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Abstract: Hypertension induces maladaptive vascular and cardiac remodeling, which are related
to rearrangement of the extracellular matrix (ECM) and cell hypertrophy and migration. Matrix
metalloproteinases (MMPs) are zinc-dependent proteases involved in tissue remodeling mainly
by the proteolysis of ECM components. Increased MMP-2 activity is also involved in the pro-
teolysis of important intracellular targets in cardiomyocytes and vascular smooth muscle cells
(VSMQ). Troponin I and calponin-1 are some of the targets of MMP-2 in cardiomyocytes and
VSMC, respectively, that when degraded contribute to contractile dysfunction, cell hypertrophy
or migration. MMP-2 may be activated by S-glutathiolation in vitro by peroxynitrite which frees
the pro-peptide domain from the catalytic site and generates an active, 72 kDa MMP-2. Since
hypertension is significant related to oxidative stress, and approximately half of newly formed
MMP-2 is held inside the cell, increased peroxynitrite production may lead to the intracellular
activation of MMP-2. MMP inhibitors may be a significant new opportunity to be used as
adjuvants to treat hypertension as they substantially decrease maladaptive cardiovascular remod-
eling and then prevent the development of many other associated diseases. Antioxidants and
antihypertensive drugs also contribute to decrease MMP activity and hypertrophic remodeling
in hypertension. New pharmacological tools are needed to specifically decrease intracellular
MMP-2 activity and thus help reduce cell migration and hypertrophy in hypertension.
Keywords: hypertension, matrix metalloproteinases, cardiovascular remodeling, matrix metal-
loproteinase inhibitors, antioxidants

Introduction

Matrix metalloproteinases (MMPs) are zinc-dependent proteases that are involved in the
proteolysis of several extracellular matrix (ECM) components in cardiomyocytes and
vascular smooth muscle cells (VSMC), which may result in cell hypertrophy, prolifera-
tion and/or migration. These effects contribute to chronic cardiovascular remodeling and
dysfunction that are associated with the maladaptive consequences of hypertension.'”
However, the roles of MMPs are not only restricted to ECM proteolysis. Increased
MMP-2 activity was also associated with intracellular effects in cardiomyocytes and
VSMC where it degrades proteins in the contractile machinery such as troponin I, titin
and calponin-1, thus contributing to maladaptive remodeling of the heart and vascula-
ture."21%12 As increased MMP activity contributes to structural and functional changes
in the cardiovascular system in hypertension, it is promising to consider MMPs as phar-
macological targets to treat or prevent many cardiovascular complications. Increased
activity of MMPs is also relevant to study structural and functional alterations in the
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kidney and brain in hypertension, however we will focus here
on their actions within the cardiovascular system.

MMPs: definition of structure and

regulation

MMPs are a group of 28 endopeptidases that were first
described by Gross and Lapiere in 1962, who observed
their collagen-degrading activity during the morphogenesis
of tadpoles. Today, MMPs are known as important proteases
involved in proteolysis of ECM in tissue remodeling in many
pathophysiological situations.'*!> MMPs were originally clas-
sified according to their ECM substrates, primary structure
and cellular location as collagenases (MMP-1, MMP-8 and
MMP-13), stromelysins (MMP-3, MMP-10, MMP-11 and
MMP-12), matrilysins (MMP-7 and MMP-26), membrane
type MMPs (MT1-MMP to MT6-MMP) and gelatinases
(MMP-2 and MMP-9).!¢18 Although they are classified by
their substrate specificity, many MMPs also share proteolysis
of the same targets such as collagen and elastin."” However,
it should be noted that this system of classification precluded
the discovering and therefore the actions and substrates of
intracellular MMPs.

MMPs have important similarities in their structure: a
pre-peptide domain (or signal sequence) followed by a pro-
peptide region linked to the catalytic site, and a hemopexin
domain. The pro-peptide domain protects the catalytic site
of MMPs against activation or autolysis and maintains
the enzyme in a latent form. Next to the catalytic site, the
hemopexin domain is the region where tissue inhibitors of
metalloproteinases (TIMPs) bind to MMPs to inhibit their
activity.'®172°2! Among all MMPs, MMP-2 has been studied
as the principal protease involved in hypertension-induced
cardiovascular remodeling as it exerts its effects on both
the ECM and within the cardiomyocytes and VSMC. These
effects contribute to cell hypertrophy, proliferation and/or
migration.'*?> MMP-2 is found in all cells, including VSMC,
cardiomyocytes, endothelial cells and platelets, although it is
also regulated and activated by oxidative stress.

The N-terminal pre-peptide domain of MMP-2 serves
as a signal sequence for its secretion to the extracellular
environment after being synthetized.!”1*22* However, it was
shown that there are also: (1) an N-terminal splice variant of
MMP-2 (MMP-2___ ) that lacks the first 50 amino acids of
the signal sequence and thereby retains it within the cytosol
of cardiomyocytes and other cells;?*?* (2) a signal sequence
of canonical MMP-2 that is inefficient to direct itself to
the endoplasmic reticulum and the secretory pathway, thus
resulting in approximately half of MMP-2 that resides in the

cytosol;** and (3) another N-terminal truncated isoform of
MMP-2 (MMP-2 -
dative stress.? As there are at least three isoforms of MMP-2

) which is expressed in response to oxi-

inside cells, the probability that intracellular activation of
MMP-2 occurs by S-glutathiolation or phosphorylation is
significant, and this opens new fields of investigation.

When canonical 72 kDa MMP-2 is secreted from cells,
it is activated by its complex with membrane type 1 (MT1)-
MMP and TIMP-2 in plasma membrane, through proteolytic
removal of the pro-peptide, which renders it as an active form
of 64 kDa MMP-2.12023 Figure 1 shows MT1-MMP in the cell
membrane of VSMC and 64 kDa MMP-2 released from cells
to proteolyze ECM products. Other extracellular proteases,
such as serine proteases, can also activate MMP-2. The pro-
teolytic activation of MMP-2 usually requires the binding of
TIMP-2 to MT1-MMP in the plasma membrane, which allows
MMP-2 to anchor to this complex. Then another molecule
of MT1-MMP cleaves the pro-peptide domain of MMP-2,
thus activating it. There are several critical reviews which
discuss this process.?*?!>* The catalytic domain of MMP-2
has a conserved zinc-binding motif and three fibronectin-
like domains, which give MMP-2 the specificity to degrade
denatured collagen and type IV collagen, for example. By
degrading these ECM components, MMP-2 contributes to
migration and proliferation of VSMC, and then it results in
the maladaptive vascular remodeling of hypertension.? The
catalytic site of MMP-2 is followed by a C-terminal region
that contains a hemopexin-like domain. These structures are
connected by a hinge region. The hemopexin domain favors
the binding of MMP-2 to TIMP-2, for example, thus contribut-
ing to the inhibition of MMP-2 activity.'”:!%20.23

MMPs are regulated by gene transcription, zymogen
activation,?! posttranslational modifications (glutathiolation,
nitrosylation and phosphorylation)??® and binding to TIMPs
that inhibit their activity.!” Four unique TIMPs were identified
and although they exhibit a broad MMP inhibitory profile, they
share some specificities. TIMP-1 preferentially inhibits MMP-
9, while TIMP-2 inhibits MMP-2. TIMP-3 is an important
marker of cardiac hypertrophy and inhibits almost all MMPs
in the ECM, and TIMP-4 inhibits MT1-MMP and MMP-2 and
is found in both the ECM and inside of cardiomyocytes where
it colocalizes with MMP-2.172%3 The N-terminal region of
TIMPs binds to the catalytic domain of MMPs to inhibit their
activity and the C-terminal of TIMPs binds to the hemopexin
domain of MMPs, thus stabilizing the inhibitory complex.!7?

S-glutathiolation?® and phosphorylation®” are significant
posttranslational alterations that regulate the activity of
MMP-2 inside the cell. Low micromolar concentrations of
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Figure | Increased MMP-2 activity and the proteolysis of ECM and non-ECM components in the VSMC. Increased MMP-2 activity contributes to hypertension-induced
maladaptive vascular remodeling as it degrades many ECM and non-ECM components in the VSMC. MMP-2 is activated by MT [-MMP in the ECM, where it degrades collagen
and elastin. The cleaved products of collagen interact with the integrin receptors in the VSMC and activate the focal adhesion kinase signaling, which stimulates migration and
proliferation. In the ECM, MMP-2 also processes the latent TGF-B to facilitate VSMC migration and the 3, adrenergic and insulin receptors, which leads to vasoconstriction.
MMP-2 may also cleave cadherin between VSMC. The activation of MMP-2 by oxidative stress may contribute to proteolysis of calponin-| in the machinery of VSMC, thus
resulting in migration or proliferation. In the endothelial cells, MMPs may cleave the VEGFR-2 and P-selectin, and then participate in many inflammatory processes in the
vasculature during hypertension. HSP90 and eNOS may be potential targets of MMP-2 in endothelial cells, thus contributing to hypertension-induced vascular endothelial
dysfunction. Finally, MMP-2 also cleaves the IL-If that increases reactive oxygen species and increases proliferation in VSMC. The use of antioxidants and some anti-
hypertensive drugs also reduces increased MMP-2 activity by decreasing oxidative stress in the VSMC.

Abbreviations: BETA 2, [31 adrenergic receptor; CCB, calcium channel blockers; ECM, extracellular matrix; eNOS, endothelial nitric oxide synthase; EGFR, epidermal
growth factor receptor; HSP90, heat shock protein 90; IL-1p, interleukin-| beta; MMP, metalloproteinase; MT1-MMP, membrane type-1 metalloproteinase; ONOO-,

peroxynitrite; TGF-, transforming growth factor-f; VEGFR-2, vascular endothelial growth factor receptor; VSMC, vascular smooth muscle cells.

peroxynitrite, in the presence of cellular glutathione, dis-
rupt the coordination bond of cysteinyl thiol in the MMP-2
pro-peptide domain with zinc in the catalytic site. This pro-
cess changes the conformation of the pro-peptide domain
of MMP-2, thus forming the glutathione disulfide S-oxide,
GS(O)SR, which frees the catalytic domain of MMP-2
and allows the proteolysis of many substrates.?® In aortas
of lipopolysaccharide (LPS)-injected rats, glutathione was
co-immunoprecipitated together with the 72 kDa MMP-2,
which may suggest that MMP-2 is potentially activated by
S-glutathiolation. This mechanism was associated with the
loss of calponin-1 in aortas of LPS-injected rats, which was
prevented by an MMP inhibitor. These possibilities of acti-
vating MMP-2 inside the cells open a new field of investiga-

tion to inhibit the intracellular forms of MMP-2 in order to
prevent proteolysis of the intracellular matrix that occurs in
cardiovascular pathologies associated with oxidative stress.

MMP inhibitors

Several synthetic inhibitors inhibit MMP activity. Golub
et al’!32 studied gingival inflammation and periodontitis in
rats and discovered that some tetracyclines had an MMP
inhibitory activity independent of their antibacterial actions.
Since then, several studies have shown that doxycycline is
an MMP inhibitor already at a subantimicrobial plasma
concentration. Chemically modified tetracyclines were syn-
thetized which were devoid of antibiotic effect but were able
to inhibit MMP activity.?* The MMP inhibitors doxycycline,
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ONO-4817 (hydroxamate), BAY12-9566 (carboxylate)
and the sulfonamide-based ARP-100 are all zinc chelators,
which through this property inhibit MMP activity. The
hydroxamates are generally more potent than carboxylates
in inhibiting MMPs; however, at acidic pH, characteristic of
the inflammatory environment, the protonated carboxylates
may become more potent to inhibit MMPs.** ARP-100 is
considered to be an MMP-2-preferring inhibitor as it has
biphenyl sulfonamide groups in its structure, which are
important for inhibiting MMP-2 (Ki=12 nM).** On the other
hand, ONO-4817, BAY12-9566 and doxycycline are more
broad-spectrum MMP inhibitors with different potencies to
inhibit MMP-2 (Ki=0.73 nM,*¢ Ki=11 nM,*” and Ki=30-50
UM, respectively). Since MMPs, especially MMP-2, are
involved in hypertension-induced cardiovascular remodel-
ing, their inhibition may be a good strategy to ameliorate the
chronic alterations of hypertension.*!

Inhibition of ECM proteolysis by
MMPs ameliorates hypertension-

induced maladaptive remodeling
To facilitate remodeling of blood vessels and heart chambers,
ECM components need to be cleaved to facilitate cell prolif-
eration, migration and/or hypertrophy. For vessels, there are
three major types of remodeling: hypotrophic, hypertrophic
and eutrophic. To adapt the vessels to the increased wall
stress of hypertension, hypertrophic remodeling occurs and is
represented by thickening of the arterial media and increased
proliferation of VSMC, which generally lead to increased
media-to-lumen ratio and cross-sectional area (CSA). This
hypertrophic remodeling is also associated with the resyn-
thesis of many ECM components (such as collagen) in the
conductance arteries, thus also contributing to hypertension-
induced rigidity."* Eutrophic remodeling is another common
situation in hypertension that mostly occurs in resistance
arteries. The VSMC rearrange themselves into the medial
layer after migration to reduce the lumen size in order to adapt
the resistance arteries to wall stress. This process generally
occurs without any change in the CSA.* On the other hand,
hypotrophic vascular remodeling is mainly characterized
by a significant decrease in the CSA and/or media-to-lumen
ratio of resistance arteries, and generally occurs when blood
flow is reduced. Increased apoptosis and/or atrophy of some
layers of the vascular wall might be involved in this type of
remodeling.*>4

To contribute to chronic vascular remodeling of hyper-
tension, MMP-2 can degrade collagen type IV, a component
of the basement membrane of VSMC, which facilitates

migration and proliferation.'* Furthermore, collagen type
IV cleavage by MMP-2 contributes to an increase in the
synthesis of collagen type I, elastin and tenascin in VSMC,
which contributes to vascular wall thickening. In fact, when
collagen is degraded, its cleavage products can bind to dif-
ferent integrins in the VSMC and then trigger migration
and proliferation in addition to the synthesis of new ECM
components. Figure 1 shows a representation of degrada-
tion products of collagen binding to the integrin receptor
in VSMC. Results from our group showed that increased
MMP-2 activity was associated with chronic, maladaptive,
vascular remodeling and contractile dysfunction in aortas of
rats subjected to the two kidney—one clip (2K-1C) model of
hypertension. These changes were associated with increased
deposition of collagen and elastin in aortas as a consequence
of increased hypertrophy and hyperplasia in VSMC.>>7 It
is important to note that once elastin is cleaved and then
resynthesized, it loses its original elastic capacity, which
thus impairs arterial plasticity. Treatment with doxycycline
ameliorated both arterial endothelial dysfunction and hyper-
trophic remodeling in 2K-1C rats.? Doxycycline also reduced
vasoconstriction and eutrophic remodeling in mesenteric
arteries of one-week 2K-1C or L-NAME (N(G)-nitro-L-
arginine methyl ester) hypertensive rats, respectively.*
Increased MMP activity also contributes to the proteolysis
of aortic elastin and increased collagen deposition observed
in 24-month-old rats. Treatment with PD-166739, an MMP
inhibitor, reduced age-induced hypertension and decreased
MMP activity, elastin proteolysis and collagen deposition
in the arteries.*® Moreover, increased transmural pressure
in porcine carotid arteries resulted in increased MMP-2 and
MMP-9 activities and decreased elastin levels. This may
result in hypertensive vascular remodeling.*’ Figure 1 shows
64 kDa MMP-2 associated with collagen and elastin in the
ECM of VSMC to cleave them.

In the heart, when systolic blood pressure increases, the
left ventricles undergo hypertrophic, concentric remodeling
to adapt themselves to the increased wall tension. Therefore,
cardiac concentric remodeling is characterized by a sig-
nificant hypertrophy of the left ventricle wall, hypertrophic
cardiomyocytes and reduced chamber size. This hypertrophy
may contribute to hypertension-induced increase in cardiac
contractility. This remodeling may shift to hypertrophic,
eccentric remodeling, which involves a significant dilation
of the left ventricle chamber, increased deposition of col-
lagen in the ventricle wall and a significant reduction in the
contractility, which may lead to heart failure.*®* As MMP-2
is known to cleave ECM and also intracellular targets in the
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contractile machinery of cardiomyocytes, it may generate
these structural alterations in hypertension.'>*-%° In fact,
increased MMP-2 activity was associated with hypertrophic,
concentric remodeling and increased cardiac contractility in
2K-1C rats, and doxycycline ameliorated such chronic altera-
tions.® Furthermore, 8-month-old transgenic mice which
express active MMP-2 only in the heart showed increased
MMP-2 activity, collagen deposition, decreased left ventricle
ejection fraction and hypertrophic, eccentric remodeling.
Therefore, increased MMP-2 activity per se is important to
induce cardiac remodeling and failure.’!

MMP inhibition reduces proteolysis

of non-ECM targets in hypertension
Another extracellular target of MMP-2 is transforming
growth factor (TGF)-B. TGF-J is a proinflammatory cytokine
involved in collagen and fibronectin synthesis in VSMC and
cardiomyocytes by triggering the signaling pathway of small
mothers against decapentaplegic protein (SMADs). TGF-f3
also regulates proliferation, apoptosis, differentiation and
migration of VSMC. MMP-2 activates latent TGF-[3 by cleav-
age of the latency-associated peptide in its structure, and this
effect contributes to cause the cardiovascular hypertrophic
remodeling of hypertension.>>* Figure 1 also shows MMP-2
contributing to the activation of TGF-P in the membrane of
VSMC. Thus, MMP inhibition ameliorated these changes by
reducing proliferation of VSMC and collagen deposition in
the ECM of the heart and vasculature. >

MMP-2 may also cleave cadherin, molecules that help to
connect VSMC attached to each other (Figure 1). Therefore,
disruption of cadherin may led to migration of VSMC and
then vessel remodeling.” In deoxycorticosterone acetate-salt
hypertensive rats, increased MMP-2 activity contributed
to reduced levels of E-cadherin and increased fibrosis in
the proximal tubule of the kidney. Treatment with MMP
inhibitor decreased MMP-2 activity and restored the levels
of E-cadherin in the kidneys, thus ameliorating fibrosis.*
Moreover, N-cadherin proteolysis by MMPs led to prolifera-
tion of VSMC via B-catenin signaling in vitro.>’

MMPs also degrade other non-ECM targets which gen-
erate vasoconstrictors. MMP-2 cleaves vasoactive peptide
precursors such as big endothelin-1, which generates a potent
vasoconstrictor peptide (ET-1[to 32]).% In fact, an increased
vasoconstrictor response to big endothelin-1 in the mesenteric
arteries of rats submitted to reduced uterine artery perfusion
pressure was associated with increased MMP-2 activity as it
generated the potent vasoconstrictor, endothelin-1. MMP-2
cleaves calcitonin gene-related peptide to reduce its vasodila-

tory capacity,® and adrenomedullin to form vasoconstrictor
products.®! In fact, in lead-induced hypertension in rats, doxy-
cycline prevented reduction in circulating adrenomedullin
and the increase in systolic blood pressure, thus suggesting
that inhibiting MMP activity preserves adrenomedullin and
its important vasodilatory effects.®

MMP-2 also contributes to the proteolysis of heat shock
protein (HSP90), a cofactor of endothelial nitric oxide syn-
thase in the fructose-fed hypertensive rats (Figure 1). Doxycy-
cline reduced MMP-2 activity and restored endothelial nitric
oxide synthase and HSP90 protein levels in the rat mesenteric
arteries, which improved the endothelial function.®* MMP-2
also cleaves receptors in the VSMC. Figure 1 shows MMP-2
closely associated to the 3, adrenergic receptor and insulin
receptor in the VSMC membrane. In fact, in a study of blood
vessels from spontaneously hypertensive rats (SHR), MMPs
contributed to the proteolysis of the extracellular domain of
B, receptor, which resulted in vasoconstriction. These effects
were prevented by using doxycycline.* On the other hand,
proteolytic cleavage of the insulin receptor-binding domain
by MMPs was associated with oxidative stress in the SHR
mesenteric arteries. Inhibition of MMP activity with doxy-
cycline reduced systolic blood pressure and oxidative stress
in addition to reducing glucose transport into the cells and
normalizing blood glucose and glycol-hemoglobin levels in
SHR.% Another MMP substrate in the vasculature of hyper-
tensive rats is vascular endothelial growth factor receptor
(VEGFR-2). MMP inhibition with doxycycline attenuated
VEGFR-2 cleavage and prevented capillary rarefaction in
SHR.®® MMP-2 knockout mice prevented angiotensin II-
induced endothelial dysfunction, vascular remodeling, oxida-
tive stress and inflammation.®” These effects were related to
reduced activation of epidermal growth factor receptor and
the signaling pathways such as extracellular signal-regulated
kinases (ERK-1/2) and mitogen-activated protein kinases in
VSMC.*

MMPs may degrade inflammatory
targets and contribute to
hypertension-induced maladaptive
cardiovascular effects

Hypertension is an inflammatory condition and the increased
levels of MMPs in the arteries contribute to activate many
cytokines. On the other hand, increased cytokines and oxida-
tive stress also contribute to increase MMP activity and their
proteolytic actions in the vasculature. While MMP-2 is con-
stitutively expressed in the heart and vasculature, MMP-9 is
an inducible protease and its presence in tissues is associated
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with the infiltration of inflammatory cells. It was shown in
vitro that MMP-2 and MMP-9 activate interleukin (IL)-1[3 by
its cleaving the precursor pro-IL-10.% Then, IL-1f stimulates
proliferation of VSMC and the formation of reactive oxygen
species in arteries, thus contributing to generate hyperten-
sion.” Figure 1 illustrates MMP-2 cleaving IL-1p in VSMC.
Increased MMP activity also contributes to reduce the levels
of P-selectin in the endothelial cells of SHR rats (Figure
1). P-selectin is a transient adhesion receptor that mediates
leukocyte adhesion during inflammatory conditions. Treating
SHR with an MMP inhibitor attenuated the loss of P-selectin
in post-capillary endothelium of mesenteric arteries and
improved the immune response in hypertension.®® MMP-2
also degrades the monocyte chemoattractant protein-3 and
thereby generates a chemokine receptor antagonist that
decreases leukocyte migration.® Incubation of MMP-9 and
MMP-7 with inferior vena cava and internal jugular veins
of SHR rats showed that both proteases cleave the extracel-
lular portion of intracellular adhesion molecule (ICAM-1).
As ICAM-1 facilitates leukocyte infiltration and increased
production of inflammatory cytokines, its proteolytic cleav-
age is important to reduce some inflammatory stages of
hypertension.”

Intracellular targets of MMP-2 in

the cardiovascular system

MMP-2 is potentially activated intracellularly by oxidative
stress and contributes to the proteolysis of structural and
contractile proteins into the cardiomyocytes and VSMC that
leads to cardiovascular dysfunction in many diseases. The
intracellular role of MMP-2 was first observed in isolated rat
hearts submitted to ischemia and reperfusion injury, in which
MMP-2 degraded troponin I in the sarcomere of cardiomyo-
cytes.'? It was also shown that troponin I is colocalized with
MMP-2 in the thin filaments of cardiomyocytes and is cleaved
by MMP-2 in vitro. Treatment with MMP inhibitors restored
the cardiac levels of troponin I and improved the recovery of
contractile function post-ischemia and reperfusion.'? Also,
increased MMP-2 activity proteolyzes cardiac o-actinin,”
myosin light chain-17* and titin,"' the molecular spring of
sarcomere, during ischemia and reperfusion injury.” These
effects were prevented by using MMP inhibitors or by genetic
ablation of MMP-2. Dystrophin is a cytoskeleton protein that
connects the ECM to the sarcomere in cardiomyocytes. It
was observed that increased MMP-2 activity was associated
with loss of dystrophin and cardiac dysfunction in rabbit
hearts subjected to ischemia and reperfusion injury. In fact,

treatment with doxycycline improved the cardiac function by
decreasing MMP-2 activity and dystrophin breakdown.”® In
a study of patients with coronary artery disease undergoing
coronary bypass graft surgery, treatment with a subantimicro-
bial dose of doxycycline notably reduced increased cardiac
MMP-2 activity, although it did not improve myocardial
stunning following this condition.”

MMP-2 is also activated in the vasculature during oxi-
dative stress conditions and contributes to the proteolysis
of intracellular proteins. Calponin-1 was the first target of
MMP-2 analyzed in vitro and in the vasculature of endotox-
emic and hypertensive rats.! Calponin-1 is an actin-binding
protein located in the contractile machinery of VSMC and
contains regions of sequence homology to cardiac tropo-
nins.”*”” Figure 1 shows an intracellular form of MMP-2
into VSMC and its proteolytic role on calponin-1 in the
contractile machinery. In rats treated with LPS, increased
MMP-2 activity decreased protein levels of calponin-1 in
aortas, which contributed to a significant hypocontractility.
When LPS rats were treated with doxycycline, the levels
of calponin-1 were restored as well as aorta contractility.
Furthermore, as calponin-1 is also a cytoskeleton protein and
a differentiation marker of VSMC, its loss further contributes
to a phenotype switch of VSMC from contractile to synthetic,
thus leading to cell migration and proliferation.**®! In fact,
we recently showed that increased activity of MMP-2 in
aortas of 1-week-old 2K-1C rats was associated with reduced
expression of protein levels of calponin-1 and increased
VSMC proliferation, which then preceded hypertension-
induced arterial hypertrophic remodeling.!? When 2K-1C
rats were treated with doxycycline, both calponin-1 loss and
proliferation of VSMC were prevented. As we did not observe
any alterations in myocardin protein levels and calponin-1
mRNA in aortas of hypertensive rats, the loss of calponin-1
may be attributed to its proteolysis by MMP-2.! In a model
of porcine aorta coarctation, reduction in the protein levels
of calponin, smoothelin and caldesmon were associated
with increased proliferation of VSMC and the development
of hypertension.®> Moreover, deoxycorticosterone acetate-
salt rats also showed increased proliferation of VSMC and
decreased calponin-1 and myocardin levels in aortas.®* Since
MMP-2 may be intracellularly activated and causes dysfunc-
tion in VSMC and cardiomyocytes, pharmacological tools
that precisely inhibit its intracellular forms could be attractive
approaches to avoid cardiovascular dysfunction and chronic
remodeling in hypertension. More studies are warranted to
investigate this hypothesis.
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Antioxidants and antihypertensive
drugs ameliorate hypertension-
induced chronic remodeling and
dysfunction by decreasing MMP
activity
As hypertension is associated with oxidative stress and
MMPs can be activated by reactive oxygen species to pro-
duce chronic vascular remodeling and dysfunction, the use of
antioxidants may control hypertension by inhibiting MMPs.
In fact, treatment of 2K-1C rats with tempol reduced systolic
blood pressure, oxidative stress and increased MMP-2 activ-
ity in aortas, thus ameliorating endothelium dysfunction and
chronic vascular remodeling.* Tempol also decreased cardiac
hypertrophy in 2K-1C rats by decreasing TGF-f levels,
oxidative stress and MMP-2 activity.”® Some natural antioxi-
dants are also effective in inhibiting MMP activity. Red wine
polyphenols prevented an increase in systolic blood pressure
in rats caused by angiotensin II by reducing aortic oxidative
stress and MMP-2 activity.* Furthermore, by using perinatal
maternal food supplementation with resveratrol, the develop-
ment of hypertension in newborn SHR was attenuated by its
antioxidant effect.®® Quercetin, a polyphenol that is present
in green vegetables and fruits, decreased MMP-2 activity by
reducing oxidative stress in a model of mouse abdominal aortic
aneurysm®® and recovered cardiac function after ischemia in
hearts of doxorubicin-treated rats.?” Quercetin also improved
hypertension-induced vascular remodeling by decreasing
oxidative stress and MMP-2 activity in aortas of 2K-1C rats.®
A vegetarian diet was also associated with reduced plasma
levels of MMP-2 and MMP-9 in healthy human patients, thus
suggesting that a diet rich in flavonols may decrease the risk
of developing cardiovascular diseases by reducing MMP®
Doxycycline also had antioxidant properties when used in
2K-1C rats, and this effect may improve its capacity to reduce
MMP activity and expression. Doxycycline ameliorated aor-
tic endothelial dysfunction, decreased oxidative stress and
MMP-2 activity, and increased nitric oxide bioavailability in
2K-1C rats.” Figure 1 also shows the antioxidants reducing
the capacity of oxidative stress to potentially activate the intra-
cellular MMP-2 and its effects on calponin-1 in the VSMC.
Activation of the renin—angiotensin system is involved in
the genesis of hypertension and pharmacological therapies
that target this system are nowadays widely used to treat
hypertension. However, part of the antihypertensive effects
of these drugs is due to the reduction of oxidative stress
and MMP activity. In fact, the losartan metabolite inhibited
NADPH oxidase activity when incubated in vitro with human

phagocytic cells, and then ameliorated the oxidative stress
scenario and decreased MMP-9 secretion from these cells.
Decreased levels of MMP-9 are also observed in plasma of
hypertensive patients who are treated with losartan.”’ MMP-2
activity is differently modulated by angiotensin II and
depends whether angiotensin Il binds to AT or AT, receptors.
Blockade of AT, with losartan improved VSMC growth and
the stiffness of mesenteric arteries in angiotensin II infused
rats; however, the concomitant blockade of AT, and AT,
receptors showed an increase in remodeling and increased
MMP-2 activity in mesenteric arteries. Therefore, the AT,
receptor activation seems to be involved in the increased
vascular stiffness of hypertension while AT, receptor acti-
vation has a protective effect and stimulates a reduction in
MMP-2 activity.”? Furthermore, blockade of angiotensin
receptor AT, seems to be more effective in preventing arte-
rial maladaptive morphological changes in hypertension
than the direct inhibition of renin or angiotensin converting
enzyme.”® Treatment with losartan or in combination with
aliskiren in 2K-1C rats ameliorated hypertension-induced
aortic stiffness by reducing the deposition of collagen. These
treatments reduced the increased MMP-2 activity, the expres-
sion of phospho-ERK1/2 and the levels of TGF-f in aortas
of hypertensive rats. These effects were not observed when
rats were treated with aliskiren alone.”> On the other hand,
enalapril did not reduce plasma levels of MMP-2, MMP-8,
MMP-9, TIMP-1 and TIMP-2, or MMP activity in human
hypertensive patients.* Moreover, losartan, but not ramipril,
decreased MMP-2 levels in plasma of hypertensive patients.®

The calcium channel blockers also showed inhibitory
effects on MMP activity in hypertension by attenuating
oxidative stress (Figure 1). Treatment with subhypertensive
or antihypertensive doses of nifedipine decreased cardiac
oxidative stress, MMP-2 activity and the ratio of collagen
type I to type III in Dahl salt-sensitive rats, in addition to
reduce left ventricular fibrosis and diastolic heart failure.”
Treatment with lercanidipine in the 2K-1C rats ameliorated
aortic endothelial dysfunction, oxidative stress and the
increased MMP-2 activity.”” Furthermore, treatment with
nifedipine, nimodipine and amlodipine prevented 2K-1C
rat-induced aortic hypertrophy by decreasing oxidative stress
and MMP-2 activity.*®

B-Blockers and diuretics are also efficient in ameliorating
hypertension-induced cardiac and vascular morphological
changes by reducing oxidative stress and MMP activity
(Figure 1). Treatment with nebivolol and metoprolol attenu-
ated the increased MMP-2 activity, oxidative stress, col-
lagen deposition and cardiac hypertrophy in 2K-1C rats.”
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However, only nebivolol improved aortic vascular remod-
eling in these rats by decreasing oxidative stress, MMP-2
activity and the increased levels of TGF-3.%° Spironolactone
and hydrochlorothiazide exerted antioxidant effects and
ameliorated aortic vascular remodeling and dysfunction
by reducing increased MMP-2 activity in 2K-1C rats.!®
Moreover, spironolactone improved cardiac hypertrophy and
dysfunction after infusion of isoproterenol in SHR rats. These
effects were associated with decreased MMP-2 activity and
cardiac collagen deposition, which prevented the transition
of left ventricle hypertrophic remodeling to dilation and
heart failure.!”!

Conclusion

Increased MMP activity, primarily that of MMP-2, contributes
to hypertension-induced vascular and cardiac maladaptive
alterations by degrading ECM, non-ECM and inflammatory
components in both VSMC and cardiomyocytes. The intracel-
lular effects of MMP-2 also contribute to cause cell hyper-
trophy and/or dysfunction, which result in the maladaptive
consequences of hypertension. Direct inhibition of MMP-2
activity and indirect inhibition by reducing oxidative stress
are important strategies that may improve hypertension and its
cardiovascular complications. New pharmacological tools are
needed to specifically target the intracellular forms of MMP-2
and then contribute to reduce cell migration and/or hypertro-
phy in hypertension and many other cardiovascular diseases.
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