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Chapter 3: Sevoflurane induced preconditioning: im-
pact of protocol and aprotinin administration on in-
farct size and endothelial nitric oxide synthase phos-
phorylation in the rat heart in vivo 
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Abstract 
Background: Sevoflurane induces preconditioning (SevoPC). The effect of 
aprotinin and the involvement of endothelial nitric-oxide synthase (NOS) 
on SevoPC are unknown. We investigated (1) whether SevoPC is strength-
ened by multiple preconditioning cycles, (2) whether SevoPC is blocked by 
aprotinin, and (3) whether endothelial NOS plays a crucial role in SevoPC. 

Methods: Anesthetized male Wistar rats were randomized to 15 groups 
(each n = 6) and underwent 25-min regional myocardial ischemia and 2-h 
reperfusion. Controls were not treated further. Preconditioning groups in-
haled 1 minimum alveolar concentration of sevoflurane for 5 min (SEVO-I), 
twice for 5 min each (SEVO-II), three times for 5 min each (SEVO-III), or six 
times for 5 min each (SEVO-VI). Aprotinin was administered with and with-
out sevoflurane. Involvement of endothelial NOS was determined with the 
nonspecific NOS blocker N-nitro-L-arginine-methyl-ester, the specific neu-
ronal NOS blocker 7-nitroindazole, and the specific inducible NOS blocker 
aminoguanidine. 

Results: SevoPC reduced infarct size in all protocols (SEVO-I, 42 ± 6%; SE-
VO-II, 33 ± 4%; SEVO-III, 11 ± 5%; SEVO-VI, 16 ± 4%; all P <0.001 vs. con-
trol, 67 ± 3%) and was least after three and six cycles of sevoflurane (P < 
0.001 vs. SEVO-II and -I, respectively). Aprotinin alone had no effect on in-
farct size but blocked SevoPC. N-nitro-L-arginine-methyl-ester abolished 
SevoPC (67 ± 4%; P < 0.05 vs. SEVO-III). Aminoguanidine and 7-
nitroindazole blocked SevoPC only partially (25 ± 6 and 31 ± 6%, respec-
tively; P < 0.05 vs. SEVO-III and control). SevoPC induced endothelial NOS 
phosphorylation, which was abrogated by aprotinin. 

Conclusion: SevoPC is strengthened by multiple preconditioning cycles, 
and phosphorylation of endothelial NOS is a crucial step in mediating 
SevoPC. These effects are abolished by aprotinin. 

 



 

ISCHEMIC preconditioning is a strong protective mechanism of the heart in 
which brief exposure to ischemia/ reperfusion markedly enhances the abil-
ity to withstand a subsequent ischemic injury. Beside ischemic stimuli, it is 
also possible to mimic this cardioprotective effect with volatile anesthetics, 
but it remains unclear whether repeated preconditioning stimuli can in-
crease cardioprotection.1 Volatile anesthetics also induce cardioprotection 
during cardiopulmonary bypass.2 Besides the fact that all volatile anesthet-
ics elicit cardioprotection by preconditioning in animals,3 there is also 
strong evidence for clinical cardioprotection with these substances.4,5 How-
ever, these cardioprotective effects are attributable to additive effects of 
preconditioning and postconditioning and to antiischemic effects. The evi-
dence for a clinically significant preconditioning-only effect is weak. We 
have shown that in contrast to just one 5-min cycle, two 5-min cycles of 1 
minimum alveolar concentration (MAC) sevoflurane before aortic cross-
clamping for coronary artery bypass graft surgery reduces myocardial 
damage in terms of troponin I release.6 Compared with other clinical stud-
ies, which did not show a protective effect, we identified two major differ-
ences: the preconditioning protocol and the use of aprotinin. 

From animal studies, it is known that multiple cycles of ischemic- and anes-
thetic-induced preconditioning strengthened the cardioprotective effect. A 
protocol consisting of two cycles of sevoflurane administration is more effi-
cient than a single, longer period with the same concentration in guinea pig 
hearts in vitro.7 Recently these findings were confirmed in rabbit hearts in 
vivo for desflurane.8 The authors demonstrated that multiple cycles of pre-
conditioning reduce the desflurane concentration that is needed to induce 
cardioprotection and therefore the side effects as well.8 In addition, the use 
of multiple cycles of ischemic preconditioning induces additional signaling 
pathways and makes the cellular signalling more robust against blockade.9 

Aprotinin was widely used in cardiac surgery to minimize blood loss. At the 
current time, serious concerns regarding the safety of aprotinin has limited 
its use. At first, an increased morbidity was observed in observational stud-
ies.10 A randomized controlled trial was stopped early because treatment of 
high-risk patients with aprotinin was associated with a 50% higher mortali-
ty compared with treatment with lysine analogs.11 However, there are still 
advocates who believe that aprotinin is a useful and safe drug in other pa-
tient populations (e.g., in liver transplantation).12,13 



 

The role of aprotinin in the setting of ischemia and reperfusion is not clear. 
There is evidence that aprotinin itself has cardioprotective properties.14,15 
However, there is also evidence that aprotinin abolishes ischemia-induced 
preconditioning16,17 and anesthetic-induced postconditioning.18 Despite its 
antifibrinolytic properties, aprotinin is known to be a competitive protein 
inhibitor of nitric-oxide synthase (NOS).19 Ulker et al.19 demonstrated that 
aprotinin downregulates endothelial NOS (eNOS) messenger RNA and pro-
tein expression in cultured rat coronary microvascular endothelial cells. In 
rabbit hearts in vivo, administration of desflurane induces a transient acti-
vation of NOS activity. Blocking NOS activity with the unspecific blocker N-
nitro-L-arginine methyl ester (L-NAME) abolishes desflurane-induced pre-
conditioning.20 It is not clear which isoform of the NOS system is involved in 
anesthetic induced preconditioning. It has been shown in human coronary 
artery endothelial cells that eNOS is activated through the 90-kd heat shock 
protein after isoflurane administration.21 

The aim of the study was to go from the bedside6 back to the bench and in-
vestigate the following: (1) Do multiple cycles of anesthetic-induced pre-
conditioning induce a stronger cardioprotection than one cycle of sevoflu-
rane-induced preconditioning (SevoPC)? (2) What influence does aprotinin 
have on SevoPC? (3) Is aprotinin blockade of eNOS responsible for the as-
sumed aprotinin-induced SevoPC inhibition? 

Materials and Methods 
The study was performed in accordance with the guidelines laid out in the 
Guide for the Care and Use of Laboratory Animals, which is available from 
the U.S. National Academy of Sciences, and the regulations of the German 
Animal Protection Law and was approved by the District Government of 
Düsseldorf, Germany. 

The influence of the preconditioning protocol and aprotinin on anesthetic-
induced preconditioning and the influence of anesthetic-induced precondi-
tioning and aprotinin on eNOS activity were investigated within two 
substudies. 

Experiments for Infarct Size Determination 
A total of 90 male Wistar rats were used for infarct size determination ex-
periments (n = 6 per group; body weight [BW], 380–420 g). 



 

Animals had free access to water and standard rat food at all times before 
experiments. The animal preparation and infarct size determination were 
performed as described previously.22 The animals were anesthetized by in-
traperitoneal injection of S(+)-ketamine (150 mg/kg BW) and were me-
chanically ventilated (positive end-expiratory pressure, 2–3 cm H2O; res-
piratory rate, 60 breaths/min; tidal volume, 5 ml; with oxygen-enriched air 
(inspired oxygen fraction, 0.4) after tracheal intubation. The respiratory 
rate was adjusted to maintain partial pressure of carbon dioxide within 
physiologic limits (end-tidal carbon dioxide, 35±5 mmHg). Body tempera-
ture was maintained at 38°C by using a heating pad. After a midline cervical 
incision, the right jugular vein was cannulated for fluid replacement and 
drug administration, and the left carotid artery was cannulated for meas-
urement of aortic pressure. Aortic pressure signals were digitized using an 
analog-digital converter and continuously recorded on a personal computer 
using the PowerLab software (PowerLab/8SP, Chart 5.0; ADInstruments 
Pty, Ltd., Castle Hill, Australia). Mean aortic pressure and heart rate were 
continuously recorded. Anesthesia was maintained by continuous α-
chloralose infusion (25 mg · kg BW-1 · h-1). After leftsided lateral thoracoto-
my and pericardiotomy were performed, a ligature (Prolene® 5.0; Ethicon 
GmbH, Nordersted, Germany) was passed below a main branch of the left 
coronary artery. The ends of the ligature were passed through a propylene 
tube to form a snare. Successful coronary occlusion was verified by epicar-
dial cyanosis. 

Experimental Protocol 
After successful instrumentation, the animals were randomly allocated (us-
ing sealed envelopes) into one of the 15 groups (see fig. 1). All animals un-
derwent 25 min of left coronary artery occlusion and 2 h of reperfusion. 

CON Group. Rats in the control (CON) group received no further treatment. 

SEVO-I Group. Rats received a single 5-min episode of 1 MAC sevoflurane 
(in rats 2.4 vol%)22 10 min before the 25-min left coronary artery occlusion. 

SEVO-II Group. Rats received 1 MAC sevoflurane for two 5-min periods, 
interspersed with one 5-min washout period, 10 min before ischemia and 
reperfusion. 



 

SEVO-III Group. Rats received 1 MAC sevoflurane for three 5-min periods, 
interspersed with two 5-min washout periods, 10 min before ischemia and 
reperfusion. 

SEVO-VI Group. Rats received 1 MAC sevoflurane for six 5-min periods, in-
terspersed with five 5-min washout periods, 10 min before ischemia and 
reperfusion. 

APRO-SEVO-I, -II and -III Groups. Aprotinin (Trasylol; Bayer AG, 
Leverkusen, Germany; 40.000 kallikrein inhibitor units/kg BW bolus IV, fol-
lowed by infusion of 40.000 kallikrein inhibitor units · kg BW-1 · h-1) was 
administered continuously over a time period of 45 min starting before is-
chemia and reperfusion. 

APRO. Rats were treated with aprotinin (Trasylol; Bayer AG, Leverkusen, 
Germany; 40.000 kallikrein inhibitor units/kg BW bolus IV, followed by in-
fusion of 40.000 kallikrein inhibitor units · kg BW-1 · h-1) over a time period 
of 45 min before ischemia and reperfusion. 

To investigate whether eNOS is involved in SevoPC, we blocked NOS activi-
ty. However, because of the lack of a specific eNOS blocker, we employed 
the nonspecific NOS blocker L-NAME, the selective neuronal NOS  



 

 

Fig. 1.  Experimental protocol. (A) Dose effect and influence of aprotinin. (B) Involvement of NOS 
isoforms. All blockers were given 30 min before the sevoflurane preconditioning protocol or at cor-
responding time point in control experiments. 7-NI = 7-nitroindazole; AG = aminoguanidine; APRO 
= aprotinin 45 min before ischemia; APRO-SEVO-I, -II, and -III = same protocol as corresponding 
SEVO-group with coadministration of aprotinin, starting 45 min before ischemia; CON = control 
group; KIU = kallikrein inhibitor units; L-NAME = N-nitro-l-arginine methyl ester; L-NAME-SEVO-



 

III, AG-SEVO-III, and 7-NI-SEVO-III = like SEVO-III with pretreatment with L-NAME (nonspecific 
NOS blocker), AG (specific inducible NOS blocker) or 7-NI (neuronal NOS blocker), respectively; L-
NAME, AG, and 7-NI = control experiments plus NOS blocker; MAC = minimum alveolar concentra-
tion; NOS = nitric-oxide synthase; SEVO-I, -II, -III, or -VI = sevoflurane group with administration of 
1 MAC sevoflurane 1, 2, 3, or 6 times, respectively, for 5 min each, interspersed with 5 min of wash-
out, 10 min before ischemia and reperfusion. 

 

(nNOS) blocker 7-nitroindazole (7-NI), or the specific inducible NOS (iNOS) 
blocker aminoguanidine. 

L-NAME-SEVO-III Group. The nonselective NOS inhibitor L-NAME 10 
mg/kg was administered as an IV infusion over 10 min starting 30 min be-
fore the SevoPC protocol. 

L-NAME Group. The nonselective NOS inhibitor L-NAME 10 mg/kg was 
administered as an IV infusion over 10 min beginning 65 min before left 
coronary artery occlusion. 

Aminoguanidine-SEVO-III Group. The selective iNOS inhibitor amino-
guanidine 300 mg/kg was injected subcutaneously 30 min before starting 
the SevoPC protocol. 

Aminoguanidine Group. The selective iNOS inhibitor aminoguanidine 300 
mg/kg was injected subcutaneously 65 min before coronary occlusion. 

7-NI-SEVO-III Group. The selective nNOS inhibitor 7-NI 50 mg/kg was in-
jected peritoneally 30 min before starting the SevoPC protocol. 

7-NI Group. The selective nNOS inhibitor 7-NI 50 mg/kg was injected peri-
toneally 65 min before left coronary artery occlusion. 

The doses of L-NAME, aminoguanidine, and 7-NI employed were based on 
those in the literature.23 After 2 h of reperfusion, the hearts were excised 
and infarct sizes were determined using a method described previously.22 
The area at risk and the infarct size were determined using planimetry and 
corrected for dry weight in each slice by using SigmaScan Pro5® (SPSS Sci-
ence Software, Chicago, IL). 

Western Blot Experiments 
To investigate the possible effects of SevoPC on eNOS phosphorylation, ad-
ditional experiments were performed. In total, 28 rats were instrumented 



 

as described above and underwent the preconditioning protocol as the an-
imals of the CON, SEVO-I, -II, -III, -VI, APRO-SEVO-III, and APRO alone 
groups, respectively (n = 4 per group). After completion of the precondi-
tioning protocol, the hearts were excised, washed in ice-cold saline to re-
move remaining blood, frozen in liquid nitrogen, and stored at -80°C. Cellu-
lar fractionation and subsequent Western blot analysis for phosphorylation 
of eNOS and cellular distribution of either total eNOS or phosphorylated 
eNOS was performed. Therefore, a cellular fractionation was performed as 
described previously.24 The cytosolic and the membrane fractions were fur-
ther used for Western blot analysis. After protein determination by the 
Lowry method, equal amounts of protein were mixed with loading buffer 
containing bromphenol blue, glycerol, and tris(hydroxylmethyl)-
aminomethane-HCl. Samples were vortexed and heated for 5 min at 95°C 
before being subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (7.5%). The proteins were separated by electrophoresis and 
transferred to a polyvinylidene difluoride membrane by tank blotting (100 
V, 1 h). Nonspecific binding of the antibody was blocked by incubation with 
5% fat dry milk solution in tris(hydroxymethyl)aminomethane-buffered 
saline containing Tween-20 for 2 h. Thereafter, the membrane was incubat-
ed overnight at 4°C with specific antibody (phosphoeNOS antibody #9571; 
Cell Signaling Technology, Danvers, MA; dilution 1:1,000 in 5% bovine se-
rum albumin), which detects phosphorylation of eNOS at the activating site 
Ser1177, or a specific total eNOS antibody (#9572, Cell Signaling Technolo-
gy), respectively. After washing in cold tris(hydroxymethyl)-aminomethane 
buffered saline containing Tween-20, the blot was subjected to antirabbit 
horseradish peroxidase-conjugated secondary antibody for 2 h at room 
temperature. By using chemiluminescence detected on X-ray film (Hyper-
film ECL; GE Healthcare, Freiburg, Germany) using the enhanced chemilu-
minescence system Santa Cruz Biotechnology (Santa Cruz, CA), the immu-
noreactive bands were visualized. The blots were quantified using a KODAK 
Image Station® (Carestream Health, Rochester, NY), and the results are pre-
sented as the ratio of phosphorylated eNOS to total eNOS or total eNOS to α-
tubulin. In addition, equal loading of protein on the gel was confirmed by 
detection of α-tubulin and Coomassie staining of the gels. 



 

Statistical Analysis 
Sample size analysis revealed that a group size of n = 6 was necessary to 
detect a difference in infarct size 25% with a power of 80% and an α of 0.05 
(two-tailed). Data are expressed as mean ± SD. Statistical analysis of infarct 
size and eNOS measurements was performed by ANOVA with Bonferroni’s 
multiple comparison test (two-tailed; Prism ver. 4.00; GraphPad Software, 
San Diego, CA). Statistical analysis of the hemodynamic variables was per-
formed by two way ANOVA for time and treatment effects. If an overall sig-
nificance was found, comparisons between groups were done for each time 
point using ANOVA followed by Dunnett post hoc test with the control 
group as reference group. Time effects within each group were analyzed by 
repeatedmeasures ANOVA followed by two-tailed Dunnett post hoc test 
with the baseline value as the reference time point. P less than 0.05 was 
considered statistically significant. 

Results 

Infarct Size Measurement 
All SevoPC protocols in the absence of aprotinin led to an infarct size reduc-
tion versus control (SEVO-I, 42 ± 6%, SEVO-II, 33 ± 4%; SEVO-III, 11 ± 5%; 
SEVO-VI, 16 ± 4% vs. CON, 67 ± 3%; for all four SevoPC groups, P less than 
0.001 vs. CON; see fig. 2A). The strongest infarct size reduction was ob-
served after administration of three or six sevoflurane cycles in the SEVO-III 
and -VI groups (P < 0.001 vs. SEVO-II and -I, respectively). Each sevoflurane 
induced myocardial protection was blocked by coadministration of apro-
tinin during the preconditioning protocol (see fig. 2). Aprotinin alone had 
no effect on infarct size (APRO, 61 ± 7%; P < 0.05 vs. CON). 

L-NAME completely blocked SevoPC after three cycles of preconditioning 
(L-NAME-SEVO-III, 67 ± 4%; P < 0.001 vs. SEVO-III) but had no effect on in-
farct size alone (L-NAME, 66±5%; P<0.05 vs. CON). Aminoguanidine and 7-
NI partially inhibited the cardioprotective effect of SevoPC (aminoguani-
dine-SEVO-III, 25±5%; P<0.05 vs. SEVO-III, P < 0.001 vs. CON; 7-NI-SEVO-
III, 31 ± 5%; P<0.001 vs. SEVO-III and CON, respectively). The blockers 
alone had no effect on infarct size (aminoguanidine, 68± 4%; 7-NI, 67 ± 7%; 
P > 0.05 vs. CON, see fig. 2B). 



 

 

Fig. 2. Infarct size measurement. Infarct size (IS) in percentage of the area at risk (AAR). Control ani-
mals underwent 25 min of regional myocardial ischemia, followed by 2 h of reperfusion. All blockers 
were given 30 min before the sevoflurane preconditioning protocol or at corresponding time point in 
control experiments. (A) Dose effect and influence of aprotinin. *** P versus CON. +++ P versus SE-
VO-I and SEVO-II. ### P versus corresponding SEVO-group, n = 6 per group, all data are mean +/- SD. 
(B) Involvement of NOS isoforms. *** P versus CON. ++ P versus SEVO-III. ++++++ P versus SEVO-III. 
### P versus corresponding SEVO group, n = 6 per group, all data are mean +/- SD. 7-NI = 7-
nitroindazole; AG = aminoguanidine; APRO = aprotinin 45 min before ischemia; APRO-SEVO-I, -II, and 
-III = same protocol as corresponding SEVO-group with coadministration of aprotinin, starting 45 min 
before ischemia; CON = control group; KIU = kallikrein inhibitor units; L-NAME = N-nitro-l-arginine 
methyl ester; L-NAME-SEVO-III, AG-SEVO-III, and 7-NI-SEVO-III = like SEVO-III with pretreatment with 
L-NAME (nonspecific NOS blocker), AG (specific inducible NOS blocker) or 7-NI (neuronal NOS block-
er), respectively; L-NAME, AG, and 7-NI = control experiments plus NOS blocker; MAC = minimum 
alveolar concentration; NOS = nitric-oxide synthase; SEVO-I, -II, -III. or -VI = sevoflurane group with 
administration of 1 MAC sevoflurane 1, 2, 3, or 6 times, respectively, for 5 min each, interspersed 
with 5 min of washout, 10 min before ischemia and reperfusion. 

Hemodynamic Measurement 
SevoPC led to a decrease in mean aortic pressure and heart rate (see table 
1) during the preconditioning protocol. However, at the last washout before 
ischemia these hemodynamic changes disappeared. Heart rate was reduced 
only in the aminoguanidine-SEVO-III and 7-NI-SEVO-III groups during is-
chemia compared with CON. During reperfusion, heart rate was reduced in 
the SEVO-II and SEVO-III groups compared with CON. 



 

 



 

 

Immunoblotting of Phosphorylated eNOS 
In the cytosolic fraction (P1), we could 
observe no changes in total or phos-
phorylated eNOS, respectively (data 
not shown). In the membrane fraction 
(P2), there was no change in total eNOS 
content, but we observed a 2.4 –3.2-
fold increase in eNOS phosphorylation 
after SEVO-I, -II, -III, and -VI, respec-
tively. In the SEVO-III protocol, the in-
creased phosphorylation was abolished 

by aprotinin. However, aprotinin alone had no effect on eNOS phosphoryla-
tion (see table 2). 



 

Discussion 
The aim of the study was to investigate whether multiple cycles of SevoPC 
are superior to a single cycle of SevoPC. Furthermore, we determined in 
which way aprotinin interferes with SevoPC and whether eNOS is involved. 

In our model, multiple cycles SevoPC led to increased cardioprotection in 
rat hearts in vivo. Even using a protocol wherein maximal protection is 
achieved, aprotinin completely abolished SevoPC. L-NAME likewise entirely 
abolished SevoPC, indicating the involvement of NOS. In contrast, 7-NI and 
aminoguanidine led to a partial blockade of SevoPC. This indicates that 
nNOS and iNOS are partially involved in SevoPC. 

Each SevoPC protocol employed led to a similar increase of eNOS phos-
phorylation. Treatment with aprotinin before SevoPC completely abolished 
this phosphorylation, indicating that eNOS phosphorylation seems to be 
necessary for SevoPC. 

Multiple-Cycle Preconditioning 
In the early studies, ischemic preconditioning looked like an “all or nothing” 
phenomenon. In some studies, increasing the duration or the number of is-
chemic stimuli did not increase the protection against ischemia–reperfusion 
injury.25,26 However, increasing the number of stimuli seems to activate 
more cardioprotective signaling pathways compared with a singlecycle pro-
tocol. The strength of the achievable cardioprotection depends on the ex-
perimental conditions.9 Riess et al.7 compared several protocols in guinea 
pig hearts in vitro. Using a concentration of 0.4 mM sevoflurane (approxi-
mately 2.8 vol%) for one 15-min or two 5-min treatments or a concentra-
tion of 0.2 mM sevoflurane (approximately 1.4 vol%), the authors found the 
strongest infarct size-reducing effect in the group treated with the high 
concentration given two times for 5 min.7 These results indicated for the 
first time that a multiple cycle regimen is superior to a single cycle protocol 
and that there seems to be a dose dependency in anesthetic-induced pre-
conditioning. This dose dependency has later been confirmed for desflu-
rane.8 In the same study, Lange et al.8 demonstrated in rabbit hearts in vivo 
that a single-cycle protocol, consisting of 0.5 MAC desflurane for 30 min, did 
not induce cardioprotection, whereas the same concentration given three 
times for 10 min each did. One might ask whether the longer administration 
time in a multiple-cycle protocol is responsible for the observed enhance-



 

ment of cardioprotection. We cannot answer this question from our data, 
but from experimental7,8 and clinical data,27 it is obvious that a pulsed ad-
ministration is necessary to improve the effect of preconditioning. We could 
clearly demonstrate that increasing the number of preconditioning cycles 
improves cardioprotection in terms of infarct size reduction with a maxi-
mum after three cycles. The use of a multiple-cycle protocol was one of the 
identified differences from our clinical study.6 We conclude that this effect 
could be responsible, at least in part, for the observed cardioprotection in 
our clinical trial.6 

Aprotinin Abolished SevoPC 
Aprotinin has possible direct cardioprotective properties.14,15 On the other 
hand, aprotinin has been shown to abolish ischemic-induced precondition-
ing in sheep in vivo.16 Inamura et al.18 demonstrated that sevoflurane-
induced postconditioning is abolished in the presence of aprotinin in guinea 
pig hearts in vitro. When given throughout the entire experimental protocol 
(starting 10 min before ischemia until the end of reperfusion), aprotinin al-
so abolished the observed cardioprotection. Because many of the signaling 
pathways of ischemic- and anesthetic-induced preconditioning are similar, 
we investigated whether aprotinin also blocks SevoPC. In our model, we 
could detect no direct cardioprotective properties of aprotinin (fig. 2), but 
we could clearly show that aprotinin abolished SevoPC in the rat heart in 
vivo. This blockade is independent on the preconditioning protocol used. In 
contrast, in multiple cycles of ischemic-induced preconditioning, it was 
shown that blocking only one step of the signaling pathway (protein kinase 
C or adenosine 3’,5’-cyclic monophosphate activity) was not sufficient to 
abolish the cardioprotective effect.28 Whether this difference is caused by 
differences in the signaling pathways of ischemic- and anesthetic-induced 
preconditioning, by the chosen target (protein kinase C, adenosine 3’,5’-
cyclic monophosphate, eNOS) or by a substance-specific effect of aprotinin 
cannot be answered from our data and needs further clarification. 

The second difference between our clinical trial6 and others has a major 
impact on SevoPC: the use of aprotinin. However, extrapolation of data from 
animal studies into the clinical setting should always be done with great 
caution. 



 

eNOS, Aprotinin, and SevoPC 
In human coronary artery cells, isoflurane-induced preconditioning has 
been shown to be mediated through the 90-kd heat shock protein-eNOS 
pathway.21 Using the unspecific NOS blocker L-NAME, it was shown that 
desflurane-induced myocardial preconditioning is mediated by NOS activi-
ty.29 Sevoflurane-induced postconditioning leads to an increased nitric ox-
ide production in vitro, and this increase is reduced by aprotinin18 and abol-
ished by the nonselective NOS inhibitor L-NAME. Until now there has been 
no direct evidence that eNOS plays a crucial role in the signaling pathway of 
anesthetic-induced cardioprotection. We observed a profound increase in 
eNOS phosphorylation (see table 2) after SevoPC that was blocked in the 
presence of aprotinin. Aprotinin was clinically used as an antifibrinolytic 
agent; in experimental laboratories, it is widely used as protease inhibitor. 
Ulker et al.19 demonstrated that aprotinin down-regulates eNOS messenger 
RNA and protein expression in cultured rat coronary microvascular endo-
thelial cells. We detected no differences in total eNOS amount in our study. 
Increase in gene expression and subsequent de novo protein biosynthesis 
requires time. Ulker et al.19 treated their cells overnight with aprotinin 
gathering the required time for the protein de novo synthesis. In our set-
ting, the duration of aprotinin treatment was most likely too short for de 
novo synthesis.19 On the other hand, phosphorylation is a fast and short-
lived reaction. Therefore, we investigated whether a difference in eNOS 
phosphorylation at the different time points of our protocol exists. In all of 
our experimental protocols, we detected a similar increase in phosphoryla-
tion. This indicates that one-cycle SevoPC is sufficient to achieve a maximal 
phosphorylation of eNOS in the myocardium. On the other hand, this raises 
the question of whether eNOS phosphorylation is the only signaling path-
way involved in SevoPC. As mentioned above in ischemic PC, increasing the 
number of cycles increases the intracellular signaling pathways, leading to 
stronger and more robust signaling. In addition, aprotinin is reported as the 
first competitive protein inhibitor of NOS activity.30 L-NAME, like aprotinin, 
completely abolishes SevoPC. In contrast, 7-NI and aminoguanidine did not 
abolish SevoPC. However, we observed a partial inhibition of cardioprotec-
tion in that the infarct sizes in these groups were at the level of two cycles 
of SevoPC. Isoflurane has been shown to induce postconditioning (a cardio-
protective mechanism sharing signaling pathways with preconditioning) is 
mediated by preventing mitochondrial permeability transition pore open-



 

ing via an eNOS-dependent mechanism.31 Another approach to explain NOS-
mediated cardioprotection is based on the theory that the mitochondria it-
self are able to generate nitric oxide from NOS. Here, nNOS could be one of 
the possible sources preventing opening of the mitochondrial permeability 
transition pore.32 However, the mechanism by which NOS is mediating pre-
conditioning remains unclear. Taking all data together, we conclude that 
aprotinin inhibits eNOS phosphorylation in SevoPC in the rat heart in vivo, 
which is a crucial step in the signal transduction cascade. 

Limitations of the Study 
Because of the lack of an available eNOS blocker, we cannot directly show 
that eNOS mediates SevoPC. However, using specific blockers of nNOS and 
iNOS, we were able to show indirectly that eNOS is most likely to be the in-
volved isoform of NOS. Because the nNOS and iNOS blockers themselves 
also impaired the cardioprotective effect, it is possible that these isoforms 
are at least partially involved in this phenomenon. On the other hand, ami-
noguanidine and 7-NI are not 100% specific blockers of nNOS33 and iNOS,34 
respectively. Therefore, it is most likely that these substances partially 
blocked eNOS, leading to a partial blockade of the preconditioning effect. 

We did not investigate four or five cycles of SevoPC, longer administration, 
or higher concentrations. One of these protocols could theoretically have 
led to stronger cardioprotection. 

Global hemodynamics can influence myocardial oxygen consumption. Dur-
ing sevoflurane administration, we observed a decrease in mean aortic 
pressure and heart rate. However, this decrease was reversed immediately 
before index ischemia. During ischemia, we found a solely statistically sig-
nificant decrease in heart rate in animals in the SEVO-III group. However, 
that this decrease in heart rate should be responsible for the observed car-
dioprotection seems highly unlikely. Animals in the L-NAME-SEVO III group 
had an even lower heart rate but had infarct sizes in the same order as ani-
mals in the control group. 

Premenopausal women, compared with men of the same age, possess a re-
duced risk for cardiovascular disease.35 This tolerance to ischemia–
reperfusion is mediated by estrogen.36 The expression of iNOS and eNOS is 
stimulated by 17β-estradiol in rats in vivo.37 In some studies, premenopau-
sal female animals showed reduced ischemia–reperfusion injury.38,39 How-



 

ever, these results are inconsistent; no sex differences were found in in vivo 
rat models or in vitro mouse models. Wang et al.40 investigated sex-specific 
differences in isoflurane-induced late preconditioning. Female rabbits had a 
smaller infarct size compared with male rabbits.40 However, administration 
of isoflurane 24 h before ischemia and reperfusion reduced infarct size in 
male rabbits only. This male-specific cardioprotective effect was abolished 
by the nonspecific NOS blocker L-NAME, whereas specific pharmacological 
blockade of nNOS or iNOS had no influence on infarct size.40 It remains un-
clear whether employing a different (pulsed) protocol in female subjects 
could lead to anesthetic-induced late preconditioning. No data exist on sex-
specific differences in anesthetic induced early preconditioning. In isolated 
hearts taken from female mice, ischemia induced early preconditioning 
could not be induced. Again, hearts from female mice had decreased infarct 
sizes compared with hearts from male counterparts.41 Despite sex-specific 
differences, it is also possible that species specific differences for the in-
volvement of NOS in cardioprotection exist. In rats, nNOS plays a substan-
tial role in nitric-oxide mediated protection against ischemia–reperfusion–
induced ventricular fibrillation, whereas in rabbits and marmosets, it does 
not.42,43 However, in patients with unstable angina compared with patients 
without angina, increased concentrations of eNOS are reported.44 

Our results indicate for the first time that eNOS phosphorylation is a crucial 
step in mediating cardioprotection by sevoflurane. We did not confirm this 
result with an established eNOS blocker, but we could clearly show that 
aprotinin blocks eNOS phosphorylation and sevoflurane-induced infarct 
size reduction. 

In conclusion, we demonstrate that multiple cycles of SevoPC are superior 
to single-cycle protocol. Aprotinin abolishes this cardioprotection inde-
pendent of the protocol used. 
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