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Abstract
Plaque rupture is the main cause of myocardial infarctions and strokes. Ruptured plaques have
thin, highly inflamed, and collagen-poor fibrous caps that contain elevated levels of proteases,
including metalloproteinases (MMPs), which might weaken plaque caps and promote rupture. On
the other hand, MMPs facilitate migration and proliferation vascular smooth muscle cells, which
should promote fibrous cap stability. Given the dual effects of MMPs, therapies should selectively
target harmful MMPs or the processes that cause MMP activity to rise to destructive levels.

Introduction
There are at least 23 structurally related matrix metalloproteinases (MMPs) that share a
similar Zn2+-based catalytic mechanism. The substrate specificity of MMPs includes many
extracellular matrix (ECM) and cell surface proteins (Nagase et al. 2006). Although most
MMPs are secreted, six membrane-type MMPs are located on the cell surface (Figure 1).
The activity of MMPs is regulated by transcription and translation of pro-protease genes and
by pro-form activation. Inactivation by binding to four tissue inhibitors of MMPs (TIMPs)
normally prevents MMP activity from becoming excessive (Figure 1) (Nagase et al. 2006).
It has been suggested that overactivity of MMPs leads to destruction rather than to
controlled remodeling of the ECM (Newby 2005). If this happens in the fibrous cap of
atherosclerotic plaques, it could precipitate plaque rupture and hence unstable coronary
syndromes, including myocardial infarction. This review considers the recent evidence
supporting this proposal and its value in suggesting new treatments.

Metalloproteinase Activity and Localization in Atherosclerotic Plaques
As previously reviewed (Newby 2005), only pro-MMP-2, TIMP-1, and TIMP-2 are found in
normal arteries, and no MMP activity is detected by in situ zymography. Highly inflamed
atheromatous plaques show increased global MMP activity (Choudhary et al. 2006), and
levels of MMP-1, MMP-3, MMP-8, and MMP-9 are significantly greater in atheromatous
than in fibrous human plaques (Sukhova et al. 1999, Sluijter et al. 2006). Histologic sections
of rabbit and mouse atherosclerotic plaques and the rupture-prone shoulder regions of
human atherosclerotic plaques (reviewed in Newby 2005, Dollery and Libby 2006) show
increased levels of MMP-1, MMP-3, and MMP-9. Rupture-prone regions of human plaques
also have increased MMPs 8, 11, 14, and 16. Metalloproteinases 1, 2, 8, 13, and 14 can
cleave strength-giving fibrillar type-I and type-III collagens (Nagase et al. 2006). Indeed,
MMP-1 and MMP-13 colocalize with cleaved collagen in plaques (Sukhova et al. 1999).
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Metalloproteinases 9 and 12 fragment elastin, whereas MMP-3 and MMP-7 degrade cleaved
collagens and proteoglycan core proteins (Nagase et al. 2006). Hence, a large complement
of MMPs acting together could in theory completely degrade the arterial ECM. Extracellular
matrix degradation by MMPs could cause reduced fibrous cap thickness and collagen
content, which are typical features of plaques vulnerable to rupture. Another feature of
vulnerable plaques is abundance of macrophagederived foam cells, which are a prominent
source of several MMPs (see below). However, endothelial and vascular smooth muscle
cells (VSMCs) also secrete several MMPs (see below). Indeed, not all MMPs are markers
for plaque inflammation; levels of MMP-2 are increased in fibrous rather than atheromatous
human carotid plaques (Sluijter et al. 2006).

Effects of MMPs on Vascular Cells
Metalloproteinases can promote macrophage invasion (Shipley et al. 1996, Johnson et al.
2006a, 2006b), thereby increasing plaque inflammation. Metalloproteinases also promote
angiogenesis (Pepper 2001), another feature associated with vulnerable plaques. Together
with ECM destruction and fibrous cap thinning, these actions could precipitate plaque
rupture. On the other hand, MMP-2, MMP-9, and MMP-14 promote VSMC migration and
proliferation, which could increase fibrous cap thickness and promote plaque stability. As
previously reviewed (Newby 2006), MMPs detach VSMC from their basement membranes
before cell migration. Metalloproteinases also mediate shedding of VSMC surface
cadherins; this enables translocation of the transcriptional regulator, β-catenin, to the cell
nucleus and promotes VSMC proliferation. Extracellular matrix remodeling also enables
signaling from cell surface integrin receptors to focal adhesions, which modulates key cell-
cycle genes, including cyclin D1 and p21/p27 cyclin-dependent kinase inhibitors. In
summary, MMPs have the ability to promote or prevent plaque rupture (Newby 2005).
Which action predominates may depend on the spectrum of MMPs expressed, their levels of
activity, and the stage of plaque development.

Insights from Experimental Animal Studies
Acute plaque ruptures are rare in mice, except perhaps in the brachiocephalic artery under
extreme hypercholesterolemia (Johnson et al. 2005). Hence, increased lesion size,
abundance of macrophages, and decreased content of collagen or other matrix proteins are
generally used surrogate markers, by analogy with unstable human plaques.

The effects of MMP overactivity on plaque stability have been investigated by deleting
TIMP genes or overexpressing individual MMPs in apoplipoprotein E knockout mice. Two
studies agreed that TIMP-1 gene deletion increased vessel wall MMP activity and elastin
degradation, implying that MMPs destabilize plaques (Silence et al. 2002, Lemaitre et al.
2003). On the other hand, transgenic macrophage-specific overexpression of the human
collagenase, MMP-1, gene produced smaller, more stable plaques (Lemaitre et al. 2001).
Similar overexpression of pro-MMP-9 had little effect on plaque stability, but
overexpression of active MMP-9 induced plaque disruption, without significantly affecting
lesion size or macrophage content (Gough et al. 2006). Local adenovirusmediated
overexpression of pro-MMP-9 had no effect on size of early carotid lesions, but disrupted
advanced lesions (de Nooijer et al. 2006). In summary, unphysiologically high levels of
MMP-9 activity promoted plaque instability, especially in advanced plaques provoked by
extreme hypercholesterolemia. Overexpression of active metalloelastease, MMP-12,
promoted inflammation and reduced collagen in plaques in rabbits, but again only during
extreme hypercholesterolemia (Liang et al. 2006).
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Knocking out MMPs or modifying their substrates has also been used to define the roles of
individual MMPs in the apoplipoprotein E null mouse. Expressing collagenase-resistant
collagen-I or deleting the mouse collagenase, MMP-13, gene resulted in collagen
accumulation giving more stable plaques (Fukumoto et al. 2004, Deguchi et al. 2005).

Knocking out the gelatinase, MMP-2, by contrast, produced less stable lesions with fewer
smooth muscle cells compared with macrophages (Kuzuya et al. 2006), consistent with the
ability of MMP-2 to aid migration of VSMCs. The effects of MMP-9 deficiency was less
clear; one study showed reduced elastolysis in the aortic root implying greater stability
(Luttun et al. 2004), but another (Johnson et al. 2005) showed increased plaque size in the
brachiocephalic artery, with less collagen and more macrophages, implying less stable
plaques. These conflicting results might be rationalized by the opposing effects on plaque
stability of MMP-9-facilitated migration of VSMCs and macrophages.

Knockout of MMP-3 also led to discordant results; larger, more stable atherosclerotic
plaques were found in the aorta (Silence et al. 2001) but larger, less stable plaques in the
brachiocephalic artery (Johnson et al. 2005). Metalloproteinase 7 deletion had no effect
(Johnson et al. 2005).

Metalloelastase, MMP-12, deletion caused smaller, more stable lesions in the
brachiocephalic artery (Johnson et al. 2005) and reduced elastin degradation in the aortic
arch (Luttun et al. 2004). Both studies suggested that MMP-12 destabilizes plaques.

Taken together, the MMP knockout experiments support the dual role of MMPs. Several
MMPs had clear deleterious effects on plaque stability, consistent with the associative
evidence from human plaques. The effect of MMP-12 was particularly striking. On the other
hand, plaque-stabilizing effects were also noted, consistent with the known effects of MMPs
on migration and proliferation of VSMCs.

Effects of Reducing MMP Activity
Adenovirus-mediated TIMP-1 overexpression decreased plaque size and macrophage
content at the aortic root (Rouis et al. 1999), whereas TIMP-2 decreased plaque size and
markers of plaque rupture in brachiocephalic arteries (Johnson et al. 2006a, 2006b). These
encouraging data suggest that MMP inhibition can stabilize plaques. On the other hand, oral
administration of synthetic MMP inhibitors with a broad spectrum of activity similar to
TIMP-2 had no effect on lesion size or stability in mice (Prescott et al. 1999, Johnson et al.
2006a, 2006b). Tetracyclines, which inhibit MMP activity and expression, also had no effect
(Manning et al. 2003). These broad-spectrum MMP inhibitors may prevent both the harmful
and beneficial effects of MMPs and therefore have no overall effect; a narrow therapeutic
window also hinders clinical application (Peterson 2006). More selective inhibitors have
been generated (reviewed in Peterson 2006), including a series of compounds that are highly
selective for MMP-12 (Devel et al. 2006). It will be important to test whether such inhibitors
replicate the benefits seen in the mouse MMP knockout studies.

Targeting MMP Production
Given the limitations of direct MMP inhibitors, preventing MMP up-regulation and
activation of pro-MMPs could be more fruitful.

Endothelial and VSMCs
As reviewed in detail elsewhere (Newby 2005), production of pro-MMP-2, MMP-14,
TIMP-1, and TIMP-2 is constitutive. Inflammatory cytokines (e.g., interleukin [IL]-1 or
tumor necrosis factor α [TNF-α]), growth factors (e.g., platelet derived growth factor or
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fibroblast growth factor-2), and CD40L (a component of activated T-lymphocyte
membranes) induce MMP-1, MMP-3, and MMP-9 secretion and increase surface MMP-14.
Activation of several protein kinase C isoforms (Hussain et al. 2002), mitogen-activated
protein kinases (Cho et al. 2000), and the nuclear factor κB (NF-κB) pathway (Bond et al.
2001) appears to combine in mediating MMP up-regulation. Targeting specific cytokines or
signaling pathways could therefore reduce MMP activity in plaques. For example, inhibition
of CD40L stabilizes plaques in mice (Lutgens et al. 1999), which could in part be due to
effects on MMPs. Compared with other MMPs and TIMPs, TIMP-3 shows an unusual
pattern of up-regulation by transforming growth factor (TFG-β) and platelet derived growth
factor in VSMCs (Fabunmi et al. 1996), perhaps contributing to the atheroprotective effects
of TGF-β.

Monocyte/Macrophages
Peripheral blood monocytes do not express any MMP at high levels. However, attachment to
tissue culture plastic or a variety of ECM components triggers up-regulation of MMP-9,
MMP-10, MMP-14, and MMP-19 (Bar-Or et al. 2003). Monocytes probably up-regulate
these mechanisms during their initial recruitment into inflammatory foci. Engagement of
cell surface lectins and integrins causes rapid synthesis of prostaglandin E2, which turns on
MMP transcription via the EP4 prostaglandin receptor and cyclic adenosine monophosphate
accumulation (Cipollone et al. 2005, Pavlovic et al. 2006) (Figure 2). As a consequence,
antagonists at the EP4 receptor that strongly suppress MMP production (Cipollone et al.
2005, Pavlovic et al. 2006) could be useful in stabilizing plaques. Up-regulation of MMP-9
and MMP-14 also occurs during transformation of monocytes to macrophages and could
promote macrophage invasion through the intima.

Exposure of human monocyte-derived macrophages to lipopolysaccharide, TNF-α, CD40L,
or oxidized low-density lipoprotein (LDL) up-regulates MMP-1 and MMP-14 via NF-κB
(Chase et al. 2002) and serum amyloid A activating factor 1 (Ray et al. 2004) transcription
factors, respectively (Figure 2). Metalloproteinase 3 is also expressed in a NF-κB-dependent
way (Chase et al. 2002), although the mediators responsible are unclear. These MMPs
probably mediate intimal remodeling in early atherosclerosis because they appear in early
fatty streak lesions (Aikawa et al. 1998, Aikawa et al. 2001). In addition, MMP-1 and
MMP-3 are selectively up-regulated in foam cells compared with those in nonfoamy
macrophages (Galis et al. 1995, Chase et al. 2002). Metalloproteinase 12 is also up-regulated
in foam cells but, unlike MMP-1, it is not up-regulated by treating macrophages with
oxidized LDL alone (Thomas et al. 2007). Moreover, MMP-12 seems more selectively
localized to the core of advanced plaques, in macrophages that have decreased arginase-I
expression, a marker of additional activation (Thomas et al. 2007). In human plaques,
MMP-12 (and MMP-7) localizes selectively to macrophages at the borders of the lipid core
(Halpert et al. 1996). These data suggest that expression of MMP-12 marks a late stage of
foam cell maturation (see Figure 2).

Other Mechanisms for Suppressing MMP Activity
As previously reviewed (Newby 2005), physiologic regulators that prevent MMP
overexpression include nitric oxide, heparin and heparan sulfate proteoglycans, TGF-β,
interferon-γ, IL-4, and IL-10. The established atheroprotective roles of TGF-β and IL-10
could be partly explained by effects on MMPs. On the other hand, interferon-γ (a cytokine
secreted by T helper 1 lymphocytes) and IL-4 (a cytokine secreted by T helper 2
lymphocytes) and are on balance both proatherogenic despite their inhibitory effects on
MMPs.
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Statins are potent lipid-lowering drugs that prevent atherosclerosis progression and coronary
events. Statins reduce expression and secretion of MMP-1, MMP-2, MMP-3, and MMP-9
from macrophages and smooth muscle cells in vitro and in rabbit and human atheroma
(Bellosta et al. 1998, Aikawa et al. 2001, Crisby et al. 2001, Luan et al. 2003), but they
increase TIMP-1 expression (Crisby et al. 2001). Hence, statin treatment may stabilize
plaques in part by inhibiting MMP secretion. peroxisomal proliferator-activated receptor α
and γ ligands, which inhibit MMP-9 secretion from smooth muscle cells (Marx et al. 1998a,
1998b) and macrophages (Marx et al. 1998a, 1998b, Shu et al. 2000) also have established
therapeutic potential against atherosclerosis to which inhibition of MMP expression might
contribute.

Conclusions
Histologic studies provide strong associative evidence that some MMPs promote plaque
vulnerability in man. Experiments in genetically modified mice provide important proof of
principle that high levels of MMP activity can promote instability of advanced plaques
formed in extreme models of hypercholesterolemia. Other studies show plaque-stabilizing
effects of some MMPs, consistent with their known effects to promote migration and
proliferation of VSMC. The end result, plaque growth or rupture, may depend on the
spectrum of MMPs expressed, their level of activity, and the stage of plaque development.
The observation that macrophages express a wider spectrum of MMPs, including MMP-7
and MMP-12, in advanced human and rabbit plaques suggests the intriguing possibility that
this pattern marks a distinct macrophage phenotype. Currently available broad-spectrum
MMP inhibitors have little net effect on plaque progression or vulnerability in animal
models at clinically tolerable concentrations. Hence, interventions selectively targeting
individual MMPs seem worthwhile. Given the location of MMP-12 in advanced plaques and
the protective effects of MMP-12 knockout in mice, selective inhibitors of this MMP seem
particularly interesting. Targeting the mainly inflammatory pathways that lead to
overproduction MMPs is another attractive approach.
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Figure 1.
Metalloproteinase production and activity. Metalloproteinases are synthesized as proforms
in the rough endoplasmic reticulum (RER) and mostly secreted via the endosomal pathway.
Secreted MMPs are activated by removal of a propeptide in the extracellular compartment.
Membrane-type MMPs (e.g., MMP-14) are activated by furins in the endosomes and
expressed on the cell surface. A few active MMPs have the ability to make the initial one-
fourth, three-fourths cleavage of fibrillar collagens, whereas other MMPs cooperate in the
destruction of cleaved collagen and other matrix components. Tissue inhibitors of MMPs are
secreted and inactivate MMPs by blocking their catalytic sites.
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Figure 2.
Staged up-regulation of MMPs in plaque macrophages. Blood monocytes express low levels
of MMPs but up-regulate MMP-9 and MMP-14 on contact with cells and surfaces, probably
via postaglandin E2 and cyclic adenosine monophosphate. Differentiation to macrophages
also up-regulates MMP-9 and MMP-14, which together with pro-MMP-2 from smooth
muscle cells, facilitate movement into the intima. Lipopolysaccharide, inflammatory
cytokines, CD40L, and oxidized LDL up-regulate MMP-1 and further increase MMP-14.
Metalloproteinase 3 is also found in early fatty streaks. Transcription factors NF-κB and
serum amyloid A activating factor 1 are implicated. Metalloproteinases 7 and 12 are up-
regulated in deep macrophages of advanced plaques; the pathways responsible are unclear.
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