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Abstract

Background—Signal transduction cascade of anesthetic-induced preconditioning has been
extensively studied, yet many aspects of it remain unsolved. Here we investigated the roles of reactive
oxygen species (ROS) and mitochondrial uncoupling in cardiomyocyte preconditioning by 2 modern
volatile anesthetics: desflurane and sevoflurane.

Methods—Adult rat ventricular cardiomyocytes were isolated enzymatically. The preconditioning
potency of desflurane and sevoflurane was assessed in cell survival experiments by evaluating
myocyte protection from the oxidative stress-induced cell death. ROS production and flavoprotein
fluorescence, an indicator of flavoprotein oxidation and mitochondrial uncoupling, were monitored
in real-time by confocal microscopy. The functional aspect of enhanced ROS generation by the
anesthetics was assessed in cell survival and confocal experiments using the ROS scavenger Trolox.

Results—Preconditioning of cardiomyocytes with desflurane or sevoflurane significantly
decreased oxidative stress-induced cell death. That effect coincided with increased ROS production
and increased flavoprotein oxidation detected during acute myocyte exposure to the anesthetics.
Desflurane induced significantly greater ROS production and flavoprotein oxidation than
sevoflurane. ROS scavenging with Trolox abrogated preconditioning potency of anesthetics and
attenuated flavoprotein oxidation.

Conclusion—Preconditioning with desflurane or sevoflurane protects isolated rat cardiomyocytes
from oxidative stress-induced cell death. Scavenging of ROS abolishes the preconditioning effect of
both anesthetics and attenuates anesthetic-induced mitochondrial uncoupling, suggesting a crucial
role for ROS in anesthetic-induced preconditioning and implying that ROS act upstream of
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mitochondrial uncoupling. Desflurane exhibits greater effect on stimulation of ROS production and
mitochondrial uncoupling than sevoflurane.

INTRODUCTION

Multiple mechanisms are involved in adaptation of the heart to ischemia/reperfusion injury,
including changes in myocardial metabolism that enable cardiac cells to withstand prolonged
ischemia and reperfusion.! This endogenous defense mechanism can be elicited by pre-
exposing myocardium to volatile anesthetics (VAs), a phenomenon termed anesthetic
preconditioning (APC).2 Although APC has been known for more than a decade, little is known
about similarities and differences in preconditioning potency of various VAs and the essential
steps of APC signal transduction cascade. Explaining differences in preconditioning may have
important implications on selection of VAs in clinical practice. The available data concerning
the cardioprotective potency of desflurane and sevoflurane are controversial. One study
showed that desflurane is a potent cardioprotective anesthetic, whereas sevoflurane did not
exhibit such a property in the rabbit heart in vivo.3 By contrast, 2 other studies demonstrated
that desflurane and sevoflurane both effectively precondition the myocardium in vivo?* and in
vitro® with similar potency. Further, very few studies compared the components of
preconditioning signaling cascades of desflurane and sevoflurane. The outcome of such studies
would be important for explaining the mechanisms of VA-induced cardioprotection and
discriminating the effects of desflurane and sevoflurane on myocardial function.

An increase in generation of reactive oxygen species (ROS)®>~/ and mitochondrial uncoupling
via opening of mitochondrial potassium channels® appear to be critical events at the onset of
the APC signaling cascade. However, the temporal relationship between these 2 events remains
controversial. Enhanced ROS production in APC has been attributed to opening of the
mitochondrial ATP-sensitive K* (mitoKaTp) channel.® However, other studies suggested that
the opening of the mitoK atp channel is induced by ROS.10:11 Whole animal,® isolated heart,
7 and human right atrial trabeculae® studies have shown that APC can be abolished by ROS
scavengers, suggesting that a transient increase in ROS production participates in the APC
signaling cascade. Although it has been shown in an isolated heart model that VAs increase
ROS production,2 there is no evidence that ROS are generated in myocardial cells. The goal
of the present study, therefore, was to document and investigate the time course of VA-induced
ROS generation in isolated, intact, ventricular cardiomyocytes. We hypothesized that the
preconditioning potency of desflurane and sevoflurane correlates with the magnitude of ROS
production and mitochondrial uncoupling elicited by acute exposure to VAs. We investigated
the functional importance of enhanced ROS production in the triggering phase of APC by
desflurane and sevoflurane and hypothesized that an increase in ROS production occurs
upstream of mitochondrial uncoupling.

METHODS

The animal use and experimental protocols of this study were approved by the Institutional
Animal Use and Care Committee of the Medical College of Wisconsin, Milwaukee, Wisconsin.

Isolation of ventricular myocytes

Ventricular cardiomyocytes were isolated from adult male Wistar rats by enzymatic

dissociation with collagenase and protease as reported previously.8 Myocytes were stored in
Tyrode solution (in mM: 132 NaCl, 10 HEPES, 5 glucose, 5 KClI, 1 CaCls, 1.2 MgCl,, adjusted
to pH 7.4) at room temperature and were used for experiments within 5 hours after isolation.
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Myocyte survival protocols

Survival experiments were conducted using glucose-free Tyrode solution as previously
described.8 Cell viability was evaluated by cellular morphology and trypan blue staining
(Sigma-Aldrich, St. Louis, MO) at the beginning and at the end of experiment. The cells were
exposed to oxidative stress using 200 uM H,0, (Calbiochem, La Jolla, CA) and 100 uM
FeSO4. VAs, alone or with ROS scavenger Trolox (Calbiochem, La Jolla, CA), were applied
before initiation of oxidative stress. Due to incomplete washout of Trolox that altered oxidative
stress-induced cell death, a modification of the cell survival protocol was necessary for the
experiments with Trolox to achieve comparable cell death in all stress groups (Fig. 1). Trolox
washout was extended from 5 to 15 minutes, the H,O, concentration was increased from 200
uM to 325 pM, and Trolox was present in the stress group as well.

Analysis of ROS production

The ROS-sensitive indicator 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein
diacetate, acetyl ester (CM-H,DCFDA) (Molecular Probes, Eugene, OR) was used for
assessment of ROS production. CM-H,DCFDA is a membrane permeable form of indicator
that diffuses into cardiomyocytes where cellular esterases cleave the acetate group yielding
membrane impermeable, non-fluorescent, CM-H,DCF. ROS, mainly H,0,, oxidize CM-
H,DCF, generating fluorescent CM-DCF. Isolated cardiomyocytes were loaded with 2 uM
CM-H,DCFDA for 20 minutes, followed by 20-minute washout. Cells were superfused with
Tyrode solution at room temperature and fluorescence was recorded with a laser scanning
confocal microscope (Leica TCS SP5, Mannheim, Germany) using the 40x/0.85 dry objective
and 8000 Hz resonant scanner. Data were analyzed using LAS AF software (Leica, Mannheim,
Germany). Spectrofluorometrical analysis showed that concentrations of VAs 10 times larger
than used in the current study did not change CM-H,DCF fluorescence in Tyrode solution,
excluding a possibility that VAs directly enhance fluorescence signal. Rates of increase in CM-
DCF fluorescence before and during anesthetic application were analyzed statistically. The
cells showing a baseline increase in the CM-DCF signal more than 15% over 10 minutes were
excluded from the study.

Analysis of mitochondrial redox state

Anesthetics

Autofluorescence of flavoproteins (FP) was measured for the assessment of mitochondrial
redox state.13 Fluorescence signal that increases with oxidation of FPs is compensatory to
mitochondrial uncoupling.}4 Used as positive control, protonophore 2,4-dinitrophenol (DNP,
100 pM) induced maximal oxidation of FPs. Isolated cardiomyocytes were superfused with
Tyrode solution in the recording chamber, and fluorescence was recorded at room temperature
using the laser-scanning confocal microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan) with
a40x/1.3 oil-immersion objective (Nikon). Data were analyzedusing MetaMorph 6.1 software
(Universal Imaging, West Chester, PA). For the purpose of statistical analyses, the averaged
fluorescence of time points recorded before anesthetic exposure (Baseline) was compared to
the averaged fluorescence of time points during anesthetic exposure and anesthetic washout.
Results are presented as percent change in fluorescence intensities relative to baseline (Fg)
before the exposure to anesthetics (F/Fg % 100).

Sevoflurane (Abbot Laboratories, North Chicago, IL) and desflurane (Baxter, Deerfield, IL)
were dispersed in experimental solution by sonication. Anesthetic-containing solution was
delivered from airtight glass syringes, and the recording chamber was covered with a glass
coverslip to maintain a constant concentration of anesthetics. At the end of each experiment,
samples were taken from the outflow of the recording chamber, and anesthetic concentrations
were analyzed by gas chromatography. The mean desflurane and sevoflurane concentrations
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were 1.26+0.28 mM and 0.62+0.11 mM, respectively, equivalent to 0.6 minimum alveolar
concentration (MAC) and 0.7 MAC, respectively, in rats. A 5-minute washout was sufficient
to eliminate anesthetic from the recording chamber.

Statistical analysis

Data are presented as means = SD, and n indicates number of experiments. Results were
analyzed using analysisof variance with the Bonferroni’s post hoc test. In the cell survival
experiments, each anesthetic group, with or without Trolox, was compared to a matching stress
group using Student t test, while different experimental groups were analyzed using analysisof
variance with the Bonferroni’s post hoc test. Differences at P<0.05 were considered significant.

RESULTS

ROS are involved in desflurane and sevoflurane-induced cardiomyocyte protection from
oxidative stress

To test for cytoprotective effects by desflurane and sevoflurane, cardiomyocytes were exposed
to oxidative stress (H,O, + FeSO,) with or without pretreatment with anesthetics. Percent cell
death was determined relative to matching stress groups. Cell death in stress groups was as
follows: desflurane control 68+12%, sevoflurane control 59+16%, desflurane-Trolox control
62+10%, and sevoflurane-Trolox control 50+15%. Pretreatment with desflurane or sevoflurane
significantly reduced cell death to 69+27% (n=12) and 81+£30% (n=21), respectively,
suggesting that in vitro preconditioning with either anesthetic effectively protects isolated
cardiomyocytes from oxidative stress. Although differences between anesthetics were not
significant, desflurane tended to have greater preconditioning potency than sevoflurane. To
test whether ROS are involved in initiation of APC, the ROS scavenger Trolox (250 uM) was
applied together with anesthetics. In the presence of Trolox the protection by anesthetics was
abolished and cell death was 90+32% (n=12) in the desflurane and 99+28% in the sevoflurane
group (Fig. 2). These findings suggested that APC with desflurane and sevoflurane protects
cardiomyocytes from oxidative stress via an increase in ROS production.

Acute treatment with desflurane and sevoflurane increases ROS production in isolated
cardiomyocytes

To confirm whether acute treatment with anesthetics enhances ROS generation, the ROS-
sensitive fluorescence indicator CM-H,DCFDA was used. The rate of relative increase in
fluorescence prior to anesthetic application (Baseline) was 0.65+0.50 in the desflurane and
0.66+0.41 in the sevoflurane group (Fig. 3A). During application of desflurane or sevoflurane,
the rate of relative increase in fluorescence was 1.48+0.64 and 1.08+0.27, respectively, which
was significantly greater than baseline values, and the effect of desflurane was significantly
greater than sevoflurane. Fig. 3B shows fluorescence data corrected for increase in the baseline
fluorescence. During the anesthetic washout, CM-DCF fluorescence did not increase further
(data not shown). Since CM-DCF is irreversibly oxidized by ROS,1° no change in fluorescence
suggested a decrease in the rate of ROS production during anesthetic washout.

Desflurane and sevoflurane have differential effects on oxidation of FPs

Enhancement of FP fluorescence by isoflurane is attributed to activation of the mitoK1p
channel that uncouples mitochondria and causes oxidation of FPs.14:16 \We used FP
autofluorescence for assessment of mitochondrial uncoupling that likely reflects opening of
the mitoK a7p channel.1” Desflurane and sevoflurane significantly increased oxidation of
mitochondrial FPs to 168+36% (n=19) and 141+37% (n=25) of baseline, respectively, with
desflurane exerting a significantly greater effect than sevoflurane (Fig. 4). Greater
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mitochondrial uncoupling by desflurane appears to correlate with greater ROS production
evoked by desflurane.

ROS mediate mitochondrial uncoupling induced by desflurane and sevoflurane

To test whether enhanced ROS production precedes mitochondrial uncoupling during
anesthetic treatment, Trolox was applied 5 min before and during application of anesthetics.
Application of desflurane and sevoflurane in the presence of Trolox increased peak FP
fluorescence to 136x17% (n=10) and 111+8% (n=8) of baseline, respectively, which is
significantly less compared to the effect of anesthetics alone (Fig 5). Although sevoflurane-
induced oxidation of FPs was completely abolished by Trolox, the desflurane effect was only
attenuated. Trolox alone did not have any significant effect on FP fluorescence. These findings
suggested that ROS mediate the mitochondrial uncoupling induced by desflurane and
sevoflurane.

DISCUSSION

The results of the present study show that preconditioning of freshly isolated cardiomyocytes
with either desflurane or sevoflurane decreases cell death caused by oxidative stress.
Cytoprotective effects of desflurane and sevoflurane were completely abolished by the ROS
scavenger Trolox, suggesting involvement of ROS in the triggering phase of preconditioning.
This was confirmed by demonstration of increased ROS production during acute application
of both VAs. Furthermore, both anesthetics increased the oxidation of mitochondrial FPs,
implying mitochondrial uncoupling. Application of Trolox together with anesthetics
significantly attenuated the desflurane-induced FP oxidation and abrogated FP oxidation
induced by sevoflurane, suggesting that ROS generation precedes mitochondrial uncoupling.
Furthermore, desflurane exhibited a significantly greater effect on ROS production and FP
oxidation than sevoflurane. Our study is the first to demonstrate differences in ROS production
and mitochondrial uncoupling, 2 important components of the APC signaling cascade, between
desflurane and sevoflurane. This may reflect different preconditioning potency of these VAs.
We also showed that VAs enhance ROS production by direct action on cardiomyocytes.
Contrary to many other studies,®18:19 our study suggests that enhanced ROS production
precedes mitochondrial uncoupling in the APC signaling cascade.

The present study demonstrates that, similar to isoflurane,8 preconditioning by desflurane and
sevoflurane increases survival of isolated cardiomyocytes during oxidative stress. To test the
functional importance of ROS for preconditioning by desflurane and sevoflurane, the ROS
scavenger Trolox was applied together with VVAs resulting in abrogated cytoprotection.
Interestingly, Trolox abolished sevoflurane-induced oxidation of FPs, but only attenuated FP
oxidation induced by desflurane, suggesting that the signaling cascade in preconditioning by
desflurane is only partly mediated by ROS, or more likely that Trolox incompletely scavenged
ROS induced by desflurane since desflurane stimulated greater ROS production than
sevoflurane. The latter was also indicated by another study that demonstrated complete
abrogation of desflurane-induced preconditioning by ROS scavenging.®

Although previous studies suggested that ROS mediate APC signaling cascade,>~/ to our
knowledge, the present study is the first documentation that VAs enhance ROS production by
direct action on cardiomyocytes under non-ischemic conditions.2? It has been reported that
treatment of the whole heart with sevoflurane increases ROS production,2 but those results
did not exclude the possibility that other types of cells, besides cardiomyocytes, were involved
in this process. Since a mild increase in ROS production contributes to the signal transduction
cascade of ischemic preconditioning,?! it is possible that APC, by inducing ROS production,
initiates an endogenous defense program against ischemia. Among identified cellular ROS
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targets that may be related to preconditioning, the HIF-10,22 PKC,23 mitoK o1p channel,1! and
MAP kinases?* are implicated in APC 82527

Oxidation of FPs is a compensatory response to mitochondrial depolarization and uncoupling,
13 which can be induced by pharmacological agents or by opening mitochondrial ion channels,
such as mitoK o1p and calcium-activated potassium (mitoBKc,) channels. Although both
channels are implied in APC,14:16:28 most studies implicate mitoK atp channel opening as a
part of the APC signaling cascade8:9 and isoflurane-induced FP oxidation.1* Thus, the effect
of desflurane and sevoflurane on oxidation of FPs is likely dominated by the extent of

mitoK a1p channel opening, suggesting a significantly greater effect of desflurane than
sevoflurane on mitoKa1p channel opening. Compared to complete FP oxidation by DNP, the
effects of desflurane and sevoflurane were moderate, further suggesting that VAs only partly
uncouple mitochondria.

Previous demonstration that ROS10:11 and isofluranel® directly open mitoK a7p channels
reconstituted into lipid bilayer brought additional complexity to the relationship between
mitoKotp channel and ROS in APC, since some studies reported that an increase in ROS
production is a consequence of mitoK o1p channel opening and mitochondrial potassium influx.
9,18,19 Oyr results suggest that an increase in ROS production precedes oxidation of FP (i.e.
mitoK otp channel opening) since ROS scavenging attenuated desflurane-induced FP
oxidation and completely abolished sevoflurane-induced FP oxidation. This is in agreement
with other studies showing that sevoflurane-induced generation of ROS is independent of
mitoK o1p channel opening’ and that H,0, acts upstream of mitoK o1p channel opening.2? It
is possible that both concepts are correct and that there is positive feedback between ROS and
mitoK otp channel opening. Potassium influx may enhance ROS production by mitochondria
while ROS, in turn, may further stimulate opening of the mitoK otp channel. Initiation of this
positive feedback loop could be mediated by PKC30 or directly by VAs which open the
mitoK a1p channel.19 Another mechanism by which VAs may induce ROS production is
inhibition of electron flux across the electron transport chain,3! resulting in increased “electron
leak” and generation of ROS.32

Few studies compared the preconditioning signaling cascades of desflurane and sevoflurane.
In contrast to our study that indicates differences between signaling cascades of these VAs, a
comprehensive proteome analysis of left ventricular tissue after 3h exposure to desflurane or
sevoflurane did not show differences in patterns of protein expression between anesthetics.33
However, it is possible that the modest changes in posttranslational protein modifications in
signaling cascades of desflurane and sevoflurane were not detected in that study.

Our study has several limitations. The cellular model of APC using isolated cardiomyocytes
provides promising evidence for a direct effect of anesthetics on cardiac cells, but these results
cannot be extrapolated to humans since they were obtained from different species. Also, our
study did not address the possible effects of VAs on vasculature, neuronal elements and the
immune system, all of which could be relevant to APC.#:34 Another limitation is that our
experiments were performed at room temperature in non-beating, quiescent cardiomyocytes.
We are aware that cellular processes, such as ROS generation, may have different kinetics at
room temperature in quiescent cardiomyocytes.3®

Important findings from our study are that desflurane induces greater ROS production, greater
mitochondrial uncoupling, and shows a tendency for greater cytoprotection than sevoflurane.
Based on these findings, we anticipate that desflurane would be a more potent cardioprotective
drug than sevoflurane in clinical use. However, the drawbacks mentioned in the paragraph

above need to be considered before extrapolating these data to patients. Also, observed effects
may be beneficial in isolated healthy cardiomyocytes, but this may not be the case in patients
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with myocardial dysfunction, since both ROS and mitochondrial uncoupling may also have
detrimental effects.

Our study showed that desflurane and sevoflurane alter ROS production and induce
mitochondrial uncoupling in ventricular cardiomyocytes, with desflurane having a
significantly greater effect than sevoflurane. This coincides with a tendency for greater
cardioprotection by desflurane preconditioning than sevoflurane. Our data imply that
desflurane has greater preconditioning potency due to greater activation of preconditioning
signaling cascade which involves mitochondrial uncoupling, most likely via mitoK op channel
opening, and is preceded by enhanced ROS production.
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Figure 1.

Protocols used in cell survival experiments (Fig. 2 and Fig. 4). TYR = glucose-free Tyrode
solution; SEVO = sevoflurane; DES = desflurane.
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Figure 2.

Protection of ventricular myocytes from oxidative stress by desflurane or sevoflurane
preconditioning is abrogated by reactive oxygen species (ROS) scavenger Trolox. Percent cell
death was expressed relative to that of matching stress group. Preexposure of cardiomyocytes
to sevoflurane (SEVO, 0.7 MAC) or desflurane (DES, 0.6 MAC) significantly attenuated cell
death. Co-application of Trolox with anesthetics abrogated preconditioning effect. Shown are
summary data for 12-25 experiments in each group. Values are means = SD. "P<0.05 vs.
matching stress control; #P<0.05 anesthetic vs. anesthetic + Trolox.
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Figure 3.

Time (min)

Sevoflurane and desflurane induce reactive oxygen species (ROS) production in isolated
ventricular myocytes. Cells were loaded with the ROS indicator CM-H,DCFDA (2 uM) and
changes in fluorescence were recorded over time by confocal microscopy. (A) The rates of
relative change in CM-DCF fluorescence before anesthetic exposure (Baseline) and during
anesthetic application (SEVO and DES). Sevoflurane (0.7 MAC) and desflurane (0.6 MAC)
increased production of ROS. The effect of desflurane was significantly greater than the effect
of sevoflurane. (B) Summary of data corrected for changes in baseline fluorescence. Values
are means = SD (n=15-20). “P<0.05 vs. baseline; #P<0.05 DES vs. SEVO.
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Figure 4.

Desflurane induces greater oxidation of mitochondrial flavoproteins (FPs) than sevoflurane in
isolated cardiomyocytes. Autofluorescence of FPs is used as an indicator of mitochondrial
redox state, in which an increase in fluorescence signal indicates shift toward more oxidized
state and mitochondrial uncoupling. An increase in FP fluorescence induced by desflurane
(DES, 0.6 MAC) and sevoflurane (SEVO, 0.7 MAC) indirectly reflects depolarization of
mitochondria, with desflurane showing a significantly greater effect than sevoflurane. DNP
(100 uM), a mitochondrial uncoupler, was added at the end of experiment to produce complete
oxidation of FPs. Data are expressed as changes from the baseline. Summary data are means
+ SD, n=19-25. "P<0.05 vs. baseline; #P<0.05 vs. SEVO; 8P<0.05 vs. DES and SEVO.
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Figure 5.

Effect of Trolox on anesthetic-induced changes in flavoprotein (FP) autofluorescence. (A)
Scavenging reactive oxygen species (ROS) with Trolox abrogated sevoflurane (SEVO, 0.7
MAC) and attenuated desflurane (DES, 0.6 MAC)-induced increase in FP fluorescence,
suggesting that anesthetic-induced mitochondria uncoupling is mediated by ROS. Summary
data are from 8-10 experiments. (B) Fluorescence measured at 8 min of exposure to either
anesthetic or anesthetic + Trolox is expressed as percent of baseline for comparison between
groups. Data are means + SD. *P<0.05 vs. baseline; *P<0.05 vs. SEVO; 8P<0.05 anesthetic

vs. anesthetic + Trolox.
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