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Isoflurane Inhibits Cardiac Myocyte Apoptosis during
Oxidative and Inflammatory Stress by Activating Akt and
Enhancing Bcl-2 Expression
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Background: Volatile anesthetics attenuate apoptosis. The un-
derlying mechanisms remain undefined. The authors tested
whether isoflurane reduces apoptosis in cardiomyocytes sub-
jected to oxidative or inflammatory stress by enhancing Akt and
B-cell lymphoma-2 (Bcl-2).

Methods: Adult and neonatal rat ventricular myocytes and
atrial HL-1 myocytes were exposed to hypoxia, hydrogen per-
oxide, or neutrophils with or without isoflurane pretreatment.
The authors assessed cell damage and investigated apoptosis
using mitochondrial cytochrome c release, caspase activity, and
TUNEL assay. They determined expression of phospho-Akt and
Bcl-2 and tested their involvement by blocking phospho-Akt
with wortmannin and Bcl-2 with HA14-1.

Results: Isoflurane significantly reduced the cell damage and
apoptosis induced by hypoxia, H2O2, and neutrophils. Isoflu-
rane reduced hypoxia-induced mitochondrial cytochrome c re-
lease in HL-1 cells by 45 � 12% and caspase activity by 28 � 4%;
in neonatal cells, it reduced caspase activity by 43 � 5% and
TUNEL-positive cells by 50 � 2%. Isoflurane attenuated H2O2-
induced caspase activity in HL-1 cells by 48 � 16% and TUNEL-
positive cells by 78 � 3%; in neonatal cells, it reduced caspase
activity by 30 � 3% and TUNEL-positive cells by 32 � 7%. In
adult cardiomyocytes exposed to neutrophils, isoflurane de-
creased both mitochondrial cytochrome c and caspase activity
by 47 � 3% and TUNEL-positive cells by 25 � 4%. Isoflurane
enhanced phospho-Akt and Bcl-2 expression. Wortmannin and
HA14-1 prevented the action of isoflurane (53 � 8% and 54 �

7% apoptotic cells vs. 18 � 1% without blockers).
Conclusions: Isoflurane protects cardiomyocytes against ap-

optosis induced by hypoxia, H2O2, or activated neutrophils
through Akt activation and increased Bcl-2 expression. This
suggests that a reduction in apoptosis contributes to the cardio-
protective effects of isoflurane.

VOLATILE anesthetics, including isoflurane, produce
pharmacologic preconditioning against myocardial in-
farction in experimental models of ischemia–reperfusion
injury and also exert important cardioprotective effects
in humans with coronary artery disease.1 These drugs
not only reduce cellular necrosis after prolonged coro-
nary artery occlusion and reperfusion but may also at-
tenuate apoptosis in response to ischemia or other forms
of tissue injury.2–4 The mechanisms by which volatile
anesthetics reduce apoptosis are unknown. Apoptosis
may be initiated by binding of a “death” ligand (e.g.,
fibroblast-associated [Fas] ligand, tumor necrosis factor
�) to a cell surface receptor, stress-induced alterations in
B-cell lymphoma-2 (Bcl-2)–related protein homeostasis,
or inhibition of the prosurvival phosphatidylinositol-3-
kinase/Akt (protein kinase B) signal transduction path-
way.5–7 Our laboratory recently demonstrated that isoflu-
rane produces protective effects during early
reperfusion by activating phosphatidylinositol-3-kinase/
Akt,8 and this signaling cascade has also been implicated
in hypoxic,9 ischemic,10 and pharmacologic precondi-
tioning.11 The current investigation tested the hypothe-
sis that isoflurane attenuates apoptosis in isolated cardiac
myocytes subjected to oxidative or inflammatory stress
by activating Akt and enhancing expression of the anti-
apoptotic protein Bcl-2.

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. All conformed to the
Guiding Principles for Research Involving Animals
and Human Beings12 of the American Physiologic Soci-
ety and were in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals.13

Isolation of Cells
To balance advantages and disadvantages of adult (re-

semble most closely the adult heart, but difficult to
establish as long-term culture), neonatal (most exten-
sively researched, but lacking some characteristics of
adult cells), and HL-1 cells (reliable cell culture, but
questions arising from the use of a transgenic cell line),
we opted for a combination of the tree cell types in our
study.
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Neonatal Rat Ventricular Myocytes. One-day-old
Sprague-Dawley neonatal rats were decapitated, the
hearts were excised, and ventricular myocardium was
minced in ADS buffer (116 mM NaCl, 20 mM HEPES, 1 mM

NaH2PO4, 5.5 mM glucose, 5.4 mM KCl, 0.8 mM MgSO4,
0.6 ml/l phenol red, pH 7.35) with 0.15 mg/ml collage-
nase (Worthington cls II, Lakewood, NJ) and 0.52 mg/ml
pancreatin (Life Technologies Inc., Grand Island, New
York) and incubated on a shaker at 37°C for 20 min at
100 rpm. Tissue pieces were allowed to settle, and the
supernatant was collected, suspended in 1 ml newborn
calf serum (GIBCO, Carlsbad, CA), and centrifuged at
1,000 rpm for 6 min. The cell pellet was resuspended in
1 ml newborn calf serum and stored at 37°C. The pro-
cedure was repeated until all tissue was digested. The
cells were then resuspended in Dulbecco’s modified
essential medium (DMEM) supplemented with 17% me-
dium 199, 10% horse serum, 5% fetal bovine serum
(FBS), 0.5% penicillin–streptomycin, and 20 mM HEPES
at pH 7.2 and preplated for 2 h on cell culture dishes to
separate ventricular myocytes from the faster-attaching
nonmyocytes. The ventricular myocytes in the superna-
tant were collected and plated on gelatin-coated dishes.
Cells were used for experiments after demonstrating
confluence and rhythmic contractions (48–72 h).

Adult Rat Ventricular Myocytes. Adult male Wistar
rats weighing between 150 and 300 g were anesthetized
with thiobarbiturate (100 mg/kg, given intraperitone-
ally). Each heart was rapidly excised and mounted on a
Langendorff apparatus. The heart was initially perfused
with 11.9 g/l Joklik solution supplemented with 5.55 mM

glucose and 23.8 mM NaBic, at pH 7.23. After residual
blood was cleared from the heart, 0.1 mg/ml bovine
serum albumin (Serologicals, Norcross, GA), 0.25–0.5
mg/ml collagenase type II (GIBCO), and 0.15–0.2 mg/ml
protease XIV was added to the perfusion solution. After
20–30 min of perfusion, the ventricles were excised,
minced, filtered through a 200-�m mesh, and incubated
in Tyrode’s solution (132 mM NaCl, 10 mM HEPES, 5 mM

dextrose, 4.8 mM KCl, 1 mM CaCl2, 1.2 mM MgCl2) for 5
min at 37°C. The cells were briefly centrifuged twice in
Tyrode’s solution, suspended in DMEM supplemented
with 2 mg/ml bovine serum albumin, 2 mM L-carnitine, 5
mM taurine, 100 U/ml penicillin, 100 �g/ml streptomy-
cin, and 0.25 �g/ml amphotericin B, and subsequently
plated in cell culture dishes.

HL-1 Cells. HL-1 cells, a cardiac muscle cell line de-
rived from the AT-1 mouse atrial myocyte tumor lineage,
were a gift from William C. Claycomb, Ph.D. (Professor
of Biochemistry and Molecular Biology, Louisiana State
University Health Sciences Center, New Orleans, Louisi-
ana), and maintained according to his instructions.14

HL-1 cells were used for experimentation after reaching
approximately 80% confluence.

Isolation of Canine Neutrophils. Heparinized dog
blood (20 ml) was carefully layered onto 10 ml Ficoll®

(Amersham Biosciences, Piscataway, NJ) and centrifuged
at 2,300 rpm. The supernatant was aspirated, and the
remaining neutrophil and erythrocyte layer was carefully
mixed with 5% dextran. The cells were allowed to settle
for 30 min, and the supernatant was subsequently cen-
trifuged for 5 min at 1,500 rpm. The remaining erythro-
cytes were consecutively lysed with ice-cold H2O and
2.7% NaCl and then centrifuged at 1,500 rpm for 5 min.
The neutrophil pellet was suspended in DMEM. The
isolation procedures yielded neutrophil suspensions of a
purity of greater than 98% (assessed by Giemsa staining)
and a viability of greater than 95% (assessed by Trypan
blue exclusion). Neutrophils were activated with the
chemotactic agent N-formyl-methionyl-leucyl-phenylala-
nine (100 nM) at 37°C for 15 min. Activation was con-
firmed microscopically through morphologic changes.

Experimental Protocols
Hypoxia. In four separate experimental groups, neo-

natal rat ventricular myocytes or mouse atrial HL-1 cells
received no intervention, exposure to hypoxia–reoxy-
genation in the presence or absence of pretreatment
with isoflurane, or treatment with isoflurane alone. Hyp-
oxia was produced by 4 h of exposure of cells to 5% CO2

and 95% N2 in an airtight chamber in the presence of
serum- and glucose-free DMEM containing 10 mM deoxy-
glucose to inhibit glycolysis. Reoxygenation was per-
formed for 12 h in DMEM–10% FBS. Exposure to isoflu-
rane was accomplished by a 30-min incubation of the
cells in 0.5 mM isoflurane (approximately 1.0 minimum
alveolar concentration, for rats) in DMEM–10% FBS. The
isoflurane-containing medium was removed immediately
before the onset of hypoxic conditions and cells washed
with phosphate-buffered saline (PBS). Cells that received
no intervention or isoflurane pretreatment without sub-
sequent hypoxia were maintained in DMEM–10% FBS
throughout the duration of the experiments.

Hydrogen Peroxide. In contrast to hypoxia that mim-
ics ischemic conditions, administration of hydrogen per-
oxide (H2O2) reproduces conditions during reperfu-
sion.15 In eight experimental groups, neonatal rat
ventricular myocytes and mouse atrial HL-1 cells re-
ceived no intervention (control), H2O2 (50 �M), or isoflu-
rane with or without subsequent exposure to H2O2.
Cells were incubated in serum- and glucose-free DMEM
containing 50 �M H2O2 and 50 �M FeSO4 for 15 min. The
culture medium was then changed to DMEM–10% FBS
for 8 h. Exposure to isoflurane was performed as de-
scribed in the protocol for hypoxia.

Activated Neutrophils. Adult rat ventricular myo-
cytes were subjected to inflammatory stress produced by
coincubation with activated canine neutrophils. In four
experimental groups, myocytes received no interven-
tion, coincubation with neutrophils alone, or isoflurane
with or without subsequent coincubation with neutro-
phils. Myocytes were coincubated with activated neutro-
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phils for 8 h, and administration of isoflurane was con-
ducted as described for the hypoxia experiments. Using
dog neutrophils instead of rat or mouse neutrophils can
be problematic. Conceivable issues could be either an
increased reactivity of xenogenic neutrophils16 or, on
the contrary, a decreased reaction due to a diminished
recognition of surface receptors of different species.17

However, various studies have already used this ap-
proach and have confirmed its feasibility.18–21

Assessment of Cell Membrane Damage and
Viability
Lactate Dehydrogenase Release. Lactate dehydroge-

nase release into the cell culture medium was used as an
indicator of membrane damage and measured spectro-
photometrically according to the manufacturer’s instruc-
tions (Diagnostic Chemicals Limited, Oxford, CT) at a
wavelength of 340 nm. Enzymatic activity was expressed
as percent change from control.

MTT Assay. Cell viability was assessed using the
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. MTT was converted by metabolically
active cells to purple formazan. This product was then
dissolved in isopropanol and quantified spectrophoto-
metrically at a wavelength of 570 nm.

Evaluation of Apoptosis
Cytochrome c Release. Release of mitochondrial cy-

tochrome c into the cytosol was assessed as an early
indicator of apoptosis.6 Cells were lifted from incubation
plates at the conclusion of each experiment, and protein
was extracted and differentially centrifuged using previ-
ously described methods.22 Protein concentration was
determined by the Lowry method (Biorad, Hercules,
CA). Cytosolic protein (50 �g) was loaded on a poly-
acrylamide gel (Biorad Readygel Tris-HCl 4–15%) and
separated by electrophoresis (100 mV for 1 h). The
protein was transferred onto a nitrocellulose membrane
(Biorad). Equal loading was confirmed using Ponceau S
staining (Biorad). The blots were blocked in Tris-buff-
ered saline–5% nonfat dry milk–0.5% Tween-20 for 1 h at
20°C and incubated with mouse cytochrome c immuno-
globulin G1 antibody (BD Biosciences, San Jose, CA) at a
dilution of 1:500 in Tris-buffered saline–5% nonfat dry
milk overnight at 4°C. After washing in Tris-buffered
saline–0.5% Tween-20, the blot was coincubated with a
1:10,000 dilution of horseradish peroxidase–conjugated
secondary anti-mouse antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) in Tris-buffered saline–5% nonfat
dry milk for 1 h. Bands were visualized by enhanced
chemiluminescence (Amersham) on radiographic film
and analyzed by densitometry.

Caspase Activity. Caspase activity was assessed using
an in situ caspase detection kit (CaspaTag Caspase-3,7 in
situ assay kit; Chemicon International, Temecula, CA)
according to the manufacturer’s instructions. Briefly, a

sulforhodamine-labeled fluoromethyl ketone peptide in-
hibitor of caspases 3 and 7 (SR-DEVD-FMK) was used to
covalently bind active caspases. Neonatal rat ventricular
myocytes and mouse HL-1 cells were plated on laminin-
coated cover slips. Adult rat ventricular myocytes re-
mained in suspension. Nuclear DNA was counterstained
with TO-PRO-3 (Molecular Probes, Eugene, OR). Images
were visualized using confocal microscopy (Nikon
Eclipse TE 200-U microscope with EZ C1 laser scanning
software, Melville, NY) using excitation wavelengths of
543 and 633 nm and emission wavelengths of greater
than 580 and 661 nm for sulforhodamine and TO-PRO-3,
respectively. Sulforhodamine-positive cells were
counted in eight microscopic fields at 20� magnifica-
tion.

TUNEL Assay. Terminal deoxynucleotidyl transferase
labels the 3=-OH terminal of DNA strand breaks that
occur in apoptotic cells. Neonatal rat ventricular myo-
cytes and mouse HL-1 cells were plated on laminin-
coated cover slips. Adult rat ventricular myocytes re-
mained in suspension for the experiments and were
subsequently allowed to dry on microscope slides. All
cells were fixed in 1% paraformaldehyde and postfixed
in ethanol–acetic acid. TUNEL staining was performed
according to the manufacturer’s specifications (Ap-
opTag® Apoptosis Detection Kit; Serologicals Corpora-
tion, Norcross, GA). Apoptotic bodies were visualized
with fluorescein isothiocyanate. Images were visualized
using a confocal microscope with excitation and emis-
sion wavelengths of 488 and 519 nm, respectively. Nu-
clear DNA was counterstained using TO-PRO-3 as de-
scribed above. TUNEL-positive cells were counted in
eight microscopic fields at 20� magnification. To confirm
the involvement of the PI3Kinase/Akt pathway and Bcl-2 in
isoflurane preconditioning, 100 �M wortmannin (a blocker
of Akt phosphorylation;23 Biomol International LP, Ply-
mouth Meeting, PA) or 50 �M HA14-1 (ethyl 2-amino-6-
bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-
carboxylate, a blocker of Bcl-2;24 Sigma-Aldrich, St. Louis,
MO) was added into the cell culture medium of neonatal
cells for 15 min before and during administration of isoflu-
rane and hypoxia.

Immunohistochemistry and Western Blotting of
Phospho-Akt and Bcl-2
Neonatal rat ventricular myocytes were plated on lami-

nin-coated cover slips, and experiments with hypoxia
and H2O2 were performed as described above. Cells
were fixed in 4% paraformaldehyde, permeabilized in
either 1% TritonX-100 (Sigma-Aldrich) or methanol
(�20°C), and incubated for 30 min at 37°C with primary
monoclonal antibodies phospho-Akt (Ser 473; Cell Sig-
naling, Beverly, MA) at a dilution of 1:200 in PBS or Bcl-2
(Chemicon) at a dilution of 1:100 in PBS. Incubation
with corresponding biotinylated secondary antibodies
(Santa Cruz Biotechnology; 1:200 dilution) was con-
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ducted for 30 min at 37°C. After washing with PBS, cells
were incubated for 15 min at 37°C with 1:500 fluores-
cein isothiocyanate followed by 1:1,000 TO-PRO-3 for 5
min at room temperature, washed again with PBS, and
mounted on microscopic slides. Images were visualized
using confocal microscopy as described above. Total
fluorescence for phospho-Akt, Bcl-2, and TO-PRO-3 was
measured with fixed intensity thresholds. Changes in
fluorescence were quantified as the percent change in
relation to the total number of cells.

For Western blotting, cells were lifted from incubation
plates at the conclusion of each experiment, and protein
was extracted following a protocol published by Wei-
land et al.25 for the analysis of Bcl-2 and following Krieg
et al.26 for phospho-Akt. Western blotting was performed
as described above for cytochrome c using primary anti-
bodies against phospho-Akt or Bcl-2 with corresponding
horseradish peroxidase–conjugated secondary antibodies.

Statistical Analysis
Statistical analysis of data within and between groups

was performed with analysis of variance followed by
Student-Newman-Keuls test. Data are expressed as
mean � SD and were considered statistically significant
at P � 0.05.

Results

Hypoxia
Exposure to hypoxia significantly (P � 0.05) increased

lactate dehydrogenase release from and reduced MTT
conversion in neonatal rat ventricular myocytes and
mouse HL-1 cells (fig. 1). Isoflurane improved these
indicators of cell membrane damage and viability in
response to hypoxia. Exposure to hypoxia enhanced
cytochrome c release in mouse HL-1 cells as compared
with untreated controls (fig. 2). Treatment with isoflu-
rane did not alter cytochrome c translocation, but re-
duced release of cytochrome c in the mouse HL-1 cells
subsequently exposed to hypoxia. An increase in the
percentage of cells with active caspases 3 and 7 was
observed in neonatal rat ventricular myocytes and mouse
HL-1 cells exposed to hypoxia. This effect was also
attenuated by isoflurane. Similarly, administration of
isoflurane before hypoxia reduced the percentage of
TUNEL-positive cells as compared with hypoxia alone.
Isoflurane in the absence of hypoxia did not alter
caspase activity or TUNEL staining.

Hydrogen Peroxide
Similar to hypoxia, exposure to H2O2 increased lactate

dehydrogenase release and MTT conversion in neonatal
rat ventricular myocytes and mouse HL-1 cells as com-
pared with control experiments. Pretreatment with
isoflurane attenuated these H2O2-induced changes in

markers of cellular injury and viability (data not shown).
Caspase 3 and 7 activities increased in neonatal rat ven-
tricular myocytes and mouse HL-1 cells exposed to H2O2

as compared with controls (fig. 3). Isoflurane reduced
caspase activity in cells exposed to H2O2. Similarly, pre-
treatment with isoflurane decreased the percentage of
TUNEL-positive cells resulting from H2O2 exposure as
compared with those that did not receive the volatile
agent.

Activated Neutrophils
An increase in cytochrome c release, caspase 3 and 7

activity, and TUNEL-positive cells was observed in adult
rat ventricular myocytes exposed to activated neutro-
phils (fig. 4). Pretreatment with isoflurane attenuated the
actions of activated neutrophils on these indices of ap-
optosis.

Phospho-Akt and Bcl-2 Expression
A decrease in phospho-Akt expression was observed in

neonatal rat ventricular myocytes exposed to H2O2 but
not hypoxia (figs. 5 and 6). Isoflurane enhanced phos-
pho-Akt expression in the presence or absence of sub-

Fig. 1. Lactate dehydrogenase (LDH) release (A) and 3-(4,5-dim-
ethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) con-
version (B) expressed as percent of control in mouse HL-1 cells
(solid bars) and neonatal rat ventricular myocytes (hatched
bars) under control (CON) conditions, after exposure to hyp-
oxia (HYPOX), and after pretreatment with isoflurane in the
presence (ISO � HYPOX) or absence (ISO) of hypoxia. * Signif-
icantly (P < 0.05) different from CON; † significantly (P < 0.05)
different from HYPOX, n � 5.
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sequent exposure to hypoxia or H2O2. Expression of
Bcl-2 increased in response to hypoxia (fig. 5). In con-
trast, a decrease in Bcl-2 expression occurred in re-
sponse to H2O2. Isoflurane enhanced Bcl-2 expression in
the presence or absence of subsequent exposure to
hypoxia or H2O2.

Inhibition of Akt Phosphorylation and Bcl-2
Wortmannin or HA14-1 alone did not cause any in-

crease in TUNEL-positive neonatal cells (fig. 7) but pre-
vented the attenuation of hypoxia-induced apoptosis
through isoflurane preconditioning.

Discussion

A limited number of previous studies have suggested
that volatile anesthetics may be capable of protecting
against apoptotic cell death induced by various forms of
cellular stress including hypoxia. Isoflurane attenuated
norepinephrine-induced apoptosis in adult cardiac myo-
cytes.2 Isoflurane and other volatile anesthetics also pro-
tected against apoptosis produced by oxygen or glucose
deprivation in cultured cortical neurons.3,4 The current
results confirm and extend these previous findings and
indicate that pretreatment with isoflurane attenuates mi-
tochondrial cytochrome c translocation into the cytosol,
inhibits caspase activation, and reduces DNA fragmenta-
tion (TUNEL staining) induced by hypoxia and reoxygen-
ation in neonatal rat ventricular myocytes and mouse
atrial HL-1 myocytes in vitro, concomitant with de-
creases in myocardial damage (lactate dehydrogenase
release) and maintenance of cellular viability (MTT con-
version). These data support the contention that admin-
istration of isoflurane before an ischemic event in vivo
may preserve myocardial integrity by reducing not only
necrosis but also apoptosis.

The current results demonstrate for the first time that
isoflurane activates Akt and enhances Bcl-2 protein ex-
pression in ventricular myocytes exposed to hypoxia
and reoxygenation. Akt has been shown to play a major

Fig. 2. The effect of hypoxia and isoflurane on cytochrome c
translocation (A, n � 4, histogram and representative Western
blot), the percentage of cells demonstrating caspase activity (B,
n � 6), and TUNEL-positive staining (C, n � 6) in mouse HL-1
cells (solid bars) and neonatal rat ventricular myocytes
(hatched bars). Control (CON) conditions, after exposure to
hypoxia (HYPOX), and after pretreatment with isoflurane in the
presence (ISO � HYPOX) or absence (ISO) of hypoxia. * Signif-
icantly (P < 0.05) different from CON; † significantly (P < 0.05)
different from HYPOX.

Fig. 3. The effect of H2O2 and isoflurane on caspase activity (A)
and TUNEL-positive staining (B) in mouse HL-1 cells (solid bars)
and neonatal rat ventricular myocytes (hatched bars). Control
conditions (CON), after exposure to hydrogen peroxide (H2O2),
and after pretreatment with isoflurane in the presence (ISO �
H2O2) or absence (ISO) of H2O2. * Significantly (P < 0.05) dif-
ferent from CON; † significantly (P < 0.05) different from H2O2,
n � 10.
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role in cell survival signaling pathways by activating
endothelial nitric oxide synthase, phosphorylating and
inactivating proapoptotic proteins (e.g., Bad, Bax), and
inhibiting caspase formation.7 Previous studies have
demonstrated that phosphatidylinositol-3-kinase–medi-
ated activation of Akt attenuates apoptosis during hy-
poxic9,10,27 and pharmacologic preconditioning.11 We
have recently demonstrated that administration of isoflu-
rane immediately before and during early reperfusion
after prolonged coronary artery occlusion increased
phosphorylation of Akt concomitant with a myocardial
protective effect in rabbits.8 The current findings sup-
port these previous observations and indicate that isoflu-

rane reduces hypoxia-reoxygenation–induced apoptosis
by activating Akt. This protection was reversed by wort-
mannin, an inhibitor of Akt phosphorylation. The anti-
apoptotic protein Bcl-2 has been identified in the outer
mitochondrial membrane.28 Bcl-2 may attenuate cellular
injury by inhibiting cytochrome c translocation29 and
preventing deleterious calcium release from the endo-
plasmic reticulum.30 An increase in Bcl-2 concomitant
with a decrease in the proapoptotic protein Bax was
observed during ischemic preconditioning in isolated rat
hearts.31 The protective effects of hypothermia against
apoptosis during ischemia–reperfusion injury were also
associated with enhanced Bcl-2 protein translation.32

The current results support these previous findings and
demonstrate that isoflurane-induced protection against
apoptotic cell death produced by hypoxia occurs con-
comitantly with increases in Bcl-2 protein expression
and is inhibited by previous administration of the Bcl-2
inhibitor HA14-1. Pretreatment with isoflurane attenu-
ated hypoxia-induced cytochrome c release from mito-

Fig. 4. The effect of activated neutrophils and isoflurane on
cytochrome c release (A, n � 5, histogram and representative
Western blot), the percentage of cells with caspase activity (B,
n � 5), and TUNEL-positive staining (C, n � 10) in adult rat
ventricular myocytes. Control conditions (CON), after exposure
to activated canine neutrophils (PMN), and after pretreatment
with isoflurane in the presence (ISO � PMN) or absence (ISO) of
exposure to activated neutrophils. * Significantly (P < 0.05)
different from CON; † significantly (P < 0.05) different from
PMN.

Fig. 5. Representative immunohistochemistry photomicro-
graphs, corresponding histograms, and representative Western
blots depicting phospho-Akt (A) and Bcl-2 (B) expression in
neonatal rat ventricular myocytes under control (CON) condi-
tions, after exposure to hypoxia (HYPOX), and after pretreat-
ment with isoflurane in the presence (ISO � HYPOX) or ab-
sence (ISO) of hypoxia. * Significantly (P < 0.05) different from
CON; †significantly (P < 0.05) different from HYPOX, n � 4.
Western blotting was repeated at least twice, with similar results
as in the blots shown in the figures.
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chondria, and it is likely that this action may be mediated
by the observed increases in Bcl-2. Confirmation of this
hypothesis will require further investigation. Various
studies have reported conflicting evidence on cellular
expression of Bcl-2 and phospho-Akt under hypoxia,
reporting an increase, a decrease, or no change after hyp-
oxia.9,33–36 Our data, reporting an increase in Bcl-2 after
hypoxia, could indicate an endogenous protective re-
sponse of the cell against hypoxia. This protective response
is enhanced through isoflurane preconditioning.

The current findings further demonstrate that isoflu-
rane attenuates apoptosis produced by H2O2 in vitro.
Similar to the findings during hypoxia–reoxygenation
experiments, pretreatment with isoflurane reduced
H2O2-induced cytochrome c release, caspase activation,
and structural damage to DNA in cultured atrial and
ventricular myocyte cell lines. In addition, precondition-
ing with isoflurane also enhanced Akt phosphorylation
and Bcl-2 protein expression in myocytes exposed to
H2O2. The first minutes of reperfusion are critical for

salvaging ischemic myocardium, but paradoxically,
reperfusion also exacerbates ischemic damage by releas-
ing large quantities of cytotoxic reactive oxygen species
that disrupt intracellular homeostasis, depress contrac-
tile function, and cause cell membrane damage.37 In the
current investigation, apoptosis was examined in an ex-
perimental model that simulated reperfusion injury by
exposing cultured cells to H2O2.

A variety of preconditioning stimuli, including brief
ischemia, mitochondrial adenosine triphosphate–sensi-
tive potassium channel openers, and opioids, are known
to facilitate small “priming” bursts of reactive oxygen
species that initiate downstream signaling events and
produce protection from subsequent ischemia.38 Our
laboratory recently demonstrated that isoflurane directly
increases superoxide anion formation in vivo indepen-
dent of an ischemic episode, and scavengers of reactive
oxygen species attenuated isoflurane-induced reductions
in myocardial infarct size in rabbits.39,40 These reactive
oxygen species originated from complex III of the mito-
chondrial electron transport chain,41 and selective inhi-
bition of this complex abolished the cardioprotective
effects of the volatile agent in vivo. Cytochrome c facil-
itates electron transport between complexes III and IV
of the transport chain, and loss of this crucial enzyme
from the mitochondria enhances cellular destruction by
inhibiting respiration.6 Isoflurane-induced retention of
cytochrome c in myocytes exposed to hypoxia or H2O2

may contribute to reduced apoptosis by preservation of
mitochondrial respiration and allowing for the produc-
tion of small quantities of reactive oxygen species impli-
cated in cardioprotection to occur. Interestingly, open-
ing of the mitochondrial permeability transition pore by
proapoptotic proteins (e.g., Bad, Bax) has been pro-
posed as a central mechanism by which mitochondrial
loss of cytochrome c occurs during apoptotic cell
death.7 A recent study by Piriou et al.42 demonstrated
that another volatile anesthetic (desflurane) closes the
mitochondrial permeability transition pore. Whether en-

Fig. 7. The effect of hypoxia, isoflurane, HA14-1, and wortman-
nin on TUNEL-positive staining in neonatal rat ventricular myo-
cytes. Control conditions (CON), after exposure to hypoxia
(HYPOX), after exposure to HA14-1 and wortmannin (HA14,
WOR), after pretreatment with isoflurane in the presence of
hypoxia (ISO � HYPOX), and after pretreatment with isoflurane
in the presence of hypoxia, HA14-1, and wortmannin, respec-
tively (ISO � HYPOX � HA14, ISO � HYPOX � WOR). * Signif-
icantly (P < 0.05) different from CON, HA14, WOR, ISO �
HYPOX, n � 5.

Fig. 6. Representative immunohistochemistry photomicro-
graphs, corresponding histograms, and representative Western
blots depicting phospho-Akt (A) and Bcl-2 (B) expression in
neonatal rat ventricular myocytes under control (CON) condi-
tions, after exposure to hydrogen peroxide (H2O2), and after
pretreatment with isoflurane in the presence (ISO � H2O2) or
absence (ISO) of hydrogen peroxide. * Significantly (P < 0.05)
different from CON; † significantly (P < 0.05) different from
H2O2, n � 4. Western blotting was repeated at least twice, with
similar results as in the blots shown in the figures.
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hanced Bcl-2 protein expression mediates isoflurane-in-
duced reductions in cytochrome c translocation through
closure of the mitochondrial permeability transition
pore will require further investigation to ascertain.

Neutrophils play a central role in the pathogenesis of
myocardial reperfusion injury.43 These leukocytes are
activated during reperfusion, adhere to coronary vascu-
lar endothelium, infiltrate the ischemic zone through
diapedesis, and cause damage by releasing a variety of
cytotoxic substances as a result of direct contact with
myocytes.44 Previous studies have shown that activated
neutrophils produce apoptosis in cardiac myocytes,45

pulmonary epithelium,46 and bronchial smooth muscle
cells.47 The current findings confirm that activated
neutrophils produce apoptosis in adult rat ventricular
myocytes as indicated by enhanced mitochondrial cyto-
chrome c release, caspase activation, and DNA fragmen-
tation. The apoptotic actions of activated neutrophils on
cardiac myocytes were attenuated by isoflurane. Direct
incubation of neutrophils with volatile anesthetics has
been shown to reduce the ability of these leukocytes to
adhere to endothelium20,21 and produce cardiac dys-
function.48 However, our study revealed that cardiomy-
ocytes themselves are protected by their own isoflurane-
inducible mechanism. Other evidence indirectly
suggests that volatile anesthetics may exert protection
against apoptosis by modulating nitric oxide metabolism
or activation of the p38 mitogen-activated protein kinase
(p38 MAPK). Isoflurane has been shown to enhance
nitric oxide synthesis and inducible nitric oxide synthase
expression,49–51 and nitric oxide attenuates neutrophil-
induced myocyte injury.52 Thus, isoflurane may have
reduced ventricular myocyte apoptosis resulting from
exposure to activated neutrophils through a nitric oxide–
dependent mechanism. Another study demonstrated
that neutrophil-induced apoptosis was partly mediated
by p38 MAPK in rat neonatal cardiac myocytes.45 Zheng
and Zuo53 recently reported that isoflurane precondi-
tioning produces neuroprotection by activating p38
MAPK, and Itoh et al.54 also observed that volatile agents
were capable of differentially modulating proinflamma-
tory cytokine-induced p38 MAPK activation. These data
suggest that activation of p38 MAPK may also play a role
in isoflurane-mediated attenuation of neutrophil-induced
apoptosis. However, further investigation will be re-
quired to define whether either nitric oxide metabolism
or p38 MAPK activation is involved in this process.

In summary, the current study indicates that pretreat-
ment with isoflurane protects atrial and ventricular myo-
cytes against apoptosis produced by hypoxia–reoxygen-
ation, exposure to H2O2, and coincubation with
activated neutrophils. These protective effects were me-
diated by activation of the prosurvival protein Akt and
enhanced expression of the antiapoptotic protein Bcl-2
in vitro. The results suggest that a reduction in apopto-

tic cell death as well as a decrease in myocyte necrosis
contributes to the cardioprotective effects of isoflurane.

The authors thank David A. Schwabe, B.S.E.E., and Chiaki Kwok, M.S. (Depart-
ment of Anesthesiology, Medical College of Wisconsin, Milwaukee, Wisconsin),
for technical assistance, and William C. Claycomb, Ph.D. (Professor of Biochem-
istry and Molecular Biology, Louisiana State University Health Sciences Center,
New Orleans, Louisiana), for his expert advice and for providing the HL-1 cells.
The authors also thank Mary Lorence-Hanke, A.A. (Department of Anesthesiol-
ogy, Medical College of Wisconsin), for assistance in preparation of the manu-
script.

References

1. Tanaka K, Ludwig LM, Kersten JR, Pagel PS, Warltier DC: Mechanisms of
cardioprotection by volatile anesthetics. ANESTHESIOLOGY 2004; 100:707–21

2. Zaugg M, Jamali NZ, Lucchinetti E, Shafiq SA, Siddiqui MA: Norepinephrine-
induced apoptosis is inhibited in adult rat ventricular myocytes exposed to
volatile anesthetics. ANESTHESIOLOGY 2000; 93:209–18

3. Wise-Faberowski L, Raizada MK, Sumners C: Oxygen and glucose depriva-
tion-induced neuronal apoptosis is attenuated by halothane and isoflurane.
Anesth Analg 2001; 93:1281–7

4. Wise-Faberowski L, Raizada MK, Sumners C: Desflurane and sevoflurane
attenuate oxygen and glucose deprivation-induced neuronal cell death. J Neuro-
surg Anesthesiol 2003; 15:193–9

5. Crow MT, Mani K, Nam YJ, Kitsis RN: The mitochondrial death pathway
and cardiac myocyte apoptosis. Circ Res 2004; 95:957–70

6. Antonsson B: Mitochondria and the Bcl-2 family proteins in apoptosis
signaling pathways. Mol Cell Biochem 2004; 256–257:141–55

7. Hausenloy DJ, Yellon DM: New directions for protecting the heart against
ischaemia-reperfusion injury: Targeting the reperfusion injury salvage kinase
(RISK)-pathway. Cardiovasc Res 2004; 61:448–60

8. Chiari PC, Bienengraeber MW, Pagel PS, Krolikowski JG, Kersten JR, War-
ltier DC: Isoflurane protects against myocardial infarction during early reperfu-
sion by activation of phosphatidylinositol-3-kinase signal transduction: Evidence
for anesthetic-induced postconditioning in rabbits. ANESTHESIOLOGY 2005; 102:
102–9

9. Uchiyama T, Engelman RM, Maulik N, Das DK: Role of Akt signaling in
mitochondrial survival pathway triggered by hypoxic preconditioning. Circula-
tion 2004; 109:3042–9

10. Hausenloy DJ, Tsang A, Mocanu MM, Yellon DM: Ischemic precondition-
ing protects by activating prosurvival kinases at reperfusion. Am J Physiol Heart
Circ Physiol 2005; 288:H971–6

11. Barrère-Lemaire S, Combes N, Sportouch-Dukhan C, Richard S, Nargeot J,
Piot C: Morphine mimics the antiapoptotic effect of preconditioning via an
Ins(1,4,5)P3 signaling pathway in rat ventricular myocytes. Am J Physiol Heart
Circ Physiol 2005; 288:H83–8

12. World Medical Association, American Physiologic Society: Guiding Princi-
ples for Research Involving Animals and Human Beings. Am J Physiol Regul Integr
Comp Physiol 2002; 283:R281–3 [Context Link]

13. Institute of Laboratory Animals Resources, Commission of Life Sciences,
National Research Council: Guide for the Care and Use of Laboratory Animals,
7th edition. Washington, DC, National Academy Press, 1996

14. Seymour EM, Wu SY, Kovach MA, Romano MA, Traynor JR, Claycomb WC,
Bolling SF: HL-1 myocytes exhibit PKC and K(ATP) channel-dependent delta
opioid preconditioning. J Surg Res 2003; 114:187–94

15. von Harsdorf R, Li PF, Dietz R: Signaling pathways in reactive oxygen
species-induced cardiomyocyte apoptosis. Circulation 1999; 99:2934–41

16. al-Mohanna F, Collison K, Parhar R, Kwaasi A, Meyer B, Saleh S, Allen S,
al-Sedairy S, Stern D, Yacoub M: Activation of naive xenogeneic but not alloge-
neic endothelial cells by human naive neutrophils: A potential occult barrier to
xenotransplantation. Am J Pathol 1997; 151:111–20

17. Woodruff TM, Strachan AJ, Sanderson SD, Monk PN, Wong AK, Fairlie DP,
Taylor SM: Species dependence for binding of small molecule agonist and
antagonists to the C5a receptor on polymorphonuclear leukocytes. Inflammation
2001; 25:171–7

18. Jha S, Hall JA, Cherian G, Henry LR, Schlipf JW: Optimization of assay
conditions for leukotriene B(4) synthesis by neutrophils or platelets isolated from
peripheral blood of monogastric animals. Prostaglandins Leukot Essent Fatty
Acids 2005; 72:423–30

19. Nie J, Pei D: Rapid inactivation of alpha-1-proteinase inhibitor by neutro-
phil specific leukolysin/membrane-type matrix metalloproteinase 6. Exp Cell Res
2004; 296:145–50

20. Mobert J, Zahler S, Becker BF, Conzen PF: Inhibition of neutrophil activa-
tion by volatile anesthetics decreases adhesion to cultured human endothelial
cells. Anesthesiology 1999; 90:1372–81

21. Heindl B, Reichle FM, Zahler S, Conzen PF, Becker BF: Sevoflurane and
isoflurane protect the reperfused guinea pig heart by reducing postischemic
adhesion of polymorphonuclear neutrophils. Anesthesiology 1999; 91:521–30

22. Wang GW, Klein JB, Kang YJ: Metallothionein inhibits doxorubicin-in-

1013ISOFLURANE AND APOPTOSIS IN VITRO

Anesthesiology, V 103, No 5, Nov 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/103/5/1006/358570/0000542-200511000-00015.pdf by guest on 13 M
arch 2024



duced mitochondrial cytochrome c release and caspase-3 activation in cardiomy-
ocytes. J Pharmacol Exp Ther 2001; 298:461–8

23. Ng SS, Tsao MS, Nicklee T, Hedley DW: Wortmannin inhibits pkb/akt
phosphorylation and promotes gemcitabine antitumor activity in orthotopic
human pancreatic cancer xenografts in immunodeficient mice. Clin Cancer Res
2001; 7:3269–75

24. Wang JL, Liu D, Zhang ZJ, Shan S, Han X, Srinivasula SM, Croce CM,
Alnemri ES, Huang Z: Structure-based discovery of an organic compound that
binds Bcl-2 protein and induces apoptosis of tumor cells. Proc Natl Acad Sci U S
A 2000; 97:7124–9

25. Weiland U, Haendeler J, Ihling C, Albus U, Scholz W, Ruetten H, Zeiher
AM, Dimmeler S: Inhibition of endogenous nitric oxide synthase potentiates
ischemia-reperfusion-induced myocardial apoptosis via a caspase-3 dependent
pathway. Cardiovasc Res 2000; 45:671–8

26. Krieg T, Qin Q, McIntosh EC, Cohen MV, Downey JM: ACh and adenosine
activate PI3-kinase in rabbit hearts through transactivation of receptor tyrosine
kinases. Am J Physiol Heart Circ Physiol 2002; 283:H2322–30

27. Alvarez-Tejado M, Naranjo-Suarez S, Jimenez C, Carrera AC, Landazuri MO,
del Peso L: Hypoxia induces the activation of the phosphatidylinositol 3-kinase/
Akt cell survival pathway in PC12 cells: Protective role in apoptosis. J Biol Chem
2001; 276:22368–74

28. Krajewski S, Tanaka S, Takayama S, Schibler MJ, Fenton W, Reed JC:
Investigation of the subcellular distribution of the bcl-2 oncoprotein: Residence
in the nuclear envelope, endoplasmic reticulum, and outer mitochondrial mem-
branes. Cancer Res 1993; 53:4701–14

29. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD: The release of
cytochrome c from mitochondria: A primary site for Bcl-2 regulation of apopto-
sis. Science 1997; 275:1132–6

30. Foyouzi-Youssefi R, Arnaudeau S, Borner C, Kelley WL, Tschopp J, Lew
DP, Demaurex N, Krause KH: Bcl-2 decreases the free Ca2� concentration
within the endoplasmic reticulum. Proc Natl Acad Sci U S A 2000; 97:5723–8

31. Dong JW, Zhu HF, Zhu WZ, Ding HL, Ma TM, Zhou ZN: Intermittent
hypoxia attenuates ischemia/reperfusion induced apoptosis in cardiac myocytes
via regulating Bcl-2/Bax expression. Cell Res 2003; 13:385–91

32. Babu PP, Suzuki G, Ono Y, Yoshida Y: Attenuation of ischemia and/or
reperfusion injury during myocardial infarction using mild hypothermia in rats:
An immunohistochemical study of Bcl-2, Bax, Bak and TUNEL. Pathol Int 2004;
54:896–903

33. Yu HJ, Chien CT, Lai YJ, Lai MK, Chen CF, Levin RM, Hsu SM: Hypoxia
preconditioning attenuates bladder overdistension-induced oxidative injury by
up-regulation of Bcl-2 in the rat. J Physiol 2004; 554:815–28

34. Wang JH, Wu QD, Bouchier-Hayes D, Redmond HP: Hypoxia upregulates
Bcl-2 expression and suppresses interferon-gamma induced antiangiogenic activ-
ity in human tumor derived endothelial cells. Cancer 2002; 94:2745–55

35. Saitoh Y, Ouchida R, Miwa N: Bcl-2 prevents hypoxia/reoxygenation-
induced cell death through suppressed generation of reactive oxygen species and
upregulation of Bcl-2 proteins. J Cell Biochem 2003; 90:914–24

36. Cuisnier O, Serduc R, Lavieille JP, Longuet M, Reyt E, Riva C: Chronic
hypoxia protects against gamma-irradiation-induced apoptosis by inducing bcl-2
up-regulation and inhibiting mitochondrial translocation and conformational
change of bax protein. Int J Oncol 2003; 23:1033–41

37. Salvemini D, Cuzzocrea S: Superoxide, superoxide dismutase and ischemic
injury. Curr Opin Investig Drugs 2002; 3:886–95

38. Ambrosio G, Tritto I, Chiariello M: The role of oxygen free radicals in
preconditioning. J Mol Cell Cardiol 1995; 27:1035–9

39. Tanaka K, Weihrauch D, Kehl F, Ludwig LM, LaDisa Jr, JF Kersten JR, Pagel
PS, Warltier DC: Mechanism of preconditioning by isoflurane in rabbits: A direct
role for reactive oxygen species. Anesthesiology 2002; 97:1485–90

40. Tanaka K, Weihrauch D, Ludwig LM, Kersten JR, Pagel PS, Warltier DC:
Mitochondrial adenosine triphosphate-regulated potassium channel opening acts
as a trigger for isoflurane-induced preconditioning by generating reactive oxygen
species. Anesthesiology 2003; 98:935–43

41. Ludwig LM, Tanaka K, Eells JT, Weihrauch D, Pagel PS, Kersten JR,
Warltier DC: Preconditioning by isoflurane is mediated by reactive oxygen
species generated from mitochondrial electron transport chain complex III.
Anesth Analg 2004; 99:1308–15

42. Piriou V, Chiari P, Gateau-Roesch O, Argaud L, Muntean D, Salles D,
Loufouat J, Gueugniaud PY, Lehot JJ, Ovize M: Desflurane-induced precondition-
ing alters calcium-induced mitochondrial permeability transition. ANESTHESIOLOGY

2004; 100:581–8
43. Vinten-Johansen J: Involvement of neutrophils in the pathogenesis of

lethal myocardial reperfusion injury. Cardiovasc Res 2004; 61:481–97
44. Kaminski KA, Bonda TA, Korecki J, Musial WJ: Oxidative stress and

neutrophil activation–the two keystones of ischemia/reperfusion injury. Int J Car-
diol 2002; 86:41–59

45. Dun Y, Zhi JM, Sun HY, Zhao RR, Zhao ZQ: Activated polymorphonuclear
leukocytes induce cardiomyocyte apoptosis and the protective effects of carve-
dilol. Methods Find Exp Clin Pharmacol 2002; 24:403–12

46. Serrao KL, Fortenberry JD, Owens ML, Harris FL, Brown LA: Neutrophils
induce apoptosis of lung epithelial cells via release of soluble Fas ligand. Am
J Physiol Lung Cell Mol Physiol 2001; 280:L298–305

47. Oltmanns U, Sukkar MB, Xie S, John M, Chung KF: Induction of human
airway smooth muscle apoptosis by neutrophils and neutrophil elastase. Am J
Respir Cell Mol Biol 2005; 32:334–41

48. Hu G, Salem MR, Crystal GJ: Isoflurane and sevoflurane precondition
against neutrophil-induced contractile dysfunction in isolated rat hearts. ANESTHE-
SIOLOGY 2004; 100:489–97

49. Tschaikowsky K, Ritter J, Schroppel K, Kuhn M: Volatile anesthetics
differentially affect immunostimulated expression of inducible nitric oxide syn-
thase: Role of intracellular calcium. ANESTHESIOLOGY 2000; 92:1093–102

50. Durak I, Kavutcu M, Kacmaz M, Avci A, Horasanli E, Dikmen B, Cimen MY,
Ozturk HS: Effects of isoflurane on nitric oxide metabolism and oxidant status of
guinea pig myocardium. Acta Anaesthesiol Scand 2001; 45:119–22

51. Kapinya KJ, Lowl D, Futterer C, Maurer M, Waschke KF, Isaev NK, Dirnagl
U: Tolerance against ischemic neuronal injury can be induced by volatile anes-
thetics and is inducible NO synthase dependent. Stroke 2002; 33:1889–98

52. Ohashi Y, Kawashima S, Hirata K, Akita H, Yokoyama M: Nitric oxide
inhibits neutrophil adhesion to cytokine-activated cardiac myocytes. Am J Physiol
1997; 272:H2807–14

53. Zheng S, Zuo Z: Isoflurane preconditioning induces neuroprotection
against ischemia via activation of P38 mitogen-activated protein kinases. Mol
Pharmacol 2004; 65:1172–80

54. Itoh T, Hirota K, Hisano T, Namba T, Fukuda K: The volatile anesthetics
halothane and isoflurane differentially modulate proinflammatory cytokine-in-
duced p38 mitogen-activated protein kinase activation. J Anesth 2004; 18:203–9

1014 JAMNICKI-ABEGG ET AL.

Anesthesiology, V 103, No 5, Nov 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/103/5/1006/358570/0000542-200511000-00015.pdf by guest on 13 M
arch 2024


