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Abstract
One of the major challenges for hypertension research is to identify the mechanisms that cause the
comorbidities encountered in many hypertensive patients, as seen in the metabolic syndrome. An
emerging body of evidence suggests that human and experimental hypertensives may exhibit
uncontrolled activity of proteinases, including the family of matrix metalloproteinases, recognized
for their ability to restructure the extracellular matrix proteins and to play a role in hypertrophy.
We propose a new hypothesis that provides a molecular framework for the comorbidities of
hypertension, diabetes, capillary rarefaction, immune suppression, and other cell and organ
dysfunctions due to early and uncontrolled extracellular receptor cleavage by active proteinases.
The proteinase and signaling activity in hypertensives requires further detailed analysis of the
proteinase expression, the mechanisms causing proenzyme activation, and identification of the
proteinase substrate. This work may open the opportunity for reassessment of old interventions
and development of new interventions to manage hypertension and its comorbidities.
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Introduction
A robust body of evidence derived from experimental models and patients indicates that the
elevated arterial blood pressure in hypertensives is only a part of a more general set of
cellular and organ complications. In many patients, the high blood pressure occurs within a
cluster of other clinically significant cell and organ dysfunction [1], such as insulin
resistance, insomnia, hypertrophy, capillary rarefaction, and immune suppression. We need
a way of putting these many pathophysiologic phenomena under one conceptual roof and
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explaining the elevated arterial blood pressure at the same time. This issue is the focus of
this review.

Oxygen free radical production in hypertensives could be argued to form a bridge between
elevated blood pressure and vascular complications. Reactive oxygen species serve as
signaling molecules for elevated arterial and arteriolar tone and central blood pressure by
reacting with nitric oxide, and they are also involved in cell injury. But no molecular
pathways have emerged in any model of hypertension that outline a mechanistic pathway by
which free radicals cause the more specific cell dysfunctions that accompany hypertension.

Roles of Matrix Metalloproteinases in Hypertrophy and Hypertension
An emerging body of evidence reveals a role in hypertension and its comorbidities for
unchecked activity of degrading proteinases, including the family of extracellular matrix
metalloproteinases (MMPs) and A disintegrin and metalloproteinases (ADAMs) [2]. As
proteinases that can cleave collagen and modulate the extracellular matrix proteins, the focus
on MMPs in hypertension is justified by two general lines of existing evidence: (1) the role
of MMPS in complications for which hypertension is a risk factor, such as stroke,
atherosclerosis, renal disease, heart disease, and arterial aneurysm [3–9], and (2) the
involvement of MMPs in cardiac hypertrophy and its transition into heart failure in the
hypertensive state [10–14].

Vascular Wall Restructuring
MMPs are required during the restructuring of arteries and arterioles under pressure, from
the earliest wall thickness change to the point of arterial aneurysm [15–17] and the
formation of venous varicose vessels [18]. At elevated intraluminal pressure, endothelial and
smooth muscle cells of carotid arteries (even isolated in culture) have increased gelatin
zymographic activity by MMP-2. At higher pressures, activity of both MMP-2 and
collagenolytic MMP-9 is induced, together with a shifting pressure-diameter curve [19].
This form of early MMP-2 involvement in the presence of mechanical stretch is consistent
with the increasing body of evidence suggesting that it can be activated by mere mechanical
stretch (see below).

The progressive rise of blood pressure with increasing age in the spontaneously hypertensive
rat (SHR) is associated with increased elastinolytic MMP-2 activity in the aorta. The rise in
MMP-2 expression and activity levels in older hypertensive rates—but not normotensive
rats—can be influenced by an endothelin receptor antagonist [20]. In the SHR, MMP
activation (e.g. by MMP-2) eventually leads to decreased cardiac tissue tensile strength and
may cause systolic and diastolic dysfunction [21]. MMP-2 and MMP-9 are also activated in
a behavioral model of elevated blood pressure by (air-jet) stressor, and endothelin-1
mediates the early events in vascular remodeling before the development of hypertension
[22]. In hypertensive rats with chronic nitric oxide blockade, the MMP-2 activity in the aorta
and the ratio of media thickness to lumen diameter is sustained, in contrast to the MMP
activity in small mesentery arteries, which is transient and decreases over time, even though
central blood pressure remains elevated [23]. In addition to MMP-2 and MMP-9, a marked
increase in MMP-1 mRNA levels occurs with age in hypertrophied left ventricular tissue of
SHRs, whereas normotensive Wistar-Kyoto rats show a progressive decrease, even though
mRNA levels are lower in SHRs at a young age [24].

The cardiac hypertrophy in the stroke-prone SHR is accompanied by elevation of MMP-2
and MMP-9 activity and involves the peroxisome proliferator-activated receptor γ (PPARγ).
PPARγ blockade serves to reduce the hypertrophy but does not affect the elevated blood
pressure or the elevated production of oxygen free radicals [25].

Schmid-Schönbein Page 2

Curr Hypertens Rep. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In contrast to the SHR, in the Dahl salt-sensitive rat, the stage of compensated left
ventricular hypertrophy is followed by congestive heart failure; both endogenous tissue
inhibitors of metalloproteinases (TIMPs) and MMP-2 remain inactive during hypertrophy
but are activated during the transition to heart failure. At this transition time, the activation
of MMP-2 surpasses that of TIMPs, possibly resulting in the extracellular matrix protein
breakdown and progression of left ventricular expansion and wall thinning [10]. Compared
with normotensive Lewis rats, the levels of MMP-9 in mature Dahl salt-sensitive rats are
also reported to be higher and levels of TIMP are lower. To further test the hypothesis that
left ventricular hypertrophy in Dahl salt-sensitive rats is due to high levels of MMP and low
levels of TIMP, congenic translocation of a segment from chromosome 10 of the Lewis rat,
containing an extracellular proteinase inhibitor gene, decreased blood pressure in Dahl salt-
sensitive rats, associated with increase in proteinase inhibitor expression. The congenic
transfer of TIMP ameliorates left ventricular hypertrophy and cardiac dysfunction [26].

Fluid shear stress also has a direct effect on MMP activation. MMP-2 and the membrane-
bound membrane-type MMP (MT-MMP, also designated MMP-14) are upregulated in
mesentery collateral arteries during elevated shear stress (produced by ligation of selected
arteries) and are required for outward luminal expansion [27]. The same high-flow arteries
(but not low-flow arteries) also have early (day 4) elevated MMP-9 activity, together with
endothelial nitric oxide synthase (eNOS) overexpression, prior to the development of
outward hypertrophic remodeling (after 14 days) [28].

The involvement of MMPs in hypertrophy of arteries is not limited to the systemic
circulation. Pulmonary artery hypertrophy in association with cell proliferation and matrix
accumulation is also mediated by proteinases and can be attenuated by serine elastase or
MMP inhibition [29, 30].

Differential Regulation of Hypertension and Hypertrophy by MMPs
A spectrum of experimental approaches with different immunohistochemical and
zymographic techniques, pharmacologic inhibition of activity, expression knockdown (e.g.,
by antisense oligodeoxynucleotides and RNA interference), and gene knockout are opening
insights that point towards an MMP signaling network with separate controls over
hypertension and hypertrophy.

Induction of acute hypertension by vasoactive peptides (e.g., catecholamines, angiotensin II,
nitric oxide synthase inhibitor) requires activation of vascular MMP-7, which in turn is
posttranscriptionally connected with ADAM-12. In SHRs, knockdown of MMP-7 reduces
blood pressure and stops the development of cardiac hypertrophy. MMP-7 controls the
transcription of ADAM-12, a metalloproteinase also implicated in cardiac hypertrophy
[31•]. In mice with angiotensin II–induced hypertension and cardiac hypertrophy,
myocardial ADAM-12 and downstream hypertrophy marker genes are overexpressed.
Knockdown of MMP-7 attenuates hypertension, inhibits ADAM-12 overexpression, and
prevents cardiac hypertrophy [31•].

After activation, MMPs and ADAMs also modulate vasoactive peptides (e.g., big
endothelin, adrenomedullin), growth factor ligands (e.g., heparin-binding epidermal growth
factor receptor), pro-inflammatory mediators (e.g., tumor necrosis factor [TNF]-α), and
others, to produce arterial contraction and central hypertension via vasoconstrictor G
protein–coupled receptors. For example, activation of the α1-adrenoreceptor by an agonist
stimulates vasoconstriction in rat mesenteric arteries and thereby contributes to
hypertension, but it also activates MMP-7. The MMP-7 sheds the heparin-binding epidermal
growth factor and thereby activates the epidermal growth factor receptor [32], signaling
growth that leads to cardiac hypertrophy (by an ERK1/2 and Akt pathway). MMP inhibition
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reduces SHR blood pressure and attenuates heparin-binding epidermal growth factor
receptor shedding in mesenteric arteries of SHRs but not in normotensive rats [33].

In mice with angiotensin II–induced hypertension, MMPs are also part of the mechanisms
responsible for the dual action on elevated blood pressure and cardiac wall hypertrophy and
fibrosis. In this model, the signaling cascade involves TNF-α converting enzyme (TACE,
also designated as ADAM-17) [34•] and MMP-7 [31•], and activation of MMP-7 and
ADAM-17/TACE may be necessary for subsequent upregulation of MMP-2 and ADAM-12
transcription. Knockdown of TACE serves to partially attenuate MMP-2, and the
combination of TACE and MMP-7 siRNA treatment prevents the MMP-2 activity.
Simultaneous knockdown of TACE and MMP-7 attenuates blood pressure elevation as well
as the development of cardiac hypertrophy and fibrosis in this model. In contrast, MMP-2
inhibition prevents a rise in blood pressure but does little to prevent hypertrophy. This
evidence points towards a transcriptional regulation of MMP-2 by MMP-7 and TACE.
Although angiotensin II–induced cardiovascular disease is signaled via multiple MMP
pathways with unique physiological roles, MMP-2 appears to modulate only the blood
pressure in this model of hypertension. MMP-7, which participates in a number of fibrotic
processes, is able to modulate the cardiac hypertrophy but needs to activate MMP-2 to
modulate blood pressure [35••].

The Variety of MMP Substrates
Introduction of proteomic techniques shows that in addition to extracellular matrix proteins
(e.g., native collagens, elastin, proteoglycan, laminin, fibronectin, vitronectin, aggrecan,
brevican, tenascin, decorin), a colorful variety of biologic proteins can be substrates for
MMPs [36•]. For example, MMP-2 can cleave cytokines, molecules associated with growth
factors, neurotransmitter substances and their receptors, pro-MMPs or proteinase inhibitors
(e.g.,. MCP-3, Pro-TGF-β1, Pro-TNF-α, Pro-IL-1β IGFBP-3, IGFBP-5, FGFR-1, substance
P, galectin-3, Pro-MMP-1, Pro-MMP-2, Pro-MMP-13, α1-proteinase inhibitor, α2-
macroglobulin) [37, 38•], and many other proteins and peptides.

Peptide Cleavage
Directly relevant for arteriolar vasoconstrictor actions, cleavage of big endothelin or
calcitonin gene-related peptide or adrenomedullin may serve as a substrate for MMP-2 that
generates a series of cleaved peptides, which have in part vasoconstrictor activity [39].
MMP-7 also has a spectrum of extracellular matrix protein substrates, including the
proteolytic processing of pro-hormones.

Renal Fibrosis
In addition to elastinolytic activity, several experimental results in the SHR and related
models show an increasing complex picture of the involvement of MMP-2, MMP-9, and the
TIMPs in renal hypertensive remodeling and fibrosis, all of which may contribute to
glomerular injury [40–43].

Receptor Cleavage by MMPs and Cell Dysfunctions in the Metabolic Syndrome
In addition to hypertension, hypertrophy, and fibrosis, the uncontrolled proteinase activity in
hypertensives may be more diverse and may in fact be the basis for a conceptual framework
that can start to explain the multiple dysfunctions of organs and cells encountered in the
metabolic syndrome. Indeed, a more extensive examination of the mature SHR shows MMP
protein levels and MMP activity not only in wall of the arterioles, with elevated blood
pressure, but also in the plasma (MMP-2, MMP-9, MMP-7), in circulating leukocytes
(MMP-8, MMP-9) that pass periodically through high-pressure and low-pressure regions of
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the circulation, and also on the venular side of the microcirculation with low blood pressure
(MMP-1, MMP-1/9, MMP-7, MMP-8) [33, 44•, 45, 46]. MMP-9 is especially prominent on
the endothelium. In fact, even the Wistar Kyoto rat, the low-pressure control of the SHR, has
elevated blood pressure and proteinase activity compared with the Wistar strain from which
it was generated [44•]. The elevations of the proteinase activity in plasma are relatively mild
and in part transient.

One of the consequences of such unchecked extracellular proteinase activity is that
important proteins in the circulation and on cell surfaces may be proteolytically cleaved in
the SHR. Among a number of proteins, an interesting candidate in this regard is the β2
adrenergic receptor. Upon agonist binding, this receptor normally stimulates vasodilation.
But in SHR arterioles, the ability of the β2 adrenergic receptor to mediate vasodilation is
compromised, as shown in agonist and antagonist studies [47•] and in line with the
characteristically elevated arteriolar tone in the SHR [48]. Immunolabeling of the receptor
with an antibody against the extracellular domain and, as control, with an antibody against
the intracellular domain shows that the extracellular domain density is reduced in the SHR.
Furthermore, application of fresh venous SHR plasma to naive endothelial cells for 30 min
reduces the extracellular domain density of the β2 adrenergic receptor, an effect that is
prevented by using MMP inhibitors. Direct application of MMP-9 to arterioles causes
arteriolar vasoconstriction [47•]. Although there are likely other reasons for the elevated
arteriolar tone in SHRs, the proteolytic cleavage of the β2 adrenergic receptor may be one of
the contributors to the elevated arterial blood pressure.

Study of the peptide sequence of other membrane receptors shows that many have multiple
theoretical cleavage sites on the extracellular domain for MMPs. Therefore, in light of the
fact that the SHR exhibits insulin resistance [49], we tested its insulin receptor-α density on
leukocytes and mesentery cells. This insulin receptor-α also shows evidence for cleavage of
the extracellular domain by MMPs, which is associated with a reduced ability to transport
glucose across its membranes. Chronic MMP inhibition alleviates the elevated blood
glucose and glycosylation values in SHR plasma [45]. A similar cleavage of the
extracellular domain of the insulin receptor can also be found in other models of insulin
resistance [50].

Like other hypertensives and prehypertensives, the SHR exhibits capillary rarefaction, a loss
of microvessels in many organs [51–53]. The loss of capillaries is caused by endothelial
apoptosis and loss of pericytes. The apoptosis is also observed in larger vessels of the SHR
[54–56]. The enhanced endothelial apoptosis is associated with enhanced cleavage of the
vascular endothelial growth factor receptor 2 (VEGFR2) [44•, 46]. Just as in the case of the
β2 adrenergic receptor and the insulin receptor-α, the cleavage occurs predominantly at the
extracellular domain of the receptor and is attenuated by MMP inhibition. Impaired
angiogenesis in the SHR is associated with decreased MMP-14 expression [57].

Other SHR membrane receptors are cleaved as well. The extracellular domain of the formyl
peptide receptor (FPR, a G protein–coupled receptor, GPCR) on SHR circulating leukocytes
has a reduced density and exhibits an attenuated response to chemotactic peptides such as N-
formylmethionine-leucine-phenylalanine [58•]. The same receptor also serves as a
mechanosensor for pseudopod projection and retraction in circulating leukocytes in response
to fluid shear stress [59]. The extracellular domain of this receptor is in part cleaved in the
SHR, a phenomenon that is associated with attenuated pseudopod retraction in its circulating
pool of leukocytes [58•]. Compared with the Wistar-Kyoto normotensive control, the SHR
has an increased number of circulating leukocytes with pseudopods, which in turn increases
the capillary resistance and contributes to its overall increase in hemodynamic resistance
[60].
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Over its lifetime, the SHR also has an elevated circulating leukocyte count [61], in part
because the leukocyte adhesion receptor, β2 integrin (CD18), is cleaved [45]. Its counter-
receptor on the endothelium, intercellular adhesion molecule (ICAM)-1, can also be cleaved
by MMPs and elastase but exhibits a reversed pattern in the SHR in a tissue-specific fashion.
Extracellular fragments of ICAM-1 may accumulate in renal glomeruli [62].

Membrane protein cleavage is also detected on erythrocytes of the SHR. SHR plasma
cleaves the glycocalyx of erythrocytes, causing swelling of the cells, and erythrocyte
aggregation occurs in a MMP-dependent fashion [63]. A subpopulation of SHR erythrocytes
with low mass density (during centrifugation) shows increased aggregation in fibrinogen.
This same population of erythrocytes exhibits reduced adhesion to macrophages, indicating
that glycocalyx core proteins are also cleaved in the SHR [63].

There are other indicators for receptor cleavage in the SHR. Tight junction proteins
(occludin and claudins) in the SHR blood–brain barrier are degraded by MMPs during
ischemia with elevated levels of MMP-14 and furin, which promote MMP-2 and MMP-9
activity. This degradation can be blocked by MMP inhibition [64]. The extracellular domain
of the serotonin receptor 5HT-1A density is reduced in the SHR brain [65], a process that
may be associated with the reduced sleep quality in the SHR [66].

The combined evidence, though still preliminary, points toward an early form of proteolytic
autodigestion in the form of receptor cleavage as the common denominator for these
multiple cell dysfunctions in experimental models of hypertension (Fig. 1).

The Effect of Proteinase Inhibition
Uncontrolled proteolytic activity raises the issue of whether proteinase inhibition can serve
to reduce cell dysfunction in hypertension and the metabolic syndrome. There are a number
of indicators that this may be possible.

Chronic blockade of the MMPs in the SHR with doxycycline [67] and other MMP blockers
interferes with the extensive cleavage of membrane receptors and restores normal membrane
receptor densities. Such blockade reduces the arteriolar tone and central blood pressure [33,
47•], increases cellular glucose transport and normalizes blood glucose levels [45], reduces
endothelial apoptosis and rarefaction of capillary blood vessels [44•, 46], normalizes blood
counts of leukocytes [45] and their chemotactic and fluid shear stress response [58•], and
restores normal serotonin receptor densities in the brain [65]. This evidence supports the
notion that the multitude of cell dysfunctions may be derived from one set of extracellular
proteolytic degrading processes and may form a common treatment target. Doxycycline also
blocks vascular restructuring in two-kidney, one-clip hypertension [68].

It should be noted, however, that in light of the essential role of MMPs for development,
reproduction, and tissue repair, a nuanced approach to proteinase inhibition is required,
which should target predominantly the excessive and uncontrolled proteinase activity in
hypertension, and ideally no other activity.

Furthermore, there is a need to understand the mechanisms that lead to the overexpression of
MMPs in the first place. The promotor regions of MMPs have many transcription factor
binding sites [69]. An interesting candidate is NF-κB, a major player in inflammation. The
SHR overexpresses NF-κB [45]. Chronic inhibition of NF-κB with pyrrolidine
dithiocarbamate reduces MMP-1, MMP-2, and MMP-9; reduces extracellular domain
cleavage of the β2 adrenergic receptor; and normalizes central blood pressure in the SHR
[70•]. Other transcription factors remain to be investigated in hypertension.
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In this context, it is also important to recognize that existing treatments for hypertension
affect MMP activity. Angiotensin-converting enzyme (ACE) inhibitors reduce MMP-2 and
MMP-9 activity [71, 72], so their full inhibitory action needs to be determined in terms of a
broader profile of degrading enzymes. ACE inhibitors can directly bind to MMPs. The
ability to inhibit MMPs and attenuate insulin receptor cleavage may be responsible in part
for their efficacy in reducing new-onset type II diabetes [73, 74] and complications in
experimental diabetes [75]. Treatment of hypertensive patients with MMP-lowering drugs
such as ACE inhibitors and angiotensin receptor blockers may have favorable effects on left
ventricular hypertrophy and diastolic dysfunction. Plasma MMP-3 and MMP-9
concentrations have been observed to be higher in patients with left ventricular hypertrophy
and left ventricular posterior wall thickness, and Doppler indices of diastolic dysfunction are
correlated with MMP-3 and MMP-9 levels [76]. Other treatments for hypertension (e.g.,
calcium channel blockers, β adrenergic receptor blockers) also need to be investigated more
closely in regard to their inhibitory impact on degrading proteinases.

MMP Activation
Since generated in a proform, MMPs need to be activated. The process of activation may
depend on the specific MMP and the location where it is expressed. Many MMPs can be
activated by serine proteinase (e.g., trypsin, thrombin, plasmin) [77, 78]. Some (e.g.,
MMP-2 and MMP-9) can be activated by mechanical stretch [79, 80], including cyclic
stretch [81]. MMP-14 is inactive in the cell cytoplasm but can become activated when
transported into the cell membrane, and in turn can activate other MMPs [82].

Guo et al. [83] proposed that mechanical stress due to pressure overload in the myocardium
causes expression and activation of MMPs. The mechanical stress raises the cAMP levels,
which in turn raises expression of MMP-2, MMP-13, and MMP-14, as well as MMP-2 and
collagenase activity, causing the pathologic myocardial restructuring with disorganization of
the N-cadherin/beta-catenin cell adhesion complex [83]. The effect is blocked by β-
adrenergic blockers. Alternatively, plasminogen activator or the pro-protein convertase,
furin, activate MMPs [84], and some reactive oxygen metabolites, such as hypochlorous
acid, can activate MMP-8 without cleavage of the propeptide by disrupting a cysteine
residue at the Zn++ catalytic site [85].

The degree to which endogenous serine proteinase inhibitors (serpins such as α1-antitrypsin
and α2-macroglobulin) or MMP inhibitors (TIMPs) block proteinase activity in hypertension
remains to be explored.

MMP Levels and Activation in Plasma of Hypertensive Patients
Quantitative measurements of the levels of MMPs and their activities in human
hypertensives are still at an early stage [86], partly because multiple factors influence their
values. Proteinase activities are not constant during the day; they depend on the level of
endogenous inhibitors, and values in plasma may differ substantially from those on
endothelial cells and around tissue parenchymal cells [44•, 46]. Measurement of proteinase
activity in archived blood samples shows that the activity may not be elevated if patients are
receiving medication (unpublished results in our laboratory). Details of the treatment status
need to be regarded as an independent variable. In contrast to inflammatory markers such as
the acute phase protein c-reactive protein or fibrinogen, which have minimal diurnal
variations, proteinase protein levels and especially proteinase activities may fluctuate, so the
time of day, meals, medication, or medical conditions other than hypertension must be
considered. Resolution of this issue will require systematic in vivo measurements using
improved zymographic techniques that can read nanomolar concentrations of fresh active
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enzymes with minimal sample preparation and storage [87]. Techniques to measure MMP
activity in blood vessels of humans in vivo are also required.

Considering these limitations, it is not surprising that few agreements about MMP values in
the plasma of hypertensive patients have yet been reached. Among five MMP proteins
measured and detected in plasma (MMP-1, MMP-2, MMP-3, MMP-9, and MMP-10),
elevated levels were found in patients with essential hypertension and in hypertensive
patients with end-stage renal disease [88]. In hypertensives, elevated MMP-9 values
(compared with normotensive controls) [88–90] correlate with systolic blood pressure [88]
and with arterial pulse wave velocity [91–93]. A correlation between blood pressure and
MMP-9 is also observed between normotensives and hypertensives with end-stage renal
disease [88], pointing towards a direct influence of MMP-9 on arteriolar tone, as suggested
by receptor cleavage and its impact on the arteriolar tone [47•]. Protein levels of MMP-2 and
MMP-10 (a stromelysin) in plasma are also elevated in hypertensive patients with end-stage
renal disease, suggesting that they may be involved in the development of renal injury once
essential hypertension has been established. MMP-2 and MMP-9 exhibit a positive
correlation, when considered across both essential hypertensives and controls, whereas
MMP-1 levels are not elevated in these patients [88]. Hypertensive patients with left
ventricular hypertrophy have elevated serum levels of MMP-1 [94] that correlate with ankle
pulse wave velocity [92].

Other studies have reported no elevation of MMP-9 in patients with essential hypertension
[95] and even depressed MMP-9 values [96, 97]. Even though in our own studies we have
observed no difference in plasma levels of MMP-1 or MMP-2 [88], other studies have
reported decreased levels of MMP-1 [98], decreased levels of MMP-2 [96], or increased
levels of MMP-2 [90] in hypertensive patients versus normotensive controls. Much more
investigation is required, especially at early stages of hypertension, before full involvement
of secondary complications. Genetic polymorphisms in the MMP genes may modulate the
susceptibility of hypertensive patients [99].

Conclusions
The multiple proteinase families, the diversity of individual proteinase family members, and
the ability for proteinases to cleave propeptides, plasma proteins, and surface receptors make
several of them potential candidates for involvement in hypertension. Specifically, although
there is mounting evidence that members of the MMP family are overexpressed and
activated during hypertrophy and during advanced cardiovascular complications for which
hypertension is a risk factor, there is also initial evidence that MMPs may already be active
in hypertensives at an early stage, before the development of overt organ failure.
Extracellular proteinase activity and receptor cleavage may cause the many cell dysfunctions
that accompany hypertension. Extracellular cleavage of a receptor causes loss of the
associated receptor function, and many membrane receptors may be cleaved in the presence
of extracellular MMPs. In vivo measurements are required to detect MMP activity and to
identify their substrates. This hypothesis may explain why hypertension is often
accompanied by diabetes and other cell dysfunctions and why multiple complications can be
attenuated by treatment with the same class of proteinase inhibitors in some models of
hypertension. The hypothesis also suggests that an elevated blood pressure may need to be
regarded as one of several vascular dysfunctions derived from a more fundamental problem
associated with proteinase activation and inadequate inhibition.
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Fig. 1.
Schematic summary of evidence supporting a hypothesis for involvement of matrix
metalloproteinase in hypertension, ventricular wall hypertrophy, insulin resistance, capillary
rarefaction, attenuated leukocyte adhesion and shear stress response, and eventual organ
failure. FPR formyl peptide receptor; GPCR G protein–coupled receptor; VEGFR2 vascular
endothelial growth factor receptor 2
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