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Abstract

The nitric oxide (NO)-, superoxide anion (O, )- and peroxynitrite (ONOO~)-releasing properties of 1,2,3,4-oxatriazolium,5-amino-3-
(3,4-dichlorophenyl)-chloride (GEA 3162) were characterized and compared with the known NO-donors 3-morpholino-sydnonimine
(SIN-1) and S-nitroso-N-acetylpenicillamine. All the three compounds released NO in agueous solutions in a dose-dependent manner as
measured by ozone-chemiluminescence. GEA 3162 produced more NO than SIN-1, but less than S-nitroso-N-acetylpenicillamine during
a 45 min incubation time. SIN-1 reduced nitro blue tetrazolium and the effect was inhibitable by superoxide dismutase. Reduction of nitro
blue tetrazolium was not detected in the solutions of GEA 3162 and S-nitroso-N-acetylpenicillamine suggesting that SIN-1 but not GEA
3162 and S-nitroso-N-acetylpenicillamine release O, in their decomposition process. Formation of ONOO™ in solutions of GEA 3162,
SIN-1 and Snitroso-N-acetylpenicillamine was estimated indirectly by measuring the formation of nitrotyrosine. The data indicate that
ONOO™ was produced in the presence of SIN-1 but not in solutions of GEA 3162 and S-nitroso-N-acetylpenicillamine. The results
suggest that GEA 3162 produces negligible amounts of O,~ and ONOO™ as compared to SIN-1. This adds the value of GEA 3162 as an
useful tool in NO research and could well explain the earlier findings on the superior NO-like biological activity of oxatriazole derivatives
as compared to SIN-1. © 1998 Elsevier Science B.V.
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1. Introduction

Nitric oxide (NO) is a free radical gas synthesized by a
variety of mammalian cells and tissues including endothe-
lium, smooth muscle, macrophages, platelets and neurons.
NO produced by endothelial and neurona cells regulates
blood pressure and mediates non-adrenergic non-
cholinergic neurotransmission in a cGMP-mediated pro-
cess. In activated macrophages NO is involved in the
cytotoxic mechanisms reacting with vital enzymesin target

Abbreviations: EC, eletrochemical; GEA 3162, 1,2,3,4-Oxatriazolium,
5-amino-3-(3,4-dichlorophenyl)-, chloride; DMSO, dimethyl sulfoxide;
HPLC, high performance liquid chromatography; LDL, low-density
lipoprotein; NO, nitric oxide; -NO,, nitrogen dioxide; O,~, superoxide
anion; - OH, hydroxyl radical; ONOO™, peroxynitrite; SIN-1, 3-morpho-
lino-sydnonimine
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cells (Kiechle and Malinski, 1993; Moncada et al., 1991).
Organic nitrates exert their pharmacological action via
releasing NO after enzymatic conversion or after reactions
forming nitrosothiols (Ignarro, 1991; Feelisch, 1993). In
addition, groups of chemicaly different compounds have
been reported to release NO directly or indirectly (Kita et
al., 1994; Menada et al., 1994; Salas et a., 1994; Kankaan-
ranta et a., 1996).

Superoxide anion (O,) is produced by phagocytes as a
killing mechanism. Small amounts of extracellular O,
may be generated by other cell types and by |eakage from
normal electron transfer chains (Halliwell, 1995; Crow and
Beckman, 1995). NO reacts with O,~ with a high rate
constant to give peroxynitrite (ONOO™) (Beckman et 4.,
1990) which may spontaneously decompose to yield nitro-
gen dioxide (-NO,) and hydroxyl radica (-OH) (Radi et
a., 1993). At physiologica pH ONOO~ is a stronger
oxidant than O, or NO. It oxidizes lipids, proteins and
DNA and nitrates amino acids (Crow and Beckman, 1995;
Pryor and Squadrito, 1995). Sydnonimines, like 3-morpho-
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Fig. 1. The chemical structures of GEA 3162, SIN-1 and S-nitroso-N-acetylpenicillamine (SNAP).

lino-sydnonimine (SIN-1), have been shown to release NO
together with O, (Feelisch, 1991; Hogg et a., 1992)
leading to the formation of ONOO™. Therefore, SIN-1
may be regarded as a ONOO™ donor rather than a pure
NO donor (Hogg et al., 1992).

With the vastly increased research on the biochemistry,
pathophysiology and pharmacology of NO, NO-releasing
compounds are being employed by many investigators due
to the instability and inconvenient handling of aqueous
solutions of NO gas. Mesoionic 3-aryl substituted oxatria-
zole-5-imine derivatives have been shown to release NO
spontaneoudy in buffer solutions (Karup et al., 1994;
Kankaanranta et al., 1996) and produce biological activi-
ties similar to those of NO (Moilanen et a., 1993; Vilpo et
al., 1994; Virtaet al., 1994; Corell et al., 1994; Ma o-Ranta
et a., 1994). Structuraly, these oxatriazole derivatives
resemble sydnonimines like SIN-1 (Fig. 1) but the chemi-
ca reactions leading to the decomposition of these
molecules and the release of NO are not known in detail
(Karup et a., 1994). In severa models, the NO-like bio-
logical activity of oxatriazole derivatives is superior to that
of SIN-1 (Moilanen et a., 1993; Vilpo et a., 1994, Virta
et a., 1994; Corell et al., 1994; Mao-Ranta et al., 1994).
This could be due to inactivation of NO in a reaction with
O, during the decomposition process of SIN-1. The aim
of the present study was to find out whether 1,2,3,4-
oxatriazolium,5-amino-3-(3,4-dichlorophenyl)-chloride
(GEA 3162), a parent compound of oxatriazole-5-imine
derivatives (Karup et al., 1994), releases O, and forms
ONOO™ in the NO-producing process. An earlier docu-
mented ONOO™ donor SIN-1 and NO-donor S-nitroso-N-
acetylpenicillamine were used as controls.

2. Materials and methods

2.1. Measurement of NO by chemiluminescence analyzer

NO release was measured by ozone-chemiluminescence
analyzer (Thermo Environmental Instruments, Model 42).
The NO-donors were first dissolved in dimethyl sulfoxide
(DMSO0) and further diluted in 1:1000 in 50 mM phos-

phate buffer (pH 7.4) in a glass vial connected to the
analyzer via a Tygon-tube.

2.2. Detection of O,

O,~ generation was measured by the superoxide dismu-
tase-inhibitable reduction of nitro blue tetrazolium (Auclair
and Voisin, 1985). Drugs were dissolved in DMSO (final
concentration 1%) and used immediately in final concen-
trations of 100 and 500 wM. The reduction of nitro blue
tetrazolium was monitored at 560 nm wavelength, at 37°C,
for 20 min. Superoxide dismutase (EC 1.15.1.1) at a find
concentration of 100 U/ml, was added into the assay
cuvette 5 min after the commencement of the incubation,
during the linear increase in absorbance.

2.3. Measurement of nitrotyrosine and aminotyrosine by
high performance liquid chromatography

ONOO™ nitrates tyrosine into nitrotyrosine which can
be measured by high performance liquid chromatography
(HPLC) using UV detection at 274 nm as described by
Van Der Vliet et a. (1994) and Kaur and Halliwell (1994).
To increase sensitivity, nitrotyrosine was reduced to
aminotyrosine and measured by electrochemical (EC) de-
tector as described by Darley-Usmar et al. (1992).

Drugs (100 uM) were incubated with 100 ©M tyrosine
in 10 mM phosphate buffer, pH 7.4, 37°C, for 30 min. The
incubates (100 wl) were measured for nitrotyrosine as
described by Kaur and Halliwell (1994) or reduced by 10
wl sodium dithionite (1 mM in H,0O, freshly dissolved)
and then acidified by 10 ul 5 mM HCI. After centrifuga-
tion (3200 g, 2 min), aminotyrosine was analysed by
HPLC with an EC-detector (Antec EC-controller, Leyden,
the Netherlands). We used an ODS 2 column (5 um, 25
cm X 4.6 mm, Phase Separations, Deeside, U.K.) with 1
cm Guard Column (ODS 2, Phase Separations, Deeside,
U.K). The eluent (0.8 ml/min) was 50 mM potassium
phosphate buffer (pH 3.0) with 20% MeOH (v:v) (Kaur
and Halliwell, 1994) and 1.2 g/| heptanesulfonic acid
sodium salt monohydrate. 3-Nitro-L-tyrosine was used as a
standard in analysis and 3-amino-L-tyrosine was used for
the identification of the aminotyrosine peak in HPLC
gram.
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2.4. Detection of oxygen consumption

Oxygen consumption was measured by a Clark elec-
trode at 37°C (Clark et a., 1953) in 10 mM phosphate
buffer. The drugs were first dissolved in DMSO and the
low DMSO-induced oxygen consumption was subtracted
from counted values.

2.5. Drugs and chemicals

GEA 3162, SIN-1 and S-nitroso-N-acetylpenicillamine
were kindly provided by GEA, Copenhagen, Denmark.
Superoxide dismutase, tyrosine, 3-nitro-L-tyrosine and 3-
amino-L-tyrosine (Sigma, St. Louis, MO, USA), heptane-
sulfonic acid sodium salt monohydrate (Fluka Chemie,
Buchs, Switzerland), and sodium dithionite (J.T. Baker,
Devender, Holland) were purchased as indicated.

2.6. Satistics

Results are expressed as mean + SE.M. Statistical sig-
nificance was calculated by one-way analysis of variance
supported by Tukey—Kramer multiple comparisons test.
Differences were considered significant when P < 0.05.

3. Results
3.1. Production of NO

All the three compounds released NO in a time-and
dose-dependent manner in phosphate buffer (pH 7.4, 20°C,
Table 1). The order of potency at every time point during
the 45 min incubation time was S-nitroso-N-acetylpenicil-
lamine > GEA 3162 > SIN-1. The kinetics of NO produc-
tion was different between the three compounds. NO re-
lease from GEA 3162 and SIN-1 increased continuously
during the 45 min follow-up whereas NO release from

Table 1

40
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mOD/min

100 500 500 100 500 500 100 500 500 pM
+SOD +SOD +SOD

3162 SIN-1 SNAP
Fig. 2. The ability of NO-donors (100, 500 uM) to reduce nitro blue

tetrazoliun in 50 mM phosphate buffer (pH 7.7, 37°C). Mean SEM.,
n=4-6, = * = indicates P < 0.001.

S-nitroso-N-acetyl penicillamine peaked at 15 min after dis-
solved in buffer and decreased thereafter.

3.2. Formation of O,

The ability of GEA 3162, SIN-1 and S-nitroso-N-
acetylpenicillamine (100-500 wM) to reduce nitro blue
tetrazolium is shown in Fig. 2 SIN-1 caused a dose-depen-
dent reduction of nitro blue tetrazolium which was in-
hibitable by addition of superoxide dismutase. In the pres-
ence of GEA 3162 and S-nitroso-N-acetylpenicillamine
there was no significant change in the absorbance indicat-
ing negligible, if any, production of O,

3.3. Production of nitrotyrosine and aminotyrosine

To measure the formation of nitrotyrosine as a marker
of ONOO™ production, GEA 3162, SIN-1 and S-nitroso-
N-acetylpenicillamine (100 uM) were incubated for 30
min a 37°C in phosphate buffer (pH 7.4) supplemented
with tyrosine (100 uM). In the solutions of SIN-1, some
nitrotyrosine was found, but the concentrations were near
the detection limit of the assay. To increase sensitivity

NO release from GEA 3162, SIN-1 and S-nitroso-N-acetylpenicillamine (SNAP) in 50 mM phosphate buffer measured in the gaseous phase above the

buffer by ozone-chemiluminescence analyzer

Drug uM NO release (ppb)

t (min)

2 15 30 45
GEA 3162 10 0.8+ 05 1.7+ 05 1.7+04 36+16
GEA 3162 33 20+ 11 76+ 14 87+12 10.1+15
GEA 3162 100 91+31 26.7 £ 6.1 31.8+79 430+ 155
SIN-1 10 0+0 0+0 0+0 0+0
SIN-1 33 0+0 01+01 14+ 06 30+10
SIN-1 100 0+0 15+ 04 50+ 0.8 73+08
SNAP 1 11.3+ 47 50.6 + 16.9 37.8+9.2 30.2+55
SNAP 33 84.0 + 23.9 313.9 + 62.0 2289+ 36.3 160.4 + 19.6
SNAP 10 268.8 + 63.2 4174 +17.8 379.7 + 443 276.2 + 83.6

mean + SE.M., n=5-6.
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Fig. 3. Oxygen consumption by NO donors (500 uM) in 10 mM
phosphate buffer (pH 7.4, 25°C) measured by a Clark electrode. A
representative experiment of six.

nitrotyrosine was treated with dithionite to yield aminoty-
rosine which was detectable with EC detector. Aminotyro-
sine concentrations in the solutions of SIN-1 were 800 +
100 nM (n = 5). The corresponding value in the solutions
of GEA 3162 was about 40 nM which is, however, barely
detectable. Aminotyrosine was not found in the solutions
of Snitroso-N-acetylpenicillamine.

3.4. Oxygen consumption

Fig. 3 shows the oxygen consumption in 500 uM
solutions of GEA 3162, SIN-1 and S-nitroso-N-acetyl-
penicillamine. The initial rate (during the first minute) of
oxygen consumption by SIN-1 (0.7 + 0.4 uM /min, n = 6)
was less than that of GEA 3162 (3.2+ 0.3 wM /min,
n=6). Oxygen consumption was not detectable in solu-
tions of S-nitroso-N-acetylpenicillamine during the first
minute. Between 5—20 min after dissolved in buffer, SIN-1
consumed 10 times more oxygen (3.5+ 0.3 uM/min)
than GEA 3162 (0.4 4+ 0.1 wM /min) and 20 times more
than S-nitroso-N-acetylpenicillamine (0.2 + 0.03
uM /min).

4, Discussion

In the present study, the NO-, O,"- and ONOO™-pro-
ducing properties of GEA 3162, the parent compound of
mesoionic 3-aryl substituted oxatriazole 5-imine deriva
tives, were characterized and compared with the earlier
known NO-releasing compounds SIN-1 and S-nitroso-N-
acetylpenicillamine. SIN-1 releases both NO and O, rad-
icals in agueous solutions resulting in the formation of
peroxynitrite whereas nitrosothiol S-nitroso-N-acetylpeni-
cillamine releases only NO (Feelisch, 1991; Hogg et 4.,
1992).

NO released from GEA 3162, SIN-1 and S-nitroso-N-
acetylpenicillamine was measured in the gaseous phase by

ozone-chemiluminescence. GEA 3162 released more NO
than SIN-1 and less than S-nitroso-N-acetylpenicillamine.
This accords well with our recent study where the NO
production by these compounds was detected indirectly by
measuring formation of nitrite and nitrate, conversion of
OxyHb to MetHb, production of cGMP in platelets and
inhibition of platelet aggregation (Kankaanranta et al.,
1996). The measure of NO in the gaseous phase probably
underestimates the release of NO from SIN-1 as compared
to the other NO-donors. The reaction between NO and
O,  togive ONOO™ isvery rapid, the rate constant of this
reaction determined by flash photolysis is 6.7 x 10° M !
S™! (Huie and Padmaja, 1993). Thus probably only a
minor part of the NO released from SIN-1 reached the
analyzer and could be measured in the present experi-
ments.

O,  release from the three compounds was measured
by nitro blue tetrazolium reduction method (Auclair and
Voaisin, 1985). SIN-1 was different from GEA 3162 and
Snitroso-N-acetylpenicillamine in its ability to reduce ni-
tro blue tetrazolium. This activity of SIN-1 was reversed
by superoxide dismutase suggesting that it was due to
production of O,. Our results confirm the earlier reported
formation of O,~ from SIN-1 (Feelisch et al., 1989) and
suggest that GEA 3162 and S-nitroso-N-acetylpenicilla
mine differ from SIN-1 in this matter.

Resaction between NO and O, . under physiological
conditions leads to formation of ONOO~ with a fast rate
constant (Huie and Padmaja, 1993). ONOO™ is a very
reactive molecule and there are no methods to measure
ONOO™ as such in physiological conditions. ONOO™ can
be assayed indirectly by measuring nitrotyrosine (Kaur and
Halliwell, 1994). Using the HPLC method with UV detec-
tion described by Kaur and Halliwell (1994) we found
some nitrotyrosine in the incubates of SIN-1 but not a
trace in those of GEA 3162 or S-nitroso-N-acetylpenicil-
lamine. To increase sensitivity, we reduced nitrotyrosine to
aminotyrosine which could be quantitated by EC detector.
The sensitivity was enhanced by factor 60 and there was
no doubt of the formation of nitrotyrosine in the incubates
of SIN-1. SNAP did not trigger production of measurable
concentrations of aminotyrosine. In the incubates of GEA
3162 a barely detectable amounts of aminotyrosine were
found. These results confirm the earlier documented for-
mation of ONOO™~ in solutions of SIN-1 (Feelisch et al.,
1989; Hogg et al., 1992) and suggest that GEA 3162 and
SNAP differ from SIN-1 in this characteristic.

Oxygen is consumed in the chemical process leading to
NO-release from SIN-1 (Feelisch et al., 1989). Oxygen-de-
pendent and -independent pathways involved in the NO-
producing processes of GEA 3162 have been suggested
(Karup et al., 1994). In the present study, oxygen con-
sumption in solutions of GEA 3162, SIN-1 and S-nitroso-
N-acetylpenicillamine were measured in conditions where
NO was released. The results suggest that SIN-1 and to a
lesser extent also GEA 3162 consume oxygen in their
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decomposition process. In the case of SIN-1 the oxygen
consumption has been associated with the production of
O, (Feelisch, 1991). Therefore, the low oxygen consump-
tion in solutions of GEA 3162 is in line with the low O,
and peroxynitrite production during NO-releasing process.

Oxatriazole-5-imine derivatives have been shown to
have several hiological properties typical for NO-donors.
Oxatriazole-5-imine derivatives have vasodilator, an-
tiplatelet, fibrinolytic (Corell et al., 1994) and antibacterial
(Virta et a., 1994) properties and inhibit oxidation of low
density lipoprotein (Mao-Ranta et al., 1994). We have
also shown that these compounds inhibit neutrophil func-
tions (Moilanen et a., 1993), leukocyte adhesion to en-
dothelia cells (Moilanen et al., 1994), inhibit lymphocyte
proliferation (Kosonen et al., 1997) and suppress tumour
cell growth (Vilpo et al., 1994). In most of these studies,
the efficacy of the new GEA compounds was compared to
the earlier-known NO-donor SIN-1. On molar basis GEA
compounds were more potent than SIN-1 in NO-mediated
biological actions. This could be explained by the present
data suggesting that SIN-1 releases O, in addition to NO
whereas O, release from GEA 3162 was negligible.
Reaction between NO and O, resulting in the formation
of ONOO™ is regarded as an inactivation route for these
two reactive radicals (Gryglewski et al., 1986; Pryor and
Squadrito, 1995). In addition to this quantitative difference
between SIN-1 and GEA 3162 the difference in the O, re-
leasing and ONOO™ producing properties between these
two NO-donors is likely to produce qualitative differences
in the actions between these NO-donors. For instance,
SIN-1 has been reported to initiate lipid peroxidation in
low-density lipoprotein (LDL) (Darley-Usmar et al., 1992;
Graham et a., 1993) whereas GEA 3162 reduced endothe-
lial cell-mediated oxidation of LDL (Malo-Ranta et al.,
1994).

In the present study, we have measured NO release,
O, production and ONOO~ formation of mesoionic 3-
aryl substituted oxatriazole-5-imine derivative GEA 3162,
SIN-1 and S-nitroso-N-acetylpenicillamine. The results
suggest that GEA 3162 releases negligible amounts of O,
and ONOO~ as compared to SIN-1 and thus resembles
more the NO-donor S-nitroso-N-acetylpenicillamine. This
adds the value of GEA 3162 as an useful tool in NO
research and could well explain the earlier findings on the
superior NO-like biological activity of oxatriazole deriva-
tives as compared to SIN-1.
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