integrity of injured tissues through a complex
sequence of events constituting tissue repair. However, under pathologic circum-
stances, the homeostatic regulatory mechanisms evolve into an unrestrained fibrotic
process characterized by the progressive and uncontrolled accumulation of large
amounts of connective tissue which disrupts the normal organ architecture and ulti-
mately leads to organ failure [1-3]. These reactions can cause multi-system diseases
such as Systemic Sclerosis (SSc) [4, 5], as well as fibrotic disorders affecting indi-
vidual organs including those of the gastro-intestinal system. Despite considerable
understanding of the pathogenesis of the fibrotic process attained recently [1-3],
disease-modifying therapy for the fibrotic diseases is extremely limited. Even
though etiologic agents vary greatly, the fibrotic diseases all share common molecu-
lar alterations that result in the exaggerated and uncontrolled accumulation of extra-
cellular matrix (ECM) macromolecules in the affected tissues which may result in
the replacement of functioning tissue such as alveoli in the lung, myocytes in the
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heart, or nephrons in the kidney either with non-functional fibrotic tissue or injuri-
ous scar tissue in the gut [6-9]. At the cellular level, it is universally accepted that
myofibroblasts are the cells ultimately responsible for pathologic ECM synthesis in
fibrotic disorders [10—13]. Myofibroblasts, expressing alpha smooth muscle actin
(a-SMA), comprise a distinctive population of mesenchymal cells, which markedly
increase the production of fibrillar collagens (types I, III, V, and VI) and other ECM
macromolecules coupled with an increased inhibition of ECM-degradative enzymes
[14-16]. Furthermore, such alterations in the ECM produce changes in the biome-
chanical properties of the affected tissues causing a progressive increase in tissue
stiffness, a potentially potent pro-fibrotic stimulus [17-20].

The origin of myofibroblasts, still a contentious issue, may vary depending upon
the organ affected and the particular fibrotic reaction [11, 13, 21-23]. There are
several potential sources including: [1] recruitment of fibroblast precursor cells
(fibrocytes) from bone marrow, [2] trans-differentiation of various cell types includ-
ing pericytes, adipocytes, and epithelial, mesothelial, and endothelial cells into a
mesenchymal phenotype, [3] proliferation and activation of quiescent tissue- resi-
dent fibroblasts into a myofibroblast phenotype (see Fig. 22.1) and [4] sub-epithelial
myofibroblasts. Although epithelial to mesenchymal transition (EMT), endothelial
to mesenchymal transition (EndoMT), or pericyte to myofibroblast transition may
play a role under specific circumstances [13, 21-23], the current preponderance of
opinion is that the activation of tissue-resident fibroblasts is the major source of
activated myofibroblasts. However, even though the trans-differentiation of various
cell types may not be a predominant source of myofibroblasts during fibrotic disor-
ders, alterations in the phenotype of the trans-differentiated cells may result in the
production and secretion of pro-fibrotic factors, including TGF-, which play an
important role in the fibrotic process. Furthermore, these phenotypically-modified
cells may produce numerous macromolecules which may enhance the fibrotic
response such as the EDA form of fibronectin (FnEDA) and other ECM components
including proteoglycans and several matricellular molecules [21-26].

22.2 Targeting Myofibroblasts

There are multiple potential levels that could be targeted for inhibition of fibrotic
responses, such as elimination of the primary cause as in treatment of viral hepatitis
for liver fibrosis, diminution of the immunologic and inflammatory responses in
SSc and Idiopathic Pulmonary Fibrosis (IPF), and elimination of the untoward pro-
fibrotic activities of myofibroblasts. Regrettably, owing to the lack of a comprehen-
sive understanding of the etiologic mechanisms in the majority of the fibrotic
disorders, opportunities for elimination of the originating cause of the fibrotic reac-
tion are rare, and reduction of the immunologic and inflammatory responses has
proven to be generally ineffective in abrogating pathologic fibrotic processes. Thus,
modulation of the deleterious pro-fibrotic activity of myofibroblasts remains the
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Fig. 22.1 Cellular origins and pathways leading to the formation of an activated myofibroblast.
Injuries caused by a variety of putative causative agents such as bacteria, viruses, toxins, ROS,
gadolinium-based contrast agents (GABSAs) or radiation in genetically predisposed hosts result in
inflammation. Activated inflammatory cells secrete cytokines and growth factors such as TGF-f3
and interleukin-6 causing trans-differentiation of resident and non-resident fibroblast cells as well
as endothelial, epithelial and mesothelial cells into myofibroblasts. These cells produce excess
amounts of structural macromolecules which contribute to fibrosis leading to alterations in tissue
architecture causing pathological dysfunction. PAMPs Pathogen-Associated Molecular Patterns,
TLR Toll-Like Receptor, TGF-f Transforming Growth Factor beta, ROS Reactive Oxygen Species,
GdBSAs Gadolinium-Based Contrast Agents

most attractive therapeutic approach. This, in turn, requires a precise understanding
of the molecular pathways most important in generating the excessive ECM by the
myofibroblast as discussed recently [27] and briefly reviewed below.

22.3 The Transforming Growth Factor-f (TGF-#) Pathways

The TGF-f family of growth factors plays wide-ranging roles in numerous physio-
logical processes including embryogenesis, cellular differentiation, immunologic
system development, inflammatory response, and wound repair [28-31].
Furthermore, numerous studies have shown that the three TGF-f isoforms are
potent inducers of myofibroblasts either through activation of quiescent fibroblasts,
or through the phenotypic conversion of various cell types into activated myofibro-
blasts [32—-34]. Owing to their potent pro-fibrotic activities, they have been impli-
cated in the pathogenesis of various fibrotic human diseases [35-39]. The
intracellular transduction pathways following TGF- binding to its cognate recep-
tors are complex and involve both Smad-mediated pathways referred to as canoni-
cal and non-Smad pathways referred to as non-canonical [40, 41]. These pathways
are diagrammatically illustrated in Fig. 22.2 along with other relevant cytokine/
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Fig. 22.2 Critical TGF-p, I1-6 and Growth Factor/Cytokine signaling pathways important in fibro-
genesis. Illustrated is the canonical pathway originating from a representative dimeric receptor.
Following TGF-f binding, the TGFpPRII receptor recruits a TGFPRI, either activin-like kinase-1 or
activin-like kinase-5 and activates it by phosphorylation. Activin-like kinase 5 (Alk 5) then specifically
phosphorylates receptor-regulated Smad2 and Smad3 which then complex with Co-Smad4 resulting
in their transport to the nucleus where they interact with various co-activators or co-repressors to regu-
late transcription of critical pro-fibrotic genes, here represented by connective tissue growth factor
(CTGF) fibronectin isoform EDA (Fn®P*) and Collal collagen genes. Also shown is I1-6 binding to its
receptor with activation of Ras, Raf and MEK1/2 and ultimately Erk1/2. On the far left and right are
illustrated are the signaling pathways for (PDGF), Wnt and Hedgehog. Each of these pathways is
activated by ligand-binding to specific receptors, but the subsequent signaling transmission mecha-
nisms between these pathways differ dramatically (see text). For clarity of presentation these pathways
have been abbreviated with only the essential features presented. This figure has been modified from
two produced by Protein Lounge. TGF-f Transforming Growth Factor beta, TGF3R1 & Il Transforming
Growth Factor beta Receptor 1 & II, LTBP Latent TGF-binding protein, Smad Sma and Mad related
family of signal transducers, ERK Extracellular signal-regulated Kinase, 7F Transcription Factor, /-6
Interleukin -6, GP130 Glycoprotein 130, SARA Smad Anchor for Receptor Activation, PDGF Platelet
Derived Growth Factor, SHP2 Tyrosine phosphatase, GRB2 Growth factor receptor-bound 2, SHC Src
homolog 2, Ras Fas family of genes, Raf Raf kinases, MEK 1/2 MAPK/ERK pathway, Wnt Signal
transduction pathway, Shh Sonic hedgehog, Ptch Protein patched homologue 1, Smo G-protein cou-
pled receptor, Src Family of protein tyrosine kinases, c-Abl Abelson tyrosine kinase
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growth factor pathways. In the canonical pathway, the ligand-bound TGF-f recep-
tor II (TPRII) recruits and phosphorylates a TGF-f receptor I (TBRI) which is
known as activin-like kinases (ALKs), with ALK-5 being the most important in the
context of the fibrotic process. Signaling from the phosphorylated TPRI to the
nucleus occurs through the receptor activated RSmads, Smad2 and Smad3, which
are phosphorylated by TPR1. The phosphorylated Smad2/Smad3 then bind to the
co-Smad, Smad4, forming a complex that translocates across the nuclear mem-
brane. Within the nucleus, the Smad complex, in association with various transcrip-
tion factors, co-activators and co-repressors, modulates the expression of target
genes [39, 40]. Non-canonical TGF-f-initiated signaling cascades are independent
of RSmads. These non-canonical pathways can be activated in a cell-specific and
context-dependent manner and mediate important TGF-p pro-fibrotic effects [41,
42]. For example, TGF-p stimulation leads to the activation of PI3K, which, in turn,
activates two important pro-fibrotic pathways: p21 activated kinase (PAK2)-
Abelson kinase (c-Abl) and Akt-mTOR1 [43]. Downstream targets of c-Abl include
several mediators involved in the fibrotic response. Activated c-Abl phosphorylates
protein kinase C-6 (PKC-9), a potent pro-fibrotic mediator was recently shown to
up-regulate collagen gene transcription in SSc dermal fibroblasts [44].
Phosphorylated PKC-8 has also been shown to in turn phosphorylate the transcrip-
tion factor Fli-1, reversing its inhibitory effect on collagen gene expression [45].
Another important non-Smad signaling pathway is through activation of Jun-N-
terminal kinase (JNK) resulting in the activation of c-Jun, a critical pro-fibrotic
transcription factor [41, 42]. Besides serine/threonine phosphorylation, TBRII can
also be phosphorylated on tyrosine residues in response to TGF-f [46, 47] leading
to activation of Erk1/2 MAPK which play an important role by regulating myofi-
broblast formation as well as ECM synthesis [48, 49].

One of the important aspects of TGF-p action is the stimulation of other mediators
having fibrogenic potential. These include, but are not limited to, connective tissue
growth factor (CTGF), platelet-derived growth factor (PDGF) and epidermal growth
factor (EGF/Erb-B) ligands. For example, it has been demonstrated that TGF-f-
induced ErbB activation was achieved by up-regulation of ErbB ligands through
autocrine signaling from the PDGF-receptor (PDGFR) via MEK/ERK [50]. While
the molecular changes initiated by TGF-f are complex, and challenging, approaches
with therapeutic agents can be carefully designed to take advantage of specific points
within critical pathways to abrogate their deleterious pro-fibrotic effects.

22.4 Other Molecular Pathways Involved
in the Fibrotic Process

Although the TGF-f family of growth factors plays the most important role in fibro-
sis, there are numerous other molecular pathways that also participate depending on
the specific trigger initiating the fibrotic process and the tissues or organs involved.
Although the diverse mechanisms mediated by these pathways result in an extremely
intricate picture, the detailed understanding of their components and of their
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interactions may provide novel therapeutic targets to modify the devastating effects
of fibrotic diseases. Some of these pathways are illustrated in Fig. 22.2 and will be
briefly reviewed in the following sections.

Endothelin-1 Endothelin-1 (ET-1), a polypeptide with potent vasoconstrictive
activity and a major factor in the pathophysiology of pulmonary arterial hyperten-
sion [51, 52], may also have pro-fibrotic activity and play a role in organ fibrosis
[53-55]. ET-1 not only can increase the production of ECM macromolecules such
as collagen types I and III, but also has been shown to inhibit production of matrix
metalloproteinase-1 in normal human fibroblasts [56]. Increased levels of ET-1 have
been found in several fibrotic diseases and in experimental pulmonary fibrosis [54,
56, 57]. Additionally, ET-1 may have a potential role in the generation of myofibro-
blasts through EMT or EndoMT, effects possibly mediated through the endothelin
A receptor [58, 59] and through the synergistic stimulation of TGF-f induced
EndoMT [60]. These findings, collectively, strongly suggest that ET-1 may play an
important role in the pathophysiology of human fibrotic diseases and can be tar-
geted with currently available therapeutics.

22.4.1 Connective Tissue Growth Factor (CTGF/CCN2)

CTGeEF, also known as CCN2, a growth factor with multiple effects, is now regarded
as an important effector in both normal and pathologic fibrotic responses [61-63].
CTGF provokes a potent pro-fibrotic response when added to cultured fibroblasts
and elevated CTGF levels have been found in a variety of experimental fibrotic
models in mice while suppression of CTGF reduced bleomycin-induced lung fibro-
sis [61-65]. TGF- stimulates CTGF synthesis in a variety of cell types, and CTGF
can act as a downstream mediator to enhance the pro-fibrotic activity of TGF-f by
stimulating the production of ECM components including type I collagen and fibro-
nectin [61, 62]. Importantly, imatinib mesylate, an inhibitor of c-Abl, blocked acti-
vation of the Smadl pathway when normal fibroblasts were stimulated with TGF-f
and inhibited stimulation of CTGF expression in SSc fibroblasts [49]. Therefore, at
least in some circumstances, c-Abl appears to be required for Smadl activation.
Furthermore, CTGF expression can be stimulated through the RhoA/Rock pathway
[66]. Thus, CTGF is a targetable pro-fibrotic mediator.

22.4.2 Platelet Derived Growth Factor

The platelet derived growth factor (PDGF) family consists of four different poly-
peptides (PDGF-A, -B, -C, -D) which form disulphide-bonded dimers such as
PDGF-AA and PDGF-BB as well as PDGF-AB heterodimers. Two structurally
related tyrosine kinase receptors, PDGFRa and PDGFRP bind PDGF ligands which
leads to receptor homo- or hetero-dimerization and autophosphorylation of specific
tyrosine residues within the receptor cytoplasmic domain [67—69]. This receptor
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activation initiates multiple signal translocation pathways including PI3K, Ras-
MAPK, Src family kinases and phospholipase Cy(PLCy) resulting in important cel-
lular responses including proliferation, chemotaxis and actin reorganization. It is
now clear that PDGF can be involved in fibrotic reactions affecting multiple organs,
including pulmonary, renal and hepatic fibrosis as well as SSc [70]. Fibroblasts can
be regarded as both a major source and target since they secrete PDGF-A as well as
express PDGFRa on their cell surface [71-73]. Thus, a PDGF-A/PDGFRa« signal-
ing loop can stimulate fibroblasts to synthesize ECM and release pro-fibrotic media-
tors. Since PDGF-B is released primarily by macrophages and hepatic stellate cells,
this suggests a major role for PDGF-B/PDGFR signaling in liver fibrosis [74, 75].
PDGEF signaling becomes activated upon tissue injury to promote wound closure
and is turned off when the repair processes are completed [76]. However, excessive
scar formation and tissue fibrosis can result, if PDGF signaling is not terminated.

22.4.3 Whnt-Signaling

While the Wnt proteins, consisting of a multi-gene family of secreted glycoproteins,
play crucial roles in embryogenesis, numerous studies now have shown that the
Wnt/f catenin pathway is involved in several pro-fibrotic processes including myo-
fibroblast activation via Smad-dependent autocrine TGF-f signaling [77-81].
Besides its structural role, f-catenin plays a critical role in canonical Wnt signaling.
In the absence of Wnt signals, f-catenin is phosphorylated by a complex consisting
of adenomatosis polyposis coli (APC), axin, glycogen synthase kinase-33 (GSK-3p)
and casein kinase which promotes subsequent ubiquitin-mediated -catenin degra-
dation. When secreted, Wnt proteins bind to cell surface Frizzled receptors (FZD)
and lower density lipoprotein receptor-related protein co-receptor (LRP516) and the
degradation complex is disrupted resulting in the stabilization of $-catenin which
translocates to the nucleus where it binds to T-cell factor/lymphoid enhancer-
binding factor (Tcf/Lef) to induce target gene transcription [82, 83]. Aberrant
canonical Wnt signaling has been implicated in SSc [80] as well as in pulmonary,
renal, dermal and liver fibrosis, in addition to scarring following myocardial infarc-
tion and fibrosis accompanying muscular dystrophy [84—86]. Under homeostatic
conditions Wnt signaling must be tightly controlled. Indeed, an array of potent neg-
ative regulators has been identified, among which the Dickkopf proteins (DHK 1-4)
play key roles. Dhk-1 is the best studied of them and it functions as a natural antago-
nist of Wnt signaling [87, 88].

22.4.4 Hedgehog Signaling

Three different mammalian orthologs of the Drosophila melanogaster hedgehog
(Hh) morphogen have been identified in humans. They are highly hydrophobic
secreted peptides called sonic hedgehog (SHh), Indian hedgehog, and Desert
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Hedgehog with SHh being the most important in the present context [89]. Patched
(Ptc) a twelve-pass transmembrane protein binds Hh ligands, but in the absence of
ligand Ptc interacts with and inhibits Smoothened (Smo), a seven-pass transmem-
brane protein [90]. However, binding of SHh to Ptc induces conformational changes
that prevent Ptc from inhibiting Smo, which, initiates signaling events resulting in
stabilization of Gli family zinc finger transcription factors and in enhanced expres-
sion of Hh target genes [91]. While Hh signaling is critical during embryonic devel-
opment, inappropriate activation in adults has been implicated in the pathogenesis
of various diseases, including malignancies [92, 93]. In SSc cultured fibroblasts,
overexpression of SHh causes accumulation of Gli-2 and increased expression of
Hh target genes [94]. An extensive immunofluorescence analysis of affected SSc
skin demonstrated intense staining in dermal fibroblasts and endothelial cells. Other
results from this study found that TGF-f increased expression of SHh and that SHh
induced strong stimulation of fibroblast to myofibroblast transition in normal der-
mal fibroblasts comparable to that caused by TGF-f [94]. Overexpression of SHh in
the skin of mice induced fibrosis and mice lacking one allele of the inhibitor recep-
tor Ptc 1 gene were more sensitive to experimentally-induced fibrosis [95].

22.4.5 Notch Signaling

Also first discovered in Drosophila, Notch signaling is initiated by binding of mem-
bers of two ligand families, Jagged and Delta-like to Notch receptors, which results
in cleavage of these receptors by the secretase complex and release of the active
Notch intracellular domain (NICD) [95, 96]. Translocation of the NCID into the
nucleus activates transcription of multiple target genes such as Hairy/Enhancer of
Split (Hes) [97]. As with Hedgehog, Notch signaling is crucial during embryonic
development, and is highly regulated in the adult. There is accumulating evidence
for the participation of Notch signaling in fibrotic diseases, although the molecular
mechanisms involved in fibroblast activation and enhanced ECM production need
further clarification [98—100].

22.4.6 Matrix Stiffness and Rho-Associated Kinases

While activation of myofibroblasts and stimulation of ECM production by TGF-f3
and other cytokines are complex and incompletely understood, recent studies have
focused on the role of actin cytoskeleton reorganization. There is increasing interest
in the mechanical properties of the ECM, particularly of the effect of tissue stiffness
on the biosynthetic activities of resident fibroblasts/myofibroblasts [18-20, 101,
102]. Although the exact mechanisms whereby increased matrix stiffness stimulates
production of polymerized a-SMA remains to be elucidated, this effect can result in
nuclear translocation of MKL-1 (MRTF-A), a transcription factor that plays a criti-
cal role in the stimulation of expression of fibrotic genes [101]. Furthermore, matrix
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stiffening can promote RhoA production and activation, resulting in increased
ROCK activity and enhanced fibroblast contractility. In addition, there may be
cross-talk between the MAP kinase ERK 1/2, a potential downstream target of
ROCK, and TGF- [103]. All these findings suggest that as the fibrotic process pro-
ceeds and tissues become increasingly stiff, a vicious cycle gets established in
which the matrix stiffness itself promotes further ECM production.

22.5 Pathophysiology of Fibrotic Abdominal Adhesions

While peritoneal adhesions may be caused by infection, inflammation or ischemia,
surgical procedures are primarily responsible and can cause pelvic pain, bowel
obstruction and infertility [104—107]. Although modern advances in surgical tech-
nique, including laparoscopy, have led to a decrease in their incidence, abdominal
adhesions still pose a very significant medical as well as economic problem.
Unfortunately, similar to other fibrotic reactions, adequate therapeutic solutions
have proven elusive. This section briefly reviews the present state of affairs, includ-
ing consideration of existing therapies and then places abdominal adhesions in the
context of fibrotic reactions in general. Within this framework, an argument is
developed suggesting that drugs which target signaling pathways known to be
instrumental in the pathogenesis of many other fibrotic reactions be tested for their
efficacy either in preventing or ameliorating intestinal adhesions.

The visceral peritoneum covering the gut and other viscera accounts for about
80% of the total peritoneal surface, while the parietal peritoneum lining the walls of
the abdominal cavity accounts for the remaining 20%. These surfaces are covered
by a monolayer of mesothelial cells bound to a basement membrane which, in turn,
rests on a bed of connective tissue containing fibroblasts, macrophages and other
cell types [108]. This layer also contains a rich capillary network and lymphatics.
Because the mesothelial cells are weakly connected, the peritoneal surface is deli-
cate and easily injured. Injury to the peritoneum exposing the basement membrane
causes a local inflammatory response resulting in deposition of a fibrin-rich exudate
as part of the haemostatic process. While a fibrinous exudate is essential for normal
repair, if it is not resolved in a timely fashion, it can provide a matrix for invading
fibroblasts and blood vessels leading ultimately to adhesion formation.

Activation of the coagulation cascade results in the formation of thrombin from
prothrombin, which converts fibrinogen into fibrin monomers and which polymerize
forming a fibrin clot, a reaction which can be inhibited by anti-thrombin. An essen-
tial feature of the restoration of normal tissue architecture is the degradation of fibrin
by the proteolytic enzyme, plasmin, which is formed from the inactive precursor,
plasminogen, by tissue plasminogen activator (tPA) or urokinase plasminogen acti-
vator (uPA) with tPA being the most important in the present context. A very signifi-
cant inhibitor of tPA and uPA is plasminogen activator inhibitor (PAI-1) which is
produced by a variety of cells and whose production is enhanced by a number of
factors including surgery, inflammation, IL-1 and tumor necrosis factor (TNF). The
control of these competing reactions is not well-understood at the present time.
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22.6 Stages in Abdominal Adhesion Formation

Successful treatment of abdominal adhesions is bedeviled by several confounding
factors, not the least of which is the complex pathogenesis. A variety of causes can
be responsible for initiation of adhesion formation which then likely proceeds
through a common pathway. This process has been broken down into several stages,
each one of which has been considered as a therapeutic target.

22.6.1 Coagulation Stage

As discussed above, the coagulation cascade is a critical factor in adhesion patho-
genesis [109, 110]. This sequence of reactions involves a number of protein factors
which facilitate or inhibit the ultimate formation of a fibrin clot. While, in many
cases, the formation of a clot is essential to limit injury, resolution of the clot, in a
timely manner, is necessary to prevent adhesion formation. Thus, the balance
between fibrin clot formation and its lysis is critical. Much attention has been
devoted to the measurement of factors such as thrombin that promote the clot for-
mation as well as those like plasminogen activator that resolve it. These studies
provide a rational basis for enhancing clot lysis as a therapeutic strategy. However,
in practice, this has proven difficult.

22.6.2 Inflammatory Stage

Although this stage can overlap with the coagulation stage, it is clear that a major
inflammatory response is initiated during abdominal adhesion formation. This stage
is characterized by an influx of multiple cell types and production of a variety of
cytokines and growth factors is and is elicited by a number of inciting events. This
has led to inhibition of inflammation as a therapeutic approach to adhesion preven-
tion which, by and large, has proven to be unsuccessful, although there are some
reports of a positive response [111].

22.6.3 Fibrous Adhesion Stage

The final stage in the adhesion process is formation of a connective tissue scar,
which is of critical importance since it is this fibrous tissue that causes the most
severe complications. The exact inciting events in this final stage have received
insufficient attention. However, based upon many studies in multiple organ systems,
abdominal adhesion formation shares many attributes with fibrotic reactions found
elsewhere in the body. Unfortunately, in none of these fibrotic reactions have any
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biomarkers been identified which can be used to detect the early stages of pro-
fibrotic pathology. Much more work is needed in the molecular characterization of
early adhesion formation and the composition of the scar itself in order to formulate
novel therapeutic approaches.

22.7 Focus on Fibrous Adhesion Formation

22.7.1 The Myofibroblast

It is now well-known and accepted that although the causative mechanisms of
fibrotic disorders are diverse and vary widely, they all share important cellular and
molecular features which provide a fundamental framework for therapeutic
approaches. At the cellular level, as discussed above, it is universally appreciated
that a particular cell with unique characteristics, the myofibroblast, is responsible
in all instances for the formation of the connective tissue scar that disrupts normal
architecture and function [112]. The accumulation of myofibroblasts and the
uncontrolled persistence of their elevated biosynthetic functions are crucial deter-
minants of the extent and rate of progression of fibrotic reactions and of their clini-
cal course, prognosis and response to therapy. While the origins of myofibroblasts
in other organs may differ, in the case of abdominal adhesions, there is a unique cell
type, namely the mesothelial surface cells, which likely mediate adhesion forma-
tion. These cells can undergo mesothelial/mesenchymal transition and trans-differ-
entiate into myofibroblasts which can be facilitated by TGF-f [113, 114]. As
previously discussed, both epithelial and endothelial cells can be induced by TGF-f§
and other cytokines to trans-differentiate into myofibroblasts [23, 115-118]. In this
transition, the cells loose expression of cadherins, rearrange their cytoskeleton,
change morphology, gain expression of -SMA and produce substantial amounts of
ECM [119, 120] .

Prior to becoming a myofibroblast, the precursor cell undergoes a transition to
an intermediate stage (proto-myofibroblast) characterized by increased actin-myo-
sin stress fibers and prominent focal adhesion structures [121, 122], which is char-
acterized by the expression of an isoform of the protein fibronectin containing the
EDA domain (FnEP%). Tt is expressed at the cell surface during embryonic develop-
ment, but is not normally found in adults, which distinguished it from the plasma
form which is secreted by the liver into the blood stream. Expression of this cellular
form of fibronectin (FnEP*) characterizes the intermediate stage of myofibroblast
formation and results from the splicing of a unique exon into the primary mRNA
transcript [123]. This exon encodes for an extra 91 amino acids in the final FnEPA
molecule and is only synthesized in adults as a consequence of tissue damage,
inflammation and wound healing [124]. Thus, the proto-myofibroblast synthesizes
FnEPA but not a-SMA [125]. Clearly, FnEPA represents a potential diagnostic and
therapeutic target.
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22.7.2 Critical Cytokines, Signaling Pathways
and Therapeutic Strategies

While the underlying etiology of a particular fibrotic reaction is frequently unknown,
certain signaling pathways activated by several cytokines and growth factors
undoubtedly play key roles in the pathogenesis with the TGF-p family playing a
critical and predominant role by mediating the formation of myofibroblasts and
stimulating the productions of ECM [126]. TGF-f is secreted into the ECM as a
large latent complex which can undergo several alternative proteolytic or conforma-
tional activating events prior to binding to its cognate receptor. While the intracel-
lular transduction pathways following TGF-f3 receptor binding can directly stimulate
molecular effectors involved in the pro-fibrotic response, another important aspect
of TGF-f action is the stimulation of other mediators having pro-fibrotic potential.
In addition, a number of other cytokines and growth factors have been shown to be
involved in adhesion formation, each of which may involve signaling via unique
pathways and which can be targeted therapeutically.

Because of the multiplicity of signaling pathways elicited by TGF-3, multiple
potential therapeutic targets exist. However, judicious choices must be made since
TGF-f has numerous, and diverse critical functions. Thus, inhibiting all of its mani-
fold activities by blocking its cell surface receptor, for example, is not desirable
since toxic effects may ensue. Importantly, the use of this approach has been largely
unsuccessful in past clinical trials [127-129]. Therapeutic strategies must be devel-
oped which limit the effect, as much as possible, to inhibiting signaling reactions
crucial to, and only to, the fibrotic response. This implies that the most desirable
targets are those that are essential for the response, but are as far “down- stream” in
the relevant signaling pathways as possible. Furthermore, recent studies have shown
that the c-Able-PKCd pathway participates in the process of endothelial-
mesenchymal transition. Additionally, the Akt-mTOR pathway plays an important
role in various cell processes including regulation of cell proliferation and metabo-
lism as well as being involved in some epithelial/mesenchymal transitions. These
pathways are potential therapeutic targets.

It is likely that there are several cytokines in addition to TGF-f} that may partici-
pate in adhesion formation. Of these, IL-6 is of considerable importance. The
diverse functions of IL-6 are mediated by several protein components which include
a receptor that is specific for IL-6 (IL-6R) and gp130 which together form a het-
erodimer complex and activate two pathways: the JAK/Stat-pathway and the Ras-
MAPK (mitogen-activated protein kinase) pathway [130]. Most importantly, 1L-6,
in addition to TGF-f, was also found to be elevated in peritoneal fluid during
abdominal surgeries. In a model of repetitive peritoneal inflammation, IL-6 was
found to be capable of mediating a peritoneal fibrotic process [131]. Studies have
shown that IL-6 can promote EMT in colorectal cell lines [132]. These data, as well
as recent evidence from our laboratory [114], demonstrated that MMT can be
induced by IL-6 and thus may represent an important cellular mechanism which can
mediate the formation of abdominal adhesions.
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22.7.3 Role of Hypoxia

It has been shown that hypoxia may play a role in abdominal adhesion formation by
several mechanisms based largely on experimental model systems. Hypoxia can
decrease tPA and increase PAI expression thereby inhibiting fibrin lysis. The PAI-1
gene promoter contains hypoxia response elements HRE-1 and HRE-2 which bind
the oxygen-regulated transcription factor HIF-la resulting in increased PAI-1
expression. HIF-1a also increases the production of vascular endothelial growth
factor (VEGF), which plays a critical role in angiogenesis and formation of blood
vessels in adhesions. In addition, hypoxia can increase production of TGF-f1 by
human mesothelial cells and peritoneal fibroblasts while TGF-f1 can stimulate
VEGF and CTGF expression. Hypoxia also increased expression of TIMP-1,
thereby potentially causing a decrease in matrix degradation.

22.7.4 Material Barriers

Currently, the most frequent approach in the prevention of adhesion formation is use
of material barriers [111, 133]. While a number of such materials are available,
including both liquid and solid based ones, no completely acceptable one has been
developed for several reasons. These include toxicity, difficulty in handling mem-
brane films, and potentially limited efficacy. However, several of these are currently
in use including Seprafilm® which we describe as a typical example. Seprafilm® is a
transparent, resorbable membrane composed of sodium hyaluronic acid and car-
boxymethylcellulose. It degrades in 7 days under physiologic conditions, is safe,
and provides some effectiveness in preventing postoperative adhesions after abdom-
inal surgery. However, while Seprafilm® covers the treated tissue, it does not protect
remote areas and thus allows adhesion formation at distant sites, and, in addition, it
is highly fragile. A sprayable form of Seprafilm® is also currently being tested.

22.7.5 Pharmaceutical Approaches

Attempts have been made to modify adhesion formation by use of pharmaceuticals
mainly through use of anti-inflammatory and anti-coagulant agents. For example,
these have included systemic and local application of steroids, cyclooxygenase
inhibitors, heparin and tissue plasminogen activator (t-PA). In some instances, bar-
rier membranes have been used in combination with an agent e.g., heparin. However,
the results have been mixed and no clear-cut beneficial result has been obtained. On
a more promising note, efforts have been made to inhibit the effect of the pro-
inflammatory peptide substance P by blocking its major receptor, neurokinin recep-
tor (NK1R) which is believed to play a role in adhesion formation, possibly by
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lowering expression of metalloproteinases. In animal adhesion models, administra-
tion of NK1R antagonists increased metalloproteinase activity, increased fibrinoly-
sis and significantly lowered adhesion formation [111, 133].

22.8 Preventing Adhesions By Blocking Connective
Tissue Formation

While abdominal adhesions present a significant and recurring medical problem,
unfortunately, there are no really effective therapeutic measures available either for
prevention or cure. It is noteworthy that TGF-f1 and IL-6 were found to be elevated
in the peritoneal fluid of patients during/after abdominal surgery and that the levels
of the cytokines appeared to be related to the severity of abdominal adhesion forma-
tion [134, 135]. In contrast to crohn’s disease (CD) and IBD, abdominal adhesion
formation is unusual because of the potential major role of mesothelial cells. Because
of their cellular environment, mesothelial cells are bathed in peritoneal fluid con-
taining high concentrations of both TGF-f} and IL-6 and have the potential to undergo
MMT providing a major source of myofibroblasts responsible for adhesion forma-
tion. The control of MMT is achieved primarily by three families of transcription
factors: zinc finger Snail (SNAI1, SNAI2), basic helix-loop helix (Twisted 1) and
ZEB (ZEB1, ZEB2) whose expression can be increased by both TGF-f and IL-6.
Furthermore, both cytokines can elicit the phosphorylation/activation of a critical
intracellular effector molecule, Erk1/2, required for the MMT of peritoneal meso-
thelial cells. MEK 1/2 is responsible for Erk1/2 phosphorylation and specific inhibi-
tion of MEK 1/2 prevents Erk1/2 phosphorylation and MMT. This implies that MEK
inhibitors may be good therapeutic candidates for adhesion prevention, e.g., MEK
inhibitors such as trametinib and selumetinib have been tested in clinical trials for
melanoma [136].

22.8.1 |Intestinal Fibrosis in Inflammatory Bowel
Disease (IBD)

The pathophysiology of fibrotic reactions such as CD and IBD is considerably more
complex in comparison to that of abdominal adhesions which occur secondary to
surgery. Although much remains to be determined in the pathogenesis of adhesions
with respect to genetic predisposition, firm identification of the source of myofibro-
blasts and detailed understanding of critical signaling pathways in IBD, the patho-
physiology is more multifaceted because potential inciting events are more
numerous. Additional considerations include a much more sustained inflammatory
response, a clear, if still poorly understood, genetic pre-disposition, the potential
involvement of multiple mesenchymal cells/myofibroblasts, exposure of the mucosa
to intestinal bacteria and the involvement of the immune system.
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22.8.2 Genetic Basis in IBD

While there may be familial pre-disposition in the formation of adhesions, the evi-
dence remains anecdotal and there is no firm supporting evidence. In contrast, sig-
nificant evidence supports the concept that pre-disposition to development of CD is
polygenic with 163 loci contributing to either susceptibility or disease severity
including fibrostenosis [137-140]. However attempts to link genetic loci to clinical
phenotype remain problematic with the strongest association linked to susceptibil-
ity being to NOD2 (polymorphisms with disturbed surveillance of bacterial micro-
flora), IL23 receptor (polymorphisms linked to regulation of adaptive immunity)
and ATG16L1 and IRGM (deficit in autophagy) [140]. Individuals with NOD2/
CARDI15 mutations have a tenfold greater risk of aggressive disease and different
genetic variations correlate with distinct phenotypes such as fibrostenosis [141,
142]. Interestingly, deep sequencing of loci identified by genome-wide association
study (GWAS) have identified matrix metalloproteinases (MMP-1, MMP-2,
MMP-3, MMP-9) and their tissue inhibitors (TIMP-1 and TIMP-2) as prognostic
indicators for diagnostic and surgical recurrence in CD [143].

22.8.3 Cells Responsible for IBD Fibrostenosis

As in in other respects, the cellular fibrotic reaction in IBD is considerably more
complex than that generally occurring in abdominal adhesion formation. Much of
this complexity has to do with inciting events and the extent of tissue involvement.
As discussed above, the majority of abdominal adhesions are owing to injury at
the serosal surface during surgical procedures. However, in IBD, a multiplicity of
factors interact in a complex, and in, as yet, poorly understood fashion, to initiate
and prolong the fibrotic response. These factors include genetic predisposition,
active participation of a diverse number of cell types including those of the
immune system, an extended inflammatory response, exposure to bacterial prod-
ucts from the microbiome, and potential involvement of a number of cytokines
and growth factors.

The production of ECM, particularly that of collagens I and III, is a fundamental
factor in fibrostenosis formation. In IBD, as in other fibrotic diseases, myofibro-
blasts play a critical role in the overall pathophysiological mechanism and there are
numerous potential sources of them. Unique to the intestine are the cells of Cajal in
the submucosa and muscularis [144]. Another major source is the subepithelial
myofibroblasts (SEMFs). Interestingly, there is substantial evidence of cross-talk
between SEMFs and the epithelium [145]. Conditioned medium from cultured epi-
thelial cells treated with pro-inflammatory cytokines enhanced SEMF migration
and production of collagen and MMPs [146]. SEMFs exposed to pro-inflammatory
cytokines can themselves then express interleukins IL-6 and IL-8 as well as granu-
locyte and macrophage stimulatory factors and pro-fibrotic cytokines IL-17A and
TGF-p [147, 148]. The SEMFs also express Toll-like receptors (TLR-2, TLR-4 and
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TLR-5) which enables them to respond to lipopolysaccharide and flagellin and fur-
ther cytokine production [149, 150]. Another aspect of the involvement of SEMFs
in fibrosis pathogenesis is that they may act as non-professional antigen-presenting
cells since they constitutively express class II major histocompatibility complex to
promote CD4* T cell differentiation [151].

Other potential sources of myofibroblasts in IBD include stromal fibroblasts and
pericytes which, upon activation, can proliferate, express a-SMA and produce ECM
[152, 153]. Pericytes are found in capillaries and small blood vessels surrounding
endothelial cells and during inflammation they differentiate into cells producing
large amounts of ECM [153]. Another source of myofibroblast-like cells is bone
marrow-derived fibrocytes which travel to the tissues through the blood stream.
Multipotent bone marrow mesenchymal cells differentiate into fibrocytes which
express hematopoietic markers such as CD45, CD11, CD13 and CD6, but they also
express collagen and a-SMA [153]. Increased amounts of such cells have been
found in the blood and tissues of CD patients.

22.8.4 Smooth Muscle Cells

An unusual feature of the fibrotic response in the intestine is the involvement of
smooth muscle cells which are found in the muscularis externa and which represent
the largest mesenchymal component in the intestine. This is particularly critical in
CD because the full thickness of the intestinal wall is frequently involved. There is
marked thickening of the muscularis with cellular hyperplasia, hypertrophy and
ECM deposition which contributes to stricture formation [154]. The smooth muscle
cells in the muscularis externa and the muscularis mucosae may also be involved in
both CD and UC. Smooth muscle cells, in addition to producing ECM, also produce
significant amounts of cytokines and growth factors including TGF-p, 11-6, IGF-1,
PDGEF, and CTGF [155].

22.8.5 Pathogenesis of Fibrosis in IBD

In both CD and ulcerative colitis (UC), injury to the mucosal epithelium exposes the
underlying tissues to inflammatory mediators derived from the intestinal microbi-
ome. Such exposure can generate a damaging immune response in susceptible indi-
viduals. Such events generate a prolonged and recurrent inflammatory reaction
which, in turn, can initiate and extend fibrotic reactions characterized by the activa-
tion of myofibroblasts resulting in stricture formation. Such fibro-stenosis occurs
much more frequently in CD (30-50%) in which the full thickness of the intestine
is affected as opposed to much less extent in UC (~5%) where usually only the
mucosa and submucosa are primarily affected [156]. While inflammation is clearly
necessary for the initiation of the fibrotic reaction; however, once started, it can
progress in the absence of continued inflammation.
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22.9 ECM Homeostasis in IBD

The net concentration of ECM is governed by its rate of production and by the rate
of turnover of its components. Such turnover is regulated largely by the activity of
matrix metalloproteinases (MMPs) of which there are 23 human types. MMPs are
zinc and calcium proteases produced by a variety of cells including epithelial,
myofibroblasts, and macrophages The MMPs include collagenases, gelatinases,
stromelysins and matrilysins and thus comprise a broad level of substrate specific-
ity [157-159]. Increased expression of MMPs such a collagenase MMP8 and gela-
tinase MMP-9 have been found adjacent to intestinal ulcerations in CD. The
activity of these proteases is controlled by four tissue inhibitors of proteases
(TIMPs). Cytokines and growth factors such as TGF- and TNF-a can regulate
MMP and TIMP expression. TGF-f down regulates MMP-1 and MMP-3 in intes-
tinal myofibroblasts and enhances TIMP-1 expression, while, contrarily, TNF-a
decreases MMP-2 activity and increases TIMP-1 expression [158]. The balance
between MMP activity and TIMP inhibitory regulation is disturbed in the intestine
of patients with fibrostenotic CD [157-160]. The T-cell derived cytokine, IL-21,
that is increased in IBD, can increase expression of MMPs by intestinal myofibro-
blasts thereby contributing to mucosal ulcer formation [161]. In active CD,
increased expression of MMP-1, MMP-3 and TIMP-1 has been found in the intes-
tinal muscularis [162]. Thus, it is likely that these substances play a role in the
pathophysiology of CD; however, the mechanism(s) which govern their expression
is largely unknown.

22.10 Role of Immune Responses in IBD Fibrotic Reactions

A major difference in the pathogenesis of the fibrotic reaction between IBD and
abdominal adhesions secondary to surgery is the pronounced role of the immune
system in IBD and its comparatively small role in abdominal adhesion generation.
Injury to the intestinal epithelium permits entry of bacteria into the mucosa and the
generation of activating molecules including DAMPs and PAMPs which stimulate
pro-inflammatory cytokines and chemokines by macrophages which recruit innate
immune cells [163]. In a complex subsequent series of events, activated (M 1) mac-
rophages secrete interleukins (IL-1, IL-2 IL-23), TNF-a and reactive oxygen spe-
cies which activate myofibroblasts [163]. Activation of TLRs can also stimulate
myofibroblast proliferation and collagen production [164]. In chronic inflammation,
macrophages shift to a M2 phenotype and release anti-inflammatory and pro-fibrotic
mediators including IL-4, IL-13, IL-10 and TGF-p [163]. A correlation between
collagen accumulation and elevated IL-13 and TIMP-1 expression by mononuclear
cells has been reported in CD tissue samples [165]. Not surprisingly, the adaptive
immune responses are complex. In a Th1 immunity response, interferon (INF)y was
found in early stages of CD and is considered as an anti-fibrotic cytokine blocking



22 The Pathogenesis of Intraabdominal Adhesions 337

TGF-f and CTGF expression, but INF-y therapy of fibrotic reactions, for the most
part, has not proven successful [166—168]. Th17 immune responses associated with
fibrosis have also been reported in CD. IL-17A was elevated in stricturing CD tissue
with increased collagen, MMP-3, MMP-12 and TIMP-1 [169]. IL-17 may have
other effects in fibrosis by regulating expression of TGF-f and CTGF in myofibro-
blasts and upregulating collagen production [170].

22.11 Potential Anti-Fibrotic Therapy in IBD

Because the pathophysiology of abdominal adhesion formation may be less diverse
in comparison to IBD, potential therapeutic targets are more easily selected as dis-
cussed above. Table 22.1 illustrates the greater complexity of IBD versus abdominal
adhesions. In IBD there are multiple potential levels at which therapy could be
applied. For example, there are several endogenous anti-fibrotic mediators with per-
oxisome proliferator-activated receptor (PPAR)-y being the most promising. It has
been found that this ligand-activated nuclear receptor, that is widely expressed in
various cell types, has been found to decrease inflammatory responses in the intestine
and other tissues [171]. PPAR-y inhibits pro-fibrotic signaling by TGF-$ and Wnt-f-
catenin [ 172, 173], blocks TGF-f pro-fibrotic effects such as collagen and fibronectin
production [174] and suppresses TGF-f-induced EMT [175]. Since ECM accumula-
tion is governed by the comparative rates of production and degradation, this implies
that increased degradation by MMPs might be an effective approach to minimize
ECM formation. There is considerable in vitro information with respect to the control
of the activity of multiple MMPs [158, 176]. Regrettably however, because of severe
limitations in present knowledge regarding the ability to up-regulate MMP activity in
a controlled manner in vivo, this approach is not presently feasible.

Table 22.1 Comparison of fibrosis in adhesions and IBD

Abdominal adhesions | IBD
Area of involvement | Peritoneal surface Mucosa, submucosa, muscularis externa
Full thickness in CD
Myofibroblast Resident fibroblasts | Subepithelial myofibroblasts, cells of Cajal,
sources bone marrow, possibly mesothelial cells ,
pericytes, smooth muscle cells, EMT, EndoMT
Immune system Limited Considerable
involvement
Inflammatory Acute Chronic & protracted
response
Stricture formation Often 30-50% in CD, ~5% in UC
Feasibility of therapy | Likely Possible, but questionable because of chronic
nature of disease
Pathogenesis Moderate Very high

complexity
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In IBD, the normal wound healing process triggered by injury and inflammation
fails and instead of resolution, there is continued myofibroblast activity. Because the
inflammatory response is protracted, one could imagine that anti-inflammatory ther-
apy might be an effective approach. Unfortunately, this has not been the case, and it
appears that once the damaging fibrotic reaction has been initiated in fibrosis-prone
individuals, it is self-propagating. Thus, as in other fibrotic situations, the aberrant
myofibroblast becomes the ultimate target. However, unlike abdominal adhesions in
which the potential effector cells (mesothelial cells) can be anticipated and candidate
drugs given over a fairly short time, in IBD, the pathogenesis is much more pro-
tracted. There a number of FDA-approved drugs capable of blocking pathways
essential to fibrotic reactions such as trametinib [177] (Fig. 22.2). TGF-f is, of course,
the primary target; however, total blockade has not worked because of adverse toxic
responses because of its manifold activities. The same caution must be exercised
when dealing with other potential targets (Fig. 22.2) [6]. Because of the inherent
redundancy in signaling from multiple cytokines/growth factors involved in the acti-
vation of genes responsible for ECM synthesis, it is likely that more than one drug
must be administered simultaneously to obtain effective beneficial inhibition of pro-
fibrotic pathways.

22.12 Conclusions

Although abdominal adhesions and IBD have varying etiologies, they share many
features of fibrotic reactions found in other organs and tissues of the body. These
include the synthesis of excess extracellular matrix composed of collagen and other
macromolecules by myofibroblasts. These fibrotic reactions are driven by various
cytokines/growth factors with TGF-f3 predominating. Despite considerable recently
obtained understanding of the pathogenesis of the fibrotic process, disease-
modifying therapy for these diseases is extremely limited. However, one potentially
productive way forward will be to simultaneously use several FDA-approved drugs
which can act together to effectively block multiple pathways preventing the activa-
tion of pro-fibrotic genes. In addition, biomarkers need to be identified which can
signal the early onset of disease which may permit more effective use of currently
available therapeutics.
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