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Abstract
Here we demonstrate that binuclear dinitrosyl iron complexes with thiol-containing ligands (glutathione and
mercaptosuccinate, B-DNIC-GSH and B-DNIC-MS, respectively) exert cytotoxic effects on MCF7 human breast cancer
cells. We showed that they are mediated by nitrosonium cations released from these complexes (NO+). This finding is
supported by the cytotoxic effect of both B-DNICs on MCF7 cells evidenced to retain or was even promoted in the presence
of N-Methyl-D-glucamine dithiocarbamate (MGD). MGD recruits an iron nitrosyl group [Fe(NO)] from the iron-dinitrosyl
fragment [Fe(NO)2] of B-DNIC-MS forming stable mononitrosyl complexes of iron with MGD and releasing NO+ cations
from a [Fe(NO)2] fragment.
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Introduction

Currently, there is amounting evidence indicating that
dinitrosyl iron complexes (DNIC) with thiol-containing
ligands produced in animal cells and tissues in the pre-
sence of nitric oxide (NO) act as a “working form” of NO
[1–3]. Embedding NO into these complexes ensures its
stabilization and further transfer to biological targets.
Moreover, it is accompanied by the transformation of
about a half of NO molecules into nitrosonium cations
(NO+). As a result, DNIC with thiol-containing ligands
can serve as NO donors as well as NO+ donors. Nitroso-
nium cations are crucial for S-nitrosylation of biologically
active thiol-containing proteins and small molecules, thus,
performing an essential biological activity of the endo-
genous NO network [3–22]. DNIC with thiol-containing
ligands have been shown to induce this process for

isolated proteins [5, 7–10, 17] as well as endogenous
proteins [9–11, 14, 16, 18]. Incorporating neutral NO
molecules and nitrosonium cations into DNIC is deter-
mined by the mechanism of the complex formation. Its
mechanism is mediated by the disproportionation reaction
of NO molecules initiated by their binding to ferrous iron
(two NO molecules per one Fe2+ ion, Scheme 1), as shown
by our group:

One of the resonance structures of paramagnetic
mononuclear DNIC with thiol-containing ligands
formed according to Scheme 1 can be represented as
[(RS-)2Fe

+(NO+)2]
+. The reaction corresponding to the

suggested mechanism of M-DNIC formation described in
detail in [1–3, 6, 13, 19–22]. is as follows (reaction 1):

Fe2þ þ 2RSH þ 3NO ! RS�ð Þ2Feþ NOþð Þ2
� �þþ1=2 H2Oþ N2Oð Þ

ð1Þ

Scheme 1 A possible way of mononuclear DNIC with thiol-containing
ligands formation in the reaction of ferrous iron, thiols, and
gaseous NO
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The reverse process is a degradation of the complexes
that can be caused by various agents: iron chelators, com-
pounds that block or oxidize thiols, NO oxidizing agents.
Hence, the reverse process ought to trigger the release of
Fe2+, neutral NO molecules (as a result of the electron
transfer from Fe+ on one of the nitrosyl NO+ ligands),
nitrosonium cations, and thiol-containing ligands from
DNIC according to the properties of an agent [1–3].

It should be noted that the ability of DNIC to serve as a
donor of Fe2+, thiols, NO molecules, and nitrosonium
cations (given the degradation mechanisms) is typical of a
mononuclear form of DNIC (M-DNIC, mentioned above)
as well as a binuclear form of these complexes (B-DNIC).
B-DNIC is characterized by the resonance structure similar
to that of M-DNIC: [(RS-)2Fe

+
2(NO

+)4]
4+ [1–3, 18–21]. B-

DNIC is formed of M-DNIC upon a decline in the content
of thiol-containing ligands following the mechanism of
reversible interconversion of M-DNIC and B-DNIC
(Scheme 2):

Currently, DNIC with thiol-containing ligands have been
shown to trigger the formation of S-nitrosothiols in cell
culture which act as donors of nitrosonium cations
[9, 10, 14–16, 18]. Particularly, this process was shown to
be independent of the presence of oxygen in the intracel-
lular environment [16, 18]. This fact contradicts the state-
ment made in [23] that the S-nitrosylating activity of DNIC
is mediated by the oxidation of NO released from these
complexes into nitrogen dioxide (NO2) with the subsequent
formation of the NO adduct NO2-NO (nitrotrioxide) capable
of thiol S-nitrosylation.

The fundamental premise of this study was based mostly
on the work of the group of T. Münzel [14]. They were the
first to show that the cytotoxic activity of DNIC with
thiosulfate on the culture of transformed Jurkat cells (human
leukemic T-cells) is mediated by nitrosonium cations
released from DNIC rather than NO molecules (14). This

conclusion emerged from the observation that DNIC cyto-
toxic activity was not reduced and was even elevated after
the complete degradation of the complexes by a dithio-
carbamate derivative (N-Methyl-D-glucamine dithiocarba-
mate, MGD). MGD can intercept the iron mononitrosyl
group (Fe2+-NO) from iron dinitrosyl fragment (Fe(NO)2)
of DNIC forming the mononitrosyl iron complexes with
MGD (MNIC-MGD) that can be detected by EPR,
according to Scheme 3. This led to the transfer of NO
molecules to the MNIC-MGD complex which is more
stable than DNIC and were not able to affect Jurkat cells.
Thus, the cytotoxic effects could be induced only by the
nitrosonium cations released from DNIC and capable of S-
nitrosating various thiol groups (Scheme 3).

The elevated cytotoxicity of DNIC with thiosulfate in the
presence of MGD could be caused by the cytotoxic activity
of MGD. However, the proposed estimation of the indivi-
dual cytotoxic effects of 0.1 mM DNIC or 0.2 mM MGD
showed that the sum of their individual cytotoxic effects
was significantly lower than the effect of a combined
treatment of Jurkat cells with the same concentrations of
DNIC and MGD [14]. Therefore, the elevated effect could
be promoted by the activity of MGD toward DNIC degra-
dation. MGD increased the levels of nitrosonium cations in
the cell environment. They S-nitrosylated thiol-containing
proteins inducing apoptosis of Jurkat cells.

In this work, we studied the cytotoxic activity of B-DNIC
with glutathione or mercaptosuccinate (B-DNIC-GSH or B-
DNIC-MS, respectively) on the MCF7 human breast cancer
cells in either the absence or presence of MGD.

Our results confirmed the main results of the work [14]
that the cytotoxic activity of DNIC with thiol-containing
ligands mainly stems from nitrosonium cations rather than
NO molecules released from these complexes.

Materials and Methods

Materials

We used ferrous sulfate (Fluka, Buchs, Switzerland),
reduced glutathione (GSH), sodium mercaptosuccinate

Scheme 2 Reversible interconversion of M-DNIC and B-DNIC with
thiol-containing ligands [1–3, 27]

Scheme 3 The mechanism of
the conversion of B- and
M-DNIC with thiol-containing
ligands into MNIC with
dithiocarbamate ligands.
Released NO+ cations can
S-nitrosylate low-molecular and
protein-bound thiol groups or
dithiocarbamate detivatives
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(MS), and sodium nitrite (all purchased from Sigma, St.
Louis, USA). MGD was synthesized following the method
described in [24].

Synthesis of B-DNIC with Glutathione and
Mercaptosuccinate

To synthesize B-DNIC with thiol-containing ligands glu-
tathione (B-DNIC-GSH) and mercaptosuccinate (B-DNIC-
MS), we used the ability of S-nitrosothiols (RS-NO),
GS-NO or MS-NO, respectively, to produce M-DNIC with
thiol-containing ligands during the reaction of two RS-NO
molecules with Fe2+ ions and two thiol molecules,
according to Scheme 4:

Following this scheme, Fe2+ ion binds to two RS-NO
molecules forming the resonance structure of NO+-RS-. The
resulting disproportionation reaction (an one-electron
transfer) can lead to the immediate generation of DNIC
due to the breakdown of S-nitrosothiol ligands. The sub-
sequent formation of B-DNIC was caused by condensation
of two M-DNIC, according to Scheme 2. As thiols could be
incorporated into B-DNIC in an ionized state (RS−), most
of M-DNIC underwent a transformation into B-DNIC due
to weak ionization of these groups in GSH and MS at
neutral (physiological) pH.

Following the protocol of B-DNIC-GSH synthesis
designed by our group [25] and represented by Scheme 3,
these complexes were synthesized as described below.
Glutathione, ferrous sulfate, and nitrite were added conse-
quently to 10 ml of 15 mM HEPES, pH 7.4, to reach the
final concentrations of 20, 10, and 10 mM, respectively. The
decrease in pH down to pH 3.0–3.5 upon adding glu-
tathione into the HEPES solution completely dissolved the
added ferrous sulfate and transformed nitrite into GS-NO
produced during the reaction of protonated nitrite with
glutathione. The efficiency of GS-NO formation was esti-
mated by an increase in kinetics of its absorbance at 334 nm
as well as by a slightly weaker increase at 542 nm, with
extinction coefficients of (ε) 0.940 and 0.17M−1 cm−1 [26].

After GS-NO was formed 1.5 h later, solution pH was
adjusted to 7.3–7.5 by a dropwise addition of 100 mM
NaOH. After 15–18 h, the rose color of the solution
typical of GS-NO turned into a dark orange color typical of
B-DNIC-GSH being formed.

According to Scheme 4, equal concentrations of Fe2+

and GS-NO (10 mM) led to complete incorporation of

GS-NO into B-DNIC (into its iron dinitrosyl group) sig-
nificantly decreasing the risk of contaminating the solution
with nitrite unincorporated into B-DNIC. Only about a half
of Fe2+ ions (5 mM of 10 mM) was incorporated into B-
DNIC at neutral pH. The other half precipitated in a form of
iron hydroxide complexes that could be easily eliminated
from the solution by filtering through a paper filter.

The concentration of the synthesized B-DNIC-GSH was
determined using optical methods by measuring the inten-
sity of absorption features of these complexes at 310 and
360 nm with ε= 4600 and 3700M−1 cm−1 (per an iron
atom) [27]. The concentration of the complexes synthesized
under these conditions was 4.5–5.0 mM.

B-DNIC-MS synthesis was performed following a
similar protocol but took less time than GS-NO synthesis.
S-nitrosomercaptosuccinate (MS-NO) formation took
15–20 min instead of 1–1.5 h required for GS-NO synthesis,
while B-DNIC-MS synthesis took no more than 1 h instead
of 15–18 h required for B-DNIC-GSH synthesis. Moreover,
we synthesized B-DNIC-MS using the same method but
different initial concentrations of mercaptosuccinate, ferrous
sulfate, and nitrite (40:20:20 mM or 80:20:20 mM instead of
20:10:10 mM).

Synthesis of MNIC-MGD

MNIC-MGD was synthesized by treatment of ferrous sul-
fate and MGD solutions with gaseous NO at Fe2+ : MGD
molar ratio 1 : 2 and NO pressure 100–150 mm Hg. The
synthesis was performed in a Thunberg apparatus as
described in [27].

Optical and EPR Assays

Optical measurements of B-DNIC were performed on a
UV-2501PC spectrophotometer (Shimadzu Europa GmbH,
Germany) in a flat quartz cuvette with an optical path of
10 mm. All measurements were performed at ambient
temperature.

EPR spectra of M-DNIC and MNIC-MGD solutions
were measured at 77K in a quartz Dewar vessel filled with
liquid nitrogen using a modified RadioPan EPR spectro-
meter (Poland) (microwave power, 5 mW, modulation
amplitude, 0.2 mT). The concentrations of paramagnetic
M-DNIC and MNIC-MGD were determined by the double
integration of EPR signals. A solution of M-DNIC-GSH of
known concentration was used as a reference sample.

Cell Culture

MCF7 human breast cancer cell line was provided by the
laboratory of the Institution of Experimental Diagnostics
and Therapy of Cancer of N.N. Blokhin Cancer Research

Scheme 4 The proposed mechanism of generating of M-DNIC with
thiol-containing ligands during the reaction of Fe2+, thiols, and RS-NO
[3, 6, 13]
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Center. Cells were cultured in the presence of 5% СО2 at
370С in DMEM medium (ThermoFisherScientific, USA)
containing 10% fetal bovine serum, 2 mM glutamine, and
10 units/ml penicillin-streptomycin (PanEco, Russia).

The Estimation of Cell Viability by MTT Assay

The cytotoxic activity of B-DNIC with GSH or MS was
assessed by estimating the fractions of viable cells with or
without treatment with B-DNIC derivatives using the stan-
dard MTT assay. A 2ml of cell suspension with ∼ 105 cells
in a culture medium was added to a well of a 96-well plate
(each sample was measured in 4 replicates). After 24 h
required for cell adaptation and adhesion, a solution of the
mentioned above B-DNIC in sterile PBS was added at a
required concentration (no more than 10% of total volume in
a well). In case of combined treatment with B-DNIC and
MGD, B-DNIC was added before MGD. The cells were
incubated for 48 h in a СО2-incubator at 37

0С, and then 20 ul
of MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide, AppliChem, Germany) were added
to each well to obtain a working concentration of 0.5 mg/ml.
The cells were incubated in the presence of MTT reagent for
3 h, then the medium was aspirated and 200 ul of DMSO
were added to each well to dissolve formazan crystals (37 °С,
10min under agitation). The fraction of viable cells was
assessed by measuring the absorbance of formazan solution
at 570 nm using MultiscfnFC analyzer (ThermoScientific,
USA) proportional to the number of viable cells.

Assessing the Cell Viability using Double Staining

This method allows estimating the population of cells that
underwent either of two cell death types apoptosis and
necrosis. The commercial Annexin-V FITC Apoptosis Kit
(Invitrogen, США) was used. Cells were stained for 15 min
in PBS (PanEco, Russia) containing the dye mixture in the
dark at room temperature. The minimal required volume of
cell suspension was 2 ml, it contained ≥5.105 cells. The
reaction was stopped by adding 350–400 μl of a binding
buffer. Green (FITC) and red (PI) fluorescence of cells were
measured using flow cytometer ACEA NovoCyte (USA)
equipped with a solid-state argon laser with a wavelength of
488 nm and was analyzed using NovoExpress software. No
less than 50,000 events were recorded, and the obtained
results were presented as 2D plots of Annexin V-FITC
against PI fluorescence intensities (in log scales) which
were used to assess the fractions of dead and viable cells in
a tested suspension (Fig. 1). Apoptotic and necrotic cells
were stained by both dyes (АV+PI+, Q2-2 quadrant) were
considered to be dead. Early apoptotic cells, dying cells
(АV+PI-, Q2-4 quadrant), and cells permeable for PI in
Q2-1 quadrant were considered to be dead as well.

Statistical Analysis

All results were presented as mean values of ≥3 replicates ±
SD; mean values were compared using the nonparametric
Kolmogorov–Smirnov test. The difference between mean
values was considered to be significant at p ≤ 0.05.

Results

The Physico-chemical Properties of B-DNIC-GSH and
B-DNIC-MS

The absorbance spectrum of B-DNIC with GSH with
typical absorbance features at 310 nm and 360 nm, men-
tioned in a Methods section, is a major characteristics of the
complexes (Fig. 2, panel A, curves 1–3) and of the most of
B-DNIC with thiol-containing ligands [27]. The intensity of
the bands at 310 and 360 nm in the spectrum of synthesized
B-DNIC-MS was significantly increased by additional
absorbance in this region introduced by iron complexes
with carbonyl groups of the mercaptosuccinate molecules
that are present in commercial preparations of mercapto-
succinate. This additional absorbance altered the measured
ratio of intensities and the position of the bands. These
specificities of B-DNIC-MS absorption spectra disappeared
upon acidification of solutions of these complexes, evi-
dently due to the breakdown of iron complexes with mer-
captosuccinate carbonyl groups. As a result, the shape and
ratio of feature intensity at 310 nm and 360 nm became
identical to those in the spectrum of B-DNIC-GSH (Fig. 2,
panels B and C, curve 2).

The main difference between B-DNIC-GSH and B-
DNIC-MS lied in a significantly lower stability of the MS
derivative than that of the GSH derivative. After the incu-
bation of their aqueous solutions in equal concentrations at
neutral pH in the air, B-DNIC-GSH appeared to be stable
for one day while the degradation of B-DNIC-MS began

Fig. 1 The 2D plot of Annexin V-FITC versus PI fluorescence typical
for intact MCF7 cells
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after 1–2 h. Under acidic conditions (pH= 1–2), the dif-
ference in their stability was more pronounced. Under these
conditions, B-DNIC-GSH was stable for more than 1 h (Fig.
2, panel A, curves 1–3) while the degradation of B-DNIC-
MS began immediately after acidification both in the pre-
sence or absence of the air. The degradation rate increased
as the ratio between the concentrations of MS, ferrous
sulfate, and nitrite used for B-DNIC decreased. At a ratio of
2:1:1, the degradation of the complexes took no more than
10–15 min, while at a ratio of 4:1:1, the degradation took
30 min and 1 h in the presence and absence of air, respec-
tively. B-DNIC-MS absorption spectrum transformed into
the spectrum typical of MS-NO with a major absorption
feature at 334 nm and a weaker feature at 542 nm (Fig. 2,
panels B and C). Such a transformation occurring at low pH
described by us before [20–22] was observed in the case of
B-DNIC-GSH as well but only after 30 s heating at 70–80 °
С (Fig. 2, panel A, curve 4). A similar transformation was
observed in the case of B-DNIC-MS (Fig. 2, panel B, curve
6). The transformation of both B-DNIC derivatives into

appropriate RS-NO was mediated by the breakdown of the
complexes upon protonation of thiol ligands and their
subsequent binding to nitrosonium cations released from the
complexes as it was shown in [20–22].

Notably, the transformation of B-DNIC-GSH into GS-
NO was significantly delayed or completely abolished upon
the elevated levels of free glutathione in a solution. This
was the case during B-DNIC-GSH synthesis at a ratio of
GSH : Fe2+: nitrite= 4:1:1.

In most cases, the concentration of S-nitrosothiols (RS-
NO) generated upon B-DNIC breakdown was equal to the
concentration of the complexes in terms of 1 iron atom
(0.5 mM RS-NO for 0.5 mM B-DNIC). This is entirely
consistent with the mechanism of the transformation of these
complexes into corresponding RS-NO proposed in [20–22].

The proposed mechanism is consistent with the results on
the treatment of B-DNIC-GSH (MS) with MGD, a water
soluble derivative of dithiocarbamate. MGD can intercept
iron mononitrosyl group from iron dinitrosyl fragment of
the complexes forming MNIC-MGD that can be detected
with EPR. Indeed, such treatment led to a loss of the weak
EPR signal with gcр= 2,03 (g⊥= 2,04 and g∣∣= 2,014) in
the EPR spectrum of B-DNIC-GSH (MS) (Fig. 3, left
panel). It was caused by a small trace of the paramagnetic
mononuclear form of DNIC (M-DNIC) in the preparations.
At the same time, the treatment with MGD induced a strong
EPR signal of MNIC-MGD with g⊥= 2,04 and g∣∣= 2,02
and to the triplet hyperfine structure (HFS) at g⊥ (Fig. 3,
right panel). Judging by signal intensity, the entire iron and
about a half of nitrosyl ligands (neutral NOmolecules) from
B-DNIC were incorporated into MNIC-MGD. As shown in
our previous work devoted to the influence of MGD on B-

Fig. 2 The absorption spectra of 0.5 mM solutions of B-DNIC-GSH
(panel A) and B-DNIC-MS (panels B and C) at neutral pH (pH 7.4,
curve 1) and low pH (pH 1-2, curve 2–5). Solutions were incubated in
the presence (panels A and B) or absence of air (panel C) at room
temperature for 2 min (curves 2, all panels), 20, 30, or 40 min (curves
3,4, and 5, panel B), 50–60 min (curves 3-4, panel C). Spectrum 5 in
panel (C) was registered in a solution prepared by 10-minute agitation
of the solution 4 in the air which caused the oxidation of iron of the
compound. Spectrum 6 in the same panel typical for Fe3+ ions was

obtained by subtracting spectrum 4 from spectrum 5. The Inset (panel
C) includes spectra 3,5, and 6 registered in the range of D values
between 0 and 0.1 at wavelength range of 400–600 nm. Spectra 4 and
6 in panels (A and B) were registered in 0.5 mM solutions of B-DNIC-
GSH and B-DNIC-MS, respectively after 30 s heating at 80 °С. B-
DNIC-GSH and B-DNIC-MS were synthesized using the following
ratios: GSH: Fe2+:nitrite= 2:1:1 and МС : Fe2+: nitrite= 4:1:1,
respectively

Fig. 3 EPR signals of mononuclear DNIC-MS (on the left) and MNIC-
MGD (on the right) registered after the treatment of the B-DNIC-MS
solution with excess MGD. The recording was performed at 77 K. The
EPR radio spectrometer gain (in relative units) is indicated on the right

Cell Biochemistry and Biophysics (2021) 79:93–102 97



DNIC-GSH [28, 29], the other half of nitrosyl ligands were
released from the complexes as nitrosonium cations.

The Influence of B-DNIC-GSH and B-DNIC-MS on the
Viability of MCF7 Cells

Both B-DNIC preparations exerted cytotoxic activity
toward MCF7 cancer cells in a dose-dependent manner, the
effect of B-DNIC-MS being more pronounced (Fig. 4). The
median lethal dose (LD50) for B-DNIC-MS was 0.9 mM
and 2.6 mM for B-DNIC-GSH. Interestingly, in both cases,
low concentrations elevated the cell viability which subse-
quently significantly declined (Fig. 4, left panel). A similar
effect was observed previously by the groups studying the
influence of various DNIC with thiol-containing ligands on
cultivated transformed cells as well as normal cells [30–33].

The cytotoxicity of B-DNIC-MS was almost 3 times
higher than the cytotoxicity of B-DNIC-GSH accounting
for the low stability of the B-DNIC-MS complexes. Their
degradation resulted in the release of a sufficient amount of
biologically active NO molecules and NO+ cations from
B-DNIC-MS leading to higher toxicity of B-DNIC-MS
despite their lower concentration. To find out which com-
ponent of B-DNIC (NO molecules or NO+) would deter-
mine the cytotoxic effects of the complexes, we used the
approach from [14] and studied the influence of MGD on
the cytotoxic effects of both B-DNIC. Augmentation of
their cytotoxic activities by MGD would indicate a key role
of NO+ in the cytotoxic effects of B-DNICs.

The Influence of MGD on Cytotoxic Effect of B-DNICs

As MGD itself clearly possesses cytotoxic activity, the
concentrations of DNIC with thiosulphate or B-DNIC-GSH
(MS) used respectively in the experiments described in [14]
and proposed in our study should be two times less and

lower than those of MGD (see Scheme 3). Hence, MGD
working concentrations we used were of 1 mM for 0.5 mM
of B-DNIC-MS or 2 or 3 mM for 1 mM B-DNIC-GSH. Due
to involving two MGD molecules in MNIC-MGD forma-
tion during its reaction with B-DNIC-GSH/MS the con-
centrations of free MGD molecules ought to be zero at a
ratio of B-DNIC-GSH/MS= 1 : 2 or 1 mM at a ration of
B-DNIC-GSH= 1 : 3. In accordance with our experimental
data obtained by standard MTT assay and presented in
Fig. 5 (line 1), the viabilities of MCF7-cells at zero and
1 mM MGD concentrations were equal 100 and 90%,
respectively.

As followed from Fig. 6, combined addition of B-DNIC-
GSH(MS) and MGD resulted in the augmentation of both
B-DNIC cytotoxic effect. Treatment of cancer cells with
B-DNIC-MS or B-DNIC-GSH with MGD at a ratio of 0.5/1
(Fig. 6, left panel, column 3) or 1/2 and 1/3 (Fig. 6, right
panel, columns 3 and 4) caused the 30% or 20 and 30%
decrease in cell viability, respectively. As to MNIC-MGD
cytoxicity it was not characteristic for the complexes at the
concentratios of 0.5 and 1 mM (Fig. 6).

Fig. 4 DNIC dose dependence of MCF7 cell viability; left panel - log scale dose, right panel - linear scale dose; Curve 1 – DNIC-MS (IС50=
0,9мМ),Curve 2- DNIC-GSH (IC50= 2,6 мМ)

Fig. 5 MGD dose dependent decrease in viability of MCF7 cells
according to MTT (line 1) and AnnexinV-FITC (line 2) assays
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The observed difference between MGD dose dependent
decrease in viability of MCF7 cells according to MTT and
AnnexinV-FITC (Fig. 5, lines 1 and 2) reflects the differ-
ence between sensitivity of two methods of cell death
detection. MTT assay is mediated by mitochondrial cell
response to stress, while AnnexinV stains phosphati-
dylserine exposed on the cell surface being the marker of
apoptosis, and propidium iodide (PI) is excluded from the
cells with intact plasma membrane and only the dead cells
that are permeable for PI.

The results supporting a synergistic effect of combined
treatment of MCF7 cells with B-DNICs and MGD were
obtained while. assessing the cell viability using double
staining. Figure 7, left panel illustrates the differences
between 2D plots of AnnexinV vs PI fluorescence of the
suspensions incubated with DNIC-MS with or without
MDG for 48 h. These data are summarized in the following
diagram. It shows the mean percent of dead cells upon

different treatments. It indicates that the cytotoxicity
B-DNIC-MS at the combined treatment 0f MCF7 cells with
B-DNIC-MS and MDG sharply increases.

Thus, the results presented in Figs. 6 and 7 together
indicate the crucial role of nitrosonium cations in the
cytotoxic effect of DNIC-MS on MCF7 cells.

Discussion

Our study confirms the findings obtained by other
researchers concerning the ability of M-DNIC and B-DNIC
with thiol-containing ligands to exert cytotoxic activity
toward transformed cells [14, 33–35]. It should be noted
here that these complexes could well exert this activity
toward the normal cells [15, 30, 31]. Therefore, there is also
no evidence of the specific activity of these complexes
toward the transformed cells. In all these studies, the

Fig. 6 Adding MGD to B-DNIC-MS or B-DNIC-GSH (left or right
panels, respectively) increased the cytotoxic effect of B-DNICs esti-
mated by MTT assay used to measure MCF7 cell viability. Millimolar
ratios of B-DNIC/MGD in the cell suspension were as follows: left
panel - 1- 0/0, 2- 0.5/0, 3- 0.5/1; right panel – 1- 0/0, 2- 1/0; 3- 1/2,
4- 1/3. Columns 4 and 5 (left or right panels, respectively) reflect

MTT-viability of MCF7 cells after administration of MNIC-MGD at
the concentrations of 0.5 mM (4) or 1 mM (5).Results are presented as
means of three independent experiments ± SE. *p < 0.01—the differ-
ences between 1 and 3 (left panel) or between 1 and 4 (right panel) are
significant; p < 0.05 - the differences between 1 and 3 (right panel) is
not significant

Fig. 7 MCF7 cell death in response to the treatment with B-DNIC-MS
(0,5 mM) and MGD (1 mM) assessed with Annexin-PI staining. Left
panel -. 2D plots obtained using flow cytometry. Cells were incubated
with B-DNIC-MS alone (left plot) and with a mix of B-DNIC-MS and
MGD (right plot). Right panel - Mean fraction (%) of dead cells in a

suspension. 1 - control, 2 –B-DNIC-MS, 3 –MGD (in accordance with
Fig. 5, line 2), 4- B-DNIC-MS+MGD (combined action), 5 - sum of
the effects in 2+3. Results are presented as mean values from three
independent experiments ± SE
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cytotoxic activity of DNIC was supposed to be related to
their ability to act as NO molecule donors. The transfor-
mation of the latter into highly toxic peroxynitrite deter-
mines the cytotoxic activity of DNIC. Only T. Munzel
group [14] suggested that the apoptosis of Jurkat human
leukemia cells was induced by nitrosonium cations rather
than by NO molecules. They suggested that nitrosonium
cations released from M-DNIC with thiosulfate caused
S-nitrosylation of the cell surface proteins.

Our results demonstrated that by an analogous mechan-
ism, B-DNIC-GSH(MS) which have a poor membrane
permeability might induce apoptosis of MCF7 cells causing
S-nitrosylation of their surface proteins.

Thus, it is only natural to enquire about the possible
mechanism that could mediate the breakdown of the utilized
B-DNIC-GSH(MS) in MCF7 cells, the release of nitroso-
nium cations, and protein S-nitrosylation while preventing
the action of NO molecules, the other biologically active
component of B-DNIC-GSH(MS). The most likely
mechanism that mediated the breakdown of these com-
plexes was triggered by superoxide anions (O2

−•). As
shown in [36], these free radical anions readily react with
nitrosyl ligands from DNIC which can undergo a transition
into a neutral NO molecule. This occurs as a result of an
electron transfer from the central atom upon a resonance
structure for B-DNIC being formed [(RS-)2Fe

2+
2(NO)2

(NO+)2]
4+. NO binds to superoxide anion causing the for-

mation of peroxynitrite anion in the ligand environment of
an iron atom. It undergoes isomerization into nitrate which
is later released from the complex causing B-DNIC break-
down. Released Fe2+ ions reduce oxygen to superoxide
anions causing the further breakdown of DNIC complexes
until they completely disappear.

Thus, according to the above-described mechanism, NO
molecules in B-DNIC complexes act as acceptors of super-
oxide anions. Binding to them, NO molecules are released
from the ligand environment of an iron atom in a form of
nitrate anions causing degradation of DNIC complexes. The
cytotoxic activity of DNIC is determined by nitrosonium
cation release. The affinity of thiol-containing compounds to
nitrosonium cations is known to be higher than to hydroxyl
anions [37, 38]. In the presence of thiol-containing com-
pounds, binding of these cations to thiol-containing com-
pounds including thiol-containing proteins can modulate
their functional activity and may lead to apoptosis induction.

The probability of this transformation of thiol-containing
proteins can be very high, as upon interaction of cells and
tissues with DNIC with the small molecule thiol-containing
ligands, iron nitrosyl groups (Fe(NO)2) are transferred from
low molecular DNIC to protein thiols forming more stable
protein-containing M-DNIC and B-DNIC [39, 40]. Never-
theless, superoxide anions can cause complex degradation via
the mechanism mentioned above [36]. Protein thiol groups in

protein DNIC complexes are likely to interact with the released
nitrosonium cations that modulate the activity of these proteins.

The exact mechanism of apoptosis induction triggered by
S-nitrosylation of thiol-containing proteins on the cell sur-
face remains to be studied further.

It should be noted that DNIC with thiol-containing
ligands can exert the antiapoptotic activity as well as the
proapoptotic activity demonstrated in this work and else-
where [14, 15, 30, 31, 33–35]. The antiapoptotic activity
was shown for endogenous DNIC with thiol-containing
ligands produced in animal cells upon elevation of non-
heme iron and NO generation [9]. NO-induced apoptosis
could be completely prevented by S-nitrosylation of caspase
3 mediated by endogenous DNICs.

Does this fact contradict the evidence for proapoptotic
activity of these complexes found in our and other stu-
dies? We can try to address this question bearing in mind
that according to our results and data of other groups
[30–32], the treatment of both transformed and normal
cells with DNIC with thiol-containing ligands initially
caused an increase of cell viability assessed by MTT test
and only then induced cell death (Fig. 4). We cannot rule
out the possibility of the elevated cell viability to be
potentially explained by the penetration of a small fraction
of DNICs into the cells that was sufficient for the anti-
apoptotic effects of the complexes, for example, mediated
by S-nitrosylation of caspase 3 or other proapoptotic
proteins. Upon a subsequent elevation of DNIC con-
centration in a cell culture medium, S-nitrosylation of the
surface proteins caused by these complexes became cru-
cial for DNIC proapoptotic activity. Thus, the results
obtained in this work and elsewhere [14, 15, 30, 31, 33–
35] as well as the data from [9] enrich rather than con-
tradict each other.

The most important result of this study which demon-
strated the cytotoxic activity of B-DNIC-MS components
nitrosonium cations is consistent with the previous works
[9, 14]. Based on this result, one of the authors (A.V.F.)
suggested that DNIC with thiol-containing ligands might be
potentially useful COVID-19 treatment [41].
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