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Abstract
The spectrum of gastric pathologies involves heterogeneity with respect to
biochemical mechanisms and clinical outcome and is globally common. Each
year, 5–6 million people worldwide are affected by gastric ulcer, gastric cancer
and inflammatory bowel diseases, and mortality rate being >50% shows steep
increase in incidence. Hence, understanding the underlying pathogenesis and
better therapeutic strategies remain the major challenges in gastroenterology
field. Current knowledge of gastric pathology reveals that extracellular proteases
vastly influence functional irregularities of cells along with their responses to
microenvironment. Based on studies on metalloproteinases and their inhibitors,
it is well accepted about their important roles in physiological developmental
processes as well as pathological conditions. From past several years of
extensive research on matrix, metalloproteinases (MMPs) establish their critical
role in several cellular functions including proliferation, apoptosis and angio-
genesis. MMPs are a family of “molecular scissors” with ambivalent actions and
ability to cleave extracellular matrix (ECM) proteins that in turn facilitate tissue
remodelling. Approximately, 27 subtypes of MMPs are there having mutual
interaction among each of them in gastrointestinal disorders. Functional overlap
between the MMPs leads to non-specificity, which makes designing MMP
inhibitors more difficult. Thus, specific MMP inhibitors would be promising
therapeutic tool against inflammatory diseases including gastric diseases. This
chapter illustrates the new insights into mechanism of MMP regulation in
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gastrointestinal inflammatory disorders encompassing clinical trials for MMP
inhibitors and new therapeutic strategies by targeting specific MMP(s) to control
gastrointestinal pathologies.
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1 Introduction

Metalloproteinases degrade extracellular matrix (ECM) proteins and regulate both
cell–cell and cell–ECM interactions, which influence cell differentiation, migration,
proliferation and survival. They belong to metzincin group of proteases, charac-
terized by the presence of zinc in the catalytic domain, that includes bacterial
serralysins and astacins, adamalysins (a disintegrin and metalloproteinase domain
or ADAMs) and matrixins (matrix metalloproteinases or MMPs) [1–3]. Metzincins
use three histidine (H) residues to bind the zinc ion at their active site [4, 5]. A water
molecule that is essential for hydrolysis of the peptide bond also coordinates with
the metal ion as a fourth ligand in the active form of metallopeptidase. Members of
this superfamily of enzymes are involved in diverse physiological processes as
embryonic development, morphogenesis, bone formation, reproduction, cell adhe-
sion and migration. Aberrant activities of metalloproteases have been implicated in
various pathological conditions like arthritis, cancer, cardiovascular diseases,
nephritis, central nervous system disorders and fibrosis [2, 6, 7]. There are ample
literatures which state that ECM degradation plays pivotal role in gastrointestinal
diseases, thus role of MMPs are evident [2, 3, 8]. Collectively, these enzymes are
capable of degrading collagens, elastins, gelatin, matrix glycoproteins and proteo-
glycan as well as number of bioactive molecules.

According to the classification of proteases, based on their 3-D structure in the
MEROPS database (http://merops.sanger.ac.uk), metallopeptidases may be classi-
fied into forty-six families. The families are further grouped into fourteen different
clans based on metal ion binding motifs and 3-D structure similarities [9, 10].
MMPs are calcium-dependent, zinc containing endopeptidases [11]. The name is
derived from consensus sequence and structural features, specifically a “HExxH”
zinc-binding motif (zincin) and a C-terminal conserved methionine residue, which
forms a conserved structure, called “met turn” [8]. MMP family comprises � 27
member proteases characterized in humans, rodents and amphibians [12–14]. They
were first described in vertebrates (1962), including humans, but are also found in
invertebrates and plants. MMPs are secreted by a variety of connective tissues and
pro-inflammatory cells including fibroblasts, osteoblasts, endothelial cells, macro-
phages, neutrophils and lymphocytes. These enzymes are expressed as zymogens,
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which are subsequently processed by other proteolytic enzymes (such as serine
proteases, furin, plasmin and others) to generate the active forms through a cysteine
switch mechanism.

MMPs are classified into collagenases, gelatinases, stromelysins and matrilysins
depending on their specificity as depicted in Fig. 1. Another subclass of MMPs is
membrane-type MMPs (MT-MMPs) that additionally contain a transmembrane and
cytoplasmic domain [12]. The activities of most MMPs are very low or negligible
in the normal steady-state tissues, and their expression is transcriptionally con-
trolled by inflammatory cytokines, growth factors, hormones, cell–cell and cell–
matrix interactions [15] (Fig. 2).

Fig. 1 Overview of the MMP family members and their evolutionary connection with other
metzincin superfamily members
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From the structural point of view, a typical MMP consists of approximately 80
amino acid long propeptide, about 170 amino acids catalytic metalloproteinase
domain, followed by a linker peptide of variable length and a 200 amino acid long
hemopexin (Hpx) domain (Fig. 3).

Among all the members of MMP family, MMP-7, MMP-26 and MMP-23 are
the exceptions as they lack the Hpx domain along with the linker peptide, and
MMP-23 has an additional cysteine-rich domain followed by an immunoglobulin-
like domain after the metalloproteinase domain [16–19]. The signal peptide is
removed during translation, and proMMPs are generated [20].

The activity of MMPs is very tightly regulated in the cell under normal physi-
ological conditions. This regulation occurs at different levels; gene expression,
proteolytic cleavage of the zymogens, transcription and inhibition of the active
forms by various non-specific endogenous inhibitors such as a2-macroglobulin and
specific tissue inhibitors of metalloproteinases (TIMPs) [1, 12, 13]. TIMPs inhibit
active MMPs by forming 1:1 stoichiometric enzyme-inhibitor complexes leading to
inhibition of their proteolytic activity [14, 15, 21]. TIMP-1, -2 and -4 are secreted,
while TIMP-3 is sequestered to the ECM. The substrate specificity of TIMPs varies.
A critical balance between MMPs and their endogenous inhibitors plays a pivotal
role in vivo. Similar to MMPs, the proteolytic ADAM and ADAMTS family
members are inhibited by specific TIMPs [18, 22, 23].

Reactive oxygen species (ROS) produced at the site of inflammation produced
by activated neutrophils and macrophages has also a great influence on the function
of MMPs [24]. These oxidants initially activate MMPs via oxidation of the
pro-domain cysteine [25]. Eventually, MMPs may be inactivated by the enzyme
myeloperoxidase secreted from inflammatory cells or by modification of catalytic
domain amino acids by hypochlorous acid [26].

Detailed genetic and proteomic studies in experimental animals as well as in
humans have provided insights into the involvement of MMPs in various disorders.
The first human degenerative disease identified where MMPs were found to be

Fig. 2 Generalized domain structure and amino acid length of mammalian MMPs. MMPs contain
a signal peptide followed by a propeptide which constitutes the pro-domain. It contains the
conserved cysteine switch sequence, which makes a complex with the Zn2+ ion in the zymogen
form of it. In case of only gelatinases (MMP-2 and MMP-9), the catalytic domain has a gelatin
binding domain. Except for few MMPs (MMP-9, MMP-26, MMP-7), all other members contain a
proline-rich hinge region followed by a hemopexin-like C-terminal domain, which helps in
substrate recognition and its interaction with endogenous inhibitors. A major difference between
secreted and cell surface anchored MMPs (MMP-14, MMP-15, MMP-16 and MMP-24) consists
of intrinsic motif called transmembrane region and cytoplasmic tail
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linked was Sorsby’s fundus dystrophy [27]. Stromelysin-1 knockout mice showed
increased occurrence of collagen-induced arthritis. Several studies on MMP-null
mice demonstrated impaired responses to pathological conditions. MMP-2, -7, -9
and -11 showed considerable [28, 29] influences on tumour progression and car-
cinogenesis in null mice. High expression levels of several MMPs have been
correlated with tumour aggressiveness, stage and poor prognosis of various human
cancers, but not always [29, 30]. MMPs are known to contribute to angiogenesis by
degrading basement membranes, allowing for endothelial cell invasion, thus
metastasis [25, 31, 32]. Abnormalities in ECM glycosaminoglycans and loss of
glycosaminoglycans in epithelial basal lamina are detected in gastrointestinal
inflammation like ulcerative colitis, peptic ulcers and Crohn disease [33, 34]. There

Fig. 3 Schematic diagram of intercellular signalling events that drive secretion of MMPs towards
ECM during physiological and pathological conditions. Infiltrating immune cells secrete cytokines
and MMPs simultaneously, which either activate other cells or degrade the ECM. These fragments
of ECM components can mount the inflammatory response by a variety of events including
immune cell chemotaxis, activation of receptors or chemokine ligands
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is also increased expression of stromelysins, matrilysins and collagenases, which
suggests a strong correlation among inflammation and tissue injury. Literatures also
suggest that mucosal immune system triggers the response through MMP-
dependent pathways [35]. The extent of damage in gastric tissues due to break-
down of ECM by MMPs not only depends on the high expression of MMPs but
also on the relative ratio of MMPs and TIMPs [23]. However, in some diseases like
inflammatory bowel disease (IBD), there is evidence for overproduction of few
MMPs [35].

2 Various Gastrointestinal Pathologies and Role
of MMPs Therein

Gastrointestinal pathology is the subspecialty of surgical pathology that deals with
the diagnosis and characterization of malignant, non-malignant, acute and chronic
diseases of the digestive tract along with the accessory organs such as the pancreas,
gallbladder, liver and intestine. MMPs play pivotal role in many gastrointestinal
ailments like gastrointestinal mucositis, gastric ulcer, gastric cancer, colon cancer,
pancreatic cancer, gallbladder cancer, hepatic cancer, colorectal cancer, etc.
Detailed discussions have been provided in the following section.

2.1 Involvement of MMPs in Gastric Ulcer

Non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, stress, alcohol
consumption, smoking and family history are considered as risk factors in the
pathogenesis of gastric ulcer [36]. Mucosal tissue injury may lead to gastric ulcer,
which is triggered primarily by ischaemia, along with depletion of nutrient delivery
[37]. There are many endogenous aggressive factors (gastric hydrochloric acid,
pepsin, reactive free radicals and oxidants, leukotrienes, refluxed bile and
endothelins) which actually counterbalanced by the protective factors like gastric
mucosal barrier, bicarbonate, mucosal blood flow, surface active phospholipids,
prostaglandins (PG), nitric oxide (NO) and antioxidants [38, 39].

MMPs, especially proMMP-2 (72-kDa gelatinase A) and proMMP-9 (92-kDa
gelatinase B) as well as their active forms, are associated with gastric injury [40].
Although MMP-2 appears to be constitutively expressed by many cell types in
culture, MMP-9 expression is induced during gastric ulcer development [41]. In
addition, MMP-1 and 3 are also upregulated in gastric and duodenal ulcers [42].
Other studies reported that NSAIDs increase MMP-9 activity and suppress MMP-2
activity during gastric ulcer. In chronic conditions, MMP-2 activity also gets
upregulated with MMP-9. This suggests that MMP-9 expression is crucial for the
development of gastric ulcers, but MMP-2 may be involved in the turnover of
gastric ECM. Menges et al. reported the upregulation of MMP-1 and MMP-9
during Helicobacter pylori (H. pylori) infection in cultured cells [43]. Acetic
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acid-induced experimental ulcer also showed the upregulation of MMP-9, but there
were no significant change in the expression of MMP-2 [44]. In addition, infection
can also influence the upregulation of MMP-1, -2, -3 and -7, but the mechanisms
and pathways are not yet well understood. In contrast, in H2O2-mediated ulcers,
MMP-2 activity and expression get downregulated [45]. Witzum et al. demon-
strated that H2O2 alters the structure of MMP-2 by oxidation and catalytic domain
inhibition [46, 47]. Singh et al. demonstrated that proMMP-9 along with pro and
active MMP-2 gets upregulated in ethanol-induced gastric ulcer in experimental rats
[48, 49]. Thus, the critical balance of MMP-9 and MMP-2 activities may be a
determinant in the- progression as well as healing of gastric ulcer.

2.2 Role of MMPs in Gastric Cancer

Cancer is a multistage process, which requires various genetic and epigenetic
changes in the tissue microenvironment. Alterations that occur during the malignant
transformation are regulated by MMPs and their endogenous inhibitors TIMPs.
Gastric cancer is the fourth most common cancer and the second leading cause of
cancer-related death worldwide [50].

Different factors are having role and influence gastric cancer development and
progression. Chronic inflammation or ulcer might be a linker for gastric cancer to
many other types of malignancies for the future [51]. Studies of different surgical
specimens showed chronic gastritis were more advanced in individuals with gastric
cancer than in individuals with duodenal ulceration. It is now known that H. pylori
is a major factor in both the induction of atrophic gastritis and histological pro-
gression to gastric cancer [52]. Literatures suggest that MMPs modulate the
function of cytokines and chemokines and the consequences of functions of
immunoregulatory cells during progression of gastrointestinal cancers.

Several knockout animal-based studies and case-control studies have confirmed
that MMP-7 is an important member of MMP family that is upregulated in gastric
carcinoma. Histology and immunohistochemistry revealed that it promotes tissue
invasion and metastasis. Studies from our laboratory showed that single nucleotide
polymorphism (SNP) in MMP-1 promoter at -519 A/G and MMP-3 promoter -375
C/G increases the risk of gastric cancer in Indian population [53]. Recently
described downstream signalling molecules of MMP-7 include E-cadherin, Fas
ligand and pro TNFa. E-cadherin is a cell adhesion molecule, which is responsible
for the epithelial to mesenchymal (EMT) transition during cancer progression.
Witty et al. reported that the colon cancer cells gained significant invasive potential
when MMP-7 was transfected to them. Studies also emphasized the involvement of
MMP-7 to the tumourigenicity and disease progression in malignant colorectal
tumours [54]. Reverse transcription-polymerase chain reaction (RT-PCR) data
revealed high expression of MMP-7 mRNA in the sentinel node lesions in patients
with gastric carcinoma. In addition, SNP in MMP-7 promoter at -181 A/G increases
the gastric cancer risk as reported from our laboratory [53, 55, 56].
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In vitro studies on gastric cancer, cell lines demonstrated that the gene and
protein levels of human epidermal growth factor 2 (HER 2) and MMP-9 are very
tightly associated in the pathogenesis of gastric cancer [57]. Knocking down of
HER 2 gene by shRNA significantly inhibited the invasion and metastasis of gastric
cancer by downregulating the expression of MMP-9 while HER 2 overexpression
again improved the MMP-9 transcription.

Yoo et al. found that signalling through sonic hedgehog pathway promotes the
invasiveness of gastric tumours through activation of PI3 k/Akt pathway leading to
EMT followed by MMP-9 activation [58]. Alakus et al. found that expression of
MMP-2 was linked with the clinicopathological parameters in gastric cancer. High
expression of MMP-2 from epithelial cells was associated with tumour stage and
poor survival [59].

2.3 Specific Role of MMPs in Colorectal Cancer

Colorectal cancer (CRC) is a complex, multistage process, starts from neoplasia,
followed by tissue invasion, vascular intra and extravasation and distant metastasis.
The stromal cells of colon interact with the ECM and breakdown of ECM com-
ponents is important for a cell to migrate from the primary site of tumour. Research
on CRC has elucidated the role of distinct immune cells, cytokines and other
immune mediators in virtually all steps of colon tumourigenesis, including initia-
tion, promotion, progression and metastasis [60].

All groups of MMPs play role in the development as well as progression of
CRC. The collagenases, i.e. MMP-1 and MMP-13 expressions were observed in the
advanced stages of CRC with the lymph node involvement and poor prognosis.
Huang et al. reported an approximately eightfold increased risk of post-operative
recurrence in those patients who had MMP-13 overexpression [61]. There are
studies on correlation of MMP-2 and -9 expressions with CRC and worse outcome.
Patients having lymph node metastasis with CRC had an elevated level of plasma
MMP-2 compared to the patients of early stage. Some reports also suggested serum
MMPs as candidate biomarkers for CRC metastasis, as researchers have found
higher ratio of expressions of MMP-2 and MMP-9 in CRC patients compared to
normal subjects, and TGFb is the key transcription factor responsible for MMP-9
expression [62, 63]. Elevated level of p38 gamma MAPK induces c-Jun synthesis,
which in turn, increases the transcription of MMP-9, thus invasion in CRC [64].
TGFb receptor kinase blocker was found effective to reduce MMP-9 expression and
block CRC metastasis [65, 66]. In addition, MMP-7 was also found to activate
proMMP-2 and proMMP-9 to promote lymph node metastasis, and upregulation of
MMP-7 was found in *80% of advanced stage of CRC [64]. MMP-7 knockout
mice models of CRC demonstrated decreased tumour burden and reduced colon
cancer multiplicity. Interestingly, MMP-12, also called the metalloelastase, was
found to be protective in CRC and its inhibition was lethal in experimental animal
models. Higher expression of MMP-12 inhibits distant metastasis by downregu-
lating VEGF expression and angiogenesis in CRC [64].
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2.4 MMPs in Inflammatory Bowel Disease

Ulcerative colitis and Crohn’s disease both together called as inflammatory bowel
disease IBD, which can affect any segment of the gastrointestinal tract. From the
epidemiological survey, it was seen that genetic predisposition for IBD might play a
role towards development of malignancy from IBD [67]. Epidemiological studies
estimated the occurrence of IBD is 1 in 1000 individuals in western countries, but
the rate is rising globally because of the lifestyle and diet [68]. Histologically, the
disease is characterized by presence of granulomas, fibrosis in the tissue space
along with fistulae [69].

The levels of several MMPs including MMP-1, MMP-2, MMP-3, MMP-7,
MMP-9, MMP-10, MMP-12, MMP-13 are modulated during IBD pathogenesis in
the inflamed colon mucosa or serum [70, 71]. Gene expression profiling demon-
strated the transcriptional upregulation of MMP-1 with the severity of the disease
and is linked with hypoxia inducing factor-1. Most importantly, the critical ratio of
MMP-1: TIMP-1 gets altered with the severity of the disease [70]. The secretory
MMP-9 mucosal expression level as well as serum antigen level was found sig-
nificantly higher in ulcerative colitis patients compared to healthy subjects [72]. In
vivo gelatinases double knockout mice model showed resistance from DSS, TNBS
and Salmonella typhimurium-induced colitis [73]. In addition, MMP-12−/− mice
were protected from TNBS-induced colitis [74]. Beside gelatinases, stromelysins
(MMP-3 and MMP-10) were also found upregulated in the inflamed areas of IBD
patients. SiRNA mediated silencing of MMP-3 confers protection from
DSS-induced colitis [75]. A study in New Zealand patient pool on SNP showed that
genes of MMP-3, MMP-8, MMP-10 and MMP-14 were associated with IBD [76].

Accumulating data from several studies indicated that IL-17A and IL-17F can
act as inducers for the secretion of MMP- 1 and -3 in subepithelial myofibroblasts
and also promote the actions of IL-1 and TNF- on these MMPs via MAPK
mediated pathway [77]. The disruption in the protease–antiprotease balance of
MMP: TIMP may also promote fibrosis in the intestine during the disease pro-
gression. In humans, the fibrosis in the gut is inhibited by TGFb/Smad pathway
where MMPs are downregulated and TIMP expression gets upregulated. MMPs
regulate both pro- and anti-angiogenic factors which may contribute to the patho-
genesis of IBD or mucosal healing. While new mechanisms are emerging for the
IBD pathogenesis, it is crucial to understand the scenario where MMPs play sig-
nificant role in mucosal healing, ECM remodelling, regulation of angiogenesis or
immune response during disease pathogenesis.

2.5 Implication of MMPs in Crohn’s Disease

Crohn’s disease is a chronic inflammatory disease of the digestive tract and also
falls under IBD. It affects the end of the small intestine, i.e. the ileum, but it may
also affect other parts of the gastrointestinal tract and the entire thickness of the
intestinal wall [78]. Epidemiology states that Crohn’s disease affects approximately
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3 per 1000 individual in western countries, and it is less common in Asia and Africa
[68].

MMPs have been strongly implicated in the tissue injury in Crohn’s disease.
Recently, elevated expressions of MMPs have been found in the inflamed tissues of
patients having Crohn’s disease [79], which implies that there is a role of MMPs in
the increased proteolysis in the mucosa, ulceration followed by inflammation and
fistula formation. MMP-9 gets upregulated in the inflamed tissues, and MMP-9
transcripts were found only in the highly inflamed regions of the tissues [80].
MMP-3 levels were also found elevated in mononuclear macrophage-like cells and
fibroblasts in patients [81]. There were no significant differences in MMP-2
expression reported. Downregulation of TIMPs is also very significant as TIMP-1,
TIMP-2 and TIMP-3 level goes down during acute stage of the disease [82]; thus,
disrupts the protease–antiprotease homeostasis. In addition, high MMP-3 expres-
sion was consistently found in fistulae in patients suffering from Crohn’s disease.
Microarray analysis of the inflamed tissue lysates showed that MMP-3 transcripts
and proteins were localised particularly in large mononuclear cells as well as
macrophages. Although MMP-10 falls under the same stromelysin group of MMP
family with MMP-3, transcripts as well as expression of MMP-10 were found
negative. Moreover, SNP in the promoter region of MMP-3 gene in 5A/6A position
confers higher rate of promoter activity and increases the susceptibility of the
disease [83] (Table 1).

3 Role of Microbiome in Gastrointestinal Ailments

Human beings are inhabited by a complex array of microorganisms that interact
with each other and with the host. They, as a whole, represent an integrated and
functional ecosystem (microbiota) that have important role in human health and
disease. The composition and diversity of the microbiota vary among different
normal individuals [84]. Herein, the latest findings on gastrointestinal microbiota, in
relation to their composition and prevalence in the presence or absence of H. pylori
infection are highlighted. It was a notion that stomach is a sterile organ due to
several innate defences including acid secretion, migrating motor complexes,
enterosalivary circulation of nitrate. However, there is a significant influence of
microorganisms on stomach and intestinal microenvironment, both in physiological
and pathological conditions (Fig. 4).

3.1 Helicobacter pylori Mediated Gastric Ulcer
and Involvement of MMPs

Nobel laureate Robin Warren and Barry Marshall discovered the role of H. pylori in
gastric ulcers in the year 1982 and considerable literature documented the presence
of many acid-resistant strains, such as Streptococcus, Neisseria, Lactobacillus etc.
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Fig. 4 Microbiome in human gut and MMPs expressed. Histology of the epithelium of stomach
infested with pathogenic bacteria shows denudation and exfoliation of the layers in comparison
with the control. Infiltration of inflammatory cells in the connective tissue is the benchmark of
inflammation due to infection. The bacterial population and MMP expressed in presence and
absence of H. pylori are shown in tables, but there is a gap in the information about the MMPs
expressed in particular infection of the gastric system

Table 1 Involvement of different MMPs with their activating cytokine/chemokine in different
gastrointestinal pathologies and expressing cell types

Disease MMP involvement Activating
factor

Expressing cell

Gastric
ulcer

MMP-1, MMP-2, MMP-3,
MMP-7, MMP-10,
MMP-12
MMP-14

Cytokine
factor

Migrating epithelial cell, connective
tissue

H. pylori
induced
gastritis

MMP-2
MMP-9

NF jb,
IL-12
TNR

Fibroblasts, keratinocytes, endothelial
cells, monocytes and macrophages
express

Gastric
cancer

MMP-3
MMP-8
MMP-9

NF-jb Gastric epithelial cells

Colon
cancer

MMP-1
MMP-2
MMP-7
MMP-9
MMP-13

TGF-b,
SMAD

Colon epithelial cells

IBD MMP-1, MMP-2
MMP-3, MMP-7
MMP-9, MMP-10
MMP-13

IL-37,
IL-1,
NF-jb

Colonic epithelia

Crohn’s
disease

MMP-3
MMP-9

IL 12,
TNF-a

Granulated epithelial cell
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[85–87]. H. pylori has been recognised as a Class I carcinogen [88]. There is
enormous heterogeneity in the consequences of H. pylori infections. People acquire
the infection early in life and are followed by a long quiescent phase when there is a
chronic gastritis of variable intensity but with minimal symptoms [89]. Infection
with H. pylori is not sufficient to induce gastric cancer, some other factors, i.e.
bacterial and host cofactors are required to establish the disease [90, 91]. Only 10–
15% of individuals infected with H. pylori develop ulcerative lesions in stomach,
and the risk of gastric cancer is estimated to be approximately 1–3% [85, 92, 93].

Vitro studies suggest that H. pylori induce apoptosis of gastric epithelial cells
and stimulate epithelial cells to secrete several chemoattractants [94]. Moreover,
there is a marked increase in Th1-type cytokines, including IFN-c, IL-12 and
TNF-a in H. pylori-infected mucosa, all of which have been reported to be involved
in tissue degradation in other systems [95, 96].

H. pylori infection induces the secretion of MMPs from a variety of gastric cells
in vivo as well as in cultured cells, which in turn contribute to the pathogenesis of
gastric ulcer and gastric cancer [97–99]. Gastric epithelial cells appear to be the
major source of MMPs in H. Pylori-infected gastric tissues [100, 101]. A recent
hospital-based study on gastric cancer patients with H. pylori infection revealed that
the infection upregulated the expression of MMP-1 and MMP-10 [102, 103].
MMP-1 predominantly degrades the stroma, which is linked with invasion and
metastasis [23]. In addition, microarray analysis of uninfected human gastric
epithelial cell line (AGS) and H. Pylori-infected co-cultures demonstrated that
along with MMP-10, several other MMPs, such as MMP-1, MMP-7, MMP-25
genes were also upregulated [104, 105]. Among them, MMP-10 showed significant
increase in expression in comparison to other MMPs [103].

3.2 Human Gastric Microbiota and Gastric Disorders

The gastrointestinal tract is the most populated organ in human body. Different sites
of the GI tract are inhabited by different microbiota, including the stomach [106].
The very low pH value (median pH 1.4) of stomach makes it a very harsh and
hostile environment for bacterial growth. Thus, the microbial colonization in
stomach is very less (102–104 colony forming units (CFU)/g) compared to colon
(1010–1012 colony forming units (CFU)/g) [107]. The major constituent of human
gastric microbiota is the Proteobacteria H. pylori although many other bacteria can
also survive in this hostile environment, making it more diverse and complex.
Along with the host physiology various other factors, including diet, H. pylori
infection, enteral feeding, proton pump inhibitors, antibiotics and diseases shown to
contribute in shaping the gastric microbiota [108]. With the advances of the
DNA-based sequencing technologies, the culture-independent survey of human
gastric microbiota is possible based on the analysis of a gastric biopsy sample. In
2013, Sheh and Fox summarized in their study that in stomach the most commonly
found phyla are Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria and
Fusobacteria. The most abundant phyla are Proteobacteria, Firmicutes and
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Actinobacteria for H. pylori positive samples, while Firmicutes, Bacteroidetes and
Actinobacteria are most abundant phyla for H. pylori-negative samples [109].
Interestingly, H. pylori being the most dominant bacteria comprise of 72–99% of
sequencing reads in the stomach [110, 111]. Other commonly identified genera are
of Streptococcus, Prevotella, Veillonella and Rothia species [112]. Surprisingly, the
correlation was found only between the presence of Streptococci and peptic ulcer
disease [113]. Another study compared gastric microbiota profile according to
H. pylori status in chronic gastritis patients using high-throughput 16S rRNA
sequencing. The microbiota of H. Pylori-negative patient sample was represented
by the member of bacterial class alpha-, beta-, gamma-proteobacteria, bacilli,
bacteroidia, clostridia, flavobacteria and fusobacteria [114].

The model proposed by Correa postulated that the chronic H. pylori infection of
the gastric mucosa progresses through different stages like chronic active gastritis,
intestinal metaplasia, dysplasia to subsequent development of gastric cancer [115].
Nonetheless, it has been clearly identified that H. pylori is the major risk factor in
gastric cancer development [116, 117].

Other studies suggested that there is a gradual shift in the composition of gastric
microbiota, which might plays a key role in the progression of pre-malignant
lesions to gastric carcinoma. Additionally, gastric cancer samples showed decrease
in the relative abundances in bacteria belonging to the phyla Proteobacteria, namely
Neisseria spp, Haemophilus spp, Bergeriella denitrificans, Epsilonproteobacteria
and Helicobacteriaceae [114, 115] as well as Bacteroidetes (Porphyromonas spp
and Prevotella pallens). The bacteria within the phyla Firmicutes are increased
(Streptococcaceae, Lachnospiraceae and Lactobacillus coleohominis) [114, 115] or
decreased Streptococcus sinensis [115].

4 Targeting MMPs as Therapeutic Strategy

Protease inhibitors are essential tools for the investigations of MMPs activities.
They are useful not only for assessing the activity but also for inhibition of
unwanted proteolysis in an experimental system. People started working on MMPs
after proving its role on cancer stage, patient prognosis and death. Almost every
pharmaceutical company started manufacturing MMP inhibitor (MMPI) to block
MMP-mediated angiogenesis and metastasis. The programme started about
25 years ago and led to a number of small-molecule inhibitors in phase III clinical
trials [25, 118, 119].

Chelating agents such as EDTA and 1,10-phenanthroline are routinely used in
the laboratories to block MMP activities in in vitro experiments. Synthetic inhi-
bitors commonly contain a chelating moiety, such as a carboxyl, a thiol, a phos-
phorous or a hydroxamic acid group. The chelating group is attached to a series of
other groups that fit the specificity pocket of a particular metallopeptidase [120].
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4.1 Endogenous MMP Inhibitors: TIMPs

TIMPs contain an N- and C-terminal domain of *125 and 65 amino acids,
respectively, with each containing three conserved disulfide bonds. The N-terminal
domain folds as a separate unit and is capable of inhibiting MMPs. However, their
range of activities is broader as it inhibits several disintegrin-metalloproteinases,
namely ADAMs and ADAMTSs. Pathological conditions are associated with
imbalanced MMP activities due to altered TIMP levels as important factor.
Structural studies of TIMP-MMP complexes have allowed the generation of TIMP
variants that selectively inhibit different groups of metalloproteinases. Engineering
such variants is complicated by the fact that TIMPs can undergo changes in
molecular dynamics induced by their interactions with MMPs. TIMPs are involved
in cell growth and differentiation, cell migration, anti-angiogenesis, anti- and
pro-apoptosis and synaptic plasticity [120, 121].

4.2 Antibody-Based Inhibition Targeting Catalytic Domain

Reports are available on the use of functional blocking antibodies, which have high
potency for MMPs. Several functional blocking antibodies have been developed
that selectively target the membrane-anchored MMPs. Combining a human anti-
body phage display library with automated selection and screening strategies
resulted in the identification of a highly selective antibody-based MMP-14 inhibitor
called DX-2400. It displayed anti-invasive, antitumour and anti-angiogenic prop-
erties and blocked MMP-14 mediated pro-MMP-2 processing [122]. To date, at
least two monoclonal antibodies have been tested which bind to the catalytic
domain, without interacting with the catalytic zinc. DX-2400 is a MMP-14 specific
inhibitor, which binds to the catalytic domain with a Ki in the sub-nanomolar range.

Thus far, preclinical studies of DX-2400 indicated that the antibody is capable of
inhibiting all of these activities while there was no measurable effect on other
MMPs. In mouse studies, the drug was observed to decrease tumour burden sig-
nificantly and decreased metastases in lung and liver. Further, DX-2400 was
effective against HER2-positive xenografts both when used as a single agent or in
combination with paclitaxel. This marks DX-2400 as an attractive candidate for
patients diagnosed with triple-negative breast cancer, although clinical trials for this
therapeutic have not yet been initiated [118, 122].

Other groups developed selective MMP-14 inhibitory antibodies that were
successfully tested in vitro and in vivo. The neutralizing monoclonal antibody
REGA-3G12 acts as a selective inhibitor of MMP-9 by binding against catalytic
domain but not against the fibronectin or zinc-binding domains. A murine mono-
clonal antibody, termed REGA-3G12, has also been generated by hybridoma
technology against the catalytic domain of human MMP-9. This inhibits MMP-9
without affecting activity of MMP-2, which shares high homology. Therefore, a
therapeutic that can differentiate between these two highly similar enzymes may
prove very useful [120]. In this regard, blocking antibodies were found to act on
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specific functions of the MMP rather than the general proteolytic activity. For
example, 9E8 monoclonal antibody targets the MMP-2 activation capacity of MT1–
MMP rather than the general proteolytic activity [118, 121].

The mechanism for TIMPs to inhibit MMPs can be utilized to develop different
antibody-based strategies for effectively targeting the in vivo activity of
MMP. A neutralizing antibody was developed based on the three-dimensional
structure and amino acid sequence of MMP-13, which bind only to the active form
of MMP-13. Monoclonal antibody against MMP-2 exhibited inhibition over
MMP-2 activity but did not affect the structurally similar MMP-9 activity [121].

4.2.1 Hemopexin Domain Inhibitor and Small Molecule
Inhibitor of MMPs

The interaction of inhibitor with the hemopexin-like domain prevents binding of
endogenous partners that can promote angiogenesis or cancer cell migration. The
hemopexin domain among different MMPs exhibits significantly less sequence and
structural homology compared to the catalytic domain. This domain comprises a
succession of four structurally similar hemopexin-like repeats to create a central
funnel-like tunnel. Each hemopexin-like repeat is made up of four b-strands; the
first three b-strands bear the highest homology across the MMP family whereas the
b4 strands bear the least. As many as four structural ions have been found to be
coordinated within this tunnel, and it has been proposed that these ions confer a
stabilizing function for the whole domain. MMP-9 has only a sodium ion and
displays a flexible architecture and considerable deviation from the structure of
hemopexin domains reported for other MMPs. The first ion binding position, which
is closest to the linker region connecting the hemopexin domain to the catalytic
domain, is generally either a sodium or calcium ion [122].

In silico analysis of the MMP-14 hemopexin domain identified a druggable
pocket-like site in the centre of the hemopexin structure. Binding of small molecule
compounds in this site should, in theory, allosterically block dimerization. Com-
pounds which bind to the hemopexin domains and prevent dimerization have been
shown to significantly decrease tumour size, reduce MMP-mediated cell
scattering/invasion, angiogenesis, and tumour metastasis both in vitro and in animal
models. A subsequent docking study of small-molecule compounds led to identi-
fication of a compound which is selective for MMP-14 compared to MMP-2 and
was not cytotoxic and did not affect catalytic activity (including MMP-14-mediated
activation of MMP-2). Report is there for inhibition of hemopexin domain that was
effective in attenuating cancer cell migration and in vivo-reduced tumour volume.
In another study, an inhibitor was made with no proteolytic or cytotoxic effects
while significantly decreased cancer cell migration and invasion and significantly
decreased tumour size as well as the number of metastases in vivo [120, 123, 124].

Bimodal approach confers increased selectivity for MMP-2 as compared to
individual subunit. A fusion protein has been designed which links the ten amino
acid sequences of a MMP-2 selective inhibitory peptide (APP-IP, a b-amyloid
precursor protein) to the N-terminus of TIMP-2. This macromolecular protein,
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which binds with a Ki in the sub-picomolar range, is designed to interact with both
the active site and the hemopexin-like domain of MMP-2 [125–127].

In addition, small peptides have been used successfully to block dimer-induced
functions of MMPs. Owing to induced intracellular cytoskeleton rearrangements
necessary for processing of migration and invasion machinery, MMP-14 homod-
imerizes and also heterodimerizes with CD44. This includes proteolysis of
proMMP-2 by MMP-14. A number of peptides generated that mimic the sequence
of the residues of hemopexin-like domains required for dimerization were able to
reduce tumourigenic effects in vitro and in vivo [128] (Table 2).

Table 2 Synthetic MMP inhibitors and their application in different diseases

Inhibitor name MMPs inhibited Disease model Clinical trial Reference

Batimastat (BB-94) Broad-spectrum
MMPs

Various tumours Yet to be approved [129]

Neovastat (AE-941) MMPs 2, 9, 12;
VEGFR-2

Renal cell
carcinoma,
non-small cell
lymphoma

Phase III of
clinical trial

[130]

Prinomastat
(AG-3340)

MMPs 2, 3, 9,
13, and 14

Renal cell
carcinoma

Phase III of
clinical trial
completed

[131]

Rebimastat
(BMS-275291)

MMPs 1, 2, 8, 9,
and 14

Advanced
non-small cell lung
cancer

Phase III of
clinical trial

[132]

Marimastat (BB-2516) Broad-spectrum
MMPs

– Development
terminated due to
poor performance
in clinical trial

[133]

Ilomastat MMPs (1–3, 8,
9)

– – [118]

Doxycycline hyclate
(Dermostat, Periostat)
[CollaGenex
Pharmaceuticals]

Collagenase Periodontal
disorders

Launched [127]

Rosacea Phase III

Acne Phase II

AZD 8955 [Astra
Zeneca]

Collagenase Osteoarthritis Phase II

PCK 3145 [Ambrilia
Biopharma]

MMP9 Prostate cancer Phase II

Apratastat
[Amgen/Wyeth]

MMP1, MMP9,
MMP13, TACE

Rheumatoid
arthritis

Phase II

Incyclinide
[CollaGenex
Pharmaceuticals]

MMP2 Acne Phase II

Brain cancer Phase II

Kaposi’s sarcoma Phase II

Cancer metastases Phase I

Solid tumours Phase I
(continued)
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5 Limitations/Challenges for MMPs Inhibition

Although several preclinical research that supported the importance of MMPs in
cancer, all Phase III cancer trials using different inhibitors of MMPs are failed
unfortunately. The major reason is lack of specificity of inhibitors and insufficient
knowledge on the complexity of cancers [118]. The information of preclinical
studies in the mouse models and the clinical trials in patients varied much that
might be the reason behind the failure of the clinical trials as well as adverse effect
on patients. The adverse effects were mostly due to their broad-spectrum inhibition
of MMPs and the cross-inhibition among other family of proteins, e.g. ADAM (a
disintegrin and metalloproteinase) and ADAMTS (ADAMs with thrombospondin
motifs). In addition, several MMP inhibitors were neither metabolically stable, nor
orally bio-available and toxic as well. In mammals, MMP genes are conserved
indeed and are essential for normal functioning of the organism. It is worth men-
tioning that MMPs activities are not always harmful but becomes detrimental with
its anti-targets actions in other physiological conditions. In contrast to other pro-
teases (like caspases), most MMPs contain conserved amino acid sequences having
high homology in the substrate binding domain which hinders the fabrication of
specific substrate-based inhibitors. Interestingly, the evolution of many MMPs
occurred by gene duplication in the mammalian genome, that leads to the formation
of MMP genes clusters on particular chromosomes (for example, the
chromosome-9 in the proximal mouse harbours ten MMP genes in less than
500 kb) and possess widespread homology in their amino acid sequence. As a
consequence, translating in vitro research work with in vivo applications remains a
difficult task. In vitro studies with active MMP and any protein are resulted in
cleavage at particular sites. However, this cleavage might not essentially occur in an
in vivo condition in physiological system. Scientists had attempted in knocking out
many MMP-coding genes in mouse models (as in vivo systems) to investigate the
consequences of the absence of these genes. However, not much has been evaluated

Table 2 (continued)

Inhibitor name MMPs inhibited Disease model Clinical trial Reference

ABT 518 [Abbott
Laboratories]

Unknown Solid tumours Phase I

MPC 2130 [Myriad
Pharmaceuticals]

Unknown Cancer Phase I

Haematological
malignancies

Phase I

MMP12 inhibitor
[Merck]

MMP12 Multiple sclerosis Phase I

AS111793 [Serono
Pharmaceutical
Research Institute
(Geneva,
Switzerland)]

MMP12 Reduces airway
inflammation in
mice exposed to
cigarette smoke

– [134]
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in tissue-specific knockout mice as there is no obvious phenotypic abnormality in
unstimulated conditions in most MMP-deficient mice (except for MMP-14 and
MMP-20 deficient mice). Moreover, insufficient knowledge on the spatiotemporal
activities of MMPs in pathological conditions adds to the unsuccessful attempts for
clinical trial of MMP inhibitors.

6 Future Directions

A plethora of literature as well as supporting data revealed that MMPs play crucial
roles in both physiological and pathological processes. They could be exploited as
independent prognostic factors in gastrointestinal inflammation and malignancies.
MMPs are associated with multiple diseases; hence they can be considered as drug
targets to treat those diseases. A number of studies from knockout mice and in vitro
cultured cells have shown that their involvement as integral part in acute as well as
chronic inflammation. The major task for the future is to design specific MMP
inhibitors and to elucidate the crosstalk among the members of MMP family. Newer
activity-based imaging probes specific for MMPs will facilitate the elucidation of
the structural role of inhibitors in gastrointestinal disorders. Although, clinical trials
with the therapeutic MMP inhibitors encountered several challenges, studies in both
in vivo and in vitro are in progress to target the specific MMP in gastrointestinal
pathologies. Interaction between different transcription factors and different MMP
promoters provides valuable insights into the mechanism of disease progression.
Inhibition to specific MMP in gastrointestinal disorders and its effect at multiple
cellular pathways become formidable task for therapeutic use. Although, mono-
clonal antibody-based therapy is promising for the prognosis and therapy of gas-
trointestinal cancers, however, its validation in experimental knockout animals and
cancer models is prerequisite. Tailor-made therapies and drugs based on set of
specific MMP in gastric disorders of different individual could be useful to develop
good quality drug. Moreover, development of assay tool against a set of MMPs may
lead to formulate commercially viable kits for early prognosis of gastrointestinal
diseases using patient serum. Nonetheless, a role for MMPs in pathology of gas-
trointestinal tract could be related to tissue-specific expression and function of
MMPs and be exploited as target for therapies.
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