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Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that degrade various
components of the extracellular matrix (ECM). Members of the MMP family include col-
lagenases, gelatinases, stromelysins, matrilysins and membrane-type MMPs. ProMMPs are
cleaved into active forms that promote degradation of ECM proteins. Also, recent evidence
suggests direct or indirect effects of MMPs on ion channels in the endothelium and vascular
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MMP tissue inhibitors of metalloproteinases (TIMPs) reduce excessive proteolytic ECM degrada-
TIMP tion by MMPs. The balance between MMPs and TIMPs plays a major role in vascular

remodeling, angiogenesis, and the uterine and systemic vasodilation during normal preg-
nancy. An imbalance in the MMPs/TIMPs activity ratio may underlie the pathogenesis of
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vascular diseases such as abdominal aortic aneurysm, varicose veins, hypertension and

preeclampsia. Downregulation of MMPs using genetic manipulations of endogenous TIMPs,
or synthetic pharmacological inhibitors such as BB-94 (Batimastat) and doxycycline, and Ro-
28-2653, a more specific inhibitor of gelatinases and membrane type 1-MMP, could be
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beneficial in reducing the MMP-mediated vascular dysfunction and the progressive vessel
wall damage associated with vascular disease.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction hemodynamic stimuli. The enduring changes in the composi-

tion/size of the blood vessel associated with vascular

Blood vessels are constantly adjusting to neuronal, hormonal
and hemodynamic stimuli. Short-term alterations in vascular
tone occur as a result of changes in endothelial cell function,
and increased neurohormonal drive or altered sensitivity of
vascular smooth muscle (VSM). On the other hand, chronic
changes in vascular function often involve structural changes
in the blood vessel architecture. Vascular remodeling involves
lasting structural changes in the vessel wall in response to

remodeling allow adaptation and repair.

Vascular remodeling may take one of several forms: (1)
neointimal hyperplasia, (2) alteration of the arterial struc-
tural luminal diameter (inward or outward), and (3)
alteration of tunica media mass (eutrophic, hypertrophic
and hypotrophic). Eutrophic remodeling involves rearrange-
ment of the same number and size of otherwise normal VSM
cells around a smaller lumen, i.e. the same media cross-
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sectional area, leading to increased media:lumen ratio. In
various forms of hypertension, including human essential
hypertension, the resistance arteries undergo eutrophic
inward remodeling, whereas large vessels demonstrate
hypertrophy [1-4]. An example of hypotrophic remodeling
is the formation of thin walled spiral arteries during
pregnancy to allow adequate uteroplacental blood flow to
the fetus.

While such classification may be useful, a chronic increase
inblood flow in resistance-sized arteries may lead to increased
arterial structural luminal diameter and wall mass. Also,
arterial structural diameter refers to the maximally dilated
diameter, and results from the elastic properties of the arterial
wall. However, the diameter of an arterial segment in vivo
depends not only on the structural diameter, but also on the
degree of vasomotor tone and VSM contractile activity.
Furthermore, the manner in which media, adventitia, and
ultrastructural wall components, such as focal adhesion sites,
and cytoskeleton extracellular matrix (ECM), may ultimately
determine the diameter [4]. Specifically, degradation of ECM
enables VSM cells to migrate and proliferate, and inflamma-
tory cells to infiltrate the arterial wall during the remodeling
process.

Matrix metalloproteinases (MMPs) are a family of structu-
rally related, zinc-containing enzymes that degrade the ECM
and connective tissue proteins [5,6]. The proteolytic effects of
MMPs play an important role in vascular remodeling, cellular
migration and the processing of ECM proteins and adhesion
molecules [5-7]. Increasing evidence suggests additional
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effects of MMPs on other types of vascular cells such as the
endothelium and smooth muscle, which may be important in
the early stages of vascular remodeling in order to maintain
blood flow to various organs. Under normal physiological
conditions, the activities of MMPs are regulated at the level of
transcription, activation of the precursor zymogens, and
interaction with specific ECM components. Also, endogenous
tissue inhibitors of MMPs (TIMPs) provide a balancing
mechanism to prevent excessive degradation of ECM. An
imbalance between MMPs and TIMPs could cause large
increases in MMP activity and may lead to pathological
changes in the vessel wall structure associated with vascular
disease.

Several excellent reviews and research studies have
provided detailed information regarding the biochemical
structure of MMPs and the determinant of their effects on
various components of the ECM [5-7]. It has also been
suggested that flow-dependent vascular remodeling is
involved in physiological processes, such as blood vessel
growth and angiogenesis during development, wound healing,
exercise training, and pregnancy as well as in pathological
conditions including hypertension, ischemic diseases, and
tumor growth [8]. The purpose of this review is to provide an
insight into the biological activities of MMPs and their
inhibitors in the vascular remodeling associated with angio-
genesis and normal pregnancy, and their pathogenetic role in
the development/progression of vascular diseases such as
abdominal aortic aneurysm (AAA), varicose veins, hyperten-
sion and preeclampsia.
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Fig. 1 - Structure of MMPs. MMP consists of a prodomain, catalytic domain, hinge region, and hemopexin domain. In the
catalytic domain, MMP has a Zn?* binding site, and a binding site for the specific substrate. MMP has cysteine switch motif
PRCGXPD in the prodomain. Matrilysins lack a hemopexin domain. MT-MMP has an additional transmembrane binding

domain.
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2. Biochemistry of MMPs

MMPs generally consist of a prodomain, catalytic domain,
hinge region, and hemopexin domain (Fig. 1). Proteinases
assigned to the MMP family have three molecular signatures:

1. Sequence homology with collagenase-1 (MMP-1).

2. Cysteine switch motif PRCGXPD in the prodomain that
maintains MMPs in their proMMP zymogen form. The
conserved cysteine chelates the active zinc site (Fig. 1).
MMP-23 is an exception as it lacks the cysteine switch
motif.

3. Zinc-binding motif bound by 3 histidine molecules with the
conserved sequence HEXGHXXGXXH located in the cataly-
tic domain.

3. Members of the MMP Family

Currently, 26 members of the MMP family have been identified
in vertebrates; 23 of them have been found in humans [5-7,9]
(Table 1). MMPs are divided into six groups:

1. Collagenases, including MMP-1, -8, -13, and -18 (Xenopus).
Collagenases cleave interstitial collagens I, II, and III at
a specific site three-fourths from the N-terminus, releasing
1/4 and 3/4 length fragments. They also cleave other ECM
and non-ECM molecules.

2. Gelatinases, including gelatinase-A (MMP-2) and gelati-
nase-B (MMP-9). They mainly digest denatured collagens
(gelatins). They have three repeats of a type II fibronectin
domain inserted in the catalytic domain, which bind to
gelatin, collagens, and laminin [10].

3. Stromelysins, including stromelysin-1 (MMP-3) and stro-
melysin-2 (MMP-10). MMP-3 has similar substrate speci-
ficity but higher proteolytic efficiency as compared to
MMP-10.

4. Matrilysins, including matrilysin-1 (MMP-7) and matrilysin-
2 (MMP-26, endometase). Matrilysins lack the hemopexin
domain (Fig. 1).

5. Membrane-type MMPs (MT-MMPs), including the type-I
transmembrane proteins MT1-, MT2-, MT3-, and MT4-MMP
(MMP-14, -15, -16, and -24), and the glycosylphosphatidy-
linositol (GPI)-anchored proteins MT5-, and MT6-MMP
(MMP-17 and -25). MT1-MMP can digest type-I, -II, and III-
collagen and other components of ECM, and can activate
proMMP to MMP.

6. Other MMPs, including MMP-11, -12, -19, -20, -22, -23, and -
28. MMP-11 (stromelysin-3) differs from MMP-3 (stromely-
sin-1) in its sequence and substrate specificity. MMP-12
(metalloelastase) digests elastin and other proteins. MMP-
20 (enamelysin) digests amelogenin. MMP-22 was first
cloned from chicken fibroblasts, and a human homologue
was later identified; however, its function and substrate
remain unclear. MMP-23 (cysteine array MMP) lacks the
cysteine switch motif in the prodomain as well as the
hemopexin domain which provides substrate specificity;
instead, it has a cysteine-rich domain followed by an
immunoglobulin-like domain. It is proposed to be a type II
membrane protein harboring the transmembrane domain

in the N-terminal part of the propeptide. Because it has a
Furin recognition motif in the propeptide (convertase
cleavage site which activates MMP), it is cleaved in the
Golgi and released as an active enzyme into the extra-
cellular space. MMP-28 (Epilysin) is the latest addition to the
MMP family [11].

4, Tissue distribution

MMPs are produced by many tissues and cell types including
the vascular cells (Table 1). MMPs are either secreted from the
cell or anchored to the plasma membrane. MMPs are often
bound with heparin sulfate glycosaminoglycans on the cell
surface. Metalloelastase (MMP-12) is mainly expressed in
macrophages and is essential for macrophage migration [12].
MMP-19 was identified by cDNA cloning from liver and as a T-
cell-derived autoantigen from patients with rheumatoid
arthritis (RASI) [13,14].

5. MMP cleavage and activation

Activation of MMPs pro-forms involves detaching of the
hemopexin domain, and requires other MMPs or other classes
of proteinases. MMP-3 activates a number of proMMPs,
including the processing of proMMP-1 into fully active MMP-
1 [15]. ProMMP-2 is not activated by general proteinases, and
its activation takes place on the cell surface and by most MT-
MMPs, but not MT4-MMP [1]. MT1-MMP-mediated activation of
proMMP-2 requires TIMP-2 [16,17]. ProMMP-2 forms a complex
with TIMP-2 through their C-terminal domains, thus permit-
ting the N-terminal inhibitory domain of TIMP-2 to bind to
MT1-MMP on the cell surface. The cell surface-bound proMMP-
2 is then activated by an MT1-MMP that is free of TIMP-2.
Alternatively, MT1-MMP inhibited by TIMP-2 can act as a
“receptor’” of proMMP-2. The MT1-MMP-TIMP-2-proMMP-2
complex is then presented to an adjacent free MT1-MMP for
activation. Clustering of MT1-MMP on the cell surface through
interactions of the hemopexin domain facilitates the activa-
tion process [18].

MMPs can be activated by heat treatment and low pH.
MMPs are also activated by thiol-modifying agents such as
4-aminophenylmercuric acetate, mercury chloride, and N-
ethylmaleimide, oxidized glutathione, sodium dodecyl sul-
fate, chaotropic agents, and reactive oxygen species. These
agents mainly cause disturbance of the cysteine-zinc inter-
action at the cysteine switch [19]. Nitric oxide (NO) may
activate proMMP-9 during cerebral ischemia by reacting with
the thiol group of the cysteine switch and forming an S-
nitrosylated derivative, suggesting that chemical activation
of proMMP occurs in vivo [20].

6. MMP substrates and biological activities

Substrate specificity for the MMPs is not fully characterized,
and the hemopexin domain confers much of the substrate
specificity to the MMPs [21]. Known substrates include most of
the ECM components (fibronectin, vitronectin, laminin,



BIOCHEMICAL PHARMACOLOGY 75 (2008) 346-359

349

Table 1 - Members of the MMP family in representative vascular and non-vascular tissues

MMPs Other names Molecular Tissue distribution/ Collagen Other substrates
weight (kDa) disease condition substrate
Proform Active
Vascular
Collagenases
MMP-1 Collagenase-1 55 45 Fibroblast, interstitial, 1, II, 111, VII, Aggrecan, gelatin,
tissue collagenase VIII, X MMP-2, -9
MMP-8 Collagenase-2 75 58 Neutrophil, or PMNL collagenase I, IL, IIT, V, VII,  Aggrecan, elastin,
VIII, X fibronectin, gelatin,
laminin
MMP-13  Collagenase-3 60 48 SMC, varicose veins, preeclampsia, [, II, III, IV Aggrecan, gelatin
breast cancer
Gelatinases
MMP-2 Gelatinase-A 72 66 Aortic aneurysm, varicose veins 1, 1L, 111, IV, V, Aggrecan, elastin, fibronectin,
VII, X, XI gelatin, laminin, proteo-glycan,
MMP-9, -13
MMP-9 Gelatinase-B 92 86 Aortic aneurysm, varcose veins 1V, V, VII, Aggrecan, elastin, fibronectin,
X, XIV gelatin
Stromelysins
MMP-3 Stromelysin-1 57 45 SMC, synovial fibroblasts, CAD, 11, 111, 1V, IX, Aggrecan, elastin, fibronectin,
HTN, tumor invasion X, XI gelatin, laminin, proteoglycan,
MMP-7, -8, -13
MMP-10 Stromelysin-2 57 44 Uterine, preeclampsia, arthritis, 11, IV, V Aggrecan, elastin, fibronectin,
atherosclerosis, carcinoma cells gelatin, laminin, MMP-1, -8
Matrilysins
MMP-7 Matrilysin-1 28 19 Uterine v, X Aggrecan, elastin, fibronectin,
gelatin, laminin, proteoglycan,
MMP-1, -2, -9
Membrane-type MMPs
MMP-14 MT1-MMP 66 56 Human fibroblasts, SMC, VSMC, I, 11, III Aggrecan, elastin, fibronectin,
uterine, angiogenesis gelatin, laminin, MMP-2, -13
MMP-15 MT2-MMP 72 50 Fibroblasts, leukocytes, 1 Fibronectin, gelatin, laminin,
preeclampsia, cancer MMP-2
(breast, prostate, colon)
MMP-16 MT3-MMP 64 52 Leukocytes, angiogenesis I MMP-2
human cancer
MMP-24 MT5-MMP 57 53 Leukocytes, brain tumor, None Fibrin, gelatin
astrocytoma/glioblastoma, identified
Other MMPs
MMP-11 Stromelysin-3 51 44 Uterine, angiogenesis, Does not Aggrecan, fibronectin, laminin
hepatocellular carcinoma cleave
MMP-12 Metalloelastase 54 45 and Macrophage v Elastin, fibronectin, gelatin,
22 laminin
MMP-21 XMMP 62 49 Human placenta al-Anti-trypsin
Non-vascular
MMP-18  Xenopus 70 53 Xenopus (amphibian) I Gelatin
collagenase-4
MMP-26  Matrilysin-2, 28 19 Human endometrial tumor A% Gelatin, fibronectin, gelatin
endometase
MMP-17  MT4-MMP 57 53 Brain specific cerebellum, None Fibrin, gelatin
breast cancer, identified
MMP-25 MT6-MMP, 34 28 Leukocytes, anaplastic v Gelatin, fibronectin, laminin,
leukolysin astrocytomas, glioblastomas fibrin
MMP-19 RASI-1 54 45 Liver v Fibronectin, aggrecan, COMP,
laminin, gelatin
MMP-20  Enamelysin 54 22 Tooth enamel A% Aggrecan, amelogenin, COMP
MMP-22 CMMP 51 Chicken fibroblasts Unknown Gelatin
MMP-23  Cysteine 28 19 Reproductive tissues Unknown Unknown
array MMP
MMP-28  Epilysin 56 45 Skin keratinocytes Unknown Unknown

CAD, coronary aretery disease; HTN, hypertension; PMNL, polymorphonuclear leukocytes; SMC, smooth muscle cells; VSMC, vascular smooth

muscle cells.
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entactin, tenascin, aggrecan, myelin basic protein, etc).
Collagens type I, II, III, IV, V, VI, VII, VIII, IX, X, and XIV are
known substrates of MMPs, with different efficacies (Table 1).
MMPs may act cooperatively to bring about complete
degradation of ECM proteins. Interstitial collagenase MMP-1
and -8 are capable of degrading fibrillar helices. The resulting
fragments unfold their triple helix conformation. So-formed
single alpha-chain gelatins are further degraded into oligo-
peptides by less specific gelatinases (MMP-2 and -9) [22].

The most common substrates used to study MMP activity
are casein and gelatin. While gelatin (heat denatured collagen)
is considered a valid substrate for the gelatinases MMP-2 and -
9, casein may not be a physiologically relevant substrate.
Nevertheless, casein is used as a generic proteinase substrate
because it is digested by a wide range of proteinases.

7. Effects of MMPs on endothelium and VSM

Despite the potent proteolytic activity of MMPs on the ECM
proteins, little is known regarding the effects of MMPs on
other vascular cell types, particularly the endothelium and
vascular smooth muscle (VSM). We have recently shown that
MMP-2 causes significant relaxation of the rat inferior vena
cava (IVC). The MMP-2 induced venous relaxation does not
appear to involve increased NO or prostacyclin (PGIy)
production, as it is not blocked by the NOS inhibitor L-NAME
or the cyclooxygenase inhibitor indomethacin. Interestingly,
the MMP-2 induced venous relaxation is abolished by
blockers of the large conductance Ca®*-activated K* channels
such as iberiotoxin, suggesting involvement of VSM hyper-
polarization pathway [23].

We have also shown that phenylephrine (Phe)-induced
contraction in rat aortic strips is inhibited by MMP-2 (~50%)
and MMP-9 (~70%) [24]. The MMP-induced inhibition of aortic
contraction is concentration- and time-dependent, and is
reversible. Also, histological examination of MMP-treated
tissues showed an intact tunica media and preserved elastin
layer, thus confirming the vessel integrity and absence of
degradation of the ECM. The reversibility of the effects of
MMPs on Phe-induced contraction suggests that the actions of
MMPs are not solely due to irreversible degradation of the ECM.
Also, the inhibitory effects of MMPs on VSM contraction are
not likely due to degradation of Phe or the a-adrenergic
receptors because MMPs also inhibit prostaglandin F2a-
induced contraction, suggesting that their effects are not
specific to a particular agonist/receptor, but likely involve
direct effects of MMPs on a common VSM contraction pathway
downstream from receptor activation.

VSM contraction is triggered by increases in Ca®* release
from the intracellular stores and Ca®* entry from the extra-
cellular space. MMPs do not inhibit Phe-induced contraction in
Ca**-free solution suggesting that they do not inhibit the Ca**
release mechanism from the intracellular stores. On the other
hand, MMPs inhibit Phe-induced Ca®* influx, suggesting that
they may function by inhibiting Ca?* entry from the extra-
cellular space [24].

The specific mechanism by which MMPs inhibit Ca®* entry is
unclear, but could involve direct effects on the Ca?* channels.
Also, MMP-induced degradation of collagen produces Arg-Gly-

Asp (RGD)-containing peptides, which bind to a5 integrin
receptors and inhibit Ca®* entry into VSM [25]. MMPs may also
stimulate protease-activated receptors (PARs) and activate
signaling pathways that could lead to blockade of VSM Ca**
channels [26]. This is supported by reports that proteases such
as thrombin activate PARs and promote endothelium-depen-
dent VSM relaxation by inhibiting Ca®* influx [27]. Further
studies are needed to define the role of integrins and PARs as
possible molecular mechanisms via which MMPs could inhibit
VSM contraction.

8. MMPs and angiogenesis

Angiogenesis is the process of forming new blood vessels from
existing ones and requires degradation of the vascular
basement membrane and remodeling of the ECM in order to
allow endothelial cells to migrate into the surrounding tissue.
Angiogenic growth factors such as aFGF, bFGF, TGF-«, TGF-8,
TNF-a, VEGF, and angiogenin are secreted by endothelial cells
and supporting cells to accelerate the process of angiogenesis.
These factors act as autocrine or paracrine growth factors to
induce angiogenesis. Angiogenesis plays a role in tissue
revascularization and in the pathogenesis and progression
of endometriosis and cancer [28].

MMPs participate in the remodeling of basement mem-
branes and degradation of components of the ECM. MMPs can
also enhance angiogenesis by helping to detach pericytes from
the vessels undergoing angiogenesis, by releasing ECM-bound
angiogenic growth factors, by exposing cryptic proangiogenic
integrin binding sites in the ECM, by generating promigratory
ECM component fragments, and by cleaving endothelial cell-
cell adhesions. MT1-MMP plays an important role in angio-
genesis [29]. Augmentation in MMP activity is positively linked
to an increase in the metastatic and angiogenic potential of
tumors. Also, upregulation of MMP-2, -7, -9, and stromelysin-3
mRNA has been reported in tumor invasion and metastasis
[30].

MMPs may also contribute negatively to angiogenesis
through the generation of endogenous angiogenesis inhibitors
by proteolytic cleavage of certain collagen chains and
plasminogen and by modulating cell receptor signaling by
cleaving off their ligand-binding domains [31]. MMP-12, along
with MMP-7 and -9 may block angiogenesis by converting
plasminogen to angiostatin, a potent angiogenesis antagonist.
Also, dormant tumors may secrete inhibitory factors such as
angiostatin, thrombospondins, and TIMPs that prevent the
tumor from switching to the angiogenic phenotype and arrest
the growth of tumors.

While angiogenic factors can induce MMP expression in
endothelial and stromal cells, MMPs can enhance the
availability/bioactivity of angiogenic factors. Degradation of
ECM releases ECM/basement membrane-sequestered angio-
genic factors, VEGF, bFGF, and TGF-B. MMP-1 and -3 degrade
perlecan in endothelial cell basement membranes to release
bFGF. Connective tissue growth factor (CTGF) forms an
inactive complex with VEGF165 and cleavage of CTGF by
MMP-1, -3, -7, or -13 releases active VEGF165. MMP-2, -3, and -7
degrade the ECM proteoglycan decorin releasing latent TGF-1,
while MMP-2 and -9 cleave the latency-associated peptide to
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activate TGF-B1. Upregulation of MMP-9 expression in angio-
genic islets results in release of VEGF from the ECM thatis then
responsible for induction of the angiogenic phenotype.
Similarly, forced overexpression of MMP-9 in human breast
cancer MCF-7 cells results in increased tumor angiogenesis,
tumor growth, and VEGF/VEGFR-2 complex formation, sug-
gesting that MMP-9 controls release of VEGF from the ECM [31].

o. MMPs and tissue remodeling during
pregnancy

Embryo implantation and trophoblast invasion are tightly
regulated processes, involving sophisticated communication
between maternal decidual and fetal trophoblast cells.
Decidualization is a prerequisite for successful implantation
and is promoted by many factors including MMPs. Studies
have shown endometrial production of proMMP-2, -3, -7, -9,
and active MMP-2 [32]. Also, MMP-26 mRNA is expressed in the
mouse uterus during the estrous cycle and early pregnancy
and may play a role in the cycling changes in the uterus during
the estrous cycle and in embryo implantation [33].

MMPs may also be involved in placental remodeling
throughout pregnancy. In first trimester human placental
tissue, MMP-2 expression/activity was observed in extravil-
lous trophoblasts, and MMP-9 mainly in villous cytotropho-
blasts. In full-term placental tissue, the MMP-2 expression was
observed in the extravillous trophoblasts similar to that in first
trimester, whereas the gelatinase activity was decreased or
completely lost. The gelatinase activity was marked in early,
but not term cytotrophoblasts. Invasive ability of early
cytotrophoblasts was inhibited by TIMP-2 and anti-MMP-2
antibody. These data suggest that the invasive ability of
trophoblasts may be regulated by gelatinases, especially MMP-
2 [34]. This is supported by reports of polarized release of MMP-
2 and -9 from cultured human placental syncytiotrophoblasts
[35]. The studies also emphasize the importance of temporal
regulation of MMPs to perform specific functions during the
gestation period. Further studies are needed to identify the
molecular signals involved in the regulation of MMPs expres-
sion and activity.

Increases in the plasma levels of MMPs have also been
detected during normal pregnancy, suggesting a role for MMPs
in the pregnancy-associated changes in vascular function [36].
In the pregnant bitches, at days 5-13 and 15-21 after mating,
the activity of MMP-2 and -9 is significantly higher than in non-
pregnant animals. Also, in the pregnant bitches, serum MMP
activity is significantly correlated with the serum levels of
estrogen [37].

MMPs could play a role in the uterine artery remodeling
during pregnancy. In the uterine artery of late pregnant rats
(day 21) the mRNA expression of MMP-2, -3, -7, -9, -12, -13,
MT1-MMP, TIMP-1, and -2 is increased. MMP-2, MT1MMP,
MMP-3 and TIMP-1 transcripts are also elevated at day 7. TIMP-
1 and MMP-3 mRNA expression returned to virgin control
values in the post-partum, whereas MMP-9 and -13 remained
elevated or increased further. Gelatin zymography showed
maximum elevation of MMP-2 at day 21. We should note that
this study presented the MMP levels as geometric mean of
gene expression in arbitrary units, and therefore the increases

in MMPs during pregnancy were relative to the specific MMP
baseline levels in the non-pregnant females, which varied
dramatically for the different MMPs. Nevertheless, the data
suggest that MMPs and TIMPs may play a role in remodeling of
the uterine arteries in pregnant rats and may represent a
mechanism to maintain uterine blood flow in late pregnancy.
Continued elevated levels of some MMPs post-partum may
contribute to vessel regression and return to a non-pregnant
physiological state [38].

Increases in MMP-2 mRNA and protein expression of pro-
and active forms of MMP-2 have been observed in small renal
and mesenteric arteries from pregnant compared with virgin
rats [39]. It has been suggested that vascular gelatinase may
function upstream of the endothelial endothelin B (ETp)
receptor and the NO signaling pathway in the renal vasodi-
latory response during pregnancy [40].

10. MMPs in vascular disease

In normal physiological vascular remodeling, the activities of
MMPs are tightly regulated at the transcription level, activa-
tion of their pro-form or zymogens, the interaction with
specific ECM components, and the inhibition by endogenous
inhibitors. Factors that promote vessel remodeling upregulate
MMP activities and include chronic changes in hemody-
namics, vessel injury, inflammatory cytokines, and reactive
oxygen species.

Increased MMP activity has been reported in various
inflammatory, malignant and degenerative disorders. Also,
loss of control of MMP activity could result in pathological
vascular remodeling and vascular disease [1]. MMPs play a role
in VSM cell migration and neointima formation after localized
vascular injury. In atherosclerotic lesions, active MMPs may
contribute to plaque destabilization by degrading ECM
components. MMPs may also promote aneurysm formation
by proteolytic degradation of the elastic lamina. Furthermore,
MMPs may be involved in venous diseases such as varicose
veins and in systemic vascular diseases such as hypertension
and preeclampsia.

11. MMPs in atherosclerosis and coronary
restenosis

Inappropriate vascular remodeling, including its absence,
underlies the pathogenesis of atherosclerosis and restenosis.
Enhanced MMP expression has been detected in the athero-
sclerotic plaque, and activation of MMPs appears to facilitate
atherosclerosis, plaque destabilization, and platelet aggrega-
tion. Specifically, a role of MMP-2 in atherosclerosis, plaque
instability and rupture has been demonstrated during arterial
lesion progression [41,42].

Dysregulated ECM metabolism may contribute to vascular
remodeling during the development and complication of
human atherosclerotic lesions. In a study examining the
expression of MMPs in human atherosclerotic plaques and in
uninvolved arterial specimens, the normal arteries stained
uniformly for MMP-2 and TIMPs. In contrast, plaques’
shoulders and regions of foam cell accumulation displayed
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locally increased expression of MMP-1, stromelysin, and
MMP-9. All plaque extracts contained activated forms of
gelatinases determined zymographically and by degradation
of *H-collagen type IV. In situ zymography revealed gelatino-
lytic and caseinolytic activity in frozen sections of athero-
sclerotic, but not of uninvolved arterial tissues. It was
suggested that focal overexpression of activated MMP may
promote destabilization and complication of atherosclerotic
plaques and provide novel targets for therapeutic intervention
[43].

Areas of the atherosclerotic plaque rupture exhibit a
paucity of VSM cells and an accumulation of macrophage-
derived foam cells. On the basis of the collective ability of MMPs
to degrade ECM proteins and the detection of increased MMP
protein and activity in vulnerable plaques, it has been proposed
that these enzymes reduce the strength of the fibrous cap and
contribute to plaque rupture. Conversely, the ability of some
MMPs to promote migration and proliferation of VSM cells
suggests that they promote atherosclerotic plaque cap growth
and stability. Investigating the effects of MMP inhibitors should
help to resolve this controversy. Using the mouse brachioce-
phalic artery model of plaque instability, a recent study
compared apolipoprotein E (apoE)/MMP-3, apoE/MMP-7, apoE/
MMP-9, and apoE/MMP-12 double knockouts with their age-,
strain-, and sex-matched apoE single knockout controls.
Brachiocephalic artery plaques were larger in apoE/MMP-3
and apoE/MMP-9 double knockouts than in controls. The
number of buried fibrous layers was also higher in the double
knockouts, and both knockouts exhibited cellular composi-
tional changes indicative of an unstable plaque phenotype.
Conversely, lesion size and buried fibrous layers were reduced
in apoE/MMP-12 double knockouts compared with controls, and
double knockouts had increased VSM cell and reduced
macrophage content in the plaque, indicative of a stable plaque
phenotype. ApoE/MMP-7 double knockout plaques contained
more VSM cells than controls, but neither lesion size nor
features of stability were altered in these animals. Hence, MMP-
3 and -9 appear to play protective roles, limiting plaque growth
and promoting a stable plaque phenotype. MMP-12 supports
lesion expansion and destabilization. MMP-7 has no effect on
plaque growth or stability, although it is associated with
reduced VSM cell content in plaques. These data demonstrate
that MMPs are directly involved in atherosclerotic plaque
destabilization and clearly show that members of the MMP
family have widely differing effects on atherogenesis [44].

Some clinical studies support a role of MMPs in the
development of acute coronary syndromes [45]. Circulating
MMP levels are elevated in patients with acute myocardial
infarction and unstable angina. Increased MMP expression is
also observed after coronary angioplasty, suggesting that MMP
expression may be involved in the formation of restenotic
lesions. The MMP system may therefore represent a potential
therapeutic target for the prevention of atherosclerotic lesion
development, plaque rupture, and restenosis [46].

12. Abdominal aortic aneurysm (AAA)

AAA is a focal dilation of the aorta that is commonly observed
in elderly individuals. AAA is a progressive degenerative

disease that, if left uncorrected, could result in aortic rupture
and death. Although large AAA can be corrected by surgical
repair, no effective treatment is currently available to prevent
the progressive aneurysm degeneration and increase in vessel
diameter in patients with small AAA. Understanding the
mechanisms of AAA formation would help identify new
treatment strategies to retard the progressive growth of small
AAA.

Increased MMP production/activity may play a role in the
pathogenesis of AAA [47,48]. The plasma level and aortic wall
expression of MMPs is increased in AAA, which especially in
patients with imminent aneurysm rupture [49-53]. Specifi-
cally, MMP-2 and -9 appear to play an important role in AAA
formation [53-55]. In a study examining infrarenal aortic
tissues obtained at surgical repair of AAA, aortic obstructive
disease (AOD), or organ procurement for transplantation
(control), intergroup statistical analysis of MMP-2 mRNA
revealed that all 3 groups were statistically different, with
the highest mRNA levels in AAA (control, 2.7 +0.8; AOD,
4.0 £ 0.4; and AAA, 27.3 £ 6.3 pg MMP-2/pn.g RNA). In contrast to
MMP-2, -9 transcripts did not differ between AOD (6.6 + 4.6)
and AAA (5.9 £ 2.3 pg MMP-9/pg RNA), but both were higher
than that in the control aortas (0.04 & 0.01) [56]. Also, studies
have shown that the median concentration of MMP-2 in AAA
wall is 0.04 pg/ml [57], and that of MMP-9 is 0.5 ug/g tissue
weight [58]. Also, the levels of MMP-2 and -9 isolated from
fibroblasts and VSM cells cultured from AAA wall are between
0.01 to 1.2 pg/ml [54]. Furthermore, studies in patients with
AAA have shown elevated plasma levels of MMP-2 and -9 in
the range of 0.06 to 0.6 ng/ml [50,51]. Targeted gene disruption
of MMP-9 in mice suppresses the development of experi-
mental AAA [59]. Also, both MMP-2 and -9 are necessary to
induce experimental AAA formation in mice [60]. MMP-2 has
the greatest elastolytic activity and is produced mainly by VSM
and fibroblasts [61]. MMP-9 is the most abundantly expressed
MMP in AAA tissue and is produced mainly by the aneurysm-
infiltrating macrophages [53]. The mechanism of action of
MMPs in aneurysm formation has largely been attributed to
their proteolytic effects on the ECM proteins and subsequent
weakening of the aortic wall [48]. However, our recent
studies suggest additional effects of MMP-2 and -9 on the
Ca?*-dependent mechanism of aortic VSM contraction that
may have an important role in the early development of
aneurysm [24]. The inhibitory effects of the MMPs on aortic
VSM contraction were observed at concentrations similar to
those observed in plasma and tissue samples of patients with
AAA. Also, the observed MMP-induced inhibition of aortic VSM
contraction occurred even in the absence of degradation of the
connective tissue matrix of the vessel wall. Furthermore,
MMP-9 is a more potent inhibitor of aortic contraction than
MMP-2; consistent with the observations that MMP-9 is the
dominant MMP in AAA wall [53].

The ECM proteins elastin and collagen provide significant
structural support of the aorta. Although the contribution of
VSM contraction to the overall tensile strength of the aortic
wall is less clear, there is evidence to suggest that the aortic
VSM contractile function may contribute to the structural
integrity of the aortic wall. First, the tunica media comprises a
major portion of the aortic wall and is formed mainly of
circumferentially arranged alternating lamellae of VSM cells
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and elastin fibers. An active and tonic contraction of VSM is
predicted to limit the tendency of the aorta to dilate in
response to pulsatile forces generated with each cardiac cycle.
Second, atrophy of the tunica media and depletion/apoptosis
of VSM cells are consistent histological findings in AAA [62].
Third, disruption of the structural integrity of the tunica
media, e.g. in chronic aortic dissection, often leads to late
aneurysm formation. Thus, the MMP-induced inhibition of
VSM contraction may function synergistically with their
degradation of the ECM, and thereby contribute to further
weakening of the aortic wall and aneurysm formation.

13. MMPs in varicose veins

Varicose veins is a common vascular disorder of the lower
extremity that affects 25% of the adult population. Although
risk factors for varicose veins such as aging, female gender,
pregnancy, obesity, and family history have been identified
[63,64], the molecular mechanisms underlying the pathogen-
esis and progression of the disease remain unclear. Decreased
elastin content has been implicated in the pathogenesis of
varicose veins [65,66], but the role of collagen has not been
clearly defined. Studies suggest increased [67], decreased [68],
or unchanged [69] collagen content in the varicose vein wall.
The net collagen content represents a balance between its
biosynthesis and its degradation by specific MMPs such
collagenases, gelatinases and stromelysins. The plasma and
venous tissue levels of MMP-1, -2, -3, -9, and -13 are elevated in
varicose veins, suggesting that MMPs may contribute to the
pathogenesis of the disease [70-72]. MMPs have been detected
in all histologic layers of the venous wall, and increased
expression and activity have been demonstrated in throm-
bophlebitic varicose veins [71]. However, the presence of
MMPs in varicose veins could be merely a component of the
chronicinflammatory process. Also, increased MMP activity in
the advanced thrombophlebitc stages does not address
whether MMPs affect venous function at the early stages of
varicose vein formation.

We have shown that MMP-2 at physiologically relevant
1 pg/ml concentration causes relaxation of Phe contraction in
rat IVC segments by a mechanism involving hyperpolariza-
tion and activation of BK¢, [23]. Our data raise the interesting
possibility that a protracted MMP-2 induced venous relaxa-
tion could lead to progressive venous dilatation, chronic
venous insufficiency and varicose vein formation. We should
note that although large amounts of MMP-2 have been
detected in the plasma and venous tissues of patients with
varicose veins, other MMPs such as MMP-1, -3, -9, and -13 are
also expressed in human varicose veins [70-72]. Expression
patterns in intact and damaged skin suggest that MMP-28
might function in tissue hemostasis and wound repair [73].
Also, it is possible that some of the effects of MMP-2 could be
due to activation of other endogenous MMPs [1]. Future
studies should examine whether the effects of MMPs on the
mechanisms of venous relaxation are unique to MMP-2, or are
caused by other MMPs. Also, whether the observed effects of
MMP on IVC could also be demonstrated in other venous
tissues such as the human saphenous and femoral vein
should be examined.

14. MMPs in hypertension

Hypertension is a multifactorial disorder that involves
pathological alterations in the renal, neuronal, hormonal,
and vascular control mechanisms of the blood pressure.
Hypertension is associated with vascular remodeling char-
acterized by rearrangement of vascular wall components
including ECM proteins. Recent studies have examined the
role of MMPs and TIMPs in the vascular remodeling associated
with hypertension. A clinical study in 44 hypertensive patients
and 44 controls demonstrated that the plasma levels and
activities of MMP-2, -9, and TIMP-1 are increased in hyperten-
sive patients, which may reflect abnormal ECM metabolism
[74]. Other studies have shown different results and demon-
strated that the plasma concentrations of active MMP-2 and -9
are depressed in patients with essential hypertension. Also, a
6 months treatment with amlodipine normalized MMP-9 but
not MMP-2 plasma concentrations [75]. These studies sug-
gested a role of abnormal ECM metabolism in hypertension,
and raised the interesting possibility that antihypertensive
treatment may modulate collagen metabolism. In addition, it
demonstrates that MMPs from the same family can have
significant and different effects in vascular function and
disease processes.

A recent study has examined the serum concentrations of
carboxy-terminal telopeptide of collagen type I (CITP) as a
marker of extracellular collagen type I degradation, total
matrix MMP-1 (collagenase), total TIMP-1, and MMP-1/TIMP-1
complex in 37 patients with never-treated essential hyperten-
sion and in 23 normotensive control subjects. Serum con-
centrations of free MMP-1 and free TIMP-1 were calculated by
subtracting the values of MMP-1/TIMP-1 complex from the
values of total MMP-1 and total TIMP-1, respectively. Measure-
ments were repeated in 26 hypertensive patients after 1 year of
treatment with the ACE inhibitor lisinopril. Interestingly,
baseline free MMP-1 was decreased and baseline free TIMP-1
was increased in hypertensives compared with normoten-
sives. No significant differences were observed in the baseline
values of CITP between the two groups. Hypertensive patients
with baseline left ventricular hypertrophy exhibited lower free
MMP-1 and CITP and higher free TIMP-1 than hypertensive
patients without baseline left ventricular hypertrophy. Trea-
ted patients showed an increase in free MMP-1 and a decrease
in free TIMP-1. In addition, serum CITP was increased in
treated hypertensives compared with normotensive subjects.
It was concluded that systemic extracellular degradation of
collagen type I is depressed in patients with essential
hypertension and can be normalized by treatment with
lisinopril. A depressed degradation of collagen type I may
facilitate organ fibrosis in hypertensive patients, namely, in
those with left ventricular hypertrophy [76].

Studies have also examined the expression/activity of
MMPs in internal mammary artery specimens obtained from
normotensive and hypertensive patients undergoing coronary
artery bypass surgery. Zymographic analysis indicated a
decrease in total gelatinolytic activity of MMP-2 and -9 in
hypertension. MMP-1 activity was also decreased by fourfold
without a significant change in protein levels. Tissue levels of
ECM inducer protein (EMMPRIN, a known stimulator of MMPs
transcription), MMP activator protein (MT1-MMP), MMP-1, -2,
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and -9, as well as TIMP-1 and -2 were assessed by
immunoblotting and revealed a significant decrease in
MMP-9, EMMPRIN, and MT1-MMP levels in hypertension. In
addition, measurement of plasma markers of collagen synth-
esis (procollagen type I amino-terminal propeptide [PINP]) and
collagen degradation (carboxy-terminal telopeptide of col-
lagen type I [ICTP]) indicated no difference in PINP levels but
suppressed degradation of collagen in hypertension. These
data demonstrate that not only MMP-1 and -9, but MMP
inducer and activator proteins are downregulated in the
hypertensive state, which may result in enhanced collagen
deposition in hypertension [77].

Experimental studies have also examined whether hyper-
tension is associated with vascular remodeling and changes in
the vascular tissue expression/activity of MMPs. It was found
that the wall thickness was increased in the aorta of DOCA-
salt versus sham rats, as was medial area, but neither measure
was altered in vena cava. In hypertension, MMP-2 expression
and activity was increased in aorta but not vena cava, while
MMP-9 was weakly expressed in both vessels. TIMP-2
expression was increased in aorta of DOCA rats compared
to sham, but barely detectable in vena cava of sham or DOCA-
salt hypertensive rats. These data suggest that vascular
remodeling in the aorta of DOCA-salt hypertensive rats,
observed as an increase in wall thickness and medial area,
is linked to the action of specific MMPs such as MMP-2. The
increase in TIMP-2 expression observed in the aorta from
DOCA-salt rats is presumably an adaptive increase to the
higher-than-normal levels of MMP-2 [78].

A recent study has further examined the effects of MMP-9
during the progression of hypertension. Wild-type and MMP-
9/7) mice were treated with Angll, 1pug/kg per min by
minipump, plus a 5% NacCl diet for 10 days. It was found that
the onset of AnglI-induced hypertension was accompanied by
increased MMP-9 activity in conductance vessels. The absence
of MMP-9 activity results in vessel stiffness and increased
pulse pressure. It was suggested that MMP-9 activation was
associated with a beneficial role early on in hypertension by
preserving vessel compliance and alleviating BP increase [79].

15. MMPs in preeclampsia

Preeclampsia is a major complication of pregnancy with
severe increases in BP, and MMP-mediated vascular remodel-
ing may play a role in the pathogenesis of the disease [36].
MMP-2 is elevated in the plasma of women with preeclampsia
[80] as well as in women who subsequently develop
preeclampsia [81]. Changes in circulating MMP-9 and TIMP-1
and -2 levels have also been observed in gestational
hypertension [82]. It has been speculated that increased net
MMP-2 activity may contribute to the endothelial dysfunction
that is central to the pathophysiology of preeclampsia [81].
However, recent studies tested the hypothesis that proteases
intrinsic to syncytiotrophoblast microvillous membranes
(STBM) are the cause of the in vitro endothelial changes.
Purified STBM detected gelatinase activity and showed that it
was due to MMP-9. Its presence was confirmed in this location
by immunohistocytochemistry. Protease inhibitors caused a
small reversal of the effects of STBM on morphology and no

effect on inhibition of proliferation. It was concluded that the
effect of STBM on endothelial cells is unlikely to be caused by
intrinsic proteases [83].

The source of the increased plasma MMPs is unclear, but
studies have suggested the placenta as a potential source.
MMP-2 and -9 are increased in the placenta of diabetic rats at
midgestation [84]. Also, low amount of MMP-1, -9 and -3 was
detected in extracts from the wall of human umbilical cord
artery. MMP-2 is the main collagenolytic enzyme in umbilical
cord artery (UCA) wall (both latent and active form).
Preeclampsia is associated with a distinct reduction in those
MMPs content in comparison to control UCA. It was concluded
that the decrease of MMP content and activity in the umbilical
cord artery may be a factor that reduces the breakdown of
collagen in the arterial wall. The accumulation of collagen
with simultaneous reduction in elastin content in the UCA
may be the factor that reduces the elasticity of arterial wall
and decreases the blood flow in the fetus of women with
preeclampsia [85].

Studies have examined the secretion of MMP by cultured
human decidual endothelial cells from normal and pree-
clamptic pregnancies. MMP-9 and TIMP1 levels were similar
between the two cell types; however, the basal and stimulated
secretion of MMP-1 was markedly higher in normal compared
with preclamptic endothelial cells. It was suggested that the
lower MMP1 expression of decidual endothelial cells from
preeclamptic women may inhibit endovascular invasion by
cytotrophoblasts. These findings may, at least partly, explain
the relative failure of trophoblasts to invade maternal decidual
blood vessels in preeclamptic pregnancy [86].

16. MMP inhibitors

Several endogenous and synthetic MMP inhibitors have been
identified. TIMPs are specific endogenous inhibitors that bind
MMPs in a 1:1 stoichiometry. Four TIMPs (TIMP-1, -2, -3, and -4)
have been identified in vertebrates, and their expression is
regulated during development and tissue remodeling [87].
TIMPs (21 to 29 kDa) have an N-terminal domain (125 aa) and
C-terminal domain (65aa); each containing 3 conserved
disulfide bonds [88,89]. The N-terminal domain folds as a
separate unit and is capable of inhibiting MMPs [88]. NMR and
X-ray crystallography have resolved the structure of TIMP-1, -
2, and the TIMP-1-MMP-3 and TIMP-2-MT1-MMP complex [90].
The TIMP molecule wedges into the active-site cleft of MMP in
a manner similar to that of the substrate (Fig. 1). Cys1 is
instrumental in chelating the active-site zinc with its N-
terminal a-amino group and carbonyl group, thereby expelling
the water molecule bound to the catalytic zinc. TIMPs inhibit
all MMPs tested so far, except that TIMP-1 does not inhibit
MT1-MMP [91]. The inhibitory properties of TIMP-3 are
different from the rest, because it inhibits ADAMs (A
Disintigrin And Metalloproteinase) [92]. TIMP-4 is localized
mostly in vascular tissue.

Plasma o2-macroglobulins are general endopeptidase
inhibitors that inhibit most proteinases by trapping them
within the macroglobulin after proteolysis of the bait region of
the inhibitor [93]. MMP-1 reacts with a2-macroglobulin more
readily than with TIMP-1 in solution [94]. a2-macroglobulins
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have a an*-binding site, and therefore could bind Zn?* ion or
other divalent cations such as Ca®". Other Zn** chelators
include tetracyclines such as doxicycline.

Tissue factor pathway inhibitor-2 is a serine protease
inhibitor that inhibits MMPs [95]. A C-terminal fragment of the
procollagen C-terminal proteinase enhancer protein and the
secreted form, membrane-bound B-amyloid precursor protein
inhibit MMP-2 [96,97]. RECK, a GPI-anchored glycoprotein that
downregulates the levels of MMP-9 and active MMP-2 and
suppresses angiogenic sprouting, leading to tumor cell-death,
inhibits the proteolytic activity of MMP-2, -9, and MT1-MMP
[98]. Chlorotoxin, a scorpion toxin that has anti-invasive
effects on glioma cells, inhibits MMP-2, but not MMP-1, -3, or -9
[99]. However, the mechanisms of MMP inhibition by these
proteins are not known.

Synthetic broad-spectrum MMP inhibitors include hydro-
xamic acid derived inhibitors such as BB-94 (Batimastat), BB-
1101, BB-2293, BB-2516 (marimastat), and CT1746 [100].
Batimastat and marimastat, are competitive MMP-inhibitors
and Zn?*-chelating mimickers of collagen. More selective MMP
inhibitors include the pyrimidine-2,4,6-trione derivative Ro-
28-2653, which selectively inhibits MMP-2, -9, and MT1-MMP,
Ro-28-3555 (trocade), selective inhibitor of MMP-1 [101],
and IW449, selective inhibitor of MMP-2 [100]. Other
synthetic inhibitors include PD166793, a broad-spectrum
MMP inhibitor, OPB-3206 (3S-[4-(N-hydroxyamino)-2R-isobu-
tylsuccinyl] amino-1-methoxy-3,4-dihydrocarbostyril) [102],
BAY12-9566, AG-3340, KBR-7785, KBR-8301, CDP-845 (CT-
1746), metastat and AE-941 (Neovastat) [103].

17. Clinical applications of MMP inhibitors

A number of inhibitors of MMPs with potent anti-angiogenic
activity are already in early stages of clinical trials, primarily to
treat cancer and cancer-associated angiogenesis. However,
because of the multiple effects of MMPs on angiogenesis,
careful testing of these MMP inhibitors is necessary to show
that they do not adversely enhance angiogenesis [104]. Initial
clinical trials using MMP inhibitors as cancer treatments did
not demonstrate efficacy in terms of reducing tumor progres-
sion partially due to the fact that most trials were done in
patients with advanced stage disease, when the tumor
vasculature is already well-established, and to the fact that
MMPs play multiple roles in both angiogenesis and tumor
progression. Also, broad spectrum MMP inhibitors can inhibit
the ADAMTSs, which have anti-angiogenic activity. More
specific MMP inhibitors are now being designed and tested. In
addition, monoclonal antibodies to MT1-MMP, which inhibit
its enzymatic activity and so activation of proMMP-2, have
been shown to inhibit endothelial cell migration and invasion
of collagen and fibrin gels. Another approach to inhibiting
proMMP-2 activation is the use of recombinant hemopexin-
like (PEX) domain. Lentiviral delivery of PEX to endothelial
cells inhibited their invasion and tube formation in Matrigel in
vitro and delivery of PEX to the chick chorioallantoic
membrane inhibited bFGF-induced and tumor-induced angio-
genesis in vivo [31].

Experimental studies have suggested significant effects of
doxycycline in reducing the progression of AAA. There is also

widespread interest in developing MMP inhibitors for the
prevention of atherosclerotic plaque rupture. The MMP
inhibitors, EDTA and 1,10-phenanthroline, as well as recom-
binant TIMP-1, reduced the activities of MMP-1, -2, -9 and -3
which colocalized with regions of increased immunoreactive
MMP expression, i.e., the shoulders, core, and microvascu-
lature of the plaques [43]. However, broad-spectrum MMP
inhibition by RS-130830 may not have a beneficial effect on
atherosclerosis in the apoE knockout mouse, indicating that
more selective compounds would be preferable [105].

Because the results of clinical trials with small molecule
inhibitors have been disappointing, there is a clear potential
for the application of TIMPs as endogenous inhibitors [106].
Endogenous TIMPs have antiangiogenic activities. TIMP-2
inhibits bFGF-induced endothelial cell proliferation, TIMP-3
inhibits cell migration and proliferation of stimulated
endothelial cells, and TIMP-4 inhibits endothelial cell tube
formation in the basement membrane extract, Matrigel.
Application of TIMPs as a therapeutic tool for vascular disease
through gene therapy or direct protein application is in early
phase of development [107]. Previous studies have demon-
strated that gene transfer to overexpress TIMPs can reduce
MMP activity and reduce intimal thickening in various models.
For example, TIMP-1 gene transfer delivered by an adeno-
associated virus (AAV) vector inhibits tumor growth and
angiogenesis in a murine xenotransplant model [108]. Also,
adenoviral overexpression of TIMP-1 in a mouse model of
atherosclerosis showed a reduction in the lesion [109]. A
recent study examined whether overexpression of TIMP-1 or
-2 would attenuate atherosclerotic plaque development and
instability in apoE(~~) mice fed a high-fat diet for 7 weeks and
injected intravenously with first-generation adenoviruses
expressing the gene for human TIMP-1 (RAdTIMP-1) or
TIMP-2 (RAATIMP-2) or a control adenovirus (RAd66) and fed
a high-fat diet for additional 4 weeks. Analysis of brachioce-
phalic artery plaques revealed that RAdTIMP-2, but not
RAdTIMP-1 infection resulted in marked reduction in lesion
area compared with that in control animals. Markers
associated with plaque instability, assessed by VSM cell and
macrophage content and the presence of buried fibrous caps,
were significantly reduced by RAdTIMP-2. Effects on lesion
size were not sustained with first-generation adenoviruses,
but murine TIMP-2 overexpression mediated by Helper-
dependent adenoviral vectors exerted significant effects on
plaques assessed 11 weeks after infection. In an attempt to
determine the mechanism of action, macrophages and
macrophage-derived foam cells were treated with exogenous
TIMP-2 in vitro. TIMP-2 significantly inhibited migration and
apoptosis of macrophages and foam cells, whereas TIMP-1
failed to exert similar effects. It was concluded that over-
expression of TIMP-2 but not TIMP-1 inhibits atherosclerotic
plaque development and destabilisation, possibly through
modulation of macrophage and foam cell behavior, and that
Helper-dependent adenovirus technology is required for these
effects to be maintained [110].

MMPs are implicated in neointima formation and hence
vein graft failure, and gene transfer to elevate local levels of
TIMPs is therefore a potential treatment. Gene therapy could
improve human saphenous vein coronary vein-graft patency
by reducing early thrombosis, neointimal hyperplasia and
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atherosclerosis. TIMPs reduce intimal migration of VSM cells,
while TIMP-3 and the p53 tumor suppressor protein promote
apoptosis [111]. Also, interventional studies have used
lumenal application of a replication-defective recombinant
adenovirus to overexpress TIMP-2 and observed the effects on
neointimal thickening in a human saphenous vein organ
culture model. Increased TIMP-2 expression was localized to
lumenal surface cells, but increased total functional TIMP-2
secretion after 14 days culture. In situ zymography revealed a
marked inhibition of gelatinolytic activity by TIMP-2 gene
transfer throughout the vein segments. Neointima formation
and neointimal cell numbers were reduced 79% and 71%,
respectively. TIMP-2 overexpression had no effect on VSM cell
proliferation, secretion of pro-MMP-2 or -9 and did not inhibit
the processing of pro-MMP-2 to its active form. These data
indicate that TIMP-2 overexpression reduces neointimal
thickening, primarily by inhibiting MMP activity and hence
VSM cell migration [112].

Local expression of TIMP-1 in a rat model of aneurysm
prevented aneurysm progression and rupture [113]. However,
expressing wild-type TIMPs could have drawbacks because
multiple MMPs may be inhibited, and in the case of TIMP-3,
ADAMs and ADAMTSs may be inhibited as well. Probably the
best route to success will be the development of engineered
TIMPs with altered specificity, to allow targeting of specific
MMPs.

18. Perspective

MMPs play a significant role in vascular remodeling. Sig-
nificant progress has been made in identifying the changes in
the levels and activity of MMPs in several physiological and
pathological conditions. However, more research is needed to
define the effects of MMPs not only on ECM degradation, but
also on other cell types that control vascular function,
particularly the endothelium and VSM. Also, the effects of
MMPs in vascular remodeling and vascular function in large as
compared to small vessels need to be further examined.
Additionally, more research is needed to identify the specific
MMPs involved. However, the mere presence of MMP does not
establish their catalytic capacity, as the zymogens lack
activity, and TIMPs may block activated MMPs. Therefore,
advanced techniques to measure the catalytic MMP activity,
particularly in vivo are needed. The development of specific
inhibitors of MMPs is an area of research that needs to be
further investigated. Inhibiting the activity of specific MMPs or
preventing their upregulation could ameliorate intimal thick-
ening and reduce coronary restenosis and atherosclerosis.
Targeting specific MMPs in aneurysm tissue may not reverse
the aortic wall dilation, but could prevent progression of wall
dilation, and in the instance of coronary artery disease plaque
dislodgement and myocardial infarction. Future investiga-
tions should examine the role of MMPs and their inhibitors in
the pathogenesis and treatment of systemic vascular diseases
such hypertension and preeclamosia and localized venous
diseases such as varicose veins. Investigations of the role of
MMPs in vascular remodeling and vascular disease should also
consider the effects of other proteinases and enzymes such as
ADAMSs and transglutaminase [114].
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