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Abstract
Inward eutrophic remodeling is a common structural change found in small resistance arteries that
has been associated with an increased risk for life threatening cardiovascular events, the number
one cause of death in industrialized societies. Because inward eutrophic remodeling is the most
prevalent small artery structural change found in hypertension, hypertensive animals are the most
common in vivo models used to study this particular remodeling process. In vitro, the isolated
artery, pressure myograph has also been used as a model to study the mechanisms responsible for
the development of small artery remodeling. Compelling recent evidence indicates that the matrix
metalloproteinases (MMPs), a family of endopeptidases whose primary function is the cleavage
and degradation of extracellular matrix components, are involved in vasoconstriction and the
pathogenesis of hypertension. In this review we provide an overview of the known and potential
roles that MMPs have on vascular remodeling, paying particular attention to their role on the
inward eutrophic remodeling process of small resistance arteries that occurs in hypertension.

Introduction
The remodeling of a tissue or organ is a dynamic process that entails the reorganization,
resorption, or renovation of an exiting structure. At the vascular level, it involves changes in
the structural characteristics of the blood vessel wall including its cellular and extracellular
components. Functionally, vascular remodeling is an ongoing physiological phenomenon
that allows the circulatory system to adapt to injury or changes in growth, hemodynamics,
and metabolic demands. However, under certain circumstances vascular remodeling is
counterproductive and becomes an important contributor to cardiovascular disease, the
number one cause of death in industrialized societies.

Inward eutrophic remodeling of the small resistance arteries and arterioles is a specific type
of vascular remodeling that has been associated with an increased risk for life threatening
cardiovascular events including myocardial infarction and stroke [1,2]. This specific type of
vascular remodeling is characterized by a reduction in the passive luminal diameter of the
blood vessel without a significant change in the amount of wall material [3]. Although it is
well established that inward eutrophic remodeling of small arteries is associated with
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cardiovascular risk, the mechanisms that control the remodeling process have not been fully
elucidated.

During typical tissue remodeling processes there is a continuous turnover and deposition of
extracellular matrix (ECM) materials. In the vascular wall, ECM turnover is in part
performed by the matrix metalloproteinases (MMPs), a family of zinc-dependent
endopeptidases produced by all cell types present within the blood vessel wall [4]. The
traditional function associated with the activity of MMPs is the degradation of ECM
components. However, evidence indicates that MMPs participate in additional actions
including the shedding of vasoactive factors that are attached to the ECM [5], the cleavage
of cellular receptors that possess vasoactive functions [6], the disruption of intercellular
adhesions [7], and potentially, the remodeling of intracellular cytoskeletal and nuclear
structures [8,9]. Most of the 23 members of the MMP family are secreted by cells in an
inactive form and later become activated in response to a variety of stimuli. A number of
MMPs, however, have transmembrane domains and remain membrane bound while they
perform their enzymatic activities. Because the stimuli associated with the development of
inward eutrophic remodeling in small arteries also induce the secretion and/or activation of
MMPs, it has been hypothesized that MMPs are involved in the remodeling process [10].
However, direct evidence linking MMP-activity with inward remodeling at the level of the
resistance vasculature is limited.

In this review we will discuss a number of models used to study the inward eutrophic
remodeling process and the data implicating the activity of MMPs in this process (See Table
1). Due to the limited information on MMP involvement in small artery inward eutrophic
remodeling, we will extrapolate information from larger vessels and from other types of
vascular remodeling with the caveat that the information extrapolated needs experimental
corroboration.

Models of hypertension and inward eutrophic remodeling of resistance
vessels
Essential Hypertension, Inward Remodeling and MMPs

Vascular remodeling has been long associated with essential hypertension. At the level of
the resistance vasculature, arterioles isolated from subcutaneous biopsies or the mesentery of
essential hypertensive humans, as well as, arterioles obtained from diverse vascular beds of
spontaneously hypertensive rats (SHRs) show inward eutrophic remodeling [10,11]. In both,
hypertensive humans and SHRs, plasma MMP activity is elevated [12–14], and
experimental inhibition of MMP activity in the SHR ameliorates hypertension [15].

At the vascular level, diverse mechanisms attributed to the activity of MMPs increase blood
pressure by either augmenting vasoconstriction or reducing vasodilation. MMP-dependent
mechanisms that augment vasoconstriction include the cleavage of big endothelin that
produces smaller vasoactive fragments of this potent vasoconstrictor, and the transactivation
of epidermal growth factor receptors that subsequently activate constrictive pathways in
vascular smooth muscle cells [5,16]. With regard to vasodilation, MMPs have been shown
to cleave calcitonin gene-related peptide (CGRP), as well as beta2 adrenergic receptors
[5,6,16,17]. Cleavage of CGRP reduces the vasodilatory effects of this peptide, while
cleavage of beta2 adrenergic receptors diminishes catecholamine-induced vasodilation.
Experimental hypertension induced by either increased vasoconstriction or reduced
vasodilation is associated with inward eutrophic remodeling of small arteries. Therefore,
MMPs could be involved in the remodeling process through their vasomotor effects.
However, no analyses have been performed to determine whether amelioration of the
hypertensive state by MMP-inhibition is associated with a reduction of the remodeling
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process in small arteries from essential hypertensive patients or SHRs. Results obtained
from individuals or animal models treated for hypertension indicate that a mere reduction in
blood pressure is not sufficient to eliminate inward remodeling in resistance vessels.
Treatments that lower blood pressure by reducing cardiac output do not eliminate the inward
remodeling process [11]. In comparison interventions that lower blood pressure by
promoting vasodilation or reducing vasoconstriction successfully prevent or stop the inward
remodeling process [18]. Therefore, although the drop in blood pressure achieved by MMP-
inhibition in the SHR is likely caused by a reduction in vasoconstriction, it remains to be
determined whether MMP-inhibition also prevents the development of inward eutrophic
remodeling in the resistance arteries.

Vasoconstriction-Induced Hypertension, Inward Remodeling and MMPs
Numerous animal models of nongenetic secondary hypertension that induce vasoconstriction
develop small artery remodeling. For example, prolonged in vivo infusion of the nitric oxide
(NO) synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME), or the vasoconstrictor
agonists norepinephrine or angiotensin-II induces hypertension and inward remodeling of
resistance vessels [19–21]. In these models of hypertension, as in the SHR, MMP-activity is
increased, and broad-based MMP-inhibition prevents the blood pressure augmentation
induced by the hypertensive agents [15]. The aforementioned results indicate that up-
regulation of MMP expression and activity is a common feature in both essential and
vasoconstriction-induced hypertension. However, with 23 members in the MMP family, an
important question pertains to the specific involvement of each MMP member on increasing
blood pressure. In this regard, evidence indicates that different MMPs are responsible for
specific features of the hypertensive state, while others oppose hypertension. For example,
in mice, specific inhibition of the matrilysin, MMP-7, abolished the pressor effect induced
by the infusion of norepinephrine or angiotensin-II, and significantly diminished the
hypertension caused by L-NAME [15]. In a different study, MMP-2-inhibition also
prevented the pressor response induced by angiotensin-II, but did not prevent the cardiac
fibrotic effect that was blocked when MMP-7 was inhibited [22]. This suggests that, during
stimulation with angiotensin-II, MMP-2 is more closely responsible for the activation of
vasoconstrictor pathways, while MMP-7 is responsible for the fibrotic and hypertrophic
effects induced by the agonist. A relationship between MMP-7 and MMP-2 was found in
those studies that indicated the up-regulation of MMP-2 was dependent on the activity of
MMP-7 and the metalloproteinase desintegrin ADAM-12 [22].

The activity of MMP-2 has also been associated with MMP-14, a membrane bound member
of the MMP family that is up-regulated in hypertension and also mediates the expression of
MMP-9 in keratinocytes [23–25]. In human patients with essential hypertension plasma-
levels of MMP-9 are elevated [14], while a paradoxical reduction on MMP-9 expression in
the hearts and aortae of mice infused with angiotensin-II has been reported [22]. In
comparison to the hypotensive effect of MMP-7- or MMP-2-inhibition on angiotensin-II-
induced hypertension, the pressor effect of angiotensin-II is enhanced in MMP-9 knock out
mice [26]. These results suggest that the activation of MMP-9 may serve to ameliorate
hypertension, while MMP-7 and MMP-2 may participate in what are considered the
detrimental effects of the hypertensive state (i.e., vasoconstriction and tissue fibrosis).

In the vasculature, the activity of MMP-9 is commonly associated with the development of
outward remodeling. For example, the carotid arteries of mice with hypertension have
greater internal diameters and greater levels of MMP-9 activity than those of control mice
[26,27]. In vitro, intraluminal pressure augmentation in carotid arteries also increases the
activity of MMP-9 and causes outward remodeling [27]. This up-regulation of MMP-9 and
the subsequent outward remodeling of conduit arteries are considered to be initial
compensatory mechanisms that ameliorate the augmented intraluminal pressure by
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increasing vascular compliance. However, a chronic up-regulation of MMP-9 may become
detrimental and cause the formation of vascular aneurysms [28–30]. A direct association
between MMP-activity and pathological vascular distension was well established in a study
showing that MMP-9 knockout mice are resistant to aneurysm formation in response to
topical application of CaCl2 [31]. Reinfusion of wild type competent macrophages to
MMP-9 knockout mice restored their capacity to develop aneurysms, which indicated that
macrophage-derived MMP-9 was required for formation of the vascular distension. Recent
studies on flow-induced remodeling also indicate that the main source of MMP-9 associated
with outward vascular remodeling comes from inflammatory cells that infiltrate the vascular
wall [32,33]. Importantly, flow-induced outward remodeling was inhibited in MMP-9 mice,
but not in MMP-2 knockouts [32]. These data depicting the role of MMP-9 on outward
remodeling and aneurysm formation suggests that MMP-9 up-regulation may be beneficial
at the onset of hypertension, but may eventually become deleterious if chronic inflammation
develops within the vascular wall. Opposing beneficial and detrimental effects of MMP up-
regulation have also been found in cancer, where MMP-activity can both enhance and
inhibit tumor progression [34]. Therefore, although MMP up-regulation represents a
common feature in hypertension, it remains to be fully determined which specific MMPs
participate in vasoconstriction and which in vascular remodeling, which ones ameliorate the
hypertensive state and which ones increase it. In addition, the timeframe and specific
cellular expression of MMPs warrants further investigation as different MMPs may be up-
regulated at specific times in different cells during the progression of hypertension having
specific beneficial or detrimental effects on vascular remodeling and disease.

Renovascular Hypertension, Inward Remodeling and MMPs
The role of MMPs in hypertension and vascular remodeling has been further elucidated in a
series of studies performed in a renovascular model of hypertension [25,35]. Evidence from
those studies revealed that in the two-kidneys, one-clip rat model of hypertension, the aortic
expression and activity of MMP-2, -9 and -14 were increased [25,35]. Broad-based MMP-
inhibition reduced the augmented deposition of extracellular matrix in the aortic wall, and
reduced the level of hypertension [25,35]. Antioxidant treatment also reduced the increased
blood pressure, the remodeling of aortic tissue, and the activity of MMP-2 [36]. This
suggested that the increased expression and activity of MMPs were associated with the
production of reactive oxygen species (ROS) in renovascular hypertension, which is
particularly relevant when considering that vast evidence indicates an increased production
of ROS is a common feature of essential hypertension [37]. In hypertension, ROS may
participate in the vascular remodeling process in different fashions. For example, ROS
reduce the bioavailability of NO, and inhibition of NO-dependent signaling has been shown
to induce inward eutrophic remodeling in resistance vessels [38]. ROS have also been
shown to induce the synthesis and activation of a number of MMPs [8,39,40], which in turn
can promote vasoconstriction and ECM turnover. Furthermore, it has been recently shown
that a ROS-dependent activation of MMPs is required for the development of inward
remodeling in isolated arterioles (see below) [41]. Additional studies are needed to identify
the specific cellular sources of ROS and determine which specific ROS participate in the
activation of MMPs and the inward remodeling process.

In hypertension, mechanical forces affecting the vascular wall also up-regulate MMPs
expression and activity [42–44]. Therefore it is tempting to speculate that the increased
circumferential stress experienced by the vascular wall in the hypertensive state is
responsible for the activation of MMPs and the development of vascular remodeling.
However, results obtained from hypertensive individuals and animal models of hypertension
suggest that a mere increase in intravascular pressure is not sufficient to induce inward
remodeling in resistance vessels. In addition, it has been argued that small arteries are not
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exposed to an increased wall stress in hypertension because they are constricted [45]. This
suggests that the vasoconstrictor agents associated with hypertension are the main stimuli
responsible for the induction of inward eutrophic remodeling in resistance vessels.
Nevertheless, it is likely that mechanical forces and vasoconstrictor agonists have additive or
synergistic effects on the expression and activity of MMPs in hypertension at different levels
of the vascular tree. In Figure 1, we outline the pathways we propose involve MMPs on the
inward eutrophic remodeling that occurs in hypertension.

Ex vivo models of arteriolar inward eutrophic remodeling
Using the pressure myograph, Bakker et al. first documented that prolonged isobaric
vasoconstriction of isolated arterioles results in inward eutrophic remodeling [46]. The
pressure myograph is a system that consists of two micropipettes on which a small artery is
mounted. The pipettes are filled with physiological saline, and water columns or pumps are
used to apply intraluminal pressure with or without flow. Further studies using the pressure
myograph have shown that inward eutrophic remodeling requires the activation of multiple
kinases and signaling pathways including cSRC, ERK, tissue-type transglutaminase (TG-2),
ROS, and MMPs [41,47–49].

Cellular Mechanisms for Vasoconstriction-Induced Inward Remodeling
It is well established that at the onset of agonist-induced vasoconstriction, contractile
activation is contingent on the calcium-dependent activation of acto-myosin cross-bridge
cycling. During prolonged vasoconstriction a series of mechanisms different from the initial
increase in intracellular calcium but triggered by common stimuli initiate a cascade of events
leading to maintenance of the constricted state and inward eutrophic remodeling [10]. Thus
far, the kinases reported as needed in the inward remodeling process including cSRC and
ERK are in part associated with the capacity of the artery to maintain active vasoconstriction
during prolonged exposure to vasoactive agonists [47,48]. On the other hand, the
involvement of TG2 is believed to be associated with collagen crosslinking and the
stiffening and contraction of the ECM within the vessel wall.

On the involvement of ROS and MMPs, we recently reported that a ROS-dependent
activation of MMPs is needed for a prolonged exposure to norepinephrine and angiotensin-II
to induce inward remodeling in isolated cremaster arterioles [41]. Prolonged exposure to the
agonists also induced an increased expression of MMP-2. ROS promote the activation of
MMPs in part through the modulation of the thiol interaction between the prodomain and
catalytic domain of the enzymes [8]. In addition, an NAD(P)H oxidase-dependent up-
regulated expression of MMP-2 has been shown to occur in response to stretch or exposure
to angiotensin-II in cultured vascular smooth muscle cells [39,50]. In isolated arterioles
constricted under isobaric conditions, smooth muscle cells are not exposed to stretch or an
augmented circumferential stress, therefore it is likely that the increased expression in
MMP-2 observed after prolonged vasoconstriction is dependent on the angiotensin-II
activation of NAD(P)H oxidase and the subsequent production of superoxide. Similarly, in
hypertension the increased activity of ROS and MMPs is in part the result of an augmented
activity of vasoconstrictor agonists, as angiotensin-II type 1 receptor blockade reduces the
elevated plasma levels of MMP-9 in patients with essential hypertension [51]. Whether a
cellular stretch-dependent production of ROS and ensuing synthesis and activation of MMPs
participate in the development of inward eutrophic remodeling in hypertension remains to be
fully elucidated, but a number of evidences argue against it. First, resistance vessels undergo
vasoconstriction in response to intraluminal pressure augmentation through a process known
as the myogenic response. Myogenic vasoconstriction has been shown to normalize wall
stress in arterioles as vascular diameter becomes smaller under greater intraluminal pressure
[52]. Thus, a stretch-dependent activation of NAD(P)H oxidase and subsequent activation of
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MMPs may partake in the initial constriction induced with the vascular distention caused by
the elevated pressure, but once the vessel reduces its diameter, circumferential stress is
reduced and the cellular stretch abolished. In addition, as mentioned above, it has been
shown that in hypertension a mere reduction in intravascular pressure is not sufficient to
prevent the inward eutrophic remodeling of resistance vessels. It is rather the inhibition of
vasoconstrictor pathways and the promotion of vasodilation that prevents the remodeling
process.

Because we have previously shown that prolonged arteriolar vasoconstriction is associated
with the repositioning of vascular smooth muscle cells within the vessel wall [53], it is
possible that the up-regulated activity of MMPs during prolonged exposure to agonists
serves to disrupt intercellular and cell-ECM attachments allowing smooth muscle cells to
move within the vascular wall. In support of this hypothesis, MMPs have been associated
with the migration and proliferation of vascular smooth muscle cells in injured conduit
arteries. For example, balloon angioplasty, used as a model of intimal injury, has been
associated with an increased expression of MMP-2 and MMP-9 [54]. Additional studies
show that inhibition of MMPs or their respective activation pathways attenuate the inward
constrictive remodeling associated smooth muscle cell migration and neointimal formation
[55–57]. Overall, It is well characterized that remodeling processes include continual
resorption, deposition and crosslinking of ECM and cellular components. Therefore, it is
likely that the inward remodeling process in small arteries of hypertensive individuals
requires concomitant destruction and formation of ECM proteins as well as the repositioning
of cells within the vascular wall and that MMPs are active participants in this processes.

Ultimately, an important query that is being gradually elucidated relates to the relationship
between the mechanisms that induce prolonged vasoconstriction and develop inward
eutrophic remodeling. Numerous reports indicate that multiple kinases, including those
reported as needed in the maintenance of prolonged vasoconstriction and the development of
inward remodeling are associated with the production of ROS and the up-regulation of
MMPs in vascular cells [58–60]. In addition, a number of studies suggests that ROS may, in
some instances, participate in the activation of TG2 [61–63], and TG2 in turn may
contribute to the remodeling process through multiple processes, from the activation of Rho
kinase signaling pathways and the formation of cytoskeletal stress fibers to the crosslinking
and contraction of collagen fibers [49,64]. Furthermore, TG2 has been associated with the
activity of integrins. It has the capacity to cluster these cellular receptors for ECM and
mediate stable ternary interactions between fibronectin and the beta1 and beta3 integrin
subunits [65,66]. Interestingly alphaV-beta3 and alpha5-beta1 integrins are up-regulated in
hypertension, and alphaV-beta3 blockade has been shown to inhibit the inward eutrophic
remodeling observed in arterioles of the Ren2 rat model of hypertension [10]. Additional
studies are needed to determine the association between ROS, MMPs, TG2, and integrins
within the vascular wall during the inward remodeling process. Moreover, as the production
of ROS and the activation of MMPs and TG2 may be temporally based, it is necessary to
determine the time frame of ROS-production, MMP-up-regulation, and TG2-activation
evoked by exposure of vascular cells to remodeling stimuli.

Conclusion
Evidence indicates that to reduce the risk for cardiovascular events related to hypertension,
it is important to prevent, stop, or revert the inward eutrophic remodeling process of the
small arteries that is associated with the hypertensive state. Recent studies suggest that an
up-regulation of MMP expression and activity is a common feature of hypertension.
Moreover, experimental inhibition of MMP-activity in animal models of hypertension
successfully lowers blood pressure and reduces vascular remodeling. However, whether

Martinez-Lemus and Galiñanes Page 6

Drug Discov Today Dis Models. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MMP-inhibition specifically reverts the inward remodeling process in small arteries and
reduces the risk for life threatening cardiovascular events associated with essential
hypertension remains to be determined. Because a number of studies suggest that up-
regulation of specific MMPs may help in reducing blood pressure, there is a need to
determine the specific effect of individual MMPs on the vascular remodeling process and
hypertension. For this purpose a combination of in vivo and in vitro models to study the
remodeling process would be highly beneficial. Experiments using MMP knockout animals
and tissue specific down regulation of MMP-expression may shed light on the remodeling
mechanisms dependent on individual MMPs. These experiments should shed evidence to
stimulate the development of novel inhibitors of specific MMPs, which in turn may prove
beneficial not only for the treatment of vasculopaties, vascular remodeling, and
hypertension, but also for the treatment of cancer and other pathological conditions.
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Figure 1. Proposed pathway for the involvement of the matrix metalloproteinases (MMPs) on the
inward eutrophic remodeling that occurs in hypertension
In hypertension, small resistance arteries are exposed to stimuli, such as, an increased level
of sympathetic stimulation, an increased exposure to angiotensin-II and other components of
the renin-angiotensin system (RAS), and/or an augmented level of intraluminal pressure.
These stimuli induce vasoconstriction though processes that involve the synthesis and
activation of MMPs, the production of reactive oxygen species (ROS), and a ROS-
dependent activation of MMPs. Prolonged vasoconstriction in turn induces inward eutrophic
remodeling via mechanisms that involve the activation of tissue-type transglutaminase
(TG2) and the repositioning of smooth muscle cells. It remains to be determined whether a
prolonged activation of MMPs and ROS is associated with the activation of TG2 and
whether it participates in allowing smooth muscle cells to move within the vascular wall to
increase their overlap and each occupy a greater proportion of the wall circumference.
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