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The extracellular matrix plays an essential role in the integrity of the cardiovascular system. Under normal conditions,
elastin and collagen fibers resist spontaneous breakdown and can only be degraded by matrix metalloproteinases
(MMPs) or, indirectly, by plasminogen activators (PAs). Because these proteinases are potent, their activity in vivo
requires tight control. Hence, they are secreted as inactive zymogens that can be activated by other proteinases, such as
plasmin. In addition, their activity is neutralized by proteinase inhibitors endogenous to the various tissues. Activated
inflammatory cells, which are rich sources of collagenolytic and elastolytic proteinases, are absent in the noninflamed
vessel and heart. Under resting conditions, therefore, proteinase inhibitors predominate over activators in the
cardiovascular system (Figure 1a). During inflammation, the proteolytic balance tilts and the resultant net proteolysis
causes erosion, fragmentation, and dissolution of the elastic laminae and collagen bundles (Figure 1a). This pattern of
events may occur acutely or sub-acutely after organ transplantation (1, 2) or myocardial infarction (3) or more chronically
during atherosclerosis (4). Rupture of an abdominal aortic aneurysm accounts for 2% of all deaths in men over 60 years
of age (5), while cardiac rupture accounts for 5 to 31% of in-hospital mortality after acute myocardial infarction in middle-
aged patients (6). Both disorders are unpredictable, are usually fatal, and have few available treatments (5, 6).
Remarkably, […]
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The extracellular matrix plays an essen-
tial role in the integrity of the cardiovas-
cular system. Under normal conditions,
elastin and collagen fibers resist sponta-
neous breakdown and can only be
degraded by matrix metalloproteinases
(MMPs) or, indirectly, by plasminogen
activators (PAs). Because these proteinas-
es are potent, their activity in vivo
requires tight control. Hence, they are
secreted as inactive zymogens that can be
activated by other proteinases, such as
plasmin. In addition, their activity is neu-
tralized by proteinase inhibitors endoge-
nous to the various tissues. Activated
inflammatory cells, which are rich
sources of collagenolytic and elastolytic
proteinases, are absent in the nonin-
flamed vessel and heart. Under resting
conditions, therefore, proteinase inhib-
itors predominate over activators in the
cardiovascular system (Figure 1a). Dur-
ing inflammation, the proteolytic bal-
ance tilts and the resultant net proteoly-
sis causes erosion, fragmentation, and
dissolution of the elastic laminae and col-
lagen bundles (Figure 1a). This pattern of
events may occur acutely or sub-acutely
after organ transplantation (1, 2) or
myocardial infarction (3) or more chron-
ically during atherosclerosis (4).

Rupture of an abdominal aortic an-
eurysm accounts for 2% of all deaths in
men over 60 years of age (5), while car-
diac rupture accounts for 5 to 31% of
in-hospital mortality after acute
myocardial infarction in middle-aged
patients (6). Both disorders are unpre-
dictable, are usually fatal, and have few
available treatments (5, 6). Remarkably,
genetic predisposition factors or crite-
ria for identifying patients at risk for
aortic or cardiac rupture remain largely
undetermined. A better understanding
of the mechanisms might allow these
catastrophic events to be prevented, but
the absence of reliable animal models
has blocked progress in this field (7).

Indirect evidence suggests that the
plasminogen system, including the acti-
vators urokinase-type PA (u-PA) and tis-
sue-type PA (t-PA) and the plasminogen
activator inhibitor PAI-1 as well as the
MMPs, contributes to the formation of
aortic, cerebral, and cardiac aneurysms
(8–11). Based on in vitro activities and in
vivo expression data, MMP-9 (gelatinase
B) and MMP-12 (metalloelastase) in par-
ticular have been presumed to play a role.
In this issue of the JCI, Pyo et al. (12) pro-
vide direct genetic evidence that MMP-9
plays an essential role in a mouse model
of nonatherosclerotic aortic aneurysm
formation. In their system, perfusion of
pancreatic elastase into the aorta did not
cause sufficient degradation of elastin
fibers for aneurysmal dilation. Rather, it
generated chemotactic matrix degrada-
tion products that induced a strong

inflammatory infiltration, leading to
aneurysm formation. In contrast to wild-
type mice, aortas in MMP-9–deficient
mice did not undergo aneurysmal dila-
tion, despite the fact that they developed
a comparable inflammatory infiltration.
Surprisingly, MMP-12–deficient mice
were not protected. However, MMP-12
appeared to cooperate with MMP-9 in
vessel wall destruction, as mice lacking
both proteinases enjoyed greater protec-
tion from aneurysmal pathogenesis.

This study contributes in several
respects to our understanding of car-
diovascular proteinases. First, it pro-
vides direct genetic evidence for an
involvement of MMPs — in particular,
for the predominant role of MMP-9 —
in aneurysm formation, albeit in a
nonatherosclerotic aneurysm model.
Second, it highlights tissue-specific
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Figure 1
(a) Proteinase inhibitors predominate in the quiescent vessel, while net proteolysis degrades the
media and causes aneurysmal rupture during atherosclerosis. EC, endothelial cell; SMC, smooth
muscle cell; Mφ, macrophage; EL, elastic lamina. (b) Inflammatory cells produce plasminogen (Plg)
activators that activate plasmin, which degrades fibrin, laminin, and fibronectin. By activating
zymogen pro-MMPs, plasmin orchestrates degradation of collagen and elastin, leading to com-
plete destruction of all vessel wall matrix components.



roles for the different MMPs. Thus, it
appears that MMP-12 is more impor-
tant in pulmonary emphysema than in
aneurysm formation. So, targeting
MMP-12 activity might prove therapeu-
tic for pulmonary disorders without
causing significant adverse effects on
the cardiovascular system. Third, it pro-
vides proof of principle that inhibitors
of MMPs, especially MMP-9, could be
used to prevent aortic aneurysms and
cardiac rupture. Thus, it extends previ-
ous reports of a protective effect of the
inhibition of MMPs or the overexpres-
sion of either PAI-1 or tissue inhibitor of
metalloproteinases–1 (3, 13–15). Final-
ly, it provides insight into the molecular
basis of aneurysm formation. This study
should provide the impetus for con-
ducting genetic screens to identify
defects in MMP9 or other proteinase
genes that might predispose to destruc-
tive cardiovascular disorders.

A number of questions remain. First, is
MMP-9 the therapeutic target of choice?
MMP-9–deficient mice are protected
against aneurysmal dilation, as seen in
this study (12), and also from cardiac
rupture (3). However, MMP-9 can
degrade collagen only after initial cleav-
age by interstitial collagenases. Therefore,
some degree of collagenolysis and tissue
weakening probably occurs even in
MMP-9–deficient mice, although the
residual cleavage is apparently insuffi-
cient to cause aneurysmal dilatation. u-
PA–deficient mice are completely pro-
tected from rupture of atherosclerotic

aortic aneurysms and ischemic myo-
cardium and show reduced activation of
MMP-9 (3, 4). Since u-PA and plasmin
also lead to activation of MMPs -3, -12,
and -13, u-PA orchestrates the activation
of an entire cascade of downstream
MMP effectors (Figure 1b). Hence, u-PA
and interstitial collagenases might pres-
ent alternative, perhaps preferable, tar-
gets. Second, dilation of the aorta
requires elastolysis, whereas rupture of
the vessel wall depends on collagenolysis.
In the present experimental system, rup-
ture does not occur, so it remains uncer-
tain whether MMP-9 contributes to this
life-threatening event. Third, would ther-
apeutic use of proteinase inhibitors cause
harmful side effects? Proteinases partici-
pate in reproduction, wound healing,
and angiogenesis, among many other
essential processes. In addition, pro-
longed administration of proteinase in-
hibitors can promote cardiac failure by
impairing healing and therapeutic angio-
genesis after infarction (3). Despite this
concern, the compelling evidence from
this study that proteinases act in
aneurysmal pathogenesis may suggest
clinical applications for proteinase in-
hibitors in blocking progression of these
fatal disorders.
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