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Abstract—The ability of 3-hydroxy-6-methyl-2-ethylpyridine 2-nitroxysuccinate (I) to generate nitrite ions

(NO5) and nitrogen monoxide (NO) in model systems with cysteine (Cys) and deoxyhemoglobin (Hb) has

been studied. Compound I has been found to release NO, and NO more efficiently than Nicorandil. The

accumulation rate of NO, in the system of Cys with I is by a factor of 1.5 higher than that with Nitroglycerin.
It has been shown that, in contrast to Nitroglycerin, compound I is not reduced by Hb.

DOI: 10.1134/S0012500819060016

At present time, an important task of public health
is to decrease cardiovascular morbidity and mortality
caused mainly by ischemia. Pharmacotherapy of isch-
emia consists in the combined intake of pharmaceuti-
cals that exhibit vasodilatory, diuretic, and attenuating
action. Organic nitrates used in medicine practice,
such as, for example, Nitroglycerin, Nicorandil, and
Isosorbide dinitrate, are good vasodilating agents and,
therefore, are widely used in ischemia therapy. It was
found that the biological effect of organic nitrates is
caused by the production of nitrogen monoxide (NO),
and their reduction to NO involves a number of sub-
strates, including thiols, ascorbate, aldehyde dehydro-
genase, etc. [1, 2]. Resulting NO molecules activate
guanylate cyclase, which finally, via a cascade of intra-
cellular reactions, leads to the vasodilatory effect [3].

An original polyfunctional compound, 3-hydroxy-
6-methyl-2-ethylpyridine 2-nitroxysuccinate (I) (Fig. 1)
prepared at the Institute of Problems of Chemical
Physics, RAS [4], combines the properties of organic
nitrate with efficient antioxidant activity [5] and is a
promising drug for the treatment of ischemia. This
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compound also behaves as a good inhibitor of phos-
phodiesterase [6], an enzyme, which, along with gua-
nylate cyclase, is a key component to control the level
of cyclic nucleotides. Thus, the concurrent effect of I
on these two enzyme systems allows one to predict its
high cardioprotective and anti-ischemic activity.

In this work, we assessed the activity of I as an NO
donor. The reducing agent used was cysteine (Cys),
whose reaction mechanism with organic nitrates has
been studied [7]: thionitrates form at the first stage,

which further transform into nitrite ions (NO,) and

NO. It has been reported [8] that the rate of NO; for-
mation from organic nitrates in the reaction with Cys
correlates with their vasodilatory activity. Thus, the
efficiency of vasodilatory drugs can be judged from the

NO, formation rate in organic nitrate—Cys system.
The activity of compound I was compared with that of
drugs used in clinical practice: Nitroglycerin and
Nicorandil (Fig. 1).

The most convenient and widely used method for

the quantitative determination of NO, is the Griess
test [9]. The test is based on the determination of the

optical density of aniline azo dye (proportional to NO,

concentration) resulting from the reaction of NO,
with sulfanylamide (SA) and N-(1-naphthyl)eth-
ylenediamine (NEDA).

Figure 2 shows kinetic curves of NO, accumula-
tion for I and Nitroglycerin. The reaction began with
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Fig. 1. Chemical structure of organic nitrates.

addition of organic nitrates to Cys and conducted at
23°C with stirring for 5 h under anaerobic conditions.
The final Cys and organic nitrates concentration in
the reaction mixture was 107> M and 9 x 1074 M,
respectively. After certain time intervals, 0.5-mL ali-
quots of the reaction mixture were sampled and placed
in vials containing 1.5 mL of a 0.5% SA solution
(Sigma) in 0.25 M HCI. The vials were incubated for
5 min at ambient temperature, and 1 mL of a 0.02%
NEDA solution (MP Biomedicals) in 0.5 M HCI was
added. Ten minutes later, the optical density was
determined at 540 nm on a Specord M-40 spectro-

photometer. The concentration of NO, was calculated
using a calibrating curve built toward sodium nitrite.
It was found that the reaction of I with Cys causes

the efficient evolution of NO,: 27.21 + 4 uM NO,
formed over 5 h (Fig. 2).
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Fig. 2. Kinetics of NO, accumulation in the system of 9 X
1074 M I or Nitroglycerin with 1073 M Cys. Dots show
experimental data. The solvent is 0.05 M phosphate buffer,
pH 7.0, temperature 23°C.
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In experiments with Nitroglycerin, 15.12 = 3 uM

NO, formed over 5 h (Fig. 2). Consequently, the
activity of I is by a factor of 1.5 higher than that of
Nitroglycerin.

In contrast to the Cys—I system, the amount of

NO, formed in the Cys—Nicorandil model system is
much lower within the experiment error. After 19 h,

the reaction produces 0.75 uM NO, in this system.
Thus, the activity of Nicorandil is much lower than
that of Nitroglycerin and compound I.

Deoxyhemoglobin (Hb), which is one of the basic
sources of NO, reduction, plays an important role in

the conversion of NO, into NO [10]. It should be
noted that Hb can undergo redox reactions with cer-
tain organic nitrates. It is known that Nitroglycerin

reacts with Hb to form NO, and methemoglobin [11].
Therefore, the intravenous injection of Nitroglycerin
may result in methemoglobinemia.

At the next stage of the work, we studied the NO-
producing activity of organic nitrates in the Cys—
organic nitrate—Hb model system. This system is con-
venient to use for the spectrophotometric registration
of NO accumulation kinetics by the rate of formation
of nitrosylated hemoglobin (HbNO) because Hb is a
trap for NO: the rate of NO binding to Hb hemes is
close to the diffusion rate, the binding constant is 3 X
10" M~![12]. Moreover, HbNO shows a characteristic
absorption spectrum: the Hb absorption maximum
(556 nm) upon the formation of HbNO will split into
two peaks (545 and 575 nm), which is convenient for
the determination of conversion.

A homogeneous hemoglobin solution was isolated
from fresh blood of experimental animals by the
known procedure [13]. The obtained preparation was
a solution of oxyhemoglobin in water with the concen-
tration 4.2 x 10~3 M. To convert it into Hb, a solution
of the preparation was purged in 10-mL vessels with an
argon flow for 10 min.

All further experiments with organic nitrates, Cys,
and Hb were conducted in an argon atmosphere at
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Fig. 3. Time variation of absorption spectra for the reac-
tion of 2.5 x 107* M of I with 7 x 10~3 M Cys in the pres-

ence of 2.1 x 10~ M Hb. The spectra were recorded for 24 h.
The solvent is 0.05 M phosphate buffer, pH 7.0, tempera-

ture 23°C.

23°C. It was established first of all that Hb in the
absence of Cys does not reduce I and Nicorandil: the
spectrum of Hb in the Hb—organic nitrate reaction
system did not vary in time. Next, an experiment was
conducted in the presence of Cys. For this purpose, an
aliquot of an anaerobic Cys solution was added into a
quartz cuvette containing 1.47 mL of an Hb solution.
The reaction was initiated by the addition of organic
nitrates in the cuvette, absorption spectra were
recorded at certain time intervals for 24 h. The final
concentrations were 2.5 X 10~* M for organic nitrates,
7 x 103 M for Cys, and 2.1 x 10~> M for Hb. A com-
parison cuvette contained 3 mL of the phosphate buf-
fer pH 7.0. The decomposition of absorption spectra
of the reaction system into components (Hb and
HbNO) for the determination of component concen-
tration was performed using the MathCAD.

In the study of compound I in the triple system
Cys—organic nitrate—Hb, it was established that the
efficient NO evolution occurs with the subsequent for-
mation of HbNO. Figure 3 displays absorption spectra
of this system. It is seen that a gradual decrease in the
optical density is observed in the region of the Hb
absorption maximum (556 nm), while a growth of the
optical density is detected at 545 and 575 nm, which
indicates the HbNO formation.

The process for Nicorandil takes place much
slower: no two expressed peaks of HbNO form within
a day.

Figure 4 displays kinetic curves of HbNO accumu-
lation for the experiments described above. The incu-
bation of the system with compound I for one day
resulted in 18.6 uM HbNO; i.e., 88.6% of Hb con-
verted into HbNO. Under similar conditions,
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Fig. 4. Kinetic curves for the accumulation of HbNO in
the Hb—organic nitrate—Cys system. Conditions are simi-
lar to those in the caption to Fig. 3.

Nicorandil showed a more prolonged action: only
2.36 uM HbNO formed over this time.

Thus, the data obtained in this work allow us to
draw a conclusion that compound I in the reduction of
Cys is by a factor of 1.5 more efficient than Nitroglyc-

erin. In NO, - and NO-producing systems, compound
I is also a more efficient agent than Nicorandil. Com-
pound I, in contrast to Nitroglycerin, is not involved
in the redox reaction with Hb and consequently is not
able to lead to methemoglobinemia.

Thus, our findings enable us to recommend com-
pound I for further study as a promising drug for isch-
emia treatment.
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