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Abbreviations

AAF: 2-acetylaminofluorine; B- or M-DNIC: Binuclear or
Mononuclear Dinitrosyl Iron Complexes; EDTA: Disodium

Ethylenediaminetetraacetate; ~ EMT:  Endometrial

EPR: Electron Paramagnetic Resonance;
GS-NO:  S-nitrosoglutathione;
MGD.

Introduction

Abstract

The data reviewed herein strongly suggest that binuclear dinitrosyl iron
complexes (DNIC) with glutathione can fully (by 100%) suppress the growth of
rapidly proliferating nonmalignant endometrial tumours in rats with experimental
endometriosis, on the one hand, and retard the growth of transplanted malignant
solid tumours (Lewis lung carcinoma), on the other hand. An inverse correlation
was established between the antitumour effect of DNIC with glutathione on
Lewis carcinoma and the mode of DNIC administration (intraperitoneal or
intravenous). In the former case, the maximum inhibition of tumour growth
was achieved by treatment of animals with the highest (200umoles/kg) dose
of DNIC, while after intravenous administration the inhibiting effect of DNIC
increased with a decrease of the drug dose to 2umoles/kg. It was suggested
that Lewis carcinoma cells respond to DNIC used as a nitric monoxide (NO)
donor by the development of a system of antinitrosative protection similar to
that formed in many bacterial species in response to treatment with NO or its
derivatives. It is not excluded that DNIC with thiol-containing ligands can fully
suppress tumour growth when used as a nitrosonium (NO+) ion (but not NO)
donor, as could be evidenced from the results of recent studies by Prof. Liaw et
al. [Inorg. Chem. 2016, 55, 9383].

Keywords: Dinitrosyl iron complexes; Nitric oxide; Cancer; Experimental
endometriosis; Apoptosis

Tumour;
GSH: Glutathione;
MGD:  N-methyl-D-glucamine
Dithiocarbamate; MNIC-MGD: Mononitrosyl Iron Complexes with

growth. This circumstance seems to be the main reason for the
hitherto unsuccessful attempts of drug designers to develop, on the
basis of NO, highly effective medicinal drugs able to exert potent
and, which is even more important, irreversible inhibiting effects on
tumour growth in animals.

Besides, it is still unclear whether NO synthesized from L-arginine
by enzymatic route is present in animal tissues in the free form or as
a constituent of chemical compounds responsible for its stabilization,
transfer to biological targets and evacuation from the organism.

The aim of the present review is to demonstrate, on the basis

The discovery of the unique capability of nitric monoxide
(NO), the simplest chemical compound produced from L-arginine
by enzymatic route, to exert beneficial (regulatory) effects on an
immense diversity of metabolic processes occurring in human and
animal organisms and its role of a key effector of cell-mediated
immunity has opened up an outstanding opportunity for a detailed
study of mechanisms of cytotoxic effects of NO with the main
emphasis on the development, on its basis, of a vast array of potent
new-generation drugs able to suppress the growth and proliferation
of malignant tumours [1-6].

However, despite considerable efforts in this area [7-18], these
expectations are not yet realized, and no major breakthrough has
come about. By now, it has been established that in animal organisms
NO can initiate both death and enhanced proliferation of normal and
malignantly transformed cells and tissues. These effects are manifested
at high (hundreds of micromoles and higher) concentrations of NO,
while at low (micromolar) concentrations NO enhances tumour

of experimental evidence obtained thus far, that dinitrosyl iron
complexes (DNIC) with thiol-containing (RS’) ligands including
natural thiols (glutathione and L-cysteine) hold considerable promise
as candidate medicinal drugs endowed with a unique capability to
influence both normal and malignantly transformed cells and tissues.

Previous studies have shown that in animal cells DNIC are
formed in the presence of endogenous and exogenous NO and are
represented predominantly by the binuclear (diamagnetic) form
(B-DNIC) with the chemical formula [(RS),Fe,"(NO"),]. In living
organisms, the binuclear form of DNIC occurs in parallel with
the mononuclear (paramagnetic) form (M-DNIC), which has the
formula [(RS"),Fe*(NO*),] and is EPR-detectable [19-27].

Both forms of DNIC with thiol-containing ligands play the
role of donors of NO and nitrosonium ions (NO*) [21-27]. Their
interaction with heme- and thiol-containing proteins gives nitrosyl
heme-containing complexes and S-nitrosothiols, respectively. The
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Table 1: Regulatory effects of DNIC with thiol-containing ligands on various
physiological processes.

1 Potent vasodilating and hypotensive effects 28-32
2 Inhibition of platelet aggregation 33
3 Increased elasticity of red blood cells 34
4 Accelerated healing of skin wounds 35,36
5 Increased survival in animals with hemorrhagic shock 37
6 Penile erectile effect 38
7 Reduction of the size of the necrotic zone in experimental 39
myocardial infarction
8 | Antiapoptotic effect on cultured normal human and animal cells 40
9 Activation/inhibition of specific genes 41-46
10 Antioxidant effects 47,48
Table 2: Cytotoxic effects of DNIC with thiol-containing ligands.
1 Proapoptotic effect on HeLa cells in the presence of exogenous iron 49
chelators
2 Proapoptotic effect on Jurkat cells 50
3 Inhibition of growth of endometrial tumours in animals with 51.53
experimental endometriosis
4 Inhibition of tumour growth at early stages of malignization 54-56
5 Cytotoxic effect on Coxsackie B. virus in myocardial tissues 57

biological activity of heme- and thiol-containing proteins increases
or decreases under the action of NO and NO¥, which determines the
overall effect of DNIC on physiological and biochemical processes
occurring in animal organisms. It is by this mechanism that DNIC
exert a dual effect one of which is beneficial (regulatory) and the other
one is deleterious (cytotoxic). At low (1-2 pmoles/kg) doses, DNIC
produce a beneficial effect, while at higher (=150-200 pmoles/kg)
doses it is the cytotoxic effect that comes to the foreground [25].

The novel therapeutic drug “Oxacom” in which DNIC with
glutathione were used as the active substance was designed recently
by a group of researchers at the Russian Cardiology Research-
and-Production Complex [28]. The drug successfully underwent
pharmacological testing. Its lethal i/v dose (LD,)) for mice and
rats was found to be equal to ~140 and 130 umoles of B-DNIC/kg,
respectively (as calculated per one iron atom in B-DNIC). Oxacom
had no appreciable effect on different cell populations of rabbit blood
either upon single i/v administration or after long-term treatment of
animals with the drug; mutagenic effects of the latter on bone marrow
cells of mice and rats were also absent. Intraperitoneal treatment of
pregnant rats (n = 20) with Oxacom (daily, for 1-19 days) did not
influence the number and mass of newborn rats, nor did the drug
induce any significant pathological changes in the latter. These
data altogether testify to complete therapeutic safety of Oxacom on
experimental animals.

The results of pharmacological testing of Oxacom, which
demonstrated very low toxicity of the novel drug for experimental
animals, prompted us the idea to examine its hypotensive effect in
a clinical study on 14 healthy male volunteers (aged 21-45) having
normal arterial pressure and no chronic diseases. Intravenous
infusion of Oxacom (3—4 ml) at a dose corresponding to 0.2 pmoles
of B-DNIC with glutathione per kg of body mass caused a significant
(by ~ 20%) and fast (within 3-4 min) drop of systolic and diastolic

Table 3: The results of statistic evaluation of mean volumes of EMT (in mm?)
(overall data for all animals) [50].

Animals Median (min-max) Mean + SEM
Group 1
Control rats (n = 10) 38 (2-599) 113 +£179
Experimental rats (n = 10) 0 (0-73) 7+17 p<0.001
Group 2
Control rats (n = 10) 30 (2-866) 150 + 230
Experimental rats (n = 10) 7 (0 -759) 106 +23 p<0.008

pressure from 13744 to 1104 mm Hg and from 85+2 to 61+4 mm
Hg, respectively. The dynamics of changes in mean arterial pressure
(MAP) is shown in Figure 1. In the subsequent period, which varied
from 6 to 9 h, both parameters remained at the steady-state (low)
level. However, after wakening the patients’ blood pressure returned
to the initial values [28].

Some examples of beneficial (regulatory) and deleterious
(cytotoxic) effects of DNIC with thiol-containing ligands are given in
Tables 1 and 2, respectively [29-57].

The description of cytotoxic effects of DNIC on endometrial and
malignant tumours will be given in the subsequent chapters.

Cytotoxic Effects of B-DNIC with Glutathione
on Nonmalignant (Endometrial) Tumours
in Rats with Experimental Endometriosis

From clinical standpoint, DNIC effects on benign and malignant
tumours are classified into beneficial (suppressing tumour growth)
and harmful (stimulating this process). For the first time, the beneficial
effect of B-DNIC with glutathione on nonmalignant endometrial
tumours (EMT) was established in our laboratory for rats with
experimental endometriosis induced by surgical implantation of two
2-mm fragments of uterine endometrial (epithelial) tissue onto the
inner surface of the abdominal wall [51-53]. One month thereafter,
tissue grafts implanted to control rats developed into EMT having
an ellipsoidal shape and the axial size of ~ 10 mm. Tissue samples of
several control animals contained small-size secondary EMT localized
on the inner surface of the abdominal wall. At more advanced stages,
the growth of primary and secondary EMT was retarded: one and a
half months after surgery, the EMT size did not exceed 12—-15 mm.
Two months thereafter, the growth of EMT discontinued.

Intraperitoneal (i/p) treatment of rats (daily, for 10 days)
with B-DNIC with glutathione in 0.2ml saline (10-12 moles/kg as
calculated per one iron atom) on day 4 after surgery and subsequent
keeping of animals on a two-week standard vivarium diet led to
complete inhibition of EMT growth in the absolute majority of
experimental rats (Table 3, Group 1). In control animals, large-size
EMT (mean volume <110mm?®) developed during the first 30 days
after surgery.

A similar therapeutic effect of B-DNIC with glutathione was
established for Group 2 animals subjected to 10-day treatment.
Examination of tissue samples performed one month after surgery
displayed the presence of fairly large EMT (Table 3, Group 2). On
termination of the treatment course, experimental rats were kept on
a standard vivarium diet for 4-5 days. Treatment of these animals
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Figure 1: The effects of Oxacom (0.2 umoles/kg of DNIC-GS) on mean
arterial pressure (MAP) and heart rate (HR) in healthy male volunteers [28].
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Figure 2: The EPR spectra recorded in EMT tissue samples of control rats
(a, d) and of rats treated with GS-NO (b, e) or DNIC with glutathione (c). All
EPR spectra were recorded at 77K. The figures on the right indicate relative
amplification of the radiospectrometer [51].

with B-DNIC was accompanied by a drastic decrease of proliferative
activity of EMT: histopathological analysis of tissue samples of
B-DNIC-treated rats revealed a complete lack of EMT cysts containing
rapidly proliferating endometrial cells.

No such effect was found in rats treated with the NO donor
S-nitrosoglutathione (GS-NO). In this experimental group, tumour
growth was retarded judging from the appearance of multiple
adhesions in the abdominal cavity. These adhesions might prevent
vascularization of EMT with concomitant suppression of tumour
growth. In the absence of adhesions, tumour growth proceeded at
abnormally fast rates: after 6 weeks, the size of EMT increased to
1500mm? [51].

Prolongation of proliferative activity of EMT in GS-NO-treated
rats and its inhibition in B-DNIC-treated animals correlated with
the results of EPR analysis of EMT [51]. The EPR spectra of tissue
samples of control (untreated) and GS-NO-treated rats obtained at
the final stages of the experiment displayed the presence of a doublet
EPR signal with a peak at g = 2.01 characteristic of the active form
of ribonucleotide reductase along with an EPR signal with a low-
field component at g = 2.04 with a central absorption at g = 2.03 (the
2.03 signal) characteristic of M-DNIC with thiol-containing ligands
(Figure 2) [51]. The former is often detected in rapidly proliferating
tissues and can be used as indicator of enhanced growth of EMT

Number of cells
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Figure 3: Upper panel: The histograms illustrating the lack of effect of DNIC
with glutathione (a—c) on the state of DNA in HelLa cells and the lack of a
HelLa subpopulation with DNA content below the diploid level (<2c, late
apoptosis) on fluorescence channels with channel number less than 75.
DNIC concentrations: 100 pM (a), 200 uM (b) and 500 pM (c). Solid line:
control; dotted line: incubation with DNIC.
Bottom panel: The histograms illustrating the proapoptotic effect of DNIC with
thiosulfate (d) on HelLa cells preincubated in Versene’'s medium containing
0.5 mM EDTA and DNIC with glutathione after incubation of HelLa cells
in Eagle’s medium supplemented with fetal calf serum in the presence of
bathophenanthroline disulfide (BPDS) (e). Line 1: control; Lines 2-4 (d) —
DNIC with thiosulphate (50, 100, 200 and 200 uM, respectively). Lines 2
and 3: 200 uM DNIC with glutathione + 50 uM BPDS (e). <2c, -2¢ and —4c:
Subpopulations of cells with DNA content below the diploid level and with the
diploid and tetraploid content of DNA, respectively. Ordinate: cell number (in
rel. units) [49].

Fig.4

Figure 4: The EPR spectra recorded in 1990's in: (a) activated murine
macrophages in the presence of L-arginine; (b) the same in the presence
of L-arginine and the NOS inhibitor N-methyl-L-arginine; (c) inactivated
control macrophages; (d) control macrophages in the presence of N-methyl-
L-arginine [71].

[58]. The characteristic 2.03 signal was suggested as a specific marker
of enhanced production of NO by respective tissues [25,26]. It is
not excluded that the immune system of experimental animals
responds to fast growth of EMT by enhanced production of NO by
immunocompetent cells. Detection in EMT samples of an intense
EPR signal corresponding to nitrosyl complexes of hemoglobin
provided supporting evidence for this hypothesis. This EPR signal
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Figure 5: The early recordings of the 2.03 signal in yeast cells (A) [77], in
pigeon and rabbit liver cells (B) [78] and in liver tissues of rats fed on a diet
enriched with butter yellow (p-dimethylaminoazobenzene) for 7, 14 21, 35
and 42 days (C) [62].

Fig.6 |

Figure 6: The EPR spectra recorded in target tumor cells of mice (murine
leukemia cells L1210) and activated mouse macrophages under different
culturing conditions. A, L1210 cells removed from activated macrophages
in a cultural medium containing 10 ng/ml LPS; B, mitochondria from cells
as in A; C, L1210 cells after culturing without macrophages in the presence
of 10 ng/ml LPS; D, as A, but in the presence of 0.5mM N-monomethyl-L-
arginine (MMA) (NOS inhibitor); E, L1210 cells after culturing in an activated
macrophage-conditioned medium; F, human K562 leukemia cells removed
from activated macrophages in a cultural medium containing 10ng/ml
LPS; G, L1210 cells after coculturing with IFN--activated macrophages; H,
L1210 cells cultured in a medium without macrophages in the presence of
500units/ml IFN-y; I, L1210 cells harvested after 20 h of coculturing with
non-activated macrophages; J, L1210 cells after coculturing with IFN-y-
activated macrophages in the presence of 0.5mM MMA; K, IFN-y-activated
macrophage monolayer. The EPR spectra were recorded at 77K [75].

has a well-resolved triplet hyperfine structure (HFS) with a peak at g
= 2.01 (Figure 2d,2e). No such EPR signals were found in samples of
small-size EMT obtained from B-DNIC-treated rats, the weak EPR
signal generated by free radicals at g = 2.0 being the only exception
(Figure 2c¢ ).

Our experiments designed to investigate effects of B-DNIC
on EMT in rats with experimental endometriosis were carried out
after our discovery of cytotoxic proapoptotic effects of DNIC with
glutathione and cysteine on cultured HeLa cells. Noteworthy, these
effects were observed only in the presence of iron chelators (bath

ophenanthroline disulfonate or EDTA) able to induce effective
decomposition of DNIC [48] (Figure 3). Obviously, chelator-induced
fast decomposition of DNIC was prerequisite to the appearance in
the cultural medium of a considerable amount of NO released from
DNIC; high doses of the latter can be responsible for their cytotoxic
effect on HeLa cells, most probably, as a result of conversion of
NO into highly toxic peroxynitrite (ONOO") in the course of NO
interaction with the superoxide [59,60].

Based on these findings, we conjectured that cytotoxic activity
of DNIC towards rapidly proliferating cells and tissues can just as
well be manifested in the absence of exogenous iron chelators. As it is
known, living systems produce these compounds in order to provide
cells and tissues with iron required for their normal functioning [61].
This finding led us to suggest that during incubation of tissue samples
with DNIC endogenous iron chelators trigger the release of Fe?*
from DNIC and thus provoke enhanced production of NO and, as a
consequence, selective death of cells and tissues [48,50-52].

For the first time, the selectivity of cytotoxic effects of B-DNIC
with glutathione was established in our model studies on rats with
experimental endometriosis. However, in this study cytotoxic activity
of B-DNIC was specifically directed against EMT without any effect
on adjacent organs and tissues including abdominal organs and the
intestine. As far as GS-NO whose spontaneous decomposition takes
place in the whole volume of the abdominal cavity is concerned,
this NO donor was found to affect both tumour and adjacent intact
tissues, which manifested itself in the presence of multiple adhesions
in the abdominal cavity of EMT rats.

Cytotoxic Effects of B-DNIC with Thiol-
containing Ligands on Malignantly
Transformed Cells and Tissues

Taking into account the above-said, it was extremely important
for us to investigate the ability of B-DNIC with glutathione to induce
death of rapidly proliferating malignant tumours with the same
selectivity and efficiency as in the study on rats with experimental
endometriosis. The ultimate goal of this study was to develop, on
B-DNIC basis, an effective remedy against cancer, one of the most
urgent problems in modern-day biology and medicine. This drug
must be endowed with the ability to suppress, in one way or another,
the proliferative activity of malignantly transformed cells and tissues
[60].

A breakthrough in this area was the discovery and identification
of DNIC with thiol-containing ligands in the livers of rats treated
with various hepatocarcinogenic agents, made in the mid-1960’s, by
a group of U.S. investigators led by Barry Commoner [62,63]. These
authors succeeded in demonstrating the crucial role of DNIC in the
pathogenesis of malignant tumours. Further developments in this
field [64,65] established that the appearance of DNIC with thiol-
containing ligands in rat liver cells represents a protective response
of cells and tissues to malignant transformation. The most important
finding of these studies was the establishment of a relationship
between the concentration of DNIC or, more specifically, of their
mononuclear form (M-DNIC) with a characteristic EPR signal at
2.03, on the one hand, and the incidence of malignant tumours in
experimental animals, on the other hand.
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Figure 7: The antitumor effects of i/p injected B-DNIC with glutathione (a—c)
and GS-NO (d, f) on murine Lewis lung carcinoma (a—d) or adenocarcinoma
Ca-755 (d-f). B-DNIC doses: (a) 25 and 50pmoles/kg (Curves 2 and 3,
respectively); (b) 100umoles/kg (Curve 2); (c) 200 moles/kg (100umoles/kg
twice a day) (Curve 2); (d) 200 and 400 pmoles/kg of GS-NO (Curves 2 and 3,
respectively); (e) 100 moles/kg of B-DNIC (Curve 2); (f) 200 and 400 pmoles/
kg of GS-NO (Curves 2 and 3, respectively). Curves 1 — control (without DNIC
or GS-NO) [54-56].

In the aforecited studies, the dramatic (nearly tenfold) increase
in the intensity of the 2.03 signal recorded in liver samples of
rats kept on a nitrite-rich drinking diet supplemented with the
hepatocarcinogenic 2-acetylaminofluorene (AAF)
followed by a nearly 60% decrease in the incidence of liver and
auricular channel tumours in comparison with rats fed on AAF
alone [64]. A similar decrease in the incidence of hepatic tumours
induced in p-dimethylaminoazobenzene-treated rats by one of DNIC
derivatives, viz., Roussin’s black salt, is described in [65].

agent was

The mechanism of antitumour effects of DNIC became
comprehensible after the discovery by Hibbs et al. and, later
on, by other investigators [1-6,66—71] that cytotoxic activity of
immunocompetent cells, which is specifically directed against
malignantly transformed cells and tissues, is under a strict control of
NO. The latter is generated from L-arginine in appreciable amounts
by activated macrophages in the presence of iNOS (the inducible
form of NO synthase). This conclusion is not superficial, being
inferred from the results of more than 20-year in-depth studies into
the nature of cytotoxic activity of immunocompetent cells and their
role as mediators of cell-mediated immunity.

Studies by Hibbs et al. and Keller et al. [66-69] demonstrated
that activated macrophages are indeed able to exert cytotoxic effects
on malignantly transformed cells and tissues. More recent studies
by Hibbs and coworkers shed additional light on cytotoxic effects
of L-arginine able to generate nitrite [69] and NO responsible for

cytotoxic behaviour of activated macrophages towards tumour cells
and tissues [70, 71]. And, finally, a detailed analysis of EPR spectra of
activated macrophages established that this process is accompanied
by the formation of EPR-active protein-bound M-DNIC detectable
by the characteristic signal at 2.03 [72-75] (Figure 4).

For the first time, M-DNIC were detected by B. Commoner and
coworkersin thelivers of rats treated with different hepatocarcinogenic
agents [62] and identified by a characteristic 2.03 signal defined by
the authors as a specific indicator of malignant transformation in
animals and man. However, our early studies dating from 196465
revealed that the 2.03 signal is characteristic not only of malignantly
transformed, but also of normal (e.g., yeast) cells [76-78] (Figure 5).

In our studies, the 2.03 signal was detected for the first time in
the livers of rabbits and pigeons as long ago as 1967 (Figure 5) [78].
In exactly the same period, we succeeded in demonstrating that the
complexes able to generate the 2.03 signal in animal and bacterial
organisms represent DNIC with thiol-containing ligands [79].
This hypothesis was corroborated by more recent reports from B.
Commoner’s laboratory [63,80].

In the 1990’s, i.e., by the time when NO was recognized not only
as an effector of cell-mediated immunity, but also as one of the most
universal regulators of an immense diversity of physiological and
biochemical processes occurring in living organisms, the 2.03 signal
was detected in many cultured human and animal cells and tissues
able to produce NO from L-arginine or containing endogenous or
exogenous NO [72-75,81-96]. In exactly the same period, M-DNIC
with thiol-containing ligands gained recognition as compounds
responsible for stabilization, deposition and transfer of NO to its
biological targets [19-22,24-26,96-100).

The role of NO depots in these studies was assigned to protein-
bound DNIC, while low-molecular DNIC act as a vehicle for targeted
delivery of NO to various body cells and tissues. The relative content
of both forms of DNIC was defined as an equilibrium concentration
ratio between protein-bound and low-molecular thiols.

The results obtained in these studies testified to the widespread
occurrence of DNIC with thiol-containing ligands (predominantly,
of B-DNIC) in animal organisms [21,26]. This fact and very high
biological activity of DNIC comparable to the biological activity of
the system of endogenous NO with regard to dose and the immense
diversity of metabolic reactions controlled by them led one of the
authors of this review to suggest that DNIC with thiol-containing
ligands represent a «<working» form of endogenous NO in human and
animal organisms [26].

Supporting evidence for the hypothesis according to which
DNIC with thiol-containing ligands play the role of cytotoxic
effectors of cell-mediated immunity in living systems, was obtained
in the study by Drapier et al. dating back to 1991 [75]. This study was
carried out on activated macrophages of mice infected with Bacillus
Calmette-Guerin as well as on macrophages activated in vitro by
y-interferone cocultured with murine leukemia cells L1210. In both
cases, incubation with murine macrophages was accompanied by the
appearance in L1210 cells of appreciable amounts of protein-bound
M-DNIC detectable by an intense 2.03 signal (Figure 6).
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Fig 8

Figure 8: The EPR spectra recorded at 77K in tissue samples of Lewis
carcinoma and other organs of tumour-bearing mice both treated (a, c, e,
g, i, k) and untreated (b, d, f, h, j, I) with B-DNIC: a, b — liver; c, d — Lewis
carcinoma; e, f — spleen; g, h — brain; i, j — lung; k, | — blood.. The 2.04 signal
(Spectra a, ¢, e and i) was generated by protein-bound M-DNIC; the 2.0 signal
(in all spectra), by free-radical centers; the 1.97 signal (Spectra a and b), by
molybdenum complexes); the 1.94 signal (in all spectra except Spectra k and
1), by iron-sulfur proteins; the 2.07-1.97 signal with a triplet hyperfine structure
(Spectra ¢ and d) by nitrosyl complexes of heme-containing proteins. Right
side: amplification of the radiospectrometer (in arb. units) [54].

No M-DNIC were detected in L1210 cells in the absence of
activated macrophages. After fractionation of L1210 cells, M-DNIC
were predominantly localized in the mitochondrial fraction, which
led us to conjecture that their formation is a result of interaction
between NO generated by activated macrophages and iron-sulfur
components of the mitochondrial respiratory chain. The possibility
of M-DNIC formation from weakly bound iron (so-called labile iron
pool) must not be ruled out either [75].

These studies [62—-75] provided conclusive evidence in favour
of the earlier proposed hypothesis on the crucial role of DNIC with
thiol-containing ligands in cytotoxic activity of the immune system,
in inhibition of malignant growth, in particular.

Effects of NO and NO* as components of DNIC with thiol-
containing ligands on apoptosis in tumour cells

As mentioned earlier in the Introduction chapter, the biological
activity of mono- and binuclear forms of DNIC with thiol-containing
ligands (M- and B-DNIC, respectively) is determined by their ability
to act as NO and NO* donors in human and animal organisms [20-
26]. Based on these findings, we thought it expedient to clarify some
aspects of our own views on this problem and the data according to
which DNIC with thiol-containing ligands can indeed play the role of
NO* donors by virtue of their ability to generate S-nitrosothiols (RS-
NO) both in the presence and in the absence of oxygen.

In the paradigm of our mechanism of formation of M-DNIC

RS 4:1&10 RS, NO* RS, JNW Rs), g
Féle > Rt = Fel +HNO= ¢ +12(N:0+ H;0)
R "NO RS ‘m{ rS “NO RS NO

H NO

Scheme 1: The hypothetical mechanism of formation of the paramagnetic
(EPR-active) mononuclear form of DNIC with thiol-containing (RS) ligands by
a reaction of gaseous NO with the Fe?*-thiol mixture [102,103].

with thiol-containing (RS’) ligands by a reaction between Fe**, RS
and gaseous NO (Scheme 1) and in terms of the Enemark-Feltham
presentation [101], the electron shell of M-DNIC is described by
the formula {Fe(NO),}’, i.e., it represents a structure with the d’
electronic configuration of the iron atom, while M- and B-DNIC are
described by the formulas [(RS’),Fe*(NO*),] and [(RS’),Fe,*(NO"),],
respectively [21-26,48,102,103].

According to this Scheme, the transition of the original Fe**(NO),
fragment with an even number of the outer shell electrons and the
diamagnetic d® electronic configuration of the iron atom into a state
with an odd number of electrons is a result of disproportionation of
NO ligands, viz., transfer of one electron from one NO ligand to the
other and substitution of the nitroxyl ion (NO") generated thereupon
for the neutral molecule of NO. Under these conditions, the number
of outer shell electrons in the Fe(NO), fragment diminishes to 7 as a
result of which the latter turns into paramagnetic and acquires a d’
electronic configuration of the iron atom, whereas M-DNIC formed
in the process are characterized by the formula [(RS"),Fe*(NO),].

As for B-DNIC, their formation is a result of dimerization of
M-DNIC by Equation 1:

RS, .NO' ‘NO_ .S_ NO'
2 _Fe &= Fe'_ Fe +2RS’
RS 'NO* ‘NO 3 o°

Equation 1 [21,22, 102,103]

Based on the above-said, the chemical equilibrium between thiol-
iron-dinitrosyl fragments of M- and B-DNIC and their constituent
components can be presented as shown in Scheme 2.

According to this Scheme, the transfer of an electron from the
Fe* ion to one of the nitrosyl ligands is accompanied by a release
of the latter in the form of a neutral volatile molecule of NO, while
the second nitrosyl ligand leaves the iron-dinitrosyl fragment in the
form of a nitrosonium ion (NO"); its interaction with thiol gives an
appropriate S-nitrosothiol (RS-NO). This mechanism is responsible
for the S-nitrosating effect on DNIC.

The results of our study [21-25] suggest that 50% of nitrosyl
ligands are present in DNIC in the form of NO*ions, while the other
50% represent neutral molecules of NO, as could be evidenced from
the amount of GS-NO formed in acidified aqueous solutions of
decomposing B-DNIC with glutathione [23].

[(RS),Fe'(NO"),] & Fe?* +NO + (RS-NO*) + RS

Scheme 2: The chemical equilibrium between (RS),Fe*(NO*), fragments of
DNIC with thiol-containing ligands with the d” electronic configuration of the
iron atom and their constituent components [21,22,102,103].
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Figure 9: The antitumor effects of i/v injected B-DNIC with glutathione (a-c)
and GS-NO (d) on the growth of transplanted Lewis carcinoma in mice
treated i/v with different doses of the drugs: (a) 20, 10 and 2 umoles/kg of
B-DNIC (Curves 2-4); (b) 100 ymoles/kg of B-DNIC (Curve 2); (c) 2.0, 1.0
and 0.5 pmoles/kg of B-DNIC (Curves 2-4); (d) 20, 10 and 1 pmoles/kg of
GS-NO (Curves 2-4). Curve 5 — i/v administration of B-DNIC at the dose of 1
umoles/kg. Curves 1 — control (without DNIC or GS-NO) [117]. Experiments
a and b were carried out in January-February, experiments ¢ and d, in April.

Other studies designed to investigate different effects of DNIC
with thiol-containing ligands established that DNIC exert both
beneficial (antiapoptotic) [92] and cytotoxic (proapoptotic) [50,
104] effects on cultured normal and malignantly transformed cells.
One of these publications [92] is devoted to apoptosis induced
by treatment of cultured murine macrophages (RAW264.7 cells)
and rat liver cells treated with the NO donor, S-nitroso-N-acetyl-
DL-penicillamine (SNAP). In this study, cultured RAW264.7 cells
appeared to be more sensitive to SNAP than rat hepatocytes: after
their treatment with micromolar doses of the NO donor, RAW264.7
cells contained activated caspase-3 and mitochondrial cytochrome
C recognized as specific markers of apoptosis. Liver cells displayed
no apoptosis-specific changes after treatment with millimolar and
lower concentrations of SNAP. However, higher concentrations of
SNAP induced death of liver cells by a necrotic (but not apoptotic)
mechanism. After the increase in the concentration of non-heme iron
(by incubation in high-Fe* media), RAW264.7 cells began to respond
similarly to SNAP treatment. These changes in the RAW264.7
behaviour were accompanied by enhanced synthesis of M-DNIC with
thiol-containing ligands also observed in rat liver cells non-incubated
in high-Fe** media.

These findings led us to suggest that M-DNIC possess the ability
to suppress the activity of caspase-3 by triggering S-nitrosation
of its thiol groups. This hypothesis was confirmed by the results of
experiments designed to investigate the inhibiting effect of synthetic
M-DNIC with cysteine on caspase-3. According to Scheme 2,
M-DNIC induced S-nitrosation of caspase-3 by acting on thiol groups
of NO* ions released from DNIC. A similar S-nitrosating effect of
DNIC was established for other thiol-containing proteins [105-107].

As regards cytotoxic proapoptotic activity of M-DNIC, its

existence was established for human prostate carcinoma PC-3 and
cultured tumour cell lines PC-3, SKBR-3 and RL5866 [104] as well
as for cultured human renal carcinoma (Jurkat) cells [50]. The
dose-dependent cytotoxic proapoptotic effect of M-DNIC with
thiol-containing ligands (S(CH,),OH and S(CH,),NH,) [104] was
established for all tumour cell lines tested in this study; their LD,,
values were equal to ~ 20 uM (PC-3) and ~ 40 pM (SKBR-3 and
RL5866). It follows therefrom that this effect is induced by conversion
of neutral NO molecules into cytotoxic peroxynitrite in the course of
their interaction with the superoxide. The possibility that NO release
from DNIC was initiated by treatment of DNIC with endogenous
iron chelators should not be ruled out either.

Very interesting results were obtained in the study by Kleschyov
et al. [49]. These authors succeeded in demonstrating that the
proapoptotic effect of M-DNIC with thiosulfate on Jurkat cells
does not depend on the presence in these complexes of the anti-
apoptotic protein Bcl-2 able to suppress apoptosis induced by NO
and some of its donors [108]. It was concluded that the proapoptotic
effect of DNIC with thiol-containing ligands is determined by NO*
ions generated by these complexes according to Schemes 1 and 2
rather than by NO molecules released from decomposing DNIC.
This hypothesis was confirmed by experiments with treatment of
Jurkat cells with N-methyl-D-glucamine dithiocarbamate (MGD),
a water-soluble iron chelator devoid of the ability to penetrate into
the cell interior. Under these conditions, MGD treatment initiated
the conversion of M-DNIC into mononitrosyl iron complexes with
MGD (MNIC-MGD) localized in the extracellular space.

The formation of MNIC-MGD was provoked by the transfer of
the Fe*-mononitrosyl fragment (Fe-NO) from DNIC to MGD and
the concomitant release of NO* ions able to S-nitrosate thiols, e.g.,
thiol-containing proteins localized on the outer surface of the cellular
membrane. As it is known, S-nitrosation of thiol-containing proteins
shifts the redox equilibrium between thiols and disulfide groups
towards oxidation, which initiates apoptosis [109-111].

These data altogether unequivocally suggest that by virtue of
their ability to donate NO and NO* ions DNIC with thiol-containing
ligands can both express and suppress apoptosis in tumour cells. On
entering the cell, NO and NO* jons in DNIC begin to initiate or to
suppress apoptosis as a result of conversion of NO molecules into
cytotoxic peroxynitrite or due to S-nitrosation of caspase-3 by NO*
ions. If for one reason or another DNIC are unable to penetrate
into the intracellular space, NO and NO*ions generated from them
produce a proapoptotic effect on tumour cells and no other.

The discovery of the ability of DNIC with thiol-containing
ligands to suppress the growth of tumour cells during their in vitro
culturing does not by any way mean that DNIC would produce
similar effects in vivo, chiefly because in living organisms tumour
growth is under a strict control of cell-mediated immunity. The
effect of the latter on tumour growth can be neglected only under the
stipulation that in living organisms the immune system recognizes
“nonself” malignantly transformed cells as “self” and does not take
any preventive measures in order to suppress their growth.

In actual fact, this condition cannot be realized. Even very early
studies of malignant tumours by the EPR method detected intense
EPR signals in tissue samples of tumour-bearing animals; these
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signals corresponded to nitrosyl complexes of hemoproteins, e.g.,
hemoglobin or myoglobin [112-114] suggesting that animal cells
respond to malignant changes by activation of NO synthases (NOS)
able to produce endogenous NO and thus initiate death of tumour
cells. However, this conclusion applies strictly and exclusively to
fairly young organisms with unimpaired functions of the immune
system. In older organisms whose immune system weakens with
age, endogenous NO triggers crucial changes in the system of cell-
mediated immunity, being unable to suppress tumour growth
because of its low concentration, eventually resulting in uncontrolled
growth of malignantly transformed cells by a hitherto non-established
mechanism. In this context, in-depth studies of miscellaneous
effects of NO donors including DNIC with thiol-containing ligands
whose endogenous derivatives are formed in living organisms in
the natural way [19-22,24-26] are of paramount importance, since
they may provide vitally important information about mechanism(s)
responsible for inhibition of malignant growth.

Our model study of solid Lewis carcinoma induced by treatment
(intraperitoneal or subcutaneous) of mice with B-DNIC with
glutathione was the first step in this direction. Such treatment
significantly retarded the growth of transplanted subcutaneous
tumours, however, only at the initial stages after which the malignant
process recommenced (Figure 6a—6¢) [54-56].

The inhibiting effect of B-DNIC on tumour growth was found
to be dose-dependent and was especially well-pronounced in 80% of
animals on day 11 after their i/p treatment with B-DNIC (200pumoles/
kg as calculated per one iron atom) [55]. In the majority of cases,
B-DNIC (100 pmoles/kg) were injected two times a day.

Antitumour effects of i/p injected B-DNIC with glutathione
in a model of transplanted murine solid Lewis carcinoma

In this study, EPR measurements were performed on day 10, ~
1 h after i/p treatment of mice with B-DNIC and were accompanied
by the appearance in the EPR spectra of a characteristic 2.03 signal
corresponding to the paramagnetic form of DNIC (M-DNIC) (Figure
8a, 8¢, 8e, and 8i) in tissue samples of liver, Lewis carcinoma, spleen
and lung, respectively [54]. This signal was generated in the course
of the transfer of paramagnetic Fe(NO), fragments from B-DNIC
to thiol groups of proteins. The unchanged shape of the 2.03 signal
with the increase in the registration temperature from 77K to
ambient temperature testified to the protein origin of B-DNIC and
was attributed to low mobility of the protein globule of M-DNIC
insufficient for averaging the anisotropy of the g-factor of the 2.03
signal, which determines its shape [115].

Of special notice is the drastic difference between M-DNIC
concentrations in tumour tissues (~1.2 pmoles/kg of wet tissue)
estimated by the intensity of the 2.03 signal, on the one hand, and
their concentrations in the spleens and lungs (0.3 and 0.25 pmoles/
kg, respectively), on the other hand. Their comparison points to
high selectivity of B-DNIC distribution in animal tissues and their
predominant accumulation in tumour cells.

In the control group (B-DNIC-untreated animals), all EPR
spectra of tumour samples examined in this study [54] contained
an EPR signal with a triplet hyperfine structure (HFS) (Figure 8d)
characteristic of nitrosyl complexes of hemoproteins; a similar

signal was detected earlier in other malignant tissues [112-114].
The concentration of nitrosyl complexes of hemoproteins in Lewis
carcinoma cells was 9umoles/kg of wet tissue. A similar signal with
triplet HFS and distorted shape was detected in EPR spectra of
tumour tissues of B-DNIC-treated mice (Figure 8c) [54].

Subcutaneous (s/c) treatment of mice with B-DNIC with
glutathione had the same effect on the growth of Lewis carcinoma
as in the case of i/p treated animals. The rate of tumour growth in
animals treated with 100 moles/kg of B-DNIC was steadily decreasing
during the first 14 days of treatment and reached the control level
(data not shown) [54]. The average lifespan in the experimental group
exceeded control by 30% irrespective of the treatment mode (s/c or
i/p) [55,56].

A similar effect was observed in the group of GS-NO-treated rats.
However, in this case the inhibiting effect of GS-NO was attenuated
with the increase in the drug dose from 200 to 400 pmoles/kg (Figure
7d) [55]; the same regularity was observed in our EMT studies [53].

We attributed this phenomenon to impaired immune system of
animals as a result of a transfer of NO generated from spontaneously
decomposing GS-NO to both malignantly transformed and normal
tissues including immunocompetent cells. Inactivation of the latter
as a result of the aforesaid transfer is a plausible explanation for
enhanced growth of tumour tissues. As for B-DNIC, they transferred
NO preferentially to tumour cells as it might be inferred from their
selective decomposition by endogenous iron chelators produced by
tumour cells in order to provide themselves with iron.

Similar results illustrating antitumour activities of B-DNIC
and GS-NO were obtained in experiments with transplanted
adenocarcinoma Ca-755 [56] (Figure 7e,7f).

These data suggest that in contrast to non-malignant endometrial
tumours (EMT) whose growth was fully suppressed by i/p treatment
of rats with 10-fold daily doses of B-DNIC with glutathione
(10-12 umoles/kg) [51-53], in mice treated with much higher
doses of B-DNIC (100-200 pmoles/kg) short-term (7-11 days)
discontinuation of tumour growth was followed by a relapse, the rate
of this process exceeding control values (Figure 7).

What is the reason for the higher resistance of murine tumour
cells to B-DNIC, which in the given experimental series were used as
NO donors? One of possible explanations is that tumour cells might
develop a system of antinitrosative protection similar to that detected
in many bacterial and mycobacterial species [116]. This system
responds to NO by expression of antinitrosative protection proteins
(predominantly, of heme-containing ones), which possess an ability to
oxidize or reduce NO to NO, and N,O, respectively, and thus initiate
NO release from bacterial cells. A similar protective system could be
formed in tumour cells of B-DNIC-treated animals, however, only
in a very small cell population, since the absolute majority of cells
die being unable to respond to B-DNIC treatment by generation of
antinitrosative protection proteins. After the first 7-11 days, tumour
growth discontinued, but soon thereafter the proliferative activity of
NO-resistant cells was resumed as a result of which enhanced tumour
growth persisted in the subsequent periods. These findings led us to
assume that the differences in the tumour mass between control and
experimental groups were indeed due to inhibition of tumour growth,
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which manifested itself in a decrease of the population of tumour cells
at the initial stages of tumour growth (Figure 7).

Such a peculiar response of malignantly transformed cells to
DNIC resembles in many features the situation observed during
chemotherapy of malignant tumours in human beings where initial
inhibition of tumour growth is followed by recurrence due to
enhanced proliferative activity of survived drug-resistant malignant
cells. From this standpoint, DNIC with thiol-containing ligands as
candidates for antitumour drugs should be included in a long list of
chemotherapeutic drugs able to retard (but not fully inhibit) tumour
growth.

The discovery made in 2016 by a group of Taiwanese investigators
headed by Prof. W-F. Liaw [104] helped us overcome the deadlock
of our failures in 2014-2015 [54-56]. These authors succeeded in
demonstrating a potent antitumour effect of water-soluble M-DNIC
where the role of thiol-containing ligands was played by the
mercaptoethanol derivatives (S(CH,),OH) and (S(CH,),NH,). These
model studies were designed to investigate antitumour effects of i/v
injected M-DNIC on the growth of human prostate carcinoma (PC-
3) implanted to mice. Being administered i/v to mice at the dose of
~0.8 umoles/kg (once every 3 days, for 21 days, totalling 7 injections),
M-DNIC effectively (by 60 and 95%) suppressed tumour growth on
days 7 and 21, respectively. In this study, inhibition of tumour growth
was a result of apoptotic death of tumour cells, as could be evidenced
from the results of morphological and immunochemical studies of
tissue samples from M-DNIC-treated mice. These investigators also
reported on cytotoxic activity of M-DNIC able to induce death of
cultured tumour cells (lines PC-3, SKBR-3 and CRL5866) by the
apoptotic mechanism (IC, = 18.8, 42.9 and 38.6 uM, respectively).

These studies demonstrated that in contrast to i/p administered
B-DNIC with glutathione, M-DNIC with
mercaptoethanol-containing ligands fully inhibited the growth
of human prostate carcinoma in mice when injected on day 21 at
incommensurately lower doses (< 1 pmole/kg). This outstanding
effect can be due to a number of factors, such as different sensitivity
of model tumours to treatment, specific peculiarities of DNIC, route
of administration (i/p or i/v), and so on.

water-soluble

Our studies of a model of murine Lewis carcinoma performed
under conditions resembling those used in [103] established that i/v
administration of B-DNIC with glutathione is much more effective in
improving their antitumour effect than the i/p route.

Antitumour effects of i/v injected B-DNIC with glutathione
in a model of transplanted Lewis carcinoma in mice

Intravenous treatment of mice with different doses of B-DNIC
with glutathione (20, 10 and 2 pmoles/kg; 5 times daily, for 14
days, with 2-3 day intervals) was accompanied by complete (100%)
inhibition of tumour growth throughout the 11-day observation
period at all drug doses, as could be judged from the mass of Lewis
carcinoma (Figure 9) [117]. However, on day 16 the inhibiting effect
of B-DNIC diminished to 30, 70 and 90% with a further decrease by
4, 22 and 60%, respectively, on day 23 (Figure 9a). These findings are
at variance with those obtained in the studies by Liaw et al., where
inhibition of tumour growth increased with time, while in our
experiments this parameter showed a strong tendency to decrease. As

in the case of i/p administration of B-DNIC, the maximum (100%)
inhibition of tumour growth previously observed at the initial stages,
changed after i/v injection and was manifested in enhanced tumour
growth with time. The same was observed in our studies in which GS-
NO were used instead of B-DNIC with glutathione (Figure 9d) [117].

From Figures 7 and 9 it follows that the use of i/v instead of i/p
treatment changed the dose dependence of B-DNIC effect on tumour
growth to the opposite. Whereas after i/v treatment the inhibiting
effect of B-DNIC increased with a decrease of the drug dose, after the
switchover to the i/p route an inverse correlation was established. This
difference was especially apparent after i/v injection of the 100pmoles/
kg B-DNIC dose when enhanced tumour growth occurred instead of
inhibition observed after i/p injection (Figure 7b).

Obviously, the low efficiency of the i/p route can be explained
by the fact that only a very small amount of low-molecular B-DNIC
with glutathione was transferred from the abdominal cavity to
circulating blood. As a result of a transfer of their Fe(NO), groups to
thiol groups of proteins, the majority B-DNIC could be represented
by protein-bound DNIC localized in the abdominal cavity and the
small intestine. As for glutathione, it could also be retained in the
abdominal cavity due to the inability to penetrate effectively through
cell membranes. Consequently, the concentration of low-molecular
DNIC responsible for targeted delivery of Fe(NO), groups to tumour
cells and subsequent effects of NO and NO* ions released from
Fe(NO), groups of DNIC were insufficient for manifestation of their
cytotoxic effects upon i/p administration. In contrast, the i/v route
ensured effective delivery of both B-DNIC and free glutathione to
circulating blood. As a result, the majority of low-molecular DNIC
could successfully deliver their Fe(NO), groups to tumour cells and
thus provide them with sufficient amounts of NO and NO* ions
(Scheme 2).

All the aforementioned studies were carried out in wintertime
(February). In a special series of our experiments conducted in
April, inhibiting effects of B-DNIC on tumour growth increased
with a decrease in the drug dose (to 0.5 umoles/mg). At 2 pmoles/
mg B-DNIC, the inhibiting effect was strongly attenuated (Figure 9c).

Hence, the use of i/v treatment of experimental animals with
DNIC instead of i/p treatment made it possible to significantly reduce
the drug dose able to suppress the growth of malignant tumours
even at the initial stages. However, our studies turned out to be less
successful than those conducted by the Prof. Liaw’s team [103]. In
the aforecited study, DNIC with thiol-containing ligands effectively
inhibited the growth of transplanted malignant tumours unattainable
in our studies.

What was the reason for the outstanding success of the Chinese
investigators? For one thing, cells of transplanted carcinoma PC-3
appeared to be less resistant to DNIC than tumour cells examined in
our study. Second, potent effect of DNIC on PC-3 might be related
to the nature of thiol ligands or, more particularly, to the small
size of ethylmercaptane molecules used as ligands for DNIC by the
Taiwanese investigators. Ethylmercaptane ligands could also be
responsible for high S-nitrosating activity of DNIC, although their
mechanisms of action still remain to be explored. It remains to be
hoped that in-depth studies of antitumour effects of DNIC as NO*,
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but not as NO donors will give more encouraging results and give
us grounds to assert that DNIC with thiol-containing ligands hold
considerable promise as candidate anticancer drugs.
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