
 

Cardiovascular Pathology Vol. 7, No. 6, November/December 1998:307–312

 



 

 1998 by Elsevier Science Inc.
655 Avenue of the Americas, New York, NY 10010

1054-8807/98/$–see front matter
PII S1054-8807(98)00008-8

 

Early Activation of Metalloproteinases after Experimental Myocardial 
Infarction Occurs in Infarct and Non-infarct Zones

 

Eyal Herzog, MD, Angu Gu, MD, Takushi Kohmoto, MD, Daniel Burkhoff, MD, 
and Judith S. Hochman, MD

 

St. Luke’s-Roosevelt Hospital Center, Columbia University College of Physicians and Surgeons, New York, New York

11

 

The collagen matrix of the heart forms a network linking muscle fibers, muscle bundles, and
intramyocardial blood vessels. Collagen turnover in the heart is normally a dynamic process that
involves both collagen synthesis and degradation. Collagen breakdown generally involves its chemi-
cal digestion by matrix metalloproteinases (MMPs) which are activated in tissue repair, wound heal-
ing, and myocardial ischemia. We studied activation of MMPs by zymography in infarct
(anterolateral wall) and non-infarct (septum) zones of rat hearts following coranary artery ligation, as
well as in sham operated rats. Rats were sacrificed at 30 minutes, 1 hour, 2 hours, 4 hours, and 24
hours post infarction (six hearts for each time period). MMP activity was detected at different molec-
ular weights, with bands at 54 kDa (MMP-1), 62 kDa (MMP-2), and 92 kDa (MMP-9) being the
most prominent. MMP activities were indexed by densitometer optical reading. Activity was detected

 

as early as 1 hour post infarct in the MI and remote zones at the 54 kDa (MMP-1) (

 

p

 

 

 

,

 

 0.01) and 62
kDa bands (MMP-2) (

 

p

 

 

 

,

 

 0.001), and at 2 hours post infarct in the infarct zone only at 92 kDa
(MMP-9) (

 

p

 

 

 

,

 

 0.05). MMPs are activated early after infarction both in the infarct and importantly,
non-infarct zones. This may contribute to collagen breakdown, infarct expansion, and left ventricular
remodeling, known to occur early after infarction in experimental and clinical settings. 
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The myocardium contains cellular and extracellular com-
partments (1). The extracellular matrix consists of a struc-
tural protein network composed largely of type I and type
III fibrillar collagens (2). This collagen matrix forms a com-
plex network which mechanically links muscle fibers, mus-
cle bundles, and intramyocardial blood vessels (3,4). Col-
lagen turnover in the heart is normally a dynamic process
with collagen synthesis and degradation (5).

Collagen breakdown generally involves its chemical di-
gestion by matrix metalloproteinases (MMPs) (6,7), a fam-
ily of enzymes referred to collectively as collagenases.
MMPs are synthesized by several cell types, including fi-
broblasts and monocytes, and exist in an inactive form in
the extracellular matrix. They are activated by cleavage of

an n-terminal peptide which occurs in settings such as tissue
repair, wound healing, and myocardial ischemia. Tissue in-
hibitors of metalloproteinases (TIMP) have also been iden-
tified in the normal heart (8,9), and their role in the regula-
tion of MMPs is under investigation.

Acute myocardial ischemia can result in collagen dam-
age. The exact time course, nature, and mechanism of this
damage is not clear. It has been suggested that the onset of
collagen damage is early and extensive (10). Morphologic
and biochemical evidence has been presented to indicate
that collagenolysis begins within a few hours after myocar-
dial ischemia and infarction (11–13). The loss of the fibril-
lar collagen integrity may be one factor which allows myo-
cyte slippage, sarcomere overdistension and wall thinning,
which characterize infarct expansion (14–16). Activation of
MMPs has been shown to occur two days after infarction in
rat hearts, increasing until day 7 and declining thereafter,
but only in the infarcted myocardium (17).

Infarct expansion is known to occur early in the infarcted
zone. Remodeling has been reported to begin early in the
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non-infarcted region (15). We postulated that MMP activa-
tion occurs early after coronary artery ligation both in the
infarct and the non-infarct zones. We studied activation of
MMPs by zymography in infarct (anterolateral wall) and
non-infarct (septum) zones of rat hearts between 30 minutes
and 24 hours following coronary artery ligation.

 

Materials and Methods

 

Animals

 

Adult male Sprague Dawley rats, weighing 250–300 g
were used. Animals were housed and experiments per-
formed according to the guidelines for care and use of labo-
ratory animals approved by our institution’s animal care
committee. All rats were given standard rat chow and water.

A total of 44 rats were operated, with a survival rate of
68%. This resulted in 15 infarcted and 15 sham operated an-
imals that were included in the present study, with six ani-
mals per time point.

 

Surgery

 

Animals were anesthetized with chloral hydrate (0.05 gr/
100 gr weight) and ventilated by positive pressure through
an endotracheal tube attached to a small animal respirator
(HARVARD rodent ventilator model 683). Following left
thoracotomy and incision of the pericardium, the left de-
scending coronary artery was ligated by silk ligature
(16,19,20). After closing the chest the animal was returned
to its cage. The sham procedure consisted of left thoracot-
omy without ligation.

 

Collection

 

After 30 minutes, 1 hour, 2 hours, 4 hours and 24 hours,
6 rats (3 infarct and 3 sham) at each time point were again
anesthetized with chloral hydrate. The chest was opened
with midline thoracotomy and the heart rapidly excised. Imme-
diate viewing of the heart allowed us to recognize the ischemic-
infarcted (pale) zone. The left ventricle was divided into infarct
zone (anterolateral wall) and to non-infarct zone (septum).
To facilitate this process methylene blue was injected retro-
grade into the cut end of the aorta and was used to identify
the risk region supplied by the occluded artery.

The heart was sliced transversely parallel to the A-V
groove, in 2-mm sections from apex to base. The infarct and
non-infarct zones were separated, and the border zone (the
1–2-mm region between the clearly demarcated zones) was

 

discarded. Samples were frozen and stored at 

 

2

 

70

 

8

 

C.

 

Zymography

 

Proteolytic enzyme activity was determined by zymogra-
phy (6,21,22,25).

 

Sample preparation.

 

Samples were cut into small pieces,
homogenized in Tris buffer (50 mM Tris-HCL pH 7.5, 2M
NaCL, 5 

 

m

 

M PMSF, 0.02% Na2N3) and centrifuged at

 

12000 

 

3

 

g

 

 for 15 minutes. The pellet was resuspended in
Tris buffer (50 mM Tris-HCL pH 7.5, 2 M NaCL, 10 

 

m

 

M
PMSF, 0.05% Brij-35, 0.02% Na2N3) and homogenized.
The homogenate was centrifuged at 12000 

 

3

 

g

 

 for 15 min-
utes. The pellet was then resuspended a second time in a
Tris buffer (50 mM Tris-HCL pH 7.5, 10 

 

m

 

M PMSF, 1M
NaCL, 0.02% NaN3, 2M urea), homogenized, and centri-
fuged at 12000 

 

3

 

g

 

 for 45 minutes. The supernatant was dia-
lyzed against 50 mM Tris buffer (pH 7.9) overnight. The
protein concentration of tissue extract was measured using
Bio-Rad dye binding assay kit.

 

Electrophoresis.

 

15 

 

m

 

g protein of each sample was loaded
in each gel line. The samples were electrophoresed on a 8%
SDS-polyacrylamide gel containing 0.1% gelatin. Following
electrophoresis, gels were washed twice with 2.5 % Triton-100
using 100 ml each time for 15 minutes, rinsed with distilled
water twice, and incubated with 50 mM Tris HCL pH 7.9, 5
mM CaCl2 at 37

 

8

 

C, with shaking overnight. Gels were
stained with 20% TCA (w/v), 0.25% Coumassie Blue R-250
(w/v). Enzyme activity was indicated by zones of lysis after
destaining in 15% methanol (v/v) and 7.5% acetic acid (v/v).
The molecular weight of each band was determined by com-
parison to standards (Bio-Rad Company, prestained SDS-
PAGE, low range: 107 kDa, 76 kDa, 52 kDa, 36.8 kDa).

 

Densitometeric Analysis of Enzyme Activity

 

The gels were scanned with a densitometer (Computing
Densitometer Model 300A, Molecular Dynamics Com-
pany), and the images were quantitated using ImageQuant
Program (Molecular Dynamics Company). Quantification
of specific lysis bands was accomplished by computer scan-
ning of gels and then expressing band intensities in arbitrary
units relative to the background reading (set to a value of 0)
and the reading of the brightest band present on the gel (set
to a value of 1).

 

Statistics

 

All grouped data (MI, remote, sham) were expressed as
mean 

 

6

 

 standard deviation. Differences between MI, re-
mote, and sham were analyzed using ANOVA test. Post hoc
analysis of between group differences was performed using
Student’s 

 

t

 

-test with Bonferroni correction. The level of sig-
nificance was taken at 

 

p

 

 

 

,

 

 0.05.

 

Results

 

Proteolytic enzyme activity was detected at different mo-
lecular weights with bands at 54 kDa, 62 kDa, and 92 kDa
being most prominent, corresponding to MMP-1, MMP-2,
and MMP-9, respectively.
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Thirty minutes post coronary ligation there was no sig-
nificant MMP-1 (54 kDa), MMP-2 (62 kDa), and MMP-9
(92 kDa) activity at any region. One hour post coronary li-
gation MMP-1 (54 kDa) and MMP-2 (62 kDa) activity were
increased in the infarct and in the remote zones compared to
sham operated rats (Figure 1). There was no significant
MMP-9 (92 kDa) activity at any region at this time point.
Two hours post coronary ligation MMP-1 and MMP-2 ac-
tivity were increased in the infarct and remote zones com-
pared to sham operated rats. An increase in MMP-9 activity
was detected in the infarct zone only (Figure 2). Four hours
post coronary ligation MMP-1 and MMP-2 activity de-
creased in both infarct and non-infarct zones compared to
earlier time. At this time point MMP-9 activity was signifi-
cant in the infarct zone but not in the non-infarct zone.
Twenty-four hours post coronary ligation MMP-1 and
MMP-2 were increased in the infarct and remote zones
compared to sham operated rats (Figure 3). Absolute activity
in the infarct zone at 24 hours in the 54 kDa and 62 kDa
bands was higher than at 2 and 4 hours post coronary ligation.

Absolute activity in the remote zone at 24 hours in the 54
kDa bands and 62 kDa bands was higher than at 4 hours but
lower than at 2 hours post coronary ligation. This may represent
a bimodal time curve with lesser activity at 4 hours. Very prom-
inent MMP-9 activity was demonstrated in the infarct zone
compared to remote zone and sham operated rats (Figure 3).

MMP activities indexed by densitometer optical reading
were significantly increased at 1 hour post coronary ligation
in the infarct and non-infarct zones at the 54 kDa (MMP-1)
(

 

p

 

 

 

,

 

 0.01) and 62 kDa (MMP-2) bands (

 

p

 

 

 

,

 

 0.001), and at
2 hours post coronary ligation in the infarct zone only at 92
kDa (MMP-9) (

 

p

 

 

 

,

 

 0.05) (Table 1).

 

Discussion

 

Acute myocardial ischemia and infarction can result in
collagen damage. The exact time course, nature, and mecha-

nism of this damage is not clear. In cases of sustained ischemia,
it has been suggested that the onset of collagen damage is
early and extensive (10). Unresolved issues include the time
of initiation, mechanism, the severity of the process, and
whether it involves only the infarcted area or the non-infarct
area as well. The relation between collagen degradation and
left ventricular remodeling needs to be defined.

Sato et al. (23) studied the collagen network in pig hearts
after coronary artery ligation with scanning and transmis-
sion electron microscopy. They showed that at 40 minutes
after coronary occlusion the collagen network became irreg-
ular in arrangement. At 2 hours after occlusion collagen
fibrils and microfibrils between cardiomyocytes became
separated from the basement membrane, the banded pattern
of collagen disappeared, and collagen fibrils, elastic fibers,
and microfilaments were broken down and decreased in
content. Takahashi et al. (11) demonstrated that 1, 2, and
3 hours after coronary artery ligation in rats total collagen
content was decreased in the infarct zone by 25 

 

6

 

 8%, 35 

 

6

 

7%, and 50 

 

6

 

 10%, respectively (mean 

 

6

 

 SD). Collage-
nase, neutral proteinase, and lysosomal serine proteinase ac-
tivities were increased two- to three-fold, suggesting that
the increase in these degrading enzymes may be responsible
for the rapid degradation of the extracellular matrix col-
lagen after coronary ligation. These changes in the myocar-
dial collagen content and in the degradative enzymes were
noted only in the infarct zone and not in the non-infarct
tissue.

Cardiomocyte necrosis is not the major factor in enhanc-
ing collagenase activity. In stunned myocardium, after re-
peated occlusion and reperfusion in dogs, no cellular dam-
age is observed by scanning and transmission electron
microscopy (12). The extracellular collagen matrix, how-
ever, is changed. The collagen weave surrounding myocytes
completely disappears and collagen struts, the interconnec-
tion between myocytes or myocytes and capillaries, become
sparse or completely absent. Enhanced collagenolytic activ-

Figure 1. Detection of collagenase
activity by zymography 1 hour post
infarction. Pairs of specimens from
the infarct (AL) zone and from re-
mote, uninfarcted septal region (S)
from rats with left coronary artery
ligation are presented (rats 1–3).
Pairs of specimens from the antero-
lateral (AL) wall and from the sep-
tum (S) from sham operated rats are
presented (sham 1–3). Increase in
MMP-1 (54 kDa) and MMP-2 (62
kDa) activity is shown in the infarct
(AL) and in the remote zones (S)
compared to sham operated rats.
There is no significant MMP-9 (92
kDa) activity in any region. (AL 5
anterolateral, S 5 septum.)
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ity after myocardial infarction can lead to fibrillar collagen
degradation and a loss of structural integrity.

Cleutjens et al. (17) examined collagen degradation in
the myocardium after infarction in rat hearts 6 hours to 28
days after coronary artery ligation. After coronary artery li-
gation, a transient increase in collagenolytic activity of
MMP-1 was found only in the infarcted myocardium and
not in non-infarcted tissue or sham operated controls. Col-
lagenolytic activity was transiently increased from day 2
until day 7 following ligation, declining thereafter. In con-
trast to the studies of Sato et al. (23) and Takahashi et al.
(11), no increase in MMP-1 activity was determined before
day 2 after infarction. Collagenolytic activity of gelatinases
MMP-2 and MMP-9 followed a similar time course. Tran-
scription of TIMP mRNA was observed at 6 hours in the
infarcted ventricle, peaked on day 2 after MI, and slowly
decreased thereafter. No changes in TIMP mRNA expres-

sion were observed at remote sites or in sham operated con-
trols (17).

In our study, MMP activity following coronary artery li-
gation in rats was detected at different molecular weights,
with bands at 54 kDa (MMP-1, 62 kDa (MMP-2), and
92kDa (MMP-9) being the most prominent. We demon-
strated MMP-1 (54 kDa) and MMP-2 (62 kDa lysis band)
activity as early as 1 hour post coronary ligation both in the
infarct and in the non-infarct zones (compared to sham rats).
MMP-9 activity (92 lysis band) was detected as early as 2
hours post coronary ligation but only in the infarct zone. In
the non-infarct zone, quantitative assessment of MMP-9 ac-
tivity demonstrated a trend toward increased activity (

 

p

 

 

 

5

 

0.07) at 24 hours post coronary ligation.
At 30 minutes of coronary artery occlusion in the rat a

subendocardial infarct results. Therefore, even though we
discarded the “border zone,” data obtained at 30 minutes

Figure 2. Detection of collagenase activity by zy-
mography 2 hours post infarction. Pairs of specimens
from the infarct (AL) and from remote region (S)
from rats with left coronary artery ligation are pre-
sented (rats 1–3). Pairs of specimens from the ante-
rolateral (AL) wall and from the septum (S) from
sham operated rats are presented (sham 1–2). In-
crease in MMP-1 (54 kDa) and MMP-2 (62 kDa) ac-
tivity is shown in the infarct (AL) and remote zones
(S) compared to sham operated rats. Increase MMP-
9 activity (92 kDa) is shown in the infarct zone only
(rat 1-AL, rat 2-AL, rat 3-AL) compared to the remote
zone and sham operated rats. (AL 5 anterolateral,
S 5 septum.)

Figure 3. Detection of collagenase activity by zymog-
raphy 24 hours post infarction. Pairs of specimens from
the infarct (AL) and from the remote region (S)from
rats with left coronary artery ligation are presented (rats
1–3). Pairs of specimens from the anterolateral (AL)
wall and from the septal (S) wall from sham operated
rats are presented (sham 1–2). Increase in MMP-1 (54
kDa) and MMP-2 (62 kDa) activity is shown in the inf-
arct (AL) and in the remote zones (S) compared to sham
operated rats. Very prominent MMP-9 activity (92 kDa)
is shown in the infarct zone only (rat 1-AL, rat 2-AL, rat
3-AL) compared to remote zone and sham operated
rats. (AL 5 anterolateral, S 5 septum.)
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and to some extent 1 hour post coronary ligation, will repre-
sent a mixture of infarcted and ischemic tissue. This could
“dilute” early MMP activity if necrosis is required for acti-
vation or if there is a difference in activation due to ischemia
versus cell death.

To the best of our knowledge, our study is the first one to
show “early” activation of MMPs in the infarct and in non-
infarct zones post coronary artery ligation. Interestingly,
MMP-1 (54 kDa) and MMP-2 activity (62 kDa) were found
to decrease at 4 hours post coronary ligation and reappeared
later at 24 hours post infarction, while MMP-9 continued to
increase over time. We do not have a clear explanation for
this apparent pattern, nor for the difference.

To summarize, our study provides evidence for early ac-
tivation of metalloproteinases in experimental acute myo-
cardial infarction in the infarct and non-infarct regions of
the left ventricle. This is in contrast to the finding of
Cleutjens et al. (17) who showed no increase in proteolytic
activity in the remote area early after myocardial infarction.
The reason for this discrepancy is not entirely clear. Differ-
ences in the two studies includes: use of optical densitome-
try in our study, and examination of different time points
with only 24 hours in common.

Our study is limited in that we did not evaluate col-
lagen content, therefore could not correlate MMP activity
and collagen content. Also, the number of hearts examined
at each time point were relatively small (3). Only the in-
farcted rats had a needle passed through the myocardium
and this maneuver cannot be excluded as a stimulus for
MMP activation.

 

Implications

 

This early collagenolytic activity after myocardial infarc-
tion may lead to fibrillar collagen degradation which may
result in a loss of structural integrity including myocyte slip-
page (15) and wall thinning (18). This process may play a
role in remote remodeling with lengthening of the non-inf-
arcted zone. In addition, early collagenolytic activity resulting
in collagen degradation may be important in early cardiac
rupture, where absence of silver stainable struts has been re-
ported (24).

Thus, MMPs are activated very early after infarction
both in the infarcted and importantly, in the non-infarct
zones. Further studies are needed to assess whether this leads
to collagen breakdown, infarct expansion, and remote re-
modeling, known to occur early after infarction in experi-
mental and clinical settings.
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§

 

0.021 

 

6

 

 0.018

 

The sample size (

 

n

 

) is 3 for each time point and each myocardial region.
***

 

p , 0.001, **p , 0.01, *p , 0.05 using ANOVA.
†††p , 0.001, ††p , 0.01, †p , 0.05, §p 5 0.07 (compared to sham), us-

ing t-test with Bonferroni Correction.
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