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and reperfusion: The role of Kytp channels
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Abstract

The objective of this study was to assess the effects of ischemic preconditioning (IP) on hydroxyl free radical production in an
in vivo rabbit model of regional ischemia and reperfusion. Another goal was to determine whether Karp channels are involved
in these effects.

The hearts of anesthetized and mechanically ventilated New Zealand White rabbits were exposed through a left
thoracotomy. After IV salicylate (100 mg/kg) administration, all animals underwent a 30-min stabilization period followed by
40 min of regional ischemia and 2 h of reperfusion. In the IP group, IP was elicited by 5 min of ischemia followed by 10 min of
reperfusion (prior to the 40-min ischemia period). Glibenclamide, a Karp channel blocker, was administered prior to the
preconditioning stimulus. Infarct size was measured by 2,3,5-triphenyl tetrazolium chloride (TTC) staining. We quantified
the hydroxyl-mediated conversion of salicylate to its 2,3 and 2,5-dihydroxybenzoate derivatives during reperfusion by high
performance liquid chromatography coupled with electro-chemical detection.

IP was evidenced by reduced infarct size compared to control animals: 22% vs. 58%, respectively. Glibenclamide inhibited
this cardioprotective effect and infarct size was 53%. IP limited the increase in 2,3 and 2,5-dihydroxybenzoic acid to 24.3 and
23.8% above baseline, respectively. Glibenclamide abrogated this effect and the increase in 2,3 and 2,5-dihydroxybenzoic acid
was 94.3 and 85% above baseline levels, respectively, similar to the increase in the control group. We demonstrated that IP
decreased the formation of hydroxyl radicals during reperfusion. The fact that glibenclamide inhibited this effect, indicates
that Karp channels play a key role in this cardioprotective effect of IP.

Keywords: Heart, myocardium, ischemic preconditioning, oxygen free radicals, ATP sensitive potassium channels

Introduction

Repeated brief episodes of myocardial ischemia
protect the myocardium against subsequent pro-
longed ischemic insults. This phenomenon has been
termed ischemic preconditioning (IP), and has been
described in various animal models, as well as humans
[1-3]. However, the mechanism that activates the

intrinsic effectors which protect intracellular struc-
tures following preconditioning is not yet completely
understood.

Occlusion of a major branch of a coronary artery is
followed by physiological and metabolic changes that
appear within seconds after cessation of coronary flow
mainly characterized by a shift of energy metabolism
from aerobic to anaerobic glycolysis [4].
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Because the demand of the myocytes for energy
exceeds the supply provided by anaerobic glycolysis and
the reserves of high-energy phosphates, tissue adenosine
triphosphate (ATP) decreases and adenosine dipho-
sphate (ADP) begins to accumulate. Restoration of
blood flow to ischemic myocytes results in restoration of
aerobic metabolism and salvage of the ischemic
myocardium [5]. However, restoring blood flow to the
ischemic myocardium may also cause tissue damage,
thus further injuring the affected myocardium [6]. Bolli
showed that 50—70% of the reperfusion injury is caused
by a burst of oxygen-derived free radicals liberated
during the first few minutes of reperfusion [7]. These
free radicals damage the myocyte and thereby cause
much of the “stunning” effect. “Stunned” myocardium
is a myocardium which has been rendered ischemic, but
not irreversibly damaged [8]. It appears as a prolonged
depression of regional myocardial function, which
continues long after restoration of blood flow and
reappearance of a normal electrocardiogram.

The exact changes that lead to myocyte dysfunction
during reperfusion are unknown. At present, altera-
tions in calcium homeostasis, and the release of
oxygen free radicals are considered key events in the
pathogenesis of reperfusion injury [6]. Upon reperfu-
sion, as a consequence of mitochondrial electron
transport chain dysfunction [9], molecular oxygen
undergoes sequential reduction to form reactive
species of oxygen, including hydrogen peroxide,
superoxide and the hydroxyl radical. Hydroxyl
radicals (*OH) are extremely reactive and can oxidize
and damage many cellular components [10]. At high
concentrations, these highly reactive oxidants can
induce peroxidation of membranes and membrane
proteins involved in ion transport, thus altering their
integrity, affecting cellular ionic homeostasis and
leading to depressed cardiac function and myocyte
death [11]. Vanden Hoek ez al. [12] demonstrated that
IP in ventricular embryonic chick cardiomyocytes is
cardioprotective by attenuating oxidant stress at
reperfusion. Zhai er al. [13] and Zhou et al. [14]
used rat cardiomyocytes and demonstrated that IP
might confer protection 24 h after preconditioning by
decreasing superoxide levels.

There is evidence that oxygen free radicals play a
crucial role in the triggering mechanism of myocardial
preconditioning because myocardial protective effects
were abolished when reactive oxygen species scaven-
gers were administered during preconditioning pulses
of ischemia [15,16]. On the other hand, attenuation of
oxidant stress during reperfusion may decrease the
damage caused by ischemia and reperfusion [17].
However, to our knowledge, there are no reports of -
vivo evaluation of the effect of IP on oxygen free
radical production during reperfusion using an intact
heart.

The initial objective of this study was to determine
whether IP would limit hydroxyl oxygen free radical

production and release during reperfusion in an  situ
rabbit model. We used an experimental model, in
which ‘OH radicals react with salicylate and generate
2,3 and 2,5-dihydroxybenzoic acids (DHBAs). These
can be measured by high performance liquid
chromatography-electrochemical detector [18]. The
formation of DHBASs after systemic administration of
salicylate is used as an index of ‘OH generation in the
heart.

The ATP sensitive potassium (Karp) channels have
been shown to be an important mediator in the
process of IP [19]. Kersten ez al. [20] and Gross ez al.
[21] have shown that the protective effect of
myocardial preconditioning is mediated via activation
of the Karp channels. Therefore, the second aim of
this study was to examine whether attenuation of
hydroxyl radicals generation by IP is also a Karp
channel-mediated process. To elucidate the possible
role of Katp channels in the cardioprotective effect of
IP, the effect of the sulfonylurea Karp channel
blocker, glibenclamide, on hydroxyl radical pro-
duction was examined.

Materials and methods

All experiments were conducted following the
approval of the Institutional Committee for Animal
Care and Laboratory Use, and in compliance with the
Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institute of Health
(NTIH publication No. 85-23, revised 1996).

General preparation

New Zealand white rabbits weighing 2.5-3.5 kg were
initially premedicated with an intramuscular injection
of a ketamine (50 mg/ml)/xylasine (10 mg/ml) solution
at a volume of 0.6 ml/kg body weight. They were then
anesthetized with intravenous thiopental (10 mg/kg)
administered via a 20-g catheter in a marginal ear vein.
Anesthesia was maintained during the experiment by
10 mg thiopental supplements as needed (according to
the eyelash reflex). The neck was opened with a
ventral midline incision and a tracheostomy per-
formed. The rabbits’ lungs were mechanically
ventilated with positive pressure ventilation using
100% oxygen. Ventilation was adjusted to maintain
the blood pH within the physiologic range. End tidal
carbon dioxide tension was continuously monitored.
A 22-g catheter filled with heparinized saline was
placed in a carotid artery for blood pressure
monitoring and blood sampling. Core body tempera-
ture was measured via a rectal temperature probe and
maintained at 38.5°C (normothermic for rabbits) with
radiant heat and a warming blanket. Three lead
electrocardiogram was continuously recorded. A left
thoracotomy was performed in the fourth intercostal
space to expose the heart, and the pericardium
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was opened. A 4-0 silk suture was passed around a
prominent branch of the left coronary artery with a
tapered needle and the ends of the suture were
threaded through a small vinyl tube to form a snare.
Coronary artery occlusion was achieved by tightening
the snare around the coronary artery. Myocardial
ischemia was confirmed by regional epicardial
cyanosis and ST-segment elevations in the electro-
cardiogram. Reperfusion was achieved by releasing
the snare and was confirmed by visual observation of
reactive hyperemia.

Experimental protocol

All animals were given intravenously salicylate
(100 mg/kg) at the beginning of the experiment.
Salicylate is a highly effective hydroxyl free radical
scavenger, which upon scavenging ‘OH, forms 2,3 and
2,5-DHBA by hydroxylation. After 30 min of stabiliz-
ation, all animals underwent 40 min of regional
ischemia followed by 2 h of reperfusion. Precondition-
ing was elicited by 5min of coronary occlusion
followed by 10 min of reperfusion, beginning 15 min
prior to the period of prolonged coronary occlusion.
Rabbits were randomly assigned to one of the following
groups: Control group (ischemia and reperfusion
without further intervention) (C, n = 10); ischemic
preconditioning (IP, n = 10); IP 4+ 0.05 mg/kg of
intravenous glibenclamide (IP 4+ G, n = 10). In order
to rule out the possibility that glibenclamide itself may
influence the generation of reactive oxygen species
during reperfusion, another control group in which
glibenclamide was administered prior to ischemia and
reperfusion but without preconditioning treatment
was also included (C + G, n = 6). Glibenclamide was
administered 10 min prior to the 5min of coronary
occlusion or 40 min of coronary occlusion in groups
IP + G and C + G, respectively (Figure 1). In a third
control group (n = 6) glibenclamide was given to
sham-operated rabbits to rule out any possible direct
effect of this agent on the baseline levels and
production of reactive oxygen species in non-ischemic
hearts (data not shown). Blood pressure, heart rate and
temperature were recorded continuously. Blood
samples for salicylate and hydroxyl free radical
measurements and blood glucose levels were obtained
as follows: At the beginning of the experiment
(baseline), every 2min for the first 10 min of the
prolonged reperfusion and thereafter every 10 min (up
to 30 min of reperfusion). The samples were then kept
at — 80°C until analyzed. In addition, in groups IP and
IP + G blood samples for salicylate and hydroxyl
radical levels were also collected at the end of the first
coronary occlusion and after 5 and 10 min during the
first reperfusion period. The yield of DHBA deriva-
tives depends on both the flux of the generated
hydroxyl radicals and the concentration of salicylate.
The values of DHBA derivatives were normalized to

THE EXPERIMENTAL PROTOCOL

Control

Stah iliza tion [ I8 (G T 7Y Reperfusion

R B M— 1 5 2 hoars

Control + Glibenclamide

Stah ilizatin
Glibenclanude |

Ischemin Reperfusion

Ischemic Preconditioning

O Ischemia

4_:‘['tmn_.TT 40 min -

5710

IP + Glibenclamide

O  Ischemia

Reperfusion

Y
Glibenclamide |

Figure 1. Diagram of the experimental protocol. O—occlusion;
Rep—reperfusion. Glibenclamide (0.05mg/kg) was administered
10 min prior to preconditioning.

account for the difference in salicylate concentration at
different time points. Variations in salicylate concen-
tration are attributed to its metabolism and renal
clearance. The concentrations of hydroxyl radicals
generated in the heart are expressed as the ratio
between DHBA (ng) and salicylate (ug).

Determination of infarct size and area at risk

At the end of the experimental protocol, hearts were
excised, mounted on a Langendorff apparatus, and
perfused with phosphate buffered saline at 100 cm
H,O for 1 min in order to wash out intravascular
blood. The coronary artery was re-occluded and 0.1%
methylene blue was infused into the aortic root to label
the normally perfused zone with deep blue color,
thereby delineating the risk zone as a non-stained area.
The hearts were then removed from the Langendorff
apparatus, trimmed of atria and great vessels,
weighed, and frozen (in a cold chamber with a
temperature of — 18°C). Hearts were then cut into
2mm transverse slices. The slices were incubated in
1% 2,3,5-triphenyl tetrazolium chloride (T'TC) in pH
7.4 buffer for 20 min at 37°C. The slices were then
placed in 10% neutral buffered formalin for 10 min to
increase the contrast between stained and non-stained
tissue. Since TTC stains viable tissue a deep red color,
nonstained tissue was presumed to be infarcted. Slices
were then photographed, and risk and infarct areas in
each slice were measured by computed planimetry.
The mass-weighted average of the ratio of infarct area
to the area at risk of the ventricle from each slice was
determined (percent infarction).

Quantificarion of hydroxyl radicals by salicylate

DHBA levels were identified and measured by high
performance liquid chromatography coupled with
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electrochemical detection using a Varian 5000 liquid
chromatograph (Varian Medical Systems, Palo Alto,
CA), equipped with a Rheodyne 7125 sample injector
(20 w1 loop) (Rheodyne LL.C, Rohnert Park, CA).
The column used for separation of salicylate and
DHBA was a 25 cm X 4 mm Li Chrospher 100 RP-18,
5 uwm (E-Merck, Darmstadt, Germany). The mobile
phase contained 0.03 M citric acid, 0.03 M acetic
acid, 0.2 g/l sodium azide and 2 X methanol. The
mobile phase was titrated with solid NaOH to pH 3,
followed by titration with CH3COONa to a final pH of
3.6. The flow rate was 1ml/min. The system was
equipped with two detectors in series. Salicylate was
identified and measured fluorimetrically using a FD-
300 model fluorescence detector (Spectrovision,
Chelmsford, MA) employing excitation and emission
wave lengths of 300 and 412 nm, respectively. DHBA
derivatives were quantified using an electrochemical
amperometric detector (Model 4A, Bioanalytical
Systems, West Lafayette, IN), with a plastic cell
equipped with a glass carbon electrode operated at
+0.80V, using an Ag/AgCl reference electrode. The
signals from the detector were acquired on an EZ
Chrome data acquisition and handling system and
subsequently processed.

Data analysis and statistics

Data are expressed as mean = SEM. Hemodynamics
over time within each group were analyzed using
analysis of variance (ANOVA) with Dunnett’s post hoc
testing for multiple comparisons. Differences in
hemodynamics and infarct size between groups were
analyzed using ANOVA with the Tukey post hoc test.
Incidence of ventricular fibrillation was analyzed with
Kruskal-Wallis test. Differences in DHBA concen-
trations between groups were assessed by ANOVA
with Student-Newman-Keuls post hoc testing. Signifi-
cance level was set at p < 0.05.

Results

A total of 42 rabbits were studied. The results from 35
animals contributed to the final data set. The
remaining seven animals were excluded because of
technical failures: Accidental release of the snare
during the ischemia period (n = 2) or ventricular
fibrillation (# =5). The incidence of refractory
ventricular fibrillation was not significantly different
among groups (2/10 C, 1/10 IP, 2/10 IP 4+ G; 0/6
C + G, 0/6 sham operated animals p = 0.35 with
Kruskal-Wallis test).

Mean arterial pressure was not significantly different
among groups at any time point. There was a trend for
mean arterial pressure to decrease over time within all
groups. Heart rate was similar in all groups, as was the
rate—pressure product, thus differences in myocardial
infarct size between groups could not be attributed to
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Figure 2. Rate-pressure product. There was no significant
difference between the groups for any time point. Data are the
means. SE bars were omitted to improve clarity. C—control; IP—
ischemic preconditioning; IP 4+ G—ischemic preconditioning +
glibenclamide; C + G—control + glibenclamide.

decrease in blood pressure or differences in heart rates.
Hemodynamic data are presented in Figure 2. No
hypoglycemia was noted and the differences in blood
glucose concentrations between the groups were not
significant.

Inhibition of the cardioprotective effect of IP on infarct size
by pretreatrment with glibenclamide

The area at risk to left ventricular mass ratio (AR/LV)
did not differ significantly among the groups (51 * 2%
in the control group, 54 £ 3% in the IP group, 47 = 4%
in the IP + G group, 48 = 3% in the C + G group,
p = NS) (Figure 3). These data suggest that changes in
the infarct sizes observed in the various experimental
groups can not be related to the percentage of the left
ventricular myocardium that was occluded.

In the control group (C) the measured infarct size
was 58 * 4% of the area at risk. IP had a cardiopro-
tective effect demonstrated by a reduction of the infarct
size to 22 = 5% of the area at risk (P < 0.01).
Administration of glibenclamide prior to IP abolished
the protective effect of IP in regard to infarct size
reduction. The measured infarct size in group IP + G
was 53 = 5% ofthe area atrisk (P < 0.01, compared to
the IP group and not significantly different compared
to group C) (Figure 3). The measured infarct size in
group C + G was 55 = 3% of the area at risk (not
significant compared to group C), thus indicating that
glibenclamide itself has no direct influence on infarct
size (Figure 3).

Changes in the generation of hydroxyl radicals during IP
and after administration of glibenclamide

In the IP and IP + G groups the level of 2,3 and 2,5-
DHBA did not increase significantly after 5 min
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Figure 3. Bar graphs showing the area at risk as percentage of the

left ventricle mass (AR/LV; A) and infarct size as percentage of the
area at risk (B). Ischemic preconditioning significantly reduced
infarct size as compared to control animals, whereas the
administration of glibenclamide abolished this protective effect
and infarct size is similar to that of the controls. Data are
mean = SEM. C—control; IP—ischemic preconditioning;
IP + G—ischemic preconditioning + glibenclamide; C + G—
control + glibenclamide **P < 0.01.

of index ischemia during the preconditioning period
(12 and 9%, respectively compared to baseline values
in group IP, [P = NS] and 8 and 5% in group IP + G,
respectively [P = NS]). After 5min of reperfusion
following the preconditioning stimulus there was
an increase of 29% (P < 0.05) above baseline in
2,3-DHBA. A further 36% increase (P < 0.05) above
baseline levels was observed after 10 min, at the end of
the first reperfusion period. The level of 2,5-DHBA
increased by 26% compared to baseline values
(P<0.05) at 5min of reperfusion and increased
further to 32% (P < 0.05) above baseline values after
10 min. Administration of glibenclamide attenuated
the increase in hydroxyl radical levels in group IP + G
during the preconditioning period: The measured
normalized values of 2,3-DHBA were 11% (P = NS)
and 14% (P = NS) above baseline levels, after 5 and
10min of the first reperfusion period, respectively.
Furthermore, as was observed with 2,3-DHBA,
glibenclamide attenuated the increase in the
concentration of 2,5-DHBA during preconditioning:
At 5min of reperfusion the measured value of 2,5-
DHBA was only 11% (P = NS) above baseline levels
and at 10min 12% (P =NS) above the baseline
values.

An acute increase of 50% compared to baseline
values (P < 0.05) in normalized 2,3-DHBA in the
control group was observed after 2 min of reperfusion.
Following 10 min of reperfusion, the peak value was

measured (81.3% increase compared to baseline
levels; P < 0.01) (Figure 4). After 10 min of reper-
fusion there was only a 24.3% increase in the
concentration of 2,3-DHBA in the IP group
(P <0.01, compared to control group). However,
the addition of glibenclamide, prior to IP, reversed this
effect and the hydroxyl radical production increased to
a degree similar to that seen in the control group
(increase of 94.3%, P = NS compared to group C).
In group C + G there was an increase of 87.9% in the
concentration of the 2,3 derivative (P = NS compared
to group C), thus ruling out any possible effect of
glibenclamide itself on the generation of hydroxyl
radicals. Maximal production of 2,5-DHBA occurred
in the control group after 4min of reperfusion:
A 74.5% increase compared to baseline values,
(P<0.01) (Figure 5). IP, however, significantly
attenuated this increase to only 23.8% above baseline
values (P < 0.01, compared to group C). Glibencl-
amide inhibited the preconditioning effect and the
increase in 2,5-DHBA (81.7%) was comparable to
that of the control group (P =NS). As with
2,3-DHBA, glibenclamide itself had no effect on the
production of 2,5-DHBA. After 4 min of reperfusion
there was an increase of 78.2% in the level of this
derivative compared to baseline levels. This increase
was similar to that of the control group (P = NS).

At all time points during reperfusion (up to 30 min),
there was a significant difference between the control
group and the preconditioning group (Figures 4 and 5).
At 60min of reperfusion and afterwards, values
returned to baseline in all groups. In the sham operated
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Figure 4. Mean normalized concentrations of 2,3-

dihydroxybenzoic acids (DHBA) (ng DHBA/pg salicylate) in the
blood of rabbits exposed to 40 min of regional ischemia (occlusion of
a prominent branch of the left coronary artery) and 120 min of
reperfusion. An asterisk denotes a significant difference between
control (C, n = 8), ischemic preconditioning (IP, n = 9), ischemic
preconditioning + glibenclamide (IP + G, n=38), or control +
glibenclamide (C + G, n=6) groups. Data are presented as
mean = SEM **P < 0.01 *P < 0.05.
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Figure 5. Mean normalized concentrations of 2,5-
dihydroxybenzoic acids (DHBA) (ng DHBA/pg salicylate) in the
blood of rabbits exposed to 40 min of regional ischemia (occlusion of
a prominent branch of the left coronary artery) and 120 min of
reperfusion. An asterisk denotes a significant difference between
control (C, n = 8), ischemic preconditioning (IP, n = 9), ischemic
preconditioning + glibenclamide (IP + G, n = 8), or control +
glibenclamide (C + G, n=6) groups. Data are presented as
mean = SEM **P < 0.01 *P < 0.05.

animals there was no significant difference in the
concentration of the DHBA derivatives compared to
baseline levels in all time points (data not shown).

Discussion

Using an n-vivo rabbit model of regional myocardial
ischemia and reperfusion, IP significantly decreased
the production of hydroxyl radicals during reperfusion
and decreased myocardial infarction size. Interest-
ingly, IP induced a short transient increase in the
generation of the hydroxyl radicals during reperfusion
at the preconditioning period. This data is in
agreement with other investigations that demon-
strated an increase in reactive oxygen species during
the preconditioning period [12,16]. Administration of
glibenclamide attenuated the increase in the hydroxyl
radicals level at preconditioning, suggesting that
opening of the Kyrp channels is an upstream event
thus releasing free radicals during preconditioning
[22]. Furthermore, glibenclamide abolished the
cardioprotective effect of IP as indicated by the
increased infarct size in group IP 4+ G.

These findings are in agreement with several reports
that suggested that IP protects the myocardium by
decreasing oxidative stress. Vanden Hoek and co-
workers [12] in their isolated cardiomyocyte model,
showed that oxygen free radicals caused increased
fluorescence of 2/,7'-dichlorofluorescin diacetate with
a peak value after 10min of reperfusion. Others
demonstrated that IP activated magnesium super-
oxide dismutase activity during the early phase of
protection [13,14]. However, these studies were
performed in cardiomyocytes because it is difficult to
monitor transient changes in hydroxyl radical marker

production in intact organs. In the present study, the
method to monitor free radical-related events i vivo
involves chemical trapping of oxygen free radicals as
they are formed in the tissues [23]. The formation of
DHBA after systemic administration of salicylate is
used as an index of ‘OH generation in the heart [18].

Similar results were recently presented by Kevin
and colleagues [24]. Using spectrophotoflurometry at
the left ventricle wall of guinea pig isolated hearts the
intracellular production of superoxide was continu-
ously measured and the findings demonstrated that I
reduced the generation of superoxide compared to
nonpreconditioned animals. This reduction in oxidant
stress reduced post-ischemic myocardial dysfunction
and limited infarct size in the preconditioning group.
Our results confirm and further extend the obser-
vations of Kevin et al. We used an n-vivo model of
regional myocardial ischemia and reperfusion and not
an isolated perfused heart model to demonstrate that
the reduction of the post-ischemic formation and
release of hydroxyl radicals is cardioprotective.
Furthermore, our data indicate that this effect on the
generation of free radicals is mediated by Karp
channels.

There is a time difference between the peak
concentration of the two DHBA derivatives (10 and
4min after reperfusion in 2,3 and 2,5-DHBA,
respectively). One possible explanation for this
difference could be the way these derivatives are
formed: 2,3-DHBA is released from myocytes after
activation of the complement system and the
inflammatory cascade, whereas 2,5 DHBA is gener-
ated mainly via activation of the cytochrome P450
system [25,26].

Free radicals disrupt membranes and cause calcium
overload with resultant structural damage both in the
myocytes and coronary endothelium leading to
decreased myocardial contractility and a markedly
increased coronary vascular resistance [6]. Therefore,
the early myocardial protection provided by IP may be
due in part to its ability to attenuate ‘OH formation
and release.

The adenosine triphosphate potassium (Katp)
channels have been shown to be involved in the
mechanism of IP [19,27]. Recent publications
emphasize the pivotal role of the mitochondrial, rather
than the membranal Karp channels in mediating
preconditioning [27,28].

In the present study, glibenclamide (a Karp
channel blocker) completely inhibited the beneficial
effect of IP on infarct size reduction and on hydroxyl
radical production during reperfusion. These findings
suggest that Kapp channels are involved in
IP-mediated attenuation of hydroxyl radical release
and the decrease in the extent of myocardial
infarction. Glibenclamide, a sulfonylurea compound,
is known to inhibit Karp channels both in the
sarcolemmal membrane of cardiomyocytes [29,30]
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and the inner membrane of mitochondria [31]. Jung
and coworkers [32] showed that HMRI1883, a
selective sarcolemmal membrane Katp channels
blocker, did not abolish the beneficial effect of IP
on myocardial infarct size, supporting the hypothesis
that mitochondrial Katp channels are involved in IP.
However, Sanada et al [33] demonstrated in a canine
model that both sarcolemmal and mitochondrial
Karp channels contributed to the cardioprotective
effect of IP. It seems that the Katp channel is not the
end effector of IP, but rather functions as a trigger of
the preconditioned state [34]. Several investigators
showed that opening of mitochondrial Katp channels
generated minute amounts of oxygen free radicals
that triggered a preconditioned state and activation of
kinases if the heart becomes ischemic again [35,36].
IP seems to have a dual effect on free radical
production: Short ischemia causes opening of
mitochondrial Katp channels and generates low
levels of oxygen free radicals. The latter in turn
initiates the rest of the IP sequence [24]. Therefore,
the generation of small amounts of free radicals
during a short ischemic episode is not sufficient to
cause cell necrosis but enough to activate cellular
mechanisms that induce preconditioning effects [34].
It is possible that glibenclamide prevented the
cardioprotective effect of IP by blocking the Karp
channels, thus attenuating the transient increase in
free radicals during the preconditioning period and
inhibiting the following preconditioning cascade. In
contrast to their beneficial effect in triggering
preconditioning, numerous studies indicate that free
radicals play a detrimental and major role in the
pathogenesis of reperfusion injury [6—9].

Not all studies on free radicals are in agreement with
respect to a reduction in infarct size, nor do they all
support the concept of reperfusion injury. Uraizee and
colleagues [37] and Gallagher and coworkers [38],
were unable to demonstrate a reduction in myocardial
infarct size with superoxide dismutase and catalase in
the canine heart subjected to regional myocardial
ischemia and reperfusion. Reasons for the divergent
outcomes in the canine heart are not readily apparent,
but have been attributed to undocumented differences
in collateral blood flow between control and treatment
groups, imprecise determinations of myocardial
infarction and, most importantly, the wide variation
of collateral blood flow in the canine heart.

In the present study, IP significantly decreased post-
ischemic production of hydroxyl radicals and attenu-
ated the extent of myocardial infarction. This effect
was inhibited by a Katp channel blocker indicating
that it was due to opening of this channel. Our results
are supported by several studies that demonstrated
that reduction in the generation or release of oxygen
free radicals during reperfusion had a protective effect
on the heart regarding postischemic contractile
dysfunction [39] and myocardial infarction [26,40].

The current results must be interpreted within the
constraints of a potential limitation: Mpyocardial
infarct size is determined primarily by the size of the
area at risk and extent of coronary collateral perfusion.
The area at risk, expressed as a percentage of total LV
mass, was similar between groups in the current
investigation. Rabbits have also been shown to possess
little if any coronary collateral blood flow [41,42],
thus, it appears unlikely that differences in collateral
perfusion between groups account for the observed
results. However, coronary collateral blood flow was
not specifically quantified in the current investigation.

In conclusion, this study demonstrates that IP
reduces the formation of post-ischemic hydroxyl
radicals and protects the heart against ischemia.
Furthermore, Korp channels are involved in triggering
the beneficial effects of IP. The present results may
have clinical implications, however, further investi-
gations are essential to safely apply these findings.

Acknowledgements

Supported in part by grant no. 2322 from the Chief
Scientist, Ministry of Health, the State of Israel. The
authors wish to thank Dr Charles Weissman for his
assistance in preparation of the manuscript and Mr
Nahum Navot for his technical assistance.

References

[1] Murry CE, Jennings RB, Reimer KA. Preconditioning with
ischemia: A delay of lethal cell injury in ischemic myocardium.
Circulation 1986;74:1124—-1136.

[2] Li YW, Whittaker P, Kloner RA. The transient nature of the
effect of ischemic preconditioning on myocardial infarct size
and ventricular arrhythmia. Am Heart J 1992;123:346—353.

[3] Alkhulaifi AM. Preconditioning the human heart. Ann R Coll
Surg Engl 1997;79:49-54.

[4] Kloner RA, Jennings RB. Consequences of brief ischemia:
Stunning, preconditioning, and their clinical implications: Part
1. Circulation 2001;104:2981-2989.

[5] Jennings RB, Murry C, Reimer KA. Myocardial effects of brief
periods of ischemia followed by reperfusion. Adv Cardiol
1990;37:7-31.

[6] Piper HM, Meuter K, Schafer C. Cellular mechanisms of
ischemia-reperfusion injury. Ann Thorac Surg 2003;-75:-
S644-S648.

[7] Bolli R. Mechanism of myocardial “stunning”. Circulation
1990;82:723-738.

[8] FerrariR, Ceconi C, Curello S, Percoco G, Toselli T, Antonioli G.

Ischemic preconditioning, myocardial stunning, and hibernation:

Basic aspects. Am Heart ] 1999;138:S61—-S68.

Becker LC, Ambrosio G. Myocardial consequences of

reperfusion. Prog Cardiovasc Dis 1987;30:23—44.

[10] Becker LB, Vanden Hoek TL, Shao ZH, Li CQ, Schumacker PT.
Generation of superoxide in cardiomyocytes during ischemia
before reperfusion. Am J Physiol 1999;277:H2240-H2246.

[11] Schulz R, Cohen MV, Behrends M, Downey JM, Heusch G.
Signal transduction of ischemic preconditioning. Cardiovasc
Res 2001;52:181-198.

[12] Vanden Hoek T, Becker LB, Shao ZH, Li CQ, Schumacker
PT. Preconditioning in cardiomyocytes protects by attenuating
oxidant stress at reperfusion. Circ Res 2000;86:541—-548.

[13] Zhai X, Zhou X, Ashraf M. Late ischemic preconditioning is
mediated in myocytes by enhanced endogenous antioxidant

[9

—

RIGHTS LI MN Kiy



754 ¥ Raphael et al.

[14]
[15]
[16]
[17]

b

=3 [18]

3

—

5

= [19]

5

£ [20]

2

%

s

? [21]

5

>

g 22

= _? [22]

206

£4

Sa

% 5 [23]

£y

2p 04

£

S

E

£

2 [25]

B

®

o

s

3 [26]

il

[hd

)

B8

i

£ [27]
[28]

activity stimulated by oxygen-derived free radicals. Ann N Y
Acad Sci 1996;793:156—166.

Zhou X, Zhai X, Ashraf M. Direct evidence that initial
oxidative stress triggered by preconditioning contributes to
second window of protection by endogenous antioxidant
enzyme in myocytes. Circulation 1996;93:1177—-1184.

Chen W, Gabel S, Steenbergen C, Murphy E. A redox-based
mechanism for cardioprotection induced by ischemic pre-
conditioning in perfused rat heart. Circ Res
1995;77:424—-429.

Baines CP, Goto M, Downey JM. Oxygen radicals released
during ischemic preconditioning contribute to cardioprotec-
tion in the rabbit myocardium. ] Mol Cell Cardiol
1997;29:207-216.

Myers ML, Bolli R, Lekich RF, Hartley CJ, Roberts R.
Enhancement of recovery of myocardial function by oxygen
free-radical scavengers after reversible regional ischemia.
Circulation 1985;72:915-921.

Powell SR, Hall D. Use of salicylate as a probe for ‘OH
formation in isolated ischemic rat hearts. Free Radic Biol Med
1990;9:133—141.

Gross GJ. The role of mitochondrial Kapp channels in
cardioprotection. Basic Res Cardiol 2000;95:280-284.
Kersten JR, Gross GJ, Pagel PS, Warltier DC. Activation of
adenosine triphosphate-regulated potassium channels:
Mediation of cellular and organ protection. Anesthesiology
1998;88:495-513.

Gross GJ, Fryer RM. Mitochondrial K(ATP) channels:
Triggers or distal effectors of ischemic or pharmacological
preconditioning? Circ Res 2000;87:431-433.

Yue Y, Qin Q, Cohen MV, Downey JM, Critz SD. The relative
order of mK(arp) channels, free radicals and p38 MAPK in
preconditioning’s protective pathway in rat heart. Cardiovasc
Res 2002;55:681-689.

Onodera T, Ashraf M. Detection of hydroxyl radicals in the
postischemic reperfused heart using salicylate as a trapping
agent. ] Mol Cell Cardiol 1991;23:365-370.

Kevin LG, Camara AK, Riess ML, Novalija E, Stowe DF.
Ischemic preconditioning alters real-time measure of O2
radicals in intact hearts with ischemia and reperfusion. Am J
Physiol Heart Circ Physiol 2003;284:H566-H574.

Glantz L, Ginosar Y, Chevion M, Gozal Y, Elami A, Navot N,
Kitrossky N, Drenger B. Halothane prevents postischemic
production of hydroxyl radicals in the canine heart.
Anesthesiology 1997;86:440—-447.

Granville DJ, Tashakkor B, Takeuchi C, Gustafsson AB,
Huang C, Sayen MR, Wentworth Jr., P, Yeager M, Gottlieb
RA. Reduction of ischemia and reperfusion induced myo-
cardial damage by cytochrome P450 inhibitors. Proc Natl
Acad Sci USA 2004;191:1321-1326.

Oldenburg O, Yang XM, Krieg T, Garlid KD, Cohen MV,
Grover GJ, Downey JM. P1075 opens mitochondrial K(ATP)
channels and generates reactive oxygen species resulting in
cardioprotection of rabbit hearts. J] Mol Cell Cardiol
2003;35:1035-1042.

McCully JD, Levitsky S. The mitochondrial K(ATP) channel
and cardioprotection. Ann Thorac Surg 2003;75:S667—-S673.

[29]

(30]

Belles B, Hescheler J, Trube G. Changes of membrane
currents in cardiac cells induced by long whole-cell recordings
and tolbutamide. Pflugers Arch 1987;409:582—588.

Fosset M, De Weille JR, Green RD, Schmid-Antomarchi H,
Lazdunski M. Antidiabetic sulfonylureas control action
potential properties in heart cells via high affinity receptors
that are linked to ATP-dependent K+ channels. J Biol Chem
1988;263:7933-7936.

[31] Jaburek M, Yarov-Yarovoy V, Paucek P, Garlid KD. State-

dependent inhibition of the mitochondrial Karp channel by
glyburide and 5-hydroxydecanoate. J Biol Chem
1998;273:13578—-13582.

[32] Jung O, Englert HC, Jung W, Gogelein H, Scholkens BA,

(33]

(34]

(35]

Busch AE, Linz W. The Karp channel blocker HMR 1883
does not abolish the benefit of ischemic preconditioning on
myocardial infarct mass in anesthetized rabbits. Naunyn
Schmiedebergs Arch Pharmacol 2000;361:445-451.

Sanada S, Kitakaze M, Asanuma H, Harada K, Ogita H, Node
K, Takashima S, Sakata Y, Asakura M, Shinozaki Y, Mori H,
Kuzuya T, Hori M. Role of mitochondrial and sarcolemmal
Karp channels in ischemic preconditioning of the canine heart.
Am ] Physiol Heart Circ Physiol 2001;280:H256-H263.
Pain T, Yang XM, Critz SD, Yue Y, Nakano A, Liu GS,
Heusch G, Cohen MV, Downey JM. Opening of mitochon-
drial Kapp channels triggers the preconditioned state by
generating free radicals. Circ Res 2000;87:460—466.
Bhatnagar A, Srivastava SK, Szabo G. Oxidative stress alters
specific membrane currents in isolated cardiac myocytes. Circ
Res 1990;67:535—-549.

[36] Jabr RI, Cole WC. Alterations in electrical activity and

(37]

(38]

(39]

[40]

(41]

(42]

membrane currents induced by intracellular oxygen-derived
free radical stress in guinea pig ventricular myocytes. Circ Res
1993;72:1229-1244.

Uraizee A, Reimer KA, Murry CE, Jennings RB. Failure of
superoxide dismutase to limit size of myocardial infarction
after 40 min of ischemia and 4 days of reperfusion in dogs.
Circulation 1987;75:1237-1248.

Gallagher KP, Buda AJ, Pace D, Gerren RA, Shlafer M.
Failure of superoxide dismutase and catalase to alter size of
infarction in conscious dogs after 3 hours of occlusion followed
by reperfusion. Circulation 1986;73:1065-1076.

Crestanello JA, Lingle DM, Kamelgard J, Millili J, Whitman
GJ. Ischemic preconditioning decreases oxidative stress during
reperfusion: A chemiluminescence studies. J Surg Res
1996;65:53-58.

Li Q, Bolli R, Qiu Y, Tang XL, Guo Y, French BA. Gene
therapy with extracellular superoxide dismutase protects
conscious rabbits against myocardial infarction. Circulation
2001;103:1893-1898.

Maxwell MP, Hearse DJ, Yellon DM. Species variation in the
coronary collateral circulation during regional myocardial
ischaemia: A critical determinant of the rate of evolution and
extent of myocardial infarction. Cardiovasc Res
1987;21:737-746.

Hale SL, Kloner RA. Location as a determinant of myocardial
infarction in rabbits. J] Mol Cell Cardiol 2000;32:505-510.

RIGHTS LI MN Kiy



