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A B S T R A C T

Increased reactive oxygen species (ROS) formation may enhance matrix metalloproteinase (MMP)-2 activity and
promote cardiovascular dysfunction. We show for the first time that MMP-2 is upstream of increased ROS for-
mation and activates signaling mechanisms impairing redox balance. Incubation of vascular smooth muscle cells
(VSMC) with recombinant MMP-2 increased ROS formation assessed with dihydroethidium (DHE) by flow cy-
tometry. This effect was blocked by the antioxidant apocynin or by polyethylene glycol-catalase (PEG-catalase),
and by MMP inhibitors (doxycycline or GM6001). Next, we showed in HEK293 cells that MMP-2 transactivates
heparin-binding epidermal growth factor (HB-EGF) leading to EGF receptor (EGFR) activation and increased
ROS concentrations. This effect was prevented by the EGFR kinase inhibitor Ag1478, and by phospholipase C
(PLC) or protein kinase C (PKC) inhibitors (A778 or chelerythrine, respectively), confirming the involvement of
EGFR pathway in MMP-2-induce responses. Next, we showed that intraluminal exposure of aortas to MMP-2
increased vascular MMP-2 levels detected by immunofluorescence and gelatinolytic activity (by in situ zimo-
graphy) in association with increased ROS formation. This effect was inhibited by MMP inhibitors (phenan-
throline or doxycycline) and by apocynin or PEG-catalase. MMP-2 also increased aortic contractility to phe-
nylephrine and this effect was prevented by MMP inhibitor GM6001 and by apocynin or PEG-catalase, showing
again that increased ROS formation mediates functional effects of MMP-2. These results show that MMP-2 ac-
tivates the EGFR and triggers downstream signaling pathways increasing ROS formation and promoting vaso-
constriction. These findings may have various implications for cardiovascular diseases.

1. Introduction

Imbalanced matrix metalloproteinase (MMP) activity has long been
acknowledged as a complex and critical alteration involved in a variety
of diseases [1]. Among other MMPs, mounting evidence implicates
MMP-2 as a major player in disease processes, particularly in cardio-
vascular diseases [2,3]. In fact, increased circulating levels of MMP-2
have been associated with worse prognosis in patients with

cardiovascular disease [4] and were suggested to predict mortality [5].
Moreover, acutely increasing circulating MMP-2 levels significantly
impaired both cardiac and vascular function [6], although the precise
mechanisms explaining these findings have not been fully elucidated.

Current knowledge supports the notion that enhanced tissue levels
of reactive oxygen species (ROS) contribute to MMP-2 activation [7,8]
or induce its expression [9] promoting cardiovascular dysfunction [10].
This notion is supported by studies showing that antioxidant drugs
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attenuate MMP-2 activity and MMP-2-mediated pathophysiological
cardiovascular alterations [11,12] and these findings are very similar to
those found with the use of MMP inhibitors [13–15]. Therefore, both
antioxidant drugs and MMP inhibitors have been shown to prevent
many of the deleterious effects associated with imbalanced MMP-2
activity. However, the possibility that MMP-2 is upstream of increased
ROS formation and activates cell signaling mechanisms that impair
redox balance by enhancing ROS formation has not been explored yet.
This hypothesis is supported by few studies showing that other MMPs
can activate pathways associated with increased ROS production
[9,16–18]. For example, MMP-7 induced ROS production by activating
epidermal growth factor receptor (EGFR) after stimulation of alpha-1
adrenergic receptor in mesenteric arteries from rats [16,17,19]. More-
over, increased expression of intracellular cardiac MMP-2 in transgenic
mice promoted lipid peroxidation after ischemia reperfusion injury
[18].

There is strong evidence that MMP-2 proteolytic activity cleaves the
transmembrane protein pro-heparin-binding epidermal growth factor
(HB-EGF) into soluble HB-EGF leading to EGF receptor (EGFR) trans-
activation [16,20,21]. In addition, previous studies showed that EGFR
stimulation promotes ROS formation in the cardiovascular system
[17,19,22] and contributes to vasoconstriction [16]. However, there is
no evidence linking increased MMP-2 activity and enhanced vascular
ROS formation as a result of increased MMP-2 mediated gelatinolytic
activity. In this study, we tested the hypothesis that MMP-2-mediated
proteolytic activity leads to transactivation of EGFR and triggers pro-
oxidant alterations of the vascular biology that contribute to increased
vascular contractility. We now provide evidence that MMP-2 is up-
stream of ROS formation and we show mechanisms directly linking
increased MMP-2 activity with impaired redox balance resulting in
vascular dysfunction.

2. Material and methods

2.1. Animals

This study complied with the guidelines of the Ribeirao Preto
Medical School, University of Sao Paulo (Protocol no. #120/2010), and
the animals were handled according to the guiding principles published
by the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Male New Zealand rabbits (2.5–3.0 kg) and male
rats (200 ± 10 g) from the colony at University of São Paulo were
maintained at room temperature (22–25 °C) on light/dark cycle (12 h)
and had free access to standard rat chow and water.

2.2. Materials

Tyrphostin AG 1478, Phenylephrine, Apocynin, Peg-Catalase (PG-
Cat), Dihydroethidium (DHE), phenanthroline, Phenylmethylsulfonyl
fluoride were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
GM6001 was purchased from Merck-Millipore (Tokyo, Japan). MMP-2
polyclonal antibody was purchased from NovusBio (Littleton, CO,
USA). DQ Gelatin fluorogenic substrate and Alexa 647-conjugated anti-
rabbit secondary antibody was purchased from Molecular Probes
(Eugene, OR, USA). The MMP-2 recombinant protein was produced in
our laboratory and specific details on its production as well as enzy-
matic activity data on various lots are described in a previous manu-
script [23].

2.3. Cell culture

The Rattus norvegicus vascular smooth muscle cell (VSMC) line A7r5
obtained from American Type Culture Collection (ATCC CRL-1444)
(Rockville, MD, USA) was maintained at 37 °C under an atmosphere of
5% CO2 in culture flasks with Dulbecco´s modified Eagle´s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%

antibiotic-antimycotic solution (Life technologies, Cat# 15240112).
The cells were used from third to fifth passages after unfreezing.

2.4. Assessment of the effects of MMP-2 and inhibitors on vascular smooth
muscle cells ROS production by cell flow cytometry

To assess the effects of MMP-2 on ROS concentrations in vascular
smooth muscle cells (VSMC), we incubated VSMC with MMP-2 and
assessed ROS concentrations with dihydroethidium (DHE) probe by
flow cytometry. Cytofluorographic analysis was performed using a
Becton–Dickinson FACS Canto (San Jose, CA, USA) with an argon ion
laser tuned to 488 nm. Acquisition was set at 10.000 events. Changes in
fluorescence intensity (FI) emitted by DHE were measured in isolated
VSMC cells initially analyzed without DHE (Blank) as a control to en-
sure that there was no interference of DHE emitted fluorescence. After
that, the cells were incubated with DHE (10 μM) for 30min, as pre-
viously detailed [24], either in the presence of MMP-2 (16 nmol/l) or
vehicle (PBS), which was added immediately after DHE (30min MMP-2
incubation) or during the last 10min (10min MMP-2 incubation).

To confirm that cell incubation with MMP-2 affects ROS con-
centrations, we carried out control experiments to examine the effects
of antioxidant agents including apocynin (a ROS scavenger; 100 µmol/
l) [25], diphenyl iodonium (DPI; a flavoprotein inhibitor) 10 µmol/l, or
polyethylene glycol-catalase (PEG-catalase, which catalyzes the break-
down of intracellular H2O2 into H2O and O2; 3000 U/ml). These ex-
periments were carried out as described above, either in the presence of
MMP-2 (30min MMP-2 incubation) or vehicle.

To confirm that MMP-2 proteolytic activity affects ROS concentra-
tions in VSMC, we examined the effects of MMP inhibitors (doxycycline
100 µmol/l or GM6001 1 µmol/l) on MMP-2-induced changes in ROS
concentrations using the same conditions as described above, either in
the presence of MMP-2 (30min MMP-2 incubation) or vehicle.

2.5. Effects of MMP-2-induced EGFR transactivation on cellular ROS
concentrations

MMP-2 proteolytic activity is known to promote EGFR transacti-
vation [16,20,21,26], which activates cell signaling. To examine whe-
ther MMP-2-induced cleavage of HB-EGF results in increased ROS
concentrations and the mechanism involved in this effect, we designed
a series of cell experiments.

Firstly, we examined the cleavage of HB-EGF by MMP-2 using a
reporter protein in cell culture conditions. A plasmid encoding HB-EGF-
AP, a chimeric protein used for alkaline phosphatase (AP) reporter
assay, was kindly provided by Dr. Michael R. Freeman (Department of
Surgery, Harvard Medical School, Boston) [27–30]. HEK293 cells were
stably transfected with the HB-EGF-alkaline phosphatase (AP) plasmid
and seeded (1× 104) into 96-well plates (Corning) for 24 h. The fol-
lowing day, the cells were starved for 4 h in a DMEM FBS-free medium.
After 4 h, the cells were treated in a phenol-free medium with MMP-2
(16 nM) for 10 and 30min. Briefly, 100 µl of conditioned media were
collected from each well and added for 30min to other individual well
of a 96-well plate containing 100 µL of AP buffer (0.5 mol/l Tris-HCl,
pH 9.5, containing 5mmol/l p-nitrophenyl phosphate disodium,
1mmol/l diethanolamine, 50 µmol/l MgCl2, 150mmol/l NaCl, 5 mmol/
l EDTA) and the absorbance was measured at 405 nm. Three in-
dependent experiments were performed in duplicates.

Secondly, to further validate the idea that MMP-2 proteolytic ac-
tivity promotes EGFR transactivation, we assessed the effects of MMP-2
on ROS concentrations in VSMC by incubating VSMC with MMP-2 in
the presence of AG1478 (an EGFR kinase inhibitor) 3 or 10 µmol/l (or
vehicle) as described above. ROS concentrations were assessed with
DHE probe by flow cytometry, as described above.

Thirdly, given that EGF binding to its receptor activates downstream
cell signaling mediated by phospholipase C (PLC) [31,32] and protein
kinase C (PKC) [31,32], we assessed the effects of MMP-2 on ROS
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concentrations in VSMC by incubating VSMC with MMP-2 in the pre-
sence of A778 (a PLC inhibitor) 10 µmol/l, or Chelerythrine (a PKC
inhibitor) 10 µmol/l. Heparin binding-EGF (HB-EGF) and phorbol 12-
myristate 13-acetate (PMA) were also used as positive controls. Again,
ROS concentrations were assessed with DHE probe by flow cytometry,
as described above.

2.6. Assessment of the effects of MMP-2 and inhibitors on ROS production
in vascular ex vivo studies

After carrying out a number of cell experiments to show the effects
of MMP-2 on ROS formation in VSMC and the mechanism involved, we
examined whether the incubation of rabbit aortas with MMP-2 could
result in vascular biochemical responses similar to those found with
isolated cells. Therefore, we used freshly isolated aortas from rabbits
which were exposed to MMP-2 (16 nM) and inhibitors. The thoracic
aortas were isolated from rabbits after anesthesia with Ketamine
(50mg/kg) and Xylasine (10mg/kg) i.m. and inhaled isoflurane as
required. Isolated aortas were divided into two 2 cm long segments. The
first one was filled with Krebs solution (Vehicle; in mM: NaCl 118,
CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, KCl 4.8, NaHCO3 25 and glucose
5.5) or Krebs solution containing MMP-2 at 16 nM. Both ends of each
vascular segment were clipped and maintained in a Krebs solution sa-
turated with a carbogenic mixture (95% O2/5% CO2), pH 7.4 at 37 °C,
for 30min. After incubation, the aortic segments were embedded in
Tissue-tek® and frozen for use to assess gelatinolytic activity (by in situ
zymography assay described below) and to measure aortic ROS con-
centrations by using the DHE technique (described below). The other
aortic segment was used to assess ROS formation by using the lucigenin
assay (described below) and in vascular reactivity experiments (de-
scribed below).

2.7. Assessment of vascular MMP activity by in situ zymography and MMP-
2 location by immunofluorescence

To determine whether incubation with MMP-2 for 30min increases
proteolytic activity in the aortic rings, we carried out in situ zymo-
graphy as previously described [33]. Briefly, MMP activity was mea-
sured using DQ Gelatin fluorogenic substrate (E12055, Molecular
Probes, Eugene, OR, USA) in serial 5 µm section of the vessel, which
were cut and incubated in dark wet chambers for 1 h with DQ gelatin
concentration 100 µg/ml in Tris CaCl2 buffer (Tris 50mM, CaCl2 at
10 mM), pH 7,4, in absence or presence of phenanthroline (Phe, an
MMP inhibitor) at 100 µM, or doxycycline (Doxy, an MMP inhibitor) at
100 µM, or phenylmethylsulfolnyl fluoride (PMSF, a serine protease
inhibitor) at 100 µM. The sections were examined with fluorescent
microscopy (Leica Imaging Systems Ltd., Cambridge, England) and the
images were captured at a magnification of ×400 and ×200. Proteo-
lytic activity was detected as bright green fluorescence indicating
substrate breakdown and evaluated by using ImageJ Program (National
Institute of Health).

To evaluate MMP-2 location, aortic sections were incubated with
rabbit anti-MMP-2 polyclonal antibody overnight at 4 °C. Red fluores-
cence was visualized by adding Alexa 647-conjugated anti-rabbit sec-
ondary antibody at 1 µg/ml (A31573, Invitrogen) for 1 h. MMP-2 was
detected as bright red fluorescence and was evaluated using the ImageJ
software. DAPI was used to determine nuclear location in the sections.

2.8. Measurement of in situ aortic ROS concentrations

DHE was used to evaluate the in situ ROS concentrations production
of ROS as previously described [34]. Briefly, serial 5 µm sections of the
aortas were cut and incubated in dark wet chambers, at room tem-
perature, with DHE at 100 µM for 30min in presence or absence of Phe
100 µM, doxy 100 µM, PMSF 100 µM, apocynin 100 µM, tiron 100 µM
or PEG-catalase 3000 U/ml. The sections were examined with a

fluorescence microscope (Leica Imaging Systems Ltd., Cambridge,
England) and the images were captured at a ×200 magnification.
Bright red fluorescence represents ROS concentration and was eval-
uated by using ImageJ Program (NIH).

2.9. Assessment of aortic ROS formation by lucigenin fluorescence assay

To further validate the possible effects of MMP-2 on vascular ROS
formation, we carried out the lucigenin fluorescence assay as previously
detailed [35]. Briefly, fresh intact aortic rings incubated with MMP-2 or
vehicle in absence or presence of the MMP inhibitors doxycycline
100 µM or GM6001 1 µM. Aortic rings were transferred to luminescence
vials containing 1ml of Krebs buffer, pH 7.4. After equilibration and
background counts, lucigenin (5 μM) and NADPH (300 μM) were added
to the vials and the luminescence count was measured continuously for
15min in a Berthold FB12 single tube luminometer at 37 °C. Back-
ground signals from aortic rings were subtracted from the NADPH-
driven signals and the results were normalized for the dry weight and
reported as RLU/mg of dry aorta.

2.10. Effects of MMP-2 on the vascular contractility to phenylephrine

Given that ROS levels affect the contractility of smooth muscle cells,
we examined whether incubation with MMP-2 could affect the aortic
contractility in response to an adrenergic agonist in endothelium-de-
nuded aortas (E-). Thoracic rabbit aortic rings (4 mm) were cut and
mounted for isometric tension recording. The rings were placed in
chambers of isolated organ bath containing Krebs solution, which was
maintained at 37 °C and pH 7.4, bubbled with carbogenic mixture. The
system was connected to an isometric force displacement transducer,
and the responses were recorded on a computer system using Protowin.
The aortic rings were submitted to an equilibration period (2 g for
180min) and the functionality was tested with Phenylephrine (PE,
0.1 μM). Endothelium-denuded aortas were obtained by slightly rub-
bing the luminal surface of the aortas and responded to acetylcholine
(ACh, 1 µM) with less than 10% of PE-induced contraction. Cumulative
concentration-effect curves for PE (0.1 nM to 10 µM) were performed in
E- aortic rings in the absence or presence of MMP-2 (16 nM) and
GM6001 1 µM, or apocynin 100 µM, or PEG-catalase (250 U/ml) for
30min before the starting the PE-induced concentration-effect curves.
The vascular contraction was represented as tension (g) divided by dry
tissue weight (g). The maximum response (Emax) and pD2 value (ne-
gative logarithm of the molar concentration of agonist that produces
half of Emax) were calculated using a non-linear interactive fitting
program (Graph Pad Prism 3.0; Graph Pad Software Inc., La Jolla, CA,
USA).

2.11. Statistical analysis

The results are expressed as mean ± S.E.M. Comparisons between
groups were assessed by paired or unpaired Student's t-test or by one-
way analysis of variance followed by Bonferroni correction when ap-
propriate. A probability value P < 0.05 was considered significant.

3. Results

3.1. MMP-2 increases in vascular smooth muscle cells ROS concentration
and this effect is blocked by MMP inhibitors

To examine the possibility that MMP-2 increases ROS in VSMC, we
incubated VSMC with MMP-2 for 10 or 30min and assessed ROS con-
centrations with DHE by cell flow cytometry. MMP-2 (16 nmol/l) in-
creased DHE fluorescence by approximately 40% and 75% after 10min
and 30min of incubation, respectively (Fig. 1A; both P < 0.05). To
validate the finding that MMP-2 increases ROS concentrations, we as-
sessed the effects of widely accepted antioxidant agents including
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apocynin, the flavoprotein inhibitor DPI 10 µmol/l, or PEG-catalase.
While all antioxidants exerted minor effects in vehicle-treated cells,
they fully prevented the increases in DHE fluorescence induced by
MMP-2 (Fig. 1B; both P < 0.05).

Given that doxycycline and GM6001 are MMP inhibitors, we con-
firmed that MMP-2 increases ROS concentrations in VSMC by ex-
amining the effects of both MMP inhibitors on MMP-2-induced in-
creases in ROS concentrations. Interestingly, while both inhibitors did
not affect DHE fluorescence in vehicle-treated cells, both MMP in-
hibitors completely blunted MMP-2-induced increases in DHE fluores-
cence (Fig. 1C; both P < 0.05), thus indicating that MMP-2-induced
increases in ROS concentrations in VSMC depends on MMP proteolytic
activity.

Results for control experiments are shown in Supplementary Fig. 1.

3.2. MMP-2-induced EGFR transactivation increases cellular ROS
concentrations by mechanisms involving the PLC and PKC pathway

Given that MMP-2 activity may transactivate EGFR and increase
ROS concentrations, we carried out experiments to examine this pos-
sibility and to define mechanisms involved in this effect. First, we

quantified HB-EGF shedding using HEK293 cells transfected with HB-
EGF-AP system, which were incubated with MMP-2. We observed that
this incubation increased shedding of HB-EGF (measured as AP activity)
after 10min (0.37 ± 0.01, n= 3, P < 0.05, Fig. 2A) or 30min
(0.73 ± 0.06, n=3, P < 0.05, Fig. 2A) of incubation as compared to
Vehicle (0.22 ± 0.01, n=3), thus confirming that MMP-2 promotes
EGFR transactivation.

Next, we found that MMP-2 proteolytic activity activates EGFR re-
sulting in increased ROS concentrations in VSMC, and this effect is
prevented by the EGFR kinase inhibitor Ag1478, which prevents
downstream EGFR activation and increased ROS production. These
important results are shown in Fig. 2B, which shows that MMP-2 in-
creases DHE fluorescence after 10 or 30min of incubation with this
protease (Fig. 2B; both P < 0.05). While the lower concentrations of
EGFR kinase inhibitor Ag1478 (3 μmol/l) prevented the increases in
ROS concentrations after 10min (but not after 30min) of incubation
with MMP-2, the higher Ag1478 concentration (10 μmol/l) fully pre-
vented MMP-2-induced effects (Fig. 2B; both P < 0.05). These findings
show that preventing EGFR-mediated signaling is enough to prevent
MMP-2-induced pro-oxidant mechanisms.

Finally, EGF binds to EGFR and activates PLC and PKC cell sig-
naling, and therefore we examined whether PLC or PKC inhibitors could
prevent MMP-2-induced EGFR activation and increased ROS formation
in VSMC. Fig. 3 shows that MMP-2-induced increases in ROS con-
centrations in VSMC are fully prevented by the PLC inhibitor A778 or
by the PKC inhibitor Chelerythrine (Fig. 3A, both P < 0.05). Positive
control experiments using recombinant HB-EGF as an EGFR agonist or

Fig. 1. MMP-2-induced increase in ROS concentrations in vascular smooth
muscle cells is prevented by MMP inhibitors. (A) ROS concentrations in
vascular smooth muscle cells (A7r5 cells) assessed with dihydroethidium (DHE;
10 µmol/l) by flow cytometry after incubation with MMP-2 (16 nmol/l) for 10
or 30min. (B) Effects of antioxidant agents including apocynin 100 µmol/l
(Apo), diphenyl iodonium (DPI; a flavoprotein inhibitor) 10 µmol/l, or PEG-
catalase 3000 U/ml (PG-Cat, which catalyzes the breakdown of H2O2) in both
vehicle and in MMP-2-treated cells. Panel C shows the effects of MMP inhibitors
doxycycline 100 µmol/l (Doxy) or GM6001 1 µmol/l in both vehicle and in
MMP-2-treated cells. Data are shown as the mean ± SEM (n=4/group). *
P < 0.05 vs. Vehicle. ** P < 0.05 vs. Vehicle and 10min. # P < 0.05 vs.
Vehicle in MMP-2-treated cells.

Fig. 2. MMP-2 mediates HB-EGF shedding and induces EGFR-dependent
increases in ROS concentrations. (A) MMP-2 promotes HB-EGF shedding, as
revealed by quantification of HB-EGF shedding measured by alkaline phos-
phatase (AP) activity in the supernatant of HEK293 cells after incubation of
MMP-2 (16 nmol/l) or Vehicle for 10 and 30min. Shedding activity is presented
as the ratio of the AP activity in the supernatant and in the cell lysate as de-
scribed in Section 2. (B) Incubation with MMP-2 (16 nmol/l) for 10 or 30min
increases ROS concentrations in vascular smooth muscle cells (A7r5 cells) as-
sessed with dihydroethidium (DHE; 10 µmol/l) by flow cytometry, and this
effect is prevented by the EGFR kinase inhibitor (Ag1478; 3 or 10 μmol/l). Data
are shown as the mean ± SEM (n=4/group). * P < 0.05 vs. respective
Control (Vehicle). *P < 0.05 vs. respective Control (Vehicle) and vs. MMP-2
10min. # P < 0.05 vs. Vehicle+Vehicle treated cells. ## P < 0.05 vs. Ve-
hicle+Vehicle treated cells and vs. MMP-2+Vehicle treated cells for 10min.
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the PKC activator PMA confirmed that activation of EGFR pathway
results in similar effects as compared with those found after incubation
with MMP-2 (Fig. 3B, both P < 0.05).

3.3. MMP-2 invades the vascular tissues, increases vascular gelatinolytic
activity and exerts pro-oxidant effects

Given that results described above showing that MMP-2 activates
cell pathways that promote oxidative stress in isolated VSMC, we
decided to further validate these findings in vascular tissues incubated
with MMP-2. To reach this goal, we carried out initial experiments in
aortas isolated from rabbits to examine whether incubation of these
vessels with MMP-2 would increase vascular gelatinolytic activity, and
therefore aortic segments were incubated with MMP-2 (16 nM) in-
traluminally for 30min. Interestingly, we found that the incubation
with recombinant MMP-2 increased aortic gelatinolytic activity as-
sessed by in situ zimography by approximately 50% (Fig. 4A and B;
P < 0.05). In agreement with these findings, this procedure was as-
sociated with major increases in MMP-2 concentrations detected by
immunofluorescence in all layers of the aortas (Fig. 4A and C;
P < 0.05).

Next, we examined whether the incubation of aortas with MMP-2
would result in vascular pro-oxidant responses that could be attribu-
table to MMP-2-induced increases in gelatinolytic activity. Therefore,
we measured gelatinolytic activity and ROS levels (by DHE technique)
in aortas incubated with MMP-2 in the presence of classical MMP in-
hibitors (phenanthroline or doxycycline) or PMSF (a serine-protease
inhibitor), or vehicle. We found that incubation of aortic segments with
MMP-2 increased vascular gelatinolytic activity and this effect was to-
tally inhibited by both MMP inhibitors (phenanthroline and doxycy-
cline) (Fig. 5A and B, P < 0.05), but not by PMSF (Fig. 5A and B,
P > 0.05). Consistent with our cell experiments, we found that in-
cubation of aortic segments with MMP-2 increased DHE signal by ap-
proximately 50% (Fig. 5C and D, P < 0.05), and this response was
totally abolished by both MMP inhibitors (phenanthroline and dox-
ycycline) (Fig. 5C and D, P < 0.05), but not by PMSF (Fig. 5C and D,
P > 0.05).

Fig. 3. MMP-2-induced increases in ROS concentrations in vascular
smooth muscle cells is abolished by a phospholipase C inhibitor or by a
protein kinase C inhibitor. (A) Quantification of ROS production after 30min
of MMP-2 incubation with VSMC in the absence or presence of the phospholi-
pase C inhibitor (A778 10 μM) or the PKC inhibitor (Chelerythrine, Chel, 3 μM).
ROS concentrations were assessed with DHE probe by flow cytometry. (B)
Control experiments showing quantification of ROS production stimulated by
an EGFR agonist (recombinant HB-EGF) or by a PKC activator (phorbol 12-
myristate 13-acetate; PMA) after 30min of incubation with MMP-2. Data are
shown as the mean ± SEM (n=4/group). *P < 0.05 vs. Vehicle+Vehicle
treated cells. # P < 0.05 vs. Vehicle+MMP-2 treated cells.

Fig. 4. Intraluminal incubation of rabbit aorta with
MMP-2 for 30min increases gelatinolytic activity in all
layers of the vessel. (A) Representative confocal photo-
micrographs of rabbit aortic sections incubated with DAPI,
DQ-Gelatin and anti-MMP-2 antibody (Alexa 647 used as
secondary antibody). DAPI´s blue fluorescence indicates
the nuclei; green fluorescence reflects the total gelatino-
lytic activity, and red fluorescence indicates the staining
with anti-MMP-2 antibody (this antibody reacts only with
the recombinant MMP-2 protein and not with endogenous
rabbit MMP-2). (B) Aortic gelatinolytic activity quantified
by in situ zymography in aortas exposed to intraluminal
incubation with MMP-2 or Vehicle (control).(C)
Quantification of the Alexa 647 signal (which reflects
aortic MMP-2 concentration) in photomicrographs of
rabbit aortas that were intraluminally incubated with re-
combinant MMP-2. Data are shown as the mean ± SEM
(n=4–5/group). * P < 0.05 vs. Vehicle group.
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To further validate the pro-oxidant effects of MMP-2, we used the
lucigenin chemiluminescence assay to examine whether MMP-2 sti-
mulates the vascular formation of ROS. Therefore, we examined the
vascular responses to MMP-2 in the presence of MMP inhibitors (dox-
ycycline or GM6001) or vehicle. In agreement with the DHE results, we
found that incubation with MMP-2 increased vascular lucigenin che-
miluminescence signal by approximately 50% (Fig. 5E, P < 0.05) and
both MMP inhibitors completely blunted this effect (Fig. 5E, both
P < 0.05).

The results described above show that MMP-2 increases vascular
gelatinolytic activity and promotes pro-oxidant responses that are
prevented by MMP inhibitors. These finding are further supported by
the observation that both ROS levels (measured by DHE technique) and
lucigenin activity are strongly correlated with gelatinolytic activity in
aortic segments exposed to MMP-2 (Fig. 6A and B, respectively), either
in the absence or in the presence of MMP inhibitors, thus strongly in-
dicating that MMP-induced gelatinolytic activity is a major determinant
of vascular ROS concentrations.

3.4. Pro-oxidant effects of MMP-2 are prevented by the antioxidant
apocynin or by PEG-catalase

Experiments were carried out with vessels to examine whether an-
tioxidant compounds including apocynin and PEG-catalase could at-
tenuate MMP-2 induced vascular oxidative stress. We found that both
apocynin and PEG-catalase blunted MMP-2 induced increases in DHE
signal in aortas (Fig. 7A and B; all P < 0.05). These findings are con-
sistent with the idea that MMP-2 impairs vascular redox biology.

3.5. Pro-oxidant effects of intraluminal MMP-2 enhances adrenergic
receptor-mediated vasoconstriction

In order to explore possible functional implications of the previous
findings reported here, we examined whether MMP-2-induced increases
in vascular gelatinolytic activity could enhance the vasoconstriction
induced by phenylephrine (an alpha-adrenergic agonist) in en-
dothelium-denuded aortic rings. Interestingly, we found that MMP-2
significantly increased the Emax response of aortic rings to pheny-
lephrine (from 1485 ± 77mg/g to 2004 ± 116mg/g; P < 0.05;

Fig. 5. MMP inhibitors prevent the increases in
vascular gelatinolytic activity, in ROS con-
centrations, and in lucigenin chemilumines-
cence after intraluminal incubation of rabbit
aorta with MMP-2. (A) Representative photo-
micrographs of aortic in situ zymography ex-
periments showing that MMP-2 gelatinolytic
activity was totally inhibited by phenanthro-
line (Phe, 100 µM) or doxycycline (Doxy,
100 µM), but not by phenylmethylsulfonyl
fluoride (PMSF, 100 µM). The arteries were
incubated with the inhibitors together with
MMP-2 (16 nM) intraluminally for 30min. (B)
Quantification of aortic gelatinolytic activity
measured in experiments described in A. (C)
Representative photomicrographs of aortic
sections incubated with DHE. Red fluorescence
reflects ROS production and shows that in-
cubation with MMP-2 (16 nM) intraluminally
for 30min increased ROS production, and this
effect was totally inhibited by phenanthroline
(Phe, 100 µM) or doxycycline (Doxy, 100 µM),
but not by phenylmethylsulfonyl fluoride
(PMSF, 100 µM). The experiments were carried
out as described in A. (D), Quantification of
aortic fluorescence of DHE measured in ex-
periments described in C. (E), Quantification of
lucigenin chemiluminescence measured in
fresh aortas after intraluminal incubation with
MMP-2 (16 nM) or vehicle for 30min in ab-
sence or presence of MMP inhibitors, doxycy-
cline (Doxy 100 µM) or GM6001 (10 µM). Data
are shown as the mean ± SEM (n=4–5/
group). * P < 0.05 vs. Vehicle+Vehicle
group. # P < 0.05 vs. Vehicle+MMP-2 group.
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n=7; Fig. 8A and B). This effect was totally prevented by the MMP
inhibitor GM6001 (Emax response to phenylephrine = 1552 ± 77mg/
g; P < 0.05 vs. MMP-2 group; n= 7; Fig. 8C and D), thus strongly
implicating MMP-2 mediated gelatinolytic activity in this effect.

Given that MMP-2 increased vascular adrenergic receptor-mediated
vasoconstriction, we examined whether this effect is mediated by MMP-
2 induced increases in vascular ROS production. Therefore the effects of
the antioxidant apocynin or PEG-catalase on MMP-2 induced increases
in vascular contractility to phenylephrine were examined in aortic
rings. Consistent with the previous findings reported here, we found
that both apocynin and PEG-catalase completely abolished the in-
creases in vascular contractility induced by MMP-2 (Emax response to
phenylephrine = 1632 ± 60mg/g, n= 7, for MMP-2+ apocynin
group, and 1542 ± 57mg/g, n=7, for MMP-2+PEG-catalase, n= 7;
both P < 0.05 vs. MMP-2 group; Fig. 8C and D). No significant dif-
ferences were found in pD2 values. Together, these results show that
MMP-2-induced increases in vascular contractility are mediated by in-
creased ROS formation.

4. Discussion

We show evidence for the first time that MMP-2 activates down-
stream signaling pathways inducing vascular ROS formation in VSMC
and in aortas. The increased ROS production induced by MMP-2 de-
pends on EGFR activation, which mediates PLC and PKC activation,

thus enhancing vascular ROS production and facilitating pheny-
lephrine-induced aorta contraction (Fig. 9).

Increased MMP-2 activity has been widely shown in disease con-
ditions associated with redox imbalance, and it has usually been ac-
cepted that increased ROS production is upstream of MMP activation.
While this is an important mechanism explaining enhanced MMP-2
expression in these conditions [3,10–12,36–39], we now provide evi-
dence contrary to this current notion. We show that MMP-2 is upstream
of ROS production. This mechanism may be similar to those described
for other MMPs [16–18]. To show this new perspective of MMP-2
promoting redox imbalance, we carried out a series of experiments
starting with VSMC to demonstrate that MMP-2 promotes ROS pro-
duction, an effect that is attributable to its proteolytic activity, as MMP
inhibitors fully inhibited MMP-2-induced oxidative stress.

Our results provide evidence that MMP-2 increases ROS production
by mechanisms that involve MMP-2-mediated cleavage of pro-HB-EGF
leading to EGFR transactivation, as previously shown by others
[16,20,21]. In fact, we showed here that MMP-2 induced HB-EGF-
mediated EGFR activation is abrogated by EGFR kinase inhibitor Ag
1478 in VSMC, which totally prevented MMP-2-induced oxidative
stress. Consistent with our findings, previous studies showed that ac-
tivation of EGFR simulates ROS production under other experimental
conditions [16,19,22]. Indeed, EGFR is a tyrosine kinase receptor that,
following binding of its ligand, receptor dimerization occurs leading to
increased phosphorylation and activation of intracellular proteins in-
cluding ERK, AKT and PLC [19,40,41], which are intracellular kinases
known to increase ROS formation [42,43]. Again, our results confirmed
the activation of pro-oxidant signaling pathways stimulated by MMP-2
as drugs (A778 or chelerythrine) inhibiting two proteins (PLC or PKC,
respectively) activated in EGFR cascade abrogated redox imbalance
induced by MMP-2. Our findings implicating EGFR transactivation in

Fig. 6. Markers of increased aortic oxidative stress increase in proportion to the
increases in aortic MMP-2 gelatinolytic activity. (A) Aortic concentrations of
reactive oxygen species (ROS) measured by DHE technique increase in pro-
portion to the increases in gelatinolytic activity. This association analysis was
carried out using data reported in Fig. 5D. (B), Aortic lucigenin chemilumi-
nescence increase in proportion to the increases in gelatinolytic activity. This
association analysis was carried out using data reported in Fig. 5E. The re-
gression line and the 95% confidence interval are plotted.

Fig. 7. The antioxidant apocynin or PEG-catalase prevent pro-oxidant ef-
fects of MMP-2. (A) Representative photomicrographs of aortic sections in-
cubated with MMP-2 (16 nM) intraluminally for 30min. ROS production as-
sessed by DHE was totally inhibited by apocynin (Apo 100 µM) or by PEG-
catalase (PG-CAT 2500 U/mL). (B) Quantification of aortic fluorescence sti-
mulated by DHE. Data are shown as the mean ± SEM (n=4–5/group).
*P < 0.05 vs. Vehicle+Vehicle group. # P < 0.05 vs. Vehicle+MMP-2 group.
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the mechanisms promoted by MMP-2 are similar to those previously
described for MMP-7 in an interesting study showing that stimulation
with phenylephrine activates MMP-7 and HB-EGF sheddases with
subsequent increases in ROS production, thus contributing to maintain
the vascular contraction [16,17,19]. Together, these findings suggest
that MMPs may share common mechanisms to increase vascular ROS
production and contribute to disease conditions.

To further validate our results obtained with cell experiments, we
examined the pro-oxidant effects of MMP-2 in vessels exposed to MMP-
2. This approach could mimic in vivo conditions associated with in-
creased circulating MMP-2 levels, which could directly interact with

vascular cells. Interestingly, we found that intraluminal incubation of
aortas with MMP-2 increased both MMP-2 levels and gelatinolytic ac-
tivity detected in all vascular layers. This response was associated with
increased ROS levels and lucigenin activity in vascular tissue, with
strong correlation between markers of redox imbalance and gelatino-
lytic activity. These findings consistently support the conclusions made
from our previous cell experiments indicating that MMP-2 promotes
pro-oxidant alterations. Again, further supporting this idea, we found
that various MMP inhibitors (phenanthroline, doxycycline, or GM6001)
completely prevented MMP-2 induced pro-oxidant effects. Next, we
further confirmed MMP-2 mediated pro-oxidant effects by showing that
antioxidant compounds including apocyanin, DPI, and PEG-catalase
prevent such effects. Together, these vascular experiments fully support
the findings with cells and confirmed pro-oxidant effects of MMP-2.

Next, we examined functional implications of the biochemical al-
terations induced by MMP-2. Interestingly, we found that the pro-oxi-
dant effects of intraluminal incubation with MMP-2 enhanced adre-
nergic receptor-mediated vasoconstriction. Both an MMP inhibitor
(GM6001) and antioxidant compounds (apocynin or PEG-catalase)
abolished MMP-2-induced increases in vascular contractility to pheny-
lephrine. These results strongly suggest that the effects of MMP-2 on
vascular contractility are explained by MMP-2-mediated pro-oxidant
effects. Our findings with MMP-2 are similar to those reported by Hao
et al. [17], which showed that activation of alpha-1 adrenergic re-
ceptors increases ROS formation by MMP-7 and contributes to maintain
the vasoconstriction induced by phenylephrine in mesenteric arteries of
rats. In parallel with our findings, the MMP inhibitors GM6001 or
doxycycline attenuated ROS production and vascular contraction.
These results are consistent with other studies showing that in-
traluminal infusion of MMP-7, MMP-9 or the combination of both re-
sulted in vasoconstriction of arterioles and venules from rats [44]. It
should be clear that the effects of MMPs on vascular contractility are
complex and involve other vascular receptors that may be degraded by
MMPs, including beta-adrenergic receptors [6,44].

Mitochondrial activity is a major source of ROS, and Lovett et al. [9]
showed that overexpression of a mitochondrial isoform of MMP-2
(NTT-MMP-2) in cardiomyocytes downregulates BcL-xL and HSPD1,
which are genes associated with resistance to oxidative stress. These
findings are consistent with pro-oxidant effects of MMP-2, and may help

Fig. 8. Intraluminal incubation of rabbit aorta with
MMP-2 increases the vascular contractility to pheny-
lephrine (PE). (A) Cumulative concentration-effect curves
to PE were performed in endothelium denuded (E-) aortic
rings obtained from vessels filled with MMP-2 (16 nM) or
vehicle. (B) Quantification of maximum effect (Emax) in-
duced by PE in E- aortic rings filled with MMP-2 or ve-
hicle. (C) Cumulative concentration-effect curves to PE in
E- aortic rings in presence or absence of the MMP inhibitor
GM6001 (10 µM), or apocyanin (Apo 100 µM), or PEG-
Catalase (PG-Cat 3000 U/mL). (D) Quantification of max-
imum effect (Emax) induced by PE in E- aortic rings filled
with MMP-2 in presence or absence of GM6001,
Apocyanin or PEG-catalase. Data are shown as the
mean ± SEM (n=7–9/group). * P < 0.05 vs. Vehicle
group. # P < 0.05 vs. MMP-2 group.

Fig. 9. MMP-2 exerts pro-oxidant effects in vascular smooth muscle cell.
MMP-2 induces shedding of HB-EGF which activates the EGF receptor (EGFR)
activating phospholipase C (PLC-y) leading to diacylglycerol (DAG) formation
and protein kinase C (PKC) activation. PKC enhances NADPH oxidase activity
and increases ROS production.
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to explain increased susceptibility to cardiac lipid peroxidation shown
in a transgenic mice model with increased MMP-2 activity [18].

This study has some limitations that should be mentioned. Recent
findings have shown evidence that may limit our interpretation of data
obtained with the DHE technique. It is possible that the signal obtained
with DHE may not be selective for ROS as DHE could react with other
reactive sulfide species (RSS) as shown with other methods used to
detect ROS [45]. Moreover, catalase may act as an sulfide oxidase or
sulfur reductase and therefore affect RSS concentrations [46]. However,
we used both DHE and lucigenin assay in isolated cell and vascular
tissue experiments to examine ROS production with consistent results
in the present study. Another limitation is that the antioxidant com-
pounds used in the present study (apocynin, DPI and PEG-catalase) are
not selective inhibitors of specific pro-oxidant mechanisms.

Our findings may have several implications for our understanding
and therapy of cardiovascular diseases. Of major importance, devel-
oping new MMP inhibitors may be of greater importance than pre-
viously anticipated, especially in disease conditions associated with
increased oxidative stress such as hypertension and other cardiovas-
cular diseases [47]. This suggestion is based on the idea that MMP in-
hibitors may prevent deleterious alterations associated with imbalanced
redox conditions in addition to their expected effect on abnormal MMP
activity. Our findings reported here may also help to explain anti-
oxidant responses previously reported with the use of MMP inhibitors
[10,13–15,36,37,48].

In conclusion, our results show consistent evidence that MMP-2
activates downstream signaling pathways involving the EGFR which
results in PLC and PKC activation and pro-oxidant mechanisms in
VSMC. These MMP-2-mediated effects enhance the vascular responses
to alpha-1 adrenergic receptor stimulation and may have various long-
term implications for cardiovascular diseases.
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