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Abstract: Matrix metalloproteinases (MMPs) are important extracellular enzymes involved
in many physiological and pathological processes. Changes in the activity and concentration
of specific MMPs, as well as the unbalance with their inhibitors (tissue inhibitors of
metalloproteinases — TIMPs), have been described as a part of the pathogenic cascade
promoted by arterial hypertension. MMPs are able to degrade various protein substrates in
the extracellular matrix, to influence endothelial cells function, vascular smooth muscle cells
migration, proliferation and contraction, and to stimulate cardiomyocytes changes. All these
processes can be activated by chronically elevated blood pressure values. Animal and human
studies demonstrated the key function of MMPs in the pathogenesis of hypertension-
mediated vascular, cardiac, and renal damage, besides age and blood pressure values.
Thus, the role of MMPs as biomarkers of hypertension-mediated organ damage and potential
pharmacological treatment targets to prevent further cardiovascular and renal complications
in hypertensive population is increasingly supported. In this review, we aimed to describe the
main scientific evidence about the behavior of MMPs in the development of vascular,
cardiac, and renal damage in hypertensive patients.

Keywords: matrix metalloproteinases, arterial hypertension, hypertension-mediated organ
damage

Introduction

Discovered in the early 1960s' matrix metalloproteinases (MMPs) are a large family of
zinc-dependent endopeptidases produced by multiple tissues and cells (ie, fibroblasts,
osteoblasts, endothelial cells, vascular smooth muscle cells — VSMCs, macrophages,
neutrophils, and lymphocytes), which are initially synthesized as inactive zymogens
with a pro-peptide domain that must be removed before the enzymatic activation.
According to the structural and substrate specificity, MMPs were originally classified
into six main groups,” as schematically described in Table 1 .

MMPs and their inhibitors (tissue inhibitors of metalloproteinases — TIMPs,
which inhibits the proteolytic action of MMPs) play a key role in several physio-
logical processes, including activation of immune cells, cells proliferation, migra-
tion, and differentiation, remodelling of extracellular matrix (ECM), and tissue
invasion and vascularization.® Notwithstanding, changes in MMPs and TIMPs
expression and/or activity have also been described in many inflammatory and
cardiovascular diseases (CVD).*

Among the multiple risk factors for CVD, high blood pressure (BP) is asso-
ciated with the strongest evidence for causation, and it has a high prevalence of
exposure.” Systemic arterial hypertension (HT) is indeed the major cause of
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Table | Family Members of MMPs, Their Tissue Distribution, and Main Substrates®

Family

MMP

Tissue Distribution

Main Substrates

I. Collagenases

MMP-1 (or
Collagenase-1)

Endothelium, intima, VSMCs, fibroblasts, vascular adventitia,

platelets, varicose veins (interstitial/fibroblast collagenase)

Collagen I, II, 1lI, VII, VIII, X, gelatin,
aggrecan, serpins

MMP-8 (or
Collagenase-2)

Macrophages, neutrophils, vascular wall

Collagen |, 11, 111, V, VII, VIII, X, gelatin,

fibronectin, aggrecan, elastin

Gelatinase-A, Type IV

Collagenase)

aneurysm, varicose veins

MMP-13 (or VSMCs, macrophages, varicose veins, preeclampsia, breast Collagen |, II, IlI, 1V, gelatin,
Collagenase-3) cancer aggrecan, fibronectin, laminin
Mmp-18 (or Xenopus (amphibian, Xenopus collagenase) heart, lung, colon Collagen |, II, Ill, gelatin
Collagenase-4)

2. Gelatinases MMP-2 (or Endothelium, VSMCs, adventitia, platelets, leukocytes, aortic Collagen |, II, 11, V, VII, X, XI,

gelatin, aggrecan, fibronectin,

laminin

MMP-9 (or
Gelatinase-B, Type IV

Collagenase)

Endothelium, VSMCs, adventitia, microvessels, macrophages,

aortic aneurysm, varicose veins

Collagen IV, V, VII, X, XIV, gelatin,

aggrecan, fibronectin, laminin

3. Stromelysins

MMP-3 (Stromelysin-
)

Endothelium, intima, VSMCs, platelets, coronary artery disease,
hypertension, varicose veins, synovial fibroblasts, tumor

invasion

Collagen 11, 1lI, IV, IX, X, XI, gelatin,
aggrecan, fibronectin, laminin,

elastin

MMP-10
(Stromelysin-2)

Atherosclerosis, uterus, preeclampsia, arthritis, carcinoma cells

Collagen Ill, IV, V, gelatin, aggrecan,

fibronectin, laminin

MMP-11
(Stromelysin-3)

Brain, uterus, angiogenesis

Aggrecan, fibronectin, laminin

4. Matrilysins

MMP-7 (Matrilysin-1)

Endothelium, intima, VSMCs, uterus, varicose veins

Collagen IV, X, aggrecan,

fibronectin, laminin, elastin

MMP-26 (Matrilysin-
2, Endometase)

Breast cancer, endometrial tumors

Collagen IV, gelatin,

5. Membrane

Type

MMP-14 (MT|-MMP)

VSMCs, fibroblasts, platelets, brain, uterus, angiogenesis

Collagen |, 1I, lll, aggrecan, elastin,
fibrin, fibronectin, laminin

MMP-15 (MT2-MMP)

Fibroblasts, leukocytes, preeclampsia

Collagen |, gelatin, aggrecan,
fibronectin, laminin

MMP-16 (MT3-MMP)

Leukocytes, angiogenesis

Collagen |, aggrecan, fibronectin,

laminin
MMP-17 (MT4-MMP) | Brain, breast cancer Gelatin
MMP-24 (MT5-MMP) | Leukocytes, lung, pancreas, kidney, brain, astrocytoma, Gelatin

glioblastoma

MMP-25 (MT6-MMP)

Leukocytes (Leukolysin), anaplastic astrocytomas, glioblastomas

Collagen IV, gelatin

6. Other MMPs

MMP-12
(Metalloelastase)

VSMCs, fibroblasts, macrophages, great saphenous vein

Collagen IV, gelatin

MMP-19 (RASI-1)

Liver

Collagen |, IV, gelatin

(Continued)
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Table | (Continued).

Other (type Il) MT-MMP

Family MMP Tissue Distribution Main Substrates
MMP-20 Tooth enamel Collagen V
(Enamelysin)
Mmp-21 (Xenopus- Fibroblasts, macrophages, placenta
Mmp)
Mmp-22 (Chicken- Chicken fibroblasts Gelatin
Mmp)
MMP-23 (CA-MMP) Ovary, testis, prostate Gelatin

MMP-27 (Human
MMP-22 homolog)

Heart, leukocytes, macrophages, kidney, endometrium,

menstruation, bone, osteoarthritis, breast cancer

MMP-28 (Epilysin) Skin, keratinocytes

Notes: Although MMPs are classified by their substrate specificity, many of these also share proteolytic activity of the same targets, such as collagen, gelatin, and elastin.

Data from Visse et al and Cui et al.2?

Abbreviations: MMPs, matrix metalloproteinases; VSMCs, vascular smooth muscle cells.

cardiovascular remodelling, including myocardial ventri-
cular hypertrophy and fibrosis, chronic kidney disease
(CKD) and end-stage renal disease (ESRD), intimal-
medial thickening, calcification, and fibrosis of vascular
wall with increased arterial stiffness.® The gradual and
chronic target organs remodelling in hypertensive subjects
is mediated by different pathogenic mechanisms (ie, oxi-
dative stress, endothelial and platelet activation, sympa-
thetic nervous system and renin-angiotensin-aldosterone
system overactivity),” and included changes in the ECM
structure.® In this context, MMPs are activated by many
factors induced by chronically elevated BP values, such as
proinflammatory signaling molecules (cytokines, interleu-
kins), growth factors, vasoactive agents (angiotensin II,
endothelin-1, aldosterone), and reactive oxygen species
(ROS), and are likely to be involved in the development
of hypertension-mediated organ damage (HMOD) through
the interaction with the molecular structure of ECM.”'”
Moreover, increased MMPs activity has also been asso-
ciated with intracellular effects in cardiomyocytes and
VSMCs, altering the smooth muscle tone.''

In the last years, several clinical'>'* and experimental
studies'>™!” highlighted the role of altered activity and/or
concentration of specific MMPs and their inhibitors in the
pathogenesis of HMOD. They are proposed as reliable
biomarkers and potential pharmacological targets to treat
or prevent many cardiovascular and renal complications in
patients affected by HT.

Currently, analytical methods for the determination of
MMPs in biological samples (plasma, serum, synovial
fluid, urine) are multiple: enzyme-linked immunosorbent
assays (ELISA) (including multiplexed ELISAs in the
form of antibody arrays), zymography, the use of active-
site probes followed by enzymatic digestion of the
captured MMPs, and liquid chromatography-mass spectro-

18 each of them

scopy analysis of the digested MMPs,
showing advantages and disadvantages.'® The standardiza-
tion of these methods, including sample collection and
storage (eg, at —80°C for human samples), is a complex
issue and remains crucial to avoid confounding results, but
this topic is beyond the scope of this overview. For in-
depth information, the readers are referred to more com-
prehensive researches.'® 2"

Our aim is to present an overview of the current knowl-
edge about the role of MMPs in the development of vascular
and cardiac remodelling, and renal damage in humans
affected by HT. We performed a literature search using the
MEDLINE database to identify human studies reporting the
analysis of MMPs concentrations and/or activity in hyper-
tensive patients with diagnosis of HMOD. The inclusion
criteria were: (i) human researches, (ii) English language,
(iii) full-length retrievable papers, (iv) since this is
a narrative review, we also included the most recent-
published systematic reviews to observational, cross-sec-
tional or longitudinal studies, and randomized clinical trials.
The following keywords were utilized in the search: “matrix
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metalloproteinases” AND “hypertension” OR “systemic
arterial hypertension” AND “hypertension-mediated organ
damage” AND “vascular remodelling” OR “arterial stiff-
ness” OR “cardiac remodelling” OR “left ventricular hyper-
trophy” OR “diastolic dysfunction” OR ‘“hypertensive-
mediated renal impairment” OR “microalbuminuria” OR
“chronic kidney disease”.

MMPs and Systemic Arterial

Hypertension

Systemic HT is a multifactorial disorder resulting from
alterations in the renal, neuronal, and vascular control
mechanisms of BP.?>' The pathogenesis of development
and maintenance of high BP values involves multiple
systems (eg, increasing levels of vasoactive peptides as
plasma catecholamines, angiotensin II and aldosterone,
growth factors, inflammation, oxidative stress, endothelial
dysfunction), and the role of altered levels of some MMPs
and their inhibitors has also been proposed.’*? Changes
in MMPs/TIMPs activity and/or concentrations are pro-
moted by persistently elevated BP levels through the acti-
vation of the abovementioned systems. This phenomenon
is likely to create a vicious circle, in which changed
MMPs are
VSMCs, and cardiomyocytes, developing organs damage

responsible for modification of ECM,

and maintaining HT.

Amongst the large family of MMPs, MMP-2 (or
Gelatinase-A), which is constitutively expressed in the
heart and vessel wall, and MMP-9 (or Gelatinase-B), an
inducible protease whose presence in tissues is associated
with the infiltration of inflammatory cells, when changed
in their activities or concentrations, contribute to the pro-
teolysis of structural and contractile proteins of ECM,
cardiomyocytes, and VSMCs, leading to maintenance of
high BP and CVD development and progression.™''**2¢
Starting from this evidence, many studies and clinical

trials®>*® observed a notable higher MMP-9 serum levels in
hypertensive  patients compared to normotensive
controls.”’ 2% In the Anglo-Scandinavian Cardiac

Outcomes Trial (ASCOT) study, Tayebjee and collegues
demonstrated that in uncontrolled hypertensive patients (eg,
stage 3 of HT) circulating plasma concentrations of MMP-9
and TIMP-1, measured by ELISA, were significantly higher
compared to normotensive controls at baseline. After
a median of three years of antihypertensive treatment, BP
values were significantly lower [systolic/diastolic BP+stan-
dard deviation (SD): 178421/94+12 mmHg at baseline vs

139+15/78+10 mmHg, p < 0.0001)], MMP-9 plasma con-
centrations significantly decreased (p = 0.035), and TIMP-1
increased (p = 0.005). Additionally, concentrations of
MMP-9 positively correlated with cardiovascular risk
score (calculated by the Framingham equation) (r = 0.317,
p = 0.007).%’ These findings were subsequently confirmed
by Onal et al*° in a population of well-controlled hyperten-
sive patients. Despite no significant differences were found
between normotensive and subjects with HT at the begin-
ning of the study in terms of MMP-9 and TIMP-1 serum
concentrations, analyzed using a fluorometric assay, after
three months of treatment with lisinopril or candesartan,
office BP (systolic/diastolic BP£SD: 128+9/82+6 mmHg at
baseline vs 118+7/74+6 mmHg, p < 0.001) and MMP-9
concentrations [median and interquartile range (IQR): 71
(0-128) ng/mL at baseline vs 3 (0-128) ng/mL after treat-
ment, p < 0.001)] were significantly lower.

In accordance with these results, it is possible to suggest
that in hypertensive patients elevated MMPs levels are
strongly involved in the rearrangement of the arterial wall
(Figure 1). MMPs are released in exceed concentrations from
endothelial and VSMCs after stimulation by HT-related
mechanical and hormonal stimuli on the vascular wall. This
mechanism could result in increased degradation of elastin
relative to collagen, and, associated to altered TIMPs activity,
it could lead to the accumulation of poorly cross-linked,
immature, and unstable fibril degradation products and mis-
directed deposition of collagen.>**' This process leads to
a vascular remodelling and a vicious cycle related not only
to the maintenance of elevated BP values but also to the
development of HMOD, which will be discussed in detail
in the following paragraphs.

MMPs and Hypertension-Mediated

Vascular Remodelling

A key pathological hallmark of HT is the increase in
arterial load, a process that leads to structural and func-
tional modifications determining a higher flow impedance
at the level of large (conductive) arteries, and growing
resistance in small (resistance) vessels. These changes

are defined as “vascular remodelling’?

and significantly
impact both on the pathogenesis and complications of HT.

Hypertension-mediated  vascular remodelling is
a complex and heterogeneous phenomenon (Figure 1),
which is subject to dynamic interactions between paracrine
stimuli, including MMPs and vasoactive substances, and

hemodynamic stimuli such as persistent altered fluid shear
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stress and circumferential strain, and it differs depending
on the vessel type and specific disease state or
progression.>*** All these mechanisms are able to deter-
mine recruitment and infiltration of inflammatory cells,
changes and apoptosis of VSMCs and endothelial cells,*
and synthesis or degradation of ECM material in the vessel
wall of both large and small arteries (Figure 1).'%*3¢ The
consequences may be represented by increase or decrease
of arterial wall thickness and wall-to-lumen ratio, in pro-
cesses defined as hypertrophic and hypotrophic remodel-
ling, respectively. When the diameter of the vessel changes
but the wall-to-lumen ratio remains the same it is called
eutrophic remodelling. In conductive vessels, hyperten-
sion-mediated remodelling is characterized by increased
diameter and thickened intimal and medial layers of the
vascular wall, which contributes to increased arterial stiff-
ness and blood pulse wave pressure (outward hypertrophic
remodelling).’” By comparison, resistance vessel remodel-
ling more often may present as inwardly either eutrophic
or hypertrophic remodelling, depending on the form of
HT***® and it has been well correlated with clinical dis-

ease progression and severity.?>%4°

In hypertension-related remodelling models in both
conductive and resistance vessels, several MMPs and
their inhibitors are involved, mainly through deregulating
the ECM turnover and promoting a shift of endothelial
cells and VSMCs to a more secretory, migratory, and
12:13.3041 NMMPs can be
detected in all three layers of the vascular wall; basically,
endothelium can produce MMP-1 and MMP-2; VSMCs of
both intima and media secrete MMP-2 and MMP-9, and
they can also produce TIMP-1 and TIMP-2. Adventitia is
the layer where MMP-9 can be synthesized. Moreover,

proliferative cells (Figure 1).

other MMPs can be detected in a vascular wall, such as
MMP-1, MMP-3, MMP-8, MMP-10, MMP-12,
MMP-13.*

From a clinical perspective, in the literature, several human

and

studies demonstrated a positive correlation between MMPs/
TIMPs unbalance and increased arterial stiffness evaluated by
pulse wave velocity (PWV) and augmentation index (AIx) in
hypertensive patients, confirming the role of these proteinases
in the hypertension-mediated vascular remodelling. MMP-9,
MMP-2, MMP-1, and MMP-3 are the most frequently
described in this context (Table 2).'”***” The majority of

HYPERTENSION-MEDIATED VASCULAR REMODELLING PARACRINE STIMULI

Endothelium

Intima

Media

MMPs

*  Transforming growth factor B (TGF@)

*  Fibroblast growth factor (FGF)

*  Endothelial growth factor (EGF)
Platelet-derived growth factor (PDGF)
Interleukins (ie IL-1)

SYSTEMIC VASOACTIVE SUBSTANCES
Endothelin-1
Angiotensin-II
Aldosterone
HEMODYNAMIC STIMULI
* Shear stress
Mechanical stretch

Inflammation and Oxidative stress
Advanced glycation end products (AGE)

Adventitia Increased calcium-phosphate product
Dietary sodium overload
P v Macrophages, X .
” Normal Lymphocyte, Arterial remodelling _—
Monocyte - s
- Collagen = \ 4
Lumen deposition 9 - VSMC
End{telium ~ Vessel stimuli L - N N -
Intima @ @ @ (™) O @ U/Wo 7\\:\» 9 ) .9 .hyperplasia
—————Collager——— ———_ == <20 Elastic fiber
VSMES /‘ p— ‘\ * — = Teradation
< o R = = > = = = -
Media| @ 5 0 7= > & = @ oo o ‘\ = =) MMPs Y Calcification
EI?,“»"E“?, S > Chemoakines and = .,'; 25:0:;'2:

p > > > = &
<2 = == —

Adventitia MEEG_—_—E— S _S——
Pericytes/mesenchymal stem cells

cytokines release

Phenotype switching

Figure | Pathological mechanisms of arterial wall remodelling. High blood pressure, by different stimuli, promotes several changes in the vessel wall of both large and small arteries,
including recruitment and infiltration of inflammatory cells into the vessel wall, release of free radicals, proinflammatory chemokines, and cytokines, changes in vascular smooth muscle
cells (VSMCs) (1 cells hyperplasia and migration, 1 VSMCs contraction and | VSMCs relaxation, cells differentiation into osteogenic phenotype), endothelial cells (cells differentiation
into osteogenic and VSMCs phenotype), elastic fiber degradation, collagen deposition, and calcification. The activity of several matrix metalloproteinases (MMPs) increases thereby
contributing to development of arterial stiffness. Adapted from Van Varik B, et al. Mechanisms of arterial remodeling: Lessons from genetic diseases. Front Genet. 2012;3:290. © 2012
van Varik, Rennenberg, Reutelingsperger, Kroon, de Leeuw and Schurgers. This is an open-access article distributed under the terms of the Creative Commons Attribution License

http://https://creativecommons.org/licenses/by/3.0/legalcode.*®
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Arterial stiffness was significantly
associated with proMMP-1
concentrations (p = 0.03) in HT

patients.

ns)

concentrations (detected by
2.3 vs 3.5%1.4 ng/mL (p

available immunoassays): 5.0

Serum proMMP-|

+

Patients with type2 DM, history of
iliness, or chronic disease were

kidney diseases, osteoporosis,

malignancies, hematological
disorders, atrial fibrillation, acute

excessive alcohol use, liver, lung,

excluded.

Age: 535 vs 514 yrs;
51 vs 47% of M;

SBP: 136+22 vs | 14£12
mmHg (p < 0.01)

DBP: 82+13 vs 726
mmHg (p < 0.01)

Carotid-femoral
PWV: 10.5+2.4 vs
8.1x1.8 m/s (p <
0.01);

Alx: 2912 vs 17
+10% (p = 0.04)

Case-control

99 adult
subjects (72
treated HT
patients vs 27
controls)

Stakos
et al
2010

Abbreviations: BP, blood pressure; M, males; MMPs, matrix metalloproteinases; HT, arterial hypertension; PWYV, pulse wave velocity; Alx, augmentation index; yrs, years; SBP, systolic blood pressure; DBP, diastolic blood pressure; DM,

diabetes mellitus; CVD, cardiovascular diseases.

these studies detected plasma or serum MMPs concentrations
using enzyme immunoassays. For example, Tan et al*® in 202
primary hypertensive patients found higher levels of MMP-9
and TIMP-1 compared to 54 age- and gender-matched con-
trols. In the first group, serum levels of MMP-9 (p =0.014) and
TIMP-1 (p = 0.005) were significantly and positively corre-
lated with large arterial stiffness measured by carotid-femoral
PWYV, but not with peripheral stiffness measured by carotid-
radial PWYV, suggesting that the contribution of the MMP-9/
TIMP-1 system is less crucial in the remodelling of muscular
arteries. Furthermore, it has been described that aortic stiffness
is related to MMP-9 and MMP-2 levels and serum elastase
activity in isolated systolic HT. Indeed, MMP-9 levels corre-
lated significantly with aortic and brachial PWYV, even after
adjustments for confounding variables.* Interestingly, in
never-treated hypertensive subjects the role of MMP-9 has
been studied through the analysis of genetic polymorphism.*®
BP values, aortic stiffness measured by carotid-femoral PWYV,
and serum MMP-9 concentrations were significantly higher in
T-allele carriers of the —1562C>T polymorphism. This latter
emerged as an independent predictor not only of systolic and
diastolic BP but also of PWV (R* = 0.47, p < 0.0001).%¢

Regarding MMP-1, its plasma levels have been displayed
a positive correlation with both carotid-femoral PWV (p <
0.01) **7 and augmentation index (AIx) (p <0.01);*" notably,
in the study of McNulty et al this correlation was observed not
only in hypertensive subjects but also in healthy controls,
suggesting that higher MMP-1 concentrations may reflect an
increased collagen type-I degradation that starts in heathy
vessels and is probably upregulated by HT.*’

Rajzer et al'’ confirmed that also MMP-3 (or
Stromelysin-1), a matrix metalloproteinase implicated in
the age-related vascular remodelling as previously
reported in low cardiovascular risk and unmedicated
subjects,*® is able to activate MMP-1 and MMP-9 degrad-
ing fibrillar collagen and gelatin, respectively.*” MMP-3
might play an initiating role in the hypertension-mediated
vascular remodelling and stiffening of the large arterial
wall. In particular, in hypertensive patients, carotid-
femoral PWV was associated to plasma MMP-3 concen-
tration (B = 0.204, p = 0.0459), and, after 6 months of
treatment, regardless of the agent administered, it was
described a significant decrease of PWYV, systolic BP,
MMP-2, and MMP-3, concurrently with an increase of
TIMP-1 plasma concentrations.'” Thus, in patients with
HT, besides age and BP values, the determinants of arterial
stiffness also feature serum MMPs, which levels seem to
be lowered by antihypertensive medications.
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This evidence confirms that, in studies analyzing sam-
ples of patients with relatively low cardiovascular risk,
persistent high BP has a crucial role on the abnormal
ECM metabolism and the alteration in vascular structure
mediated by MMPs/TIMPs unbalance, which leads to
increased stiffness and lower arterial compliance. In addi-
tion, these findings raise the interesting possibility that
antihypertensive treatment may modulate collagen meta-
bolism and VSMCs function through its activity on
MMPs. However, to confirm these hypotheses, further
prospective studies, well-designed, and with standardized
methods of MMPs measurement are necessary.

MMPs and Hypertension-Mediated

Cardiac Remodelling
Persistent high BP values lead to adaptive processes also in the
heart, called “cardiac remodelling”, which are characterized by
intrinsic cardiomyocyte modifications and interstitium reorga-
nization with increased collagen deposition, fibrosis, and
changes in ECM components.”® MMPs and other proteases
overactivation has been proposed as a mediator of cardiac
remodelling. This latter is characterized by the interruption of
connections between cardiomyocytes and blood vessels.
Moreover, the excessive production and accumulation of
ECM structural proteins results in enhanced stiffness of the
myocardium and impedes ventricular contraction and relaxa-
tion, leading to distorted architecture and function of the
heart.’' Although these mechanisms are initially compensatory
and preserve cardiac contractile performance with develop-
ment of left ventricular hypertrophy (LVH) and other structural
changes, they finally lead to left ventricular dilatation and
chronic heart failure (CHF).>

In animal models,'>>* Mmp-2 and Mmp-9, expressed by
cardiac myocytes and fibroblasts, have been shown to be the
most commonly upregulated Mmps in HT and cardiac hyper-
trophy. Both of them are highly upregulated in hypertrophic
and failing hearts, and they have been implicated in the pro-
gression of ventricular dilatation and CHF development.*>
More recently, the role of MMP-2, MMP-9, and MMP-1 has
been suggested as implicated in hypertensive humans cardiac
remodelling, also in cases without other severe comorbidities.
The meta-analysis published by Marchesi et al'* reports the
results of several studies aimed to evaluate the plasma levels of
MMPs and TIMPs in hypertensive patients, and their correla-
tion with LVH, diastolic function, and heart failure. MMP-9
and MMP-2 appear to have the greatest potential as biomarkers
of cardiovascular remodelling in HT, even though caution is

necessary in the interpretation of results, largely due to the high
heterogeneity among the studies, including samples collection
and methods of measurement. Not all researches confirmed the
increased plasma levels of MMPs in hypertensive patients with

27,54-56

cardiac remodelling compared with controls.

Conversely, some of the examined papers reported
a significant correlation between MMPs levels and the main
echocardiographic parameters related to hypertensive cardiac
remodelling (ie, left ventricular mass index — LVMI, g/m* and
indices of diastolic dysfunction).”’””® For example, Saglam
et al’® showed that not only plasma MMP-9 but also MMP-3
concentrations (determined by enzyme immunoassay method)
were significantly higher in patients with LVH than those
without LVH, and these two MMPs were correlated with left
ventricular posterior wall thickness and Doppler-echocardio-
graphic indices of diastolic dysfunction. Moreover, a study””
conducted comparing healthy controls with 114 subjects with
LVH and 61 patients with LVH plus diastolic heart failure
(DHF) provided plasma concentrations of four classes of
MMPs: gelatinases (MMP-2 and MMP-9), collagenases
(MMP-1 and 8), stromelysins (MMP-3), and matrilysins
(MMP-7). Interestingly, authors demonstrated that a different
plasma MMPs profile emerged for LVH patients compared
with those affected by DHF; in these latter there were signifi-
cantly higher plasma levels of MMP-3 and MMP-7, and lower
concentrations of MMP-8. Furthermore, they suggested that
multi-biomarker panels for both LVH and DHF including,
among others, specific MMPs and TIMPs (MMP-7, MMP-9,
TIMP-1, and MMP-2, MMP-8, TIMP-4, respectively) pro-
vided prediction algorithms for LVH and DHF with good
sensitivity and specificity.>

These findings suggest the promising role of MMPs in the
clinical practice as a tool to stratify the risk of cardiac remodel-
ling in hypertensive patients and as a possible target of therapy
to prevent changes in myocardial tissue. Nevertheless, data are
still contrasting, probably also for the poor standardization of
MMPs detection methods, and further prospective studies and
clinical trials are needed to confirm these conclusions.

MMPs in Hypertension-Mediated

Renal Impairment

The relative risk of renal damage in patients with uncompli-
cated primary HT is low as compared with other cardiovas-
cular complications. However, given the huge prevalence of
HT in the general population, it still remains the second
leading cause of renal impairment (eg, increased levels of
microalbuminuria), through the development of CKD and
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ESRD.® The pathogenetic determinants of hypertensive-
mediated renal damage can be primarily summarized into
four mechanisms: (i) the systemic BP “load”; (ii) the degree
to which such load is transmitted to the renal vascular bed;
(iii) the local tissue susceptibility to any given degree of
barotrauma; and (iv) the BP-independent tissue damage
promoting effects of angiotensin II and aldosterone.®’
Collectively, these phenomena lead to the development of
glomerulosclerosis, interstitial fibrosis, and arteriosclerosis
that represent the main histological patterns of hypertension-
mediated renal damage. Nevertheless, data on the histologi-
cal phenotype of hypertensive-related renal damage, which
exhibits differences in models with or without overt renin-
angiotensin-aldosterone system activation, suggests that the
triggering of downstream molecular mediators of tissue
injury may not be exclusive to angiotensin II and/or aldos-
terone but may represent a response to tissue stress and/or
injury per se.®” Increased BP alone can activate many of
these downstream pathways such as infiltration of inflam-
matory cells, increase of monocyte chemoattractant proteins,
release of pro-inflammatory (tumor necrosis factor o —
TNFa) and profibrotic cytokines (transforming growth fac-
tor), as well as the release of ROS. All these conditions are
able to increase the MMPs activity.®’ Ten members of
MMPs (MMP-1, =2, =3, =9, —13, —14, —24, -25, 27,

ROS (¥)

Inflammatory cells
(eg, lymphocytes,
macrophages,

neutrophils)

Activation, cytokines
release, chemotaxes,
proliferation, survival

E-cadherin shedding

l

Activation of beta-
catenin and EMT

Tubular
epithelial cells

Tubular basement

—28) are physiologically expressed in the renal tissue, and,
under basal conditions, MMPs are at low levels and are
tightly regulated to maintain the homeostatic ECM turnover.
Among MMPs expressed in adult kidneys, MMP-1, MMP-
2, MMP-3, MMP-9, MMP-13, and MMP-14 have been
extensively studied.®” The pathological mechanism by
which high free activated MMPs levels alter the renal tissue
is complex; briefly, it could be held related to an increase of
local markers of inflammation that leads to upregulation of
kidney fibrosis by promoting ECM production (Figure 2).
In the last years, MMPs gelatinase-subgroup (eg, MMP-
2 and MMP-9) and TIMP-1 have been demonstrated to be
involved in unfavorable tissue remodelling associated with
HT in renal disease.®” ®° MMP-9 seems to act in self-
propagating inflammation by creating collagen fragments
that are both chemotactic for neutrophils and stimulate
them to release more MMP-9,%7 and, together with MMP-
2,
a potentially significant step in fibrosis.*® In the early stage

induces epithelial-mesenchymal transition (EMT),
of renal damage associated with chronic high BP, MMPs
activation in the ECM acts as a compensatory mechanism to
degrade the excessive collagen synthesis and to prevent the
development of renal fibrosis. However, as the CKD pro-
gresses, protective MMPs activity begins to wane.®® Hence,
in the subsequent stages of hypertension-mediated renal

Q - TIMPs

MMPs
activated

Glomerular
mesangial cells

Interstitial
fibroblasts

Cells activation

membrane damage and .
ECM deposition (eg,
collagen |, Ill, fibronectin,
EMT decorin)

}

ECM proteolytic

fragments Angiogenesis

Figure 2 Schematic representation of pathogenic mechanisms by which matrix metalloproteinases (MMPs) might lead to renal damage. MMPs regulate activation and
migration of the main inflammatory cells. MMPs also mediate tubular epithelial-mesenchymal transition (EMT) via E-cadherin shedding, degradation of tubular basement
membrane, and proliferation/apoptosis of interstitial fibroblasts and glomerular mesangial cells. The proteolytic products of extracellular matrix (ECM) by MMPs play a role

in regulating cellular activities such as endothelial cell growth and angiogenesis.

Abbreviations: ROS, reactive oxygen species; TIMPs, tissue inhibitor metalloproteinases.
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disease, MMPs and TIMPs play a relevant role because of
directly involved in the pathogenic remodelling of ECM,
leading to the progression of nephrosclerosis and CKD.
Specifically, changes in the activity of MMP-9 isoform are
involved in structural alterations of the renal tubule and
glomerulus, especially in advanced CKD where kidney
fibrosis is preponderant.®’

Notably, recent studies demonstrated a significant asso-
ciation between hypertension-mediated renal dysfunction
and the increased activity of specific MMPs, such as
MMP-2 and MMP-9, even in stages where the decline in
renal function is still moderate.®*-**%® Rodriguez-Sanchez
et al®® showed significant active concentrations of MMP-9,
detected by ELISA, in the plasma samples of a subgroup
of hypertensive patients with estimated glomerular filtra-
tion rate (eGFR) ranged between 60 and 30 mL/min/
1.73m? despite the systemic elevation of TIMP-1, with
a significantly negative correlation between the concentra-
tion of the active isoform of MMP-9 and eGFR (R =
—0.531, p > 0.001). Compared with hypertensive patients
with eGFR > 90 mL/min/1.73m?, they found a significant
reduction in the protein-protein interaction between MMP-
9 and TIMP-1 in those subjects with worse eGFR, sug-
gesting that these latter have more circulating TIMP-1 but
it is not exerting its inhibitory capacity on MMP-9. Similar
results have been found in a greater number of patients by
Xu et al®® where an ELISA method was performed to
measure serum levels of MMPs and TIMPs. The MMP-
9/TIMP-1 ratio was lower in the group with eGFR <
60 mL/min/1.73 m* and it was associated with microalbu-
minuria, even after adjustment of confounding factors such
as other inflammatory biomarkers. Interestingly, in
a population of 39 well-controlled hypertensive patients®*
during chronic renin-angiotensin-aldosterone system
blockade, resistant albuminuria was associated with (i)
a strong increase in the plasma circulating active MMP-9
form, despite unchanged plasma circulating MMP-9 pro-
tein levels, and (ii) a significant reduction in the MMP-9/
TIMP-1 interaction as a consequence of an increase in
oxidized-TIMP-1 levels. In the same study, the animal
experiment confirmed that increased Mmp-9 activity at
a circulatory level is parallel to the increased Mmp-9
activity in the renal tissue, suggesting that Mmp-9 is
a circulating biomarker specifically involved in albumi-
nuria development.®®

In advanced stage of renal damage, in addition to MMP-
9, higher plasma concentrations of MMP-2 and MMP-10

were observed in hypertensive-mediated ESRD patients

compared to both hypertensives without complications and
normotensive subjects.®> This evidence suggests that MMP-
2 and MMP-10 do not play a major role in the initial stage of
HT but instead may be involved in the development of renal
injury once primary HT has been established and the renal
damage has been already started. Interestingly, MMP-2 and
MMP-10 plasma concentrations, based on electrochemilumi-
nescence detection technology, have a strong positive corre-
lation (R =0.7422, p <0.001), highlighting a co-regulation of
such MMPs in effecting end-stage renal damage in HT.%

Conclusion

Systemic arterial hypertension, MMPs, and their inhibitors
play a crucial role in the complex interaction between vas-
cular cells, cardiomyocytes, and ECM components. They are
involved in the development of the hypertension-mediated
damage of the main “target” organs, such as vascular system,
heart, and renal tissue, leading to end-stage diseases and
many other cardiovascular complications. Among the large
family of MMPs, plasma MMP-9, MMP-2, MMP-3, and
MMP-1 appear the most frequently studied in relation to
the HMOD and seem to have the greatest potential as plasma
biomarkers of “target” organs remodelling. These findings
suggest the way to potential new tools to better stratify the
cardiovascular risk in hypertensive patients and provides the
basis for a specific and targeted therapy that might reduce the
organ damage mediated by chronically elevated blood pres-
Further method-
standardized studies are required aiming at use plasma or

sure  values. prospective  and

serum MMPs concentrations or activity in clinical practice.
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