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Abstract

Aim: The activation of extracellular signal-regulated kinase (ERK)1/2 protects

against ischemic–reperfusion injury. Whether ERK1/2 mediates the

cardioprotection of sevoflurane postconditioning is unknown. We tested whether

sevoflurane postconditioning produces cardioprotection via an ERK1/2-depen-

dent mechanism. Methods: In protocol 1, Langendorff-perfused Sprague–Dawley

rat hearts (n=84, 12 per group), with the exception of the Sham group, were sub-

jected to 30 min ischemia followed by 90 min reperfusion and were assigned to the

untreated (control) group, followed by 4 cycles of ischemic postconditioning

(25 s of each), 3% (v/v) sevoflurane postconditioning (for 5 min and 10 min of

washout), and the PD98059 solvent DMSO (<0.2%), ERK1/2 inhibitor PD98059

(20 µmol/L), and Sevo+PD administration. Left ventricular hemodynamics and

coronary flow at 30 min of equilibrium were recorded at 30, 60, and 90 min of

reperfusion, respectively. Acute infarct size was measured by triphenyltetra-

zolium chloride staining. The configuration of mitochondria was observed by an

electron microscope. Western blot analysis was used to determine the contents

of cytosolic and mitochondrial cytochrome c at the end of reperfusion. In pro-

tocol 2, after 15 min of reperfusion, the expression of total and phosphorylated

forms of ERK1/2 and its downstream target p70S6K was determined by West-

ern blotting. Results: No differences in baseline hemodynamics were observed

among the experimental groups (P>0.05). After reperfusion, compared with the

control group, sevoflurane postconditioning and ischemic postconditioning sig-

nificantly (P<0.05) improved functional recovery and largely (P<0.05) de-

creased myocardial infarct size (22.9%±4.6% and 21.2%±3.8%, vs 39.4%±

5.7%, both P<0.05). Sevoflurane-mediated protection was abolished by

PD98059. Conclusion: Anesthetic postconditioning by sevoflurane effectively

protects against reperfusion damage by activating ERK1/2 in vitro.
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Introduction

Anesthetic-induced postconditioning, currently the lat-

est cardioprotective strategy, like traditional ischemic precon-

ditioning[1], drug-induced preconditioning[2,3], and ischemic

postconditioning[4] has evident effects on cardioprotection.

Sevoflurane, which is the newest, pre-dominant, and ideal

volatile anesthetic, is most commonly used to maintain the

state of general anesthesia. It has been reported that

sevoflurane-induced postconditioning can protect against

ischemic–reperfusion injury[5,6]. However, the mechanism of

how sevoflurane postconditioning mediates cardioprotection

remains unclear.
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The extracellular signal-regulated kinase (ERK)1/2,

prototypic members of the mitogen-activated protein kinase

family, are the most ideal candidates among the protein ki-

nases that determine the specificity of cellular responses,

including cell proliferation, cell differentiation, and cell

survival, and are activated by a large variety of extracellular

agents[7]. ERK1/2 mediates ischemic[8] and pharmacological[9,10]

postconditioning and also plays a critical role in myocar-

dial protection against ischemic–reperfusion injury[11]. This

has been demonstrated in previous studies of desflurane-

induced preconditioning [12] and isoflurane-induced

postconditioning[9]. Whether brief exposure to sevoflurane-

induced cardioprotection during early reperfusion is also

mediated by ERK1/2 is unknown. The mitochondrion, which

is an important cell organ of eukaryon, plays a very critical

role in cellular apoptosis and necrosis. Many studies have

demonstrated the involvement of mitochondria in

cardioprotection[13,14]. Cytochrome c is an important com-

ponent of the electron transport chain complex of

mitochondria, and its release has significant effects on dam-

age induced by ischemic reperfusion by influcing the form

of ATP through affecting the electron transfer of the breath-

ing chain. With external stimulation, it is released from mi-

tochondria into the cytosol and contributes to cellular death[15].

Our study aims to research the effect of sevoflurane on

heart function, infract size, ERK1/2 activity, mitochondria,

and cytochrome c, and discuss the potential mechanism of

in cardioprotection and its potential for clinical application.

Materials and methods

Materials  Adult, male Sprague–Dawley rats, weighing

250-300 g, were provided by the Experimental Animal Center

of Xuzhou Medical College (Xuzhou, China). This study was

conducted in accordance with the guidelines of the Animal

Care and Use Committee of the University of Xuzhou Medi-

cal College. Sevoflurane (lot: 7129) was purchased from

Maruishi Pharmaceutical (Fuji Shizuoka, Japan). 2,3,5-

Triphenyltetrazolium chloride (TTC) and PD98059 were from

Sigma (St Louis, MO, USA). anti-phospho-ERK1/2 (No

9106L), anti-ERK1/2 (No 4696), anti-phospho-p70S6 (Thr421/

Ser424) kinase (No 9204L), and anti-p70S6 kinase (No 9202L)

antibodies were from Cell Signalling Technology (Boston,

MA, USA). The anti-cytochrome c antibody (sc-13156) was

obtained from Zhongshan Goldenbridge Biotechnology

(Beijing, HeBei, China). Cell lysis buffer for Western blotting,

SDS–PAGE sample loading buffer (5×), SDS–PAGE gel prepa-

ration kit, and BCIP/NBT 5-bromo-4-chloro-3-indolyl phos-

phate/Nitro blue tetrazolium alkaline phosphatase color de-

velopment kit were ordered from Beyotime Institute of Bio-

technology (Haimen, Jiangsu, China).

Isolated, perfused heart preparation  The rats were an-

aesthetized with an intraperitoneal injection of 40 mg·kg–1

pentobarbital and 500 IU·kg–1heparin. After median

sternotomy, the hearts were rapidly isolated and placed in 4 °C

Krebs–Henseleit (K-H) buffer, then perfused through the

aorta using Langendorff apparatus. The perfusion press was

set at 78 mmHg, and the K-H buffer was maintained at 37 °C.

The K-H buffer contained (in mmol/L): NaCl 118, KCl 4.7,

MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, CaCl2 2.5, glucose 11.1,

and EDTA-Na2 0.125 equilibrated with a mixture of 95% oxy-

gen and 5% carbon dioxide (pH, 7.4±0.02).

A saline-filled latex balloon was inserted into the left ven-

tricle through the mitral valve, connected to a pressure trans-

ducer (Maclab/4S; AD Instruments, Sydney, NSW, Australia)

by a polyethylene catheter, and then connected to a

Macintosh 7200/90 computer (Apple, Cupertino, CA, USA)

by the Maclab/4S simulated converter. The balloon volume,

which remained unchanged throughout the experiment, was

adjusted to achieve a left ventricle end-diastolic pressure

(LVEDP) of 4-6 mmHg at the beginning of perfusion. The left

ventricular function index was monitored continuously by

the Macintosh 7200/90 computer: LVEDP, left ventricular

developed pressure (LVDP ), positive and negative LV dp/dt

(dp/dtmax, dp/dtmin), heart rate (HR).

Experimental protocol  The whole procedure lasted for

150 min. After equilibration of 30 min, the isolated hearts

underwent 30 min of global ischemia followed by 90 min of

reperfusion. In total, 3% sevoflurane was administered for 5

min with a 10 min washout. Sevoflurane concentrations were

also measured in the buffer by a gas chromatograph (Varian

3400; New York, USA; 0.50±0.04 mmol/L).

Protocol 1 involved the analysis of functional parameters

and the determination of infarct size. Our aim was to assess the

efficacy of cardioprotection with sevoflurane postconditioning.

The rat hearts were randomly divided into 7 groups as fol-

lows (n=84, 12 per group): (1) Sham group: perfusion for 150

min in K-H buffer; (2) Control group: global ischemia for 30

min and then 90 min of reperfusion; (3) Post group: four

cycles of ischemic postconditioning (25 s of ischemia and 25

s of reperfusion) at the onset of reperfusion after 30 min of

ischemia; (4) Sevo group: administration of 3% sevoflurane

for 5 min followed by a 10 min washout at the onset of

reperfusion after 30 min of ischemia; (5) DMSO group: ad-

ministration of the PD98059 vehicle DMSO (<0.2%) for 15

min at the onset of reperfusion; (6) PD group: administration

of the selective ERK1/2 inhibitor PD98059 (20 µmol/L) in

DMSO for 15 min at the onset of reperfusion; and (7) Sevo+PD

group: administration of both PD98059 in DMSO and 3%
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sevoflurane for 15 min at the onset of reperfusion.

Left ventricular hemodynamics and coronary flow (CF)

at 30 min of equilibrium were recorded at 30, 60, and 90 min of

reperfusion, respectively. Acute infarct size was measured

by TTC staining. The configuration of mitochondria was

observed by an electron microscope. Western blot analysis

was used to determine the contents of cytosolic and mito-

chondrial cytochrome c at the end of reperfusion

To assess the potential contribution of ERK1/2 in

sevoflurane-induced cardioprotection, protocol 2 involved

additional hearts being randomly assigned to the

abovementioned groups (n=35, 5 per group). After 15 min of

reperfusion, the expression of total and phosphorylated

forms of ERK1/2 and its downstream target p70S6K was de-

termined by Western blotting.

Determination of myocardial infarct size  At the end of

the experiment, the hearts were frozen at –20 °C for 2 h and

then sliced into 5, 2 mm cross-sections across the long axis.

The sections were incubated at 37 °C for 20 min with 1% TTC

in 0.1 mol/L phosphate buffer with the pH adjusted to 7.4.

Afterwards, the sections were fixed for 10-14 h in 10% form-

aldehyde and digitally photographed. Tissues that were

stained brick red were taken as viable; pale or white tissues

were taken as necrotic. A planimetric analysis, using Image

Pro-Plus (Media Cybernetics, Silver Spring, USA), was per-

formed to determine infarct size. Because the entire left ven-

tricle was at risk (global ischemia), infarct size was divided

by the total area of the myocardium to yield the percentage

area of infarction.

Extraction of phospho-ERK (p-ERK) and phospho-

p70S6K (p-70S6K) cytosol protein  The left ventricular tis-

sue was taken and immediately frozen in liquid nitrogen at –

70 °C after 15 min of reperfusion. Subsequently, the tissue

was powdered and homogenized in cell lysis buffer for West-

ern blotting. The homogenates were vortexed for 15 s and

then centrifuged at 14 000×g for 10 min at 4 °C. The superna-

tants were used for Western blot analysis as cytosolic

proteins. Protein concentrations were determined by the

Bradford method using bovine serum albumin as a standard.

Isolation of the subsarcolemmal mitochondria and cyto-

sol protein  At the end of reperfusion, the hearts were imme-

diately removed from the perfusion column and placed into

buffer A [containing in mmol/L: 100 KCl, 50 3-(morpholino)

propanesulfonic acid (MOPS), 1 ethylene-glycol bis

tetraacetic acid (EGTA), 5 MgSO4·7H2O, and 1 ATP at pH

7.4] at 4 °C. The cardiac tissue was finely minced, washed

twice, and placed in buffer A containing 0.2% bovine serum

albumin at 20 mL·g–1 and homogenized with a polytron tissue

processor (Brinkman Instruments, Westbury, NY, USA) for

2.5 s at a rheostat setting of 6.0. The homogenate was centri-

fuged at 584×g for 10 min, the supernatant was saved for the

isolation of subsarcolemmal mitochondria (SSM), and the

pellet was washed. The combined supernatants were centri-

fuged at 3015×g for 10 min to sediment SSM. The superna-

tants were used for Western blot analysis as cytosolic pro-

teins (at a concentration of approximately 2 mg·mL–1). The

sediment SSM was suspended in buffer A containing 0.2%

bovine serum albumin at 5 mL·g–1 and centrifuged at 3015×g

for 10 min again. The sediment SSM was suspended in KME

(containing in mmol/L: 100 KCl, 50 MOPS, and 0.5 EGTA) at

2.5 mL·g–1 and centrifuged at 3015×g for 10 min. Finally, the

sediment SSM was suspended in KME again (at a concen-

tration of approximately 1.5 mg·mL–1). The equipment and

solutions were kept at 4 °C during the isolation process.

Mitochondrial and cytosolic protein concentrations were de-

termined by the Bradford method using bovine serum album

as a standard.

SSM morphology under the electron microscope  The

SSM sediment was processed as an electron microscope

specimen by fixing in 2.5% glutaral phosphate-buffered sa-

line (PBS), washing with 0.1 mol/L PBS for 30 min, fixing in

1% osmic acid for 2 h, and then washing so that the alcohol

and ethyl carbinol gradually dehydrated. The specimens were

put in mixed liquor containing acetone and resin (2:1) for 1 h,

acetone and resin (1:1) for 1.5 h, and 100% resin for 2 h, and

were then embedded with 100% resin and placed in a 37 °C,

45 °C, or 60 °C incubator for 24 h. Finally, the specimens were

cut into ultra-thin slices, stuck to a copper screen, and stained

with uranyl acetate and lead citrate. Electron pictures were

taken randomly at a magnification of ×5000.

Western blot analysis  The isolated SSM protein and

cytosolic protein samples were mixed with SDS–PAGE sample

loading buffer and denatured at 100 °C for 5 min. Equivalent

amounts of proteins (50 µg) were separated by SDS–PAGE

and transferred to nitrocellulose membranes. The membranes

were incubated overnight at 4 °C with the primary antibody,

washed 3 times with Tris-buffered saline Tween-20 for 5 min

each time, and incubated for 2 h with the secondary anti-

body conjugated with alkaline phosphatase at room

temperature. Immune complexes were detected using a NBT/

BCIP assay kit. The scanned images were imported into Adobe

Photoshop software (Adobe, San Jose, CA, USA). Scan-

ning densitometry was used for the semiquantitative analysis.

Statistical analysis  All values were expressed as

mean±SD. A paired t-test was used for comparison within

groups over time. The statistical analysis of data between

groups was performed by a two-way ANOVA with multiple

comparisons or Student’s t-test. Results described as sig-
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nificant are based on a criterion of P<0.05.

Results

Effects on CF and systemic hemodynamics  No differences

in baseline hemodynamics were observed among the experi-

mental groups (P>0.05). At 30, 60, and 90 min of reperfusion,

the other groups, with the exception of the Sham group, had a

significant decrease (P<0.05) in +dp/dt, –dp/dt, LVDP, and

CF, and a large increase (P<0.05) in LVEDP compared with

baseline values. Compared with the Sham group, the other

groups had a significant decrease (P<0.05) in +dp/dt, –dp/dt,

LVDP and CF, and a large increase (P<0.05) in LVEDP. Com-

pared with the Control group, the Sevo and Post groups had

a significant increase (P<0.05) in +dp/dt, -dp/dt, LVDP, and

CF, and a large decrease (P<0.05) in LVEDP.  There was no

significant difference in the Sevo and Post groups (Table 1).

Effects on myocardial infarct size  As shown in Figure 1,

infarct size in the Sevo and Post groups was significantly

reduced (22.9%±4.6% and 21.2%±3.8%, respectively, P<0.05)

compared with the Control group (39.4%±5.7%) at the end of

reperfusion. Infarct size in the DMSO, PD, and Sevo+PD

groups was 40.7%±5.4%, 42.1%±7.2%, and 37.2%±6.7%,

respectively, with no statistical differences compared to

Control group.

Effects of p-ERK1/2, p-p70S6K, cytochrome c  As

shown in Figure 2, Western blotting showed the phospho-

rylated state of ERK1/2 (44 and 42 kDa) and p70S6K (70

kDa ) after reperfusion at 15 min, and the content of cytoso-

lic and mitochondrial cytochrome c at the end of reperfusion.

Compared with the sham group, the expression of

p-ERK1/2 and p-p70S6K in the control group significantly

increased (P<0.05). Compared with the control group, the

expression of p-ERK1/2 and p-p70S6K in the Sevo and Post

groups further increased (P<0.05). There were no statistical

differences between the Sevo and Post groups, and the

DMSO and control groups.

Compared with the sham group, the content of cytochrome

c in the other groups significantly increased (P<0.05) in cyto-

sol and obviously decreased (P<0.05) in mitochondria. Com-

pared with the control group, the content of cytochrome c in

the Sevo and Post groups significantly decreased (P<0.05) in

cytosol and obviously increased (P<0.05) in mitochondria.

There were no statistical differences in the Sevo and Post

groups.

Morphology of SSM with electron microscopy analysis

Most isolated SSM in the Sham group exhibited typical

morphology. The morphology of mitochondria in the control

group exhibited most disruption of the outer membrane, se-

vere swelling of the matrix, decrease of matrix density, and

vacuolization of cristae. The Sevo and Post groups had less

mitochondria damage, displayed an increase in the quantity

of mitochondria, had less swelling of the matrix, and general

integrity of membrana external. The DMSO, PD, and Sevo+PD

groups were similar to the control group. Magnification

was set at ×5000.

Discussion

The model for this experiment is that the ischemic–

reperfused myocardium of isolated rat hearts underwent 5

min of sevoflurane-induced postconditioning. The result

verified that sevoflurane-induced postconditioning signifi-

cantly improved +dp/dt, –dp/dt, and LVDP, and at the same

time reduced LVEDP in the left artrium of the isolated rat

heart after the reperfusion, which indicated that sevoflurane-

induced postconditioning could improve contractile and di-

astolic functions of the ischemic–reperfused myocardium.

The large reduction of infract size at the end of reperfusion

indicated that sevoflurane-induced postconditioning had a

significant effect on cardioprotection.

The mechanism in which sevoflurane postconditioning

produces cardioprotection might be similar to that of other

volatile anesthetics in inhibiting abnormal activities in the

early reperfusion period by its pharmacology or activiating

some signaling pathways. With its more favorable physico-

chemical properties in cardiovascular and autonomic effects,

sevoflurane can make the heart rate and hemodynamics more

stable and the heart have lower occurrence of arrhythmia

and other adverse reactions[16], which may be relevant to

the myocardial protection of sevoflurane.

This study confirmed sevoflurane’s ability of improving

CF in the myocardium at the period of reperfusion, which

has the benefit of improving reflow. The “no reflow” phe-

nomenon in the myocardium is a very important character of

reperfusion damage[17]. In the reperfusion period, the capil-

lary in the ischemic zone can not be sufficiently perfused,

which causes the decrease of CF. The change of CF can

contribute to the development of reperfusion damage. As

pharmacology of volatile anesthetics can reduce the resis-

tance of the coronary artery and cause an obvious increase

of CF, in some studies, the protection of volatile anesthetics

against myocardial damage was found to be relative to the

augmentation of CF[18,19]. Sevoflurane can expand the coro-

nary artery. The possibility of “coronary artery steal” is lower

than isoflurane, and the inhalation of high concentrations of

sevoflurane does not reduce CF. Kehl et al[20] verified that

1.5 MAC sevoflurane did not cause abnormal distribution in

dog’s coronary artery, but increased blood flow in coronary

artery collateral vessels, and the activation of calcium-acti-
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Table 1.  Left ventricular haemodynamics and CF.  Data are presented as mean±SD (n=12 for each group).  bP<0.05 vs baseline (intragroup

comparison).  eP<0.05 vs Sham; hP<0.05  vs Control (intergroup comparison).

                                                                                                                                  Reperfusion

                                                                           R30 min                        R60 min                             R90 min

LVEDP (mmHg)

Sham 5.2±0.6   5.4±0.7    5.6±0.8    6.3±0.8

Control 4.7±0.7  32.3±6.7be  32.8±6.8be  34.9±7.3be

Post 4.6±0.6  19.7±4.5beh  20.1±4.5beh  20.9±5.3beh

Sevo 5.5±0.7  19.3±5.6beh  19.6±5.6beh  20.5±6.1beh

DMSO 4.5±0.5  33.5±7.1be  34.3±6.6beh  35.1±6.8be

P D 5.0±0.6  33.1±6.7be  34.9±6.8be  34.4±7.1be

Sevo+PD 4.9±0.6  29.9±6.5be  30.7±6.4be  31.5±6.6be

LVDP (mmHg)

Sham 118±11   120±12   115±14   111±12

Control 120±8     69±11be     66±10be     64±9be

Post 121±11     89±13beh     83±12beh     81±13beh

Sevo 116±10     92±14beh     89±12beh     84±11beh

DMSO 123±13     71±9be     68±11be     63±10be

P D 117±9     68±11be     65±13be     62±12be

Sevo+PD 118±7      74±13be     71±12be     68±10be

+dp/dt (mmHg/s)

Sham 3376±203 3414±215  3389±257 3335±239

Control 3452±375  1707±321be  1667±312be  1625±327be

Post 3401±336  2489±355beh  2421±325beh  2402±329beh

Sevo 3358±212  2526±265beh  2478±218beh  2438±241beh

DMSO 3390±267  1737±242be  1691±261be  1648±243be

P D 3428±248  1714±253be  1667±231be  1633±227be

Sevo+PD 3361±317  1842±363be  1812±331be  1772±304be

-dp/dt (mmHg/s)

Sham 2521±311 2552±299  2529±221  2491±220

Control 2593±279  1241±231be  1285±240be  1235±232be

Post 2541±392  1849±301beh  1827±296beh  1748±276beh

Sevo 2493±265  1796±256beh  1736±246beh  1716±225beh

DMSO 2538±322  1268±237beh  1233±234beh  1197±227be

P D 2566±204  1218±248be  1201±244beh  1175±234be

Sevo+PD 2504±345  1345±273be  1325±270be  1270±263be

CF(mL/min)

Sham 13.8±0.9  13.6±0.8  13.3±0.4  13.0±0.9

Control 13.7±1.1    7.9±0.7be    7.4±0.5be    7.2±0.6be

Post 13.9±1.2  10.7±1.3beh  10.4±1.1beh    9.9±0.9beh

Sevo 13.6±0.7  10.9±0.6beh  10.8±0.8beh  10.3±0.8beh

DMSO 13.6±1.1    8.1±0.9be    7.6±0.6be    7.4±0.7be

P D 13.5±0.8    7.8±1.3be    7.3±1.5be    7.1±1.1be

Sevo+PD 13.6±1.2    8.4±1.1be    8.1±1.3be    7.8±0.8be

HR(beat/min  )

Sham 301±17   300±14   296±13   291±19

Control 303±12   246±21be   245±16be   242±18be

Post 298±9   259±24be   258±21be   253±14be

Sevo 305±15   263±17be   265±15be   260±11be

DMSO 304±21   251±19be   249±17be   246±14be

P D 299±11   247±27be   245±21be   241±18be

Sevo+ PD 296±19   256±17be   254±13be   252±15be

R=reperfusion; Sham=time-matched perfusion; Control=unprotected hearts exposed to ischemia–reperfusion; Post=ischemia postconditioning;

Sevo=sevoflanrane postconditioning; DMSO=dimethyl sulfoxide(vehicle); PD=PD98059; LVEDP=left ventricular end-diastolic pressure;

LVDP=left ventricular developed; +dp/dt=inotropy; -dp/dt=lusitropy; HR=heart rate; CF=coronary flow.

            Groups                                      Baseline
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vated potassium channels was part of its mechanism. Coro-

nary collateral perfusion is a major determinant of the degree

of injury associated with an ischemic event[21]. Harkin et al[22]

found that sevoflurane did not affect the coronary artery

flow rate in the diastolic phase, and that the expanding effect

in the diastolic phase of sevoflurane was different from

isoflurane. In our study, sevoflurane significantly increased

CF. This may be related to its pharmacological character of

decreasing coronary resistance or its protection on lessen-

ing the swelling of the myocardial and vascular endothelial

cells. These 2 possibilities complement each other to increase

the CF and decrease the damage of the myocardial cell, form-

ing non-malignant circulation.

In the present study, by examining Western blot strap,

we observed that sevoflurane postconditioning can cause a

significant increase of ERK1/2 activity, and PD98059, as an

inhibitor of ERK1/2, shut down its activity and offset the

protection of sevoflurane postconditioning, which confirmed

that ERK1/2 signaling channels play a critical role in

cardioprotection induced by sevoflurane postconditioning.

In studies of the cardioprotection mechanism, ERK and PI3K

were considered as survival kinases pathway of myocardial

protection and have been the focus of attention [23].

Coincidentally, the mechanism of preconditioning and

postconditioning both include a signal-conducting pathway

of the 2 protein kinases. It seems that in the reperfusion

period, the 2 forms of myocardial protection may share some

signaling pathways that could potentially be common tar-

gets of myocardial protection. However, in experiments of

different models with different species, ERK- and PI3K-me-

diated myocardial protection was still questioned.

In 1990, ERK was first described as a serine/threonine

protein kinase that was tyrosine phosphorylated by various

extracellular signals, including insulin and NGF[24]. Although

most studies have verified the role of ERK1/2 as an important,

protective signaling pathway both in the setting of precon-

ditioning and postconditioning, it remains controversial. In

the setting of ischemic reperfusion induced by a 1.0 MAC

isoflurane in vitro rabbit model, Krolikowski et al[25,26] found

that at the first 15 min of the reperfusion period, both inhib-

iting ERK1/2 by PD98059 and inhibiting PI3K by LY294002,

abrogated cardioprotect ion  caused by isoflurane

postconditioning. They suggested that both pathways play

a very important role in cardioprotection induced by

isoflurane postconditioning. In an in vitro rabbit model,

Darling et al[27] implied that the cardioprotective effect of

ischemic postconditioning was dependent on the activation

of ERK, but not PI3K, while in an in vitro rats model of

ischemic postconditioning, Zhu et al[28] suggested that it

relied on the activiation of PI3K, but not ERK1/2. It has been

suggested in other studies[29,30,31] that the 2 ways mediate

cardioprotection of preconditioning and postconditioning.

The differences of these results may depend on the experi-

mental situations and species applied. So far, there are no

reports on cardioprotection that are mediated by the ERK1/

2 signaling pathway in studies of sevoflurane post-conditioning.

In this study, by setting reperfusion through administering

3% sevoflurane in isolated rat hearts, we observed, after 15

min of reperfusion, that the activity of ERK1/2 increased in

both the Control and Sevo groups. However, this increase

was much more pronounced in the sevoflurane postconditioning

group, and PD98059, the inhibitor of ERK1/2, offset the protec-

tion induced by sevoflurane postconditioning, which indicated

that ERK1/2 was a important signal path in cardioprotection

induced by sevoflurane postconditioning. Although ERK1/2

plays a very important role in myocardial protection in our

study, the mechanism of mediating myocardial protection is

still unclear. The results also require clarification, because

we did not specifically examine the biochemical actions of

sevoflurane on ERK1/2 phosphorylation, nor did we mea-

sure the activities of enzymes in the rat myocardium exposed

to ischemia and reperfusion. Nevertheless, our data strongly

suggest an important role for ERK1/2 in sevoflurane-induced

postconditioning against infarction because the selective

inhibition of ERK1/2 blocked myocardial protection induced

by sevoflurane during reperfusion. Based on a similar

pharmacological character of sevoflurne and isoflurane, we

suggest that myocardial protection induced by these 2 ways

may have similar signaling pathways, but this needs to be

verified by further studies.

The 70 kDa ribosomal protein S6 kinase (p70S6K), the

downstream target of ERK1/2, is known to regulate cell

growth by inducing protein synthesis components. p70S6K

is itself a dual pathway kinase, signaling cell survival as well

as growth through differential substrates which include mi-

Figure 1.  The percentage of Infarct size of myocardium at the end

o f r ep e r fu s io n .   I n fa rc t  s i ze  wa s  de t er m in e d u s in g  1 %

triphenyltetrazolium chloride staining, as described in the Methods

section.  In each group, five hearts were used. Data are given as

mean±SD.  bP<0.05 vs Control.
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Figure 2.  Western blot analysis.  Phosphorylation

status of ERK1/2(44, 42 kDa) (A) and p70S6K (70

kDa) (B) were analyzed by Western blot with specific

phospho-ERK1/2 (Thr202/Tyr204) and phospho-

p70S6K (Thr421/Ser424) antibodies at the 15 min of

reperfusion, and the expression of cytochrome c (15

kDa) (C) in mitochondria and cytosolic at the end of

reperfusion.  In each group, five hearts were used.

Data are given as mean±SD.  Sham=time-matched

perfusion; Control=unprotected hearts exposed to is-

chemia–reperfusion; Post=ischemia postconditioning;

Sevo=sevoflurane postconditioning; DMSO=dimethyl

sulfoxide(vehicle); PD = PD98059.  bP<0.05 vs Sham;
eP<0.05 vs Control.
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tochondrial BAD and the ribosomal subunit S6, respectively,

and mediates cardioprotection by regulating the activity of

apoptosis protein BAD[32]. From our straps, we found that

the activity of P70S6K increased when the activity of ERK1/2

increased, and the inhibitor of ERK1/2 can also inhibit the

activity of p70S6K. This indicates that sevoflurane

postconditioning may mediate cardioprotection by

activiating the ERK1/2/p70S6k pathway. However, our study

demonstrates sevoflurane postconditioning only can improve

the activity of p70S6K. Whether this cardioprotection is

mediated by this way still needs subsequent studies.

At 15 min reperfusion, the increase of p-ERK1/2 expres-

sion in the Control group, compared with the Sham, indi-

cated that ischemic damage can immediately activate histio-

cytic ERK1/2, which as an early intracellular signal, might be

involved in adjusting stress reactions. Therefore, during is-

chemia–reperfusion, the course of the increase of ERK1/2

activity may be the reparative process of damaged cell caused

by ischemia–reperfusion and may also be a protective mecha-

nism of survival cells, which can protect the myocardium

against reperfusion damage by further enhancing the activ-

ity of ERK1/2; sevoflurane makes this protection better.

Meanwhile, the straps also indicated that ischemic

postconditioning, like sevoflurane postconditioning, can

reinforce the activity of both ERK1/2 and its downstream

target p70S6K, which suggests that ischemic and sevoflurane

postconditioning may have similar cardioprotection

mechanisms. Our study did not verify if the former is me-

diated by ERK1/2 like the latter, but it has been demon-

strated that the former can significantly increase the activity

of ERK1/2 and p70S6K, the protection of which may be rela-

tive to this pathway.

In this study, we observed ultrastructure of myocardial

mitochondria by using an electron microscope and found

that sevoflurane postconditioning can lessen its damage.

The mitochondrion, the significant site of energy

metabolism, is one of the important organelles of the eu-

karyotic cell. The mitochondrion was involved in the pro-

cess of cellular necrosis and apoptosis, is responsible for

cellular death way, and may be the common pathway of vari-

ous protective ways in the ischemic reperfusion period. Cao

et al[33] provided unequivocal evidence using a cause–ef-

fect approach. They found that the attenuation of mitochon-

drial Ca2+ overload was responsible for cardioprotection

against ischemic–reperfusion-induced injury. Some stud-

ies have demonstr a ted that  anesthetics mediate

cardioprotection during reperfusion by facilitating the open-

ing of ATP-sensitive potassium (mitoKATP) channels of

mitochondria. Obal et al[14] demonstrated that the adminis-

tration of 5-hydroxydecanoate (5-HD), a specific mitoKATP

channel blocker, eliminated  the effect of sevoflurane on

decreasing infract size of the myocardium, which meant

that sevoflurane possibly produced cardioprotection by

activating mitoKATP channels. Similarly, Krolikowski et al[34]

reported in an in vitro rabbit ischemic–reperfusion model by

isoflurane postconditioning, the administration of

cyclosporine A, an inhibitor of mPTP, can significantly re-

duce infract size; however, the administration of mitoKATP

inhibitor 5-HD or the mPTP opener atractyloside eliminated

this protection, which demonstrated that the protection of

isoflurane was mediated by the inhibition of mPTP depend-

ing on the activation of mitoKATP channels in vitro. Further

research is required to verify if sevoflurane reduces mito-

chondrial damage by adjusting mitoKATP and whether the

Figure 3.  Electron micrograph of isolated SSM at the end of reperfusion in isolated rat heart. Magnification×5000.
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effect is direct or indirect.

Cytochrome c has a double function: (1) it is involved

in electron transfer; and (2) it is an important initiator of

apoptosis. Several studies have demonstrated that the re-

lease of cytochrome c matters more than the deprivation

of mitochondrial respiration activity in the process of

apoptosis[15]. The release of cytochrome c from the outer

mitochondrial membrane triggered the activity of caspase-

3 and formed the cascades that evoked cellular death[35]. Is-

chemic–reperfusion damage may lead to the release of cy-

tochrome c from mitochondria into cytosol, cause func-

tional impairment of mitochondria, and contribute to cel-

lular death[36,37]. Qian et al[2] reported that isoflurane pre-

conditioning protects against ischemic injury partly by re-

ducing cytochrome c release from subsarcolemmal mito-

chondria in vitro. In our study, we found that sevoflurane

postconditioning can diminish the release of cytochrome c

from mitochondria into cytosol. This may be closely corre-

lated to the decrease of myocardial infract size. So far, there

are no reports on the mechanism of how sevoflurane

postconditioning regulates the release of cytochrome c. We

suggest that sevoflurane affects some agents in cytosol, or

activates signaling pathways by decreasing mitochondrial

damage. Recent studies have indicated that the inhibition

of the release of cytochrome c has an important effect on

the damaged myocardium, but the reason why cytochrome

c is released from mitochondria and other regulatory

mechanisms are still unclear.

From the straps, we found that the release of cytochrome

c in the downstream of ERK1/2 increased in mitochondria

along with the increase of the activity of ERK1/2; however,

the inhibitor of ERK1/2 offset this effect, which indicates

that sevoflurane postconditioning possibly mediates myo-

cardial preservation by activiating the anti-apoptotic signal-

ing pathway of ERK1/2/cytochrome c. The present study

confirms that sevoflurane postconditioning can lessen the

release of cytochrome c from mitochondria. Whether its myo-

cardial preservation is brought by this pathway still needs

to be verified by further studies.

The present study demonstrates the effect of cardio-pro-

tection of sevoflurane postconditioning, which is similar to

other pharmacological postconditioning. There are numer-

ous experimental studies demonstrating that both pharmaco-

logical preconditioning[38–40] and postconditioning[41–43] have

cardioprotective effects. There is no relevant report compar-

ing either of the protective approaches. However, despite

nearly 20 years of research in the field of pharmacological

preconditioning and the effectiveness of pharmacological

preconditioning for protecting the ischemic myocardium,

there are no preconditioning-based therapies that are rou-

tinely used in clinical medicine at the current time. Part of the

problem is the need to administer therapy prior to the known

ischemic event. Pharmacological postconditioning is used

as an accompaniment with reperfusion after ischemia, and is

a relatively novel strategy of cardioprotection associated

with reperfusion of the myocardium. It is more likely than

preconditioning to be feasible as a clinical application to

patients undergoing acute myocardial ischemic disease. So

far, the efficacy of these new approaches has been proven

preclinically using experimental models, but the actual mecha-

nism of protection remains unclear and their real clinical rel-

evance and ability to reduce human myocardial infarction-

associated morbidity and mortality remains to be determined.

In summary, the current results confirm that 3%

sevoflurane-induced postconditioning reduces myocardial

infarct size and improves construction and relaxation of the

myocardium in isolated Sprague–Dawley rat hearts with acute

myocardial ischemic–reperfusion injury. A selective phar-

macological inhibitor of ERK1/2 abolished the cardiopro-

tection of sevoflurane-induced postconditioning, which

revealed that the effect of the cardioprotection of

sevoflurane postconditioning was mediated by ERK1/2 sig-

naling channels. In addition, sevoflurane-induced

postconditioning attenuated mitochondrial dysfunction, and

inhibited the release of cytochrome c from mitochondria,

which was in part mediated by ERK1/2 signaling channels.

The cardioprotective mechanisms of inhalation anesthetics

like sevoflurane are complicated and numerous, and require

further exploration.
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