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Nitronyl nitroxides (NN), a class of compounds
which react with nitric oxide forming imino nitrox-
ides, were applied in different systems for the detec-
tion of nitric oxide. Addition of a NN to planar
monolayers of bovine aortic endothelial cells (BAEC)
activated by Ca®' ionophore A23187 immediately
resuited in a strong decrease of the ozone-mediated
*NO chemiluminescence. Simultaneously, a rapid
diminution of the electron spin resonance (ESR) sig-
nal intensity of the NN (without detectable formation
of the corresponding imino nitroxide) was observed;
superoxide dismutase partially inhibited this de-
crease in the NN concentration. Model experiments
using hypoxanthine/xanthine oxidase in aqueous
solution and KO, in dimethylsulfoxide as sources of
O;"” revealed that there is a rapid reduction of
nitronyl nitroxides by superoxide. The second order
rate constant for the reaction of the water soluble NN
with O,'~ was determined to be 8.8 - 10° M's™}, which
is more than two orders of magnitude higher than the
value reported previously for reaction with *“NO
(Woldman ef al., BBRC 202, 195-203, 1994). Reduction
of the nitronyl nitroxide was also observed in the
presence of glutathione, ascorbic acid or rabbit liver
microsomes. Incorporation of both nitronyl and imino
nitroxides into liposomes strongly decreased reduc-

tion by superoxide and other reductants, however, in
the presence of microsomes, there was no protective
effect by liposomal encapsulation of NN. The results
indicate that in biological systems (in addition to
other reducing agents) the presence of superoxide can
prevent the detection of nitric oxide using nitronyl
nitroxides.

Keywords: Nitric oxide, superoxide, free radical, nitronyl
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methoxy-2-imidazoline-1-oxyl, IN 2; 5,5-dimethylpyrroline-
1-oxide, DMPO; dimethylsulfoxide, DMSO; 4,4,55-
dimethyl-2-(4-trimethylammoniophenyl)-2-imidazoline-3-o
xide-1-oxyl methyl sulfate, NN 1; 4,4,5,5-dimethyl-2-(4-
trimethylammoniophenyl)-2-imidazoline-1-oxyl methyl sul-
fate, IN 1; ethylenediaminetetraacetic acid, EDTA; electron
spin resonance, ESR; B-nicotinamide adenine dinucleotide
phosphate (reduced form), NADPH; multilamellar vesicles,
MLYV; phosphate buffered saline, PBS; phosphatidylcholine,
PC; reverse phase evaporation vesicles, REV; small unil-
amellar vesicles, SUV; superoxide dismutase, SOD; xanthine
oxidase, XO
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INTRODUCTION

The role of nitric oxide in physiological and
pathological processes has been extensively
studied.!"*¥ One of the crucial points in "NO
research is the specific and sensitive detection of
this radical. Numerous methods have been
developed for the quantification of nitric oxide
including analytical methods such as "NO-
mediated chemiluminescence!* or electrochemi-
cal detection.® A highly sensitive technique
using a porphyrin-based microsensor was
described by Malinski et al.,'®) however, there
are several unresolved problems in applying
this method to biological systems.”! "NO detec-
tion by ESR spectroscopy has been performed
using nitroso spin traps'® or iron-nitrosyl com-
plexes.””! Promising techniques based on ESR
spectroscopy of other reaction products of "NO
were proposed: spin trapping using cheletropic
spin traps'® and detection of imino nitroxides
(IN) formed by a reaction of ‘NO with nitronyl
nitroxides (NN).[''! NN have also been found to
exert physiological effects (inhibition of vasore-
laxation in smooth muscle of rabbit aorta!'?)).
However, if these probes for nitric oxide are to
be applied to biological systems, questions
regarding their stability in these systems have to
be considered. In general, nitroxides are intra-
cellularly reduced to the corresponding hydrox-
ylamines."® Recently, NN and, in particular, IN
were found to be much more susceptible to thio-
glycerol-induced reduction than other nitrox-
ides."! The oxidation of superoxide radicals by
cyclic nitroxides yields hydroxylamines (ESR-
silent) and molecular oxygen.['"® The presence of
superoxide has been shown in different biologi-
cal systems under physiological and, especially,
under pathological conditions. Therefore, the
simultaneous existence of O,"” and *NO has to
be considered. This study deals with reactions
of nitronyl (and imino) nitroxides in cells, sub-
cellular fractions and model systems with spe-
cial emphasis on their interaction with
superoxide radicals.

MATERIALS AND METHODS

Chemicals

Nitronyl nitroxides were synthesized as des-
cribed by Woldman et al.l'¥1 (NN 1) and Grigor'ev
et al.>1 (NN 2). Figure 1 shows the structures of
these nitroxides. 5,5-dimethylpyrroline-1-oxide
(DMPO) was obtained from Aldrich and used as
reported previously.['”] Xanthine oxidase (XO,
EC 1.1.3.22) and superoxide dismutase (SOD, EC
1.15.1.1) were purchased from Boehringer
Mannheim. Synthesis of peroxynitrite was
accomplished according to Beckman et al."® All
commercial chemicals were of the highest quality
available.

Preparation of Liposomes

80 mg egg yolk phosphatidylcholine (PC, Lipoid)
or PC and 19.2 mg cholesterol (CH, Merck) mixed
at a molar ratio of 1:0.25 were dissolved in chlo-
roform. The organic solvent was removed by
rotary evaporation at 45°C. Multilamellar vesi-
cles (MLV) were prepared by addition of 4 ml
phosphate buffered saline (PBS, pH = 7.4) con-
taining 1.6 mg nitroxide to the dry lipid film and
shaking this mixture for 4 hours at room temper-
ature. Unilamellar vesicles (SUV) were formed
from MLV by sonication under nitrogen 4 x 4
min with a 50% pulsed input using a Branson
Sonifier 260 (Branson Ultrasonic). For reverse
phase evaporation vesicles (REV) preparation the
lipid composition dissolved in freshly distilled
diethyl ether was sonicated for 3 min directly
with 4 ml nitroxide solution in PBS." The
organic solvent was removed under vacuum.

Preparation of Microsomes

Rabbit liver microsomes were prepared from
phenobarbital-induced male rabbits by dif-
ferential centrifugation®”! (protein content was
(35 = 5) mg/ml). The samples (in 0.1 M PBS,
pH 7.4, 0.25 M sucrose) were frozen in liquid nitro-
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FIGURE 1 Structural formulae of the nitronyl nitroxides 4,4,5,5,-dimethyl-2-(4-trimethylammoniophenyl)-2-imidazoline-3-oxide-
1-oxyl methyl sulfate (NN 1), 5,5-dimethyl-2,4-diphenyl-4-methoxy-2-imidazoline-3-oxide-1-oxyl (NN 2) and of the corresponding
imino nitroxides 4,4,5,5-dimethyl-2-(4-trimethylammoniophenyl) -2-imidazoline-1-oxyl methyl sulfate (IN 1) and 5,5-dimethyl-2,4-
diphenyl-4-methoxy-2-imidazoline-1-oxyl (IN 2), Ph indicates phenyl group

gen and stored at 253 K. Prior to the experiments,
the frozen aliquots were thawed and diluted with
PBS to a protein content of 0.3 mg/ml.

Endothelial Cell Culture

Bovine aortic endothelial cells (BAEC, passage
12 to 15)2!1 were cultivated in Corning flasks
(25 cm?) in Minimum Essential Medium Eagle
(Sigma) supplemented with 10% fetal calf
serum (Sigma), 0.2 mM glutamine without
antibiotics at 37°C in 5% CO, and 95% air.
Subcultivation was made twice a week with
trypsine/EDTA (each 0.25% v/v) in PBS.
Quality of cultivation was verified by phase
contrast microscopic cobblestone appearance at
confluence, presence of factor VIII antigen, con-
tents of alkaline phosphatase and angiotensin
converting enzyme. The protein content of the

cells was between 500 pug and 700 pg per flask.
Experiments were performed in PBS supple-
mented with 1 mM Ca?, 0.5 mM Mg**, 10 mM
glucose and 10 uM L-arginine after washing the
cells three times with PBS.

ESR Experiments

ESR experiments were carried out at room tem-
perature (21°C) on a Bruker ECS 106 X-band
spectrometer (equipped with a high sensitivity
rectangular-mode cavity ER 4102 ST). The stud-
ies on the decay of nitroxides in the presence
of reducing agents or cells were performed in
air-saturated solutions. At predesignated times,
aliquots were taken from the supernatant (PBS,
pH 7.4) and placed into a flat quartz cell. The
following standard conditions were used
for ESR spectroscopy: modulation frequency,
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100 kHz; modulation amplitude, 0.08 mT; field
set, 347.5 mT; scan range, 5 mT; microwave
power, 10 mW. Nitroxide concentrations were
determined by double integration after baseline
correction (relative deviation of data, < 10% of
absolute values). The rate constant for the reac-
tion of the nitroxide with O, was determined
by a competition kinetics approach according to
Samuni et al.?2!

Chemiluminescence Measurements

The release of nitric oxide from the cells was
monitored at 37°C by ozone-mediated chemilu-
minescence (without a reducing system) using a
Sievers 270B analyzer (Sievers Research Inc.,
Boulder, CO). For continuous measurements, the
headspace gas was forced by vacuum directly to
the reaction chamber. The instrument was cali-
brated using diluted ‘NO solutions prior to the
measurement.

RESULTS

The reaction of nitric oxide with nitronyl nitrox-
ides was investigated in both protic (aqueous
solution) and aprotic medium (dimethylsulfox-
ide, DMSO). Figure 2 shows the ESR spectra of
NN 1 and NN 2 in PBS and DMSO, respectively,
and of the corresponding imino nitroxides IN 1
and IN 2 obtained after injection of "NO gas into
NN solutions. The spectra of IN 1 and IN 2 were
also observed after addition of NN 1 and NN 2 to
a "NO-liberating compound (0.5 mM S-Nitroso-
N-acetylpenicillamine).

In order to investigate the cellular-induced
decay of NN 1 and IN 1, the compounds were
added to the supernatant (PBS) of BAEC mono-
layers, and the nitroxide radical decay over
time of incubation was studied by EPR spec-
troscopy (Fig. 3). The nitronyl and the imino
nitroxide displayed sufficient stability in the
presence of the intact monolayer. It is well
known™! that nitroxides are metabolized by

]
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FIGURE2 ESRspectraof 10 y(M NN 1 (a), IN 1 (b) in PBS and
of NN 2 (), IN 2 (d) in dimethylsulfoxide (imino nitroxides b and
d were obtained by injection of "NO gas into solutions a and c).
Hygerﬁne splitting parameters of the nitroxides: NN 1, ay® =

0.805 mT; IN 1, ay® = 0.97 mT, ay®™ = 0.45 mT; NN 2,
a ‘1)—aN(3’—O72mT IN2, ax® < 0.88 mT, ay® =040 mT.

subcellular fractions (cytosol, mitochondria,
microsomes). Consistent with these literature
data, addition of NN 1 to rabbit liver micro-
somes in the presence of NADPH resulted in a
rapid decrease of the ESR signal intensity. The
effect of NADPH-supplemented microsomes
and superoxide dismutase on the NN stability
was investigated in more detail (Fig. 4). In the
absence of NADPH, no effect on the nitroxide
concentration was found. Addition of a 200-
fold excess of NADPH to NN 1 in the absence
of microsomes resulted in a slow decrease
of the nitroxide concentration (half-life, approx.
8 min). In the presence of both microsomes and
NADPH, the nitroxide concentration declined
rapidly to the limit of detection; addition of
SOD to this reaction mixture resulted only in a
moderate effect. Recently, incorporation of NN
into liposomes was shown to be effective in the
protection of the nitroxides from reductive
attack.' In the presence of microsomes how-
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FIGURE 3 Time dependence of the concentration of 10 yM NN 1 (@) and IN 1 (W) added to the medium (PBS) of bovine aortic
endothelial cell monolayers (samples taken from the supernatant) and of 10 uM NN 1in the presence of rabbit liver microsomes (V)

ever, this protective effect of liposome encapsu-
lation was not observed.

Figure 5 demonstrates the reduction of NN 1
by other biologically relevant reductants. The
addition of 1 mM glutathione resulted in a slow
decrease of the ESR signal intensity of 10 pM
NNI1 In contrast, the addition of 400 uM ascorbic
acid to 10 uM NN 1 lead to a rapid and full decay
of the nitroxide and the appearance of an ESR
signal with a splitting of 0.17 mT at g = 2.005,

10

nitroxide concentration (uM)

clearly indicating formation of the ascorbyl radi-
cal. The addition of SOD did not exert a discern-
able effect, whereas encapsulation of the
nitroxide into liposomes (MLV) resulted in com-
plete inhibition of this reduction process.

When NN 1 was added to A23187-stimulated
endothelial cells a strong inhibition of the ozone-
mediated "NO chemiluminescence was observed
(Fig. 6) which was accompanied by a much faster
decrease of the nitroxide concentration (<10% of

o ol
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FIGURE4 Concentration of NN 1 {determined by ESR spectroscopy) in the presence of microsomes (mean + S.D.; incubation time,
5 min; incubation medium, PBS): (1) 10 uM NN 1; (2) 10 pM NN 1, microsomes without NADPH; (3) 10 uM NN 1, microsomes,
1.5 mM NADPH; (4) 10 uM NN 1, microsomes, 1.5 mM NADPH, 100 U/ml SOD; (5) 10 pM NN 1 in liposomes, microsomes, 1.5 mM

NADPH.
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FIGURE 5 Reduction of ESR signal intensity of 10 uM NN 1 dissolved in PBS (a, reference spectrum) in the presence of 1 mM
glutathione (b, 10 min; ¢, 30 min) and 0.4 mM ascorbic acid (d, 1 min) and effect of NN 1 encapsulation into multilamellar vesicles

(e, conditions identical to d)

control intensity) compared to resting cells with-
out any indication for the formation of IN 1 (inset
Fig. 6). In the presence of SOD, the decay of the
nitroxide was inhibited (approx. 70% of control
intensity).

These data prompted an investigation into the
interaction of nitronyl nitroxides with O,'~ in
aqueous and aprotic solutions (Fig. 7). Using

XO/HX it was found that the generation of
superoxide radicals in the presence of nitronyl
nitroxides led to a rapid (SOD-sensitive) diminu-
tion of the nitroxide ESR signal intensity. Under
these conditions neither xanthine oxidase nor
hypoxanthine alone exerted any effect on the
concentration of NN 1. Analogous results were
obtained by the addition of superoxide to NN 2

intensity (mV)
1

3480 M g,

30 45 60
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FIGURE 6 Continuous chemiluminescence measurement of A23187 (10 uM)-induced *NO liberation from monolayers of bovine
aortic endothelial cells and effect of the addition of 10 uM NN 1. Inset: ESR spectra of NN 1; upper spectrum, reference spectrum of
10 M NN 1 in PBS (without cells); middle spectrum obtained after addition of 10 pM NN 1 to the cell monolayer (cell medium, PBS;
incubation time, 1 min); lower spectrum, conditions identical to middle spectrum except for presence of 100 U/ml SOD
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FIGURE 7 Interaction of nitronyl nitroxides with superoxide
radicals in PBS (a~d) and dimethylsulfoxide (e—g); ESR spectra
obtained from: (a) 10 uM NN 1, 0.1 U/ml xanthine oxidase; (b)
10 uM NN 1, 0.1 U/ml xanthine oxidase, 50 pM hypoxanthine;
(¢) 10 uM NN 1, 0.1 U/ml xanthine oxidase, 50 pM hypoxan-
thine, 100 U/ml superoxide dismutase; (d) DMPO/OOH, gen-
erated by addition of 0.1 M DMPO to 0.1 U/ml xanthine
oxidase, 50 UM hypoxanthine; (e) 10 uM NN 2; (f) 10 uyM NN 2,
1 mM KO, solution; (g) DMPO/"OOH, generated by addition
of 0.1 M DMPO to 1 mM KO, solution.

Hyperfine splitting constants of DMPO adducts: ay = 1.17 mT,
ayP = 1.43 mT, ay? = 0.13 mT (¢) ay = 1.05 mT, agf = 1.29 mT, a,"
=0.11 mT (f).

dissolved in DMSO as well as by the reaction of
IN with O,"~ (data not shown in detail).

When superoxide radicals were generated by
XO/HX in the presence of liposome encapsu-
lated NN 1, only a slow decrease of the ESR sig-
nal (approx. 20% within 3 hours) was found (Fig.
8). Addition of 10 ul ‘NO gas led to the formation
of IN 1 with a yield of about 90%. However, the
imino nitroxide was found to be considerably
more susceptible to superoxide-mediated reduc-
tion compared to the corresponding nitronyl
nitroxide. Incorporation of a preformed imino
nitroxide into liposomes resulted in a slightly
higher stability of the nitroxide during the first
minutes of incubation.

Figure 9 underlines the higher reduction rate
of IN compared to NN. Relatively low amounts
of XO/HX were added to an equimolar mixture
of both nitroxides. After 1 min, an almost com-
plete reduction of the imino nitroxide was
observed whereas the decrease in the concentra-
tion of the nitronyl nitroxide was low (<5%).

DISCUSSION

The introduction of the spin trapping technique
for the detection of low concentrations of short-
lived radicals!®! established a basis for new and
fascinating insights into the role of free radicals in
biological systems. The application of nitronyl
nitroxides for the detection of nitric oxide is simi-
lar in its approach. The stability of the nitroxides
is an important aspect, for “conventional” spin
trapping as well as for "NO detection by NN.
There are several reactants in biological systems
known to reduce nitroxides to the respective
hydroxylamine.*! This study illustrates the sus-
ceptibility of nitronyl- and of imino nitroxides to
reductive attack not only by reducing agents such
as GSH or ascorbic acid but by O,"". An increase in
the intracellular calcium concentration by A23187
results in O,"~ formation in endothelial cells,®!
e.g., by activation of the arachidonic acid metabo-
lism.?! Even the amount of superoxide released
from an A23187-stimulated monolayer of endo-
thelial cells is sufficient for a fast (SOD-sensitive)
decrease of the nitronyl nitroxide concentration.
This decrease presumably prevents the ESR spec-
troscopic detection of imino nitroxides although
*NO formation was proven in situ unambiguously
by ozone-mediated chemiluminescence (which,
in turn, was completely suppressed by addition
of 50 pM NC-nitro-L-arginine methyl ester and
increased by addition of SOD?”)). Consequently,
the imino nitroxide should be formed by the reac-
tion of NN 1 with "NO. The lack of detection of
IN1 by ESR spectroscopy is explained by (i) the
lower sensitivity compared to the chemilumines-
cence method (*“NO concentrations detected in
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FIGURE 8 Time dependence of the concentration of 10 utM NN 1 (@, incorporated into large unilamellar liposomes), approx. 9 uM
IN 1 (M, formed by injection of 10 pul ‘NO gas into vesicles containing NN 1) and 10 uM preformed IN 1 (¥, incorporated into large
unilamellar liposomes) in PBS during generation of superoxide radicals by 0.1 U/ml xanthine oxidase and 50 pM hypoxanthine

these experiments are in the range of 10 nmol/1)
and (ii) the observation that there is a much faster
reduction of IN (>2 orders of magnitude as seen
by thioglycerol-induced reduction!*) compared
to NN. In additional experiments (data not shown
in detail), cell damage (e.g., measured by release
of lactate dehydrogenase) has been observed after
treatment of the BAEC with 10 uM A23187. Thus,
it cannot be excluded that a liberation of other

3460 3480
(G)

FIGURE 9 ESR spectra obtained from an equimolar (10 pM)
mixture of NN and IN in PBS in the absence (a) and presence of
20 mU/ml xanthine oxidase and 10 uM hypoxanthine (b; incu-
bation time, 1 min)

reducing agents from the cells may be involved in
the nitroxide reduction although, from the data
presented (inset Fig. 6), superoxide is considered
to play a major role. An interaction of NN 1 with
peroxynitrite formed by the reaction of O,~ with
*NO does not contribute to the nitroxide reduc-
tion: the decrease of the nitroxide concentration
was less than 10% within 30 minutes in the pres-
ence of 20-fold excess of peroxynitrite. The reac-
tion of NN with O, was also observed in model
systems (Fig. 7). The presence of superoxide was
demonstrated by ESR spectra which are clearly
assignable to DMPO adducts of superoxide in
both aqueous solution and DMSO.®! The second
order rate constant for the reaction of NN 1 with
O, was determined to be 8.8 + 0.9 - 10° M's™.
This value is slightly higher but in the same range
as the rate constant obtained for another nitroxide
(4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl,
TEMPO).?2 As the rate constant for the reaction
of NN 1 with ‘NO is k = 6 - 10> M"'s™ I nitric
oxide must be present in large excess compared to
superoxide in order to obtain detectable amounts
of the corresponding imino nitroxide.

In agreement with literature data,'>! superox-
ide-independent reactions (cytochrome P-450
reductase activity) were observed in microsomes
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leading to the reduction of the nitroxides. It was
shown by Woldman et 4.1 that incorporation of
nitronyl nitroxides into liposomes decreases the
reduction of the radical considerably. This protec-
tion is of special importance regarding the attack
of superoxide (Fig. 7). There are contradictory
results regarding the permeation of O, through
lipid bilayers./”* The data presented here sup-
ports a slower permeation of superoxide into the
inner compartment of the liposome compared to
its free diffusion in the pure aqueous phase. The
above-mentioned fast reduction of the imino
nitroxide was also observed using O,"~ as a reduc-
tant: additional experiments (Fig. 9) revealed that
the rate constant for this reduction is nearly two
orders of magnitude greater than that of nitronyl
nitroxide. Thus, Fig. 8 allows to conclude that
even the decreased flow of superoxide is suffi-
cient for a much stronger reduction of the imino
nitroxide. Similar reduction kinetics were
observed for preformed IN encapsulated into
liposomes and IN obtained from NN reduced
consecutively by ‘NO and O, (Fig. 8 b/c) sug-
gesting that liposome damage attributable to the
presence of both superoxide and nitric oxide may
not be significant. On the other hand, no protec-
tion is afforded in the presence of microsomes.
This effect may be due to a fusion between micro-
somal lipid residues and liposomes."*!l
Experiments were performed using A23187-
stimulated BAEC monolayers to compare the
sensitivity of the SOD-inhibitable nitroxide
reduction to “conventional” spin trapping of
superoxide. Due to the low concentration of O™,
formation of this species could not be detected
clearly by ESR spectroscopy using 100 mM
DMPO as a spin trapping agent. The high sensi-
tivity of the nitronyl and imino nitroxides to
superoxide-mediated reduction may offer
another conceivable application for these sub-
stances: superoxide detection by determination
of the SOD-inhibitable reduction of the nitroxide.
A more exact quantification may be possible by
reoxidation of the hydroxylamines as described
for spin adducts of o-phenyl-N-tert-butylni-

trone.’” In preliminary experiments using differ-
ent oxidants (MnO,, K;Fe(CN)¢)®! it was found
that a reoxidation of the hydroxylamines of both
nitronyl and imino nitroxides is possible. Control
experiments also revealed the possibility of a
‘NO-independent formation of the imino nitrox-
ide during the reoxidation of NN.

Superoxide reacts efficiently with nitric
oxide, ! peroxynitrite formed by this reaction is
thought to be a highly cytotoxic intermediate.’*"!
Recently, nitroxides without nitrone group (e.g.,
TEMPO) were found to exert protective effects in
quinone-mediated cytotoxicity.* Thus, from a
pharmacological point of view, scavenging of both
superoxide and nitric oxide may be an additional
and promising feature of nitronyl nitroxides.

ESR spectroscopy of nitronyl- and imino
nitroxides is a reliable tool to study reactions of
nitric oxide in the absence of reducing agents.
However, the results indicate limitations con-
cerning the applicability of nitronyl nitroxides
for ‘NO detection in biological systems: the sen-
sitivity of this method is lower compared to
other techniques (such as ozone-mediated
chemiluminescence), partly due to rapid reduc-
tion of the nitroxide. Superoxide, if present, can
contribute to this reduction to a great extent.
Encapsulation of nitronyl nitroxides into lipo-
somes decreases its reduction by membrane-
impermeable compounds, however, there are
situations in biological environment and model
systems where the stability of liposomes is ques-
tionable. On the other hand, scavenging of both
superoxide and nitric oxide may have beneficial
pharmacological implications which warrant
further investigations.
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