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Background. Isoflurane and other volatile anaesthetics have a cardioprotective effect and limit

myocardial infarct size to the same extent as ischaemic preconditioning. Phosphatidylinositol-3-

kinase (PI3K) was found to play a key role in myocardial protection by ischaemic preconditioning.

The aim of the present investigation was to evaluate whether isoflurane-induced myocardial

preconditioning is dependent on PI3K signalling.

Methods. Using a model of regional myocardial ischaemia and reperfusion, New Zealand White

rabbits were subjected to 40 min of regional myocardial ischaemia followed by 120 min of

reperfusion. The rabbits were randomly assigned to one of the following six experimental

groups: sham-operated controls (n=5); ischaemia and reperfusion controls (n=8); isoflurane
preconditioning (n=8); a PI3K inhibitor, wortmannin (0.6 mg kg�1 i.v.) + isoflurane (n=8); and
wortmannin+ischaemia and reperfusion (n=8). An additional control group of sham operation+
wortmannin (n=5) was also included. Myocardial injury was assessed by measuring the serum

concentration of the MB fraction of creatine kinase (CK-MB) and infarct size was assessed by

2,3,5-triphenyl tetrazolium chloride staining. Phosphorylation of Akt, a downstream target of

PI3K, was assessed by western blotting.

Results. Isoflurane preconditioning was seen as reduced infarct size compared with control

animals: 24 (4) and 41 (5)% respectively (P<0.05). Wortmannin inhibited this cardioprotective

effect with myocardial infarct size at 44 (3)% (not significant). Akt phosphorylation was increased

after isoflurane preconditioning, but administration of wortmannin blocked this effect.

Conclusions. Our data demonstrate that isoflurane protects the heart against ischaemia and

decreases myocardial infarction by activation of PI3K.
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Repeated brief episodes of myocardial ischaemia protect the

myocardium against subsequent prolonged ischaemic

insults. This phenomenon, which has been termed ‘isch-

aemic preconditioning’, has been described in various

animal models, as well as in humans.1–3 In addition to

ischaemia, myocardial preconditioning can be achieved

by several pharmacological agents, including volatile anaes-

thetics.4–6 The extent of protection produced by volatile

anaesthetics is similar to that observed during classic isch-

aemic preconditioning.7 8

The mechanisms by which volatile anaesthetics protect

the heart have been investigated extensively and are

believed to involve activation of adenosine receptors9 10

and protein kinase C,11 12 release of reactive oxygen

species13–15 and opening of ATP-regulated potassium chan-

nels.6 16 17 However, despite extensive research the precise

mechanisms responsible for volatile anaesthetic-induced

protection against ischaemic injury are still incompletely

understood. Identifying the mechanisms by which isoflurane

and other volatile anaesthetic agents mediate their anti-

ischaemic actions may be of special clinical significance

in protection against the ischaemic events that frequently

occur in patients with coronary artery disease in the periop-

erative period.

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

Akt pathway has been shown to be essential for the anti-

apoptotic effects of hypoxic preconditioning in cardio-

myocytes,18–20 as well as for infarct size reduction.21 22
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However, whether PI3K/Akt signalling is essential in

anaesthetic-induced myocardial preconditioning is

unknown.

Since the signal transduction pathways that are involved

in anaesthetic-induced preconditioning share many common

steps with the pathways that are activated by ischaemic

preconditioning, the purpose of the present study was to

evaluate whether isoflurane-induced myocardial precondi-

tioning is mediated via activation of the PI3K/Akt pathway.

Methods

All experiments were conducted with the approval of the

institutional Committee for Animal Care and Laboratory

Use, and in compliance with the Guide for the Care and

Use of Laboratory Animals published by the US National

Institutes of Health (NIH publication No. 85–23, revised

1996).

General preparation

New Zealand White male rabbits, weighing 3 (0.5) kg, were

anaesthetized with i.v. pentobarbital 30 mg kg�1 via a 20-G

catheter in a marginal ear vein, followed by a 5 mg kg�1 h�1

infusion. Isoflurane was used according to the study proto-

col. Neuromuscular blocking agents were not administered

in order to assess anaesthetic depth. A tracheostomy was

performed using a ventral midline incision and the rabbits’

lungs were ventilated mechanically with positive pressure

ventilation using 30–40% air/oxygen mixture to maintain an

arterial oxygen partial pressure of 100–150 mm Hg. Ven-

tilation rate was 30–35 bpm and tidal volume was approx-

imately 15 ml kg�1. The respiratory rate was adjusted to

maintain blood pH in the range of 7.35–7.45. End-expiratory

carbon dioxide tension was monitored continuously. Cath-

eters filled with heparinized saline 10 U ml�1 were inserted

in a carotid artery for arterial pressure monitoring and blood

sampling, and in an internal jugular vein for i.v. drug admin-

istration. Maintenance fluids (NaCl 0.9%) were admin-

istered at 15 ml kg�1 h�1 during the experiment. Core

body temperature was measured with a rectal temperature

probe and maintained at 38.5 (0.2)�C (normothermia for

rabbits) with a radiant heat and a warming blanket. A

three-lead electrocardiogram was recorded continuously.

A left thoracotomy was performed in the fourth intercostal

space, the pericardium was opened and the heart was sus-

pended in a pericardial cradle. A 4–0 silk suture was passed

around the left anterior descending (LAD) coronary artery

just distal to the first diagonal branch with a tapered needle

and the ends of the suture were threaded through a small

vinyl tube to form a snare. Coronary artery occlusion was

performed by tightening the snare around the coronary

artery. Myocardial ischaemia was confirmed by regional

epicardial cyanosis and ST-segment elevation in the elec-

trocardiogram. Reperfusion was achieved by releasing

the snare and confirmed by visual observation of reactive

hyperaemia.

Ventricular fibrillation, if it occurred, was reversed using

direct mechanical stimulation: an index finger was flicked

directly against the right ventricle side of the fibrillating

heart one to three times to achieve defibrillation. Failure

to convert to an organized rhythm after three attempts

was defined as refractory ventricular fibrillation.

Experimental protocol

The experimental design is illustrated in Figure 1. After a

30-min stabilization period, heparin 500 U was administered

i.v. to all rabbits. All animals (except for the rabbits in the

sham groups) were subjected to 40 min of regional myocar-

dial ischaemia followed by 120 min of reperfusion. Rabbits

were randomly assigned to one of the following groups

according to a computer-generated number schedule:

Group 1, a non-ischaemic control group of sham-operated

rabbits (Sham, n=5); Group 2, an ischaemia–reperfusion

control group (40 min of myocardial ischaemia and 120 min

of reperfusion) (I/R, n=8); Group 3, isoflurane group (Iso,

n=8). A minimal alveolar concentration of isoflurane of 1.0

(2.1%)23 was started at the end of the stabilization period and

administered for 30 min, followed by 30 min of washout

before coronary occlusion. End-tidal concentrations of

isoflurane were measured at the tip of the tracheostomy

tube using an infrared anaesthetic analyser (Dräger Medical,

Lübeck, Germany) that was calibrated with known

standards.

To evaluate the role of the PI3K/Akt pathway in anaes-

thetic preconditioning, the PI3K inhibitor wortmannin

(Sigma, St Louis, MO, USA) was administered i.v. to the

next three experimental groups. To rule out any direct effects

of wortmannin on the heart during baseline conditions or

during ischaemia and reperfusion, two control groups were

evaluated. In Group 4 (Sham+Wort, n=5), rabbits were trea-

ted with wortmannin (0.6 mg kg�1)24 but did not undergo

any coronary intervention. In Group 5, wortmannin

(0.6 mg kg�1) was administered 70 min before coronary

ischaemia and reperfusion (Wort+I/R, n=8). In Group 6,

wortmannin was administered i.v. (0.6 mg kg�1) 10 min

before isoflurane preconditioning (Wort+Iso, n=8) to test

the hypothesis that isoflurane-induced cardioprotection is

mediated by the PI3K/Akt pathway.

Blood pressure, heart rate and temperature were recorded

continuously. Blood samples were obtained and analysed for

serum concentrations of the MB fraction of creatine kinase

(CK-MB) by an enzymatic assay method using a CK assay

kit (Sigma Diagnostics, St Louis, MO, USA). Samples were

collected at the following time points: immediately after

anaesthetizing the animals (baseline sample), after 20 min

and 40 min during coronary occlusion, and after 30, 60 and

120 min of reperfusion (Fig. 2).

Determination of infarct size and area at risk

Determination of infarct size was performed as described

previously,25 with slight modifications. Briefly, at the end of
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the experimental protocol, hearts were excised, mounted on

a Langendorff apparatus, and perfused with phosphate-

buffered saline at 100 cm H2O for 1 min in order to wash

out intravascular blood. The coronary artery was re-

occluded and methylene blue 0.1%, 10 ml was infused

into the aortic root to label the normally perfused zone

with a deep blue colour, thereby delineating the risk zone

as a non-stained area. The hearts were then removed from

the Langendorff apparatus, trimmed of atria and great ves-

sels, weighed and frozen (in a cold chamber at �18�C).

Hearts were then cut into 2 mm transverse slices. The slices

were incubated in 2,3,5-triphenyl tetrazolium chloride

(TTC) 1% in pH 7.4 buffer for 20 min at 37�C. The slices

were then placed in 10% neutral buffered formalin for 10

min to increase the contrast between stained and non-stained

tissue. Since TTC stains viable tissue a deep red colour, non-

stained tissue was presumed to be infarcted. Slices were then

photographed, and the risk and infarct areas in each slice

were measured by computed planimetry. The mass-

weighted average of the ratio of infarct area to the area at

risk of the ventricle from each slice was determined (percent

infarction).

Western immunoblotting

In a second set of experiments, six similar experimental

groups of rabbits (n=5 in each group) were subjected to

the same experimental procedures. At the end of reperfusion

the animals were killed by an i.v. injection of 10% KCl

solution and myocardial samples were collected from isch-

aemic left ventricle regions for evaluation of tissue abund-

ance of total Akt and phospho-Akt. Samples were frozen in

liquid nitrogen and kept at �80�C until further processed.

Tissue was homogenized in ice-cold lysis buffer containing

20 mM Tris–HCl (pH 7.4), NaCl 150 mM, Na2EDTA 1 mM,

EGTA 1 mM, Nonidet P40 1%, sodium pyrophosphate

2.5 mM, Na3VO4 1 mM, and complete proteinase inhib-

itor cocktail (one tablet per 10 ml; Roche Diagnostics, Indi-

anapolis, IN, USA). The homogenate was centrifuged at

10 000 g for 15 min at 4�C to remove cellular debris and

isolate total protein. Protein concentrations were determined

using a modified Bradford assay (Bio-Rad, Hercules, CA,

USA) using bovine serum albumin as a standard. Equivalent

amounts (50 mg) of protein samples were loaded and sep-

arated on a 6% SDS-PAGE gel and then electrophoretically

transferred to a nitrocellulose membrane (Bio-Rad). After

blocking with 5% milk in Tris-buffered saline containing

0.1% Tween-20, nitrocellulose membranes were incubated

overnight at 4�C in 0.1% Tween-20 containing 5% milk and

a 1:1000 dilution of monoclonal antibody against Ser473 of

phospho-Akt (Cell Signaling Technology, Beverly, MA,

USA). Membranes were then washed three times with

0.1% Tween-20 for 5 min and subsequently incubated

StabilizationSham (n=5) Perfusion

220 min30 min

120 min40 min30 min 30 min 30 min

Wortmannin

StabilizationWort+Sham (n=5) Perfusion

Wortmannin

Wortmannin

StabilizationIso (n=8) OcclusionWashoutIsoflurane Reperfusion

StabilizationWort+Iso (n=8) OcclusionWashoutIsoflurane Reperfusion

StabilizationI/R (n=8) Occlusion60 min Reperfusion

120 min40 min30 min

StabilizationWort+I/R (n=8) Occlusion60 min Reperfusion

Fig 1 Diagram of the experimental protocol. Animals were subjected to 40 min of regional myocardial ischaemia and 120 min of reperfusion. One minimal

alveolar concentration of isoflurane was administered for 30 min followed by 30 min of washout before coronary occlusion. Wortmannin (0.6 mg kg�1, i.v.)

was administered 10 min before isoflurane preconditioning. I/R, ischaemia–reperfusion; Iso, isoflurane; Wort+I/R, wortmannin+ischaemia–reperfusion;

Wort+Iso, Wortmannin+isoflurane.
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with a 1:3000 dilution of horseradish peroxidase-labelled

anti-mouse immunoglobulin G (Santa Cruz Biotechnology,

Santa Cruz, CA, USA) in 0.1% Tween-20 containing 5%

milk. Bound antibody signals were detected with enhanced

chemiluminescence (Amersham Pharmacia Biotech,

Piscataway, NJ, USA), followed by exposure to hyperfilm

(Amersham Pharmacia Biotech). b-Actin (Santa Cruz

Biotechnology; 1:2000) was detected on immunoblots as

a loading control for protein quantitation. For determination

of total Akt abundance, the membrane was stripped with

stripping buffer (Pierce, Rockford, IL, USA) and reprobed

with polyclonal goat Akt antibody (Santa Cruz Biotechnol-

ogy). Then the membrane was subjected to interventions

identical to those described above. Optical density for each

western blot band was quantified with ImageQuant 5.0

Windows NT software (Molecular Dynamics, Sunnyvale,

CA, USA).

Each western blot assay was repeated three times.

Data analysis and statistics

Changes in haemodynamics were analysed using two-

way analysis of variance (ANOVA) to determine the

main effect of time, group, and time · group interaction,

followed by the Student–Newman–Keuls post hoc test.

Intergroup comparisons for infarct sizes were made with

one-way ANOVA and group differences were detected

with the Student–Newman–Keuls post hoc test. Difference

between groups in CK-MB concentrations were assessed by

ANOVA with the Student–Newman–Keuls post hoc test.

Differences between groups in phospho-Akt tissue abund-

ance were calculated by ANOVA with the Student–

Newman–Keuls post hoc test. Statistical analysis was

performed using SPSS 10.0 for Windows (SPSS, Chicago,

IL, USA). Data are presented as mean (SEM). Significance

level was set at P<0.05.

Results

Seventy-two rabbits were used to successfully complete 67

experiments. Five animals were excluded because of refract-

ory ventricular fibrillation. The incidence of refractory ven-

tricular fibrillation was not significantly different among the

groups (I/R, 2/8; Iso, 1/8; Wort+Iso, 1/8; Wort+I/R, 1/8).

There was no mortality in the sham-operated animals.

Systemic haemodynamics

Haemodynamic data are presented in Table 1. There were no

differences in baseline haemodynamic parameters between

groups, nor there were any differences recorded during the

time course of the experiment in the two sham-operated

animal groups. Mean arterial pressure decreased in the iso-

flurane group during administration of the volatile anaes-

thetic. After the washout period the pressure returned to

baseline values. A transient increase in heart rate (not sig-

nificant) was also noted during isoflurane administration.

LAD occlusion significantly decreased (P<0.05) mean arter-

ial pressure and the rate–pressure product in the I/R,

Wort+Iso and Wort+I/R groups. Heart rate, mean arterial

pressure and rate–pressure product decreased over time dur-

ing reperfusion in all experimental groups. This reduction,

which can be explained at least partially by a decrease in the

surgical stimuli, was significant compared with baseline

values (P<0.05). However, there were no significant differ-

ences in the haemodynamic parameters between groups dur-

ing reperfusion.

CK-MB concentrations and myocardial infarct size

In the I/R group the CK-MB concentration increased by 237

(12)% after 120 min of reperfusion, whereas isoflurane

attenuated this increase to only 107 (6)% at the same

time point (Fig. 2; P<0.05). Administration of the PI3K

inhibitor wortmannin inhibited the cardioprotective effect

of isoflurane, and CK-MB concentrations increased max-

imally by 267 (9)% (Fig. 2; P<0.05 compared with the

Iso group). In the Wort+I/R group CK-MB increased by

217 (11)% above baseline concentrations after 120 min of

reperfusion.

The ratio of area at risk to left ventricular mass did not

differ significantly among the groups: 51 (2)% in the I/R

group, 54 (3)% in the Iso group, 47 (4)% in the Wort+I/R

group and 48 (3)% in the Wort+Iso group. These data

0
0� 20�

ISCH
40�

ISCH
30�

REP

#
*

#
*

#
*

Time (min)

C
K

-M
B

 (
IU

m
l–1

)

60�

REP
120�

REP

100

200

300

400

500

600
I/R
Iso
Wort+I/R
Wort+Iso

Fig 2 CK-MB concentrations. Serum CK-MB concentrations were ana-

lysed by an enzymatic assay using a CK assay kit. The increase in CK-MB

concentrations was lower in rabbits pretreated with isoflurane than in con-

trols (I/R group). Wortmannin abolished this protective effect and the

increase in CK-MB was similar to that seen in the control group. Data

are mean and SEM. ISCH, ischaemia; REP, reperfusion; I/R, ischaemia–

reperfusion; Iso, isoflurane; Wort+I/R, wortmannin+ischaemia–

reperfusion; Wort+Iso, wortmannin+isoflurane. *P<0.05 vs I/R; #P<0.05

vs Wort+Iso.
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suggest that changes in the infarct sizes observed in the

various experimental groups cannot be related to the per-

centage of the left ventricular myocardium that was

occluded.

In the I/R group the infarct size was 41 (5)% of the area at

risk. Pretreatment with isoflurane had a cardioprotective

effect and the infarct size was reduced to 24 (4)%

(P<0.05 compared with the I/R group). Administration of

wortmannin before myocardial ischaemia and reperfusion

did not affect infarct size [38 (3)%; not significant compared

with the I/R group]. Wortmannin eliminated the cardiopro-

tection produced by 1 MAC of isoflurane [44 (3)%; P<0.05

compared with the Iso group] (Fig. 3).

In the various groups of sham-operated animals there was

no increase in CK-MB concentration above baseline, nor

were any myocardial infarctions observed (data not shown).

Isoflurane preconditioning increases the

expression of phosphorylated Akt

To evaluate the expression of total Akt and its activated,

phosphorylated form (phospho-Akt) during myocardial

ischaemia and reperfusion and during anaesthetic-induced

preconditioning, western blot analysis of total Akt and of

phospho-Akt at Ser473 (Fig. 4) was used. Total Akt expres-

sion was comparable in all experimental groups. Phospho-

Akt expression was significantly increased after isoflurane

preconditioning. Pretreatment with wortmannin inhibited

the phosphorylation of Akt in isoflurane-treated and non-

treated rabbits to a degree comparable to that in sham-

operated animals.

Discussion

The results of the present investigation confirm our hypo-

thesis that activation of the PI3K/Akt signalling pathway is

involved in anaesthetic-induced preconditioning and that

inhibition of the PI3K cascade by a selective inhibitor, wort-

mannin, caused loss of isoflurane-mediated cardioprotec-

tion. Our findings are important, therefore, because it has

been known for several years that anaesthetic precondition-

ing confers protection against ischaemia and reperfusion in

various organs, including the heart4,6–8 and the brain.26 27

However, the mechanisms involved in this phenomenon are

not completely understood despite extensive research.

Table 1 Systemic haemodynamics. Five animals were excluded from the study because of refractory ventricular fibrillation (I/R group, 2/8; Iso group, 1/8; Wort+I/R

group, 1/8; Wort+Iso group, 1/8). The sizes of the groups in the table are after exclusion of the five rabbits that did not complete the experiments. Data are mean (SEM).

I/R, ischaemia–reperfusion; Iso, isoflurane; Wort+I/R, wortmannin+ischaemia–reperfusion; Wort+Iso, wortmannin+isoflurane; MAP, mean arterial pressure; RPP,

rate–pressure product. *P<0.05 vs baseline values

No. Baseline Coronary occlusion (min) Reperfusion (min)

20 40 5 30 60 120

Heart rate (beats min�1)

I/R 6 253 (6) 257 (4) 260 (8) 233 (12)* 228 (5)* 227 (6)* 220 (9)*

Iso 7 247 (4) 261 (11) 266 (7) 241 (8)* 236 (3)* 233 (7)* 215 (6)*

Wort+I/R 7 259 (7) 254 (8) 250 (3) 244 (12)* 229 (8)* 226 (4)* 221 (9)*

Wort+Iso 7 255 (8) 263 (13) 269 (10) 239 (10)* 231 (7)* 230 (5)* 219 (4)*

MAP (mm Hg)

I/R 6 84 (3) 66 (5)* 62 (9)* 64 (7)* 58 (4)* 55 (2)* 54 (4)*

Iso 7 87 (6) 82 (7) 79 (5) 61 (3)* 60 (6)* 58 (7)* 55 (6)*

Wort+I/R 7 83 (5) 75 (2)* 77 (11) 70 (2)* 61 (8)* 60 (5)* 60 (9)*

Wort+Iso 7 86 (8) 71 (8)* 74 (10) 66 (6)* 59 (3)* 52 (4)* 53 (6)*

RPP (min�1 mm Hg 103)

I/R 6 21.6 (0.8) 17 (1)* 16.1 (1.3)* 14.9 (0.7)* 13.2 (0.6)* 12.5 (0.5)* 11.9 (0.7)*

Iso 7 22 (1.1) 20.6 (0.7)* 19.9 (0.4)* 14.7 (1.4)* 14.2 (0.4)* 13.5 (1.1)* 11.8 (0.9)*

Wort+I/R 7 21.5 (1.1) 19.1 (1.2)* 19.2 (0.9) 17.1 (1.1)* 14 (1.2)* 13.5 (0.4)* 13.3 (1.1)*

Wort+Iso 7 21.9 (0.6) 18.7 (0.6)* 19.9 (1.3) 15.8 (0.9)* 13.6 (1.5)* 12 (1.3)* 11.6 (1.4)*
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Fig 3 Effects of isoflurane preconditioning with and without wortmannin

administration on infarct size. Bar graph shows infarct size as percentage of

the area at risk. Isoflurane significantly decreased infarct size compared with

control (I/R) animals, whereas wortmannin abolished this protective effect

and infarct size was similar to that of the controls. Data are mean and SEM.

I/R, ischaemia–reperfusion; Iso, isoflurane; Wort+I/R, wortmannin+
ischaemia–reperfusion; Wort+Iso, wortmannin+isoflurane. *P<0.05 vs I/

R group; #P<0.05 vs Wort+Iso.
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Activation of the PI3K/Akt pathway has been demon-

strated to play a key role in both early and delayed

myocardial preconditioning.19–22 28 PI3K converts phospha-

tidylinositol-4,5-bisphosphate to phosphatidylinositol-3,4,

5-trisphosphate.28 Phosphatidylinositol-3,4,5-trisphosphate-

stimulated phosphorylation of the serine-threonine kinase

Akt by phosphoinositide-dependent kinase 1 subsequently

inhibits formation of the proapoptotic proteins Bad, Bax and

caspase 9.29 Moreover, Akt has been shown to increase the

formation of nitric oxide.30 The protective actions of nitric

oxide during myocardial preconditioning have already been

demonstrated.31–34 Furthermore, a recent study by Chiari

and colleagues has also shown that endothelial nitric

oxide synthase has an important role in isoflurane-induced

delayed preconditioning in rabbits.35 In addition, phosphoin-

ositide-dependent kinase 1 is a potent activator of other

protein kinases, including protein kinase C, that have

been implicated in the protection of myocardium

against ischaemia and reperfusion injury produced by

ischaemic36 and anaesthetic37 38 preconditioning. Volatile

anaesthetic-induced preconditioning involves activation of

A1 adenosine receptors and Gi proteins,9 10 protein kinase

C,11 12 release of reactive oxygen species13–15 and opening

of ATP-regulated potassium channels.6 16 17 Furthermore, as

already mentioned, nitric oxide is believed to play a major

role in anaesthetic-induced cardioprotection, both as a medi-

ator and as an effector of isoflurane-induced precondition-

ing.20 35 39 The regulatory role of the PI3K/Akt survival

pathway in nitric oxide synthesis is well established.36

Therefore, it seems that the PI3K signalling cascade may

contribute to the recruitment of multiple endogenous cardio-

protective pathways to reduce myocardial damage after

ischaemia and reperfusion.

We used a well established model of regional myocardial

ischaemia and reperfusion in rabbits. This model has also

been used by others with similar favourable results when

infarct size is the end-point.4 5 The question of whether the

timing of isoflurane administration could have influenced

the results of the present investigation may be raised. In a

study that was performed by Preckel,40 isoflurane did not

affect infarct size in an in vivo rabbit model when admin-

istered a few minutes before reperfusion and continued for

15 min during the reperfusion period. However, the study of

Chiari and colleagues41 demonstrated a favourable effect of

isoflurane when administered during reperfusion—an effect

called ‘anaesthetic postconditioning’. This effect was medi-

ated by activation of the PI3K/Akt pathway. Therefore, in

our opinion, changing the timing of isoflurane administra-

tion will probably not alter the isoflurane-induced myocar-

dial protection. Although a beneficial effect of isoflurane has

already been demonstrated in postconditioning, the present

study demonstrates for the first time that anaesthetic precon-

ditioning by isoflurane is mediated by activation of the

PI3K/Akt signalling pathway and that isoflurane causes

an increase in the expression of phospho-Akt.

The present results must be interpreted with caution. The

PI3K/Akt signalling pathway has been clearly implicated as

protective in apoptosis that is triggered by reperfusion.28 42

Our results suggest that activation of PI3K mediates salvage

of myocardium against infarction during preconditioning by

the volatile anaesthetic agent isoflurane, but further invest-

igations are needed to ascertain whether these beneficial

actions also involve a decrease in apoptosis. Wortmannin

has been shown to be a selective PI3K inhibitor at the dose

used in the present investigation.24 43 Nevertheless, the pos-

sibility that wortmannin may have inhibited other protein

kinases involved in myocardial protection cannot be com-

pletely excluded.

Myocardial infarct size is determined primarily by the

size of the area at risk and the extent of coronary collateral

perfusion. The area at risk, expressed as a percentage of total

left ventricle mass, was similar between groups in the pres-

ent investigation. Coronary collateral blood flow was not

specifically quantified in the present investigation. However,

rabbits have been shown to possess little if any coronary

collateral blood flow.44 Thus, it appears unlikely that
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Fig 4 Effects of isoflurane with and without administration of wortmannin

on Akt phosphorylation. (A) Representative western blot analysis of total

Akt (top lanes) and phosphorylation of Akt at Ser473 (middle lanes).

In each lane the protein concentration was 50 mg. b-Actin (lower lanes)

was used to demonstrate equal protein loading. (B) Graphic presentation of

the phospho-Akt quantified by integrating the volume of autoradiograms

from three separate experiments. Values in the graph are expressed as fold

changes over the control and are presented as mean and SEM. I/R,

ischaemia–reperfusion; Iso, isoflurane; Wort+I/R, wortmannin+ischaemia–

reperfusion; Wort+Iso, wortmannin+isoflurane. n=5 in each group. *P<0.05

vs sham-operated group.
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differences in collateral perfusion between groups account

for the observed results.

In the present investigation we used CK-MB to evaluate

the extent of myocardial injury. Although troponins are

more specific, CK-MB is still in wide use for evaluation

of myocardial injury.45 46 One may comment that a part

of our measured CK-MB concentrations may originate

from muscle injury during the surgical procedure. Indeed,

striated muscle damage can result in elevated CK-MB con-

centrations. However, considering the fact that all animals

went through the same surgical procedure, we assume that

the extent of muscle injury was similar in all the experi-

mental groups. Therefore, the differences in CK-MB con-

centrations probably correlate with differences in the extent

of myocardial injury. Furthermore, the increase in CK-MB

concentrations occurred mainly during the reperfusion

phase, which is more compatible with myocardial injury

than with muscle damage.

Phosphorylation of Akt by isoflurane and its inhibition by

the PI3K antagonist wortmannin provides strong supportive

evidence for the involvement of PI3K in isoflurane-induced

preconditioning. Nevertheless, the possibility that another

unrelated protein kinase was responsible for phosphoryla-

tion of Akt cannot be entirely excluded.

In summary, the present investigation indicates that

preconditioning by administration of 1.0 MAC isoflurane

before myocardial ischaemia and reperfusion salvages myo-

cardium from infarction. These beneficial effects of

anaesthetic-induced preconditioning are mediated by activa-

tion of the PI3K signalling pathway. Additional research

will be required to identify other signalling elements

involved in preconditioning by anaesthetics and clarify

the mechanisms responsible for this phenomenon.
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