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Mitochondrial Adenosine Triphosphate–regulated
Potassium Channel Opening Acts as a Trigger for
Isoflurane-induced Preconditioning by Generating Reactive
Oxygen Species
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Background: Whether the opening of mitochondrial adeno-
sine triphosphate–regulated potassium (KATP) channels is a trig-
ger or an end effector of anesthetic-induced preconditioning is
unknown. We tested the hypothesis that the opening of mito-
chondrial KATP channels triggers isoflurane-induced precondi-
tioning by generating reactive oxygen species (ROS) in vivo.

Methods: Pentobarbital-anesthetized rabbits were subjected
to a 30-min coronary artery occlusion followed by 3 h reperfu-
sion. Rabbits were randomly assigned to receive a vehicle (0.9%
saline) or the selective mitochondrial KATP channel blocker
5-hydroxydecanoate (5-HD) alone 10 min before or immedi-
ately after a 30-min exposure to 1.0 minimum alveolar concen-
tration (MAC) isoflurane. In another series of experiments, the
fluorescent probe dihydroethidium was used to assess super-
oxide anion production during administration of 5-HD or the
ROS scavengers N-acetylcysteine or N-2-mercaptopropionyl gly-
cine (2-MPG) in the presence or absence of 1.0 MAC isoflurane.
Myocardial infarct size and superoxide anion production were
measured using triphenyltetrazolium staining and confocal flu-
orescence microscopy, respectively.

Results: Isoflurane (P < 0.05) decreased infarct size to
19 � 3% (mean � SEM) of the left ventricular area at risk as
compared to the control (38 � 4%). 5-HD administered before
but not after isoflurane abolished this beneficial effect (37 � 4%
as compared to 24 � 3%). 5-HD alone had no effect on infarct
size (42 � 3%). Isoflurane increased fluorescence intensity.
Pretreatment with N-acetylcysteine, 2-MPG, or 5-HD before
isoflurane abolished increases in fluorescence, but administra-
tion of 5-HD after isoflurane only partially attenuated increases
in fluorescence produced by the volatile anesthetic agent.

Conclusions: The results indicate that mitochondrial KATP

channel opening acts as a trigger for isoflurane-induced pre-
conditioning by generating ROS in vivo.

VOLATILE anesthetics protect the myocardium against
ischemic injury by activating signal transduction pathways

that are remarkably similar to those stimulated during isch-
emic preconditioning. Adenosine type 1 receptors,1–3 pro-
tein kinase C,2,4 inhibitory guanine regulatory proteins,5

mitochondrial and sarcolemmal adenosine triphosphate–
regulated potassium (KATP) channels,6–9 and reactive oxy-
gen species (ROS)10–12 have been implicated in both anes-
thetic-induced and ischemic preconditioning. In particular,
mitochondrial KATP channel opening appears to play a
central role in these cardioprotective processes. The mito-
chondrial KATP channel was initially thought to be the end
effector of ischemic preconditioning,13 but recent evi-
dence suggests that the opening of this channel may actu-
ally trigger preconditioning by generating ROS.14,15 Isoflu-
rane activates mitochondrial KATP channels and produces
flavoprotein oxidation, suggesting that ROS are formed by
the electron transport chain.16 We11 and others10 recently
demonstrated that isoflurane generates ROS and that these
reactive intermediates contribute to protection against
myocardial infarction produced by this volatile anesthetic.
Whether the opening of the mitochondrial KATP channel is
a trigger or an end effector of anesthetic-induced precon-
ditioning and what the relationship is between KATP chan-
nel opening and ROS production are unknown. We tested
the hypothesis that the activation of mitochondrial KATP

channels by isoflurane acts as a trigger for preconditioning
by generating ROS in rabbits. The first series of experi-
ments was designed to evaluate the requirement for sus-
tained versus brief activation of KATP channels during
isoflurane-induced preconditioning against myocardial in-
farction. The second series of experiments evaluated isoflu-
rane-induced ROS production (ethidium fluorescence) in
the presence and absence of ROS scavengers and mito-
chondrial KATP channel antagonist.

Materials and Methods

All experimental procedures and protocols used in this
investigation were reviewed and approved by the Ani-
mal Care and Use Committee of the Medical College of
Wisconsin (Milwaukee, Wisconsin). Furthermore, all
conformed to the Guiding Principles in the Care and
Use of Animals of the American Physiologic Society and
were in accordance with the Guide for the Care and
Use of Laboratory Animals (National Academy Press,
Washington, D.C., 1996).
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General Preparation
Male New Zealand white rabbits weighing between

2.5 and 3.0 kg were anesthetized with intravenous so-
dium pentobarbital (30 mg/kg) as previously de-
scribed.11 Additional doses of pentobarbital were ti-
trated as required to ensure that pedal and palpebral
reflexes were absent throughout the experiment. A tra-
cheostomy was performed through a ventral midline
incision, and the trachea was cannulated. The rabbits
were ventilated with positive pressure using an air–
oxygen mixture (fraction of inspired oxygen, 0.33). Ar-
terial blood gas tensions and acid–base status were main-
tained within a normal physiologic range (pH, 7.35–
7.45; PaCO2, 25–40 mmHg; and PaO2, 90–150 mmHg) by
adjusting the respiratory rate or tidal volume throughout
the experiment. Body temperature was maintained with
a heating blanket. Heparin-filled catheters were inserted
into the right carotid artery and the left jugular vein for
measurement of arterial blood pressure and fluid or drug
administration, respectively. Maintenance fluids consist-
ing of 0.9% saline (15 ml · kg�1 · h�1) were continued for
the duration of the experiment. A left thoracotomy was
performed at the fourth intercostal space, and the heart
was suspended in a pericardial cradle. A prominent
branch of the left anterior descending coronary artery
(LAD) was selected, and a silk ligature was placed
around this artery approximately halfway between the
base and the apex for the production of coronary artery
occlusion and reperfusion in the myocardial infarct size
experiments. Each rabbit was anticoagulated with 500 U
heparin immediately before LAD occlusion. Coronary

artery occlusion was verified by the presence of epicar-
dial cyanosis and regional dyskinesia in the ischemic
zone, and reperfusion was confirmed by observing an
epicardial hyperemic response. A heparin-filled catheter
was inserted into the left atrium for the subsequent
administration of dihydroethidium in the experiments
designed to detect ROS production.11 Hemodynamic pa-
rameters were continuously recorded on a polygraph
throughout the experiments.

Myocardial Infarct Size Experiments
The experimental design for the myocardial infarct

size experiments is illustrated in figure 1. Baseline sys-
temic hemodynamic parameters were recorded 30 min
after instrumentation was completed. Rabbits were ran-
domly assigned to one of five experimental groups using
a partial Latin square design. All rabbits underwent a
30-min LAD occlusion followed by 3 h reperfusion. The
rabbits received an intravenous vehicle (0.9% saline) or
the selective mitochondrial KATP channel antagonist
5-hydroxydecanoate (5-HD; 5 mg/kg) in the presence or
absence of 1.0 minimum alveolar concentration (MAC)
isoflurane. 5-HD was administered either 10 min before
or immediately after discontinuation of 1.0 MAC isoflu-
rane (early or late timing, respectively). End-tidal con-
centrations of isoflurane were measured at the tip of the
tracheostomy tube with an infrared anesthetic analyzer
that was calibrated with known standards before and
during experimentation. The end-tidal MAC value used
for rabbits in the present investigation was 2.1%.17

Fig. 1. Schematic illustration of the experimental protocol used in the myocardial infarct size protocol. E � early administration of
5-hydroxydecanoate (5-HD); L � late administration of 5-HD; MAC � minimum alveolar concentration.

936 TANAKA ET AL.

Anesthesiology, V 98, No 4, Apr 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/98/4/935/406892/0000542-200304000-00021.pdf by guest on 20 M
arch 2024



Determination of Myocardial Infarct Size
Myocardial infarct size was measured as previously

described.18 Briefly, at the end of each experiment, the
LAD was reoccluded, and 3 ml of patent blue dye was
injected intravenously. The left ventricular (LV) area at
risk for infarction (AAR) was separated from surrounding
normal areas (stained blue), and the two regions were
incubated at 37°C for 20–30 min in 1% 2,3,5-triphenyl-
tetrazolium chloride in 0.1 M phosphate buffer adjusted
to a pH of 7.4. After overnight storage in 10% formalde-
hyde, infarcted and noninfarcted myocardia within the
AAR were carefully separated and weighed. Infarct size
was expressed as a percentage of the AAR. Rabbits that
developed intractable ventricular fibrillation and those

with an AAR less than 15% of LV mass were excluded
from subsequent analysis.

Detection of Reactive Oxygen Species Experiments
In nine additional experimental groups, the rabbits

received an intravenous vehicle (0.9% saline), the free
radical scavengers N-acetylcysteine (150 mg/kg over 30
min)11 or N-2-mercaptopropionyl glycine (2-MPG; 1 mg ·
kg�1 · min�1 over 75 min),11 or 5-HD (5 mg/kg; early or
late timing) in the presence or absence of 1.0 MAC
isoflurane (fig. 2). The ROS probe dihydroethidium
(2.2 mg) was rapidly injected into the left atrium 5 min
before the administration of isoflurane or at the corre-
sponding time point in rabbits that were not exposed to

Fig. 2. Schematic illustration of the experimental protocol used in the reactive oxygen species detection protocol. E � early
administration of 5-hydroxydecanoate (5-HD); L � late administration of 5-HD; MAC � minimum alveolar concentration; 2-MPG �
N-2-mercaptopropionyl glycine; NAC � N-acetylcysteine.
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the volatile anesthetic. Isoflurane was discontinued after
30 min, and the rabbits were euthanized after 1 h with
an overdose of pentobarbital. The heart was rapidly
excised, and the LV was isolated, divided into four sec-
tions of equal size, and frozen in liquid nitrogen for
subsequent analysis.

Reactive Oxygen Species Detection with Confocal
Microscopy
Reactive oxygen species were detected using dihydro-

ethidium fluorescence as previously described.11 Dihy-
droethidium is oxidized by intracellular ROS to produce
fluorescent ethidium that subsequently binds to DNA
(ethidium–DNA), further amplifying the fluorescence.
Briefly, cryostat sections (20 �m) of the LV were
mounted on standard microscope slides. Using a laser
fluorescence imaging system mounted on a confocal
microscope, images were recorded and stored for sub-
sequent off-line analysis on a computer workstation
equipped with image analysis software. Use of the 40�
objective yielded a 400� end magnification on a 292 �
195 �m2 digital image (768 � 512 pixels). The signal-to-
noise ratio was enhanced using the Kalman method.
Excitation was produced using a krypton–argon laser at
a wavelength of 488 nm, and emitted fluorescence was
measured at 550 nm after long pass filtering. The pixel
intensity of each myocyte nucleus was determined.
Background was identified as an area without cells or
with minimal cytosol fluorescence. In each rabbit, 20
Kalman-averaged images were obtained, and approxi-
mately 6–8 dihydroethidium-stained myocardial cells

were analyzed in each image by subtraction of back-
ground fluorescence from the pixel intensity of the myo-
cardial nuclei.

Statistical Analysis
Statistical analysis of data within and between groups

was performed with analysis of variance for repeated
measures followed by Student–Newman–Keuls test.
Changes within and between groups were considered
statistically significant when the P value was less than
0.05. All data are expressed as mean � SEM.

Results

Forty-nine rabbits were instrumented to obtain 39 suc-
cessful myocardial infarct size experiments. Four rabbits
were excluded because the AAR was less than 15% (one
control, two isoflurane alone, and one isoflurane � late
5-HD). Six rabbits were excluded because of intractable
ventricular fibrillation (two control, one isoflurane
alone, one isoflurane � early 5-HD, and two isoflurane �
late 5-HD).

Systemic Hemodynamics
No differences in baseline hemodynamics were ob-

served between experimental groups (table 1). Isoflu-
rane significantly (P � 0.05) decreased mean arterial
pressure and rate–pressure product in the presence or
absence of 5-HD. Hemodynamics returned to baseline
values 15 min after isoflurane had been discontinued.

Table 1. Systemic Hemodynamics During Myocardial Ischemia and Reperfusion Experiments

Reperfusion, h

Baseline Isoflurane Preocclusion 30 min CAO 1 2 3

HR, beats/min
Control 250 � 9 — 256 � 8 252 � 10 242 � 8 244 � 9 242 � 12
Isoflurane 254 � 11 263 � 9 255 � 4 227 � 9* 232 � 11* 219 � 11* 224 � 10*
5-HD 255 � 13 — 265 � 16 233 � 13 234 � 17* 213 � 10* 210 � 12*
Isoflurane � 5-HD(E) 254 � 11 254 � 14 242 � 13 240 � 11 226 � 13* 227 � 16* 217 � 16*
Isoflurane � 5-HD(L) 243 � 11 269 � 7* 252 � 10 238 � 9 226 � 8 216 � 7* 214 � 7*

MAP, mmHg
Control 87 � 3 — 87 � 3 74 � 3* 79 � 4* 80 � 5 76 � 5*
Isoflurane 88 � 3 63 � 5* 80 � 3 68 � 6* 72 � 6* 75 � 5* 74 � 5*
5-HD 91 � 5 — 87 � 4 68 � 5* 70 � 4* 69 � 6* 73 � 4*
Isoflurane � 5-HD(E) 86 � 3 63 � 3* 80 � 5 64 � 5* 75 � 4 76 � 4 76 � 4
Isoflurane � 5-HD(L) 88 � 4 64 � 2* 82 � 5 65 � 4* 66 � 4* 70 � 4* 69 � 2*

RPP, beats/min � mmHg �103

Control 24.9 � 1.6 — 25.5 � 1.4 21.5 � 1.3* 21.9 � 1.6* 21.7 � 1.7* 20.5 � 1.8*
Isoflurane 25.0 � 1.5 20.4 � 1.2* 23.8 � 0.9 18.3 � 1.8* 19.6 � 2.4* 18.6 � 1.8* 18.9 � 1.9*
5-HD 25.1 � 2.1 — 25.8 � 2.3 18.3 � 2.0* 18.7 � 1.6* 16.7 � 1.6* 17.4 � 1.2*
Isoflurane � 5-HD(E) 24.2 � 1.5 19.1 � 1.6* 22.5 � 2.0 18.1 � 1.5* 18.8 � 1.3* 19.1 � 1.8* 18.0 � 1.4*
Isoflurane � 5-HD(L) 23.6 � 1.6 20.7 � 0.9* 23.9 � 1.7 17.8 � 1.5* 17.5 � 1.3* 17.3 � 0.9* 16.6 � 0.7*

Data are mean � SEM.

* Significantly different from baseline (P � 0.05).

CAO � coronary artery occlusion; E and L � early and late administration of 5-HD, respectively; HR � heart rate; MAP � mean arterial blood pressure; RPP �
rate–pressure product; 5-HD � 5-hydroxydecanoate.

N � 8 Control; 8 Isoflurane; 7 5-HD; 8 Isoflurane � 5-HD(E); 8 Isoflurane � 5-HD(L)
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Coronary artery occlusion and reperfusion produced
similar decreases in mean arterial pressure and rate–
pressure product in each experimental group.

Myocardial Infarct Size
Body weight, LV weight, AAR weight, and AAR–LV

were similar between groups (table 2). Isoflurane re-
duced myocardial infarct size (19 � 3% of the LV AAR;
n � 8; fig. 3) as compared to control (38 � 4%; n � 8).
5-HD alone did not affect infarct size (42 � 3%; n � 7).
5-HD blocked the protective effects of isoflurane when
administered before (37 � 4%; n � 8) but not after
(24 � 3%; n � 8) administration of the volatile anesthetic.

Reactive Oxygen Species Production
Fifty-six rabbits were instrumented for ROS detection.

Isoflurane produced similar hemodynamic effects (table
3) in the presence or absence of 2-MPG, N-acetylcyste-
ine, or 5-HD and in the presence of dihydroethidium.
Ethidium–DNA fluorescence was detected in all of the
images examined (fig. 4). Rabbits exposed to 1.0 MAC
isoflurane demonstrated enhanced fluorescence in myo-
cardial nuclei as compared to the cytosol. The fluores-
cence intensity was greater (35 � 5 vs. 2 � 3 fluores-
cence units) in the rabbits that received isoflurane (n �
8) as compared to those that did not (n � 9; fig. 5).
N-acetylcysteine and 2-MPG alone did not affect the

fluorescence (11 � 4 and 10 � 3 fluorescence units,
respectively; n � 5 for both groups), but these ROS
scavengers blocked isoflurane-induced increases in fluo-
rescence (12 � 5 and 13 � 4 fluorescence units, respec-
tively; n � 6 for both groups; fig. 5). 5-HD alone did not
affect fluorescence (8 � 3 fluorescence units; n � 5).
When 5-HD was administered before exposure to isoflu-
rane, this mitochondrial KATP channel antagonist inhib-
ited increases in fluorescence produced by isoflurane
(9 � 2 fluorescence units; n � 6; fig. 6). In contrast,
isoflurane-induced increases in fluorescence were par-
tially preserved (20 � 3 fluorescence units; n � 6) when
5-HD was administered after exposure to the volatile
anesthetic.

Discussion

It is clear that KATP channels play a central role in
anesthetic-induced preconditioning,6–9 but the mecha-
nisms by which volatile agents produce myocardial protec-
tion through the opening of these channels are unkown.19

Isoflurane activates mitochondrial KATP channels as mea-
sured by flavoprotein oxidation,16 and ROS generated by
this agent have been implicated in the mechanism of anes-
thetic-induced preconditioning.10–12 Controversy exists re-
garding the temporal relationship between mitochondrial
KATP channel opening and ROS production in ischemic or
pharmacologic preconditioning.20 Similarly, it remains
unclear whether isoflurane-induced opening of the mi-
tochondrial KATP channel precedes or follows ROS gen-
eration. The present results indicate that 5-HD adminis-
tered 10 min before exposure to isoflurane blocked
myocardial protection, but 5-HD administered immedi-
ately after this agent had been discontinued did not
affect infarct size. These data suggest that mitochondrial
KATP channel opening acts as a trigger of isoflurane-
induced preconditioning in rabbits.

The role of KATP channels as triggers or distal effectors
of ischemic or pharmacologic preconditioning is contro-
versial.20 The present results are similar to previous
findings indicating that mitochondrial KATP channel
opening acts as a trigger for protection in ischemic or
diazoxide-induced preconditioning.14,15,21 Pain et al.14

demonstrated that 5-HD administered during but not
after a brief ischemic stimulus or the selective mitochon-

Table 2. Area at Risk

n Body Weight, g LV Weight, g AAR Weight, g AAR/LV, %

Control 8 2,830 � 90 3.05 � 0.12 0.89 � 0.11 29 � 3
Isoflurane 8 2,880 � 100 3.04 � 0.11 0.98 � 0.11 32 � 3
5-HD 7 2,630 � 50 2.93 � 0.09 1.01 � 0.17 34 � 5
Isoflurane � 5-HD(E) 8 2,580 � 50 2.84 � 0.08 0.83 � 0.10 29 � 3
Isoflurane � 5-HD(L) 8 2,720 � 120 2.99 � 0.15 1.05 � 0.08 35 � 2

Data are mean � SEM.

AAR � area at risk; E � early administration of 5-HD; L � late administration of 5-HD; LV � left ventricle; 5-HD � 5-hydroxydecanoate.

Fig. 3. Myocardial infarct size expressed as a percentage of the
left ventricular area at risk in rabbits receiving saline (CON),
5-hydroxydecanoate (5-HD) alone, 1.0 minimum alveolar con-
centration (MAC) isoflurane (ISO) alone, or 5-HD before [ISO �
5-HD (E)] or after [ISO � 5-HD (L)] administration of isoflurane.
*Significantly (P < 0.05) different from isoflurane.
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drial KATP channel opener diazoxide blocked reductions
in the extent of myocardial infarction. Diazoxide in-
creased oxidation of the ROS probe MitoTracker® or-
ange (Molecular Probes, Inc., Eugene, OR) in vitro, an
action that was attenuated by pretreatment with 5-HD or
the ROS scavengers N-acetylcysteine and 2-MPG.15 Dia-
zoxide also directly increased ROS production as mea-
sured by the hydrogen peroxide probe 2',7'-dichlorofluo-
rescein diacetate21 in rat ventricular myocytes and
isolated hearts. Two other mitochondrial KATP channel
openers, cromakalin and nicorandil, increased ROS pro-
duction in the isolated rat heart, and 5-HD pretreatment
blocked the increase in ROS.22 In contrast to these data
suggesting that the opening of the mitochondrial KATP

channel is a trigger and not an end effector of precon-
ditioning, Fryer et al.23 demonstrated that ischemic pre-
conditioning was blocked by 5-HD whether this drug
was administered before or after preconditioning stim-
uli. Similarly, diazoxide-induced protection was com-
pletely abolished when 5-HD was administered either 5
min before or after the mitochondrial KATP channel
opener in the rat.24 These findings suggest that mito-

chondrial KATP channels function both as triggers and
end effectors of preconditioning.25

Isoflurane opens KATP channels to exert cardioprotec-
tive actions.6–9 In the current investigation, 5-HD was
administered immediately after exposure to isoflurane in
one experimental group, but this method may have been
insufficient to completely block the mitochondrial KATP

channel opening by isoflurane during the subsequent
ischemic insult. In contrast, pharmacologic precondi-
tioning with diazoxide was blocked by the same dose of
5-HD (5 mg/kg intravenously), administered at a similar
time as in the late–5-HD group in the current study, in an
identical rabbit model of myocardial infarction in vivo.26

These findings support the contention that the pharma-
cokinetics of 5-HD administration alone do not explain
our results and further support our conclusion that mi-
tochondrial KATP channel opening is a trigger for isoflu-
rane-induced preconditioning.

Previous studies have demonstrated that 5-HD inhibits
diazoxide-induced,15,21 acetylcholine-induced,27 and opioid-
induced28 production of ROS that are associated with myo-
cardial protection. The current findings support these pre-

Table 3. Systemic Hemodynamics during Dihydroethidium Experiments

Baseline Intervention 65 min after Dihydroethidium

HR, beats/min
Control 258 � 12 269 � 9 264 � 10
Isoflurane 259 � 11 263 � 8 254 � 6
Isoflurane � 2-MPG 267 � 11 278 � 11 264 � 11
Isoflurane � NAC 262 � 12 268 � 5 258 � 6
2-MPG 240 � 11 262 � 12 265 � 5
NAC 250 � 16 267 � 9 267 � 5
Isoflurane � -HD(E) 249 � 14 251 � 12 251 � 7
Isoflurane � 5-HD(L) 233 � 6 254 � 7* 240 � 8
5-HD 252 � 9 260 � 10 258 � 17

MAP, mmHg
Control 89 � 3 87 � 3 89 � 3
Isoflurane 90 � 3 60 � 3*† 83 � 3
Isoflurane � 2-MPG 86 � 6 57 � 4*† 76 � 8
Isoflurane � NAC 88 � 4 63 � 3*† 84 � 4
2-MPG 88 � 1 83 � 4 80 � 6
NAC 92 � 5 91 � 4 88 � 4
Isoflurane � 5-HD(E) 88 � 2 65 � 7*† 81 � 3
Isoflurane � 5-HD(L) 84 � 5 63 � 6*† 78 � 5
5-HD 88 � 1 87 � 3 84 � 4

RPP, beats/min � mmHg x 103

Control 24.7 � 1.1 25.5 � 1.1 25.5 � 1.4
Isoflurane 25.6 � 1.7 20.2 � 1.6* 23.5 � 1.3
Isoflurane � 2-MPG 26.1 � 2.4 20.9 � 1.8* 24.2 � 2.7
Isoflurane � NAC 24.9 � 2.0 19.8 � 0.9* 23.8 � 1.0
2-MPG 23.2 � 1.2 24.9 � 1.7 26.2 � 1.2
NAC 26.4 � 2.3 27.6 � 1.6 27.0 � 0.8
Isoflurane � 5-HD(E) 23.5 � 1.7 18.5 � 2.0† 21.8 � 0.9
Isoflurane � 5-HD(L) 21.2 � 0.8 18.5 � 1.6† 20.7 � 1.5
5-HD 23.2 � 0.7 24.2 � 1.1 23.8 � 2.5

Data are mean � SEM.

* Significantly different from baseline (P � 0.05). † Significantly different from control group (P � 0.05).

E � early administration of 5-HD; Intervention � intravenous vehicle, 2-MPG, NAC or 5-HD in the presence or absence of isoflurane; HR � heart rate; L � late
administration of 5-HD; MAP � mean arterial blood pressure; NAC � N-acetylcysteine; RPP � rate–pressure product; 2-MPG � N-2-mercaptopropionyl glycine;
5-HD � 5-hydroxydecanoate.

N � 9 Control; 8 Isoflurane; 6 Isoflurane � 2-MPG; 6 Isoflurane � NAC; 5 2-MPG; 5 NAC; 6 Isoflurane � 5-HD(E); 6 Isoflurane � 5-HD(L); 5 5-HD.
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vious data and indicate that 5-HD administered 10 min
before exposure to isoflurane abolishes increases in ethidi-
um–DNA fluorescence produced by the volatile anesthetic.
Taken together with the results of the infarct size experi-
ments, these results suggest that isoflurane first activates
mitochondrial KATP channels and then elicits the release of
ROS. Recent evidence indicates that mitochondrial KATP

channel opening in response to diazoxide activates the
extracellular signal-regulated kinase by an oxidant-depen-
dent mechanism in monocytes.29 Moreover, ROS activate
p38 mitogen-activated protein kinase and protein kinase C
in cardiac myocytes30 and in isolated guinea pig hearts,31

respectively. These findings suggest that ROS production
secondary to mitochondrial KATP channel opening may be
linked to subsequent activation of kinases implicated in the
signal transduction responsible for protection against isch-
emic injury. However, the current investigation did not
examine the downstream activation of these protein ki-

Fig. 4. Representative photomicrographs demonstrating enhanced production of superoxide anion by the expression of fluorescent
ethidium bound to nuclear DNA. The fluorescence in myocardial nuclei in rabbits treated with 1.0 minimum alveolar concentration
isoflurane for 30 min (ISO) and 5-hydroxydecanoate (5-HD) immediately after a 30-min exposure to isoflurane [ISO � 5-HD (L)] was
more intense than that observed in rabbits that were treated with the other interventions. E � early administration of 5-HD; L � late
administration of 5-HD; 2-MPG � N-2-mercaptopropionyl glycine; NAC � N-acetylcysteine.

Fig. 5. Superoxide anion production measured using dihydro-
ethidium fluorescence in rabbits receiving saline (CON), N-ace-
tylcysteine (NAC), or N-2-mercaptopropionyl glycine (2-MPG)
in the presence and absence of 1.0 minimum alveolar concen-
tration isoflurane (ISO). *Significantly (P < 0.05) different from
isoflurane.
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nases in response to ROS generation during isoflurane-
induced preconditioning. These objectives represent im-
portant goals of future research.

We previously reported that isoflurane generates ROS
in rabbit myocardium in vivo using ethidium–DNA flu-
orescence detected by laser confocal microscopy.11 The
current results confirm and extend these previous find-
ings11 and indicate that the ROS scavengers N-acetylcys-
teine and 2-MPG inhibit isoflurane-induced increases in
fluorescence intensity at doses that also block reductions
in myocardial infarct size produced by the volatile agent.
N-acetylcysteine is a sulfhydryl-containing glutathione
precursor that exerts antioxidant effects by contributing
to glutathione synthesis, by serving as a glutathione per-
oxidase substrate, and by directly scavenging several
oxygen-derived free radical species, primarily by the
actions of reduced glutathione.32 2-MPG also acts as a
sulfhydryl donor to glutathione peroxidase, and several
studies indicate that 2-MPG may be more specific for
mitochondrial activity than N-acetylcysteine.33–35 The
present results verify that isoflurane produces ROS, as
detected by ethidium–DNA fluorescence, because these
ROS are effectively scavenged, and fluorescence is abol-
ished by N-acetylcysteine and 2-MPG.

The present results should be interpreted within the
constraints of several potential limitations. The LV AAR
for infarction and coronary collateral blood flow are
important determinants of infarct size. The AAR was
similar between experimental groups, and minimal cor-
onary collateral blood flow has been reported previously
in rabbits.36 Thus, it is unlikely that the current results
were affected by the size of the AAR or the magnitude of
coronary collateral perfusion. Isoflurane caused similar
systemic hemodynamic effects in the presence or ab-
sence of 5-HD, and there were no differences in hemo-
dynamics between groups after the volatile agent had
been discontinued. Thus, the present results were inde-

pendent of many of the hemodynamic determinants of
myocardial oxygen consumption during administration
of isoflurane or 5-HD. The rate–pressure product, an
indirect index of myocardial oxygen consumption, was
also similar between experimental groups. Experiments
using dihydroethidium as an indicator of superoxide
anion production may underestimate the rate of super-
oxide anion production because this ROS probe may
catalyze the dismutation of superoxide anion.37 Cyto-
chrome c may also oxidize dihydroethidium.37 Increases
in mitochondrial membrane permeability cause the re-
lease of several proteins, including cytochrome c,
caspase precursors, adenylate kinase 2, and apoptosis-
inducing factor, into the cytosol of apoptotic cells.38

These factors activate caspases that are known factors
implicated in apoptosis.39 Nevertheless, it appears un-
likely that cytochrome c was released into the cytosol
because the rabbits were not subjected to ischemia and
reperfusion in the dihydroethidium experiments. Recent
evidence suggests that pharmacologic agonists and an-
tagonists of the mitochondrial KATP channel, such as
diazoxide and 5-HD, respectively, may have KATP chan-
nel-independent actions on the mitochondrial electron
transport chain.40 These findings increase the intriguing
possibility that volatile anesthetics may also interact with
components of the electron transport chain to induce a
preconditioning effect. Possible direct effects of volatile
anesthetics on electron transport chain complexes will
require further investigation.

In summary, the present results indicate that isoflu-
rane-induced myocardial protection requires activation
of mitochondrial KATP channels and generation of ROS.
The findings suggest that mitochondrial KATP channel
opening acts as a trigger in an intracellular signaling
pathway responsible for isoflurane-induced precondi-
tioning by generating ROS in vivo.
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