
PPuurrppoossee:: There are several reports suggesting that volatile anes-
thetics alter vascular endothelial function. We analyzed the effect of
sevoflurane, a fluorinated volatile anesthetic, on nitric oxide (NO)-
dependent relaxation, evaluating the role of the endothelium-
derived vasoconstrictor endothelin-1 (ET-1).
MMeetthhooddss:: The experiments were performed in rat isolated aortic
segments aerated in the absence and in the presence of sevoflurane
(2%). 
RReessuullttss: Acetylcholine–induced relaxation was reduced in aortic
segments aerated with sevoflurane. Sevoflurane failed to modify
relaxatation in response to an exogenous NO donor, sodium nitro-
prusside. Superoxide dismutase, a scavenger of superoxide anion,
partially restored the impaired vasorelaxation induced by sevoflu-
rane, an effect that was associated with the release of superoxide
anion. The presence of BQ-123, an antagonist of endothelin ETA-
type receptors, normalized the vasorelaxing response to acetyl-
choline in the presence of sevoflurane. In addition, BQ-123 also
reduced the ability of the sevoflurane-incubated vascular wall to
release superoxide anion. 
CCoonncclluussiioonnss:: Our results suggest that sevoflurane impairs the
endothelium-dependent vasorelaxation but that the endothelium-
independent response remains intact. ET-1 and superoxide anion
are involved in the endothelial dysfunction induced by sevoflurane.
Further studies are needed to associate the endothelial dysfunction
related to sevoflurane shown herein and its reported precondition-
ing properties on the myocardium.

Objectif : Certains articles suggèrent que les anesthésiques volatils
modifient la fonction endothéliale vasculaire. Nous avons analysé l’ef-
fet du sévoflurane, un anesthésique volatil fluoré, sur la relaxation liée

à l’oxyde nitrique (NO) en évaluant le rôle de l’endothéline-1 (ET-1)
vasoconstrictrice d’origine endothéliale.

Méthode : Les expériences ont été réalisées sur des segments aor-
tiques isolés de rat aérés en l’absence et en présence de sévoflurane
à 2 %.

Résultats : La relaxation induite par l’acétylcholine a été réduite
dans les segments aérés avec le sévoflurane. Le sévoflurane n’a pas
modifié la relaxation en réponse à un donneur de NO exogène, le
nitroprussiate de sodium. La superoxyde dismutase, un piégeur de
l’anion superoxyde, a partiellement restauré la vasorelaxation modifiée
induite par le sévoflurane, un effet qui est associé à la libération de
l’anion superoxyde. La présence de BQ-123, un antagoniste des
récepteurs de type endothéline ETA, a normalisé la réponse vasore-
laxante à l’acétylcholine en présence du sévoflurane. Le BQ-123 a
aussi réduit la capacité de la paroi vasculaire mise en incubation dans
le sévoflurane à libérer l’anion superoxyde.

Conclusion : Nos résultats laissent croire que le sévoflurane affecte
la vasorelaxation d’origine endothéliale mais que la réponse indépen-
dante de l’endothélium demeure intacte. L’ET-1 et l’anion superoxyde
sont impliqués dans le dérèglement endothélial induit par le sévoflu-
rane. D’autres études seront nécessaires pour pouvoir associer le dérè-
glement endothélial relié au sévoflurane démontré ici et ses propriétés
mentionnées de préconditionnement sur le myocarde.

ITRIC oxide (NO) is a multifunctional
molecule with an important role in the
relationship between the cells that com-
pose the microvascular environment.1–4

However, the first described effect of NO was its
vasodilating property. NO is generated from the meta-
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bolic conversion of L-arginine into L-citrulline by the
activity of the endothelial NO synthase.5 The NO
generated by the endothelium provokes vasodilation
by stimulating soluble guanylate cyclase in the adja-
cent vascular smooth muscle cells.1 Nitrovasodilators
cause relaxation of vascular tissue independently of the
endothelium by releasing NO and activating cyclic
GMP formation in the smooth muscle cells.6

Superoxide anion inhibits the action of NO and this
inhibition is attenuated by the concomitant applica-
tion of superoxide dismutase (SOD).7,8

The endothelium also releases vasoconstrictor fac-
tors. Endothelin-1 (ET-1) is a potent vasoconstrictor
peptide generated by endothelial cells that counterbal-
ances the vasodilating effect of NO.9 Therefore, alter-
ations in the endothelium-dependent relaxation could
be associated not only with a defect in the NO/cGMP
system but also with increased ET-1 release.

Sevoflurane is a fluorinated volatile anesthetic agent
that provides rapid induction and recovery consistent
with its low blood solubility.10,11 There are several
reports suggesting that volatile anesthetics alter vascu-
lar endothelial function or the effect of endothelium-
released vasodilating factors on vascular smooth
muscle activity. In this regard, it has been demonstrat-
ed that isoflurane relaxed the vessels without endothe-
lium more than the vessels with endothelium,
suggesting that this volatile anesthetic may reduce the
release of endothelium-derived relaxing factors or
increase the release of endothelium-derived contract-
ing factors.12 However, the role of ET-1 in the effect
of sevoflurane on the NO/cGMP relaxing system has
not been investigated. Therefore, the aim of the pre-
sent study was to analyze the effect of sevoflurane on
the NO-dependent relaxation system. Moreover, the
involvement of ET-1 and superoxide anion was also
evaluated.

MMaatteerriiaall  aanndd  mmeetthhooddss
Preparation for isometric tension measurements
The study protocols were approved by the
Institutional Ethics Committee for Animals and were
performed according to the international conventions
on animal experimentation.

Experiments were carried out using 30 male Wistar
rats weighing 300 ± 20 g. The animals were anes-
thetized with pentobarbital (30 mg·kg–1 im) and the
descending thoracic aorta was removed to test the
endothelium-dependent response to acetylcholine
(Ach) and the endothelium-independent response to
sodium nitroprusside (SNP).

Thoracic aortic segments were cut into portions of
2 mm in length and were suspended in Krebs-

Henseleit’s solution (in mmol·L–1: NaCl 115, KCl
4.6, KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, NaHCO3
25, glucose 11.1 and calcium sodium EDTA 0.02 pH
7.4) at 37°C. The organ bath contained 5 mL of the
solution aerated with 95% O2/ 5% CO2 or a mixture
containing sevoflurane. Sevoflurane was delivered
using a calibrated agent-specific vaporizer (Abbot,
France). The concentration of sevoflurane in the
resulting gas mixture was monitored continuously by
a precalibrated multi-gas anesthetic agent analyzer
(Datex Capnomac, Helsinki, Finland). The mean bath
anesthetic concentration after equilibration on aortic
segment preparations was 2% sevoflurane. Aortic seg-
ments were connected to isometric force displacement
transducers coupled to a computer system (Power Lab
400, AD Instruments, Casterhill, NSW, Australia).
The segments were allowed to rest to the previously
determined optimal resting force of 2 g, as determined
by repeated exposure to 20 mmol·L–1 KCl. The
endothelium-dependent relaxation to Ach and the
endothelium-independent relaxation to SNP were
tested on arteries precontracted with 10–5 mol·L–1

phenylephrine as reported previously.13 The dose-
response curves were determined in a cumulative
manner. All the experiments were performed in the
presence of indomethacin (10–5 mol·L–1) to block any
effect mediated by the activation of cyclooxygenase
which could hide the NO-related effects.

Additional experiments were done in the presence
and in the absence of the superoxide anion scavenger,
superoxide dismutase, and with the endothelin-type A
receptor antagonist BQ-123 (10–6 mol·L–1).

Superoxide anion generation
The amount of superoxide anion generated by the
aortic segments was determined by measuring the
SOD-inhibitable reduction of ferricytochrome C. In
brief, aortic rings were placed in a water bath at 37°C
in the above- described Krebs-Henseleit´s solution
containing 0.1 mmol·L–1 ferricytochrome C and incu-
bated for 30 min in the presence and in the absence of
2% sevoflurane. The generation of superoxide anion
was calculated as the difference in absorbance between
aortic rings incubated with and without SOD (400
U·mL–1). The difference was then divided by the
molar extinction coefficient change between ferricy-
tochrome C and ferrocytochrome C to determine
nmoles of superoxide radicals produced over 30 min.
All observations were made in triplicate and the data
averaged. The absorbance was measured in a spec-
trophotometer at 550 nm.
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Statistical methods
Results are expressed as mean ± SEM. Each of the
above mentioned studies was performed in a mini-
mum of ten different aortic segments. Comparisons
were performed by ANOVA. Bonferroni´s correction
for multiple comparisons was used to determine the
level of significance of the P value. P < 0.05 was con-
sidered significant. 

RReessuullttss
Vasorelaxation studies
Ach produced a dose-related relaxation in phenyle-
phrine-precontracted aortic rings from controls (Figure
1A). Relaxation to Ach was significantly reduced in
sevoflurane-incubated aortic rings (Figure 1A). The
EC50 for control vascular segments was 1 × 10–8 ± 1.1
mol·L–1 and the EC50 for 2% sevoflurane-incubated seg-
ments was 1.8 × 10–7 ± 0.2 mol·L–1 (P < 0.05). The
EC50 values were taken from individual fits to data from
each experiment. Four percent sevoflurane more
markedly reduced Ach-induced relaxation than 2%
sevoflurane suggesting a dose-dependent effect of
sevoflurane (Figure 1A). The EC50 for 4% sevoflurane-
incubated segments was 5.3 × 10–7 ± 0.6 mol·L–1 (P <
0.05 with respect to control). A greater maximum
response to Ach was also observed in control aortic
rings than in 2% and 4% incubated aortic segments
(Figure 1A). Removal of the endothelium from the
aorta by gentle rubbing completely prevented the relax-
ing response to Ach in both control and 2% and 4%
sevoflurane-incubated aortic segments (Figure 1B).
The endothelium–independent relaxation, as evaluated
by the SNP-induced dose-response relaxation, was sim-
ilar in control and in 2% and 4% sevoflurane-treated aor-
tic rings (Figure 1C).

Involvement of ET-1 in the endothelial dysfunction
induced by sevoflurane
We further analyzed the mechanism involved in the
endothelial dysfunction induced by sevoflurane. For
this purpose we used a submaximal dose of sevoflu-
rane (2%) to facilitate the reversion of the effects elicit-
ed by sevoflurane. Since superoxide anions are
important to accelerate the catabolism of NO, further
experiments were performed on 2% sevoflurane-incu-
bated aortic rings in the presence of the superoxide
anion scavenger SOD. Addition of 200 U·mL–1 SOD
partially prevented the impaired relaxation to 10–4

mol·L–1 Ach induced by sevoflurane (Figure 2).
Higher doses of SOD (300 and 400 U·mL–1) did not
enhance the effect obtained with 200 U·mL–1 SOD
on the Ach-dependent relaxation (Figure 2). The
addition of 400 U·mL–1 SOD to control vascular seg-
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FIGURE 1 Graph showing vascular relaxation by acetylcholine
(Ach) in the presence (A) and in the absence (B) of endothelium
in control (open circles) and 2% (closed circles and 4% closed
squares) sevoflurane-treated rat isolated aortic rings. The vascular
relaxation to sodium nitroprusside is also shown (C). Results are
expressed as percent relaxation with respect to contraction by
phenylephrine (10–5 mol·L–1). Results are represented as mean ±
SEM of ten different aortic segments. *P < 0.05 with respect to
the Ach response curve in control segments.



ments failed to modify the relaxing response to Ach
(EC50: 5.0 × 10–8 ± 0.08 mol·L–1; P = NS with respect
to control segments).

Then we attempted to evaluate the involvement of
ET-1 in the above-mentioned impaired endothelium-
dependent relaxation elicited by sevoflurane.
Incubation of isolated aortic segments with BQ-123
(10–6 mol·L–1), an ETA-type receptor antagonist, nor-
malized the relaxation induced by Ach in aortic seg-
ments exposed to sevoflurane (Figure 3). BQ-123
failed to modify the relaxing response to Ach in con-
trol segments (Figure 3).

Two percent sevoflurane stimulated the ability of
isolated aortic segments to release superoxide anion
(control: 1.06 ± 0.03 µg·mg–1 protein; sevoflurane:
2.1 ± 0.05 µg·mg–1 protein; P < 0.05). The presence
of BQ-123 reduced the amount of superoxide anion
released from sevoflurane-incubated aortic segments
(1.54 ± 0.06 µg·mg–1 protein; P < 0.05 with respect
to sevoflurane-treated aortic segments). However, the
ability of the vascular wall to release superoxide anion
remained significantly elevated with respect to control
aortic rings (P < 0.05). No additional effects on
sevoflurane–induced superoxide anion release were
obtained with higher concentrations of BQ-123 (10–5

mol·L–1 and 10–4 mol·L–1).

DDiissccuussssiioonn
We have shown that sevoflurane impairs, in a dose
dependent manner, the endothelium-dependent
vasorelaxation to Ach but does not modify the
endothelium-independent relaxing response to an
exogenous NO-donor, SNP. These results suggest
that the effect of sevoflurane is located somewhere
along the pathway leading from Ach signalling to the
transduction of NO from the endothelium to smooth
muscle cells.

In accordance with our results Yamaguchi et al.
have also demonstrated that 2% sevoflurane attenuat-
ed the endothelium-dependent relaxation, an effect
that has been more markedly observed by other
authors with 4% sevoflurane although the involved
mechanisms were not completely established.14–16

NO is degraded by free radicals, particularly by super-
oxide anion. We then determined the effect of sevoflu-
rane on the ability of the vascular wall to release
superoxide anion. Sevoflurane increased the release of
superoxide anion by the vascular wall. However, although
the superoxide anion scavenger SOD significantly
improved the Ach-dependent relaxation, it remained
reduced with respect to control aortic segments. These
results indicate that superoxide anion is involved in the
effect of sevoflurane on endothelial functionality
although additional factors should be implicated.
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FIGURE 2 Bar graph showing vascular relaxation by 
10–4 mol·L–1 acetylcholine (Ach) in control and sevoflurane (2%)-
treated rat isolated aortic segments. The effect of the superoxide
anion scavenger, superoxide dismutase (SOD), was analyzed.
Results are expressed as percent relaxation with respect to contrac-
tion by phenylephrine (10–5 mol·L–1). Results are represented as
mean ± SEM of ten different aortic segments. *P < 0.05 with
respect to control segments. ✰P < 0.05 with respect to sevoflu-
rane-treated segments in the absence of SOD.

FIGURE 3 Graph showing vascular relaxation by 10–4 mol·L–1

acetylcholine (Ach) in control (open circles) and sevoflurane (2%)-
treated (closed circles) rat isolated aortic segments in the presence
and in the absence of the ETA-type receptor antagonist, BQ-123
(10–6 mol·L–1; for sevoflurane + BQ-123, closed triangles; for con-
trol + BQ-123 open triangles). Results are expressed as percent
relaxation with respect to contraction by phenylephrine 
(10–5 mol·L–1). Results are represented as mean ± SEM of ten dif-
ferent aortic segments. *P < 0.05 with respect to control segments.



Endothelial dysfunction can occur not only because
of a lack of the NO/cGMP-dependent vasodilating sys-
tem, but also because of an increased release of vaso-
constrictor agents. In this regard, the endothelium is
the source of the potent vasoconstrictor, ET-1, which
has been reported to be increased during surgery.9,17

ET-1 is a 21- aminoacid peptide that binds to ETA-type
receptors expressed on smooth muscle cells inducing a
vasoconstrictor response.18,19 Interestingly, ET-1 is also
capable of stimulating the production of superoxide
anion by several types of cells.20,21

In our study, a specific antagonist of the ETA-type
receptors, BQ-123, normalized the endothelium-
dependent vasorelaxing response impaired by sevoflu-
rane suggesting that vasoconstriction related to ET-1
could be counterbalancing the NO-dependent vasore-
laxing system in sevoflurane-incubated aortic seg-
ments. It has been also reported that ET-1 reduces the
ability of the endothelium to release NO.22

Several reports are in accordance with our results.
Izumi et al. have reported recently that, in the pres-
ence of endothelium, sevoflurane enhanced the con-
tractile response to norepinephrine in isolated
mesenteric arteries.23 This could be related to the
reduction of the NO-dependent vasorelaxing response
secondary to ET-1 release that we have shown.
Different studies have also postulated that volatile
anesthetics such as halothane, isoflurane and even
sevoflurane attenuated the endothelium-dependent
relaxation.24–26

The fact that sevoflurane reduced the NO-depen-
dent relaxation may be explained by a possible binding
activity of sevoflurane to NO, avoiding the action of
NO on smooth muscle cells. However, a recent study
has shown the inability of sevoflurane to interact
chemically with NO and its ability to inhibit NO pro-
duction directly in endothelial cells.27

The originality of our study lies in the demonstra-
tion of the involvement of ET-1 in sevoflurane-
induced endothelial dysfunction. Blockade of
ETA-receptors by BQ-123 completely reverted the
impaired vasorelaxing response to Ach in sevoflurane-
treated aortic segments. This rules out a possible
direct effect of sevoflurane on Ach receptors.

It is noteworthy that BQ-123 reduced superoxide
anion production by sevoflurane-treated aortic seg-
ments although the superoxide anion production
remained elevated with respect to control vessels. These
results suggest that the stimulation of superoxide anion
production by sevoflurane was only partially dependent
of ET-1. Further studies are needed to elucidate other
mechanisms by which sevoflurane induced superoxide
anion generation by the vascular wall.

A reduction in endothelium-dependent vaxorelax-
ation by either a defect in the NO system and/or an
increase in the production of endothelium-derived vaso-
constrictors, i.e., ET-1, could compromise the protective
ability of the endothelium not only against vasoconstric-
tion but also against thrombosis and leukocyte adhesion
as occurs in myocardial ischemia.3,28 We have to keep in
mind the anti-platelet and leukocyte activation properties
of NO and the opposite effects of ET-1 on platelets and
leukocyte activation.1,3,29 Several studies have suggested
that volatile anesthetics mimic ischemic preconditioning
of the myocardium.30 Further studies are warranted to
correlate the effects of sevoflurane shown herein on
endothelial functionality and its reported precondition-
ing properties on the myocardium.

A limitation of the present study may be its in vitro
character. Clinically, sevoflurane administration has the
effect of lowering blood pressure, presumably in part by
vasodilation. In our study we only analyzed the direct
effect of sevoflurane on the NO-dependent relaxing sys-
tem in the vascular wall. However, in in vivo conditions
sevoflurane may act both centrally and peripherally,
attenuating neuronal excitatory activity and producing
a systemic vasodilating action. In this regard, it was
recently reported that sevoflurane inhibited norepi-
nephrine outflow from the nerve terminals.31

In summary, our results suggest that ET-1 is
involved in the endothelial dysfunction induced by
sevoflurane. This endothelial dysfunction may have
clinical implications, specially with regard to mecha-
nisms involved in the reported preconditioning prop-
erties of sevoflurane on the myocardium.
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