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MMPs are implicated in LV remodeling after acute myocardial infarction (MI). To analyze the role of MMP-2,  
we generated MI by ligating the left coronary artery of MMP-2–KO and WT mice, the latter of which were 
administered orally an MMP-2–selective inhibitor or vehicle (TISAM). The survival rate was significantly 
higher in MMP-2–KO and TISAM-treated mice than in control WT mice. The main cause of mortality in con-
trol WT mice was cardiac rupture, which was not observed in MMP-2–KO or TISAM-treated mice. Control 
WT mice, but not MMP-2–KO or TISAM-treated mice, showed activation of the zymogen of MMP-2, strong 
gelatinolytic activity, and degradation of ECM components, including laminin and fibronectin, in the infarcted 
myocardium. Although infarcted cardiomyocytes in control WT mice were rapidly removed by macrophages, 
the removal was suppressed in MMP-2–KO and TISAM-treated mice. Macrophage migration was induced by 
the infarcted myocardial tissue from control WT mice and was inhibited by treatment of macrophages with 
laminin or fibronectin peptides prior to migration assay. These data suggest that inhibition of MMP-2 activity 
improves the survival rate after acute MI by preventing cardiac rupture and delays post-MI remodeling through 
a reduction in macrophage infiltration.

Introduction
Acute myocardial infarction (MI) is one of the most common dis-
eases in the developed world, and in the Unites States, 1,500,000 
people suffer acute MI every year. Cardiac rupture is a lethal com-
plication accounting for 5–30% of in-hospital mortality (1, 2) and 
is most likely to occur during the first week after the onset of symp-
toms (1). Rupture is often associated with a transmural infarction, 
no prior history of angina pectoris, and a relatively large Q-wave 
infarct, and patients are predisposed to cardiac rupture by system-
ic and local factors such as hypertension, undue physical activity, 
diabetes, cardiac hypertrophy, and infarct expansion (1). Although 
the relevance of these risk factors remains undetermined, accu-
mulated lines of evidence have suggested that disruption of ECM 
structures such as the collagen network in the infarcted myocar-
dium leads to cardiac rupture (2–5).

Recent studies have demonstrated that members of the MMP 
gene family play a central role in the degradation of ECM macro-
molecules under various pathological conditions (6–8). Increased 
expression of MMP-1, -2, and -9 in infarcted myocardium has 
been reported (9–12). Among the MMP species, MMP-2 and 
MMP-9 may play important roles during LV remodeling (8, 13, 
14), since these MMPs are activated within myocardial tissues 
after MI (9, 14–16). MMP-2 degrades types IV and V collagens, 
gelatins, laminin, fibronectin, and elastin (6, 7, 17), and MMP-9  
shares most of these substrates (6, 7, 18). These MMPs are impli-

cated in wound healing and angiogenesis (19–21). Interestingly, 
both MMP-2–KO and MMP-9–KO mice are reported to have 
extremely low incidences of cardiac rupture after MI (14, 15), 
which suggests that the activities of these proteinases could con-
tribute to cardiac rupture. However, little is known about the 
mechanisms of cardiac rupture by the action of these MMPs. On 
the other hand, administration of a broad-spectrum MMP inhib-
itor is known to attenuate acute LV dilatation and expansion of 
the healing infarct (12, 22, 23). Although these data indicate that 
the activities of a number of MMPs are implicated in postinfarc-
tion LV remodeling, it is not known whether a broad-spectrum 
(or non-selective) inhibitor of MMPs or a selective inhibitor of 
MMPs can prevent LV dilatation.

Although ECM macromolecules form the structural scaf-
fold of various tissues such as myocardium, they also function 
as biologically active molecules after being degraded. The deg-
radation products of fibronectin, laminin, and elastin exhibit 
chemotactic activity and stimulate migration of cells such as 
macrophages (24–28), and their fragments are known to play 
a role in wound healing (29, 30). MI is a process in which myo-
cardial necrosis may trigger both the inflammatory and subse-
quent repair processes, and macrophages are responsible for the 
phagocytic removal of the infarcted myocardium (31). Thus, we 
have hypothesized that degradation fragments of ECM macro-
molecules generated by the action of proteinases in the infarcted 
myocardium initiate the repair processes of MI through promo-
tion of macrophage migration.

In the present study, we evaluated the influence of either tar-
geted deletion or selective inhibition of MMP-2 activity on LV 
remodeling after inducing MI in mice and examined the implica-
tion of ECM degradation in cardiac rupture and the role of ECM 
degradation products in macrophage migration.

Nonstandard abbreviations used: fMLP, formyl-Met-Leu-Phe; GBSS, Gey’s bal-
anced saline solution; MCP-3, monocyte chemoattractant protein–3; MI, myocardial 
infarction; TNC buffer, 50 mM Tris-HCl buffer (pH 7.6), 0.15 M NaCl, 10 mM CaCl2, 
0.05% Brij 35, 0.02% NaN3.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 115:599–609 (2005).  
doi:10.1172/JCI200522304.



research article

600 The Journal of Clinical Investigation   http://www.jci.org   Volume 115   Number 3   March 2005

Results
Survival curve after MI and cardiac rupture. Of the 37 WT and 11 
MMP-2–KO mice that underwent surgery, 2 WT mice and 1 MMP-
2–KO mouse died within 24 hours of surgery and were excluded 
from the study. The surviving WT mice were randomly divided 
into 2 groups and were orally administered (2R)-2-[5-[4-[ethyl-
methylamino]phenyl]thiophene-2-sulfonylamino]-3-methylbutyr-
ic acid (TISAM) or vehicle for 7 days. Mortality of these mice within 
24 hours after surgery was 5–10%, and this was mostly due to a 
surgical event. On day 1, most of the surviving mice were vigorous. 
At 28 days after surgery, the survival rate was significantly higher 
in TISAM-treated mice (81.8%, 9/11) and MMP-2–KO mice (90.0%, 
9/10) than that of control WT mice (45.8%, 11/24) (P < 0.001) (Fig-
ure 1). Importantly, of the 13 mice that died after surgery, 12 died 
within 7 days after ligation, while only a few of the TISAM-treated 
WT mice (2/11 mice) and none of the MMP-2–KO mice died dur-
ing the first 7 days (Figure 1). All the dead mice were subjected to 
autopsy and histologically examined. The most prevalent cause of 
death in control WT mice was cardiac rupture (38.5%, 5/13 mice), 
which was indicated by blood coagula in the chest cavity and small 
slits commonly observed at the LV free wall (Figure 2). None of the 
dead MMP-2–KO mice or TISAM-treated WT mice showed cardiac 
rupture. On day 7, all the mice that survived after surgery under-
went transthoracic echocardiography, and infarction was defined 
by wall-motion abnormality. When the mice were sacrificed 28 days 
after the surgery, infarction was also confirmed by histology.

Rupture threshold and passive stiffness of left ventricles of infarcted 
mice. Since cardiac rupture was a major cause of death in con-
trol WT mice after MI, we analyzed the rupture threshold and 
passive stiffness of left ventricles of MMP-2–KO and WT mice 
treated with or without TISAM 3 days after MI by an LV dis-
tending pressure/rupture threshold study. Myocardial tearing 
was found at the infarct center or border in all the ruptured 
ventricles, and the average maximum rupture pressure was sig-
nificantly lower in the WT mice (343.0 ± 23.9 mmHg) than in 
the TISAM-treated WT mice (460.8 ± 33.9 mmHg; P < 0.001) 
and MMP-2–KO mice (500.2 ± 44.5 mmHg; P < 0.001). Mean 
passive stiffness was also significantly lower in the WT mice 
(59.7 ± 9.3 mmHg/100 μl) than in the TISAM-treated WT 
mice (84.0 ± 2.3 mmHg/100 μl; P < 0.01) and MMP-2–KO mice  
(78.4 ± 7.3 mmHg/100 μl; P < 0.05).

Follow-up echocardiographic measurements in infarcted mice. The con-
trol WT, TISAM-treated, and MMP-2–KO mice underwent trans-
thoracic echocardiography before coronary ligation for baseline 
imaging, which showed similar LV diameter in the 3 groups (Table 
1). Heart rate and LV end-systolic and LV end-diastolic dimensions 
in these mice increased at 7 and 28 days but were not statistically dif-
ferent among the 3 groups (Table 1). Similarly, M-mode fractional 
shortening and ejection fraction decreased at 7 days and 28 days in 
the infarcted mice and did not differ among the 3 groups (Table 1).

IC50 and pharmacokinetics of TISAM. As shown in Figure 3A, the 
IC50 values of TISAM for 7 different MMPs were as follows: 7,050 
nM for MMP-1, 3.2 nM for MMP-2, 174 nM for MMP-3, 11,100 
nM for MMP-7, 28.6 nM for MMP-9, 17.7 nM for MMP-13 and 
84.1 nM for MT1-MMP (MMP-14). The mean plasma concentra-
tions after oral administration of TISAM to mice reached the max-
imal level of 1.58 ± 0.37 μM at 0.5 hour and gradually decreased 
to the levels of 0.06 ± 0.01 μM and 0 μM at 8 and 24 hours (Figure 
3B). The mean area under the plasma concentration-versus-time 
curve (AUC0–24) was 3.6 μM-hour (Figure 3B). The binding rate of 
100 μM TISAM with mouse plasma proteins was 98%.

Detection of active MMP-2 by gelatin zymography. Gelatinolytic 
activity in the myocardial tissues was analyzed by gelatin zymog-
raphy. Tissue homogenates from the infarcted myocardium of 
control WT mice showed gelatinolytic bands of 63 kDa and 57 
kDa (Figure 4A), which correspond to mouse proMMP-2 and 
active MMP-2, respectively (32). ProMMP-2 was detected on day 
1 and increased with time to the maximal level on day 14. A simi-
lar time-course expression of proMMP-2 was observed with the 
MI samples from the TISAM-treated mice. Although the 63-kDa 
species of proMMP-2 shows gelatinolytic activity because of the 
treatment of the samples with SDS during gelatin zymography, 
only the active MMP-2 57-kDa species exhibits proteinase activity 
within tissues, and thus evaluation of the active MMP-2 species 
is important for a functional analysis in vivo (33, 34). Therefore, 
we measured the activation ratios of proMMP-2 by densitometric 
analysis of both 63-kDa and 57-kDa bands. As shown in Figure 
4B, the activation ratio increased with time in the infarct samples 
of control WT mice, peaked on day 7 (53.0% ± 2.3%), and decreased 
on day 14 (16.6% ± 5.5%). On the other hand, the ratio was remark-
ably suppressed in the TISAM-treated mice — less than 7% on day 
3 (P < 0.01) and day 7 (P < 0.001) — but the levels became similar 
in the 2 groups on day 14 (Figure 4B). In contrast, the MMP-2 
species were undetectable in the samples from MMP-2–KO mice 
(Figure 4A). Gelatinolytic bands of 94 kDa corresponding to 

Figure 1
Survival of the WT, TISAM-treated, and MMP-2–KO mice after MI. 
Lifespan was estimated by the Kaplan-Meier method. Percentages of 
surviving vehicle-treated WT mice (control WT; n = 24), TISAM-treated 
WT mice (TISAM; n = 11), and MMP-2–KO mice (MMP-2–KO; n = 10) 
are shown. At 7 and 28 days after coronary ligation, survival rates of 
TISAM-treated or MMP-2–KO mice were significantly higher than that 
of control WT mice (P < 0.001).

Figure 2
Macroscopic and microscopic views of MI with LV myocardial rupture in the 
dead, vehicle-treated WT mice on day 3 after MI. Note that spontaneous 
rupture is generated in the LV infarct border near the right ventricle (arrows 
in A and rectangular area in B). (C) High-power view of the rectangular 
area in B, showing the rupture (arrows). The black string visible in A is a 
silk suture used for ligation. Scale bars: 500 μm in B and 100 μm in C.
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proMMP-9 were also observed in the control WT, TISAM-treated, 
and MMP-2–KO mice, but the degree of their intensity was not 
different among the 3 groups, and activated forms of MMP-9 
were not observed in these mouse samples (Figure 4A).

Demonstration of gelatinolytic activity by in situ zymography. In order 
to localize the gelatinolytic activity of activated MMP-2 in the 
myocardium, we carried out in situ zymography by incubat-
ing frozen sections of the hearts from the control WT, TISAM-
treated, and MMP-2–KO mice on day 7. As shown in Figure 5A, 
strong gelatinolytic activity was demonstrated in the infarcted 
LV myocardium of the control WT mice. Importantly, the activ-
ity was reduced in the hearts of TISAM-treated mice (Figure 5B) 
and negligible in those of MMP-2–KO mice (Figure 5C). In addi-
tion, the activity in the control WT mice was almost completely 
inhibited when the sections were incubated on gelatin films pre-
treated with 1,10-phenanthroline (data not shown). Negligible 
or no gelatinolytic activity was found in the myocardial sections 
from the WT mice that had undergone a sham operation (Figure 
5D). These data together with those of gelatin zymography sug-
gest that gelatinolytic activity in the infarcted hearts is derived 
mainly from MMP-2.

Histology and morphometry of left ventricles of infarcted mice. There was 
no difference in infarct size among the control WT, TISAM-treated, 
and MMP-2–KO groups on day 3 (59.0% ± 7.0%, 58.3% ± 2.6%, and 
57.7% ± 1.9% of the LV circumference, respectively) and on days 7 
and 28 (Table 1). Histological examination of the hearts from the 
control WT mice showed that most of the LV free wall was almost 
completely necrotic at 1 day after MI, and on day 3, the infarcted 
cardiomyocytes began to be removed through phagocytosis by 
macrophages (Figure 6, A and B). Removal of the necrotic cardio-
myocytes by macrophages was almost completed by 7 days after MI 
in the control WT mice (Figure 6C). The distribution of necrotic 
myocardium in the TISAM-treated or MMP-2–KO mice on day 1 
was almost identical to that in control WT mice (Figure 6, D and 
G). However, phagocytic removal of the necrotic cardiomyocytes 
on days 3 and 7 was slower in the TISAM-treated and MMP-2–KO 
mice compared with the control WT mice: only a minority of the 
necrotic cardiomyocytes were removed on day 3, and they remained 
even at 14 days after MI (Figure 6, E, F, H, and I). The removal of the 
necrotic cardiomyocytes in each group was morphometrically ana-
lyzed by measuring the percentages of the necrotic area to the total 
myocardial infarct area. As shown in Figure 6J, the percentages were 
significantly larger in the TISAM-treated and MMP-2–KO mice on 
day 7 (P < 0.01) and day 14 (P < 0.001) than in the control WT mice. 
However, the cardiomyocytes within infarcted tissues in all these 
groups were completely removed and replaced by fibrous granula-
tion tissues on day 28 (Figure 6J).

Inflammatory cell infiltrations and angiogenesis. In the control WT 
mice, infiltration of inflammatory cells to the necrotic myocar-
dium began on day 1, increased with time till day 7, and remark-
ably decreased on day 14. As revealed by histological examination, 
the inflammatory cells on day 1 were mainly polymorphonuclear 
leukocytes, but mononuclear cells were also present on days 3, 
7, and 14. In order to identify macrophages and polymorpho-
nuclear leukocytes in the infarcted myocardium, we carried out 
immunohistochemistry with antibodies against CD68 and Mac-3 
for macrophages or with anti-CD45 antibody for polymorpho-
nuclear leukocytes and counted immunoreactive cells in the bor-

Table 1
Echocardiographic, hemodynamic, and histomorphometric data

 Control WT TISAM MMP-2–KO
Before ligation
LVEDD, mm 2.28 ± 0.09 2.32 ± 0.24 2.25 ± 0.14
LVESD, mm 1.09 ± 0.10 1.03 ± 0.22 1.09 ± 0.14
M-mode FS, % 76.5 ± 6.4 79.5 ± 6.7 75.8 ± 7.5
M-mode EF, % 88.3 ± 4.9 90.4 ± 4.3 87.7 ± 5.6
HR, beats/min 568 ± 14 556 ± 8 560 ± 14
BW, g 23.8 ± 0.7 23.6 ± 0.5 23.5 ± 0.5
7 days after ligation
LVEDD, mm 4.15 ± 0.38 4.15 ± 0.63 4.23 ± 0.59
LVESD, mm 3.46 ± 0.51 3.53 ± 0.64 3.46 ± 0.51
M-mode FS, % 30.4 ± 11.4 27.7 ± 8.3 29.9 ± 14.2
M-mode EF, % 41.4 ± 14.4 38.3 ± 10.2 40.4 ± 16.6
HR, beats/min 644 ± 33 600 ± 7 606 ± 20
Infarct size, % 59.6 ± 2.4 60.6 ± 4.9 59.3 ± 3.8
BW, g 24.0 ± 0.8 24.3 ± 1.2 24.1 ± 1.2
28 days after ligation
LVEDD, mm 4.87 ± 0.45 4.90 ± 0.48 4.80 ± 0.59
LVESD, mm 4.19 ± 0.44 4.18 ± 0.61 4.16 ± 0.69
M-mode FS, % 26.2 ± 4.5 28.8 ± 10.6 25.5 ± 7.3
M-mode EF, % 36.5 ± 5.7 39.5 ± 13.0 35.4 ± 9.5
HR, beats/min 668 ± 38 658 ± 18 639 ± 21
Infarct size, % 53.0 ± 3.9 53.8 ± 4.5 52.7 ± 2.8
BW, g 26.9 ± 1.2 26.5 ± 1.6 26.7 ± 0.9

BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, 
heart rate; LVEDD, left ventricular end-diastolic dimension; LVESD, left 
ventricular end-systolic dimension.

Figure 3
Concentration-dependent inhibition of TISAM by 7 different MMPs 
and plasma concentration–time profile in mice. (A) The IC50 values log 
(nM) for MMP-1, -2, -3, -7, -9, and -13 and MT1-MMP were determined 
based on a nonlinear regression fit of the concentration-dependent 
reaction rates using quenched fluorescent peptide substrates. (B) The 
mean plasma concentrations of TISAM at 0, 0.25, 0.5, 1, 3, 6, 8, and 
12 hours after an oral administration were measured.
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der zone of MI. The number of CD68- or Mac-3–immunoreactive 
macrophages in the control WT mice increased with time, peak-
ing on day 7 and decreasing on day 14 (Figure 7, A and B). The 
numbers of immunoreactive macrophages were significantly sup-
pressed almost to basal levels on day 3 in the TISAM-treated and 
MMP-2–KO mice compared with WT mice (both P < 0.001) (Fig-
ure 7, A and B). Significant inhibition of macrophage infiltration 
was also observed on day 7 in the TISAM-treated and MMP-2–KO 
mice as compared with the control WT mice (P < 0.05) (Figure 
7, A and B). Similarly, infiltration of CD45-immunoreactive poly-
morphonuclear leukocytes on day 3 was significantly inhibited in 
the TISAM-treated and MMP-2–KO mice (P < 0.01 and P < 0.001, 
respectively) (Figure 7C). In contrast, there was no significant dif-
ference in numbers of the vWF-positive blood vessels in the bor-
der of MI among the control WT, TISAM-treated, and MMP-2–KO 
mice (Figure 7D), which indicates that angiogenesis is not affected 
by MMP-2 activity in the infarcted myocardium.

Degradation of ECM in infarcted myocardium. The degradation of 
ECM in the infarcted myocardium during the early stage of MI 
was evaluated by histology and immunohistochemistry. Basement 
membrane structures and fibrillar materials positively stained by 
silver impregnation were observed in a similar pattern around the 
cardiomyocytes in the sham-operated myocardium of the vehicle-
treated control WT, TISAM-treated, and MMP-2–KO mice (Figure 
8, A–C). On the other hand, at 3 days after MI, these structures 
around the necrotic cardiomyocytes were markedly degraded into 
fragmented fibrillar and granular materials in the control WT 
mice (Figure 8D). In contrast, such degradation was remarkably 
inhibited in infarcted myocardium of the TISAM-treated mice 
and MMP-2–KO mice, showing continuous basement membrane 
structures and fibrillar materials (Figure 8, E and F). As detected 

by immunohistochemistry, laminin was localized around the car-
diomyocytes of the sham-operated hearts in a linear pattern (data 
not shown). In the infarcted myocardium, although the linear 
staining remained in the TISAM-treated mice (Figure 8H) and 
MMP-2 KO mice (Figure 8I), it was faded and discontinuous in the 
control WT mice (Figure 8G). Similar findings were obtained by 
immunohistochemistry of type IV collagen (data not shown). Quan-
titative analysis of the laminin- or type IV collagen–immunostained 
areas in the infarcted myocardium demonstrated that the percent-
age of the positive areas of laminin or type IV collagen was signifi-
cantly smaller in contol WT mice than in TISAM-treated WT mice 
(P < 0.001) and MMP-2–KO mice (P < 0.001) (Figure 8, J and K).

Immunoblotting analyses for laminin demonstrated the pres-
ence of α, β, and γ chains of laminin in the myocardial tissue of the 
sham-operated hearts (Figure 9A, lane 1). Although these chains 
were almost completely degraded in the necrotic myocardium of 
the control WT mouse hearts on day 3 (Figure 9A, lane 2), degrada-
tion was inhibited in the myocardium from the TISAM-treated and  
MMP-2–KO mice (Figure 9A, lanes 3 and 4, respectively). Similar 

Figure 4
Gelatin zymography of homogenate supernatants from the LV infarcts of vehicle-treated control WT, TISAM-treated, and MMP-2–KO mice and 
activation ratio of proMMP-2 in control and TISAM-treated mice. (A) Gelatinolytic activity in the myocardial tissues obtained from vehicle-treated 
WT, TISAM-treated, and MMP-2–KO mice on days 1, 3, 7, and 14. “S” indicates the myocardial samples obtained from sham-operated WT 
and MMP-2–KO mice on day 7. ProMMP-2 of 63 kDa, active MMP-2 of 57 kDa, and proMMP-9 of 94 kDa are indicated. (B) Activation ratios of 
proMMP-2 in infarcted myocardial tissues at 0, 1, 3, 7, and 14 days after coronary ligation. The percentage (active MMP-2 divided by the sum of 
proMMP-2 and active MMP-2) was measured by densitometric analysis of the activity of each species. **P < 0.01; ***P < 0.001.

Figure 5
Demonstration of gelatinolytic activity in the infarcted myocardium by 
in situ zymography. Frozen sections were prepared from transverse 
slices of hearts obtained from vehicle-treated control WT mice (A), 
TISAM-treated mice sacrificed 6 hours after the last administration of 
TISAM (B), MMP-2–KO mice (C), and sham-operated WT mice (D) 
and subjected to in situ zymography as described in Methods. Note the 
inhibition of gelatinolytic activity in TISAM-treated mouse heart (B) and 
negligible activity in MMP-2–KO mouse heart (C). Scale bar: 200 μm.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 115   Number 3   March 2005 603

inhibition of fibronectin degradation in the necrotic myocardium 
was observed in the TISAM-treated and MMP-2–KO mice (Figure 9B, 
lanes 3 and 4, respectively), while in the control WT mice, an intact 
fibronectin molecule of 240 kDa was digested into lower-molecular-
weight fragments including a 120-kDa fragment, which is known to 
induce macrophage migration (24, 28) (Figure 9B, lane 2). In contrast 
to laminin, fibronectin was hardly detected in the myocardium of the 
sham-operated mouse hearts (Figure 9B, lane 1).

Migration of macrophages by infarcted myocardium. Since macro-
phage migration into the infarcted myocardium was remarkably 
reduced in the TISAM-treated and MMP-2–KO mice, the migra-

tion-promoting activity of infarcted myocardial tissue was exam-
ined in a macrophage migration assay. As shown in Figure 10A, 
macrophages derived from WT mice or MMP-2–KO mice migrated 
through a Matrigel-coated insert in response to the infarcted myo-
cardium from the control WT mice at 3 days after MI, although 
such migration was not induced by the myocardium from the 
sham-operated mice or noninfarcted myocardium from the con-
trol WT mice on day 3. Importantly, migration of WT or MMP-2–
KO macrophages was not promoted by the infarcted myocardium 
from the TISAM-treated mice or MMP-2–KO mice (Figure 10A).

Our data showing that laminin and fibronectin were degraded 
into fragments in the infarcted myocardium from control WT 
mice at 3 days after MI suggest the possibility that the degrada-
tion fragments of laminin and fibronectin are implicated in the 
migration of macrophages. Thus, we tested the effects of laminin 
LGTIPG and YIGSR peptides and intact laminin on the migra-
tion of mouse macrophages. As shown in Figure 10B, the LGTIPG 
peptide at a concentration of 10 μM increased migration activity, 
while the YIGSR peptide and intact laminin had only a weak or 
negligible effect on activity. Similarly, as demonstrated in previ-
ous studies (24, 25, 35), the RGDS peptide at concentrations of 
0.1 μM and 1 μM enhanced migration activity, whereas the RGES 
peptide and intact fibronectin had a negligible effect on activity 
(Figure 10B). To study the involvement of these peptides in macro-
phage migration, we performed an inhibition study by incubating 

Figure 6
Histology and morphometry of the LV infarcted myocardium from 
vehicle-treated control WT, TISAM-treated, and MMP-2–KO mice. 
Paraffin sections of the hearts obtained from vehicle-treated control 
WT mice (A–C), TISAM-treated mice (D–F), and MMP-2–KO mice 
(G–I) on days 1, 3, and 7 were stained with H&E. Necrotic zones 
are marked by dotted lines. Scale bar: 300 μm. (J) Morphometrical 
analysis of the LV necrotic area to total infarct area, showing that 
phagocytic removal of necrotic cardiomyocytes by macrophages was 
significantly reduced in TISAM-treated and MMP-2–KO mice on days 
7 and 14. **P < 0.01; ***P < 0.001.

Figure 7
Inflammatory cell accumulation and angiogenesis in boundary areas 
of the infarcted myocardium evaluated by immunohistochemistry. 
Frozen sections were immunostained for CD68, Mac-3, and CD45, 
and we determined accumulation of immunoreactive cells, denoted 
as cells/mm2, by counting immunoreactive cells in 5 different areas of 
0.25 mm2 using NIH Image software as described in Methods. Similar-
ly, paraffin sections were immunostained for vWF and immunoreactive 
blood vessels with an apparent luminal area were counted. (A and 
B) Infiltration of CD68- or Mac-3–immunoreactive macrophages in 
infarcted myocardium from vehicle-treated control WT, TISAM-treat-
ed, and MMP-2–KO mice on days 1, 3, 7, and 14. (C) Infiltration of 
CD45-reactive polymorphonuclear leukocytes in infarcted myocar-
dium from control WT, TISAM-treated, and MMP-2–KO mice on days 
1, 3, 7, and 14. (D) Angiogenesis in infarcted myocardium from control 
WT, TISAM-treated, and MMP-2–KO mice on days 1, 3, 7, and 14.  
*P < 0.05; **P < 0.01; ***P < 0.001.
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macrophages with laminin peptides (LGTIPG and YIGSR) or fibro-
nectin peptides (RGDS and RGES) prior to the migration assay. 
The data indicated that macrophage migration activity in response 
to infarcted myocardium is significantly reduced by preincubation 
with LGTIPG and RGDS peptides (P < 0.001) but not with YIGSR 
or RGES peptide (Figure 10C). On the other hand, macrophage 
migration induced by formyl-Met-Leu-Phe (fMLP) was not inhib-
ited by preincubation with LGTIPG and RGDS peptides (Figure 
10C). In addition, we carried out a migration assay to further study 
whether digestion products of laminin and fibronectin by MMP-2 
can promote macrophage migration. When laminin and fibronec-

tin were incubated with MMP-2, they were degraded into lower-
molecular-weight fragments, as we have previously reported (17) 
(Figure 10D). Macrophage migration was enhanced in response to 
these digestion products, and the stimulated migration was sig-
nificantly reduced by pretreatment of macrophages with LGTIPG 
(P < 0.01) or RGDS peptide (P < 0.05) but not with YIGSR or RGES 
peptide (Figure 10D).

Discussion
The present study has demonstrated that in an MI model, adminis-
tration of TISAM to WT mice or a targeted deletion of the MMP-2 
gene in mice leads to a pronounced improvement of their survival 
rates. Since the 3 experimental groups showed similar levels of LV 
dilatation and muscle contractility and comparable infarct sizes, 
the high mortality rate in the control WT mouse group could not 
be ascribed primarily to heart failure. In fact, since LV wall rupture 
was demonstrated by autopsy in 38.5% of the dead WT mice, but 
not found in TISAM-treated WT mice or MMP-2–KO mice, cardiac 
rupture is considered to be the main cause of death, and it is rea-
sonable to postulate that MMP-2 activity is implicated in the rup-
ture. Our pharmacokinetic study indicated that the mean plasma 
concentration of TISAM is maintained at levels ranging from 0.06 
μM to 1.58 μM during the period of 15 minutes to 8 hours after a 
single oral dose, which exceeded the in vitro IC50 values for MMP-2  
(3.2 nM), MMP-9 (28.6 nM), and MMP-13 (17.7 nM). However, 

Figure 8
Degradation of ECM components in infarcted myocardium on day 3. 
Representative micrographs of transverse sections of sham-operated 
noninfarcted LV myocardium (A–C) and infarcted myocardium (D–I) 
from vehicle-treated WT mice (A, D, and G), TISAM-treated mice (B, E, 
and H) and MMP-2–KO mice (C, F, and I) stained by silver impregna-
tion (A–F) and immunostained with anti-laminin antibody (G–I). Note the 
marked degradation of ECM components stained by silver impregnation 
(D) and by immunohistochemistry of laminin (G) around the necrotic 
cardiomyocytes in control WT mice, which contrasts the findings that 
these components remained in TISAM-treated mice (E and H) and 
MMP-2–KO mice (F and I). Infarcted cardiomyocytes (D–I) are charac-
terized by disappearance of their nuclei. Scale bars: 20 μm (A–C), 10 
μm (D–F), and 20 μm (G–I). Quantitative analysis of laminin-positive 
(J) or type IV collagen–positive structures (K) in the infarcted areas (%) 
was performed by computerized morphometry. ***P < 0.001.

Figure 9
Demonstration of the degradation of laminin and fibronectin by immu-
noblotting. Supernatants of infarcted myocardial tissue homogenates 
were prepared from vehicle-treated WT mice (lane 2), TISAM-treated 
mice (lane 3), and MMP-2–KO mice (lane 4), subjected to SDS-PAGE, 
and immunoblotted for laminin (A) and fibronectin (B) as described 
in Methods. Sham-operated noninfarcted myocardium (lane 1) was 
also immunoblotted. Note the marked degradation of laminin and fibro-
nectin in infarcted myocardium from vehicle-treated control WT mice, 
which was almost completely inhibited in TISAM-treated and MMP-2– 
KO mice. α, β, and γ chains of laminin and intact fibronectin of 240 
kDa are indicated by arrows. The arrowhead denotes a fibronectin 
fragment of 120 kDa. Immunoblotting for β-actin was used to show the 
similar amount of sample application to each lane.
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since TISAM was 98% plasma protein bound in mice, these data 
suggest that in the TISAM-treated WT mice, MMP-2 activity is effi-
ciently inhibited by biologically active TISAM for at least 6 hours 
after every oral administration, whereas activities of MMP-9 and 
MMP-13, if present within the tissue, are suppressed for less than 
1 hour after the treatment. Thus, TISAM appears to have acted as 
an inhibitor more selective to MMP-2 in the present MI model. In 
accord with this notion, activation of proMMP-2 and strong gelati-
nolytic activity in the infarcted myocardium of the control WT mice 
were significantly inhibited and absent in the TISAM-treated mice 
and MMP-2–KO mice, respectively. A previous study (15) showed 
that cardiac rupture is partially prevented in MMP-9–KO mice. In 
our model, however, negligible or no activation of proMMP-9 was 
observed, and neither production nor activation of proMMP-9 cor-
related with cardiac rupture, which suggests that MMP-9 plays only 
a minor role in cardiac rupture in this mouse model.

One of the most remarkable differences in the pathology of 
MI between the control WT and MMP-2–deficient mouse groups 

was the delay in the latter of phagocytic removal of infarcted car-
diomyocytes by macrophages. Immunohistochemistry for mac-
rophage markers (CD68 and Mac-3) demonstrated that promi-
nent macrophage infiltration in the infarcted myocardium of the 
control WT mice was almost completely inhibited to a basal level 
in the TISAM-treated and MMP-2–KO mice on day 3 and to low 
levels (by 50%) on day 7. The infiltration of CD45-positive poly-
morphonuclear leukocytes was also reduced in the TISAM-treat-
ed and MMP-2–KO mice. However, since infarcted necrotic car-
diomyocytes are removed through phagocytosis by macrophages 
(31), it is possible that the delayed removal of necrotic cardio-
myocytes is due to suppressed macrophage infiltrations into the 
infarcted myocardium in the TISAM-treated and MMP-2–KO 
mice. On the other hand, since there was no difference in angio-
genesis in the infarcted myocardium among the 3 experimental 
groups, after removal of necrotic cardiomyocytes infarct zones 
appeared to be normally replaced with granulation tissue regard-
less of MMP-2 activity.

Figure 10
Macrophage migration in response to infarcted myocardium (A), laminin and fibronectin peptides (B), inhibition of migration activity to infarcted 
myocardium by laminin and fibronectin peptides (C), and digestion products of laminin and fibronectin by MMP-2 (D). (A) Migration activity of 
macrophages derived from WT and MMP-2–KO mice in response to infarcted myocardium from vehicle-treated WT (Infarct), TISAM-treated 
(TISAM infarct), and MMP-2–KO mice (KO infarct). As for controls, myocardium from sham-operated WT mice (Sham) and from noninfarct 
areas of infarcted vehicle-treated WT mice (Noninfarct) was used. HPF, high-power field. ***P < 0.001. (B) Migration activity of macrophages 
from WT mice in response to laminin peptides (LGTIPG and YIGSR) and intact laminin (Ln) and fibronectin peptides (RGDS and RGES) and 
intact fibronectin (Fn). (C) Inhibition of WT macrophage migration activity to infarcted myocardium or fMLP by laminin and fibronectin peptides. 
Macrophages were incubated with buffer alone (None), laminin peptides, or fibronectin peptides and then subjected to a migration assay by 
the addition of infarcted myocardium from WT mice or fMLP to lower chambers. Control, GBSS-BSA alone in lower chambers. ***P < 0.001. 
(D) Macrophage migration in response to MMP-2 digestion products of laminin and fibronectin. Macrophages were incubated with buffer alone, 
laminin, or fibronectin peptides and then subjected to a migration assay by the addition of the digestion products to lower chambers. Control, 
Ln, and Fn represent GBSS-BSA alone, laminin alone, and fibronectin alone in lower chambers, respectively. Digestion patterns of laminin and 
fibronectin on SDS-PAGE are shown. *P < 0.05; **P < 0.01.
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Our histological study has indicated that suppression of MMP-2  
activity by inhibitor administration or targeted deletion of the 
MMP-2 gene remarkably inhibits disruption of basement mem-
brane structures and thin collagen fibrils around the necrotic car-
diomyocytes on day 3 after MI. This finding suggests that degra-
dation of the basement membrane components such as laminin 
and type IV collagen and fibrillar collagens such as type I and III 
collagens is prevented in TISAM-treated and MMP-2–KO mice. In 
fact, immunohistochemistry demonstrated that immunoreactive 
areas of laminin and type IV collagen observed within the base-
ment membrane structures around the infarcted cardiomyocytes 
are larger in these mice than in WT mice. Inhibition of laminin 
and fibronectin degradation in these mouse groups was also dem-
onstrated by immunoblotting. Since MMP-2 not only digests base-
ment membrane components including type IV collagen, laminin, 
and fibronectin but also degrades type V collagen and gelatins (17) 
(i.e., denatured collagens generated after cleavage by the action of 
collagenases; ref. 7), MMP-2 is thought to play a key role in the 
degradation of fibrillar collagens. The morphological finding that 
the collagen framework is completely lost in the ruptured myo-
cardium suggested that cardiac rupture may be a consequence of 
a defect in the collagenous framework of the heart (2, 3). A com-
bined study of biomechanical properties and collagen content of 
isolated infarcted hearts also provided data supporting the con-
cept that the collagen fibroskeleton, but not myocyte necrosis 
per se, is an important determinant of cardiac rupture (2). Recent 
transgenic or KO mouse studies have further indicated that loss 
of collagen fibrils and pericellular struts of basement membrane 
results in myocyte slippage, contractile dysfunction, and ventricu-
lar dilatation (4, 5, 36), which may lead to cardiac rupture (1, 3). In 
the present study, we could not determine the wall stress or tensile 
strength of the left ventricles of infarcted mice because of the small 
size of mouse hearts. However, the biomechanical data showing 
that both rupture threshold and passive stiffness in the left ven-
tricles of the WT infarcted mice are significantly lower than those 
of MMP-2–KO mice and TISAM-treated mice suggest that the left 
ventricles of infarcted WT mice are more susceptible to rupture 
and/or dilatation by mechanical stress. Thus, our data, together 
with the previous findings on MMP-2 (17) and cardiac rupture (2, 
3), strongly suggest that disruption of the basement membrane 
structures and fibrillar collagens observed in the early stage of MI, 
probably resulting from MMP-2 action, is implicated in cardiac 
rupture in our MI model.

Macrophage migration into tissues can be promoted by many 
factors including ECM degradation products (25, 37), cytokines, 
and chemokines (38) and inflammatory chemical mediators, such 
as complement (C5a) and leukotriene B4 (39). The data in the 
present study showing that infarcted myocardium, but not nonin-
farcted myocardium, stimulated migration of macrophages sug-
gest that the infarcted myocardium releases chemoattractants for 
macrophages. Importantly, infarcted myocardium from TISAM-
treated or MMP-2–KO mice had negligible activity for the migra-
tion of WT macrophages, but MMP-2–KO macrophages could 
migrate in response to the WT infarcted myocardium. These data 
demonstrate that chemoattractants generated by the action of 
MMP-2 in the infarcted myocardium, but not MMP-2 expressed 
by macrophages, are responsible for the migration. Degradation 
products of fibronectin are known to induce macrophage migra-
tion (24, 25), and a laminin LGTIPG peptide is reported to promote 
migration of fibroblasts and tumor cells (26, 40). In the present 

study, we have shown that the formation of laminin and fibronec-
tin degradation products correlates with macrophage infiltrations 
in the infarcted myocardial tissue and that both laminin LGTIPG 
and fibronectin RGDS peptides promote macrophage migration. 
In addition, incubation of macrophages with the LGTIPG or RGDS 
peptide prior to the assay to block the ligand receptors inhibited 
macrophage migration, although no such inhibition was observed 
with fMLP-induced macrophage migration. Furthermore, diges-
tion products of laminin and fibronectin by MMP-2 promoted 
macrophage migration, which was suppressed by treatment with 
the LGTIPG or RGDS peptide. Taken together, these data suggest 
that degradation fragments of laminin and fibronectin generated 
by the action of MMP-2 are involved in macrophage migration in 
the infarcted myocardium in our model. MMP-2 has been report-
ed to cleave monocyte chemoattractant protein-3 (MCP-3) into a 
chemokine antagonist (38). In the present study, however, MCP-3 
is considered not to be involved in macrophage migration, since 
macrophage migration was reduced by inhibition of the MMP-2  
activity. On the other hand, since macrophage migration was not 
completely inhibited by treatment with the LGTIPG or REDS 
peptide, this study does not exclude the possible involvement of 
other factors such as macrophage migration–promoting cytokines 
and/or chemokines released from the infarcted myocardium after 
the ECM degradation or locally produced by inflammatory cells 
that infiltrate the tissue in the very early stages of MI.

During the course of the present study, Hayashidani et al. (14) 
reported an improvement of survival rate and prevention of cardiac 
rupture in MMP-2–KO mice, which support the findings reported 
here. Their study, however, focused on analyses of the survival rate, 
echocardiography, and hemodynamics; it provided no mechanistic 
insight into the decrease in cardiac rupture in MMP-2–KO mice, 
and no specific inhibitor studies were attempted. Here, we have 
found that targeted deletion of the MMP-2 gene suppresses ECM 
degradation and consequent macrophage migration, delays the 
phagocytic removal of infarcted myocardium by macrophages, and 
improves survival rate through protection against cardiac rupture. 
Among these processes, inhibition of ECM degradation by MMP-2 
appeared to be a key step, since its activity contributed to disrup-
tion of the skeletal framework, and the degradation products of 
laminin and fibronectin could initiate the subsequent reactions 
of the post-MI remodeling by promoting macrophage migration. 
Our study also demonstrated that pharmacological inhibition of 
MMP-2 activity attenuates LV remodeling after MI and protects 
against cardiac rupture. Although the previous study (14) showed 
long-term beneficial effects of targeted deletion of MMP-2 on LV 
function, we could not obtain such data in the present study. The 
reason of the discrepancy is not clear, but it may be because of 
the larger size of the infarct (58–59% versus 53–54% on day 3) and 
lower survival rate (46% versus 56% on day 28) in our model than 
in theirs. Interestingly, angiogenesis and scar formation were not 
affected in either MMP-2–KO mice or MMP-2 inhibitor–treated 
mice in the present study. In a recent study whose results sup-
port our findings, Lindsey et al. (22) showed that a selective MMP 
inhibitor that does not inhibit MMP-1 reduces LV remodeling but 
increases neovascularization in the infarcted myocardium in a rab-
bit MI model. Thus, these data suggest that the transient (for 1 
week) and timely (immediately after MI) administration of MMP 
inhibitors, especially an MMP-2–selective inhibitor, could be a 
potential therapy for patients at risk for development of cardiac 
rupture after MI.
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Methods
Animals and surgery. MMP-2–KO mice on a 129/Sv genetic background 
were generated by microinjection of ES clones into C57BL/6J blastocysts as 
described by Itoh et al. (41) and were a kind gift from the Discovery Research 
Laboratories of Shionogi and Company Ltd. The mice were backcrossed 
6 times into the C57BL/6J background and used for all the experiments. 
Genotyping of animals was performed by an investigator (S. Mochizuki) 
using PCR of DNA obtained from tail biopsies. Primers for WT alleles were 
located in the 5′ region (5′-CAACGATGGAGGCACGAGTG-3′) and exon 1 
(5′-GCCGGGGAACTTGATGATGG-3′) of the MMP-2 gene, and primers for 
mutated alleles were located in the phosphoglycerate kinase 1–neo cassette 
(5′-CTTGGGTGGAGAGGCTATTC-3′ and 5′-AGGTGAGATGACAGGA-
GATC-3′). Sibling WT mice were used for the inhibitor-treatment and con-
trol vehicle-treatment experiments. MMP-2–KO and WT male mice ranging 
in age from 12 to 13 weeks were anesthetized intraperitoneally with pento-
barbital (0.1 mg/kg). After intubation with polyethylene tubes, the animals 
were ventilated with a small-animal respirator (Shinano Co.). After left 
thoracotomy and pericardotomy, the proximal segment of the left coronary 
artery was ligated with a 7-0 silk suture. A sham operation without coronary 
artery ligation was also performed on both MMP-2–KO and WT mice. After 
surgery, all the mice were housed under identical conditions and given food 
and water ad libitum. After the operation, the dead mice were subjected to 
autopsy and histologically examined. For the experiment of survival curve 
after MI, the operation and autopsy were performed by a group of investiga-
tors (S. Matsumura, S. Iwanaga, and Y. Okada), who were not informed of 
the results of the genotyping and drug administration. The care of the ani-
mals was in accordance with Guidelines for the Care and Use of Laboratory 
Animals of Keio University School of Medicine, and our experiments have 
been approved by the University Animal Welfare Committee.

Drug characteristics and administration. TISAM, an N-sulfonylamino acid 
derivative (42), was provided by the Discovery Research Laboratories of 
Shionogi and Company Ltd. IC50 values of TISAM were determined in vitro 
using purified human MMPs and quenched fluorescent peptide substrates 
according to previously described methods (43). For treatment of infarcted 
mice, WT mice were randomly grouped and orally received TISAM in 0.5% 
(wt/vol) methylcellulose (5 mg/kg/d) or vehicle alone once a day for 7 days 
one day after ligation. To evaluate the plasma concentration of TISAM, we 
performed pharmacokinetic studies. The drug was administered orally to 
mice (n = 3) at a dosage of 5 mg/kg, and blood samples were taken at 0, 0.25, 
0.5, 1, 3, 6, 8, and 24 hours. The samples were immediately centrifuged, and 
the plasma concentration of TISAM was analyzed by HPLC with a UV spec-
troscopy detector. The binding rate of 100 μM TISAM with plasma proteins 
in vitro was determined by equilibrium dialysis at 37°C for 24 hours.

LV distending pressure/rupture threshold and passive stiffness. MMP-2–KO and 
WT mice treated with or without TISAM (n = 5 per group) were anesthetized 
and killed at 3 days after MI, and the infarcted hearts were removed. By modi-
fication of the original methods described by Connelly et al. (44), we deter-
mined the rupture threshold and passive stiffness of left ventricles. Briefly, 
a saline-filled latex balloon was attached to a polyethylene tube and secured 
in the LV cavity by means of a suture around the circumference of the heart 
below the mitral valve ring and outflow tract of the ventricle. The balloon was 
filled at a constant rate (3.3 ml/min) with a syringe pump (STC-508; Terumo 
Corp.) until LV rupture occurred. The passive pressure-volume relationship 
was recorded using the Polygraph system (AP601G; Nihon Kohden) and 
pressure transducer. The rupture threshold was defined as the LV pressure at 
which rupture occurred. The slope of the linear region of the LV filling curve 
(between 100 and 200 mmHg) was used as an index of passive stiffness.

Tissue collection and histology. For histological analysis of the infarcted 
myocardium, the animals were sacrificed at 1, 3, 7, 14, or 28 days after 
surgery under ether anesthesia, and hearts were removed. Hearts were 

immersion-fixed in 4% paraformaldehyde for 24 hours at 4°C, and we 
subsequently cut them into 2 transverse slices through the mid-ventricle 
without removing the right ventricle. They were embedded in paraffin, and 
4-μm sections were prepared. The sections were stained with H&E and also 
by silver impregnation. Using these stained sections from at least 6 mice, 
we determined the infarct sizes by quantitative morphometric planimetry. 
Some hearts were similarly cut into 2 transverse slices without fixation, 
embedded in OCT compound (Miles Inc.), and snap-frozen in 2-methyl 
butane chilled with dry ice. They were stored at –80°C until used.

Gelatin zymography. Frozen sections (200 μm thick) were prepared with a 
cryostat (Miles Inc.), and myocardial tissue samples were obtained from the 
infarct zone of WT and MMP-2–KO mice. Myocardial tissue samples from 
the TISAM-treated WT mice were obtained 6 hours after the last oral admin-
istration of the drug. They were homogenized in 50 mM Tris-HCl buffer (pH 
7.6), 0.15 M NaCl, 10 mM CaCl2, 0.05% Brij 35, 0.02% NaN3 (TNC buffer). 
We prepared the supernatants by centrifugation and adjusted protein con-
centrations to 1 mg/ml with TNC buffer after determining concentrations 
by the dye binding method using Coomassie Brilliant Blue G250 accord-
ing to the manufacturer’s instructions (Bio-Rad Laboratories). As a control, 
homogenate supernatants were also prepared from the myocardial tissue of 
sham-operated mice in a similar way. Twenty microliters of supernatants 
(20 μg protein/lane) were mixed with the same volume of Laemmli’s 2× 
SDS sample buffer and incubated for 20 minutes at 37°C in the absence 
of reducing agent. Samples were electrophoresed in 8% polyacrylamide gels 
containing 1 mg/ml gelatin. After electrophoresis, the gels were soaked in 50 
mM Tris-HCl buffer (pH 7.6) containing 2.5% Triton X-100 for 30 minutes, 
incubated with TNC buffer at 37°C for 16 hours, and subsequently stained 
with 0.5% Coomassie Brilliant Blue R-250 (Nacalai Tesque Inc.). Intensity of 
the gelatinolytic bands was quantified using an image scanner and a digital 
densitometer. Activation ratios were estimated by computer-assisted densi-
tometric scanning according to previously reported methods (33).

In situ zymography. In situ zymography was used to visualize gelatinolytic 
activity in myocardial tissue sections. Myocardial tissues from the TISAM-
treated mice were obtained 6 hours after the last administration. Frozen 
sections (6 μm thick) were mounted onto gelatin films that were prepared 
by coating cross-linked gelatin on polyethylene terephthalate support 
films (Wako Pure Chemical Industries Ltd.) and incubated for 6 hours at 
37°C as previously described (33). The films were stained with 1.0% amido 
black 10B. Sections were also mounted on gelatin films pretreated with  
1,10-phenanthroline, an inhibitor of metalloproteinases (Wako Pure 
Chemical Industries Ltd.) and then stained as described above.

Immunohistochemistry. Frozen sections (6 μm thick) were cut with a 
cryostat, mounted on glass slides, and fixed for 3 minutes with acetone. 
After being washed 6 times in PBS, sections were treated for 1 hour at room 
temperature with rat anti-mouse CD68/macrosialin (1:100 dilution; clone 
FA-11; Serotec Ltd.), rat anti-mouse Mac-3 (1:100 dilution; clone M3/40; 
BD Biosciences — Pharmingen), rat anti-mouse CD45 (1:100 dilution; 
clone 30F11.1; BD Biosciences — Pharmingen), or nonimmune rat IgG 
(1:100 dilution; DakoCytomation A/S) after incubation with 10% normal 
goat serum for 15 minutes. Sections were then incubated for 1 hour with 
peroxidase-conjugated goat anti-rat IgG antibody (1:100 dilution; Sero-
tec Ltd.). The reaction product was visualized using a solution containing  
3,3′-diaminobenzidine tetrahydrochloride and 0.01% H2O2 in 50 mM Tris-
HCl buffer (pH 7.6), and sections were counterstained with hematoxylin.

Paraffin sections (4 μm thick) were mounted on 3-aminopropyl triethoxysi-
lane–coated glass slides and subjected to immunohistochemistry for vWF, 
laminin, and type IV collagen. They were treated with 0.3% hydrogen peroxide 
in methanol for 20 minutes at room temperature to block endogenous perox-
idase activity. Before incubating them with antibodies, we carried out antigen 
retrieval by treating the sections with 0.4 mg/ml proteinase K (Sigma-Aldrich) 
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for 6 minutes at room temperature for vWF, with 0.05 mg/ml proteinase 
XXIV (Sigma-Aldrich) for 20 minutes at room temperature for laminin, and 
with 4 mg/ml pepsin (DakoCytomation A/S) for 30 minutes at 37°C for type 
IV collagen. After blocking nonspecific binding with 5% normal goat serum, 
we incubated them with rabbit polyclonal antibodies against vWF (1:200 dilu-
tion; DakoCytomation Norden A/S), laminin (1:100 dilution; Sigma-Aldrich), 
or type IV collagen (1:10,000 dilution; LSL) for 2 hours at room temperature. 
Subsequently, the specimens were incubated for 30 minutes at room tem-
perature with goat antibody against rabbit IgG conjugated to peroxidase-
labeled dextran polymer (no dilution; EnVision+ Rabbit; DakoCytomation 
Norden A/S). Color was developed with 0.2 mg/ml 3,3′-diaminobenzidine 
tetrahydrochloride (Dojindo Laboratories) in 50 mM Tris-HCl buffer (pH 
7.6) containing 0.003% hydrogen peroxide, and sections were counterstained 
with hematoxylin. As a control, sections were reacted by replacing the first 
antibodies with nonimmune rabbit IgG (1:100 dilution; DakoCytomation 
Norden A/S) according to the manufacturer’s instructions. The degree of 
angiogenesis was determined by counting vWF-positive blood vessels with an 
apparent luminal area/mm2 using NIH Image 1.62 software (http://rsb.info.
nih.gov/nih-image/) as previously described (45). Quantitative analysis of the 
percentage of laminin- or type IV collagen–positive structures in the infarct-
ed area was determined by computerized morphometry and SigmaScan Pro 
software (Systat Software Inc.) as previously described (46).

Immunoblot analysis. Myocardial tissue samples corresponding to the infarct 
or noninfarct zones were separated from frozen sections and homogenized 
on ice in 0.4 ml of TNC buffer containing a cocktail of proteinase inhibitors 
(Roche Diagnostics). They were then centrifuged at 20,000 g for 15 minutes, 
and the supernatants (10 μg protein/lane) were subjected to SDS-PAGE 
(7.5% and 4% total acrylamide for immunoblotting of laminin and fibronec-
tin, respectively) under reduction. Protein concentrations were determined 
by the dye-binding method using Coomassie Brilliant Blue G250 according 
to the manufacturer’s instructions (Bio-Rad Laboratories). After SDS-PAGE, 
proteins were transferred onto polyvinylidene difluoride membranes. The 
membranes were treated for 1 hour with 5% nonfat dried milk in Tris-buff-
ered saline (pH 7.6) containing 0.1% Tween 20 and then incubated for 1 
hour with rabbit polyclonal antibodies to laminin (1:1,000 dilution; Sigma-
Aldrich) or fibronectin (1:1,000 dilution; Sigma-Aldrich). After incubation 
with HRP-conjugated goat anti-rabbit IgG (1:5,000 dilution; DakoCytoma-
tion Norden A/S), protein bands reactive with the antibodies were visualized 
with enhanced chemiluminescence reagents (Amersham Biosciences). After 
stripping bound antibodies, we reprobed the membranes with anti–β-actin 
antibody (1 μg/ml; Sigma-Aldrich) to confirm that similar amounts of sam-
ples were applied to each lane of the gel on SDS-PAGE.

Echocardiographic analysis. Echocardiography was performed before MI and 
7 and 28 days after MI. Animals in a separate group (n = 5–6 per group) were 
sedated with intraperitoneal xylazine (0.3 mg/kg) and ketamine (2.5 mg/kg)  
and placed in a recumbent position on a warming blanket to maintain 
ambient body temperature. Heart rate was determined by surface electrocar-
diograms. Transthoracic echocardiograms were recorded using a 15-MHz 
transducer (SONOS 5500; Philips Medical Systems). An M-mode trace of LV 
contraction was recorded on a chart recorder at a paper speed of 200 mm/s.

Macrophage migration assay. Macrophages were harvested from the perito-
neal cavities of WT mice and MMP-2–KO mice 3 days after the injection 
of 10% proteose peptone (BD Biosciences) (47). The cells were washed with 
PBS and suspended at a density of 5 × 105 cells/ml in Gey’s balanced saline 
solution (1.5 mM CaCl2, 5.0 mM KCl, 0.2 mM KH2PO4, 1.0 mM MgCl2, 0.3 
mM MgSO4, 119.8 mM NaCl, 27.0 mM NaHCO3, 0.8 mM Na2HPO4, 5.6 
mM glucose, 20.0 mM HEPES, pH 7.2) containing 2% BSA (GBSS-BSA). 
About 90% of the cells obtained were macrophages according to the criteria 
of morphology (48), and the viability was greater than 95%, as assessed by 
trypan blue dye staining. Migration assays on the macrophages were per-

formed in 24-well Matrigel invasion chambers (BD Biosciences) according 
to the manufacturer’s instructions. The myocardial tissue (approximately 1 
mg wet weight) was placed in the lower compartment of the chamber in 750 
μl of GBSS-BSA. A Matrigel matrix insert (8-μm pores) was used to separate 
upper and lower compartments. An aliquot (500 μl) of a macrophage sus-
pension (5 × 105 cells/ml) in GBSS-BSA was added to the upper compart-
ment. The chamber was incubated at 37°C for 22 hours in a humidified 
incubator containing 95% air and 5% CO2. The Matrigel matrix membrane 
was removed from the chamber, fixed in methanol, and then stained with 
a Diff-Quick stain kit (International Reagent Corp.) (48). The net number 
of cells that migrated completely through the 8-μm pores was determined 
in 3 random high-power fields (×400) for each filter. The effect of laminin 
receptor ligands (LGTIPG and YIGSR) (40, 49) and intact laminin (Chemi-
con International) on macrophages was also examined by addition of these 
ligands (10–4 to 10–8 M) into the lower compartment in the macrophage 
migration assay. Similarly, the effect of fibronectin receptor ligand peptides 
(RGDS and its analogous peptide RGES) peptides (24, 29) (Calbiochem) and 
intact fibronectin (Chemicon International) (10–5 to 10–9 M) on macrophages 
was examined. For study of inhibition of macrophage migration, peritoneal 
macrophages (5 × 105 cells/ml) in GBSS-BSA were initially incubated with  
10 μM laminin receptor ligands (LGTIPG and YIGSR), 1 μM fibronectin 
receptor ligands (RGDS and RGES), or GBSS-BSA alone for 30 minutes at 
37°C and then added to the upper compartment of the Matrigel invasion 
chamber after being washed with GBSS-BSA. Myocardial tissue from infarct-
ed WT mice was added to GBSS-BSA in the lower compartment, and a migra-
tion assay was performed as described above. Myocardial tissue samples from 
the infarcted TISAM-treated mice were obtained 6 hours after the last oral 
administration of the drug. To further show the specific inhibition of mac-
rophage migration by the laminin LGTIPG and fibronectin RGDS peptides, 
macrophage migration was induced with 1 μM fMLP, and the effects of these 
peptides on the migration were studied. In addition, macrophage migration 
activity of laminin and fibronectin digestion products by MMP-2 was exam-
ined. Laminin (10 μg) and fibronectin (10 μg) were digested with MMP-2 
at a substrate/enzyme ratio of 30:1 for 16 hours at 37°C as described previ-
ously (17), these digestion products were added to GBSS-BSA in the lower 
compartment (1 μg/chamber), and a migration assay was performed. The 
migration assays were performed in triplicate.

Statistical analysis. Comparison of survival rates was performed by Kaplan-
Meier analysis. Multiple comparisons among 3 groups were carried out by 
1-way ANOVA with Fisher’s least significant difference as the post hoc test. 
Wall motion scores were tested by repeated measures ANOVA. P values less 
than 0.05 were considered significant.
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