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Abstract—Experimental data were summarized to assume that dinitrosyl iron complexes (DNICs) with thiol-
containing ligands are an endogenous “working form” of the nitric oxide (NO) system in living organisms.
DNICs can function as donors of both neutral NO molecules, which are responsible for positive regulatory
effects of the NO system on various physiological and biochemical processes in humans and animals, and
nitrosonium cations (NO+), which are responsible mostly for negative cytotoxic activity of the system. Spe-
cial attention is paid to the finding that DNICs, especially in combination with dithiocarbamate derivatives,
suppress SARS-CoV-2 infection in Syrian hamsters.
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As has been established to date, the simplest chem-
ical compound nitric oxide (nitrogen monoxide, NO)
is produced enzymatically in cells of all living organ-
isms, including humans, animals, plants, and
microbes, and functions both as a positive and as a
negative regulator of almost all metabolic processes
[1–3]. Activation of metabolic processes is a positive
effect of NO, while its negative effect consists in their
suppression and cytotoxicity.

It is clear that the life of NO as an active free-radi-
cal molecule in a free (unbound) state cannot be long
enough for its paracrine and autocrine effects in
living organisms. To ensure the effects, NO is natu-
rally incorporated in endogenous compounds, such as
S-nitrosothiols (RS-NO) and dinitrosyl iron com-
plexes (DNICs) with low- or high-molecular-weight
(protein) ligands. The compounds transfer NO over
substantial distances to the targets of its biological
effects and subsequently release NO to allow its inter-
actions with the targets [4–9].

As was reported by my team, RS-NO and DNICs
are interconvertible and, therefore, interdependent in
the body. DNICs can be converted to RS-NO, and
RS-NO are converted again to DNICs in the presence
of divalent iron. DNICs are thought to play a main
role in the DNIC–RS-NO system because they are a
component that determines the existence of the sys-
tem [6, 8].

Recent studies showed that DNICs with thiol-con-
taining ligands are capable of donating not only neu-
tral NO molecules, but also nitrosonium cations
(NO+) in the body [10–12]. This property is possibly
responsible for DNIC cytotoxicity. Nitrosonium cat-
ions arise in DNICs in the mechanism of their forma-
tion, in which disproportionation of NO molecules
binding with a divalent iron ion in a pairwise
manner is the most important step [13]. The NO mol-
ecules are converted to a nitroxyl anion (NO–) and a
nitrosonium cation as a result of the disproportion-
ation reaction (Scheme 1). Nitroxyl anions bind pro-
tons to yield neutral nitroxyl molecules (HNO), which
leave the ligand surrounding of iron. Another, third
NO molecule occupies the resulting space to form a
mononuclear DNIC (M-DNIC) with thiol-contain-
ing ligands. M-DNIC has the resonance structure
[(RS–)2Fe2+(NO)(NO+)] according to Scheme 1. The
nitrosonium cation might interact with the hydroxyl
anion to yield nitrous acid, which would leave the
complex. However, this does not take place and the
nitrosonium cation remains in the complex because
the electron density is transferred from the serum
atoms of the thiol-containing ligands, which are nuc-
leophilic DNIC components, to the nitrosonium cat-
ion, which is a potent electrophile. The transfer neu-
tralizes the positive charge of the nitrosonium cation,
thus preventing its interaction with the hydroxyl anion
and ensuring DNIC preservation.
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Scheme 1. Mechanism whereby mononuclear DNIC forms in the reaction
of NO with Fe2+ and thiol-containing compounds (RS–) [12].

The disproportionation reaction between NO mol-
ecules, that is, their mutual one-electron reduction–
oxidation, converts the initially diamagnetic iron-
dinitrosyl moiety (IDNM) [Fe2+(NO)2] with an even
number of electrons to a paramagnetic state with S =
1/2, which is characterized by a EPR signal with
gmean = 2.03 (signal 2.03). Based on the signal, DNICs
were detected and identified in living organisms as
early as the 1960s [14–16].

When the concentration of thiol-containing com-
pounds decreases, paramagnetic M-DNICs
with thiol-containing ligands undergo reversible
dimerization to produce diamagnetic
binuclear DNICs (B-DNICs, resonance structure
[(RS−)2Fe (NO)2(NO+)2]), which predominate over
M-DNICs in animal tissues [17]. The diamagnetic

character of B-DNICs is determined by spin pairing in
two IDNMs via the sulfur bridges that connect the
IDNMs in a B-DNIC. Their characteristic feature is
an optical absorption spectrum (Fig. 1) with main
bands at 310 and 360 nm with respective extinction
coefficients ε of 4600 and 3700 M–1 cm–1 as related to
one IDNM in B-DNIC [17]. The optical absorption
spectrum of S-nitrosothiol (Fig. 1) has a main band at
334 nm (ε = 0.94 M–1 cm–1) and a weak band at
540 nm [18].

Both M- and B-DNICs with the IDNM resonance
structure [Fe2+(NO)(NO+)] can similarly arise in the
reaction of Fe2+, thiols, and S-nitrosothiols (RS‒-
NO+), which bind in pairs with the Fe2+ ion and sub-
sequently undergo disproportionation (Scheme 2),
like NO molecules in Scheme 1.

Scheme 2. Mechanism whereby M-DNIC forms in the reaction 
of RS-NO with Fe2+ and thiol-containing compounds (RS–) [12].

The RS-NO molecules are converted to the unsta-
ble adducts (RS•-NO+) and (NO-RS–) as a result of
disproportionation and are subsequently decomposed.
A thiyl radical and ionized thiol (thiolate anion) are
released from the complex, while NO and NO+

remain. This yields DNIC with the resonance struc-
ture [(RS–)2Fe2+(NO)(NO+) = (RS–)2Fe+-

(NO+)(NO+)], the same as in the case where DNIC
forms in the reaction of NO with Fe2+ and thiol-con-
taining compounds (Scheme 1).

It is clear that a reaction shown in Scheme 3
describes chemical equilibrium between M-DNIC
with a resonance structure shown in Schemes 1 and 2
and the components of the complex.

Scheme 3. Chemical equilibrium between M-DNIC and its components:
thiols, Fe2+ ions, NO molecules, and nitrosonium cations [12].

According to Scheme 3, M-DNIC nitrosyl ligands
can be released from the complex in the form of neu-
tral NO molecules or in the form of nitrosonium cat-

ions, in equal proportions. The release is impossible if
the resonance structure of DNICs with thiol-contain-
ing ligands is [(RS-)2Fe–1(NO+)2], which is assumed
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Fig. 1. Absorption spectra of (1) B-DNICs with thiol-containing ligands and (2) S-nitrosothiols. The inset illustrates weak
absorption of S-nitrosothiols in the region of 540 nm. 
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in many studies in the field. This resonance structure
can be true indeed for DNICs in crystal, but does not
characterize DNICs in solution in view of the argu-
ments described previously [11, 12, 14]. Once chemi-
cal equilibrium is achieved for DNICs with the reso-
nance structure [(RS–)2Fe–1(NO+)2], nitrosyl ligands
can be released from the complexes only in the form of
NO and NO–, but not in the form of nitrosonium cat-
ions [11, 12, 14].

It is commonly accepted now that DNICs with
thiol-containing ligands act as NO stabilizers, trans-
porters, and donors [7, 9]. As for the cytotoxic effect
of DNICs, the majority of researchers who think that
only NO molecules can be released from DNICs nat-
urally attribute cytotoxic activity of DNICs to these
NO molecules or, more exactly, peroxynitrite
(ONOO–) resulting from their reaction with superox-
ide anions [7, 9]. Once protonated, peroxynitrite
decomposes into a hydroxyl radical and nitrogen diox-
ide, which are potent cytotoxic agents [19, 20]. Nitro-
sonium cations were first assumed to act as efficient
MOLECULAR BIOLOGY  Vol. 57  No. 6  2023
cytotoxic agents released from DNICs in a study of
German and Russian researchers [21], who investi-
gated the cytotoxic effect of M-DNIC with thiosulfate
(M-DNIC-TS) in Jurkat tumor cell cultures. The
effect was preserved in full when the complexes were
destroyed using the dithiocarbamate derivative
N-methyl-D,L-glucamine dithiocarbamate (MGD).

Following the researchers, the result indicated
unambiguously that a nitrosonium cation released
from the complex is responsible for the cytotoxic effect
of M-DNIC-TS on Jurkat cells. The conclusion stems
from the mechanism whereby MGD as a dithiocarba-
mate derivative decomposes M- and B-DNICs with
thiol-containing ligands (Scheme 4). DNICs are
decomposed because MGD (dithiocarbamate) cap-
tures the iron-mononitrosyl group of IDNM to yield a
mononitrosyl iron complex (MNIC) with MGD and
to release a nitrosonium cation from M- and
B-DNICs.
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Scheme 4. Mechanism whereby dithiocarbamate decomposes M- and B-DNICs with thiol-containing ligands [22].

As a result, NO molecules are incorporated in sta-
ble MNICs with MGD and thereby drop out of the
game, being no longer capable to affect cells and tis-
sues. Nitrosonium cations are free and are therefore
the only agent that can affect the biosystems.

Characteristically, the proapoptotic effect of
M-DNIC-TS increased in the presence of MGD [21].
M-DNIC-TS and MGD induce apoptosis when used
alone, especially the former. If the two compounds did
not affect each other when used together, they would
induce apoptosis in 45% of cells as judged from pub-
lished data [21]. However, more than 60% of cells
actually became apoptotic when treated with both of
the agents used together in a real experiment [21].

An increase in the M-DNIC-TS effect was mostly
likely explained by decomposition of all complexes
with the release of a maximum amount of nitrosonium
cations, which caused apoptosis. It is of interest that
glutathione decreased the proapoptotic effect of
M-DNIC-TS [21]. A lower effect was observed in the
presence of glutathione probably because M-DNIC-
TS formed a more stable complex with glutathione,
B-DNIC-GSH, which released nitrosonium cations
in substantially lower amounts as compared with
M-DNIC-TS.

Diethyldithiocarbamate (DETC) is another dith-
iocarbamate derivative capable of decomposing
M-DNIC-TS according to Scheme 4. Taking advan-
tage of this property, a hypotensive effect of
M-DNIC-TS as a NO donor was studied in animals
(Fig. 2) [23]. DETC substantially reduced the effect
when injected intravenously prior to M-DNIC-TS
administration (Fig. 2, curve 3). When DETC was
injected after M-DNIC-TS administration, a short-
term abrupt drop in blood pressure (BP) was observed
in the animals. BP dropped possibly because nitroso-
nium cations were reduced to NO within RS-NO,
which formed as a result of DNIC decomposition
(according to Scheme 4), and NO was released into
the medium (Fig. 2; curves 4, 5). A weak effect that
DETC exerted on BP that had already been lowered in
these animals (curves 4, 5) was possibly explained by

lack of contact between DETC and DNIC localized
within cells [23].

Likewise, MGD dramatically increased the cell
death induced in MCF-7 cell cultures by incubation
with B-DNIC with mercaptosuccinate (B-DNIC-
MS) [22] A decrease in MCF-7 cell survival (or cell
death) was assessed using a two-dimensional plot of
f low cytometry data. The plot characterized the
extents of apoptosis (inferred from annexin V-FITS
fluorescence) and necrosis (inferred from propidium
iodide f luorescence).

As is seen from Fig. 3, the dead cell portion reached
80% when B-DNIC-MS and MGD were added
simultaneously to a cell culture (column 4), whereas
the portion would not exceed 50% (column 5) if the
agents acted separately without interacting with each
other (columns 2, 3). It is clear that a synergistic effect
was exerted by B-DNIC-MS and MGD added simul-
taneously to the cell culture and that the effect was due
to a higher content of nitrosonium cations, which were
released from B-DNIC-MS upon its interaction with
MGD according to Scheme 4.

A similar result was obtained for a combined effect
of DETC and B-DNIC-GSH on the survival of Esch-
erichia coli TN350 cells (cell viability was inferred
from the colony-forming potential) (Fig. 4). Like in
the above examples, simultaneous exposure to DETC
and B-DNIC-GSH decreased the viable cell portion
to 5%. All cells died when DETC was added 40 min
after adding B-DNIC-GSH. B-DNIC-GSH entered
cells in this case, and all nitrosonium cations released
from B-DNIC-GSH upon its interaction with DETC
were released within cells to exert their cytopathogenic
effect.

As was observed recently, superoxide anion radicals
or divalent iron-chelating agents can be used to
decompose DNICs with thiol-containing ligands with
a release of nitrosonium cations. Superoxide anions
react within DNICs with NO molecules, which occur
as nitrosyl ligands in IDNMs of the complexes [25]. It
was already mentioned above that half of the ligands
occurs as neutral NO molecules in DNIC resonance
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Fig. 2. Changes in blood pressure (BP and ∆BP) in awake
rats after (1, 2) intravenous (i.v.) injection of M-DNIC-TC
at 10 μmol/kg body weight; (3) M-DNIC-TS injection
made 1 min after i.v. injection of DETC at 30 mg/kg; and
(4, 5) M-DNIC-TS injection followed by DETC injec-
tion, which was made at time points indicated with arrows
[23]. 
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Fig. 3. Death of MCF-7 human tumor cells (%). Columns:
(1) контроль; (2) incubation with 0.5 mM B-DNIC-MS;
(3) incubation with 1.0 mM MGD; (4) incubation with a
mixture of the two agents; (5) sum of the effects exerted by
B-DNIC-MS and MGD (columns 2 + 3) in the absence
of their interaction [22]. 
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structures, while the other half occurs as nitrosonium
cations. When superoxide anions interact with NO
molecules, peroxinitrite forms in the ligand sphere of
iron in DNICs and is then isomerized to nitrate within
DNICs, and DNICs are consequently decomposed to
release nitrosonium cations. As for the decomposing
effect of iron-chelating agents, DNICs are decom-
posed indeed [26] and nitrosonium cations are
released during their decomposition. The release takes
place apparently because all ligands are replaced with
iron-chelating agent molecules in the surrounding of
bivalent iron in DNICs. This mechanism might be
responsible for the cytotoxic effect that B-DNIC-
GSH exerted on HeLa cells in the presence of the
iron-chelating agent bathophenanthroline disulfonate
or ethylenediaminetetraacetate (EDTA) [27].

It was found that SARS-CoV-2 replication in
model animals (Syrian hamsters) is possible to sup-
MOLECULAR BIOLOGY  Vol. 57  No. 6  2023
press by taking advantage of the release of nitrosonium
cations as cytotoxic agents from B-DNIC-GSH and
its dramatic increase in the presence of DETC. The
finding opens the opportunity to design drugs against
COVID-19 on the basis of DNICs with thiol-contain-
ing ligands and dithiocarbamate derivatives (or
DNICs alone possibly).

Experiments with Syrian hamsters infected with
SARS-CoV-2 were carried out in the Vector State
Research Center of Virology and Biotechnology
(Kol’tsovo, Novosibirsk region). Hamsters were kept
in a closed chamber, and B-DNIC-GSH and DETC
solutions were sprayed consecutively into the air sup-
plied into the chamber (B-DNIC-GHS for 30 min
and then, after 30 min, DETC for 30 min). Both
B-DNIC-GSH and DETC were used at 10 mM;
10 mL of each solution was added into a sprayer.
Treatments with the compounds were performed
twice daily for 4 days. The coronavirus-infected Syrian
hamsters were then sacrificed. Nasal and lung samples
were collected, homogenized, and tested for virus
RNA amount. The RNA amount was determined by
RT-qPCR (using the number of cycles Ct) and titra-
tion in cultured Vero 6 cells (lgTCID50/mL) [28].

Viral loads established in the Syrian hamsters by
RT–qPCR are summarized in Table 1. Used alone,
B-DNIC-GSH administered as a spray significantly
decreased the viral load only in nasal cavity tissues,
where the load decreased by a factor of 16 as compared
with control hamsters (treated with placebo). Mea-
surements of the infectious titer (logTCID50/mL) did
not detect a significant decrease in viral load in nasal
or lung tissue.
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Fig. 4. Effects of DETC and B-DNIC-GSH on the col-
ony-forming activity of E. coli TN350 cells. Columns:
(1) incubation with 2.5 mM DETC; (2) incubation with
0.5 mM B-DNIC-GSH; (3) sum of the DETC and B-
DNIC-GSH effects (columns 1 + 2) in the absence of
their interaction; (4) simultaneous exposure to DECT +
B-DNIC-GSH; 5, B-DNIC-GSH was added 40 min after
adding DETC [24]. 
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A higher therapeutic effect was observed in ham-
sters treated consecutively with B-DNIC-GSH and
DETC. The RNA accumulation in nasal tissues
decreased by a factor of 16 according to the RT–qPCR
results, like in the case of B-DNIC-GSH used alone.
However, a therapeutic effect was detected in lung tis-
sue as well; i.e., the virus RNA load decreased by a fac-
tor of 20 as compared with the placebo group. Virus
titration showed a greater treatment efficacy. The virus
titer in nasal tissues decreased by a factor of 200 as
compared with the placebo group, while a decrease
observed in lung tissues was much the same as
reported by RT-qPCR (by a factor of 20).

When infected hamsters were treated with DETC
alone or with DETC followed by B-DNIC-GSH,
Table 1. Viral loads in nasal cavity and lung tissues of Syrian 
with B-DNIC-GSH or B-DNIC-GSH + DETC spray

*Lower cycle threshold (Ct) values suggest higher viral loads.

Compound nasal cavity

logTCID50/mL)

B-DNIC-GSH 4.1 ± 0.5 2
B-DNIC-GSH +DETC 2.7 ± 0.4 2
Placebo 5.0 ± 0.5 1
both administered as sprays, a therapeutic effect was
totally absent with this administration regimen.

It is of interest that EPR did not detect the forma-
tion of MNIC-DETC by the characteristic triplet sig-
nal with a center at g = 2.04 after consecutive admin-
istration of B-DNIC-GSH and DETC to hamsters,
even in the lung [28]. MNIC-DETC was expected to
result from the interaction of B-DNIC-GSH with
DETC according to Scheme 4 to release nitrosonium
cations from B-DNIC. Nitrosonium cations were
assumed to act as a cytotoxic agent and to exert a ther-
apeutic effect by suppressing SARS-CoV-2 replication
in the infected hamsters.

The failure to detect MNIC-DETC in the lung was
most likely explained by the destructive effect of
superoxide on MNIC-DETC. The effect was demon-
strated [29] and explained by the binding of the super-
oxide anion with an NO molecule in MNIC-DETC.
The reaction was already considered above when dis-
cussing DNIC decomposition by superoxide anions.
Note that the superoxide anion level is probably high
in the lung, which is in immediate contact with air and
oxygen as its component, at least high enough to
destroy MNIC-DETC.

The capability of S-nitrosylating thiols, including
both low-molecular-weight and protein ones, is the
main property of nitrosonium cations that determines
their functional role in living organisms. Therefore,
there are grounds to think that S-nitrosylation of vari-
ous virus proteins (proteases, capsid proteins, reverse
transcriptases, and transcription factors) and host
proteases by nitrosonium cations was responsible for a
decrease in virus production in the host organism,
providing an efficient means to protect animals and
humans from virus infection, including SARS-CoV-2
infection.

The question arises as to whether it is possible to
obtain DNICs with thiol-containing ligands that
release nitrosonium cations in sufficient amounts
without being decomposed by other agents, such as
dithiocarbamate derivatives, and thus exert the antivi-
rus effect to treat, for example, COVID-19.

This is possible in fact. However, such processes
are possible in DNIC solutions with a lower content of
MOLECULAR BIOLOGY  Vol. 57  No. 6  2023

hamsters infected intranasally with SARS-CoV-2 and treated

SARS-CoV-2 loads in tissues

lung

Сt logTCID50/mL) Ct

3.83 ± 1.27 4.4 ± 0.8 20.67 ± 2.13
7.28 ± 3.44 2.4 ± 0.4 30.33 ± 1.18
9.80 ± 2.19 3.7 ± 0.4 25.96 ± 1.60



DINITYROSYL IRON COMPLEXES 935

Fig. 5. Evolution of B-DNIC-GSH absorption spectra. B-DNIC-GSH was synthesized at MS : Fe2+: nitrite ratios of (a) 20 : 20 :
20 or (b, c) 40 : 20 : 20 mM. The preparations were then acidified to pH 1.0 and incubated at 80°C in (a, b) anaerobic or (c) aerobic
conditions. Curve 1, initial B-DNIC-GSH solution. (a, b) Curves 2, 3, the solution was tested, respectively, 5 min after being
heated at pH 1.0 and then supplemented with an excess of glutathione. (c) Curves 2‒4, the solution was tested, respectively, 1 min
after being acidified, heated at 80°C for 1 min, and supplemented with an excess of glutathione. The B-DNIC-GSH solutions
were diluted 20 fold to record the spectra. (c) Vertical lines are at 330 and 334 nm. 
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free (not included in DNICs) thiols. This is evident
from the following experimental data (A.F. Vanin,
prepared for publication). An original method was
developed to synthesize DNICs with thiol-containing
ligands according to Scheme 2. The method was used
to obtain the B-DNIC-GSH preparations with free
glutathione : B-DNIC-GSH ratios of 2 : 1 and : 0 : 1.
The preparations were used to check the property
observed for B-DNIC-GSH earlier, namely, that
nitrosonium cations are released from B-DNIC-GSH
in a highly acidic medium (pH 1–2) at 80°C on expo-
sure to air [30].

Both of the preparations were found to release
nitrosonium cations in the above conditions with sim-
ilar efficiencies. Nitrosonium cations were detected by
the formation of GS-NO, which is a characteristic
product of their binding with GSH and has optical
absorption maximums at 334 and 540 nm (Fig. 1).
However, NO+ might appear in the medium upon
B-DNIC-GSH decomposition in aerobic conditions
not only because NO+ is released from the complexes,
but also because NO is released and oxidized to nitro-
gen dioxide (NO2) with subsequent generation of dini-
trogen trioxide (N2O3), which is capable of
S-nitrosylating thiols. To check this possibility, similar
experiments with the B-DNIC-GSH solutions were
carried out in anaerobic conditions, in the absence of
air. Only the B-DNIC-GSH preparations where all
glutathione molecules were included in complexes
(i.e., a free glutathione : B-DNIC-GSH molar ratio
was 0 : 1) were found to release nitrosonium cations in
these conditions. The nitrosonium ion concentration
was even greater than the B-DNIC concentration
(Fig. 5a, curve 2). The concentration might be higher
because GS-NO molecules were not all included in
B-DNIC-GSH during its formation. The molecules
that had remained free could contribute to the GS-
NO pool released from B-DNIC. The assumption
MOLECULAR BIOLOGY  Vol. 57  No. 6  2023
agrees with the fact that the B-DNIC-GSH level in
this case was lower than in the solutions obtained using
a twice higher free glutathione concentration relative
to B-DNIC (Figs. 5b, 5c; curves 1).

In the solutions where glutathione was used as a
twice higher concentration than the complex, the
complex decomposed without appreciable GS-NO
production (Fig. 5b). When the same solution was
heated at acidic pH, but in aerobic conditions, optical
absorption of GS-NO was detected and the GS-NO
concentration was equal to the B-DNIC concentra-
tion. Subsequent addition of an excess of glutathione
increased the GS-NO concentration (Fig. 5c;
curves 3, 4).

The following conclusions and assumptions are
possible to make based on the findings. First, nitroso-
nium cations occur in B-DNIC-GSH in fact and can
be released from the complex, but at a low (better,
zero) concentration of the free thiol (GSH) in the
solution. Second, when the free thiol content is higher
in a solution of complexes, nitrosonium cations
released from the complexes can be reduced to NO,
apparently, by the free thiol. Thiols alone are incapa-
ble of this reduction because the law of spin conserva-
tion in chemical reactions would be violated other-
wise. The process is possible when iron ions are
involved to act as spin catalyzers [31]. The assumption
that all nitrosyl ligands are released in the form of NO
from B-DNIC-GSH at a free glutathione : B-DNIC-
GSH ratio of 2 : 1 is supported by the results of mea-
suring NO released from the respective DNIC solu-
tions in the gaseous phase [11].

A release of NO+ was observed in B-DNIC-GSH
solutions, but was incomplete, when the free GSH : B-
DNIC ration was 1 : 1 [11]. It was observed in the same
study that the NO+ yield drops to zero when the ratio
is increased to 2 : 1.
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When solutions with a GSH : B-DNIC ratio of 2 : 1
were heated in aerobic conditions, GS-NO generation
was detected and its concentration was the same as the
complex concentration (Fig. 5c, curve 3), possibly
because free GSH was totally oxidized by air oxygen.
The GS-NO : B-DNIC-GSH ratio consequently
became 0 : 1, at which released nitrosonium cations
were not reduced to NO and could be included in GS-
NO. An increase in GS-NO after subsequent addition
of excess GSH indicates that an additional NO+

amount is generated apparently as a component of
dinitrogen trioxide, which is produced in the reaction
between NO and NO2, a product of NO oxidation by
air oxygen (Fig. 5c, curve 4). Characteristically, an
increase in GS-NO was not observed when excess glu-
tathione was added in anaerobic conditions to solu-
tions with a GSH : B-DNIC-GSH ratio of 0 : 1
(Fig. 5a, curve 3).

A cytotoxic effect of nitrosonium cations was for
the first time observed in experiments with the bacte-
rium Clostridium sporogenes and cultured Swiss 3T3
fibroblasts [32, 33]. In particular, dose-related cyto-
toxicity of nitrosonium cations was shown to be 40
times higher than that of NO molecules in fibroblast
cultures. Nitroprusside ions [(CN-)5Fe2+NO+]2–,
which act as NO+ donors, caused apoptosis in 50% of
fibroblasts after 2-h incubation with 20 μM nitroprus-
side, while a comparable effect of NO on fibroblasts
was observed at an NO concentration of 800 μM after
24-h incubation with gaseous NO or NO donors (GS-
NO or S-nitroso-N-acetylpenicillamine (SNAP) [33].
In experiments with C. sporogenes, red and black
Roussin’s salts were used as putative donors of nitro-
sonium cations. However, it was not demonstrated
unambiguously that NO+ cations, rather than NO
molecules, are released from the complexes to mediate
their cytotoxic effect [32]. This was demonstrated for
the cytotoxic effect of M-DNIC-TS on Jurkat cells
[21], which showed a synergistic effect for M-DNIC-
TS and MGD used together. Further studies con-
firmed that this approach is reasonable to use in the
case of DNICs with thiol-containing ligands in order
to demonstrate that nitrosonium cations, rather than
NO molecules, are responsible for their cytotoxicity.

The above conclusion gives grounds to state that a
proapoptotic effect of DNICs with thiol-containing
ligands in HeLa cells [27] and their inhibitory effect on
endometrioma cell proliferation in rats with experi-
mental endometriosis [34, 35] should also be consid-
ered as examples of the cytotoxic effect on nitroso-
nium cations on biosystems. The same is possible to
say about the findings that DNICs with cysteine sup-
press fibrosis of the denervated penile corpora cav-
ernosa in rats [36] and B-DNICs with mercaptoetha-
nol exert a similar effect in kidney fibrosis induced by
ligation of the ureter [37].

It cannot be excluded that a process that naturally
sustains cell immunity in humans and animals is sim-
ulated by using DNICs with thiol-containing ligands
as donors of nitrosonium cations, which exert a cyto-
toxic effect on cells and tissues. The only difference is
that endogenous DNICs with thiol-containing ligands
are utilized as a working form of nitric oxide in nature,
while the same, but exogenous complexes are chemi-
cally synthesized in vitro and utilized in research. It
this is true and endogenous DNICs with thiol-con-
taining ligands are used indeed by the immune system
to eliminate malignant cells and tissues in animals and
humans, then exogenous DNICs will probably allow a
substantial progress in the field of cancer treatment.
The effects of B-DNICs with thiol-containing ligands
on tumor cell proliferation has been studied in mouse
tumor graft models by my team for several years. Sup-
pression of tumor cell proliferation is a promising
finding [38, 39].

As compounds that act like a working form of
endogenous nitric oxide, exogenous DNICs with
thiol-containing ligands fully simulate the positive
regulatory effects of endogenous nitric oxide (better to
say, the endogenous nitric oxide system) in humans
and animals. A higher dose-dependent efficiency is
characteristic of exogenous DNICs compared with
gaseous NO as concerns, for example, their vasodila-
tor and wound-healing activities. To illustrate the
vasodilator effects, Fig. 6 shows dose-dependent dila-
tion of isolated circular segments of the rat aorta in
response to gaseous NO and M-DNICs with cysteine
or acetylcholine (Ach) [40].

As is seen from Fig. 6, the dose-related efficiency of
M-DNIC with cysteine was much the same as that of
the endogenous vasodilator acetylcholine. Hemoglo-
bin, which acts as a NO scavenger, abolished the vaso-
dilator effects of DNICs and acetylcholine. Superox-
ide dismutase (SOD), which decreases the superoxide
level and thus prevents superoxide-dependent NO
elimination, increased the vasodilator effects of
DNICs and acetylcholine. A similar increase was
observed in the vasodilator effect of gaseous NO in the
presence of SOD. The NO effect observed in this case
approached the effect that DNICs exerted in the
absence of SOD. This means that incorporation in
DNICs stabilized NO (protected NO from superox-
ide), like SOD similarly protected free NO molecules.
Atropine stabilized the effect of acetylcholine.

The dose dependence of the vasodilator effect in
the absence of SOD was compared in detail between
NO and DNICs. The comparison showed that incor-
poration of 10–8 ‒10–7 M NO in DNIC with cysteine
increased the dose-related vasodilator effect of NO by
a factor of 100‒300, apparently suggesting protection
of NO from superoxide [40]. According to the data
reported in [26], the protective effect most likely arises
because superoxide binds with NO in IDNM of
DNIC and peroxinitrite formed in the complex is then
isomerized to nitrate. Thus, DNICs can act as super-
oxide scavenger, that is, antioxidants.
MOLECULAR BIOLOGY  Vol. 57  No. 6  2023
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Fig. 6. Vasodilator effects of (a) NO, (b) M-DNIC with
cysteine, and (c) acetylcholine (Ach) in the absence or
presence of superoxide dismutase (–SOD and +SOD,
respectively). The effects were studied in isolated ring rat
aorta segments (with the endothelium preserved),
which were preliminarily constricted with norepinephrine
(10–7 M). Dots show the time points of adding the vasodi-
lators (logM), atropine (Atr, 10–5 M), or hemoglobin (Hb,
10–5 M). Vertical bar, 1 g; horizontal bar, 5 min [40]. 
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Table 2. Regulatory effects of DNICs with thiol-containing l

Regulatory effect

Blocked platelet aggregation (thrombosis)
Higher erythrocyte elasticity
Higher survival of animals after substantial blood loss
Potent penile erectile activity
Antiapoptotic effect in cell cultures
Up/downregulation of a number of genes
Higher cognitive activity
Protection of myelin sheath of neurons in cerebral inflamma
Activated synthesis of stress proteins
Antioxidant effect
Destruction of electron-transport iron-sulfur proteins
Stimulated iron assimilation in rust-affected wheat
Regulation of iron influx and efflux in cells
Decreased necrotic zone in experimental myocardial infarcti
When the wound-healing effect was compared for
NO and B-DNIC-GSH, the same efficiencies of the
agents were achieved at a B-DNIC concentration that
was 25 times lower than the respective NO concentra-
tion [41].

High vasodilator activity of DNICs with thiol-con-
taining ligands underlies their efficient hypotensive
action in animals and humans [42, 43]. It was there-
fore of interest to compare hypotensive activity
between gaseous NO and DNICs. Naturally, gaseous
NO was administered and delivered into the blood
through lung airways. Appreciable changes in blood
pressure were not observed, although NO delivery into
the blood was confirmed by detecting nitrosyl com-
plexes of hemoglobin by EPR [44]. Why a hypotensive
effect of NO was lacking (although NO, like oxygen,
should be delivered to vascular walls by hemoglobin)?
The question is still open. As for a hypotensive effect
of DNICs with thiol-containing ligands, their intrave-
nous administration was found to substantially
decrease the blood pressure in humans. A 20%
decrease in blood pressure was achieved at a
B-DNIC-GSH dose of 0.2 μmol/kg body weight in
humans and 1 μmol/kg in rats [43].

To supplement the above data on the regulatory
effects of DNICs with thiol-containing ligands, other
effects reported for DNICs as NO donors to date are
summarized in Table 2.

The list in Table 2 will certainly be greatly
expanded, given that virtually all vital processes
involve the endogenous nitric oxide system and,
therefore, DNICs with thiol-containing ligands as its
working form.
igands in living organisms
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