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Abstract—This work is dedicated to the mechanism of the antitumor action of dinitrosyl iron complexes,
which generate nitric oxide NO and nitrosonium cations, NO*. The effect of diethyldithiocarbamate, used
in spin trapping of NO radicals, on the antitumor activity of binuclear dinitrosyl iron complexes with gluta-
thione or N-acetyl cysteine has been studied. The effectiveness of these drugs in vivo against solid tumors in
mice persists, as expected, or even increases when they are used in combination with diethyldithiocarbamate.
It is assumed that the tumor growth inhibitory effect of dinitrosyl iron complexes is due mainly to the presence
of nitrosonium cations rather than the nitric oxide molecules released from dinitrosyl iron complexes.
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Recent studies show that the disturbance of physi-
ological processes regulated by nitric oxide, NO, may
provoke various morbid conditions, including malig-
nant tumors [1—-3].

It has been shown that different NO concentrations
can either stimulate tumor growth or cause cell death;
therefore, this radical is often called a two-edged
sword. Nitric oxide concentrations lower or higher
than those optimal for tumor growth can activate the
transduction of signals causing tumor growth inhibi-
tion and cell death. High NO concentrations can also
modulate the antitumor immune defense [1].

Previously, we found that mono- and binuclear
forms of dinitrosyl iron complexes with various thiol-
containing ligands generating NO, can inhibit some
solid tumors in mice, these are: Lewis lung carcinoma,
Acatol adenocarcinoma, and Ca-755 adenocarci-
noma. Some dinitrosyl iron complexes are cytotoxic to
human tumor cells (MCF-7) [4—11].

Abbreviations: DNIC, dinitrosyl iron complex; DETC, sodium
diethyldithiocarbamate; B-DNIC-GSH, binuclear dinitrosyl
iron complex with glutathione; MNIC-DETC, mononitrosyl
iron complex with diethyldithiocarbamate; B-DNIC-NAC,
binuclear dinitrosyl iron complex with N-acetylcysteine; i/v,
intravenous(ly); i/p, intraperitoneal(ly); s/c, subcutaneous(ly).

Professor Vanin analyzed his own experimental
results and a great body of data from the literature and
proposed a mechanism for the biological action of
dinitrosyl iron complexes (DNICs). According to his
model, the complexes act as donors of both neutral
NO molecules and nitrosonium cations NO*. It was
supposed that the antitumor and cytotoxic effect of
DNICs with thiol-containing ligands is based on their
ability to release both neutral NO and NO* [2].

In order to find out what component of these
DNIC:s, nitric oxide molecules or nitrosonium cations,
plays the key role in their antitumor action, sodium
diethyldithiocarbamate (DETC) was employed in
experiments as a trap for NO molecules [12—14].

It was found that DETC interacting with a binu-
clear dinitrosyl iron complex containing glutathione
{B-DNIC-GSH) tears a mononitrosyl-iron group
away from the complex and forms a stable EPR-active
mononitrosyl iron complex with DETC (MNIC-
DETC), which releases almost no neutral NO mole-
cules [13, 14].

The second nitrosyl ligand of the dinitrosyl iron
group is released as nitrosonium cation NO*, which
binds to various thiols to form corresponding S-nitro-
sothiols. This process may determine the preservation
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of the antitumor and cytotoxic effects of B-DNIC
with the presence of DETC [2, 12].

It was demonstrated in this way that the cytotoxic
action of B-DNIC-GSH or B-DNIC with mercapto-
succinate on MCF-7 tumor cells [13] and of
B-DNIC-GSH on Escherichia coli bacteria is deter-
mined by the ability of the complexes to act as donors
of nitrosonium cations.

This observation brought us to the assumption that
NO™ cations can also play the key role in the imple-
mentation of the antitumor action of B-DNIC-GSH
in vivo [12].

Here we continue the study of the antitumor action
of dinitrosyl iron complexes and investigate the influ-
ence of various schedules of DETC application on the
antitumor activity of B-DNICs with different ligands:
glutathione (B-DNIC-GSH) and N-acetylcysteine
(B-DNIC-NAC). We also assess the antitumor effect
of DETC itself on model murine solid tumors in vivo.

MATERIALS AND METHODS

Materials. Iron sulfate (FeSO, - 7H,0) was pur-
chased from Fluka (Switzerland). Reduced glutathi-
one, sodium nitrite, N-acetylcysteine, and sodium
diethyldithiocarbamate (C,H;),=N—CS, were pur-
chased from Sigma (United States).

Gaseous nitric oxide was obtained by the reaction
of iron sulfate with sodium nitrite NaNO, in 0.1 M
HCI and purified from nitrogen dioxide by cryosubli-
maion in vacuo [15].

Synthesis of the binuclear dinitrosyl iron complex with
glutathione. The binuclear dinitrosyl iron complex
with glutathione (B-DNIC-GSH) was prepared by
the simplest method for synthesizing DNICs with
thiol-containing ligands [16]. To obtain a 5-mM solu-
tion, 62 mg (20 mM) of glutathione were added to
10 mL of distilled water in the air. The solution
became acidic, pH 4.0. Iron sulfate (28 mg, 10 mM)
was added, further acidifying the solution to pH 3.8.
Sodium nitrite (6.9 mg, 10 mM) was added, and the
solution turned pink owing to S-nitrosoglutathione
formation. Judging from the light absorbance at
334 nm, characteristic of S-nitrosoglutathione, the
reaction was complete after 1.5 h to yield 10 mM con-
centration of the compound. The solution was deacid-
ified to pH 7.2, and it turned orange, as the formation
of B-DNIC-GSH from S-nitrosoglutathione, Fe?*,
and glutathione started [16]. The complete conversion
of S-nitrosoglutathione to B-DNIC-GSH took several
hours. The precipitated iron(I1I) hydroxide was filtered
out, and the solution was frozen in liquid nitrogen to be
thawed immediately before experiments with animals.
The prepared B-DNIC-GSH (MW 846 Da) was quan-
tified by light absorbance at the characteristic wave-
lengths 310 and 360 nm with the molar attenuation
coefficients 4600 and 3700 M~' cm™!, respectively
(corrected for one iron atom in B-DNIC) [15]. The
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B-DNIC-GSH concentration in the solution proved
to be 5 mM.

Synthesis of the binuclear dinitrosyl iron complex with
N-acetylcysteine. Iron(II) sulfate dissolved in distilled
water (1 mL) and N-acetylcysteine in 15 mM HEPES
buffer pH 7.4 were loaded into the upper and lower
containers of a Thunberg vial, respectively. Nitric
oxide was injected at 150 mmHg, and the solutions
were mixed. The final iron sulfate concentration was
5 mM. The mixture was shaken for 5 min, so that all
iron(IT) was incorporated into DNIC-NAC. Nitric
oxide was evacuated, and the solution was frozen in
liquid nitrogen to be thawed immediately before use in
experiments. The prepared B-DNIC-NAC was quan-
tified by light absorbance at the characteristic wave-
length 360 nm.

Antitumor activity in vivo. Experiments were con-
ducted with 80 inbred mice BDF, (first-generation
hybrids f,(Cs,Bl/, X DBA,)) and Balb/c, weighing
18—20 g. The mice were from the Stolbovaya vivar-
ium, branch of the Blokhin National Medical
Research Center for Oncology, Moscow.

Three murine solid tumors were chosen as models:
Lewis lung carcinoma, Acatol adenocarcinoma, and
Ca-755 adenocarcinoma. The tumors were grafted
subcutaneously by the conventional protocol [17].

B-DNIC-GSH was administered in aqueous solu-
tion at the daily dose 2 umol/kg intravenously (i/v),
intraperitoneally (i/p), or subcutaneously (s/c) for 5 to
8 days after tumor grafting.

B-DNIC-NAC was administered s/c in aqueous
solution at the daily doses 2 and 10 umol/kg for 9 days
after tumor grafting.

Depending on experimental settings, DETC solu-
tions were administered i/p at daily doses of 10 or
50 mg/kg. Injections were done 1 h or 15 min after the
injection of B-DNIC-GSH or B-DNIC-NAC or as a
single medication for 5—10 days after tumor grafting.

The antitumor efficacy of the treatments was
assessed by comparing the tumor growth kinetics in
groups of control and treated animals. Tumor growth
inhibition expressed as percentage (TGI1%) was calcu-
lated as TG1% = (P- — Pr) X 100%/ P, where P and
Pr are the mean tumor weights (or volumes) in the
control and treated animal groups, respectively.
Tumor volumes were calculated as for an ellipsoid: V'=
abc/2, where a is the length; b, the width; and ¢, the
height of the tumor node. Tumor tissue density was
taken to be 1 g/cm? [17].

Each experimental group included six to eight ani-
mals, and the control, eight to ten. The animals were
monitored during the entire time span of tumor devel-
opment, until animal death.

Statistical evaluation of the results was done by
assessing tumor size (weight) in control and treated
animals with the Statistica 6.0 software.
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Table 1. The antitumor action of DETC on murine solid tumors as models in various treatment schedules

Tumor strain Dos'e '(mg/kg/day) and Time of effect Mean tumor weight, g TGI%
administration schedule assessment, day treated control
Lewis lung carcinoma |50 mg/kg, i/p, five injections, 26 0.72£0.2 3.00£0.3 76
days 1, 4, 7, 10, and 13
Lewis lung carcinoma |50 mg/kg, i/p, five injections, 21 0.78 £ 0.1 2.07 £0.2 62
days 1-5
Lewis lung carcinoma 50 mg/kg, i/p, eight injec- 28 31%£0.2 8.00 £ 0.3 61
tions, days 1—4 and 7—10
Acatol adenocarcinoma |50 mg/kg, i/p, five injections, 23 34+0.3 45103 24
days 1-5
Ca-755 adenocarcinoma| 10 mg/kg, i/p, nine injec- 21 7.51£0.6 9.43 +£0.6 20
tions, days 1-9

RESULTS AND DISCUSSION

We present the results characterizing the antitumor
activity of DETC alone and in combination with dini-
trosyl iron complexes with various ligands (B-DNIC-
GSH and B-DNIC-NAC) in murine solid tumors as
models.

The antitumor activity of diethyldithiocarbamate
applied as a single agent was studied on three murine
solid tumors: Lewis lung carcinoma, Acatol adenocar-
cinoma, and Ca-755 adenocarcinoma. Various treat-
ment schedules were tested.

As shown in Table 1, DETC is active against Lewis
lung carcinoma. It inhibited tumor growth by 61—-76%
compared to control. Apparently, the efficacy of
DETC administered at the daily dose 50 mg/kg
depends on the treatment schedule. The greatest TGI
(76%) was observed when the treatment followed an
intermittent regimen: five injections on days 1, 4, 7,
10, and 13. Five injections on days 1—5 or eight injec-
tions on days 1—4 and 7—10 were less efficient. They
inhibited tumor growth by 62 and 61%, respectively
(Table 1).

Acatol and Ca-755 adenocarcinomas were not very
sensitive to DETC. Their inhibition by the medication
administered i/p in five doses of 50 mg/kg and in nine
doses of 10 mg/kg, was 24 and 20%, respectively
(Table 1).

Thus, our experiments showed the ability of DETC
to inhibit Lewis lung carcinoma growth in vivo.

The antitumor activity of the combination of
B-DNIC-GSH and diethyldithiocarbamate on the
Lewis lung carcinoma model. The effect of DETC on
the antitumor action of B-DNIC-GSH was studied in
various treatment schedules with constant daily doses
of the medications: 50 and 2 umol/kg, respectively.
We studied the influence of the interval between the
injections (1 h or 15 min) and the administration route
(i/v, i/p, or s/c) on the effect of DETC, which was
always injected i/p after the injection of B-DNIC-
GSH.

Five-time administration of B-DNIC-GSH(i/v) and
DETC (i/p) one hour apart. The efficacy of the com-
bined and monotherapeutic application of the medi-
cations with five-time injection of B-DNIC-GSH is
illustrated in Fig. 1 and Table 2.

The i/v administration of B-DNIC-GSH at the
daily dose 2 pumol/kg inhibited tumor growth by 48%,
and the five-time i/p administration of DETC, by
76% compared to control. The combined administra-
tion of B-DNIC-GSH and DETC (the latter one hour
after the former) caused almost 57% tumor growth
inhibition compared to control (Fig. 1, Table 2).

Thus, combined treatment with DETC and
B-DNIC-GSH (i/v) 1h apart only insignificantly
increased the antitumor action of B-DNIC-GSH:
from 50 to 60%. The use of DETC alone was more
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Fig. 1. The effect of combined five-time administration of
B-DNIC-GSH (i/v) and DETC (i/p) 1 h apart on the
growth of Lewis lung carcinoma: (/) control; (2)
B-DNIC-GSH, 2umol/kg, i/v; (3) DETC, 50 mg/kg
(250 umol/kg, i/p; (4) B-DNIC-GSH, 2 umol/kg, i/v +
DETC, 50 mg/kg, i/p. Medications were administered on
days 1, 4, 7, 10, and 13 after tumor grafting.
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Table 2. The effect of combined five-time administration of B-DNIC-GSH (i/v) and DETC (i/p) 1 h apart on the growth

of Lewis lung carcinoma

. Daily dose Time of effect Mean tumor
Medication and adminiztratison route assessment, day weight, g TGI%
B-DNIC-GSH 2 umol/kg i/v 26 1.55+ 0.1 48
DETC 50 mg/kg i/p 26 0.72£0.2 76
B-DNIC-GSH + DETC |2 umol/kg i/v + 50 mg/kg i/p 26 1.28 £ 0.3 57
Control — 26 3.00 0.3 —

Medications were injected on days 1, 4, 7, 10, and 13 after tumor grafting.

Table 3. The effect of combined i/p eight-time administration of B-DNIC-GSH and DETC one hour apart on the devel-

opment of Lewis lung carcinoma

Medication D'ai'ly d0§e Time of effect Meap tumor TGI1%
and administration route assessment, day weight, g
B-DNIC-GSH 2 umol/kg, i/p 28 3.8+0.2 52
DETC 50 mg/kg i/p 28 31£0.2 61
B-DNIC-GSH + DETC | 2 umol/kg, i/p + 50 mg/kg i/p 28 3.8+0.3 52
Control — 28 8.00 £ 0.3 —

Medications were administered on days 1—4 and 7—10 after tumor grafting.

efficient than other combinations, 76%. In all cases,
tumor growth inhibition was observed within one
week after the end of the treatment (day 13 after tumor
grafting), and then the tumor began to grow.

FEight-time administration of B-DNIC-GSH (i/p)
and DETC (i/p) one hour apart. The efficacy of the
combined and monotherapeutic application of the
medications with the eight-time (days 1—4 and 7—10
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Fig. 2. The effect of combined eight-time administration
of B-DNIC-GSH and DETC i/p 1 h apart on the growth
of Lewis lung carcinoma: (/) control; (2) B-DNIC-GSH,
2 umol/kg, i/p; (3) DETC, 50 mg/kg, i/p; (4) B-DNIC-
GSH, 2 umol/kg, i/p + DETC, 50 mg/kg, i/p. Medica-
tions were administered on days 1—4 and 7—10 after tumor
grafting.
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after tumor grafting) regimen is demonstrated in Fig. 2
and Table 3.

We see that eight B-DNIC-GSH injections, both
alone and in combination with DETC inhibited tumor
growth by 52%. DETC alone inhibited tumor growth
by 62% compared to control (Fig. 2, Table 3).

Thus, the experiments with i/p B-DNIC-GSH
administration, as with the i/v route, show that the
addition of DETC does not affect the antitumor activ-
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Fig. 3. The effect of combined five-time administration of
B-DNIC-GSH (s/c) and DETC (i/p) 15 min apart on the
growth of Lewis lung carcinoma: (/) control; (2)
B-DNIC-GSH, 2 umol/kg, s/c; (3) DETC, 50 mg/kg,
i/p; (4 B-DNIC-GSH, 2umol/kg, s/c + DETC,
50 mg/kg, i/p. Medications were administered on days 1—
5 after tumor grafting.
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Table 4. The effect of combined application of B-DNIC-GSH (s/c) and DETC (i/p) 15 min apart on the growth of Lewis

lung carcinoma

. Daily dose Time of effect Mean tumor
Medication and adminiztratison route assessment, day weight, g TGI%
B-DNIC-GSH 2 umol/kg, s/c 21 1.36 £ 0.2 34
DETC 50 mg/kgi/p 21 0.78 £ 0.1 62
B-DNIC-GSH + DETC |2 umol/kg, s/c + 50 mg/kg i/p 21 1.01 £ 0.1 51
Control — 21 2.07£0.2 —

Medications were injected on days 1—5 after tumor grafting.

ity of B-DNIC-GSH compared to its monotherapeu-
tic use (Tables 2 and 3).

Five-time administration of B-DNIC-GSH (s/c) and
DETC (i/p) 15 min apart. The results of the antitumor
action of the five-time combined and monotherapeu-
tic application of the medications with s/c injection of
B-DNIC-GSH and i/p injection of DETC 15 min
thereafter are demonstrated in Fig. 3 and Table 4.

As expected, s/c injection of B-DNIC-GSH
exerted weaker antitumor action than the i/v or i/p
routes: TGI% was 34, 48, and 52, respectively, com-
pared to control (Tables 2—4, Figs. 1—-3).

DETC injections 15 min after B-DNIC-GSH
increased the tumor-inhibiting capacity of the dini-
trosyl complex in s/c administration from 34 to 51%
(Fig. 3, Table 4).

We see that in experiments with s/c injection of B-
DNIC-GSH, as with the i/v or i/p routes, the combi-
nation with DETC, trapping NO molecules, shows
the preservation and even a slight increase (in the i/v
and s/c administration routes of B-DNIC-GSH) of
the antitumor activity compared to B-DNIC-GSH
alone. The most pronounced effect of DETC on the
B-DNIC-GSH activity was observed with the 15-min
interval (compared to injections 1 h apart).

This observation may be interpreted as support for
the hypothesis that the tumor growth inhibition by
B-DNIC-GSH is determined by the formation of
nitrosonium cations, NO*, rather than nitric oxide
molecules, NO.

The hypothesis is indirectly supported by experi-
ments on the effect of DETC on the activity of the
gold-based medication aurumacryl against Acatol
adenocarcinoma, whose mechanism is not associated
with the generation of nitric oxide nor nitrosonium
cations. It was shown there that the combined applica-
tion of their half-doses dramatically reduced auru-
macryl activity compared to the full dose of the latter
applied alone (unpublished results).

The antitumor activity of the combination of B-DNIC-
NAC and DETC on Ca-755 adenocarcinoma. In order
to investigate the effect of the ligand nature on the sen-
sitivity of a dinitrosyl complex to DETC action, we
studied the combination of DETC and the dinitrosyl

iron complex with N-acetylcysteine on the Ca-755
adenocarcinoma model.

Previously, we found that B-DNIC-NAC applied
i/vori/p ten times at 10 pumol/kg daily doses inhibited
Acatol adenocarcinoma growth by 60% compared to
control [11].

The experiments reported here followed another
schedule of treatment with B-DNIC-NAC than that
used in [11]. The medication dose was 2 umol/kg s/c
instead of the previously applied 10 umol/kgi/v ori/p.
DETC was administered at the dose 10 umol/kg i/p,
that is five times lower than in [11] (50 umol/kg).

The results are presented in Fig.4 and Table 5.
They indicate that, as expected, the monotherapeutic
use of fivefold lower doses of the medications resulted
in almost complete disappearance of the antitumor
effect observed with the previously used doses.
As already mentioned, B-DNIC-NAC applied at the
dose 10 umol/kg inhibited tumor growth by 60% com-
pared to control but exerted no action at 2 umol/kg.
The effect of DETC, which inhibited Lewis carci-
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Fig.4. The effect of combined administration of
B-DNIC-NAC (s/c) and DETC (i/p) 1h apart on the
growth of Ca-755 adenocarcinoma: (/) control; (2)
B-DNIC-NAC, 2umol/kg, s/c; (3) DETC, 10 mg/kg
(50 umol/kg), i/p; (4) B-DNIC-NAC, 2 umol/kg, s/c +
DETC, 10 mg/kg, i/p. Medications were administered on
days 1—9 after tumor grafting.

BIOPHYSICS  Vol. 67 No.5 2022



ROLE OF THE NITROSONIUM CATION

801

Table 5. The effect of combined application of B-DNIC-NAC s/c and DETC i/p 1 h apart on the development of Ca-755

adenocarcinoma

Medication D'al'ly dotse Time of effect Mea.n tumor TG1%

and administration route assessment, day weight, g

B-DNIC-NAC 2 umol/kg, s/c 21 9.43+0.8 0
DETC 10 mg/kg, i/p 21 7.51 £ 0.6 20
B-DNIC-NAC + DETC | 2 umol/kg, s/c + 10 mg/kg, i/p 21 534104 43
Control - 21 9.43 £ 0.6 —
Medications were injected on days 1—9 after tumor grafting.
noma growth by 61-76% compared to control at REFERENCES

50 mg/kg i/p, fell to 20% at 10 mg/kg i/p.

Nevertheless, the combined application of the
medications at small doses definitely inefficient in
monotherapy, significantly inhibited Ca-755 adeno-
carcinoma growth by 43% compared to control
(Fig. 4, Table 5).

It is reasonable to assume that the observed tumor
growth inhibition in combined therapy even at very low
doses of B-DNIC-NAC and DETC is determined by the
presence of nitrosonium cations, NO*, whereas the NO
produced by B-DNIC-NAC is inactivated by DETC.

To sum up, the study of the effect of DETC on the
antitumor activity of B-DNICs with various ligands
(GSH or NAC) showed that their efficacy with the
presence of DETC remains at the same level as in
monotherapy or even increases. Obviously, the effect
of the DETC + DNIC interaction depends signifi-
cantly on the nature of the ligand in the DNIC,
administration schedule, and the nature of the tumor.

Our data favor the earlier assumption that the effect
is determined by the ability of DETC to degrade
DNICs in tumors so that they release NO* cations.
This process results in the preservation or even
enhancement of the antitumor action of the medica-
tions in combined use.

It is conjecturable that the reversal of the order of
B-DNIC and DETC administration (that is, DETC +
B-DNIC instead of B-DNIC + DETC) may augment
their antitumor effect. This conjecture stems from the
results reported in [2], concerning the formation of
MNIC-DETC from DNIC in animal tissues in vivo
depending on the order of DNIC and DETC admin-
istration. It follows therefrom that the efficacy of NO*
release from DNIC in animal tissues should increase
in DNIC administration after DETC. We plan to test
this soon.
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