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Reduction of Ischemia/Reperfusion Injury With Bendavia, a
Mitochondria-Targeting Cytoprotective Peptide
Robert A. Kloner, MD, PhD; Sharon L. Hale, BS; Wangde Dai, MD; Robert C. Gorman, MD; Takashi Shuto, MD; Kevin J. Koomalsingh, MD;
Joseph H. Gorman III, MD; Ruben C. Sloan, PhD; Chad R. Frasier, PhD; Corinne A. Watson, BS; Phillip A. Bostian, BS; Alan P. Kypson, MD;
David A. Brown, PhD

Background—-Manifestations of reperfusion injury include myocyte death leading to infarction, contractile dysfunction, and vascular
injury characterized by the “no-reflow” phenomenon. Mitochondria-produced reactive oxygen species are believed to be centrally
involved in each of these aspects of reperfusion injury, although currently no therapies reduce reperfusion injury by targeting
mitochondria specifically.

Methods and Results—-We investigated the cardioprotective effects of a mitochondria-targeted peptide, Bendavia (Stealth Pep-
tides), across a spectrum of experimental cardiac ischemia/reperfusion models. Postischemic administration of Bendavia reduced
infarct size in an in vivo sheep model by 15% (P=0.02) and in an ex vivo guinea pig model by 38% to 42% (P<0.05). In an in vivo
rabbit model, the extent of coronary no-reflow was assessed with Thioflavin S staining and was significantly smaller in the Bendavia
group for any given ischemic risk area than in the control group (P=0.0085). Myocardial uptake of Bendavia was ≈25% per minute,
and uptake remained consistent throughout reperfusion. Postischemic recovery of cardiac hemodynamics was not influenced by
Bendavia in any of the models studied. Isolated myocytes exposed to hypoxia/reoxygenation showed improved survival when
treated with Bendavia. This protection appeared to be mediated by lowered reactive oxygen species–mediated cell death during
reoxygenation, associated with sustainment of mitochondrial membrane potential in Bendavia-treated myocytes.

Conclusions—-Postischemic administration of Bendavia protected against reperfusion injury in several distinct models of in-
jury. These data suggest that Bendavia is a mitochondria-targeted therapy that reduces reperfusion injury by maintaining
mitochondrial energetics and suppressing cellular reactive oxygen species levels. ( J Am Heart Assoc. 2012;1:e001644
doi: 10.1161/JAHA.112.001644.)
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E arly and successful myocardial reperfusion with primary
percutaneous coronary intervention remains the most ef-

fective strategy for reducing the size of a myocardial infarct and
improving clinical outcome. Reperfusion injury is a major issue
in patients who receive percutaneous coronary intervention or
thrombolysis or have spontaneous reperfusion for ST-segment
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myocardial infarction. Two major manifestations of reperfu-
sion injury are myocyte death (infarction) and microvascular
damage (no-reflow). Given that long-term prognosis has been
linked to both size of infarction1–3 and the extent of reflow,4,5

strategies aimed to decrease infarct size or limit the amount
of no-reflow have significant potential as adjuvant therapies.

Reactive oxygen species (ROS) are centrally involved in the
development of infarction and no-reflow. Augmented produc-
tion of ROS during early reperfusion contributes to both my-
ocyte death6,7 and microvascular dysfunction leading to no-
reflow.8,9 Elevated ROS increase the probability of opening
of the mitochondrial permeability transition pore,10 which is
followed by bioenergetic collapse and ultimately cell death.
Given that mitochondrial ROS production is high in early reper-
fusion, therapies that directly (and effectively) target mito-
chondrial ROS production are ideal in this setting. A novel
class of cell-permeable peptides has been developed that
selectively target mitochondria. The Szeto-Schiller (SS) pep-
tides are relatively small water-soluble molecules that contain
a similar structural motif of alternating basic and aromatic
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residues, which allows them to freely cross cell membranes
(despite a 3+ net charge at physiological pH).11 Studies with
fluorescent and radiolabeled SS peptides indicate that they
localize to mitochondria and concentrate at inner mitochon-
drial membranes.12 One particular peptide, Bendavia (an ana-
logue of SS-02 and SS-31; Stealth Peptides), has been shown
to reduce ROS levels in isolated mitochondria and to pro-
tect cultured cells against cell death induced by a variety of
chemical stressors.13 Although these findings are promising,
whether they relate to primary cardiac myocytes exposed to
hypoxia/reoxygenation and translate to large animal models
of ischemia/reperfusion (eg, infarction and no-reflow) is not
known.

The purpose of the present study was to determine
whether Bendavia could protect the myocardium from reper-
fusion injury. In a collaboration that spanned 3 indepen-
dent laboratories, we used large animal models of is-
chemia/reperfusion, isolated perfused hearts, and myocyte
hypoxia/reoxygenation experiments to determine if this
mitochondria-targeting peptide attenuated cell death and
no-reflow.

Methods
The animals used in these studies were maintained in accor-
dance with the Position of the American Heart Association on
Research Animal Use (American Heart Association, 1985) and
the Guide for Care and Use of Laboratory Animals (1996). Pro-
tocols in all 3 laboratories received prior approval by the institu-
tional animal care and use committee of each individual institu-
tion (University of Pennsylvania, Good Samaritan Hospital, and
East Carolina University). All sheep studies were performed by
the Gorman Cardiovascular Research Group at the Glenolden
Research Laboratory, Department of Surgery, University of
Pennsylvania School of Medicine, Glenolden, PA. All rabbit
studies were done in the Kloner Laboratory at the Good Samar-
itan Hospital, University of Southern California, Los Angeles.
Studies using guinea pigs were done in the Brown Labora-
tory at the Brody School of Medicine, East Carolina University,
Greenville, NC.

Ischemia/Reperfusion Injury in Sheep Model
Male Dorsett hybrid sheep were randomly assigned to treat-
ment with vehicle (n=8) or Bendavia (0.05 mg/kg per hour;
n=11). The data are from 2 groups of male Dorsett hybrid
sheep that were entered into a cyclosporine/Bendavia dose-
assessment study. Data from the group of sheep that received
the same dose of Bendavia as the rabbits (0.05 mg/kg per
hour; n=11) and from all sheep treated with vehicle (n=8) are
presented here. Sheep received a preanesthetic regimen of ke-
tamine (10 mg/kg IV over 30 seconds), diazepam (1 mg/kg IV
over 30 seconds), and glycopyrrolate (0.015 mg/kg IV bolus).

Anesthesia was induced with inhaled isoflurane (1% to 3%).
The sheep were pretreated with antiarrhythmic medication: li-
docaine bolus followed by continuous intravenous infusion at
≈0.015 mg/min. A Swan-Ganz pulmonary artery catheter was
inserted through a right internal jugular sheath and “floated”
into the pulmonary artery to monitor pulmonary artery pres-
sure, central venous pressure, and core temperature. A Millar
catheter was inserted into the arterial sheath placed in the
femoral artery to monitor left ventricular (LV) pressure. Body
temperature was maintained between 38.8◦C and 39.0◦C in
both groups throughout the protocol.

To create the myocardial infarction, snares were placed
around the distal left anterior descending coronary artery and
selected branches of the diagonals to achieve an ischemic risk
zone of ≈20% to 25% of the LV. Occlusion of the coronary
vessel(s) lasted 60 minutes and was followed by 180 minutes
of reperfusion. Hemodynamic variables were recorded and an-
alyzed at baseline, at the end of the ischemic period, and after
5 minutes and 180 minutes of reperfusion.

At 30 minutes of ischemia, intravenous infusions of either
Bendavia or placebo were initiated and continued through is-
chemia and until the conclusion of the reperfusion phase.
At the end of 3 hours of reperfusion, the coronary arteries
were religated, and infarct size was assessed as previously
described.14

Statistical Analyses for Sheep Studies
Data summary and statistical analyses were performed with
SAS (Version 9.3, Cary, NC). Differences between area at risk
(AAR) and infarct size were assessed by the Student t test.
Changes in hemodynamic variables over time were analyzed
by repeated-measures analysis of variance (ANOVA). Analysis
of covariance (ANCOVA) was used to test for a group effect on
the regression model of necrotic zone and risk zone in sheep.
Data are expressed as mean±SEM.

No-Reflow and Infarct Size in Rabbit Model
The techniques used for the rabbit model of acute my-
ocardial infarction in the Kloner laboratory have been de-
scribed previously.15 Briefly, anesthetized, open-chest male
New Zealand White rabbits (2.5 to 3.3 kg) were subjected
to 30 minutes of coronary artery occlusion (CAO) followed
by 3 hours of reperfusion. After 15 minutes of stabilization,
baseline hemodynamic parameters and temperatures were ob-
tained, with body temperatures maintained between 37.9◦C
and 38.1◦C throughout all experiments. Rabbits were random-
ized to one of the following 4 groups:

Group 1: treatment at 20 minutes before reperfusion,
0.05 mg/kg per hour of Bendavia, intravenous infusion
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starting at 10 minutes after CAO and continuing through-
out reperfusion

Group 2: treatment at 10 minutes before reperfusion, starting
20 minutes after CAO, 0.075 mg/kg per hour of Bendavia, in-
travenous infusion for the first 20 minutes, then 0.05 mg/kg
per hour throughout reperfusion

Group 3: treatment starting immediately before coro-
nary artery reperfusion (1 minute), 0.10 mg/kg per
hour intravenous infusion for the first 20 minutes, then
changed to 0.05 mg/kg per hour of Bendavia throughout
reperfusion

Group 4: saline, an equivalent volume relative to Bendavia
starting at 10 minutes after CAO and continuing throughout
reperfusion.

The total volume infused was <6 mL.
The extent of the no-reflow zone was assessed by stain-

ing with Thioflavin S (Sigma-Aldrich), a fluorescent yellow
dye that stains endothelium and serves as a marker of re-
gional perfusion. Under ultraviolet light, the no-reflow zone
appears as a nonfluorescent, dark area, and regions of per-
fusion appear brightly fluorescent. The risk zone was delin-
eated by Unisperse blue pigment (Ciba-Geigy) and necrosis
by triphenyltetrazolium chloride. Measurements of risk zone,
no-reflow zone, and infarct size were calculated as previously
described.15

Sixty-six rabbits entered the protocol with 64 successful
studies: Group 1, n=15; Group 2, n=17; Group 3, n=17; and
Group 4, n=15. Data from 2 hearts were excluded on the basis
of the prospective exclusion criterion of ischemic risk zone size
(AAR <10% of the LV).

Statistical Analyses for Rabbit Study
Data from the 4 groups were analyzed. In addition, to assess
the overall effects of treatment with Bendavia when adminis-
tered after the onset of CAO but before reperfusion, infarct size
and no-reflow data from the 3 treated groups (n=49) were com-
bined and compared with that from the control group (n=15).
A post hoc analysis was performed with a risk zone exclusion
of <20% of the LV to study a population comparable to the
sheep data.

Data summary and statistical analyses were performed
with SAS (Version 9.3, Cary, NC). LV weight, infarct size,
AAR, and area of no-reflow were compared by ANOVA.
Changes in hemodynamic variables were analyzed by repeated-
measures ANOVA. ANCOVA was used to test for a group
effect on the regression model of no-reflow zone with risk
zone. Infarct size and no-reflow data from the combined
Bendavia-treated hearts versus control hearts were ana-
lyzed by t test and by ANCOVA. Data are expressed as
mean±SEM.

Ischemia/Reperfusion Injury in Guinea Pigs
Adult male guinea pigs (200 to 300 g) were anesthetized
with a ketamine/xylazine cocktail (85/15 mg/kg, respec-
tively; intraperitoneal delivery). Hearts were excised, placed
on a modified Langendorff apparatus, and instrumented
for the observation of electromechanical function, as pre-
viously described.16,17 Hearts were divided into the follow-
ing treatment groups: (1) control followed by global is-
chemia/reperfusion (n=14); (2) administration of 1 nmol/L
Bendavia in the perfusate beginning 10 minutes before in-
dex ischemia and for the entire reperfusion (n=9); (3) postis-
chemic administration of 1 nmol/L Bendavia for the duration
of reperfusion (n=9); and (4) postischemic administration of
0.2 μmol/L cyclosporine A (n=8). For groups 2 through 4,
experimental compounds were dissolved in Krebs Henseleit
buffer (Sigma-Aldrich) and placed in dedicated buffer reser-
voirs (gassed with 95%/5% O2/CO2, 37◦C). Hearts were ex-
posed to global no-flow ischemia by stopping perfusion for
20 minutes. At the end of the 120-minute reperfusion period,
infarct size and arrhythmia scores were assessed as previously
described.16,17

Myocardial Uptake of Bendavia
A separate group of guinea pigs (n=7) was used to deter-
mine the extent of Bendavia uptake by the myocardium at
baseline and throughout reperfusion. Hearts were perfused
constantly with 1 nmol/L Bendavia as described above, and
coronary effluent was collected through a pulmonary artery
cannula. Samples were collected at baseline (before 20 min-
utes of global no-flow ischemia) and every 15 minutes for the
first hour of reperfusion. At each time point, 2 samples of
perfusate were obtained (1 mL of each): one from the buffer
before entry into the perfusion cannula (input) and the other
from the pulmonary cannula (output). Samples were immedi-
ately mixed with 100 μL of 5% formic acid and snap-frozen in
liquid nitrogen, and Bendavia concentration was subsequently
determined with liquid chromatography–mass spectrometry
(Sciex API4000 LC-MS/MS system coupled with Shimadzu
High-Performance Liquid Chromatography; Medpace Bioan-
alytical Laboratories, Cincinnati, OH). The calibration range
of the assay was 0.1 to 100 ng/mL. Three levels of quality-
control samples at low (0.3 ng/mL), mid (5 ng/mL), and high
(80 ng/mL) concentrations were included in each batch of
analysis. The chromatographic separations were achieved on
a UniverSil 5 μm C18, 100 × 2.1 mm high-performance liq-
uid chromatography column and a mobile phase gradient. The
mass spectrometer was operated in positive electrospray ion-
ization mode. The multiple reaction monitoring transition ions
were m/z 640.3/303.3 for Bendavia. Peak-area integration
was performed with Analyst software (version 1.5, Applied
Biosystems).
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The measured Bendavia concentration (in nanograms per
milliliter) of each sample was converted to nanomolar (nmol/L)
concentration by using molar weight of the free peptide
(639.8 g/mol). Organ uptake (%) was calculated by using the
standard formulation:

Organ uptake (%) = Input(nmol/L) − Output(nmol/L)

Input(nmol/L)
× 100%

where Input is the Bendavia concentration in the perfusate
buffer and Output is the Bendavia concentration in the pul-
monary artery (coronary effluent). Uptake data are expressed
as the percentage of Input Bendavia retained by the organ
during single-pass perfusion.

Myocyte Hypoxia/Reoxygenation Experiments
Guinea pig LV myocytes were isolated enzymatically from
a total of 17 animals according to established protocols.18

Isolated primary cardiomyocytes were enzymatically isolated
and incubated (95% O2 balance room air, 37◦C) for 2 to
8 hours after dispersion. For cellular hypoxia/reoxygenation
studies, isolated myocytes were placed in a perfusion cham-
ber housed on the stage of a fluorescence microscope (Le-
ica) for the study of cell survival and ROS production during
cellular hypoxia/reoxygenation. The small-volume perfusion
chamber (250 μL) used in the study is enclosed in glass to
minimize gas exchange with the environment and is equipped
with pacing electrodes for field stimulation (Warner Instru-
ments). The chamber is housed on the microscope stage by a
magnetic holder with heating filaments, allowing us to con-
duct our measurements at 37◦C, and is connected to an
in-line solution heater that delivers the superfusate via lab-
oratory tubing that has very low oxygen permeability (Tygon
F-4040-A).

For each myocyte experiment, cells were allowed to set-
tle on the glass coverslips for ≥20 minutes before the initi-
ation of perfusion. Differential interference contrast images
of the myocytes were obtained at the beginning and end
of each experiment. Cells were perfused with Tyrode’s solu-
tion containing (in mmol/L): 140 NaCl, 10 HEPES, 5 KCl, 1
MgCl2, 1.8 CaCl2, and 10 glucose (pH=7.4, 37◦C), delivered
at a rate of 1.0 to 1.2 mL/min. Only rod-shaped myocytes
that were responsive to field stimulation (an assessment of
cell viability) were selected for hypoxia/reoxygenation stud-
ies. Myocytes were paced (4-ms duration, 1-Hz frequency,
10-V amplitude) for the duration of the hypoxia/reoxygenation
protocol on the basis of observations that guinea pig my-
ocardium maintains electrical activity through 20 minutes of
ischemia.19

For the drug treatment groups, myocytes either were in-
cubated for 10 minutes with 1 nmol/L Bendavia before be-
ing placed in the perfusion chamber (Bendavia group) or re-

ceived no drug treatment (Control group). Myocytes received
5 minutes of baseline superfusion, after which the solution
was switched to Tyrode’s solution gassed with 100% argon
(hypoxia solution) for 20 minutes. After 20 minutes of perfu-
sion with hypoxia solution, the superfusate was switched back
to normoxic Tyrode’s to initiate reoxygenation. Cells were re-
oxygenated for 30 minutes or until cell death, whichever came
first. When appropriate, the time of myocyte death during hy-
poxia/reoxygenation was noted by complete transition from
rod-shaped to rounded, necrotic cell morphology.

Subsets of myocytes that underwent hypoxia/reoxy-
genation were loaded with one of 2 fluorescent probes.
Cells either received the ROS probe 5-(6)-chloromethyl-2,7-
dichlorohydrofluorescein diacetate (CM-DCF, Invitrogen), or
the ��m sensor tetramethylrhodamine methyl ester (TMRM,
Sigma) during the protocol. Another cohort of cells was ex-
posed to hypoxia/reoxygenation with no fluorescent probe to
determine if the fluorophores themselves influenced cell sur-
vival. Because the different flouorophores did not influence the
proclivity to cell death during the protocol (when compared to
unloaded cells), the data were pooled for the survival plot to
include all cells exposed to hypoxia/reoxygenation.

Cellular Hypoxia/Reoxygenation and
Simultaneous ROS Production
Ventricular cardiomyocytes were loaded with 500 nmol/L of
the fluorescent ROS probe CM-DCF (Invitrogen) for 10 minutes
in the incubator before imaging. A subset of myocytes was in-
cubated for 10 minutes with 1 nmol/L Bendavia (in addition
to CM-DCF), also in the incubator. CM-DCF fluorescence was
evoked by using light from a metal-halide lamp filtered to an ex-
citation wavelength of 472 nm (band-pass filter width 30 nm),
and emission was collected at 520 nm (band-pass filter width
36 nm). Emitted light was captured with a charge-coupled
device camera, and images were acquired on a personal com-
puter. To avoid photobleaching of the probe, sampling rate
was set at 30-second intervals for the duration of the pro-
tocol. Our preliminary data indicated that this sampling rate
and fluorophore concentration led to stable recordings in nor-
moxic (nonstressed) myocytes for up to 50 minutes (data not
shown).

For the CM-DCF analysis, changes in fluorescence inten-
sity were quantified for each time point by subtracting the cell
fluorescence (obtained via a region of interest drawn around
the cell perimeter) from background fluorescence (obtained
via a region of interest in an area adjacent to each myocyte).
To account for unequal fluorophore loading across cells, each
cellular fluorescence trace was normalized to baseline (pre-
hypoxia) fluorescence intensity (Fo) for each cell. Cell survival
was monitored on the computer screen as the ROS signal was
captured.

DOI: 10.1161/JAHA.112.001644 Journal of the American Heart Association 4
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Figure 1. Left, Ischemic risk zone (% LV) and infarct size (% risk zone) in sheep exposed to
in vivo ischemia/reperfusion (60 min/3 h). Bendavia (0.05 mg/kg per hour; black bars) was
administered intravenously beginning 30 minutes before reperfusion (mean±SEM; P=0.02,
t test). Right, Relationship between the extent of the ischemic risk zone (% LV) and the extent of
necrosis (% LV) (P=0.03, ANCOVA).

Mitochondrial Membrane Potential (��m) During
Hypoxia/Reoxygenation
Separate experiments were conducted to determine the
influence of Bendavia on ��m during cellular hypoxia/
reoxygenation. Isolated guinea pig ventricular myocytes were
loaded with the ��m sensor TMRM for 10 minutes before
imaging. We used a TMRM concentration of 25 nmol/L, which
is “nonquench” mode in this application. TMRM fluorescence
was evoked by using an excitation wavelength of 560 nm (band-
pass filter width 40 nm), and emission was collected at 645 nm
(band-pass filter width 72 nm). TMRM fluorescence intensity
was captured every 60 seconds throughout hypoxia and reoxy-
genation or until cell death, whichever came first.

Statistical Analyses for Guinea Pig Studies
The myocyte survival curve was analyzed with a log-rank
(Mantel-Cox) test. Infarct size and Bendavia uptake data for
the guinea pig hearts were analyzed by ANOVA, followed by
Newman-Keuls post hoc tests for between-group comparisons.
For all comparisons, significance was noted if P<0.05.

Results

Effect of Bendavia on Ischemia/Reperfusion
Injury Across Models
The effect of Bendavia on infarct size in sheep is presented in
Figure 1 left. The ischemic AAR was similar in both groups,
comprising 24.0±0.7% of the LV in the vehicle group and
23.1±0.7% in the Bendavia-treated group. Treatment with
Bendavia significantly reduced infarct size by 15.4%, from
64.1±1.5% of the risk zone in the vehicle group to 54.2±3.5%
in Bendavia-treated sheep (P=0.02). Overall, for any given

risk zone size, the extent of necrosis
was lower in Bendavia-treated hearts
(P=0.03; Figure 1 right).

In the rabbit model, the size of is-
chemic risk zone, expressed as a frac-
tion of the LV, was similar in all groups
(average of 0.30 to 0.32; P=NS). There
were no statistically significant differ-
ences in mean values among the 4
groups in infarct size expressed as a
fraction of the risk zone (Table 1). To
assess the overall effects of treatment
with Bendavia when administered af-
ter the onset of CAO but before reper-
fusion, infarct size from the 3 treated
groups was combined and compared
with that from the control group.

Overall, there was a nonsignificant 11% reduction in infarct
size with Bendavia treatment. A post hoc analysis was
performed to examine infarct size in rabbits with larger
infarcts (>20% of the LV; Table 2 and Figure 2) to paral-
lel the sheep model, in which the risk regions were gen-
erally ≥20% of the LV. Infarct size in Bendavia-treated an-
imals was reduced by 17.5%, from 0.40±0.03 of the is-
chemic risk zone to 0.33±0.02, resulting in a strong statistical
trend (P=0.09) and consistent with the degree of myocardial

Table 1. Risk Zone and Infarct Size in the Rabbit Model: 4
Treatment Groups

Group 1
(n=15)

Group 2
(n=17)

Group 3
(n=17)

Group 4
(n=15) P

Risk zone 0.30±0.02 0.32±0.02 0.31±0.02 0.30±0.02 0.89

Infarct size 0.33±0.03 0.32±0.04 0.31±0.04 0.36±0.04 0.74

Risk zone is given as fraction of LV; infarct size, fraction of risk zone.
Treatment groups: Group 1 received Bendavia starting at 20 minutes before coronary
artery reperfusion; Group 2 received Bendavia starting at 10 minutes before
reperfusion; Group 3 received Bendavia starting 1 minute before reperfusion; and
Group 4 received saline. See text for details.

Table 2. Risk Zone and Infarct Size in Combined Treatment
Group Versus Vehicle

Bendavia Vehicle P

Risk zone ≥10% of LV n=49 n=15

Risk zone 0.31±0.01 0.30±0.02 0.65

Infarct size 0.32±0.02 0.36±0.04 0.30

Risk zone ≥20% of LV n=46 n=13

Risk zone 0.32±0.01 0.33±0.02 0.84

Infarct size 0.33±0.02 0.40±0.03 0.09

Risk zone is given as fraction of LV; infarct size, fraction of risk zone.
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Figure 2. Left, Ischemic risk zone (fraction LV) and infarct size (fraction risk zone) in rabbits with
risk zones >20% of the LV exposed to in vivo ischemia/reperfusion (30 min/3 h) in combined
Bendavia treatment group and vehicle group (mean±SEM; P=0.09, t test). Note similarity to
data observed in the sheep model (text, Figure 1). Right, Relationship between the extent of the
ischemic risk zone (g) and the extent of necrosis (g) in combined Bendavia group and vehicle
group. Regression lines: vehicle is indicated by dashed line; Bendavia, solid line.

Figure 3. Infarct size in isolated guinea pig hearts exposed to global
ischemia/reperfusion (20 min/2 h). Experimental compounds were
either administered both before and after ischemia (whole time)
or administered only at the onset of reperfusion (@ reperfusion)
(mean±SEM; P<0.05 vs control, ANOVA followed by Newman-Keuls
post hoc tests for between-group comparisons).

protection demonstrated with sheep (Figure 1). Interestingly,
Bendavia-induced reductions in infarct size appeared to be
more prominent in hearts with larger at-risk zones, consistent
with previous studies indicating that cardioprotective strate-
gies may be most effective when the zone at risk is larger.20,21

The effect of Bendavia on infarct size in guinea pigs is pre-
sented in Figure 3. In this model, the entire LV is hypoxic,
so the risk area consists of the entire LV mass. After the is-
chemia/reperfusion protocol, untreated (control) guinea pig

hearts had infarct sizes of 50±4% of
the AAR (n=14, Figure 3). Adminis-
tration of 1 nmol/L Bendavia, either
before ischemia (n=9) or at the onset
of reperfusion only (n=9), significantly
reduced infarct size to 29±6% and
31±6% AAR, respectively (P<0.05
versus control, ANOVA). Treatment
with 0.2 μmol/L cyclosporine A at
the onset of reperfusion also signifi-
cantly reduced infarct size to 33±5%
of the AAR (P<0.05 versus control,
ANOVA; n=8). There were no differ-
ences in infarct size among treat-
ment groups. Moreover, reductions
in infarct size were more prominent,
with larger at-risk zones in guinea
pigs than in sheep and rabbits.20,21

Effect of Bendavia on Coronary No-Reflow
In the rabbit model, Bendavia significantly reduced the extent
of no-reflow expressed as a percentage of the risk zone when
the relationship between the extent of the risk zone and the
extent of the no-reflow area in the 4 groups was analyzed by
ANCOVA testing for group as a covariate effect (P=0.036).
The mean value of no-reflow, expressed as a fraction of the
risk region, was 0.22±0.02 in the combined Bendavia groups
versus 0.28±0.03 in the control group (P=0.07). There was
a significant group effect on the relationship between the no-
reflow zone and the risk zone (P=0.0085, combined Bendavia
versus vehicle; Figure 4). The regression line for the treated
hearts lies below that of the control hearts. That is, for any given
risk zone, the extent of no-reflow was significantly smaller in
Bendavia-treated animals.

Effects of Bendavia on Postischemia
Hemodynamic Recovery and Arrhythmia
Across models, Bendavia had no major effects on the
recovery of cardiac electromechanical function after is-
chemia/reperfusion. In sheep studies, treatment with Ben-
davia had no significant effect on heart rate, mean arterial
pressure, mean pulmonary artery pressure, pulmonary wedge
pressure, central venous pressure, or cardiac output as com-
pared with the vehicle group. In rabbit studies, there were no
significant differences among groups in heart rate or blood
pressure.

In guinea pig experiments, neither the incidence of arrhyth-
mia nor the extent of recovery of LV function was influenced by
Bendavia treatment. Arrhythmia scores for the 2-hour reper-
fusion period were 4.9±0.4 in the control group (n=14).

DOI: 10.1161/JAHA.112.001644 Journal of the American Heart Association 6
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Figure 4. Relationship between risk zone (g) and the extent of no-
reflow (g). Lines of regression for vehicle-treated rabbits (dashed line)
and Bendavia-treated rabbits (solid line) are shown. *P=0.0085 by
ANCOVA testing for a treatment effect (Bendavia vs vehicle) on the
relationship.

Administration of Bendavia, either before ischemia or at the
onset of reperfusion, had no effect on arrhythmia scores
(5.8±0.7 and 4.4±0.4, respectively, n=9 and 9, respectively;
P>0.05, ANOVA). Cyclosporin A treatment also had no signif-
icant effect on the incidence of arrhythmia (arrhythmia score
of 4.0±0.5, n=8; P>0.05, ANOVA). LV developed pressure
at the end of the 2-hour protocol was 23±5 mm Hg in the
control group (n=14) and 24±6 mm Hg when Bendavia was
administered during both ischemia and reperfusion (n=9). Ad-
ministration of Bendavia or cyclosporine A at the onset of reper-
fusion also had no effect on recovery of developed pressure
(39±5 and 34±6 mm Hg, n=9 and 8, respectively; P>0.05,
ANOVA).

Myocardial Uptake of Bendavia
Cardiac uptake of Bendavia is presented in Figure 5. The guinea
pig myocardium extracted ≈25% of Bendavia per minute from
the perfusate, and there were no differences in the rate of
uptake between baseline perfusion and the reperfusion period
(P>0.05, ANOVA).

Guinea Pig Myocyte Survival During
Hypoxia/Reoxygenation
In this study, a total of 78 guinea pig cardiac myocytes were
exposed to cellular hypoxia/reoxygenation. Because cells died
during both the hypoxic and reoxygenation periods, a cell
survival plot is presented in Figure 6. A total of 43 cells
were exposed to hypoxia/reoxygenation under control (no-
drug) conditions, whereas another 35 cells were treated with
1 nmol/L Bendavia. At the end of the 20-minute hypoxia pe-

Figure 5. Uptake of Bendavia by the myocardium before ischemia
(Baseline) and during reperfusion. Data represent the percentage of
Bendavia taken up by the heart over a 1-minute time course.

Figure 6. Survival plot for myocytes in the study exposed to hypoxia
and reoxygenation. Each cell death event is noted as a downward step
in the survival curve. *P<0.02, log-rank (Mantel-Cox) test vs control
for the reoxygenation period. Bendavia significantly lowered cell death
rate during reoxygenation, but the extent of cell death during hypoxia
was similar to control.

riod, 65% of control cells (28 of 43 total) and 74% of Bendavia-
treated cells (26 of 35 total) were still alive (no drug effect
during hypoxia; P>0.05, Mantel-Cox test). Bendavia specif-
ically prevented death associated with reoxygenation. After
reoxygenation, there was a significant decrease in cell death
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Figure 7. Cellular ROS production during hypoxia/reoxygenation. A, Representative fluorescence
images of cardiac ventricular myocytes loaded with the ROS sensor CM-DCF. ROS bursts during
reoxygenation preceded cell death, and Bendavia treatment prevented ROS-induced cell death.
B, Representative fluorescence intensity traces for cells in the study. CM-DCF fluorescence is
normalized to the basal fluorescence (Fo) for each cell at the end of hypoxia. C, Contribution of ROS
bursts to myocyte death during hypoxia/reoxygenation.

evoked by Bendavia. Of the cells
that were alive at the onset of
reoxygenation, only 54% of control
cells survived until the end of
reoxygenation, compared to 85%
of cells that were treated with
Bendavia (P<0.02, Mantel-Cox
test).

Role of Mitochondrial ROS
in Cell Death
A subset of myocytes (n=35 total)
exposed to hypoxia/reoxygenation
were loaded with the ROS sen-
sor CM-DCF during the protocol
to monitor ROS production with
(n=18) or without (n=17) Ben-
davia pretreatment. Figure 7 de-
picts the incidence of a preceding
ROS burst before cell death. The
majority of cell death in the con-
trol group was preceded by a burst
of ROS during the reoxygenation
period. ROS-dependent cell death
was completely prevented in my-
ocytes treated with Bendavia (Fig-
ure 7B and 7C). ROS-independent
cell death during hypoxia or re-
oxygenation was similar between
the control and Bendavia-treated
groups. The time course for ROS
bursts in our model (as assessed
by DCF fluorescence) ranged be-
tween 1 and 19 minutes of reper-
fusion, with most bursts occurring
between minutes 5 and 15 of re-
oxygenation.

Maintenance of
Mitochondrial Membrane
Potential (��m)
Another subset of myocytes (n=37
total) was exposed to hypoxia/
reoxygenation while loaded with
the ��m indicator TMRM (pre-
sented in Figure 8). Myocytes
treated with Bendavia were
protected against cell death
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Figure 8. Mitochondrial membrane potential (��m) in myocytes during cellular hy-
poxia/reoxygenation. A, Representative fluorescence images of myocytes loaded with the ��m

sensor TMRM. ��m collapse often preceded cell death, and treatment with Bendavia improved
the capacity to maintain ��m. B, Representative fluorescence intensity traces for cells in the
study.

during reoxygenation, and specifically against cell death that
was preceded by a collapse of ��m. Only 14% of cells in
the Bendavia-treated group displayed a collapse in ��m be-
fore cell death, compared to 42% of untreated cells. These
data suggest that Bendavia helped promote cell survival by
sustaining mitochondrial energetics (��m) during reoxygena-
tion and decreasing the overall incidence of permeability
transition.

Discussion

Key Findings
Numerous agents have been tested as adjunctive therapy for
reperfusion injury in the setting of acute myocardial infarction.
At the present time, early reperfusion via thrombolytic ther-
apy or percutaneous coronary intervention (including percuta-
neous transluminal coronary angioplasty) is the only accepted
definitive therapy for acute myocardial infarction.22 Early reper-
fusion limits myocardial infarct size and improves survival rate.

Nevertheless, not all patients receive
early coronary artery reperfusion,
and at the time of reperfusion some
degree of injury may occur as a result
of reperfusion itself. Stunned my-
ocardium, the no-reflow phenomenon,
microvascular injury, and reperfusion
arrhythmias are forms of reperfusion
injury.

The present studies show that Ben-
davia, administered after the onset of
ischemia, demonstrated cardioprotec-
tive effects in several diverse models
of ischemia/reperfusion. Bendavia re-
duced myocardial infarct size in a large
animal model (sheep), attenuated the
extent of no-reflow in an in vivo rab-
bit model, and reduced infarct size in
isolated guinea pig hearts. Bursts of
ROS were blunted by Bendavia, result-
ing in better maintenance of mitochon-
drial energetics and lowered cell death
during reoxygenation. Finally, we ob-
served that myocardial uptake of Ben-
davia is high even during early reperfu-
sion, indicating that this compound is
actively taken up by myocardium even
if the tissue has been exposed to an
ischemic insult.

Cardioprotection at Reperfusion: “Salvaging Cells
That Are Salvageable”
Cell death during ischemia and reperfusion is multifactorial
and is generally attributed to a combination of necrosis and
apoptosis,23 with necrotic cell death being the predominant
cause of death in ischemic myocardium.24 Although reperfu-
sion is requisite to salvage tissue, prompt reperfusion also
may injure cells that are hovering between life and death. El-
evated intracellular levels of calcium, sodium, and inorganic
phosphate, an alkaline shift toward physiological pH, and pro-
duction of ROS are all noted in early reperfusion.23 These
factors promote the opening of energy-dissipating channels
in the inner mitochondrial membrane. In particular, the open
probability of both the mitochondrial permeability transition
pore (reviewed in Halestrap et al10) and the inner membrane
anion channel (reviewed in Brown et al25) is greatly enhanced
by ROS. Oxidant-induced pore/channel opening collapses mi-
tochondrial membrane potential (��m), leading to cessa-
tion of adenosine triphosphate production and ultimately cell
death.
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The Mitochondria as a Therapeutic Target
In the clinical realm, heightened ROS production is implicated
in the development of both infarction and the microvascular
damage that underlies coronary no-reflow.8,23 There is obvi-
ously a great deal of interest in decreasing reperfusion in-
jury with compounds that scavenge reactive intermediates
or directly block the permeability transition pore. Among the
candidate radical scavengers tested to date, early efforts fo-
cused primarily on superoxide dismutase mimetics and cata-
lase. These approaches reduced infarct size in some26–29 (but
not all30) animal studies and also decreased microvascular
damage and reduced no-reflow.30 Despite promising results
in animal studies, these strategies do not appear to translate
to beneficial effects in clinical trials.31,32 The reasons for the
lack of translation to the clinic have been described in detail
elsewhere20,33 but likely involve cell permeability concerns, as
well as findings that nonspecific radical scavengers must be
used in very high doses for efficacy to be seen. Furthermore,
superoxide dismutase mimetics scavenge only superoxide an-
ion, whereas a significant portion of tissue injury may arise
from radical-independent redox signaling (ie, oxidative shifts
in intracellular thiols).34

Direct permeability transition pore blockers have recently
shown potential in reducing reperfusion injury in animal and
human studies. Cyclosporin A, which inhibits the association
of cyclophilin D with the mitochondrial permeability transition
pore, has been shown to reduce cardiac ischemia/reperfusion
injury35,36 (Figure 3). In a recent small clinical trial,21 cy-
closporine given at the time of percutaneous coronary inter-
vention significantly reduced infarct size (assessed with both
magnetic resonance imaging and enzymatic markers in serum)
in humans, corroborating previous data from studies in an-
imals. A multicenter clinical trial is currently under way in
Europe to investigate cyclosporin in a larger population of
myocardial infarct patients. Although these early results are
promising, the use of cyclosporin may be limited by a narrow
therapeutic window,37 nonspecific effects on other cellular
cyclophilins/calcineurin,38 and reports of cyclosporin-induced
vasoconstriction.39

Reduction of Infarction With Bendavia
A clear need exists for cytoprotective compounds that freely
cross the sarcolemma, are effective across low doses, and
specifically target the region within the cell where oxidant pro-
duction is high (specifically, the mitochondria). Drs Hazel H.
Szeto and Peter W. Schiller developed a unique class of pep-
tides that concentrate within mitochondria and reduce ROS
generation in cultured cells exposed to chemical oxidative
stress.13,40 Bendavia (an analogue of SS-02 and SS-31 in the lit-
erature) is a novel peptide that is able to cross cell membranes.
In particular, studies using colocalization confocal imaging and

radiolabeled peptide uptake indicated that Bendavia localizes
to (and accumulates within) mitochondria,12,41 making it an
attractive therapy to reduce mitochondria-derived ROS.

From a therapeutic standpoint, Bendavia uptake appears
to be independent of the ��m. ��m collapses during is-
chemia, and the recovery of ��m at reperfusion is very het-
erogeneous in the myocardium.42,43 Treatment strategies that
require ��m for mitochondrial delivery (such as antioxidants
conjugated to triphenylphosphonium cations, eg, SkQ1, Mi-
toQ, MitoE, MitoSOD44) may only be targeting only cells that
are already on their way to recovery. In our study, myocardial
uptake of Bendavia was observed even in early reperfusion
(when ��m may be compromised), consistent with studies in
isolated cells where accumulation was not markedly affected
by chemical uncouplers of mitochondria.12 Furthermore, the
��m-depolarizing effects of compounds tethered to triph-
enylphosphonium make them self-limiting and translate to a
very narrow therapeutic window of efficacy.13 Bendavia treat-
ment has no noticeable effect on basal ��m when assessed
by either TMRM fluorescence12 or triphenylphosphonium up-
take (D.A. Brown, unpublished observations), allowing for a
very wide therapeutic range and cardioprotection at or below
nanomolar concentrations (Zhao et al12 and herein).

In the present study, we show for the first time that Ben-
davia treatment reduced cellular ROS generation and helped
sustain ��m in primary cardiac myocytes exposed to hy-
poxia/reoxygenation. In particular, Bendavia reduced oxidant-
dependent cell death during the reoxygenation period yet had
no effect on myocyte survival during hypoxia. This finding sup-
ports our hypothesis that this compound is most effective
when production of ROS is high and needs to be suppressed
or ablated at the site of generation (ie, the mitochondria). The
time course of ROS burst and myocyte death that we observed
is generally consistent with studies in the literature that have
used both in vivo and isolated heart models. Two different
studies found that the burst of ROS (assessed by electron spin
resonance spectroscopy) remained high for the first 20 min-
utes of reperfusion, after which the burst waned.45,46 In both of
these studies, ROS levels peaked within the first 5 minutes and
remained significantly elevated through the first 20 minutes of
reperfusion. We also found that ROS bursts were highest in
the first 20 minutes of reoxygenation, although the timing of
ROS bursts was slightly delayed in our model compared to
intact systems (most ROS-dependent cell death occurred be-
tween minutes 5 and 15 of reoxygenation in our study). A likely
explanation for this discrepancy is that our isolated myocytes
were not loaded, and thus the energetic needs of the myocytes
were lower than they would be in an intact syncytium, which
ostensibly prolonged the tolerance to metabolic insult in our
model.

Our myocyte data corroborate previous work in cell cul-
ture models, where Bendavia lowered the levels of ROS and
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promoted cellular survival in neuronal cells exposed to t-
butylhydroperoxide.12 It seems plausible that by keeping ROS
low, either by inhibiting the initiation and cascade of ROS pro-
duction or by mitochondrial ROS scavenging, Bendavia main-
tains ��m by reducing the open probability of (1) energy-
dissipating ion channels in the inner membrane and (2) the
permeability transition pore. With regard to the effects of Ben-
davia on the permeability transition pore, we recently directly
examined the effects of Bendavia on calcium-induced perme-
ability transition pore opening in isolated mitochondria. Ben-
davia does not appear to be a direct blocker of the pore,
as opposed to blockers such as cyclosporin-A or NIM811.47

Therefore, the maintenance of myocyte energetics (��m) that
we observed in our study seems to be an indirect effect of Ben-
davia (by keeping ROS low), rather than a direct effect on the
pore.

The cardioprotection that we observed in isolated guinea
pig cells translated to infarct-size reduction in several models
of ischemia/reperfusion. Notably, in each case, the protection
was observed when Bendavia was given after the onset of
ischemia. These data support the concept that damage to
the mitochondria at the time of reperfusion is therapeutically
preventable.

Bendavia Protection Against the No-Reflow
Phenomenon
Our study is also the first to demonstrate a beneficial effect
of Bendavia on the no-reflow phenomenon. No-reflow is the
phenomenon whereby portions of a myocardial infarction can-
not be reperfused despite the fact that the epicardial infarct-
related artery has been successfully reopened and remains
patent. The cause of no-reflow is primarily microvascular ob-
struction due to localized and regional swelling of the endothe-
lium. No-reflow has been identified in humans after myocardial
infarction by using a number of techniques, including magnetic
resonance imaging, echo contrast, and nuclear scanning.48

Because the zone of no-reflow is cut off from blood supply,
no-reflow may impede the healing phase of infarction. In both
experimental and clinical studies, no-reflow is associated with
more myocardial infarct expansion, worse LV dilation and re-
modeling, and more congestive heart failure and death.5,48 At
the present time, there are no FDA-approved drugs for the
treatment of no-reflow. In our study, for any given ischemic
risk zone size, Bendavia decreased no-reflow. This indepen-
dent effect on no-reflow for any given risk zone is one of the
first demonstrations of its kind for a cardioprotective agent
in the present model and is consistent with results previously
seen only with hypothermia induced before reperfusion.

Why should an agent that targets the mitochondria have
this effect on the vasculature? Mitochondrial ROS production
by endothelial cells during early reperfusion contributes to

microvascular damage associated with no-reflow.49 Isolated
endothelial cells exposed to hypoxia/reoxygenation display
increased mitochondrial ROS levels after reoxygenation, and
inhibitors of mitochondrial electron flow reduced endothelial
ROS production.50 Our study is the first to extrapolate these
findings from cultured cells to an intact mammalian (rabbit)
model of ischemia/reperfusion, demonstrating that targeting
and preventing endothelial mitochondrial ROS during early
reperfusion functionally reduces no-reflow. Moreover, our use
of Bendavia, which is effective at low doses and has no ef-
fect on normal mitochondrial respiration,12 represents a sig-
nificant advancement over more toxic approaches that reduce
endothelial ROS by directly blocking mitochondrial respiration.

Study Limitations
The reduction of myocardial infarct size in the sheep model
was modest, as was the trend toward reduction in the rabbit
model. In the isolated guinea pig hearts, the reduction in infarct
size was more robust. Although other drugs may have shown
greater reductions in infarct size,51,52 the directional change
was similar in 3 separate species studied in 3 separate lab-
oratories. It is possible that small sample sizes might explain
the fact that some of the comparisons failed to reach statis-
tical significance. Whether Bendavia would have any effect in
patients is unknown.

There are examples in the clinical literature in which the
reduction of infarct size was modest—for example, remote
ischemic conditioning, which reduced troponin T release by
16%.53 Several meta-analyses have examined the reduction in
infarct size associated with bone marrow–derived stem cell
therapy, showing modest reductions of infarct size of 6% and
7%,54,55 but this was associated with long-term improvement in
ejection fraction. We would not expect improvement in func-
tional recovery in the type of short-term studies described
in the present article because the salvaged peri-infarct my-
ocardium remains stunned for days to weeks after reperfusion.
Hence, to determine whether Bendavia improves cardiac func-
tion in an infarct model would require a long-term study. We
did not specifically study Bendavia in a stunned myocardium
model, which would require studying a brief period of transient
ischemia (5 to 15 minutes) that is not associated with necrosis.
Another critical component of ischemia/reperfusion injury is
related to calcium overload, which contributes to opening of
the mitochondrial permeability transition pore.56 We did not
specifically study whether Bendavia limits calcium overload,
but this would be of interest in future studies.

Summary
In conclusion, the mitochondria-targeting agent Bendavia
demonstrated cardioprotective properties in several in vitro

DOI: 10.1161/JAHA.112.001644 Journal of the American Heart Association 11



Reduced Ischemia/Reperfusion Injury With Bendavia Kloner et al
O

R
IG

IN
A

L
 R

E
S

E
A

R
C

H

and in vivo experimental models when administered before
reperfusion. It protected cardiomyocytes; it limited myocar-
dial infarct size; and for the first time it was shown to limit
no-reflow.
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Stealth Peptides, Inc.

Disclosures
None.

References
1. Herlitz J, Bengtson A, Hjalmarson A, Karlson BW. Morbidity during five

years after myocardial infarction and its relation to infarct size. Clin Cardiol.
1988;11:672–677.

2. Herlitz J, Hjalmarson A, Waldenstrom J. Relationship between enzymatically
estimated infarct size and short- and long-term survival after acute myocardial
infarction. Acta Med Scand. 1984;216:261–267.

3. Miller TD, Christian TF, Hopfenspirger MR, Hodge DO, Gersh BJ, Gibbons RJ.
Infarct size after acute myocardial infarction measured by quantitative tomo-
graphic 99mTc sestamibi imaging predicts subsequent mortality. Circulation.
1995;92:334–341.

4. Ndrepepa G, Tiroch K, Fusaro M, Keta D, Seyfarth M, Byrne RA, Pache J,
Alger P, Mehilli J, Schomig A, Kastrati A. 5-year prognostic value of no-reflow
phenomenon after percutaneous coronary intervention in patients with acute
myocardial infarction. J Am Coll Cardiol. 2010;55:2383–2389.

5. Rezkalla SH, Dharmashankar KC, Abdalrahman IB, Kloner RA. No-reflow phe-
nomenon following percutaneous coronary intervention for acute myocardial
infarction: incidence, outcome, and effect of pharmacologic therapy. J Interv
Cardiol. 2010;23:429–436.

6. McCully JD, Wakiyama H, Hsieh YJ, Jones M, Levitsky S. Differential contribu-
tion of necrosis and apoptosis in myocardial ischemia-reperfusion injury. Am J
Physiol. 2004;286:H1923–H1935.

7. Scarabelli TM, Knight R, Stephanou A, Townsend P, Chen-Scarabelli C,
Lawrence K, Gottlieb R, Latchman D, Narula J. Clinical implications of apoptosis
in ischemic myocardium. Curr Prob Cardiol. 2006;31:181–264.

8. Schwartz BG, Kloner RA. Coronary no reflow. J Mol Cell Cardiol. 2012;52:873–
882.

9. Prasad A, Stone GW, Holmes DR, Gersh B. Reperfusion injury, microvascular
dysfunction, and cardioprotection: the “dark side” of reperfusion. Circulation.
2009;120:2105–2112.

10. Halestrap AP, Pasdois P. The role of the mitochondrial permeability transition
pore in heart disease. Biochim Biophys Acta. 2009;1787:1402–1415.

11. Zhao K, Luo G, Zhao GM, Schiller PW, Szeto HH. Transcellular transport of
a highly polar 3+ net charge opioid tetrapeptide. J Pharmacol Exp Therap.
2003;304:425–432.

12. Zhao K, Zhao GM, Wu D, Soong Y, Birk AV, Schiller PW, Szeto HH. Cell-permeable
peptide antioxidants targeted to inner mitochondrial membrane inhibit mito-
chondrial swelling, oxidative cell death, and reperfusion injury. J Biol Chem.
2004;279:34682–34690.

13. Szeto HH. Mitochondria-targeted cytoprotective peptides for ischemia-
reperfusion injury. Antioxid Redox Signal. 2008;10:601–619.

14. Leshnower BG, Sakamoto H, Hamamoto H, Zeeshan A, Gorman JH 3rd, Gorman
RC. Progression of myocardial injury during coronary occlusion in the collateral-
deficient heart: a non-wavefront phenomenon. Am J Physiol Heart Circ Physiol.
2007;293:H1799–H1804.

15. Hale SL, Kloner RA. Cardioprotection with adenosine-regulating agent, GP531:
effects on no-reflow, infarct size, and blood flow following ischemia/ reperfu-
sion in the rabbit. J Cardiovasc Pharmacol Ther. 2010;15:60–67.

16. Brown DA, Aon MA, Akar FG, Liu T, Sorarrain N, O’Rourke B. Effects of
4′chlorodiazepam on cellular excitation-contraction coupling and ischaemia-
reperfusion injury in rabbit heart. Cardiovasc Res. 2008;79:141–149.

17. Brown DA, Aon MA, Frasier CR, Sloan RC, Maloney AH, Anderson EJ, O’Rourke
B. Cardiac arrhythmias induced by glutathione oxidation can be inhibited by
preventing mitochondrial depolarization. J Mol Cell Cardiol. 2010;48:673–679.

18. Frasier CR, Sloan RC, Bostian PA, Gonzon MD, Kurowicki J, Lopresto SJ, Ander-
son EJ, Brown DA. Short-term exercise preserves myocardial glutathione and
decreases arrhythmias following thiol oxidation and ischemia in isolated rat
hearts. J Appl Physiol. 2011;111:1751–1759.

19. Akar FG, Aon MA, Tomaselli GF, O’Rourke B. The mitochondrial origin of postis-
chemic arrhythmias. J Clin Invest. 2005;115:3527–3535.

20. Downey JM, Cohen MV. Why do we still not have cardioprotective drugs? Circ
J. 2009;73:1171–1177.

21. Piot C, Croisille P, Staat P, Thibault H, Rioufol G, Mewton N, Elbelghiti R, Cung
TT, Bonnefoy E, Angoulvant D, Macia C, Raczka F, Sportouch C, Gahide G, Finet
G, Andre-Fouet X, Revel D, Kirkorian G, Monassier JP, Derumeaux G, Ovize M.
Effect of cyclosporine on reperfusion injury in acute myocardial infarction. New
Engl J Med. 2008;359:473–481.

22. Schwartz Longacre L, Kloner RA, Arai AE, Baines CP, Bolli R, Braunwald E,
Downey J, Gibbons RJ, Gottlieb RA, Heusch G, Jennings RB, Lefer DJ, Mentzer
RM, Murphy E, Ovize M, Ping P, Przyklenk K, Sack MN, Vander Heide RS, Vinten-
Johansen J, Yellon DM. New horizons in cardioprotection: recommendations
from the 2010 National Heart, Lung, and Blood Institute Workshop. Circulation.
2011;124:1172–1179.

23. Murphy E, Steenbergen C. Mechanisms underlying acute protection from car-
diac ischemia-reperfusion injury. Physiol Rev. 2008;88:581–609.

24. Baines CP. The mitochondrial permeability transition pore and the cardiac
necrotic program. Pediatr Cardiol. 2011;32:258–262.

25. Brown DA, O’Rourke B. Cardiac mitochondria and arrhythmias. Cardiovasc Res.
2010;88:241–249.

26. Bognar Z, Kalai T, Palfi A, Hanto K, Bognar B, Mark L, Szabo Z, Tapodi A,
Radnai B, Sarszegi Z, Szanto A, Gallyas F Jr, Hideg K, Sumegi B, Varbiro G. A
novel SOD-mimetic permeability transition inhibitor agent protects ischemic
heart by inhibiting both apoptotic and necrotic cell death. Free Radic Biol Med.
2006;41:835–848.

27. Chi LG, Tamura Y, Hoff PT, Macha M, Gallagher KP, Schork MA, Lucchesi
BR. Effect of superoxide dismutase on myocardial infarct size in the canine
heart after 6 hours of regional ischemia and reperfusion: a demonstration of
myocardial salvage. Circ Res. 1989;64:665–675.

28. Kilgore KS, Friedrichs GS, Johnson CR, Schasteen CS, Riley DP, Weiss RH,
Ryan U, Lucchesi BR. Protective effects of the SOD-mimetic SC-52608 against
ischemia/reperfusion damage in the rabbit isolated heart. J Mol Cell Cardiol.
1994;26:995–1006.

29. Konya L, Kekesi V, Juhasz-Nagy S, Feher J. The effect of superoxide dismu-
tase in the myocardium during reperfusion in the dog. Free Radic Biol Med.
1992;13:527–532.

30. Przyklenk K, Kloner RA. “Reperfusion injury” by oxygen-derived free radicals?
Effect of superoxide dismutase plus catalase, given at the time of reperfusion,
on myocardial infarct size, contractile function, coronary microvasculature, and
regional myocardial blood flow. Circ Res. 1989;64:86–96.

31. Flaherty JT, Pitt B, Gruber JW, Heuser RR, Rothbaum DA, Burwell LR, George
BS, Kereiakes DJ, Deitchman D, Gustafson N. Recombinant human superoxide
dismutase (h-SOD) fails to improve recovery of ventricular function in patients
undergoing coronary angioplasty for acute myocardial infarction. Circulation.
1994;89:1982–1991.

32. Tsujita K, Shimomura H, Kawano H, Hokamaki J, Fukuda M, Yamashita T, Hida
S, Nakamura Y, Nagayoshi Y, Sakamoto T, Yoshimura M, Arai H, Ogawa H.
Effects of edaravone on reperfusion injury in patients with acute myocardial
infarction. Am J Cardiol. 2004;94:481–484.

33. Kloner RA, Schwartz Longacre L. State of the science of cardioprotection:
challenges and opportunities—proceedings of the 2010 NHLBI workshop on
cardioprotection. J Cardiovasc Pharmacol Ther. 2011;16:223–232.

34. Jones DP. Radical-free biology of oxidative stress. Am J Physiol Cell Physiol.
2008;295:C849–C868.

35. Duan X, Ji B, Yu K, Liu J, Hei F, Long C. Pharmacological postconditioning
protects isolated rat hearts against ischemia-reperfusion injury: the role of
mitochondrial permeability transition pore. ASAIO J. 2011;57:197–202.

36. Skyschally A, Schulz R, Heusch G. Cyclosporine A at reperfusion reduces infarct
size in pigs. Cardiovasc Drugs Ther. 2010;24:85–87.

37. Nazareth W, Yafei N, Crompton M. Inhibition of anoxia-induced injury in heart
myocytes by cyclosporin A. J Mol Cell Cardiol. 1991;23:1351–1354.

38. Waldmeier PC, Zimmermann K, Qian T, Tintelnot-Blomley M, Lemasters JJ.
Cyclophilin D as a drug target. Curr Med Chem. 2003;10:1485–1506.

39. Bloom IT, Bentley FR, Garrison RN. Acute cyclosporine-induced renal vasocon-
striction is mediated by endothelin-1. Surgery. 1993;114:480–487.

40. Szeto HH, Liu S, Soong Y, Wu D, Darrah SF, Cheng FY, Zhao Z, Ganger M,
Tow CY, Seshan SV. Mitochondria-targeted peptide accelerates ATP recov-
ery and reduces ischemic kidney injury. J Am Soc Nephrol. 2011;22:1041–
1052.

DOI: 10.1161/JAHA.112.001644 Journal of the American Heart Association 12



Reduced Ischemia/Reperfusion Injury With Bendavia Kloner et al
O

R
IG

IN
A

L
 R

E
S

E
A

R
C

H

41. Zhao K, Luo G, Giannelli S, Szeto HH. Mitochondria-targeted peptide
prevents mitochondrial depolarization and apoptosis induced by tert-butyl
hydroperoxide in neuronal cell lines. Biochem Pharmacol. 2005;70:
1796–1806.

42. Matsumoto-Ida M, Akao M, Takeda T, Kato M, Kita T. Real-time 2-photon
imaging of mitochondrial function in perfused rat hearts subjected to is-
chemia/reperfusion. Circulation. 2006;114:1497–1503.

43. Slodzinski MK, Aon MA, O’Rourke B. Glutathione oxidation as a trigger of
mitochondrial depolarization and oscillation in intact hearts. J Mol Cell Cardiol.
2008;45:650–660.

44. Smith RA, Adlam VJ, Blaikie FH, Manas AR, Porteous CM, James AM, Ross MF,
Logan A, Cocheme HM, Trnka J, Prime TA, Abakumova I, Jones BA, Filipovska
A, Murphy MP. Mitochondria-targeted antioxidants in the treatment of disease.
Ann N Y Acad Sci. 2008;1147:105–111.

45. Bolli R, Jeroudi MO, Patel BS, DuBose CM, Lai EK, Roberts R, McCay PB. Direct
evidence that oxygen-derived free radicals contribute to postischemic myocar-
dial dysfunction in the intact dog. Proc Natl Acad Sci U S A. 1989;86:4695–
4699.

46. Garlick PB, Davies MJ, Hearse DJ, Slater TF. Direct detection of free radicals in
the reperfused rat heart using electron spin resonance spectroscopy. Circ Res.
1987;61:757–760.

47. Sloan RC, Moukdar F, Frasier CR, Patel HD, Bostian PA, Lust RM, Brown DA.
Mitochondrial permeability transition in the diabetic heart: contributions of
thiol redox state and mitochondrial calcium to augmented reperfusion injury.
J Mol Cell Cardiol. 2012;52:1009–1018.

48. Kloner RA. No-reflow phenomenon: maintaining vascular integrity. J Cardiovasc
Pharmacol Ther. 2011;16:244–250.

49. Davidson SM, Duchen MR. Endothelial mitochondria: contributing to vascular
function and disease. Circ Res. 2007;100:1128–1141.

50. Therade-Matharan S, Laemmel E, Duranteau J, Vicaut E. Reoxygenation after hy-
poxia and glucose depletion causes reactive oxygen species production by mito-
chondria in HUVEC. Am J Physiol Regul Integr Comp Physiol. 2004;287:R1037–
R1043.

51. Asanuma H, Kitakaze M, Funaya H, Takashima S, Minamino T, Node K, Sakata Y,
Asakura M, Sanada S, Shinozaki Y, Mori H, Kuzuya T, Tada M, Hori M. Nifedipine
limits infarct size via NO-dependent mechanisms in dogs. Basic Res Cardiol.
2001;96:497–505.
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