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Abstract

Purpose Delayed volatile anesthetic preconditioning
(APC) can protect against myocardial ischemia/reperfusion
(I/R) injury; the delayed phase is called the second window
of protection (SWOP), but the underlying mechanism is
unclear. Nuclear factor-kB (NF-kB) is involved in the
myocardial protection conferred by APC in the acute
phase; autophagy has been reported to confer apoptosis
inhibition and infarction reduction. We hypothesized that
APC initiates delayed cardioprotection against I/R injury
via the activation of NF-kB and upregulation of autophagy,
thus attenuating the inflammatory response and apoptosis
Methods After a rat I/R model was set up, left ventricular
samples were obtained before I/R to assess NF-kB-DNA
binding activity and microtubule-associated protein 1 light
chain 3 (LC3) and cathepsin B protein expression, and to
examine autophagosomes with a transmission electron
microscope. Infarct size and the expressions of tumor
necrosis factor o (TNF-a), interleukin 1B (IL-1pB), and
caspase-3 were measured at the end of 2-h reperfusion.
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Results The infarct size was significantly reduced in the
SWOP group (30 £ 3 %) when compared with that in the
I/R group (47 =7 %, P < 0.05), and this finding was
associated with increased NF-kB-DNA binding activity
and autophagosomes. In addition, the expressions of LC3-
IT and cathepsin B were also up-regulated, and the
expressions of TNF-a, IL-1p, and caspase-3 were attenu-
ated in the SWOP group when compared with the findings
in the I/R group. However, this protection was abolished by
the administration of parthenolide (PTN) before sevoflu-
rane inhalation, which resulted in an infarct size that was
significantly increased (47 =5 %, P <0.05 PTN +
SWOP vs. SWOP group).

Conclusion Delayed APC protected the rat heart from I/R
injury. The underlying mechanisms may include NF-kB
activation, upregulation of autophagy, and the attenuation
of TNF-a, IL-1B, and caspase-3 expressions.

Keywords Ischemia/reperfusion injury - Autophagy -
Preconditioning - Apoptosis - Nuclear factor-kB

Introduction

Volatile anesthetic preconditioning (APC) has been shown
to decrease myocardial ischemia/reperfusion (I/R) injury
through acute and delayed cardiac protection [1, 2]. The
delayed phase, called second window of protection
(SWOP), arises 12-24 h after the injury and may last for up
to 72 h [3, 4]. This delayed cardiac protection may be
clinically relevant in patients with coronary artery disease
during the first 24-48 h after surgery when myocardial
ischemia can occur [5].

An array of signaling molecules and pharmacological
agents, including nitric oxide (NO) donors, protein kinase
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C (PKC), and apoptosis signaling mediators (e.g., Bcl-2,
p53) [6, 7] have been demonstrated to exhibit beneficial
effects in APC. However, the underlying mechanism of the
delayed phase is unclear.

Recent studies have demonstrated that nuclear factor kB
(NF-xB) and autophagy participate in anti-apoptotic
mechanisms in response to I/R [8-10]. NF-kB, an impor-
tant inducible transcription factor, produced in response to
reactive oxygen species (ROS) or nitric oxide, is released
from the inhibitory protein IxkB and then initiates tran-
scription via translocating to the nucleus and binding to
consensus sites in the promoter or enhancer regions of
target genes, such as some anti-apoptosis proteins [11, 12].
A modest increase in NF-xB protects against myocardial
injury and limits apoptosis [11, 13]. Activation of NF-kB
before I/R is considered to be a critical element in the
antiapoptotic effect of acute-phase APC. One reported
mechanism of this effect is that APC increased Bcl-2
expression before I/R and decreased cytochrome c release
and caspase-3 degradation with I/R, and then reduced
apoptosis and functional impairment [10]. Autophagy is a
highly regulated process that can be involved in the turn-
over of long-lived proteins and organelles. Part of the
cytoplasm and intracellular organelles are sequestered
within characteristic double- or multimembraned auto-
phagic vacuoles (named autophagosomes) and are finally
delivered to lysosomes for bulk degradation. These super-
fluous, damaged, or aged cells or organelles are eliminated
under conditions of stress, hypoxia, and ischemia [14, 15]
and autophagy can be considered as an end-effector in
these processes [16]. Inhaled sevoflurane provides effective
delayed myocardial protection [3]; however, it is unclear
whether the delayed APC confers the protective effect
through activating NF-kB or through autophagy. We
hypothesized that the APC-initiated delayed cardioprotec-
tion against I/R injury occurs via the activation of NF-kB
and upregulated autophagy, thus attenuating the inflam-
matory response and apoptosis.

Materials and methods
Study protocol

The study protocol was approved by the Committee for
Experimental Animals of the Medical College of Soochow
University (Suzhou, People’s Republic of China; protocol
number: SZULL-20090309, approved on 9 March 2009;
Chairperson: Professor Zhi-mou Xue) and all experiments
were conducted in accordance with “the Guide for the Care
and Use of Laboratory Animals” (NIH publication vol. 25
no. 28, revised 1996) and the policies of Soochow
University.
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Preconditioning intervention with sevoflurane

Twenty-four hours before I/R, adult male Sprague—Dawley
rats (aged 9-10 weeks, body weight 270-320 g) were
allowed to spontaneously breathe an air-oxygen mixture
(fractional inspired oxygen concentration = 0.33%) with
or without sevoflurane (Abbott Laboratories, Shanghai,
China) in an induction chamber. At the end of this expo-
sure, arterial blood gas analysis was performed (iSTAT,
Princeton, NJ, USA) to exclude hypoxia or hypercarbia.
Preconditioning with sevoflurane was delivered with an
anesthetic drug monitor (ARIN-0104; Driger Primus
SW2.n, Liibeck, Germany) at 3 L/min and was maintained
for 2 h at a concentration of 2.5 %, the equivalent of 1
minimal alveolar concentration in rats [3, 17]. Upon
recovery from sevoflurane, the animals were returned to
individual cages with free access to food and water.

Surgical instrumentation

In this in vivo study, rats were anesthetized with an
intraperitoneal (i.p.) injection of sodium pentobarbital
(50 mg/kg) to ensure that pedal and palpebral reflexes were
absent throughout the experiment. One hour (30 min
completing surgical operation and 30 min baseline period)
before coronary artery occlusion (CAO), the right jugular
vein was cannulated for saline and drug infusion; the right
carotid artery was cannulated for arterial blood pressure
measurement on a polygraph, carried out with Medlab-U/
4C501H (Nanjing Mei Yi Technology, Nanjing, China).
The rats were intubated via tracheostomy and ventilated
with a rodent ventilator (Shanghai Alcott Biotech, Shang-
hai, China) at 60—65 breaths per min with 33 % O,. Body
temperature was maintained at 37 £ 0.5 °C by using a
heating pad. The heart was exposed via a left thoracotomy
at the left fifth intercostal space and suspended in a peri-
cardial cradle. A 6-0 Prolene (Ethicon, Raleigh, NC, USA)
ligature was placed around the proximal left anterior
descending coronary artery (LAD) in the proximity of their
base. Both ends of the suture were threaded through a
propylene tube to make a snare for the performance of
CAO [2]. The effectiveness of CAO was verified by epi-
cardial color change and the progressive exhibition of
marked arrhythmia. Reperfusion was visually confirmed by
observing an epicardial hyperemic response. The rate-
pressure product (RPP; systolic blood pressure x heart
rate/100) was used as a determinant of myocardial oxygen
consumption.

Experimental protocol

Figure 1 illustrates the experimental design used to deter-
mine the myocardial infarct size. During the 30-min
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baseline period, hemodynamics were recorded and all rats
in the experimental groups underwent 30 min of CAO
followed by 2-h reperfusion. In addition, 24 h before I/R,
rats were randomly assigned to receive 33 % oxygen (I/R
group) or 33 % oxygen + 2.5 % sevoflurane for 2 h
(SWOP group). Rats that received 33 % oxygen without
subsequent ischemia and reperfusion 24 h later served as
the control (CON) group. The NF-kB inhibitor partheno-
lide was administered i.p. alone (PTN group) or before
exposure to sevoflurane (PTN + SWOP group) as descri-
bed in the SWOP group in a previous study [18]. In the
DMSO group, the rats received DMSO only. This was
designed to test whether sevoflurane triggers NF-kB and
the downstream expression of this protein.

Determination of myocardial infarct size

At the end of 2-h reperfusion, the coronary artery was re-
occluded (n = 6). Five percent Evans Blue stain (Sinop-
harm Chemical Reagent, Beijing, China) was administered
via the right jugular vein to stain the normal region of the
left ventricle (LV), followed by rapid removal of the heart.
The LV was cut into 6 cross-sectional slices of 2-mm
thickness. The non-stained LV area at risk was separated
from the blue-stained normal area and incubated at 37 °C
for 15 min in 1 % 2,3,5-triphenyltetrazolium chloride in
0.1 M phosphate buffer, pH 7.4. The tissues were fixed
overnight in 10 % formaldehyde solution, and the infarcted
tissue was carefully separated from the area at risk using a
dissecting microscope. Infarct size was expressed as a
percentage of the LV area at risk.

Preparation of nuclear and cytosolic extracts

Apart from the determination of myocardial infarct size, an
additional series of experiments was designed to determine
the protein level and DNA binding activity of NF-xB,
examining these features before I/R and after 2-h reperfusion
(n = 5). The LVs from each group were frozen in liquid
nitrogen. The extraction and isolation of nuclear and cyto-
plasmic proteins were performed according to the instruc-
tions in the Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime Institute of Biotechnology, Haimen, China).
First, the LV tissues were homogenized in ice-cold Cyto-
plasmic Protein Extraction agent A and B with phen-
ylmethanesulfonyl fluoride (PMSF). The samples were then
centrifuged for 5 min at 1500g at 4 °C and the supernatant,
consisting of the cytosolic components, was immediately
frozen for further analysis. The sediment fractions were then
resuspended in Nuclear Protein Extraction agent A and B
supplemented with PMSF. After vortexing of the tubes
15-20 times for 30 min and centrifuging for 10 min at
14,000g at 4 °C, the supernatants containing the nuclear
extracts were obtained [20]. The protein concentrations of
the nuclear and cytosolic extracts were determined by the
Bradford assay (Bio-Rad Laboratories, Shanghai, China).

NF-kB-DNA binding activity
An electrophoretic mobility shift assay was performed to
determine the NF-kB-DNA binding activity in the CON,

SEVO, SWOP, DMSO, PTN, and PTN + SWOP groups.
The 3’ end of a double-stranded synthetic oligonucleotide
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probe (Roche, Basel, Switzerland) for NF-xB (5'-AGT
TGAGGGGACTTTCCCAGGC-3' and 3'-TCAACTCCC
CTGAAAGGGTCCG-5') was labeled with [&Gamma;
32P]dATP using T4 polynucleotide kinase. The binding
reaction of nuclear proteins to the probe was assessed by
the incubation of mixtures containing 5 pg nuclear protein,
0.5 pg poly (dI - DC), and 40,000-cpm *?P-labeled probe in
the binding buffer (12 mM hydroxyethyl piperazinee-
thanesulfonic acid [HEPES], pH 7.9, 35 mM NaCl, 5 mM
MgCl,, 1 mM ethylenediamine tetraacetic acid [EDTA],
1 mM dithiothreitol [DTT], 12 % glycerol) for 30 min at
25 °C. Samples were subjected to electrophoretic sepa-
ration at room temperature on a nondenaturing 5 %
acrylamide gel at 30 mA using 0.5x Tris borate EDTA
buffer. The gels were dried at 80 °C for 1 h and exposed
to radiography film for 6-18 h at —70 °C with intensi-
fying screens. Specific band intensities were quantified
with Scion Image 4.03 software (Scion, Frederick, MD,
USA).

Western blot analysis

The expressions of microtubule-associated protein 1 light
chain 3 (LC3) and cathepsin B before I/R (in the CON,
SEVO, SWOP, DMSO, PTN, and PTN + SWOP groups)
and the expressions of tumor necrosis factor o (TNF-o),
interleukin 1B (IL-1pB), and caspase-3 after reperfusion (in
the CON, I/R, SWOP, DMSO, PTN, and PTN + SWOP
groups) in heart samples obtained in the presence or
absence of sevoflurane inhalation were determined by
Western blot analysis. The disposal method of SEVO
group was similar to the SWOP group except no ischemia
reperfusion for the entire experiment. The samples were
loaded and separated by 10-12 % sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), followed
by transblotting to an ImmunBlot nitrocellulose membrane
(Pall, East Hills, NY, USA). Nonspecific reactivity was
blocked in 5 % skim milk in TBST (10 mM Tris—HCI, pH
7.5, 150 mM NaCl, 0.05 %Tween-20) for 2 h at room
temperature. The membrane was subsequently probed
with primary LC3 (Abcam, Cambridgeshire, UK),
cathepsin B (Millipore, Temecula, CA, USA), IL-1B
(BioVision, Palo Alto, CA, USA), TNF-a, caspase-3, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibodies (Cell Signaling Technology, Danvers, MA,
USA), at a dilution of 1:1,000. Horseradish peroxidase-
conjugated secondary antibody (Cell Signaling Technol-
ogy) was added at a dilution of 1:5,000. Specific antigen—
antibody complex was detected by an enhanced chemilu-
minescence system (ECL; Merck, Darmstadt, Germany).
The amount of detected protein was quantified by Scion
Image 4.03 software (Scion) and was expressed as the
ratio to GAPDH protein.
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Transmission electron microscopy

Tissue samples of the apex cordis, approximately 1 mm
thick, were immediately immersed in ice-cold 2.5 % glu-
taraldehyde in 0.1 mol/L phosphate-buffered saline (PBS)
and preserved at 4 °C for further processing. After 24 h, the
tissue blocks were post-fixed in 1 % osmium tetroxide for
2 h, dehydrated in graded alcohols, and subsequently
embedded in Epon 812. Areas of interest were selected from
toluidine-blue-stained semithin sections, and the ultrathin
sections were mounted in slot grids, covered with Formvar
(Chisso Corporation Company, Shanghai, China), and dou-
ble-stained in uranyl acetate and lead citrate. The sections
were examined with a transmission electron microscope
(TEM; Technai 10; Philips, Eindhoven, The Netherlands) at
magnifications ranging from x3,000 to x 15,000 to assess
the ultrastructural features of cardiomyocytes.

Data analysis

Data are presented as means £ SD. One-way analysis of
variance (ANOVA) and two-way analysis were used for
the statistical analysis (GraphPad Prism, San Diego, CA,
USA) of data obtained within the same group of rats and
between groups of rats, respectively, followed by Tukey’s
test for multiple comparisons of group means. P < 0.05
was considered statistically significant.

Results
Systemic hemodynamic changes

One hundred rats were used to obtain 90 successful
experiments, following the protocol. Three rats were
excluded as a result of technical difficulties in surgical
preparation, one rat in the I/R group and two rats in the
DMSO group. A total of seven rats were excluded because
intractable ventricular fibrillation occurred during CAO-
two rats in the I/R group, two rats in the PTN group, and
three rats in the PTN 4+ SWOP group.

There were no significant differences among the five
myocardial infarction study groups with respect to baseline
heart rate (HR), mean arterial blood pressure (MAP), or
RPP (Table 1). There were no differences in hemody-
namics observed among the experimental groups at the
baseline, during CAO, or at reperfusion (n = 6).

Area at risk and infarct size

The weight of the area at risk (AAR) and the AAR per-
centage of the LV mass did not significantly differ among
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Table 1 Systemic hemodynamics during in vivo experiments
Baseline Preocclusion Occlusion Reperfusion
lh 2h
HR (min~")
I/R 365 + 46 368 £+ 41 358 + 26 362 + 39 362 £+ 27
SWOP 373 +£ 47 359 £+ 53 369 + 41 357 £+ 36 356 + 36
DMSO 358 + 43 357 £ 42 367 + 46 352 + 43 362 + 47
PTN 374 £ 35 357 £ 38 358 £+ 31 369 £+ 54 358 £+ 35
PTN + SWOP 367 + 56 368 + 53 369 + 60 372 £+ 46 369 £ 37
MAP (mmHg)
I/R 104 + 8 107 £ 7 98 + 17 77 + 13* 73 £+ 14*
SWOP 115 £ 12 109 £+ 15 105 £ 15 75 £ 11* 68 + 14*
DMSO 107 + 14 114 £ 13 105 +£ 15 78 £ 15* 64 £ 17*
PTN 106 + 7 107 + 14 106 £ 9 74 £+ 10* 66 £+ 14*
PTN 4 SWOP 112 + 14 109 + 15 115 £ 13 73 £ 15* 65 £+ 16*
RPP (min~' mmHg x 10%)
I/R 44 +£3 4 £5 45 £ 15 34 £ 4% 33 £ 6%
SWOP 46 + 4 54 +3 47 £ 4 37 £ 5% 34 £+ 5%
DMSO 47 £ 5 48 £ 7 46 £ 8 34 £ 4% 32 £+ 6%
PTN 48 £ 8 46 £ 5 42 £ 7 35 £ 5% 33 £ 5%
PTN + SWOP 45+ 12 54 +£ 12 46 £ 5 33 £ 5% 28 £+ 5%

Values are means &= SD. The hemodynamics in the five experimental groups at the baseline, during CAO, and at reperfusion showed no

between-group differences

HR heart rate, MAP mean arterial blood pressure, RPP rate-pressure product, I/R ischemia and reperfusion, SWOP sevoflurane preconditioning,

DMSO dimethylsulfoxide, PTN parthenolide
* P < 0.05 versus baseline

the experimental groups (Table 2). Compared with the
infarct size in the I/R group (47 £ 7 %), the size was
significantly reduced in the SWOP group (30 £+ 3 %,
P < 0.05, Fig. 2). This infarct-limiting effect was abro-
gated by pretreatment with PTN given 15 min before
sevoflurane exposure (48 = 5 %, P > 0.05 PTN + SWOP
vs. I/R). However, DMSO or PTN alone had no effect on
infarct size (51 &5 and 49 + 9 %, respectively, both
P > 0.05 vs. I/R).

Sevoflurane preconditioning induced autophagosome
formation

Some animals in the CON and SWOP groups (n = 3/
group) were used to detect the typical morphological fea-
tures of autophagosomes. As shown in the images in Fig. 3,
ultrastructural analysis of the myocardium in the CON
group showed cells with a round shape, and they contained
normal-looking organelles, nuclei, and chromatin. After
sevoflurane preconditioning, the cells were found to con-
tain many vesicles with the typical morphological features
of autophagosomes; a number of isolated double-mem-
brane structures were observed in the cytoplasm, and these

membrane structures had engulfed cytoplasmic fractions
and organelles to form double or multimembraned
autophagosomes.

NF-kB DNA-binding activity

Five rats per group were used to detect NF-kB DNA-
binding activity before I/R. As shown in Fig. 4, a signifi-
cant increase in NF-kB DNA-binding activity was detected
in the nuclear extracts of the SWOP (143 + 7 %) and
SEVO groups (150 + 3 %) when compared with the
activity in the CON group (100 %) (P < 0.05, n =5/
group, respectively). This NF-kB activation was blocked
by PTN administered before sevoflurane exposure
36 £9 %, P<0.05 PTN 4+ SWOP vs. CON), though
PTN (66 £ 4 %) or DMSO (87 £ 6 %) alone had signif-
icantly decreased NF-kB DNA-binding activity.

Western blot analysis
Five rats per group were used to detect the expression of

proteins before I/R and at the end of 2-h reperfusion. As
shown in Fig. 5, compared with the CON group (100 %),
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Table 2 AAR and infarct size weights in the treatment groups

Left ventricle (mg) Area at risk (mg)

Infarct size
(% of area at risk)

Area at risk/left
ventricle (%)

Infarct size (mg)

I/R 613 £+ 147 258 + 42
SWOP 652 £+ 25 245 £+ 65
DMSO 586 + 26 226 + 42
PTN 646 + 48 257 £ 25
PTN + SWOP 612 £+ 53 252 £+ 46

122 £+ 20 42+6 47 £ 7
72 £ 24% 37 £8 30 £ 3%
115 + 21 386 51£5
126 & 31 39+6 49+ 9
120 & 26 41 £ 8 48 £ 5

Values are means + SD, n = 6 animals per group. The infarct size was significantly reduced in the SWOP group compared with that in the I/R
group; this infarct-limiting effect was abrogated by pretreatment with PTN before sevoflurane exposure. However, DMSO or PTN alone had no

effect on infarct size

I/R ischemia and reperfusion, SWOP sevoflurane preconditioning, DMSO dimethylsulfoxide, PTN parthenolide

* P < 0.05 versus I/R group in the Tukey analysis

GG.QOO]..

(%AAR)

Myocardial infarct size

& &

)

& S
&

Fig. 2 The effect of delayed sevoflurane preconditioning during I/R.
Infarct size (IS) is expressed as a percentage of the area at risk (AAR).
The myocardial IS was reduced in the SWOP group compared with
that in the I/R group; this infarct-limiting effect was abrogated by
pretreatment with PTN (500 pg/kg, i.p.) given 15 min before
sevoflurane exposure. However, DMSO or PTN alone had no effect
on IS. *P < 0.05: statistically significant. //R ischemia and reperfu-
sion, SWOP sevoflurane preconditioning, DMSO dimethylsulfoxide,
PTN parthenolide

d;‘eoo

rats preconditioned with sevoflurane exhibited an increase
in the expression of myocardial LC3-II and cathepsin B
before I/R (294 £ 33 and 161 £ 13 %, respectively, both
P < 0.05 vs. CON). The expressions of myocardial LC3-II
and cathepsin B before I/R in the SEVO group were also
increased when compared with those in the CON group
(318 £ 49 and 153 £ 9 %, respectively, both P < 0.05 vs.
CON, Fig. 5a, b). After sevoflurane preconditioning, the
increase in the expressions of TNF-a, IL-1[3, and caspase-3
at the end of 2-h reperfusion (142 + 15, 135 £ 8, and
242 £+ 15 %) were blunted when compared with findings
in the I/R group (294 £ 62, 257 £ 25,and 396 + 62 %,
respectively, all P < 0.05 vs. I/R); however, PTN admin-
istered before sevoflurane exposure abolished this effect
(338 £ 75, 243 £ 23, and 354 £ 27 %, P > 0.05 vs. I/R,
as shown in Figs. 5¢c, d, and 6).
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Discussion

This study demonstrated that delayed APC with sevoflu-
rane conferred a significant cardioprotective effect in an
in vivo rat model by decreasing myocardial infarct size and
reducing inflammation and apoptosis. This beneficial effect
may have been mediated by the activation of the tran-
scription factor NF-kB and the upregulation of autophagy,
as evidenced by increased NF-kB DNA-binding activity
and the promotion of autophagosome formation. Admin-
istration of the NF-kB inhibitor PTN before sevoflurane
exposure not only blocked its DNA-binding activity, but
also prevented autophagic protein expression and abolished
the delayed cardioprotection. This indicates that the acti-
vation of NF-xB and upregulation of autophagy before I/R
are essential steps for the development of sevoflurane-
induced delayed APC.

NF-xB is an important inducible transcription factor that
can drive a variety of protein expressions to attenuate
apoptosis [21]. Pharmacological activation of NF-kB, via
opiods [22], isoflurane [23], or adenosine [24], has been
shown to be protective with subsequent I/R. ROS and nitric
oxide have been demonstrated to mediate the phosphory-
lation of IxkB and the activation of NF-kB before I/R, and
when the generation of ROS and nitric oxide was inhibited,
NF-xB binding activity was abrogated and myocardial
function was impaired [10, 23]. Consistent with our
hypothesis, the present data show that the delayed APC
activated NF-kB, and that the use of the pharmacological
inhibitor PTN, which can inhibit IkB kinase (IKK) activity
[25] and the nuclear translocation of NF-kB [19], abolished
the activation of NF-kB-DNA binding activity. In our
study, when NF-kB activation was inhibited, the infarct
size was significantly increased compared with that in the
SWOP group, and the effect of delayed APC was abro-
gated, though sevoflurane exposure alone blunted the
increase in inflammation mediators and apoptosis com-
pared with findings in the I/R group. Our results support the
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Fig. 3 The delayed sevoflurane preconditioning induced autophago-
some formation before I/R. Electron microscopy images show normal
ultrastructural features of control heart (a), and heart preconditioned
with sevoflurane (b). b The characteristic ultrastructural morphology
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Fig. 4 Effect of delayed sevoflurane preconditioning on nuclear
factor kappa B (NF-xB)-DNA binding activity before I/R. Results of
electrophoretic mobility shift assay showing NF-kB-DNA binding
activity in nuclear extracts of myocardial samples obtained 24 h after
exposure to sevoflurane in the presence or absence of PTN. The figure
shows that the NF-kB-DNA binding activity in the SWOP and SEVO
groups was significantly increased when compared with that in the
CON group. This NF-xB activation was blocked by PTN adminis-
tered before sevoflurane exposure. Values are means £ SD, n =5
animals per group. *P < 0.05: statistically significant. CON control,
SWOP sevoflurane preconditioning, SEVO sevoflurane control,
DMSO dimethylsulfoxide, PTN parthenolide

of autophagy is shown: isolated double-membraned and multimem-
braned autophagosomes have engulfed the cytoplasm fraction, and
organelles are distributed throughout the cytoplasm. Nu nucleus.
Autophagosomes are indicated by arrows

hypothesis that NF-xB activation is a critical element in
delayed APC-induced cardioprotection. Also, in concert
with prior data showing that the acute phase of APC could
activate NF-xB [18], our present findings further demon-
strate that the activation of NF-xB plays an important role
in the delayed phase of APC-induced cardioprotection.
This effect may be related to the increased expression of
the antiapoptotic protein Bcl-2 and a resultant decrease in
cytochrome c release and caspase-3 degradation; as we
know, modest NF-kB activation promotes Bcl-2 synthesis
[10, 18].

When we observed the morphological features of car-
diocytes with a transmission electron microscope (TEM),
we occasionally found that more autophagosomes had
formed in sevoflurane-preconditioned cardiocytes than in
unpreconditioned cardiocytes. As mentioned before,
autophagy can also affect the death of cells, and, in order to
further confirm whether sevoflurane modulated autophagy,
we examined the levels of LC3-II and cathepsin B protein
expression. LC3-II has been suggested as a marker for
autophagy induction and cathepsin B is a lysosome-related
protein known to mediate autophagy [26]. In the present
study, LC3-II and cathepsin B expressions were signifi-
cantly increased in the SWOP group when compared with
findings in the CON group. As shown with the TEM, many
autophagosomes had formed after sevoflurane exposure,
and as autophagosomes inside cells can be used as an
indicator to analyze the induction of autophagy, this finding
supports the idea that sevoflurane exposure promotes the
occurrence of autophagy. Autophagic protein expression
was effectively blocked by injecting PTN before sevoflu-
rane exposure, indicating that NF-xB modulates the
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Fig. 5 Representative immunoblots of LC3, cathepsin B in rats
before I/R and TNF-o, IL-1f in rats after reperfusion in each group.
The figure shows that sevoflurane preconditioning increased the
expression of myocardial LC3-II (a) and cathepsin B (b) before I/R
compared with the CON group, but after sevoflurane preconditioning,
the expressions of TNF-a (¢) and IL-1f (d) at the end of 2 h
reperfusion were blunted their increase when compared with I/R

autophagic protein expression and that autophagy may play
an important role in reducing infarct size and apoptosis.
Recently Comb et al. [27] have shown that mammalian
autophagy required the induction of IKK; autophagy was
not induced in the absence of one of the subunits of IKK
catalysis. Likely, IKK plays multiple roles in regulating
NF-kB-dependent antiapoptosis, as well as in the induction
of autophagy-related genes; however, IKK activity, but not
NF-kB, induces the expression of the proautophagic gene
LC3. PTN is an inhibitor that plays a role in inhibiting IKK
activity; similar to the findings of the study by Comb et al.
[27], we found that PTN inhibited the NF-kB binding
activity, along with its inhibition of the induction of
autophagy.
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group. However, PTN administered before sevoflurance exposure
reverseded this effect. Values are mean £ SD, n = 5 animals per
group. *P < 0.05 versus CON group in the Tukey analysis.
AP <0.05 versus SWOP group. *P <0.05 versus I/R group.
P < 0.05: statistically significant. CON control, I/R ischemia and
reperfusion, SEVO sevoflurane control, SWOP sevoflurane precondi-
tioning, DMSO dimethylsulfoxide, PTN parthenolide

There are some possibilities that sevoflurane precondi-
tioning induces autophagy via the AMP kinase (AMPK)
signal pathway and the Bcl-2 family. The AMPK pathway
is one of the most important approaches in the upregulation
of autophagy [28, 29]; moreover, it has been proven that
the AMPK pathway is involved in sevoflurane-induced
cardioprotection [30], indicating that sevoflurane precon-
ditioning activates AMPK; thus, AMPK may activate the
occurrence of autophagy. In addition, sevoflurane precon-
ditioning may also upregulate Bcl-2 before I/R [10].
However, Bcl-2 interacts with beclin-1 and eventually
inhibits autophagosome formation [31]. A possible reason
for this inhibition is that autophagy induction relies on the
extent of the regulation of different proteins.
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Fig. 6 Representative immunoblots of cleaved caspase-3 in in each
group of rats after reperfusion. After sevoflurane preconditioning, the
increase in the expression of caspase-3 at the end of 2-h reperfusion
was blunted when compared with that in the I/R group. Values are
means + SD, n = 5 animals per group. *P < 0.05 versus CON group
in the Tukey analysis. 4P < 0.05 versus SWOP group. *P < 0.05
versus I/R group. P < 0.05: statistically significant. CON control, I/R
ischemia and reperfusion, SWOP sevoflurane preconditioning, DMSO
dimethylsulfoxide, PTN parthenolide

Of note, we found that, in parallel with NF-kB activa-
tion and the increase of autophagic protein expression by
delayed APC, inflammatory mediators (TNF-a, IL-1f) and
a marker of apoptosis [caspase-3 degradation]) were
reduced and restored by the transient inhibition of NF-kB.
As we know, I/R causes an intense increase in the pro-
duction of proinflammatory cytokines which impair myo-
cardial function [32]. The mechanisms of this impairment
include direct cytotoxicity, oxidant stress, calcium dysho-
meostasis, and cell apoptosis [33]. The present study
demonstrates that NF-xB activation before I/R has a pro-
found anti-inflammatory and antiapoptotic effect, and this
finding parallels the findings in the acute phase of APC [18,
32]. Also, the role of autophagy upregulation in the anti-
apoptotic effect may be seen through the recycling of
amino acids and the removal of damaged organelles, thus
reducing oxidative stress and allowing cellular remodeling
for survival, preventing or delaying the occurrence of cell
apoptosis [8].

There are some limitations of this study. First of all, we
did not specifically use the inhibitor of autophagy, 3-MA,
because the pharmacokinetics and pharmacodynamics of
3-MA are not well known, and it is difficult to exclude the
influence of this inhibitor itself. Second, we did not assess
the degree of NF-kB activation on reperfusion, because
prior studies have shown that sevoflurane preconditioning
and PTN alone reduced NF-kB activation during I/R

[32, 34]. In addition, we focused solely on the genes of two
inflammatory mediators (TNF-oo and IL-1fB) for inflam-
mation, and caspase-3 for apoptosis; though there are many
NF-kB-regulated inflammatory and proapoptotic genes,
these are the most common ones [32].

Conclusions

In conclusion, our study demonstrates that delayed sevo-
flurane preconditioning protected the rat heart from I/R
injury, and the underlying mechanism may include NF-xB
activation, upregulation of autophagy before I/R, and
attenuation of the expressions of TNF-o, IL-1fB, and cas-
pase-3 at the end of reperfusion.
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