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Plasminogen activator inhibitor-1 (PAI-1) plays a crit-
ical role in tissue fibrosis by inactivating matrix met-
alloproteinases, which might effect on the progres-
sion of left ventricular dysfunction. However, little
has been known about the expression of PAI-1 during
cardiac remodeling. We used a mouse model of myo-
cardial infarction (MI) by coronary ligation, in which
the progression of left ventricular remodeling was
confirmed by echocardiography. Histological exami-
nation showed that interstitial and perivascular fibro-
sis progressed in the post-MI (PMI) heart at 4 weeks
after the procedure. We observed the dramatic induc-
tion of cardiac PAI-1 mRNA and PAI-1 antigen in
plasma in the PMI mice, as compared with the sham-
operated (sham) mice. In situ hybridization analysis
demonstrated that strong signals for PAI-1 mRNA
were localized to cardiomyocytes in the boarder of
infarct area and around fibrous lesions, and to
perivascular mononuclear cells, which seemed to be
mast cells, only in hearts of the PMI mice. Impor-
tantly, less development of cardiac fibrosis after MI
was observed in mice deficient in PAI-1 as compared
to wild-type mice. The mRNA expression of cyto-
kines, transforming growth factor-� , and tumor ne-
crosis factor-� , was also increased in hearts of the
PMI mice, but not in the sham mice. These observa-
tions suggest that cardiomyocytes and mast cells con-
tribute to the increased PAI-1 expression, resulting in
the development of interstitial and perivascular fibro-
sis in the PMI heart, and that the regional induction of

cytokines may be involved in this process. (Am J
Pathol 2004, 164:449–456)

Myocardial infarction (MI) is frequently accompanied by
fibrous changes and by left ventricular (LV) remodeling,
which may result in the heart failure. Cardiac fibrosis,
which is demonstrated by accumulation of extracellular
matrix (ECM), causes diastolic dysfunction,1 and may
provide the structural substrate for arrhythmogenicity,
thus contributing to the progression of heart failure and
sudden death.2 The progression of LV remodeling during
the repair process after MI is mostly determined by the
degradation of myocardial ECM.3–5 In this context, the
accumulation or degradation of cardiac ECM in MI pa-
tients is one of the most important issues to improve the
prognosis. The principal system, which could regulate
ECM metabolism in hearts, is the matrix metalloprotein-
ases (MMPs)-tissue inhibitor of metalloproteinases
(TIMPs) pathway.6 Indeed, the inappropriate elevation of
MMP’s activity impairs LV remodeling and leads to the
pump failure in the infarct heart.5

Plasmin, one of the serine proteases, is an active en-
zyme of the fibrinolytic system, and has a proteolytic
activity as well. It plays a critical role in the degradation of
ECM directly and by activation of pro-MMPs in cardiac
tissues.6 The fibrinolytic potential in the tissue is deter-
mined by balance between urokinase-type plasminogen
activator (u-PA) and plasminogen activator inhibitor
(PAI)-1. A significant role of u-PA and MMPs has been
demonstrated in cardiac rupture and scar formation after
MI.7,8 u-PA and MMPs could degrade ECM in the scar of
infarct area, thus contributing to the vulnerability of car-
diac wall. The activity of u-PA and MMPs is primarily
controlled by their endogenous inhibitors, PAI-1 and
TIMPs. PAI-1, which was shown to be expressed in mam-
malian cardiomyocytes,7 is implicated in the process of
the cardiac remodeling by inhibiting activation of MMPs
as well as plasmin generation. PAI-1 could inhibit inter-
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stitial proteolysis, especially in the infarct heart during the
chronic phase, which determines the prognosis of MI
patients. We have focused on the pathological role of
PAI-1 in the cardiac repair, and thus, investigated the
expression and localization of PAI-1 in the heart of an in
vivo model of MI.

In this report, we observed the dramatic induction of
PAI-1 in a mouse model of infarct heart in the chronic
phase. More specifically, cardiomyocytes and mast cells
in the boarder of infarct area and around fibrous lesions,
expressed abundant PAI-1 mRNA in the post-MI (PMI)
mice. Experiments using mice deficient in PAI-1 suggests
that increased expression of cardiac PAI-1 may contrib-
ute to the development of fibrous change after MI. Fur-
thermore, we observed increases in the regional expres-
sion of inflammatory cytokines, tumor necrosis factor
(TNF)-�, and transforming growth factor (TGF)-�, both of
which dramatically induce PAI-1 expression in vivo.9,10

Thus, the response of cardiomyocytes and mast cells in
the induction of PAI-1 in the infarct heart could be rele-
vant to the progression of cardiac fibrosis, and the re-
gional induction of inflammatory cytokines may be in-
volved in this process.

Materials and Methods

A Mouse Model of Myocardial Infarction and LV
Remodeling

All procedures were performed according to the protocol
approved by the Animal Care and Use Committee of
Nagoya University. MI was developed in male 6-week-old
C57BL/6J mice (n � 15) by ligating the left coronary
artery.11 We provided the sham-operated animals, which
underwent the same procedure without ligation of the
artery, to exclude the influence of the surgical procedure
itself to the experimental results. All of the MI mice had
infarct area more than 40% of the LV and showed impair-
ment of systolic function. We examined the progression
of LV remodeling with echocardiograms at the point of 2
and 4 weeks after surgical procedure. Echocardio-
graphic studies were performed under anesthesia with
ketamine (0.065 mg/body weight g) and xylazine (0.013
mg/body weight g). Imaging was obtained with an Acu-
son (Mountain View, CA) Sequoia model 256 clinical
echocardiograph fitted with an 8-MHz sector-scanning
probe.12 All of the MI mice demonstrated lower than 50%
of fractional shortening (%FS) and enlarged diastolic LV
diameter (dLVD) more than 3.5 mm at 2 weeks after the
procedure. We performed the same experiment using
mice deficient in PAI-113 as wild-type mice.

Plasma and Tissue Preparation

After echocardiographic studies at 4 weeks after surgical
procedure, mice were sacrificed by overdose inhalation
anesthesia with ether and cervical dislocation. The
plasma was collected, and then several tissues (eg,
heart, liver, lung, kidney, adrenal, and adipose tissues)
were rapidly excised by standard dissection technique,

and either minced, quickly frozen in liquid nitrogen for
preparation of total RNA, or fixed in chilled 4% parafor-
maldehyde and embedded in paraffin for histological
examination, in situ hybridization, and immunohistochem-
istry.

PAI-1 Enzyme-Linked Immunosorbent Assay

PAI-1 antigen levels in plasma were quantified by a sand-
wich enzyme-linked immunosorbent assay as de-
scribed14 with minor modification. Briefly, polystyrene mi-
crotiter plates were coated with 50 �l of a rabbit
polyclonal anti-mouse PAI-1 IgG prepared by naked DNA
immunization method described previously,15 at a con-
centration of 20 �g/ml in 50 mmol/L of bicarbonate buffer
(pH 9.5) with 0.02% NaN3 (0.2 g). After allowing the plate
to remain at 4°C overnight, the plate was washed four
times with washing buffer [phosphate-buffered saline
(PBS) with 0.05% Tween 20], blocked with 150 �l/well of
blocking buffer (PBS with 1% bovine serum albumin), and
then washed four times with washing buffer. Samples (or
positive control, consisting of GST-mouse PAI-1) were
added (50 �l/well), incubated at room temperature for 5
hours, and then washed four times with washing buffer.
Plates were further prepared by adding 50 �l/well of
rabbit anti-mouse PAI-1 IgG (5 �g/ml) which was biotin-
ylated using the ECL protein biotinylation module (Amer-
sham Biosciences, Tokyo, Japan). After washing four
times with washing buffer, ExtrAvidin peroxidase (diluted
1:1000 in an assay buffer consisting of PBS, pH 7.4,
bovine serum albumin, 1%, and Tween 20, 0.05%;
Sigma, St. Louis, MO) was added to each well (100
�l/well). Plates were then developed using 100 �l/well of
freshly prepared developing solution for horseradish per-
oxidase, o-phenylenediamine (0.75 g/L), and H2O2 were
added. Plates were further incubated to allow color devel-
opment, followed by termination of the reaction with 4 N
H2SO4 (50 �l/well). Absorbance was read at 490 nm, and
the detection limit in this assay was 200 pg/ml (41.7 pmol/L).
Experiments were performed in duplicate and the results
were presented as the mean � SD.

RNA Extraction and Quantitative Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Total tissue RNA was isolated using STAT-60 total RNA
isolation reagent (Stratagene, La Jolla, CA). One �g of
each tissue RNA was reverse-transcribed, and then, the
concentration of PAI-1, TGF-�, TNF-�, and �-actin mR-
NAs in the tissues was determined by real-time quantita-
tive RT-PCR with ABI Prisms 7700 Sequence Detection
(Perkin-Elmer Biosystems, Foster City, CA) and SYBR
Green PCR Kit (Perkin-Elmer Biosystems), according to
the manufacturer’s recommendations. A synthetic DNA
template containing the sequences for the upstream and
downstream primers for PAI-1, TGF-�, TNF-�, and �-actin
(internal control) was used as a standard. The sequences
of primer pairs used to quantify mRNAs of the above
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genes were described previously.16,17 Various concen-
trations of the standard DNA template (eg, 1 � 104 to 109

molecules/�l) were used for the calibration curve for each
primer set. After 35 cycles of PCR reaction (94°C for 30
seconds, 60°C for 30 seconds, and 72°C for 30 sec-
onds), the amount of gene transcripts was calibrated by
the comparison with the standard curve. All of RT-PCR
experiments were performed in duplicate. The PCR prod-
ucts were electrophoresed on a 2% agarose gel and
visualized with ethidium bromide to confirm the proper
PCR amplification (data not shown).

In Situ Hybridization

In situ hybridization was performed using 35S-labeled
anti-sense riboprobes, as described previously.16,17 Af-
ter hybridization, the slides were dehydrated by immer-
sion in a graded alcohol series containing 0.3 mol/L
NH4Ac, and dried. Then, the slides were coated with
NTB2 emulsion (1:2 in water; Eastman Kodak, Rochester,
NY), and exposed in the dark at 4°C for 4 to 10 weeks.
The slides were developed for 2 minutes in D19 devel-
oper (Kodak), fixed, washed in water, and counterstained
with hematoxylin and eosin (H&E). No specific hybridiza-
tion signal could be detected in parallel sections using
35S-labeled sense probes in each experiment (data not
shown).

Immunohistochemistry

Immunohistochemical staining was performed using the
Histostain-SP kit (Zymed Laboratories, South San Fran-
cisco, CA) according to the manufacturer’s recommen-
dations. Briefly, the tissue sections were deparaffinized,
treated with 2% hydrogen peroxide, and incubated with
10% normal goat serum for 30 minutes. The slides were
then incubated with 10 �g/ml of rabbit anti-human PAI-1
antibody that cross-reacts to mouse PAI-1 (a kind gift of
Dr. Y. Eguchi, Shiga University of Medical Science,
Shiga, Japan), containing 0.1% goat serum at 4°C over-
night, followed by incubation for 1 hour at 25°C. In control
experiments, tissues were incubated with normal rabbit
IgG instead of the primary antibody. The slides were then
washed and treated sequentially with biotinylated goat
anti-rabbit IgG diluted in 1:100 (Zymed Laboratories),
streptavidin-peroxidase conjugate, and aminoethylcar-
bazole chromogen containing 0.03% hydrogen peroxide.
The slides were counterstained with hematoxylin and
mounted in GVA-mount (Zymed Laboratories).

Histopathological Analysis

Histopathological and morphometric analysis of cardiac
tissues was performed by a single investigator who was
unaware of the treatment protocol. The tissue sections
(n � 10) were stained with H&E for overall morphological
analysis, with May-Giemsa staining or toluidine blue
method to detect degranulating mast cells,18 or with
Sirius Red F3BA (0.1% solution in saturated aqueous
picric acid) to demonstrate collagen matrix indicating

fibrous changes.19 The progression of perivascular fibro-
sis was evaluated by comparing the perivascular area to
the total vessel area, as described previously.20 We an-
alyzed the short-axis images of 6 to 10 coronary arteries
per cardiac tissue section. The inner border of the lumen
and outer border of the tunica media were traced in each
image, and then, calculated by use of Win ROOF version
5.02 (MITANI Corp., Fukui, Japan). The area of fibrosis
surrounding the coronary arteries was measured and the
ratio of perivascular fibrosis was determined by dividing
fibrous areas by vessel areas.

Statistical Analysis

All data are presented as the mean � SD. The paired
data were compared by paired Student’s t-test. Compar-
isons between the sham and PMI groups were tested by
the unpaired Student’s t-test. Multiple comparisons
among four groups were performed by one-way analysis
of variance followed by Fisher’s protected least signifi-
cant difference tests. A P value �0.05 was considered
significant.

Results

LV Function of the PMI Mouse

We evaluated LV function of the PMI mice and sham mice
with M-mode echocardiogram (Figure 1A). The image of
a sham mouse shows normal thickness and contraction
of the LV wall. In the image of a PMI mouse, a dilated LV
chamber with thinning of the anterior wall was demon-
strated. Reduced wall motion of the viable myocardium
was also observed in the posterior wall of a PMI mouse.
The quantitative echocardiographic data on the LV func-
tion at 4 weeks after procedure are shown in Figure 1, B
and C. The average %FS was significantly lower in the
PMI group (46.8 � 5.8%) as compared with the sham
group (75.6 � 1.8%) (n � 15, respectively; P � 0.05;
Figure 1B). The evaluation of the LV end-diastole re-
vealed that the PMI group had larger diameter (3.75 �
0.28 mm) than the sham group (2.38 � 0.14 mm) (n � 15,
respectively; P � 0.05; Figure 1C). The LV function be-
tween 2- and 4-week intervals after the procedure was
not significantly different between two groups (data not
shown).

PAI-1 Expression in the PMI Mouse

We analyzed the expression of systemic and regional
PAI-1 expression in cardiac tissues of the PMI and sham
mice at 4 weeks after surgical procedure. Total PAI-1
antigen level in plasma was elevated in the PMI mice, but
not in the sham mice (4.28 � 1.4 ng/ml versus 0.29 � 0.76
ng/ml; n � 7, respectively; P � 0.05; Figure 2A). The
expression of PAI-1 mRNA dramatically increased (13-
fold) in the cardiac tissue of noninfarct areas in the PMI
mice, as compared with the sham mice (n � 7, respec-
tively; P � 0.01; Figure 2B). However, no significant in-
duction of PAI-1 mRNA was detected in other organs (eg,
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lung, kidney, adipose, liver, adrenal) of the PMI mice
(data not shown). These results suggest that increased
expression of cardiac PAI-1 contributes to the elevation
of systemic plasma level of PAI-1 in the PMI mice. The
results obtained by in situ hybridization analysis on the
cardiac tissue (Figure 3) were consistent with the RT-PCR
data. Although no signals for PAI-1 mRNA were detected
in hearts of the sham mice (Figure 3A), strong signals for
PAI-1 mRNA were localized to cardiomyocytes of the PMI
hearts (Figure 3B), especially in the marginal zone of
fibrous changes (Figure 3C). Cardiomyocytes and fibro-
blasts in this region specifically expressed abundant

PAI-1 mRNA (Figure 3C). High expression of PAI-1 mRNA
was also observed in smooth muscle cells and perivas-
cular cells surrounding arteries (Figure 3D), which
seemed to be mast cells. Although no mast cell invasion
to perivascular and interstitial regions was observed in
the sham mice as previously reported,21 we occasionally
detected degranulating mast cells in perivascular area
with the development of fibrosis in the PMI mice (Figure
3E). We counted the number of mast cells per field of
view (magnification, �400) both in the PMI and sham
mice (n � 10) and observed two to three mast cells in
perivascular area only in the PMI mice (data not shown).
We could find no PAI-1 signals in vascular endothelial
cells in both groups. Immunohistochemical analysis
showed the positive staining for PAI-1 antigen in cells
distributed in interstitial fibrous region (Figure 3F), which
was consistent with in situ hybridization analysis.

Coronary Perivascular and Endocardiac Fibrosis
after MI in Wild-Type and PAI-1-Deficient Mice

We induced MI in PAI-1-deficient mice13 by the same
procedure, as described in the Materials and Methods.
Recently, it was reported that PAI-1-deficient mice often
died of cardiac rupture within 7 days after coronary liga-
tion.22 As social stress and hyperactivity would deterio-

Figure 1. LV function of the PMI mouse. A: M-mode echocardiograms. We performed M-mode echocardiograms of the sham (top) and PMI (bottom) mice 4
weeks after coronary ligation. The images from sham mice showed normal contraction and wall thickness (IVS, intraventricular septum; PW, posterior wall; dLVD,
diastolic left ventricular dimension; sLVD, systolic left ventricular dimension). The image of the PMI mice showed thinned IVS, dilated dLVD, and reduced wall
motion in the PW. B: Percentage of fractional shortening (%FS) of the sham and PMI mice. C: Endodiastolic diameter of LV of the sham and PMI mice. The data
are presented as the mean � SD (n � 15, respectively). *, P � 0.05.

Figure 2. PAI-1 expression in the PMI mouse. The plasma and cardiac tissues
were collected at 4 weeks after surgical procedure, and then, PAI-1 antigen
in plasma and cardiac expression of PAI-1 mRNA were quantitated as de-
scribed in Materials and Methods. A: Total PAI-1 antigen in plasma of the
sham and PMI mice. B: The expression levels of PAI-1 mRNA in hearts of the
sham and PMI mice. The results were standardized by the expression levels
of �-actin mRNA. The data are presented as the mean � SD (n � 7,
respectively).
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rate the mortality in the mouse model of MI,8 we put mice
one by one in a separate cage to remove social stress.
Eighty percent of PAI-1-deficient mice maintained in one
cage, where four to five mice lived together, suddenly
died within a week after the procedure (n � 15), whereas
only 30% of them died when maintained in a separate
cage (n � 13). The size of infarct area in PAI-1-deficient
mice was almost same with that observed in wild-type
mice (data not shown).

Histopathological examination was performed to ana-
lyze the progression of cardiac fibrosis at 4 weeks after
MI in noninfarct areas of wild-type and PAI-1-deficient
mice in comparison with the sham mice. We observed
larger fibrous tissues in the endocardiac interstitium (Fig-
ure 4A) and in perivascular area (Figure 4B) of wild-type
mice after MI. However, less progression of cardiac fi-
brosis as described above, was revealed in PAI-1-defi-
cient mice after MI (Figure 4B). Quantitative evaluation of

perivascular fibrosis was performed in the sham and PMI
groups using wild-type and PAI-1-deficient mice, as de-
scribed in the Materials and Methods (Figure 4C). The
PMI groups of wild-type mice showed the significant
development of coronary perivascular fibrosis in compar-
ison with the sham groups and with the PMI groups of
PAI-1-deficient mice.

Cardiac Expression of Cytokines in the PMI
Mouse

We then investigated the expression of cytokines, TGF-�
and TNF-�, both of which were shown to be inducers of
PAI-1 expression in vitro9 and in vivo,10 in cardiac tissues
of the wild-type and PAI-1-deficient mice at 4 weeks after
MI (Figure 5). TGF-� mRNA expression in hearts of the
wild-type mice significantly increased after MI (eg, two-

Figure 3. In situ hybridization and immunohistochemistry for PAI-1 in hearts of the sham and PMI mice. In situ hybridization analysis for PAI-1 mRNA in hearts
of the sham and PMI mice using 35S-labeled anti-sense riboprobes (A–D). Black dots denote signals for PAI-1 mRNA. A: Myocardium of the sham mouse. B:
Myocardium in noninfarct areas of the PMI mouse C: Interstitial fibrous areas around infarct area in the PMI heart. The asterisk denotes infarct area. Arrows
indicate positive signals for PAI-1 mRNA in cardiomyocytes and/or fibroblasts in the marginal zone of fibrous changes. D: Strong signals for PAI-1 mRNA in smooth
muscle cells (arrows) and likely mast cells (arrowheads) around the coronary artery (a) of the PMI heart. E: Mast cells around coronary arteries (a) that are
positively stained with May-Giemsa. Arrowheads denote the degranulating mast cells. F: Immunohistochemical staining for PAI-1 antigen in the region of
interstitial fibrosis. The asterisk denotes infarct area. Arrows denote positive staining for PAI-1 in cardiomyocytes and/or fibroblasts. Scale bars: 150 �m (A, B);
300 �m (C); 100 �m (D, E); 600 �m (F).
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fold compared to the sham, n � 7, P � 0.05; Figure 5A,
left). Similarly, cardiac expression of TGF-� mRNA in
PAI-1-deficient mice was also elevated after infarction
(n � 7, P � 0.05; Figure 5A, right). TNF-� mRNA expres-
sion in hearts of the wild-type and PAI-1-deficient mice
slightly increased after MI in comparison with the sham
mice (n � 7, respectively, P � 0.07; Figure 5B).

Discussion

PAI-1 is a principal inhibitor of plasminogen activators
(PAs), which generate plasmin and activate MMPs.6 The

regulation of the PA/plasmin system could modulate the
accumulation or degeneration of ECM components in the
heart as well as in other organs (eg, lung,23 kidney24).
Heymans and colleagues8 reported that adenoviral PAI-1
overexpression resulted in the prevention from cardiac
rupture after MI by inhibiting local proteolysis. Thus,
PAI-1 regulates the PA/plasmin system, which has been
implicated as an important modulator during the process
of cardiac repair after MI. Regional PAI-1 induction ob-
served in several pathologies could contribute to the
progression of tissue fibrosis.7,25 In terms of cardiac his-
topathology, it was reported that perivascular fibrosis in
coronary arteries was developed in parallel with in-
creases in PAI-1 expression in genetically obese mice.26

Moreover, PAI-1-deficient mice were resistant to the pro-
gression of coronary perivascular fibrous change in a
model of long-term nitric oxide synthase inhibition in-
duced by L-NAME.20 We also observed that less devel-
opment of cardiac fibrosis after MI in mice deficient in
PAI-1 than wild-type mice (Figure 4), suggesting that
PAI-1 deficiency may prevent the increase of collagen
deposition by accelerating matrix degradation. Askari
and colleagues22 demonstrated that PAI-1 and myelo-
peroxidase might play a critical role in cardiac ventricular
remodeling after infarction. They revealed that decreased
leukocyte infiltration as well as decreased oxidative inac-
tivation of PAI-1 in cardiac infarct area of myeloperoxi-
dase null mice, in which LV remodeling significantly pro-
gressed. Taken together, the increased expression of
cardiac PAI-1 could contribute to the progression of car-
diac fibrosis in the repair process after MI. The timely
augmentation of PAI-1 expression in the hearts of MI
patients could improve their prognosis because PAI-1
deficiency increased the cardiac rupture in the acute
phase of MI.8

Figure 4. Cardiac perivascular fibrosis in PAI-1-deficient mice and wild-type
mice after MI. Histopathological examination was performed to analyze the
progression of cardiac fibrosis at 4 weeks after MI in noninfarct areas of
wild-type and PAI-1-deficient mice in comparison with the sham mice. A:
Microscopic analysis of endocardium from the sham and PMI hearts of
wild-type mice. Cardiac tissue sections were stained with Sirius Red F3BA
and the red staining denotes fibrous tissue. B: Microscopic analysis of coro-
nary artery sections from the sham and PMI hearts of wild-type or PAI-1-
deficient mice by staining with Sirius Red F3BA. Perivascular red portions
correspond to fibrous changes. C: Quantitative evaluation of perivascular
fibrosis was performed in the sham and PMI groups using wild-type (WT)
and PAI-1-deficient (PAI-1 KO) mice. The short-axis images of the 6 to 10
coronary arteries per heart section were studied. The data are presented as
the mean � SD (n � 10 per group). *, P � 0.05 versus other groups. Scale
bars, 40 �m. Original magnifications: �750 (A); �600 (B).

Figure 5. Cardiac expression of TGF-� and TNF-� mRNA. Quantitative
RT-PCR assay was performed to measure mRNA expression of TGF-� and
TNF-� in noninfarct area of cardiac tissues obtained from the wild-type and
PAI-1-deficient mice at 4 weeks after MI in comparison with the sham mice.
A: TGF-� mRNA levels. B: TNF-� mRNA levels. The data are presented as the
mean � SD (n � 7, respectively). *, P � 0.05 versus sham.
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Recently, it was reported that human cardiomyocytes
could produce a large amount of PAI-1 in response to
inflammatory cytokines in vitro.27 In vivo studies also
showed that PAI-1 expression was induced in hearts
under such pathological conditions as ventricular hyper-
trophy28 and endotoxin-induced sepsis.16 We previously
reported that strong signals for PAI-1 mRNA were local-
ized to cardiomyocytes in a mouse model of premature
aging.29 In the present study, we have demonstrated that
coronary ligation in mice resulted in marked hemody-
namic alteration (Figure 1) similar to that observed in
patients with MI. Importantly, cardiac expression of PAI-1
markedly increased during tissue remodeling (Figure 2),
and cardiomyocytes in the border of infarct area pro-
duced abundant PAI-1 in our MI model (Figure 3). The
expression of inflammatory mediators (eg, inflammatory
cytokines,30 free radicals11) would be induced not only in
the ischemic area but also in noninfarct area. Indeed, we
observed the induction of TGF-� and TNF-� mRNA in
noninfarct area in the PMI mice, which would induce
PAI-1 in cardiomyocytes and fibroblasts. This implies that
the elevation of PAI-1 antigen in plasma might reflect the
extent of inflammatory response of the cardiac tissue to
ischemia. There have been many reports describing the
increase of PAI-1 antigen in plasma of MI patients,31,32

but the mechanism remained to be unclear. Our results
suggest that the infarct heart itself would contribute to the
prothrombotic state by producing PAI-1, which might
cause the resistance to fibrinolytic therapy by t-PA.33

Meantime, the infiltration of mast cells was observed only
in hearts of the PMI mice. It was found that mast cells
could induce the proliferation of fibroblasts34 and be
relevant to fibrous diseases.35 Especially, perivascular
mast cells, which have been implicated in cardiovascular
diseases36 and increased in failing hearts,37,38 could
produce significant levels of PAI-1 (Figure 3). These ob-
servations strongly suggest that cardiac mast cells have
a large potential to produce PAI-1 during pathological
processes such as inflammatory response.39

Besides degrading ECM components and activating
MMPs, the PA/plasmin system may be involved in the
activation of growth factors in the ECM.40 For example,
plasmin converts latent TGF-� to active TGF-�, which
could mediate collagen deposition, and this TGF-� acti-
vation was reduced in u-PA-deficient mice.41 These find-
ings indicate that the u-PA/plasmin system could activate
TGF-� in the repair process after infarction. The present
study revealed that TGF-� expression in cardiac tissues
was similarly elevated in the wild-type and PAI-1-deficient
mice after MI (Figure 5), suggesting that not TGF-�, but
PAI-1 induction is necessary for the progression of car-
diac fibrosis (Figure 4). TGF-�, produced by smooth
muscle cells and inflammatory cells, is also a strong
inducer of PAI-1 in vitro and in vivo42,43 and accelerates
fibrous changes.43,44 These findings suggest that in-
creased TGF-� in inflammatory lesions stimulates PAI-1
synthesis in cardiomyocytes during cardiac remodeling
after MI. Perivascular mast cells, the increased number of
which was observed in the PMI mice, is also an important
source of cytokines such as TGF-�.45 Thus, a local net-
work of cardiac cells, infiltrating inflammatory cells, and

mast cells in the lesion, might contribute to tissue remod-
eling and the progression of cardiac fibrosis after MI.

In conclusion, we demonstrated a dramatic induction
of PAI-1 that was derived from cardiomyocytes and mast
cells in hearts of the PMI mice. PAI-1-deficient mice were
resistant to the development of fibrous change after MI,
suggesting that increased expression of cardiac PAI-1
may contribute to tissue remodeling and cardiac fibrosis.
The regional induction of inflammatory cytokines, such as
TGF-� and TNF-�, may be involved in this process by
stimulating PAI-1 synthesis in cardiac cells.
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