
ORIGINAL PAPER

Emulsified isoflurane postconditioning produces cardioprotection
against myocardial ischemia–reperfusion injury in rats

Zhao-Yang Hu • Geoffrey W. Abbott •

Ya-Dong Fang • Yue-Sheng Huang •

Jin Liu

Received: 4 December 2012 / Accepted: 25 March 2013 / Published online: 27 April 2013

� The Physiological Society of Japan and Springer Japan 2013

Abstract Emulsified isoflurane (EIso) preconditioning can

induce cardioprotection. We investigated whether EIso

application after ischemia protects hearts against reperfusion

injury and whether it is mediated by the inhibition of apop-

tosis. Rats were subjected to 30-min coronary occlusion fol-

lowed by 180-min reperfusion. At the onset of reperfusion,

rats were intravenously administered saline (sham, control

group), 30 % intralipid (IL group) or 2 ml kg-1 EIso (EIso

group) for 30 min. After reperfusion, infarct sizes, myocardial

apoptosis and expression of Bcl-2, Bax and caspase-3 proteins

were determined. Hemodynamic parameters were not differ-

ent among groups. Compared with control and intralipid

group, EIso limited infarct size, inhibited apoptosis, increased

the expression of Bcl-2, decreased the expression of Bax,

cleaved caspase-3, and enhanced Bcl-2/Bax ratio. EIso pro-

tects hearts against reperfusion injury when administered at

the onset of reperfusion, which may be mediated by the

inhibition of apoptosis via modulation of the expression of

pro- and anti-apoptotic proteins.

Keywords Emulsified isoflurane � Ischemia and

reperfusion injury � Cardioprotection

Introduction

It has been demonstrated that volatile anesthetics produces

preconditioning against myocardial ischemia and reperfu-

sion (I/R) injury [1–4] and also confers marked protection

when administered at the onset of or during early reper-

fusion [5–9].

Emulsified isoflurane (EIso) is a new formulation that

enables an intravenous [10, 11] or oral [12] (rather than the

traditional inhalation) route of administration for this

anesthetic. We and other researchers have demonstrated

that pretreatment with EIso produced strong cardioprotec-

tion against infarction, I/R injury or hypoxia/reoxygenation

injury in rabbits [13, 14], rats [1, 15–17] and neonatal car-

diac myocytes [18]. Several studies have recently shown

that administration of isoflurane at early reperfusion pro-

vides cardioprotection against I/R injury [6, 8, 9]. Whether

EIso administered after ischemia protects hearts against

reperfusion injury remains unknown. Thus, the primary aim

of the present study was to evaluate the cardioprotective

effect of EIso when administered at the onset of reperfusion.

The potential mechanisms underlying anesthetic

induced postconditioning have not completely been clari-

fied. However, substantial evidence has shown that anes-

thetic-induced preconditioning and postconditioning share

similar signal transduction pathways and that prevention of

apoptosis might be a primary target of volatile anesthetics

in the protection of the myocardium against I/R injury [19].

Emerging evidence indicates that isoflurane may inhibit

cardiac myocyte apoptosis in various animal models [20–

23]. These findings prompted us to postulate that EIso
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administered after ischemia may also protect the myocar-

dium against I/R injury by inhibiting apoptosis, thereby

precluding untimely cell death.

Therefore, the aims of the current study were to inves-

tigate whether administering EIso at the onset of reperfu-

sion protects the heart against I/R injury and whether this

effect is associated with inhibition of apoptosis.

Materials and methods

The study was approved by the Institutional Animal Care

and Use Committee of Sichuan University (Sichuan, China)

(Permit Number: 20100318) and was carried out in strict

accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Insti-

tutes of Health (NIH Publication No. 85-23, revised 1996).

Preparation of emulsified isoflurane

Details of the EIso preparation have been described pre-

viously [10, 11]. EIso (8 % vol./vol.) and 30 % intralipid

were provided by Huarui Pharmaceutical Co. (Chengdu,

China).

General preparation

Infarct or sham operations were performed on 200–250 g

Sprague–Dawley male rats (approximately 10 weeks old, 8

per group) kept in a 12-h light–dark cycle under controlled

conditions. Details of the surgical implantation of instru-

ments have been described previously [17]. In brief, all rats

were anesthetized by a single intraperitoneal injection of

1 % sodium pentobarbital (5 ml kg-1). A segment of the

left anterior descending coronary artery (LAD) was iso-

lated and a 6-0 silk ligature was placed around the vessel

for production of coronary artery occlusion and reperfu-

sion. Rats in the sham group underwent the same procedure

except that the suture passed under the coronary artery

without ligation. Coronary artery occlusion was verified by

the presence of epicardial cyanosis and regional dyskinesia

in the ischemic zone, as well as ST segment change.

Reperfusion was achieved by releasing the snare and

confirmed by visual observation of reactive hyperemia.

Temperature was maintained with a heating blanket.

Experimental protocol

The group allocation of rats was randomized. After

instrumentation was completed, all rats were stabilized for

20 min and subjected to 30 min of coronary occlusion

(except for sham-operated group), followed by 3 h of

reperfusion. Immediately at the onset of reperfusion, in

separated groups, rats were intravenously administered

isovolumetric continuous infusion of physiological saline

(time-matched aerobic perfusion with sham operation and

control group [sham and CON]), 30 % intralipid (IL group)

and 2 ml kg-1 EIso (8 % vol./vol., EIso group) at a con-

stant rate of 4 ml kg-1 h-1 for 30 min. Eight rats per

group were used. In the second set of experiments, four

experimental groups of rats (n = 8, each group) were

subjected to the same experimental procedures. At the end

of 180 min reperfusion, hearts were collected and kept in

liquid nitrogen until further processed (for Western blot) or

were fixed in paraffin (for immunohistochemical and

apoptosis assay).

Measurements of hemodynamics

Hemodynamic parameters including heart rate (HR), left

ventricular systolic pressure (LVSP), left ventricular end-

diastolic pressure (LVEDP) and maximum rate of increase/

decrease in left ventricular pressure (±dP/dtmax) were

continuously monitored by the connected calibrated pres-

sure transducer with physiologic recorder (Biolap 420E?,

Taimeng, Chengdu, China) throughout the experiment.

Measurement of myocardial infarct size

After 3 h of reperfusion, the coronary artery was re-

occluded and 1 % Evans blue (Sigma Chemical Co., St.

Louis, MO, USA) was injected into the left ventricular

cavity to delineate the area at risk (AAR) within left ven-

tricle (LV) as a non-stained area. Hearts were then frozen

and sliced perpendicularly to the long axis from apex to

base in 1-mm-thick sections. Sections were incubated for

20 min at 37 �C in 1 % 2,3,5-triphenyltetrazolium chloride

(TTC) (Sigma Chemical Co., St. Louis, MO, USA) in

0.1 M phosphate buffer adjusted to pH 7.4. After overnight

fixation by 4 % paraformaldehyde, infarcted and nonin-

farcted myocardium within the AAR were separated and

weighed. Infarct size was expressed as a percentage of the

AAR.

Tissue preparation

In additional experiments, sham-operated hearts and

infarcted hearts were evaluated for morphologic changes

and biochemical markers of apoptosis at the protein level

(n = 8). After 3 h of reperfusion, 2 ml of 1 % Evans blue

dye was injected into the heart to delineate the LV AAR

from the normal area. Hearts were then cut into 2-mm-

thick slices, parallel to the atrioventricular. The atria and

right ventricle were removed. Transverse sections of the

hearts were immersed in 4 % paraformaldehyde overnight

at room temperature, then, fixed in formaldehyde,
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dehydrated, and embedded in paraffin. In each heart, 5-lm-

thick consecutive sections, including the left ventricular

walls and the septums, were sliced for immunohisto-

chemical analysis and apoptosis measurement. Two

researchers blinded to the treatment group performed all

analysis and measurements of pro- and anti-apoptotic

protein expression and apoptosis.

Determination of myocardial apoptosis

Myocardial apoptosis was qualitatively analyzed by ter-

minal deoxynucleotidyl transferase-mediated dUTP nick-

end labeling (TUNEL) assay according to the manufac-

turer’s protocol (Roche Diagnostics, USA). More than 20

random different fields from each heart were chosen. The

apoptotic index (AI) was determined as a percent of the

number of positively TUNEL-stained cardiomyocyte

apoptotic nuclei/total cardiomyocyte nuclei population.

Images were obtained using a CAST system (Olympus

A/S, Denmark) and analyzed with Image-pro plus (Media

Cybernetics Inc., Carlsbad, CA, USA). Eight hearts were

studied in each group. Assays were performed in a blinded

manner.

Immunohistochemical analysis of the expression

of apoptotic proteins

The expression levels of Bcl-2, Bax and caspase-3 protein

were visualized using an immunohistochemical method.

Heart sections of non-ischemic and ischemic left ventri-

cles were deparaffinized in xylene and isopropanol. Pri-

mary antibodies containing Bcl-2, Bax and cleaved

caspase-3 (Santa Cruz Biotechnology, USA) and second-

ary antibodies containing biotinylated goat anti-rabbit IgG

(Bcl-2, caspase-3) or goat anti-mouse IgG (Bax) (Santa

Cruz Biotechnology, USA) were used for Bcl-2, Bax and

cleaved caspase-3 immunohistochemical staining, fol-

lowed by the addition of SP (streptomyces anti-biotin

protein-peroxidase) solution. 3,3-Diaminobenzene (DAB)

(Beijing Zhongshan Golden Bridge Biotechnology Co.,

China) solution was used to stain the tissue, followed by

counterstaining with hematoxylin for microscopy. Phos-

phate buffer solution was used as a negative control. An

inverted microscope (CAST system, Olympus A/S, Den-

mark) was used to capture the digital images. Brown

staining in the cytoplasm was evaluated as positive

expression. Ten optical sights were randomly selected per

slide for image analysis with Image-pro plus (Media

Cybernetics Inc., Carlsbad, CA, USA). Statistical value

was calculated by the ratio of optical density of area

positively stained to mean optical density, i.e. positive

expressive index (PEI).

Western blot analysis

Heart biopsies were homogenized in ice-cold lysis buffer.

The homogenate was then centrifuged at 6,000 rpm for

15 min at 4 �C to remove cellular debris. Protein concen-

trations were determined using the BCA method (Pierce,

Rockford, IL, USA). Equivalent amounts (20 lg) of pro-

tein in the supernatant were loaded and separated for SDS–

polyacrylamide gel electrophoresis followed by transfer to

a nitrocellulose membrane (Bio-Rad). After blocking,

membranes were incubated for 2 h at room temperature

with the following antibodies: Bcl-2, Bax, caspase-3 (Santa

Cruz Biotechnology, Santa Cruz, CA, USA), and GAPDH

(Abcam, Cambridge, MA, USA). The caspase-3 antibody

detects endogenous levels of full-length caspase-3

(32 kDa) and the large fragment of caspase-3 resulting

from cleavage (17 kDa). The membranes were incubated

with horseradish-peroxidase-conjugated secondary anti-

bodies containing either anti-mouse (1:5,000; Pierce) or

anti-rabbit (1:10,000; Pierce) for 1 h at room temperature.

Peroxidase activity was visualized by a Supersignal

chemiluminescence detection kit (Pierce). A Kodak X-ray

Processor 102 (Eastman Kodak, Rochester, NY, USA) was

used to expose the film and individual band density was

analyzed with Image J 1.440 software (Wayne Rasband,

NIH, USA).

Statistical analysis

Data were analyzed with SPSS 16.0 software for Windows

(SPSS Inc., Chicago, IL, USA). The values are given as

means and 95 % CIs or SDs. Homogeneity of variance was

tested by Levene’s test. Two-way repeated-measures

analysis of variance (ANOVA) was used to evaluate the

statistical difference of hemodynamic changes over time,

with group as a between-subjects factor and time as a

within-subjects factor. Group 9 time interactions were

also tested. Mauchly’s test was used to assess the sphericity

assumption. If not applicable, a Greenhouse–Geisser cor-

rection was used to adjust the degrees-of-freedom [24]. The

Bonferroni correction procedure was used for multiple

comparisons at individual time points between groups

when statistical differences were identified for group-time

interactions. Otherwise, global conclusions were drawn and

comparisons between times were performed. Statistical

analyses of infarct size, protein expression, and TUNEL

assay were performed by one-way ANOVA. If variances

determined by a homogeneity-of-variance assumption were

equal, the Bonferroni test was examined post hoc for

multiple comparisons; otherwise, Dunnett’s T3 test was

applied. Statistical significance was defined as P \ 0.05.

The primary endpoint of this study was the infarct size

evaluation. The criterion for significance was set at 0.05. A
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sample size of 8 rats in each group provided 80 % power to

detect a conservative 20 % reduction in infarct size with a

SD of 5 %.

Results

Systemic hemodynamics

Table 1 shows the time course of hemodynamics during

the experiments. A total of 32 rats were randomized in the

study. Statistically significant differences among sham,

CON, IL and EIso groups in HR (P \ 0.001), LVSP

(P \ 0.001), LVEDP (P \ 0.001), dP/dtmax (P \ 0.001)

and -dP/dtmax (P \ 0.001) were found over the period of

measurement by repeated-measures analysis of variance.

Significant group 9 time interactions were observed for

HR (P \ 0.001), LVSP (P \ 0.001), LVEDP (P \ 0.001),

dP/dtmax (P \ 0.001) and -dP/dtmax (P = 0.005). There

was no difference in the baseline characteristics between

groups with respect to any of these hemodynamic param-

eters before the coronary occlusion. During the reperfusion

period, heart rate decreased in CON, IL and EIso groups.

After 30-min ischemia, LVSP and dP/dtmax showed a

marked reduction, accompanied by an increase in LVEDP

and -dP/dtmax, compared with the sham group and

respective baseline values. However, there were no sig-

nificant group-related differences in the hemodynamic

parameters throughout the occlusion and reperfusion period

among CON, IL and EIso groups.

Emulsified isoflurane reduces infarct size

Myocardial infarct size expressed as a percentage of the

AAR differed significantly among groups (F = 10.07,

P = 0.001) (Fig. 1). EIso administered at the onset of

reperfusion reduced infarct size from 32.5 ± 3.6 % (95 %

CI 29.5–35.5 %; P = 0.001) in CON and 29.5 ± 3.3 %

(95 % CI 26.7–32.3 %; P = 0.048) in IL group to

25.3 ± 2.8 % (95 % CI 22.9–27.6 %). However, intralipid

has no effect on infarct size (P = 0.236 vs CON).

Emulsified isoflurane decreases myocardial apoptosis

TUNEL positive cardiomyocytes were not detected in the

sham-operated group, nor in the non-ischemic zones in

either group after I/R injury. However, they were prevalent

in the left ventricular area at risk (Fig. 2). Administration

of EIso reduced the ratio of apoptotic cardiomyocytes to

total number of cardiomyocytes from 24.9 ± 2.4 % (CI:

22.9–26.8 %, P \ 0.001) in CON and 22.3 ± 2.1 % (CI:

20.5–24.0 %, P = 0.057) in IL group to 19.5 ± 2.0 % (CI

17.8–21.2 %). Treatment with intralipid had no effect on

cardiomyocyte apoptosis (P = 0.073 vs CON). Caspase-3

normally exists in an inactive state, which is cleaved into a

biologically active P17 subunit when an apoptotic stimulus

occurs [25]. We determined the expression of cleaved

caspase-3 protein by immunohistochemistry and Western

blotting. As shown in Fig. 3a, after I/R injury, cleaved

caspase-3 protein expression was significantly increased in

the CON, IL and EIso groups, compared with the sham-

operated group (P \ 0.01). EIso significantly decreased the

expression level of cleaved caspase-3 (P = 0.022 vs

CON). Indeed, although treatment with EIso did not alter

the expression of total caspase-3, conversion of caspase-3

to the active cleaved form increased significantly after

reperfusion injury in CON, IL and EIso groups compared

with the sham group (Fig. 3b). However, EIso inhibited the

increase in cleaved caspase-3 after 3 h of reperfusion

(P \ 0.001 vs CON, P = 0.007 vs IL) Fig. 3b.

Expression of Bcl-2 and Bax proteins

Western blotting and immunohistochemistry confirmed the

expression of Bcl-2 and Bax protein in cardiomyocytes of

rats. As shown in Fig. 4, treatment using EIso significantly

upregulated the expression of Bcl-2 protein (P = 0.001 vs

CON) and downregulated the expression of Bax proteins

(P = 0.001 vs CON, P = 0.038 vs IL), with the increase of

Bcl-2/Bax ratio (P \ 0.001 vs CON, P = 0.004 vs IL).

Expression of Bcl-2 and Bax protein in the myocardium

was further determined by Western blot analysis (Fig. 5),

showing that significant difference was found among

groups (Bcl-2: F = 13.97, P \ 0.001 Bax: F = 13.36,

P \ 0.001). Compared with the sham-operated group, I/R

injury in CON group significantly reduced Bcl-2 expres-

sion (P \ 0.001) and increased Bax expression

(P \ 0.001). However, in EIso-treated hearts, this down-

regulation of Bcl-2 and upregulation of Bax expression was

attenuated (Bcl-2: P = 0.006 vs CON; Bax: P \ 0.001 vs

CON), accompanied by the increase of Bcl-2/Bax ratio

(P \ 0.001 vs CON). Although the administration of in-

tralipid did not alter the expression level of Bcl-2 and Bax,

Bcl-2/Bax ratio was increased in IL group (compared with

CON, P = 0.031: immunohistochemistry; P = 0.017:

Westernblot).

Discussion

The major findings of the current study are as follows.

First, we demonstrated that 2 ml kg-1 EIso (8 % vol./vol.)

administered at the onset of early reperfusion reduced

infarct size and attenuated myocardial apoptosis after I/R

injury. Second, EIso exerted its cellular protection by

254 J Physiol Sci (2013) 63:251–261
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modulation the expression of pro- and anti-apoptotic pro-

teins, specifically Bcl-2, Bax and caspase-3.

In the previous studies, EIso, a formulation that enables

an intravenous or oral [12] (rather than the traditional

inhalation) route of administration for this anesthetic [10,

11], has already been shown to have a strong preconditioning

effect on rabbits [13, 14, 26], rats [1, 15, 16] and neonatal rat

cardiac myocytes [18]. However, because of the unpredict-

ability of the precise timing of coronary artery occlusion for

the majority of patients with acute myocardial infarction, a

more practical strategy of administering postconditioning

mimicking agents, including volatile anesthetics, may have

the clinically attractive possibility of successfully reducing

ischemic damage. There is evidence that the administration

of isoflurane [6, 8] during early reperfusion protects the

myocardium against I/R injury in various animal models and

in patients undergoing coronary artery surgery with cardio-

pulmonary bypass [27]. Our present study confirmed and

extended these observations, demonstrating that the

administration of EIso during early reperfusion induces

cardioprotection against I/R injury. Additionally, our results

indicate that the beneficial effect of EIso may result from the

inhibition of cardiac apoptosis. Our findings are concordant

with the studies concerning the anti-apoptosis mechanism

underlying isoflurane induced postconditioning, which may

involve the activation of the apoptotic-related PI3K-Akt

signal pathway [26] and inhibition of the mitochondrial

permeability transition pore (mPTP) [8].

EIso used in our study is prepared by adding liquid

isoflurane to 30 % intralipid [10, 11]. We used identical

anesthetic protocols and an isovolumetric intravenous

continuous infusion protocol for all the test drugs in all

experimental groups. We showed that EIso (but not in-

tralipid) could successfully reduce infarct size compared

with IL and CON groups. Our results are contrary to a very

recent study by Rahman et al. [28] showing that a single

bolus injection of 20 % intralipid (5 ml/kg body weight)

5 min before reperfusion reduced infarct size in rat hearts.

This discrepancy may be due to the fact that the entire drug

was present in the myocardium before and after reperfusion

in their study, while the infusion of EIso or intralipid

started only at the onset of reperfusion and lasted for

30 min in our study. Furthermore, the drug concentration

and administration strategy required to protect the myo-

cardium may be specific for a given pharmaceutical stim-

ulus; it may differ depending on the infusion speed, method

or the drug exposure time. In line with our observations are

findings from our previous [14, 16, 17] and other studies

[13] using a similar infusion protocol, and confirming that

intralipid alone did not decrease infarct size and that only

EIso reduced infarct size and ameliorated myocardial

damage. Interestingly, from our TUNEL staining result,

EIso inhibited apoptosis and there is no difference of

apoptosis between IL and EIso groups. Although intralipid

failed to decrease infarct size, it could slightly increase

Bcl-2/Bax ratio, indicating intralipid alone also showed an

anti-apoptosis effect to a certain extent. Consistently, our

lab previously found that intralipid postconditioning could

inhibit cardiac myocyte apoptosis in isolated rat hearts

[29]. Taken together, intralipid may affect the myocardial

protective effects during reperfusion, however, in the cur-

rent study, using an isovolumetric infusion protocol at a

constant rate of 4 ml kg-1 h-1 for 30 min and a concen-

tration of 30 %, intralipid alone failed to ameliorate per-

manent myocardial damage after reperfusion. Halogenated

ether is dissolved in the lipid phase in the present study.

We showed that EIso could effectively decrease infarct size

and inhibit apoptosis. Emulsified anesthetics may enhance

their cytoprotective actions by recruiting the large organic–

aqueous interface between ether-loaded micelles and lipid

rafts [30]. The emulsified ethers remodel lipid rafts over

the large interfacial area. They reassemble key signaling

molecules and translate the signal to subcellular targets

such as nuclei and mitochondria. Although the exact

mechanisms of EIso-induced cardioprotection are not clear,

the interaction of the organic/aqueous interface with hal-

ogenated ether might be of particular interest.

Apoptosis, a highly regulated, controlled process

whereby the cell commits suicide without inducing an

inflammatory response, plays an important role in I/R

injury [31]. Apoptosis is controlled by the complex

Fig. 1 Myocardial infarct size expressed as a percentage of left

ventricular area at risk in rats receiving no postconditioning stimuli

(CON), 30 % intralipid (IL) or 2 ml kg-1 emulsified isoflurane

(EIso). The upper and lower edges of each box plot represent the 25th

percentile and the 75th percentile, respectively. The solid horizontal

line within the box indicates the median value for the variable. Data

are expressed as mean ± SD (n = 8 per group). **Significantly

(P \ 0.01) different from CON. �Significantly (P \ 0.05) different

from IL group
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interaction of numerous pro-survival and pro-death signals,

among which, the Bcl-2 family exerts its effect primarily at

the level of mitochondria, where they regulate cytochrome

c release, caspase activation and calcium release from the

endoplasmic reticulum. The Bcl-2 family is composed of

anti-apoptotic (Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1), and

pro-apoptotic proteins (Bax, Bak, Bok), all of which pos-

sess Bcl-2 homology regions which form a hydrophobic

groove [32]. Bcl-2/Bax ratio has also been suggested to

determine survival or death after I/R injury [33, 34]. A

limited number of previous studies have suggested that the

reduction in apoptosis contributes to the cardioprotective

effects of isoflurane induced preconditioning [20] or post-

conditioning [21] [23] in animal models of I/R injury. Our

current study extends these findings by demonstrating that

EIso induced cardioprotection against I/R injury occurs

concomitantly with increases in Bcl-2 protein expression

and decreases in Bax protein expression, resulting in an

increased Bcl-2/Bax ratio. Caspases are a family of cysteine

proteases that remain in an inactive state until hydrolysed at

a specific aspartate [35]. Caspases are essential effector

molecules in mediating apoptotic cell death, among which,

caspase-3 is the crucial downstream effector that is cleaved

and activated in response to apoptotic stimuli by the

upstream initiator caspases [36]. The presence of activated

caspase-3 is a very reliable or complementary marker to

TUNEL in detecting apoptotic cells [37]. In the present

study, we assessed apoptosis by TUNEL staining and

measured activated caspase-3 tissue abundance after 3 h of

reperfusion. We found that cleaved caspase-3 expression in

the myocardium at risk is attenuated in the EIso group. In

agreement with our findings, another research group also

found that isoflurane preconditioning is associated with

decreased expression of cleaved caspase-3 either in mice

after I/R injury [38] or in adult and neonatal rat ventricular

myocytes after hypoxia [22].

Fig. 2 Apoptosis determined

by measurement of terminal

transferase dUTP nick end

labeling (TUNEL) positive

cardiomyocyte nuclei in the area

at risk of myocardium obtained

from rats receiving saline

(sham, CON), 30 % intralipid

(IL) or 2 ml kg-1 emulsified

isoflurane (EIso) during early

reperfusion after coronary artery

occlusion. Arrows denote

TUNEL positive nucleus.

Positive cells were not detected

in non-ischemic zone after

ischemia and reperfusion.

Magnification 4009. Sham,

Sham operated group; CON,

control group; IL, 30 %

intralipid group; EIso,

emulsified isoflurane group of

2 ml kg-1. Box-plot graph

illustrates the average

percentage of TUNEL-positive

ventricular myocytes in the

ischemic regions of LVs. Each

group n = 8. Data are expressed

as mean ± SD. **P \ 0.01

compared with CON
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The mechanisms responsible for the beneficial effects of

anesthetics-induced postconditioning remains poorly

understood. However, a signaling cascade may contribute

to the recruitment of multiple endogenous cardioprotective

pathways to reduce reperfusion injury. The ‘‘crosstalk’’

among these pathways has been shown in different studies.

Activation of the phosphatidylinositol 3-kinase (PI3K)-Akt

pathway, which is a major component of the RISK

(reperfusion injury salvage kinase) pathway, prevents car-

diac myocyte apoptosis and protects the myocardium from

I/R injury [39]. Administration of isoflurane before and

after reperfusion attenuates postischemic damage through a

PI3K/Akt-dependent mechanism [26]. In addition, isoflu-

rane postconditioning protects hearts against reperfusion by

preventing opening of the mitochondrial permeability

transition pore (mPTP) via PKB/Akt-GSK3b signaling in

rabbits [8]. The JAK-STAT pathway has also been shown

to be essential to the cardioprotection induced by ischemia

postconditioning. Goodman et al. [40] demonstrated that

both JAK-STAT and RISK signaling pathways need to be

activated in postconditioning. JAK-STAT signaling may

serve as an upstream initiator of RISK via PI3K-Akt acti-

vation, while only JAK-STAT signaling activation (with-

out PI3K-Akt activation) is insufficient for producing

cardioprotection. EIso treatment may elicit the activation

of reperfusion injury salvage kinases. In a recent study,

Yan et al. [41] showed that the cardioprotective effect of

emulsified isoflurane may result from the activation of the

JAK-STAT pathway. Furthermore, it has been proved that

JAK2-STAT3 signaling has emerged as a critical regulator

of apoptosis. Postconditioning may reduce myocardial

apoptosis during prolonged reperfusion via a JAK2-

STAT3-Bcl-2 pathway. In the current study, although our

results confirmed that apoptosis is involved in mediating

Fig. 3 Caspase-3 protein expression and cleavage in myocardium of

rats in each group. a Cleaved caspase-3 immunoreactivity in the

cytoplasm of myocytes of hearts. Magnifications, 4009. b Western blot

analysis of total and cleaved caspase-3 protein expression in hearts

subjected to ischemia/reperfusion and receiving different treatments.

Representative blots of total and cleaved caspase-3 (left). Data are

quantified as percentage of cleaved caspase-3 of total caspase-3 and

displayed using a box-plot. Data are presented as mean ± SD. Sham,

Sham operated group; CON, control group; IL, 30 % intralipid group;

EIso, emulsified isoflurane group of 2 ml kg-1. Each group n = 8.

PEI, positive expressive index. *P \ 0.05, **P \ 0.01 vs sham; �

P \ 0.05, ��P \ 0.01 vs CON; ��P \ 0.01 vs IL
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postconditioning induced by emulsified isoflurane, the

communication between signaling pathways and other

components involved in EIso-induced cardioprotection

needs to be further investigated.

The current results must be interpreted within the con-

straints of several potential limitations. (1) Blood concen-

trations of isoflurane and intralipid during or after infusion

as well as end-tidal concentrations of isoflurane were not

measured in this investigation; therefore, the estimated

in vivo concentrations of isoflurane and intralipid are

unknown and an unequal dose of drug administered to the

rats cannot be absolutely excluded as a factor involved in

I/R injury. (2) In the current experiment, the pH, PO2, and

PCO2 were not monitored. However, blood gas permits the

diagnosis of oxygenation, gas exchange, ventilation and

acid–base homeostasis; thus it remains unknown whether

reactive oxygen species would produce or release during

and after the infusion of EIso. (3) We used only one dose of

EIso and one infusion protocol in the study, researches

regarding the combination of different administration pro-

tocols and dose responses deserve further investigation.

The present study has shown, for the first time, that

when intravenously administered at the onset of reperfu-

sion after prolonged ischemia, EIso attenuates myocardial

apoptosis and reduces infarction size. This effect is medi-

ated by modulating of the expression of pro- and anti-

apoptotic proteins, especially Bcl-2, Bax and caspase-3.

From a clinical point of view, post-ischemic treatment with

pharmaceutical stimuli is particularly promising, because it

is not readily feasible to predict the onset of ischemia for

the majority of patients with acute myocardial infarction.

Future clinical studies need to be done to determine its

Fig. 4 Myocardial Bcl-2 and Bax protein immunostaining. Rats were

subjected to 3 h of sham ischemia and reperfusion or 30 min of

myocardial ischemia followed by 3 h of reperfusion. Sham, Sham

operated group; CON, control group; IL, 30 % intralipid group; EIso,

emulsified isoflurane group of 2 ml kg-1. Magnification 4009. Data are

presented as mean ± SD. Each group n = 8. PEI, positive expressive

index; CI, 95 % confidence interval. *P \ 0.05, **P \ 0.01 vs sham; �

P \ 0.05, ��P \ 0.01 vs CON; �P \ 0.05, ��P \ 0.01 vs IL
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intrinsic protective effects, however, it is reasonable to

extrapolate that intravenous administration of EIso will

also have a cardioprotective effect on patients either

undergoing coronary artery surgery or even outside of the

perioperative setting.
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