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Matrix metalloproteinases and myocardial infarction
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Acute myocardial infarction (AMI) is one of the most
important health problems in many nations around the

world. It may be found in many age groups, but is predominant
among elderly people (1). The incidence of AMI has been
increasing, possibly due to the changes in lifestyle and dietary
intake that lead to an increase in coronary risk factors for car-
diovascular disease.

AMI has devastating consequences in the early phase, such
as cardiac rupture, and in the chronic phase, such as chronic
heart failure, for which the risk is mainly determined by infarct
size (2). Larger infarct size induces gross morphological, histo-
logical and molecular changes of the infarcted and noninfarcted
regions. These changes are known as the cardiac remodelling
process. The degree of cardiac remodelling is closely related to
the incidence of cardiac arrhythmias, heart failure and mortal-
ity (3). Cardiac remodelling involves changes in cardiac
myocytes and in the extracellular matrix (ECM). The ECM
contains a wide array of structural proteins, such as fibrillar col-
lagen, proteoglycans and glycosaminoglycans, and serves as a

reservoir for biologically active molecules. Because myocardial
collagens maintain the structural integrity of adjoining
myocytes and provide the means by which myocyte shortening
is translated into cardiac pump function, changes in the ECM
result in a loss of normal structural and functional myocardium. 

Matrix metalloproteinase (MMP) is a proteolytic enzyme
that has been identified in the myocardium, and is likely to con-
tribute to ECM changes and myocardial remodelling. In the past
few decades, growing evidence from basic and clinical studies
have demonstrated the important role of MMPs in the progres-
sion of left ventricular dimension, remodelling and mortality fol-
lowing AMI. In the present article, MMP expression after AMI
and its role as a possible prognostic marker are reviewed.
Currently available data regarding the role of MMP inhibitors as
a possible novel therapeutic intervention are also discussed.

The MMP family
MMPs are a family of protease enzymes composed of more than
25 individual members. All MMPs share the following
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Acute myocardial infarction (AMI) is currently one of the most

important health problems in many countries around the world.

Following AMI, many cytokines and proteolytic enzymes are released.

Among these, matrix metalloproteinases (MMPs) are important pro-

teolytic enzymes that lead to degradation of the extracellular matrix

and to changes in cardiomyocytes in both infarcted and noninfarcted

myocardium. This process is known as cardiac remodelling. It has

been demonstrated that more than one type of MMP is present in the

circulation after cardiomyocyte injury. A number of studies have

demonstrated the correlations between these MMP levels and the

severity of a coronary lesion, the progression of left ventricular dimen-

sion and the survival rate following AMI in both animal and human

studies. MMPs have also been proposed as a possible novel prognostic

indicator for myocardial infarction patients. Although the use of

MMP inhibitors to improve cardiac outcome in AMI patients has

been investigated, discrepancies in the results from those studies indi-

cate that further research is still needed to warrant their beneficial

effects. In the present review article, the roles of MMPs as prognostic

indicators, as well as the factors influencing MMP expression, are dis-

cussed. Current findings on the role of MMP inhibitors in cardiac

remodelling and the prognosis after AMI in both animal models and

clinical studies are also examined.
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Les métalloprotéinases matricielles et
l’infarctus du myocarde

L’infarctus aigu du myocarde (IAM) est l’un des principaux problèmes de

santé dans le monde, aujourd’hui. Après un IAM, il y a libération de

nombreuses cytokines et enzymes protéolytiques. Les métalloprotéinases

matricielles (MPM), enzymes protéolytiques importantes, entraînent la

dégradation de la matrice extracellulaire et une modification des

cardiomyocytes, et ce, tant dans le myocarde infarci que dans le myocarde

non infarci. Le processus s’appelle « remodelage cardiaque ». Il a été

démontré que plus d’un type de MPM se trouve dans la circulation après

une lésion des cardiomyocytes. Des corrélations ont été établies entre le

taux de MPM et la gravité des lésions coronariennes, l’évolution de la

grosseur du ventricule gauche et le taux de survie après un IAM dans des

études expérimentales sur animal et dans des recherches chez les humains.

Des chercheurs ont aussi suggéré de faire des MPM un nouvel indicateur

de pronostic chez les patients ayant subi un infarctus aigu du myocarde.

Même si des études ont été menées sur l’utilisation des inhibiteurs des

MPM dans le but d’améliorer l’état du cœur après un IAM, des résultats

divergents indiquent la nécessité de poursuivre les recherches sur le sujet

afin de confirmer leurs bienfaits. Il sera question, dans le présent exposé de

synthèse, du rôle des MPM comme indicateur de pronostic et des facteurs

qui influent sur l’expression des MPM. Nous examinerons également les

résultats actuels sur le rôle des inhibiteurs des MPM dans le remodelage

cardiaque et sur le pronostic après un IAM dans des modèles animaux et

dans des études cliniques.
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functional features (4): they degrade the ECM component;
almost all of them are secreted in a latent proform and need to
be activated for their proteolytic activity, except MMP-11,
which is released to the ECM as an active enzyme; they con-
tain zinc at their active site; they require calcium for their sta-
bility; they function at neutral pH; and they are inhibited by
specific tissue inhibitors of metalloproteinases (TIMPs). 

The MMP family shares a similar basic domain structure
(Figure 1) and can be divided into four groups based on struc-
ture and in vitro substrate specificity for various ECM compo-
nents (Table 1). The first group is known as the collagenases.
These include MMP-1 (interstitial collagenase), MMP-8 (neu-
trophil collagenase) and MMP-13 (collagenase III), and all of
them can cleave fibrillar collagens types I, II and III. The sec-
ond group contains the gelatinases, including MMP-2 and
MMP-9, which are known for their ability to degrade gelatins.
Gelatinases are also capable of degrading collagen type IV in
basement membranes. The third group constitutes the
stromelysins (MMP-3, -10 and -11). They are active against a
broad spectrum of ECM components, including proteoglycans,
laminins, fibronectin, vitronectin and some types of colla-
gens. The last group contains the membrane-type (MT)
MMPs, which degrade several ECM components and are also
able to activate other MMPs. MT-MMPs are tethered to the

cell membrane by one of two ways: either they have trans-
membrane domains with small cytoplasmic tails or they are
anchored to the membrane by glycosylphosphatidylinositol.
MT-MMPs are proteolytically diverse and serve several biolog-
ical functions, including degradation of the local ECM, activa-
tion of other MMPs and processing of other biologically active
signalling molecules (5). 

Recently, more evidence has demonstrated that substrate
specificity is not absolute, but gradual. For example, gelatinase,
which was formerly assumed to specifically degrade gelatin
(denatured collagen), has been found to be able to degrade fib-
rillar collagen. This finding suggests that gelatinase is an impor-
tant enzyme in AMI, because it can initiate and continue the
degradation of the fibrillar collagen (6). All cell types in the
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Figure 1) A Basic domain structure of a matrix metalloproteinase
(MMP). MMPs contain at least three homologous protein domains:
the signal peptide, which is a domain that targets the enzyme for secre-
tion; the propeptide domain, which is removed when the enzyme
becomes activated; and the catalytic domain, which contains the zinc-
binding region and is responsible for the proteolytic activity of the
enzyme. B Structural differences between various classes of MMPs. In
gelatinases, the catalytic domain contains the gelatin-binding domain,
which is homologous with the collagen-binding domain of fibronectin.
The hemopexin domain has been shown to play a functional role in
substrate binding and interactions with tissue inhibitors of metallopro-
teinases. Membrane-type MMPs contain a transmembrane domain at
the C-terminal end. Modified from reference 4 with permission

TABLE 1
Matrix metalloproteinases (MMPs) and their substrates

MMP
Enzyme classification Substrate

Gelatinases

Gelatinase A MMP-2 Gelatin, collagens I, IV, V, VII and X, 

fibronectin, laminins, aggrecan, 

tenescin-C, vitronectin

Gelatinase B MMP-9 Gelatin, collagens IV, V and XIV, aggrecan,

elastin, entactin, vitronectin

Collagenases

Interstitial MMP-1 Collagens I, II, III, VII and X, gelatin, 

collagenase entactin, aggrecan

Neutrophil MMP-8 Collagens I, II and III, aggrecan

collagenase

Collagenase III MMP-13 Collagens I, II, III, gelatin, fibronectin, 

laminins, tenascin

Collagenase IV MMP-18 Not known

Stromelysins

Stromelysin 1 MMP-3 Gelatin, fibronectin, laminins, collagens III, 

IV, IX and X, tenascin-C, vitronectin

Stromelysin 2 MMP-10 Collagen IV, fibronectin, aggrecan

Stromelysin 3 MMP-11 Fibronectin, gelatin, laminins, 

collagen IV, aggrecan

MT-MMPs

MT1-MMP MMP-14 Collagens I, II and III, fibronectin, laminins,

vitronectin, proteoglycans, activated 

pro-MMP-2 and pro-MMP-13

MT2-MMP MMP-15 Activated pro-MMP-2

MT3-MMP MMP-16 Not known

MT4-MMP MMP-17 Activated pro-MMP-2

MT5-MMP MMP-24 –

MT6-MMP MMP-25 –

Other

Matrilysin MMP-7 Gelatin, fibronectin, laminins, collagen IV, 

tenascin-C, elastin, vitronectin, aggrecan

Metalloelastase MMP-12 Elastin

Enamelysin MMP-20 Aggrecan

MMP-23 –

Endometase MMP-26 –

Unnamed MMP-19 Not known

MT Membrane-type. Modified from reference 4 with permission
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myocardium, either in a basal condition (myocytes, fibroblasts
and endothelial cells) or in response to inflammation
(macrophages and neutrophils), can normally express one or
more types of MMPs (7). 

In addition to the action of MMPs on the ECM, MMPs
also have various effects on cardiac myocytes and endothelial
cells. It has been shown that MMP-2 plays a proapoptotic role
in beta-adrenergic receptor-stimulated apoptosis in adult rat
ventricular myocytes (8,9). In a chronic heart failure model
(10), MMP-9 has been shown to play a role in endothelial
cell apoptosis and endothelial-myocyte uncoupling. In the
present review, the roles of MMPs on the ECM are mainly
discussed. 

Regulation of MMP activity
MMP activity can be regulated at three levels, including tran-
scription, activation of the proenzyme and endogenous inhibi-
tion. The expression of MMPs varies among different
physiological and pathological states. The level of expression
for most MMPs is generally low in normal adults.
Proinflammatory cytokines such as interleukin (IL)-1 and -6,
transforming growth factor-beta (TGF-β) and tumour necrosis
factor-alpha, as well as growth factors such as epidermal growth
factor and platelet-derived growth factor, can stimulate MMP
synthesis (4). Corticosteroids, heparin and IL-4 can inhibit
MMP gene expression (4). The response to these factors
depends on the MMP and the cell type. For example, TGF-β
stimulates MMP-2 and MMP-9, but inhibits MMP-1 and
MMP-3 synthesis (11). In addition, the synthesis of MMPs can
be stimulated by a cell surface protein termed the ECM metal-
loproteinase inducer (12). 

Almost all MMPs are secreted as proenzymes, and their
enzyme activities are inhibited at active sites by bonding
between the propeptide and the active site (zinc). Proteolytic
cleavage at the propeptide domain dissociates this bond and
exposes the active site (7). Several proteinases are involved in
proteolytic cleavage activation, including plasmin, trypsin,
chymase, elastase and kallikrein. Among these proteinases,
plasmin is thought to be the most potent physiological activa-
tor (4). MMP-11 and MT-MMP are different from the other
MMPs in activation. MMP-11 is cleaved intracellularly and
secreted as an active enzyme. MT-MMPs are also activated
intracellularly, and their active forms can subsequently acti-
vate other MMPs (13). 

MMP activity is inhibited specifically in the tissue by
TIMPs. TIMPs are a family of enzymes that inhibit the activity
of MMPs, and they consist of four structurally related mem-
bers: TIMP-1, -2, -3 and -4 (4). All TIMPs inhibit all MMPs
with different specificities. TIMPs interact with the zinc bind-
ing site of the catalytic domain of active MMPs and prevent
substrate access. They can also bind the latent MMPs at the
amino terminus to prevent autoactivation (14) and have some
degree of specificity for MMP inhibition. TIMP-1 potently
inhibits the activity of most MMPs, with the exception of
MMP-2 and MT1-MMP. TIMP-2 is a potent inhibitor of most
MMPs except MMP-9. In addition, TIMP-2 can form a com-
plex with MT1-MMP at the cell membrane, which possibly
plays a regulatory role in the proteolytic activation of MMP-2.
An insoluble ECM-bound TIMP-3 has been shown to bind
MMP-1, -2, -3, -9 and -13. TIMP-4 inhibits MMP-1, -3, -7 and
-9, and shows a high level of expression in adult human cardiac
tissue. Despite the existence of some TIMPs in plasma, the

majority of MMPs in plasma are nonspecifically inhibited by
alpha2 macroglobulin (15).

Myocardial infarction and MMPs 
Following AMI, myocytes and the interstitium are changed
immediately. With a light microscope, it can be seen that
severe prolonged ischemia can cause myocyte vacuolization,
often termed myocytolysis (16). Myocytolysis is characterized
by cell swelling, lysis of myofibrils and nuclei, absence of neu-
trophilic response, and healing by lysis and phagocytosis of
necrotic myocytes, ultimately leading to scar formation (16).
With an electron microscope, it can be seen that infarcted car-
diac myocytes are reduced in size and the number of glycogen
granules. They also have intracellular edema, cell swelling, and
distortion of the transverse tubular system, sarcoplasmic retic-
ulum and mitochondria (17). The swollen mitochondria
obtained from ischemic myocardium contain deposits of cal-
cium phosphate and amorphous matrix densities, which repre-
sents the irreversible phase of myocardial infarction (MI) (16).
Regarding the interstitial tissue, ventricular interstitial con-
nective tissue is normally rich in type I and type III fibrillar
collagen (16). The nature of collagen in the ECM is deter-
mined by the balance between MMPs and TIMPs. The imbal-
ance between MMPs and TIMPs is the major factor
responsible for cardiomyocyte and interstitial changes follow-
ing AMI in the infarcted and remote areas (18-20).

The activities of MMPs and TIMPs have been comprehen-
sively evaluated in clinical and experimental studies. Several
species of animals were studied at different times and in various
enzymes. Herzog et al (21) were the first to demonstrate the
early increasing activity of MMP-1 and MMP-2 1 h after coro-
nary ligation in both the infarcted and noninfarcted zones.
MMP-9 was increased in the infarcted zone 2 h after MI.
Cleutjens et al (22) demonstrated a rise in MMP-1 that began
on day 2 after AMI was induced in a rat heart and peaked on
day 7, before declining thereafter at the infarcted zone. The
changes in MMP-2 and MMP-9 were seen in a similar way.
The investigators also demonstrated an increase in TIMP
mRNA in the infarcted zone 6 h after AMI, which reached a
maximum on day 2 before slowly declining. No changes in
MMP activity in the remote area were seen. MMP activity was
measured by zymography in that study (22). Using near-
infrared fluorescent imaging, Chen et al (23) demonstrated
that MMP-1 and MMP-9 levels in mice were increased in the
infarcted zone two to four days after AMI was induced and
increased afterward. MMP-9 was also increased in the remote
area on day 4 after AMI, with a lower level than in the infarcted
zone. MMP-2 was increased at one week after MI, and reached
a maximum at two and three weeks in the infarcted zone; it
also presented in the remote area at a low but detectable level
(23). The study also demonstrated that MMP-9, which
increased in the myocardium, was leukocyte-derived. From a
large animal study (24), AMI was induced in sheep, and the
tissue levels of MMPs and TIMPs were studied at eight weeks.
Wilson et al (24) found that the region- and type-specific
changes in MMPs occurred after MI. For example, levels of
MMP-1 and MMP-9 were unchanged in the remote area, sig-
nificantly decreased in the transitional zone and were unde-
tectable in the infarcted region, while MMP-13, MMP-8 and
MT1-MMP significantly increased in the transitional and
infarcted regions compared with the control region. TIMP
abundance decreased significantly in the transition region after
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MI and fell to undetectable levels within the MI region (24).
The study also demonstrated that increased MT1-MMP levels
and decreased TIMP-4 levels correlated to the extent of
regional left ventricular remodelling (24).

In clinical studies of AMI patients, there were differences in
patient characteristics, interventions, as well as timing and
methods of MMP measurement, which could be the reason for
the discrepancies in findings. In AMI patients on medical
therapy (25), using a sandwich enzyme immunoassay, which
could not distinguish between the active and inactive MMP
proenzymes,  patient serum MMP-2 levels on day 0 were
increased twofold and sustained until day 7. MMP-9 had two
different serial changes. In one-half of AMI patients, significant
MMP-9 elevations (twofold increase versus the control group)
were seen on day 0, and the levels remained higher than in
control subjects until day 3 before gradually decreasing. In the
other one-half of patients, MMP-9 levels were similar to those
in the control group on day 0 and were then transiently
increased, with a peak on day 3 before gradually decreasing
(25). There are no provided data of any clinical characteristic
differences between the two groups of temporal change pat-
terns. In another study (26) of acute ST-segment elevation MI
(STEMI) patients in which the majority received thrombolytic
therapy, when using the same technique (sandwich enzyme
immunoassay), plasma MMP-9 levels peaked on days 1 and 4,
and decreased on day 2 (26). 

In patients with AMI who underwent successful reperfusion
therapy with angioplasty, MMP-1 was below the control level
for the initial four days, increased thereafter to reach peak con-
centration around day 14 and then returned to the control range
(27). Serum TIMP-1 was below the control level on admission,
gradually increased and reached a peak around day 14 (27). In
patients with suspected acute coronary syndrome who under-
went cardiac catheterization, MMP levels were measured and
compared between patients with and without confirmed AMI.
MMP-1 levels increased during the hospital stay in patients with
confirmed MI (28). MMP-2 levels in AMI patients were found
to be higher at baseline and throughout the monitoring period
than in patients confirmed to not have had MI. MMP-9 levels in
AMI patients were lower in those who were confirmed to not
have MI throughout the period. Recently, using zymography to
measure MMP activity, Wagner et al (29) demonstrated that in
acute STEMI patients within 24 h, plasma MMP-9 levels at the
time of percutaneous coronary intervention were higher than in
the control group, while MMP-2 levels were not different (29).

MMP levels may be increased by cardiac interventions such
as stent implantation or balloon angiography (30). The
increase in MMP level is greater after stent implantation than
after other cardiac interventions (30). MMP-9 and MMP-2
levels were found to rise after stent implantation and balloon
angiography (30). Subjects undergoing percutaneous revascu-
larization had higher MMP-9 levels following revasculariza-
tion than those who underwent angiography without
angioplasty (28). MMP-1 levels were increased 24 h after
coronary angioplasty (28). After cardiac intervention, tran-
sient increases in TIMP-1 and -2 were also observed. However,
the levels were no different between balloon angiography and
stent implantation (30).

Factors influencing MMP expression
It has been proposed that there may be other factors control-
ling the expression of MMPs and TIMPs. Creemers et al (31)

demonstrated that the plasminogen system plays an important
role in cardiac wound healing after MI in mice. Plasminogen-
deficient mice were shown to have depressed MMP-2 and
MMP-9 activity. Furthermore, necrotic cardiomyocytes were
not removed, and the formation of granulation and fibrous tis-
sue did not occur in these mice (31,32). Elevated plasma brain
natriuretic peptide levels have been shown to cause an
increase in MMP-9 activity (33). At this time, few data are
available regarding the factors that control MMPs.

Recently, several investigators have identified MMP genes
that may relate to the development of coronary artery disease
and MI. A report (34) demonstrated that the MMP-3 5A allele
is a marker for determining susceptibility to MI in Chinese
people. However, a recent study (35) did not find a correlation
between 5A/6A polymorphisms in the MMP-3 gene and the
risk of coronary heart disease and AMI. In that study, serum
MMP-3 levels were not different between genotypes. Pollanen
et al (36) reported that there was a significant interaction
between MMP-3 and MMP-9 genotypes in an area of compli-
cated lesions (ie, a plaque area with ulceration or thrombosis).
They found that men with high promoter activity genotypes of
both loci had, on average, an area of complicated lesions more
than two times larger than men who had low promoter activity
genotypes. Further investigations are needed to identify the
definite factor(s) influencing MMP expression.

MMPs as a prognostic indicator
MMPs play a role in coronary artery disease in the aspects of
both atherosclerotic plaque and myocardium after MI.
Therefore, the role of MMPs as a prognostic indicator can be
through the factor that provokes acute coronary events from
vulnerable plaque and that which is involved in cardiac
remodelling. 

Regarding the role in atherosclerotic plaque, previous stud-
ies (37,38) have demonstrated that the plasma MMP-9 level in
patients with coronary artery disease correlated to the severity
of coronary atherosclerotic plaques and the presence of plaque
rupture in the culprit lesion. The prognostic role of MMP-9 was
also demonstrated by Blankenberg et al (39), who demonstrated
that the MMP-9 level could be used as a predictor for cardio-
vascular mortality in patients with coronary artery disease (24).
Additionally, MMP-9 levels correlated with the survival rate in
patients after successful cardiopulmonary resuscitation (40). In
a cross-sectional study, Renko et al (41) reported similar find-
ings, in that the MMP-9 level was an independent predictor of
recurrent MI in patients with a history of AMI. 

The expression of MMP-1 has been observed at a higher
level in ruptured plaques than in the unruptured plaques of
patients with AMI or unstable angina (42). MMP-3 level has
been proposed as a possible marker of plaque instability in
patients with acute coronary syndrome (43). Concerning the
role of MMPs as a prognostic indicator for cardiac remodelling,
a number of studies (26,40,41) found a relationship between
the levels of MMPs and the prognosis of injured myocardium. 

MMP-9 and MMP-2 have been studied for their roles in left
ventricular remodelling. Squire et al (26) demonstrated that in
patients with acute STEMI, the peak serum MMP-9 level cor-
related with echocardiographic and neurohormonal measure-
ments of left ventricular dysfunction six weeks after AMI. This
role was confirmed by two recent studies (29,44). Matsunaga
et al (44) showed a positive correlation between gelatinous
activity (MMP-9 and MMP-2) after two weeks in AMI
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patients with successful coronary angioplasty, as well as
changes in left ventricular volume in the next six months.
Wagner et al (29) also found that MMP-9 appears to be a
robust and very early marker of left ventricular remodelling in
patients with AMI treated with primary angioplasty and stent-
ing. MMP-9 appears to better risk-stratify patients with MI
than does pro-brain natriuretic peptide, tumour necrosis
factor-alpha, high-sensitivity C-reactive protein or creatine
kinase. However, inconsistent findings in the correlation of
MMP-2 level and left ventricular remodelling were observed
between the two studies. Squire et al (26) found a higher left
ventricular volume associated with lower plasma MMP-2 lev-
els. The discrepancies in their findings may be due to different
patient characteristics and methods of MMP measurement.
The former study included patients who received thrombolytic
therapy, which can affect the MMP level, whereas the latter
study included patients who underwent primary percutaneous
coronary intervention. MMP levels were measured in the for-
mer study, whereas MMP activity was determined in the latter
study. 

MMP-1 levels have also been shown to negatively correlate
with left ventricular ejection fraction after AMI with successful
reperfusion therapy (27), as well as with the risk of developing
cardiac rupture (45). In addition to MMP activity, patients
with AMI have been shown to have serum TIMP-1 levels that
negatively correlate with left ventricular volume and positively
correlate with left ventricular ejection fraction (27).

In an experimental study (46), a gene knockout model has
been investigated to identify the role of MMPs in AMI.
Hayashidani et al (46) demonstrated that MMP-2 knockout
mice had a better survival rate and lower incidence of cardiac
rupture after AMI induced by coronary ligation. In the study,
the MMP-9 level was not different between wild type and
MMP-2 knockout mice. 

Clinical use of MMPs in AMI patients
Although the evidence of elevated MMPs in the setting of
AMI, particularly MMP-9, which has been consistently
reported, the clinical application of MMP measurement is still
somewhat far from reach. Chen et al (23) showed that the
MMP-9 level in myocardium after AMI was leukocyte-
derived; furthermore, any factors that affect inflammation,
such as treatment, intervention and total atherosclerotic bur-
den, may interfere with MMP level and activity. In addition,
despite the Wagner et al (29) report indicating that MMP-9
was a strong predictor in late heart failure and adverse left
ventricular remodelling in acute STEMI patients undergoing
primary angioplasty and stent implantation, there are insuffi-
cient data to strongly support the prognostic significance of
MMPs over current markers in other settings. Studies with
adequate power that take into account the effects of different
clinical characteristics and interventions influencing the tem-
poral changes in MMPs with appropriate MMP assays are
needed to warrant a clinical application of MMPs in the future.

MMP inhibitors and AMI in animal models
Growing evidence in both animal and human studies that
show that MMPs play an important role in cardiac remodelling
after AMI has led many investigators to look into the possible
benefits of the MMP inhibitor (MMPi) in AMI. It has been
demonstrated that MMP-9 knockout mice had a lower inci-
dence of cardiac rupture, lower left ventricular dilation and less

collagen organization at the infarcted site (47). MMP-2
knockout mice also had greater survival after AMI and less left
ventricular adverse remodelling (18,46). Selective inhibition
of TIMP-1 in TIMP-1 knockout mice has also been shown to
exacerbate left ventricular remodelling after AMI (48). The
role of TIMP-1 activity alteration was confirmed by Jayasankar
et al (49), who demonstrated that in left coronary artery
ligation-induced MI in rats, TIMP-1 gene transfer inhibited
MMP activity, and preserved cardiac function and geometry in
ischemic cardiomyopathy. 

It has been shown that exogenous MMPi administration also
has a beneficial effect on cardiac remodelling after AMI. Rohde
et al (50) demonstrated that the administration of MMPi atten-
uated early left ventricular dilation four days after MI. The effect
on late-phase healing was demonstrated by administering exoge-
nous MMPi five days after circumflex artery ligation-induced MI
in pigs (19). The study showed that exogenous MMPi attenuated
the degree of post-MI left ventricular dilation and expansion of
the infarct during the late phase of MI healing. The effects of
selective MMPi have also been investigated. In a mouse model
of MI (18), the administration of MMP-2 selective inhibitor to
wild type mice led to a pronounced improvement in their sur-
vival rates, as in mice with targeted deletion of the MMP-2 gene,
by preventing cardiac rupture, even though no effect on infarct
size was observed. Yarbrough et al (51) also demonstrated that
the administration of exogenous MMPi to inhibit MMP-2, -3, -9
and -13, but not MMP-1 and -7, may reduce the progression of
left ventricular end-diastolic volume after MI. Their findings
suggest that the inhibition of MMP-1 and -7 may not be required
to favourably influence left ventricular remodelling. 

In addition to the direct inhibition of MMPs, MMP activ-
ity can also be inhibited by altering upstream activators.
Treatment with an endothelin1 receptor blocker (sitaxsen-
tan) three days after MI prevented an increase in MMP-1, -2
and -9, as well as a decrease in TIMP-1, and prevented left
ventricular dilation (52). TGF-β may suppress the release of
MMPs in ischemic reperfusion-injured myocardium, and may
reduce the extension of myocardial necrosis and ventricular
dysfunction (53).

Regarding currently approved drugs, Zhang et al (20) and
Camp et al (54) demonstrated that the administration of
doxycycline may suppress enhanced mRNA; the protein
expression of MMP-2, MMP-8, MMP-13, TIMP-1 and TIMP-2,
and the deposition of type I collagen in the noninfarcted
myocardium of left coronary artery ligation-induced MI in
rats. Doxycycline works by ameliorating endothelial dysfunc-
tion via the inhibition of MMP activity. However, no reduc-
tion in infarct size has been observed after doxycycline
administration. A recent study using losartan demonstrated its
ability to reduce MMP-8, MMP-13, TIMP-1 and TIMP-2 lev-
els in rats (55). 

The timing of MMP inhibition has been proposed as an
important issue, because some MMP activities are essential for
the healing process after AMI. MMPi treatment has been
shown to result in delayed infarct healing, a larger area of
necrosis and reduction of collagen deposition (4,47,51).
Yarbrough et al (51) found no difference in the effect of MMPi
administration three days before and three days after MI on an
infarcted area, and no attenuation of increasing left ventricular
volume compared with the nontreatment group. However,
there was a difference in the collagen deposition between the
pre- and post-MI treatment groups, in which collagen content
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was increased in the border zone and decreased in the remote
zone of the pre-MI treatment group compared with the post-
MI treatment group. 

MMPi and MI in clinical study
Since the significant correlation of MMPs and the cardiac
remodelling process was identified in MI patients, the role of
MMPi has been investigated. In a small, sample-sized clinical
study, Brown et al (56) demonstrated that inflammatory mark-
ers, such as MMP-9 level, C-reactive protein and IL-6, were
reduced after doxycycline administration for six months in
patients with coronary artery disease. However, clinical bene-
fits of doxycycline such as a composite end point of sudden
death, fatal MI, nonfatal MI or troponin-positive unstable
angina, could not be identified in their study. Other medica-
tions, such as angiotensin-converting enzyme inhibitors,
exogenous MMPi and TIMP-1, have been investigated for
their benefits on the attenuation of the left ventricular remod-
elling process. Papadopoulos et al (57) investigated the bene-
fits of angiotensin-converting enzyme inhibitors in the
remodelling process and found that it reduced the col-
lagenolytic activity by reducing MMP-1 levels and decreased
the progression of LV dimension after MI. Tziakas et al (58)

observed a significant reduction in the levels of MMP-9,
TIMP-1 and IL-6 after 30 days of atorvastatin administration.
This may be due to the pleiotropic effect of atorvastatin in
reducing inflammatory mediators.

CONCLUSIONS
Growing evidence strongly indicates that MMP-1, MMP-2,
MMP-3, MMP-9 and TIMP-1 activity correlates to adverse
pathophysiology and clinical outcomes in AMI patients.
Supportive evidence of their significance from basic and clini-
cal studies has increased; however, much knowledge is still
needed to gain understanding of the role of MMPs in AMI.
Furthermore, their lack of plasma profiles in various clinical
settings makes it difficult to use them as a routine marker in
AMI. The role of endogenous and/or exogenous MMPi in the
improvement of the remodelling process is also not yet strongly
supported by currently available data. Further investigations
are needed to warrant the benefit of MMPs as a cardiac marker
and MMPi in AMI patients. 

FUNDING: Supported by the Thailand Research Fund grant
RSA4680010 (NC) and the Faculty of Medicine Endowment
Fund, Chiang Mai University (WP and NC).

REFERENCES
1. Hansson GK. Inflammation, atherosclerosis, and coronary artery

disease. N Engl J Med 2005;352:1685-95.
2. McKay RG, Pfeffer MA, Pasternak RC, et al. Left ventricular

remodeling after myocardial infarction: A corollary to infarct
expansion. Circulation 1986;74:693-702.

3. White HD, Norris RM, Brown MA, Brandt PW, Whitlock RM,
Wild CJ. Left ventricular end-systolic volume as the major
determinant of survival after recovery from myocardial infarction.
Circulation 1987;76:44-51.

4. Creemers EE, Cleutjens JP, Smits JF, Daemen MJ. Matrix
metalloproteinase inhibition after myocardial infarction: A new
approach to prevent heart failure? Circ Res 2001;89:201-10.

5. Rajavashisth TB, Xu XP, Jovinge S, et al. Membrane type 1 matrix
metalloproteinase expression in human atherosclerotic plaques:
Evidence for activation by proinflammatory mediators. Circulation
1999;99:3103-9.

6. Aimes RT, Quigley JP. Matrix metalloproteinase-2 is an interstitial
collagenase. Inhibitor-free enzyme catalyzes the cleavage of collagen
fibrils and soluble native type I collagen generating the specific 
3/4- and 1/4-length fragments. J Biol Chem 1995;270:5872-6.

7. Lindsey ML. MMP induction and inhibition in myocardial
infarction. Heart Fail Rev 2004;9:7-19.

8. Menon B, Singh M, Singh K. Matrix metalloproteinases mediate
beta-adrenergic receptor-stimulated apoptosis in adult rat
ventricular myocytes. Am J Physiol Cell Physiol 2005;289:C168-76. 

9. Menon B, Singh M, Ross RS, et al. Beta-adrenergic receptor-
stimulated apoptosis in adult cardiac myocytes involves MMP-2-
mediated disruption of beta1 integrin signaling and mitochondrial
pathway. Am J Physiol Cell Physiol 2006;290:C254-61.

10. Ovechkin AV, Tyagi N, Rodriguez WE, Hayden MR, Moshal KS,
Tyagi SC. Role of matrix metalloproteinase-9 in endothelial
apoptosis in chronic heart failure in mice. J Appl Physiol
2005;99:2398-405.

11. Mauviel A. Cytokine regulation of metalloproteinase gene
expression. J Cell Biochem 1993;53:288-95.

12. Schmidt R, Bultmann A, Ungerer M, et al. Extracellular matrix
metalloproteinase inducer regulates matrix metalloproteinase
activity in cardiovascular cells: Implications in acute myocardial
infarction. Circulation 2006;113:834-41.

13. Cao J, Drews M, Lee HM, Conner C, Bahou WF, Zucker S. The
propeptide domain of membrane type 1 matrix metalloproteinase is
required for binding of tissue inhibitor of metalloproteinases and for
activation of pro-gelatinase A. J Biol Chem 1998;273:34745-52.

14. Zucker S, Lysik RM, Zarrabi HM, et al. Plasma assay of matrix
metalloproteinases (MMPs) and MMP-inhibitor complexes in 

cancer. Potential use in predicting metastasis and monitoring
treatment. Ann NY Acad Sci 1994;732:248-62.

15. Baker AH, Edwards DR, Murphy G. Metalloproteinase inhibitors:
Biological actions and therapeutic opportunities. J Cell Sci
2002;115:3719-27.

16. Kloner RA, Ellis SG, Lange R, Braunwald E. Studies of
experimental coronary artery reperfusion. Effects on infarct size,
myocardial function, biochemistry, ultrastructure and microvascular
damage. Circulation 1983;68:I8-15.

17. Vargas SO, Sampson BA, Schoen FJ. Pathologic detection of early
myocardial infarction: A critical review of the evolution and
usefulness of modern techniques. Mod Pathol 1999;12:635-45.

18. Matsumura S, Iwanaga S, Mochizuki S, Okamoto H, Ogawa S,
Okada Y. Targeted deletion or pharmacological inhibition of 
MMP-2 prevents cardiac rupture after myocardial infarction in
mice. J Clin Invest 2005;115:599-609.

19. Mukherjee R, Brinsa TA, Dowdy KB, et al. Myocardial infarct
expansion and matrix metalloproteinase inhibition. Circulation
2003;107:618-25.

20. Zhang P, Yang YJ, Chen X, et al. [Effects of doxycycline on 
the expression of matrix metalloproteinase and tissue inhibitor 
of MMP in myocardium after acute myocardial infarction: 
An animal experiment with rats.] Zhonghua Yi Xue Za Zhi
2004;84:1288-93.

21. Herzog E, Gu AG, Kohmoto T, Burkhoff D, Hochman JS. Early
activation of metalloproteinases after experimental myocardial
infarction occurs in infarct and non-infarct zones. Cardiovasc
Pathol 1998;7:307-12.

22. Cleutjens JP, Kandala JC, Guarda E, Guntaka RV, Weber KT.
Regulation of collagen degradation in the rat myocardium after
infarction. J Mol Cell Cardiol 1995;27:1281-92.

23. Chen J, Tung CH, Allport JR, Chen S, Weissleder R, Huang PL.
Near-infrared fluorescent imaging of matrix metalloproteinase
activity after myocardial infarction. Circulation 2005;111:1800-5.

24. Wilson EM, Moainie SL, Baskin JM, et al. Region- and type-
specific induction of matrix metalloproteinases in post-myocardial
infarction remodeling. Circulation 2003;107:2857-63.

25. Kai H, Ikeda H, Yasukawa H, et al. Peripheral blood levels of
matrix metalloproteases-2 and -9 are elevated in patients with acute
coronary syndromes. J Am Coll Cardiol 1998;32:368-72.

26. Squire IB, Evans J, Ng LL, Loftus IM, Thompson MM. Plasma
MMP-9 and MMP-2 following acute myocardial infarction in man:
Correlation with echocardiographic and neurohumoral parameters
of left ventricular dysfunction. J Card Fail 2004;10:328-33.

27. Hirohata S, Kusachi S, Murakami M, et al. Time dependent

phatharajaree_9660.qxd  22/06/2007  1:15 PM  Page 732



Matrix metalloproteinases and myocardial infarction

Can J Cardiol Vol 23 No 9 July 2007 733

alterations of serum matrix metalloproteinase-1 and
metalloproteinase-1 tissue inhibitor after successful reperfusion of
acute myocardial infarction. Heart 1997;78:278-84.

28. Eckart RE, Uyehara CF, Shry EA, Furgerson JL, Krasuski RA.
Matrix metalloproteinases in patients with myocardial infarction
and percutaneous revascularization. J Interv Cardiol 2004;17:27-31.

29. Wagner DR, Delagardelle C, Ernens I, Rouy D, Vaillant M, Beissel J.
Matrix metalloproteinase-9 is a marker of heart failure after acute
myocardial infarction. J Card Fail 2006;12:66-72.

30. Feldman LJ, Mazighi M, Scheuble A, et al. Differential expression
of matrix metalloproteinases after stent implantation and balloon
angioplasty in the hypercholesterolemic rabbit. Circulation
2001;103:3117-22.

31. Creemers E, Cleutjens J, Smits J, et al. Disruption of the
plasminogen gene in mice abolishes wound healing after myocardial
infarction. Am J Pathol 2000;156:1865-73.

32. Gaertner R, Jacob MP, Prunier F, Angles-Cano E, Mercadier JJ,
Michel JB. The plasminogen-MMP system is more activated in the
scar than in viable myocardium 3 months post-MI in the rat. J Mol
Cell Cardiol 2005;38:193-204.

33. Kawakami R, Saito Y, Kishimoto I, et al. Overexpression of brain
natriuretic peptide facilitates neutrophil infiltration and cardiac
matrix metalloproteinase-9 expression after acute myocardial
infarction. Circulation 2004;110:3306-12.

34. Zhou X, Huang J, Chen J, Su S, Chen R, Gu D. Haplotype analysis
of the matrix metalloproteinase 3 gene and myocardial infarction in
a Chinese Han population. The Beijing atherosclerosis study.
Thromb Haemost 2004;92:867-73.

35. Gao B, Li ZC. [Association between serum matrix
metalloproteinase-3 concentration and the promoter 5A/6A
polymorphism in patients with coronary heart disease.] Zhongguo
Wei Zhong Bing Ji Jiu Yi Xue 2004;16:536-9.

36. Pollanen PJ, Lehtimaki T, Mikkelsson J, et al. Matrix
metalloproteinase3 and 9 gene promoter polymorphisms: Joint
action of two loci as a risk factor for coronary artery complicated
plaques. Atherosclerosis 2005;180:73-8.

37. Kalela A, Koivu TA, Sisto T, et al. Serum matrix metalloproteinase-9
concentration in angiographically assessed coronary artery disease.
Scand J Clin Lab Invest 2002;62:337-42.

38. Fukuda D, Shimada K, Tanaka A, et al. Comparison of levels of
serum matrix metalloproteinase-9 in patients with acute myocardial
infarction versus unstable angina pectoris versus stable angina
pectoris. Am J Cardiol 2006;97:175-80.

39. Blankenberg S, Rupprecht HJ, Poirier O, et al; AtheroGene
Investigators. Plasma concentrations and genetic variation of
matrix metalloproteinase 9 and prognosis of patients with
cardiovascular disease. Circulation 2003;107:1579-85.

40. Li PJ, Yang XH, Zhang LP, Cao W, Qin J, Yao W. [Clinical
significance of soluble selectins and matrix metalloproteinases-9 in
patients after successful cardiopulmonary resuscitation.] Zhongguo
Wei Zhong Bing Ji Jiu Yi Xue 2004;16:137-41.

41. Renko J, Kalela A, Jaakkola O, et al. Serum matrix
metalloproteinase-9 is elevated in men with a history of myocardial
infarction. Scand J Clin Lab Invest 2004;64:255-61.

42. Guo A, Wei L, Shi H, Li X, You L. [Matrix metalloproteinase-1
and coronary atheroslerotic plaque rupture.] Zhonghua Bing Li Xue
Za Zhi 2000;29:263-6.

43. Nojiri T, Morita H, Imai Y, et al. Genetic variations of matrix
metalloproteinase-1 and -3 promoter regions and their associations

with susceptibility to myocardial infarction in Japanese. Int J
Cardiol 2003;92:181-6.

44. Matsunaga T, Abe N, Kameda K, et al. Circulating level of
gelatinase activity predicts ventricular remodeling in patients with
acute myocardial infarction. Int J Cardiol 2005;105:203-8.

45. Wehrens XH, Doevendans PA. Cardiac rupture complicating
myocardial infarction. Int J Cardiol 2004;95:285-92.

46. Hayashidani S, Tsutsui H, Ikeuchi M, et al. Targeted deletion of
MMP-2 attenuates early LV rupture and late remodeling after
experimental myocardial infarction. Am J Physiol Heart Circ
Physiol 2003;285:H1229-35.

47. Ducharme A, Frantz S, Aikawa M, et al. Targeted deletion of
matrix metalloproteinase-9 attenuates left ventricular enlargement
and collagen accumulation after experimental myocardial
infarction. J Clin Invest 2000;106:55-62.

48. Creemers EE, Davis JN, Parkhurst AM, et al. Deficiency of TIMP-1
exacerbates LV remodeling after myocardial infarction in mice. Am
J Physiol Heart Circ Physiol 2003;284:H364-71.

49. Jayasankar V, Woo YJ, Bish LT, et al. Inhibition of matrix
metalloproteinase activity by TIMP-1 gene transfer effectively
treats ischemic cardiomyopathy. Circulation 2004;110:II180-6.

50. Rohde LE, Ducharme A, Arroyo LH, et al. Matrix
metalloproteinase inhibition attenuates early left ventricular
enlargement after experimental myocardial infarction in mice.
Circulation 1999;99:3063-70.

51. Yarbrough WM, Mukherjee R, Escobar GP, et al. Selective
targeting and timing of matrix metalloproteinase inhibition in post-
myocardial infarction remodeling. Circulation 2003;108:1753-9.

52. Podesser BK, Siwik DA, Eberli FR, et al. ET(A)-receptor blockade
prevents matrix metalloproteinase activation late postmyocardial
infarction in the rat. Am J Physiol Heart Circ Physiol
2001;280:H984-91.

53. Chen H, Li D, Saldeen T, Mehta JL. TGF-beta1 attenuates
myocardial ischemia-reperfusion injury via inhibition of
upregulation of MMP-1. Am J Physiol Heart Circ Physiol
2003;284:H1612-7.

54. Camp TM, Tyagi SC, Aru GM, Hayden MR, Mehta JL, Tyagi SC.
Doxycycline ameliorates ischemic and border-zone remodeling and
endothelial dysfunction after myocardial infarction in rats. J Heart
Lung Transplant 2004;23:729-36.

55. Zhang P, Yang YJ, Chen X, et al. [Comparison of doxycycline,
losartan, and their combination on the expression of matrix
metalloproteinase, tissue inhibitor of matrix metalloproteinase, and
collagen remodeling in the noninfarcted myocardium after acute
myocardial infarction in rats.] Zhongguo Yi Xue Ke Xue Yuan Xue
Bao 2005;27:53-61.

56. Brown DL, Desai KK, Vakili BA, Nouneh C, Lee HM, Golub LM.
Clinical and biochemical results of the metalloproteinase inhibition
with subantimicrobial doses of doxycycline to prevent acute
coronary syndromes (MIDAS) pilot trial. Arterioscler Thromb Vasc
Biol 2004;24:733-8.

57. Papadopoulos DP, Economou EV, Makris TK, et al. Effect of
angiotensin-converting enzyme inhibitor on collagenolytic enzyme
activity in patients with acute myocardial infarction. Drugs Exp
Clin Res 2004;30:55-65.

58. Tziakas DN, Chalikias GK, Parissis JT, et al. Serum profiles of
matrix metalloproteinases and their tissue inhibitor in patients with
acute coronary syndromes. The effects of short-term atorvastatin
administration. Int J Cardiol 2004;94:269-77.

phatharajaree_9660.qxd  22/06/2007  1:15 PM  Page 733




