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Abstract
In ischemic preconditioning (IPC) brief ischemia/reperfusion renders the heart resistant to infarction
from any subsequent ischemic insult. Protection results from binding of surface receptors by ligands
released during the preconditioning ischemia. The downstream pathway involves redox signaling as
IPC will not protect in the presence of a free radical scavenger. To determine when the redox signaling
occurs, five groups of isolated rabbit hearts were studied. All hearts underwent 30 min of coronary
branch occlusion and 2 h of reperfusion. IPC groups were subjected to 5 min of regional ischemia
followed by 10 min of reperfusion prior to the 30-min coronary occlusion. The Control group had
only the 30-min occlusion and 2-h reperfusion. The second group had IPC alone. The third group
was also preconditioned, but the free radical scavenger N-2-mercaptopropionyl glycine (MPG, 300
µM) was infused during the 10-min reperfusion and therefore was present in the myocardium in the
distribution of the snared coronary artery during the entire reperfusion phase and also during the
subsequent 30-min ischemia. In another preconditioned group MPG was added to the perfusate before
the preconditioning ischemia and therefore was present in the tissue only during the preconditioning
ischemia and then was washed out during reperfusion. In the fifth group MPG was added to the
perfusate for only the last 5 min of the preconditioning reperfusion and therefore was present in the
tissue during the last minutes of the reperfusion phase and the 30 min of ischemia. Infarct size and
risk size were measured by triphenyltetrazolium staining and fluorescent microspheres, resp. IPC
reduced infarct size from 31.3±2.7% of the ischemic zone in control hearts to only 8.4±1.9%. MPG
completely blocked IPC’s protection in the 3rd group (39.4±2.8%) but did not affect its protection
in groups 4 (8.1±1.5%) or 5 (7.8±1.1%). Hence redox signaling occurs during the reperfusion phase
of IPC.

Introduction
Exposure of the heart to a brief period of ischemia followed by reperfusion causes it to become
very resistant to infarction when exposed to a subsequent ischemic insult. Protection of this
ischemic preconditioning (IPC) is triggered by binding of surface receptors by ligands released
during the preconditioning ischemia [22,26]. IPC’s actual protection results from inhibition of
mitochondrial permeability transition pores (mPTP) following restoration of blood flow after
the lethal ischemic insult [11]. In a non-preconditioned heart production of reactive oxygen
species (ROS) and/or calcium entry in the first minutes of reperfusion lead to the opening of
mPTP which destroy many of the heart’s mitochondria [23,25]. In the IPC heart less ROS are
produced during reperfusion and mPTP formation is inhibited. Because reactive oxygen
species (ROS) are believed to play an important role in the pathogenesis of myocardial
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ischemia/reperfusion injury [3,8–10,23], they were considered to be undesirable. However
ROS have recently been shown to be involved in IPC’s cardioprotective signaling [1]. IPC’s
trigger phase is dependent on both mitochondrial ATP-sensitive potassium channels
(mKATP) [3,21] and ROS production [21]. mKATP opening of leads to production of ROS by
the mitochondria that then trigger protection through redox signaling [15,19,20].

It is unknown when ROS signaling actually occurs. We have proposed that the ROS release
that triggers IPC occurs during the reperfusion phase of IPC when oxygen tension is high in
the myocardium. Release of agonists by ischemic cells and binding of surface receptors would
occur in both preconditioned and naïve hearts, but ROS generation and triggering of protection
during the brief reperfusion would occur in only IPC hearts. Thus both ischemia and well as
reperfusion are needed to put the heart into a protected state. Unfortunately direct
measurements of ROS production in ischemic heart cells have not supported our hypothesis.
In chick myocytes dichlorofluorescein (DCF), a probe that becomes fluorescent in the presence
of H2O2 [12], has indicated that ROS are made during simulated ischemia and production
actually stops during reoxygenation [3]. Of course we do not know if the ROS detected by
DCF are the same ROS that are responsible for IPC’s redox signaling. We, therefore, designed
protocols to determine when redox signaling is required. We confined the free radical scavenger
N-2-mercaptopropionyl glycine (MPG) to either the ischemic or the reperfusion phase of IPC
and observed markedly different effects.

Methods
Isolated heart model

All animal care adhered to published guidelines [17] and the procedures were approved by the
university’s Institutional Animal Care and Use Committee. New Zealand White rabbits were
anesthetized with sodium pentobarbital (30 mg/kg) and ventilated with 100% oxygen. Hearts
were exposed through a left thoracotomy, and a suture was passed around a branch of the left
coronary artery to form a snare. The heart was excised and perfused on a Langendorff apparatus
with modified Krebs-Henseleit bicarbonate buffer that contained (in mM) 118.5 NaCl, 24.7
NaHCO3, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 2.5 CaCl2, and 10.0 glucose. The buffer was
gassed with 95% O2/5%CO2. A fluid-filled latex balloon was inserted into the left ventricle to
measure pressure. All hearts were allowed to equilibrate for 20 min before the protocol was
started.

Protocol for infarct studies
Five groups of isolated rabbit hearts were studied. All groups underwent 30 min of coronary
branch occlusion and 2 h of reperfusion. IPC groups were subjected to 5 min of regional
ischemia followed by 10 min of reperfusion prior to the 30 min of coronary occlusion. A
detailed diagram of the protocols appears in Fig 1. The control group had only the 30-min
occlusion and 2-h reperfusion. The second group had only IPC. In the third group also with
IPC MPG (300 µM) was added to the perfusate for 15 min starting just after the beginning of
the preconditioning ischemia and ending with the onset of the 30-min ischemic period. Because
rabbit hearts have very sparse collateralization MPG would not be expected to enter the tissue
in the distribution of the snared artery until the onset of IPC’s reperfusion period and would
not be washed out until after the 30-min ischemic period. The fourth group was also
preconditioned and MPG was infused for 10 min starting 5 min prior to IPC’s ischemia and
ending with release of the 5-min coronary occlusion. Therefore, MPG would have been present
in the tissue during the preconditioning ischemia and then quickly washed out during IPC’s
reperfusion phase. In the fifth group a 10-min infusion of MPG was started in the fifth minute
of preconditioning’s reperfusion period. Thus MPG would have entered the tissue during the
last 5 min of reperfusion and been present during the subsequent 30-min ischemia. The three
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groups were necessary because the washin and washout times would have been in the order of
several minutes making it impossible to have MPG present in the tissue during only ischemia
or during only reperfusion. For example, in group 3 a small amount of MPG may have entered
the tissue during the preconditioning ischemia and definitely would have been present during
the 30-min ischemic period. Group 5 then tested whether the MPG during the 30-min ischemic
period was critical.

Measurement of infarct size
At the end of the experiment, the coronary artery was reoccluded, and 2–9 µm fluorescent
microspheres (Microgenics Corp., Freemont, CA) were infused to delineate the ischemic zone
(region at risk) as the area of tissue without fluorescence. The heart was cut into 2-mm-thick
slices. The slices were incubated in 1% triphenyltetrazolium chloride in sodium phosphate
buffer (pH 7.4) at 37°C for 10 min. The slices were then immersed in 10% formalin to preserve
the stained (viable) and unstained (necrotic) tissue. The risk zone was identified by illuminating
the slices with ultraviolet light which excited the fluorescent microspheres present in the non-
ischemic muscle. The areas of infarct and risk zone were determined by planimetry of each
slice, and volumes were calculated by multiplying each area by the slice thickness and summing
them for each heart. Infarct size was expressed as a percentage of the risk zone.

Data analysis
All data are expressed as mean ± SEM. One-way analysis of variance (ANOVA) with Tukey’s
post hoc test was performed on baseline hemodynamic variables, risk zone, and infarct size.
A value of p<0.05 was considered to be significant.

Results
Hemodyamics

There were no differences in baseline hemodynamics among the 5 groups (see Table 1).
Coronary occlusion caused an expected decrease in left ventricular developed pressure and
coronary flow in all groups. There was partial recovery following reperfusion.

Infarct size
There was no significant difference in body weight or heart weight among the groups (see
Table 2). Preconditioning reduced infarct size from 31.3±2.7% of the ischemic zone in control
hearts to only 8.4±1.9% (p<0.001) (Fig. 2). MPG completely blocked preconditioning’s
protection (p<0.001) in the third group (39.4±2.8%), but did not alter preconditioning’s
protection in the fourth (8.1±1.5%) or fifth (7.8±1.1%) groups. Group 3 is the only group that
would have had MPG present in the myocardium in the distribution of the snared artery during
the early minutes of preconditioning’s reperfusion phase.

Discussion
Free radicals have been proposed to be an important part of the mechanism of preconditioning
[1,6,20]. ROS have a physiological role in modulating cell signaling pathways. Despite the
fact that ROS act as second messengers in normal cells at low concentrations, at high
concentrations ROS are toxic and can induce cell damage. It is well known that a burst of ROS
occurs when molecular oxygen is returned to cells that have endured prolonged ischemia [2,
7]. ROS are also generated during ischemia. [3,13] Residual oxygen during ischemia
apparently provides sufficient molecular O2 for generation of superoxide anion (O2

−•) by
mitochondria. When isolated cardiomyocytes are incubated with DCF, simulated ischemia
increases fluorescence in cells with functioning mitochondria [2,3,24], and if the hypoxic

Dost et al. Page 3

Basic Res Cardiol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



period is brief reoxygenation actually reduces ROS production. It has been proposed that the
ROS oxidizing DCF are the same ones that trigger preconditioning [2]. The present data would
argue against that conclusion, however. In our experiments only when MPG was present
throughout most of IPC’s reperfusion phase were hearts not protected by IPC (group 3). When
MPG was present in the myocardium only during the preconditioning ischemia (group 4),
protection of that tissue was not affected. Also loading the tissue with MPG prior to the
prolonged ischemic insult also failed to affect protection. Thus the redox signaling that triggers
IPC’s protection occurs during early reperfusion rather than during the preceding ischemia.
Therefore, any H2O2 produced during ischemia is probably unrelated to the signaling
responsible for triggering of preconditioning.

Mitochondria make small quantities of superoxide because of the leak of electrons in their
electron transport chain. Dismutation of superoxide anion produces hydrogen peroxide
(H2O2) which DCF detects [12]. Although, other potential source of ROS, such as nitric oxide
synthase, NADPH oxidases, and xanthine oxidase, contribute to ROS generation, mitochondria
are thought to be the source of the ROS that trigger IPC because those ROS are under the
control of mKATP [5,18,20].

Regardless of the identity of the ROS signal that triggers IPC’s protection, MPG must be
capable of scavenging it. MPG is actually a very selective scavenger of hydroxyl radical and
peroxynitrite and does not react with H2O2 or superoxide [4,16]. DCF should be insensitive to
a low level hydroxyl radical signal. We found that reduced Mitotracker red which is readily
oxidized by ROS to a fluorescent product is a very sensitive reporter for ROS generated by
mKATP openers in well-oxygenated isolated cardiomyocytes [18]. We were unable to oxidize
reduced Mitotracker red with H2O2 in a test tube indicating that it does not detect this species.
In our pilot studies DCF could not detect the mKATP-induced ROS signal while Mitotracker
could (unpublished observation). Also MPG completely abolished the Mitotracker signal.
[14] These observations suggest that DCF detects a different ROS species than that which is
responsible for triggering IPC.

Conclusion
This study clearly indicates that the critical time for the redox signaling that triggers entrance
into the preconditioned state is during IPC’s early reperfusion phase rather than during the
preconditioning ischemia. These data suggest that the H2O2 seen during simulated ischemia
in cells is unrelated to the redox signaling responsible for triggering of preconditioning. Finally
they explain why ischemia interrupted by a brief period of reperfusion is required to trigger a
protected state.
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Fig. 1.
Infarct protocols. Abbreviations: MPG= N-2-mercaptopropionyl glycine,
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Fig. 2.
Infarct size as a percentage of risk zone for individual hearts and group means with SEM. The
protective effect of ischemic preconditioning (IPC) was blocked in group 3 (2-N-
mercaptopropionyl glycine infused for 15 min during IPC ischemia and reperfusion). *p<0.001
vs. Control, †p<0.001 vs. group 3
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