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Abstract

 

Vulnerable areas of atherosclerotic plaques often contain

lipid-laden macrophages and display matrix metallopro-

teinase activity. We hypothesized that reactive oxygen spe-

cies released by macrophage-derived foam cells could trig-

ger activation of latent proforms of metalloproteinases in

the vascular interstitium. We showed that in vivo generated

macrophage foam cells produce superoxide, nitric oxide,

and hydrogen peroxide after isolation from hypercholester-

olemic rabbits. Effects of these reactive oxygens and that of

peroxynitrite, likely to result from simultaneous production

of nitric oxide and superoxide, were tested in vitro using

metalloproteinases secreted by cultured human vascular

smooth muscle cells. Enzymes in culture media or affinity-

purified (pro-MMP-2 and MMP-9) were examined by SDS-

PAGE zymography, Western blotting, and enzymatic as-

says. Under the conditions used, incubation with xanthine/

xanthine oxidase increased the amount of active gelatinases,

while nitric oxide donors had no noticeable effect. Incuba-

tion with peroxynitrite resulted in nitration of MMP-2 and

endowed it with collagenolytic activity. Hydrogen peroxide

treatment showed a catalase-reversible biphasic effect (ge-

latinase activation at concentrations of 4 

 

m

 

M, inhibition at

 

$ 

 

10–50 

 

m

 

M). Thus, reactive oxygen species can modulate

matrix degradation in areas of high oxidant stress and could

therefore contribute to instability of atherosclerotic plaques.

(

 

J. Clin. Invest. 

 

1996. 98:2572–2579.) Key words: atheroma
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extracellular matrix degradation

 

Introduction

 

Dysregulated metabolism of extracellular matrix, principally
due to focal overexpression of matrix metalloproteinases

(MMPs),

 

1

 

 may contribute to weakening of the atherosclerotic
plaque (1–3). This results in plaque rupture (4), which under-
lies as many as 90% of acute myocardial infarctions (5). The
regions of the plaques prone to rupture are the “shoulder ar-
eas,” which often contain macrophages (6, 7). Colocalization
of macrophage foam cells and active forms of MMPs within
these vulnerable regions is likely relevant for disruption of ath-
erosclerotic lesions (1, 8). While there is a strong connection
between plaque vulnerability and the presence of macro-
phages (6, 7, 9, 10), the mechanisms whereby macrophages in-
fluence MMP activity remain poorly defined.

MMP regulation occurs both at the level of gene transcrip-
tion (11) and activation of proenzymes (12). Several biological
mediators have been noted to induce the expression of MMPs,
thereby disturbing the tenuous balance between them and
their endogenous inhibitors—the tissue inhibitors of MMPs or
TIMPs. MMPs are secreted in a latent, zymogen form in which
the prodomain is thought to fold over and shield the catalytic
site. This conformation of zymogens is maintained due to thiol
interactions between cysteine residues in the prodomain and
the zinc atom present in the catalytic site of all MMPs. In vitro,
MMP activation can occur when the prodomain is cleaved by
other proteases (13–15) or when the zinc-cysteine bond is in-
terrupted (16). Such an interruption leads to autoactivation
(17). In vivo, the presence of proteolytic activators has not
been established definitively in situations where MMPs are
clearly active. This raises the possibility that activation by
other proteases may not be necessary and that alternate path-
ways of MMP activation may occur in vivo.

Reactive oxygen species are known to react with thiol
groups, such as those involved in preserving MMP latency, so
they could modulate the activity of MMPs. The sources of re-
active oxygen species in the vasculature are diverse and in-
clude vascular smooth muscle cells (SMC) (18), endothelial
cells (19, 20) and, importantly, macrophages (21). During the
past several years, it has become obvious that an increase in
the steady state levels of reactive oxygen species occurs in a
number of pathological processes that affect the blood vessels,
such as atherosclerosis (22), certain forms of hypertension
(23), and diabetes mellitus (24, 25). We hypothesized that in
areas of atherosclerotic plaques rich in macrophages activation
of extracellular MMPs could occur through interaction with
reactive oxygen species. Therefore, we initially defined the na-
ture of reactive oxygen species released by lipid-laden mac-
rophages isolated from tissues of hypercholesterolemic experi-
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metalloproteinase-9 or gelatinase B; SMC, smooth muscle cells; X/XO,
xanthine/xanthine oxidase.

 



 

Reactive Oxygen Species Modulate Metalloproteinase Activity

 

2573

 

mental animals. These experiments provided a basis for a
rational choice of reactive oxygen species whose effects upon
MMP activity were to be tested. Then, we used exogenously
generated reactive oxygen species and performed in vitro ex-
periments with latent MMPs produced by vascular SMC.

 

Methods

 

Isolation of lipid-laden macrophages from experimental aortic 
atheroma and carrageenan-induced granuloma

 

New Zealand White rabbits were fed a 0.5% cholesterol and 4.5% co-
conut oil diet for 9 wk. To induce granulomas, sterile 1% carrageenan
in saline was injected subcutaneously. The injection of carrageenan in
hypercholesterolemic rabbits has been shown to induce the formation
of macrophages which accumulate intracellular lipid and are indistin-
guishable from atheromatous foam cells when evaluated by scanning
electron microscopy, oil red O, and nonspecific esterase staining (26).
Furthermore, the lipid metabolism and content of macrophage foam
cells in granuloma or in aorta of hypercholesterolemic rabbits were
found previously to be similar (27). Rabbit aortic atheroma was pro-
duced by balloon injury as described previously (28). At the end of
the feeding period, the animals were killed using 100 mg/ml pentobar-
bital.

Lipid-laden, macrophage-derived foam cells were isolated from
aortic atheromas and subcutaneous granulomas. Briefly, the aorta
and the granulomas were separately harvested, minced, and then in-
cubated under sterile conditions with HBSS containing collagenase
(type I; Worthington Biochemical Corp., Freehold, NJ), elastase, and
soybean trypsin inhibitor (Sigma Chemical Co., St. Louis, MO) (28).
The resultant turbid fluid was filtered through a sterile nylon mesh
filter and cells were collected in sterile tubes. Foam cells were then
isolated by metrizamide density centrifugation as described previ-
ously (28, 29). Aliquots of cells were resuspended in Opti-MEM
(Gibco Laboratories, Grand Island, NY) and used for cell counting
and measurement of reactive oxygen species. The presence of intrac-
ellular lipid was confirmed by intense Nile red (Molecular Probes,
Inc., Eugene, OR) staining of the cytoplasm.

To study non–lipid-laden macrophages, we obtained alveolar
macrophages by bronchoalveolar lavage in the same rabbits. After
anesthesia, but before death, the trachea was cannulated with sterile
plastic tubing (4 mm) and gently lavaged twice with 25 cm

 

3

 

 of sterile
normal saline. The lavages were then centrifuged and pelleted out at
500 

 

g

 

 for 5 min. The alveolar macrophages were resuspended in Opti-
MEM and then subjected to the same handling procedures as the
foam cells (i.e., enzymatic digestion, centrifugation) to check for the
possible effect of the isolation protocol on reactive oxygen species
production.

The protocol for animal use has been approved by the Emory
University Committee on Institutional Animal Care and Use.

 

SMC culture

 

SMC were grown from explants of human saphenous veins obtained
at bypass surgery. Cells from passages 3 to 4 were grown to conflu-
ency in DME (Cellgro/Fisher, Herndon, VA) containing an antibiotic–
antimycotic mixture (penicillin 100 U/ml; streptomycin 100 mg/ml;
amphotericin B: 0.25 mg/ml; Cellgro/Fisher) and supplemented with
10% FCS. Cells were then washed twice with HBSS and transferred
into serum-free medium (DME/F12; 1:1), supplemented with 1 mM in-
sulin and 5 

 

m

 

g/ml transferrin, for 24 h at the end of which SMC-condi-
tioned culture media containing pro-MMP-2 were harvested. In some
experiments, SMC were incubated for 24 h with PMA (100 ng/ml,
Sigma Chemical Co.) for induction of pro-MMP-9.

 

Affinity purification of MMPs

 

MMP-2 and -9, also called gelatinases due to their activity toward gel-
atin, can be isolated based on their affinity for this substrate. Briefly,
1 ml of SMC-conditioned culture medium from unstimulated cells or

cells stimulated with PMA (to induce secretion of MMP-9) was added
to 100 

 

m

 

l gelatin-agarose beads (Sigma Chemical Co.) and the mix-
ture was incubated for 1 h at 4

 

8

 

C. The mixture was then centrifuged
briefly, washed, and the gelatinases were eluted from the agarose by
adding 100 

 

m

 

l cold 10% DMSO. The mixture was incubated for 5 min
and pulse-centrifuged, after which the supernatant containing the
eluted gelatinases was loaded onto polysulfone ultrafuge filters
(30,000 NMWC; Micron Separations Inc., Westboro, MA) and centri-
fuged again for 5 min at 3,500 rpm to remove DMSO. The filtered su-
pernatant (containing the MMPs) was subsequently used to study ac-
tivity of MMP-2 and -9.

 

Cell-free incubation experiments

 

In cell-free experiments, we tested the effect of reactive oxygen spe-
cies on MMPs present either in the conditioned culture medium har-
vested from SMC or affinity-purified MMPs. Incubations were car-
ried out in a total volume of 500 

 

m

 

l for times ranging from 30 min
to 24 h. To generate O.

 

2

 

2 

 

and H

 

2

 

O

 

2

 

, we used mixtures of xanthine and
xanthine oxidase (X/XO). In most experiments, culture media or
purified gelatinases were incubated with 100 

 

m

 

M xanthine and 5 mU/ml
xanthine oxidase (Sigma Chemical Co.). Under these conditions,
16.52 

 

m

 

M 

 

O.

 

2

 

2

 

 was generated, as measured by lucigenin chemilumi-
nescence. In other experiments, similar samples were incubated with
H

 

2

 

O

 

2

 

 (Sigma Chemical Co.), at final concentrations varying from 4 to
50 

 

m

 

M. To examine the effect of nitric oxide, we used the 

 

?

 

NO donors,

 

S

 

-nitroso-

 

N

 

-acetyl-

 

D

 

, 

 

L

 

 penicillamine (SNAP) or SPER/NO, (Z)-1-
(

 

N

 

-[3-aminopropyl]-

 

N

 

-[4-(3-amino-propylammonio)butyl]-amino)-dia-
zen-1-ium-1,2-diolate] (Spermine NONO-ate) (Research Biochemicals
Inc., Natick, MA) at 50–500 

 

m

 

M. Peroxynitrite anion (ONOO

 

2

 

, pur-
chased as a 0.17 M stock in 0.3 M NaOH; Alexis Corp., San Diego,
CA) was also added directly to culture medium (final concentration
of 10–500 

 

m

 

M). The effect of adding the highest volume of 0.3 M
NaOH (vehicle corresponding to the highest concentration of ONOO

 

2

 

)
to the samples was also examined. Since H

 

2

 

O

 

2

 

 and ONOO

 

2

 

 were not
continuously generated and have a short life time, we added repeti-
tive equal doses of these reactive oxygen species in some experi-
ments. At the end of each incubation, samples were directly loaded
on to gels for SDS-PAGE zymography or Western blotting.

 

SDS-PAGE zymography

 

Proteins with gelatinolytic activity were identified by electrophoresis
in the presence of SDS in 10% discontinuous polyacrylamide gels
containing 1 mg/ml gelatin. In this method, after electrophoretic mi-
gration, proteins with gelatinolytic activity can be detected due to
their capacity to digest the gelatin substrate incorporated into SDS-
PAGE gels. Culture media were loaded on gels directly or after affin-
ity purification. The proteins in the gels were renatured by exchang-
ing SDS with Triton X-100 (two 15-min incubations with 2.5% Triton
X-100). The gels were subsequently incubated overnight at 37

 

8

 

C in 50
mM Tris-HCl, pH 7.4, containing 10 mM CaCl

 

2

 

 and 0.05% Brij 35. At
the end of the incubation, gels were stained with Colloidal Brilliant
Blue G (Sigma Chemical Co.). Proteins having gelatinolytic activity
were then visualized as areas of lytic activity on an otherwise blue gel.
Migration of proteins was compared with that of prestained low mo-
lecular weight range markers (Bio-Rad, Hercules, CA). Identical gels
were incubated in parallel in the presence of 0.01 M EDTA. Disap-
pearance of lytic bands in these gels confirmed the metal dependence
of gelatinolytic activity characteristic of MMPs. Photographs of the
gel were scanned by an imaging densitometer and quantified using
the NIH Image 1.55 software program.

 

Enzymatic assays

 

The type IV collagenase activity of SMC-conditioned culture medium
after incubation with different reactive oxygen species was detected
using 

 

3

 

H-collagen type IV (Du Pont-NEN, Wilmington, DE). Ali-
quots (50 and 100 

 

m

 

l) of either treated or untreated SMC culture me-
dium were incubated with 2 

 

m

 

g 

 

3

 

H-collagen IV (specific activity 0.14
mCi/mg). Some samples were incubated with treatments alone (reac-
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tive oxygen species or reactive oxygen species–generating systems) to
test their direct effect upon degradation of collagen IV. All samples
were incubated at 37

 

8

 

C for 18 h, then reactions were stopped by addi-
tion of reducing SDS-PAGE sample buffer and samples were boiled
for 10 min and loaded onto 10% SDS-polyacrylamide gels. Degrada-
tion of radiolabeled collagen was assessed by fluorography of gels
dried after impregnation with EN

 

3

 

HANCE (DuPont-NEN).

 

Western blotting

 

SMC culture media were separated on 10% SDS-PAGE mini gels
and transferred onto nitrocellulose membranes (Bio-Rad), using a
semidry blotting system (Bio-Rad). Blocking of nonspecific binding
was achieved with incubation of the membrane in 5% milk in 50 mM
Na phosphate buffer, pH 7.2, 150 mM Na chloride (PBS) containing
0.1% Tween 20. Rabbit polyclonal antibodies to MMP-2 were ob-
tained from Dr. William Stetler-Stevensen (National Institutes of
Health, Bethesda, MD). Monoclonal antibodies against nitro-tyro-
sine were kindly provided by Dr. Joseph S. Beckman (University of
Alabama at Birmingham). Antigen detection was performed with a
chemiluminescent detection system as per the manufacturer’s instruc-
tions (ECL

 

TM

 

, Amersham International, Buckinghamshire, UK).

 

Reactive oxygen species produced by macrophages

 

O

 

2

 

?

 

2

 

 production. 

 

O.

 

2

 

2

 

 production by macrophages was measured by
lucigenin chemiluminescence. Lucigenin is a sensitive and specific

measure of 

 

O.

 

2

 

2

 

 release (30). Details of this assay have been pub-
lished previously (20, 22). Scintillation vials containing 250 mM lu-
cigenin solution in 50 mM phosphate buffer (pH 7.4) were placed in a
scintillation counter in the out-of-coincidence mode and allowed to
dark adapt for 4 min to obtain background counts. After counting the
number of cells, 10

 

6

 

 macrophages were suspended in 50 mM phos-
phate buffer and added to the vial containing lucigenin. Counts were
obtained at 1-min intervals for 12 min. Steady state counts corrected
for the background values were then expressed as counts/10

 

6

 

 cells/
min. To study the effect of exogenous stimuli, macrophages were in-
cubated with PMA (final concentration 100 

 

m

 

M) for 5 min before
measurement of 

 

O.

 

2

 

2

 

.

 

Measurement of NO synthase activity by conversion of L-[

 

14

 

C]argi-

nine to L-[

 

14

 

C]citrulline. 

 

Freshly isolated macrophages were homog-
enized in the presence of protease inhibitors (1 mM pepstatin A, 2 mM
leupeptin, 1 mM bestatin, and 1 mM PMSF). NO synthase activity
was assayed in the particulate fraction of the homogenate. Each sam-
ple, normalized by protein (100 

 

m

 

g), was incubated in the presence of
cofactors [final concentration: 100 nM calmodulin, 2.5 mM CaCl

 

2

 

, 1
mM NADPH, 3 mM tetrahydrobiopterin] and the substrate 100 mM/
liter L-arginine combined with L-[2,3-

 

3

 

H]arginine (0.2 mCi; specific
activity, 55 Ci/mmol) for 15 min at 37

 

8

 

C. The mixture also contained 1
mM L-citrulline to minimize any conversion of the formed L-[2,3-

 

3

 

H]citrulline back to L-[2,3-

 

3

 

H]arginine (31). After the incubation pe-
riod, the reaction was quenched by addition of 1 ml of stop buffer (20
mM Hepes, pH 5.5; 2 mM EDTA, and 2 mM EGTA). The reaction
mix was applied to a 1-ml column that had been preequilibrated with
the stop buffer. Radioactivity associated with L-[2,3-

 

3

 

H]citrulline
was eluted twice from a Dowex AG 50WX-8 column (Na

 

1

 

 form, Bio-
Rad) and measured by liquid scintillation counting.

 

Detection of H

 

2

 

O

 

2

 

 production by 2,7-dichlorofluorescein (DCF)

fluorescence. 

 

This test is based on the H

 

2

 

O

 

2

 

-mediated conversion of
2,7-dichlorofluorescein diacetate (DCFA; Molecular Probes, Inc.)
into fluorescent DCF, with increased fluorescence emission reflecting
enhanced H

 

2

 

O

 

2

 

 production (32). Briefly foam cells in tissue culture
dishes were loaded with 10 mM DCFA by incubation for 30 minutes.
Before analysis, cells were washed two times with PBS and then im-
aged by confocal scanning laser microscopy using 488 nm excitation
and 510 nm emission filters.

 

Results

 

Reactive oxygen species production in lipid-laden macrophages

Superoxide production. 

 

We found that lipid-laden macro-
phages isolated from either atherosclerotic aortas or granulo-
mas of hypercholesterolemic rabbits generated O.

 

2

 

2

 

 (Fig. 1 

 

A

 

).
Counts reflecting O.

 

2

 

2

 

 production were higher in lipid-laden
macrophages than those generated by non–lipid-laden alveo-
lar macrophages from the same animals (e.g., Fig. 1 

 

A

 

, steady
state chemiluminescence levels of 153.7

 

6

 

13.0 and 81.1

 

6

 

5.2
from foam cells vs. 31.7

 

6

 

5.6 

 

3

 

 10

 

3

 

 counts/min/10

 

6

 

 alveolar
macrophages, respectively). Interestingly, aortic foam cells,
in the absence of exogenous stimulation, produced even
more O.

 

2

 

2

 

 than alveolar macrophages stimulated with PMA
(153.7

 

6

 

13.0 vs. 86.0

 

6

 

4.3 

 

3

 

 10

 

3

 

 counts/min/10

 

6

 

 cells, respec-
tively). The level of O.

 

2

 

2

 

 production was increased severalfold
by PMA stimulation in both aortic (from 153.7

 

6

 

13.0 

 

3

 

 10

 

3

 

counts/min/10

 

6

 

 cells to 561.5

 

6

 

9.0 

 

3

 

 10

 

3

 

 counts/min/10

 

6

 

 cells)
and in granuloma-derived foam cells (from 81.1

 

6

 

5.2 to
616.4

 

6

 

25.0 

 

3

 

 10

 

3

 

 counts/min/10

 

6

 

 cells), suggesting a high oxi-
dative potential.

 

NOS activity. 

 

NOS activity in foam cells from several
granulomas was highly variable. In some, as little as 0.26

 

6

 

0.03
pmol/mg protein/min of 

 

3

 

H-citrulline was detected, while in
others as much as 4.7 pmol/mg protein/min of 

 

3

 

H-citrulline was

Figure 1. (A) Lucigenin-enhanced chemiluminescence, reflecting 
production of superoxide by alveolar macrophages, aortic foam cells, 
and granuloma foam cells isolated from cholesterol-fed rabbits. Un-
stimulated cells as well as cells stimulated with PMA were assayed. 
The figure shows the average of triplicate measurements of steady 
state levels of chemiluminescence 15 min after adding cells to the lu-
cigenin-containing buffer. In this assay, 10 pmol of  generated from 
known amounts of xanthine and xanthine oxidase yielded z 4,700 
counts. (B) Detection of hydroperoxides as shown by the fluores-
cence of DCF in lipid-laden macrophages. The left panel shows the 
autofluorescence of cells incubated in the absence of DCFA and the 
right panel shows cells 30 min after addition of DCFA. Cells were im-
aged with a confocal microscope using a magnification of 40 and an 
FITC filter.

O?
2
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formed. In each preparation NOS activity was not affected by
addition of EGTA (average 

 

3

 

H-citrulline in the presence of
EGTA was 0.82

 

6

 

0.30 pmol/mg protein/min), suggesting that
the NO synthase responsible for this activity was the inducible
isoform. Due to limited cell yield for aortic foam cells, we mea-
sured formation of 

 

3

 

H-citrulline only in a pair of samples ob-

tained from one experiment, in which cells from four rabbits
were pooled. This was 1.32 pmol/mg protein/min. Alveolar
macrophages isolated from the same rabbits had no detectable
.NO synthase activity.

 

H

 

2

 

O

 

2

 

 detection. 

 

Lipid-laden macrophages cultured for 24 h,
then incubated with DCFA (10 

 

m

 

M), showed intense fluores-
cent staining by confocal microscopy, indicative of peroxide
generation (Fig. 1 

 

B

 

).

 

Effect of reactive oxygen species on vascular MMP activity 
in vitro

X/XO system activates latent MMPs. Incubation of human
vascular SMC culture media containing latent MMP-2 (pro-
MMP-2) with X/XO (100 mM:5 U/liter) resulted in activation
of pro-MMP-2. Activation also occurred when culture media
were incubated with X/XO after harvesting from tissue culture
dishes. To rule out the contribution of other components in the
culture media that could serve as intermediaries in this activa-
tion sequence, latent MMP-2 and MMP-9 (induced by PMA
treatment of vascular SMC) were purified using gelatin-aga-
rose. The purified gelatinases were then exposed to the X/XO
system, which led again to activation of pro-MMP-2 as well as
pro-MMP-9 (Fig. 2). Fig. 2 presents the typical appearance of
gelatinolytic bands with lower molecular weights after incuba-
tion with X/XO. XO by itself had no effect upon latent MMP-2
(data not shown), but was responsible for production of lytic
bands that migrate close to the bottom of 10% gels (Fig. 2) and
are not inhibited by incubation with EDTA. Xanthine neither
affected pro-MMP-2 nor produced any lytic pattern in gelatin
gels, suggesting that pro-MMP-2 activation was due to a prod-
uct of the X/XO system. In additional experiments, we tested
the effect of adding SOD to the incubates (not shown), but ac-
tivation of pro-MMP-2 by X/XO was not inhibited, probably
due to the simultaneous generation of other reactive oxygen
species (H2O2 and/or hydroxyl, ?OH).

Effect of H2O2 on MMP-2 activity. H2O2 is likely pro-
duced by lipid-laden macrophages in vivo. In vitro, H2O2 is a
main product of the X/XO system, which we used to generate
reactive oxygen species in vitro, and thus could have contrib-

Figure 2. SDS-PAGE zymography showing the effect of reactive ox-
ygen species generated by X/XO (100 mM:5 mU/ml) on activity of la-
tent gelatinases, which were affinity-purified from culture medium 
harvested from human vascular SMC. White areas of lysis produced 
in the gel, which contained 1 mg/ml gelatin, shows presence of acti-
vated, as well as latent, forms of gelatinases. The left panel illustrates 
activation of latent MMP-2 (pro-MMP-2), purified from the condi-
tioned medium of unstimulated human SMC, after incubation with 
X/XO. The right panel shows activation of pro-MMP-2 and latent 
MMP-9 (pro-MMP-9) isolated from medium of SMC stimulated with 
PMA (which induces MMP-9 expression). Treatment with X/XO re-
sulted in the conversion of latent forms of both gelatinases to the ac-
tive, lower molecular weight forms (MMP-2 and MMP-9).

Figure 3. (A) SDS-PAGE zy-
mography of media conditioned 
by human SMC. Identical ali-
quots were exposed to various 
concentrations of H2O2 for 4 h. 
The upper arrow points to the 
latent form of MMP-2 (pro-
MMP-2). Notice that incubation 
with 4 mM H2O2 activated pro-
MMP-2 to the lower molecular 
weight active form MMP-2 
(lower arrow) and even to 
smaller forms with gelatinolytic 
activity. Higher doses of H2O2 
led to inactivation (disappear-
ance of gelatinolytic activity). 
The effect of the highest con-
centration of H2O2 (50 mM) was 
prevented by addition of cata-

lase (250 U/ml). (B) Effect of H2O2 upon the gelatinolytic activity associated with the active form of MMP-2, as measured from SDS-PAGE zy-
mography gels. Areas of lysis have been measured by laser scanning densitometry and plotted as the percentage of gelatin lysis produced by con-
trol. Data shown have been collected from four independent experiments. Compared with control samples (no H2O2), gelatinolytic activity was 
increased by incubation with 4 mM H2O2, and decreased by incubation with 50 mM.
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uted to the activation of MMP-2 that we observed using X/XO.
The direct effect of H2O2 on pro-MMP-2 activity was tested by
incubating aliquots of cell culture media with various concen-
trations of H2O2. At low concentrations, incubation with H2O2

increased gelatinolysis associated with the activated form of
MMP-2 and also induced generation of lower molecular
weight gelatinolytic bands (Fig. 3 A). Higher doses of H2O2

(10–50 mM) resulted in concentration-dependent inactivation
of gelatinolytic activity (Fig. 3, A and B). The effects of H2O2

could be blocked completely by addition of catalase (Fig. 3 A).
We confirmed that H2O2 initiates molecular processing of la-
tent MMP-2 by identifying the lower molecular species with
anti-MMP-2 antibodies (shown in Fig. 6). Compared with con-
trol culture media, aliquots incubated with H2O2 displayed in-
creased immunoreactivity of lower molecular weight species
and additional immunoreactive bands.

Effect of 
.
NO and peroxynitrite (ONOO2) on MMP-2 activ-

ity. Generation of .NO by SNAP and Spermine NONO-ate
(50–500 mM) in the culture media had no discernible effect
upon activation of MMP-2 zymogen (data not shown). How-
ever, since the simultaneous production of .NO and O.

2
2 in

vivo may lead to the generation of ONOO2 (33), we also
tested the effect of this reactive oxygen species upon MMP-2
produced by cultured vascular SMC. We incubated cells in cul-
ture with ONOO2 and analyzed culture media by SDS-PAGE
zymography. We found that after incubation with ONOO2 the
intensity of the MMP-2–associated lytic band, migrating at
z 60 kD, was increased and was accompanied by the appear-
ance of several lower molecular weight gelatinolytic bands
(Fig. 4). Initially, we suspected that in addition to activation of
pro-MMP-2, incubation of SMC with ONOO2 may induce the
production and release of new proteins with gelatinolytic activ-
ity. However, the same effect was achieved by incubating the

culture media after harvesting from unstimulated SMC (cell-
free experiments) with ONOO2 (Fig. 4). This showed that the
generation of several gelatinolytic bands running at appar-
ent molecular masses , 60 kD did not require the presence of
cells and was likely due to sequential extracellular process-
ing of MMP-2. Additional confirmation that incubation with
ONOO2 results in activation of latent MMP-2 was obtained
through a collagenolytic assay using radiolabeled type IV col-
lagen, a typical MMP-2 substrate. Latent MMP-2 incubated
with ONOO2 displayed enzymatic activity against collagen
IV (Fig. 5). Culture media incubated with pH-inactivated
ONOO2, containing the stable decomposition products NO2

2

and NO3
2, had no collagenolytic activity. The activation of pro-

MMP-2 by ONOO2 was accompanied by tyrosine nitration of
MMP-2 (Fig. 6), as shown by consecutive immunodetection
of MMP-2 followed by detection of nitro-tyrosine residues in
samples of SMC culture media. Incubation of culture media

Figure 4. Effect of peroxynitrite on gelatinolytic activity in culture 
media of human SMC. In left lanes, we applied culture media from 
SMC incubated with increasing concentrations of ONOO2 for 24 h. 
One cell culture dish was incubated with the highest concentration of 
pH-inactivated ONOO2 (Inact.). The right lanes show activity in me-
dia harvested from unstimulated SMC, then incubated with similar 
concentrations of ONOO2. The same gelatinolytic pattern was ob-
tained in both cases (6SMC). Molecular weight of prestained mark-
ers (MWM), loaded in between samples obtained from the two exper-
iments, is indicated at right in kiloDaltons (kD).

Figure 5. Fluorographic 
image of 3H-type IV 
collagen incubated 
with SMC-conditioned 
medium treated with 
ONOO2. Typical col-
lagen bands are indi-
cated with arrows. 
Treatment with 
ONOO2 imparts col-
lagenolytic activity to 
SMC-derived culture 
media, as suggested by 
the diminishing radio-
activity associated with 
a 20 chains and pro-
teolytic processing of 
other higher molecular 
weight collagen chains.

Figure 6. Immunoblotting of SMC culture media incubated with per-
oxynitrite (ONOO2) or H2O2. The top panels show detection of la-
tent MMP-2 (top arrow) and activated MMP-2 (bottom arrow). The 
bottom left panel shows detection of nitrotyrosine residues using spe-
cific antibodies. The membrane containing ONOO2-treated culture 
media, presented in the left two panels, was first blotted with anti–
MMP-2 antibodies (top left panel), then stripped, and reprobed with 
antinitrotyrosine antibodies (bottom left panel). Incubation with 
ONOO2 led to a decrease in immunoreactivity to MMP-2 antibodies 
and to an increased immunoreactivity to antinitrotyrosine antibodies. 
In contrast incubation of culture media with H2O2 actually increased 
the signal associated with activated MMP-2 (bottom arrow), as de-
tected by anti–MMP-2 antibodies.
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with 100–250 mM of ONOO2 abolished the immunoreactivity
of the anti–MMP-2 antibody for bands associated with acti-
vated forms of MMP-2, while increasing the immunoreactivity
of antinitrotyrosine antibodies for the corresponding bands.
This effect suggested that, during activation, the MMP-2
epitopes recognized by the MMP-2 antibody were modified by
nitration. Further supporting the hypothesis of a specific modi-
fication of MMP-2 by ONOO2 treatment was the finding that
the same anti–MMP-2 antibody recognized an MMP-2 form
activated by H2O2 (Fig. 6).

Discussion

This study was undertaken to examine the possibility that reac-
tive oxygen species produced by lipid-laden macrophages
modulate vascular MMP activity. We found that macrophage
foam cells, isolated from atheroma, steadily produce O.

2
2,

H2O2, and .NO without additional exogenous stimulation. We
also showed that these reactive oxygens can modulate MMP-2
and -9 activity, either directly or via a derivative radical,
ONOO2. This may be an important mechanism for modulat-
ing MMP activity in atherosclerotic plaques. Similar radicals
may also be responsible for MMP activation in inflammation
or other conditions associated with oxidative stress.

Traditionally, the theory regarding MMP activation in vivo
postulates the attack of susceptible regions in the propeptide
MMP domain by soluble proteases (13), or by a membrane-
bond protease in the case of MMP-2 (34, 35). Studies from
Van Wart’s group (16) led to the formulation of the “cysteine-
switch” hypothesis to explain the seemingly disparate means
by which activation could be achieved in vitro by a wide vari-
ety of agents that share one common characteristic: thiol reac-
tivity. In this model, the zinc atom at the active site is coordi-
nately bound to an unpaired cysteine thiol group located
approximately at the 80th residue of the propeptide domain.
Disruption of this interaction is believed to represent the criti-
cal step in initiating the process of MMP autoactivation. Reac-
tive oxygen species undergo facile reactions with thiol groups
and may serve as a common mechanism of activation for sev-
eral different MMPs. Macrophage-derived reactive oxygen
species may thus provide a link between the presence of acti-
vated forms of MMPs and macrophage-rich areas in athero-
sclerotic plaques.

Rosenfeld et al. showed previously that macrophage-derived
foam cells isolated from hypercholesterolemic rabbit aortas
are capable of oxidatively modifying lipoproteins (29), but the
nature of reactive oxygen species released by these cells has
not been defined. To our knowledge, all other previous studies
have examined reactive oxygen species production by mono-
cytes differentiated in vitro and subsequently activated with
exogenous stimuli. Properties of cells differentiated and loaded
with lipid in vitro may differ significantly from foam cells gen-
erated in vivo. In this study, we examined two types of mac-
rophages that accumulate lipid in vivo, in tissues of hypercho-
lesterolemic animals. By producing lipid-laden macrophages in
granulomas we have generated large quantities of foam cells
for study, in contrast to aortic foam cells isolated from ather-
oma, where the yield of isolated cells is low. Further, rapid iso-
lation (, 4 h from time of killing of the animal) precludes the
influence of extraneous factors that may influence radical pro-
duction.

Macrophage foam cells, whether derived from aortic ather-

oma or granuloma of hypercholesterolemic animals, produced
substantial amounts of superoxide compared with non–lipid-
laden macrophages obtained from the same animal. Lipid-laden
macrophages expressed varying amounts of NO synthase
activity. In contrast, NO synthase activity was undetectable in
alveolar macrophages. These findings provided a basis for ex-
periments testing the effects of O.

2
2, H2O2, 

.NO, and ONOO2

on activity of vascular MMPs. To directly examine the effects
of these, we either generated or exogenously added the vari-
ous reactive oxygen species of interest. MMPs investigated
were produced by cultured human SMC. These cells can pro-
duce a spectrum of MMPs (36) and likely contribute substan-
tially to the MMPs produced in human vessels.

We concentrated on vascular gelatinases for two reasons.
First, MMP-2 is ubiquitous in normal and atherosclerotic hu-
man vessels (1) and is produced in vitro by vascular human en-
dothelium (37) and SMC (36). Generation of activated forms
of MMP-2 is associated with SMC migration and proliferation
in vitro and in vivo in animal models of restenosis (38–41). In-
duction of MMP-9 also occurs under these conditions (38–41).
Pro-MMP-9, the main MMP product of monocyte-macrophages
(42), is expressed in human atheroma (1) and can be detected
in specimens collected from patients with unstable angina (43).
Second, the biochemical characteristics of these two gelati-
nases, which have prodomains rich in cysteine residues, would
presumably increase their susceptibility to the action of reac-
tive oxygen species.

The X/XO reaction, commonly used to generate O.
2

2, also
generates other reactive oxygen species: X/XO can reduce di-
oxygen univalently to O.

2
2 or divalently to H2O2. The balance

between these two pathways depends on the state of reduction
of the enzyme, favoring divalent reduction when the enzyme is
fully reduced. Conditions such as substrate concentration, pO2,
and pH affect the reduction state of the enzyme. Thus, it is
possible that, in our experiments with the X/XO system, gelati-
nases were subjected to the action of reactive oxygen species
other than O.

2
2. Furthermore, addition of SOD did not block

activation of MMP-2 in the presence of X/XO, which could
mean that a radical other than O.

2
2 may be involved. H2O2

generated by X/XO or through dismutation of O.
2

2 could have
reacted with pro-MMP-2. We tested this hypothesis and found
that direct addition of H2O2 caused modulation of MMP-2 ac-
tivity. Activation of MMP-2 at low doses of H2O2 (4 mM) and
inactivation at higher doses (10–50 mM) suggest that there may
be a biphasic response to oxidant stress. High concentrations
of H2O2 may inhibit MMP-2 enzymatic activity through mobi-
lization of the zinc atom at the catalytic site (44). Also, higher
H2O2 concentrations may modify the zymogen more exten-
sively, leading to protein degradation, and could act as a regu-
latory mechanism for MMP activity. Similarly, the highest con-
centration of ONOO2 that we used (500 mM) seemed to
inactivate pro-MMP-2. We cannot exclude the possibility that,
in our in vitro conditions, the OH2 radical was also formed via
the H2O2-dependent Fenton reaction which could be sup-
ported by free metals in the culture medium.

This is, to our knowledge, the first demonstration of a pro-
tein being activated by ONOO2. ONOO2 has strong oxidizing
properties that may be responsible for free radical–dependent
toxicity in atherosclerosis and other pathological conditions
(45–47). ONOO2 has the ability to nitrate tyrosine residues of
proteins (48–51). Our results showed that ONOO2 activates
pro-MMP-2. Incubation with inactivated ONOO2, containing
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its decomposition products NO3
2 and NO2

2, had no effect on
the activation of MMP-2. It has been estimated that the aver-
age rate of ONOO2 formation may reach 1 mM/min in the rat
lung epithelial fluid upon stimulation of alveolar macrophages
(52). The concentrations used in our study are thus within the
range found in pathophysiologic states. Immunoblotting with
specific antibodies showed that activation of MMP-2 was asso-
ciated with almost exclusive tyrosine nitration of proteins mi-
grating at z 70 kD (likely MMP-2) and concomitant loss of re-
activity to anti–MMP-2 antibodies. It is interesting to speculate
that nitration of two tyrosine residues, present within a five
amino acid stretch in the hinge region between the propeptide
and active domains of pro-MMP-2, could assist in unfolding of
the zymogen. Using the same antinitrotyrosine antibody to
stain atherosclerotic lesions, Beckman et al. (48) demonstrated
an intense immunopositive reaction. Therefore it is possible
that nitration of MMPs could contribute to this immunostain-
ing pattern in atheroma. Importantly, the reaction with ONOO2

generated around activated macrophages provides a possible
mechanism by which MMP activity previously detected in vul-
nerable areas of the atherosclerotic plaque (1, 8) is unleashed.
.NO donors used in our experiments had no effect on MMP-2
activation. A recently published study suggested that .NO acti-
vates pro-MMP-2 (53). However, it is possible that ONOO2,
rather than .NO, was directly responsible for activation of
MMP-2 in that study, in which cells were simultaneously incu-
bated in culture with cytokines, lipopolysaccharide, and .NO
donors. Under these conditions both .NO and O.

2
2 may have

been generated, leading to formation of ONOO2 (33).
Macrophage-derived foam cells express MMP mRNA (54),

produce MMP proteins (1, 28), and colocalize with MMP activ-
ity in human and experimental atherosclerotic plaques (1, 8).
Shah et al. (3) showed that MMPs secreted by monocyte-
derived macrophages may be responsible for breakdown of
tissue collagen by incubating these cells, or their conditioned
culture medium, with explanted atherosclerotic lesions in
vitro. Since the presence of cells enhanced collagenolysis, it is
possible that generation of active MMPs depended on the ac-
tion of cell-released reactive oxygen species. These reactive
species have a short life time and their effects would otherwise
rapidly diminish in conditioned culture media.

Based on the findings of this study and of previously pub-
lished reports, it appears that macrophages may be able to par-
ticipate in MMP matrix degradation at several levels. These
include: (a) inducing MMP expression in other cells (via secre-
tion of cytokines); (b) producing MMPs; and (c) activating la-
tent forms of secreted MMPs (via production of reactive oxy-
gen species). It is of note that antiprotease inhibitors (serpins)
are susceptible to degradation by MMPs (55, 56), possibly
leading to an increase in proteolytic activity in the vicinity of
activated macrophages. Similarly, activated neutrophils, which
generate hypochlorous acid through the action of myeloperox-
idase, seem capable of autoactivating their latent collagenase
(57). Since myeloperoxidase is also present in atherosclerotic
vessels (58), hypochlorous acid may contribute to activation of
MMPs and inactivation of serpins.

The results of this investigation provide support for a
mechanism by which macrophage-derived foam cells could ac-
tivate MMPs in the atherosclerotic plaque. Activation of latent
MMPs by reactive oxygen species may also be relevant in
other pathological conditions associated with high oxidative
stress. Our observations may explain some of the benefits of

antioxidant therapy (59, 60) and may help direct future inter-
ventions to improve plaque stability.
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