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1 Matrix metalloproteinase (MMP) activity is upregulated in pathologies such as atherosclerosis
during which endogenous nitric oxide (NO) biosynthesis is reduced. Diminished levels of NO, an
antioxidant species, may result in higher oxidative stress. Oxidants are capable of activating MMPs
from their zymogen forms. We examined whether basal biosynthesis of NO in the coronary circulation
regulates MMP-2 activity.

2 In isolated rat hearts perfused with Krebs–Henseleit buffer at a constant flow of 10mlmin�1,
we measured the release of MMP-2 into the coronary effluent by gelatin zymography. The main
gelatinolytic activity of 72-kDa corresponds to MMP-2. Infusion of the NO synthase inhibitor NG-
nitro-L-arginine methyl ester (L-NAME) concentration dependently increased coronary perfusion
pressure (CPP) (by 48711mmHg with 100 mM) and enhanced the release of the 72-kDa MMP-2 in the
effluent. Coinfusion of the NO donor S-nitroso-N-acetyl-D,L-penicillamine (SNAP, 1mM) with L-
NAME abolished both the increase in CPP and the enhanced MMP-2 release.

3 The thromboxane A2 mimetic U46619 increased CPP to the same extent as L-NAME without
increasing 72-kDa activity in the effluent, suggesting that MMP-2 release is not caused simply by
enhanced perfusion pressure.

4 Infusion of either L-NAME or U46619 did not significantly enhance LDH release.

5 L-NAME infusion concentration dependently increased the level of lipid hydroperoxides in
homogenates prepared from the perfused hearts. Coinfusion of SNAP prevented this increase.

6 These data reveal another cytoprotective mechanism of endogenous NO biosynthesis in the heart,
the inhibition of MMP-2 release.
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Introduction

Nitric oxide (NO) is an important biological messenger with a

variety of roles in the cardiovascular system. Its biological
functions in the heart include vasodilation, inhibition of
platelet and neutrophil actions, and the modulation of cardiac
contractile function and oxygen consumption (see Paulus &

Shah, 1999 for a review). Moreover, endogenous NO is an
important antioxidant defense in the body. Although NO
combines with superoxide at a diffusion-limit rate to form the

cytotoxic molecule peroxynitrite (Beckman et al., 1990), NO
itself has been shown to counteract peroxynitrite-mediated
cyotoxicity (Yasmin et al., 1997; Trostchansky et al., 2001).

Moreover, NO is able to prevent ischemia–reperfusion damage
in the heart (Johnson et al., 1991; Morikawa et al., 1992). One
mechanism by which this occurs is by inhibiting the propaga-

tion of free radical chain reactions in the lipid membrane
(Rubbo et al., 1994; 2000; Goss et al., 1997). Deficiency or

enhanced degradation of endogenous NO may lead to greater

oxidative stress, as observed in many pathological conditions
such as atherosclerosis (Ludmer et al., 1986), essential
hypertension (Calver et al., 1992), diabetes (Amado et al.,
1993), coronary artery disease (De Belder & Radomski, 1994)

and heart failure (Vallance & Chan, 2001).
MMPs are a family of at least 25 zinc-containing

endopeptidases, which are best recognized for their ability to

degrade components of the extracellular matrix (Woessner,
1998). Activation of their zymogen forms is a very important
step in the regulation of their activity. Breakage of the

cysteinyl sulfhydryl bond between a cysteine residue of the
propeptide and the Zn2þ catalytic center is necessary for
the activation of the zymogen form (Nagase, 1997). This can

be achieved either by cleavage of the propeptide by other
proteases including MMPs, resulting in an active enzyme with
8–10 kDa lower mass, or by conformational changes induced
by denaturing agents such as sodium dodecyl sulfate (SDS)

(Van Wart & Birkedal-Hansen, 1990). More recently, oxidant
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stress molecules like peroxynitrite have been shown to activate
MMPs without proteolytic removal of the autoinhibitory

propeptide domain. This mechanism includes a novel
S-glutathiolation of the critical cysteine residue in the
inhibitory propeptide domain of MMP, resulting in the

activation of the full length enzyme (Okamoto et al., 2001).
In previous studies, we have found that there is a basal

release of MMP-2 into the coronary effluent of aerobically

perfused isolated rat hearts. The release of MMP-2 is rapidly
enhanced in the first minute of reperfusion following ischemia
(a condition of enhanced oxidative stress) and this contributes
to the immediate impairment in myocardial contractile

function (Cheung et al., 2000b). Direct infusion of peroxyni-
trite into isolated rat hearts caused a rapid increase of MMP-2
release into the coronary effluent, which preceded the onset of

the decline in myocardial contractile function. Enhancing the
antioxidant defense with infusion of glutathione or inhibiting
MMP activity could prevent the detrimental effects of

peroxynitrite. In contrast, the NO donor SNAP did not
enhance MMP-2 release (Wang et al., 2002a). Although
exogenous NO has been shown to inhibit the release of MMPs

from platelets (Sawicki et al., 1997), tumor cells (Jurasz et al.,
2001) and cartilage (Cao et al., 1998), the interaction of NO
and MMP-2 in the intact coronary circulation remains
unknown. We hypothesized that basal NO generation in the

coronary vasculature may regulate MMP-2 release via its
antioxidant properties and tested this using an NO synthase
(NOS) inhibitor strategy in isolated perfused rat hearts.

Methods

This investigation conforms to the Guide to the Care and Use
of Experimental Animals published by the Canadian Council

on Animal Care (revised 1993).

Materials

The supernatant from phorbol ester-activated human fibroblast

HT-1080 cells (American Type Culture Collection, Rockville,
MD, U.S.A.), which contains large amounts of MMP-2 and
MMP-9, was used as a standard. All other reagents were
purchased from Sigma-Aldrich, Oakville, Ontario, Canada.

Heart preparation and perfusion

Male Sprague–Dawley rats (250–300 g) were used for the
experiments. Hearts were rapidly excised from pentobarbital-

anesthetized rats and briefly rinsed by immersion into ice-cold
Krebs–Henseleit solution. They were perfused via the aorta at
a constant flow of 10mlmin�1 by means of a peristaltic pump

(Buchler Instruments Inc., Fort Lee, NJ, U.S.A.) with Krebs–
Henseleit buffer at 371C. The composition of the buffer was
(in mM): NaCl (118), KCl (4.7), KH2PO4 (1.2), MgSO4 (1.2),

CaCl2 (3.0), NaHCO3 (25), glucose (11), EDTA (0.5) and it
was continuously gassed with 95% O2/5% CO2 (pH 7.4).
Spontaneously beating hearts were used in all experiments.

A water-filled latex balloon connected to a pressure transducer
was inserted into the left ventricle through an incision in the
left atrium and through the mitral valve and the volume was
adjusted to achieve an end diastolic pressure of 8–12mmHg. A

transducer was placed in the infusion line close to the heart to

monitor coronary perfusion pressure (CPP). A water-jacketed
glass chamber was positioned around the heart to maintain its

temperature at 371C. CPP, heart rate and left ventricular
pressure were monitored on an IBM PC compatible computer
using an MP100 system (BIOPAC system Inc., Santa Barbara,

CA, U.S.A.). Left ventricular developed pressure (LVDP) was
calculated as the difference between systolic and diastolic
pressures of the left ventricular pressure trace. The rate–

pressure product (RPP) was calculated as the product of heart
rate and LVDP. Stock solutions of various reagents were
infused into the heart via a side-port proximal to the aortic
cannula at a constant rate of 0.1mlmin�1 by a Gilson mini

pump (Minipuls 3, Villiers Le Bel, France).
The intervals between thoracotomy and attachment of the

heart to the perfusion system and between thoracotomy and

beginning of stabilization period were less than 1 and 5min,
respectively. Using this perfusion protocol, the hearts main-
tained a steady state of coronary flow, heart rate and LVDP

for longer than 65min after stabilization, verifying previous
results from this laboratory (Cheung & Schulz, 1997).

Infusion of NOS inhibitors

Following 20min of perfusion (stabilization period), the
thromboxane mimetic U46619 was infused at a concentration

sufficient to increase the CPP B20mmHg from a baseline of
40mmHg (9.172.2 nM). The infusion of U46619 was main-
tained throughout the duration of the perfusion. After 15min

of U46619 infusion, when the increase in CPP reached a
plateau in all hearts, either L-NAME (10 or 100mM) or its
vehicle was infused into the hearts for 15min followed by a

15min washout period. Hearts were perfused for a total
duration of 65min and their mechanical function was
recorded. SNAP (1 mM) was coinfused with 100mM L-NAME
for the same duration into a separate group of hearts. A

measure of 6ml of coronary effluent was collected immediately
before, and 15min after beginning the infusion of L-NAME,
and again at the end of washout period. Coronary effluent

samples were immediately placed on ice and processed on the
same day, as described below. At the end of the perfusion,
hearts were freeze-clamped with tongs cooled to the tempera-

ture of liquid nitrogen and stored at �801C.
A higher concentration of U46619 (37.8714.5 nM) was

infused as a control to account for vasoconstrictor action of

the L-NAME into a separate group of hearts. Coronary
effluent samples were collected as above.

Protein concentration of the coronary effluent

The 6ml coronary effluent samples were concentrated in
Centricon-30 concentrating vessels (Amicon Inc., Beverly,

MA, U.S.A.). The final volume of concentrate was measured
by gravimetry, and adjusted in order to have same final volume
for each sample. Protein concentration in the concentrate was

determined by bicinchoninic acid assay using bovine serum
albumin as standard. The protein concentration in the coronary
effluent was calculated and expressed in mgml�1.

Measurement of MMPs by gelatin zymography

Gelatin zymography was performed as described previously

(Cheung et al., 2000a). Briefly, concentrated coronary effluent
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samples were mixed with nonreducing sample loading buffer,
and applied to 8% polyacrylamide gels copolymerized with

2mgml�1 gelatin. In all, 1–2mg of effluent concentrate was
loaded in each lane. After electrophoresis, gels were rinsed in
2.5% Triton X-100 (3� 20min) to remove SDS. Then, the gels
were washed twice in incubation buffer for 20min each at
room temperature. The composition of the incubation buffer
was (in mM): Tris-HCl (50), CaCl2 (5), NaCl (150) and 0.05%

NaN3. The gels were then kept in incubation buffer at 371C
overnight. After incubation, gels were stained in staining
solution (2% Coomassie Brilliant blue G, 25% methanol, 10%
acetic acid) for 2 h and then destained twice for 30min each

in destaining solution (2% methanol, 4% acetic acid). Zymo-
grams were scanned using an HP 6100 scanner (Hewlett-
Packard), and the band intensities were analyzed by Sigmagel

software (version 1.0, Jandel Scientific). Conditioned culture
media from a human fibrosarcoma cell line HT-1080 (Amer-
ican Type Culture, Rockville, MD, U.S.A.), which contains

large amounts of MMP-2, was used as a standard in gelatin
zymography. MMP activities were expressed as a specific
activity per microgram protein in the coronary effluent.

Lipid hydroperoxide assay

As a measure of oxidative stress, lipid hydroperoxide content
of heart tissue was determined using a commercial kit based on

a colorimetric assay, as described previously (Cheung et al.,
2000a). After deproteinization and extraction of the samples
with methanol and chloroform, the absorbance at 500 nm was

determined in a spectrophotometer using a quartz 96-well
plate. The level of lipid hydroperoxide was expressed as
pmolmg protein�1.

Lactate dehydrogenase (LDH) measurement

LDH activity was determined in the concentrated coronary

effluents as a marker of cardiac damage. A commercially
available kit was used (Sigma-Aldrich, Oakville, Ontario,
Canada) and the formation of a UV-absorbing product was
monitored by spectrophotometric analysis.

Data analysis

Data were expressed as mean7s.e.m. One-way ANOVA with
Student–Neuman–Keuls post hoc test was used for statistical
analysis. A value of P less than 0.05 was considered
statistically significant.

Results

Effect of L-NAME on coronary vascular tone
and MMP-2 release into coronary effluent

Infusion of L-NAME (10 or 100mM) for 15min increased
coronary vascular tone in a concentration-dependent manner
as demonstrated by an increase in the CPP by 19.478.3 and
47.5710.7mmHg, respectively (Figure 1a, Table 1). Infusion
of L-NAME at these concentrations did not have any effect on
cardiac mechanical function (Table 1). In accordance with our
previous reports (Cheung et al., 2000b; Wang et al., 2002a), the

only MMP activity readily detectable by gelatin zymography

in the perfusate was 72-kDa MMP-2. A 62-kDa MMP-2 was
seen in some perfusate samples when a longer incubation time
during zymography was used. Therefore, in this study, we

focused on the release of 72-kDa MMP-2 from the heart. The
baseline MMP-2 activity, defined as 100%, was determined at
35min perfusion, the time point immediately before the 15min
infusion of L-NAME. During the perfusion of control hearts,

the release of MMP-2 gradually declined by 50min to
36.277.4% of the baseline level. Infusion of L-NAME
concentration dependently increased MMP-2 release (to

46.578.7 and 83.7718.8% of baseline in 10 and 100mM L-
NAME groups, respectively, Figure 1b). The effect of L-NAME
treatment was not due to changes in general total protein release

into the coronary effluent (P40.05, data not shown).

Effect of coinfusion of SNAP with L-NAME on coronary
vascular tone and MMP-2 release into coronary effluent

Replenishing basal NO levels by the coinfusion of 1 mM SNAP
with L-NAME (100mM) for 15min not only abolished the
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Figure 1 Effects of L-NAME (10 and 100 mM) on CPP (a) and
MMP-2 release into the coronary effluent (b) from isolated perfused
rat hearts. Inset shows representative zymograms of coronary
effluent samples obtained from two control, two 10 mM L-NAME
and two 100 mM L-NAME-infused hearts. *Po0.05 vs control
group, n¼ 5–8 per group.
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increase in CPP but also prevented the enhanced release of
MMP-2 (Figure 2).

Effect of U46619 on coronary vascular tone
and MMP-2 release

Infusion of a higher concentration of U46619 to induce a
similar increase in CPP as that of 100mM L-NAME did not
alter the level of MMP-2 in the coronary effluent (Figure 3).

Effect of treatments on lipid hydroperoxide level
in heart tissue

Infusion of L-NAME concentration dependently increased the
level of lipid hydroperoxides in the myocardium (Figure 4),
which became statistically significant at 100mM. The effect of
L-NAME was abolished by coinfusion of 1 mM SNAP.

Effect of treatments on LDH release from hearts

To determine whether L-NAME could cause a general damage

of the cardiac tissue, we measured the release of LDH in the
coronary effluent. Infusion of U46619 alone (9.172.2 nM)
(n¼ 3) or of U46619 in the presence of 100 mM L-NAME

(n¼ 3) resulted in a similar, not statistically different release of
LDH (3.5970.75 vs 4.3170.82U l�1, P40.05).

Discussion

Here we report that the basal generation of NO regulates the

release of MMP-2 in the coronary vasculature. In many
cardiac pathologies, including reduced coronary vasodilator
function, either reduced basal NO biosynthesis or its enhanced

degradation have been documented. We show here that
reducing endogenous NO biosynthesis with L-NAME causes
an increase of oxidative stress in the heart, which in turn
enhances the release of MMP-2. This study provides the first

evidence of an important interaction between NO biosynthesis
and MMP-2 release in the heart.
NO generated by the coronary vasculature serves as one of

the antioxidant defenses in the heart. Several findings support
this hypothesis. NO donors were able to reduce ischemia–
reperfusion damage in the heart, an insult associated with

enhanced oxidative stress. Infusion of authentic NO decreased
myocardial infarct size in cats after reperfusion following
occlusion of the left anterior descending artery (Johnson
et al., 1991), whereas the NO releasing nitrosothiol SNAP at

subvasodilatory concentration prevented myocardial ische-
mia–reperfusion in isolated rat hearts (Yasmin et al., 1997).
After occluding the middle cerebral artery, infusion of the

substrate for NO biosynthesis, L-arginine, reduced cerebral
infarct size in spontaneously hypertensive rats (Morikawa
et al., 1992). Moreover, Wink et al. (1993) demonstrated that

NO directly protected both cultured lung fibroblasts and
mesencephalic cells from cytotoxicity induced by the oxidative
stress of hydrogen peroxide.

Whether removal of basal NO causes an oxidative stress in
the intact heart is not known. In this study, we infused an NOS
inhibitor, L-NAME, into isolated rat hearts to reduce the
basal generation of NO. As described previously, infusion of

L-NAME concentration dependently increased coronary
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Figure 2 Effects of coinfusion of SNAP (1 mM) with 100 mM L-
NAME on CPP (a) and MMP-2 release into coronary effluent (b).
Inset is a representative zymogram from coronary effluent samples.
*Po0.05 vs control group and #Po0.05 vs L-NAME group, n¼ 6–8
in each group.

Table 1 Effects of treatments on heart rate, LVDP
and CPP in isolated perfused rat hearts

Heart rate
(beatsmin�1)

LVDP
(mmHg)

CPP
(mmHg)

Control (n¼ 8) 295714 76.879.1 58.572.8
L-NAME 100mM (n¼ 8) 276713 80.976.7 110.5711.4*
L-NAME 100mM+SNAP
1 mM (n¼ 6)

283713 73.576.1 56.575.7w

Data were recorded at 50min perfusion time, at the end of
15min infusion of drugs.
*Po0.05 vs control, wPo0.05 vs L-NAME group by one-way
ANOVA with Student–Neuman–Keuls post hoc test.
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vascular tone (Smith et al., 1992). Infusion of L-NAME also

increased the level of lipid hydroperoxides in the myocardium,
an index of enhanced oxidative stress. Coinfusion of SNAP
with L-NAME not only restored coronary vascular tone but

also reduced the lipid hydroperoxide levels in the heart. The
lack of effect of raising CPP with U46619 to an equivalent level
to that of L-NAME shows that the release of MMP-2 activity

in response to the NOS inhibitor is not related simply to
enhanced perfusion pressure. The release of MMP-2 is also not
due to general, in vitro damage to the heart, as LDH release

was not different from that seen in hearts infused with U46619.
Taken together, these observations show that blocking NO
generation causes an increased oxidative stress in the heart.
Activation of MMPs can be achieved either by proteolytic

cleavage of an inhibitory propeptide domain or by chemically
induced conformational changes of the protein to expose the
zinc atom in its catalytic core. Peroxynitrite was shown to

induce conformational change and therefore activation of the
zymogen form of MMPs without a loss of the propeptide

domain (Okamoto et al., 1997; 2001). Indeed, infusion of

peroxynitrite into isolated rat hearts increased the release of
72-kDa proteolytic MMP-2 protein in the coronary effluent
(Wang et al., 2002a) prior to the reduction in contractile
function of the heart. In the present study, infusion of

L-NAME increased not only lipid hydroperoxide levels but
also the release of MMP-2, suggesting that enhanced oxidative
stress in the presence of the NOS inhibitor might induce the

release of MMP-2. The prevention of both the increase in lipid
hydroperoxides and the enhanced MMP-2 release by replen-
ishing the loss of endogenous NO with SNAP further supports

this notion.
In this study, we have no direct evidence for the cellular

source of MMP-2 release in the coronary effluent. Fibroblasts

have been described as a source of matrix-degrading proteases
in the heart (Cleutjens et al., 1995; Siwik et al., 2001); however,
MMP-2 is also expressed in cardiomyocytes (Coker et al.,
1999), and we have shown that MMP-2 is present in the

sarcomeres, where it colocalizes with troponin I and the thin
myofilaments (Wang et al., 2002b). Another possible source
for MMP-2 could be the coronary vasculature, where MMP-2

expression has been observed both at the level of endothelial
cells and of vascular smooth muscle cells (Gavin et al., 2003;
Donnini et al., 2004). Interestingly, NO donors or upregula-

tion of eNOS expression in endothelial cells was shown to
inhibit MMP-2 expression at the transcriptional level (Chen &
Wang, 2004), but whether this occurs as a result of basal NO

biosynthesis is unknown.

Limitations of the study

In the present study, we focused our attention only on the
release of MMP-2 in response to inhibition of NO biosynthesis
in the isolated hearts. Our choice was dictated by the fact that

in the absence of blood components (a major source of MMP-
8 and MMP-9), MMP-2 is the main gelatinolytic enzyme
detected in the isolated perfused heart (Murphy et al., 1982;
Mainardi et al., 1984; Cheung et al., 2000b). We cannot

exclude that other MMPs may be modulated in a similar
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manner, given their analogies with MMP-2 structure. MMP-1,
MMP-2, MMP-8 and MMP-9 have been shown to be

activated by oxidants including peroxynitrite (Saari et al.,
1990; Rajagopalan et al., 1996; Okamoto et al., 1997; 2001;
Siwik et al., 2001). Another limitation that our study faced is

the use of isolated, crystalloid-buffer-perfused hearts, where a
role of basal NO may be overestimated. The perfusion flow
(10mlmin�1), suggested by Langendorff (Doring & Dehnert,

1987) based on histological and metabolic factors, is higher
than the physiologic in vivo coronary flow in the rats
(7–8mlmin�1 g heart weight�1) and this could cause an increase
in the shear stress (Rubanyi et al., 1986), with a higher rate of

basal NO biosynthesis in the coronary circulation. Moreover,
the crystalloid solution used in our experimental conditions is
very different from whole blood, and it is possible that the

in vitro perfusion with Krebs–Henseleit solution can affect

per se the release of MMP-2. However, the model of
Langendorff perfused heart has always been considered a

useful tool for the study of the coronary circulation and cardiac
function, and we believe that it can give deep insight into the
understanding of the local regulation of coronary parameters.

Taken together, our findings support the hypothesis that
reducing endogenous NO biosynthesis by inhibition of NOS
increases oxidative stress, which in turn leads to an increased

MMP-2 activity in the coronary effluent. Our data, therefore,
suggest a novel interaction between NO and MMP-2 in the
coronary circulation.
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Health Research to Richard Schulz (MOP-66953). Wenjie Wang was a
Doctoral Research Trainee of the Heart and Stroke Foundation of
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