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Background. Reactive oxygen and nitrogen species gen-
erated after reperfusion injury result in organ dysfunc-
tion. Peroxynitrite, a reactive nitrogen molecule pro-
duced from the reaction of superoxide anions and nitric
oxide, is thought to be a causative agent in oxidative
reperfusion injury. The aim of this study was to investi-
gate the effects of a novel peroxynitrite decomposition
catalyst (FP-15) in an acute myocardial ischemia/
reperfusion model.

Methods. Pigs were subjected to 60 minutes of regional
ischemia by reversibly ligating the left anterior descend-
ing coronary artery followed by 180 minutes of reperfu-
sion. In the treatment group (n � 6), an FP-15 (1 mg/kg)
bolus was infused through the jugular vein after 30
minutes of ischemia followed by a continuous infusion
(1 mg � kg�1 � h�1) during reperfusion. Vehicle was
infused in the control group (n � 6). Coronary flow was
recorded by an ultrasonic flow probe and infarct size
determined by tetrazolium staining. Arterial and left

ventricular pressures were monitored continuously and
regional myocardial function determined by
sonomicrometry.

Results. No significant differences were observed in
either hemodynamics or ischemic area at risk. However,
the infarct size was significantly reduced (35.3% � 3.5%
versus 21.6% � 2.6% of the ischemic area, control versus
FP-15-treated groups, respectively, p < 0.05). �dP/dt was
transiently improved in the FP-15-treated groups while
during most of the reperfusion period coronary flow, and
was significantly lower in the FP-15-treated group as
compared to the control group (p < 0.01).

Conclusions. FP-15 administration reduces myocardial
infarct size and reactive hyperemia. These data support
the pathogenic role of endogenously produced peroxyni-
trite and that FP-15 is effective in preventing myocardial
reperfusion injury.
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The pathophysiology of ischemia/reperfusion has
been studied extensively; however, the biochemical

agents mediating tissue injury during the reperfusion
period are not completely known. Among biochemical
mediators, reactive oxygen radicals and more recently,
reactive nitrogen radicals appear to play an important
role in preconditioning and reperfusion injury [1, 2].

Under physiologic conditions, nitric oxide (NO) pro-
duction appears to be salutary to cardiac function as
inferred from experiments using NO synthase knockout
mice and NO inhibitors [1, 2]. Conversely, higher con-
centrations of NO (mimicking ischemia/reperfusion con-
ditions), either pharmacologically delivered or overex-
pressed in cardiac myocytes [3], have a clear detrimental
effect.

It has been well documented that cardiac ischemia/
reperfusion is invariably accompanied by cardiac dys-
function during the reperfusion period. It is early during
reperfusion that superoxide anions (O2

�) and NO are
produced at elevated levels [2]. The high levels of O2

�

and NO lead to the formation of the highly reactive
oxidant peroxynitrite (ONOO�), implicated as an impor-
tant mediator of cardiac dysfunction and cell death in
various forms of shock, inflammation, and reperfusion
injury [4, 5].

Because ONOO� is likely instrumental in ischemia/
reperfusion injury encountered clinically during coro-
nary artery bypass grafting, heart transplant, and throm-
bolytic therapy, agents that neutralize ONOO� may offer
a therapeutic approach to mitigate cardiac necrosis after
cardiac ischemia/reperfusion.

In experimental models, ONOO� contributes to myo-
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cardial stunning in ischemia/reperfusion injury [6], and
loss of cardiac function in isolated working hearts [7–9].
Accordingly, we investigated the acute effects of a novel
ONOO� decomposition catalyst (FP-15) [10] in our in
vivo pig model of myocardial ischemia–reperfusion
injury.

Material and Methods

Animals
Pigs were used because they lack significant collateral
blood flow, similar to humans, making a more compara-
tive experimental model. Animals were housed individ-
ually and provided with laboratory chow and water ad
libitum. All experiments were approved by the Beth
Israel Deaconess Medical Center Animal Care and Use
Committee and the Harvard Medical Area Standing
Committee on Animals (Institutional Animal Care and
Use Committee) and conformed to the U. S. National
Institutes of Health guidelines regulating the care and
use of laboratory animals (NIH publication 5377-3, 1996).

Surgical Preparation
Yorkshire pigs of either sex (32 to 42 kg, n � 13) were
sedated with ketamine hydrochloride (20 mg/kg, intra-
muscularly, Abbott Laboratories, North Chicago, IL), and
anesthetized with a bolus infusion of thiopental sodium
(Baxter Healthcare Corporation, Inc, Deerfield, IL; 5.0 to
7.0 mg/kg intravenously). A tracheotomy was performed
through a midline cervical incision, and ventilation be-
gun with a volume-cycled ventilator (model Narkomed
II-A; North American Drager, Telford, PA; oxygen, 40%;
tidal volume, 1,000 mL; ventilation rate, 12 breaths/min;
positive end-expiratory pressure, 3 cm H2O; inspiratory
to expiratory time, 1:2). The right internal jugular vein
was cannulated for intravenous access and the right
common carotid artery was cannulated for arterial blood
sampling and intra-arterial blood pressure monitoring
(Millar Instruments, Houston, TX). General anesthesia
was established with 3.0% sevoflurane (Ultane; Abbott
Laboratories) at the beginning of the surgical prepara-
tion, and then maintained with 1.0% throughout the
experiment. Heparin sodium (Elkins-Sinn, Inc, Cherry
Hill, NJ; 5,000 IU intravenously) and 1% lidocaine (El-
kins-Sinn; 5 mL intravenously) were given before ster-
notomy. Heparin was administered at the same dose
every 30 minutes to the end of the experiment. The
pericardial sac was exposed through a median sternot-
omy and was opened to form a pericardial cradle. A
catheter-tipped manometer (Millar Instruments) was in-
troduced through the apex of the left ventricle to record
left ventricular (LV) pressure. The distal third of the left
anterior descending coronary artery or its large second
diagonal branch was reversibly occluded with a 0 silk tie
(0 silk, Ethicon, Somerville, NJ) using a Ramel tourniquet.
Subepicardial coronary blood flow, distal to the ligation
site, was continually monitored using a transit time
ultrasonic flow probe (3 mm RS-Series, Transonic Sys-
tems Inc, Ithaca, NY) with a T206 flowmeter (Transonic

Systems). Myocardial ischemia was confirmed visually
by regional cyanosis of the myocardial surface [11, 12].

Experimental Protocol
Thirteen pigs were randomly divided into two groups.
After 60 minutes of equilibrium, hearts were subjected to
60 minutes of regional ischemia followed by 180 minutes
of reperfusion. Thirty minutes after the initiation of
regional ischemia, control pigs (n � 7) received a (phos-
phate buffer saline) infusion through the right internal
jugular vein, which was continued throughout the exper-
iment. Treatment animals (n � 6) received a bolus of
FP-15 (1.0 mg/kg intravenously; Inotek Corp., Beverly,
MA) through the right internal jugular vein 30 minutes
after the initiation of ischemia, followed by a mainte-
nance infusion of FP-15 (1.0 mg � kg�1 � h�1 intrave-
nously) continued until the termination of 180 minutes of
reperfusion. FP-15, a novel peroxynitrite decomposition
catalyst, was synthesized as previously described [10].
Hemodynamic variables were continuously acquired
throughout the experiment using a PO-NE-MAH digital
data acquisition system (Gould, Valley View, OH), with
an Acquire Plus processor board, LV pressure analysis
software, and a Gould ECG/Biotach [11, 12].

Regional Myocardial Function
Regional myocardial function was assessed by sonomi-
crometry (Sonometrics Digital Ultrasonic Measurement
System, Sonometrics Corp., London, CA) using five dig-
ital piezoelectric ultrasonic probes (2.0 mm) implanted in
the subepicardial layer approximately 10 mm apart
within the ischemic area, with two pairs placed parallel to
the minor axis of the heart and secured to the epicardium
using polypropylene stitches (5-0 Prolene, Ethicon). The
probes were left in place until the end of the experiment.
Digital data were inspected for correct identification of
end-diastolic and end-systolic points using post-
processing software (Sono View, Sonometrics). Measure-
ments were made during at least three cardiac cycles in
normal sinus rhythm and then averaged. The ventilator
was stopped during data acquisition to eliminate the
effects of respiration. End-diastolic segment length was
measured at the onset of the positive first derivative of
pressure over time (�dP/dt), and the end-systolic seg-
ment length at peak negative dP/dt (�dP/dt). Regional
contractility was assessed by segment shortening. Wall
motion abnormalities were assessed as systolic bulging
defined as the bulging of the myocardium after the end of
diastole. Time course changes in percent segment short-
ening were calculated from the mean � standard error of
the mean of four to five unique horizontal or longitudinal
distances and expressed as a percent of baseline to
minimize variability among individual animals.

Coronary Blood Flow, Arterial Blood Gases, and
Hematocrit
Coronary blood flow was continuously monitored distal
to the site of ligation using a transit time ultrasonic flow
probe (3 mm RS-Series, Transonic) placed around the left
anterior descending coronary artery connected to a T206
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flowmeter (Transonic). Arterial blood gases and hemat-
ocrit were monitored every 10 to 15 minutes using a
Corning 238 pH/blood gas analyzer and a Corning 270
CO-oximeter (Chiron Diagnostics, Emeryville, CA).
Blood gases and acid– base parameters were main-
tained at partial pressure of oxygen � 100 mm Hg,
partial pressure of carbon dioxide � 45 mm Hg, and pH
7.3 � 0.3.

Core Temperature
Core temperature was continuously monitored by rectal
thermometer using a YSI model 44-TD tele-thermometer
(Yellow Springs Instrument Co. Inc., Yellow Springs,
OH) and kept at 37°C.

Measurement of Infarct Size
The measurements of ischemic area at risk (AAR) and
infarct size were performed according to standard meth-
ods as described previously [11]. After 180 minutes of
reperfusion, AAR was delineated by religation of the left
anterior descending coronary artery and injection of a 1:5
dilution in PBS of monastryl blue pigment (aka phthalo-
cyanine blue, Engelhard Corp., Louisville, KY) into the
aorta. The AAR was assessed by the weight of unstained,
ischemic myocardium as a percentage of the total LV
mass weight. Immediately after the evaluation of AAR,
the heart slices were immersed into 1% triphenyl tetra-
zolium chloride (TTC, Sigma Chemical Co, St. Louis,
MO) in phosphate buffer (pH 7.4) at 38°C for 20 minutes
to determine myocardial infarct size. The AAR and in-
farct size were measured by computerized planimetry
(Scion Image, Scion Corp., Frederick, MD).

Immunohistochemical Detection of Nitrotyrosine in the
Reperfused Myocardium
Heart samples were harvested at the conclusion of the
experiments, frozen in liquid nitrogen and stored at
�80°C until used. Nitrotyrosine immunohistochemistry
was performed as previously described [13]. Briefly, cryo-
microtome frozen (10 �m) sections were incubated for 10
minutes in PBS (pH 7.4) and then treated with 0.3%
hydrogen peroxide for 15 minutes to eliminate endoge-
nous peroxidase activity, and rinsed in 10 mmol/L of PBS.
Nonspecific binding was blocked by incubating the slides
for 1 hour in PBS containing 2% horse serum. Rabbit
polyclonal antibody against nitrotyrosine (Upstate Bio-
tech, Lake Placid, NY) was applied to the sections and
isotype-matched control antibody (negative control) was
applied in a dilution of 1:100 for 2 hours at room temper-
ature. After extensive washing (5 � 5 minutes) with PBS,
immunoreactivity was detected with a biotinylated goat
antirabbit secondary antibody and the avidin-biotin-
peroxidase complex both supplied in the Vector Elite kit
(Vector Laboratories, Burlingame, CA). Color was devel-
oped using Ni-DAB substrate (95 mg of diaminobenzi-
dine, 1.6 g of NaCl, 2 g of NiSO4 in 200 mL of 0.1 mmol/L
acetate buffer). Sections were then counterstained with
nuclear fast red, dehydrated and mounted in 50% glyc-
erol in H2O. Photomicrographs were taken with a Zeiss

Axiolab microscope (Carl Zeiss Inc, Thornwood, NY)
equipped with a Fuji HC-300C digital camera (Fuji Photo
Film Corp, Ltd, Tokyo, Japan).

Statistical Analysis
Data are expressed as mean � standard error of the
mean. Statistical significance was determined by analysis
of variance following a Bonferroni correction to adjust for
the multiplicity of tests. Statistical significance is defined
as p � 0.05.

Results

Ventricular Fibrillation and Ventricular Arrhythmia
Of the 13 pigs that underwent coronary artery occlusion,
1 animal from the control group was excluded because of
unsuccessful defibrillation during the ischemia period,
after which 12 pigs remained (6 control and 6 FP-15-
treated animals). The incidence of premature ventricular
contractions was 77% in both groups (five animals/
group). Premature ventricular contractions started be-
tween 20 and 25 minutes after coronary artery occlusion
and continued throughout the ischemia period (60 min-
utes) in both groups. We experienced one ventricular
fibrillation in the control group just after reperfusion (1
minute of reperfusion), and the heart was resuscitated by
electrical cardioversion (75 J) with concomitant bolus
injection of 1% lidocaine (2 mg/kg). No significant differ-
ences were observed in hemodynamic parameters be-
tween animals that had arrythmias and those that did not
experience premature ventricular contractions (data not
shown).

Blood Gases, Hematocrit, and Core Temperature
The partial pressure of carbon dioxide (35.2 � 3.8 mm
Hg) and partial pressure of oxygen (381 � 17 mm Hg) in
control group did not significantly differ from the FP-15-
treated animals (37.3 � 5.1 mm Hg and 397 � 15 mm Hg,
respectively). Core temperature, hemoglobin concentra-
tion, and blood electrolyte analysis also showed no sig-
nificant differences between groups (data not shown).

Hemodynamic Parameters
There was a significant difference in �dP/dt between the
groups at 210 and 240 min (p � 0.05) (Fig 1), which
paralleled the changes in segment shortening. No signif-
icant differences in mean arterial pressure, LV developed
pressure, or heart rate (Table 1) were observed between
control and FP-15-treated animals during the equilib-
rium period and during ischemia. In the control group,
coronary flow increased immediately with reperfusion,
with maximal flow observed 30 minutes after the oc-
cluder was released. At all time points after the first 10
minutes of reperfusion, the reflow values were signifi-
cantly reduced in the FP-15-treated group (Fig 2;
p � 0.01). In the treated animals, the coronary flow
returned to baseline, whereas in the control group it
remained high throughout the reperfusion period (Fig 2).
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Area at Risk and Infarct Size
No significant differences were observed in the ischemic
area at risk. However, the infarct size was significantly
reduced (35.3% � 3.5% versus 21.6% � 2.6% of the area at
risk, control versus treatment group, respectively; p �
0.05) (Fig 3).

Regional Myocardial Function
There was a suppression in segment shortening in the
control group during the period of ischemia, which did
not recover over time during the period of reperfusion. In
contrast, in the FP-15-treated animals, there was a partial
improvement of the segment shortening during the
reperfusion period (210 min, p � 0.08), although it did not
reach statistical significance (Fig 4). Using sonomicrom-
etry to record regional myocardial function, no signifi-
cant differences in systolic bulging were observed be-
tween groups during the periods of ischemia and
reperfusion (not shown).

Peroxynitrite Staining in Heart Tissues
Myocardial sections from the ischemia area representa-
tive animals in both the control and treated groups were

stained for nitrotyrosine (a marker for ONOO� produc-
tion). Nitrotyrosine levels were readily detectable in the
ischemic area of control pigs but were undetectable in
FP-15-treated animals (Fig 5).

Comment

We show in this study that an intravenous infusion of
FP-15, a ONOO� decomposer catalyst, reduces myocar-
dial infarct size in a porcine model of ischemia/
reperfusion injury. The infusion of FP-15 has no effect on
arterial blood pressure, heart rate, or LV pressure. Seg-
ment shortening and �dP/dt are slightly improved in
FP-15-treated compared to control groups during part of
the reperfusion period. On the other hand, coronary
reactive hyperemia is greatly decreased during most of
the reperfusion period in the myocardium of FP-15-
treated animals as compared to untreated ones, probably
reflecting the reduced extent of myocardial necrosis.
However, it is more likely that endothelial or vascular
dysfunction due to FP-15 may have limited the degree of
vascular relaxation and hyperemia.

Fig 1. Evolution of positive first derivative of left ventricular pres-
sure over time (�dP/dt) in control (n � 6) and FP-15-treated ani-
mals (n � 6) throughout the experiment. *p � 0.05. (–E– � control;
–■ – � FP-15.)

Table 1. Hemodynamic Parameters

Parameters Groups

Time Intervals (min)

S [59] I [5] I [30] I [60] R [5] R [30] R [60] R [120] R [180]

LVP (mm Hg) Control 69.6 � 2.7 64.0 � 2.1 66.7 � 7.0 67.2 � 3.9 67.8 � 4.4 67.2 � 4.6 68.2 � 3.7 64.0 � 5.8 67.8 � 5.3
FP-15 69.4 � 2.5 68.3 � 5.4 70.8 � 1.7 71.5 � 3.4 67.0 � 5.7 68.1 � 4.1 69.8 � 3.0 72.3 � 3.1 68.2 � 3.4

MAP (mm Hg) Control 72.3 � 1.2 68.5 � 2.3 73.3 � 6.7 71.3 � 3.8 72.8 � 3.2 67.5 � 4.6 71.8 � 3.9 69.5 � 5.9 71.5 � 5.3
FP-15 73.6 � 1.2 72.7 � 5.0 76.2 � 4.0 69.8 � 5.8 67.8 � 5.0 69.8 � 5.2 69.2 � 3.1 70.8 � 2.5 69.9 � 3.0

Heart rate
(beats/min)

Control 102.9 � 7.3 105.2 � 9.0 99.8 � 6.5 98.8 � 9.0 108.8 � 7.2 105.5 � 6.8 109.5 � 5.0 102.7 � 8.7 101.0 � 6.7
FP-15 91.2 � 5.4 92.3 � 5.4 98.0 � 8.6 94.0 � 8.6 96.2 � 10.6 90.5 � 6.0 93.8 � 7.8 95.8 � 7.3 99.7 � 7.5

Values are presented as mean � standard error of the mean.

I � ischemia period; LVP � left ventricular developed pressure; MAP � mean arterial pressure; R � reperfusion period; S � stabilization
period.

Fig 2. Evolution of coronary blood flow in control (n � 6) and
FP-15 (n � 6)-treated pigs. Coronary blood flow was continuously
monitored using a transit time ultrasonic flow probe (3-mm RS-Se-
ries) placed around the left anterior descending coronary artery con-
nected to a T206 flowmeter. *p � 0.01. (–E– � control; –■ – � FP-
15.)
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Because ONOO� has a very short half-life, the mea-
surement of the more stable bioproduct, nitrotyrosine,
using specific antibodies has became an acceptable and
reliable biomarker for the production of ONOO� in an
in vivo model of ischemia/reperfusion [14]. We must
note, nevertheless, that additional in vivo pathways may
also lead to tyrosine nitration, and therefore this assay
must be used with caution [15]. We also show immuno-
histochemically that after ischemia/reperfusion, an im-
portant accumulation of nitrotyrosine is present in the
injured myocardium of control animals but not in the
FP-15-treated group. Our results demonstrate the pro-
duction of ONOO� during ischemia/reperfusion and
that infusion of FP-15 decomposes ONOO�, thereby
limiting myocardial reperfusion injury. These results
point to a deleterious effect of ONOO� produced during
ischemia/reperfusion of the porcine heart leading to
myocardial cell death. Indeed, Hayashi and colleagues
[16] also detected the presence of nitrotyrosine in the
coronary sinus effluent 5 minutes into the cardio-
pulmonary bypass reperfusion period of patients under-
going mitral valve replacement, also observed by Zhang
and colleagues [6] in an in vivo dog model of
ischemia/reperfusion.

The deleterious effects of ONOO� in isolated hearts,
cell cultures, and in vivo ischemia/reperfusion models
were well documented in previous works. Ishida and
associates [17] showed that a continuous infusion of
ONOO� into isolated hearts impaired cardiac contractil-
ity of papillary muscle and contractile function of cardiac
myocytes. In isolated rat hearts, cytokine-induced de-
pression of myocardial contractility was associated with
increased levels of nitrotyrosine that were blocked by the
ONOO� decomposer catalyst FeTPPS [18]. Given that
ONOO� is formed from the reaction of NO and O2

�,
inhibition of NO formation with NG-nitro-l-arginine (L-
NNA) and O2

� formation with the superoxide scavanger
Tion, nitrotyrosine formation is decreased [18]. Accord-
ingly, Zhang and colleagues [6] in a dog model of
ischemia/reperfusion showed that pretreatment with a
NO synthase inhibitor L-NNA ameliorated myocardial
stunning after ischemia reperfusion and decreased nitro-

tyrosine formation. In a human cell line and primary
neuron cultures treated with ONOO� and LPS, respec-
tively, an inverse correlation between nitrotyrosine stain-
ing and cell viability was observed. As expected, the
presence of FeTTPS decreased nitrotyrosine accumula-
tion and increased cell viability [19].

However, considering that NO has cardioprotective
effects [1], blocking the formation of NO may be detri-
mental to organ function. Accordingly, inducible NO
synthase 2 (NOS2) knock-out (NOS2

�/�) mice subjected
to ischemia/reperfusion in vivo had enhanced myocar-
dial damage and increased mortality rate as compared to
wild-type littermates [20]. In isolated mice hearts, Flogel
and colleagues [21] showed that acute recovery from
ischemia/reperfusion was less pronounced in the wild
type as compared to the NOS3

�/�, whereas Sumeray and
colleagues [22] observed a similar recovery in both wild
type and eNOS3

�/�, but significant larger myocardial
infarction in the knock-out animals.

The vasoactive effects of ONOO� seem to be complex.
A continuous infusion of ONOO� in isolated rat hearts
caused initial vasodilation that converted to vasoconstric-
tion at a higher concentration [23, 24]. At lower concen-
trations, only vasodilation was observed [24]. However,
as we also observed less reactive hyperemia and infarct
size during reperfusion in animals treated with a poly
ADP ribose synthase inhibitor PJ-34 [25], the mechanism
leading to less hyperemic reaction may be explained by
metabolic factors [26] produced in proportion to the area
of infarcted myocardium, rather than solely by ONOO�

concentration. A more likely explanation is that the agent
caused endothelial and vascular dysfunction resulting in
diminished vascular relaxation and hyperemia.

This study addressed the effects of a ONOO� decom-
poser catalyst in an acute model of ischemia/reperfusion
in vivo. The previously published cardiac effects of
ONOO� seem clearly to point to a cardiotoxic effect in

Fig 4. Evolution of segment shortening in the ischemic area (n � 6)
of control and FP-15 (n � 6)-treated pigs. Regional myocardial
function was obtained by sonomicrometry using piezoelectric ultra-
sonic probes (2.0 mm) implanted in the subendocardial layer.
(–E– � control; –■ – � FP-15.)

Fig 3. Histograms showing the area at risk (left) and infarct size
(right) in the left ventricle (LV) at the end of the experimental proto-
col in control (n � 6) and FP-15-treated pigs (n � 6). Values are
expressed as mean � standard error of the mean. *p � 0.05.
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culture [19] and ex vivo [27], and the current data from
our in vivo experimental model appear to confirm this
notion.

The development of compounds that neutralize and
decompose ONOO� may be a potential clinically useful
approach to myocardial infarction, cardiopulmonary by-
pass, and possibly other disease states involving isch-
emia/reperfusion injury where ONOO� is being pro-
duced at cytotoxic rates.
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or in the myocardium of pigs treated with FP-15 (right). (MI/R � myocardial ischemia/reperfusion.)
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