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Preface

Matrix metalloproteinases (MMPs) are a family of proteolytic zinc-containing enzymes in-
volved in physiological as well as in pathological processes in the human organism. MMPs
play a key role in the remodeling of the extracellular matrix (ECM). Such a process may oc-
cur because of tissue homeostasis, morphogenesis, and tissue repair. However, remodeling
could also be a part of many pathological states such as arthritis, cardiovascular diseases,
neurodegenerative diseases, or impaired development in congenital anomalies. This book
overviews the role of MMPs in different pathologies affecting the human body.

In particular, the role of MMPs is discussed in the context of cardiovascular diseases. MMPs
play a fundamental role in remodeling cardiac ECM in both normal and pathological condi-
tions. Changes in bioavailability of MMPs lead to pathological remodeling patterns that may
eventually lead to acute and chronic heart failure, acute coronary syndromes (restenosis),
atherosclerosis, and cardiomyopathies.

Also, since MMPs are capable of degrading components of the ECM responsible for remod-
eling during angiogenesis, abnormal levels of these enzymes have been associated with the
development of pathologies such as retinal ischemia and age-related macular degeneration
(AMD). It is discussed how MMPs can degrade the basilar membrane allowing capillaries to
grow beneath the retina and between retinal layers. Frequent bleeding of these capillaries
causes growth of fibrous tissue, retina swelling, and, consequently, impaired vision.

In the skin, MMPs play an important role in maintaining homeostasis and various patho-
physiological conditions, such as skin aging and skin cancer. Reviews are presented about
research progresses on MMPs in skin aging and skin cancer, including potential therapeutic
approaches based on the development of MMP-specific nontoxic inhibitors.

The process of wound healing involves MMPs: during inflammation, MMPs degrade the
ECM and disintegrate the capillary membrane, so that angiogenesis and cell migration take
place and the damaged tissue can remodel. The imbalance in MMPs may increase the chron-
icity of a wound. The role of MMPs in wound healing is discussed with special emphasis on
the effects of MMP unbalance in diabetic patients.

Finally, MMPs are also implicated in ECM molecule signaling and can influence prolifera-
tion, migration, differentiation, and apoptosis of cells. Their actions and activity are regulat-
ed through different mechanisms: regulation of transcription, activation of latent MMPs,
and inhibition of MMP function by tissue inhibitors of metalloproteinases. About 9 of 23
human genes encoding MMPs are located on chromosome 11. A review on genetic varia-
tions in MMPs and their association with cardiovascular and neurological diseases, as well
as MMP therapeutic potential through synthetic inhibitors, is reported.

Francesco Travascio, PhD
University of Miami
Coral Gables, Florida, USA
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Chapter 1

Overview of MMP Biology and Gene Associations in
Human Diseases

Tamara Djuric and Maja Zivkovic

Additional information is available at the end of the chapter
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Abstract

Interactions of cell with the extracellular matrix (ECM) are crucial for normal develop-
ment and functioning of the human organism. By regulating ECM integrity and composi-
tion matrix metalloproteinases (MMPs) play the main role in ECM molecules signaling
and influence processes such as proliferation, migration, differentiation and apoptosis.
ECM remodeling is a highly regulated process. When imbalanced it could contribute to
pathophysiology of many diseases. The MMPs actions and activity are regulated through
different mechanisms such as regulation of transcription, activation of latent MMPs, inhi-
bition of MMP function by tissue inhibitors of metalloproteinases. MMPs are a family of
calcium- and zinc-dependent endoproteinase, which share similar structural domains,
but differs in substrate specificity, cell localizations and inducibility. Genetic variations in
MMPs have been associated with a number of diseases, still not all findings are reproduc-
ible. Nine of 23 human genes encoding MMPs are located in a cluster on chromosome
11, which implicate their haplotype-driven effects. They could be important mediators of
disease severity and could trigger acute events. In this chapter, we will review the basics
of MMP biology and the most significant associations of MMPs variations with cardio-
vascular and neurological diseases in humans and MMPs therapeutic potential through
synthetic inhibitors.

Keywords: MMP structure, MMP activation, MMP regulation, microRNA, MMP inhibitors,
genetic variations, MMP haplotype

1. Introduction

Matrix metalloproteinases (MMPs) are a family of calcium (Ca*)- and zinc (Zn*)-dependent
proteolytic enzymes involved in physiological as well as in pathological processes in the
human organism. Initially they were thought to degrade only the extracellular matrix (ECM)

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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components, but nowadays it is well known that they have wider substrate specificity that
includes non-matrix proteins of which the vast majority are bioactive molecules. Cell-cell
and cell-ECM interactions are inevitable for normal development and functioning of the
organism. Various proteinases are implicated in ECM remodeling, but MMPs are playing
the key role. Remodeling of the tissue is crucial for physiological processes such as devel-
opment, tissue homeostasis, morphogenesis and tissue repair. It could be a part of many
pathological states such as arthritis, cardiovascular diseases, neurodegenerative diseases or
part of the impaired development in congenital anomalies [1-4]. By regulating ECM struc-
ture and composition, MMPs are involved in growth factor availability and are playing the
main role in the function of cell surface signaling systems and in that way influence prolifera-
tion, migration, differentiation and apoptosis [5]. The importance of their role in the physi-
ological functioning of the human organism entails strict regulation of the expression and
the activity of MMPs. They are regulated through different mechanisms such as regulation
of transcription, activation of latent MMPs, inhibition of MMP function by tissue inhibitors
of metalloproteinases (TIMPS) and so on. There is growing evidence that genetic variations
in MMPs can influence gene expression or protein activity. Nine of 23 human genes encoding
MMPs are located in a cluster on chromosome 11 (11q22.2-11q22.3) [6], which implicate their
haplotype-driven effects. It has been shown that MMPs are important mediators of disease
severity or could trigger acute events. Since they are involved in a wide spectrum of physi-
ological and pathological processes, there is a need for determination of their precise role in
different tissue and cell-specific context as well as in different stages of disease development
or progression. Only then the therapeutic potential through the development of the specific
inhibitors could be accurately implemented. In this chapter, we will discuss the main struc-
tural, substrate and functional properties of MMPs and give a brief review of the genetic
associations with cardiovascular, neurodegenerative diseases and congenital anomalies in
humans.

2. Matrix metalloproteinases

MMPs or matrixins belongs to the large family of proteinases called metzincin superfamily.
Regarding its structural characteristics metzincins are subdivided into five subgroups. Other
members of this superfamily are adamalysins, including a disintegrin and metalloproteinase
(ADAMs) and ADAM with thrombospondin-like motif (ADAMTS), astacins, serralysins and
pappalysins [7]. MMPs are expressed as zinc-dependent endopeptidases and have a wide
spectrum of biological substrates that are overlapping. There are 24 genes encoding MMPs in
humans, including duplicated MMP-23 gene. So, there are 23 different MMPs in humans [8].
They were named as MMP by the International Union of Biochemistry and Molecular Biology
and each member of the enzyme family was assigned by a number (MMP-1, -2, -3 etc.) [9].
All MMPs contains the Zn** binding motif, HEXXHXXGXXH, in their catalytic domain and
a conserved methionine forming a ‘Met-turn’; are secreted in pro-pre enzyme form; need
Ca* for its stability; function at neutral pH; are inhibited by TIMPs. The MMPs can be and
are classified in different ways. The most common classification is based on their substrate
specificity and basic domain structure. According to these criteria MMPs are subdivided into
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collagenases, gelatinases, stromelysins, matrilysins and membrane type-MMPs (MT-MMPs).
However, there are MMPs that do not belong to any of this group specifically so they are
grouped as “others” (Figure 1).

2.1. Structure of MMPs

MMPs domain composition and arrangements are presented in Figure 1. MMPs protein con-
tains at least three homologous domains: signal peptide responsible for protein secretion, pro-
peptide domain containing a consensus cysteine-switch sequence and is needed for activation
of the enzyme, catalytic domain which contains a zinc-binding consensus sequence and is
responsible for the proteolytic activity.

Amino-terminal signal peptide is composed of 17-29 amino acids and is responsible for tar-
geting the enzyme to the endoplasmic reticulum and Golgi complex and for the later excre-
tion out of the cell. The most of the MMPs are extracellular proteins except MT-MMPs that
are bound to the cell surface by a transmembrane domain or glycosylphosphatidylinositol
anchor.

The next, pro-peptide domain consists of 77-87 amino acids and have conserved ‘cysteine
switch” motif. All MMPs except MMP-23 have this motif. The thiol group from the unpaired
cysteine molecule could bind to the Zn*" in the catalytic domain, making the pro-MMPs inac-
tive [10]. After the proteolytic cleavage of the bite region of the protein (serine protease, MMPs
and furin) the pro-peptide domain become destabilized and the interaction between Zn*" and
cysteine disrupts which turns zymogens into the active MMP form. The modification of the
cysteine thiol group with physiological (oxidation) or non-physiological agents (heavy metal
ions) could lead to irreversible activation of the MMP by autolysis [11].

Catalytic domain contains approximately 170 amino acids and has the highest sequence
homology between the metalloproteinases. It comprises Zn* binding motif HEXXHXXGXXH
and a conserved methionine, forming a ‘Met-turn’. This domain contains additional Zn*" and
Ca?" ions that maintain the three-dimensional MMP structure needed for MMPs stability and
enzymatic activity [12]. MMP-2 and -9 also contains three tandem fibronectin II type repeats
that are responsible for elastin and gelatin binding. Typically in MMPs, carboxy-terminal end
is linked to hemopexin domain with linker peptide called ‘hinge region’. Hemopexin domain
consists of about 200 amino acids and modulates substrate recognition. The MMP-7, -26 and
-23 do not posses hinge region and hemopexin domain. MMP-23 has a unique carboxy termi-
nal domain rich in cysteine and an immunoglobulin-like domain after the C terminus of the
catalytic domain.

2.1.1. Collagenases

There are three collagenases: interstitial collagenase (MMP-1), neutrophil collagenase (MMP-8)
and collagenase 3 (MMP-13). Their main characteristic is to cleave fibrillar collagens type-I, -1I
and -III at the specific site of the triple helices, specifically three-fourths from the N-terminus.
In that way they are making characteristic ¥4 and % fragments. Beyond the fibrillar collagens
they also degrade a number of ECM and non-ECM substrates (Table 1).
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Figure 1. The domain composition and structural features of the MMPs subgroups.
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MMP Collagenous Noncollagenous ECM substrates Non-ECM substrates
substrates
MMP-1  Collagen types I, 1I, ~ Aggrecan, casein, serpins, al-antitrypsin/al-antichymotrypsin, IL-1(3,
III, VII, VIII, X and versican, perlecan, proteoglycan  latent TNF-a, MCP-1,-2,-3,-4, IGFBP-2, -3,
gelatin link protein and tenascin-C SDF-1, VEGF
MMP-2 Collagen types I, IV,  Aggrecan, elastin, fibronectin, IL-1p, Pro-IL-1p, SDE-1, MCP-3, IGFBP-
V, VII, X, XI, XIV laminin, perlecan, proteoglycan 3, latent TGF-{3, latent TNF-«, FGFR1,
and gelatin link protein and versican pleiotrophin, CTGF
MMP-3  Collagen types II, IV, Aggrecan, casein, decorin, elastin, al-antitrypsin/al-antichymotrypsin, IL-1§3,
IX, X and gelatin fibronectin, laminin, perlecan, Pro-IL-13, MCP-1,-2,-3,-4, SDF-1, IGFBP-1,
proteoglycan, proteoglycan link -3, latent TGF-3, latent TNF-a, Pro-HB-EGF,
protein and versican osteopontin, VEGF
MMP-7 Collagen types I, II, ~ Aggrecan, casein, elastin, al-antitrypsin, Pro-HB-EGF, Latent TNF-q,
III, V, VI and X entactin, laminin and syndecan-1, osteopontin, cellular membrane
proteoglycan link protein bound FasL, VEGF
MMP-8  Collagen types I, II, Aggrecan and laminin al-antitrypsin, CXCL5, IL-8
111, V, VII, VIII, X
and gelatin
MMP-9 Collagen types V, Fibronectin, laminin, al-antitrypsin, IL-1§3, Pro-IL-1(3, CXCL5, IL-8,
VI, VII, X and XIV proteoglycan link protein and SDF-1, latent TGF-@, latent TNF-a, IL-2Ra,
versican IGFBP-1, VEGF
MMP-10 Collagen types II, IV, Fibronectin and laminin
V and gelatin
MMP-11  None known Laminin al-antitrypsin, IGFBP-1
MMP-12 None known Elastin Latent TNF-a
MMP-13  Collagen types I, 1I, ~ Aggrecan, fibronectin, laminin, al-antichymotrypsin, latent TGF-, latent
I, 1V, V, IX, X, XI perlecan and tenascin TNF-a, MCP-3, SDF-1
and gelatin
MMP-14  Collagen types L, II,  Aggrecan, dermatan sulfate MCP-3, SDF-1
IIT and gelatin proteoglycan, fibrin, fibronectin,
laminin, perlecan, tenascin and
vitronectin
MMP-15 Collagen types I, II,  Aggrecan, fibronectin, laminin,
III and gelatin perlecan, tenascin and vitronectin
MMP-16  Collagen types I, IlI ~ Aggrecan, casein, fibronectin, VEGF
and gelatin laminin, perlecan and vitronectin
MMP-17  Gelatin Fibrin and fibronectin TNF-a
MMP-19 Collagen types I, IV Aggrecan, casein, fibronectin, VEGF
and gelatin laminin and tenascin
MMP-20 Aggrecan, amelogenin and
cartilage oligomeric protein
MMP-23  Gelatin Chondroitin sulfate, dermatan

sulfate and fibronectin



8 The Role of Matrix Metalloproteinase in Human Body Pathologies

MMP Collagenous Noncollagenous ECM substrates Non-ECM substrates
substrates

MMP-24  Gelatin Fibrin and fibronectin

MMP-25  Collagen type IV Casein, fibrinogen and
and gelatin fibronectin

MMP-26  Collagen type IV Casein al-antitrypsin

and gelatin

MMP-28

MMP, matrix metalloproteinase; ECM, extracellular matrix; IL-1 interleukin 1; TNF, tumor necrosis factor; MCP,
monocyte chemoattractant protein; IGFBP, Insulin-like growth factor-binding protein; SDF, stromal cell-derived
factor; VEGF, vascular endothelial growth factor; TGF, tumor growth factor; FGFR, fibroblast growth factor receptor;
CTGF, connective tissue growth factor; EGF, epidermal growth factor; CXCL5, C-X-C motif chemokine ligand 5; IL-8,
interleukin 8; IL-2R, interleukin 2 receptor.

Table 1. MMP substrates.

2.1.2. Gelatinases

So-called gelatinase A (MMP-2) and gelatinase B (MMP-9) belongs to this group. Both of
them have three repeats of a fibronectin type-II motif in the catalytic domain. They degrade
denaturated collagens as well as native collagens type-IV, -V and -XI. They also denaturate
gelatins, laminin and aggrecan and number of other ECM molecules. MMP-2, but not MMP-9
could cleave collagens type-I, -II and -III [13, 14]. Nevertheless, its collagenolytic activity is
weaker than that of collagenases. Still, because of ability of pro-MMP-2 to recruit to the cell
surface and to be activated by the MT1-MMDP, it can accumulate extracellularly and have
higher collagenolytic potential locally.

2.1.3. Stromelysins

Stromelysin 1 (MMP-3), stromelysin 2 (MMP-10) and stromelysin 3 (MMP-11) belongs to this
group. Their name reflects the capability of degrading the wide spectrum of ECM proteins.
MMP-3 and -10 degrade proteoglycans, laminin, fibronectin, vitronectin and some types of
collagens but not interstitial collagens, whereas MMP-11 has a very weak affinity for ECM
molecules (Table 1). It is located on chromosome 22, while MMP-3 and -10 are in the cluster
with seven more genes on the chromosome 11 [6]. MMP-3 has the highest proteolytic effi-
ciency in the group and is capable of activating many other pro-MMPs. It plays the main role
in full activation of pro-MMP-1 [15].

2.1.4. Matrylisins

The main characteristic of matrylisins is that they lack hemopexin domain. MMP-7 and -26
belongs to this group. Both of them degrade ECM components, while MMP-7 degrade some
of the cell surface molecules such as E cadherin, pro-tumor necrosis factor alpha, Fas ligand,
syndecan 1 and pro-alpha defensin.
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2.1.5. Membrane-type MMPs

There are six MT-MMPs that are divided into two groups: MMP-14, -15, -16 and -24 belongs
to the type-I transmembrane proteins, while MMP-17 and MMP-25 are glycosylphosphati-
dylinositol-anchored proteins. All of them have a furin-like proprotein convertase recognition
sequence and are activated intracellularly. All, but MT4-MMP, can activate pro-MMP2 [16].
They degrade ECM molecules, whereas MT1-MMP14 can cleave collagen type-1, -1l and -III
[17] and can activate proMMP-13 on the cell surface [18].

2.1.6. Other MMPs

Seven MMPs belong to this group. Three of them (MMP-12, -20 and -27) have a similar domain
arrangement and are part of the cluster of nine genes on the chromosome 11 [6]. MMP-12
is called metalloelastase. It is mainly produced in macrophages [19] but has been found in
hypertrophic chondrocytes [20] and osteoclasts [21], as well. Besides elastin it degrades other
ECM proteins and is essential for macrophage migration [22]. MMP-19 is expressed in human
tissues [23] and degrades basement membrane as well as other ECM molecules [24]. It is
involved in tissue remodeling and migration of epithelial cells by degrading laminin 5 gamma
2 chain [25]. MMP-20, enamelysin is expressed in newly formed tooth and degrades amelo-
genin [26]. A mutation in this gene causes genetic disorder called amelogenin imperfecta [27].
MMP-21 is expressed in human tissues. It was found in basal and squamous cell carcinomas
[28]. Annotation of its action toward ECM molecules is still not known. MMP-23 is different
from other MMPs because it lacks the cysteine switch motif in the prodomain and the hemo-
pexin domain. It posses a cysteine-rich domain which is followed by an immunoglobulin-like
domain. It is mainly expressed in reproductive tissues [29]. MMP-27 is expressed in B lympho-
cytes [30], but the function of this enzyme in mammals is not known, yet. MMP-28, or epilysin,
is expressed in many human tissues [31]. It is involved in wound repair [32] and its expres-
sion was elevated in patients with osteoarthritis [33] and rheumatoid arthritis [34]. MMP-28
overexpression up-regulated MT-MMP1 and MMP-9 in A549 lung adenocarcinoma cells [35].

2.2. Regulation of MMPs

Since they have the potential to degrade ECM and wide spectrum of non-ECM substrates and
to activate other MMPs or release growth factors, matrix metalloproteinases have been strin-
gently regulated at different levels. They are regulated at a transcriptional and translational
level, by activation of the zymogen forms, by the extracellular or endogenous inhibitors, by
subcellular or extracellular localization and internalization by endocytosis.

Cellular expression of MMPs is based on successive activation of multiple signaling pathways
leading to synergistic effects of more transcriptional factors on the MMP promoter. Some of
the most important are NF-«kB, activating protein (AP)-1 and Sp-1. Recent studies have shown
that endogenous miRNAs are able to recognize complementary genomic sites within human
gene promoters, and in that way regulate gene transcription [36, 37]. There are multiple factors
that can trigger different signaling pathways modulating MMP gene expression. They could be
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cytokines, chemokines or growth factors such as Interleukin-1 (IL-1), Interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-a), epidermal growth factor (EGF) and platelet-derived growth fac-
tor (PDGF). The expression could also be modulated by reactive oxygen species,mechanical
injury, shear or tensile stress, contact with cell bound ligands, etc. The expression of MMPs
could be down-regulated by the anti inflammatory molecules such as nitric oxide (NO), trans-
forming growth factor beta (TGF-f3), Interleukin-4 (IL-4), Interleukin-10 (IL-10), interferon-y
and peroxisome proliferator-activated receptor (PPAR) (reviewed in Ref. [38]). The cell-cell
and cell-matrix interactions established through adhesion molecules or integrins also have an
impact on the MMPs expression [39]. Transcription could be also modified by genetic variation
within the MMPs gene promoters. In the past two decades, the SNPs identified in the promoter
of the MMP-1, -2, -3, -7, -9, -12, and -13 genes has been denoted as functional and associated
with cardiovascular disease phenotypes (reviewed in Ref. [40]).

2.2.1. Activation of MMPs

Almost all MMPs are secreted as an inactive form. One of the mechanism of activation is, ear-
lier mentioned, a ‘cysteine switch’ mechanism where the thiol group of the unpaired cysteine is
replaced by the water. This mechanism is the first step of the stepwise activation process. It enables
further pro-peptide hydroxylation of partially activated MMP or other proteases until the final
step of its removal and activation [41]. Most of the MMPs are activated after the secretion, extra-
cellularly. But the MT-MMPs and MMP-11, -23 and -28 are activated intracellularly. They have a
furin recognition sequence that allows them to be activated in the Golgi apparatus by pro-protein
convertase within the secretory pathway [42—45]. One of the most significant activator of MMPs
in vivo is considered to be a serine protease plasmin [46]. It is shown that it activates MMP-1, -3, -7,
-8, -9, -10 and -13 [46]. Other serine proteases such as mast cell proteases, chymases and tryptases
also have the potential to activate pro-MMPs. Human tryptase could activate pro-MMP-3 and
pro-MMP-1 but the activation of the latter is dependent on the activation of the former [47, 48].

Moreover, once activated MMPs are able to activate other pro-MMPs. For example, MMP-3 could
activate pro-MMP-1, -7, -8, -9 and -13. Then, activated MMP-7 could activate zymogens pro-
MMP-1, -9 and -13. Pro-MMP-2 and -3 could be activated by MMP-12 as well, while MMP-2 can
activate pro-MMP-9. So, a very complex network of positive feedback loops exist and it could trig-
ger proteolytic cleavage of the complete ECM (Figure 2). That is why the strict and multilevel regu-
lation of MMPs must exist for the physiological functioning of the human organism. Inactive form
of MMP-2 has somewhat specific activating mechanism which involves MT1-MMP and TIMP-2
[49]. Long story short, low or moderate levels of TIMP-2 activate pro-MMP-2 while higher levels
saturate MT1-MMP and in that way inhibit activation of pro-MMP-2 [50]. Also, it was shown that
other MT-MMPs (MT2-MMP, MT3-MMP, MT5-MMP and MT6-MMP) can activate pro-MMP-2
as well [51, 52]. Agents that do not have proteolytic feature, but could activate pro-MMPs, are a
thiol group modifying agents oxidized glutathione and reactive oxygen species [53].

2.2.2. microRNA and MMP

In the last decade the novelty in the research has emphasized the role of microRNAs (miRNAs)
on posttranscriptional regulation of the expression. The number of studies that have focused
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Figure 2. Mutual activation of MMPs.

on this step of MMPs regulation is growing. In this chapter, we will briefly discuss the most
recent studies.

Since MMPs have an important role in the progression, metastatic potential and aggressive-
ness of the cancer, numerous studies have analyzed the MMP regulation by miRNAs in this
disease. A recent study has investigated miRNA-489 effect on migration and invasion of hepa-
tocellular carcinoma (HCC) cells. They have found that miRNA-489 overexpression reduced
the expressions of MMP7 mRNA and protein. Additionally, miRNA-489 overexpression
decreased the luciferase activity of wild type MMP7 3'-UTR but not mutated MMP7 3'-UTR in
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HEK293T and HCCLMS3 cells. The following rescue experiments suggest that miR-489 inhib-
its the migration and invasion of HCC cells, possibly by targeting MMP7 [54]. Another study
has analyzed the functional background of miRNA-204-5p association with better prognosis
in patients with melanoma. miRNA-204-5p is down-regulated in melanoma tissues and cells,
and confers a protective effect that improves the prognosis of those patients. The binding
sites of miRNA-204-5p matched the 3'-UTR of MMP-9. Up-regulation of miRNA-204-5p led
to a decrease in the expression of endogenous MMP-9 and their correlation was negative. The
authors have demonstrated that MMP-9 is the functional target of miRNA-204-5p in mela-
noma and concluded that miRNA-204-5p inhibits melanoma growth in vivo by regulating the
expression of MMP-9 [55]. Using computational algorithm programs and chromatin immu-
noprecipitation datasets, Zheng et al. identified neighboring binding sites of myeloid zinc
finger 1 (MZF1) and miRNA-337-3p within the MMP-14 promoter. They have found higher
MZF1 and MMP-14 levels in gastric cancer cell lines compared to normal gastric epithelial
cells. Their research results indicated that miRNA-337-3p significantly decreased the growth,
invasion and angiogenesis of gastric cancer cells through repressing MZF1-facilitated MMP-
14 expression in vitro, as well as in vivo on animal model [56]. Esophageal squamous cell
carcinoma (ESCC) is one of the most aggressive cancers with very poor 5 year survival rate.
The research has revealed that miRNA-375 is downregulated in several types of ESCC and
that ectopic expression of miRNA-375 suppressed cancer cell aggressiveness in several types
of cancer cells. The authors have shown significantly upregulated expression of MMP-13 in
25 ESCC specimens and ESCC cell lines compared with that in 13 normal specimens. They
revealed that MMP-13 is directly regulated by antitumor miRNA-375 and acts to regulate
several cell cycle promoting genes having the role in the ESCC aggressiveness [57].

With regard to the cardiovascular phenotypes a recent study has investigated miRNA-
516a-5p in vascular smooth muscle cells (VSMCs) explant cultured from human abdominal
aortic tissues. They have generated stable overexpression and knockdown of miRNA-516a-5p
in those VSMCs. The relative MMP-2 protein expression in VSMCs with miRNA-516a-5p-
overexpression was significantly higher than that in control VSMCs while the TIMP-1 lev-
els were significantly lower. When miRNA-516a-5p was knockdowned, the opposite results
were seen. Additionally, the changes in protein expression of collagen type I alpha 1 chain
(COL1A1), TIMP-2 and MMP-9 have not been observed in VSMC. The authors suggested that
miRNA-516a-5p may regulate MMP-2 and TIMP-1 expressions in human VSMCs, possibly
promoting the proteolytic degradation of elastin for abdominal aortic aneurysm formation.
[58]. Another study showed that shear-sensitive miRNA-181b binds to the TIMP-3 3'-UTR and
downregulates it when overexpressed in human aortic valve endothelial cells. Additionally,
it increases gelatinase/MMP activity. Through specific rescue of TIMP-3, they have clearly
shown that the decreased matrix degradation results from anti-miRNA-181b treatment [59].
The miRNA-155 has been considered to be a pro-inflammatory agent, because its major tar-
get is the suppressor of cytokine signaling-1(SOCS1). It has been linked to pro-atherogenic
processes in humans, as well. A recent study has shown that the SNP in the angiotensin II
receptor type 1 AT1R 3'-UTR has significantly changed the miRNA-155 expression in human
carotid plaques whereas rare allele homozygotes has a significantly higher expression com-
pared to the subjects carrying wild type allele containing genotypes [60]. Also, miRNA-155
has been reported to participate in cell migration and transformation, but its function in skin



Overview of MMP Biology and Gene Associations in Human Diseases
http://dx.doi.org/10.5772/intechopen.70265

wound healing was unknown. Jang et al. have been investigating the function of miRNA-155
on keratinocytes in wound healing. The results of the study showed that the protein level of
MMP-2 significantly increased after miRNA-155 overexpression, while the level of TIMP-1
obviously decreased, whereas the levels of MMP-9 and TIMP-2 did not change. The authors
concluded that miRNA-155 induced acceleration of keratinocyte migration is mediated at
least partly through MMP-2/TIMP-1 pathway in the process of wound healing [61].

2.2.3. Tissue inhibitors of matrix metalloproteinases (TIMPs)

There are a lot of physiological inhibitors of MMPs in the organism. However, in tissues they
are primarily regulated by TIMPs that bind MMPs in a 1:1 stoichiometry. Four mammalian
TIMPs have been revealed and characterized. They are named TIMP-1, -2, -3 and -4 [62-65].
TIMP-1 and -3 are glycoproteins, while TIMP-2 and -4 do not contain carbohydrates. TIMPs
inhibit all MMPs but TIMP-1 is a poor inhibitor of three membrane-type MMPs (MT1-MMP,
MT3-MMP and MT5-MMP) and MMP-19 [66].

TIMPs have an N-terminal domain of approximately 125 and C-terminal domain of 65 amino
acids. Both of these domains contain three conserved disulfide bonds [67, 68]. It is thought
that the N-terminal domain is responsible for their binding to MMPs [67]. But there are some
exceptions, C-terminal domain of TIMP-1 is shown to bind pro-MMP-9 [69]. Certain TIMPs
inhibit different MMPs better than other TIMPs. Additionally, TIMPs do not inhibit only
matrixins, several studies have shown that they can inhibit adamalysins as well [70, 71]. It has
been shown that expression of TIMP-1 and -3 could be regulated by cytokines and growth fac-
tors such as: IL-1, fibroblast growth factor 2, platelet-derived growth factor BB, tumor growth
factor-beta and tumor necrosis factor-alpha [72, 73].

TIMPs exert other functions except inhibition of MMPs. For example TIMP-1 and -2 have mito-
genic activity for different type of cells [74, 75] and both have antiapoptotic activity [76, 77],
while TIMP-3 has proapoptotic activity in tumor cells [78]. Solely, TIMP-2 is shown to have
antiangiogenic activity [79].

Several other molecules have been reported to inhibit different MMP-s. The serpine family
member, alpha2-macrogobulin, can irreversibly inhibit active MMPs in the circulation [80].
Secreted form of beta-amyloid precursor protein can inhibit MMP-2 [81]. Reversion-inducing
cysteine-rich protein with Kazal motif (RECK), a GPI-anchored glycoprotein inhibits MMP-2,
MMP-9 and MT1-MMP [82].

3. Synthetic MMP inhibitors

The first efforts in developing synthetic MMPs inhibitors were based on a peptide sequence
recognition of the desired MMP and introduction of the group that chelated its catalytic Zn*
ion. This first generation of the MMP inhibitors was called hydroxamate-based MMP inhibi-
tors. Despite the promising results in animal models regarding their antitumor effects [83-85],
following clinical studies were unsuccessful [86, 87]. The major concern was unselectivity in
MMPs inhibition and serious side effects. It became clear that the knowledge of the MMPs
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activity in different stages of the disease and spatio-temporal expression needs to be followed
in future development of the synthetic inhibitors of MMPs. Nevertheless, although hydrox-
amate-based MMP inhibitors have not shown the desirable effects the efforts toward their
improvement had continued.

The second type of the MMP inhibitors that were developed are non-hydroxamate MMP
inhibitors. The hydroxamate was replaced with other Zn* binding groups that were more
metabolically stable and had higher specificity for MMPs alone. But, again the results were
not satisfactory, they all had side effects in different stages of trials. From the other hand, tet-
racycline antibiotics have an innate ability to inhibit MMPs. The only inhibitor approved by
the US Food and Drug Administration for any human disease is collagenase inhibitor doxy-
cycline hyclate, which is a tetracycline analogue [88].

The new approach in synthetic inhibitor development has focused on targeting less conserved
sites in MMPs compared to the catalytic one. This should enable more specific targeting and
reduce off-target effects that the clinical trials have shown so far. As a result, inhibitors with a
much stronger inhibition capacity of target MMPs have been developed [89].

The next alternative strategy has focused on the use of specific antibody fragments. Up to
date, functional blocking antibodies that specifically target MT-MMPs have been developed.
What is the most important, it seems that antibodies could target specific function of MMP
rather than its broad proteolytic activity [90].

Part of the research has investigated the use of endogenous MMP inhibitors as potential thera-
peutics [91]. Nowadays, it is known that TIMPs have many of non-MMPs functions in the
organism and it is very difficult to make them selective and specific to the target MMP inhibi-
tion. It could be hard to keep the balance between MMPs and TIMPs which could have seri-
ous impact on the overall MMPs activities.

So, there are few important issues to be solved before the efficacious metalloproteinase inhibi-
tors could be made. First of all, there is a need for knowledge of precise MMP functioning and
activity in cells, tissues and different stages of the disease. Also, their function in maintaining
the tissue and cell homeostasis should be analyzed in details. An additional concern is their
overlapping expression patterns and successive activation as well as context-dependent func-
tioning. It seems that they could be good therapeutics for many of diseases, but the designing
criteria for synthetic inhibitors are very demanding. We should combine refined and validated
experimental and theoretical knowledge in order to raise the selectivity and specificity of the
inhibitors toward target MMPs. Another important issue is administration of synthetic MMP
inhibitors in order to avoid unnecessary toxicity of the inhibitors in the circulation. It would
be of interest to determine the location (cells, tissue and organ) and temporal framework of
the adverse MMP activity and develop site-specific delivery systems (detailed review in [92]).

4. MMP genes in human disease

The functions of MMPs are implicated in a variety of diseases, including those of respiratory
system, central nervous system, liver, kidneys, muscles, and joints as well as the cardiovascular
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system [93]. Accordingly, genetic variations in genes that codes for MMPs were investigated
in many of them, but only the limited number of genetic variations was thoroughly investi-
gated. Herein, we will review mainly the findings of the genetic influence of MMPs in coro-
nary artery disease (CAD), atherosclerosis and neurodegenerative disease.

4.1. Genetic association of variants in MMPs with vascular disease

Among all the MMPs genes only few were repeatedly investigated in a gene candidate asso-
ciation studies. In the year of 1996 and 1999, the two papers that investigated the functional
role of promoter variants in MMP-3 [94] and MMP-9 [95] gene were published, respectively.
Since then, the most investigated genetic variants in any of the MMP gene have been the
MMP-3 5A/6A (rs3025058) and MMP-9-1562 C/T (rs3918242) variant, based on their role to
influence gene transcription.

4.1.1. MMP-3

The common 5A/6A (rs3025058) variant in the promoter of the MMP-3 gene has been shown
to affect the level of gene expression in both in vitro [94] and in vivo [96] conditions. The 5A
allele was associated with higher and the 6A allele with lower transcriptional activity [94, 96].
In general, the 6A allele was mostly associated with stenosis and coronary disease progression.
It was associated with greater progression of coronary artery disease (CAD) in men [97, 98] and
women [99] and with the greater number of coronary arteries with significant stenosis [100,
101], but not with susceptibility to coronary heart disease [100, 102]. The 6A/6A genotype was
associated with greater progression of coronary atherosclerosis [97] and the number of coronary
arteries with stenosis >50% [100]. Also, it was associated with carotid stenosis >70% [103] and
greater intima-media thickness (IMT) [103-105]. One or more 6A alleles had significantly higher
risk for development of carotid atherosclerosis compared to 5A/5A homozygotes [106]. Besides
its association with definite cardiovascular phenotypes the 5A/6A polymorphism has been linked
to their risk factors such as elevated blood pressure [107], stiffer large arteries [108] and, in combi-
nation with angiotensin I-converting enzyme DD genotype, with hypertension in men [109]. On
the contrary, the 5A allele as the high activity allele was predominantly associated with acute clin-
ical events such as plaque rupture and consequently myocardial infarction (MI) [100, 110, 111].
The combination of MMP-9 and MMP-3 genotypes was found to be potentially significant for
presentation of atherosclerosis. Patients with “high activity genotypes” of both SNPs had larger
area of complicated atherosclerotic lesions compared to other genotypes [112]. One of the first
meta-analysis that aimed to realize the effect of MMP variants on atherosclerosis found signifi-
cant effect of the 5A allele on acute MI [113]. The newer meta-analysis of 15 studies (10,061 cases,
8048 controls) in coronary disease displayed no significant overall risk of coronary disease for the
carriers of the 5A allele and 6A/6A genotype of rs3025058 [114]. Similarly, the haplotype-tagging
approach for several SNPs (rs522616, rs650108, rs569444 and rs635746) and rs3025058 did not
show significant difference in genotype distribution in MI patients compared to controls [114].
The meta-analysis of 8 SNPs selected from the studies in which 58 SNPs within MMPs and TIMPs
were investigated in abdominal aortic aneurism (AAA) pinpoint the significant association of
only MMP-3 rs3025058 with AAA presence [115]. Another one, published the same year, which
was investigated several genes in AAA presented the similar results for MMP-3 rs3025058 [116].
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4.1.2. MMP-9

The first main role of MMP-9, which gave the rationale for the investigation in aterogenesis is
the degradation of basement membrane, which surrounds each VSMC and is primarily com-
posed of type-IV collagen, laminin and fibronectin [117]. The MMP-9 gene possesses several
single nucleotide polymorphisms, the most widely studied of which is the —1562 C/T gene
polymorphism (rs3918242) in the promoter of the MMP-9 gene [118]. It was suggested that
this polymorphism has a functional capacity to regulate MMP-9 expression, since luciferase
reporter assays showed higher promoter activity of the T allele in vitro [95]. Although in this
study authors have not found the significant effect of the rare allele on the susceptibility to MI
they suggested its role in coronary artery severity [95]. Recently, another study challenged the
functional role of this SNP [119]. In cells with different ~1562C/T genotypes there was neither
difference in MMP-9 expression level nor in MMP-9 promoter activity [119]. Nevertheless,
this variant was extensively and repeatedly studied in CAD. Both positive [120, 121] and
negative [122, 123] association of —1562T allele with the disease were presented. The meta-
analysis of previous studies showed no association of MMP-9-1562 C/T polymorphism with
coronary heart disease [113]. The other one, which included 11 polymorphisms from MMPs
showed that Glu45Lys in MMP3 gene and -1562C/T in MMP9 gene had an overall significant
association with CAD [124]. In one of the biggest gene association studies of MMP genes in MI
and CAD the composite genotypes of MMP-9 variations CT/RQ had greater risk for MI after
full adjustment for covariates [125].

Arterial stiffness and MMP-9 levels were explored in healthy subjects in association with com-
mon risk factors and MMP-9 variations. Mean aortic pulse wave velocity (PWV) values were
significantly higher in the carriers of the 1562 T and 279 Q alleles compared with common
homozygotes, as well as serum MMP-9 levels [126]. The rs3918242 and exon 6 R279Q A/G
(rs17576) polymorphisms were not associated with the presence of CAD or MI, but R279Q
was associated with hypertension [127]. Among several MMP-2, MMP-7 and MMP-9 varia-
tions the MMP-9 R668Q genetic variant was associated with left ventricular dysfunction [128].

In order to overcome a simplistic mechanistic interpretation of the —~1562T allele roles in regu-
lation of MMP-9 gene expression, the five promoter and nine exon SNPs, which change amino
acid in the encoded protein, were analyzed. The functional consequences of these SNPs were
investigated [129]. Three exon SNPs altered the specific enzymatic activity while altered pro-
moter activity was shown for four promoter SNPs among which was the -1562C/T [129]. Still,
for promoter SNPs the explanation of how they exert their effect is not known, yet.

Recently, several variants in the 3’ UTR of the MMP-9 gene were analyzed in association
with atherosclerotic cerebral infarction (ACI) in Chinese population. They found a significant
association of the rare C allele and CC genotype of rs1056628 with ACI. Also the haplotype
rs20544C-1s1056628C-rs9509T showed significantly increased risk for ACIL. Further findings
indicated that miR-491 directly targets MMP-9 and that the A—C transition in rs1056628, which
is located in the miR-491 seed sequence, could influence the miR-491 binding. Moreover, the
miR-491 decreased MMP-9 protein expression in cotransfected HUVEC, but did not show the
influence on the mRNA expression [130].
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4.1.3. MMP-2

The other gelatinase, MMP-2, contrary to MMP-9 is constitutively expressed in many of the
connective tissue cells that have a role in the vascular system. It is also functionally implicated
in the processes of cell invasion, migration of smooth muscle cells (SMC) and destabilization
of atherosclerotic plaque. The 15 novel sequence variants in the MMP-2 gene were firstly
described in the year of 2001 [131] among which six were in the promoter of the gene and six
in the coding region. Among three promoter variants that map onto cis-acting elements the
one that disrupts SP-1 type of promoter site (-1306 C/T, rs243865) showed the lower promoter
activity in rare allele [131]. The 790 T allele was associated with triple vessel disease [132].

4.1.4. MMP-1

Similarly to other MMP genes the study of MMP-1 genetic variants started with a definition
of potentially functional SNPs. First, the 2G-allele of -1607 1G/2G variation in the MMP-1
promoter has been noted to increase transcriptional activity by creating an E26 transcrip-
tion factor binding site [133]. Next, in vitro analysis in human macrophages showed that the
A-519-C-340 and G-519-T-340 haplotypes compared with the A-519-T-340 haplotype, had
lower promoter activity, whereas the G-519-C-340 haplotype had greater promoter strength
[134]. At the same time that study was one of the first which investigated the genetic variations
in MMP-1, solely and in haplotype, in association with cardiovascular disease. It revealed
both, risk (G-519-C-340) and protective (A-519-C-340 and G-519-T-340) MMP-1 haplotypes
in MI [134]. Recently, the -340 T/C, -519 A/G and -1607 1G/2G variations, separately and
in haplotype were associated with the occurrence of carotid plaques (CP). Compared to the
referent haplotype 2G-1607-T-340-A-519, the haplotypes 1G-1607-T-34-A-519, 1G-1607-
T-340-G-519 and 2G-1607-C-340-A-519 had statistically significant protective effect on CP
presence. The MMP-1-1607 2G allele had significantly increased allele dose-dependent risk for
CP presence [2]. Previously, the 2G allele also appeared to favor carotid artery stenosis [103].

SNPs in genes encoding MMP-1, -2, -3 and -9 and TIMP-1, -2 and -3 were associated with
MI and CAD and combinations of MMP-1 1G/2G and MMP-3 5A/6A genotypes were sig-
nificantly associated with CAD, but not MI [125]. Recently, the MMP-1/MMP-3 less active
haplotype 1G-1607-6A was described as a significant risk factor for obstructive uropathy,
which is characterized by collagen accumulation [4]. Others did not find the association of the
selected SNPs in MMP1, MMP2, MMP3, MMP9 or MMP10 with either acute MI compared
with angina, or with coronary disease compared with controls [135]. Recently, the genome-
wide association analysis was performed using 500 K SNPs to identify genes influencing vari-
ation in serum levels of MMP-1 [136]. The cluster of 179 SNPs in the cluster on chromosome
11 were associated with MMP-1 serum levels, with the peak of association on 15495366, which
is located between the MMP-1 and MMP-3 genes [136].

4.1.5. MMP-8

The investigation of the genetic variations in MMP-8 started with the identification of several poly-
morphisms in the MMP8 gene, at 799 C/T (rs11225395), -381 A/G (rs1320632) and +17 C/G. Their
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functional capacity was suggested after the study showed significantly higher promoter activity
of the construct that contained the minor alleles compared to the construct with major alleles
[137]. Many of the forthcoming studies investigated the role of MMP-8 in atherosclerosis. After
analysis of selected 16 SNPs in the MMP-8 gene the rs1940475, in the coding region of the MMP-8
gene, was associated with the extent of coronary atherosclerosis [138]. Also, the minor T allele of
rs1940475 was associated with a protective effect against carotid atherosclerosis progression in a
10-year follow-up [138]. In another study the significantly higher frequency of the -381 G allele
was found in female patients with carotid atherosclerosis compared to controls [139]. The sig-
nificantly higher expression of MMP-8 mRNA was found in carotid plaques of the G-381 T-799
haplotype compared to the reference A-381C-799 haplotype [139].

One of the not so commonly investigated MMP gene, the MMP 14, was significantly asso-
ciated with ultrasonographically defined plaque phenotype suggesting protective effect of
rs2236307 major T allele for vulnerable plaque, in Chinese Han population [140].

It seems that a precise definition of particular phenotypes of interest is necessary to get the
reproducible findings about genetic influence of a variant in complex disease. The CAD end-
points, the study design as well as a selection of the controls in association studies might influ-
ence the findings. The good example of previous is the particular meta-analysis performed for
MMP family gene variants [124].

4.1.6. Serum levels of MMPs in atherosclerosis

Over the past 15 years the protein, plasma and serum levels of MMPs were investigated in
association with cardiovascular and atherosclerotic plaque phenotypes (mainly MMP-1,
MMP-2, MMP-9, MMP-13 and recently MMP-8). MMP-1 but not MMP-9 serum levels were
associated with the total plaque burden [141]. Both, MMP-9 and MMP-8 serum and plasma
levels were associated with cardiovascular outcomes in CAD patients [142-144]. Although
MMP-8 cleaves collagen type-I three times more potently than two other interstitial collage-
nases, MMP-1 and MMP-13 [145], its role in CAD was lesser investigated in comparison to
other MMPs, until recently. MMP-8 plasma levels were associated with unstable angina [146]
and with the occurrence of carotid plaque [147]. Among the serum levels of MMP-1, -2, -3,
-8, -9, -13, and TIMP-1, -2, -3, -4 analyzed prospectively after the MI only the baseline levels
of MMP-8 were significantly associated with changes in left ventricular end-diastolic volume
after the adjustment for covariates [148].

4.2. Genetics of MMPs in brain disease

In the central nervous system, MMPs have an important role and may influence proteolysis
of basement membranes, extracellular matrix molecules, precursors of the cytokines, cell
surface molecules and myelin components. In healthy central nervous system (CNS), they
also have a role in synaptic plasticity, learning and memory. It is known that MMPs play a
significant role in Alzheimer’s disease (AD), Parkinson’s disease (PD) and multiple sclerosis
(MS). Their role in neuroinflammation and neurodegeneration was reviewed in detail in
Brkic et al. [149]. Thus, as reasonable candidate genes the variations in MMPs were investi-
gated in several neurological diseases.
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The results in this field were also partly inconsistent. While one of the first studies that inves-
tigated MMP-9 polymorphism in multiple sclerosis had not found that it is a susceptibility
marker for MS [150] two other studies showed the significant decrease in the MMP-9 rs3918242
rare T allele carrier ship in female patients with MS [3, 151]. The same allele was found to be
more often in patients with PD and amyotrophic lateral sclerosis [152]. The haplotype formed
by the -1562 T allele and the L allele ((CA)(<or = 20)) of —90 (CA)n repeat polymorphism in
MMP-9 was over-represented in patients with MS in comparison to controls [153]. Others sug-
gested that haplotypes of these two polymorphisms might modulate disease severity, expressed
through expanded disability status scale (EDSS) [154]. The MMP-3 6A/6A genotype was also
associated with disease severity, showing significantly higher mean multiple sclerosis severity
score (MSSS) values in comparison to other genotypes [155]. In another study, the MMP-2 -
1575 G/A variation was shown to influence the age of disease onset in MS patients with optic
neuritis as a first symptom [156]. The four polymorphism haplotypes in the gene encoding
MMP-3 was associated with changes in amyloid beta levels in non-demented subjects [157]
but no evidence was found that the MMP-3gene is causally involved in dementia or AD [158].

4.3. Genetic epilogue

In the last few years the explosion of the data regarding the genetic variations and their asso-
ciation with disease happened as a consequence of the use of high throughput technologies,
genome wide association studies, bioinformatical databases, etc. Thus, the results of the can-
didate gene association studies should be combined with the findings of the different genetic
analysis approaches. Some of the genetic variations mentioned above cannot even be found
on the arrays, as they are the insertion/deletion variation type, for example, MMP-3 5A/6A or
MMP-1 1G/2G. The majority of studies that consider the role of MMPs in different pathologies
did not include the genetic component, thus a lot is to be done yet in specifying the genetic
architecture of MMPs in health and disease.
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Abstract

Myocardium is comprised of a number of cell types. Although most plentiful by volume,
cardiac myocytes are greatly outnumbered by nonmyocyte cells, the latter constituting
approximately 70% of all myocardial cells, of which approximately 90% are cardiac fibro-
blasts (CFBs). To maintain the integrity of the cardiac extracellular matrix (ECM) is one
of the primary functions of cardiac fibroblasts. ECM represents a network structure that
provides the structural and functional integrity to the heart. Besides that, it also contains
a high number of cytokines and growth factors with effects on cardiac function and car-
diac cells. Cardiac ECM also mediates the mechanical connection between the cardio-
myocytes, CFBs, and blood. In addition to producing ECM proteins, CFBs also produce
ECM-regulatory proteins — matrix metalloproteinases (MMPs), which can degrade ECM
proteins — and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs). To date,
26 MMPs have been cloned and characterized in vertebrates. From these, MMP1, MMP3,
MMP8, MMP13, MMP2, MMP9, MMP12, MMP28, and the membrane-type MMPs (MT1-
MMP/MMP14) have been identified to be involved in the myocardial remodeling. The
role of higher MMPs in the cardiovascular system is less well explored.

Keywords: MMPs, heart remodeling, heart failure, acute coronary syndrome,
atherosclerosis

1. Introduction

The heart is a muscular pump composed of cardiac myocytes and interstitial components.
Although most plentiful by volume, cardiac myocytes are greatly outnumbered by nonmyo-
cyte cells, the latter constituting approximately 70% of all myocardial cells, of which approxi-
mately 90% are cardiac fibroblasts (CFBs) [1]. Whereas cardiac myocytes and the coronary
vasculature are central to the contractile function and viability of the myocardium, so too is
the extracellular matrix, or cardiac interstitium serve as supporting structure. Collagen fibers,
the major structural proteins of the interstitium, serve several functions showed in Table 1 [2].
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Scaffold supporting muscle cells and blood vessels

Lateral connections between cells and muscle bundles to govern architecture

Acting as a signal transducer for cell-cell communication modulating cell motility, survival, and cell proliferation
Coordinating the delivery of force, generated by myocytes, to the ventricular chamber

Determinants of diastolic and systolic myocardial stiffness

Serving to resist myocardial deformation and maintaining shape and wall thickness

Table 1. Functions of the collagen matrix in the heart.

The ECM is crucial to maintain appropriate cardiac integrity and pump function. Conversely,
disruption of ECM homeostasis is a central factor for cardiac dysfunction, pathologic remod-
eling, and fibrosis following cardiac injury.

Most myocardial collagen fibers consist of collagen types I and III, which (depending on spe-
cies) account for approximately 80% and 10% of collagen in the healthy heart, respectively.
The nonstructural compartment of the ECM houses a variety of proteins, which are vital for
ECM plasticity, and can be divided into three major groups: glycoproteins, proteoglycans,
and glycosaminoglycans [3].

In addition to a fibrillar collagen network, a basement membrane, proteoglycans, and glycosami-
noglycans, the myocardial ECM contains a large reservoir of bioactive molecules. For example,
the concentration of angiotensin II (ANG II) and endothelin (ET)-1 is over 100-fold higher within
the myocardial interstitium than in plasma. ECM also acts as a reservoir for growth factors (such
as transforming growth factor-{3), which are stored within the myocardial interstitium in a latent
form and directly influence myocardial ECM synthesis and degradation. Moreover, mechanical
stimuli such as stress or strain are transduced through the myocardial ECM to the cardiac myo-
cyte, which in turn would directly affect myocyte growth and ECM remodelation [4, 5].

2. Normal heart interstitium

2.1. Collagens

As mentioned above, collagen is the predominant structural component of the ECM. It has
been classified into three components:

1. epimysium — the collagenous matrix that lies below the endothelium of the epicardium
and endocardium and surrounding the entire muscle

2. endomysium - endomysial collagen fibers consist of fibrils that connect adjoining myo-
cytes to one another and to their neighboring capillaries

3. perimysium — surrounding and interconnecting groups of myocytes. It consists of tendon-
like extensions of the epimysium that arborize into a weave to aggregate myocytes into
myofibers [6].
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Collagen synthesis and degradation in the healthy heart is an ongoing balanced process. The
major types of collagen present in the myocardium of the left ventricle are I and III, with type I
predominating. Type I collagen is the most abundant collagen of the human body, which forms
large, eosinophilic fibers known as collagen fibers. The COL1A1 gene produces the pro-alphal
() chain, and pro-alpha?2 (I) chain is produced by the COL1A2 gene. Two chains of pro-alphal
(I) combine together with one pro-alpha?2 (I) chain to make a molecule of type I procollagen.
These molecules must be processed by enzymes outside the cell. After that, they arrange them-
selves into long, thin fibrils that cross-link to one another in the spaces around cells, which
leads to the formation of very strong fibers of the mature type I collagen. In humans, collagen
alpha-1 (III) chain is encoded by the COL3A1 gene located on chromosome 2. Collagen alpha-1
(III) chain is a precursor for collagen III that is found in extensible connective tissues [7, 8].

Myocytes are surrounded by a basement membrane (BM). The principal structural compo-
nent of the basement membrane is collagen type IV, while collagens I and III are arranged
in sequential layers of organization of the BM. However, collagen does not only fulfill the
architectural function. It is also involved in intracellular signal transduction. Via a 1 inte-
grin-dependent mechanism, collagen can inhibit apoptosis and so promotes cell survival
in vitro. Collagen is also implicated in the induction of proliferation via FAK activation and
downstream signaling pathways (Src, MEK, PI3-kinase, and p38 MAPK). In addition, col-
lagen participates in cell spreading through p130Cas phosphorylation via FAK-dependent
and FAK-independent integrin receptor pathways [9, 10]. Finally, collagen plays a key role in
cell migration through the activation of FAK and PI3-K, leading to elevated Racl activity as a
downstream consequence in activated cell migration [11].

2.2. Cardiac fibroblasts

Cardiac myocytes occupy approximately 75% of normal myocardial tissue volume, but they
account for only 30—40% of cell numbers. Cardiac fibroblasts (CFBs) have the highest cell
population in the myocardium, accounting for about two-thirds of the cells.

Fibroblasts (FBs) are present in every tissue in the body [5]. They are of mesenchymal ori-
gin and are morphologically flat and spindle-shaped, with multiple processes. CFBs in the
myocardium lack a basement membrane, which distinguishes them from all other cells. In
the past, FBs have been considered for a homogeneous cell population. Over time, though,
it has become clear that FBs from various tissues have different properties and functions.
Fibroblasts are found throughout the cardiac tissue, surrounding myocytes and bridging
“spaces” between myocardial tissue layers, so that, in essence, every cardiomyocyte is closely
related to a fibroblast in normal cardiac tissue. The primary function of FBs is to produce
structural proteins that form the extracellular matrix. Under physiological circumstances, this
is a constructive process. On the other site, hyperactivity of cardiac fibroblasts can result in
excess production and deposition of ECM proteins that can lead to fibrosis. Fibrosis of the
myocardium affects the cardiac structure and function in the negative way. Fibroblasts also
produce a number of cytokines, peptides, and enzymes including matrix metalloproteinases
(MMPs) and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs) that directly
affect the ECM turnover and homeostasis. In turn, as a feedback, function of fibroblasts can
also be regulated by MMPs and TIMPs [12, 13].
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CFBs can differentiate into myofibroblasts (myoFBs), more mobile and contractile elements
with a greater synthetic potential to produce ECM proteins. Incentives for this differentiation
are various stimuli, most commonly myocardial injury. MyoFBs were identified by Gabbiani
in 1971 [14]. They only appear after cardiac injury and are not found in healthy myocardium.
Cardiac myoFBs, similar to CFBs, are nonexcitable cells, which express a number of smooth
muscle cell markers, such as alpha smooth muscle actin (aASMA), smooth muscle myosin heavy
chain, paxillin, vinculin, and tensin, that are not typically expressed in quiescent CFBs [15].

2.3. Matrix metalloproteinases in the normal heart

MMPs are a family of more than 25 species of zinc-dependent proteases that are synthesized
as inactive zymogens (pro-MMPs). They are essential for normal tissue remodeling in pro-
cesses such as bone growth, wound healing, and reproduction. Moreover, increased induc-
tion and elaboration of MMPs have been identified to hold biological significance in a number
of pathological conditions that include cancer, inflammatory disease, and cardiovascular dis-
ease. MMPs are the predominant proteases responsible for degradation of the ECM proteins.
To date, 26 MMPs have been cloned and characterized in vertebrates. From these, MMP1,
MMP3, MMP8, MMP13, MMP2, MMP9, MMP12, MMP28, and the membrane-type MMPs
(MT1-MMP/MMP14) have been identified to be involved in the myocardial remodeling. The
role of higher MMPs in the cardiovascular system is less well explored [16].

The interstitial collagenase (MMP-1), neutrophil collagenase (MMP-8), and collagenase-3
(MMP-13) possess high substrate specificity for fibrillar collagens, as well as other ECM pro-
teins such as aggrecan, perlican, versican, and proteoglycans. The important substrates for
MMP-1 and MMP-13 within the myocardium include the fibrillar collagens such as collagen
type I and III [17].

The gelatinases (MMP-2 and MMP-9) demonstrate substrate affinity for denatured fibrillar col-
lagen, basement membrane proteins such as collagen type IV, fibronectin, and laminin. MMP-2
and MMP-9 also exhibit proteolytic activity against elastin and proteoglycans. Past studies
have demonstrated that MMP-9 is synthesized by myocytes, fibroblasts, and smooth muscle
cells. Moreover, neutrophils have also been reported to be a potential source of MMP-9 [18].

Stromelysin (MMP-3) degrades all basement membrane proteins, elastin, and proteoglycans.

MMP-7 lacks the hemopexin domain, which seems to be critical in substrate recognition.
Therefore, MMP-7 has a wide substrate portfolio and possesses proteolytic activity against
the fibrillar collagens I and III, basement membrane proteins (collagen IV and fibronectin),
and proteoglycans [19].

MMP-12 (macrophage elastase) has broad substrate specificity for extracellular components
and is shown to be a key player in tissue remodeling associated with many pathological con-
ditions such as chronic inflammation and fibrosis [20].

During ECM degradation (in physiological ECM turnover or pathological ECM remodeling),
collagen fibers are degraded into smaller peptides. After that, telopeptides in the N-terminals
or C-terminals of collagen molecules are cleaved. The propeptide from the carboxy-terminal
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or the amino-terminal propeptides of collagen type I (PICP, PINP) and both terminals of col-
lagen type III (PIIICP, PIIINP) that uprise during biosynthesis of these collagens can be con-
sidered as biomarkers of collagen synthesis, as they are released in a stoichiometric manner.
Similarly, the C-terminal or N-terminal telopeptides of collagen type I (CITP, NITP) and type
III (CIITP, NIIITP), produced by degradation of these collagens, are considered biomarkers
of collagen degradation [21].

3. MMPs in heart disease

Matrix metalloproteinases and their inhibitors have a fundamental role in the remodeling of
the ECM in both normal and pathological conditions. In addition, MMPs have an important
role in cardiovascular diseases, including acute and chronic heart failure (CHF), acute myo-
cardial infarction, atherosclerosis, and cardiomyopathies.

3.1. MMPs in acute heart failure

Although the relationship between MMPs and chronic heart failure (CHF) has been well
investigated, we have poor information about changes in the serum levels of MMPs in
patients with acute heart failure (AHF). In patients with AHF, production of MMPs is affected
by several mechanisms including changes in hemodynamic conditions and neurohormonal
and inflammatory factors. Biolo et al. reported that some markers of extracellular matrix turn-
over (MMP-2, TIMP-1, and procollagen type III N-terminal peptide) were elevated in patients
with AHF syndrome. The increase in ECM turnover may be associated with an acceleration
of pathological remodeling. The decrease in the concentrations of MMP-2 during the acute
phase of heart failure may represent the deceleration of myocardial remodeling and maybe
a better prognosis of AHF [22]. In the study of Shirakabe et al., the serum levels of MMP-2
were measured on 83 AHF patients before starting treatment (day 1), on day 3 and day 7 after
admission to the hospital, and before discharge. They found rapid and significant decrease in
the MMP-2 concentrations on day 3 compared to day 1, whereas the MMP-2 levels were not
significantly different on day 7 and at predischarge. Authors also evaluated the relationship
between AMMP-2 (defined as the changes in MMP-2 concentrations from day 1 to day 3) and
HF events including cardiac death, readmission to hospital for HF, and controllable HF. The
levels of MMP-2 were significantly (p = 0.004) more decreased in the event-free group com-
pared to the group with events mentioned above. The results of multivariate logistic regres-
sion model for predicting HF events found that the specific factor for HF events was AMMP-2.
Rapid decrease in MMP-2 concentration after acute heart failure event thus may be important
for better clinical outcome in patients with AHF [23].

Hadipurnomo et al. examined samples of 122 consecutive patients with acute coronary syn-
drome (ACS) treated in ICCU of which 47 showed the signs of AHF. The level of MMP-9
was examined a time at admission in ICCU, before thrombolysis was done. The acute heart
failure accompanying ACS had Killip II-IV scores. The level of MMP-9 in ACS with AHF was
significantly higher than in ACS without AHF, with p value <0.001 [24]. Similar results were
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presented in a study of Jong et al. who investigated the serum concentrations and activities
of MMP-9 in patients with heart failure developed after AMI. Twenty-eight patients post-
AMI and without heart failure (Killip I, cardiopulmonary compensated) and twenty-seven
post-AMI patients who developed heart failure (Killip II-III, decompensated) were selected
to evaluate the serum levels and activities of MMP-9. It was observed that both serum levels
and activities of MMP-9 significantly increased (P < 0.01) in decompensated group compared
to compensated group. The highly elevated serum MMP-9 concentration of decompensated
patients was not related to inflammatory or localized infarct area of myocardium. Authors
suggest that the increase of MMP-9 levels and activity may be used as a new marker to diag-
nose the development of heart failure in patients post-MI [25]. Levosimendan is calcium sen-
sitizer, cardiotonic agent that binds to troponin C with high affinity. This pharmaceutical
agent promotes cardiac contractility without increasing myocardial oxygen demand. Tziakas,
et al. demonstrated that levosimendan significantly reduced MMP-2 levels in patients with
acute decompensation of chronic heart failure [26].

3.2. MMPs in the chronic heart failure

Essential points in the development and progression of HF include changes in the structure,
composition, and geometry of the left ventricular (LV) myocardium, which has been generi-
cally termed LV remodeling. Left ventricular remodeling that precedes and occurs along the
development of HF is strongly associated with adverse clinical outcomes in HF patients with
systolic dysfunction. Changes in the overall structure and function of extracellular matrix
directly contribute to the adverse LV remodeling. There are fairly distinct patterns of LV
remodeling that occur and are dependent on the initial pathophysiological stimulus but, once
instigated, LV remodeling is an important predictor for the development and progression of
HEF. The activity of MMPs has been shown to be increased in the progression of heart failure.
The level of MMPs and their induction and activation systems are increased in pathological
specimens of human heart failure.

As mentioned above, sources of MMPs in the heart are fibroblasts, myocytes, endothelial
cells, and inflammatory cells, e.g. monocytes that infiltrate the myocardium in several cir-
cumstances. In heart failure, plasma levels of tumor necrosis factor-a (TNF-a) are increased.
Monocytes stimulated by TNF-a are capable to produce MMP-9. It is supposed that mono-
cytes and other blood elements may serve as carriers of MMP-9, which is synthesized before
they infiltrate the myocardium. Observation that in reperfusion of myocardium after acute
infarction, infiltrating neutrophils are the predominant source of MMP-9 and activating
enzymes supports this hypothesis.

Cyclic strain has been shown to induce a number of MMPs, such as the gelatinase MMP-2.
In myocardial biopsies performed in patients with LV pressure overload secondary to aortic
stenosis, increased MMP-2 expression and activity were identified. In patients with LV hyper-
trophy and HF with a history of hypertension, plasma levels of MMP-2 were significantly
increased compared with age-matched control subjects. For example, in the study of Spinale
et al., left ventricular myocardial MMP activity (measured by zymography) increased by
>2-fold in nonischemic dilated cardiomyopathy (DCM) and ischemic DCM when compared
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with MMP activity in normal hearts. Abundant concentration of MMP-9 was observed in both
forms of DCM. MMP-2 and MMP-3 activities were increased with nonischemic DCM. On the
other site, MMP-1 levels were decreased in both forms of DCM [27].

In patients with CHF, elevated serum levels of MMP-1 and TIMP-1 have been observed. This
finding indicates a predominance of collagenolytic activity, which results in an increase of
serum concentrations of CITP (type I collagen carboxy-terminal telopeptide), a marker of
collagen degradation. A report from Lopez et al. shows an increase of the MMP-1/TIMP-1
ratio (both in tissue and serum samples) in hypertensive systolic heart failure compared with
hypertensive diastolic heart failure [28]. On the other hand, some other studies analyzed
human myocardium from explanted hearts from patients undergoing heart transplantation.
They have found decreased MMP-1 expression and notable increase in TIMP-1 concentra-
tion [29]. Finally, study of George et al. found that MMP-2 but not TIMP-1 is an independent
predictor of mortality in patients with CHF [30]. In the study of Jordan et al., patients with
CHF had lower levels of MMP-1 and higher levels of TIMP-1 and TIMP-1/MMP-1 ratio than
controls. TIMP-1 levels and the TIMP-1/MMP-1 ratio correlated negatively with peak VOZ2.
They also described higher baseline peak VE/VCO2, TIMP-1, TIMP-1/MMP-1 ratio values,
and lower MMP-1 levels in patients who suffered endpoints (total mortality, readmissions
for heart failure, and cardiac transplantation). On multivariate analysis, VE/VCO2, MMP-1
levels, and age were the only variables independently related to prognosis of these patients
[31]. Similarly, detectable plasma levels of MMP-13 were reduced in patients with LV hyper-
trophy and HF [32]. Interestingly, transgenic expression of human MMP-1 in mice (this MMP
type is absent in rodents) and induction of LV pressure overload resulted in a relative reduc-
tion in myocardial fibrillar collagen content and improved indices of LV function [33]. These
findings suggest that the loss of normal constitutive levels of certain MMP types, or failure of
an induction of certain MMP types with LV pressure overload, may facilitate abnormal ECM
accumulation and adverse myocardial remodeling.

Study of Morishita et al. demonstrated that in patients with heart failure with preserved ejec-
tion fraction (HFpEF), levels of BNP and the MMP-9/TIMP-1 ratio were lower compared to
those with heart failure with reduced ejection fraction (HFrEF). An imbalance in the MMP/
TIMP ratio and a robust increase in BNP levels reflect advanced ventricular remodeling, dila-
tation, and wall stretching. MMP and TIMP levels were similar in HFrEF and HFpEF patients
and may represent ongoing myocardial injury and extracellular matrix remodeling before
an increase in BNP and a decreased ejection fraction are seen. HFpEF is characterized by
matrix apposition and myocardial stiffening [34]. Similarly, Martos et al. studied hyperten-
sive patients divided into groups according to the presence of HFpEF and phase of diastolic
function. Serum carboxy-terminal telopeptide of procollagen type I, carboxy-terminal telo-
peptide of procollagen type I, amino-terminal propeptide of procollagen type III, MMP-2, and
MMP-9 levels were greater in patients with HFpEF than in those without. When controlled
for age and gender, levels of serum carboxy-terminal telopeptide of procollagen type I, tis-
sue inhibitor of MMP-1, amino-terminal propeptide of procollagen type III, concentrations
of PICP (carboxy-terminal telopeptide of procollagen type I), and MMP-2 were increased in
more severe phases of diastolic dysfunction. Within phases of diastolic dysfunction, markers
of collagen production (such as serum carboxy-terminal telopeptide of procollagen type I,
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amino-terminal propeptide of procollagen type III) and MMP-2 and MMP-9 were elevated
in those with HFpEF compared to those without signs of heart failure. Thus, a matrix and
fibrosis markers such as MMPs may also be an important prognostic markers in HFpEF [35].

On the other hand, many clinical studies have quantified various circulating levels of MMPs
and TIMPs in patients with HFrEF. MMP-8 levels were decreased in HF patients compared
to controls [36]. The circulating levels of gelatinases, MMP-2, and MMP-9 have also been well
characterized in HF patients. MMP-2 levels were elevated in HFrEF patients when compared
to healthy controls and were correlated with LV volume, fractional shortening, and NYHA
classifications [37—40]. Furthermore, MMP-2 levels were an independent predictor of mortal-
ity in patients with HFrEF [38]. Similarly, clinical studies have reported elevated circulating
MMP-9 levels in SHF patients compared to healthy controls [41], but, by contrast, there are
also reports that there are no differences between circulating levels of MMP-9 in SHF and
control groups [37]. The discrepancies between these studies are not explained by variations
in severity, HF etiology, or age. MMP-3 levels were increased in patients with SHF due to
dilated cardiomyopathy and were correlated negatively with changes in the LV dimensions
and volume, and independently predictive for cardiac events (death and hospitalization) [42].
In addition, MMP-3 levels were increased in patients after acute myocardial infarction who
developed CHEF [43].

3.3. MMPs in acute coronary syndromes

Acute coronary syndrome (ACS) is a term used for a group of conditions due to decreased
blood flow in the coronary arteries such that part of the heart muscle is unable to act properly
or dies. ACS is one of the leading causes of cardiovascular death. It includes unstable angina
(UA), non-ST segment elevation myocardial infarction (NSTEMI), and myocardial infarction
with ST segment elevation (STEMI) [44]. Most cases of ACS are caused by the erosion or
rupture of an atherosclerotic plaque, a thickening of the vessel wall in a coronary artery with
consequential thrombus formation. ACS is one of the leading causes of cardiovascular death,
and early diagnosis of ACS is important because of the improvement in prognosis follow-
ing timely interventions. It seems that some matrix metalloproteinases are implicated in the
pathogenesis of cardiovascular diseases. Inflammatory components also appear to be corre-
lated with development of atherosclerosis and ACS [45].

Hamed and Fattah measured levels of MMP-9 as a potential risk factor in 75 patients with ACS
compared to 25 patients with stable angina (SA) and 20 healthy participants. In this study,
patients in the SA group had significantly lower MMP-9 levels than those with ACS. Patients
with ST-elevated myocardial infarction (MI) had highest MMP-9 levels, while in the control
group, the lowest levels of MMP-9 were found. Patients with ACS having poor disease outcome
(recurrent ischemic attacks, congestive heart failure, or death) had significantly higher MMP-9
levels. Cutoff value of MMP-9 equal to 3100 pg./mL was able to discriminate MI from unstable
angina (UA). The best prognostic utility for MMP-9 was established at 4700 pg./mL [46].

Kai et al. reported that circulating MMP-2 and MMP-9 levels on admission were elevated in
patients with acute myocardial infarction (AMI) and UA [47]. Inokubo et al. also reported
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that coronary circulation plasma concentrations of MMP-9 were significantly higher in the
in-patients with AMI and UA when compared to control subjects. This finding supposes a
process of active plaque rupture in acute coronary syndrome [48]. Hirohata et al. and Hojo
et al. also observed increased concentrations of plasma MMP-1 and MMP-2 in patients with
acute myocardial infarction [49, 50]. In the last ESC guidelines for the management of acute
coronary syndromes in patients presenting without persistent ST-segment elevation, deter-
mination of concentrations of high-sensitive troponin T in the short “rule-in”/“rule-out” algo-
rithms is recommended in the early diagnostic of ACS [51]. In the ACS, both MMP-9 and
TnT levels are elevated compared to the control group. But, Kobayashi et al. have shown that
within 4 h of ACS onset only the plasma level of MMP-9 was markedly increased. By contrast,
concentrations of TnT were not significantly altered. In addition, MMP-9 concentrations were
significantly higher in patients within first hours of ACS than in patients with late ACS inde-
pendent of having STEMI or NSTEMI. On the contrary, levels of hs-TnT were significantly
lower in patients with early ACS than with late ACS. This study indicates that plasma levels
of MMP-9 increase approximately 80 minutes after the onset of ACS and sustain for 24 h
thereafter. On the other hand, serum levels of hs-TnT peaked at 12-24 h after ACS onset [52].

The long-term study from Dhillon et al. examined the predictive value for cardiac events
(death, readmission with HF, or recurrent MI) of MMP-2, MMP-3, and MMP-9 levels in
patients with acute coronary syndrome in comparison to established markers, e.g. N-terminal
pro-B-type natriuretic peptide (NT-proBNP) and the Global Registry of Acute Coronary
Events (GRACE) score. In this study, MMP-2 and MMP-3 were elevated in patients with fatal
outcome compared to survivors but were similar in patients with CHF or MI. MMP-9 lev-
els were similar across study endpoints. Using Cox proportional hazards modeling, MMP-2
demonstrated an independent prediction of death with HR 6.60, along with NT-proBNP (HR
4.62) and the GRACE score (HR 1.03). MMP-3, MMP-9 levels, and log10-troponin I were not
predictive for negative outcome. The areas under the receiver operating characteristic curves
were 0.60 and 0.58 for MMP-2 and MMP-3, respectively, compared to 0.82 for NT-proBNP
and 0.84 for the GRACE score (all statistically significant) for one-year mortality. Kaplan-
Meier analysis showed that MMP-2 concentrations in the highest quartile were associated
with higher mortality rates (P = 0.006, log rank 12.49). MMP-2 and MMP-3 levels revealed a
weak association with HF readmission on univariate analysis, which was lost after adjust-
ment for other clinical factors and situations. In this study, none of the MMPs tested predicted
onset of MI [53].

As mentioned above, significant portion of regulation components for MMP production in
the myocardium after the myocardial infarction is induced by the local proinflammatory
cytokines. In an animal model of myocardial injury after AMI, the authors demonstrated
that a local increase in TNF-a production in the myocardium is directly responsible for the
increased production of local MMP-9 and MMP-2. This is associated with changes in transi-
tion of integrin isoforms, which can lead to such aggressive collagen dissolution that causes
an acute myocardial rupture. If this process continues without rupture, heart walls become
thick and significantly dilated, which leads to decreased function of the ventricle and poor
survival. However, deletion of the gene for TNF-a through genetic manipulation in the host
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animal leads to a significant reduction in the concentrations of the inflammatory cytokines,
which is associated with the reduction in local MMP activation. This results in a significant
decrease in the incidence of heart wall rupture and a reduction in the subsequent heart size
and development of heart failure with reduced ejection fraction of the LV [2]. Kelly et al.
examined the temporal profiles of plasma concentrations of MMP-2 and MMP-9 and their
relationship with echocardiographic parameters of left ventricle function and remodeling
in humans after acute myocardial infarction. They showed that higher peak concentrations
of plasma MMP-9 were associated with the extent of LV remodeling, which led to greater
impairment of left ventricular function. In contrast, higher plateau levels of MMP-9 in the
days after acute myocardial infarction were associated with a lesser degree of heart remodela-
tion, and relative preservation of ventricular function [54].

3.3.1. Restenosis

The role of MMPs in iatrogenic postprocedural vasculopathy has also attracted a great deal of
interest. The development of percutaneous coronary intervention (PCI) has provided a pow-
erful means for treating ischemic heart disease. About 25-40% of patients undergoing PCI
without a stent implantation have a recurrence of coronary artery disease symptoms within
6 months because of restenosis at the original site. A combination of events is involved in this
pathological process, e.g. the migration and rapid growth of medial vascular smooth muscle
cells, local production of chemocytokines, and other biologically active substances with for-
mation of a characteristic lesion of fibrocellular intimal hyperplasia.

Hojo et al. investigated changes in MMP-2 levels in the coronary circulation after PCI in
patients with angina pectoris. Plasma MMP-2 levels in the coronary sinus increased signifi-
cantly 4 h after PCI. A positive correlation between concentrations of MMP-2 in the fourth
hour after PCI and late loss index measured 6 months after PCI was observed. Authors sug-
gested that excessively raised concentrations of MMPs in dilated coronary arteries after PCI
lead to abnormal vascular remodeling and late restenosis by boosting migration of VSMCs
and eventual formation of thrombus [55].

3.4. MMPs in atherosclerosis

It is widely accepted that atherosclerosis is promoted by mechanical and/or chemical injury of
the vascular endothelium. This is followed by transendothelial migration of circulating mono-
cytes from the circulating blood into the intima, where they become activated and produce a
variety of cytokines, growth factors, and other biologically active substances. Formation of an
atherosclerotic plaque occurs as a result of cellular migration and local proliferation followed
by an accumulation of ECM, lipids, and calcium. Degradation of vascular ECM regulated by
MMP-2 promotes smooth muscle cell migration and early plaque development. During the
initial period of atherosclerotic plaque development, outward growth produces compensatory
enlargement of the artery wall that involves matrix remodeling. Hypertension and aging lead
to decrease of arterial compliance, which correlates with gradual accumulation of collagen
and loss of elastin. In the latter stages of atherosclerotic process, disruption of the atheroscle-
rotic plaque due to rupture of the fibrous cap or superficial erosion of the endothelium may
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occur followed by thrombotic complications. These processes (atherosclerotic plaque rupture
and formation of thrombus) depend on excessive ECM degradation. Neovascularization of
the atherosclerotic plaque may also play a role in destabilization of the plaque. The angio-
genesis within the plaque is influenced and regulated by MMP activity through interactions
between proteinases and integrins.

Extreme stage of arterial remodeling due to increased ECM degradation mediated by MMP-2
and MMP-9 is represented as aneurysm formation [56]. Some previous studies showed that
lipid-laden macrophages infiltrating human atherosclerotic plaque produce MMP-1 and
MMP-3. Culture of these macrophages with fibrous caps of human atherosclerotic plaque
leads to MMP-dependent collagen cleaving [57]. Henney et al. found the presence of MMP-3
transcripts in atherosclerotic lesions from coronary arteries, which were localized together
with clusters of lipid-laden macrophages in the shoulder areas of the atherosclerotic plaque
[58]. Galis et al. reported that normal arteries and atherosclerotic plaque had different origins
of MMPs. MMP-2 is secreted by VSMCs in all layers of nonatherosclerotic arteries, whereas
in the atherosclerotic lesions, MMP-1, MMP-3, and MMP-9 production is localized to macro-
phages, VSMCs, and endothelial cells [59]. Some other studies have also reported the expres-
sion of several other MMPs including MMP-1, MMP-2, MMP-7, MMP-9, and MMP-12 in the
shoulder areas of the plaque [60-62]. The demise of atherosclerotic plaque occurs through
structural disruption of the arterial wall, which triggers thrombosis, the cause of occlusion
and the majority of acute vascular events. The discovery of strong local MMP overexpression
and in situ matrix-degrading activity in the vulnerable shoulders of human atheroma has
provided a potential mechanistic insight into the process of plaque destabilization through
matrix weakening by MMPs, especially in the vulnerable shoulders [63]. Resident macro-
phage-derived foam cells, characteristic of unstable plaques, have been identified as a major
source of MMPs, including MMP-1, MMP-2, MMP-3, MMP-7, and MMP-associated activity
in human and experimental atherosclerotic lesions [64].

It has been suggested that alternative ways or complementary systems for activation of latent
MMPs in atherosclerotic plaques may exist. Purified Pro-MMP-2 can be activated in vitro
by proteolytical activity of thrombin and this mechanism could provide cell-independent
MMP activation at sites of vascular injury [65]. Another proteolytic-activating mechanism of
MMP preforms may represent plasminogen cascade. Urokinase-type plasminogen activator
(uPA) and plasminogen activator inhibitor-1 (PAI-1) can also contribute to the development
of experimental neointimal lesions after injury and to aortic medial destruction, which was
demonstrated in u-PA and PAI-1-null mice [66].

3.5. MMPs in cardiomyopathies

Cardiomyopathies (CMPs) are defined by structural and functional abnormalities of the ven-
tricular myocardium that are unexplained by flow-limiting coronary artery disease or abnor-
mal loading conditions. In the past, this group of diseases has been subdivided into primary
CMP, in which the heart is the only involved organ, and secondary forms, where the cardio-
myopathy represents a manifestation of other systemic disorders. Hypertrophic cardiomy-
opathy (HCM) is defined by the presence of increased left ventricular (LV) wall thickness that

47



48 The Role of Matrix Metalloproteinase in Human Body Pathologies

is not solely explained by abnormal loading conditions [67], or, in other words, hypertrophic
cardiomyopathy (HCM) is defined morphologically as an unexplained hypertrophy in the
absence of the reason for such a hypertrophy (e.g. hemodynamic stress). At the histological
level is HCM characterized by myocyte disarray, fibrosis, and abnormalities of the intramyo-
cardial small vessels. HCM represents a monogenic disease of the heart with an autosomal
dominant way of heritability and different penetrance. Its prevalence in the general popula-
tion is estimated in the rate of 1/500 [68]. Impaired collagenolysis and an increased deposi-
tion of collagen have been seen in patients with HCM. A significant reduction of MMP-1,
practically to undetectable levels, was described in the patients with HCM. On the contrary,
an increase of MMP-2 and MMP-9 concentration was found in these patients [69]. Described
changes in MMP levels result in augmented ECM turnover, characterized by an increase of
collagen type I and a shift of collagen I to collagen III production. This shift is not easy to
explain because collagen I is patently more rigid than collagen III. This situation could be
a compensatory mechanism due to the increase in wall stiffness [70]. Activity of MMP-2 in
heart failure with preserved ejection fraction correlates negatively with systolic function
of left ventricle and its levels are significantly rising with higher NYHA functional class.
In the study of Noji et al., the plasma concentrations of MMP-2, MMP-3, MMP-9, TIMP-1,
and TIMP-2 in patients with systolic dysfunction defined as fractional shortening (FS) <25%
(group A), linked to HCM, in patients with HCM without systolic dysfunction (FS > 25%;
group B), and in healthy control subjects who were age-matched were measured. The con-
centration of MMP-2 in group A was significantly higher than in group B and the control
subjects, whereas there was no significant difference between group B and the control sub-
jects. MMP-2 concentrations significantly increased as the NYHA functional class increased
in patients with HCM. MMP-3 and MMP-9 concentrations did not differ among the 3 groups.
Both MMP-2 and TIMP-2 correlated significantly with FS and LV dimension, negatively and
positively, respectively [71].

The best-known cardiac disease with respect to myocardial MMP activity is dilated cardio-
myopathy (DCM). A characteristic feature of the DCM is an increase in left ventricle radius
to wall thickness, which increases myocardial wall stress. This leads to further dilation and
closes “circulus vitiosus.” The etiology of DCM can be divided into ischemic (50-70%) and
nonischemic (30-50%), with the latter phenotype including genetic and acquired causes
[72]. In Western countries, 20-50% of DCM patients have evidence for familial disease.
In animal and human studies in dilated cardiomyopathy, an increase in collagen type I
and III production and deposition has been reported, so the collagen type I/type III ratio
is constantly increased. As mentioned above, collagen type I is more “rigid” as collagen
type III, providing more tensile strength and resulting in a stiffer matrix. As the left ven-
tricle wall gets thicker during the progression of DCM, excessive production of collagen
is considered to be an effort to strengthen the heart wall. More core matrix components
are overproduced within the DCM-stricken myocardium, including elastin, laminin, and
tenascin C. Furthermore, in the DCM heart arise a new complex interplay between various
MMPs and TIMPs. This for example includes the MMPs present within the cardiovascu-
lar tissue (MMP-1, MMP-2, and MMP-9) and all four known TIMPs. Animal studies and
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models show that the enhanced MMP production and protein abundance occur with the
initiation of LV dilation, and it might be a very early event in DCM. Progression of DCM is
characterized by a decrease in MMP activity, due to an increase in TIMPs production [73].
In a study by Rouet-Benzineb et al., it was demonstrated that MMP-2 and MMP-9 activi-
ties were increased in DCM. In this study, MMP-2 levels were significantly increased not
only within the myocardial interstitium, but also in cardiocytes. As showed before, MMP-2
may also cleave contractile proteins, e.g. myosin. Thus, increased MMP levels within the
myocardium of patients with DCM may have multiple negative consequences that include
matrix degradation and proteolytic activation of biologically active signaling molecules
and degradation of contractile structures and, finally, directly affect myocyte structure and
function [74].

4. Future directions

Ongoing studies targeting receptors for the ECM components have shown potential for new,
targeted therapeutics, including several in various stages of clinical trials. Specific ECM pro-
teins interact with cells and play an active role in intercellular signaling to control cell behav-
ior that is critical to the repair or fibrotic process. Effective antifibrotic therapies would be
a significant contribution in the treatment of some cardiac diseases as well as many other
fibrotic diseases. Strategies reducing overexpression of MMPs in heart diseases may mod-
ify the development (or the speed of development) of adverse cardiac remodeling and, e.g.,
onset of the heart failure after myocardial infarction. This concept has indeed been proved
in several basic studies, particularly with the inhibition of MMP-9, which represents one of
the major MMPs involved in myocardial remodeling. Most of these studies show improve-
ment in ventricular function and a reduction in ventricular size after administration of the
MMP inhibitors [75]. Unfortunately, administration of various MMP inhibitors led to adverse
events and number of leading candidates for the therapy have been withdrawn from develop-
ment for this indication because of onset of fibromyalgia side effects in earlier trials attempt-
ing to decrease metastasis in cancer. Pharmacologic strategies affecting upstream signaling
cascades involved in MMP transcription and regulation can participate in the process of our
understanding of the complex myocardial remodeling and the specific role of MMPs and
TIMPs. For example, the use of cytokine inhibition in biological therapy (such as administra-
tion of tumor necrosis factor-a neutralizing proteins) may prove to be useful pharmacological
tools in order to identify the signaling pathways obligatory for MMP species induction [76].

On the other hand, many of the currently used treatment strategies may already partially
affect MMP activation pathways as part of their “modus operandi.” For example, part of the
benefit of treatments such as acetylsalicylic acid or statins may decrease the cytokine and
inflammatory response and so limit the bioactivity of MMPs.

Tissue engineering may open new avenues to create intelligent scaffolds to support regenera-
tion of diseased or damaged tissue.
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Abstract

The present study aimed to demonstrate the use of matrix metalloproteinases (MMP-2,
MMP-3 and MMP-9) as possible additional biochemical predictors of in-stent restenosis
(ISR) and determined their reference intervals in adults with respect to gender and age.
We included 111 consecutive patients treated at the cathlab of the University Hospital
Ostrava, Czech Republic, with ISR within 12 months after implantation of a bare-metal
stent. The control group consisted of 111 matched patients with identical main demo-
graphic and clinical risk factors. To set the reference intervals for MMPs, we measured
the blood concentrations of these analytes in a group of healthy volunteers (N = 180)
with an average age of 40-50 years. The enzyme concentrations were measured by
immunosorbent assay. Statistical analysis was performed using IBM SPSS Statistics ver-
sion 22 and MedCalc Version 14.12. We found that increased levels of MMP-3 and 9
were associated with a significant increase in ISR risk. The MMP-9 cut-off value for
ISR risk prediction was determined to be >64.8 ng/mL. We suppose that screening of
these biochemical parameters might be helpful to a more detailed risk stratification of
patients after percutaneous coronary interventions, who would be able to benefit from
implantation of drug-eluting stents.

Keywords: adult, age dependence, enzyme-linked immunosorbent assay, gender
dependence, in-stent restenosis, matrix metalloproteinases

1. Introduction

Matrix metalloproteinases (MMPs) are members of a family of zinc-dependent proteolytic
enzymes. The main function of MMPs is to degrade the various components of the extracellular
matrix (ECM) and participate as regulators of extracellular tissue signalling networks. MMPs

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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have broad substrate specificity and contribute to the homeostasis of many tissues and partici-
pate in several physiological processes, such as bone remodelling, angiogenesis, immunity and
wound healing. MMPs are produced by activated inflammatory cells (neutrophils and mac-
rophages) and wound cells (epithelial cells, fibroblasts and vascular endothelial cells). MMP
activity is tightly regulated at the level of transcription, pro-peptide activation and inhibition
by tissue inhibitors of MMPs (TIMPs).

The MMP process represents the procedure of pathologic changes in the tissues in atheroscle-
rosis, arterial remodelling and myocardial repair following infarction [1]. A mechanical dam-
age causes expression of matrix metalloproteinases (MMP), and it is proved that they may
take part in the pathogenesis of in-stent restenosis (ISR), when undergoing coronary stent
implantation by percutaneous coronary intervention [2-5].

Effectiveness of percutaneous coronary intervention (PCI) has remarkably become better
after coronary stent implantation. Thanks to the early obstacles of plane balloon angioplasty
that could be managed and in case the elastic recoil and constrictive remodelling has been
applied, it comes to the reduction of the frequency of restenosis after PCI. Although these
improvements have been implemented, a new complication has occurred in-stent restenosis
(ISR) caused by neointimal hyperplasia. The clinical probability of occurrence of ISR after
bare-metal stent implantation is about 20-35% [6, 7]. Additional decline of ISR occurrence to
5-10% has been caused by the usage of drug-eluting stents [6, 7]. Unfortunately, long-term
dual antiplatelet therapy needs to be applied and is connected with the threat of late and very
late stent thrombosis. The known predictors of ISR include patient-, vessel- and procedure-
related agents [6, 7]. Because of not decreasing amount of patients going through PCI, there
were strives to find other predisposing factors that would lead to more focused treatment.

2. Aims

We focused on matrix metalloproteinases (MMP-2, MMP-3 and MMP-9) as possible additional
biochemical predictors of in-stent restenosis (ISR) after coronary artery bare-metal stenting
and determined their reference intervals in adults with respect to gender and age.

3. Patient group and methods

Note that, 111 patients were recruited from the University Hospital Ostrava, Czech Republic
affected by ISR within 12 months after implantation of a bare-metal stent. The control group
(n = 111) with absent ISR 12 months after implantation of a bare-metal stent coincided with
patients treated at our cathlab with identical main demographic and clinical risk factors (sex,
age, diabetes mellitus and implanted stent diameter +0.5 mm).

To set the reference intervals for MMP-2, MMP-3 and MMP-9, we measured the blood con-
centrations of these analytes in a group of 180 healthy adult volunteers attending the Blood
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Centre of the University Hospital Ostrava. We measured MMP concentrations in heparin
plasma. Plasma samples from each patient and healthy volunteers were stored at -80°C for
2-3 months after centrifugation at 2500 x g at 4°C for 6 min and in 2 aliquots of 2 mL. The
measurement of enzyme concentrations was performed by immunosorbent assay (ELISA)
(BioVendor-Laboratorni Medicina a.s., Brno, Czech Republic).

Selective coronarography was determined in a Siemens Axiom device (Forchheim, Germany)
in a common way from the radial approach with 5 F diagnostic catheters and the contrast
medium Iomeron 400. Quantitative coronary angiography was executed, and percent diam-
eter stenosis (%DS) was figured out. ISR was observed as a diameter stenosis 250% in the
stented segment.

Multi-slice CT coronarography was assessed in all patients in the Siemens Somatom Definition
AS + device (Forchheim, Germany), a single-source CT scanner in a 128-slice configuration.
The maximum intensity projection (MIP) reconstructions and automatic software vessel anal-
ysis were applied for assessment of the lumen. Homogeneous enhancement (from the visual
point of view, similar to the CT attenuation in the reference vessels) inside the stent lumen
was reported to be normal or without any relation to ISR [8].

Statistical analysis was performed using IBM SPSS Statistics version 22 (SPSS Inc., Chicago,
IL, USA). Measured biochemical parameters were categorized according to reference val-
ues, which were calculated using MedCalc Version 14.12 (origin) [9, 10]. Parametric and
non-parametric statistical methods were applied, as appropriate, using NCSS 2007 (origin)
for calculations and R software for graphical displays. Potential outliers were evaluated by
Cook’s distance and partitioning of the data according to Harris and Boyd [11]. There were
linkages between measurands, which were assessed using Spearman’s rank correlation (r )
or Pearson’s product-moment correlation coefficients (), respectively. What is more, cor-
relation testing, the age dependence of MMP-2 and MMP-3 was examined using piecewise
polynomial models (multiphase models) [12].

Continuous variables with non-normal distribution are presented as the median and range
(minimum-maximum) and were compared using the non-parametric Mann-Whitney U
test. Categorical variables were compared by the chi-square test. The difference between
measured biochemical parameters of the study and control groups was analysed by the
chi-square test. The assessment of potential consequences of other features on the asso-
ciation observed between the levels of individual markers and ISR was applied multiple
logistic regression. A forward stepwise method was used to establish the most notable risk
values for ISR. Diabetes mellitus and other possible confounding variables have been taken
into consideration. The stating of the optimal cut-off values of biochemical criteria was
applied the receiver operating characteristic (ROC) analysis in order to prognosticate in-
stent restenosis.

The studied protocol complied with the declaration of Helsinki and was approved by the
Ethics Committee of the University Hospital Ostrava, Czech Republic. Written informed con-
sent was obtained from each participant.
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4. Results

There have not been found any remarkable differences in the patients with ISR and the control
group, as far as the main demographic factors (age, gender and body mass index) or clinical
risk factors (diabetes mellitus) concerned. Same ranges of coronary disease (multi-vessel dis-
ease, acute coronary syndromes) and similar lesion characteristics (complex lesion B2/C and
length and diameter (+0.5 mm) of implanted stents) have been proved in the groups. What
is more, in both groups, mostly similar biochemical criteria have been found (creatinine, glu-
cose, triglycerides, High-density lipoprotein (HDL) and hsCRP). Nevertheless, the ISR group
showed particularly lower total cholesterol (p = 0.016) and Low-density lipoprotein (LDL)
(p=0.001), and notably higher NT-pro-BNP (p = 0.010), in comparison to the treatment group.
Table 1 shows the summary of plasma levels of matrix metalloproteinases in all groups [13].

To set the reference intervals for MMP-2, MMP-3 and MMP-9, we measured the blood concen-
tration in a group of healthy volunteers with an average age of 40-50 years. Plasma MMP-2
levels in these population showed statistically significant age dependence (r, =0.171; p = 0.02;
r,=0.161; p = 0.034). Therefore, we divided the tested file into two groups: <49 and >50 years. The
medians of these age groups were significantly different from each other (p = 0.001; z = 3.15).
MMP-3 plasma concentrations were found to be significantly correlated with age (r, = 0.355;
p=0.00007; r_=0,308; p = 0.0006) as well as with gender (p < 0.001; z > 3.0). Because of this, there
were created two groups of the probands, according to the age <47 and >47 years. The depen-
dence of the measured values on gender showed to be crucial. Since, only a small amount of
men in the group of <47 years took part in the survey, the reference range has not been taken
into account for this group. No statistically significant changes could be observed in plasma
MMP-9 levels in relation to age, but there was found a link with gender (p = 0.014; z = 2.39).
Because of the fact that the z-value was lower than 3 and the data performed a non-Gaussian
distribution, the distribution in separate age-dependence subgroups was figured out. The ref-
erence ranges are depictured in Table 2. Table 3 presents an outline of the results [14].

Furthermore, we compared the levels of plasma of matrix metalloproteinases in ISR patients
with the normal reference values of these markers in the healthy population.

The correlation between MMP-3, MMP-9 and the incidence of ISR with respect to diabetes
mellitus was studied using a logistic regression analysis. It was shown that MMP-3 (OR: 1.013,
95% CI: 1.004-1.023, p = 0.005) and MMP-9 (OR: 1.014, 95% CI: 1.008-1.020, p < 0.0001) are
significantly associated with the occurrence of ISR (Table 4).

Methods In-stent restenosis Controls

MMP-2 (ng/mL) 173.76 (122.18-248.40) 163.58 (113.57-247.85)
MMP-3 (ng/mL) 43.37 (26.66-72.74) 31.48 (23.14-53.16)
MMP-9 (ng/mL) 88.40 (53.80-131.7) 44.90 (25.56-79.90)

Note: Data are given as median (lower and higher quartiles).

Table 1. Plasma levels of measured parameters of all patients and matched controls [13].
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Analyte N Age (year) Gender  2.5th 90thconfidence 97.5th 90th confidence
interval interval
MMP-2 (ng/mL) 180 35-62 Both 110.0 97.1-124.1 590.9 520.8-670.0
111 35-49 Both 98.3 83.0-115.2 466.9 417.9-519.1
62 50-62 Both 160.8 144.8-179.0 550.2 456.9-666.7
MMP-3 (ng/mL) 120 34-61 Both 12.49 11.20-13.86 39.37 36.19-42.72
38 34-47 Female 11.11 9.24-13.15 29.91 26.49-33.53
14 Male - - - -
22 48-61 Female 12.76 11.11-14.69 31.14 25.41-38.40
46 Male 18.03 15.84-20.38 42.04 38.00—46.33
MMP-9 (ng/mL) 116 16-61 Both 27.63 24.55-30.99 103.06 92.85-114.06
58 20-61 Female 24.83 20.93-29.25 98.82 84.28-115.27
58 19-55 Male 33.37 29.47-37.77 108.67 93.01-126.8

2 Reference interval cannot be calculated due to the small number of data.

Table 2. The gender- and age-dependent reference intervals of MMP-2, MMP-3 and MMP-9 (ug/l)—2.5th, 97.5th centile
values and their 90th confidence intervals according to parametric statistical methods [14].

Analyte Age dependence Gender dependence
MMP-2 Yes No
MMP-3 Yes Yes
MMP-9 No Yes

Table 3. Summary of results as regards age- and gender-dependence of MMP-2, MMP-3 and MMP-9 [14].

Analyte OR 95% CI for OR 4
MMP-2 1.001 0.999-1.004 0.326
MMP-3 1.013 1.004-1.023 0.005
MMP-9 1.014 1.008-1.020 <0.0001

Note: OR is associated with a single-unit increase in the value of the parameter.

Table 4. Logistic regression analysis (separately for each parameter with adjustment for diabetes mellitus (DM)) [13].

The result of this study is also the finding that the decreased concentration of MMP-9 below
the lower limit of the reference interval is associated with a significant reduction in the
incidence of ISR (OR: 0.265, 95% CI: 0.121-0.582, p = 0.001). On the other hand, the increased
concentration of MMP-9 above the upper limit of the reference interval is associated with
an increase in the incidence of ISR (OR: 2.685; 95% CI: 1.344-5.366; p = 0.005). At the same
time, the increased concentration of MMP-3 above the upper limit of the reference interval
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is linked with an increased incidence of ISR (OR: 2.502; 95% CI: 1.441-4.344; p = 0.001). In
this case, a multivariate logistic regression analysis was also used. A step-by-step method
was used to select the most important categorized parameters that are predictive of ISR,
with DM modifications and individual categorized parameters. It was found that MMP-9
is the most important parameter in terms of ISR prediction (OR: 0.322; 95% CI: 0.122-0.854;
p = 0.023), its decrease below the lower limit of the reference interval is connected with a
decrease in ISR.

Based on receiver operating characteristic (ROC) analysis, the plasma abundance of MMP-9 may
be considered the most suitable parameter for use in ISR risk prediction (Table 5 and Figure 1).
The following cut-off values for prediction of ISR were determined: MMP-9 > 64.8 ng/mL with
sensitivity 65.8 and specificity 65.8% (Table 6).

Analyte AUC
MMP-2 0.525
MMP-3 0.605
MMP-9 0.715

Note: Parameters with AUC > 0.7 or > 0.75 are suitable for the in-stent restenosis prediction.

Table 5. ROC analysis; area under the curve (AUC) of all parameters [13].

ROC Curve, MMP-9

Sensitivity

I I I I
02 04 06 08

. . 10
1 - Specificity

Diagonal segments are produced by ties.

Figure 1. ROC curve of MMP-9 with AUC >0.7 is suitable for the ISR prediction [13].
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Analyte MMP-9

AUC 0.715

Cut-off value 264.8 (ng/mL)

Sensitivity 65.8% 56.2-74.5%
Specificity 65.8% 56.2-74.5%
PPV 65.8% 56.2-74.5%
NPV 65.8% 56.2-74.5%
False positivities 34.2% 25.5-43.8%
False negativities 34.2% 25.5-43.8%

Table 6. Cut-off values of MMP-9 for ISR prediction [13].

5. Discussion

MMPs are a growing family of endopeptidases, they currently have at least 24 mem-
bers, although some of them have not been well understood. Most of the MMPs contain a
pro-peptide, a catalytic domain, a linker peptide and a hemopexin domain. MMPs are syn-
thesized and secreted as latent pro-enzymes, containing a Zn*-binding active site and require
Ca? for activation. MMPs are categorized by their structure and substrates into collagenases,
gelatinases, stromelysins, matrilysins, membrane-type (MT)-MMPs and others. MMP-2
(gelatinase A) and MMP-9 (gelatinase B) are classified as a gelatinases, which degrade both
collagens and gelatins [1].

MMP-2 and MMP-9 play an essential role in angiogenesis and arteriogenesis, two processes
are critical to restoration of tissue perfusion after ischemia. MMP-2 expression is increased in
tissue ischemia, but the responsible mechanisms remain unknown.

Expression and activity of MMPs are regulated at different levels: gene expression, proen-
zyme activation and enzyme secretion are inhibited specifically by tissue inhibitors of MMPs
(TIMPs) and non-specifically alpha-2 macroglobulin. There is an increased expression of the
genes encoding these proteins. Mutations of these genes are likely to affect the degree of
expression, mRNA stability and the properties of the particular proteins, which may influ-
ence the process etiopathogenesis.

MMP-2 and MMP-9 are the most widely studied MMPs in blood vessel. MMP-3 (stromelysin-1)
is included among stromelysins and is digested a wide range of extracellular matrix mole-
cules and participated in proMMPs proteolysis. MMP-3 overexpression significantly reduces
smooth muscle cells migration and inhibits neointimal formation in arterialized vein grafts.
Ogata et al. reported that MMP-3 regulates vascular smooth muscle cells migration via
MMP-9 activation. MMP-3 is already known as an activator of pro-MMP-9. Combination of
MMP-3 and MMP-9 is required and efficient in neointimal hyperplasia [15-17].
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Based on several published studies describing the discrepancies in MMP concentrations
between serum and plasma [18-31], we measured MMP concentrations in heparin plasma. To
set the reference intervals for MMP-2, MMP-3 and MMP-9, we measured the blood concentra-
tions of these analytes in a group of healthy volunteers with an average age of 40-50 years. We
found that plasma MMP-2 concentrations depend on the proband age (healthy volunteers).
Lower MMP-2 concentrations were found in subjects <50 years of age and the concentration
increased with age. However, no similar data were reported for a group of healthy volunteers.

The concentration of MMP-3 was statistically significant correlated with age and sex as well.
The lower plasma concentrations of MMP-3 have been demonstrated in probes <47 years.
MMP-3 concentrations in women were lower in both age groups than that in men.

Normal levels for MMP-3 determined by a one-step sandwich ELISA method with reagents
provided by Dr Jaspar, Biosource Europe S. A., Belgium were described in 96 healthy controls
(46 females and 50 males) in the study of Ribbens et al. [32, 33]. Our results showed higher
plasma MMP-3 concentration in both women and men, as compared to Ribbens et al.’s data.
The cause of this difference seems to be the use of different reagents.

Plasma MMP-9 concentrations are associated with difference in respect to gender. Our find-
ings indicate lower values in women and higher in men. The publication of Lizasa et al. [34]
also evaluated a group of healthy volunteers (1 = 138). They used the plasma samples without
any further specification of primary material and one-step sandwich enzyme immunoassay
kit (Fuji Chemical Industries, Toyama, Japan) for their determination. Their results showed a
common range of plasma MMP-9 concentration lower than our data and independent of gen-
der or age. They also failed to mention the age variance of their healthy volunteers. It is found
from other published studies that the measured concentrations of not only MMP-9 but also
of other MMPs in blood are strongly influenced by the sampling procedure and by the type
of used anticoagulant agent [18-31]. These reasons may stand for the found differences. Such
differences in methodology could underlie the observed discrepancy between these studies.

These normal values were used for comparison of patients with in-stent restenosis after PCI
and matched controls.

Percutaneous coronary intervention (PCI) is a rapid transduction of the coronary artery in
most cases by means of a balloon catheter. Concomitant implantation of the coronary stent,
which prevents the re-narrowing of the coronary artery, has reached a significant improve-
ment in PCI. However, a new complication occurs: stent restenosis (ISR), developing from
neointimal hyperplasia, which the basic element, is the transformation of smooth muscle cells
from the contractile to the proliferative phenotype. The process of restenosis is initiated by
endothelial denudation and deep vascular damage that starts adhesion and platelet activa-
tion. Activated platelets exclude growth factors that release smooth muscle cells from growth
inhibition and induce their proliferation and subsequent migration from the media into the
intimate. Proliferation of smooth muscle cells continues after the platelet phase. Activated
smooth muscle cells themselves exclude growth factors that can affect the surrounding cells
and help to maintain proliferation and migration. The second fundamental element of reste-
nosis is the production and secretion of extracellular matrix by smooth muscle cells that
migrated to the injured intimal zone. A complete neointimal layer can be observed already 2
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weeks after implantation of the stent. Maximum restenosis is observed after 3-6 months and
remains relatively stable after 1 year [6, 7].

To exclude ISR was used Multi-slice coronarography (MS-CT) coronarography due to non-inva-
siveness in the control group. Note that, 64- and more-slice MS-CT have almost 99% sensitivities
and specificities for the detection of coronary artery stenoses in the native coronary arteries.

Visualization of the lumen inside the metal stents of the coronary artery by MS-CT is more
demanding than the assessment of the native coronary artery with respect to the material
used for stent manufacturing [35].

Sun [36] and Kumbhani [37] in their study described the advantages of MS-CT in detecting
stent coronary restenosis (nearly 1400 and 1500 evaluated stents).

The sensitivity and specificity of MS-CT in detection of ISR were 90 and 91%, with positive
and negative predictive values of 68 and 98%, respectively [36, 37].

In this study, the results of ISR patients were compared with those of the control group.
Increased plasma concentrations of MMP-3 and MMP-9 were found to be significantly associ-
ated with a significant increase in ISR risk. The MMP-9 cut-off value for ISR risk prediction
was determined to be 264.8 ng/ml. At the same time, no correlation between the MMP-2 val-
ues and the ISR occurrence has been demonstrated.

6. Conclusions

Age- and gender-specific reference intervals for heparin-plasma MMP-2, MMP-3 and MMP-9
were established based on a cohort of healthy subjects. Transference studies suggest that
these intervals established by enzyme-linked immunosorbent assay are not comparable to
published data mainly because of different type of used anticoagulant agent. In addition to
this, each laboratory should have these reference intervals checked for its own population
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines.

At the same time, a statistically significant correlation has been demonstrated between
increased MMP-3 and MMP-9 concentrations and an increased risk of ISR. For predicting
the risk of ISR, the concentration of > 64.8 ng/ml MMP-9 was determined. No correlation was
demonstrated between MMP-2 concentration and ISR occurrence.

We suppose that screening of these biochemical parameters might be helpful to a more
detailed risk stratification of patients after percutaneous coronary interventions, who would
be able to benefit from implantation of drug-eluting stents.
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Abstract

Age-related macular degeneration (AMD) is the leading cause of significant and irrevers-
ible central visual loss as it affects a small area of the retina, called the macula. However,
the pathogenesis of still fairly understood. AMD has a multifactorial etiology, and its
development might be influenced by body peculiarities, environmental and genetic fac-
tors. Risk factors such as age, gender, cigarette smoking, color of iris, nutrition, body
mass index, oxidative stress, and genetic factors (complement factor H gene, Apo E gene,
matrix metalloproteinases (MMPs) genes and others) increase probability to develop
AMD. Here, we discuss about choroidal neovascularization process, where hypoxia,
inflammatory process, and proteolytic enzymes play a main role, but mainly we focus
on the family of matrix metalloproteinases (MMPs), especially on MMP -2, -3 and -9,
and their impact on AMD development. MMPs belong to a family of proteolytic zinc-
containing enzymes, and their mechanism under normal physiological conditions is pre-
cisely regulated, but when is dysregulated, MMPs become a cause of various diseases,
including and AMD. MMPs are capable of degrading most of the extracellular matrix
components, which are important in the remodeling during angiogenesis. Angiogenesis
is the main pathological process associated with age-related macular degeneration devel-
opment. Activated endothelial cells release MMPs which by degrading the basilar mem-
brane allows capillaries to grow beneath the retina and retinal layers. Such capillaries
often bleed, more liquids are filtered through the walls, and fibrous tissue grows within.
Furthermore, swelling of the retina and impaired vision occur. In this book chapter, we
focus on AMD prevalence, risk factors, clinics, diagnostics and influence of MMP-2, -3
and -9 on AMD development.

Keywords: AMD prevalence, risk factors, influence of MMP-2, -3 and -9
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1. Introduction

Age-related macular degeneration (AMD) is a multifactorial disorder influenced by inter-
action between genetic and environmental risk factors. The most important pathogenetic
mechanisms which cause AMD are the formation of drusen, hypoxia, local inflammation, and
later, neovascularization. The development of neovascularization, mainly induced by retinal
hypoxia, is a hallmark of AMD and its blockade has been considered as an inhibition of AMD
development. Tissue ischemia leads to an increased secretion of the vascular endothelial
growth factor (VEGF) and higher expression of the VEGF receptor 2. Vasodilatation induced
by VEGF enhances vascular permeability and protease activity that results in developing
and expansion of vascular network of the surrounding tissues and its remodeling [1, 2]. The
fragmentation of a basilar membrane and an intracellular connective tissue are essential for
the formation of new capillaries. Activated endothelial cells release various enzymes such as
matrix metalloproteinases (MMPs) which degrade the basilar membrane, allowing capillaries
to grow beneath the retina and between retinal layers. MMPs, which are found in all organ-
isms, are endopeptidases which contain an active site Zn** and are divided into subfamilies
of clans based on evolutionary relationships and structure of the catalytic domain. MMPs
comprise a family of currently 25 related, yet distinct vertebrate gene products, of which 24
are found in mammals [3, 4]. MMPs are mainly classified into collagenases (MMP-1, -8, -13),
gelatinases (MMP-2, -9), stromelysins (MMP-3, -10), membrane-type MMPs (MMP-14, -15,
-16, -17), and others [2, 4].

2. Prevalence of age-related macular degeneration

All researchers agree that AMD is the most common cause of blindness in developed coun-
tries [1, 2]. The Lithuanian Medical Social Expertise Commission announced that in 2002,
there were 13.8% of blind people due to AMD in Lithuania. The Blind Register Center
reported that in Great Britain, nearly 50% of people live with blindness caused by AMD [5].
More than 30% of adults aged 75 years or older have AMD, and in about 6-8% of them, the
disease would progress and cause the most severe visual loss [2]. Epidemiological studies in
Australia, Europe and North America showed that the prevalence of AMD in the group of 55-
to 64-year-old patients is about 0.2% and it increases to 13% in 85 years old patients group [3].
Studies showed that AMD can be diagnosed for people even younger than 40 years old [6].
The prevalence of AMD in a black population was 2.4%, in Spanish—4.2%, in Chinese —4.6%,
and in whites—5.4% (p < 0,001, statistically significant between all groups). The highest preva-
lence of AMD is determined in 75-84 years old patients group, and it may vary from 7.4% (in a
black population) to 15.8% (in white and Chinese populations) (p = 0.03). Additionally, it was
reported that prevalence of the late AMD in a black population was 0.3%, in a Spanish popu-
lation—0.2%, in Whites—0.6% and in Chinese population—1.0%. Several studies revealed
that AMD was diagnosed in 8.5% of 43-54 year old population, while in patients over 75
years old —37% of AMD cases were diagnosed [7]. It is predicted that from 1980 to 2020, the
elderly population in the developed countries and the developing countries will increase by
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186 and 356%, respectively [1]. It was stated that older age is a natural risk factor for devel-
opment of AMD; thus, blindness might experience increasing numbers in the older popula-
tion. The World Health Organization predicts that in 2020, in the population over 60 years
of age, the number of people with vision loss due to eye and vision-related problems would
reach approximately 54 million [1]. Older blind or visually impaired persons are increasing
in numbers as the population over the world is growing very rapidly. Today, there are over
6 billion people and by 2020, the population all over the world might reach up to 8 billion.
Additionally, this increases a life expectancy of women and men, especially in the developing
countries. It is predicted that during next 20 years, the population of people over 60 years of
age will double from 400 to 800 million in the world [5].

3. Risk factors for age-related macular degeneration development

Various risk factors (modifiable and non-modifiable) such as smoking, obesity, age, gender,
and others are associated with AMD development. Epidemiological studies have shown that
genetic predisposition, systemic factors, lifestyle, environmental risk factors, age, and others
may play a role in AMD development. However, association of environmental and genetic
factors and gene-environment interactions with risk, have been reported to be closely related
with the development of AMD [8]. Age is the strongest known risk factor. The older the indi-
vidual, the higher AMD risk [9-11]. Additionally, a gender has a big impact on AMD devel-
opment as it was determined that women have a higher risk to develop AMD compared to
men [12]. People with blue iris have the higher possibility to develop AMD than people with
other iris colors [13]. The meta-analysis of the prospective cohort and cross-sectional studies
suggested that darker (brown) iris pigmentation was protective, however, the overall results
were not significant [13]. Moreover, ethnicity may influence AMD development. Caucasians
are more often diagnosed with AMD than black people. Wong et al. reported a higher preva-
lence of early and any AMD in Europeans than Asians or Africans as in geographical regions;
cases of early and any AMD were less prevalent in Asia than in Europe and North America
[11]. Controversial results by different studies have been reported on a risk factor such as
sunlight. One study found no association between AMD and sun exposure or related factors
except for an association between sunburn prone skin type and geographic atrophy which
reached borderline significance [14], while the other study concluded that AMD was prob-
ably related to visible radiation, especially blue light [15]. Smoking is another significant and
modifiable factor. Many studies have determined the influence of smoking on AMD forma-
tion and demonstrated that former and current smokers are inclined to develop AMD at
least 5-10 years earlier than nonsmokers [16]. Higher systolic blood pressure, overweight
and obesity, and physical exercise duration and frequency are associated with late AMD in
women only [17]. The prevalence of AMD is significantly higher in patients with myocardial
infarction (MI) than in a simple random sample of the population [18]. It was established
that prevalence of early AMD in the random sample was 7.3%, while in MI patients, it was
54.5% (p <0.001). AMD increases more with age in females (3.7 and 10.8% at the age 45-54 and
55-64 years, p <0.05, respectively) while in males, frequency of AMD did not differ significantly
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between latter age groups (9.9% vs. 11.6%; p > 0.05) [18]. Increased intake of fish reduced the
risk of AMD, particularly for two or more servings per week. Dietary omega-3 fatty intake was
inversely associated with AMD comparing the highest vs. lowest quartile. Reduction of risk for
AMD with higher intake of omega-3 fatty acids was seen primarily among subjects with low
levels (below median) of linoleic acid intake, an omega-6 fatty acid [19].

Oxidative stress is believed to be a major mediator of the effect of age as mitochondrial oxi-
dation impairment with aging and oxidative damage is widely observed. Oxidative stress
and the production of reactive oxygen species seem to play a pivotal role in AMD patho-
genesis [20]. The levels of inflammatory markers, such as serum high-sensitivity C-reactive
protein, tumor necrosis factor-a receptor 2, interleukin-6, and soluble vascular cell adhesion
molecule-1, in blood, were moderately associated to the 20-year cumulative incidence of early
AMD independent of age, smoking status, and other factors [21].

More recently, the data from the Age-Related Eye Disease Study showed that cataract surgery
is safe in the setting of dry AMD and no accelerate progression to advanced sight threaten-
ing forms of AMD were observed [22]. There is a probable relationship between cataracts
and the aging process, manifesting in cataract formation with partial nuclear sclerosis and
AMD. Some researchers found no link between the cloudy lens and AMD, whereas the oth-
ers have revealed a relationship between the lens nuclear sclerosis and AMD. West et al.
and Klein et al. suggested that nuclear sclerosis of the lens than cortical cloudiness is more
often observed in the patients with AMD [23-25]. Progression of AMD in the operated eye
due to cataract was more commonly observed than in the patients without the intervention.
Moreover, late AMD in the operated eyes developed within 5 years after operation [24].

Levels of vitamin D serum are inversely associated with early, but not advanced, AMD. Con-
sistent use versus non-use of vitamin D from supplements was inversely associated with early
AMD only in individuals who did not consume milk daily [26]. Increased blood levels of
homocysteine are associated with increased risk of AMD [27].

A whole genome study of the patients with AMD has determined that the complement H
factor gene haplotype increases the possibility of developing AMD [28]. Gold B et al. have
studied two independent cohorts consisting of 900 patients with AMD and 400 control group
persons, and genetic lesions of two complement system factors, i.e., the variants of the genetic
factor B (BF) (6p21.3) and the second complement factor (C2) (6p21.3) [29]. The gene of apo-
lipoprotein E (Apo E) was found to be associated with development of AMD. Apo E, which
codes the plasma protein participating in the metabolism of cholesterol and other lipids [30],
is determined in drusen [31, 32]. The second major locus of the risk of AMD development is
linked to genes HTRA1 and ARMS?2 [33]. In 2013, a genome-wide association study identi-
fied seven new loci near genes COL8A1-FILIP1L, IER3-DDR1, SLC16A8, TGFBR1, RAD51B,
ADAMTS9, and B3GALTL [34].

In recent years, the blockage of the neovascularization chain has been considered to inhibit
the development of AMD. The vascular endothelial growth factor (VEGF) and the fibroblast
growth factor are believed to promote the angiogenesis [35]. Meanwhile, it is inhibited by the
pigment epithelial factor, angiostatin, endostatin, and other enzymes. The neovascularization
is mainly induced by retinal hypoxia. Tissue ischemia leads to increased secretion of the
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VEGEF and higher expression of the VEGF R2. Vasodilatation induced by VEGF enhances vas-
cular permeability and protease activity that results in developing and expansion of vascular
network of the surrounding tissues and its remodeling [36]. The fragmentation of a basilar
membrane and an intracellular connective tissue are essential for the formation of new capil-
laries. Activated endothelial cells release matrix metalloproteinases which, by degrading the
basilar membrane, allow capillaries to grow beneath the retina and between retinal layers,
creating favorable conditions for AMD development.

4. Age-related macular degeneration clinics and diagnostics

During the initial stage of AMD, first symptoms of the disease include blurred or fuzzy vision.
Patients complain that in Amsler grid of straight horizontal and vertical lines appear wavy,
blurred or distorted or boxes in the grid look square and in the different size. Later, in the cen-
ter of the visual field appears dark area which interferes with vision [37-39]. First symptom of
the dry AMD is blurred vision which later would transform into central scotoma, e.g., a black
spot in the center of the vision field. This is especially noticeable while reading or looking at
objects closely. In the beginning, the disease is asymptomatic and changes in the eye fundus
would not cause any complains to the patient. A dry form of AMD usually advances slowly
and it takes long months to notice the changes of vision. Sometimes dry form of AMD shifts
to the wet form. An exudative AMD is associated with sudden loss of vision, sometimes in
a few days’ time. Up to 90% of all exudative AMD cases would lead to the total blindness.
The Amsler grid test is a simple test which is used at home to check whether lines look wavy
or distorted, or areas of the visual field are missing. If any of these changes are detected, the
ophthalmologist should be contacted immediately. Examination of retina’s central part (the
macula) is performed by using the Amsler grid. Each eye is tested separate, and the patient
holds the Amsler’s grid approximately 40 cm from his eyes and looks to a spot in the middle
of a standard grid. It is observed whether there are no wavy or invisible places, and crooked or
patchy thickness lines. If a patient sees straight lines, the test is evaluated as negative. Positive
test usually is confirmed for patients with the advanced AMD; thus if any complains occur, the
ophthalmologist should be contacted and treatment should be started. A detailed anamnesis
is needed for an accurate diagnosis of AMD. It would help to identify a cause of a condition
and risk factors which may influence the AMD development. An ordinary eye examination
starts from an evaluation of eyesight sharpness which abroad is evaluated by using a chart
of an Early Treatment Diabetic Retinopathy Study (ETDRS), while in Lithuania—the Snellen
chart. ETDRS is an accurate (in case of low visual acuity) with a small error, objective, vigor-
ously scientific method [40]. It is important constantly to check visual acuity for a comparison
of previous checkup results. Various diagnostic ophthalmological methods are used to diag-
nose AMD: perimetry, Amsler’s grid testing, functional acuity contrast sensitivity, direct and
indirect ophthalmoscopy, scanning laser ophthalmoscopy, color fundus photography with
blue and red light filters, fluorescein angiography or with indocyanine green and histological
research and electronic biomicroscopy, optical coherent tomography. After performance of
color photograph of eye fundus, the progression of AMD should be followed (Figure 1(a) (a
hard drusen in right eye fundus) and (b) (a soft drusen in the left eye fundus)). AMD diagnosis
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(a) [1+]]

Figure 1. (a) Hard drusen in the right eye fundus and (b) soft drusen in the left eye fundus.

is confirmed after evaluation of clinical symptoms, (and patient’s complains) and examination
of eye fundus after pupil dilatation with mydriatics (specific changes are checked for in the
central retina part). Amsler’s grid test and a perimetry (visual field test) are performed to eval-
uate central eyesight changes. Fluorescein angiography shows a presence of abnormal new
blood vessels. The latest method for the confirmation of AMD diagnosis is optical coherent
tomography (OCT). This is a non-invasive method, allowing to get good resolution retina pho-
tography in vivo, to monitor the dynamics of diseases of retina and facilitating diagnostics [41].
OCT provide quantitative and qualitative information on retina condition. Today, OCT is one
of additional tools besides eye fundus photography and fluorescence angiography. However,
it is step-by-step used instead of previously mentioned methods, especially in monitoring of
diseases dynamics during treatment and for determination of retina disease stage [40].

5. Diagnostics

5.1. Impact of metalloproteinase structure, activity, and mutation on activity regulation
of matrix metalloproteinases (MMP-2, MMP-3, and MMP-9)

The structure of all MMPs identified is similar (Figure 1). The main components of MMP
molecule are:

* signal sequence, which is important for MMPs release from cell propeptide, to inactivate a
signal sequence of MMP;

* catalytic metalloproteinase domain, which include Zn?* ion, essential for enzyme activity;

axial peptide, which connects catalytic domain with hemopexin domain; and

* hemopexin domain, which determines MMPs possibility to cleave an appropriate substrate
[42, 43].
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Expression of most MMPs in tissues under normal conditions is low and it is induced when
remodeling of extracellular matrix (ECM) is required. Various factors might induce MMPs
production: cytokines, growth factors, physical stress, cell-extracellular matrix and cell-cell
interaction. Westermarck et al. found that there are four mechanisms of action of matrix
metalloproteinases:

1. MMPs may affect cell migration by changing the cells from an adhesive to non-adhesive
phenotype and by degrading the ECM;

2. MMPs may alter ECM microenvironment leading to cell proliferation, apoptosis, or
morphogenesis;

3. MMPs may modulate the activity of biologically active molecules such as growth factor or
growth factor receptors by cleaving them or releasing them from the ECM; and

4. MMPs may alter the balance of protease activity by cleaving the enzymes or their inhibi-
tors [44].

Activation of MMPs expression could be caused by various gene polymorphisms in promoter
region, when a binding place of transcription factors or other regulating elements is disrupted.
MMP polymorphisms can be caused by nucleotide changes within promoter region by inser-
tions, substitutions or microsatellite instability [45]. Around 90% of cases, a single nucleotide
polymorphism is determined where one of the basic changes appears in DNA strain [46].
However, several allele polymorphisms can be determined in MMP gene promoter regions.
Most parts of detected polymorphisms are not biologically active. Only a small part of poly-
morphisms which changes gene transcription intensity is biologically active; therefore, they
may have an impact on genetic predisposition to certain diseases [45]. A common variant in
the promoter region of the human matrix metalloproteinase-3 (MMP-3) gene with 1 allele
having a run of 5 adenines (5A) and the other having 6 adenines (6A) has an impact on gene
expression. MMP-3 gene is located in chromosome 11 11q22.2-11q22.3 region. Insertion of one
adenine (A) in -1171 base-pair position of MMP-3 promoter caused 6 adenines (6A) forma-
tion instead of 5 adenines (5A). It was shown that 6A allele has a higher binding affinity to
ZBP-89 transcription factor, which decreases promoter transcription activity and certain gene
expression [47]. In vitro methods showed that 5A allele has a higher activity and effect on
gene expression compared to 6A allele [48]. Ex vivo method showed that MMP-3 mRNA and
protein activity depends on genotype: 5A/5A shows the highest activity, 5A/6A —the middle
activity and the lowest activity shows 6A/6A genotype [47, 48]. A mutation (NCBI SNP iden-
tification no. rs2285053) which causes an increase in promoter activity was determined in the
MMP-2 (-735) gene promoter transcription region. MMP-2 gene is located in 16q13-q21 region.
The C to T allelic variation located at nucleotide -735 disrupts the Sp1l-binding site in pro-
moter region and significantly leads to a low transcriptional activity; therefore, T allele has
a markedly lower promoter activity than the C allele [49]. In addition, another C to T allelic
variation located in MMP-2 at nucleotide -1306 (NCBI SNP identification no. rs243865) dis-
rupts the SP1-binding site of transcription factor in promoter region. It is a similar effect as it
happens for MMP-2 (-735) gene promoter transcription region mutation [50], where promoter
loses 50% activity [51]. A transition of C to T at the 1562 base-pair position upstream of the
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transcription initiation site (-1562 C/T) of MMP-9 (NCBI SNP identification no. rs3918242) has
shown to have an effect on promoter activity. Transition of C nucleotide to T nucleotide causes
more difficulties for nucleic protein complex bind to DNA strain in the presence of T allele. It
was determined that once C allele mutates to T allele, a promoter activity increases 1.5 times
[52]. MMP-9 gene is located in 20q11.2-q13.1 region. Matrix metalloproteinases are involved
in vascular remodeling, and these appear to be active agents degrading extracellular matrix
proteins. Their expression in transcription level depends on gene promoter mutations and
various transcription factors.

6. Expression of matrix metalloproteinases in human retina and choroid

Bruch’s membrane is a pentalaminated extracellular matrix allowing bidirectional diffusion
pathways between the retinal pigment epithelium and the choroidal blood supply. Aging
is associated with progressive thickening of retina due to deposition of matrix components
and membranous debris rich in lipids. A consequence of the aging process is an exponential
decline in the hydraulic conductivity of Bruch’s membrane [53]. Hemato-retinal barrier might
be disrupted only when lesion in Bruch’s membrane or in retinal pigment epithelium occurs.
Li et al. found that MMP-3, and MMP-2 and -9 were present in human Bruch’s membrane,
and that the level of the two inactive gelatinases increased with the age of the donor. Regional
differences were apparent in the levels of the two gelatinases. The level of MMP-9 remained
invariant, while MMP-2 was lower in the macular region than in the periphery [54]. Given
that the thickness of Bruch’s membrane increases with age and that of choroid decreases, the
observed increase in MMP levels is likely to occur mainly in Bruch’s membrane. Cultured
retinal pigment epithelium (RPE) cells have been reported to synthesize and secrete MMP-1,
-2, -3, and -9, and TIMPs as well. The origin of the various MMPs found in Bruch’s membrane
and choroid remains unknown. The three potential sources are: (1) RPE cells, (2) choroidal
cells, and (3) plasma in the choroidal vessels [55, 56].

There are two pathways whereby these enzymes may be incorporated into Bruch’s membrane.
First, the enzymes may be released from plasma, RPE, and/or choroidal cells and then dif-
fuse into Bruch’s membrane. This is certainly a possibility for the smaller molecular weight
forms such as MMP-1 (52 kDa), MMP-2 (65 kDa), and MMP-3 (57 kDa), because the molecular
weight exclusion limit for Bruch’s membrane is approximately 65-75 kDa. Second, the release
of MMPs may be coincident with the synthesis of structural components of Bruch’s membrane
and, therefore, may be incorporated passively into the ECM of Bruch’s membrane. Such a path-
way would allow an incorporation of higher molecular weight enzymes such as MMP-9 [57].

MMP-1, MMP-2, MMP-3, and MMP-9 expressions are regulated by various ways such as tran-
scription level, activation of latent MMPs, and inhibition of MMP activity by tissue inhibi-
tors of metalloproteinases (TIMPs) [58]. TIMPs are known as natural tissue inhibitors, which
regulate active and non-active balance of MMP forms. MMPs are initially expressed in an
enzymatically inactive state due to the interaction of a cysteine residue of the pro-domain with
the zinc ion of the catalytic site. Only after disruption of this interaction by a mechanism called
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cysteine switch, which is usually mediated by proteolytic removal of the pro-domain or chemi-
cal modification of the cysteine residue, the enzyme becomes proteolytically active. Choroidal
neovascularization (CNV) is associated with an upregulation of MMP-9 at the transcriptional
level and an activation of pro-MMP-2 by MT1-MMP. This process might be blocked by physi-
ological/natural (TIMP-1 and TIMP-2) and also synthetic inhibitors [59].

MMPs are thought to play a key role during the early phases of choroidal neovasculariza-
tion. The synthetic inhibitor interacting preferentially with MMP-2, MMP-9, and MT1-MMP
(MMP-14) is more efficient comparing to a broad-spectrum synthetic inhibitor in case of cho-
roidal neovascularization. MMPs might have contrary functions—induce or block choroidal
neovascularization development [59].

7. Matrix metalloproteinases (MMP-2, -3, and -9) association with
age-related macular degeneration

Studies on the morphogenesis of AMD draw attention to the role of MMPs. These studies have
confirmed that ECM dysmetabolism plays an important role in the pathogenesis of AMD [60,
61] and metabolism of the ECM is closely regulated by MMPs [62]. The pathogenesis of age-
related macular degeneration is mostly focused on MMP-2 and MMP-9, due to their ability
to split gelatin in vitro.

There are no many studies analyzing MMP-2 influence on AMD development. Some studies
analyzed MMP-2 concentration in the blood, some MMP-2 expression, and some analyzed
genes’ polymorphism in different promoters’ regions. To our knowledge, currently there are
only two studies analyzing MMP-2 gene (-1306) C/T polymorphism influence on AMD devel-
opment [63, 64]. The study done by Seitzman et al. analyzed MMP-2 (-1306) C/T gene poly-
morphism in females with AMD, where association between MMP-2 and early or late AMD in
older women was not found [63]. The following study done by Ortak et al. also analyzed geno-
type distributions and allelic frequencies of MMP2 (-1306C > T). No significant differences in
either genotype distribution or allelic frequencies of MMP2 (-1306C > T) were found among
the patients with dry AMD, wet AMD, and control group [64]. An allele of MMP-2 rs2287074
was less prevalent in subjects with late AMD than in those with early or no AMD (p = 0.01)
[63]. The third study also proved that analysis of MMP-2 (-1306 C/T) gene polymorphism has
not revealed any differences in the genotype distribution between patients with early AMD
and reference group subjects when analyzed in overall groups, but MMP-2 gene C/C geno-
type was more frequent in AMD patients younger than 65 years comparing to AMD group
>65 years (67.21% vs. 49.37%, p =0.039), and C/T genotype was more frequent in AMD patients
265 years comparing to AMD patients <65 years (26.23% vs. 44.3%, p = 0.033) [65]. MMP-2
expression in experimental models [66] and in Bruch’s membrane-choroid preparations in
human donors eyes with AMD diagnosis also were analyzed [67]. Berglin et al. detected low
expression of MMP-2 in choroidal neovascularization membrane of mice [66]. In consistent,
other scientists group also found a significant reduction in the development of laser-induced
CNV in MMP-2 knockout mice [68]. Hussain et al. demonstrated that the total level of active
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MMP-2 was significantly reduced in Bruch’s membrane-choroid preparations of human
donor eyes with AMD [67]. As positive association between MMP-2 expression and choroidal
neovascularization was observed, in contrary, a potentially protective role of MMP-2 in dry
AMD was suggested. As noted above, estrogen depletion in ovariectomized mice resulted in
a loss of MMP-2 expression and subsequent changes associated with dry AMD, such as sub-
RPE deposit formation and Bruch’s membrane thickening occurred [69]. In others two studies
[33, 70], there were no differences in MMP-2 concentration found between AMD and control
group. MMP-2 levels in human plasma among healthy individuals, AMD patients, and exuda-
tive AMD patients gave a confirmation that the mean concentration of MMP-2 in the early and
neovascular AMD was not significantly different from that of the control group [70].

MMP-3 is a key member of the MMPs family and plays a central role in the physiological
and pathological events associated with connective tissue metabolism and remodeling [71, 72].
Only few studies have been conducted to clarify if MMP-3 has an influence on retinal vascu-
lar remodeling and stiffening, and plays a role in the development of AMD. Literature data
concerning MMP-3 effect on AMD are scarce and inconsistent. Some results reveal a possible
MMP-3 effect on AMD pathogenesis [73], and at the same time are in conflict with controver-
sial data from the other study assuming that MMP-3 expression did not play a role on AMD
development [74]. The study analyzing MMP-3 gene polymorphism on age-related macular
degeneration development in patients with myocardial infarction was carried as well. The
study results revealed that MMP-3 gene polymorphism did not have any predominant effect
on the development of AMD in patients with myocardial infarction [75]. German study showed
that MMP-3 expression in the retinal pigment epithelium was induced by oxidative stress. It is
known that oxidative stress is one of the risk factors for the development of AMD, and it is pos-
sible that MMP-3 might affect the development of AMD in this way [73]. Swedish researchers
conducted a study where the expression of several MMPs, including MMP-3, was analyzed,
but no data suggesting MMP-3 involvement in the development of AMD were found [75].

The studies analyzing an association between MMP-9 and AMD are inconsistent as well.
In a few studies, a reduction in MMP-9 was found in choroidal neovascular membranes
[76] and in serum [33], while other studies showed an increase in MMP-9 in the aqueous
humor [77], plasma [78], and choroidal neovascular membranes [79]. To our knowledge,
only one study done by Fiotti et al. revealed the influence of the MMP-9 genotype, which
causes greater gene expression on AMD [79]. This study found a relationship between
the length of MMP-9 gene promoter microsatellites and choroidal neovascularization in
AMD patients. It has been determined that carriers of one allele with 22 repeats have
more than double the risk of AMD. This polymorphism does not cause the disease but
increases the MMP-9 expression leading to increased vascular permeability and choroidal
neovascularization [80]. No difference between the major AMD risk factors (gender, age,
diabetes mellitus, cigarette smoking, and dyslipidemia) and MMP-9 polymorphism was
found. The logistic regression analysis showed that the status of carrier of a microsatel-
lite 22 repeats was the only variable entering into the equation (p = 0.011). The only one
association was high body mass index value which is linked to a higher risk of develop-
ing AMD [80]. The number of cytosine-adenine (CA) sequences in the MMP-9 gene pro-
moter region was found to determine the transcription activity [45]. Studies with mice
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mesangial cells have shown that 24 repeats of (CA) sequences in the MMP-9 gene pro-
moter region result in up to 20 times higher MMP-9 expression compared with 20 repeats
of (CA) sequence [81]. Steen et al. suggests that MMP-2 and MMP-9 may be cooperatively
involved in the progressive growth of choroidal neovascular membranes in AMD [74].
Lambert et al. demonstrated a significant reduction in the development of laser-induced
choroidal neovascularization in MMP-9 knockout mice suggesting that MMP-9 may be
important in the pathogenesis of AMD [76], and in Bruch’s membrane-choroid prepa-
rations from donor eyes, the total level of active MMP-9 was significantly reduced too
[67]. Interestingly, a recent study reported that MMP-9 was significantly elevated in the
aqueous humor of patients with neovascular AMD [77] and in the plasma in AMD and
CNV groups [70]. Zeng et al. showed different results and demonstrated no relationship
between the increased levels of circulating MMP-9 and AMD [33]. Chau et al. found oppo-
site results and proved that the mean plasma levels of MMP-2 were not significantly dif-
ferent in the three groups but, the mean plasma MMP-9 levels were significantly higher
in AMD and CNV groups compared to that of the control group (265 + 134, 659 + 315, and
740 + 494 ng/mL (p = 0.008)) [78]. To our knowledge, there is only one study analyzing the
impact of MMP-2, MMP-3, and MMP-9 genes polymorphism on the development of early
AMD. This study proved that the frequency of the MMP-2 (-735) C/T and MMP-3 (-1171)
5A/6A genotypes did not differ significantly between the patients with early AMD and
the control group, while the MMP-9 (-1562) C/C genotype was more frequently detected
in patients with AMD than the control group (73.7% vs. 64.6%, p = 0.048). The logistic
regression analysis showed that the MMP-9 (-1562) C/C genotype increased the likelihood
to develop early AMD (OR =1.51, 95% CI: 1.01-2.21; p = 0.046). After the subdivision into
the groups by age, a significant difference only in the frequency of the MMP-9 (-1562) C/C
genotype was found comparing the AMD patients and the control group younger than
65 years (79.7% vs. 66.4%, p = 0.039) [65].

8. Conclusions

Age-related macular degeneration is a multifactorial disorder. Alteration of matrix metallo-
proteinases plays a very important role in AMD pathogenesis, especially in the early phases of
choroidal neovascularization. During pathological process, MMP-2, MMP-3, and MMP-9 are
present in human Bruch’s membrane and RPE at different level and position, and are involved
in the inflammatory process. MMP-2, MMP-3, and MMP-9 expressions are regulated by vari-
ous ways: a transcription, activation of latent MMPs, and inhibition of MMP activity by tissue
inhibitors of metalloproteinases. However, knowledge on MMP-2, MMP-3, and MMP-9 action
in AMD pathogenesis is still controversial, therefore further research is necessary.
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Abstract

Ischemia has been reported to be related to matrix metalloproteinase-9 (MMP-9) level
upregulation. Neovascular glaucoma (NVG) (in proliferative diabetic retinopathy and cen-
tral/branch retinal vein occlusion) and age-related macular degeneration are known vision-
threatening retinal ischemic disorders. In this review, an extensive discussion has been
made into how MMP-9 is related to retinal ischemia and what the underlying mechanisms
of various traditional Chinese medicine (TCM) compounds and combinations are. High
intraocular pressure-induced retinal ischemic changes were characterized by decreased elec-
troretinogram (ERG) b-wave amplitudes, a loss of choline acetyltransferase (ChAT) immu-
nopositive amacrine neurons/processes, increased Miiller’s vimentin immunoreactivity, and
profound retinal ganglion cell (RGC) death. It has also been observed hypoxia inducible
factor-1ae (HIF-1ct), MMP-9 and vascular endothelium growth factor (VEGF) upregulation
at the protein/mRNA levels. After ischemia, both the p38 mitogen-activated protein kinases
(MAPKSs)-stimulated MMP-9 upregulation and HIF-1a-triggered VEGF overexpression
might result in neovascularization. Conclusively, baicalein seems to have neuroprotection
via antioxidation, antiapoptosis, HO-1 upregulation and HIF-1a, VEGF, and/or MMP-9
downregulation. Furthermore, baicalein inhibition on retinal ischemia-induced MMP-9
upregulation seems to be “partly” associated with its antioxidation. Additionally, retinal
ischemia, oxidative stress, and/or kainate excitotoxicity could be protected by resveratrol:
“via MMP-9 and inducible nitric oxide synthetase (iNOS) downregulation, and heme oxy-
genase-1 (HO-1) upregulation,” S-allyl L-cysteine (SAC): “through iNOS, HIF-1a, VEGF
inhibition and/or MMP-9 downregulation, and antiapoptosis,” Chi Ju Di Huang Wan: “by
means of antiapoptosis, antioxidation, MMP-9 downregulation and p38 MAPK inhibition.”

Keywords: matrix metalloproteinase-9, retinal ischemia, traditional Chinese medicine,
hypoxia inducible factor-1«, vascular endothelium growth factor, p38 mitogen-activated
protein kinase, baicalein, resveratrol, inducible nitric oxide synthetase, heme oxygenase-1,
S-allyl L-cysteine, Chi-Ju-Di-Huang-Wan
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1. Introduction

Central retinal artery occlusion (CRAO) [16], primary open angle glaucoma (in urban areas)
[24], diabetic retinopathy (type 2 diabetes) [21], and age-related macular degeneration (AMD;
age 240 of years [17]) is related to retinal ischemia with the incidences of 0.0018, 4, 2.9, and
0.36%, respectively.

Central/branch retinal vein occlusion (CRVO/BRVO) are also associated with retinal ischemia.
Retinal or choroidal ischemia can lead to angiogenesis, associated with subretinal fluid and
bleeding. Fifteen percent of AMD patients experience profound central vision loss owing to
choroidal neovascularization (CNV), namely neovascular AMD (nvAMD) [11]. This explains
why nvAMD becomes a leading cause of blindness in the elderly. Vision deterioration further
puts patients at a greater danger of falls and possibility of being in need of residential nursing
care. There is an eminent necessity for new agents that trigger the self-protective mechanisms
and avoid harmful neovascularization.

Oxidative stress in the human retinal pigment epithelium (hRPE) leads to the upregulation
of matrix metalloproteinase-9 (MMP-9). Upregulation of MMP-9 can adversely degrade the
extracellular matrix and induce irreversible retinal ganglion cell (RGC) death [9]. Brain isch-
emia has been reported to trigger MMP-9 upregulation [8]. In AMD, plasma MMP-2 and
MMP-9 levels have been also indicated to be upregulated [6]. As a consequence, ischemia
or oxidative stress may be related to MMP-9 level upregulation. In AMD, plasma MMP-9
concentrations promote neovascularization throughout the early phases of CNV [6]. Previous
results have supported that increases in MMP-9, hypoxia inducible factor-1a (HIF-1a), and
vascular endothelium growth factor (VEGF) levels in the retina/RGCs directly have a relation
with ischemia [5, 13].

In our previous publications, there were active components of traditional Chinese medicine
(TCM) that were proved to be antioxidants such as ferulic acid from Chuang Xiong [1, 2].
These include baicalein from Huangqin (Scutellaria baicalensis) [13, 3] and S-allyl L-cysteine
(SAC) from old garlic [5]. SAC could also act as a kainate antagonist [4]. In addition, Chi Ju
Di Huang Wan (CJDHW), a “vision preserved” TCM combination, was demonstrated to pro-
tect against retinal ischemia through the attenuation of apoptosis, increase of antioxidative
activity, downregulation of MMP-9, and inhibition of p38 mitogen-activated protein kinase
(MAPK) [7]. Besides, efficient components of beverages, such as epigallocatechin-3-gallate
[18] in green tea and resveratrol [15] in red wine, were also reported to possess protective
effect on retinal ganglion cells injured after optic nerve axotomy and retinal ischemia, respec-
tively. This review aimed at evaluating the effects of the following compounds or TCM com-
binations on retinal ischemia and their relations to MMPs.

Resveratrol has shown to possess strong antioxidant properties. Resveratrol has also been
confirmed to provide neuroprotective effects during cerebral ischemia plus reperfusion (I/R),
[19], mice retinal I/R [12], and in vitro experimental optic neuropathy [14]. However, the effects
of resveratrol are not completely highlighted. Therefore, it has been investigated whether and
how resveratrol protects against retinal I/R [15].
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Baicalein (5,6,7-trihydroxy-2-phenyl-4H-1-benzopyran-4-one) is a natural flavonoid from
Scutellaria baicalensis. It has been studied whether baicalein can alleviate retinal ischemia
using electroretinogram (ERG), immunohistochemistry [vimentin/glial fibrillary acidic pro-
tein (GFAP), choline acetyltransferase (ChAT)], TdT-mediated dUTP-digoxigenin Nick and
Labeling (TUNEL), and real time PCR (rtPCR) to detect mRNA levels of HIF-1a, VEGF, MMP-
9, and/or heme oxygenase-1 (HO-1). In brain ischemia, baicalein inhibited MMP-9 expression.
It has also been examined whether and how baicalein can suppress MMP-9 upregulation
induced by retinal I/R [3].

Within macrophages and endotheliums, SAC, an organosulfur compound in aged garlic
extracts, serves as an antioxidant [10]. It has been investigated whether and how SAC can
protect against retinal ischemia. Changes in Thy-1, HIF-1a, VEGF, or MMP-9 levels were also
intensively observed [4, 5].

Traditional CJDHW includes Fructus lycii (Gou qi zi), Chrysanthemi flos (Ju hua), Chi-Ju-Di-
Huang-Wan (CJDHW) is a classic herbal formula, traditionally used to stabilize tear film and
decrease abnormalities of the corneal epithelium in dry eye patients. Liu Wei Di Huang Wan,
Rehmanniae Radix Preparata (Shu di huang), Corni fructus (Shan zhu yu), Rhizoma Dioscoreae
(Shan yao), Poria (Fu ling), Cortex Moutan radicis (Mu dan pi), and Alismatis Rhizoma (Ze xie).
The active compounds of CJDHW known to have antioxidant properties include Zeaxanthin
and Lutein from F. Lycii and C. Flos and Trehalose from R. Radix preparata. It has been
evaluated regarding the protective effects and underlying mechanisms of CJDHW against
retinal ischemia [7].

2. Body-research methods

In vivo rat retinal ischemia was induced by high intraocular pressure (HIOP) of up to 120 mmHg
for 60 min. The mechanism and management were evaluated by ERG b-wave amplitude mea-
surement, immunohistochemistry, and rtPCR.

Resveratrol related to MMP and others: Drug administration (single intravitreous injection of
5 pL) involved either preischemic (15 min before retinal ischemia) or postischemic administra-
tion (15 min after retinal ischemia) of resveratrol (0.05, 0.5 nmol) or vehicle (ethanol; control).

Baicalein related to MMP and others: In vitro, an oxidative stress was also established by incu-
bating dissociated retinal cells with 100-uM ascorbate and 5-uM FeSO, (iron) for 1 h. The
rats or the dissociated cells were 15 min pretreated with baicalein [(5 uL invitreous injection
(i.v.i.) preischemia: 0.05 or 0.5 nmol; in vitro preoxidation: 100 uM)], vehicle (1% ethanol),
or trolox (i.v.i.: 5 nmol; in vitro: 100 uM or 1 mM). These treatment effects were also evalu-
ated by TUNEL, Western blotting, or in vitro dichlorofluorescein assay. In addition, the rtPCR
assessed the retinal mRNA expression of HIF-1a, MMP-9, VEGF, and HO-1. The other in
vitro methods for hRPE subjected to H,0, (500 uM)-induced oxidative stress included lactate
dehydrogenase or enzyme-linked immunosorbent assay to measure cell viability or the levels
of VEGF/MMP-9, respectively.
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S-allyl L-cysteine related to MMP and others: In vivo excitotoxicity or in vitro oxidative stress was
also induced by 100 uM kainate injected into a Wistar rat’s vitreous for 1 day or 24 h H O,
(500 uM) incubation of RGC-5 cell line. The management and mechanisms of 100 uM SAC
(5 pL intravitreous injection or incubation) and/or the kainate receptor antagonist 100 uM
CNQX (5 pL intravitreous injection or incubation) applied 15 min preexcitotoxocity/preisch-
emia/preoxidative stress were evaluated by histopathology (TUNEL, fluorogold retrograde
labeled RGCs), and various biochemical approaches [inducible nitric oxide synthetase (iNOS),
HIF-1a, VEGF and/or MMP-9 mRNA/protein levels].

Chi Ju Di Huang Wan related to MMP and others: The effects of CJ/DHW were studied by (i)
rtPCR for retinal Thy-1 and MMP-9 mRNA levels; (ii) Western blotting for retinal B-cell
lymphoma 2 (Bcl-2), HO-1, P-p38 MAPK and MMP-9 protein levels; (iii) Hematoxylin and
haematoxylin and eosin (HE) staining; (iv) fluorogold retrograde labeling; and (v) TUNEL
apoptosis assay.

A daily oral intake of 3 mL of water (vehicle; Group 2) or CJDHW (2.8 or 4.2 g/kg/day;
CJDHW?2.8 or CJDHW4.2; Group 3 or 4) was given for 7 consecutive days preischemia or
postischemia. In Group 5, 4 puL of 0.5 mM SB203580 (p38 MAPK inhibitor) was intravitreously
injected to the ischemic eye (15 min preischemia). The control rats received a sham procedure
(Group 1).

3. Conclusion: key results

The role of MMP-9 in a TCM compound or the TCM combination: An invention of a new
small-molecule medicine will run through considerable tedious and prolonged processes.
These include the selection of a single compound, animal safety study, investigational new
drug, preclinical trial, clinical trials, and new drug application. Launching a new medicine
might take 10-15 years and cost billions of US dollars. The institutional review board would
be somehow strict to the investigators or the pharmaceutical companies when they were
involved in implementing their clinical trials.

Artemisinin, one effective compound against malaria, was first isolated from the TCM,
Qinghao, and tested in the 1970s in China [22]. Thrillingly, the discovery of artemisinin that
awarded Professor Youyou Tu, the first Chinese Nobel Winner of Medicine in 2016 has pushed
the era of traditional medicine come around [23]. There are many intractable disorders, such
as the ischemia-related vision-threatening eye diseases, namely nvAMD, branch retinal artery
occlusion (BRAO)/BRVO, CRAO/CRVO, proliferative diabetic retinopathy (PDR), diabetic
macular edema (DME), NVG, or choroidal melanoma as described previously. It is clear that
the traditional medicine could be an alternative way, which might be able to be complemen-
tary to the modern medicine. With the evidence described above and discussion as follows
(Figure 1), we hopefully could find a way out to manage with the defined retinal ischemia-
associated vision-threatening ocular disorders.

The HIOP-induced retinal ischemic changes were characterized by a decrease in ERG b-wave
amplitudes, a loss of choline acetyltransferase immunopositive amacrine cell bodies/neuronal
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Figure 1. MMP-9 has been reported to play an important role in the retinal ischemia/excitotoxicity/oxidative stress [9,
11-15, 17]. Excitotoxicity and reactive oxygen species (ROS), such as O,-, H,O, and OH, are widely accepted to be
provided through the Fenton reaction in alive cells. The HIOP-induced retinal ischemic changes were characterized
by a decrease in ERG b-wave amplitudes, a loss of choline acetyltransferase immunopositive amacrine cell bodies/
neuronal processes, an increase in vimentin immunoreactivity, a Miiller cell marker and tremendous death of retinal
ganglion cells. It has been also observed the upregulation of HIF-1a, MMP-9 and VEGF at the protein/mRNA levels.
Both the p38 MAPK-stimulated MMP-9 upregulation and HIF-la-triggered VEGF overexpression would result in
neovascularization. Neovascular glaucoma (in PDR, CRVO/BRVO) and nvAMD are known to be troublesome vision-
threatening retinal ischemia-realted ocular disorders. A combination of single compounds or TCM combinations [24]
might produce combined drug effects to the commercial agents due to their different treatment mechanisms with
less complications. As described previously [9, 11-15, 17], baicalein seems to have protective effect via antioxidation,
antiapoptosis, HO-lupregulation and downregulation of HIF-1a, VEGF, and/or MMP-9. Furthermore, the underlying
mechanism of the baicalein inhibition on retinal ischemia-induced upregulated MMP-9 level seems to be only ““in part”
associated with its anti-oxidative effect [13]. In addition, retinal ischemia, oxidative stress and/or kainate excitotoxicity
could be protected by resveratrol: “via downregulation of MMP-9 and iNOS as well as upregulation of HO-1”; SAC:
“through an inhibition of iNOS, HIF-1«, VEGF and/or MMP-9 upregulation as well as apoptosis”; CJDHW: “by means of
anti-apoptosis, anti-oxidation, MMP-9 downregulation and p38 MAPK inhibition”. Abbreviations: proliferative diabetic
retinopathy, PDR; central/branch retinal vein occlusion, CRVO/BRVO; neovascular age related macular degeneration,
nvAMD; traditional Chinese medicine, TCM; hypoxia inducible factor-1a, HIF-1a; vascular endothelium factor, VEGEF;
matrix metalloproteinase-9, MMP-9; inducible nitric oxide synthetase, iNOS; heme oxygenase-1, HO-1; S-allyl L-cysteine,
SAC; Chi Ju Di Huang Wan, CJDHW; mitogen-activated protein kinase, MAPK.

processes, and an increase in vimentin immunoreactivity, a Miiller cell marker. It has also
been observed the upregulation of MMP-9 at the protein/mRNA level.

Resveratrol related to MMP and others: It has also been demonstrated the upregulation of
HO-1, and iNOS, as well as the downregulation of Thy-1, at the protein/mRNA level. The
ischemic detrimental effects were concentration-dependent (weaker effect at 0.05 nmol)
and/or significantly (at 0.5 nmol) altered when resveratrol was applied 15 min before or
after retina ischemia. Conclusively, this study supports the hypothesis that resveratrol may
be able to protect the retina against ischemia by downregulating MMP-9 and iNOS, and
upregulating HO-1.
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Baicalein related to MMP and others: The retinal ischemic changes also included Bcl-2 protein
linked to an increased apoptotic cells, and changes in the HIF-1a, VEGF, and HO-1 mRNA
levels; in hRPEs, H,0, (500 uM) induced oxidative stress was associated with the upregu-
lated VEGF and MMP-9 protein levels. Notably, the ischemic or oxidative injures were
concentration-dependent and/or significantly (0.05 nmol and/or 0.5 nmol; 25 and/or 50 pM)
altered when baicalein was applied 15 min before retinal ischemia or H,O, (500 uM). In
retinal cells or hRPEs subjected to ascorbate/iron or H,0, (500 uM), there was an increased
ROS, which was significantly attenuated by 100-uM baicalein and trolox (100 uM or ImM)
or 50/25 uM baicalein which downregulated the VEGF and MMP-9 protein overexpres-
sion. Furthermore, the underlying mechanism of the baicalein inhibition on retinal isch-
emia-induced upregulated MMP-9 level seems to be only “in part” associated with its
antioxidative effect [9].

SAC related to MMP and others: Retinal excitotoxic/ischemic changes were also identified by
fluorogold retrograde labeled RGCs, and increases in RGC layer apoptotic cells. Upregulated
mRNA levels of iNOS, HIF-1a, and/or VEGF were also detected in the retina subjected to
kainate excitoxicity or HIOP. The increased HIF-1a and VEGF protein levels were also seen
in RGC-5 cells subjected to defined oxidative stress. Importantly, the excitotoxicity/ischemia/
oxidative stress-induced alterations were significantly blunted when kainate receptor antago-
nist 100 uM CNQX and/or SAC (5 pL intravitreous injection or incubation) was applied 15
minutes before ischemia, oxidative stress or excitotoxicity. Conclusively, SAC would seem
to protect against retinal ischemia/oxidative stress/kainate excitotoxicity via an inhibition of
iNOS, HIF-1a, VEGF and/or MMP-9 upregulation as well as a modulation of glial activation
and apoptosis.

CJDHW related to MMP and others: The ischemia-induced changes (Group 2) were signifi-
cantly modulated by preischemic treatment with CJDHW (Group 4) on I/R day 7. These mod-
ulations included (Group 2 vs. 4) increased ERG b-wave amplitudes, inner retinal thickness,
ChAT immunolabeling amscrines, and RGCs. They also showed decreased vimentin/GFAP
immunolabeling Miillers and RGC layer apoptotic cells. Moreover, increased Thy-1 and
decreased MMP-9 mRNA (mean: 4.44 vs. 1.13) levels were found, respectively. Furthermore,
the Bcl-2 protein level increased while the HO-1, P-p38 MAPK (mean: 1.12 vs. 0.57) and
MMP-9 levels (mean: 0.70 vs. 0.39) were decreased. The ischemia-associated increases in
P-p38 and MMP-9 protein levels (mean) were also attenuated by 0.5 mM SB203580 (P-p38
MAPK: 1.12 vs. 0.18; MMP-9: 0.70 vs. 0.21). This was also the case with the MMP-9 enzyme
activity (Group 2 vs. 4 vs. 5: 5.03 vs. 1.59 vs. 1.35). Conclusively, CJDHW prevented retinal
ischemia through antiapoptosis, antioxidation, MMP-9 downregulation, and p38 MAPK
inhibition.

A combination of single compounds or TCM combinations [20] might create synergistic phar-
maceutical effects to the modern medicine owing to their various therapeutic mechanisms
with less unwanted drug effects. Whether the traditional medicine is ready to be comple-
mentary to the modern medicine, it is will be clear if the era of Ethnopharmacology would be
ready, is not it.
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Abstract

Human matrix metalloproteinases (MMPs) belong to the M10 family of the MA clan of
endopeptidases. They are ubiquitarian enzymes, structurally characterized by an active
site where a Zn* atom, coordinated by three histidines, plays the catalytic role, assisted
by a glutamic acid as a general base. Based on their structure and substrate specific-
ity, they can be categorized into five main subgroups, namely (1) collagenases (MMP-1,
MMP-8 and MMP-13); (2) gelatinases (MMP-2 and MMP-9); (3) stromelysins (MMP-3,
MMP-10 and MMP-11); (4) matrilysins (MMP-7 and MMP-26) and (5) membrane-type
(MT) MMPs (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24 and MMP-25). MMPs can
act on extracellular matrix (ECM) and non-ECM components affecting degradation and
modulation of the ECM, growth-factor activation and cell-cell and cell-matrix signalling.
In skin, MMPs are secreted by different cell types such as fibroblasts, keratinocytes, mac-
rophages, endothelial cells, mast cells, and eosinophils. This chapter reviews the role of
MMPs in maintaining skin homeostasis, skin ageing and skin cancer.

Keywords: MMP, skin ageing, photoageing, cutaneous melanoma, cutaneous squamous
cell carcinoma, basal cell carcinoma

1. Introduction

Human skin is the largest organ in the human body. The primary function of the skin is to
provide a protective barrier against environmental insults, such as heat, solar ultraviolet (UV)
irradiation, infection, injury and water loss. The skin is composed of two layers: the epidermis
and the dermis [1]. The epidermis is primarily composed of keratinocytes, which produce kera-
tins, intermediate filaments that provide mechanical stability. The dermis is largely composed of
dense collagen-rich extracellular matrix. Dermal collagen represents by far the most abundant
ECM protein and constitutes the bulk of skin (90% dry weight) [2]. Dermal ECM is essentially
responsible for the skin’s tensile strength and mechanical properties. In human skin dermis,
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collagen-rich ECM is synthesized, organized and maintained by dermal fibroblasts [3]. Matrix
metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases, which are involved
in remodelling of connect tissue of many organs, including the skin [4]. More than 24 MMPs
have been identified in human beings, most of which consist of multidomains [5]. MMPs activity
is regulated at multiple levels: gene expression, zymogens activation and inhibition by specific
inhibitors [4]. In skin, MMPs are produced by several different types of cells such as fibroblasts,
keratinocytes, macrophages, endothelial cells, mast cells and eosinophils [6]. MMPs play an
important role in maintaining skin homeostasis and various pathophysiological conditions, such
as skin ageing, wound healing and skin cancer. The aim of this chapter is to provide a concise
overview of the research progress on MMPs in skin ageing and skin cancer.

2. MMPs in skin development and cutaneous wound healing

The active and continuous changes in cell-cell adhesion, cell migration, cell proliferation,
apoptosis and remodelling that are required for normal skin development involve MMP
gene expression and activation of pro-MMPs. Degradation of dermal ECM is required for
epidermal expansion and appendage development during embryogenesis and for the cyclic
growth of hair follicles in adult skin. Starting from the third month of gestation, immunos-
taining for MMP-1 has been detected in basal epidermal keratinocytes and dermal fibro-
blasts, as well as in cells in and around developing hair follicles [7]. As the development
proceeds, the amount of MMP-1 protein decreases, and in adult human skin, MMP-1 is not
expressed in intact human epidermis, whereas occasional fibroblast-like cells in the reticu-
lar dermis express the mRNA and protein [8]. Matrilysin has been detected in epidermal
layers of fetal skin and in cells of early appendageal buds [9]. As skin development contin-
ues, matrilysin disappears from epidermal keratinocytes and then expresses in outer root
sheath of hair follicles as well as secretory portion of the eccrine glands. Immunostaining
for MMP-9 is detected in mesenchymal cells of upper dermis in fetal skin [10], whereas in
adult skin, MMP-9 mRNA is detected in the lower epidermis [10]. MMP-2 is constitutively
expressed by dermal fibroblasts and occasional basal keratinocytes in normal adult skin [10].
MMP-3 and MMP-10 mRNAs are not expressed in normal intact epidermis or dermis [11],
but are occasionally detected in normal hair follicles [6]. MMP-14 expression in fibroblasts
plays a crucial role in collagen remodelling in adult skin and largely contributes to der-
mal homeostasis underlying its pathogenic role in fibrotic skin disease [12]. MMP-21 were
present in inflammatory or stromal cells in ageing mice while dysplastic keratinocytes and
invasive cancer were negative, suggesting that MMP-21 does not associate with invasion of
squamous cell carcinoma (SCC) but may be involved in keratinocyte differentiation [13].

The hair cycle is an intrinsic and cyclic system of regenerating tissue, which is composed of the
anagen (phases of rapid growth; 1-3 weeks), catagen (phases of apoptosis-driven regression;
~2 days) and telogen (phases of relative quiescence; ~2 weeks) phases [14]. The hair cycle is
considered to be a process of tissue regeneration associated with ECM degradation and remod-
elling [15]. Increasing evidence demonstrates that MMPs have been suggested to be associated
with the hair cycle in vitro and in vivo. Yamazaki et al. reported that MMP-2 was expressed
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strongly in anagen tissue and slightly in telogen tissue, and topical application of 1% minoxidil
sulphate to the anterior dorsal skin of rats in telogen stimulated hair growth and increased the
mRNA expressions of hepatocyte growth factor (HGF) and MMP-2 [16]. After stimulation with
epidermal growth factor (EGF), tumour necrosis factor-alpha (TNF-a) or interleukin-1 alpha
(IL-1at), MMP-9 production was strongly increased in human hair follicles cultured in vitro.
Using immunohistochemistry, MMP-9 was detected in the lower part of the inner root sheath
(Henle’s layer) of normal human anagen hair follicles [17]. These findings suggest that MMP-2
strongly expressed in anagen and may act as hair growth regulatory molecules, whereas the
mechanism of the association is largely unknown. Hou et al. further confirmed that MMP-2
and MMP-9 may serve as an important role in the hair growth cycle. The different expressions
of MMP-2 and MMP-9 in different stages of hair cycle significantly influenced the collagenase
IV expression, which in turn plays an important role in regulating hair cycle by inducing vas-
cular endothelial growth factor (VEGF), insulin-like growth factor (IGF)-1 and transforming
growth factor (3 (TGF-3) expression [15, 18]. So far, there have been no reports of other MMPs
associated with hair cycle.

Moreover, there is increasing evidence that MMPs play a crucial role in cutaneous wound
healing. MMP-1 expression occurs as a rapid response to wounding and is exclusively
expressed in basal keratinocytes at the migrating epithelial front in wounds without base-
ment membrane [19]. Initial expression of MMP-1 is dependent on a2f1 integrin, whereas
sustained expression of MMP1 involves cross-talk between the a2f1 integrin and the EGF
receptor [20]. Expression of MMP-1 can also be modulated by numerous proinflammatory
mediators such as interleukin-1 and TGF-a [21]. Activity of both MMP-2 and MMP-9 can be
detected in wound fluids of human mucosal epithelium, suggesting a role for these MMPs in
wound healing [22]. Addition of exogenous MMP-2 to primary human nasal epithelial cul-
tures promotes wound closure, which supported the idea that MMP-2 might has a role in
wound healing [23]. In mice, expression of MMP-9 is observed at the leading edges during
wound closure. MMP-9 knock-out mice display delayed wound closure, suggesting a role for
MMP-9 in keratinocyte migration [24]. As is well known, angiogenesis is an important step
during wound healing. Both MMP-2 and MMP-9 play a role in physiologic angiogenesis, sug-
gesting that MMP-2 and MMP-9 can have a critical role in this process. MMP-3 and MMP-10
have a differential pattern of expression, with MMP-3 being expressed by a proliferating popu-
lation adjacent to the wound edge, whereas MMP-10 is expressed at the leading edge, where
it colocalizes with MMP-1. Keratinocytes expressing MMP-3 are in contact with an intact base-
ment membrane, while MMP-10 expression is induced in keratinocytes migrating on type I
collagen [11]. MMP-10 expression seems to be regulated by cytokines such as EGF, TGF-31 and
TNF-a [25]. MT1-MMP localizes at the migrating front in migrating keratinocytes, accompa-
nied by pro-MMP-2 activation, a coordinated process involving two molecules of MT1-MMP
and also TIMP-2 [26]. MT1-MMP may be involved in the regulation of epithelial cell prolif-
eration after tissue injury through a mechanism involving keratinocyte growth factor (KGF)
receptor expression [27]. In-vitro data show that MT1-MMP can cleave syndecan-1, CD44
and laminin-332, accelerating migration of different epithelial cells [28, 29]. MMP-8, which
is mainly expressed by neutrophils, was discovered to be the most abundant collagenase in
human cutaneous excisional wounds [30]. In wound healing, MMP-8 can compensate for loss
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of MMP-13 expression in MMP-13-defficient mice, and MMP-8 knockout mice demonstrate a
significant delay in wound healing [31]. MMP-12 is produced by macrophages in the wound
area in acute murine excisional wounds, being detected mainly around the blood vessels [32].
These results, together with more recent data showing that MMP-12 can generate angiostatin,
suggest a potential role of MMP-12 in angiogenesis [33]. MMP-13 is expressed in mice at the
leading edge of cutaneous wounds. Data obtained with MMP-13 knockout mice suggest that
MMP-13 plays a role in keratinocyte migration, angiogenesis and contraction in wound heal-
ing [34]. Metalloproteinase-19 has been detected in proliferating epithelium, fibroblasts, capil-
lary endothelial cells and also macrophages in skin wounds [35]. Overexpression of MMP-19 in
a epidermal keratinocyte cell line in vitro increased cellular proliferation, migration and adhe-
sion to type I collagen through a mechanism involving the insulin-like growth factor (IGF)-
binding protein-3 and the IGF-I receptor [36]. MMP-26, the smallest MMP, has been shown to
be expressed during re-epithelialization in cutaneous wound healing. Its expression has been
detected in migrating keratinocytes at the wound edge [37]. MMP-28 seems to be expressed
by proliferating keratinocytes distal from the wound edge. It is suggested that MMP-28 may
be needed to restructure the basement membrane or to degrade cellular adhesion proteins
between keratinocytes in order to supply new cells for the migrating front [38].

3. MMPs in skin ageing

3.1. Ageing of human skin

Ageing of human skin can be caused by passage of time (intrinsic or chronological ageing) or
environmental factors such as light, heat, cold, etc. (extrinsic ageing or photoageing). Intrinsic
skin ageing is a slow, spontaneous, progressive, cumulative and degradative process repre-
sents as both epidermal and dermal atrophy. Clinical changes of intrinsic skin ageing show
only finely wrinkled at old age (>70 years). The histopathology manifests epidermal atrophy,
flattening of the rete ridges and dermal ECM reduction [3].

Chronic exposition to solar UV irradiation is the major extrinsic factor accelerates skin age-
ing. Usually, photoageing also means extrinsic skin ageing. Clinically, photoageing is rec-
ognizable by fine and coarse wrinkles, blotchy dyspigmentation, telangiectasia, sallowness,
increased fragility and rough skin texture [39]. Histologically, the epidermal becomes thick
during photoageing; the dermal connective tissue is composed of damaged and disorganized
collagen fibrils and massive accumulation of aberrant elastic material, referred to as “solar
elastosis” [3]. The action spectrum for UV-induced skin damage is divided into (320400 nm)
and UV-B (290-320 nm). The 95% of the UV radiation reaching the Earth’s surface is UVA,
which is only slightly affected by ozone levels. Although, the amount of UVB reaching the
earth’s surface is lesser than that of UVA, its intensity is high enough to induce photoageing
and skin cancer [39]. In past decades, several studies reported that solar UV irradiation induce
different kinds of MMPs leading to photoageing.

Dermal ECM in particular the collagen and elastic fibres changes, is the major alteration
in both intrinsic ageing and photoageing. Imbalance of collagen synthesis and breakdown
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causes alternations of dermal collagen. In both extrinsic and intrinsic ageing, elevated levels
and activities of cutaneous MMPs have been demonstrated [3, 40].

Type I collagen is the most abundant subtype of collagen found within dermal ECM con-
nective tissue of human skin, followed by small amounts of type III collagen. Collagen pre-
cursor molecules (procollagen) are synthesized by dermal fibroblasts and are secreted into
extracellular spaces, where it is enzymatically processed to mature collagen. Mature collagen
spontaneously forms fibrils, which are stabilized by cross-links. Collagen fibrils are largely
responsible for the strength and elasticity of skin. The half-life of collagen fibrils is about
15 years [41]. Therefore, fragmented collagen fibrils accumulate with the passage of time and
have long-lasting consequences on skin structure and function. Breakdown of collagen is nor-
mally regulated by activity of MMPs and their natural inhibitors, tissue inhibitor of metal-
loproteinases (TIMPs). MMP-1 (collagenase) initiates cleavage of type I fibrillar and type III
fibrillar at a single site within central triple helix. Once cleaved by MMP-1, collagen can be
further degraded by MMP-3 (stromelysin) and MMP-9 (gelatinase). Elevated levels and activ-
ities of cutaneous MMPs are important in the development of age-related changes in skin [42].

3.2. Source of MMPs in human skin

In the skin, most of the epidermal cells are kerationocyte and dermal cells are fibroblast. In vitro
data showed both keratinocyte and fibroblast can secrete MMPs, including MMP-1 (collagenase),
MMP-3 (stromelysins) and MMP-9 (gelatinases). Cell culture and skin equivalent model stud-
ies have concluded that dermal fibroblasts are the major source of MMPs that are expressed in
response to UV irradiation [43]. While, based on in situ hybridization and immunohistology, Fisher
et al. reported that keratinocytes are the major cellular source of MMPs in UV-irradiated human
skin in vivo [44]. They dissect epidermis and dermis from human skin by laser capture microdis-
section (LCM) and detect the MMP expression by real-time RT-PCR. MMP-1, 3 and 9 induced
by 2 minimal erythema doses (MED) UV were primarily secreted by the epidermis, rather than
dermis [41]. The reasons for the discrepancies between responses of human skin cells in vivo and
responses of cultured skin cells in vitro are not well known. Although UV-induced MMPs (MMP-
1, 3 and 9) are mainly produced by the epidermis, the secreted enzymes diffuse into the dermis
and degrade collagen, as shown by in situ zymography [41]. Maybe dermal fibroblasts play a role
in modulation of MMPs activities. It is also possible that dermal cells may also play a role in epi-
dermal production of MMPs, through indirect paracrine mechanisms, by release of growth factors
or cytokines, which in turn modulate MMP production by epidermal keratinocytes.

Besides keratinocytes and fibroblasts, neutrophil and macrophage are also important source
of MMPs during UV irradiation or other pathological process in human skin. Fisher reported
that MMP-8 (neutrophil collagenase) is present in human skin, 24 hours following UV irra-
diation, as a result of influx of neutrophils from the circulation [45]. Rijken et al. reported
that neutrophils are major acute infiltrating cell in dermis after solar UV irradiation and these
infiltrating neutrophils are a key source of in vivo MMP-1 and MMP-9 [46]. Keratinocytes and
fibroblasts also produce MMPs but to a lesser extent [46]. Chung reported that macrophage-
derived MMP-12 (macrophage elastase) mRNA maximally (11.9-fold) was induced by ultra-
violet within 16 h in human skin in vivo [47]. Tewari confirmed that MMP-12 induction by
UVAL at 6 hours and contributing to elastin degeneration in late solar elastosis [48].
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3.3. Role of MMPs in intrinsic skin ageing

Due to the limitation of experiment model for intrinsic ageing, details of molecular mechanism
of MMP activation during chronological ageing are less clear than those in photoageing. Quan
et al. screened basal mRNA expression levels of MMP family members in normal healthy,
sun-protected, adult human skin. Among the 24 MMP genes in human beings, transcripts for
MMP-8, 10, 12, 20 and 26 were not detected. Transcripts for other MMPs (MMP-1, 2, 3, 7, 9,
11, 13, 15, 16, 17, 19, 21, 22, 23, 24, 25, 27, 28) except MMP-14 were near the level of detection,
approximately 1000-fold lower than internal control, housekeeping gene 36B4. Basal expres-
sion level of MMP-14 mRNA was approximately 35-fold higher than other detectable MMPs
[41]. In both extrinsic and intrinsic ageing, elevated levels and activities of cutaneous MMPs
have been demonstrated. MMP-1, MMP-2 and MMP-9 mRNA expressions are significantly
elevated in sun-protected skin from patients older than 60 years of age compared with the 18-
to 29-year-old age group [40, 49]. In parallel, aged skin was found to contain reduced levels of
TIMPs both in normal skin and during acute wound repair [44]. Transcription factor AP-1 and
a2f1 integrin, which are key regulators of MMP-1 expression, are also elevated in fibroblasts in
aged human skin in vivo [49]. In elder skin, reactive oxygen radicals produced during the mito-
chondrial oxidative energy metabolism, in particular in case of reduced antioxidant capacity,
also contribute induction of MMPs [49, 50]. In addition, age-associated impaired ECM causes
further fibroblast dysfunction in a self-sustaining loop. Fragmentation of collagen fibrils and
collagen mass loss impairs fibroblast attachment with the collagenous ECM and then reduces
spreading. The reduced mechanical force within fibroblast causes reduced collagen produc-
tion from fibroblast and upregulates MMP expression especially MMP-1, which collectively
causes further deterioration of the ECM [51-53]. In old cutaneous dermis, collagen fragmenta-
tion promotes oxidative stress and elevates MMP-1 production in fibroblasts from old skin
[49]. Fibroblast cultured in three-dimensional collagen lattices with exogenous MMP-1 mimics
the ECM microenvironment in old human dermis. And the fibroblast elevated levels of MMP-1,
AP-1 and 231 integrin and the antioxidant MitoQ can significantly reduce MMP-1 expression
[49]. Reduced spreading/mechanical force of fibroblasts in aged skin induces MMP-1 expres-
sion through regulating c-Jun/AP-1 and elevating PGE2 production [53, 54]. The above studies
reveal a novel mechanism by which alteration of fibroblast shape/mechanical force regulates
MMP-1 expression through several pathways, such as c-JUN/AP-1, COX2-PGE and oxidative
stress. Increasing mechanical force of old skin dermis by cross-linked hyaluronic acid filling
can stimulate collagen synthesis and block MMP elevation partially [55].

3.4. Role of MMPs in photoageing

Both UVA and UVB can cause MMPs induction in human skin. In 1996, Fisher et al. first time
showed induction of MMP mRNA expression and activities in human skin by low-dose UVB
irradiation in vivo. Even 0.1 minimal erythema dose (MED) of UVB stimulates MMP expres-
sion and activities significantly. The 0.1 MED never causes perceptible erythema and is equiv-
alent to 2-3 min solar irradiation on a summer day [56]. After UVB irradiation, the changes of
AP-1 transcription factors became detectable within a few minutes and reached a maximum
level at 60 min. Induction of MMP levels and activities was detectable approximately 16 hr.



Skin Ageing and Cancer
http://dx.doi.org/10.5772/intechopen.70266

post UVB irradiation, reached a maximum platform at 24 hr. and gradually disappeared after
48-72 h [56]. Usually, suberythemal dose of UV induces collagenase (MMP-1), a gelatinase
(MMP-9) and a stromelysin (MMP-3) from keratinocytes and fibroblasts in vivo. High dose of
UV irradiation induces more profound changes in MMPs expression and activity because it
recruits more inflammatory cells, including neutrophil granulocytes, mast cells, monocytes-
macrophages, lymphocytes and Langerhans cells [57, 58].

After UV irradiation, neutrophils are mainly MMP derived inflammatory cells and recruited
in acute phase. Usually, neutrophil-derived MMPs are stored in granules ready for secre-
tion [59]. Neutrophils can secrete MMP-1, MMP-8 and MMP-9. Macrophage-derived MMP-12
(macrophage elastase) mRNA maximally (11.9-fold) was induced by ultraviolet within 16 h in
human skin in vivo [47]. Other UV-inducing MMPs like MMP-13, 10 and 7 are also reported.

The MMP induction was shown to be strongly dependent on the skin type: UVA or UVB/UVA
irradiation of individuals with darkly pigmented skin resulted in only modest or little MMP
induction, even if high UV dose was applied.

Among the UV-induced collagen, MMP-1 is the only enzyme able to initiate cleavage of col-
lagen triple helix within type I and type III collagens, which are the two major fibril-forming
molecules in the skin. Only the degrade fibrillar collagens initiate by MMP-1 can be cleaved
by MMP-3 and MMP-9. The activity of MMP-1 remains under tight control even after UV irra-
diation [60]. After acute UV irradiation, only a small part of MMP-1 becomes active, whereas
the majority of MMP-1 still inactive [60].

Besides MMP-1, MMP-8 (neutrophil collagenase) and MMP-13 (collagenase 3) also belong
to collagenases being able to degrade native collagen without unwinding the triple helical
assembly of the substrate [61]. They share similar configuration and enzymatic functions
and only have small differences in substrate specificity. Recent studies suggest an induc-
tion of MMP-8 by UV irradiation but upregulation was minimal and plays a limited role in
UV-mediated collagen damage in the skin [62]. MMP-13 shows less cleavage activity for type
I collagen and type III collagen than MMP-1. However, it is 5-10 times more potent in cleav-
ing type Il collagen, a major collagen present in the cartilage [61]. Hence, MMP-8 and MMP-13
contribute very little to collagen damage in photoageing.

MMP-3 (stromelysin-1) and MMP-10 (stromelysin-2) belong to stromelysins, differ from col-
lagenases and cannot digest intact type I collagen. They cleave various ECM proteins and are
involved in the activation of pro-MMPs. The primary function of MMP-3 is the activation of
pro-MMPs such as collagenases, gelatinase B and matrilysins during ECM turnover. In particu-
lar, the production of fully active MMP-3 is essential to partially activate pro-MMP-1[61, 63, 64].
MMP-3 can degrade a large number of ECM proteins, such as type IV, V, IX and X collagens,
gelatin, fibrillin-1, fibronectin, laminin and proteoglycans. The catalytic function of MMP-10 for
type IV and type V collagens is quite weak compared to the MMP-3 activity [61, 65].

MMP-9 (gelatinase B or 92-kDa type IV collagenase) and MMP-2 (gelatinase A or 72-kDa
type IV collagenase) belong to gelatinases, which can degrade type IV, V, VIl and X collagens,
fibronectin and elastin [64, 66]. They are essential in breakdown of fibrillar collagen fragments
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that initially cleaved by collagenases. In photoageing, MMP-9 mainly degrades type IV col-
lagen, an important component of the cutaneous basement membrane [67].

Besides collagen impairment during photoageing, degrading of elastin also contributes to
photoageing. Elastin constitutes only 2-4% of the total protein content of the skin; how-
ever, it is a major component that contributes to the function of recoil and resilience [68, 69].
UV-induced MMP-12 contributes to solar elastosis, which refers to the collection of dystro-
phic elastotic material in the dermis [48]. MMP-12 (macrophage metalloelastase) and MMP-7
(matrilysin) can degrade elastin efficiently after UV irradiation. MMP-12 is secreted by both
macrophages and fibroblasts after UV irradiation. MMP-12 can cleave many other substrates
belonging to the ECM, such as collagen type IV fragments, fibronectin, fibrillin-1, laminin,
entactin, vitronectin, heparin and chondroitin sulphates. MMP-12 is also responsible for
the activation of other pro-MMPs, such as pro-MMP1, MMP-2, MMP-3 and MMP-9 [61, 68].
MMP-7 can also cleave many other substrates of the ECM, such as collagen type IV, entactin,
fibronectin, laminin and cartilage proteoglycan aggregates [61, 70].

Although UV is the most important factor causing extrinsic skin ageing, other factors such as
smoking may also contribute to skin ageing through induction of MMPs. Indeed, it has been
shown that tobacco smoking-induced MMP-1 causes extrinsic skin ageing in vivo [71].

MMPs induction by UV is related with reactive oxygen species (ROS). UV irradiation stimulates
excess intracellular ROS including singlet oxygen, superoxide anion, hydrogen peroxide and
hydroxyl radicals. ROS activates the mitogen-activated protein kinase (MAPK) family pathways.
Then, transcription factors AP-1 and NF-«B are activated and regulated MMP-1, MMP-3 and
MMP-9 resulting in the degradation of collagen [72, 73]. AP-1 also inhibits transforming growth
factor-beta (TGF-P) signalling. TGF- is an important regulator of type I procollagen synthesis in
human skin [74]. Stimulation of MMP-1 and MMP-3 expression occurred via the upregulation
of transcription factors AP-1 and NF-kB both in cultured keratinocytes and fibroblasts [75, 76].
AP-1 and MMP activities are also upregulated in the aged human skin in vivo [75]. Other influ-
ence factors generating ROS also induce AP-1- and NF-B-mediated transcriptional activation
and regulation of MMP gene expression. These pathways are shared by intrinsic and extrinsic
skin ageing. Thus, even under physiological condition, low level of reactive oxygen species is
constantly produced by the skin cells. The effects of ROS do not depend on their origin and all of
them will lead to MMP activation and shift the MMP/TIMP balance. Treatment targeted to ROS
generation can inhibit MMPs and prevent skin ageing. In recent years, it is demonstrated that
many botanical supplements have effects of suppressing UV-B-induced ROS and MMPs expres-
sion, such as Galla chinensis [77], Ixora parviflora [78] and Coffea Arabica et al. [75].

There are a few medicines known to inhibit MMPs in human skin [51]. Topical application of
tretinoin may suppress AP-1 and effectively inhibit a number of MMPs in both photoageing
[44, 79] and intrinsic ageing [80]. Vitamin A antagonizes decreased cell growth and elevated
collagen-degrading MMPs and stimulates collagen in aged skin. Doxycycline inhibits MMP
activity at subantimicrobial doses used in many experimental systems. It is used clinically
to treat periodontal disease. It is the only MMP inhibitor widely available clinically without
major side effects [81]. Its topical application to the skin may also be beneficial against der-
monecrosis induced by Loxosceles spider venom [82]. Interferon-y and heparin have been
reported inhibition of MMPs via inhibition of transcription levels.
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3.5. Conclusion

MMPs are involved in various forms of skin ageing. It have been demonstrated that in both
extrinsic and intrinsic ageing, reactive oxygen species are induced by physiological function
of the organism or the extrinsic toxic effects like UV irradiation or tobacco smoking. Reactive
oxygen species stimulate expression and activation of MMPs via AP-1 and NF-xB pathway.
Meanwhile, MMP inhibitors and collagen synthesis are suppressed. MMPs can degrade all
kinds of dermal ECM proteins such as collagen and elastin. Incomplete repair and chronic
imbalance of ECM synthesis and degradation lead to disorganization of collagen and elastic
fibres. The details of molecular events in skin ageing and MMP behaviours not completely
understood. Although some MMP inhibitors are found to prevent skin ageing, more work
should be done to reveal more mechanisms.

4. MMPs in skin cancer

Skin cancer is the most common type of malignancy, especially in the Caucasian population.
There are three main types of skin cancers: basal cell carcinoma (BCC), squamous cell carci-
noma (SCC) and cutaneous melanoma (CM). The first two together along with a number of
less common skin cancers are known as non-melanoma skin cancer (NMSC) [83]. CM is the
most aggressive, SCC is more likely to spread and BCC grows slowly and can also damage the
tissue around. Two essential steps in tumour development are degradation of the basement
membrane and invasion of the surroundings tissue by tumour cells, and MMPs maybe play
an important role in them [84].

4.1. MMPs in cutaneous melanoma

CM is the most severe skin cancer characterized by a bad prognosis at metastatic stages due
to resistance to most classical chemotherapies [85]. Degradation of basement membranes
and ECM is an essential step in melanoma cell migration, invasion and metastasis formation.
MMPs families are the main degrading substances involved in this process. Studies show
that MMPs expression is not only restricted to tumour cells but also found in stromal cells. In
addition to disrupt matrix proteins, MMPs can also cleave non-matrix components such as
cytokines and growth factors. The modifications generated by the remodelling of matrix and
non-matrix components can influence melanoma cell proliferation, adhesion, vascularization,
survival, proteases expression and migration. The major findings about the expression and
roles of some MMPs in melanoma are summarized according to their subgroup.

4.1.1. Collagenases

Three collagenases have been identified so far: collagenase 1 (MMP-1), collagenase 2 (MMP-8)
and collagenase 3 (MMP-13) [84]. In 1980, MMP-1 was firstly detected in the stromal cells adja-
cent to melanoma metastases but not tumour cells and normal skin [86]. MMP-1 expression
by stromal fibroblasts has also been implicated in the processing of PAR1, a thrombin receptor,
thereby promoting the metastatic potential of cancer cells [87]. Their findings supported the
hypothesis that collagenase facilitates connective tissue breakdown, which is associated with
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tumour invasiveness and metastatic spread. Further research found detection of MMP-1 at the
edges of tumours and increased expression during melanoma progression [88]. Montgomery
etal. found MMP-1 was also detected in a highly metastatic human melanoma cell line (M24met)
together with MMP-2 and MMP-9 [89]. Furthermore, MMP-1 is detected in melanoma cells in
advanced melanoma [90]. In terms of its expression, MMP-1 displays several promoter poly-
morphisms. Several studies had confirmed that the extra guanine (G) at -1607 bp was associated
with enhanced transcription of MMP-1, increased enzymatic activity [91, 92] and also deep inva-
sive melanoma [92]. Pearce et al. had assessed the functional effects of several single nucleotide
polymorphisms (-1607GG > G, -839G > A, -755G > T, -519A > G, 422 T > A, -340C > T and
320C > T) on MMP1 gene promoter activity in cell lines of melanoma (A2058 and A375). Their
results suggest that the polymorphisms exert haplotype effects on the transcriptional regula-
tion of the MMP1 gene in cancer cells and indicate a need to examine haplotypes rather than
any single polymorphism in genetic epidemiologic studies of the MMP1 gene in cancers [93].
The further research confirmed that the above polymorphisms correlate with ulceration patient
status, but did not significantly associate with overall survival and other clinical factors [94],
suggesting that MMP-1 promoter polymorphisms may individually or jointly play roles in the
development of CM [95]. According to the literature, almost all the past studies showed that the
expression of MMP-1 was positively correlated with melanoma invasion and metastases [96].
Nikkola et al. found the expression of collagenase-1 (MMP-1), stromelysin-1 (MMP-3) and col-
lagenase-3 (MMP-13) in 70 melanoma metastases obtained from 56 patients treated with com-
bined chemoimmunotherapy. They found that patients with MMP-1-positive metastases had
significantly shorter disease-free survival compared to patients with MMP-1-negative metasta-
ses [97]. Despite a broad acceptance that MMP-1 plays a central role in invasion and metastasis,
one study had found that high MMP-1 expression correlates with a favourable chemoimmuno-
therapy response in human metastatic melanoma [98].

In contrast to the other collagenases, MMP-8 had a very limited tissue distribution, thought
to be restricted to neutrophils and chondrocytes. Giambernardi et al. firstly observed MMP-8
expression in human melanoma cells in 1998 [99]. This observation led them to assess in more
detail the expression of MMP-8 in normal and malignant melanocytic cells. They found that
MMP-8 was expressed by 11 of 12 human melanoma cell lines tested and all 10 primary mela-
nomas examined, but was not expressed by four primary neonatal melanocyte strains. In con-
trast to its restricted tissue expression postpartum, MMP-8 was present in multiple embryonic
tissues, including neural crest cells. The production of MMP-8 by migrating neural crest cells
may contribute to their ability to degrade fibrillar collagen matrices while in transit [100].
Unlike the other MMPs, most studies showed that MMP-8 may have anti-tumour properties.
Gutiérrez-Fernandez et al. proposed that MMP-8 is a tumour protective factor, which also
has the ability to reduce the metastatic potential of malignant cells in both mice and human
[101]. In human melanoma, 23% somatic mutations of MMPs have been identified and 5 of
these were found in the MMP-8 gene that lost thereby enzymatic activity [102]. MMP-8 gene
variation might associate with an increased risk of malignant melanoma, which suggests that
wild-type MMP-8 has the ability to inhibit melanoma progression, thus providing definitive
evidence that MMP-8 is a tumour-suppressor gene [103]. On the controversy, high serum
MMP-8 level is also associated with earlier recognized histopathology markers of melanoma
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progression and haematogenous spreading of melanoma through vascular invasion [104].
Although Syrjdnen et al. had reported that patients with high serum MMP-8 levels may ben-
efit from adjuvant IFN-«a therapy [105], ProSvicova et al. reported that MMP-8 does not seem
to function as a tumour suppressor in the most recent study [106]. In all, MMP-8 seems to
have two different effects and needs further investigation in the future.

MMP-13 was shown to be expressed during invasive vertical growth phase of melanoma, but
its expression is higher when the tumour starts to invade surrounding tissues [88]. Further
studies also confirmed MMP-13 involved in BCC progression, invasion and metastasis [107,
108]. Moreover, MMP-13 can also mediate melanocytes and melanoma growth in vitro stud-
ies [109]. To confirm the role of stroma-derived MMP-13 in the invasion process, Zigrino et al.
also investigated the invasiveness of melanoma cells upon intradermal injection in mice with
complete inactivation of MMP-13. Their data suggest an important role of MMP-13 in tumour
growth and an unexpected role in organ-specific metastasis of melanoma cells [110]. The
recent research showed that MMP-13 has a dual effect in melanoma, as it promotes invasion
and metastasis by cleaving laminin-5 (Ln-5) into small fragments but disrupts vasculogenic
mimicry formation [111]. However, host-derived MMP-13 exhibits a protective role in lung
metastasis of melanoma cells by local endostatin production [112].

4.1.2. Gelatinases

MMP-2 and MMP-9, also known as gelatinases A and B, were detected by immunohistochemi-
cal staining in stromal and/or melanocytic cells in melanoma [113] and stromal cells as the major
source for it [114]. Using in situ enzymatic assays, proteolytic activity of MMP-2 and MMP-9
was predominantly localized in peritumoural areas while no activity was observed within the
tumour cell nests [115]. MMP-2 cleaves fibronectin into small fragments to enhance the adhe-
sion and migration of human melanoma cells [116]. There is growing evidence that MMP-2
is an important factor for promoting cancer cell invasion and independent predictive factor
for lymph node involvement [117]. The pro-tumour function of several molecules (NADPH
oxidase 1 [118], angiotensin II [119], hyaluronan-binding protein 1 [120], osteopontin [121] and
interleukin-8 [122]) was also MMP2-dependent. The expression of MMP-2 in CM could be a
useful diagnostic and prognostic indicator in melanoma [123, 124]. However, MMP-2 serum
level appears to be of limited clinical value in monitoring [125, 126]. At the genetic level, func-
tional promoter polymorphisms —1306 C/T and 735 C/T were known to modify the gene tran-
scription but not associated with melanoma progression [127].

Among all the members of the MMP family, MMP-9 is of crucial importance in tumour inva-
sion and metastasis. MMP-9 was significantly higher in melanoma patients than in controls
[128]. Transfection of sense MMP-9 can enhance growth and invasion of melanoma cells,
further confirming its important role in tumour invasion and metastasis [129]. MMP-9 may
also act as tumour suppressor by processing matrix macromolecules. Enzymatic activity of
MMP-9 towards the basement membrane collagen type IV was shown to generate a proteo-
lytic active fragment, tumstatin, which suppresses activity of endothelial cells and inhibits
pathological angiogenesis [130]. Circulating MMP-9 levels had shown low sensitivity and
specificity and did not seem to be good tumour markers in patients with melanoma [131].
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Nikkola et al. reported that MMP-1, MMP-9 and MMP-13 play important roles at different
phases of metastatic melanoma spread and serum MMP-9 could particularly have clinical
value in identifying patients at high risk for melanoma progression [132]. There was no strong
evidence that MMP-9 SNPs play a role in melanoma progression [133].

4.1.3. Stromelysins

MMP-3, MMP-10 and MMP-11 correspond to stromelysins 1, 2 and 3, respectively. MMP-3,
also called stromelysin-1, was one of the first proteinases found to be associated with cancer.
MMP-3 was localized to the deeper margins of human melanoma [134] and confirmed to
correlate with shorter disease-free survival [97]. However, Tas et al. proposed that neither of
the serum levels of MMP-3 could be a good indicator of invasion and metastasis nor can be
recommended as a tumour marker in the management of melanoma patients owing to lack
of sensitivity and specificity by detecting serum MMP-3 levels in 70 patients with cutaneous
malignant melanoma [135]. At the genetic level, functional promoter polymorphisms 1171
5A/6A was known to modify the gene transcription [127], but no strong evidence provided
into the role of the MMP3 variants in melanoma progression [127, 136]. More researches are
needed to confirm it specific roles in CM. Studies on the other two stromelysins, MMP-10 and
MMP-11, in CM were very limited. It seems that the stromelysins are involved in the gener-
alized growth and expansion of the neoplastic cell mass [107], but the possible correlation
with CM is still unclear. MMP-11 is a fibroblastic factor expressed in stromal cells adjacent to
carcinoma cells, but was not found in human melanoma [137].

4.1.4. Matrilysins

MMP-7 and MMP-26 belong to the group of matrilysins. Matrilysin (MMP-7) is expressed
in various types of malignant tumours. Kawasaki et al. found MMP-7 expression in primary
melanomas and in metastatic melanomas, but not in common naevi or Spitz naevi. Their
observations indicate that MMP-7 may be associated with melanoma progression and may
enhance melanoma tumour cell invasion [138]. However, a direct role for MMP-7 in mela-
noma development has not been shown. MMP-26 was not generally expressed in melanoma
cells [139] but elevated in melanoma tissues, and it may serve as a molecular marker for the
early diagnosis of melanoma [140].

4.1.5. MT-MMPs

Two types of MT-MMPs exist: four type I transmembrane proteins (MMP-14, MMP-15, MMP-16
and MMP-24) and two glycosylphosphatidylinositol (GPI)-anchored proteins (MMP-17 and
MMP-25). MT1-MMP, also referred to as MMP-14, was the first discovered membrane-type MMP
[141]. MT1-MMP expressing clones can induce rapid tumour growth and high tumour vascular-
izationinnude mice [142]. Itis expressed in tumour cells mainly at the leading edge of the invasive
front of melanomas [115] and can serve as prognostic factor as its expression strongly associates
with cancer progression and metastasis and poor prognosis of patients [143]. Activation of MMP-2
is mediated by binding to the complex of MT1-MMP with tissue inhibitor of MMP-2 (TIMP-2)
on the cell surface [144]. Further study suggested that activation of MMP2 by MT1-MMP is
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required to sustain RACI activity and promote MT1-MMP-dependent cell motility. These data
highlight a novel MT1-MMP/MMP2/RAC1 signalling axis in melanoma that may represent an
intriguing molecular target for the treatment of invasive melanoma [145]. Moreover, MT1-MMP
can activate Notch1 in melanoma cells by directly cleave it to induce melanoma growth [146].
Recently, MT1-MMP has been found to also modulate gene expression. Shaverdashvili et al.
identified the tumour suppressor gene SPRY4 as a new transcriptional target of MT1-MMP and
anovel molecular effector of MT1-MMP that affect melanoma cell motility [147]. MMP-2 is con-
sidered to be activated by MT-MMPs and its expression in melanoma cells was involved in the
degradation of ECM during melanoma growth and correlated with later melanoma metastasis.
Thus, MT-MMPs and MMP-2 cooperate in the invasive and metastatic process of melanoma
cells [123]. Recent research also showed that effective inhibition of MT1-MMP and MMP2 can
effectively reduce melanoma cell growth, migration and invasion in vitro [148]. The informa-
tion could help in developing new therapies designed to interfere with MMPs activation and
management of cancer and metastases.

The expression of MT2-MMP (MMP-15) and MT3-MMP (MMP-16) was generally increased
in primary and metastatic melanoma cells. A consistent colocalization of MT2-MMP/MMP-2
and MT3-MMP/MMP-2 in the nodular melanoma and metastatic melanoma cells was found
by double immunofluorescence [123]. MT3-MMP was significantly upregulated in biopsies
of human melanoma metastases and induced efficient invasion of the cells in fibrin, a provi-
sional matrix component frequently found at tumour-host tissue interfaces and perivascular
spaces of melanoma, which suggest that MT3-MMP functions as a matrix composition-depen-
dent effector of melanoma cell invasion [149]. Further study showed that overexpression of
MT3-MMP in human melanoma is associated with poor clinical outcome, collagen bundle
assembly around tumour cell nests and lymphatic invasion [150]. So far, there is no report
of MMP-17 and MMP-25 related to melanoma. Although more studies are required to unveil
the roles of GPI-MT-MMPs in cancer, the data so far obtained suggest that these proteases
influence cancer progression by mechanisms that are different from the TM-MT-MMDPs. First,
GPI-MTMMPs do not act as progelatinase activators; second, their ECM degradation profile
appears to be very limited; third, GPI-MT-MMPs do not promote tumour cell migration and
invasion and fourth, their inhibition profile appears unique [61].

4.1.6. Other MMPs

MMP-12, MMP-19, MMP-20, MMP-21, MMP-23, MMP-27 and MMP-28 have not been cata-
logued in any of the subgroups mentioned above. Zhang et al. found that MMP-12 expression
in melanoma was significantly associated with tumour invasion and metastasis [151]. Miiller
et al. found that MMP19 expression was upregulated in the vertical growth phase and in
metastases (mainly expressed close to tumour surrounding fibroblasts), suggesting participa-
tion of MMP19 in melanoma development and MMP19 as a candidate marker for identifying
vertical growth phase melanoma and metastatic melanomas [152]. MMP-21 is upregulated
at early stages of melanoma progression but disappears with more aggressive phenotype,
suggesting expression of MMP-21 may serve as a marker of malignant transformation of
melanocytes and does not associate with the presence of micrometastases [139]. Moogk et al.
confirmed that MMP-23 was expressed in human melanoma by detecting MMP-23 expression
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in primary melanoma patients who received adjuvant immunotherapy. The results showed
an inverse association between primary melanoma MMP-23 expression and the anti-tumour
T cell response, suggesting MMP-23 is a potential immunosuppressive target in melanoma
[153]. MMP-28 was not generally expressed in melanoma cells [139]. To date, there was no
report relating to MMP-27 and melanoma.

4.2. MMPs in basal cell carcinoma

BCC is the most common cancer in white-skinned individuals with increasing incidence rates
worldwide. There are different histopathological subtypes, of which nodular is the most fre-
quent, followed by superficial and infiltrative, and mixed types are frequently found as well.
Most BCC occur in the head and neck region (i.e. sun-exposed), followed by trunk and extrem-
ities (i.e. relatively sun-unexposed) [154]. Although BCC is characterized by slow progression
and low metastatic potential, it has a propensity to be locally destructive. If untreated, BCC
may invade subcutaneous fat, muscles and even bones [154]. The invasion of tumour cells is
a complex, multistage process, which is governed by complex interactions between various
biomarkers, especially MMPs, cell-cell adhesion molecules (such as (3-catenin) and chemokine
receptor-ligand complexes (SDF-1/CXCR4) [155, 156].

4.2.1. Collagenases

MMP-1 is the primary collagenolytic enzyme in BCC and expressed at various intensities
in epithelial tumour cells and surrounding stromal cells, including fibroblasts, inflamma-
tory cells and vascular endothelial cells [157, 158]. The expression of MMP-1 is significantly
enhanced at the invasive front of BCC, suggesting its role in the initial steps of tumour pro-
liferation; even when potentially important variables such as age and individual variabil-
ity are controlled for, tumour-specific effects on the expression of MMP-9 and MMP-1 also
need be taken into consideration [159]. In order to determine correlations between invasive-
ness and histologic differentiation, the expression of MMP-1, MMP-3, Ki-67, p53, EGFR and
CD44v6 was detected in 108 cases of BCC using tissue array. The results showed that the
loss of palisading arrangement in BCC was correlated with the MMP-1 expression of stromal
cells [160]. Odds ratio for development of morpheaform and recurrent BCC was 6.2 for posi-
tive MMP-1 immunostaining in epithelial tumour cells, suggesting MMP-1 is associated with
morpheaform and recurrent BCC [161]. MMP-13 is involved in the degradation of ECM and
its expression is associated with malignant transformation in skin carcinogenesis [155, 162].
The expression of MMP-13 is not confined to tumour cells alone, as its expression is also
upregulated in stromal cells surrounding epithelial tumours, including fibroblasts, inflamma-
tory cells and endothelial cells [163]. The further study found endothelial cells-derived MMP-
13 is associated with endothelial cell proliferation and vascular differentiation, suggesting
MMP-13 maybe is an efficient therapeutic target for future treatment of BBC [162]. The CXCR4
ligand, stromal cell-derived factor 1 alpha (SDF-1a), directed BCC invasion and that this was
mediated by gelatinase activity of MMP-13 [155]. By immunohistochemistry, MMP-13 was
detected in the cytoplasm of the malignant cells and occasionally in the surrounding stromal
cells. Statistical analysis showed no significant association between MMP-13 immunostaining
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and patients or tumour characteristics, but the expression of MMP-13 was more intense in the
epithelial tumour cells located at the invading front [164]. Taken together, MMP-13 expression
may serve as a prognostic marker for early tumour invasiveness and also an increased risk for
BCC recurrence. Neutrophils are a major source of MMP-8. MMP-8 was indeed detected in
BCC, but its source is more problematic as it diffusely presented only throughout the stroma.
It is reasonable to suggest that circulating neutrophils present in the tissue at the time of
biopsy might be responsible for this enzyme, but this does not rule out contributions by resi-
dent neutrophils [157].

4.2.2. Gelatinases

MMP-2 and MMP-9 play an important role in the development, progression, invasion and
metastasis of BCC and proposed to be used as prognostic factors of BCC [165]. MMP-2 is a
leading ECM degrading protease and upregulates in almost all cancers by creating a suit-
able microenvironment for the proliferation of cancer cells and epithelial-mesenchymal tran-
sition (EMT) [61]. MMP-2 is mostly secreted by stromal cells surrounding BCC tumours
and rarely by keratinocytes and BCC tumour cells [166]. MMP-2 expression may contribute
to the distinct invasive patterns seen in BCC as its expression was higher in the stroma of
high-risk BCC when compared to low-risk BCC [167]. MMP-9 has been historically iden-
tified as a basement membrane degrading protease, due to its high affinity for collagen
IV. Experimental models, mostly based on MMP-9 knockout mice, have provided unequivo-
cable evidences about the pivotal role played by the enzyme in tumour growth, invasiveness
and angiogenesis [61]. MMP-9 prominently expressed at the invading edge of the BCC and
was mostly secreted by inflammatory cells, such as macrophages, rather than by tumour
cells [158, 168]. Odds ratio for development of morpheaform and recurrent BCC was 5.8
for positive MMP-9 immunostaining in tumour stroma, suggesting MMP-9 expression in
stromal cells is associated with morpheaform and recurrent BCC [161]. In order to compare
the expressions of mRNA for metalloproteinases (MMP-2 and MMP-9) and type IV colla-
gen in BCC and normal tissues from the tumour interface, Gozdzialska et al. detected the
expressions of mRNA for MMP-2, MMP-9 and type IV collagen by RT-PCR. They revealed
that MMP-2 and MMP-9 expressed significantly higher in nodular and infiltrative BCC than
normal tissues adjacent to tumours, suggesting that MMP-2 and MMP-9 could be used as
prognostic factors of BCC [165].

4.2.3. Stromelysins

MMP-10 was entirely negative in premalignant lesions and only detected in epithelial cancer
cells. By statistical analysis, MMP-10 expression does not correlate with the invasive behav-
iour of tumours as assessed by their histology, but may be induced by the wound healing
and inflammatory matrix remodelling events associated with skin tumours [169, 170]. MMP-11
seems to be associated with benign fibroblastic tumours and is a fibroblastic factor expressed
in stromal cells adjacent to carcinoma cells. Thewes et al. found MMP-11 only expressed in
fibroblasts surrounding malignant epithelial tumour cells in more than half of BCC. Of interest,
different percentages of positive immunoreactivity were found between the lowest level
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(29.4%) in the nodular-ulcerative subgroup and the highest level (65.4%) in the morpheaform
subgroup [171].

4.2.4. Matrilysins

Expression of MMP-7 is low in the normal epidermis and is induced by physiological
processes such as wound healing, but also malignant transformation of epidermal cells.
Hartmann-Petersen et al. revealed that the intensity of MMP-7 was found in tumour cells of
BCC. Furthermore, the activity of MMP-7 was associated with the hyaluronan (HA) recep-
tor CD44 and its staining intensity was inversely correlated with that of CD44 in BCC [172].
MMP-26 expression is barely detected in BCC epithelium or stromal cells and is therefore not
considered significant in the development of BCC nor in the process of angiogenesis [168, 173].

4.2.5. MT-MMPs

MT-MMP acts as a membrane activator of other soluble MMPs, such as MMP-2 [156, 167]. Oh
et al. has detected MT1-MMP expression in various histological subtypes of BCC. The results
showed that MT1-MMP immunoreactivity was increased in the high-risk BCC and at the
invading front of mixed BCC tumour islands, suggesting MT1-MMP might be a novel marker
for high-risk BCC [156].

4.2.6. Other MMPs

In BCC, MMP-12 was more often found in macrophages than in cancer cells, indicating
that the level of human MMP-12 expression correlates with epithelial dedifferentiation and
histologic aggressiveness [174]. MMP-21 protein was not detected in normal adult skin.
However, it was present in invasive cancer cells of aggressive subtypes of basal and SCC [175].

4.3. MMPs in cutaneous squamous cell carcinoma

SCC is the second most common type of NMSC and characterized by malignant proliferation
of epidermal keratinocytes. Its incidence rates appear to be increasing in many populations of
European heritage [176]. Evidently, the primary cause of cutaneous SCC is cumulative lifetime
sun exposure (especially UVB). Furthermore, ionizing radiation, immune suppression, chronic
inflammation and human papillomavirus (HPV) infection may lead to the development of
SCC. The prognostic risk factors include diameter, depth of invasion, histologic differentiation,
rapid growth, anatomic site, immune suppression and etiology, so that tumours arising from
scars and chronic ulcers tend to be aggressive [176]. Unlike BCC, SCC exhibits an increased risk of
metastasis, although the rate of metastasis is much lower than that of melanoma [177]. Like BCC,
MMPs also play an important role in the degradation of ECM and basement membrane [84].

4.3.1. Collagenases

MMP-1 mRNA was detected in tumour cells and/or in stromal cells in all cases of SCC, its expres-
sion could be an early event in the development of SCC [178]. Ultraviolet radiation may cause
NMSC. In order to find out if UV irradiation modulates the expression of MMPs, Ramos et al.
investigated it and found MMP-1 was upregulated 4 h after UVA and 16 h after UVB irradiation
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of tumour cells [179]. Further clinical research revealed that MMP-1 is a significant marker asso-
ciated with the invasiveness of SCC and also a poor clinical outcome. Thus, it will be helpful to
evaluate the invasiveness by measuring the expression of MMP-1 in SCC [160]. Specific expres-
sion of MMP-13 by SCC cells in vitro and in vivo strongly suggests a role for MMP-13 in the high
invasion capacity of SCC cells [180]. In patients with recessive dystrophic epidermolysis bullosa,
MMP-13 expression is strongly positive in SCC but negative in benign hyperkeratotic lesions,
suggesting MMP13 may be a useful differentiating marker between SCC and benign hyperkera-
totic lesions [181]. Further studies showed that MMP-13 is also involved in the maintenance of
angiogenesis through the release of VEGF from the tumour ECM [182]. Taken together, MMP-1
and MMP-13 are expressed mainly in stromal cells, particularly in tumour-associated fibroblast.
Both MMP-1 and MMP-13 can cleave native fibrillar collagen and remodel the ECM thereby
play a crucial role in tumour progression in vivo [183]. MMP-8 expressed in tissue from head
and neck carcinomas, but the amount of MMP-8 in them is rather low [184]. Further study found
that MMP-8 was positive in peritumoural inflammatory cells in cutaneous SCC, but it was not
associated with the overall survival of patients with cutaneous SCC [185].

4.3.2. Gelatinases

The expression of MMP-2 greatly increased in tumour stroma and parenchyma of SCC and may
contribute to the distinct invasive patterns seen in SCC [167]. MMP-9 showed positive staining
mainly in the granular layer of normal epidermis. While in SCC and BD, MMP-9 showed posi-
tive staining in the dysplastic lesions even in the basal layer [186]. Borchers et al. reported that
interactions between malignant keratinocytes and adjacent stromal fibroblasts are critical in
directing expression of MMP-9 to the tumour-stroma interface in human SCC tumours [187],
and also MMP-9 was found to be focally expressed by neoplastic epithelial cells of cutaneous
carcinomas at the infiltrative edges in microinvasive carcinomas and in dyskeratotic foci in
Bowen'’s disease and widely invasive carcinomas [188]. The expression of MMP9 was higher in
SCC compared to BCC and AK [189], and also may contribute to the more aggressive behaviour
of SCC in immunosuppressed patients [190]. Nan et al. observed that the MMP9 Arg668GIn
polymorphism was significantly associated with a decreased risk of SCC, but no correlation to
BCC and melanoma [191]. The reduced expression of collagen IV combined with an increased
expression of both MMP2 and MMP9 could account for the increased metastatic potential of
SCC vs. BCC through an increased invasion of the ECM and the vascular space [192]. To inves-
tigate the expression of MMP-2 and MMP-9 in NMSC and compare their expression between
different tumour types with clinicopathological factors, a study of 11 normal skin, 29 Bowen'’s
disease and 40 SCC samples for MMP-2 and MMP-9 expression was carried out using immu-
nohistochemistry and in situ hybridization. The results showed that there was a correlation
between increased metalloproteinase expression and depth of lesion (MMP-2), inflammation
(MMP-2 and MMP-9) and microvessel density (MMP-2 and MMP-9) [193]. These results pro-
vided additional evidence of the role of MMP-2 and MMP-9 in tumour invasiveness of kerati-
nocyte-derived tumours.

4.3.3. Stromelysins

MMP-3 or stromelysin-1 is induced in the tumour stroma in the early stages of tumourigen-
esis. It can degrade a variety of matrix and non-matrix molecules such as growth factors,
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HB-EGF and E-cadherin. Fibroblast-derived MMP-3 is a necessary mediator of tumour vascu-
larization and tumour progression and thus plays an important role in mechanisms that mod-
ulate tumour metastasis [194]. The expression of MMP-3 was increased in both tumour cells
and stromal cells in metastatic SCC and also correlated to that of MMP-1 localized at tumour
mass and stroma of the invasive SCC [178]. McCawley et al. demonstrated that MMP3-null
animals have an increased sensitivity to the development of SCC, suggesting that MMP3 has
a protective role in SCC. However, not all cellular responses affected by a loss of MMP3 are
tumour-protective, and tumour expression of MMP3 is coincident with an invasive tumour
phenotype. Transgenic mice were generated with MMP3 targeted to keratinocytes to exam-
ine the biological role of tumour-produced MMP3 in their further study. Overexpression of
MMP3 reduced tumour multiplicity in response to chemically induced SCC. Vascular den-
sity was increased with MMP3 overexpression; however, other cellular processes, includ-
ing tumour growth and leukocyte infiltration, were unaffected. These studies suggest that
keratinocyte expression of MMP3 promotes cellular differentiation, impeding tumour estab-
lishment during tumourigenesis [194]. MMP-10 or stromelysin-2, similar to other metallo-
proteases, facilitates the recruitment of infiltrating cells by remodelling the ECM. Moreover,
MMP-10 upregulates several other MMPs such as MMP-1, MMP-7, MMP-9 and MMP-13
that are essential for tumour progression. The function of this protease is restricted to the
initial process of tumour initiation, indicating that it might not be important in invasion or
metastasis [13]. In 2001, MMP-10 was only detected in epithelial laminin-5 positive cancer
cells in SCC, and its expression does not correlate with the invasive behaviour of tumours
[169]. More precisely, MMP-10 is highly expressed in SCC stromal cells and is upregulated by
tumour-associated cytokines, including TGF-f3 and TNF-a. The level of MMP-10 expression
in tumour epithelium of grades III and II of SCC was significantly greater compared to grade
I tumours [195]. Recently, Kadeh et al. also found high immunohistochemical expression of
MMP-10 in tumour epithelium and stroma in SCC. Moreover, they also confirmed that the
level of MMP-10 expression in tumour epithelium of grades III and II of SCC was signifi-
cantly greater compared to grade I tumours [170]. Thus, MMP-10 was highly expressed in
both tumour epithelium and stromal cells and may play a role in the initial stages of SCC pro-
gression [13], but does not correlate with the invasive behaviour of SCC [169]. MMP-11 found
a positive immunoreactivity in fibroblasts surrounding malignant epithelial tumour cells in 4
of 25 (16%) SCCs, whereas the tumour cells themselves were negative [171]. Besides the above
report, there was no other MMP-11-related study in SCC was found. Thus, the role of MMP-11
involved in SCC maybe so limited.

4.3.4. Matrilysins

MMP-7 can digest a wide range of ECM proteins and cleave several cell surface proteins, includ-
ing E-cadherin and syndecan-1 [196]. In addition to enhance tumour invasion and metastasis
directly, MMP-7 also exerts indirect effects through the activation of MMP-2 and MMP-9 [197].
Mitsui et al. found that the expression of MMP? increased in invasive SCC and its expres-
sion was induced by IL-24. Moreover, blocking of MMP?7 by a specific antibody significantly
delayed the migration of SCC cells in culture. These results suggest that MMP-7 in SCC is
derived by IL-24 and may play a role in SCC invasion [198]. MMP-7 was present in tumour
cells and mainly located in the invasive front, suggesting play a role in promoting the growth
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of cutaneous SCC [199]. MMP-26 is predominantly located in pre- and early-invasive areas in
SCC and plays an essential role in the initial stages of skin cancer [200]. In addition, MMP-26
can also stimulate MMP-9 expression [190]. MMP-26 is upregulated in keratinocytes during
early skin carcinogenesis and becomes downregulated during histological dedifferentiation of
SCC. Thus, lack of MMP-26 in SCC could be a marker of aggressive growth [37].

4.3.5. MT-MMPs

MT1-MMP or MMP-14 plays an important role in the degradation of various ECM proteins
and in activating pro-MMP-2 [201]. MMP-14 mRNA was detected both in epithelial cancer
cells and stromal fibroblasts [169]. MMP-14 showed a statistically significant linear trend with
decreasing values for tumoural and stromal expression with invasion suggesting that it might
be of use as a prognosticator [202]. Both stromal fibroblasts and tumour cells in SCC, par-
ticularly at the invasive front of the tumour, secrete MMP-14. MMP-14 in tumour cells can
induce tumour cell invasion, whereas MMP-14 in fibroblasts may be important in the stromal
response to tumour cells that characterize the desmoplastic reaction [203].

4.3.6. Other MMPs

Several other MMPs are reported to be involved in the pathophysiology of SCC. MMP-12
expression by tumour cells in SCC of the vulva correlates with invasiveness, while macro-
phage-derived MMP-12 in tumour predicts better outcome. These results suggest a dual role
for MMP-12 in tumour progression [204]. Unlike most MMPs, MMP-19 was present in the
hyperproliferative (p63-positive), E-cadherin-negative epidermis at the tumour surface but
downregulated in invasive cancer islands in SCC, suggesting MMP-19 maybe a protective
factor and preventing the occurrence of SCC [205]. MMP-21, the newest member of the MMP
gene family, has been suggested to play an important role in embryogenesis and tumour pro-
gression and to be a target of the Wnt, Pax and Notch signalling pathways. MMP-21 is present
in invasive cancer cells of SCC and is upregulated by TGF-betal in keratinocytes [175]. It may
be involved in keratinocyte differentiation but does not associate with invasion of SCC [13].
MMP-28 is the newest member of the matrix metalloproteinase enzyme family. Unlike many
other MMPs, MMP-28 was not detected in the invading cancer cell nests of squamous cell
cancers of various grades.

4.4. Conclusion

MMPs play an important role in tumour development, growth, angiogenesis and metasta-
sis. Each of these proteinases has specific roles in determining the invasive capacity of the
tumour. The expression and role of various MMPs in BCC, BCC and SCC were summarized
in Tables 1-3. Different MMPs might form a network, in which each has a distinct role in the
cleavage of a particular matrix component or activation of other MMPs. Stromal cells are the
major source of MMPs, but tumour cells, fibroblasts and inflammatory cells all express a dis-
tinct set of MMPs capable of complementing the proteolysis needed in tumour progression.
Hence, the function of distinct MMPs and their regulation should be considered the principal
targets for development of antineoplastic drugs or chemotherapeutic agents.
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Member Expression Role
Collagenases
MMP-1 Expressed by stromal fibroblasts Promotes progression, invasion and metastatic
adjacent to melanoma metastases
and also melanoma cells in advanced
melanoma
MMP-8 Expressed by melanoma cells Two different effects: (1) Tissue expressed MMP-8
inhibits melanoma progression; (2) Serum MMP-8 is a
marker of melanoma progression and haematogenous
spreading of melanoma through vascular invasion
MMP-13 Expressed by melanoma cells A dual effect: (1) Stroma-derived MMP-13 promotes
progression, invasion and metastatic; (2) Host-derived
MMP-13 exhibits a protective role in lung metastasis
Gelatinases
MMP-2 Expressed by stromal and/or Promotes cancer cell invasion and independent
melanocytic cells in melanoma, and predictive factor for lymph node involvement
stromal cells as the major source
MMP-9 Expressed by stromal and/or Promotes invasion and metastatic
melanocytic cells in melanoma, and
stromal cells as the major source
Stromelysins
MMP-3 Expressed in deeper margins of Correlates with shorter disease-free survival
human melanoma
MMP-10 Expressed by malignant melanomas, ~ Role was very limited
especially in the ECM adjacent to
blood vessels
MMP-11 Expressed in stromal cells adjacent to  Role was very limited
carcinoma cells
Matrilysins
MMP-7 Expressed in primary melanomas and Promotes progression and invasion
in metastatic melanomas
MMP-26 Elevated in melanoma tissues, but not May serve as a molecular marker for the early
in melanoma cells diagnosis of melanoma
MT-MMPs
MMP-14 Expressed by tumour cells mainly at ~ Strongly associates with cancer progression and
the leading edge of the invasive front metastasis and poor prognosis of patients
of melanomas
MMP-15 Expressed in primary and metastatic =~ Promotes invasion and associates with poor clinical
melanoma cells outcome
MMP-16 Expressed in primary and metastatic =~ Promotes invasion and associates with poor clinical
melanoma cells outcome
MMP-17 None reported to date Unknown
MMP-24 None reported to date Unknown
MMP-25 None reported to date Unknown
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Member Expression Role

Other MMPs

MMP-12 Mainly expressed by tumour cells Promotes invasion and metastatic

MMP-19 Upregulated in the vertical Serves as a candidate marker for identifying vertical
growth phase and in metastases growth phase melanoma and metastatic melanomas
(mainly expressed close to tumour
surrounding fibroblasts)

MMP-20 None reported to date Unknown

MMP-21 Upregulated at early stages of Serves as a marker of malignant transformation of
melanoma progression but disappears melanocytes
with more aggressive phenotype

MMP-23 Expressed by melanoma cells and also Inversely associates with the anti-tumour T cell
fibroblasts surrounding melanoma response
islands

MMP-27 None reported to date Unknown

MMP-28 Not generally expressed in melanoma Unknown

cells

Table 1. The expression and roles of MMPs in cutaneous melanoma.

Member Expression Role

Collagenases

MMP-1 Expressed at various intensities in epithelial Plays a role in the initial steps of tumour
tumour cells and surrounding stromal cells proliferation and associates with
including fibroblasts, inflammatory cells and morpheaform and recurrent BCC
vascular endothelial cells

MMP-8 Diffusely presented throughout the stroma Unknown

MMP-13 Expressed by epithelial tumour cells and Serves as a prognostic marker for early
stromal cells including fibroblasts, inflammatory tumour invasiveness and an increased risk
cells and vascular endothelial cells for BCC recurrence

Gelatinases

MMP-2 Mostly secreted by stromal cells surrounding ~ Plays an important role in the development,
BCC tumours progression, invasion and metastasis

MMP-9 Expressed at the invading edge of the BCCand  Plays an important role in the development,
was mostly secreted by inflammatory cells such progression, invasion and metastasis
as macrophages, rather than by tumour cells

Stromelysins

MMP-3 None reported to date Unknown

MMP-10 Expressed by epithelial cancer cells Maybe induced by the wound healing and

inflammatory matrix remodelling events
associated with skin tumours
MMP-11 Expressed by fibroblasts surrounding Unknown

malignant epithelial tumour cells
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Member Expression Role
Matrilysins
MMP-7 Expressed by tumour cells Maybe associated with poor differentiation
MMP-26 Not expressed in BCC Unknown
MT-MMPs
MMP-14 Expressed by tumour cells mainly at the Serves as a novel marker for high-risk BCC
invading front of mixed BCC tumour islands
MMP-15 None reported to date Unknown
MMP-16 None reported to date Unknown
MMP-17 None reported to date Unknown
MMP-24 None reported to date Unknown
MMP-25 None reported to date Unknown
Other MMPs
MMP-12 More often found in macrophages than in Correlates with epithelial dedifferentiation
cancer cells and histologic aggressiveness
MMP-19 None reported to date Unknown
MMP-20 None reported to date Unknown
MMP-21 Presents in invasive cancer cells of aggressive ~ Maybe promote invasion
subtypes
MMP-23 None reported to date Unknown
MMP-27 None reported to date Unknown
MMP-28 None reported to date Unknown
Table 2. The expression and roles of MMPs in BCC.
Member Expression Role
Collagenases
MMP-1 Expressed by tumour cells and stromal cells, Served as a significant marker
mainly in stromal cells associated with the invasiveness of SCC
and also a poor clinical outcome
MMP-8 Lowly expressed by peritumoural inflammatory  Role is limited
cells in SCC
MMP-13 Expressed by tumour cells and/or stromal cells, =~ Promotes invasion and angiogenesis
mainly in stromal cells
Gelatinases
MMP-2 Expressed by tumour stroma and parenchyma  Promotes invasion
MMP-9 Expressed in the tumour-stroma interface of SCC Promotes invasion and metastatic

and also at the infiltrative edges of microinvasive

carcinomas
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Member Expression Role
Stromelysins
MMP-3 Expressed by tumour stroma at the early stages Promotes progression, invasion and
of tumourigenesis and upregulated in both metastatic
tumour cells and stromal cells in metastatic
SCC
MMP-10 Highly expressed in stromal cells Promotes progression
MMP-11 Expressed by fibroblasts surrounding tumour Role is limited
cells
Matrilysins
MMP-7 Expressed by tumour cells and mainly located in Promotes invasion and metastatic
the invasive front
MMP-26 Upregulated in keratinocytes during Plays an essential role in the initial
early skin carcinogenesis and becomes stages of SCC
downregulated during histological
dedifferentiation of SCC
MT-MMPs
MMP-14 Detected both in epithelial cancer cells and Promotes invasion
stromal fibroblasts
MMP-15 None reported to date Unknown
MMP-16 None reported to date Unknown
MMP-17 None reported to date Unknown
MMP-24 None reported to date Unknown
MMP-25 None reported to date Unknown
Other MMPs
MMP-12 Expressed by tumour cells and macrophages A dual role: Expressed by tumour
cells correlates with invasiveness,
while macrophage-derived MMP-12 in
tumour predicts better outcome
MMP-19 Expressed by the hyperproliferative, Maybe a protective factor and prevent
E-cadherin-negative epidermis at the tumour the occurrence of SCC
surface but downregulated in invasive cancer
islands
MMP-20 None reported to date Unknown
MMP-21 Expressed by invasive cancer cells of SCC Promotes progression and invasion
MMP-23 None reported to date Unknown
MMP-27 None reported to date Unknown
MMP-28 None expression in SCC Unknown

Table 3. The expression and roles of MMPs in cutaneous SCC.
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Abstract

Cutaneous melanoma is an aggressive tumor with increasing incidence worldwide.
Recent development of promising treatments based on immune checkpoints blockade
in cancer immunotherapy or signal transduction inhibitors (B-Raf enzyme inhibitor and
MEK inhibitor) requires identification of new biomarkers predictive of either prognosis
and/or therapeutic response. Dynamic interaction between melanoma and normal host
cells influences tumor progression; proteins regulating connections between melanoma
cells and extracellular matrix facilitate tumor invasion and dissemination. We discuss the
various functions of matrix metalloproteinases (MMPs) and tissue inhibitors of matrix
metalloproteinases (TIMPs) in melanoma and their possible role as prognostic and/or
predictive biomarkers. We also studied the correlation with regression of expression of
several MMPs and TIMPs in melanoma; regressed and nonregressed components are
in fact different tumor subclones; in some cases of melanoma with regression (with a
specific morphology), the biologic aggressiveness of the tumor and implicitly the overall
prognosis may be more favorable than that of melanoma without regression thus offer-
ing the possibility of a supplemental stratification of these patients beyond AJCC staging.

Keywords: melanoma, regression, matrix metalloproteinases, tissue inhibitors of matrix
metalloproteinases, biomarkers

1. Introduction

Cutaneous melanoma represents one of the most important challenges in routine dermato-
oncologic practice due to its increasing incidence worldwide. Its unfavorable prognosis with
the increasing number of annual deaths and impressive death toll even in incipient melanoma
cases [1] indicate that current stratification of melanoma patients staging system (American
Joint Committee on Cancer—AJCC) based on certain morphologic parameters—Breslow
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thickness, ulceration, nodal and distant metastases—and a serum one—Ilactate dehydroge-
nase, is unsatisfactory for both tumor biologic behavior assessment and predictive value of the
systemic treatment [2].

The most problematic melanoma patients fall in two main categories: patients with advanced
disease (highly invasive thick lesions and/or regional lymph node metastasis) and patients
with progressive disease despite incipient stage.

In case of patients with advanced disease, despite major efforts to improve treatment, no sig-
nificant advance was obtained in the last two decades; lately, development of promising treat-
ments based on immune checkpoints blockade in cancer immunotherapy (nivolumab and
pembrolizumab as PD-1 inhibitors; ipilimumab as anti-CTLA4 monoclonal antibody) or sig-
nal transduction inhibitors such as B-Raf enzyme inhibitor (vemurafenib and dabrafenib) and
MEK inhibitor (trametinib) has been attained [3-8]. Even so, most patients develop acquired
resistance with subsequent evolution in faust; potential years of life lost due to cutaneous
melanoma remain as an epidemiologic indicator without significant improvement despite the
extremely expensive costs of the therapy [9].

The other type of patients, those with progressive disease despite incipient stage belongs to pT1
melanomas (less than 1 mm in maximum thickness, i.e., thin melanomas). Prognosis is highly
favorable if the tumor is localized (without metastases, either local or distant), surgical resection
with 1 cm healthy tissue being curative but there are few patients that eventually die due to
disease progression. For this incipient stage, we must look to the dark side of the statistical data:
5 years survival rate for pT1 melanomas is 97.7% with 2.3% mortality due to disease; 10 years
survival rate for pT1 melanomas is 95.1% with 4.9% mortality due to disease [10]. Moreover, in
case of patients with even thinner lesions (less than 0.75 mm), 10 years survival rate is 97% with
a mortality rate due to disease of 3% [11, 12]. These data highlight the need for a supplementary
stratification of patients with thin melanoma in “low risk” and “high risk” groups with subse-
quent more aggressive therapeutic approach for patients identified as “high risk” [13].

Identification of prognostic and/or predictive biomarkers is particularly difficult in cutaneous
melanoma due to its complex biologic evolution, encumbered by myriad of different events
caused by deregulations of several pathways [14]. Dynamic interaction between melanoma
and normal host cells influences tumor progression; proteins regulating connections between
melanoma cells and extracellular matrix facilitate tumor invasion and dissemination [15].
Cell adhesion molecules known to facilitate the metastatic potential of many cancers are also
altered in melanoma when progressing from the non-invasive to the invasive growth phase
and associate increased melanoma thickness and decreased survival [16, 17].

It becomes an imperious task that enzymes involved in degrading extracellular matrix should
be investigated in relation with cancer invasion and metastases; these biomolecules belong
to the metalloproteinases group that includes several classes of protease enzymes: matrix
metalloproteinases (MMPs), a disintegrin and metalloproteinases (ADAMs) and ADAMs
with thrombospondin motifs (ADAMTS). All of them are zinc-containing endopeptidases
of metzincins family, some extracellular/soluble (most of MMPs and ADAMTS), the others
membrane-bounded biomolecules (membrane-type MMPs (MT-MMPs) and ADAMs).
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Matrix metalloproteinases (MMPs) represent a complex family of biomolecules accomplish-
ing a myriad of activities with equally physiological and pathological inferences. MMPs are
involved in embryologic development and in wound healing as key players in epithelial to
mesenchymal transition by enabling cell-cell detachment with subsequent basement mem-
brane perforation; they also initiate Snail positive mechanisms of MMPs expression stimula-
tion via increasing reactive oxygen species production [18-22]. MMPs are classified based
on their primary function: collagenases (MMP-1, MMP-8, MMP-13, MMP-18), gelatinases
(MMP-2, MMP-9), stromelysins (MMP-3, MMP-10), matrilysins (MMP-7, MMP-26); also,
MMPs include six forms of MT-MMPs (four transmembranary proteins of which two are
anchored to the membrane via glycosylphosphatidylinositol) and a group of seven MMPs
(metalloelastase (MMP-12), MMP-19, enamelysin (MMP-20), MMP-22, MMP-23, epilysin
(MMP-28)), some with still unknown biological function in humans [23, 24].

MMPs dysfunctions contribute to various diseases: degenerative diseases of the brain, athero-
sclerosis, aortic aneurysm, arthritis, and cirrhosis [25, 26]. In cancer, MMPs facilitate invasion
and metastasis and participate as regulators of tumor cells proliferation and apoptosis; also,
they intervene in tumor differentiation, tumor immune-resistance, and tumor angiogenesis
[27, 28].

In tumor invasion, they mediate adhesion of tumor cells to extracellular matrix components
and concomitant proteolysis of extracellular matrix, thus favoring migration of tumor cells
into the areas of matrix degradation [29]. Another important role of MMPs in cancer is repre-
sented by creation of a local environment able to host and provide specific conditions required
by metastatic cells to survive in a distant organ—“metastatic niche” [30].

MMP-1 is a collagenase correlated with enhanced invasiveness and metastasis in melanoma.
It is overexpressed in invasive melanoma comparing with in situ or microinvasive melanomas
where MMP-1 is absent [31]; its knocking down in melanoma cell line diminished the tumor
cell capacities for metastasis after implanting in nude mice [32] and, conversely, its intro-
duction in noninvasive melanoma cells induces a metastatic phenotype in vivo [33]. MMP1
production is noticed especially in stromal fibroblasts being also involved in PAR1 throm-
bin receptor activation with subsequent role in increasing tumor progression and metastatic
capability of tumor cells [34-36].

MMP-2 (gelatinase A) has an important role in tumor progression due to its ability to degrade
collagen IV present in basement membrane; its presence is of outmost importance for tumor
invasion, fact demonstrated by the significant reduction of invasion through basement mem-
brane by treating A2058 melanoma cell line culture with an antibody anti human type-IV
collagenase [37]. Moreover, in cell culture, MMP-2 is present as activated biomolecules when
highly invasive melanoma cells lines are cultured in collagen lattices; by contrast its activity
is inhibited by antibodies against MT1-MMP, TIMP-2, and through MMP-2 cleavage by MT1-
MMP [38]. It is expressed in melanomatous cells and stromal cells especially in peritumoral
areas where its proteolytic activity is present [39]. Using the B16-melanoma cell line mouse
model it was shown that MMP-2 expression was predominantly present at the tumor-stroma
border indicating stromal cells as primary source for this protease [40]. In another cell model,
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using human melanoma cell lines M3 Da and M1Dor cocultured with dermal fibroblasts, it
was shown that MMP-2 expression in membrane extracts was enhanced. Since stromal and
cancer cell contacts have been shown to occur after disruption of the ECM, it is assumed that
fibroblasts may influence melanoma cell invasion after the beginning of tumor progression
through the dermis [41]. MMP-2 binds to av33 integrin and regulates av33 integrin-dependent
tumor cell migration most likely by facilitating av33 integrin binding to previously cleaved
extracellular matrix components; one such component, fibronectin, is cleaved by MMP-2 thus
facilitating av3 integrin binding and subsequently migration of tumor cells [42].

MMP-2 expression is correlated with prognosis being proposed as an independent prognostic
factor [43]. MMP-2 expression is variable in melanocytic tumors, according to their biologic
aggressiveness. Thus, in benign melanocytic tumors (common nevocellular nevi), junctional
nevi and melanoma, MMP-2 is present with differences in number according to cytonuclear
and architectural features (more numerous cells as cell atypia and architectural disarray
increase) [44-46]; MMP-2 was found over-expressed in lesional keratinocytes and enhanced
by UVB-irradiation, but not found in melanocytic cells [47]; moreover, occurring of distant
metastases is more frequent in melanomas with MMP-2 overexpression in primary tumor [44]
but MMP-2 is not present in metastatic melanoma [43]. Also, due to the relation between p-Akt
and MMP2, MMP2 could be used as a predictive biomarker for vemurafenib resistance as
vemurafenib-treated patients with overexpression of MMP-2 might be more prone to develop
resistance [43, 48].

MMP-3 (stromelysin-1) is a metalloproteinase with double role in tumor development, both
in tumor progression and tumor suppressing. It activates MMP-1, thus increasing the inva-
sion capabilities of the tumor cells [49]. MMP-3 is overexpressed in metastases of melanoma
and associates significantly shorter disease-free survival than patients with lower levels of
MMP-3 expression shorter [50]. Other data show that MMP-3 has antitumor effects in squa-
mous cell carcinoma, thus tumors in mmp3 null mice are more aggressive than in control,
most likely due to its pro-apoptotic effect in neoplastic cells [51].

MMP-7 (matrilysin) triggers proteolytic cleavage of HB-EGF, a biomolecule with pro-tumor
activity in melanoma by both EGFR ligand role and MAPK and PI3K/Akt pathways activa-
tor [52-54]. MMP-7 expression was demonstrated in melanomas both primary (up to 80%
of primary tumors) and metastatic ones (all the metastatic tumors) while it was absent in
both common and Spitz nevi; MMP-7 was identified in tumor cells (both immunohistochemi-
cally and by in situ hybridization); Western blotting revealed the presence of active MMP-7 in
all melanomas (both primary and metastatic); moreover, the MMP-7 immunohistochemical
staining score was correlated with Breslow index (higher the MMP-7 positivity score, higher
the Breslow thickness of the tumor) and 5-year survival (100% 5-year survival in case of
MMP-7 negative melanomas and significant lower percentage —26.3% 5-year survival in case
of MMP-7 positive cases), thus raising the issue of its selection as prognostic marker [55].

MMP-8 is a collagenase with anti-tumor attributes. MMP-8 expression is reverse correlated
with metastatic potential of breast cancer tumor cells [56, 57]. Several different stable clones of
murine B16F10 melanoma cells (normally MMP-8 negative) transfected with murine MMP-8
cDNA develop significantly less numerous and smaller lung metastases after injection
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in Mmp8/- C57BL/6 mice strain mice; moreover, these MMP-8+ clones obtained from B16F10
melanoma cells or B16F10 melanoma cells incubated with recombinant MMP-8 showed signifi-
cant in vitro diminishing of invasive abilities compared with B16F10 controls due to increased
tumor cells adherence to type I collagen and laminin-1 from extracellular matrix [58]. MMP-8
gene is often mutated in melanoma and MMP8-null mice have significantly increased incidence
of skin tumors while bone-marrow transplantation (offering neutrophil-derived MMPS$) restore
MMP-8 antitumor protection [59, 60]. The antitumor properties of MMP-8 are related rather to its
capacity to process proinflammatory biomolecules (MMP-8 absence allows the development of
an important inflammatory response elicited by chemical substances with carcinogenetic proper-
ties) than to its collagenase function [61].

MMP-9 (gelatinase B), similar to MMP-2, is present in melanoma both in tumor cells and
stroma with enhance activity at tumor border [39]. However, by contrast to MMP-2 that has
tumor progression effects, MMP-9 has dual role, in some cases with anti-tumor activities.
Evidences of such effects are both experimental demonstrated as HPV16 related carcinomas
have more aggressive biologic behavior in mmp-9 null mice [62], and clinical confirmed as
MMP-9 overexpression in colonic and breast carcinoma bears a positive significance—more
favorable prognosis [63, 64]. A mechanism for tumor suppressing activity may be represented
by inhibition of angiogenesis; collagen IV degradation by MMP-9 releases tumstatin, a bio-
molecule that inhibits endothelial cells activity and subsequently tumor angiogenesis [65, 66].

MMP-10 (stromelysin-2) over-expression in melanoma was recorded mainly in the extracel-
lular matrix, adjacent both tumor cells and blood vessels, being more likely involved in tumor
growth [67]. Its expression is rapidly increased after UV exposure in SCL-1 squamous cell
carcinoma cell line [68] is present in stromal cells in squamous cell carcinoma [69] and it
seems to be correlated with unfavorable prognosis when it is expressed in both tumor tissue
and serum in patients with gastric cancer [70]. It also intervenes in other MMPs function by
up-regulating tumor-progression favorable ones such as MMP-1, MMP-7, and MMP-13 [71].

MMP-12 (matrix metalloelastase) is another metalloproteinase with dual role, more likely a
protective one; it may be secreted by macrophages or by tumor cells, the biologic role being
related with the type of secreting cell, thus it appears that macrophage-secreted MMP-12
has antitumor role, while tumor-secreted one has pro-tumor activity [72]. It was shown that
MMP-12 knock-out mice grafted with B16 melanoma cells were more susceptible to develop
TNF/IEN-induced inflammation than their wild-type counterparts [73] and its overexpression
determines slower tumoral growth in experiments in mice [74]. As other elastases, it contrib-
utes to the releasing of angiogenic inhibitors from collagen fibers and angiostatin from plas-
minogen, thus exercising an anti-angiogenic activity [75-77]. Also, its anti-angiogenic effects
may rely to uPAR cleavage [78] being a possible anti-tumoral therapeutic agent [79].

MMP-13 is involved in tumor progression most probable by increasing VEGF production in
the tumor stroma. It is expressed both by tumor cells in invasive tumors and by tumor stroma.
In experimental models of knocked-down MMP13 gene transgenic mice, it was showed that
implants of melanoma cells (intradermal injection with B16F1 cell-line) develop smaller local
tumors with less prominent vascularity after a longer period of time comparing with injected
littermate controls (MMP-13+ mice); moreover, the incidence of metastases in mmp13-/- mice
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decreased dramatically in lung, liver, and brain being absent in the hearth as melanoma is known
as one of the few tumors able to develop cardiac and spleen metastases; up to 40% of the control
animal had cardiac metastases while none of the transgenic mice had such lesions [80, 81].

TIMPs (TIMP-1 to -4) are nodal biomolecules involved in epithelial-mesenchymal transition;
since they are involved in several biological pathways their functions are more complex than
simply modeling the extracellular matrix. Mostly, TIMPs regulates the activity of MMPs by
binding to the catalytic sites of MMPs by their N-terminal domains forming a stoichiometric
inhibitor complex; there is demonstrated selectivity of different types of TIMPs for specific
type of MMPs. In case of MMP-2 and MMP-9, the C-terminal domain of TIMPs binds to the
hemopexin-like domain of pro-MMP-2 and pro-MMP-9; replacement of C-terminal domain
of TIMP-1 with either TIMP-2, TIMP-3 or TIMP-4 C-terminal domains improve TIMP-1 affin-
ity for different MMPs (MMP14 and MMP19) and ADAMs (ADAM10 and ADAM17), inhibits
TNF-a and HB-EGF shedding, inhibits cell migration in wound healing and eliminates the
tumor growth effects of TIMP-1 [82-85].

TIMPs directly interact with cell adhesion molecules or directly intervene on cytoskeletal com-
ponents, processes that alter both intercellular adhesion and cell growth. In addition, cellu-
lar proliferation is modulated by TIMPs direct interference with components of extracellular
matrix [83, 86].

TIMPs are involved in angiogenesis, mostly with anti-angiogenic effects due to the modula-
tion of MMPs activity. However, TIMP2 and TIMP-3 have supplemental effects in inhibiting
angiogenesis. TIMP-2 inhibits proliferation and migration of endothelial cells and (either by
interacting with a3 receptor or by inducing the RECK expression which subsequent inhibi-
tion of MMP-2, MMP-9, MT1-MMP, ADAM10). TIMP-3 blocks VEGF-A mitogenic actions
and regulates VEGFR?2 expression [23, 83, 86, 87].

Tumor growth effects of TIMPs are also related to their intervention in apoptosis, either pro-
or anti-apoptotic molecules. TIMP-1 and TIMP-2 have antiapoptotic activity modulating PI3-
kinase and JNK pathways (unrelated to TIMP-1 inhibition of MMP functions) while TIMP-3
stabilizes Fas and TNEF-cell receptor 1 (proapoptotic effects) [23, 83, 86, 88].

2. MMPs and TIMPs role in response to treatment and resistance to
therapeutic agents in melanoma

In melanoma treatment with acute BRAF inhibition, it was reported that active MMP-2, MT1-
MMP, and MMP-9 are decreased, but it did not modulate TIMP-2 or RECK. Using cell mod-
els, it was shown that resistance to vemurafenib induces significant changes in the tumor
microenvironment mainly by MMP-2 upregulation, but not upon TIMP expression, MMP
up-regulation corresponding to an increase in cell invasiveness [89]. Another research group
using experimental cell models by transfection of miR-21 and inducing over-expression in the
melanoma cell lines WM1552c, WM793b, A375, and MEL 39 has shown that miR-21 decreases
TIMP3 expression and enhances the invasiveness of melanoma cells. In an animal model,
using 01B74 Athymic NCr-nu/nu mice, treatment with a miR-21 antagomir inhibited tumor
growth and increased tumor expression of TIMP-3 [90].
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3. MMPs and TIMPs expression in melanoma with regression

There are very few tumors that can present spontaneous regression up to the point of complete
clinical and histopathologic vanishing. Melanoma is such a tumor, its disappearance reaching
the point of impossibility of tumor cell identification even by immunohistochemical test; the indi-
rect proof of previous existence of the tumor is represented by the presence of so-called tumor
melanosis [91]. There different types of regression in melanoma are described: complete regression
with total disappearance of tumor cells (immunohistochemistry fails to identified any neoplas-
tic melanocyte, tumor being superseded by an area of fibrosis with hyperplastic blood vessels,
and dense inflammatory infiltrate with numerous melanophages); segmentary regression (part of
the tumor suffered complete regression); and partial regression (the regression is present but few
tumor cells can be identified in the area, either morphologically or immunohistochemically) [92].

Regression is a phenomenon that occurs naturally relatively frequent in melanoma—up to
10-35% of cases; an even higher incidence was reported in thin melanomas—up to 60% of
cases with a Breslow index of <0.75 mm [10, 92-94]. Despite these data, complete regression
is reported in very few cases (mostly, as case reports and about 0.25% in large studies [95]);
the real incidence of this phenomenon cannot be established since patients with completely
regressed melanoma are not aware of the disease unless they develop distant metastasis. The
biologic significance and prognosis of regression in melanoma is a matter of debate, various
opinion being published [91, 96-105]. Mechanisms involved in occurring of regression in mel-
anoma are yet to be deciphered; considering the importance of host response in this process,
investigation of tumor microenvironment may offer some responses.

Study of MMPs and TIMPs expression in melanoma with regression was performed by our
group by analyzing 93 melanomas (62 superficial spreading melanomas (55M) and 31 nodular
melanoma (NM)), 39 cases of SSM showing regression. Regression was present as both seg-
mental and partial type, either pure form or combined (segmental regression (SR)—33.33%,
partial regression (PR) —43.58%, and SR-PR in the same tumor —23.07%). Five MMPs and three
TIMPs were analyzed (MMP-1, MMP-3, MMP-9, MMP-11, MMP-13, TIMP-1, TIMP-2, and
TIMP-3) in both regressed and non-regressed areas of the tumors, the results being compared
with those recorded in melanomas without regression (absence of regression—AR). A semi-
quantitative score with four levels based on the level of staining intensity, namely “absent” (-),
“mild positive” (+), “moderate positive” (++), and “intense positive” (+++) was used to assess
the immunohistochemical expression of each marker in either tumor or stromal cells.

Two types of results were obtained: (a) differences in MMPs and TIMPs expression between
non-regressed component of melanoma with regression (NRC) and melanoma without
regression (AR) and (b) differences in MMPs and TIMPs expression between regressed com-
ponent (RC) and NRC in melanoma with regression [106].

3.1. Differences in MMPs and TIMPs expression in tumor cells between
NRC and AR

MMP-1 was intense positive (+++) in all AR melanomas; also, most of the NRC were intense
positive (+++) for MMP-1, only 15.84% of them being moderately positive (++) (Figure 1a—c).
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Figure 1. MMP-1 and MMP-11 (fast red detection): (a) melanoma without regression, faint diffuse positivity for MMP-
1; monstrous tumor cells are more intense positive than main tumoral mass. MMP-1 x 200. (b) Melanoma with partial
regression, faint diffuse positivity for MMP-1 in non-regressed component. MMP-1 x 200. (c) Melanoma with partial
regression, faint diffuse positivity for MMP-1 in regressed component. MMP-1 x 400. (d) Melanoma with partial regression,
faint diffuse positivity for MMP-11 in non-regressed component in both tumor and stromal cells. MMP-11 x 400. (e)
Melanoma with partial regression, diffuse positivity for MMP-11 in regressed component in both tumor cells, endothelial
cells and fibroblasts. MMP-11 x 400. (f) Melanoma with partial regression, faint positivity for MMP-11 in regressed
component in both tumor cells. MMP-11 x 400.

Despite the small percentage of less positive cases for MMP-1 in melanomas with regression,
this feature was statistically significant.

Similar findings as in case of MMP-1 were present for MMP-11 (Figure 1d—f): all AR cases
were intense positive, while 74.35% of NRCs were intense positive, the rest (25.65%) being
moderate positive; also, the tendency of a diminished expression of MMP-11 in NRC than in
AR cases was statistically significant.

MMP-2 (Figure 2a—c), MMP-3 (Figure 2d—f), MMP-7 (Figure 2g—i), MMP-9 (Figure 2j-1), and
MMP-13 (Figure 2m-o0) showed similar features of diminished expression in NRC than in
AR but the data were not statistically significant; data for MMP-13 expression had a level of
statistical significance of 0.07.

No significant differences for TIMP-1 (Figure 3a-c), TIMP-2 (Figure 3d-f), and TIMP-3
(Figure 3g-i) expression were recorded between NRC and AR tumor cells.

Our study identified an overall diminished expression of MMP-1, MMP-3, MMP-9, MMP-11,
and MMP-13 in NRC comparing to AR as control; since most of these biomolecules have pro-
tumor activities, it is possible to speculate that they favor a less aggressive biologic behavior
melanoma with regression.

There were differences when the specific type of regression was considered. Expression of
MMP-1 in NRC of tumors with SR (either SR or combined SR-PR) was statistically significant
diminished comparing with both AR cases or with NRC in PR cases. No such differences were
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Figure 2. MMP-2, MMP-3, and MMP-7 (fast red detection), MMP-9 (fast red and DAB detection), MMP-13 (DAB
detection): (a) melanoma without regression, diffuse positivity for MMP-2. MMP-2 x 400. (b) Melanoma with partial
regression, diffuse positivity for MMP-2 in non-regressed component. MMP-2 x 400. (c) Melanoma with partial
regression, diffuse positivity for MMP-2 in regressed component. MMP-2 x 400. (d) Melanoma without regression,
diffuse positivity for MMP-3 in both tumor and stromal cells. MMP-3 x 400. (e) Melanoma with partial regression,
diffuse positivity for MMP-3 in non-regressed component. MMP-3 x 400. (f) Melanoma with partial regression, diffuse
positivity for MMP-3 in regressed component in both tumor and stromal cells. MMP-3 x 400. (g) Melanoma with partial
regression, diffuse positivity for MMP-7 in non-regressed component in both tumor and stromal cells. MMP-7 x 400. (h)
Melanoma with partial regression, diffuse positivity for MMP-7 in regressed component in both tumor and stromal cells.
MMP-7 x 400. (i) Melanoma with segmental regression, intense positivity for MMP-7 in regressed component in stromal
cells; no tumor cells are present. MMP-7 x 400. (j) Melanoma without regression, diffuse positivity for MMP-9; pigmented
tumor cells are slightly more intense positive than nonpigmented ones. MMP-9 x 400 (fast red detection). (k) Melanoma
with partial regression, diffuse positivity for MMP-9 in regressed component in tumor cells; few fibroblasts from area
of regression are also positive; faint cytoplasmic positivity of plasma cells. MMP-9 x 400 (DAB detection). (I) Melanoma
with segmental regression, positivity for MMP-9 in regressed component in inflammatory cells and fibroblasts; no
tumor cells are present. MMP-9 x 400 (DAB detection). (m) Melanoma without regression, diffuse positivity for MMP-
13; MMP-13 % 400. (n) Melanoma with partial regression, diffuse positivity for MMP-13 in non-regressed component in
tumor cells, fibroblasts, endothelial and inflammatory cells. MMP-13 x 400. (0) Melanoma with partial regression, diffuse
positivity for MMP-13 in regressed component in tumor cells; fibroblasts, endothelial and inflammatory cells from area
of regression are also positive. MMP-13 x 400.
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Figure 3. TIMP-1, TIMP-2, and TIMP-3 (DAB detection): (a) melanoma without regression, diffuse positivity for TIMP-1;
TIMP-1 x 400. (b) Melanoma with partial regression, diffuse positivity for TIMP-1 in non-regressed component in tumor
cells, few fibroblasts, few endothelial and few plasma cells. TIMP-1 x 400. (c) Melanoma with segmental regression,
diffuse positivity for TIMP-1 in area of regression in fibroblasts, endothelial and inflammatory cells. TIMP-1 x 400. (d)
Melanoma without regression, diffuse positivity for TIMP-2; TIMP-2 x 400. () Melanoma with partial regression, diffuse
positivity for TIMP-2 in non-regressed component in tumor cells. TIMP-2 x 400. (f) Melanoma with partial regression,
faint positivity for TIMP-2 in non-regressed component in tumor cells. TIMP-2 x 400. (g) Melanoma with partial
regression, diffuse variable positivity for TIMP-3 in non-regressed component; TIMP-3 x 400. (h) Melanoma with partial
regression, faint diffuse positivity for TIMP-3 in non-regressed component in tumor cells. TIMP-3 x 400. (i) Melanoma
with partial regression, variable positivity for TIMP-3 in non-regressed component in tumor cells. TIMP-3 x 400.

noted for other MMPs (MMP2, MMP3, MMP11, and MMP13). Expression of TIMP-1 and/
or TIMP-2 in NRC of tumors with PR was statistically significant increased comparing with
either NRC of SR cases (TIMP-1 P = 0.011; TIMP-2 P = 0.009) or with NRC of SR-PR cases and
AR (P =0.002 and 0.037, respectively). There was no difference in TIMP-3 expression in NRC
and/or AR cases according to the type of regression.

3.2. Differences in MMPs and TIMPs expression between RC and NRC in
melanoma with regression

The differences in MMPs and TIMPs expression were evaluated in the same tumor, both in
tumoral and stromal cells. In case of tumors with SR, the expression was evaluated in stromal
cells (fibroblasts) present in regressed area. In the other cases (PR tumors, SR-PR tumors, and
AR tumors), most of the cases showed similar expression of each marker in tumor cells versus
stromal fibroblast for each tumor compartment.



Matrix Metalloproteinases in Melanoma with and without Regression
http://dx.doi.org/10.5772/intechopen.72931

In all the cases, there was either similar expression of MMPs in tumor cells in both areas (NRC
and RC) or slightly overexpression in NRC comparing with RC. MMP-3 was the biomolecule
with the most numerous cases of overexpression (76.93% had MMP-3 overexpression in NRC
than in RC), followed by MMP-2 and MMP-11 (58.97% each), MMP-13 (48.71%), and MMP-1
(30.76%). Tumor stromal fibroblasts were also slightly more intense positive in NRC than in
RC or showed similar expression in both components.

Considering the specific type of regression, MMP2 was over-expressed tumor fibroblasts in
NRC than in RC in PR cases comparing with SR ones (P = 0.023). Also, differences occurred
in case of MMP-13 expression—all SR-PR cases had MMP-13 overexpression in NRC versus
RC comparing with PR and SR cases (P = 0.003, respectively, P =0.0003). No significant differ-
ences occurred in case of MMP-1, MMP-3, and MMP-11 expression.

TIMPs expression had more variability in NRC versus RC component both in tumoral and stro-
mal cells; there were cases with overexpression, similar expression or diminished expression
for each type of TIMP investigated. However, most of the cases (66.66% for TIMP-1, 61.53% for
TIMP-2, and 64.10% for TIMP-3) had TIMP overexpression in NRC versus RC.

The type of regression did not influence TIMP-1 and TIMP-2 expression in NRC and RC. In
case of TIMP-3, all SR melanomas had TIMP-3 overexpression in stromal tumor fibroblasts in
NRC when compared with those in RC component (P = 0.007).

4. Conclusions

Cancer biology is a complex phenomenon, several mechanisms concurring to tumor progres-
sion and metastasis. The role of the tumor microenvironment and its regulation by both tumor
neoplastic cells and host response was lately established, the identification of several stromal-
related biomarkers offering some explanations for different biology behavior of tumors with
otherwise similar origin and classical histopathologic appearance.

MMPs and TIMPs are potent molecules involved in tumor development, progression, and
metastasis with either pro- and anti-tumor activity; their correlation with regression in mela-
noma shows: (a) regressed and nonregressed components are in fact different tumor subclones
and (b) in some cases of melanoma with regression (with a specific morphology), the biologic
aggressiveness of the tumor and implicitly the overall prognosis may be more favorable than that
of melanoma without regression, thus offering the possibility of a supplemental stratification of
these patients beyond AJCC staging. More studies are needed to establish comprehensive path-
ways as a gate for identification of new biomarkers for either diagnostic or therapeutic purposes.
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Abstract

Inadequate metabolic control predisposes diabetic patient to a series of complications on
account of diabetes mellitus (DM). Among the most common complications of DM is neu-
ropathy, which causes microvascular damage by hyperglycemia in the lower extremities
which arrives characterized by a delayed closing. The global prevalence of diabetic neu-
ropathy (DN) was 66% of people with diabetes in 2015, representing the principal cause of
total or partial lower extremities amputation, with 22.6% of the patients with DN. Matrix
metalloproteinases (MMPs) are involved in healing. The function that these mainly play
is the degradation during inflammation that has as consequence the elimination of the
extracellular matrix (ECM), the disintegration of the capillary membrane to give way to
angiogenesis and cellular migration for the remodeling of damaged tissue. The imbalance
in MMPs may increase the chronicity of a wound, what leads to chronic foot ulcers and
amputation. This chapter focuses on the role of MMPs in diabetic wound healing.

Keywords: MMPs, wounds, diabetic foot

1. Introduction

Diabetes mellitus (DM) is a set of metabolic disorders, characterized by the presence of per-
sistently elevated blood glucose levels caused by a deficiency of insulin production or insulin
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resistance [1]. Chronic hyperglycemia is related to the appearance of microvascular complica-
tions, knowing as diabetic neuropathy (DN) that compromises the metabolism, inducing the
formation of end products of advanced glycosylation and reactive oxygen species and reduc-
tion of the elimination of free radicals and endothelial dysfunction with neuronal damage.
DN is a set of alterations that affect both the sensory and motor fibers as the autonomous sys-
tem. Hyperglycemia is invariably associated with alterations in nerve conduction and the feet
are highly susceptible to initiate phases of hypoesthesia. Vasomotor control is lost and blood
flow to the extremity (vasodilation of the veins of the dorsum of the foot) is increased, but this
flow is channeled into the skin and arteriovenous fistulas in the bone, which can cause hypo-
perfusion in other tissues. When normal capillary reflexes are lost, capillary hypertension of
dependence and a decreased vasodilatory response to heat occur. Increased blood flow causes
demineralization and bone osteopenia [2]. The diabetic foot ulcer (DFU) is the most common
complication of lower limb DM. It is also the most disabling late complication of the disease.
The World Health Organization (WHO) defines it as “a syndrome in which complications of
a diverse etiology: neuropathic, vascular and infectious stemming from DM and predisposing
to the suffering and development of ulcers.”

There are more than 347 million people with DM in the world, of which 66% had DN in 2015,
representing one of the principal causes of 22.6% total or partial lower extremities amputa-
tion [3]. DFU is considered as the major epidemic disease in the last decade; its etiological
factors are DN and arterial disease. Neuropathy alone in 46%, ischemia in 12% being the most
frequent neuroischemia (60%) and no risk factor identified in 12%. About 15% of diabetic
patients will have ulcers in the lower extremities, half of these patients who have a single
ulcer will subsequently develop another ulcer, and one third of these ulcers will cause limb
amputation [4]. The worldwide DFU prevalence ranges from 1.3% to 4.8%. The current medi-
cal treatments for these chronic wounds continue to be somewhat opposed according to the
country and the international guides that govern [5]. Part of the affections that these ulcers
generate is in the extracellular matrix (MEC), where the matrix metalloproteases (MMP) are
able to degrade all the components of MEC. The MMPs are indispensable for the healing
process; among its functions is to eliminate the provisional extracellular matrix and facilitate
migration to the wound center; they also participate in the remodeling of granulation tissue
in the control of angiogenesis and the release of some growth factors [6, 7]. Different types of
MMP expression patterns are present in a wound; it has been shown that immunity processes,
such as cell migration, participate in the process of re-epithelialization and in the formation
of scars [8]. Accordingly, the correct expression and regulation of MMPs are related with the
healing process and therefore with a successful process of cicatrization.

2. Contents

2.1. Matrix metalloproteinases (MMPs)

The MMPs belong to a family of zinc-containing endopeptidases are calcium depen-
dent, capable of degrading and remodeling the proteins that form the ECM and carry
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out different biological and physiological functions; they are regulated by hormones,
growth factors and cytokines [9]. Based on their specificity for the components of the
MEC, MMPs are divided into collagenases, gelatinases, stromelysins and matrilysins. A
numeric system has been adapted for the MMPs grouping them according to their struc-
ture and give place to eight different structural classes of MMPs. This system groups in
five different groups those MMPs that are secreted, and in three groups to those MMPs
according to their type of membrane, acquiring as MTP-MMP identification [10]. The first
group of the minimal domain MMPs contains an amino-terminal signal sequence (Pre)
that directs them to the endoplasmic reticulum, a propeptide (Pro) with a thiol group
(SH) that interacts with the zinc and maintains them as inactive zymogens and a catalyst
with a zinc binding site (Zn). The second group in addition to a minimal domain also
contains a hemopexin-like domain that is connected to the catalytic domain by a hinge
(H), which mediates interactions with the tissue inhibitors of the MMPs. The first and last
of the four replicates in the hemopexin-like domain are linked by a disulfide bond (S-S).
The third group of gelatinase-binding MMPs contains inserts resembling fibronectin (Fi)
type II collagen-binding repeats. The fourth group of MMPs is furin (Fu) secreted and
contains a recognition motif for serine and Fu type intracellular proteinases between
their polypeptide and catalytic domains that allow intracellular activation by these pro-
teinases. Within the fifth group is the vitronectin-like insert (Vn). The number group
is included in membrane MMP (MT-MMP); these are conformed by a carboxy-terminal
single chain (TM) transmembrane domain, a very short cytoplasmic domain (Cy). The
seventh group has MMPs that are anchored in glycosylphosphatidylinositol (GPI), and
within group eight MMP-23 is included, is membrane bound, has an N-terminal signal
(SA) that targets the cell membrane, and therefore in a type II transmembrane MMP, and
is characterized by a single domain of cysteine (CA) and immunoglobulin (Ig) [11]. This
is shown in Figure 1 [11].

In mammalian, MMPs are inhibited by four metalloproteinase tissue inhibitors (TIMPs),
which are endogenous regulators of MMP family proteins, whose function is to determine
the influence of ECM, cell adhesion molecules, cytokines, chemokines and growth factors.
TIMPs are formed by an amino-terminal (N-terminal) domain, which is the inhibition domain
that binds to the active site of MMPs, and a subdomain C. The capacity of these TIMPs to
inhibit MMPs is due to the interaction in the N-terminal domain that binds within the cleft of
the active site of the target MMP. The C-domain has two parallel {3 strands that are connected
by an a-helix to two anti-parallel (3 strands. This structure provides the ability of TIMPs to
interact with the hemopexin domain of some MMP [12].

There are four TIMP family members: TIMP-1, -2, -3 and TIMP-4; each of its N and C
domains, in their final position, possess six cysteine residues, which constitute three disul-
fide domains. The N-terminal region is assembled into the catalytic domain of MMPs where
the action of MMP will be inhibited; in the case of the C region, it binds to the proformas
of a domain called hemopexin C—in its terminal position for the case of the MMP-2,9 and
thus binds to a pro-enzyme complex inhibitor. For TIMP-2, this binds specifically to the
surface of the cell with TIM-IMMP and pro MMP-2, this to carry out the activation of the
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Figure 1. Domain structure of MMP groups. All human MMPs show the signal peptide, the pro-domain and the
catalytic domain. Pre = pre-domain (contains the signal peptide) and Pro = pro-domain, which contains cysteine
sequence that complexes Zn* in the zymogen form. The catalytic region contains the center domain. Fr = furin cleavage,
Fi = fibronectin repeat, Vn = vitronectin-like insert, Cy = cytosolic, CA = cysteine array, Hemopexin = hemopexin domain,
IgG-like = Ig-like domain, TM = transmembrane domain and GPI = glycosylphosphatidylinositol anchor. The hemopexin
domain is linked to the catalytic center by a hinge region.

pro-MMP-2 in a simple way [13]; as consequently, TIMP-2 is an inhibitor that also func-
tions as an activator of MMPs. The four TIMPs can inactivate the already active MMPs, but
they will not do so with the same effectiveness. MMP-1,3,7 and 9 are inhibited by TIMP-1,
in the case of TIMP-2 inactive to MMP-2. TIMP-3 is inactivating MMP-2,9 but similarly to
the ADAM group, finally TIMP-4 inactivates MT1-MMP and MMP-2. Therefore, in regard
to the function of TIMPs is the regular proteolysis activity and in those functions related to
the activities of the MMPs [14]. The role of TIMP1 is expressed in mammalian tissues, spe-
cifically in reproductive organs; TIMP2 is constitutively expressed in most tissues, but not
inducible by growth factors and TIMP3 is expressed in tissues as a matrix protein. TIMP4 is
expressed relatively in heart, ovary, pancreas, colon and testes [12], where they observed the
specific expression constitutively or inducible, which is regulated at transcriptional level by
cytokines and growth factors [15]. It has been proposed to have a relevant role in processes
including cell proliferation, adhesion and migration and/or apoptosis by cutting bioactive
molecules that modulate these processes [16]. MMPs modulate biological processes during
pathophysiological events, such as skeletal formation, angiogenesis, cell migration, inflam-
mation, wound healing, coagulation, pulmonary and cardiovascular diseases, arthritis and
cancer. They have been identified in human degrading components of ECM, cellular recep-
tors and cytokines [17].
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2.2. Regulation of MMP activity

In normal physiological conditions, the activity of MMPs is accurately regulated at four
levels. (1) Transcription. The transcription of MMPs is induced by various exogenous
signals, including cytokines, growth factors, chemical agents, physical stress and onco-
genic cellular transformation, and also by cell-matrix and cell-cell interactions. The genes
that control MMPs respond to extracellular signals (MMP-1, MMP-13, MMP-3, MMP-10,
MMP-7, MMP-12 and MMP-9), which possess an AP-1 (activator of the protein-1) in the
promoter proximal to the position -70 of the site of initiation of the transcription [18, 19].
The promoter regions of the MMP-2 and MMP-11 genes do not contain an AP-1 element
[20]. The promoter region of membrane type 1-matrix metalloproteinase (MT1-MMP)
gene lacks of AP-1 element, but it contains Sp-1 binding site which is essential for MT1-
MMP transcription [21]. (2) Activation of precursor zymogens. For the regulation of MMPs
by a zymogen, a biochemical change is required to turn an inactive enzyme into an active
enzyme. Propeptides that maintain MMPs in their zymogen form (proMMP) can be acti-
vated by proteinases or in vitro by chemical agents. Proteolysis is initiated in the exposed
region between the first and second propellants of a propeptide, following the specificity
of the region followed by the sequence in each MMP. After the initiation of proteolysis,
a part of the propeptide is separated; this unbalances the rest of the propeptide, includ-
ing the cysteine-zinc interaction and allows the intermolecular process that is carried out
by activated MMP mediators [22]. Plasmin is generated from the plasminogen by means
of the tissue plasminogen activator, which is bound to fibrin and to a urokinase activa-
tor attached to the cellular receptor. Plasminogen being the plasminogen enhancer of the
urokinase is bound to the membrane, generating pro-MMP activation such as proMMP-1,
3,7,9,10,13 and ECM movement [23]. (3) Interaction with specific components of ECM. The
location, action and specificity of the MMPs generate an association with the components
of the NDE. One of the functions of MMPs may be the destruction of ECM in tissues. The
ECM has the function of storing active biological molecules as they are growth factors [11].
For example, the degradation of type I collagen by collagenase is associated with osteo-
clast activation and keratinocyte migration during re-epithelialization [24]. (4) Inhibition
by TIMPs. TIMPs are specific inhibitors that bind MMPs in a 1:1 stoichiometry and their
expression is regulated during development and tissue remodeling. Under pathological
conditions associated with unbalanced MMP activities, changes of TIMP levels are con-
sidered to be important because they directly affect the level of MMP activity. TIMPs are
specific inhibitors that bind MMPs in a 1:1 stoichiometry; their expression is regulated
during development and tissue remodeling. Under pathological conditions associated
with unbalanced MMP activities, changes of TIMP levels are considered to be important
because they directly affect the level of MMP activity. The proteolytic activity of MMPs is
inhibited specifically by TIMPs and by nonspecific proteinase inhibitors, such as a 1-pro-
teinase inhibitor and a2-macroglobulin. TIMPs are the major endogenous regulators of
MMP activity in tissue, which are expressed by different cell types, including fibroblasts,
keratinocytes, endothelial cells and osteoblasts. As inhibitors of MMPs, TIMPs maintain
the balance between the ECM deposition and degradation in physiological and pathologi-
cal processes [22].
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2.3. Wound repair

Wound repair is a physiological event, in which tissue injury results in a repair process that
finally leads to restoration of structure and function of the tissue [25]. During wound healing,
the degradation of the components of the ECM by MMP is necessary to remove and rear-
range the provisional matrices and allow cell migration [26]; thus, basal keratinocytes are the
predominant source of MMP. Cutaneous wound repair can be divided into three overlap-
ping phases: (i) formation of fibrin clot followed by inflammation, (ii) re-epithelialization and
granulation tissue formation and iii) matrix formation and remodeling [27].

2.3.1. Formation of fibrin clot followed by inflammation

The first step for wound repair is a fibrin clot formed through platelet aggregation and blood
coagulation. The coagulation cascades are initiated by coagulation factors of the injured skin,
this by means of the extrinsic system. The thrombocytes are activated to generate aggrega-
tion by means of exposed collagen, this being controlled by the intrinsic system. Following
this, the injured vessels continue with a vasoconstriction of 5 or 10 minutes, being triggered
by platelets; this to reduce blood loss and begin to fill the void of tissue that was generated
by the wound through a compound clot cytokines and growth factors [28]. Vasoconstriction
generates clots, followed by vasodilation, where thrombocytes invade the wound matrix on a
provisional basis [27]. The formed clot contains fibrin molecules, fibronectin, vitronectin and
thrombospondin, forming the provisional matrix as a scaffold structure for the migration of
leukocytes, keratinocytes, fibroblasts and endothelial cells [29]. Platelets influence leukocyte
infiltration; this is mediated by the synthesis of factors for chemotaxis. Platelets and leuko-
cytes release cytokines and growth factors for activation of the inflammation process. The
interleukins IL-1a, 3, IL-6 and TNF-a are involved, such as FGF-b, IGF, TGF-f are involved
in the process of collagen synthesis, factors such as FGF-B, VEGF subunit A, HIF-1 and TGF-3
are involved for angiogenesis and for the EGF, FGF-b, IGF, TGF-a [30]. See Figure 2.

2.3.2. Proliferation and re-epithelialization

In the proliferation phase, the main focus of the healing process is to cover the wound surface,
to form granulation tissue and to restore the vascular network. After to tissue injury, plate-
lets are recruited to the injury site to stop the bleeding. Platelets also release platelet-derived
growth factor (PDGF) that initiates the migration of neutrophils and macrophages, in addi-
tion to causing the synthesis of growth factors and related cytokines in wound healing [31].
This factor is also involved in the stimulation of collagenase and in fibroblastic cell of human
skin, with MMP-8 being more frequent in tissue damage [18]. The MMP-1,2,3,9 are synthe-
sized by platelets; the function of MMP-1,2 aid in the balance of platelet adhesion and the con-
glomeration thereof [27]. In the inflammatory process, cells such as neutrophils are involved
in the wound to protect infections and generate the synthesis and stimulation of MMP-§,
being necessary for wound debridement and division of damaged type I collagen; the MMP-9
also participates by separating the collagen types that also participate (IV, V and X) [5].

Through the control of regulatory cytokines such as IFN-y and TGF-p, the synthesis of col-
lagen, fibronectin and other basic substances necessary for the healing of fibroblast wounds
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Inflammatory phase (day: 1-3) Proliferative phase (day: +21) Remodelling phase (day 21 to 1 year)

Figure 2. Wound repair phases. The wound repair phases involve: 1. Formation of the clot. The fibrin clot is
being formed through platelet aggregation, coagulation cascades, fibrin molecules, fibronectin, vitronectin and
thrombospondin to form a temporary scaffold for the initiation of leukocyte, keratinocyte, fibroblast and endothelial
cell migration. 2. Proliferative phase. The platelets initiate the synthesis of MMPs 1, 2, 3, 9; MMP-1 and MMP-2
generate a balance in the adhesion of platelets and secrete PDGF initiating the migration of neutrophils, macrophages
and growth factors. This generates the stimulation of different types of collagen, which are separated with the help of
MMP-9. This stimulation of collagen is given by fibroblastic cells to begin the healing process and cover the surface
of the wound. 3. Remodeling phase. In the remodeling of granulation tissue, there is an increase in the synthesis
of collagen generating a decrease in fibroblasts. The keratinocytes initiate their migration to the clot through the
granulation tissue to initiate tissue repair.

represents the basis for the new connective tissue matrix. Therefore, the migration of local
fibroblasts along the fibrin network and the initiation of re-epithelialization from the wound
edges, neovascularization and angiogenesis are activated by capillary sprouting [27]. This
process is activated by signaling pathways of epithelial and non-epithelial cells at the wound
edges, which release a myriad of different cytokines and growth factors such as EGF, KGF,
IGF-1 and NGF [30].

In the process of re-epithelialization participate, the laminin is a component basal of the epi-
thelium and plays roles in cell adhesion, migration, proliferation, differentiation and angio-
genesis. There are 15 isoforms of laminin, of which laminin-5 is specific to epithelial cells.
Laminin-5 has been shown to promote keratinocyte migration and induction of MMP-9; cell
motility depends on MMP-9 activity, indicating that MMP-9 plays a role in re-epithelializa-
tion [32]. It is known that MMP-2 and MMP-14 cleave laminin-5 [33, 34] generating a fragment
that binds to the epidermal growth factor receptor (EGF), which stimulates cell migration.
The released FGF-2 from macrophages binds to heparan sulfate, which induces the growth of
fibroblasts and endothelial cells [30]. Platelets and macrophages release vascular endothelial
growth factor (VEGF), stimulating proliferation and migration of endothelial cells, as well as
keratinocyte migration where are involved the MMP-1, MMP-2, MMP-9, and MMP-13 this
plays a critical role in wound healing [35, 36].

2.3.3. Matrix formation and remodeling

Remodeling is the last phase of wound healing and occurs from day 21 to 1 year after
injury. The collagen synthesis increases throughout the wound, whereas fibroblast pro-
liferation decreases successively, adjusting a balance between synthesis and degradation

175



176  The Role of Matrix Metalloproteinase in Human Body Pathologies

of ECM [37]. This shows a signal. It gives a retraction and reorganization of filaments
in the intracellular tone towards cell migration, where the keratinocytes migrate into
the fibrin clot by infiltrating the upper layers of the granulation tissue [38]. The onset of
granulation tissue repair is stopped by apoptosis, since in an old wound it is character-
ized by the absence of vascular structures within it and by having only ECM and having
absence of cells [39]. In the case of maturation of a wound, type III collagen is displaced
by collagen type I [40]. In the early stages of the remodeling phase, the provisional wound
matrix contains predominantly fibrin and fibronectin, which are subsequently replaced
by proteoglycan and collagen type I and III molecules, increases the tensile strength of
the scar matrix. Fibroblasts are stimulated to transform into myofibroblasts that contract
the wound matrix. At the end of the remodeling stage, the high density of blood vessels
and myofibroblasts decrease with apoptosis. At the end of the process, the wound is com-
pletely closed [41, 42].

2.4. Proteolysis in wound repair

The proteolytic degradation of ECM is necessary in many stages of wound repair, such as
interim matrix degradation, angiogenesis, keratinocyte migration and remodeling of granula-
tion tissue ECM [43]. MMP-28 and MMP-19 are found in keratinocytes in the basal strata and
suprabasals of healthy skin in an in vivo model [44]; in addition, MMP-19 is also found in hair
follicles, endothelial cells and in veins and arteries [45]. In some wounds, the basal membrane
is destroyed; this lesion temporarily retains MMP-1 expression in migratory cells that are
expressed in the dermis, such as keratinocytes, with absence of a basement membrane [46].
The synthesis of MMP-1 is paramount for the initiation of re-epithelialization, so keratino-
cytes bind with type I collagen. Native type I collagen is known to generate MMP-1 synthesis
in cells in vitro, contrary to basement membrane proteins such as fibronectin or collagen type
III that do not generate this synthesis of MMP-1 [47].

MMP-1 is important in the process of migration of keratinocytes into native type I colla-
gen and its synthesis, which is being generated by a2f31 integrin [24]. In humans, the a231-
MMP-1 complex is to function as a motor stimulating migration of keratinocytes on type I
collagen during re-epithelialization. Subsequent to the initiation of re-epithelialization, a new
basement membrane is generated; here, the expression of MMP-1 in epidermis is arrested by
cellular junctions with basement membrane proteins [47]. The role of MMP-1 in the wound
healing process has been demonstrated in murine models, where there has been a delay in
total wound [48].

Collagenase-3 (MMP-13) has been found in human skin, and it is related to the role of wound
healing in the dermis. MMP-13 is synthesized by fibroblasts in those human cutaneous fetal
wounds [49]. MMP-1 and MMP-13 can also regulate the survival of fibroblasts during der-
mal wound healing (affecting fibroblasts), which is mediated by matrix shrinkage and matrix
rigidity [50]. MMP-8 is expressed by neutrophils, being stored in the cellular granules and
being secreted to the outside by the activation thereof. In excessive skin wounds, the MMP-8
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is overexpressed [52]. Some experimental models in MMP-13-deficient knockout mice dem-
onstrate that there is a MMP-13 compensation for MMP-8, demonstrating a delay in wound
healing due to impaired re-epithelialization, low level of infiltration of neutrophils and a per-
sistent inflammatory syndrome [51, 52].

The stromelysins, MMP-3 and MMP-10, are expressed by epidermal cells during wound
repair in human and mouse wounds. MMP-3 is expressed by the basal proliferating kera-
tinocytes behind migrating cells, whereas MMP-10 migration occurs by keratinocyte leaf
[53]. MMP-3 can destroy substrates of the ECM, basement membrane proteins, in addition
to increasing the activity and availability of cytokines and growth factors such as FGF-b and
HB-EGEF [22]. This poses a role for MMP-3 in the organization of the new basement membrane
and in the involvement of cell migration and proliferation. The remodeling of the basement
membrane after re-epithelialization, and degradation of the fibrin containing the provisional
matrix, MMP-9 may be involved in the final adjustment of the epidermal tissue after wound
healing by remodeling the cell [54].

MMP-2, 9, MT1-MMP and MMP-19 are synthesized in endothelial cells [55, 56]. Within these,
MMP-2 and 9 have key participation in physiological aspects such as those tumorigenic and
angiogenic processes [57]. These MMPs are responsible for degrading components of the
vascular basement membrane, which is essential for the generation of new blood vessels.
These MMPs physiologically participate in the activation of growth factors and cytokines
related to angiogenesis [30]. MT1-MMP when involved in the generation of blood vessels is
related to fibrinolytic and collagenolytic activity to generate invasion of these new vessels
by crossing fibrin barriers in the stroma of damaged tissue [58]. MMP-19 is involved in the
proliferation of epithelial tissue, endothelial cells, fibroblast cells and microvascular cells in
macrophages [59]. See Figure 2.

2.5. MMPs in chronic wounds

Chronic wounds are defined as wounds where healing is delayed due to one or more factors.
Depending on the etiology, a wound is considered to be chronic if it is still present after 4-6
weeks [60]. Such wounds may from the outset show chronic features, for example leg ulcers,
pressure ulcers (PUs), DFUs and amputation stumps, or may initially be acute in nature (such
as surgical wounds and traumatic wounds) and become chronic after several weeks of stag-
nation due to the patient’s general condition or inappropriate care; they may last for several
months or years.

The MMPs implicated in the wound healing process are listed in Table 1.

Chronic wounds present higher levels of protease activity than acute wounds. This has been
demonstrated through comparative trials analyzing MMP levels in different populations.
Chronic wounds, including venous leg ulcers (VLUs) [40, 61, 62], DFUs [63, 64], PUs [65]
dehiscent surgical wounds and acute wounds that have become chronic, were found to have
elevated MMP activity.
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Type of MMPs Subgroup of MMPs Metalloprotease

Soluble gelatinases Gelatinases MMP-2: Gelatinase-A
MMP-9: Gelatinase-B

Archetypal MMPs Collagenases MMP-1: Collagenase-1, interstitial
collagenase

MMP-8: Collagenase-2, neutrophil
collagenase

MMP-13: Collagenase-3
Metalloelastase MMP-12
Stromelysins MMP-3: Stromelysin-1
MMP-10: Stromelysin-2
MMP-11: Stromelysin-3
Matrilysins Matrilysins MMP-7: Matrilysin

MMP-26: Matrilysin-2

MMP, matrix metalloproteinase.

Table 1. The main MMPs is involved into the wound healing process.

There is evidence that associates DM to changes in the foot structure, including abnormalities
in fiber structure and organization, increased tendon thickness, volume and a tendency of
impairing biomechanical properties [66]. Interestingly, these alterations may represent fea-
tures of the ECM, which is in a constant state of dynamic equilibrium between synthesis and
degradation. Besides the relevance of MMPs in the ECM and their role in the pathophysiol-
ogy, data linking these proteases to the development and progression of diabetic disorders
are still scarce. It has been found strong expression of MMP-13 and MMP-3 in diabetic foot
ulcer both in diabetic and healthy, whereas MMP-13 expression was upregulated and MMP-3
expression decreased in the diabetic ulcer healing model. Moreover, upregulation of MMP-9
and MMP-13 and increased enzymatic activity of MMP-9 in a model in vitro treated with high
glucose concentration is found [67].

As a result, it was obtained that at high glucose concentrations collagen degradation is
induced by overproduction of MMPs, which leads to a vulnerable tissue [68]. Adding the
MMPs also to the process of generation of diabetic fibrosis, this being a pathology differen-
tiated by the excess of MMPs in the ECM generating changes in the same. This is a result of
an imbalance between MMPs and TIMPs activity tissue such as hyperglycemia, dyslipid-
emia and hypertension [69], but increased production of collagen and other ECM compo-
nents may also be involved. In fact, recruitment of inflammatory cells have been connected
to dysregulation of homeostasis fibroblasts followed by secretion of ECM proteins, which
results in an increased turnover and remodeling of the ECM. Moreover, MMPs are able
to increase release of TGF-p1, which results in fibroblast cell proliferation and collagen I
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degradation [70]. Therefore, the relationship between MMP/TIMP may be associated with
the development of diabetic ulcer as a consequence of poor regulation of ECM [69]. It is
known that during DM there is no efficient wound healing; this being a consequence of the
complications that occur in the metabolism and being a greater production of gelatinases in
diabetes as a result of a period of inflammation [71]. MMPs are present in the degradation
of the ECM, but also participate in the recovery of the trauma and promoting the renewal
of the tissue. Likewise, the relationship with collagen is involved in the pathogenesis of the
diabetic ulcer, implying poor tissue regeneration through a decrease in MMP-3 [71].

2.6. MMP levels in diabetic wound healing

Persistent hyperglycemia in the blood of diabetic patients induces the majority of the micro-
and macrovascular complications associated with DM [20] and increases MMP activity
directly or indirectly through oxidative stress or advanced glycation end products (AGEs)
[72, 73]. An increased activity of MMPs may initiate the development of diabetic periph-
eral arterial disease. Hyperglycemia affects the regulation of MMP/TIMP and increases the
activities of MMP-1, MMP-2 and MMP-9 in vascular cells, stimulating the degradation of the
ECM and causing an imbalance in diabetes [74]. An increase in expression of MMP-2 and
MMP-9 as well as protein expression of TIMP-1 may be a resulting factor in impaired wound
healing and might provide an explanation for human arterial vasculature in type 2 DM [73].

The significantly higher levels of MMP in patients with metabolic syndrome as compared
with normal individuals indicate that such patients may have high tendencies of developing
other physiological problems [75]. The process of wound healing necessitates ECM degra-
dation to be controlled; thus, an imbalance between ECM formation and the degradation
process could lead to the development of chronic ulcers or fibrosis [76]. Cellular and bio-
chemical imbalances, tissue damage, or other disease conditions may present varied effects in
the healing process. This also upsets the proteases, cytokines, and growth factors leading to
an absence or delay of wound closure preventing successful skin repair [72].

Enzyme activity affected by hyperglycemia disrupts the expression of MMPs in diabetes,
and this generates an increased proteolytic environment provoked by an alteration in MMPs
and TIMPs that affects patients with diabetic ulcers [77]. In healthy tissues, the levels of
MMPs and TIMP are low; however, their synthesis and the activation of these are stimulated
at the time of the remodeling of a tissue. In healthy skin, only the constitutive MMP-3, 7, 19,
28 and TIMP-1 expression has been documented [78]. Increased levels of MMP-1, MMP-8
and MMP-9 have been associated with a slow epithelial regeneration to heal wounds, with
relatively low TIMP levels. MMP-9 degrades fibronectin into fragments, which further
activates MMP, cell migration and proliferation. This provokes white blood cell infiltra-
tion, tissue damage and continuous inflammation. MMP-1, MMP-8 and MMP-9 are highly
expressed in venous wounds in the absence of TIMPs [79, 80]. In addition, overexpression
of MMP-9 and MMP-2 has been found in serum of patients with metabolic syndrome. The
altered expression of MMPs may provoke pathogenesis in several tissues [75, 81]; the altered
gene expression in MMP-9 is a cause of non-healing diabetic ulcers, being augmented in
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diabetic patients and not found in healthy patients [52], and MMP-1, MMP-2, MMP-8 and
MMP-9 were highly expressed in normal and chronic diabetic wounds with a decrease in
TIMP-2 [63]. This could be due to high proteolytic surroundings promoting poor healing in
diabetes. Similarly, there was an overexpression of MMP-1 and MMP-9, as well as TIMP-1,
in keratinocytes derived from foot ulcers in diabetic type 1 patients, supporting the theory
on the upregulation of MMPs and TIMPs in diabetic foot ulcers [78]. Increased expression of
MMP-9, TNF-a and other growth factors in DFUs has been found and concluded that they
could be linked with slow-to-heal ulcers in diabetics and therefore a target for new thera-
peutic management [71].

Ascertained that MMPs and TIMPs are elevated in chronic wounds; however, they may also play
a role in determining the level of chronicity. Yadav et al. [75] elucidated that chronicity is associ-
ated with an increase mainly in MMP-9 and MMP-8 and elastase activity that may eventually
alter collagen synthesis and the release of growth factor and cytokines into the site of injury [82].

2.7. MMPs, prediction and healing in DFUs

MMPs are associated with wound healing. Investigating its expression in chronic wounds
helps to generate a better evaluation in the prognostic aspect for diabetic foot ulcers; in this
way, this knowledge assists in the investigation of aspects for the inhibition of these. DFUs
often fail to heal, and the mechanism is not well explained. Normal wound healing is a com-
plex process involving a highly orchestrated cascade of events that include hemostasis, inflam-
mation, proliferation, angiogenesis and remodeling. In each of these events, the ECM interacts
with growth factors and cells. Delayed healing is characterized by an increase in MMPs and
a decrease in the levels of TIMPs and growth factors (specifically transforming growth factor
TGF-{3). MMPs and TIMPs are synthesized by cells associated with wound healing, where their
concentrations vary according to the stage of healing in which the wound is found [83, 84].

Investigations on DFU wounds are limited by appearance to obtain tissue biopsies. The
wounds secrete liquid, which can be obtained in a non-invasive way for the patient, solv-
ing the problem a little for future investigations. The use of wound secretion is supported
by previous investigations, where a high bacterial count has been demonstrated, and this
of course resulting in poor wound healing [85]. High concentrations of MMP-9 have been
demonstrated, giving a prediction that would lead to poor healing in DFU. Although the
mechanism that generates the increase of MMP-9 is not yet known, it is associated with the
inflammatory syndrome, since MMP-9 is being synthesized by neutrophils and macrophages
[86]. It has been found in previous studies that the high bacterial count in the wound despite
the absence of infection is indicative of poor wound healing [85]. Generating the hypothesis
about a high bacterial count and high concentrations of MMP is also related to poor healing.
It has also been demonstrated a statistically significant relationship between the MMP-1/
TIMP-1 and the favorable healing [87]. MMP-1 is the main responsible for healing collage-
nase-related due to the benefit it brings to complete the proliferative phase; this has shown
that degradation of collagen I is required for keratinocyte migration, which involves re-epi-
dermization [24, 88]. Other studies of MMP have studied the role of MMP-2; however, it is
not yet clear, due to variations in expression or concentration levels. This proposes the role of
MMP-2 at least in chronic wounds, because MMP-2 is known to be synthesized by fibroblasts
that are secreted in the proliferative phase where inflammation predominates [89, 90].
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2.8. MMPs and topical and biologic therapies for DFU

It is reported that the dynamic changes on the content and activity of MMP-2 and/or TIMP-2,
are secreted by fibroblasts majorly, play much essential parts in the normal healings, espe-
cially during the midterm and later phases, including accelerating revascularization, granu-
lation tissues regeneration as well as the connective tissues reformation and safeguarding
the normal dermis to some extent [91]. Owning to the decreased content and/or activity of
growth factors and the disturbed balance of MMPs/TIMPs system, which results in excessive
solvent activity and then reduced content or damaged structure of the growth factors and
ECMs, the diabetic cutaneous ulcers are always poorly healed. MMP-2 is found to be exces-
sively generated while TIMP-2 is deficiently secreted in diabetic chronic wounds, and the
pathologic imbalance may bring about retarded progress of tissue regeneration and revascu-
larization [86]. The efficacy of autologous platelet-rich gel (APG) on refractory wounds in the
healing mechanism is recognized [92, 93] including upregulating the content of many growth
factors and releasing antibacterial peptides [94]. Furthermore, in some basic researches,
TGEF-{31 has been reported to inhibit the generation of MMP-2 by depressing its genetic tran-
scription and enhance that of TIMP-2 meanwhile [5]. In preliminary clinical studies, the
local concentration of TGF-f31 increases after APG treatment [95]. This has been proven and
reported, where APG treatment may suppress the expression of MMP-2 and promote that of
TIMP-2 in the diabetic chronic refractory cutaneous wounds and furthermore decrease the
ratio of the MMP-2/TIMP-2, and TGF-{31 may be related to these effects [96].

The photobiomodulation (PBM) is a noninvasive form of light therapy for wound healing,
whereby several biological, chemical and cellular processes are stimulated to speed up healing;
investigations carried out demonstrated PBM to enhance wound healing [97]. The biostimula-
tory effect of PBM in the near infrared (NIR) range modulates wound healing events in various
cells. This generates an increased collagen activity twofold, increased MMP-2 activity, upregu-
lated MMP-1 and TIMP-2 expression and down regulated MMP-2 and IL-1f3 [98]. These find-
ings are of therapeutic importance in situations with depleted smooth cells, weakened ECM
and increased pro-inflammatory markers as major pathological components. The PBM is able
to alter the expression of MMPs in diabetic wounds and enhance collagen production; how-
ever, experiments done on human skin demonstrated variations in gene expression in the fibro-
blasts [99]. Yadav et al. (2014) found that PBM altered 49 genes involved in the ECM in vitro,
with genes in a diabetic wounded cell model mostly downregulated, among which were MMP-
1, MMP-2, MMP-8, MMP-12, MMP-14 and MMP-16 [75]. PBM is known for its stimulatory
effects and promotes MMP activity and gene expression; hence maintaining a dynamic balance
between the proteolytic activity and degradation could be a target for therapeutic advancement
[99]. However, its effect on various matrix proteins still needs to be further understood.

3. Conclusions

In the course of the regeneration of a lesion, degradation in the formation of blood vessels is
necessary, also so that there is adequate cell migration and a proteolysis of the ECM to obtain
a remodeling of granulation tissue. Consequently, the degradation is under a precise and
strict control, where the loss of homeostasis between ECM deposition and proteolysis results
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in a significant failure in wound healing, as occurs in DFUs. MMPs play a significant role in
tissue remodeling; their role in normal and abnormal wound healing is not well character-
ized. The MMPs are known for degradation of the ECM and have been shown to be upregu-
lated in most pathologies; in the case of DFUs, they have been recognized as predicting and
its expression may show alterations in the tissues, serum, plasma or fluid of wounds identify
the mechanisms involved in wound healing and thereby to intervene proactively to prevent
the normal wound from becoming chronic and later in diabetic ulcer or amputation and if this
progress may lead to death.
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