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Abstract—The ability of 5-nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-dioxides to generate nitric oxide (NO) and
activate soluble guanylate cyclase was investigated. All of these compounds were found to be thiol-dependent NO-donors and
guanylate cyclase activators. The maximal stimulatory effect of 5-nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-diox-
ides was observed at 10 pM concentration and the activity increase was 4.5-, 15.0-, and 8.2-fold in the presence of 20 uM
dithiothreitol and 11.3-, 31.6-, and 20.5-fold, respectively, in the presence of added glutathione (100 uM). The NO-depend-
ent mechanism of benzotetrazine-1,3-dioxide nitroderivative-induced activation of soluble guanylate cyclase (in the presence
of 100 uM glutathione) was confirmed by the inhibition (by 78%) of 7-nitrobenzotetrazine-1,3-dioxide (10 uM)-stimulated
guanylate cyclase activity in the presence of the NO-scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (Carboxy-PTIO, 50 uM) and by the inhibition with 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 0.3 uM)
of 5-nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-dioxides (10 uM)-stimulated guanylate cyclase by 34, 69, and 39%,
respectively. All compounds used inhibited ADP-induced aggregation of human platelets with ICs, of 10.0, 1.3, and 2.0 uM
for 5-nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-dioxides, respectively. A clearly defined correlation was established
between the ability of the compounds to generate NO, activate soluble guanylate cyclase, and inhibit platelet aggregation.
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Nitric oxide (NO) is a potent physiological regulator of
the cardiovascular, immune, and nervous systems [1].
Endogenous NO formed from L-arginine under the action of
NO-synthase [2] plays a key role in maintaining the normal
tone of vascular smooth muscles. This influences systemic
blood pressure. NO is presently considered as an endogenous
vasodilator and effective regulator of homeostasis. Anti-hyper-
tensive and anti-aggregatory properties of NO are directly
associated with the functioning of soluble guanylate cyclase.

Guanylate cyclase (EC 4.6.1.2, guanosine-5'-
triphosphate-pyrophosphate lyase (cyclizing)) catalyzes
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the biosynthesis of guanosine-3',5'-monophosphate
(cGMP), the second messenger, acting as a universal reg-
ulator of intracellular metabolism [3].

It has been established that the interaction of NO
with the guanylate cyclase heme iron and subsequent
nitrosyl—heme complex formation [4] are accompanied
by a conformational changes in the guanylate cyclase
active center. These changes lead to the increase in the
enzyme activity, cGMP elevation in cells, and activation
of cGMP-dependent protein kinase (particularly, of pro-
tein kinase G I isoform in platelets [5])—which in turn
through phosphorylation of a number of endogenous sub-
strates prevents platelet aggregation [6-8].
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Nitric oxide formation was also demonstrated to
occur due to biotransformation of nitroglycerin and other
nitrates used in treatment of cardiovascular diseases as
anti-hypertensive and anti-anginal pharmaceuticals.
However, all of them have essential drawbacks: these are
weak anti-aggregatory activity, induction of nitrate toler-
ance as a result of chronic continuous nitrate therapy;
emergence and development of other side effects [9]. In
view of this, an intensive search for new compounds
capable of generating NO nonenzymatically in the living
organism (e.g., spontaneously or in a thiol-dependent
way) is constantly being conducted. This approach is con-
sidered as the most promising one for creation of new
anti-aggregatory, anti-anginal, and anti-ischemic drugs
based on NO-donors.

Earlier we were the first to study a new class of het-
erocyclic compounds—derivatives of 1,2-diazetine-
1,2-dioxide—capable of nonenzymatically generating
NO [10, 11]. In the course of these studies it was estab-
lished that a considerable number of compounds of this
series demonstrated a clearly-defined correlation
between their ability to generate NO, activate soluble
guanylate cyclase [12], inhibit ADP-induced human
platelet aggregation, and accelerate platelet disaggre-
gation [13].

Described in the literature there are various bicyclic
N,N’-dioxides, possessing biological activity: 1,2,5-oxa-
diazolo[3,4-d]pyridazine-5,6-dioxides [14], substituted
quinoxaline-1,4-dioxides [15] and 1,2,4-benzotriazine-
1,4-dioxides [16]. In particular, we have shown that
1,2,5-oxadiazolo[3,4-d]pyridazine-5,6-dioxide is able to
activate soluble guanylate cyclase and to inhibit ADP-
induced platelet aggregation [14].

In the present study, the following nitro-substituted
benzotetrazine-1,3-dioxides were examined: 5-nitro- (5-
NBTDO), 7-nitro- (7-NBTDO), and 5,7-dinitroben-
zotetrazine-1,3-dioxide (5,7-DNBTDO):
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In particular, the ability of these compounds to gen-
erate nitric oxide and activate soluble guanylate cyclase
was investigated. Besides, the influence of low-molecu-
lar-weight thiols on the process of NO-formation, the
enzyme activation by the benzotetrazine-1,3-dioxide
derivatives, and the anti-aggregatory properties of these
compounds were studied.
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MATERIALS AND METHODS

Nitro-substituted benzotetrazine-1,3-dioxides (5-
NBTDO, 7-NBTDO, and 5,7-DNBTDO) were synthe-
sized according to [17]. The amount of nitric oxide
formed was estimated by electron paramagnetic reso-
nance spectroscopy (EPR spectroscopy) according to
[18]. For NO-trapping, the ferrous complex of N-
methyl-D-glucamine dithiocarbamate (MGD),
(MGD),—Fe?*, was used. This complex, prepared
according to [19], forms the paramagnetic mononitrosyl
complex with nitric oxide. In studying the role of thiols
in NO generation from the compounds used, the amount
of NO formed was estimated after 30 min incubation at
room temperature with and without 25 uM glutathione.
The molar ratio of nitrobenzotetrazine-1,3-dioxide/thiol
was 1 : 5. The incubation was carried out in 15 mM
HEPES buffer (pH 7.4) with dimethylsulfoxide
(DMSO). The influence of compounds on guanylate
cyclase activity was investigated using human platelets as
a source of soluble guanylate cyclase. Platelets were iso-
lated from blood of donors according to [20]. A suspen-
sion of washed platelets in 50 mM Tris-HCI buffer
(pH 7.6) containing 0.2 mM dithiothreitol was sonicated
using an MSE 5-78 ultrasonic disintegrator (UK) for 20 sec
at 2°C and centrifuged for 1 h at 105,000g. The super-
natant was used as the soluble guanylate cyclase prepara-
tion. Guanylate cyclase activity was assayed as described
in [21]. Briefly, the samples (final volume 150 pl) con-
tained 50 mM Tris-HCI buffer (pH 7.6), 1 mM GTP,
4 mM MgCl,, 4 mM creatine phosphate, 20 ug (120-160
units) creatine phosphokinase, 10 mM theophylline, the
105,000g supernatant (15-20 pg protein), and other addi-
tives as indicated. The effect of nitro-derivatives of ben-
zotetrazine-1,3-dioxide on guanylate cyclase activity was
studied using 10 uM concentration. Due to poor solubil-
ity of the compounds, they were initially dissolved in
DMSO with subsequent dilution with 50 mM Tris-HCI
buffer (pH 7.6) to the required concentration. The pres-
ence of DMSO in 10 uM nitrobenzotetrazine-1,3-diox-
ides had no influence on the basal activity of guanylate
cyclase. The amount of cGMP formed during the
enzyme reaction (15 min at 37°C) was estimated by
ELISA method using kits for quantitative determination
of cGMP produced by Bioimmunogen (Moscow,
Russia). Protein was determined by the Bradford method
[22].

In studying the effect of nitro-derivatives of ben-
zotetrazine-1,3-dioxide on platelet aggregation, venous
blood of healthy donors was collected in plastic bottles
containing 1 : 10 volume of 3.8% trisodium citrate and
centrifuged at 450g for 10 min at room temperature to
obtain platelet rich plasma (PRP). The platelet count in
PRP was adjusted with platelet poor plasma (PPP) to
2.5-10% platelets per ml. PPP was obtained by centrifu-
gation of PRP for 30 min at 650g. Aggregation was
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induced by ADP in final concentration 20-40 uM caus-
ing 45-50% aggregation. Aggregation was measured
according to the Born method [23] using an aggregome-
ter designed in the Laboratory of Bioorganic Chemistry
of Moscow State University, at stirring speed of 1000 rpm
at 37°C. Nitrobenzo-1,3-dioxides were added before
ADP.

The following reagents were used: GTP sodium salt
(Fluka, Switzerland); 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt
(Carboxy-PTIO) (ICN, USA); 1H-[1,2,4]oxadiazo-
lo[4,3-a]quinoxalin-1-one (ODQ) and other reagents
from Sigma (USA).

RESULTS

Determination of the amount of NO formed from
nitrobenzotetrazine-1,3-dioxides has shown that in the
absence of thiols these compounds are unable to generate
NO. In the presence of thiols (glutathione) the amount of
NO formed from 5-nitro-, 7-nitro-, and 5,7-dinitroben-
zotetrazine-1,3-dioxideswas 1.0 £0.2,5.8 £ 1.4,and 1.4 =
0.3% of the theoretically possible amount, respectively.
The results show that the compounds studied are thiol-
dependent NO-donors.

Investigation of the influence of nitrobenzote-
trazine-1,3-dioxides in the concentration range from 0.1
to 10 uM on the activity of soluble guanylate cyclase
revealed that the maximal stimulatory effect was at their
final concentration of 10 uM. As seen from Table 1, 5-
nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-diox-
ides, at a concentration of 10 uM, increased the enzyme
activity 4.5-, 15.6-, and 8.2-fold, respectively. Note that
the 105,000g supernatant which was used as an enzyme
preparation contained 0.2 mM dithiothreitol (see
“Materials and Methods”) whose final concentration in
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the sample was ~20 uM. Addition to the sample of glu-
tathione (100 uM) increased more than twice the degree
of guanylate cyclase activation by the studied compounds;
at the same time, the basal activity of the enzyme
remained unchanged (Table 1).

If the stimulatory effect of benzotetrazine-1,3-diox-
ide derivatives is due to their ability to generate nitric
oxide, it is reasonable to expect that in the presence of an
NO scavenger the intensity of this effect would be low-
ered. Used as such NO scavenger was the potassium salt
of 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (Carboxy-PTIO) [24]. Table 2 presents
data on the influence of Carboxy-PTIO (50 uM) on the
activation of soluble guanylate cyclase by 7-nitrobenzote-
trazine-1,3-dioxide (10 uM) in the presence and absence
of reduced glutathione (100 uM). As follows from these
data, on addition to the sample of glutathione the degree
of activation increased from 16.0- (without glutathione)
to 40-fold. Simultaneously in the presence of Carboxy-
PTIO (50 uM) the inhibition of the enzyme activation by
7-nitrobenzotetrazine-1,3-dioxide was increased from
15% (without glutathione) to 78% in the presence of
100 uM glutathione.

As indicated above, the mechanism of activation of
soluble guanylate cyclase by NO-donors is associated
with the interaction of NO formed with the guanylate
cyclase heme iron and with the formation of the nitro-
syl-heme complex [4]. It is known also, that ODQ,
presently used as an effective inhibitor of the heme-
dependent activation of soluble guanylate cyclase can
oxidize Fe?* in the heme to Fe®*, thereby preventing
NO binding and the enzyme activation [25, 26]. Table 3
shows that ODQ (in final concentration of 0.3 uM, i.e.,
under conditions which were earlier used by Moncada
et al. [27] in analogous experiments with other NO-
donors) inhibits guanylate cyclase activation by 5-
nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-

Table 1. Effect of glutathione (100 uM) on activation of human platelet soluble guanylate cyclase (sGC) by 10 pM 5-
nitrobenzotetrazine-1,3-dioxide (5-NBTDO), 10 uM 7-nitrobenzotetrazine-1,3-dioxide (7-NBTDO), and 10 uM

5,7-dinitrobenzotetrazine-1,3-dioxide (5,7-DNBTDO)

o Compounds added
Activity of sGC Xiti?ﬁ) lrl1ts in the absence of glutathione in the presence of glutathione
5-NBTDO | 7-NBTDO | 5,7-DNBTDO — 5-NBTDO | 7-NBTDO | 5,7-DNBTDO
Specific activity of | 94 £9 424 + 34 | 1415 £ 109 771 £ 59 92 £8 | 1060 £ 81 | 2972 + 242 1928 * 148
sGC, pmol cGMP/min
per mg protein
Degree of sGC acti-
vation 1.0 4.5 15.6 8.2 — 11.3 31.6 20.5

Note: The data are mean + SD of 4-5 independent experiments.
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Table 2. Effect of 50 uM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (Carboxy-PTIO) on
activation of human platelet soluble guanylate cyclase (sGC) by 10 uM 7-nitrobenzotetrazine-1,3-dioxide (7-

NBTDO)
Compounds added
Activity of sGC Without
additions Carboxy- 7-NBTDO 7-NBTDO + Carboxy-PTIO
PTIO
without with glutathione without with glutathione

glutathione (100 uM) glutathione (100 uM)
Specific activity of | 91X 10 110+ 7 1454 £ 114 3636 + 280 1236 £ 89 800 + 58
sGC, pmol cGMP/min
per mg protein
Degree of sGC activa- 1 1.2 16.0 40.0 13.6 8.8
tion
Inhibition of sGC acti- — — — — 15 78
vation, %

Note: The data are mean = SD of 3-4 independent experiments.

dioxides by 34, 69, and 39%, respectively. These data
confirm the participation of the guanylate cyclase heme
in the activation of the enzyme by the compounds stud-
ied.

It was shown that the anti-aggregatory properties of
endogenous NO and its donors are associated, to a con-
siderable degree, with the activation of soluble guanylate
cyclase and cGMP elevation in platelets [28]. We studied

the ability of nitro-derivatives of benzotetrazine-1,3-
dioxide to inhibit ADP-induced human platelet aggrega-
tion in vitro. As seen from the figure, the concentrations
of 5-nitro-, 7-nitro-, and 5,7-dinitrobenzotetrazine-1,3-
dioxides producing 50% inhibition of platelet aggregation
are estimated as 10.0, 1.3, and 2.0 uM, respectively. For
comparison, the appropriate ICs, value for sodium nitro-
prusside is 50 uM.

Table 3. Effect of 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) on activation of human platelet soluble
guanylate cyclase (sGC) by 5-nitrobenzotetrazine-1,3-dioxide (5-NBTDO), 7-nitrobenzotetrazine-1,3-dioxide (7-
NBTDO), and 5,7-dinitrobenzotetrazine-1,3-dioxide (7-DNBTDO) in the absence (I) and presence of ODQ

(0.3 uM) (1)

Compounds added
Activity of sGC Without
o 1 11
additions
5-NBTDO | 7-NBTDO |5,7-DNBTDO — 5-NBTDO | 7-NBTDO |5,7-DNBTDO
(10 pM) (10 pM) (10 pM) (10 pM) | (10 uM) (10 pM)
Specific activity of | 124 £ 22 149+ 11 | 352+ 31 623 + 50 590 + 52
sGC, pmol cGMP/min
per mg protein
Degree of sGC acti- 1 4.3 16.2 7.8 1.2 2.8 5.0 4.8
vation
Inhibition of sGC — — — — — 34 69 39
activation, %

Note: The data are mean = SD of 4-5 independent experiments.
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100 T

Inhibition of aggregation, %

Concentration-dependent inhibition of 50% irreversible ADP-
induced human platelet aggregation by 5-nitrobenzotetrazine-
1,3-dioxide (5-NBTDO) (/), 7-nitrobenzotetrazine-1,3-diox-
ide (7-NBTDO) (2), and 5,7-dinitrobenzotetrazine-1,3-diox-
ide (5,7-DNBTDO) (3)

DISCUSSION

The data presented here demonstrate for the first
time that the compounds of a new class of bicyclic 1,3-di-
N, N'-oxides (5-nitro-, 7-nitro-, and 5,7-dinitrobenzote-
trazine-1,3-dioxides) are thiol-dependent donors of NO,
unable to produce NO in the absence of thiols. The most
effective NO-donor in this series was 7-nitrobenzote-
trazine-1,3-dioxide, while 5,7-dinitro- and 5-nitroben-
zotetrazine-1,3-dioxides were less effective under the
same conditions. The chemical mechanism of nitric
oxide formation from the above compounds in the pres-
ence of thiols has not yet been clarified. The results of
preliminary experiments (A. M. Churakov and M. O.
Ratnikov, unpublished data) have shown that reduction of
7-nitrobenzotetrazine-1,3-dioxide by sodium dithionate
leads to formation of 5-nitrobenzotriazole. It is very like-
ly that the reaction proceeds with formation of an inter-
mediate compound, the appropriate N-nitrosotriazole. It
is to be noted that the nitro-group of a benzene ring is not
affected upon reduction. Apparently the interaction of
nitro-substituted benzotetrazine-1,3-dioxides with thiols
is likewise accompanied by their reduction to the respec-
tive N-nitrosobenzotriazoles, which in fact appears to be
nitric oxide donors.

Nitric oxide generation predetermined the ability of
nitro-substituted benzotetrazine-1,3-dioxides to activate
soluble guanylate cyclase. The comparatively low degree
of the enzyme activation by these compounds in the pres-
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ence in sample of 20 uM dithiothreitol (Table 1) was sig-
nificantly increased (by over twofold) upon addition of
100 uM reduced glutathione (Table 1), confirming the
thiol-dependent mechanism of guanylate cyclase activa-
tion. 7-Nitrobenzotetrazine-1,3-dioxide proved to be the
most potent enzyme activator and accordingly, the most
effective nitric oxide donor in this group. The intensity of
the stimulatory effects of 5,7-dinitro- and 5-nitroben-
zotetrazine-1,3-dioxides was markedly lower (Table 1),
consistent with the amount of NO formed from these
compounds. The NO-mediated mechanism of guanylate
cyclase activation was confirmed by the lowering of the
stimulatory effect of 7-nitro-derivative in the presence of
the standard NO scavenger, Carboxy-PTIO. Its inhibito-
ry effect reached 78% (Table 2).

The NO- and heme-dependent mechanism of
guanylate cyclase activation by benzotetrazine-1,3-diox-
ide derivatives was also confirmed by their lowered stim-
ulatory effect in the presence of ODQ (Table 3) with the
inhibitory effect being more pronounced in the case of 7-
nitro-derivative (69%) than for 5,7-dinitro- and 5-nitro-
derivatives (39 and 34%, respectively). This is apparently
associated with the ability of 7-nitro-derivative to gener-
ate NO more effectively and to activate the enzyme more
intensively in a heme-dependent manner. In the experi-
ments described here, the possibility of ODQ binding to
hemoglobin was entirely excluded: the enzyme prepara-
tion was obtained from highly purified platelets, which
were pre-purified by use of Ficoll-Paque and did not con-
tain any erythrocyte admixture [20].

The ability of the nitrobenzotetrazine-1,3-dioxides
to activate guanylate cyclase ensures their inhibitory
action on ADP-induced platelet aggregation (figure). The
extent of their inhibitory effects is in full accordance with
the amount of NO formed from these compounds and
with the degree of guanylate cyclase activation. The most
effective NO-donor and guanylate cyclase activator (7-
nitrobenzotetrazine-1,3-dioxide) appears at the same
time the most potent inhibitor of ADP-induced platelet
aggregation (figure).

Thus, the present study has revealed a new class of
thiol-dependent nitric oxide donors. The compounds of
this class are able to heme-dependently activate soluble
guanylate cyclase and to effectively inhibit platelet aggre-
gation.

These studies were supported by the Russian
Foundation for Basic Research (grant No. 99-04-48659).
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