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Abstract
Matrix metalloproteinase-2 (MMP-2), a ubiquitously expressed zinc-dependent endopeptidase, and
poly(ADP-ribosyl) polymerase (PARP), a nuclear enzyme regulating DNA repair, are activated by
nitroxidative stress associated with various pathologies. As MMP-2 plays a detrimental role in heart
injuries resulting from enhanced nitroxidative stress, where PARP and MMP inhibitors are beneficial,
we hypothesized that PARP inhibitors may affect MMP-2 activity. Using substrate degradation
assays to determine MMP-2 activity we found that four PARP inhibitors (3-AB, PJ-34, 5-AIQ, and
EB-47) inhibited 64 kDa MMP-2 in a concentration-dependent manner. The IC50 values of PJ-34
and 5-AIQ were in the high micromolar range and comparable to those of known MMP-2 inhibitors
doxycycline, minocycline or o-phenanthroline, whereas those for 3-AB and EB-47 were in the
millimolar range. Co-incubation of PARP inhibitors with doxycycline showed an additive inhibition
of MMP-2 that was significant for 3-AB alone. These data demonstrate that the protective effects of
some PARP inhibitors may include inhibition of MMP-2 activity.
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Introduction
Matrix metalloproteinases (MMPs), a family of 28 structurally related, multidomain Zn-
dependent endopeptidases, are key enzymes in the development and remodeling of tissues and
organs, including embryogenesis and angiogenesis [1,2]. MMPs are first expressed
intracellularly and maintained in a latent form by an interaction between a conserved cysteine
(Cys) residue in the autoinhibitory propeptide domain and a Zn2+ in the catalytic site [3]. The
disruption of this interaction by proteolytic removal of the autoinhibitory propeptide domain
or by sulfhydryl-reactive compounds has been suggested to trigger enzyme activation [4].

Increasing evidence suggests that the activity of MMPs is enhanced in several cardiovascular
diseases, including ischemic heart disease, heart failure, stroke, and atherosclerosis [1,5–7].
MMP-2 is expressed in the heart at substantial levels and its activity is increased in myocardial
ischemia–reperfusion injury [5–8]. An important mediator of acute cardiac contractile failure
is nitroxidative stress, which occurs during heart exposure to ischemia–reperfusion [9] or pro-
inflammatory cytokines [10], and involves an overproduction of nitroxidative species,
particularly peroxynitrite [8–11]. We recently reported that MMP-2 can undergo activation by
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peroxynitrite that involves the covalent modification of the critical Cys residue in the
propeptide domain [12].

Poly(ADP-ribose)polymerases (PARPs) are a family of 17 Zn-containing enzymes, present in
the nuclei of all eukaryotes, that participate in the regulation of DNA repair, gene transcription,
genomic stability, and cell death [13,14]. The activity of PARP-1 (the major contributor to
PARP activity in higher eukaryotes) is increased about 500-fold in response to DNA strand
breaks [13]. PARPs mediate the post-translational modification of nuclear proteins,
particularly histones, to allow them to unpack the chromatin at the site of the DNA strand break,
and expose the damage site to nuclear repair proteins. As a consequence of their important
cellular functions, PARPs have received attention as major targets for drug design for the
treatment of cancer, diabetes, inflammation, retroviral infection, and cardiovascular diseases
[14].

PARPs and MMPs can both be activated by nitroxidative stress associated with cardiac diseases
[1,8]. PARP inhibitors substantially improve the outcome of myocardial damage following
ischemia–reperfusion, hypoxia-reoxygenation, cardiopulmonary bypass, cardiac
transplantation, or doxorubicin-induced injury [8,14–16] by reducing PARP over-activation
and cell death [17,18]. Pharmacological inhibition of MMP-2 has beneficial effects in injury
induced by ischemia–reperfusion [5], pro-inflammatory cytokines [19], direct infusion of
peroxynitrite [20], or myocardial infarct [21,22].

Since there is evidence suggesting a cross-talk between PARP and MMP-2, we hypothesized
that the beneficial effects of PARP inhibitors may also involve the direct inhibition of MMP-2.
Thus, we investigated the effect of four PARP inhibitors (3-AB, 5-AIQ, PJ-34, and EB-47) on
the activity of MMP-2 and compared the inhibitory potencies of these compounds with those
of known MMP inhibitors, including doxycycline, minocycline, o-phenanthroline and GM
6001.

Materials and methods
All reagents were of analytical grade and unless otherwise specified were purchased from
Sigma–Aldrich (Oakville, ON). Human recombinant 64 kDa MMP-2 was obtained from
Calbiochem (San Diego, CA); OmniMMP® fluorogenic peptide substrate from Biomol
(Plymouth Meeting, PA); and Coomassie Blue R-250 from Bio-Rad (Hercules, CA). 3-
Aminobenzamide (3-AB), 2-(dimethylamino)-N-(5,6-dihydro-6-oxophenanthridin-2-yl)
acetamide (PJ-34), 5-aminoisoquinolinone (5-AIQ) and 1-piperazineacetamide-4-[1-(6-
amino-9H-purin-9-yl)-1-deoxy-D-ribofuranuron]-N-(2,3-dihydro-1H-isoindol-4-yl)-1-one
(EB-47) were purchased from Sigma–Aldrich, Calbiochem or Inotek Pharmaceuticals
(Beverly, MA) and fresh stock solutions of these compounds were prepared in 1% DMSO or
distilled water.

Kinetic analysis of MMP-2 activity in the presence of PARP and MMP inhibitors
In the OmniMMP kinetic assay the enzyme is present in a homogenous, aqueous buffer that is
optimal for enzyme activity and, importantly, the enzyme is not subjected to a denaturation
process. The hydrolysis of the OmniMMP® fluorogenic substrate (15 µM, prepared in 1.8%
v/v DMSO) by 64 kDa MMP-2 (0.2 nM in 50 mM Tris, pH 7.6, 0.5 or 10 mM CaCl2, 0.05%
Brij-35, 1 nM or 10µM ZnSO4) was measured at 37 °C in a plate reader-based protocol [23]
in the presence of PARP (PJ-34, 5-AIQ, 3-AB, and EB-47) or MMP (doxycycline, minocycline,
GM 6001, and o-phenanthroline) inhibitors. Assays were made in a total volume of 120 µl in
black polystyrene half-area plates (Corning, NY), and contained MMP-2 (60 µl in 2 × reaction
buffer) and substrate (60 µl) or DMSO vehicle. Fluorescence associated with (7-meth-
oxycoumarin-4-yl)acetyl-tagged cleavage product was measured every 30 s for 1 h (λex 328
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nm, λem 393 nm) in a SPECTRAmax Gemini XPS (Molecular Devices, Sunnyvale, CA)
fluorescence plate reader. PJ-34 concentrations greater than 100 µM interfered with the
fluorescence readings (data not shown) and the effects of the inhibitor were not evaluated at
these concentrations. The rate of product formation in each well was determined through linear
regression of the experimental data (r2 > 0.98) using SOFTmax Pro 4.8 software (Molecular
Devices, Sunnyvale, CA). Appropriate lag times, to preclude data prior to equilibration at 37
°C, and end times, to preclude data following a loss of linearity, were entered manually prior
to linear regression of data to obtain slopes. The experimental rates in the presence of inhibitors
were normalized to the rates of the vehicle controls. All experiments were performed in three
to five replicates and the inhibitor concentrations required to produce 50% enzyme inhibition
(IC50) were determined from the non-linear curve fit of data using GraphPad Prism version
4.03 (GraphPad Software, San Diego, CA).

Estimation of MMP-2 activity in the presence of PARP and MMP inhibitors
MMP-2 inhibition data were generated with an equation (Fig. 4A) which includes the following
assumptions: (i) the effects of PARP inhibitors are competitive with the substrate; (ii)
doxycycline binds to a site distinct from the catalytic site that results in complete loss of enzyme
activity [24]; and (iii) binding of doxycycline does not affect the affinity of either the substrate
or of other inhibitors, and vice versa. KM was fixed at 33.3 µM [23], the enzyme activity at 15
µM substrate is considered here as 100%, the concentration of doxycycline and PARP
inhibitors are the same as the ones in the co-incubation experiment (Fig. 3), and the Ki values
were calculated from the Cheng–Prusoff equation using the IC50 values.

Gelatinolytic activity of MMP-2 in the presence of PARP and MMP inhibitors
Gelatinolytic activity of 64 kDa MMP-2 by zymography was performed as previously
described [5] with some modifications. Briefly, 10 ng of 64 kDa MMP-2 were electrophoresed
on an 8% polyacrylamide gel containing 2 mg/ml gelatin for 60–90 min (150 V, ambient
temperature). After washing with Triton X-100 (2.5% v/v, 3 × 20 min), the gels were cut and
one electrophoresed protein per strip was separately incubated overnight at 37 °C in 20 ml
zymography buffer in the absence or presence of PJ-37, EB-47, 5-AIQ (10, 30, and 100 µM),
and 3-AB (30, 100, and 1000 µM). For comparison, gel strips were incubated in the absence
or presence of MMP inhibitors, i.e. o-phenanthroline (3, 10, and 30 µM), doxycycline (10, 30,
and 100 µM) and GM 6001 (0.3, 1, and 3 µM). Gels were stained with 0.05% Coomassie blue
and subsequently destained. Gelatinolytic activities were detected as transparent bands against
the blue-stained background.

Statistical analysis
All data are presented as mean ± standard deviation (SD). Comparisons between multiple
groups were performed using one-way ANOVA followed by Newman–Keuls post hoc test.
Two-tailed P values <0.05 were considered statistically significant.

Results
Effect of Zn2+ on MMP-2 activity measured by OmniMMP assay

MMP-2 is a Zn2+-dependent endopeptidase [25] and some MMP inhibitors can complex
divalent cations. Thus, we investigated the effect of different Zn2+ concentrations on the
activity of MMP-2 measured by its proteolysis of a small fluorogenic peptide substrate,
OmniMMP. We observed that when the assay buffer did not contain ZnSO4, the enzyme
activity was minimal, but when 1 nM ZnSO4 was present in the assay buffer there was an
approximately 10-fold increase in enzyme activity. Increasing concentrations of ZnSO4
resulted in a non-linear concentration-dependent increase of MMP-2 activity, which reached
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a maximal plateau at 1–10 µM ZnSO4 (Fig. 1). Consequently, the effects of PARP or MMP
inhibitors were determined at ZnSO4 concentrations of 1 nM, a concentration that should
minimally affect the free concentration of any chelating compound, and at 10 µM, a
concentration required for maximal enzyme activity.

Effect of PARP and MMP inhibitors on MMP-2 activity measured by OmniMMP assay
Initially we tested the inhibitory effects of PARP inhibitors, in comparison with MMP
inhibitors, using gelatin zymography. This was inconclusive (Fig. 1S) and since zymography
is not suitable for kinetic studies we tested the effects of PARP and MMP-2 inhibitors using a
kinetic assay in aqueous solution.

Using 1 nM and 10 µM ZnSO4 the OmniMMP fluorescent kinetic assay was used to
characterize the inhibitory potencies (IC50s) of PARP inhibitors on MMP-2. In the presence
of 10 µM Zn2+, the PARP inhibitors blocked MMP-2 activity in a concentration-dependent
manner, with the following rank order of IC50 values: PJ-34 < 5-AIQ << 3-AB < EB-47 (Fig.
2A), comparable to the effects of MMP inhibitors minocycline and doxycycline (Fig. 2B).
PJ-34 and 5-AIQ were comparable in their IC50s, which were significantly lower than those
of 3-AB and EB-47 (Table 1).

Since MMP-2 is a Zn2+-dependent enzyme [25], it is possible that MMP-2 activity and potency
of MMP inhibitors, which are also metal ion chelators, may be affected by the Zn2+

concentration in the assay buffer. At 10 µM ZnSO4 the potencies of PJ-34 and 3-AB were not
significantly different than those at 1 nM ZnSO4 (Table 1). Interestingly, there was a significant
2.5-fold decrease in the potency of o-phenanthroline at 10 µM ZnSO4 compared to o-
phenanthroline’s potency at 1 nM ZnSO4, suggesting that, at least in part, some o-
phenanthroline was unavailable for inhibiting MMP-2 due to the formation of a Zn2+ complex.
The IC50 values of MMP inhibitors in the presence of 10 µM Zn2+ increased in the following
rank order: GM 6001 <<< minocycline < doxycycline < o-phenanthroline (Table 1).

In order to investigate whether there is an additive effect of PARP inhibitors in the presence
of a MMP inhibitor, PARP inhibitors were incubated with doxycycline at concentrations that
would produce significant but not more than 50% inhibition of MMP-2 when incubated alone.
Co-incubation of 50 µM doxycycline with PARP inhibitors revealed that there is a significant
(P < 0.05, one-way ANOVA with Newman–Keuls post hoc test) potentiation (≈45% increase)
of the MMP-2 inhibitory effect only for 3-AB compared to doxycycline alone (Fig. 3).

Our theoretical assumptions (Fig. 4) for a possible mode of how PARP inhibitors and
doxycycline inhibit MMP-2 revealed a good concordance with the experimental data for PARP
inhibitors alone, or for the co-incubation of PARP inhibitors with doxycycline (Fig. 3 and Fig
4), except for 5-AIQ.

Discussion
The present study demonstrates, using a fluorescence kinetic assay, that two PARP inhibitors
PJ-34 and 5-AIQ inhibit MMP-2 at comparable levels with pan-specific MMP inhibitors (e.g.
doxycycline and o-phenanthroline), and that the PARP inhibitor 3-AB demonstrates a
significant additive effect in inhibiting MMP-2 when co-administered with doxycycline.

The affinity of most known MMP inhibitors relies on: (i) the specific chelation of the catalytic
Zn2+ (e.g. hydroxamate groups), and (ii) the nature of the specificity loop in the large and
hydrophobic S1′ pocket which surrounds the catalytic Zn2+ [26–28]. Recently designed MMP
inhibitors do not interact with the catalytic Zn2+, but bind in the S1′ pocket and interact with
amino acid residues (e.g. Tyr, Thr, Phe, and Met) in the specificity loop, thereby interfering
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with the enzyme’s catalytic activity [29]. The tested PARP inhibitors contain planar electron-
rich aromatic rings that establish strong electronic interactions with residues (e.g. Tyr) within
PARP’s active site [30]. The observed MMP-2 inhibitory effect may be the result of such
interactions between PARP inhibitors and domains on the enzyme that control the
conformation at the catalytic site. This assumption is supported by the curve fittings to an
equation derived from the theoretical model we used (Fig. 4). The differences between the
theoretical and experimental data could reflect that binding of doxycycline affects the enzyme’s
affinity for substrates and for PARP inhibitors, and vice versa. However, attempts to prove this
kinetically would be futile due to the large number of associated variables.

Zn2+ is implicated in various important cellular functions and in the heart affects cardiac muscle
differentiation and regeneration, cardiac conductance, acute stress responses, and recovery of
transplanted heart mechanical function [31]. Low serum levels of Zn2+ are associated with an
increased incidence of cardiovascular disease [32,33]. Furthermore, supplementation with zinc
ionophores in animal models improved the recovery of hearts subjected to ischemia–
reperfusion injury [34,35]. Considering our observation that the activity of MMP-2 is increased
by nanomolar concentrations of Zn2+ (Fig. 1) it may be possible that the activity of MMP-2 in
the injured heart is modulated by intracellular Zn2+. Notably, the MMP-2 inhibitory potency
of PJ-34 and 3-AB was not influenced by Zn2+ concentration (Fig. 2) suggesting that these
compounds may interact with enzyme domains other than the catalytic site.

The apparent discrepancy in the behavior of PARP inhibitors in the zymography (Fig. 1S)
versus the kinetic assay (Fig. 2) can be explained considering the substrate concentration and
the inhibition mechanism. The IC50 of doxycycline, a non-competitive inhibitor of MMP-2
[24], is not influenced by substrate concentration. In contrast, PARP inhibitors compete with
the MMP-2 substrate by possibly binding to a site which overlaps the substrate binding site,
with the consequence that the degree of inhibition is proportional to the substrate concentration.
Considering the substrate concentration in gelatin zymography (20 µM, assuming a MW of
100 kDa) and the KM for gelatin (89.3 nM [36]), IC50s in the millimolar range for PARP
inhibitors (e.g. 9.2 mM for PJ-34) would be necessary.

The effectiveness of some PARP inhibitors is different in vitro and in vivo. For example, 3-
AB displays a potency for PARP inhibition in the micromolar range in vitro and in the
millimolar range in animal models [30,37]. PJ-34 and 3-AB were also found neuroprotective
in vivo at micromolar and millimolar concentrations [38], similar to those used in the present
study. It is possible that part of the observed in vivo effectiveness of PARP inhibitors may
involve the attenuation of intracellular MMP-2 activity.

The potencies demonstrated by some second generation PARP inhibitors for inhibiting MMP-2
may represent an alternative approach for designing specific MMP-2 inhibitors, or for
combined MMP-2/PARP inhibitor therapeutic strategies with potential benefits in cardiac
diseases or inflammation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at doi:
10.1016/j.bbrc.2009.07.080.
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Fig. 1.
Effect of different ZnSO4 concentration on MMP-2 activity measured in the OmniMMP®

fluorogenic substrate kinetic assay. ZnSO4 was incubated with 0.2 nM 64 kDa MMP-2 and 15
µM OmniMMP fluorogenic substrate at 37 °C in 50 mM Tris, pH 7.6, containing 10 mM
CaCl2. Data represent means ± SD of triplicate determinations. *Statistically significant
difference compared to the 10 µM ZnSO4 group, P < 0.05, one-way ANOVA with Newman–
Keuls post hoc test.
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Fig. 2.
Concentration-dependent effect of PARP inhibitors (A) and MMP inhibitors (B) on MMP-2
activity using the OmniMMP® fluorogenic substrate kinetic assay. PARP and MMP inhibitors
were incubated with 0.2 nM 64 kDa MMP-2 and 15 µM OmniMMP fluorogenic substrate at
37 °C in 50 mM Tris buffer, pH 7.6, containing 10 mM CaCl2 and 10 µM ZnSO4. Data represent
means ± SD of three to five replicate determinations and were fitted to sigmoidal (variable
slope) curves.
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Fig. 3.
Effect of PARP and doxycycline co-incubation on MMP-2 activity. PARP inhibitors were
incubated at 37 °C alone (open bars) or together with 50 µM doxycycline (Doxy) (closed bars)
in the presence of 0.2 nM MMP-2, 15 µM OmniMMP fluorogenic substrate and 50 mM Tris
buffer, pH 7.6, containing 10 mM CaCl2 and 10 µM ZnSO4. Data represent means ± SD of
three to five replicate determinations. *Statistically significant differences compared to
doxycycline or 3-AB treatment; P < 0.05, one-way ANOVA with Newman–Keuls post hoc
test.
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Fig. 4.
(A) Model and equation of MMP-2 inhibition by simultaneous exposure of MMP-2 to PARP
inhibitors and doxycycline; I, PARP inhibitor; D, doxycycline; S, substrate; P, products; Kd,
inhibitor constant for doxycycline; Ki, inhibitor constant for each PARP inhibitor; KM,
Michaelis constant. (B) Theoretical rates of MMP-2 inhibition by PARP inhibitors co-
incubated with 50 µM doxycycline calculated based on the equation in (A).
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Table 1
Potencies of tested compounds at inhibiting MMP-2.

Inhibitor IC50 ± SD (µM)

10 µM ZnSO4 1 nM ZnSO4

PJ-34 56 ± 14 27 ± 10

5-AIQ 102 ± 34 n.d.

3-AB 1760 ± 220* 1000 ± 200

EB-47 >3000 n.d.

o-Phenanthroline 293 ± 14 116 ± 9

Minocycline 57 ± 6 n.d.

Doxycycline 86 ± 13 93 ± 12

GM 6001 0.0018 ± 0.0002* 0.0063 ± 0.0006

*
Statistically significant difference compared to any other inhibitor, P < 0.05, one-way ANOVA with Newman–Keuls post hoc test. Reaction conditions:

50 mM Tris, pH 7.6, containing 10 mM CaCl2, 0.05% Brij-35, 10 µM ZnSO4; 37°C. n.d., not determined.
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