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Abstract
Application of volatile anesthetics during the onset of reperfusion reduced ischemia-induced cardiac
and brain injury (anesthetic postconditioning). This study was designed to evaluate whether volatile
anesthetics induced a postconditioning effect in endothelial cells. Bovine pulmonary arterial
endothelial cell (BPAEC) cultures were exposed to oxygen-glucose deprivation, a condition to
simulate ischemia in vitro, for 3 h. The volatile anesthetics isoflurane and desflurane were applied
during the early phase of simulated reperfusion. Cell injury was quantified by lactate dehydrogenase
(LDH) release and flow cytometrical measurement after annexin V and propidium iodide staining.
Oxygen-glucose deprivation and the subsequent simulated reperfusion increased LDH release and
annexin V-positive staining cells, a characteristic of cell apoptosis. Posttreatment with isoflurane,
but not desflurane, reduced this cell injury. This protection was apparent even when 2% isoflurane
was applied at 60 min after the onset of reperfusion. The isoflurane postconditioning effect was
abolished by glybenclamide, a general ATP sensitive K+ (KATP) channel blocker, 5-
hydroxydecanoate, a mitochondrial KATP channel blocker, and chelerythrine, a protein kinase C
inhibitor. Diazoxide, a mitochondrial KATP channel activator, applied at the onset of reperfusion also
decreased oxygen-glucose deprivation-induced endothelial cell injury. This diazoxide-induced
protection was abolished by chelerythrine and 5-hydroxydecanoate. We conclude that isoflurane
induced a postconditioning effect in BPAEC. The effective time window of isoflurane
postconditioning was from 0 to 60 min after the onset of reperfusion. This isoflurane postconditioning
effect may be mediated by mitochondrial KATP channels and PKC. PKC may be downstream of
mitochondrial KATP channels for this isoflurane effect.
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1. Introduction
Endothelial cells are an important component for all organs and systems. They represent a
unique barrier to prevent free access of chemicals and cells in the blood to the vascular smooth
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muscle cells and parenchymal cells of organs. Endothelial cells also release various molecules,
such as nitric oxide, to affect the functions of other cells (Nathan and Xie, 1994). Thus, it is
critical to maintain structural and functional integrity of endothelial cells. However, various
insults can threaten this integrity. For example, ischemia can injure endothelial cells.

One approach that has drawn significant attention recently to reduce ischemia-induced injury
in various organs and cells is preconditioning. Preconditioning is a phenomenon in which a
prior application of preconditioning stimulus induces a robust protection against the deleterious
effects of subsequent insults (Murry et al., 1986). However, the use of preconditioning to
protect organs and cells may be limited to a few clinical situations where ischemia or other
detrimental insults can be predicted to occur. Recently, a phenomenon called postconditioning
has been described (Na et al., 1996; Zhao et al., 2003). Postconditioning means to apply stimuli
after ischemia or other detrimental insults to provide protection. Postconditioning with volatile
anesthetics has been shown to reduce ischemia-induced injury in the brain and heart (Feng et
al., 2005; Lee et al., 2008). This multiorgan protection may involve protection of endothelial
cells. Thus, we hypothesize that volatile anesthetic postconditioning reduces ischemia-induced
endothelial cell injury. We tested this hypothesis by using bovine pulmonary arterial
endothelial cells (BPAEC) and subjected these cells to oxygen-glucose deprivation, a condition
to simulate ischemia in vitro.

2. Materials and Methods
2.1. Cell culture

The bovine pulmonary arterial endothelial cell (BPAEC) was isolated and characterized as we
described before (Zuo and Johns, 1997) and had been maintained by Dr. Lisa A. Palmer's
laboratory in the Department of Pediatrics and Anesthesiology, University of Virginia. The
cells were cultured in a T75 flask containing 12 ml of culture media composed of Dulbecco's
Modified Eagle's Medium (DMEM) (containing 1,000 mg/l D-glucose, L-glutamine and
pyridoxine HCl), 110 mg/l sodium pyruvate, 10% heat inactivated fetal bovine serum, 90 μg/
ml thymidine, 100 U/ml penicillin and 100 μg/ml streptomycin. The cells were kept in a
humidified atmosphere of 95% air-5% CO2 at 37°C. The medium was changed three times per
week. When the cells were 70-80% confluent, they were exposed to 0.05% trypsin-EDTA
solution and sub-cultured in a new flask. Experiments were performed on BPAECs between
passage 8 and 20.

2.2. Exposure to oxygen-glucose deprivation and volatile anesthetics
The cells were placed into 6 well plates at a density of 5 × 103 cells/ml (2 ml/well) and cultured
overnight (about 17 h). Glucose-free buffer contained 154 mM NaCl, 5.6 mM KCl, 3.6 mM
NaHCO3, 2.3 mM CaCl2 and 5.0 mM HEPES. Glucose at 1.0 g/l was added to make glucose
containing buffer. Oxygen-glucose deprivation buffer was prepared by bubbling the glucose-
free buffer with 100% N2 for 30 min. The cells were divided into control, oxygen-glucose
deprivation and oxygen-glucose deprivation plus isoflurane posttreatment groups. Cells in
control group were washed with and incubated in glucose containing buffer. Oxygen-glucose
deprivation was applied by washing cells with oxygen-glucose deprivation buffer three times
and then placing 2 ml/well of this oxygen-glucose deprivation buffer. These plates were placed
in an air tight chamber gassed with 100% N2 for 10 min. The oxygen content in the outlet of
the chamber was monitored with a DatexTM infrared analyzer (Capnomac, Helsinki, Finland)
and was below 2% at ∼3 min after the onset of gassing. This low oxygen content was maintained
throughout the oxygen-glucose deprivation period. After closure of the inlet and outlet of the
chamber, the chamber and the control cells were placed in a humidified atmosphere of 95%
air-5% CO2 at 37°C for 3 h. After confirming that the oxygen content in the chamber was <
2%, the incubation solutions were replaced with new glucose containing solutions in all 3
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groups. In a separate preliminary experiment, the O2 partial pressure in the incubation solutions
during the oxygen-glucose deprivation exposure was measured to be < 10 mmHg. In volatile
anesthetic posttreatment group, volatile anesthetics were delivered by air through an agent
specific vaporizer. The glucose containing buffer was pregassed with these anesthetic
containing gases for 10 min and 2 ml/well of this buffer was added to the cells. The cells were
placed back into an air-tight chamber and this chamber was gassed with the anesthetic
containing air for 10 min. The anesthetic concentrations in the outlet were also monitored by
the DatexTM infrared analyzer and the target concentrations were reached in < 2 min. The
chamber and cells without anesthetic treatment were placed in an incubator at 37°C for preset
times. Cells in the chamber were then removed and placed in the incubator for the rest of the
time to complete a total of 3-h duration after the oxygen-glucose deprivation (Fig. 1). The
incubation buffer and cells were used for assay of lactate dehydrogenase (LDH) activity.

Application of various isoflurane concentrations (1, 2 and 3%) or desflurane concentrations (6
and 12%) for 60 min or different isoflurane exposure durations (2% isoflurane for 30, 60 and
90 min) immediately after the end of oxygen-glucose deprivation or application of 2%
isoflurane for 60 min started at various times (10, 30, 60, and 90 min) after the oxygen-glucose
deprivation was used in this study.

2.3. Application of chemicals
ATP sensitive K+ (KATP) channel blockers (0.3 μM glybenclamide, 500 μM 5-
hydroxydecanoate) or protein kinase C (PKC) inhibitor (2 μM chelerythrine chloride) were
added to the cells treated with or without 2% isoflurane for 1 h after oxygen-glucose deprivation
to determine whether these inhibitors modulated the effects of isoflurane. After the incubation,
the solutions were replaced with fresh glucose containing buffers without these reagents. The
solutions in the control, oxygen-glucose deprivation only or oxygen-glucose deprivation plus
isoflurane postconditioning groups in the same set experiments were also changed in the same
way. In another set of experiments, a mitochondrial KATP channel activator (100 μM diazoxide)
was applied for 1 h immediately after oxygen-glucose deprivation and chelerythrine chloride
or 5-hydroxydecanoate was added in some of these cells for 1 h (Fig. 1).

2.4. Lactate dehydrogenase assay
LDH activity was determined using LDH cytotoxicity detection kit (Clontech Laboratory, La
Jolla, CA). In which, NAD+ is reduced to NADH/H+ by the LDH-catalyzed conversion of
lactate to pyruvate. In turn, yellow tetrazolium dye is reduced to a red formazan dye by the H/
H+ from NADH/H+. Briefly, the solution from the post-oxygen-glucose deprivation 3-h
incubation (the solution was from the last 2 h of simulated reperfusion in the set of experiments
involving using PKC and KATP channel regulators) was centrifuged at 13,000 rpm for 10 min
and the cell-free supernatant was transferred to 96 well plates. The 100 μl supernatant was
incubated with the same amount of reaction mixture. LDH activity was determined by a
colorimetric assay. The absorbance of samples was measured at 492 nm with the reference
wavelength of 655 nm in a spectrophotometry (Bio-Rad Laboratories, Hercules, CA).
Background absorbance from the cell-free buffer solution was subtracted from all absorbance
measurements. After removal of the buffer from 6-well plates, 1% triton X-100 lysing solution
was applied to the remaining cells. The percentage of LDH released to incubation buffer in
total LDH was calculated: spontaneously released LDH in the buffer/(spontaneously released
LDH in the buffer + intracellular LDH released by triton X-100). The LDH values from various
treatment groups were then normalized by the values from control cells.

2.5. Annexin V and propidium iodide staining and flow cytometry
Almost 100% confluent cells in a T75 flask were divided into control, oxygen-glucose
deprivation and oxygen-glucose deprivation plus isoflurane posttreatment groups. After
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treatments, the cells were stained with annexin V-fluorescein isothiocyanate conjugate and
propidium iodide (PI) using an Alexa Fluor® 488 annexin V-PI staining kit (Molecular Probes,
Eugene, OR) according to the manufacturer's protocol. Annexin V-fluorescein isothiocyanate
conjugate labels apoptotic cells by binding phosphatidyl serine exposed on the outer leaflet of
the plasma membrane. PI is impermeable to live cells and early phase of apoptotic cells, but
stains dead cells with red fluorescence by binding tightly to the nucleic acids. After staining,
the cells were analyzed with flow cytometry (FACSCalibur system; Becton, Dickinson and
Company Biosciences, Franklin Lakes, NJ).

2.6. Materials
Isoflurane was purchased from Abbott Laboratories (North Chicago, IL). Chelerythrine
chloride was obtained from Biomol (Plymouth Meeting, PA) and other chemicals were
obtained from Sigma-Aldrich (ST Louis, MO), unless specified in the text.

2.7. Statistical Analyses
Data are expressed as mean ± S.D. with an N of > 8 for each experimental condition. One-way
analysis of variance followed by the Tukey test for post hoc analysis was performed. A P value
< 0.05 was considered statistically significant.

3. Results
3.1. Isoflurane postconditioning reduced oxygen-glucose deprivation-induced cell injury

LDH released to the incubation buffer in cells subjected to the 3-h oxygen-glucose deprivation
was significantly higher than that in control cells (Fig. 2A), suggesting that oxygen-glucose
deprivation and the subsequent re-oxygenation caused cell injury. Exposure of the cells to 2%
isoflurane for 30, 60 and 90 min or to 1%, 2% or 3% isoflurane for 60 min immediately after
the oxygen-glucose deprivation reduced the LDH release (Figs. 2 A and 2B). This reduced
release occurred even when 2% isoflurane was applied at 10 min, 30 min and 60 min after the
end of the oxygen-glucose deprivation. However, delaying the application of 2% isoflurane to
90 min after the oxygen-glucose deprivation did not attenuate the oxygen-glucose deprivation-
induced LDH release (Fig. 2C). In contrast, the exposure of cells to 12% desflurane for 30, 60
or 90 min or to 6% or 12% desflurane for 60 min did not reduced oxygen-glucose deprivation-
induced LDH release (Figs. 3A and 3B), suggesting that desflurane posttreatment may not
protect these endothelial cells.

3.2. Isoflurane postconditioning reduced oxygen-glucose deprivation-induced cell
apoptosis

There were 3.5 ± 0.8% and 11.6 ± 1.6% cells that were positively stained with annexin V only
and PI, respectively, under control condition. Oxygen-glucose deprivation significantly
increased the cells positively stained with annexin V only and did not change the PI-positive
staining cells (Fig. 4), suggesting that our current oxygen-glucose deprivation protocol mainly
induced endothelial cell apoptosis. Application of 2% isoflurane for 1 h immediately after the
3-h oxygen-glucose deprivation abolished the oxygen-glucose deprivation-induced increase
of annexin V-positive staining cells. Similarly, oxygen-glucose deprivation increased the total
dying cells that were positively stained with annexin V and/or PI. This increase also was
attenuated by 2% isoflurane posttreatment (Fig. 4).

3.3. KATP channels and PKC may be involved in isoflurane postconditioning
While 0.3 μM glybenclamide, a general KATP channel blocker (Sato et al., 2000), or 500 μM
5-hydroxydecanoate, a mitochondrial KATP channel blocker (Lim et al., 2004; Sato et al.,
2000), applied for 1 h immediately after oxygen-glucose deprivation did not affect the LDH
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release under oxygen-glucose deprivation only condition, the application of these KATP
channel blockers abolished the protective effect of isoflurane posttreatment on the LDH release
(Fig. 5A). Diazoxide, a mitochondrial KATP channel activator (Roseborough et al., 2006),
applied for 1 h immediately after the oxygen-glucose deprivation reduced the oxygen-glucose
deprivation-induced LDH release. This reduced release was blocked by 5-hydroxydecanoate
and chelerythrine, a PKC inhibitor (Herbert et al., 1990). Chelerythrine also blocked the
isoflurane posttreatment-induced protection. However, chelerythrine did not affect the oxygen-
glucose deprivation-induced LDH release under oxygen-glucose deprivation only condition
(Fig. 5B).

4. Discussion
Postconditioning by short episodes of interruption of reperfusion to provide protection was
named ischemic postconditioning (Na et al., 1996; Zhao et al., 2003). Ischemic
postconditioning-induced protection has been shown in the heart and brain (Zhao et al.,
2006; Zhao et al., 2003). Subsequently, it has been found that, in addition to short episodes of
ischemia, drugs such as volatile anesthetics can also be used to postcondition organs and tissues
(Feng et al., 2005; Lee et al., 2008). The drug-induced postconditioning may be very useful
because well controlled short episodes of ischemia at the onset of reperfusion may be very
difficult to achieve, especially in the case of brain. We now expand the drug-induced
postconditioning to endothelial cells, a ubiquitous tissue existing in the vasculature of all
organs. Our results showed that postconditioning with clinically relevant concentrations of
isoflurane for 30 min or longer reduced oxygen-glucose deprivation-induced injury. This
postconditioning-induced protection can be observed even when 2% isoflurane was applied at
60 min after the onset of simulated reperfusion. Consistent with our findings, a previous study
showed that application of isoflurane, but not propofol, at 2 h after intravenous injection of
lipopolysaccharide reduced pulmonary permeability in rats (Zhang et al., 2005).

Interestingly, posttreatment with desflurane in our study did not affect oxygen-glucose
deprivation-induced injury. These results suggest that anesthetic postconditioning-induced
endothelial cell protection is an agent-specific effect. Consistent with the idea that
preconditioning- and postconditioning-induced protection is an agent-specific phenomenon,
desflurane was less potent than isoflurane to provide protection against ischemia-reperfusion
in rat kidney when the anesthetics were used during the ischemia and reperfusion (Lee et al.,
2004). Also, we showed that desflurane induced an acute phase of preconditioning-induced
neuroprotection (Wang et al., 2007). However, our results indicated that isoflurane (Zheng and
Zuo, 2004), but not desflurane (unpublished preliminary results), induced a delayed phase of
preconditioning-induced neuroprotection in rats. Of note, preconditioning and
postconditioning with clinically relevant concentrations of desflurane have been shown to
protect myocardium under in vitro conditions (Lemoine et al., 2008; Toller et al., 2000). The
reason for these different findings with desflurane is not known. An obvious difference among
these studies is that different cells/tissues are studied.

Our results showed that oxygen-glucose deprivation and simulated reperfusion conditions
increased the annexin V-positive staining cells, suggesting that our experimental conditions
induce endothelial cell apoptosis. Oxygen-glucose deprivation and simulated reperfusion have
been shown to induce endothelial cell apoptosis (Zhang et al., 2007). Our results also showed
that isoflurane postconditioning reduced annexin V-positive staining cells, suggesting that
isoflurane postconditioning reduced endothelial cell apoptosis under the current experimental
conditions.

The isoflurane postconditioning-induced endothelial cell protection was abolished by
glybenclamide, a general KATP channel blocker (Sato et al., 2000), and 5-hydroxydecanoate,
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a mitochondrial KATP channel blocker (Lim et al., 2004; Sato et al., 2000). These results suggest
that mitochondrial KATP channels are involved in this isoflurane postconditioning-induced
protection. To support this idea, diazoxide, a mitochondrial KATP channel activator
(Roseborough et al., 2006), used at the onset of the simulated reperfusion, also reduced the
endothelial cell injury. Consistent with our findings, the involvement of mitochondrial KATP
channels in volatile anesthetic postconditioning-induced protection in the heart and brain has
been reported (Lee et al., 2008; Obal et al., 2005).

KATP channels, such as mitochondrial KATP channels, have been considered as a putative end-
effector in organ protection induced by ischemic or anesthetic preconditioning (Zaugg et al.,
2003). Under physiological conditions, KATP channels are usually not active. However,
conditions, such as ischemia, that induce a low cellular ATP content activate KATP channels
(Grover and Garlid, 2000). The activation of mitochondrial KATP channels reduces Ca++ influx
into mitochondria and mitochondrial swelling under ischemia. The activation of these channels
may also restore mitochondrial membrane potential and ATP production [reviewed in (Grover
and Garlid, 2000; Zaugg et al., 2003)]. In addition, activation of mitochondrial KATP channels
can produce signaling molecules, such as free radicals that can then activate PKC
(Gopalakrishna and Anderson, 1989; Jabr and Cole, 1993; McPherson and Yao, 2001). Thus,
mitochondrial KATP channels are also signaling molecules. In this study, we showed that the
protection of diazoxide was abolished by 5-hydroxydecanoate, indicating that the effect of
diazoxide is mediated by mitochondrial KATP channels. However, the diazoxide effect was
also abolished by chelerythrine, a PKC inhibitor (Herbert et al., 1990). These results suggest
that mitochondrial KATP channels may be a molecule upstream of PKC to induce endothelial
cell protection. These results, together with the results that chelerythrine, glybenclamide and
5-hydroxydecanoate inhibited the isoflurane postconditioning-induced protection, indicate
PKC may be a molecule downstream of mitochondrial KATP channels to mediate the isoflurane
postconditioning-induced endothelial cell protection.

One of the mechanisms identified for ischemic postconditioning-induced cardioprotection is
that ischemic postconditioning reduces the rapid restoration of pH during the early phase of
reperfusion so that the reperfusion injury salvage kinases can have time to be activated. The
activated reperfusion injury salvage kinases can then reduce/prevent the opening of
mitochondrial permeability transition pores and, therefore, reduce reperfusion injury
(Andreadou et al., 2008; Cohen et al., 2008). Future studies are needed to determine whether
this mechanism identified for ischemic postconditioning plays a role in the anesthetic
postconditioning and whether there is an interaction between this mechanism and the
mechanism that we identified here (PKC and mitochondrial KATP channels) to induce the
protection.

Our findings may have a broad implication. Postconditioning, compared with preconditioning,
may have a broad application because of the elimination of the needed predication of the
detrimental insults, such as ischemia, to occur for its application. Endothelial cells are
ubiquitous in all organs and tissues and play a critical role in maintaining vasculature tone and
normal coagulation status. In addition, endothelial cells are a physical barrier to prevent free
access of chemicals and cells in the blood to the vascular smooth muscle cells and parenchymal
cells of organs. Thus, maintaining the functional and structural integrity of endothelial cells is
critical under physiological and pathophysiological conditions. Therefore, the
postconditioning-induced endothelial cell protection as shown here may attenuate the
pathophysiological process leading to parenchymal cell injury and organ dysfunction after
ischemia or other detrimental insults and may contribute to the volatile anesthetic
postconditioning-induced organ protection observed in the previous studies (Feng et al.,
2005; Lee et al., 2008; Obal et al., 2005).
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In conclusion, we have shown that isoflurane postconditioning reduced oxygen-glucose
deprivation-induced endothelial cell apoptosis. This protection was apparent even when
isoflurane was applied at 60 min after the onset of simulated reperfusion. Mitochondrial
KATP channels and PKC may mediate this isoflurane postconditioning effect and PKC may be
downstream of mitochondrial KATP channels for this isoflurane effect.
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Fig. 1. Experimental protocol
Bovine pulmonary arterial endothelial cells were exposed to or not exposed to a 3-h oxygen-
glucose deprivation (OGD) and posttreated with or without 2% isoflurane (Iso-post) for 1 h
immediately after the oxygen-glucose deprivation in the presence or absence of various
reagents (R), such as glybenclamide, 5-hydroxydecanoate or chelerythrine. In some cells, 100
μM diazoxide (Di) was applied for 1 h immediately after oxygen-glucose deprivation in the
presence or absence of reagents (R), such as 5-hydroxydecanoate or chelerythrine. Lactate
dehydrogenase released into incubation buffer was determined 3 h after oxygen-glucose
deprivation.
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Fig. 2. Isoflurane postconditioning effect
Bovine pulmonary arterial endothelial cells were exposed to or not exposed to a 3-h oxygen-
glucose deprivation (OGD) and posttreated with or without 2% isoflurane (Iso-post) for 30, 60
or 90 min immediately after the oxygen-glucose deprivation (panel A), with or without various
concentrations of isoflurane for 60 min immediately after the oxygen-glucose deprivation
(panel B), or with or without 2% isoflurane for 60 min at 10, 30, 60 or 90 min after the oxygen-
glucose deprivation (panel C). Results are means ± S.D. (n = 23 to 45 for panel A, 27 to 55 for
panel B and 27 for panel C). * P < 0.05 compared with control. ˆ P < 0.05 compared with
oxygen-glucose deprivation only.
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Fig. 3. Desflurane post-treatment effect
Bovine pulmonary arterial endothelial cells were exposed to or not exposed to a 3-h oxygen-
glucose deprivation (OGD) and posttreated with or without 12% desflurane (Des-post) for 30,
60 or 90 min immediately after the oxygen-glucose deprivation (panel A) or with or without
various concentrations of desflurane for 60 min immediately after the oxygen-glucose
deprivation (panel B). Results are means ± S.D. (n = 28 to 36 for panel A and 35 to 36 for panel
B). * P < 0.05 compared with control.
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Fig. 4. Effects of isoflurane postconditioning on cell necrosis and apoptosis induced by oxygen-
glucose deprivation
Bovine pulmonary arterial endothelial cells were exposed to or not exposed to a 3-h oxygen-
glucose deprivation (OGD) and posttreated with or without 2% isoflurane (Iso-post) for 1 h
immediately after the oxygen-glucose deprivation. These cells were stained with annexin V
and propidium iodide (PI) 3 h after the oxygen-glucose deprivation and then were analyzed by
flow cytometry. A representative of sorted cells by flow cytometry for each experimental
condition is presented in panel A, B and C. These are two-parameter dot plots with the x-axis
showing the intensity of annexin V staining and y-axis showing the intensity of PI staining.
The location of a particular cell in the plot is determined by its intensities from those two stains.
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The pooled results from 8 flow cytometrical studies are presented in panel D, E and F. Total
dying cells are cells stained positively with annexin V and/or PI. Results are means ± S.D. *
P < 0.05 compared with control. ˆ P < 0.05 compared with oxygen-glucose deprivation only.
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Fig. 5. Involvement of mitochondrial KATP channels and protein kinase C (PKC) in isoflurane
postconditioning effect
Bovine pulmonary arterial endothelial cells were injured by a 3-h oxygen-glucose deprivation
(OGD) and posttreated with or without 2% isoflurane (Iso-post) for 1 h immediately after the
oxygen-glucose deprivation in the presence or absence of 0.3 μM glybenclamide (Gly), 500
μM 5-hydroxydecanoate (5-HD) or 2 μM chelerythrine (Che) or posttreated with 100 μM
diazoxide (Dia) for 1 h in the presence or absence of 500 μM 5-hydroxydecanoate or 2 μM
chelerythrine. Results are mean ± S.D. (n = 12 for panel A and 10 for panel B). ˆ P < 0.05
compared with oxygen-glucose deprivation only. # P < 0.05 compared with oxygen-glucose
deprivation + Iso-post. & P < 0.05 compared with oxygen-glucose deprivation + Dia.
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