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Abstract
The purpose of this study was to evaluate the ability of novel semiselective matrix metalloproteinase
inhibitors (MMPI) to protect myocardial structure–function in the setting of ischemia–reperfusion
injury. For this purpose, an isolated rat model of myocardial stunning and infarction was used.
Isolated hearts were subjected to 20–30 minutes of global no-flow ischemia and 30-minute
reperfusion. Myocardial performance was assessed as the product of the heart rate and left ventricular
developed pressure (rate–pressure product, RPP). Coronary flow rates, ventricular weights,
indicators of muscle (troponin I), and fibrillar collagen damage (collagen opalation) were measured.
Four MMPI were tested: 2 non-hydroxamate, semiselective inhibitors (PY-2 and 1,2-HOPO-2) and
2 broad-spectrum inhibitors (PD166793 and CGS27023A). The non-hydroxamate, semiselective
inhibitors were shown to be nontoxic in cocultures of cardiac cells. Results indicate that semiselective
inhibitors (in particular 1,2-HOPO-2) yield improved cardiac performance (~23% higher RPP vs.
controls) and coronary flow rates (~22%), reducing muscle (~25%) and fibrillar collagen damage
(~60%). Evidence suggests the involvement of matrix metalloproteinase-2 in these actions.
Interestingly, broad-spectrum inhibitors only show modest improvement (~8% higher RPP vs.
controls) without affecting the other measured parameters. In conclusion, semiselective MMPI can
act as cardioprotectors in isolated perfused rat hearts. Protection is observed in all structural
components of the myocardium translating into improved contractile function. Based on these
findings, non-hydroxamate, semiselective MMPI warrant further studies as to their ability to protect
ischemic myocardium in the in vivo setting.
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INTRODUCTION
Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that have been shown
to play a significant role in a number of physiological and pathophysiological processes. MMPs
are best known for their ability to proteolyse components of the extracellular matrix such as
collagen, fibronectin, and laminin. However, MMPs have recently been reported to also target
sarcomeric and cytoskeletal proteins found inside cardiac cells such as troponin I, myosin light
chain-1, and α-actinin.1–6 MMPs can also degrade components of the vascular compartment.
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3 MMPs have been well characterized for their participation in the pathophysiology of chronic
diseases such as heart failure and cancer.3,7–12 However, less is known about their involvement
in the mediation of acute injury such as seen with ischemia–reperfusion. MMP subtypes that
may be involved in mediating damage to cardiac tissues remains to be determined. MMPs have
also been postulated to play “protective” roles in that they may be necessary to facilitate a
positive outcome after injury.7,9,11,13,14 The myocardium can be subdivided into vascular,
pacemaker/electrical, muscle, and extracellular matrix compartments, and the disruption of
any of these compartments can lead to a physiological imbalance.15,16 However, MMP
subtypes implicated in damage to these individual compartments in the setting of ischemia–
reperfusion injury are not well understood.

Many pharmaceutical companies developed programs to synthesize inhibitors of these
enzymes.11,13,17 Multiple compounds with nanomolar inhibition profiles were developed.12,
18 Some of these MMP inhibitors (MMPI) possess broad-spectrum inhibitory profiles, whereas
others have more semiselective profiles for the inhibition of MMPs (ie, a compound that has
an inhibitory profile between that of a broad-spectrum and a truly selective inhibitor).12,13,
17,18 As the means to inhibit MMPs, most compounds relied on the use of either a hydroxamate
or a carboxylate metal binding group to chelate the catalytic zinc(II) ion.11,17,19,20 MMPI failed
clinical trials as they were hampered by toxicity and poor oral bioavailability.12,17,20,21

Nonetheless, hydroxamate- and carboxylate-based MMPI are still used for experimental
purposes.22

Our laboratories have developed a new family of MMPI based on non-hydroxamate zinc-
binding groups (ZBGs).23 These ZBGs have been previously shown to yield low toxicity
profiles when tested in cultured cardiac cells.23 The ZBGs were also used to develop full-length
MMPI with semiselective profiles.20 The availability of new inhibitors based on these ZBGs
would allow us to inquire into their ability to act as cardioprotectors and compare them with
known, potent, broad-spectrum hydroxamate/carboxylate-based inhibitors. The utilization of
compounds with unique inhibitory profiles may also allow us to better identify the role that
MMP subtypes have in mediating damage to myocardial compartments and thus impairing
cardiac performance.

In isolated perfused heart preparations, myocardial stunning can be generated after 20–25
minutes of global no-flow ischemia (GNFI) followed by reperfusion.3,24,25 If the period of
ischemia is extended to ≥30 minutes, irreversible functional impairment occurs as cells undergo
necrosis (ie, infarction).3,25–30 The exact mechanism responsible for myocardial stunning is
yet to be fully elucidated, and the role of MMPs and their subtypes has not been systematically
examined. With these issues in mind, using an isolated rat heart model of ischemia–reperfusion-
induced injury and a select group of broad-spectrum and semiselective MMPI, we pursued the
following goals: (1) to assess cardiac damage caused by MMPs during ischemia–reperfusion
injury, (2) to identify the role exerted by MMP subtypes in causing cardiac damage, and (3) to
contrast the protective effects exerted by novel semiselective versus broad-spectrum MMPI.

MATERIALS AND METHODS
Reagents

The chemical structures of the MMPI used in this study are shown in Figure 1. Our studies
included 2 semiselective MMPI with different ZBGs: PY-2, a hydroxypyrone; and 1,2-
HOPO-2, a hydroxypyridinone.20 Two broad-spectrum MMPI utilizing different ZBGs:
CGS27023A, a hydroxamate18; and PD166793, a carboxylate.12 A negative control was also
employed: PICO-2 (an MMPI-like hydroxypyridine molecule devoid of a functional ZBG,
rendering it inactive).20 PD166793 was purchased from Tocris Bioscience (Ellisville, MO).
CGS27023A was synthesized in our laboratory and its purity (>99%) verified by nuclear
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magnetic resonance and combustion analysis. Minocycline was obtained from Sigma–Aldrich
(St Louis, MO). Recombinant human MMP-1, -2, -3, -7, -8, -9, -12, and -13 catalytic domains
were obtained from BIOMOL International (Plymouth Meeting, PA).

Recombinant MMP Assays
To determine IC50 values for the compounds, the MMP inhibitory activities of recombinant
human MMP-1, -2, -3, -7, -8, -9, -12, and -13 catalytic domains were measured utilizing a 96-
well microplate fluorescent assay kit (BIOMOL International), following the procedure
provided with the kit. Fluorescence was measured using a BioTek FLx 800 microplate reader
(BioTek, Winooski, VT) and white 96-well plates (Nalgene Nunc, Rochester, NY).
Compounds were dissolved in dimethyl sulfoxide (DMSO), and the final concentration of
DMSO was kept at 0.005% in assay buffer [50 mM N-(2-hydroxyethyl)piperazine-N′-
ethanesulfonic acid, 10 mM CaCl2, 0.05% Brij-35, pH 7.5]. MMPs were incubated individually
with varying concentrations of different inhibitors for 1 hour at 37°C, followed by addition of
substrate to initiate the assay. Reactions were agitated by shaking for 1 second after each
fluorescence measurement. Generated fluorescence (λex = 335 nm, λem = 405 nm) was
measured at 60-second intervals for 30 minutes. Substrate cleavage rates were determined from
the linear regions of kinetic curves. IC50 was determined from graphs of MMP activity versus
log [MMPI]. The small molecule chelator o-phenanthroline was used to confirm that substrate
cleavage was attributable to MMP activity.

Cardiac Cell Preparations and Cell Viability Assays
Neonatal rat ventricular fibroblasts and myocytes were prepared as previously described.31

Briefly, cells were prepared from hearts of 1- to 2-day old Sprague-Dawley rats (Harlan,
Indianapolis, IN). After collagenase digestions (4 times), myocyte and nonmyocyte cells were
isolated by Percoll density gradient. Equal numbers of fibroblasts and myocytes were
cocultured in 96-well cell culture plates at 37°C in 5% CO2 in Dulbecco Modified Eagle
Medium (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum, 100 U/mL
penicillin G, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B (Invitrogen). When
reaching 90% confluence, cells were serum deprived for 24 hours in Dulbecco Modified Eagle
Medium, 100 U/mL penicillin G, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B,
and treated according to the experimental design.

To assess MMPI cytotoxicity, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
MTT (Sigma–Aldrich) cell viability assays were performed. Tetrazolium salts such as MTT
are metabolized by mitochondrial dehydrogenases to form a blue formazan dye, providing a
colorimetric signal in response to viable mitochondria. Cardiac fibroblast/myocyte cocultures
were incubated with variable concentrations of MMPI (0.01–1000 μM) for 24 hours. After
incubation, the cell medium was removed, and cells were rinsed 3 times with fresh serum-free
medium to remove excess MMPI, which could interfere with the MTT reaction. Cells were
lysed and combined with MTT in medium for 2 hours. After solubilization of the MTT
formazan crystals, absorbance at 570 nm was measured using a microplate reader Bio-Tek μ-
Quant microplate spectrophotometer (Bio-Tek, Winooski, VT), and the percentage viability
relative to untreated cardiac fibroblast/myocyte cocultures was calculated from triplicates. To
further assess cell viability, the morphology of cells was examined before assaying by MTT.

Determination of Antioxidant Activity for MMPI
Antioxidant activity for the MMPI was measured using an in vitro Antioxidant Assay Kit
(Cayman Chemical, Ann Arbor, MI) following the kit instructions. The assay relies on the
ability of antioxidants in the sample to inhibit the oxidation of 2,2′-azino-di-[3-
ethylbenzthiazoline sulfonate] (ABTS) by metmyoglobin in comparison with Trolox, a water-
soluble tocopherol analog. Minocycline (Sigma–Aldrich) was also used as a representative of
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a known antioxidant. The amount of oxidized ABTS generated was monitored by reading the
absorbance at 750 nm. All compounds were initially dissolved in DMSO and subsequently in
water. Same concentrations as indicated for Trolox were used for the different compounds.
Experiments were performed in duplicate using a microplate reader.

Langendorff Heart Perfusion and Ischemia–Reperfusion Protocols
The protocols were approved by the University of California, San Diego Institutional Animal
Care and Use Committee, and conform to the published National Institutes of Health guidelines
for animal research. To determine the capacity of the MMPI to induce organ toxicity and/or
cardio-protection, we used our ex vivo model of isolated stunned rat hearts.20 MMPI were
solubilized in DMSO at 0.1 M. Initial dose–response studies were performed to identify optimal
dosage to be used. Male Sprague-Dawley rats (250–300 g) (Harlan) were used for the
experiments. Hearts were rapidly excised from ketamine-anesthetized animals and briefly
rinsed by immersion in ice-cold Krebs–Henseleit buffer. Hearts were retrogradely perfused via
the aorta at a constant pressure of 60 mm Hg with nonrecirculating Krebs–Henseleit buffer at
37°C. The composition of the buffer (mM) was NaCl (118), KCl (4.7), KH2PO4 (1.2),
MgSO4 (1.2), CaCl2 (2.5–3.0), NaHCO3 (25), glucose (11), and EDTA (0.5). The buffer was
continuously gassed with 95% O2/5% CO2 (pH 7.4). Spontaneously beating hearts were used
in all experiments. A water-filled cling-wrap balloon connected to a pressure transducer was
inserted into the left ventricle through an incision in the left atrium and through the mitral valve,
and the volume was adjusted to achieve an end diastolic pressure of 8–12 mm Hg. A water-
jacketed glass chamber was positioned around the heart to maintain its temperature at 37°C.
Stock solutions of the various MMPI were initially solubilized in DMSO and subsequently
diluted at the desired MMPI concentrations with Krebs–Henseleit buffer. The MMPI were
provided to the isolated beating hearts during both the stabilization and reperfusion periods
(ie, throughout the experiment). The final concentration of DMSO used in Krebs–Henseleit
buffer was 0.005%. Control hearts were perfused with Krebs–Henseleit buffer containing
0.005% DMSO. The time interval between thoracotomy and attachment of the heart to the
perfusion system for initiation of the stabilization period was <1 minute.

After 10 minutes of aerobic perfusion to achieve steady-state conditions, hearts were subjected
to 20–25 minutes of GNFI, or in select cases 30-minute GNFI, by clamping of the aortic inflow
line. This was followed by 30 minutes of aerobic reperfusion as the clamp was removed. Using
20- to 25-minute GNFI, hearts developed stunning conditions during reperfusion, and with 30-
minute GNFI, hearts underwent infarction. In our hands, stunning is defined by the recovery
of contractile function in hearts to ~50% of that observed during the stabilization period; when
recovery of contractile function reached ≤30%, it was considered equivalent to infarction.
Infarction was verified by staining of fresh equatorial slices from perfused hearts with 1% wt/
vol 2,3,5-triphenyltetrazolium chloride (Sigma–Aldrich) in phosphate buffer, pH 7.4, for 20
minutes at 37°C. Contrasting white (necrotic)/red (viable) staining was only discernible in
infarcted hearts.

Analysis of Cardiac Work and Vascular Function
Heart rate and left ventricular pressure were monitored on a polygraph and recorded on a
computer system for subsequent analysis. Left ventricular developed pressure was calculated
as the difference between left ventricular peak systolic and end diastolic pressures of the left
ventricular pressure trace. The work index, rate–pressure product (RPP), was calculated as
follows: (heart rate) × (left ventricular developed pressures). To assess vascular performance,
coronary flow rate (mL/min) was measured by sampling perfusate with a graduated cylinder
during reperfusion at 5-minute intervals, and compared with the coronary flow rate during
baseline perfusion, 5 minutes before ischemia. At the end of perfusion, hearts were collected,
the remaining atria and aorta were trimmed, and excess buffer was blotted. Ventricles were
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rapidly frozen in dry ice/methanol bath and weighed to determine wet weight. Ventricles were
desiccated at 80°C for 24 hours and reweighed to determine dry weights. Edema was calculated
as the wet to dry weight ratio.25,32

Assessment of Muscle Damage
Cardiac troponin I (cTnI) release was measured in coronary effluent as a molecular marker for
sarcomeric (intracellular) damage to cardiomyocytes. Five-minute reperfusion buffer was
analyzed for cTnI release using a rat cTnI enzyme-linked immunosorbent assay kit (Life
Diagnostics Inc, West Chester, PA). As a biochemical marker for cell damage, creatine kinase
activity was also measured in coronary effluent. For each heart, 0.5 mL of coronary effluent
was collected every 5 minutes throughout the experiment. Creatine kinase activity was
determined using a colorimetric assay creatine kinase reagent (Pointe Scientific Inc, Canton,
MI) and expressed as the Vmax of the kinetic reaction in mean optical density per minute (mOD/
min). Values were compared at specific time points (0- to 30-minute reperfusion) or as total
creatine kinase released (area under the curve).

Assessments of Collagen Damage
To assess the integrity of the myocardial extracellular matrix, we measured collagen
degradation using the fluorescent labeling reagent o-phthaldialdehyde. Left ventricle samples
from perfused hearts were used. Myocardial collagen was extracted using sequential ethanol/
salt precipitations as described previously.33 Collagen samples isolated from rat heart
ventricles (100 mg each) were used for o-phthaldialdehyde conjugation to exposed amino
termini (“opalation”) as described previously.33 Collagen content was calculated under the
assumption that the average hydroxyproline content of collagen is 10%, and thus 1 μmol of
hydroxyproline is equivalent to 1 mg of collagen. Collagen content in each tissue sample was
expressed as the percentage of the total dry weight of sample. Values are reported as arbitrary
fluorescent units (AFU).

Quantification of MMPs in Coronary Effluents
To determine the release of MMPs from sham and stunned hearts, we examined the presence
of MMP-2, -3, and -13 in coronary effluents. Perfusate (1 mL) collected within 1-minute
reperfusion (stunned hearts) or at 35-minute baseline perfusion (sham hearts) was used directly
to quantitate the MMP of interest using Quantikine Immunoassay kits (R&D Systems,
Minneapolis, MN): Human/mouse/rat MMP-2 (total), mouse MMP-3 (total), and human Pro-
MMP-13. MMP quantifications were performed according to the manufacturer’s instructions.

Statistical Analysis
Results are expressed as mean ± SEM. Comparisons between means were analyzed, as
appropriate, by Student t test or 1-way or 2-way analysis of variance followed by Bonferroni
t test. Values in Table 1 are expressed as percentages of the maximum value found within the
same experimental set of hearts. A P value of <0.05 was considered statistically significant.

RESULTS
MMPI IC50 Profiles

Table 2 shows the MMP inhibitory profiles determined for the different compounds used in
the studies described below. Broad-spectrum MMPI display higher potency (ie, lower IC50
values) versus all 8 MMPs tested compared to IC50 values obtained from semiselective MMPI.
The broad-spectrum MMPI CGS27023A demonstrated IC50 values of 0.5 μM or lower for all
MMPs tested. The IC50 values for PD166793 were 3 μM (MMP-1, -7, -9) or better. Semi-
selective MMPI displayed lower IC50 values for MMP-3, -8, and -12 versus MMP-2 and -13.
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As expected, the control compound PICO-2 failed to inhibit MMPs at high micromolar
concentrations. The IC50 values for PICO-2 were all greater than 50 μM.

MMPI and Cytotoxicity
Cytotoxicity MTT assay results for MMPI are shown in Figure 2. At concentrations ≤10 μM,
the MMPI tested did not compromise cardiac cell viability in vitro. Microscopic inspection
revealed considerable precipitation of the compounds at concentrations of 100 μM or greater
where cell viability (ie, morphology) was compromised (data not shown).

MMPI Lack Antioxidant Potential
As shown in Figure 3, results indicate that none of the MMPI tested suppressed the oxidation
of ABTS compared with the tocopherol analog Trolox or minocycline at equivalent
concentrations (44, 135, 225 μM). These results rule out suppression of oxidative stress as a
cardioprotective mode of action for these compounds.

Effects of MMPI on Cardiac Hemodynamics
A group of control hearts (n = 51) was used to simulate ex vivo conditions of stunning, and an
additional control group (n = 8) was used to simulate infarction. For each group of hearts, heart
rate, left ventricular end diastolic pressure, and peak systolic pressure were compared. Heart
rate was not affected by the different MMPI. Differences in the predisposition to arrhythmias
or fibrillation were not observed. Interestingly, 5 μM 1,2-HOPO-2 was the only MMPI that
did demonstrate a significant rise in PSP (data not shown).

MMPI conferred different levels of recovery and preservation of contractile function as
indicated by the cardiac work index, RPP. PY-2 at 5 μM (Fig. 4A) yielded ~9% improvement
(from 50% in controls to 59% in treated) in RPP versus controls at 30-minute reperfusion,
whereas PY-2 at 10 μM (Fig. 4B) significantly increased improvement to ~19% under same
conditions. The difference in RPP between PY-2 at 5 and 10 μM was significant (P = 0.045).
1,2-HOPO-2 at 5 μM (Fig. 5) yielded the highest recovery and preservation of contractile
function among all inhibitors tested (~23% improvement in RPP versus controls at 30-minute
reperfusion, P = 0.0001).

Broad-spectrum MMPI conferred a more modest but significant recovery in RPP. CGS27023A
at 5 μM (Fig. 6A) and PD166793 at 5 μM (Fig. 6B) displayed comparable ~8% improvements
in RPP versus controls at 30-minute reperfusion. This is notable in light of the much greater
potency of these compounds against all MMPs tested (Table 2). As expected, 5 μM PICO-2
yielded no significant improvements in RPP versus controls (Fig. 7). Because 5 μM 1,2-
HOPO-2 conferred higher levels of improved recovery, additional approaches were pursued
to test this compound. In the isolated rat heart, the time of ischemia was increased to 30 minutes
in order to simulate infarction conditions. In infarcted hearts, 5 μM 1,2-HOPO-2 (Fig. 8)
yielded significantly improved recovery of ~17% in RPP versus controls (from 28% in controls
to 45% in treated) at 30-minute reperfusion.

Effects of MMPI on Vascular Function
When MMPI were provided at the same concentration (5 μM), perfusion of stunned hearts
with the semiselective MMPI (PY-2 and 1,2-HOPO-2) yielded higher coronary flow rates
versus controls (Figs. 9A, B). Perfusion with the broad-spectrum MMPI (CGS27023A and
PD166793) did not improve coronary flow rates after ischemia (Figs. 9C, D). The negative
control PICO-2 also failed to improve coronary flow rates (data not shown). 1,2-HOPO-2 at 5
μM when tested under conditions of infarction also yielded higher coronary flow rates versus
controls (data not shown).
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Only stunned hearts perfused with 5 μM 1,2-HOPO-2 (n = 5) displayed a significant reduction
of ~15% in ventricular wet weight versus controls (n = 4) at the end of reperfusion (700 ± 34
vs. 820 ± 72 mg, P = 0.01). Furthermore, stunned hearts perfused with 5 μM 1,2-HOPO-2 were
also analyzed for wet to dry weight ratios and compared with controls. Results indicate a
significant reduction of ~10% in myocardial edema versus controls (4.9 ± 0.02 vs. 5.4 ± 0.21,
P = 0.001).

Effects of MMPI on Muscle Damage
Hearts perfused with the semiselective MMPI 1,2-HOPO-2 displayed significant reductions
in cTnI release versus controls after ischemia, and PY-2 showed a similar trend (P = 0.06)
(Table 1). Perfusion with the broad-spectrum MMPI CGS27023A and PD166793 yielded no
significant changes in cTnI release (Table 1). cTnI release was not significantly different from
controls when perfused with the negative control PICO-2 (Table 1). In hearts subjected to
infarction (30-minute global ischemia), 5 μM 1,2-HOPO-2 significantly reduced troponin I
release (data not shown). Creatine kinase activity, when measured at specific time points or as
a total area under the curve (ie, total amount of damage), displayed no significant variations
in the different MMPI-treated hearts versus controls (data not shown).

Effects of MMPI on Collagen Degradation
Results indicate that in hearts subjected to 30-minute global ischemia (infarction), damage
occurred to the extracellular matrix, which was revealed by opalation assays. Collagen
degradation was reduced by ~60% in hearts perfused with 5 μM 1,2-HOPO-2 (n = 3) versus
controls (n = 3) (0.56 ± 0.29 vs. 1.53 ± 0.66 AFU, P = 0.056). Tissue from stunned hearts (20-
minute GNFI) perfused with 5 μM 1,2-HOPO-2 (n = 10) did not demonstrate reductions in
collagen damage versus controls (n = 5) (1.45 ± 0.89 vs. 1.49 ± 1.0 AFU, P = 0.93).

Identification of Coronary Effluent MMPs
Significant elevations of MMP-2 were detectable after 25-minute GNFI in coronary effluents
collected during reperfusion from isolated stunned hearts (n = 12), whereas sham hearts (n =
3) demonstrated no elevations of MMP-2 at the equivalent time point (35-minute baseline
perfusion) (1.143 ± 0.40 vs. 0.002 ± 0.005 ng/mL, P = 0.0003). In the same coronary effluents
used for immunoassays, stunned hearts displayed ~95% elevation in global MMP activity
within 1-minute reperfusion compared with baseline perfusion, whereas shams displayed no
increases at the equivalent time point (data not shown). This finding suggests that ischemia
promotes the activation and release of MMP-2 into the coronary effluent during reperfusion.
Immunoassays failed to detect MMP-3 and -13 in coronary effluents.

DISCUSSION
The objective of this study was to assess the damage caused by MMPs during ischemia–
reperfusion injury, identify the role of specific MMP subtypes, and contrast the protective
effects exerted by novel semiselective versus broad-spectrum MMPI. Two broad-spectrum
compounds were selected. One was CGS27023A, which is a hydroxamate-based, potent, orally
active (ie, water soluble) MMPI that blocked the erosion of cartilage in a rabbit model of
arthritis.18 The MMPI profile of this compound was verified in our laboratory. For MMPI
characterization purposes, we selected a group of MMPs to test (total of 8), which have been
reported to have a possible role in cardiac pathophysiology.34 Using fluorescent-based peptide
substrates, we tested for MMP-1, -2, -3, -7, -8, -9, -12, and -13. Results confirmed that
CGS27023A is a potent, broad-spectrum MMPI with IC50 values of 50 nM or less (except
MMP-7 at 500 nM). These results are in agreement with previous reports.18,22 We also tested
for evidence of cell toxicity using cocultured neonatal rat cardiac fibroblasts/myocytes. No
evidence for reductions in cell viability was noted at concentrations of up to 100 μM.
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A second broad-spectrum inhibitor, PD166793, was used. PD166793 is a carboxylate-based
nanomolar inhibitor with a broad range of activity.12,35 IC50 values of 3 μM were noted for
MMP-1, -7, and -9. IC50 values of <50 nM were determined for MMP-2, -3, -8, -12, and -13.
Cell toxicity results with PD166793 indicate loss of cell viability only at doses greater than 10
μM (Fig. 2). Given that all compounds were tested at 5 μM, both CGS27023A and PD166793
qualify as broad spectrum. Our results are also in agreement with those of others.12

CGS27023A significantly increased RPP by ~8% over controls. However, the assessment of
changes in left ventricular end diastolic pressure or peak systolic pressure did not yield
differences. A lack of similar improvement in coronary flow rate, heart weight, and cTnI release
was noted. The use of PD166793 compound yielded similar effects with a very modest
improvement only in RPP. Thus, broad-spectrum inhibition failed to preserve cardiac
structure–function. Interestingly, the notion that broad-spectrum inhibition may not be
desirable under various pathological conditions has been proposed.11,13 This argument seems
to be better suited for the long-term healing and remodeling of infarcted hearts.7,9,11,13,14

However, no previous study had examined this possibility under short-term conditions. The
manner by which MMPs may be “beneficial” remains to be determined; however, scenarios
include the possibility that MMPs may “activate” via their proteolytic action biological
mediators of cardioprotection such as humoral factors, which would act in an autocrine and/
or paracrine manner.36 One such possibility could be the cleavage of insulin-like growth factor
or transforming growth factor-β1 by MMP-7. Such growth factors are known to exert
cardioprotective effects at the time of myocardial reperfusion through the activation of the
reperfusion injury salvage kinase pathway.37,38 Inhibition of MMP-7 could prevent cleavage
of the cardioprotective growth factors blocking, in turn the activation of the reperfusion injury
salvage kinase pathway.

We also assessed the effects that semiselective MMPI would have on myocardial structure–
function during ischemia–reperfusion injury. In an effort to devise new strategies for the
synthesis of semiselective inhibitors, different hydroxypyrone and hydroxypyridinone ZBGs
were appended to a common biphenyl backbone and the inhibition efficiency of each inhibitor
was determined.20 PY-2 and 1,2-HOPO-2 have similar selectivity profiles; however, 1,2-
HOPO-2 has slightly stronger inhibitory capacities than PY-2 against MMP-2, -8, and -12.
Both compounds demonstrated a lack of cytotoxicity at concentrations of <10 μM. PY-2 results
at 5 μM indicated a lack of improvement in RPP, left ventricular end diastolic or peak systolic
pressures, and ventricular weight. However, statistical trends (P = 0.06) were noted for
coronary flow rate and cTnI release. Given these results, experiments were performed at 10
μM where PY-2 demonstrated improvements in RPP. Results with 5 μM 1,2-HOPO-2 showed
a significant improvement in RPP, coronary flow rate, ventricular weight, and cTnI release.
We also utilized a 30-minute GNFI protocol, which yielded evidence of a severe depression
of RPP in untreated hearts. The use of 1,2-HOPO-2 improved RPP and reduced cTnI release.

1,2-HOPO-2 also yielded significant reductions (~10%) in myocardial edema. 1,2-HOPO-2
was thus noted as the most effective “cardioprotector.” Improvements were observed in muscle
function (RPP) and cTnI. Thus, protection of the muscle compartment (cTnI) yielded a
correlation with improved RPP. A preservation of the vascular compartment was noted by
improvements in coronary flow rate, ventricular weight, and decreased left ventricular end
diastolic pressure. Collagen degradation was also decreased by 1,2-HOPO-2 treatment, thus
indicating protection of the extracellular matrix compartment. A recent publication reported
the effectiveness of an MMPI that uses the same ZBG as 1,2-HOPO-2, which was able to
reduce in vivo brain edema in a rodent model of stroke.39 Interestingly, in this study, they
attributed the protective actions of the compound mostly to gelatinase inhibition.
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Another important objective was to identify candidate MMP subtypes, which may be involved
in mediating the loss of structure–function. MMP-1 is unlikely involved on the basis of its lack
of existence in rats.34,40 MMP-7 is also an unlikely participant because the semiselective
MMPI are not potent against this protease. MMP-8 is also a poor candidate, given that it is
predominantly in neutrophils41–43 and our perfusion used a physiological buffer. A similar but
weaker argument can be made for MMP-12 because it is mostly present in macrophages.41,
42 MMP-9 can also be considered as unlikely, given the lack of potency for the semiselective
MMPI used and also because it is most abundant in macrophages and neutrophils.3,6,41,42,44

Thus, the strongest candidates are MMP-2, -3, and -13.

Published studies have provided evidence for a critical role of MMP-2 in mediating ischemia–
reperfusion injury in isolated perfused hearts.6,45–48 Cheung et al45 demonstrated that the
function of isolated rat hearts subjected to ischemia–reperfusion was significantly improved
upon the inclusion of MMP-2 neutralizing antibodies. Evidence for involvement of MMP-2
also comes from studies using overexpressing transgenic mice where findings indicate that
MMP-2 impairs ventricular function in the absence of superimposed injury.32 To our
knowledge, no studies have examined the participation of MMP-3 and/or MMP-13. To
document the possible involvement of MMP-2, -3, and -13, we measured their release into
coronary effluent. Results confirmed the release of MMP-2 within the first minute of
reperfusion. No evidence for the release of MMP-3 and -13 was observed. The suitability of
the enzyme-linked immunosorbent assay kits to detect the presence of MMP-3 and -13 in rat
hearts was based on published reports.49,50

An important question that arises when using small molecules is their possible lack of
specificity and other unrelated actions. A concern associated with the use of the novel
semiselective MMPI was the possibility that they could act as antioxidants.51 The MMPI were
tested in an in vitro assay, and results confirmed their lack of antioxidant actions versus known
positive controls (Trolox and minocycline). A second issue was to establish that the action of
the semiselective MMPI was dependent on their ability to chelate metals. For this purpose, a
negative control compound (PICO-2) was devised. PICO-2 was tested in the same stunning
conditions used and failed to demonstrate any cardio-protection. Furthermore, PICO-2 is not
an effective MMPI in vitro.20 Thus, the ability to bind the zinc(II) ion in the MMPI active site
is essential for the preservation of inhibitory activity.6,19,20,52,53 It is important to note that
most MMPI (including hydroxamates, carboxylates, and novel ZBG based) can also chelate
other metals and thus affect other metal-dependent proteases, which may play a role in
mediating damage to myocardium.16

The implementation of the isolated rat heart system of ischemia–reperfusion injury was seen
as necessary for the prelude for future in vivo studies. However, the ex vivo system of ischemia–
reperfusion injury has several important limitations such as its dependence of a physiological
(non–blood based) buffer for perfusion purposes. These limitations are well described in
published literature and apply to any study that uses these conditions to evaluate
cardioprotection.54–56 Other limitations include the fact that we did not measure the effects of
inhibitors on membrane-type MMPs, nor did we account for interactions between MMPs and
their physiological inhibitors, the tissue inhibitors of metalloproteinases.

In conclusion, our studies were able to characterize a model of ischemia–reperfusion-induced
stunning where the integrity of muscular, vascular, and extracellular matrix compartment was
compromised. We also determined the activation of MMPs and their very early release into
the coronary effluent. The strongest evidence was provided by the ability of 1,2-HOPO-2 to
reduce collagen degradation, a known substrate for MMPs. However, the lack of correlation
between the apparent potency of the various compounds used and improvement of end points
measured suggests that either specific compound properties affect their ability to exert
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“effective” MMPI actions or that other nonspecific effects of the drugs are responsible for their
actions; these issues await further investigation. On the basis of the results obtained from the
use of novel ZBG-based compounds such as 1,2-HOPO-2, these small molecule inhibitors may
be considered suitable for testing in in vivo models of ischemia–reperfusion injury. Evidence
supports an important role for the activation of MMPs, in particular MMP-2.
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FIGURE 1.
Structures of MMPI. Structures of the different compounds used in our studies. PY-2 and 1,2-
HOPO-2 represent novel semiselective MMPI. PY-2 is a hydroxypyrone and 1,2-HOPO-2 is
a hydroxypyridinone. PICO-2, the negative control, is a hydroxypyridine molecule bearing a
nonfunctional ZBG. CGS27023A is a hydroxamate-based broad-spectrum MMPI, and
PD166793 is a carboxylate-based broad-spectrum MMPI.
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FIGURE 2.
Cytotoxicity of MMPI. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium salt (MTT) cell viability assay results in cocultured cardiac
fibroblasts and myocytes. Data indicate that all MMPI provided at concentrations ≤10 μM
(black bar) sustain cell viability close to 100%.
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FIGURE 3.
Antioxidant potential of MMPI. Oxidation of ABTS by metmyoglobin in the presence of MMPI
compounds. In vitro assays indicate that MMPI lack antioxidant activity compared with that
shown by the known antioxidants Trolox and minocycline at equivalent concentrations.
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FIGURE 4.
Effects of 5 μM (A) and 10 μM (B) PY-2 on isolated, perfused rat hearts subjected to 20 minutes
of GNFI and 30-minute reperfusion. RPP results indicate that under conditions of cardiac
stunning, an increase in PY-2 from 5 to 10 μM enhances the recovery of contractile function
versus the corresponding controls throughout reperfusion. ***P < 0.0001 by 2-way analysis
of variance.
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FIGURE 5.
Effect of 5 μM 1,2-HOPO-2 on isolated, perfused rat hearts subjected to 20 minutes of GNFI
and 30-minute reperfusion. In stunned hearts, treatment with 1,2-HOPO-2 conferred an
improved recovery of contractile function versus controls throughout reperfusion. ***P <
0.0001 by 2-way analysis of variance.
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FIGURE 6.
Effects of 5 μM CGS27023A (A) and 5 μM PD166793 (B) on isolated, perfused rat hearts
subjected to 20 minutes of GNFI and 30-minute reperfusion. Broad-spectrum MMPI provided
a modest but significant recovery in contractile function of stunned hearts versus controls
during reperfusion. *P = 0.0484 and †P = 0.0464 by 2-way analysis of variance.

Romero-Perez et al. Page 18

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
Effect of 5 μM PICO-2 on isolated, perfused rat hearts subjected to 20 minutes of GNFI and
30-minute reperfusion. The negative control compound, devoid of a functional ZBG, failed to
improve contractility for stunned hearts during reperfusion.
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FIGURE 8.
Effect of 5 μM 1,2-HOPO-2 on isolated, perfused rat hearts subjected to 30 minutes of GNFI
and 30-minute reperfusion. Under a more severe type of ischemia–reperfusion injury
(infarction), 5 μM 1,2-HOPO-2 still preserves contractile function during reperfusion. **P =
0.002 by 2-way analysis of variance.
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FIGURE 9.
Effect of MMPI on vascular function in stunned hearts. Semiselective MMPI (PY-2 and 1,2-
HOPO-2) preserved and improved coronary flow rates during reperfusion versus controls. In
contrast, the broad-spectrum MMPI (CGS27023A and PD166793) failed to improve coronary
flow rates during reperfusion versus controls. **P < 0.01, #P = 0.06 by t test.
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TABLE 1

Effects of MMPI on Ventricular Wet Weights and Troponin Coronary Effluent Values as Measured by Enzyme-
linked Immunosorbent Assay in Untreated (Control) Versus Treated Hearts

Ventricular Weight (mg) Troponin I Release (ng/mL)

MMPI Control (n = 5–6)
Treatment (n = 5–

10) Control (n = 5–6) Treatment (n = 5–10)

PY-2 80.6 ± 1.4 85.3 ± 2.6 75.15 ± 7.2 55.55 ± 7.2#

1,2-HOPO-2 71.8 ± 7.1 58.7 ± 2.1* 78.76 ± 7.6 58.24 ± 5.2*

CGS27023A 91 ± 3.5 87.9 ± 2.2 40.12 ± 14 47.20 ± 7.1

PD166793 93.5 ± 2.1 93.7 ± 1.3 61.86 ± 15.8 42.16 ± 11.1

PICO-2 85.8 ± 3.8 82 ± 2.2 38.23 ± 16.6 27.18 ± 4.1

Troponin values were assessed in paired experiments between treated hearts and their respective controls.

*
P < 0.05,

#
P = 0.06 by t test.
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TABLE 2

IC50 Values (μM) Determined for MMPI

Semiselective Broad-Spectrum

MMP PY-2 1,2-HOPO-2 CGS27023A PD166793

1 >50 >50 <0.05 3

2 4.4 0.92 <0.05 <0.05

3 0.077 0.56 <0.05 <0.05

7 >50 >50 0.5 3

8 0.248 0.086 <0.05 <0.05

9 32.3 27.1 <0.05 3

12 0.085 0.018 <0.05 <0.05

13 6.6 4.1 <0.05 <0.05
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