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Volatile anesthetics produce important cardioprotective effects by stimulating a series of
intracellular signaling events that ultimately render myocardium resistant to infarction.
Anesthetics are known to protect the heart in a temporal manner. An initial early window of
myocardial protection lasts hours after exposure to isoflurane or other volatile agents, and
myocardial protection reappears again 24 to 48 h later. The mechanisms of early and
delayed anesthetic preconditioning differ. Anesthetics activate various intracellular kinases
which phosphorylate and subsequently modify the activity of downstream proteins (e.g.,
endothelial nitric oxide synthase [eNOS] and adenosine triphosphate-regulated potassium
channels) that are important in mediating cardioprotection. During the early preconditioning
phase, modification of preexisting proteins leads to protection, whereas after 24 h,
cardioprotection relies on the synthesis of new proteins. The complexity of these signal
transduction events requires both functional and spatial organization, and coordination of the
activity of a large number of intracellular proteins. In this issue of the Journal, Tsutsumi et
al1 demonstrate that isoflurane produces delayed protection against myocardial infarction by
modulating a key protein, caveolin-3, found in membrane (lipid) rafts (fig. 1).

An extension of the classical fluid lipid bilayer model of the plasma membrane, lipid/
membrane rafts are small (10–200 nm) microdomains enriched in sterols, sphingolipids and
cholesterol “floating” in a sea of phospholipids.2 These lipid domains form docking
platforms that control the location of intracellular signal transduction events. Rafts are
located in the plasma membrane, and are also found in the endoplasmic reticulum and
mitochondria. Membrane rafts function to regulate cellular processes by concentrating
proteins to highly specific intracellular locations. The formation of lipid rafts is highly
dynamic and this property allows for temporal regulation of protein signaling and
trafficking. A subclass of membrane rafts are the caveolae, which are flask-like
invaginations of the cellular membrane (60–80 nm), distinguished by the presence of
scaffolding proteins caveolin-1, -2, and -3.3 Caveolins-1 and -2 are highly expressed in
adipocytes, endothelial cells, and fibroblasts, whereas, caveolin-3 is expressed
predominantly in skeletal, cardiac, and smooth muscle cells. Caveolae are disrupted in
caveolin-1 and caveolin-3 knock out mice, but are preserved in caveolin-2 mutants.4
Caveolins bind proteins through a specific domain that enables conformational changes to
occur and this action regulates the activity of signal transduction molecules. Caveolins are
required for caveolae formation and their expression indirectly regulates the number of
caveolae available for functional signal transduction. Caveolins can alter the fluidity of
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membrane rafts through the binding of cholesterol which in turn alters membrane
composition and signaling effects.4 Tsutsumi et al5 have previously shown that cardiac-
specific over-expression of caveolin-3 decreases myocardial infarction and mimics ischemic
preconditioning. The current results extend these previous findings and demonstrate that
isoflurane produces delayed preconditioning by up-regulating caveolin-3 and by increasing
the co-localization of caveolin-3 with glucose-transporter (GLUT)-4 in membrane rafts
(caveolar fraction).

GLUT-4 is the major transporter responsible for glucose uptake into cells. During ischemia,
cardiac myocyte metabolism is altered to favor anaerobic glycolysis and increased GLUT-4
translocation from intracellular compartments to the plasma membrane facilitates substrate
availability. GLUT-4 has previously been implicated in the cardioprotective effect of both
early and delayed forms of ischemic preconditioning, a phenomenon in which brief periods
of myocardial ischemia up to 2 (early) or 24–48 h (delayed) before a prolonged period of
coronary artery occlusion and reperfusion decreases the extent of subsequent infarction.
Myocardial ischemia appears to increase GLUT-4 expression and translocation. GLUT-4
protein is up-regulated after ischemic preconditioning along with increased expression of
caveolin-3, phosphorylated eNOS, and phosphorylated Akt. Preconditioning stimuli not only
increase the expression of these cardioprotective proteins, but also stimulate translocation of
GLUT-4 to the caveolar-rich membrane fraction, thereby, sustaining activation of signaling
molecules.6 Interestingly eNOS, which is known to play an important role during both early
and delayed phases of anesthetic preconditioning, is reciprocally regulated by interactions
with caveolins-1 and -3, and GLUT-4. The activity of eNOS is decreased when this enzyme
is associated with caveolin-1. Conversely, disassociation of caveolin-1/eNOS interaction,
and increased translocation of GLUT-4 and its enhanced association with caveolin-3
activates eNOS.7 Although caveolin-1 is an important mediator of the early phase of
isoflurane preconditioning, there appears to be almost no role for this protein in delayed
protection. These findings indicate a differential role of caveolins during anesthetic
cardioprotection that may be both temporal (early vs. delayed) and cell lineage (endothelial
cell vs. cardiomyocyte) specific. Caveolin-1, while negatively regulating eNOS under basal
conditions, also facilitates eNOS signaling during stimulation by compartmentalizing
proteins in the appropriate intracellular locations. This condition is referred to as “caveolar
paradox” and illustrates the complex nature of protein-protein interactions that ultimately
impacts cell survival after ischemia and reperfusion.

Other binding proteins, such as heat shock protein-90, have also been implicated in the
regulation of eNOS by caveolins. For example, caveolin-1, eNOS, and heat shock protein 90
can be co-immunoprecipitated from endothelial cells, and the presence of heat shock protein
90 decreases the inhibitory effect of caveolin-1 on eNOS activity.8 Tsutsumi et al1 did not
investigate eNOS regulation by GLUT-4/caveolin-3 interactions during delayed anesthetic
preconditioning; however, it is interesting to speculate that interactions between these
molecules and other binding partners, such as heat shock protein 90, may be spatially
regulated in caveolae by lipophilic volatile anesthetics.

GLUT-4 is the major insulin-responsive glucose transporter. Insulin-induced translocation
of GLUT-4 to the membrane from intracellular vesicles stimulates glucose uptake in muscle
and adipose tissues. However, the exact mechanism whereby translocation of GLUT-4 to the
plasma membrane induces cardioprotection is unknown. The current findings that GLUT-4
translocation is enhanced by delayed preconditioning with isoflurane in caveolin-1 but not
-3 knockout mice also implicates caveolins as potential targets of disease processes, such as
diabetes, that modulate the efficacy of preconditioning. For example, diabetes and acute
hyperglycemia attenuate reduction of myocardial infarct size elicited by diverse
preconditioning stimuli and this occurs through impaired eNOS regulation by heat shock
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protein 90.9 The caveolins are also modulated by diabetes. Caveolin-3 content is reduced in
lipid rafts from diabetic myocardium7 and disruption of caveolae in adipocytes renders these
cells insulin resistant.10 Caveolin-3 knock-out mice exhibit insulin resistance in vivo, and
acute hyperglycemia alone disturbs lipid raft stability by interfering with cholesterol
synthesis.11 Thus, defects in membrane raft composition and caveolin expression induced by
disease states could underlie the lack of cardioprotection observed in some clinical studies
using volatile anesthetics, although, this hypothesis remains to be specifically tested.

The work by Tsutsumi and colleagues1 highlighted in this issue of the Journal emphasizes
that anesthetic cardioprotection requires functional lipid domains, such as caveolae, and
their associated proteins the caveolins. Membrane rafts regulate the intracellular location of
signaling molecules activated by volatile anesthetics and these microdomains may be the
interface through which anesthetics directly mediate protection. Moreover, lipid rafts may
represent a new target for the rescue of ischemic myocardium and provide a new therapeutic
approach in the treatment of patients with cardiovascular disease.
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