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Role of Erkl /2, p70s6K, and eNOS in isoflurane-
induced cardioprotection during early reperfusion

17 VIVO

[Le vole des Erk1/2, p70s6K et eNOS dans la cardioprotection induite par

Pisoflurane pendant la veperfusion in vivo précoce]

John G. Krolikowski BA,* Dorothee Weihrauch Dvm php,* Martin Bienengracber phD,*T Judy R. Kersten Mmp,*t

David C. Warltier MD PhD,*11§ Paul S. Pagel MD PhD*§

Purpose: Administration of isoflurane during early reperfusion
after prolonged coronary artery occlusion decreases myocardial
infarct size by activating phosphatidylinositol-3-kinase (PI3K)
signal transduction. The extracellular signal-related kinases
(Erk1/2) represent a redundant mechanism by which signaling
elements downstream from PI3K, including 70-kDA ribosomal
protein s6 kinase (p70s6K) and endothelial nitric oxide synthase
(eNOS), may be activated to reduce reperfusion injury. We
tested the hypothesis Erkl/2, p70s6K, and eNOS mediate iso-
flurane-induced postconditioning in rabbit myocardium in vivo.
Methods: Barbiturate-anesthetized rabbits (n = 78) instru-
mented for measurement of systemic hemodynamics were sub-
jected to a 30—min coronary occlusion followed by three hours
reperfusion. Rabbits were randomly assigned to receive 0.9%
saline (control), the Erkl/2 inhibitor PD 098059 (2 mg-kg™),
the p70s6K inhibitor rapamycin (0.25 mg-kg™'), the nonselective
nitric oxide synthase (NOS) inhibitor N-nitro-L-arginine methyl
ester (L-NAME; 10 mgkg'), the selective inducible NOS
antagonist aminoguanidine hydrochloride (AG, 300 mg-kg™'), or
the selective neuronal NOS inhibitor 7-nitroindazole (7-NI, 50
mg-kg™") in the presence or absence of 1.0 minimum alveolar
concentration isoflurane administered for three minutes before
and two minutes after reperfusion.

Results: Brief exposure to 1.0 minimum alveolar concentration
isoflurane reduced (P < 0.05) infarct size (21 * 4% [mean *+
SD] of left ventricle area at risk, respectively; triphenyltetrazo-
lium staining) as compared to control (41 = 5%). PD 098059,
rapamycin, and L-NAME, but not AG nor 7-NlI, abolished the
protection produced by isoflurane.

Conclusion: The results suggest that the protective effects of
isoflurane against infarction during early reperfusion are medi-
ated by Erkl/2, p70s6K, and eNOS in vivo.

Objectif : Ladministration d’isoflurane pendant la reperfusion pré-
coce qui suit une occlusion prolongée de I'artére coronaire diminue
la taille de I'infarctus myocardique en activant la transduction du
signal de la phosphatidylinositol-3-kinase (PI3K). Les kinases extra-
cellulaires reliées au signal (Erkl/2) représentent un mécanisme
redondant par lequel le signalement des éléments en aval a partir
de PI3K, incluant la sé kinase de protéines ribosomales 70-kDA
(p70s6K) et I'oxyde nitrique synthase endothéliale (eNOS), peu-
vent étre activés pour réduire la Iésion de reperfusion. Nous avons
testé I'hypothese que les Erkl/2, p70s6K et eNOS assuraient la
médiation du postconditionnement induit par I'isoflurane dans des
myocardes de lapin in vivo.

Méthode : Des lapins anesthésiés aux barbituriques (n = 78),
instrumentés pour la mesure de I’hémodynamique générale, ont été
soumis d une occlusion coronaire de 30 min, suivie de trois heures
de reperfusion. Répartis au hasard, ils ont recu une solution salée
a 0,9 % (témoin), l'inhibiteur de Erkl/2, PD 098059 (2 mg-kg’'),
l'inhibiteur de p70s6K, la rapamycine (0,25 mg-kg'), l'inhibiteur
non sélectif de I'oxyde nitrique synthase (NOS) I'ester méthylique
N-nitro-L-arginine (L-NAME ; 10 mgkg'), I'antagoniste sélectif
de la NOS inductible, le chlorhydrate d’aminoguanidine (AG, 300
mg-kg’') ou I'inhibiteur sélectif de NOS neuronal, le 7-nitro-inda-
zole (7-NI, 50 mgkg'') en présence ou non d’une concentration
alvéolaire minimale de 1,0 d’isoflurane administrée pendant trois
minutes avant et deux minutes aprés la reperfusion.
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Résultats : Lexposition bréve a une concentration alvéolaire mini-
male de 1,0 d’isoflurane a réduit (P < 0,05) la taille de I'infarctus
(2] = 4 % [moyenne * ET] de I'aire du ventricule gauche a
risque, respectivement ; coloration au triphényltétrazolium) com-
parativement au témoin (41 = 5 %). Les PD 098059, rapamycine
et L-NAME, mais non les AG ou 7-NI, ont aboli la protection
produite par I'isoflurane.

Conclusion : Le résultat suggére que les effets protecteurs de
l'isoflurane contre l'infarctus pendant la reperfusion précoce
dépendent de la médiation des Erkl/2, p70s6K et eNOS in vivo.

LATILE anesthetics produce pharmaco-
logical preconditioning against myocardial
ischemia-reperfusion injury,! and also exert
protective effects when administered during

early reperfusion following prolonged coronary artery
occlusion.?”® This “anesthetic-induced postcondition-
ing” produces reductions in myocardial infarct size
that are very similar to those observed during precon-
ditioning with these agents’® and may be clinically
relevant because the precise timing of coronary artery
occlusion is unknown in the vast majority of patients
with acute myocardial infarction. We recently dem-
onstrated that isoflurane-induced postconditioning is
mediated by activation of the prosurvival phosphati-
dylinositol-3-kinase (PI3K)-Akt signaling cascade.>®
This pathway has also been implicated in myocar-
dial protection during early reperfusion produced by
brief, repetitive ischemic stimuli®’= (termed “isch-
emic postconditioning”)® and other drugs including
bradykinin,!? adenosine receptor agonists,!” statins,!!
and opioids.!?

The extracellular signal-related kinases (Erkl/2)
are mitogen-activated protein kinases that play impor-
tant roles in cell differentiation, proliferation, and sur-
vival.!® Activation of Erkl/2 has been proposed as a
redundant mechanism by which downstream elements
of the PI3K-Akt cascade may be stimulated to favour-
ably modulate reperfusion injury.!® The extracellular
signal-related kinases mediate ischemic!* and pharma-
cological postconditioning,!®!® and also play impor-
tant roles in preconditioning produced by the volatile
anesthetic desflurane.'® Thus, the current investiga-
tion tested the hypothesis isoflurane-induced postcon-
ditioning is dependent on activation of Erkl /2. Both
PI3K-Akt and Erkl/2 will phosphorylate 70-kDA
ribosomal protein s6 kinase (p70s6K), an important
regulator of protein translation.!® A selective inhibitor
of this enzyme (rapamycin) abolished cardioprotec-
tion during ischemic® and pharmacological postcon-
ditioning.'®!2 The phosphatidylinositol-3-kinase-Akt

also activates endothelial nitric oxide (NO) synthase
(eNOS), and a central role for NO has also been impli-
cated in postconditioning by ischemia,’ an adenosine
agonist,'? and bradykinin.!® Thus, we also tested the
hypothesis that p70s6K and eNOS mediate the pro-
tective effects of isoflurane during carly reperfusion
after prolonged coronary artery occlusion iz vivo.

Methods

All experimental procedures and protocols used in
this investigation were reviewed and approved by
the Animal Care and Use Committee of the Medical
College of Wisconsin. Furthermore, all conformed to
the Guiding Principles in the Care and Use of Animals
of the American Physiologic Society and were in
accordance with the Guide for the Care and Use of
Laboratory Animals.

Male New Zealand white rabbits weighing between
2.5 and 3.0 kg were anesthetized with v sodium
pentobarbital (30 mg-kg™) as previously described.>1”
Briefly, a tracheostomy was performed through a mid-
line incision, and each rabbit was ventilated with posi-
tive pressure using an air-oxygen mixture (fractional
inspired oxygen concentration = 0.33). Heparin-filled
catheters were inserted into the right carotid artery and
the left jugular vein for measurement of mean arterial
blood pressure and fluid or drug administration,
respectively. A thoracotomy was performed at the left
fourth intercostal space, and the heart was suspended
in a pericardial cradle. A prominent branch of the left
anterior descending coronary artery (LAD) was identi-
fied, and a silk ligature was placed around this vessel
approximately halfway between the base and the apex
for the production of coronary artery occlusion and
reperfusion. Intravenous heparin (500 U) was admin-
istered immediately before LAD occlusion. Coronary
artery occlusion was verified by the presence of epicar-
dial cyanosis and regional dyskinesia in the ischemic
zone, and reperfusion was confirmed by observing an
epicardial hyperemic response. Hemodynamics were
continuously recorded on a polygraph throughout
each experiment.

The experimental design is illustrated in Figure 1.
Baseline hemodynamics and arterial blood gas tensions
were recorded 30 min after instrumentation was com-
pleted. All rabbits underwent a 30-min LAD occlusion
followed by three hours of reperfusion. In 12 separate
experimental groups, rabbits (7 = 6-7 per group) were
randomly assigned to receive 0.9% saline (control), the
MEK-1 inhibitor PD 098059 (2 mg-kg™; Erkl /2 is
activated by phosphorylation via the upstream kinase
MEK-1),'% the p70s6K inhibitor rapamycin (0.25
mg-kg™), the nonselective NO synthase (NOS) inhibi-
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FIGURE 1 Schematic illustration depicting the experimen-
tal protocol. L-NAME = N-nitro-L-arginine methyl ester;
AG = aminoguanidine; 7-NI = 7-nitroindazole; ISO = iso-
flurane.

tor N-nitro-L-arginine methyl ester (L-NAME; 10
mg-kg1),!? the selective inducible NOS (iNOS) antag-
onist aminoguanidine hydrochloride (300 mg-kg™),*
or the selective neuronal NOS (nNOS) inhibitor
7-nitroindazole (7-NI, 50 mg-kg™)!” in the presence
or absence of 1.0 minimum alveolar concentration
(MAC) isoflurane (1.0 MAC = 2.05% in the rabbit)
administered for three minutes before and two min-
utes after reperfusion. Isoflurane was administered for
three minutes before reperfusion in order to establish
a blood concentration of the volatile agent when the
coronary blood flow was restored. We have previously
demonstrated that 1.0 MAC isoflurane administered
using this technique produces reductions in myocardial
infarct size that are similar to those observed during
preconditioning with this volatile anesthetic.’* We have
also previously shown that the sample size used in the
current investigation is adequate to provide statistically
significant differences in infarct size between interven-
tions.® PD 098059 and rapamycin were dissolved in
dimethylsulfoxide and administered intravenously ten
minutes before reperfusion. N-nitro-L-arginine methyl
ester was dissolved in 0.9% saline and administered
as an 7v infusion over ten minutes beginning 30 min
before LAD occlusion. Aminoguanidine hydrochloride
was dissolved in 0.9% saline, the pH of the solution
was adjusted to 7.4 with 0.1N NaOH, and the mixture
then injected subcutaneously one hour before coronary
occlusion. Seven-NI was dissolved in dimethylsulfoxide
and administered into the peritoneum one hour before
coronary occlusion.

Myocardial infarct size was measured as previously
described.?® Briefly, the LAD was reoccluded at the
completion of each experiment and 3 mL of patent
blue dye was injected intravenously. The left ven-
tricular area at risk (AAR) for infarction was separated
from surrounding normal areas (stained blue), and
the two regions were incubated at 37°C for 20 min in
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FIGURE 2 Myocardial infarct size depicted as a percentage
of the left ventricular area at risk in rabbits receiving 0.9%
saline control (CON) or 1.0 minimum alveolar concentra-
tion (MAC) isoflurane (ISO) in the presence or absence of
pretreatment with selective Erkl /2 inhibitor PD 098059
(PD) or selective p70s6K inhibitor rapamycin (RAP; top
panel), and in the presence and absence of pretreatment
with the nonselective NOS inhibitor N-nitro-L-arginine
methyl ester (L-NAME), the selective inducible nitric oxide
(NO) synthase (iNOS) inhibitor aminoguanidine (AG), or
the selective neuronal NO synthase (nNOS) inhibitor 7-
nitroindazole (7-NI; bottom panel). Each point represents a
single experiment. All data are mean + SD. *Significantly (P
< 0.05) different from CON.

1% 2,3,5-triphenyltetrazolium chloride in 0.1 mol-L!
phosphate buffer adjusted to pH 7.4. Infarcted and
noninfarcted myocardium within the AAR were sepa-
rated and weighed after storage overnight in 10%
formaldehyde. Myocardial infarct size was expressed
as a percentage of the AAR. Rabbits that developed
intractable ventricular fibrillation and those with an
AAR less than 15% of total left ventricular mass were
excluded from subsequent analysis.

Statistical analysis of data within and between groups
was performed with analysis of variance (ANOVA) for
repeated measures followed by the Student-Newman-
Keuls test. Changes were considered statistically sig-
nificant when P < 0.05. All data are expressed as mean
+ standard deviation .

Results
Eighty-six rabbits were instrumented to obtain 78
successful experiments. Two rabbits were excluded
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FIGURE 3 Schematic illustration of potential sites of
action of isoflurane on cardioprotective signaling during
carly reperfusion. G protein-coupled receptor ligands, insu-
lin, statins, growth factors, and volatile anesthetics activate
parallel phosphoinositol-3-kinase (PI3K) or extracellular
signal regulated kinase (Erkl/2) cascades to produce pro-
tection. PI3K phosphorylates phosphoinositol dependent
kinase 1 (PDK1) which activates Akt (also known as pro-
tein kinase B [PKB]). This moiety stimulates the activ-

ity of anti-apoptotic proteins and simultaneously inhibits
activity of pro-apoptotic proteins. Akt/PKB also inhibits
the beta isoform of glycogen synthase kinase (GSK-f) and
activates endothelial nitric oxide (NO) synthase (eNOS),
70-kDA ribosomal protein s6 kinase (p70s6K), and murine
double minute two (Mdm2) protein. p70s6K also inhibits
GSK-f activity. Nitric oxide produced by eNOS inhibits
whereas Mdm2-induced phosphorylation of the pro-apop-
totic protein p53 opens the mitochondrial permeability
transition pore (mPTP). Inhibition of GSK-f and activa-
tion of mitochondrial adenosine triphosphate-regulated
potassium (mK,,) channels also act to close mPTP. The
transition state of the mitochondrial pore is critical for the
preservation of mitochondrial integrity and cell viability
during ischemia and reperfusion. Activation of Erkl/2 also
stimulates p70s6K, inhibits GSK-f, and blocks the forma-
tion of pro-apoptotic proteins. Wortmannin, rapamycin, PD
098059, and N-nitro-L-arginine methyl ester (L-NAME)
block the activity of PI3K, p70s6K, Erkl /2, and eNOS,
respectively. Isoflurane has been proposed to enhance

the activity of PI3K-Akt, p70s6k, Erkl /2, and eNOS.
Isoflurane has also been suggested to directly inhibit GSK-
B and mPTP concomitant with enhanced expression of the
anti-apoptotic protein B cell lymphoma 2 (Bcl2). Lastly,
isoflurane-induced activation of mK,,, inhibits mPTD.
These actions of isoflurane may contribute to the cardio-
protective effects of the volatile anesthetic during carly
reperfusion.

because of technical problems during instrumenta-
tion. Six rabbits were excluded because intractable
ventricular fibrillation occurred during LAD occlu-
sion (1 rapamycin alone; 1 7-NI alone; 2 PD 098059
+ isoflurane; 1 L-NAME + isoflurane; 1 rapamycin
+ isoflurane). There were no differences in baseline
hemodynamics between groups (Table I). Coronary
artery occlusion significantly (P < 0.05) decreased
rate-pressure product in most experimental groups.
Decreases in heart rate, mean arterial pressure, and
rate-pressure product were observed during reperfu-
sion in all experimental groups.

Body weight, left ventricular mass, AAR weight, and
the ratio of AAR to left ventricular mass were similar
between groups (Table II). Brief exposure to 1.0 MAC
isoflurane during early reperfusion reduced infarct size
(21 = 5% of the left ventricular AAR, respectively) as
compared to control (42 + 5%; Figure 2). PD 098059,
rapamycin, and L-NAME alone did not affect infarct
size (45 = 2, 47 = 3, and 43 = 11%, respectively), but
abolished the protective effects of isoflurane during early
reperfusion (46 = 4, 46 + 4, and 46 = 4%, respectively;
Figure 2). In contrast to the findings with L-NAME, the
selective iNOS and nNOS inhibitors did not affect isoflu-
rane-induced myocardial protection (26 + 3 and 26 + 4%,
for AG and 7-NI, respectively).

Discussion

The current results confirm our previous findings®¢
demonstrating that brief exposure to 1.0 MAC isoflu-
rane immediately before and during early reperfusion
protects against myocardial infarction in rabbits. The
findings demonstrate for the first time that the selec-
tive MEK-1 antagonist PD 098059 abolishes this
protective effect. These data provide pharmacological
evidence suggesting that activation of Erkl /2 medi-
ates isoflurane-induced postconditioning. The current
results support the findings of several previous studies
demonstrating that Erkl /2 plays an important role in
myocardial protection against ischemia and reperfu-
sion injury (Figure 3). Fryer et al. showed that PD
098059 blocked myocardial necrosis produced by
ischemic and d,-opioid-induced preconditioning con-
comitant with inhibition of Erk isoform phosphoryla-
tion in rats.'® Erkl /2 was very recently also implicated
in ischemic postconditioning.!* Toma et al. recently
showed that Erkl /2 mediates desflurane-induced pre-
conditioning.'® The adenosine A, /A, subtype receptor
agonist 5’-( N-cthylcardoxamido) adenosine (NECA)
and bradykinin administered during carly reperfusion
reduced infarct size by activation of Erkl /2 in iso-
lated rabbit hearts.!® N-ethylcardoxamido adenosine
and bradykinin-induced phosphorylation of Erkl /2
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TABLE I Systemic hemodynamics

Reperfusion (min)

n Baseline LAD occlusion 2 60 120 180

HR (min™)
Control 7 265 + 34 249 + 33 236 + 19* 240 + 22* 231 + 25* 218 + 25*
1SO (1.0 MAC) 7 257 £26 253 £ 21 252 £ 11 238 +20* 234 + 34* 225 + 35*
PD 6 233 + 35 215 + 28* 208 £ 21* 199 + 17* 189 + 9* 187 + 14*
I1SO (1.0 MAC)+PD 6 233 £ 28 209 + 19* 198 + 31* 193 + 29* 182 + 8* 173 + 6*
RAPA 6 242 + 25 209 + 26* 207 + 41* 197 + 33* 204 + 20* 198 + 16*
I1SO (1.0 MAC)+RAPA 7 251 +29 236 = 30 239 + 29 238 + 26 229 + 23* 221 = 20*
L-NAME 7 21125 221 £ 21 184 + 36* 184 + 36* 186 + 23* 188 + 25*
I1SO (1.0 MAC)+L-NAME 7 236 + 36 221 + 48 230 + 43 225 + 43* 228 + 29 223 + 25*
7NI 6 247 + 29 242 + 21 240 = 19 227 + 19* 218 + 15* 208 = 18*
ISO (1.0 MAC)+7NI 6 247 + 26 236 + 32 238 £ 21 235 + 21 210 + 9* 200 = 17*
AG 7 264 + 18 253 + 18 229 + 21* 229 + 21* 228 + 24* 221 = 11*
1SO (1.0 MAC)+AG 6 265 + 41 239 + 24* 238 + 19* 249 + 46 237 + 45* 226 + 35*

MAP (mmHg)
Control 7 75+ 8 64 + 4* 64 + 5* 65 + 7* 69 +9 65 + 8*
I1SO (1.0 MAC) 7 83 + 10 70 = 14* 54 +11* 67 + 13* 65+11* 70 £ 9*
PD 6 61 =15 53 + 18 56 + 24 51 =18 44 + 15* 46 + 17*
ISO (1.0 MAC)+PD 6 63 =18 47 + 16 44 + 15* 44 + 17* 61 =18 51 +7*
RAPA 6 76 + 8 50 + 11* 51 + 15* 48 + 15* 52 + 7% 58 + 10*
1SO (1.0 MAC)+RAPA 7 76 +9 62+ 11* 65«13 65 = 10 60 = 10 59 + 9*
L-NAME 7 90 = 10 72 = 13* 65 + 17* 65 + 16* 67 + 12* 72+ 11*
ISO (1.0 MAC)+L-NAME 7 75+ 9 57 +22* 55 + 20* 61 £ 18 62 + 14 65 + 14
7NI 6 70 + 8 56 + 3* 55 + 9* 56 + 12* 53+ 10* 51 +2*
1SO (1.0 MAC)+7NI 6 71 £ 15 58 + 9* 59 + 14* 64+ 11* 59 + 10* 62 +9*
AG 7 86 + 16 81 +11 80 + 12 80 + 12 80 + 10 76 + 11*
ISO (1.0 MAC)+AG 6 72 £ 11 69 +7 56 + 15* 69 + 15 69 = 16 68 £ 16

RPP (min!-mmHg-103)
Control 7  235+4.0 19.2 = 3.0* 184 +2.3* 19.3+3.0* 187 +23* 16.3 =« 1.6*
ISO (1.0 MAC) 7 24.0+ 35 20.6 = 3.7* 185+ 3.5* 194 <35 18.3 + 3.6* 18.1 +1.4*
PD 6 174 £ 5.5 14.0 = 5.3* 13.8 +5.6* 123 +4.6* 102 +2.3* 10.7+2.7*
1SO (1.0 MAC)+PD 6 17.0+5.7 11.3 +3.8* 104 = 3.6* 103 +3.6* 12.7+29* 104 = 0.6*
RAPA 6 21.0+ 35 12.8 + 3.7* 13.0 £+ 5.5* 11.7 + 4.8* 129 +2.6* 13.5 +2.6*
ISO (1.0 MAC)+RAPA 7 214+ 3.3 17.6 + 4.4* 182 +54 18.0 £ 4.0 164 +3.0* 153 +2.2*
L-NAME 7 20.7 +2.8 17.2 + 3.0* 12.8 +2.0* 12.6 = 1.6* 135 +1.2* 14.6 £ 2.0*
1SO (1.0 MAC)+L-NAME 7 197 £+34 149 + 6.3* 152 £6.2* 16.0+5.1 16.1 £ 2.5* 16.5 + 2.0*
7NI 6 202 +3.1 16.1 +2.1* 16.3 +2.9* 155+ 3.1* 14.2 +2.0* 12.7 + 0.9*
ISO (1.0 MAC)+7NI 6 20.2 + 4.6 16.0 = 3.5* 16.7 £ 3.5* 17.3 + 3.6* 145 +2.0* 144 +2.7*
AG 7 256+56 226+32 20.8 +2.8* 20.8+2.8* 20.6+32* 189 +28*
1SO (1.0 MAC)+AG 6 21.7 +4.9 18.5 + 2.3* 159 +3.1* 198 £6.1 189 +5.8 17.3 + 4.2*

HR = heart rate; ISO = isoflurane; PD = PD098059; RAPA = rapamycin; L-NAME = N-nitro-L-arginine methyl ester; 7NI = 7-nitroin-
dazole; AG = aminoguanidine; MAC = minimum alveolar concentration; LAD = left anterior descending coronary artery. Data are mean =+
SD. *Significantly (P < 0.05) different from baseline.

TABLE II Left ventricular area at risk

Body weight () LV () AAR () AAR/LV (%)
Control 2,628 + 308 321029 1.11 +0.28 34:8
I1SO (1.0 MAC) 2,569 = 265 3.43 £ 0.40 1.18 + 0.41 3411
PD 2,717 + 299 3.71 £ 0.36 1.44 + 0.24 39+5
ISO (1.0 MAC)+PD 2,767 + 121 3.86 + 0.41 1.35 + 0.25 359
RAPA 2,850 = 164 3.62 = 0.58 1.35 + 0.22 37+3
ISO (1.0 MAC)+RAPA 2,786 + 234 3.97 +0.53 1.61 £ 0.29 417
L-NAME 2,676 = 213 252 +0.41 0.88 = 0.30 34:8
ISO (1.0 MAC)+L-NAME 2,771 + 125 3.51 £ 0.35 1.36 + 0.31 386
7NI 2,700 = 179 3.85 + 0.65 1.48 = 0.22 39+ 4
ISO (1.0 MAC)+7NI 2,600 = 110 3.20 £ 0.25 1.27 +0.21 40 = 4
AG 2,619 = 456 345+ 0.53 1.18 + 0.58 34+ 14
ISO (1.0 MAC)+AG 2,617 + 41 3.75 = 0.84 1.24 + 0.06 3417

AAR = area at risk; LV = left ventricle; ISO = isoflurane; PD = PD098059; RAPA = rapamycin; L-NAME = N-nitro-L-arginine methyl
ester; 7NI = 7-nitroindazole; AG = aminoguanidine; MAC = minimum alveolar concentration; Data are mean + SD.
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isoforms observed in this study'® were abolished by
PD 098059 pretreatment. Another adenosine A, /A,
receptor agonist (AMP579) also exerted protective
effects during reperfusion in rabbits'® via an Erkl,/2-
dependent mechanism.?!

The current results further demonstrate that admin-
istration of rapamycin during coronary artery occlu-
sion abolishes reductions in infarct size produced by
isoflurane during carly reperfusion. These data suggest
that p70s6K mediates isoflurane-induced postcondi-
tioning. The current findings support previous results
implicating p70s6K in cardioprotection against reper-
fusion injury, as ischemic postconditioning occurred
concomitant with p70s6K phosphorylation in isolated
perfused rat hearts.” Rapamycin also blocked decreases
in the extent of myocardial infarction produced by
d,-opioid receptor agonists when administered during
carly reperfusion.!? The current results further demon-
strate that administration of L-NAME before ischemia
and brief exposure to isoflurane abolished decreases in
infarct size produced by the volatile agent. In addi-
tion, pretreatment with ecither the selective iNOS
antagonist AG or the selective nNOS inhibitor 7-NI
did not inhibit postconditioning by isoflurane. These
data provide pharmacological evidence that eNOS
and not iNOS or nNOS mediates cardioprotection
by isoflurane during ecarly reperfusion. The current
results support the findings of previous studies impli-
cating a role for NO metabolism in postconditioning
phenomena. Activation of Erkl/2 and an increase
in NO production was initially proposed to mediate
ischemic postconditioning,?? and a subsequent study
demonstrated that PI3K-mediated phosphorylation of
eNOS was central to this process.” Cardioprotection
produced by NECA and bradykinin during reperfu-
sion was also mediated by stimulation of NO synthase
metabolism, although eNOS was not specifically iden-
tified as the enzymatic source of NO in this study.!?
We have also recently demonstrated that eNOS trig-
gers and mediates delayed preconditioning by isoflu-
rane in a similar rabbit model of ischemia-reperfusion
injury.'® These latter data indicated that eNOS appear
to play an important role in other forms of myocardial
protection produced by volatile anesthetics as well.

The precise mechanisms by which Erkl /2, p70s6K,
and eNOS produce postconditioning by isoflurane
remain to be completely elucidated. Activation of the
PI3K-Akt signaling cascade mediated the cardiopro-
tective effect of isoflurane during early reperfusion in
rabbit myocardium.>® This pathway has been shown
to play a major role in cell survival during reperfusion
by activating p70s6K and eNOS, favourably affecting
the balance between pro- and anti-apoptotic proteins,

and inhibiting caspase formation and glycogen syn-
thase kinase-3f activity.!®23 The extracellular signal-
related kinases also facilitate cell survival by stimulating
p70s6K, inactivating several proapoptotic proteins
known to produce mitochondrial damage (e.g., Bad,
Bax, Bim), and blocking the formation of the apop-
totic enzyme caspase 3.3 Thus, it appears highly likely
based on evidence accumulated to date that PI3K-Akt
and Erkl /2 represent redundant prosurvival mecha-
nisms by which downstream signaling elements are
activated to provide protection against cellular injury
during reperfusion. Phosphatidylinositol-3-kinase- or
Erkl /2-induced activation of p70s6K may contribute
to preservation of myocardial integrity during reper-
fusion by inactivating glycogen synthase kinase 3f.%*
and inhibiting apoptotic cell death.?? In particular,
glycogen synthase kinase 38 has recently been shown
to mediate convergence of cardioprotective signaling,
including Akt and p70s6K, to inhibit the mitochon-
drial permeability transition pore (mPTP) in isolated
cardiac myocytes iz vitro.?* It has become increasing
clear that prevention of mPTP opening plays a critical
role as an end-effector in myocardial protection against
ischemia-reperfusion injury.?>?° Whether isoflurane
inhibits mPTP by attenuating glycogen synthase
kinase-3f activity through Erkl/2-p70s6K signal-
ing is presently unknown. This hypothesis is being
actively investigated by our laboratory, and certainly
appears to be very plausible based on recent findings
indicating that desflurane-induced preconditioning is
mediated by inhibition of mitochondrial permeabil-
ity transition.?® Phosphatidylinositol-3-kinase-Akt has
also been previously demonstrated to phosphorylate
eNOS, and the NO produced as a result of activation
of this enzyme has been shown to mediate cellular
protection.3! This NO-induced protective effect may
be related to inhibition of mPTP opening concomi-
tant with reperfusion.3? Thus, the current results sug-
gesting that eNOS plays a role in isoflurane-induced
postconditioning may again be related to inhibi-
tion of mitochondrial permeability transition through
enhanced NO production. Further study will also be
required to confirm this intriguing hypothesis.

The current results must be interpreted within
the constraints of several potential limitations. PD
098059, rapamycin, AG, and 7-NI have been shown
to be selective inhibitors of Erkl /2, p70s6K, iNOS,
and nNOS, respectively, at the doses used in the
current investigation. Nevertheless, dose-response
relationships to these selective inhibitors were not
performed, and the possibility that these drugs may
have inhibited other protein kinases involved in myo-
cardial protection cannot be completely excluded
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from the analysis. Currently available ¢eNOS antago-
nists may affect other NOS isoforms, and thus, we
chose not to conduct experiments with these drugs.
Myocardial infarct size is determined primarily by
the size of the AAR and extent of coronary collat-
cral perfusion. The AAR expressed as a percentage of
total left ventricular mass was similar between groups
in the current investigation. Rabbits have also been
shown to possess little if any coronary collateral blood
flow.3® Thus, it appears unlikely that differences in
collateral perfusion between groups account for the
observed results. However, coronary collateral blood
flow was not specifically quantified in the current
investigation. The reductions in myocardial necrosis
produced by the brief administration of isoflurane
during ecarly reperfusion occurred independent of
changes in major determinants of myocardial oxygen
consumption. Nevertheless, the current results require
qualification because coronary venous oxygen tension
was not directly measured, and myocardial oxygen
consumption was not calculated in the current inves-
tigation. The results also require qualification because
we did not specifically examine the biochemical
actions of isoflurane on Erkl /2, p70s6K, and eNOS
phosphorylation nor did we measure the activities
of these enzymes in rabbit myocardium exposed to
ischemia and reperfusion. Nevertheless, our phar-
macological data strongly suggest a central role for
Erkl /2, p70s6K, and eNOS in isoflurane-induced
postconditioning against infarction because inhibitors
of these enzymes blocked protection produced by
the volatile agent. The current results should also be
qualified because we did not specifically measure NO
production by eNOS.

We used a 30-min coronary artery occlusion in
order to produce myocardial infarction in rabbits.
Whether brief exposure to isoflurane before and
during early reperfusion also produces cardioprotec-
tion after more prolonged periods of coronary artery
occlusion is unknown and will require further study to
ascertain. Anesthetic pre- and postconditioning have
recently been shown to produce opposing genomic
responses during cardioprotection.3* These data sug-
gest that signal transduction cascades during postcon-
ditioning by volatile anesthetics may be different from
those responsible for preconditioning. Thus, the pos-
sibility exists that Erkl /2, p70s6K, and eNOS do not
play substantial roles in preconditioning by isoflurane.
However, a role for Erkl /2 has been previously dem-
onstrated in desflurane-induced preconditioning,'¢
and we have recently shown the eNOS plays an
important role in delayed preconditioning by isoflu-
rane.!” Nevertheless, further research will be required

in order to determine the relative specificity of signal
elements in pre- as compared to postconditioning by
volatile agents. The current results require qualifica-
tion because aging has recently been shown to modu-
late cardioprotection,® and we did not specifically use
rabbits from a preselected age range. Nevertheless,
rabbits of similar body weight were used in the current
investigation. Finally, the current findings implicating
a role for Erkl /2, p70s6K, and ¢NOS in cardiopro-
tection by isoflurane were obtained in barbiturate-
anesthetized rabbits. Whether similar results occur in
other animal species or humans is unknown.

In summary, the current results confirm that brief
exposure to isoflurane immediately before and during
carly reperfusion reduces myocardial infarct size in
barbiturate-anesthetized, acutely instrumented rab-
bits. The findings indicate that selective pharmaco-
logical inhibitors of Erkl/2 or p70s6K abolish this
isoflurane-induced postconditioning against infarc-
tion. In addition, inhibition of NO production by
L-NAME before the administration of isoflurane abol-
ished reductions in infarct size produced by this vola-
tile agent, indicating that NO mediates this protective
effect. The current results further suggest that eNOS
but not iNOS or nNOS mediates postconditioning by
isoflurane 2z vivo. The current findings are potentially
important from a clinical perspective. The ability to
briefly administer a volatile anesthetic as a therapeutic
agent immediately before or during carly reperfusion
may contribute to the salvage of viable myocardium
in patients with acute coronary artery occlusion, but
further research will be required in order to test this
hypothesis.
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