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ABSTRACT
Oxidative/nitrative stress caused by peroxynitrite, the reaction
product of superoxide (O2

.) and nitric oxide (NO), is the primary
cause of myocardial ischemia/reperfusion injury. The present
study determined whether INO-4885 [5,10,15,20-tetra[N-(benzyl-
4�-carboxylate)-2-pyridinium]-21H,23H-porphine iron(III) chloride],
a new peroxynitrite decomposition catalyst, may provide cellular
protection and protect heart from myocardial ischemia/reperfu-
sion injury. Adult male mice were subjected to 30 min of ischemia
and 3 or 24 h of reperfusion. Mice were randomized to receive
vehicle, INO-4885 without catalytic moiety, or INO-4885 (3–300
�g/kg i.p.) 10 min before reperfusion. Infarct size, apoptosis, ni-
trotyrosine content, NO/O2

. production, and inducible nitric-oxide
synthase (iNOS)/NADPH oxidase expression were determined.
INO-4885 treatment reduced ischemia/reperfusion-induced pro-
tein nitration and caspase 3 activation in a dose-dependent fash-
ion in the range of 3 to 100 �g/kg. However, doses exceeding 100

�g/kg produced nonspecific effects and attenuated its protective
ability. At the optimal dose (30 �g/kg), INO-4885 significantly
reduced infarct size (p � 0.01), decreased apoptosis (p � 0.01),
and reduced tissue nitrotyrosine content (p � 0.01). As expected,
INO-4885 had no effect on ischemia/reperfusion-induced iNOS
expression and NO overproduction. To our surprise, this com-
pound significantly reduced superoxide production and partially
blocked NADPH oxidase overexpression in the ischemic/reper-
fused cardiac tissue. Additional experiments demonstrated that
INO-4885 provided better cardioprotection than N-(3-(aminom-
ethyl)benzyl)acetamidine (1400W, a selective iNOS inhibitor), apo-
cynin (an NADPH oxidase inhibitor), or Tiron (a cell-permeable
superoxide scavenger). Taken together, our data demonstrated
that INO-4885 is a cardioprotective molecule that attenuates myo-
cardial reperfusion injury by facilitating peroxynitrite decomposi-
tion and inhibiting NADPH oxidase-derived O2

. production.

Since its conceptual introduction in the early 1980s, isch-
emic/reperfusion injury has widely been accepted as the lead-
ing cause of tissue damage occurring in pathology such as
myocardial infarction, stroke, organ transplantation, cardio-
pulmonary bypass, and end-organ damage complicating cir-
culatory shock. In the ischemic heart, initial cardiac damage
is prompted by diminished blood supply. Swift restoration of

normal blood supply is imperative to minimize cardiac in-
jury. Unfortunately, reperfusion itself can lead to additional
injury in the form of cardiac dysfunction, reperfusion ar-
rhythmias, and exacerbated myocardial infarction.

For many years, the mechanisms of reperfusion injury
have been investigated, and reactive oxygen species such as
the superoxide (O2

.) anion, hydroxyl radical, and hydrogen
peroxide have been identified to play prominent roles in I/R
injury. Of the variety of reactive oxygen and nitrogen species
generated during oxidative stress, peroxynitrite (ONOO�) is
one of the most reactive and toxic players (Beckman and
Koppenol, 1996). Produced by spontaneous combination of
NO and O2

. released during reperfusion (Ferdinandy, 2006),
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peroxynitrite easily permeates lipid bilayers (permeability
coefficient of �8.0 � 10�4 cm/s, nearly 400-fold that of O2

.)
(Marla et al., 1997). Its toxic effects include peroxidation of
membrane lipids and nitrative inactivation of enzymes, such
as prostacyclin synthase and superoxide dismutase. ONOO�

inhibits tyrosine phosphorylation and, consequently, affects
signal transduction pathways. With the ability to induce
single- and/or double-strand DNA breaks, peroxynitrite plays
a critical role in reperfusion injury.

Efforts have been made in the laboratory setting to reduce
reperfusion injury, but no clinical cardioprotective strategy
exists. Scavengers or inhibitors of NO (Li et al., 2006) or O2

.

(Hoffman et al., 2003) can reduce peroxynitrite production
and subsequent cardiac injury, but both NO and O2

. have
important physiological roles (Hampton et al., 1998). There-
fore, an agent directly inhibitive of ONOO� may be more
biologically relevant and advantageous.

INO-4885 is one of the recently synthesized pyridyl-substi-
tuted porphyrin compounds (Fig. 1A). It is a potent peroxyni-
trite decomposition catalyst with a rate constant of �107 M/s
in the degradation of peroxynitrite to benign species. Al-
though its in vitro biochemical properties have been well
characterized (Williams and Southan, 2008), whether this

compound may attenuate in vivo tissue injury caused by
peroxynitrite overproduction has not been investigated pre-
viously. In the current study, we determined the cardiopro-
tective effects of INO-4885 and explored the mechanisms
involved. In addition, we compared the cardioprotective effi-
cacy of INO-4885 with other agents known to block ONOO�

overproduction through different mechanisms.

Materials and Methods
Experimental Protocols. Male adult mice were anesthetized

with 2% isoflurane. Myocardial ischemia (MI) was produced by tem-
porarily exteriorizing the heart via a left thoracic incision and plac-
ing a 6-0 silk suture slipknot around the left anterior descending
coronary artery. After 30 min of MI, the slipknot was released, and
the myocardium was reperfused for 3 (for apoptosis assay) or 24 (for
infarct size assessment) h. Ten minutes before reperfusion, mice
were randomized to receive vehicle (saline, n � 12), INO-4885 (3, 10,
30, 100, 300 �g/kg dose-response study, n � 6–8; 30 �g/kg for other
assays, n � 12), INO-C (agent identical to INO-4885 sans active site,
300 �g/kg, n � 12), Tiron (superoxide scavenger, 500 mg/kg, n � 11),
apocynin (NADPH oxidase inhibitor, 5 mg/kg, n � 11), and 1400W
(iNOS inhibitor, 5 mg/kg, n � 11) by intraperitoneal injection. Sham
operation control mice (Sham MI/R) underwent the same surgical

Fig. 1. A, chemical structure of INO-4885. B, experimental protocol. Male adult mice were anesthetized with 2% isoflurane. MI was produced by
temporarily exteriorizing the heart via a left thoracic incision and placing a 6-0 silk suture slipknot around the left anterior descending coronary
artery. After 30 min of MI, the slipknot was released, and the myocardium was reperfused for 3 or 24 h (for infarct size assessment only). Ten minutes
before reperfusion, mice were randomized to receive vehicle, INO-4885, INO-C, Tiron, apocynin, and 1400W by intraperitoneal injection.
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procedures, except that the suture placed under the left coronary
artery was not tied (n � 8). At the conclusion of reperfusion period,
the left anterior ascending ligature was retied, and 2% Evans blue
dye was injected into the left ventricular cavity. Circulated dye was
uniformly distributed except in the heart region supplied by the
occluded coronary artery [i.e., area at risk (AAR)]. The heart was
quickly excised, and the ischemic/reperfused tissue (Evans blue neg-
ative area) was isolated and processed according to the procedures
described below (Fig. 1). The experiments were performed with ad-
herence to National Institutes of Health Guidelines on the Use of
Laboratory Animals and were approved by the Thomas Jefferson
University Committee on Animal Care.

Quantitative Determination of Myocardial Apoptosis by
Terminal Deoxynucleotidyl Transferase dUTP Nick-End La-
beling. Hearts were perfused with 0.9% NaCl for 5 min and 4%
paraformaldehyde in PBS, pH 7.4, for 20 min. Four longitudinal
sections from ischemic regions were cut and further fixed in 4%
paraformaldehyde in PBS for 24 h at room temperature. Fixed tis-
sues were embedded in a paraffin block, and two slides of 4- to 5-�m
thickness were cut from each tissue block. Immunohistochemical
procedures for apoptosis assessment were performed using a detec-
tion kit (Roche Diagnostics, Indianapolis, IN) as described previously
(Tao et al., 2004). After rinsing with PBS, slides were coverslipped
with mounting medium containing 4,6-diamidino-2-phenylindole
(DAPI) to permit total nuclei counting. The tissue slides (eight slides
per heart) were digitally photographed with a QICAM-Fast Digital
Camera using a 20� objective lens mounted atop an Olympus BX51
Fluorescence Microscope (Olympus, Tokyo, Japan. Total nuclei
(DAPI staining) and the terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL)-positive nuclei were counted by IP
Lab Imagine Analysis Software (version 3.5; BD Biosciences Bioim-
aging, Rockville, MD) utilizing custom script (BioVision, Mountain
View, CA). The index of apoptosis (number of TUNEL positively
stained myocytes/total number of myocytes � 100) was automati-
cally calculated and exported to Microsoft Excel (Microsoft, Red-
mond, WA) for further analysis. Eight slides per heart were ob-
served, and the results were averaged as n � 1. Assays were
performed in a blinded manner.

Quantitative Determination of Myocardial Apoptosis by
Caspase-3 Activation. Cardiac caspase-3 activity was performed
by using caspase colorimetric assay kits (Millipore Bioscience Re-
search Reagents, Temecula, CA) as described in our previous study
(Gao et al., 2004). In brief, ischemic/reperfused myocardial tissue
was homogenized in ice-cold lysis buffer for 30 s using a PRO 200
homogenizer. The homogenates were centrifuged for 5 min at
10,000g at 4°C. Supernatants were collected, and protein concentra-
tions were measured by the bicinchoninic acid method (Pierce Chem-
ical, Rockford, IL). Two hundred micrograms of supernatant protein
was loaded to each well of a 96-well plate and incubated with 25 �g
of N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide at 37°C for 1.5 h. pNA
was cleaved from Asp-Glu-Val-Asp by active caspase 3, and free pNA
was quantified using a SpectraMax-Plus microplate spectrophotom-
eter (Molecular Devices, Sunnyvale, CA) at 405 nm. The results were
expressed as nanomoles of pNA per hour per milligram of protein.

Quantitative Determination of Myocardial Infarct Size. At the
conclusion of the 24-h reperfusion period, the LAD ligature was retied,
and 2% Evans blue dye was injected into the left ventricular cavity. The
heart was quickly excised, frozen at �20°C, and sectioned in 1-mm
planes perpendicular to the long axis of the heart. Slices were incubated
individually using a 24-well culture plate in 1% TTC in phosphate
buffer at pH 7.4, 37°C for 10 min and photographed with a digital
camera. The Evans blue-stained area (area not at risk), the TTC-
stained area (red color, ischemic but viable tissue), and the TTC stain-
negative area (white color, infarcted tissue) were digitally measured
using an IP Lab Imagine Analysis Software (version 3.6; Scanalytics)
utilizing custom-made script (BioVision). The myocardial infarct size
was expressed as a percentage of infarct area over AAR.

Determination of Total NOx Content in Cardiac Tissue.
Cardiac tissue samples from AAR were rinsed, homogenized in
deionized water [1:10 (w/v)], and centrifuged at 14,000g for 10 min.
The tissue NO and its in vivo metabolic products (NO2 and NO3),
collectively known as NOx, were determined using a chemilumines-
cence NO detector (SIEVER 280i NO Analyzer), as described in our
previous study (Gao et al., 2002).

Quantitation of Tissue Nitrotyrosine Content. Nitrotyrosine
content in the I/R cardiac tissue, a footprint of in vivo ONOO�

formation and a reliable index for nitrative stress (Aulak et al.,
2004), was determined using an enzyme-linked immunosorbent as-
say method described in our previous publication (Ma et al., 2001).
Results are presented as nitrotyrosine nanomoles per milligram of
protein.

Quantification of Superoxide Production. Superoxide pro-
duction in I/R heart tissue was measured by lucigenin-enhanced
chemiluminescence as described previously (Lund et al., 2000). Su-
peroxide production was expressed as relative light units per second
per milligram of heart weight.

Immunoblotting. Tissue homogenate protein was separated on
SDS-polyacrylamide electrophoresis gels, transferred to nitrocellu-
lose membranes, and Western blotted with polyclonal antibody
against iNOS (Millipore, Billerica, MA) and monoclonal antibody
against gp91phox, a major component of NADPH oxidase (Transduc-
tion Laboratories, Lexington, KY). Nitrocellulose membranes were
then incubated with horseradish peroxide-conjugated anti-rabbit or
anti-mouse IgG antibody (1:2000; Cell Signaling Technology Inc.,
Danvers, MA) respectively for 1 h. Blots were developed with a
Supersignal chemiluminescence detection kit (Pierce Chemical). The
immunoblotting was visualized with a Kodak Image Station 400, and
the blot densities were analyzed with Kodak 1D software (Eastman
Kodak, Rochester, NY).

Immunohistochemistry. Formalin-fixed sections were routinely
rehydrated and treated with unmasking solution (H3300; Vector
Laboratories, Burlingame, CA). Sections were blocked by 5% normal
horse serum for 30 min and then placed in levamisole solution for 30
min to neutralize endogenous alkaline phosphatase activity. Sec-
tions were incubated with primary antibody against nitrotyrosine
(Cell Signaling Technology Inc.) at 4°C overnight in a humidified
chamber followed by incubation with the secondary antibody (1%
goat biotinylated anti-rabbit IgG-biotin). The sections were incu-
bated with Vector red substrate solution (Vector Red Substrate Kit;
Vector Laboratories) for 10 min at room temperature for red color
development.

Statistical Analysis. All text and figure values are presented as
means � SE. All data were subjected to analysis of variance, followed
by Bonferroni correction for post hoc Student’s t test. Probabilities of
0.05 or less were considered to be statistically significant.

Results
Dose-Dependent Effect of INO-4885 on Myocardial

Nitrotyrosine Content and Caspase 3 Activity. To iden-
tify the optimal dose regimen of INO-4885 treatment, mice
were subjected to 30 min of ischemia, followed by 3 h of
reperfusion and treated with 3, 10, 30, 100, or 300 �g/kg
INO-4885 10 min before reperfusion. The cardiac nitroty-
rosine content and caspase 3 activity observed in INO-4885-
treated mice (of varying doses) were compared with those
animals treated with vehicle (0.9% NaCl) or INO-C, an agent
containing all the structural components of INO-4885 sans
active metal center. As illustrated in Fig. 2A, treatment with
INO-4885 reduced reperfusion-induced nitrotyrosine produc-
tion in a dose-dependent fashion; the minimal effective dose
was 10 �g/kg, and the maximal protective dose was 100 �g/kg.
Likewise, treatment with INO-4885 reduced caspase-3 activity
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in a dose-dependent manner in the range of 3 to 100 �g/kg.
However, at the INO-4885 dose of 300 �g/kg, caspase 3 activity
increased and no longer conformed to a dose-dependent trend
(Fig. 2B). This result suggests that a nonspecific effect occurs at
a high INO-4885 dose. Because there was no significant differ-
ence in nitrotyrosine content and caspase 3 activity between the
animals treated with 30 and 100 �g/kg INO-4885, the 30 �g/kg
INO-4885 dosing regimen was considered the optimal dose and
used for the remainder of experiments.

INO-4885 Treatment Reduced Cardiomyocyte Apo-
ptosis and Decreased Infarct Size. Thirty minutes of left
anterior descending coronary artery occlusion followed by 3 h
of reperfusion resulted in significant myocardial apoptotic
death manifested by a 2.1-fold increase in caspase 3 activity
(Fig. 2B) and a 15-fold increase in TUNEL-positive cell la-
beling (Fig. 3A). Administration of INO-4885 (dose, 30 �g/kg)
significantly decreased myocardial apoptosis, as evidenced
by decreased caspase 3 activity (6.75 � 0.29 versus 9.96 � 0.6
nmol pNA/h/mg protein, p � 0.01) and reduction in TUNEL-
positive cells (6.95 � 0.31% versus 15.6 � 0.63%, p � 0.01,
Fig. 3A). In contrast, administration of an inactive compound
with identical chemical structure lacking catalytic metal cen-
ter neither reduced caspase 3 activity (9.54 � 0.22 nmol

pNA/h/mg protein) nor decreased TUNEL-positive labeling
(15.5 � 0.7%) (Figs. 2 and 3).

Myocardial infarction represents the total myocardial in-
jury caused by necrosis and apoptosis. Although data pre-
sented in Figs. 2 and 3 clearly demonstrate INO-4885 treat-
ment reduced cardiomyocyte apoptosis 3 h after reperfusion,
it remains to be determined whether this treatment merely
delayed the cell death process or possibly converted cellular
apoptosis to necrosis. To directly address this issue, an addi-
tional group of animals was subjected to 30 min of myocardial
ischemia followed by 24-h reperfusion. The effect of INO-
4885 on myocardial infarct size was determined. As summa-
rized in Fig. 3B, treatment with INO-4885 (dose, 30 �g/kg)
significantly reduced myocardial infarct size (28 � 1.8 versus
62 � 2.3%, p � 0.01). In contrast, administration of INO-C
had no significant effect on myocardial infarct size (60 �
3.3%). Taken together, these results provided firm evidence
that INO-4885 is a cardioprotective molecule that reduces
myocardial reperfusion injury when administered shortly be-
fore reperfusion.

INO-4885 Treatment Markedly Reduced Nitroty-
rosine Content in I/R Hearts. Peroxynitrite generation
has been implicated in a variety of pathology such as reper-
fusion injury, heart failure, and diabetes. Because of its short
half-life, the direct measurement of peroxynitrite is ex-
tremely difficult; its nitrative product nitrotyrosine is now
widely accepted as a biomarker for peroxynitrite production.
We employed two methods in this study to detect nitroty-
rosine production (enzyme-linked immunosorbent assay and
immunohistochemistry). I/R significantly increased nitroty-
rosine content compared with sham-operated animals
(2.55 � 0.18 versus 1.24 � 0.11 pmol/mg protein, p � 0.01).
Treatment with INO-4885 resulted in a significant reduction
of nitrotyrosine compared with vehicle (1.56 � 0.11, p � 0.01
versus vehicle), whereas treatment with control compound
(INO-C) had no effect (2.49 � 0.14) (Fig. 4A). Cardiomyocytes
treated with vehicle or INO-C displayed strong positive
staining in the immunohistochemical assay, indicating most
peroxynitrite-induced protein nitration occurs within cardio-
myocytes. INO-4885 treatment attenuates the protein nitra-
tion, evidenced by much weaker nitrotyrosine staining
(Fig. 4A).

INO-4885 Had No Effect on NO Overproduction But
Reduced Superoxide Production and Inhibited
gp91phox Expression. Peroxynitrite is formed by combina-
tion of NO and O2

. at a 1:1 ratio. To ascertain whether
reduced protein nitration observed in INO-treated animals
was because of the catalytic removal of ONOO�, total cardiac
NO and superoxide productions were determined. Consistent
with previously published results, MI/R caused iNOS expres-
sion and increased NO production (Fig. 4B). As expected,
treatment with INO-4885 or its inactive control failed to
inhibit MI/R-induced iNOS expression and NO overproduc-
tion (Fig. 4B), indicating that the protective effects of INO-
4885 are not via regulation of the NO production pathway.
However, to our surprise, treatment with INO-4885, but not
its inactive control, modestly reduced superoxide overproduc-
tion in the ischemic/reperfused cardiac tissue (Fig. 5A). Al-
though INO-4885 has weak superoxide-scavenging ability,
the reaction of superoxide with INO-4885 is much slower
than its reaction with NO (	100-fold). Therefore, reduced
superoxide content in the INO-4885-treated animals (30 �g/

Fig. 2. Dose-dependent effect of INO-4885 on cardiac nitrotyrosine con-
tent (A) and caspase-3 activity (B). Mice were subjected to sham MI/R
(Sham) or MI/R treated with vehicle (V), inactive control compound
(INO-C), or INO-4885 at the dosage indicated. �, p � 0.05; ��, p � 0.01
versus Sham group; #, p � 0.05; ##, p � 0.01 versus vehicle group.
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kg) cannot be attributed to the superoxide-scavenging ability
of INO-4885. Considerable evidence exists that NADPH oxi-
dase is the primary source for superoxide production in the
ischemic/reperfused heart. To further determine the poten-
tial mechanism that might be responsible for reduced super-
oxide content in the INO-4885-treated hearts, cardiac expres-
sion of gp91phox (the essential component of NADPH oxidase)
was determined. As illustrated in Fig. 5B, MI/R caused
greater than 2-fold increase in gp91phox expression, which
was modestly, but significantly, inhibited by treatment with
INO-4885 (p � 0.05). In contrast, treatment with the inactive
control had no effect on gp91phox expression.

Comparison of the Cardioprotective Effect of INO-
4885 with iNOS Inhibitor, NADPH Oxidase Inhibitor,
and Superoxide Scavenger. The data presented above
indicate that INO-4885 is a cardioprotective molecule that
may attenuate peroxynitrite-induced tissue injury via multi-
ple mechanisms, suggesting that INO-4885 may offer more
cardioprotection than single-action compounds. To directly
explore this possibility, an additional study was performed in
which the cardioprotective effect of INO-4885 was compared
with an iNOS inhibitor, 1400W, an NADPH oxidase inhibi-
tor, apocynin, and a superoxide scavenger, Tiron. Consistent
with previously published results by other investigators and
our own laboratory, we demonstrate these agents are capable
of providing protection against reperfusion injury, evidenced
by decreased caspase-3 activity and reduced infarct size (Fig.
6). However, INO-4885 provided the best protection among
all four compounds studied. Moreover, although blocking NO
overproduction by 1400W (Fig. 7B) or reducing superoxide
overproduction by Tiron or apocynin (Fig. 7C) were effective
in reducing nitrotyrosine formation (Fig. 7A), INO-4885 was
the only agent that reduced gp91phox expression (Fig. 7D)
and reduced nitrotyrosine to a level comparable with sham-
operated animals (no statistical difference, Fig. 7A).

Fig. 3. A, treatment with INO-4885 (30 �g/kg) decreased myocardial apoptosis determined at 3 h after reperfusion. Inserts, representative
photomicrographs of TUNEL labeling. Blue (DAPI) dots, total nuclei; green dots, TUNEL-positive nuclei. The index of apoptosis (number of positively
stained myocytes/total number of myocytes � 100) was calculated and presented as bar graph. B, treatment with INO-4885 decreased myocardial
infarct size determined at 24 h after reperfusion. Inserts, representative pictures for infarct size determination. Blue area, area not subjected to MI/R;
red area, ischemia/reperfused but viable; blue/red negative area, infarct area. ��, p � 0.01 versus Sham group; ##, p � 0.01 versus vehicle group.

Fig. 4. INO-4885 treatment reduced nitrotyrosine production (A) deter-
mined by immunohistochemistry and enzyme-linked immunosorbent as-
say but had no effect on iNOS expression and NO production (B). ��, p �
0.01 versus Sham group; ##, p � 0.01 versus vehicle group.
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Discussion
Reperfusion or restoration of blood supply is the sole mo-

dality to save ischemic tissue from more permanent damage.
However, growing evidence from clinical observation and
animal studies indicates reperfusion itself causes injury to
tissue, via distribution of toxic cytokines and free radicals.
Though the specific mechanisms of reperfusion injury remain
unclarified, oxidant stress, polymorphonuclear neutrophil in-
filtration, and calcium overload have been implicated in the
process. Among these, oxidant stress is critically important
and can directly induce membrane lipid, protein, and DNA
oxidation. Furthermore, oxidant stress can trigger polymor-
phonuclear neutrophil activation and aggravate calcium
overload by increasing cellular membrane permeability.

Under physiological conditions, peroxynitrite production is
very low, and its oxidative damage is minimized by endoge-
nous antioxidant defenses. However, even modest increases
of the NO and O2

. will greatly stimulate peroxynitrite genesis;
a 10-fold increase in NO and O2

. will increase peroxynitrite
formation 100-fold (Radi et al., 2002). Excessive peroxynitrite
production can induce lipid peroxidation, protein nitration,
and DNA oxidation and breakage (Szabó and Bahrle, 2005;
Pacher et al., 2007), ultimately leading to dysfunction of
critical cellular processes, disruption of cell signaling path-
ways, and induction of cell death through both necrosis and
apoptosis. As such, peroxynitrite overproduction has been
implicated in the pathogenesis of many diseases including

myocardial infarction, diabetes, organ rejection, inflamma-
tory disorders, and Parkinson’s disease. Thus, considerable
effort has been given in the search for the optimal therapeu-
tic intervention capable of reduction of peroxynitrite produc-
tion or acceleration of its decomposition.

Peroxynitrite is formed by NO and superoxide reaction at
1:1 ratio. Therefore, interventions blocking either NO or su-
peroxide overproduction may reduce peroxynitrite formation
and attenuate tissue injury. Our current study demonstrated
that administration of 1400W had no effect on superoxide
production but significantly reduced NO production, reduced
nitrotyrosine formation, and reduced myocardial ischemia/
reperfusion injury. In contrast, administration of apocynin or
Tiron had no effect on NO production but significantly re-
duced superoxide production, decreased nitrotyrosine forma-
tion, and reduced myocardial ischemia/reperfusion injury.
These results underline the efficacy of blocking one of the
arms of peroxynitrite formation for reducing peroxynitrite
formation and protecting against ischemic/reperfusion in-
jury. These results are consistent with previously published
data by other investigators.

NO reacts with superoxide at a near diffusion-limiting
rate. A superoxide scavenger that can override this reaction
and completely block peroxynitrite formation is currently
unavailable. On the other hand, NO plays multiple physio-
logic regulatory roles. Complete blockade of NO production
for the purpose of peroxynitrite formation prevention may
potentially cause significant adverse effects outweighing the
advantages of inhibited peroxynitrite genesis. Although in-
tracellular molecules, such as ascorbate and glutathione, can
react with and detoxify peroxynitrite, their reaction rates are

Fig. 5. INO-4885 treatment decreased superoxide production (A) and
inhibited NADPH oxidase expression (B). ��, p � 0.01 versus Sham
group; #, p � 0.05 versus vehicle group.

Fig. 6. Comparison of the effect of INO-4885, 1400W, apocynin and Tiron
on caspase 3 activation (A) and infarct size (B). ##, p � 0.01 versus INO-C
group; �, p � 0.05; ��, p � 0.01 versus INO-4885 group.
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too slow to be effective in blocking peroxynitrite-induced tissue
injury (Groves, 1995; Lee, 1997). The impetus has been great in
recent years to identify compounds capable of reacting with
peroxynitrite with the speed necessary to remove it from the
environment before its reaction with cellular components. Phar-
machemical research demonstrated that synthetic metallopor-
phyrins react very efficiently with peroxynitrite (Shimanovich
and Groves, 2001), and compounds in this class have been
investigated as peroxynitrite decomposition catalysis (Groves,
1999). Several agents of this class, such as FeTMPS (5,10,15,20-
tetrakis(2,4,6-trimethyl-disulfonatophenyl)porphyrinato iron
III) and FP-15 (Mabley et al., 2002), have been reported to
remove peroxynitrite and reduce its injurious effects (Cuzzocrea
et al., 2000; Mabley et al., 2002; Chirino et al., 2004; Lancel et
al., 2004; Thiyagarajan et al., 2004). However, the reaction rate
between these molecules and peroxynitrite is approximately
105 M/s, and relatively high dosages are required to achieve
significant cellular protection.

INO-4885 is a second generation peroxynitrite decomposi-
tion catalyst, with a peroxynitrite degradation rate 5 � 107

M/s. This is at least 10 times faster than FP-15, the most
extensively investigated first generation peroxynitrite de-
composition catalyst (Lymar and Hurst, 1996). Its catalytic
nature allows INO-4885 to be regenerated and to be potently
active at very low therapeutic doses. Our current study pro-
vided the first direct evidence that INO-4885 can signifi-
cantly reduce cardiomyocyte apoptosis and myocardial in-
farct size in an acute mouse ischemia/reperfusion model. We
observed a dose-dependent relationship of the effects of INO-
4885, with incremental increase of doses 3 to 100 �g/kg,
yielding increasingly reduced cellular apoptosis and de-
creased caspase-3 activity. The optimal cardioprotective dos-

age of INO-4885 identified from the current study is 30
�g/kg, a dose 10 to 50� lower than the protective dose re-
ported for first generation peroxynitrite decomposition cata-
lysts (3–10 mg/kg) (Cuzzocrea et al., 2000; Mabley et al.,
2002; Chirino et al., 2004; Lancel et al., 2004; Thiyagarajan
et al., 2004).

It must be indicated that although peroxynitrite formation
and its resultant tissue injury can be blocked at multiple
target sites (Fig. 8), our current study provided clear evi-

Fig. 8. Schematic illustration of peroxynitrite-induced tissue injury in
ischemic/reperfused heart and therapeutic interventions investigated in
the current study.

Fig. 7. Comparison of the effect of INO-4885, 1400W, apocynin and Tiron on nitrotyrosine formation (A), NOx content (B), superoxide production (C),
and gp91phox expression (D). #, p � 0.05; ##, p � 0.01 versus INO-C group; �, p � 0.05 versus INO-4885 group.
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dence that INO-4885 provided the best protection at dosage
10 to 1000 times lower than other drugs administered. Com-
pounds 1400W, Tiron, and apocynin were used in this study
at dosages previously reported as optimal by others and our
laboratory. Therefore, a likely explanation for its superior
cardioprotective action is that this compound not only func-
tions as a peroxynitrite decomposition catalysts (thus facili-
tating peroxynitrite detoxification) but also has the ability to
inhibit NADPH oxidase expression and superoxide produc-
tion (thus blocking peroxynitrite formation). However, mo-
lecular mechanisms responsible for the inhibitory effect of
INO-4885 on ischemia/reperfusion-induced NADPH oxidase
overexpression remain unclear and will be investigated in
our future studies. It should also be indicated that because of
its multiple actions, this compound may not be the best
choice if the purpose of a research is to determine peroxyni-
trite decomposition and tissue protection. In addition, our
results demonstrated that although Tiron and apocynin are
both more effective than INO-4885 in inhibiting superoxide
production (Fig. 7C), INO-4885 is more effective in reducing
protein nitration (Fig. 7A) and provided the greatest cardio-
protection (Fig. 6). This additional evidence buttresses the
notion that peroxynitrite, not superoxide or nitric oxide, is
responsible for myocardial ischemia/reperfusion injury.

In summary, we have demonstrated that INO-4885, a new
peroxynitrite decomposition catalyst, provides significant
cardioprotection against myocardial ischemia/reperfusion in-
jury. Because peroxynitrite is now implicated in an ever-
increasing list of diseases such as diabetes, hyperlipidemia,
organ ischemia, Alzheimer’s disease (Castegna et al., 2003),
and methamphetamine-induced neurotoxicity (Imam et al.,
2000), we have only begun to realize the exciting potential
utility of peroxynitrite decomposition catalyst in a broad
array of clinically relevant oxidant-induced pathology.
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