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powerful endogenous cardioprotective mechanism of 
ischemic preconditioning [1], pharmacological precon-
ditioning with volatile anesthetics, or anesthetic-induced 
preconditioning (APC), emerged as a considerably less 
risk-bearing but equally effective cardioprotective in-
tervention [2]. From that period of time, experimental 
and clinical research has focused on elucidating the 
mechanisms of APC in the hope of fi nding the anes-
thetic agent most benefi cial for patients with coronary 
artery disease. Extensive research conducted in many 
laboratories throughout the world has advanced our 
understanding of the mechanisms of anesthetic precon-
ditioning, a phenomenon whereby a brief exposure to 
volatile anesthetic agents protects the heart from the 
consequences of subsequent prolonged ischemic insult. 
It is now recognized that the cellular signaling of APC 
involves protein kinase C (PKC), protein tyrosine 
kinase (PTK), mitogen-activated protein kinases 
(MAPK), protein kinase B (Akt), mitochondria, and 
last but not least, the ion channels, in particular the mi-
tochondrial and the sarcolemmal KATP channels. The 
mechanisms of APC have been the subject of several 
detailed review articles [3–12]. The current review will 
focus on recent fi ndings regarding subcellular constitu-
ents that are thought to be essential for the cardiopro-
tective effects of APC: the mitochondria with their 
reactive oxygen species (ROS) production, the putative 
mitochondrial KATP channels, and the sarcolemmal KATP 
channels (Fig. 1).

Mitochondria, reactive oxygen species, 
and mitochondrial KATP channels

Mitochondria appear to play a central role in the 
protective effects produced by the volatile anesthetics 
against ischemia and reperfusion injury. It has long 
been established that drugs with anesthetic properties 
have depressant effects on mitochondrial function [13]. 

Abstract
Pharmacological preconditioning with volatile anesthetics, or 
anesthetic-induced preconditioning (APC), is a phenomenon 
whereby a brief exposure to volatile anesthetic agents protects 
the heart from the potentially fatal consequences of a subse-
quent prolonged period of myocardial ischemia and reperfu-
sion. Although not completely elucidated, the cellular and 
molecular mechanisms of APC appear to mimic those of 
ischemic preconditioning, the most powerful endogenous 
cardioprotective mechanism. This article reviews recently 
accumulated evidence underscoring the importance of mito-
chondria, reactive oxygen species, and KATP channels in 
cardioprotective signaling by volatile anesthetics. Moreover, 
the article addresses current concepts and controversies re-
garding the specifi c roles of the mitochondrial and the sarco-
lemmal KATP channels in APC.
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Introduction

Cardiovascular disease remains a major healthcare 
problem in the United States and in many other devel-
oped countries. This disease signifi cantly affects the 
clinical outcome of both cardiac and noncardiac sur-
gery. It has been well documented that perioperative 
myocardial ischemia and infarction are the leading 
cause of morbidity and mortality following anesthesia 
and surgery. A high incidence of myocardial ischemia 
and infarction, congestive heart failure, and dysrhyth-
mias encountered during the intra- or postoperative 
periods has incited research efforts to develop protec-
tive interventions for decreasing the cardiac risk in pa-
tients with cardiovascular disease. Parallel to the most 
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Studies of cardiac mitochondria exposed to halothane, 
isofl urane, and sevofl urane have suggested that com-
plex I of the respiratory chain is the most common site 
of anesthetic action [14]. This is in agreement with fi nd-
ings that sevofl urane increased concentration of reduced 
nicotinamide-adenine dinucleotide (NADH) in isolated 
guinea pig hearts [15]. The slowing respiration at certain 
complexes of the respiratory chain may cause an 
electron leak and subsequently lead to the augmented 
generation of ROS. Indeed, similar to ischemic precon-
ditioning, there is compelling evidence for a role of 
ROS in the phenomenon of APC. Radical scavengers 
administered to rabbits in vivo during treatment 
with isofl urane abrogated the protection of APC against 
ischemia and reperfusion [16,17]. In a study on isolated 
guinea pig hearts, preconditioning with sevofl urane 
caused an immediate and reversible increase in fl uores-
cence of the ROS indicator dihydroethidium, as 
determined spectrophotometrically in real-time mea-
surements [18]. Complex III of the respiratory chain 
might also be a source of ROS during APC. The com-
plex III inhibitor myxothiazol, but not the complex I 
inhibitor diphenyleneiodonium, abolished ROS genera-
tion and prevented the isofl urane-induced myocardial 
infarct size reduction [19]. Taken together, these fi nd-
ings indicate that ROS generation during APC is a 
critical trigger for cellular protection. It is important to 

note that, in contrast to the requirement that minute 
amounts of ROS must be generated to initiate APC, the 
protection conferred by APC also involves a decrease 
in the detrimental large bursts of ROS that occur during 
ischemia and on reperfusion [18]. Elevated ROS pro-
duction on reperfusion, together with increased mito-
chondrial Ca2+, may cause opening of the mitochondrial 
permeability transition pore, leading to both apoptotic 
and necrotic cell death. To this end, desfl urane was 
found to improve the resistance of the mitochondrial 
permeability transition pore to calcium-induced open-
ing after ischemia and reperfusion [20], and isofl urane 
attenuated the apoptosis induced by hypoxia and reper-
fusion under both in vitro [21] and in vivo [22] condi-
tions. The suppression of ROS formation observed 
during treatment with anesthetics is thought to trig-
ger a tyrosine kinase cascade and a protein kinase C 
cascade, thus mediating a memory effect that lasts be-
yond withdrawal of the anesthetic, affecting the mito-
chondrial (mito) and sarcolemmal (sarc) KATP channel 
function [23–25]. While the identity of the sarcKATP 
channel is well established (see below) the molecular 
structure and even the existence of the mitoKATP chan-
nel are still under debate. Pertaining to the molecular 
structure of these channels, suggestions range from the 
well-known subunits of the sarcKATP channel [26] to a 
multiprotein complex comprised of succinate dehydro-
genase, mitochondrial ATP-binding cassette protein 1, 
adenine nucleotide translocator (ANT), ATP synthase, 
and inorganic phosphate carrier [27]. Evidence for the 
importance of mitoKATP channels in cardiac precondi-
tioning has been primarily based on pharmacological 
studies that utilized putative mitoKATP channel activa-
tors and inhibitors such as diazoxide and 5-
hydroxydecanoate (5-HD). However, the lack of 
specifi city of mitoKATP openers and blockers should not 
be ignored, based on the evidence that the channel 
openers, diazoxide and pinacidil, can also target com-
ponents of the respiratory chain [28], and the blocker 
5-HD exhibits complex metabolic effects on fatty acid 
oxidation [29]. In rabbit [30] and rat [31] in vivo models, 
5-HD abolishes pharmacological preconditioning by 
isofl urane. In a cellular model of ischemia, Zaugg et al. 
[24] demonstrated that isofl urane and sevofl urane medi-
ated cardiomyocyte protection by potentiating diazox-
ide-activated mitoKATP channels. This indirect effect 
was abolished by 5-HD, implying that the mitoKATP 
channels are responsible for the cytoprotection con-
ferred by volatile anesthetics. Opening of the mitoKATP 
channels can be assessed indirectly by monitoring the 
native auto-fl uorescence of mitochondrial fl avoprotein, 
because it has been suggested that the mitochondrial 
redox state refl ects the activity of the mitoKATP channel 
[32]. Yet it is unclear how the increase in fl avoprotein 
fl uorescence that corresponds to the increased rate of 
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Fig. 1. Schematic diagram of some of the cellular sites and 
pathways thought to be involved in anesthetic-induced pre-
conditioning (APC): 1. A1/A3, adenosine receptors; 2. Gi pro-
teins; 3. PKC, protein kinase C; 4. preconditioning stimuli; 5. 
direct anesthetic/KATP channel interaction; 6. intracellular 
KATP channel regulators: ATP, NDP, phosphatidylinositol 4,
5-bisphosphate (PIP2); 7. PTK, protein tyrosine kinase and 
MAPK, mitogen activated protein kinase; 8. mitochondrial 
redox state; 9. ROS, reactive oxygen species; 10. ETC, elec-
tron transport chain; 11. MPTP, mitochondrial permeability 
transition pore; 12. Akt, protein kinase B signaling and 
survival pathway. Mito, mitochondrial; Sarc, sarcolemmal; 
APD, action potential duration, SUR, sulfonylurea receptor; 
PLC, phospholipase C; PLD, phospholipase D; DAG, 
diacylglycerol
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mitochondrial oxidation agrees with the aforemen-
tioned increase in NADH observed during precondi-
tioning. This could possibly be explained by differences 
in the energetic state of cardiomyocytes in different ex-
perimental models. In contrast to the intravenous anes-
thetics, the volatile anesthetics isofl urane and sevofl urane 
both increased fl avoprotein fl uorescence in intact guin-
ea pig and rat cardiomyocytes [33–35], as well as in iso-
lated rat hearts [36]. In fact, the latter study suggested 
that the activation of mitoKATP channels was essential 
both for preconditioning triggering and for mediating 
the cardioprotection conferred by isofl urane. This dual 
action of the mitoKATP channel was confi rmed in a re-
cent in vitro study on isolated adult rat cardiomyocytes, 
using the mitoKATP channel inhibitor 5-HD [37]. More 
specifi c evidence for the direct action of volatile anes-
thetics on the mitoKATP channel was obtained using in-
ner mitochondrial membranes reconstituted in lipid 
bilayers [38]. In that study, the mitoKATP channels were 
identifi ed and characterized based on their electrophys-
iological properties, sensitivity to activation by diazox-
ide, and inhibition by 5-HD. In that model, isofl urane 
was demonstrated to increase the open probability of 
mitoKATP channels and decrease channel sensitivity to 
ATP [38].

The question of how the opening of mitoKATP chan-
nels leads to cardioprotection remains controversial, 
and several mechanisms have been suggested. Holmu-
hamedov et al. [39] proposed that opening of the 
mitoKATP channel prevented fatal mitochondrial Ca2+ 
overload by inducing mitochondrial depolarization. In-
deed, APC attenuates cytoplasmic [40] and mitochon-
drial [35,41] Ca2+ loading, it has been demonstrated that 
this effect is antagonized by 5-HD [35,41]. In contrast, 
other investigators did not observe signifi cant changes 
in the mitochondrial membrane potential when 
mitoKATP channel openers were used in effective con-
centrations, and suggested that mitoKATP channels play 
a role in the regulation of matrix volume and pH [42,43]. 
A recent study by Tanaka et al. [44] has provided evi-
dence that the isofl urane-induced opening of the mito-
KATP channel leads to the generation of ROS, which 
trigger APC. These fi ndings were based on the observa-
tion that 5-HD prevented the increase in dihydroethid-
ium fl uorescence when given before, but not after, the 
administration of isofl urane. However, controversy ex-
ists regarding the temporal relation between the open-
ing of the mitoKATP channel and ROS production. In 
isolated guinea pig hearts, 5-HD did not prevent the 
sevofl urane-induced increase in ROS fl uorescence, but 
it did abolish the protection of the heart conferred by 
preconditioning [18]. Thus, while it is evident that mi-
tochondria play a crucial role in the phenomenon of 
anesthetic preconditioning, the exact role of the mito-
KATP channel will require further clarifi cation.

Sarcolemmal KATP channels

The sarcolemmal ATP-sensitive potassium channel 
(sarcKATP channel) was discovered more than 20 years 
ago by Noma [45] in the heart, and was subsequently 
described in pancreatic β-cells, skeletal muscle, vascular 
and nonvascular smooth muscle, brain, and peripheral 
neurons. The KATP channels are gated by intracellular 
nucleotides, whereby intracellular ATP closes the 
channel, but intracellular Mg-ADP enhances channel 
activity. These channels, therefore, are sensors of the 
cellular metabolic state and couple the metabolism with 
the electrical activity of the cell [45]. Although expressed 
at a very high density in the plasma membrane of car-
diomyocytes, sarcKATP channels remain predominantly 
closed under normal physiological conditions when the 
levels of intracellular ATP are high. Thus, under normal 
conditions, they do not contribute to the resting mem-
brane potential of myocardial cells, and their exact 
physiological role is still unclear [46]. However, the 
sarcKATP channels open during metabolic stress, such as 
ischemia or hypoxia, and their opening results in K+ ef-
fl ux and membrane hyperpolarization that stabilizes the 
membrane potential near the K+ equilibrium potential, 
and leads to the closing of L-type calcium channels and 
shortening of the action potential [45,47]. The protec-
tive effects of sarcKATP channel opening have been at-
tributed to these profound effects on cell excitability 
that help to maintain cellular homeostasis during stress, 
most likely through decreasing potentially detrimental 
intracellular Ca2+ loading [48,49].

The cardiac sarcKATP channels are hetero-octameric 
complexes of two protein subunits, the pore-forming 
inward rectifying Kir6.2 channel and the regulatory sul-
fonylurea receptor SUR2A [50,51]. The binding of in-
tracellular ATP to sites on each Kir6.2 subunit promotes 
channel closure, and this effect is counteracted by intra-
cellular phosphatidylinositol-4,5-bisphosphate (PIP2). 
In addition, binding of Mg-ATP and Mg-ADP at the 
nucleotide binding domains of SUR2A opposes the 
inhibitory effects of Kir6.2-bound ATP and enhances 
channel opening [52]. Pharmacological modulators of 
the KATP channel—the openers: pinacidil, cromakalim, 
and nicorandil; and the blockers: glibenclamide and 
HMR-1098—exert their actions through binding to 
defi ned sites on the SUR2A subunit.

Although the exact physiological role of the cardiac 
sarcKATP channel is not completely elucidated, evidence 
is accumulating that these channels play an important 
role in myocardial protection from metabolic stress, 
ischemia/reperfusion injury, and cardiac arrhythmias, 
and in myocardial preconditioning. The role of sarcKATP 
channels in cardioprotection has been extensively stud-
ied using pharmacological and genetic approaches, in-
cluding the disruption of KATP channel subunits. The 
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lack of functional KATP channels in Kir6.2 knockout 
mice is associated with reduced tolerance to stress 
and exercise, and increased mortality due to augmented 
myocardial Ca2+ loading [53–55]. Only recently, 
mutations within the sarcKATP channel were related to 
cardiac disease in humans. Two mutations that alter 
the metabolic gating of the KATP channel were iden-
tifi ed within a gene encoding for SUR2A in patients 
suffering from severe idiopathic dilated cardiomyopa-
thy [56].

As indicated above, the sarcKATP channel appears to 
play an important role in the phenomenon of cardiac 
preconditioning, including APC. The cardioprotective 
effects of ischemic preconditioning were initially attrib-
uted to the opening of sarcKATP channels [57], because 
preconditioning could have been mimicked with KATP 
channel openers and prevented by KATP channel block-
ers. Although initially the protective effects of sarcKATP 
channel opening were attributed to a shortening of the 
action potential, later studies have demonstrated that 
the cardioprotective effects of KATP channel opening are 
independent of action potential shortening [58,59]. Fol-
lowing a more recent discovery of mitoKATP channels in 
the inner mitochondrial membrane [60] and the devel-
opment of selective mito- and sarcKATP channel block-
ers, experimental evidence has suggested that mitoKATP 
channels, rather than sarcKATP channels, play an essen-
tial role in cardioprotection [61,62]. HMR-1098, a spe-
cifi c inhibitor of the sarcKATP channel, has often failed 
to abolish the protection conferred by ischemic and 
pharmacological preconditioning, while cardioprotec-
tion was elicited by the mitoKATP channel opener dia-
zoxide [62,63]. These fi ndings have led to a widespread 
opinion that the cardioprotective effects of precondi-
tioning are dependent on the opening of the mitoKATP 
channel. However, the results of more recent studies 
suggest that the potential involvement of sarcKATP 
channels in cardioprotection should not be ignored 
[49,64,65].

The fi rst studies that suggested the possibility of APC 
demonstrated that treatment with isofl urane improved 
the contractile recovery of stunned myocardium [2] and 
that inhibition of the KATP channel by glibenclamide 
completely abolished the protection conferred by iso-
fl urane in an in vivo canine model [66]. Subsequently, a 
role of KATP channels in APC has been demonstrated in 
several other species, using different experimental mod-
els [17]. The majority of studies pointed to the mitoKATP 
channel as the main contributor to myocardial protec-
tion, while fi nding no apparent involvement of the 
sarcKATP channels [24,67–69]. However, a few studies 
have demonstrated that sarcKATP channels play an im-
portant role in APC [30,70,37]. A recent study that uti-
lized the isolated rat cardiomyocyte model revealed 
that sarcKATP channels were essential contributors to 

APC, acting as an effector [37]. Pronounced differences 
in results from studies that have investigated the role of 
sarcKATP channels in APC may be attributed to differ-
ences in the experimental models (acutely isolated car-
diomyocytes, atrial trabeculae, Langendorff perfused 
isolated hearts, in vivo preparation) and differences in 
the type of insult on the myocardium (ischemia and re-
perfusion in vivo, simulated ischemia without reperfu-
sion, hypoxia, oxidative stress, metabolic inhibition). 
Moreover, the measured endpoints of cardiac injury 
differ substantially as well (cell death or infarcted area 
versus functional parameters such as developed force of 
contraction). Finally, there are differences in the timing 
and duration of application of pharmacological inhibi-
tors (application during preconditioning stimulus versus 
application during stress period). In the study by 
Marinovic et al. [37], the timing of HMR-1098, but not 
5-HD application, was found to be crucial. When HMR-
1098 was applied only during the preconditioning 
stimulus (isofl urane exposure), cytoprotection was still 
present, but when HMR-1098 was applied during stress 
only, the cytoprotective effect of isofl urane was abol-
ished. Therefore, when evaluating the results of studies 
that test the role of sarcKATP channels in precondition-
ing, the timing of application of the channel blockers is 
an important factor to be considered.

Nearly all studies investigating the role of KATP chan-
nels in APC have demonstrated that channel blockade 
abolishes the protective effects of preconditioning. 
However, inhibition of KATP channels in the absence of 
preconditioning did not affect the baseline damage 
caused by various stresses. This suggests that precondi-
tioning by anoxia, ischemia, anesthetics, or other stimuli 
specifi cally infl uences the function of KATP channels. 
That preconditioning alters the function of sarcKATP 
channels has indeed been demonstrated in a number of 
studies. Zhu et al. [71] showed that anoxic precondition-
ing of isolated guinea pig cardiomyocytes shortened the 
latency of sarcKATP channel opening during metabolic 
inhibition and enhanced the KATP channel current, and 
these effects were mediated by PKC. In another more 
recent study, Budas et al. [72] demonstrated that hy-
poxic preconditioning of single beating cardiomyocytes 
enhanced the opening of sarcKATP channels during sub-
sequent prolonged hypoxia compared to control non-
preconditioned myocytes.

Volatile anesthetics that produce preconditioning 
have been shown to also modulate the function of the 
cardiac sarcKATP channel. The fi rst patch-clamp study of 
the effects of volatile anesthetics on the sarcKATP chan-
nel demonstrated that isofl urane directly inhibited the 
activity of single KATP channels and decreased the chan-
nel sensitivity to inhibition by intracellular ATP [73]. 
Subsequently, the direct effects of isofl urane on the 
sarcKATP channel were shown to be pH-dependent [74]. 
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Under excised patch confi guration, in inside-out mem-
brane patches from guinea pig ventricular myocytes and 
at intracellular pH 7.4, isofl urane either had no effect 
or tended to decrease channel activity. However, at 
moderately acidic intracellular pH 6.8, as occurs during 
early ischemia, isofl urane enhanced the activity of single 
sarcKATP channels by increasing the channel open-
state probability and decreasing channel sensitivity to 
inhi bition by intracellular ATP [74]. This direct pH-
dependent interaction of isofl urane with the sarcKATP 
channel was found to be mediated by the nucleotide 
binding domains (NBD) of SUR2A, specifi cally, the 
NBD1 domain [75]. In addition to direct interaction 
between isofl urane and the KATP channel, a whole-cell 
patch-clamp study by Kwok et al. [76] has demonstrated 
that isofl urane may also indirectly modulate the 
sarcKATP channel. Although unable to open the channel, 
isofl urane markedly increased the KATP current pre-
activated by either the metabolic inhibitor 2,4-
dinitrophenol or the KATP channel opener, pinacidil 
[76]. However, isofl urane-induced facilitation of the 
sarcKATP channel was evident only in the intact cells, 
under whole-cell patch clamp or in the cell-attached 
mode, but not under cell-free conditions, in the inside-
out membrane patches [77]. Subsequently, intracellular 
mediators of isofl urane actions on the sarcKATP channel 
were identifi ed. Some of them include PTK [23], PKC 
[78–80], adenosine [81], ROS [82] (Fig. 1) and phospha-
tidylinositol-3 kinase (PI3K) [81]. In addition to these 
acute and immediate effects, isofl urane was shown to 
produce a long-lasting effect on the sarcKATP channel 
that corresponds to the early memory phase of APC. A 
whole-cell patch-clamp study by Marinovic et al. [80] 
demonstrated that the transient exposure of isolated 
cardiomyocytes to isofl urane sensitized the sarcKATP 
channel to opening, and the effect persisted even after 
withdrawal of the anesthetic. This effect was indepen-
dent of the mode of anesthetic application, and contin-
ued after in vivo rat exposure to isofl urane (in vivo 
APC) and for several hours following APC with isofl u-
rane [83]. The same study demonstrated that, during the 
memory phase, following in vivo APC, channel sensitiv-
ity to inhibition by ATP was markedly attenuated, sug-
gesting that these channels would be more likely to 
open at higher intracellular levels of ATP [83]. Further-
more, there is evidence that, in isolated rat ventricular 
cardiomyocytes, PKC-δ, a classical PKC isoform, is the 
most likely candidate mediator of the memory phase of 
APC induced by isofl urane [80]. Thus, isofl urane ap-
pears to have dual action on the cardiac sarcKATP chan-
nel: a direct one that is more pronounced at moderately 
acidic intracellular pH as it occurs during early isch-
emia, and an indirect one that is mediated by PKC.

Conclusion

Intense research efforts have brought about new fi nd-
ings regarding the roles of cardiac mitochondria, ROS, 
and the mitoKATP and sarcKATP channels in the myocar-
dial protection conferred by volatile anesthetics. Data 
from experimental animal studies support the concept 
of the leading role of cardiac mitochondria and the im-
portance of the mitoKATP channel as a trigger and an 
effector of APC, while the sarcKATP channel appears to 
be an effector of APC. Although some of the contro-
versies regarding the respective roles of mito- and sarc-
KATP channels have been clarifi ed, further investigations 
are required to fi nd answers to these questions. Last but 
not least, it remains to be determined whether the fi nd-
ings from experimental animal work would be applica-
ble in the clinical situation to patients with cardiovascular 
disease and whether patients at high risk for ische-
mia and infarction would benefi t from anesthetic 
preconditioning.
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