Anesthesiology
76:440-447, 1992

Selective Impairment of Endothelium-dependent Relaxation

by Sevoflurane: Oxygen Free Radicals Participation

Kazu-ichi Yoshida, D.D.S.,* Eiichiro Okabe, D.D.S., Ph.D.t

To determine whether sevoflurane alters endothelium-mediated
vasodilation of vascular smooth muscle, isolated ring preparations
of canine mesenteric arteries were suspended for isometric tension
recordings in modified Krebs-Ringer bicarbonate solution at 37° C.
Following contraction with norepinephrine, cumulative concentra-
tion-response curves were generated using endothelium-dependent
vasodilators (acetylcholine, bradykinin, and calcium ijonophore
A23187) or nitroglycerin. The relaxation produced by acetylcholine,
bradykinin, or A23187 was impaired by sevoflurane (2.3 and 4.6
vol%); sevofiurane did not affect relaxation caused by nitroglycerin,
which, in these vessels, acts by an endothelium-independent mech-
anism. Under the same experimental conditions as those used for
the concentration-response relationship, electron spin resonance
spin-trapping with 5,5-dimethyl-1-pyrroline N-oxide verified gen-
eration of hydroxyl radical from the sevoflurane-delivered bathing
media; the generation of hydroxyl radical was inhibited by super-
oxide dismutase, a scavenger of superoxide anion radical, or by the
powerful iron chelator deferoxamine. Furthermore, sevoflurane-in-
duced impairment of the relaxation caused by the endothelium-de-
pendent vasodilators used was significantly decreased by superoxide
dismutase. These results indicate that superoxide anion radical and/
or closely related species of oxygen free radicals, possibly hydroxyl
radical, are involved in the observed effect of sevoflurane. We pro-
pose that sevoflurane selectively impairs endothelium-dependent
relaxation in canine mesenteric arteries by an oxygen free radical
mechanism, mainly due to inactivation of endothelium-derived re-
laxing factor. (Key words: Anesthetics, volatile: sevoflurane, Artery:
mesenteric. Endothelium: endothelium-derived relaxing factor.
Measurement technique: electron spin resonance. Oxygen free rad-
icals: hydroxyl radical; superoxide anion. Pharmacology: acetyl-
choline; bradykinin; calcium ionophore A23187; deferoxamine; ni-
troglycerin.)

SEVOFLURANE is a fluorinated volatile anesthetic agent
that provides rapid induction and recovery consistent with
its low blood solubility.'~* The drug appears to be similar
to the other potent halogenated inhalational anesthetics
in its ability to depress the cardiovascular system.? With
regard to the effects of volatile anesthetics, Muldoon et
al.* suggested an effect of halothane on the synthesis, re-
lease, or transport of the endothelium-derived relaxing
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factor (EDRF) in rabbit aorta and canine femoral and
carotid arteries, and proposed that halothane interferes
with EDRF-mediated relaxation of vascular smooth mus-
cle. Furthermore, Stone and Johns® have shown that at
concentrations up to 4%, enflurane and isoflurane cause
vasoconstriction through inhibition of basal EDRF pro-
duction and/or stimulation of the release of an endothe-
lium-derived constricting factor.

Endothelial cells control or modify the reactivity of
vascular smooth muscle in mammalian blood vessels,®-8
Furchgott and Zawadzki® reported that acetylcholine
(ACh) induces the endothelial production of a diffusible
potent smooth muscle relaxant, termed EDREF, in isolated
in vitro preparations of arteries. Subsequent in vitro studies
have demonstrated that EDRF production may also be

-induced by many other vasoactive substances, such as bra-

dykinin, calcium ionophore A23187, ADP, and ATP%1°
not only in arteries but also in veins.!! The mechanism
by which EDRF causes the vascular relaxation is associated
with increased levels of guanosine 3',5"-cyclic monophos-
phate (cGMP) in vascular smooth muscle resulting from
activation of soluble guanylate cyclase.!2

The superoxide anion radical (-O2") is capable of in-
hibiting the action of EDRF, as observed by Griffith et
al.'® that EDRF inhibitors such as phenidone, BW755C,
dithiothreitol, and hydroquinone inhibit the action of
EDREF released from the endothelial cells; the inhibitory

action of these compounds is attenuated by concomitant:

application of superoxide dismutase (SOD). This suggests
that EDRF inhibitors used can inactivate EDRF via gen-
eration of -Oy™. Furthermore, this postulate was con-
firmed by demonstrating that another generator of - O,™,
pyrogallol, inhibits the action of EDRF and that cyto-
chrome ¢, an Oy~ scavenger, potentiates the action of
EDRF.'

Although sevoflurane has only recently been used clin-
ically in Japan, no reports have been made concerning
the mechanism of action of sevoflurane on endothelium-
dependent vascular relaxation. Therefore, we designed
the following study in an attempt to gain insight into the
effect of sevoflurane on EDRF-dependent relaxation
(produced by ACh, bradykinin, and calcium ionophore
A23187)and on EDRF-independent relaxation (produced
by nitroglycerin). Attempts were also made using electron
spin resonance (ESR) spectrometry, a technique permit-
ting the direct study of oxygen free radicals, to test the
hypothesis that oxygen free radical mechanism contributes
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to the effect of sevoflurane. In this paper, we report that
the action of EDRF released from endothelial cells is in-
hibited directly by sevoflurane due to oxygen free radicals
generated from sevoflurane itself.

Materials and Methods

VESSEL COLLECTION, PREPARATION, AND
ISOMETRIC TENSION RECORDINGS

In accordance with our institutional Animal Care
Committee guidelines, mesenteric arteries were taken
from mongrel dogs of either sex (7-15 kg) after exsan-
guination during anesthesia with sodium pentobarbital
(30 mg/kg intravenously). Fat and other nonvascular tis-
sues were gently dissected off of the blood vessels, which
were cut into rings (2-3 mm in length, 1-3 mm intimal
diameter) without disturbing the intimal layer after
placement in cold modified Krebs-Ringer solution (control
solution) of the following composition (in millimolar): 0.05
indomethacin to prevent volatile anesthetics-induced re-
lease of a vasodilating prostanoid from endothelium,?
128.0 NaCl, 4.9 KCl, 1.2 MgCly, 1.6 CaCly, 14.8 Na-
HCOg, 1.18 NaHoPOy,, 10.0 dextrose, and 0.026 calcium
disodium ethylenediaminetetraacetic acid (pH 7.4). Rings
with endothelium were prepared from adjacent segments
of the same vessel.

The rings were suspended in a 20-ml water-jacketed
tissue bath (37° C) and equilibrated for 120 min in control
solution continuously aerated with 95% O9—5% CO,. The
solution was changed at 15-min intervals during equili-
bration. During this time, the rings were stretched to a
final tension of 2.0 g.!® Tension development was mea-
sured with an isometric force transducer (Nihon Kohden,
TB-612-T, Tokyo) and recorded using an amplifier (Ni-
hon Kohden, AP-601-G, Tokyo) attached to a recorder
(Nihon Kohden, PJ-691-G, Tokyo).

Isolated blood vessels have been shown to exhibit little
or no active tension; therefore, for the study of smooth
muscle relaxation, tension first needs to be induced with
a vasoconstrictor. The concern raised is whether or not
norepinephrine, when used, is inactivated by sevoflurane.
However, sevoflurane at 2.3 and 4.6 vol% 1 h after ini-
tiation of this anesthetic delivery attenuated the phenyl-
ephrine (1077 to 10~ M)-evoked contraction of the ring
preparations, but not norepinephrine (1077 to 10~ m)-
evoked contraction, with rightward shift of the concen-
tration—contraction curves. This ensures that norepi-
nephrine is not inactivated by sevoflurane in our system,
and suggests that the differential inhibition by sevoflurane,
like enflurane,'® may be a consequence of its preferential
interference with postjunctional ¢ adrenoceptors in the
vascular smooth muscle of mesenteric arteries, on the one
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hand, and to the relatively higher affinity of phenylephrine
for o) compared to ap adrenoceptors,'® on the other.
Thus, relaxation responses to ACh, bradykinin, calcium
ionophore A23187, and nitroglycerin were determined
in rings contracted to a stable plateau tension by the ad-
dition of norepinephrine at concentrations that elicited
approximately 50% of the maximum tension that develops
in response to norepinephrine. Concentration—-response
curves were determined by the method of stepwise cu-
mulative addition of ACh (1077 to 10™* M), bradykinin
(1077 to 10™* M), A23187 (1077 to 10™® M), and nitro-
glycerin (107 to 107% M) to the bathing media in the
presence or absence of sevoflurane. Three ring prepa-
rations (for control and 2.3 and 4.6 vol% sevoflurane)
obtained from the same vessel were studied in parallel,
and one concentration-response curve was made per ring
preparation; different rings taken from the same dog were
used for different drugs. Preliminary experiments dem-
onstrated that norepinephrine-induced contractions and
the relaxations produced by the vasodilators used in the
present study were stable for 5 h in endothelium-intact
and denuded vessels in the presence or absence of indo-
methacin in our experimental system.

SEVOFLURANE DELIVERY

Sevoflurane was delivered from a vaporizer (Ohmeda,
Sevotec 3, Steeton, England) in the O3~COy mixture aer-
ating the bathing media; the gas was humidified prior to
entering the four-serial tissue baths. The concentration
in the resulting gas mixture was monitored continuously
by an anesthetic gas monitor (WTI, AG101, Amsterdam)
calibrated daily with a sevoflurane mixture. The tissue
bath was covered with plastic to prevent the aerating gas
from immediately escaping into the atmosphere. To de-
termine the time of equilibration of sevoflurane, the con-
centration of sevoflurane in bathing media was measured
by gas chromatography (Shimazu, GC-9A, Kyoto).!” It
was found that equilibration of the bathing media with
sevoflurane was complete within 30 min and that stable
bath concentrations were achieved at a sevoflurane~QOg—
COq mixture flow rate of 300 ml/min of gas flow through
the fritted glass disks at the bottom of the four-serial bath
chambers. The bath anesthetic concentrations after a 30-
min equilibration for 2.3 and 4.6 vol% sevoflurane were
4.43 £ 0.36 and 9.02 = 0.77 mM (mean = SEM, n = 3),
respectively.

On the basis of this, the preincubation conditions used
to assess the effect of sevoflurane on the vessel prepara-
tions were chosen. We used 1 h of preincubation; all ex-
periments in the presence of sevoflurane were carried out
1 h after the initiation of the anesthetic delivery. Time-
matched control studies in the absence of sevoflurane were
also performed.
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SPIN TRAPPING AND ELECTRON SPIN
RESONANCE SPECTROMETRY

The spin trapping agent that has been most often used
to detect oxygen-centered free radicals has been 5,5-di-
methyl-1-pyrroline N-oxide (DMPO) both because of the
relative efficiency with which DMPO is capable of trapping
+Oy™ and hydroxyl radical (- OH) and because of the sta-
bility of the resulting spin adducts.'®2° Therefore, the
ESR spin trapping studies were performed using DMPO
as the spin trap. Desired reaction mixtures (0.2 ml) were
prepared in glass tubes and transferred to a flat quartz
ESR cuvette (0.3 mm thickness), which was in turn fixed
to the cavity of the ESR spectrometer (JEOL JES FE-1X
with 100-kHz field modulation, X-band, Tokyo). Se-
quential ESR scans were started 45s after the addition of
15 ul DMPO to sevoflurane (4.6 vol%)-saturated bathing
media. The ESR spectra of DMPO-OH, the spin-trapped
adduct of - OH, was identified from the hyperfine param-
eters. ESR spectrometer settings were modulation am-
plitude 0.1 mT (100 kHz), receiver gain 5 X 100, scan
range 5 mT, scanning time 2 min, time constant 0.1 s,
microwave power 8 mW, and magnetic field 334.9 mT,
at room temperature. To quantitate the DMPO spin ad-
ducts detected, the manganese oxide standard ESR spec-
trum was obtained.

Inasmuch as it appears that the rather long experi-
mental period designed in the present study causes some
inactivation of SOD, the stability of added SOD (120 U/
ml) during the experiments was investigated. The SOD
activity in the sevoflurane (4.6 vol%)-saturated media in
the presence of the ring preparations was determined by
an ESR spin-trapping technique as described previously.?!
The activity was stable for 5 h (range 130-151 SOD U/
ml), indicating that our experimental condition is a valid
means for assessing the effect of SOD.

DRruUGS

The following drugs were used: sevoflurane (Maruishi
Pharmaceutical, Osaka), DL-norepinephrine hydrochlo-
ride (Sigma, St. Louis, MO), acetylcholine chloride
(Sigma), bradykinin (Sigma), calcium ionophore A23187
(Sigma), nitroglycerin (Nihon Kayaku, Tokyo), indo-
methacin (Sigma), SOD (from bovine blood, 2,800 U/
mg protein, Sigma), and deferoxamine (Desferal mesylate,
Ciba-Geigy). All of these drugs except sevoflurane, in-
domethacin, and A23187 were dissolved in pure water
and diluted in the Krebs-Ringer solution gassed with a
mixture of 95% Oy-5% CO, before being added to the
tissue bath. Indomethacin stock solution was prepared by
dissolving three parts indomethacin and one part sodium
bicarbonate in distilled water. A23187 was dissolved in
dimethyl sulfoxide (2 X 107 M final concentration). The
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addition of 100 ul of this stock solution gives 1075 M final
concentration in the tissue bath. We have confirmed that
this amount of dimethyl sulfoxide has no detectable effect
in our experimental system. DMPO (Mitsui Toatsu
Chemicals, Tokyo, 99-100% pure) was used as the spin
trap.

ANALYSIS OF DATA

All data are expressed on the basis of arterial weights
of 8.0 mg to correct for variations in tissue weight. The
mean (+ SEM) weight of the tissue was 8.21 + 3.95 mg.
Two sets of statistical comparisons were made. Student’s
¢ test for paired samples were used when comparing two
populations to each other. Comparisons of subsequent
intervention to controls were made using a one-way anal-
ysis of variance, followed by a Duncan’s multiple-range

test.?® Differences were considered significant when P
< 0.05.

Results

We first determined whether or not endothelium-de-
pendent relaxation induced by the vasodilators used is
altered by sevoflurane. In order to determine the effect
of sevoflurane, it is necessary to allow the endothelium-
intact vessels to be exposed to sevoflurane for > 30 min,
as stated in ‘“Materials and Methods.” The final experi-
mental condition chosen was 1 h of preincubation of sev-
oflurane. The effect of sevoflurane 1 h after the initiation
of this anesthetic delivery on endothelium-dependent re-
laxations is shown in figures 1 and 2. In time-matched
control experiments (fig. 1A), ACh, bradykinin, and
A23187 relaxed the norepinephrine-contracted ring
preparations in a concentration-dependent manner. Sev-
oflurane (2.3 and 4.6 vol%) significantly attenuated these
responses with rightward shift of the concentration-re-
laxation curves and with a decrease in the maximum re-
laxation (figs. 2A-2C).

Nitroglycerin, an endothelium-independent vasodila-
tor, caused vascular relaxation of norepinephrine-con-
tracted ring preparations; nitroglycerin-induced relaxa-
tion was concentration-dependent, and sevoflurane 2.3
and 4.6 vol%) did not significantly alter this relaxation
(fig. 2D). ACh, bradykinin, A23187, or nitroglycerin
produced relatively rapid relaxation of the ring prepa-
rations in a concentration-dependent manner; thus, the
experiments for the concentration-response relationship
in the presence of sevoflurane were completed within 30
min. The endothelium-dependent vasodilators used pro-
duced maximal responses of about the same magnitude,
in the absence of sevoflurane, before and after this series
of experiments (data not shown).

Recently, oxygen free radicals have been shown to se-

20z Iudy 60 uo 3sanb Aq ypd'81.000-000£0266-Z+S0000/0982Z€/0v¥/€/9L/4Pd-Blonie/ABoloISaUISOUE/WOD IIRYOIBAIIS ZBSE//:dRY WOl Papeojumoq



Anesthesiology
V 76, No 8, Mar 1992

Acetylcholine Bradykinin A23187
( Iog M) ( lag M) ( Iog M)
j/—\l“-\(ash ‘fl\\\ fx\
765 6
iee, iy
B f’\\
1 ' )
NE NE NE e
?? ? 4I o Z?? ?. (3} ? °
| | | 109 I_
NE NE NE 5 min

FIG. 1. Representative recordings of relaxation of precontracted (3
X 107 M norepinephrine) endothelium-intact mesenteric artery rings
induced by acetylcholine, bradykinin, and calcium ionophore A23187
in time-matched control experiments (A) and 1 h after the initiation
of 2.3 vol% (B) or 4.6 vol% sevoflurane delivery (C). After a stable
response to norepinephrine-induced contraction occurred, the vessel
was relaxed with increasing concentrations of the endothelium-depen-
dent vasodilators used in the presence or absence of sevoflurane de-
livery.

lectively impair endothelium-dependent relaxation as op-
posed to endothelium-independent relaxation in intact
vessels.!®!%28 [f it is correct that sevoflurane impairs en-
dothelium-dependent relaxation of the ring preparations
in part by a mechanism dependent on oxygen free radicals,
the effect of sevoflurane would be inhibited by radical
scavengers. We tested this hypothesis by adding SOD, a
scavenger of -O;", to our experimental system. Figure 3
shows the results of this study. As expected, SOD, when
added to the tissue bath before the initiation of the sev-
oflurane (2.3 and 4.6 vol%) delivery, significantly inhib-
ited the sevoflurane-induced impairment of the relaxation
of the ring preparations to 10™® M ACh (fig. 3A) or 107°
M bradykinin (fig. 3B), or to 3 X 107® M A23187 (fig.
3C), a concentration that produces approximately 50%
of the maximum relaxation. SOD had no significant effect
on the concentration-response curves of the ring prep-
arations to the endothelium-dependent vasodilators used
(fig. 4). Furthermore, heat-inactivated SOD (inactivated
by boiling at 100° C for 20 min) had no effect on the
observed sevoflurane-induced impairment of the relaxa-
tion (data not shown), suggesting that :Op~ and/or a
closely related species of oxygen free radical are involved
in the effect of sevoflurane.

The identification of the oxygen free radicals that are
responsible for the effect of sevoflurane rests entirely on
the use of SOD. Therefore, the spin-trapped adduct(s)
produced by sevoflurane were examined, by using a highly
sensitive ESR spectroscopy and the spin trap DMPO. The

OXYGEN FREE RADICALS AND VASCULAR EFFECTS OF SEVOFLURANE

443

1:2:2:1 quartet (the hyperfine splittings were Ay = Ay
= 1.49 mT), characteristic of DMPO-OH,?* was observed
under the conditions in which 4.6 vol% sevoflurane was
delivered from a vaporizer in the Oy—~CO; mixture aer-
ating the bathing media for 0.5-5 h in the absence of the
ring preparations (fig. 5), and its intensity increased, in a
time-dependent manner (fig. 5A). We next examined the
effects of SOD and deferoxamine on DMPO-OH adduct
produced 5 h after the initiation of the sevoflurane deliv-
ery (fig. 5B). The addition of SOD (120 U/ml) or defer-
oxamine (0.05 mM) before the sevoflurane delivery in-
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FIG. 2. Effects of sevoflurane (® = time-matched control; O = 2.3
vol%; A = 4.6 vol%) on the relaxing response to acetylcholine (4),
bradykinin (B), A23187 (C), or nitroglycerin (D) in the endothelium-
intact mesenteric artery rings. Mean values of the precontractile ten-
sions produced by 3 X 107® M norepinephrine in these experiments
were 2.85 + 0.13 g (4, n = 6), 2.91 = 0.21 g (B, n = 6), 2.64 + 0.29
g (C,n = 5),and 2.89 £ 0.81 g (D, n = 6), respectively; n refers to the
number of dogs from which the mesenteric artery was taken. The
maximum relaxations induced by 107 M acetylcholine (1.14 + 0.31
g), 10™* M bradykinin (1.26 + 0.41 g), 107 M A23187 (0.89 % 0.31
g), and 1075 M nitroglycerin (1.57 * 0.49 g) in time-matched control
experiments are taken as 100%, and other data are plotted in relation
to it. The points represent the mean and vertical lines show SEM.
*Significantly (P < 0.05) different from the corresponding value for
control.
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hibited the formation of an observable DMPO-OH adduct
(fig. 5B, cand d). Deferoxamine by itself had no detectable
effect on this system (fig. 5C).

Discussion

Rubanyiand Vanhoutte®® suggested that the depression
of the ACh-induced relaxation of the canine coronary
artery by - Oy~ could be explained by inactivation of the
EDRF during its diffusion toward the vascular smooth
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muscle, and demonstrated that the inactivation of the
EDRF may not be caused solely by - O™, but other radicals
may also contribute to it. Further evidence in support of
the possibility that - Oy~ destroys EDRF comes from ob-
servations in which the effluent from chromatographic
columns, packed with microcarrier beads covered with
cultured endothelial cells from the porcine aorta, was
bioassayed with strips (without endothelium) of the tho-
racic aorta of the rabbit.2® This study demonstrated that
SOD stabilizes the EDRF(s) released in response to bra-
dykinin.

The major findings of the present study are as follows.
First, sevoflurane, when delivered to the bathing media
under the conditions used, produced DMPO-OH adduct,
in a time-dependent manner (0.5-5 h); the adduct ob-
tained 5 h after the initiation of the sevoflurane delivery
was altered by SOD or deferoxamine (fig. 5). In addition,
sevoflurane impaired the endothelium-dependent relax-
ation of the ring preparations, which was SOD-inhibitable
(fig. 3). It has been suggested that the chemical reactivity
of - Oy~ is quite low?”'® but others?® argue that reaction

+Oy” + HyOg ~>» Oy + -OH + OH™ (1)
is too slow to compete with the dismutation reaction
¢ 02_ + 02— + 2H+£2 H202 + 02 (2)

Therefore, our results suggest that -O,™ is involved in a
mechanism that may cause the impairment produced by
sevoflurane of the endothelium-dependent relaxations,
inasmuch as the effect of sevoflurane was inhibited by
SOD, which is a very specific enzyme.?® Also, a strong
possibility exists for the formation of - OH via Fenton and
Haber-Weiss reactions, due to contaminant iron salts as
shown below:

* Oy~ + Fe3* — Oy + Fe?* (3)

i
~

FIG. 3. Modification by sevoflurane of the relaxing response to ace-
tylcholine (A), bradykinin (B), or A23187 (C) in the endothelium-intact
mesenteric artery rings. Mean values of the precontractile tensions
produced by 3 X 107° M norepinephrine in these experiments were
2.58 + 0.16 g (A, n = 6), 2.48 = 0.21 g (B, n = 6), and 2.81 * 0.24
(C, n = b), respectively; n refers to the number of dogs from which
the mesenteric artery was taken. Relaxations induced by 107 M ace-
tylcholine (0.51 + 0.11 g), 107° M bradykinin (0.59 =+ 0.19 g), and 3
X 1078 M A23187 (0.56 = 0.18 g) in the time-matched control exper-
iments in the absence of SOD (0% sevoflurane) are taken as 100%.
SOD (120 U/ml) was added to the tissue bath before the initiation of
the sevoflurane (0, 2.3, and 4.6 vol%) delivery. Column heights are
means; brackets indicate = SEM. *Significantly (P < 0.05) different
from the corresponding value measured under time-matched standard
conditions in the absence of sevoflurane. }Significantly (P < 0.05) dif-
ferent from the corresponding value for sevoflurane alone.
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FIG. 4. Concentration-response curves to
acetylcholine (4), bradykinin (B), and calcium
ionophore A23187 (C) in the presence (O) or %
absence (®) of SOD. Mean values of the pre- 100 ¢
contractile tensions produced by 3 X 107® M
norepinephrine in these experiments were
298+021g(A,n=5),281+025g(B,n
= 6), and 3.00 £ 0.31 g (C, n = 5), respectively;
n refers to the number of dogs from which
the mesenteric artery was taken, The maxi-
mum relaxations induced by 107 M acetyl-
choline (1.42 + 0.25 g), 10™* bradykinin (1.61
+0.32 ), and 107 M A23187 (1.01 * 0.29
g) in the absence of SOD are taken as 100%,
and other data are plotted in relation to it. (VI
Experimental conditions were identical to
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Fe** + HyOy — Fe** + - OH (4)

If HyO, were directly involved in the effect of sevoflurane,
SOD should not have protected as the main product of
SOD is H202.31

Hence, the protective effect of SOD may be due to
prevention of - Oy -dependent reduction of Fe** to Fe?*
and thus inhibition of - OH radical formation. Strong ev-
idence for this possibility is provided by deferoxamine,
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Fic. 5. Electron spin resonance (ESR) spectra of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) spin adducts obtained in the bathing media.
A: Time course experiment of oxygen free-radical generation before
(a) and after sevoflurane (4.6 vol%) was delivered to the bathing media
aerated with 95% Og~5% CO; for 0.5 h (b}, 1 h(c),2h(d),and 5 h
(e). Experimental conditions are as described under *“Materials and
Methods.” B: ESR spectra of DMPO spin adducts observed at 5 h of
sevoflurane (4.6 vol%) delivery in the absence (b) or presence of SOD
(120 U/ml, c) and deferoxamine (0.05 mM, d). The ESR spectra
formed under the time-matched standard conditions was also recorded
(a). Experimental conditions are as described in A except that SOD or
deferoxamine was added to the bathing media before the sevoflurane
delivery. C: Time-matched (5 h) deferoxamine (0.05 mM)-control
without sevoflurane. MnO = manganese oxide standard ESR spectrum.
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which inhibited the sevoflurane-induced formation of
DMPO-OH adduct (fig. 5B, d). In this regard, SOD has
been shown to depress « OH radical formation.***® Fur-
thermore, it is known that deferoxamine is a powerful
iron chelator and has poor reactivity with - OH radical at
concentrations below 1 mm.%*38 It tightly binds to Fe(1II)
and, therefore, cannot be reduced to Fe(1I) by - Oy~ for
- OH radical production.® It is well established that SOD
will enhance basal, ACh, and bradykinin EDRF produc-
tion and their subsequent relaxation of vascular smooth
muscle.

Although we have not eliminated the possibility that
the observed reversal of sevoflurane inhibition of the ef-
fect of endothelium-dependent vasodilators by the addi-
tion of SOD may merely reflect an enhanced release of
EDRF independent of the - Oy~ produced by sevoflurane,
this appears unlikely: when the ring preparations had been
relaxed by ACh, bradykinin, or A23187, the relaxation
was not enhanced by the addition of SOD under the ex-
perimental conditions of this study (fig. 4). The observed
effect of sevoflurane on endothelium-dependent relaxa-
tions of ring preparations is thus due to the ability of this
anesthetic to inactivate EDRF released from endothelial
cells in response to ACh, bradykinin, or A23187 via the
generation of +Oy~ and/or Oy -dependent formation
of -OH radical. If oxygen free radicals were the mecha-
nism one might expect nitroglycerin relaxation to be af-
fected, since nitroglycerin is broken down to nitric oxide,
which would be inactivated by -Og~. The nitric oxide
formation from nitroglycerin occurs within the vascular
smooth muscle cells but does not require the presence of
endothelial cells.*”*® Although evidence exists***° to
support this biochemical mechanism for nitrates, the sub-
cellular location of the metabolic activation process has
not been identified. Interpretation of our experimental
data that sevoflurane had no effect on the relaxations
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produced by nitroglycerin (fig. 2D) is that the subcellular
site for nitroglycerin metabolism to nitric oxide in the
smooth muscle cells may not be sensitive to oxygen free
radicals generated from sevoflurane itself. This postulate
is inferred from the observation that the generation of
oxygen free radicals from the system consisting of autox-
idizing dihydroxyfumarate/Fe**~ADP or of HyOp/Fe?*
has no effect on nitroglycerin-induced relaxations of cor-
onary vessels.*!

The second major finding of this study is that sevo-
flurane selectively impaired endothelium-dependent re-
laxation produced by ACh and bradykinin to a similar
degree (figs. 2A and 2B) but not endothelium-indepen-
dent relaxation produced by nitroglycerin (fig. 2D). Since
the effect of bradykinin is endothelium-dependent but is
not mediated by muscarinic receptors, this effect of sev-
oflurane is not specific to muscarinic receptor activation.
The present study was extended to include another en-
dothelium-dependent vasodilator, the calcium ionophore
A23187, which causes relaxation without acting via re-
ceptors. The A23187-induced relaxation is also impaired
by sevoflurane (fig. 2C). Thus, it is possible that sevoflur-
ane acts at a site distal to the ACh and bradykinin recep-
tors, and that it interferes with non-receptor-mediated
generation of EDRF. Both EDRF and nitroglycerin are
reported to produce vascular relaxation by increasing the
production of cGMP which inhibits the smooth muscle
contractile process.'? Since sevoflurane inhibits the action
only of ACh, bradykinin, and A23187, and not that of
nitroglycerin, its action may be at some site(s) between
the endothelial site of interaction and the smooth muscle
production of cGMP, possibly a released EDRF. In the
present study, the experiments for the concentration-re-
sponse relationship were completed 1-1.5 h after the ini-
tiation of the sevoflurane delivery (see “‘Results™), the ex-
perimental conditions sufficient to detect the DMPO-OH
adducts (fig. 5). The interpretation of these findings is
complicated by the assumption that -O,~ and -OH gen-
erated by sevoflurane in the absence of DMPO will have
an extremely short half-life and will not accumulate over
time. However, the intensity of DMPO-OH adduct ob-
served 45 s after the addition of DMPO to the sevoflurane-
delivered bathing media at 0.5, 1, 2, and 5 h of the an-
esthetic delivery (DMPO accumulation of sevoflurane-in-
duced oxygen free radicals for 45 s at each time) was
increased, in a time-dependent fashion (fig. 5A), suggest-
ing that the oxygen free radical production rate may be
increased during sevoflurane delivery under the condi-
tions used. Thus, it seems safe to conclude that the ob-
served effect of sevoflurane on endothelium-dependent
relaxations can be interpreted as indicative that oxygen
free radical mechanism is involved. Inasmuch as the con-
centration of +Og~ or -OH necessary to produce the in-
hibition of endothelium-dependent relaxations is un-
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known, we cannot rule out that a very small amount of
oxygen free radicals not detectable by DMPO at earlier
time points may be sufficient for EDRF inactivation.

Our laboratory has provided evidence that a major tar-
get organelle attacked by oxygen free radicals is the system
that regulates calcium delivery (sarcoplasmic reticulum
and sarcolemma) to the contractile proteins and not the
contractile proteins per se in cardiac muscle.*** In the
endothelial cells, an increase in intracellular free calcium
has been reported to be necessary for the release and /or
production of EDRF. In this regard, Elliott and Schilling*®
have shown that the membrane-permeant oxidant ¢-bu-
tylhydroperoxide inhibits bradykinin-stimulated calcium
flux pathway of pulmonary vascular endothelial cells, and
postulated that the changes in calcium-dependent signal
transduction may be the initial events associated with ul-
timate cell death. However, the depressed effect of en-
dothelium-dependent vasodilators used was reversible af-
ter the experiments in the absence of sevoflurane, sug-
gesting that oxygen free radicals, in the concentrations
generated from sevoflurane in bathing media, may be
able to destroy only released EDRF without damaging
the endothelial cells.

In conclusion, these data suggest that sevoflurane se-
lectively impairs endothelium-dependent relaxation as
opposed to endothelium-independent relaxation in canine

.mesenteric arteries via inactivation of EDRF, and that the

effect of sevoflurane is mediated by the generation of - Oy~
and/or a closely related species of oxygen free radicals,
possibly - OH. This action may contribute in part to the
hemodynamic effects seen clinically during administration
of sevoflurane. Clearly, our results raise the question of
determining the sevoflurane-induced chemical reaction
sequence leading to the generation of oxygen free radicals.
There appears to be no obvious answer, and in the current
literature, no consideration has been given to this
problem.

The authors thank Professor M. Noguchi (Department of Anesthe-
siology), Professor H. Ito (Department of Pharmacology), and Professor
E. Sugaya (Department of Physiology), Kanagawa Dental College, for
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