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Key pathological markers for end-stage human heart
failure include myocardial collagen accumulation,
disorganization of the cardiac myofibrils, extracellu-

lar matrix (ECM) remodeling, which contribute to
diminish systolic performance as well as decreased
compliance [1]. Increased fibrosis and ventricular
dilation have been suggested to be secondary to
either myocardial damage due to ischemic car-
diomyopathy (ICM) [2] or inflammation in patients
with idiopathic dilated cardiomyopathy (DCM).
ECM remodeling contributes to progressive LV
remodeling, dilation, and heart failure [3]. Most tis-
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Abstract

Extracellular matrix (ECM) turnover is regulated by matrix metalloproteinases (MMPs) and plays an important role
in cardiac remodeling. Previous studies from our lab demonstrated an increase in gelatinolytic-MMP-2 and -9 activ-
ities in endocardial tissue from ischemic cardiomyopathic (ICM) and idiopathic dilated cardiomyopathic (DCM)
hearts. The signaling mechanism responsible for the left ventricular (LV) remodeling, however, is unclear.
Administration of cardiac specific inhibitor of metalloproteinase (CIMP) prevented the activation of MMP-2 and -9
in ailing to failing myocardium. Activation of MMP-2 and -9 leads to induction of proteinase activated receptor-1
(PAR-1). We hypothesize that the early induction of MMP-9 is a key regulator for modulating intracellular signaling
through activation of PAR and various downstream events which are implicated in development of cardiac fibrosis
in an extracellular receptor mediated kinase-1 (ERK-1) and focal adhesion kinase (FAK) dependent manner. To test
this hypothesis, explanted human heart tissues from ICM and DCM patients were obtained at the time of orthotopic
cardiac transplants. Quantitative analysis of MMP-2 and -9 gelatinolytic activities was made by real-time quantita-
tive zymography. Gel phosphorylation staining for PAR-1 showed a significant increase in ICM hearts. Western blot
and RT-PCR analysis and in-situ labeling, showed significant increased expression of PAR-1, ERK-1and FAK in
ICM and DCM. These observations suggest that the enhanced expression and potentially increased activity of LV
myocardial MMP-9 triggers the signal cascade instigating cardiac remodeling. This early mechanism for the initia-
tion of LV remodeling appears to have a role in end-stage human heart failure.
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sue disruption of ECM is mediated by extracellu-
lar proteinase [4]. Serine, cysteinyl, carboxyl and
matrix metalloproteinases (MMPs) are extracel-
lular proteinases stored in tissue [5]. Serine and
MMPs which work at neutral pH are involved in
remodeling of ECM during tissue development
[6–8]. MMPs are released as a latent form of pro-
enzyme and zymogen [9, 10]. We showed that
serum containing growth factors and inflammato-
ry cell proteinase can activate MMP by prote-
olytic cleavage of pro-MMP in human heart
fibroblast and endothelial cells [11, 12]. 

Previous studies clearly demonstrated a sig-
nificant increase in steady state latent MMPs and
disintegrin metalloproteinase in the failing
human myocardium [13]. Recent studies have
also demonstrated that MMP-9 content and activ-
ity are increased in the failing human heart
[14–17] and MMPs are implicated in the progres-
sion of ventricular dilation and the development
of heart failure [18–20]. We have shown that
MMP-9 induced shedding of adhesion molecule
(β-integrin), which may instigate signal transduc-
tion by activating the focal adhesion kinase
(FAK) leads to extracellular remodeling induced
by the heart failure.

There is an increasing evidence for physio-
logical and patho-physiological role of protease
activated receptors (PAR) in multiple tissues,
including the cardiovascular system [21].
Although there have been many studies of PAR
mediated intracellular signaling the signaling
pathway following activation of PAR has not
been elucidated. Recent data support the role of
G-protein coupled PAR in the activation of
downstream signaling pathways involving
MAP Kinases (ERK-1) and FAK, resulting in
altered pathophysiological conditions.
Interestingly, we showed that administration of
cardiac specific inhibitor of metalloproteinase
(CIMP) ameliorated MMP-2 and -9 activities in
chronic volume overloaded heart failure [22].
We further demonstrated an induction of PAR-1
in this chronic heart failure model that was pre-
vented by the administration of CIMP [23]. We
hypothesize that there is an early activation of
MMP-9 in infarcted hearts which acts as an
extracellular insult, inducing the phosphoryla-
tion of PAR-1 which activates the downstream
MAPK-ERK-1 pathway.

Material and methods

Source of tissue

Human heart tissue was obtained at the time of orthotropic
cardiac transplantation in the operating room at the
University of Mississippi Medical Center. Myocardial tis-
sue from the failing heart was examined in 10 patients with
documented coronary artery disease and myocardial infarc-
tion (ischemic cardiomyopathy, ICM) and in 10 patients
with idiopathic dilated cardiomyopathy (DCM). All patients
were in either New York Heart Association functional class
III or IV (Table 1). Five normal control samples were
obtained from unused hearts. The average age of infracts
was 4±1 yr. Tissue specimens from ICM, DCM and normal
hearts were collected and processed within 1–2h. An
Institutional Review Board waiver was obtained before col-
lection of the tissue from explanted hearts.

Preparation of cardiac tissue homogenates

Cardiac tissue extracts were prepared as described previ-
ously [24]. Briefly, tissues were washed several times
with cold PBS to get rid of blood contamination, cut into
small pieces followed by incubation overnight in
cacodylic acid extraction buffer (10mM cacodylic acid
(pH 5.0), 0.15M NaCl, 20mM CaCl2, 1.5mM NaN3, 1µM
ZnCl2 and 0.01% triton X-100) in a shaker at 4°C.
Homogenates were centrifuged at 12000xg and super-
natant was stored at -80°C.

Real time semi-quantitative zymography

In gelatin zymography there is no need to use a serine
protease inhibitor. Latent MMPs are always visualized by
SDS-PAGE zymography; this is one of the advantages of
the method. Others have used fluorogenic probes to deter-
mine real time MMP activity [25, 26]. We determine real
time active MMP molecules by "semi-quantitative"
zymography. Total protein in the tissue extract was esti-
mated according to the method of Bradford [27]. In order
to analyze the activities of MMP-2 and -9 at different
time intervals, gelatin zymography was done as described
previously [24] with slight modification. Briefly, 20µg
protein was electrophoresed in non-reducing conditions
on an 8% SDS-PAGE containing gelatin (1mg/ml) from
porcine skin (Sigma Chemicals, St Louis, MO). After
electrophoresis, gels were rinsed two times with renatura-
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tion solution, 2.5% Triton X-100 (30 min each). The gels
were then washed with water to remove excess triton X-
100, followed by incubation of the appropriately cut
strips in the developing buffer (50mM Tris base, 5mM
CaCl2 pH 7.6) at 37°C for different time intervals. After
an appropriate period of time, strips were taken out,
stained with coomassie blue and analyzed for MMP-2
and -9 activities. Bands were analyzed densitometrically
using BioRad software (Quantity One). In zymography,
active MMP is mainly visualized, although some time,
due to unfolding by SDS, latent MMP can be seen.
However, the goal of this study was to measure levels of
active MMP-2 and -9 molecules in heart failure tissue
versus normal hearts, therefore, we measured MMP activ-
ity in the time-dependent fashion.

Reverse Transcriptase-PCR

Total RNA was isolated from Human heart tissue with
TRIzol reagent (GIBCO-BRL) according to the manufac-
turer's instructions and quantified by measuring the
absorbance at 260nm. RNA revealing equally intense flu-
orescence bands of 18S and 28S rRNA was used. The
cDNA was synthesized from 1µg total RNA in a final
reaction volume of 20µl by reverse transcriptase (RT).
The RNA samples were incubated (70°C, 5 min) with 1µl
oligo (deoxythymidine) primers in a final volume of 5µl.
Samples were then incubated (42°C, 60 min) in 15µl of a
reaction buffer (1x) containing MgCl2; 5mM, deoxynu-
cleotide triphosphates (dNTPs; 10mM) and Im-Prom-II-

™ reverse transcriptase (1µl/15µl reaction) and rRNasin
(Promega, Madison ) as RNase-inhibitor (20U) 15µl. The
reaction volumes were brought up to 15µl with auto-
claved water. A negative control was included.

The expression level of the RNA was determined by
Semi-Quantitative PCR. PCR amplification was done
with 2µl of each cDNA sample. Amplification of human
G3PDH cDNA, was evaluated using the primer
sequences, 5'-TGA AGG TCG GAG TCA ACG GAT
TTGGT-3'(sense) and 5'-CAT GTG GGC CATGAG-
GTCCACCAC-3'(anti-sense) with a predicted size of
983bp. Primer pairs for amplification of human PAR-1
cDNA were 5'-CAGTTTGGGTCTGAATTGTGTCG-3'
(sense) and 5'-TGCACGAGCTTATGCTGCTGAC-
3'(anti-sense) with a predicted size 505bp. Primer pairs
for amplification of human FAK cDNA were 5'CAGCT-
TACAGCCCAACATGA-3'(sense) 5'-GCCAGTCTTTC-
CGTTCAGAG-3'(anti-sense) with a predicted size
313bp. Primer pairs for human ERK-1 cDNA were 5'-

ACTATGACCCGACGGATGAG-3'(sense) 5-CTAAC-
AGTCTGGCGGGAGAG-3'(anti-sense) with a predicted
size of 215bp.

The denaturation step was carried out for 30s at 94°C,
annealing for 2min at 60°C, and extension for 3min
cycles at 72°C. G3PDH samples were taken at 25 cycles
and FAK, PAR-1; ERK-1 samples were taken at 30
cycles. The final extension step was performed at 72°C
for 3min. Amplification mixtures were analyzed by 1%
agarose gel electrophoresis containing ethidium bromide.

Antibodies and Western blotting

Tissue homogenates were prepared. Aliquots containing
equal amount of proteins were resolved by 10% Laemmli
SDS-PAGE under reducing conditions followed by elec-
tro-transfer overnight at 0.03 A in cold to immuno-blot
PVDF membrane (Bio-Rad, Hercules, CA). The non-spe-
cific sites on the membrane were blocked by 5% (w/v)
fat-free milk solution. Membranes were washed 3 times
(10min each) with PBS-T. Immuno-detection was carried
out by incubation of PVDF membrane with anti-PAR-1,
ERK-1 (Zymed, San Francisco, CA) and FAK antibodies
(Neomarkers, Fremont, CA) diluted 1:1000 in PBS, fol-
lowed by washing four times and incubation with anti-
goat alkaline-phosphatase secondary antibody (1:1000
dilution). Bands were developed using AP-conjugate sub-
strate kit (Bio-Rad, Hercules, CA).

Phosphoprotein gel staining

To verify PAR-1 phosphorylation, phosphoprotein gel
staining was performed in reducing 8% polyacrylamide
gels as per manufacturer's guidelines. Briefly, tissue
extract was desalted and resuspended in 2x reducing gel
loading buffer. An equal amount of protein was loaded
followed by standard SDS-PAGE. After electrophoresis,
gels were immersed in fixing solution (50% methanol and
10% acetic acid) for 30min, followed by four washings
(each for 10min) with dH2O. After washing, the gels were
incubated in the dark in Pro-Q Diamond phosphoprotein
gel stain (Molecular Probes, Eugene, OR) with gentle
agitation for 2h, followed by destaining for 3h. Immuno-
precipitation was done using anti-IgG agarose for 30min
at 4°C in a rocker. Supernatant was collected and used
after centrifugation at 1400xg for 10min. After phospho-
staining, the gel was stained for 3h with coomassie blue
for the total protein. Stained gels were visualized using
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UV trans-illumination (Kodak Gel Logic 200 Imaging
System).

Histology and in situ labeling

Tissue sections (10 µm thick) were prepared from paraf-
fin-embedded formalin-fixed tissues. The tissue was de-
paraffinized by xylene, followed by labeling with van
Gieson stain for vascular elastin, anti-CD-31/PECAM-1
for endothelial cells. Secondary IgG-FITC was used for
fluorescence detection.

Statistical analysis

Data are presented as average ± S.D. Student's t-test was
used to comparing results for ICM and DCM hearts with
normal hearts. Statistical significance was considered at
p<0.05

Results

Early induction of MMP-9

Real-time-quantitative zymography was performed,
to determine number of active MMP-2 and -9
molecules per samples. In the failing human

myocardium, levels of active MMP-9 molecules
were apparent as early as 6h, whereas in normal
hearts, there was no induction of MMP-9 activity,
and the levels of constitutive MMP-2 was not
apparent till 12h. The levels of active MMP-2
molecules were also induced in ICM as compared
to normal hearts (Fig. 1). Similar results were
obtained for DCM. The active form of MMP-2 and
-9 are less than 72 and 92kD, respectively. In heart
failure, we found all active form very little in latent
form. In normal hearts, however, we found mostly
the latent form. These observations suggest that
active MMP-9 molecules appear prior to MMP-2,
and there were more active MMP-2, and -9
molecules in failing myocardium at a time com-
pared to normal hearts.

PAR-1, FAK, ERK-1

To determine whether active MMP-9 transduces via
the activation of PAR-1, the levels of PAR-1 were
measured. The levels of PAR-1 were elevated in
ICM and DCM as compared to normal myocardium
(Fig. 2). The phosphorylation of PAR-1 was mea-
sured using in-gel phosphorylation staining. The
immuno-precipitation experiments clearly showed
phosphorylation of PAR-1 (Fig. 2C). The levels of
active FAK were also increased in ICM and DCM
hearts as compared with normal hearts (Fig. 3). In

707

J. Cell. Mol. Med. Vol 9, No 3, 2005

Fig. 1 Real time semi-quantitative zymo-
graphic (RT-Q-Zymography) analysis of
MMP-2 and -9 activities in failing human
myocardium: (A), ischemic cardiomyo-
pathic (ICM) left ventricle (LV) tissue
homogenates were loaded onto 1% gelatin
zymographic gels. After electrophoresis
strips were separated and incubated in acti-
vation buffer. Strips were taken out at dif-
ferent times 1, 3, 6, 12 and 18 hours after
incubation. Corresponding actin bands are
shown. Identical amounts of protein were
loaded on to each lane; (C), Control hearts.
(B), ICM; (D), Normal hearts; bands were
scanned and normalized with actin and rep-
resented by line graphs. Each point repre-
sents an average ± SD from 5 different
samples. Molecular weight markers are
shown on left of the gels.



addition, the levels of active ERK-1 were also
induced in ICM and DCM as compared with con-
trol hearts (Fig. 3). These results suggested that
receptor phosphorylation is involved in activation
of down stream signaling molecules FAK and/or
ERK-1, causing cardiac remodeling.

Semi-quantitative RT-PCR analysis for PAR-1,
ERK-1 and FAK genes showed that the level of
mRNA expression of PAR-1, ERK-1 and FAK were
significantly increased in ICM and DCM hearts as
compared to normal hearts (Fig. 4).

In situ labeling

We evaluated intactness of vascular structures in
normal hearts by van Gieson labeling. The labeling
with anti-CD-31 suggested organized endothelial
cells in normal myocardium (Fig. 5). The staining
of tissue sections from ICM hearts for endothelial
capillaries showed an increased expression of FAK
(Fig. 6). The labeling with anti-PAR-1 and ERK-1
suggested their increased expression around capil-
lary endothelial cells (Fig. 7).

Discussion

Increased myocardial MMP-2 and -9 activities are
associated with changes in LV function and geometry
in the rat model of overload [28]. Previous studies
from our lab [11–15] showed that there was an

increase in MMP-2 and MMP-9 activity with DCM
and ICM hearts which contributes to LV remodeling.
The activation kinetics for MMPs and the mechanism
for LV remodeling were largely unknown. We would
like to suggest, based on the present results that at a
given time there are more active MMP-9 molecules in
ICM or DCM than in the normal hearts. The similar
case is also true for MMP-2. With the help of real
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Fig. 2 Western blot analysis of proteinase activated recep-
tor-1 (PAR-1). (A): Identical amounts of LV tissue
homogenates from control, ischemic cardiomyopathic
(ICM) and idiopathic dilated cardiomyopathic (DCM)
hearts were loaded on to reducing SDS-PAGE. Protein was
blotted and labeled with anti-PAR-1 and anti-β-actin anti-
bodies. (B): Increase in PAR-1 expression normalized with
actin levels is represented by bar graphs. Each bar repre-
sents an average ± SD from 5 different samples. (C): PAR-
1 phosphorylation (p-PAR-1): Gels were incubated in phos-
phorylating buffer (Molecular Probes). The phosphorylated
bands were detected by UV-illumination. Lane 1, ICM tis-
sue homogenates immuno-precipitated with anti-PAR-1
antibody prior to loading on to the gels; lane 2, ICM; lane
3, DCM; lane 4, controls. (C): Arrow indicates phosphory-
lated bands. The corresponding actin bands are shown.



time quantitative zymography, we demonstrated for
the first time that there is an early and enhanced level
of active MMP-9 molecules compared to MMP-2.
However, MMP-2 activity was also higher in the
human end-stage failing heart compared to the nor-
mal human heart. These findings are in accordance
with Bendeck et al. [29], which suggested that MMP-
9 is expressed within 6h after injury in rat carotid
arteries and continues to be expressed up to 6 days,
whereas MMP-2 activity is markedly increased after

4 days of injury. MMP-9 up-regulation is a common
feature of matrix activation in terminal heart failure,
irrespective of the underlying disease. After experi-
mental myocardial infarction in an MMP-9 knockout
model, it was convincingly shown that the targeted
deletion of MMP-9 attenuated left ventricular
enlargement and collagen accumulation [30]. 

As our previous studies have shown, serum con-
taining growth factors and inflammatory molecules
can activate MMPs by proteolytic cleavage of pro-
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Fig. 3 Western blot analysis of focal adhesion kinase (FAK) activation. (A): Protein
was blotted and labeled with anti-FAK (for total FAK) and anti-phospho-FAK (tyr 397)
[for p-FAK]. (C): Western blot analysis of extracellular receptor activated kinase (ERK-
1) activation: Protein was blotted and labeled with anti-ERK-1 (for total ERK-1) and
anti-phospho-ERK-1 (Thr 202) [for p-ERK-1]. (B): Levels of activation were deter-
mined by densitometric analysis and were expressed as ratio p-FAK/total FAK. (D):
Ratio p-ERK-1/total ERK-1. Each bar represents an average ± SD from 5 different sam-
ples. Identical amounts of LV tissue homogenates from control (C), ICM and DCM
hearts were loaded on to reducing SDS-PAGE. “*” means statistically significant.

Fig. 4 Semi-quantitative RT-PCR analysis of
PAR-1, FAK, and ERK-1 in LV of control (C),
ICM and DCM hearts: Identical amounts of total
mRNA was reverse transcribed to cDNA. PCR
was performed to measure the levels of mRNA for
PAR-1, FAK, and ERK-1 as compared to control
G3PDH. Lane 1, molecular weight markers; lane
2, ICM; lane 3, control; lane 4, DCM. Arrows in
the left side represent corresponding molecular
weights.



710

Fig. 5 Normal LV tissue was
labeled with van Giesen for vas-
cularity and anti-CD-31 anti-
body-FITC for endothelium.
Paraffinized LV tissues were cut
into 10 µm thin sections. The de-
paraffinized sections were
labeled. The arrows indicate ves-
sels in van Giesen stains and cap-
illary endothelial cells in the CD-
31 stains. 40 x magnifications.

Fig. 6 ICM LV tissue was
stained with primary anti-FAK
antibody, and labeled with sec-
ondary IgG-FITC. Negative con-
trols were labeled with IgG-
FITC alone, shown in right
panel. Paraffinized 10µm tissue
sections were de-paraffinized
and labeled with respective anti-
bodies. Arrows indicate FAK
labeling in capillary endotheli-
um. 40 x magnifications. 

Fig. 7 ICM LV tissue was
stained with primary anti-PAR-1
(left panel) and ERK-1 (right
panel) antibodies, and labeled
with secondary IgG-FITC.
Paraffinized 10µm tissue sections
were de-paraffinized and labeled
with respective antibodies.
Arrows indicate PAR-1 and ERK-
1 labeling in capillary endotheli-
um. 40 x magnifications.



MMP in human heart fibroblast and endothelial cells
[11, 12]. It is likely that intracellular signaling trans-
duction pathways activated by MMPs are mitogen-
activated protein kinase (MAPK) pathways. Hence,
regarding the mechanism responsible for LV remod-
eling in failing human heart tissue, we propose that
MMP-9 is the key regulator for LV remodeling
through activation of PAR and/or shedding of integrin
molecule by instigating the downstream signaling
cascade for MAP Kinase-ERK and FAK. 

Damiano et al. [31] noticed that cardiovascular
responses are mediated by protease-activated-recep-
tor-2 and thrombin receptor (PAR-1) and are distin-
guished in mice deficient in PAR-1 and -2. Cho et al.
[32] showed that p38 MAPK and ERK pathways con-
tribute to the transcriptional regulation of MMP-9 in
arterial smooth muscle cells, but they haven't men-
tioned any role for PAR in activation of MAPK. Our
present study showed that activation of MMP-9 leads

to phosphorylation of PAR-1 there by activating
MAPK-ERK-1 and FAK.

Sabri et al. [33] found that serine protease (throm-
bin) activated the PAR-1, a high affinity receptor for
thrombin which stimulates extracellular signal-regu-
lated protein kinases and modulates contractile func-
tion in cardiomyocytes. Our findings are in concor-
dance with Sabri et al. [33], that the phosphorylation
of PAR leads to activation of signal regulated protein
kinases (ERK-1 and FAK) causing cardiac dysfunc-
tion and uncoupling of cardiac synchronization.

Although the present study was carried out in
human heart samples, it did not establish a "cause-
and-effect" relationship between MMP-9 and PAR-1.
It is equally likely that an increase in PAR-1 activa-
tion leads to increased MMP-9 expression, or those
they are completely independent events. However, in
an experimental study of chronic heart failure, we
demonstrated that activation of MMP-9 in chronic
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Fig. 8 Schematic presenta-
tion of plausible mechanism
of activation of latent
myocardial MMP and signal
transduction. The MMP in
the active form activates
PAR-1 and sheds the beta-1
integrin. This transduces
activation of FAK and ERK-
1, leading to cardiac remod-
eling.

Age (years) Sex LV volume, ml %EF

Normal 26±10 M/F 85±11 N/A

ICM 54±7 M/F 180±20 30±5

DCM 56±8 M/F 175±15 35±7

Table 1 Clinical data of DCM and ICM heart failure patients



volume overload was ameliorated by exogenous
administration of cardiac specific inhibitor of metal-
loproteinase that inhibited MMP-9 [22]. We also
showed that PAR-1 was activated in chronic
increased preload and that the administration of
inhibitor suppressed the PAR-1 expression [23].
Collectively, we suggest that early induction of
MMP-9 induces PAR-1.

The focus of the present study was to measure
MMP and not the serine protease. Given the fact that
the thrombin-mediated coagulation system is activat-
ed in dilated cardiomyopathy [34, 35], these data
show the increased PAR-1 activity localized to the
endothelium. Previously, we showed that MMP-9
was expressed in microvascular endothelium [11, 12],
therefore, it seems likely that thrombin (a serine pro-
teinase) and MMP-9 both are present within the
microvasculature.

The limitation of our study was that although
we detected MMP-9 earlier (at 6h) as compared to
MMP-2 (appearing for the first time at 12h) in the
developing buffer and not necessarily earlier
expressed and activated in the tissue; we have not
discriminated between the infarcted hearts in term
of age of the infarction. To determine whether
PAR-1 activation is MMP dependent, additional
experiments are required using MMP inhibitors
such as CIMP or phenathroline. Also to block
ERK1/2 by PD98059, we will demonstrate
whether ERK1/2 is involved in MMP activation.
These experiments are in progress.

We conclude that in ICM, there was a significant
increase in the expression of PAR-1, ERK and FAK,
both at gene and protein levels followed by DCM and
normal heart tissues. The results support the hypothe-
sis that MMP-9 plays an important role in intracellu-
lar signal transduction by activating MAP Kinase-
ERK and FAK, thereby modulating the transcription-
al factors, important in extracellular matrix remodel-
ing (Fig. 8).

Clinical significance of the study

The findings of the present study provide direct
evidence that robust and early changes in LV
myocardial MMPs occur in the progression of
heart failure and provide a potential novel phar-

macological target for modulating LV structure
and geometry in this pathological process.
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