. UDC: 547.1: 615.0368
in Pha rmacology DOI 10.3897/rrpharmacology.8.76363

3 Research Article

@ Research ReSU|tS Research Results in Pharmacology 8(1): 85-93

Evaluation of the pharmacological activity of hybrid
organotin compounds in a B16 melanoma model in
the classical and metronomic administration modes

Margarita A. Dodokhoval, Andrey V. Safronenko!, Inga M. Kotieval,
Margarita S. Alkhuseyn-Kulyaginova®, Dmitry B. Shpakovsky?, Elena R. Milaeva®

1 Rostov State Medical University of the Ministry of Healthcare of the Russian Federation, 29 Nakhichevansky Lane, Rostov-on-Don 344022, Russia
2 M.V. Lomonosov Moscow State University, Faculty of Chemistry, 1-3 Leninskiye Gory, Moscow 119991, Russia

Corresponding author: Margarita A. Dodokhova (dodohova@mail.ru)

Academic editor: Oleg Gudyrev ¢ Received 11 October 2021 ¢ Accepted 13 February 2022 ¢ Published 31 March 2022

Citation: Dodokhova MA, Safronenko AV, Kotieva IM, Alkhuseyn-Kulyaginova MS, Shpakovsky DB, Milaev ER (2022)
Evaluation of the pharmacological activity of hybrid organotin compounds in a B16 melanoma model in the classical and metronomic
administration modes. Research Results in Pharmacology 8(1): 85-93. https://doi.org/10.3897/rrpharmacology.8.76363

Abstract

Introduction: In modern medical chemistry, much attention is paid to the search for new antimetastatic agents based
on metal compounds. Organotin compounds promise to be good candidates as the treatment of malignant neoplasms.
In order to reduce a possible nonspecific toxic effect of tin compounds and to expand the intended therapeutic use, the
paper presents hybrid tin (IV) complexes with Sn-S bond containing a fragment of 2,6-di-tert-butylphenol. The aim
of the study was to evaluate the antitumor and antimetastatic effects of bis (3,5-di-tert-butyl-4-hydroxyphenylthiolate)
dimethylolol (Me3) and (3,5-di-tert-butyl-4-hydroxyphenylthiolate) triphenylolol (Me5) in a model of transplanted
melanoma tumor in B16 mice in classical and metronomic administration mode.

Materials and methods: The efficacy of organotin compounds was studied in a model of a transplanted tumor with
spontaneous metastasis of C57B1/6 (female) melanoma B16 mice using the following indicators: average life expectan-
cy, inhibition of tumor growth by weight, tumor mass, and metastasis inhibition index.

Results and discussion: The most pronounced antimetastatic effect (54% and 36%) is achieved with a five-fold in-
traperitoneal injection of Me3 and Me5 at the total doses of 375 mg/kg and 250 mg/kg. The comparable results of the
efficacy were obtained in the classical and metronomic modes of the injection of hybrid organotin compounds. With an
increase in the injected dose, there is an effect of activating the tumor process with the generalized metastasis.

Conclusion: Bis dimethylolol (Me3) and triphenylolol (Me5) compounds demonstrate both a pronounced antimeta-
static activity and a multidirectional effect on the growth of the primary focus and the metastasis in lungs, depending
on an injected dose.
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organotin compounds, melanoma B16, 2,6-di-tert-butylphenol, antitumorigenic activity, metastasis inhibition, metro-
nomic drug administration.
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Introduction

Antitumor drugs are among the most popular groups of
drugs. Nowadays there are more than 120 names of anti-
tumor substances (The Russian Ministry of Health 2021),
which are widely used both in monochemotherapy and
combined treatment of malignant neoplasms in Russia.
However, the efficacy of most of them is limited by ex-
cessive toxicity and the development of resistance during
a course administration. So the issue of developing new
antitumor drugs with an optimal activity-toxicity ratio
and a multifactorial effect remains relevant. This is why,
an active search for new organometallic compounds,
highly targeted, with minimal toxicity to the body and
maximum cytotoxicity to the tumor is still under way. In
this research, while creating physiologically active metal
compounds with an alleged antitumor activity, we sug-
gest modifying the molecule in order to reduce the overall
nonspecific toxicity to non-tumor cells, which is achieved
by adding protective organic groups.

One of the most promising directions in this sphere
is the study of organic compounds based on tin Sn(IV).
Organotin compounds have unique characteristics, such
as catalytic and redox abilities, a tendency to exchange
ligands and a variety of available interactions with bio-
logical targets. Organotin compounds have showed a pro-
nounced antitumor effect in various models in vitro and in
vivo (Banti et al. 2019). There are several antiproliferative
mechanisms of organotin compounds leading to the in-
duction of apoptosis (Syed Annuar et al. 2021). Various
studies show that organotin compounds affect the mac-
romolecules of the cell (DNA or proteins), as well as the
energy of the cell and the functions of mitochondria; they
interact with cell membranes and increase the concentra-
tion of Ca?" in the cytoplasm. Apoptosis is caused either
by the influence of organotin compounds on the redox
signaling pathways of cells (accumulation of active oxy-
gen metabolites (AOM)), or by the permeability violation
of mitochondrial membranes, activation of caspases or by
interaction with DNA, and a decrease in the production of
anti-apoptotic protein Bcl-2 (Zhang et al. 2016; Giuliano
etal. 2021).

Organic ligands in the molecule contribute to a signif-
icant modulation of the organotin compounds biological
effect on the cell. It is known that the presence of one
or more covalent C-Sn bonds affects the activity of the
compound and depends on the number and nature of alkyl
substituents (R) associated with the Sn-center. The effect
of RnSnX4-n compounds containing various R groups (R
= Me, Et, Pr and Bu), as shown by a meta-analysis, de-
pends on the type and number of R groups, and the bio-
logical activity decreases in the following series: n-Bu >
Ph and Et > Me (Ghani and Yousif 2021). The chemical
structure also explains the selectivity of the pharmacolog-
ical action on various test systems in vitro. For example,
Sn(IV) carboxylates based on ortho- or para-hydroxyben-
zoic acids showed a high cytotoxic activity in relation to
sarcoma cancer cells in studying the cytotoxic activity in

vitro (Balas et al. 2011). Tributyl- and triphenylol deriva-
tives with 2-thiobarbituric acid demonstrated a higher cy-
totoxic activity than cisplatin in relation to human breast
adenocarcinoma cells (MCF-7), and their IC50 values are
272 and 179 times lower than those for cisplatin (Balas
et al. 2008).

As antitumor and antimetastatic agents, we have pro-
posed hybrid organotin compounds, which have two
components of the molecule: cytotoxic, containing tin
(Sn, IV) and a protective complex radical 2,6-di-tret-bu-
tylphenyl. The combination of dual properties within a
single molecule makes up the uniqueness of this struc-
ture. The protective effect of the 2,6-di-tret-butylphenyl
radical has been proven by us in the previous studies, in
which we have noticed a decrease in the indicators of
general toxicity compared to analogous compounds of a
simpler structure (Dodokhova et al. 2021a). A fragment
of 2,6-di-tret-butylphenol definitely has antioxidant prop-
erties, which can contribute an additional mechanism to
a biological effect at the level of both the primary focus
and the metastasis process. Literature data on the effect of
antioxidants of various chemical structures on the growth
of malignant neoplasms and the activity of metastatic
lesions are very contradictory: from complete or partial
inhibition to activation of tumor growth and development
at all stages, including the process of malignant cell de-
symination (Gill et al. 2016; Assi 2017; Gacche 2021).
In our opinion, the combination of an organotin base and
an antioxidant ligand in one molecule could be used in
chemotherapy malignant neoplasms.

Primary in vitro screening was performed for com-
pounds of similar structure. The antiproliferative ac-
tivity of Sn(IV) complexes containing a fragment of
2,6-di-tert-butylphenol with heterocyclic thioamides
on breast adenocarcinoma cells (MCF7 cell line) and
cervical carcinoma (HeLa) was studied. IC50 value
for the R, Sn(MPMT)2 (MPMT = 2-mercapto-4-meth-
ylpyrimidine, R = 3,5-di-tert-butyl-4-hydroxyphenyl)
complex was 32 times lower than for cisplatin in re-
lation to MCF-7 cells. The complexes showed signifi-
cantly lower cytotoxic in the normal MRC-5 cell line
than MCF-7 and HeLa tumor cell lines (Shpakovsky et
al. 2012). The ability of complexes to reduce the con-
tent of SH groups in tubulin allows us to consider these
compounds as potential antimitotic agents (Antonen-
ko et al. 2018). It has been established that, in addi-
tion to antioxidant and detoxifying effects (Milaeva et
al. 2006), phenols and polyphenols can independently
exhibit selective toxicity against tumor cells, the data
was obtained from in vitro experiments (Gaynutdinov
et al. 2018). Synthetic monophenolic antioxidants acti-
vate autophagy and apoptotic processes in tumor cells
(Menshchikova et al. 2018).

Currently, new regimes for the use of antitumor drugs
related to metronomic chemotherapy are being actively
developed (Houy and Grand 2018; Tryakin et al. 2018;
Zhong et al. 2020). The fundamental difference between
this type of chemotherapy is the regular use of cytotox-
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ic drugs for a long period of time in doses significantly
lower than the maximum tolerated dose (Fedyanin et al.
2016). The supposed multifactorial effect of the hybrid
organotin compounds makes it possible to study them in
the metronomic mode of injection.

The aim of the paper is to evaluate the antitumor and
antimetastatic effects of hybrid organotin compounds
— bis-(3,5-di-tert-butyl-4-hydroxyphenyl) dimethylolol
(Me3) and (3,5-di-tert-butyl-4-hydroxyphenyl) triph-
enylolol (Me5) thiol containing a protective fragment of
2,6-di-tert-butylphenol in a model of a transplanted mel-
anoma tumor in mice in the classical and metronomic ad-
ministration mode.

Materials and methods

Investigated substances

The compounds of tin M3 and M5 (Fig. 1), we synthesi-
zed earlier (Mukhatova et al. 2013), were used as a phar-
maceutical substance (PS).

Me-3
Me
HO S——Sn<
5 Me
Bu
Me-5
Bu
— Ph
HO \ / S Sn Ph
Ph

Figure 1. Structural formulas of organotin compounds Me3,
Me5. Note: Designation of radicals: ‘Bu — tert-butyl, Me — meth-
yl, Ph — phenyl.

The information about organotin compounds had
been selected in a preliminary study (Dodokhova et al.
2021a) after determining the toxicity class and the av-
erage lethal dose (LD50) from the line of similar com-
pounds by “fixed dose” and up-and-down” methods
according to the OECD protocols (OECD, 2001, 2008).
The tested compounds were suspended in a 1% aqueous
gelatin solution.

Animals

The animals were obtained from the breeding of the
National Research Center Kurchatov Institute — Rap-
polovo Nursery. The studies were carried out in ac-
cordance with Directive 2010/63/EU of the European
Parliament and of the Council of 22 Sep 2010 “On the
Protection of Animals Used for Scientific Purposes”.
The animals were kept in cages of 6 animals each, with
free access to food and water; they were on a balanced
diet corresponding to this type of animal. The ambi-
ent temperature was about 20-25 °C, with a relative
humidity of 60—65%. Sawdust, which had undergone
preliminary UV sterilization, was used as a litter. After
the end of the quarantine isolation period (14 days), the
animals (females of 8 weeks of age, weighing 21-22
g) were examined for the absence of external signs
of diseases, standardized by sex, age and weight, and
randomized using a random number table. Melanoma
B16 with possible spontaneous metastasis to the lungs
had been chosen as a model of the transplanted tumor
for the study. The strain was obtained from the bank
of tumor materials of the Research Institute of Expe-
rimental Diagnostics and Therapy of Tumors of the
N.N. Blokhin Russian Oncology Research Center. The
maintenance and inoculation of the tumor strain were
carried out in accordance with the generally accepted
methods in mice of the C57B1/6 line, described in detail
in (Kit et al. 2020). Tumor cells were inoculated sub-
cutaneously into the right axillary region of each mouse
with 50 mg of tumor suspension in saline solution at a
dilution of 1:10. Forty-eight hours after transplanting
melanoma B16 to the female mice of the C57B1/6 line,
the studied compounds were injected intraperitoneally
once per day for 5 days, according to the classical me-
thod used for screening the compounds with a suspec-
ted antitumor effect (Sofina et al. 1980).

Research design

At the first stage of the study, the injection of M3 and M5
was carried out in the classical mode in a wide range of
doses; the animals from the control groups were injected
with 1% aqueous gelatin solution in equivalent regimens
and volumes. For both the substances, the single dose
(SD) was from 30 to 100 mg/kg; the total dose (TD) was
from 150 to 500 mg/kg. At the second stage of the study,
with the metronomic administration mode, the SD of the
studied compounds was 25 and 37.5 mg/kg, which was
injected to the animals for 10 days, once per day, intra-
peritoneally’ TD was 250 mg/kg and 375 mg/kg for Me3
and Me5, respectively. The most effective doses identified
at the first stage of the study were investigated in the me-
tronomic mode.

For each group, the number of animals at all stages of
the experiment was 12.

The experimental groups at the first stage were formed
as follows (Table 1).
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Table 1. Distribution of test animals into groups at the first stage
of the experiment

Injected compounds and doses Groups of animals

(female mice of the

C57BV/6 line)

Me3 in SD of 30 mg/kg (TD 150 mg/kg) I, Ia
Me3 in SD of 50 mg/kg (TD 250 mg/kg) 1L, Ia
Me3 in SD of 75 mg/kg (TD 375 mg/kg) 111, Ila
Me3 in SD of 100 mg/kg (TD 500 mg/kg) IV, IVa
MeS in SD of 30 mg/kg (TD 150 mg/kg) V, Va
MeS5 in SD of 50 mg/kg (TD 250 mg/kg) VI, Vla
Me5 in SD of 75 mg/kg (TD 375 mg/kg) VII, Vlla
Me5 in SD of 100 mg/kg (TD 500 mg/kg) VIII
Control group IX, IXa

Note: Me3 — bis-(3,5-di-tert-butyl-4-hydroxyphenylthiolate) dimethy-
lol, Me5 — (3,5-di-tert-butyl-4-hydroxyphenylthiolate) triphenylol, SD
— single dose, TD — total dose.

Registration of the changes in the general condition of
the animals and their deaths was carried out daily until all
the individuals had died (groups I-1X). To assess TRO
(inhibition of tumor growth) (%) by tumor mass and MIR
(metastasis inhibition rate) (%), euthanasia of the animals
of groups la—IXa was performed on a guillotine on the
18" day after transplantation. Group VIlIa was excluded
from the second series of the experiment due to the pro-
nounced toxic effect in the animals of group VIIIL.

The experimental groups at stage Il were formed as
follows: A — injection of Me3 in a SD of 37.5 mg/kg, B —
injection of Me5 in a SD of 25 mg/kg, C — control group
without any pharmacological correction. The animals
were removed from the experiment by the guillotine on
the 18" day after the inoculation.

The efficacy was evaluated according to the generally
accepted indicators: average life expectancy, inhibition of
tumor growth by tumor mass, and metastasis inhibition
rate (Habriev 2005).

The change in the average life expectancy (At, %) was
defined as (Formula 1):

(rC—-1T)

A1,% =
7C

D,
where ©C and tT —average life expectancy (ALE, days) of
mice in the groups of control (C) and treated (T) animals.
The inhibition of tumor growth coefficient (TGI, %) by
tumor mass was determined from the ratio (Formula 2):

(RC—RT)
RC

where RC and RT — average tumor mass of mice in the
groups of control (C) and treated (T) animals.

The metastasis inhibition rate (MIR, %) was calculated
using Formula 3:

TG[,%: (2);

MIR.% = ((AcxBc)— (A xB))x100%
5 /0 =
AcxBc

3.

where Ac, A — frequency of metastasis in the control and
experimental groups; Be, B — average number of meta-
stases in animals of the control and experimental groups.

The efficacy indicators of the studied compounds were
determined in comparison with the control group of the
animals without any treatment.

Statistical data processing

Pathoanatomic autopsy of animals was performed accor-
ding to a well-known technique presented in (Koptyaeva
et al. 2018).

The study was approved by the local independent eth-
ics committee of Rostov State Medical University of the
Ministry of Health of the Russian Federation (Minutes
No. 10/20 of 28.05.2020). Descriptive statistic was used
for analyzing all the results. Statistical processing of the
obtained data was carried out using the Statistica 6.0 com-
puter software package. The normality of the distribution
was evaluated using a modified version of the Kolmog-
orov-Smirnov method, namely, the Anderson-Darling
method. The reliability of the differences between the
compared parameters was assessed using the Student’s
t-test. The groups were compared in pairs.

Results and discussion

Compounds Me3 and Me5 have maximum safety indi-
cators for use as drugs. LD50 for both organotin com-
pounds is much more than 300 mg/kg, which makes them
suitable for further study as drug candidates. According
to the Globally Harmonized System of Classification and
Labeling of Chemicals (GHS), Me3 should be assigned
to V toxicity category and Me5 to IV toxicity category
(GHS-unece 2019).

Stage I. Administration of the investigated compounds
in the classical mode according to Sofina Z.P.

The effect of hybrid organotin compounds on the growth
of the main tumor node and on the activity of metastasis
of of melanoma B16 to the lungs was studied in the expe-
riment with a wide range of doses. In all the experimental
groups, the metastasis frequency was the same as in the
control animals, reaching 100%. The minimum and maxi-
mum single doses for Me3 are 8 and 2.5 times lower than
the maximum tolerated dose, which is 250 mg/kg with its
single intraperitoneal administration, while the range of
administered doses for Me5 was chosen from 2.5 times
lower than the maximum tolerated dose (80 mg/kg with a
single intraperitoneal administration) to 100 mg/kg. The
results are shown in Table 2.

With the administration of Me3 and Me5 in the total
dose of 150 mg/kg, the life expectancy of animals in the
control and experimental groups did not significantly dif-
fer. There was a tendency to increase the life expectancy of
animals in experimental group II; the maximum increase
in this indicator for compound Me5 was revealed with the
administration of a similar dose in group VI. When com-
pound Me3 was administered at a total dose of 375 mg/
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Table 2. Effect of compounds M3 and M5 on the development
of melanoma B16 (C57Bl/6 mice, females) in the classical mode
of administration according to Sofina Z.P.

Experi- Administered Average life Inhibition Index of
mental doses SD*/  expectancy, (+) or inhibition
groups TD**, mg/kg days stimulation (+) or
(-) of tumor  stimulation
growth by (-) of
mass, %  metastasis, %
Compound Me3
I Ia 30/150 21.58+0.98 6.1 9.7
p=<0.05 p=<0.05
11, ITa 50/250 23.48+0.92 17.6 314
p=<0.05 p=<0.05
111, Ila 751375 30.75+1.64 27 54
p=0.05 p=<0.05 p=<0.05
IV, IVa 100/500 17.75+1.15 -15 -27.3
p=<0.05 p=<0.05 p<0.05
Compound Me5
V, Va 30/150 21.41+1.25 12.3 17.5
p=<0.05 p=<0.05
VI, Vla 50/250 25.83+1.56 22.9 36
p=0.05 p=<0.05 p=<0.05
VII, 751375 18.66+1.42 -10.6 -26.4
Vlla p=<0.05 p<0.05
VIII 100/500 15.83+0.95 * *
p=<0.05

Non compound
IX,IXa Control group 21.83+1.68 - -

Note: * — single dose; ** — total dose (single dose x 5 days); Me3 —
bis-(3,5-di-tert-butyl-4-hydroxyphenylthiolate) dimethyltin; Me5 -—
(3,5-di-tert-butyl-4-hydroxyphenylthiolate) triphenyltin. The second se-
ries of the experiment using 500 mg/kg TD for Me5 was not carried out.

kg, there was a 41% increase in the average life expectan-
cy. Administration of a similar dose of compound Me5,
on the contrary, caused a decrease in this indicator. With a
further increase in the single dose of both compounds, the
average life expectancy decreased sharply.

With the introduction of Me3 in group I, the mass of
the tumor and the number of metastases in the lungs tend-
ed to decrease (6.1% and 9.7% respectively). With an in-
crease in the dose to 250 mg/kg, the mass of the primary
focus decreased by 17.6% and the number of metastases
decreased by 31.4%. At a total dose of 375 mg/kg, the
tumor mass and the number of metastases in the lungs
decreased by 27% and 54%, respectively.

With the administration of Me3, the desired therapeu-
tic effect was observed only in groups Va, Vla of experi-
mental animals and with the administration of a total dose
of 150 mg/kg, the tumor mass decreased by 12%, and the
metastatic lesion in the lungs decreased by 17.5%. The
maximum therapeutic effect was obtained when Me5 was
administered at a total dose of 250 mg/kg: the tumor mass
decreased by 22.9% and the number of lung metastases
decreased by 36%.

The autopsy of the animals of the described groups had
no specificities.

The toxic effect was observed when Me3 was admin-
istered at a total dose of 500 mg/kg and Me5 — at two
doses: 375 mg/kg and 500 mg/kg. Life expectancy sig-

nificantly decreased for Me3 by 18%, for Me5 — by 14%
and 28%, respectively. In groups IVb and VIIb, there
were 8 animals in each group by the 18" day after the
inoculation, which made it possible to carry out statis-
tical data processing. In group VIlla, in the preliminary
series of the experiment, there was loss of animals (aver-
age life expectancy was 16 days); therefore, the second
series of the experiment with a total dose of 500 mg/kg
for Me5 was not carried out. There was also an increase
in the mass of the primary focus by 15% and 11% in the
animals, which had been receiving 500 mg/kg of Me3
and 375 mg/kg of Me5, respectively. There was also an
increase in metastatic lung damage by 27% (Me3) and
26% (Me5). A decrease in life expectancy, an increase
in the mass of the primary tumor focus and the intensity
of metastasis to the lungs were accompanied by an addi-
tional spread of the tumor not typical for melanoma B16.
Metastases were found in the liver, kidneys, spleen, uter-
us, etc. In addition, there was no linear dependence of the
inhibitory effect either on the primary tumor focus or on
the process of metastasis of melanoma B16 in the mice
with an increase in the administered dose of the studied
organotin compounds.

Stage II. Administration of the studied compounds in
metronomic mode at the most effective doses for each
compound

One of the results of this research was identifying the
sensitivity of a universal model of tumor growth with
spontaneous lung metastasis of melanoma B16 to metro-
nomic chemotherapy.

Attention should be paid to the fact that the studied
compounds were used in the experiment in small (thresh-
old) doses, but the results of specific effectiveness compa-
rable with the antitumor and antimetastatic effects of hy-
brid organotin compounds in the classical administration
mode according to Sofina Z.P.’s method were obtained.

Table 3. Effect of compounds M3 and M5 on the development
of melanoma B16 (C57Bl1/6 mice, females) in metronomic mode

of administration
Inhibition Index of
Experi- Administered Average life . ™) or' inhibition
mental doses SD*/ expectancy, stimulation . ) or.
. (-) of tumor  stimulation
groups TD**, mg/kg days growth by () of
mass, %  metastasis, %
Compound Me3
A 37.5/375 31.67+1.6 30 59.4
p<0.05 p=<0.05 p=<0.05
Compound Me5
B 25/250 26.6+1.9 25 37.4
p=<0.05 p=<0.05 p=<0.05
Non compound
C Control group  19.9+1.2 - -
p<0.05

Note: * — single dose; ** — total dose (single dose x 5 days); Me3 —
bis-(3,5-di-tert-butyl-4-hydroxyphenylthiolate) dimethyltin, Me5 -
(3,5-di-tert-butyl-4-hydroxyphenylthiolate) triphenyltin.
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The mass of the primary focus of melanoma B16
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Me3 normal mode
Me3 metronomic mode
u Control normal mode
m Control metronomic mode
Me5 normal mode
Me5 metronomic mode
m Control normal mode
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Figure 2. Effects of Me3 and Me5 on the primary tumor weight of melanoma B16 (C57Bl/6 mice, females). The differences are
significant in relation to the corresponding control group (p<0.05). Note: Me3 — bis-(3,5-di-tert-butyl-4-hydroxyphenylthiolate)
dimethyltin; MeS — (3,5-di-tert-butyl-4-hydroxyphenylthiolate) triphenyltin.

It is of note that there is an increase in the absolute
mass of the primary focus of the tumor process during ex-
perimental metronomic administration in all the groups of
animals (Fig. 2) with higher indices of inhibition of tumor
growth by mass and metastasis activity.

The obtained experimental results allow us to hypoth-
esize a multifactorial mechanism of action of hybrid or-
ganotin compounds on the growth of the primary focus
and on the metastatic activity of melanoma B16 of mice of
the C57Bl/6 line as well as an increase in tissue resistance
to metastasis with the administration of Me3 and Me5.

Cells of many tumors, including melanoma, increase
the rate of glycolysis providing an increased flow of
substrate for biosynthetic pathways partially carried
out in mitochondria to maintain proliferation and sur-
vival. As a result of activation of the metabolic flow
through the mitochondrial pathways, the production
of reactive oxygen species in tumor cells increases,
which causes activation of the antioxidant response
pathways of cells with inhibition of all antioxidant en-
zymes (Bandovkina et al. 2017). An imbalance in the
rates of lipid peroxidation and the activity of enzymatic
and non—enzymatic antioxidant protection is one of the
causes of oxidative stress in the body. A tumor in the
body creates signaling pathways between metastatic
cells and normal ones, which forms a metastatic niche
for metastasis (Maru 2015). The creation of a pre-met-
astatic niche is influenced by many factors that provide
innate immunity, control the state of cell membranes
and blood vessels, etc.

The studied biologically active compounds based on
tin (IV) metal complexes acquire the property of selective
permeability into a healthy and malignantly altered cell
and actively affect the pro/antioxidant balance in the cell
due to a fragment of spatially obstructed phenol (Dodok-
hova et al. 2021b).

Inside the cell, Me3 and Me5 can be hydrolyzed by
the S-Sn bond with the formation of primary metabolites:
Me3SnOH or Ph3SnOH hydroxides and 2,6-di-tert-bu-
tyl-4-mercaptophenol. The hydrogen atom of the phenolic
OH-group is easily split off under the influence of per-
oxyl radicals, forming a relatively non-reactive phenoxyl
radical that can interact with other peroxyl radicals and
break off the chain radical process (Milaeva et al. 2020).
The tin-containing fragment, along with a direct biocidal
action (damage of DNA and tubulin), promotes the forma-
tion of reactive oxygen species and promotes the develop-
ment of apoptosis (Kobliakov 2019; Alfarouk et al. 2020).

A change in the concentration of hydrogen ions with
the active growth of primary tumor node and distant foci
of malignant growth plays an important part in inhibiting
tumor invasion and increasing the permeability of Me3
and Me5 to the tumor cell. The pH levels are different in
normal and tumor cells. The average pH level in a normal
cell is neutral, and in the intercellular space, it is weakly
alkaline (7.35-7.45). The indicators are opposite in a tu-
mor cell: the pH value is slightly alkaline inside the cell
(7.12-7.90) and slightly acidic outside the cell (6.2-6.9).
It has been shown that invasion occurs from tumor zones
with a low pH level, whereas there is no invasion in tumor
zones with a normal pH level (Kobliakov 2017). Com-
pounds Me3 and Me5 are more lipophilic in the more
acidic environment of the intercellular space of the tumor
tissue, which contributes to more effective permeation
through biological membranes. Therapeutic doses of Me3
and Me5 due to their antioxidant fragment reduce the lev-
el of reactive oxygen species and products of molecular
damage under oxidative stress — in the membranes of hy-
droperoxides, ketoaldehydes and other products that are
excessively synthesized in the tissues of the body during
the restructuring of metabolism as a whole. The protective
effect of hybrid organotin compounds is manifested in the
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increased resistance of internal organs to metastasis. The
research results by other authors can be cited as confirma-
tion of our hypothesis. The efficacy of antioxidants from
the class of spatially hindered phenols in terms of protect-
ing the liver with toxic hepatopathy from metastasis was
established in (Menshchikova et al. 2019).

The results demonstrate the importance of the func-
tional state of the organ for its resistance to the develop-
ment of metastases.

The administration of toxic doses of hybrid organotin
compounds causes the excessive formation of reactive oxy-
gen species, which promotes cell proliferation, subsequent
tumor invasion and stimulates metastasis (Puzakov et al.
2019; Vostrikova et al. 2020). Vitamin E supplementation
stimulated tumor progression and reduced survival in in
vivo experiments (mice) on lung cancer models caused by
BRAF and KRAS gene expression. Antioxidants reduce
the amount of reactive oxygen species and DNA damage,
but they also reduce the expression of p53 (Teplova et al.
2018; Zenkov et al. 2019). In our opinion, the nonlinear
dose-dependent therapeutic and toxic effect may be associ-
ated with a change in the pro/antioxidant status of the cell.

Conclusion

Organotin compounds containing a fragment of
2,6-di-tert-butylphenol show a multidirectional effect on
the growth and development of the primary focus and
the intensity of metastasis in the lungs in a B16 melano-
ma model depending on a dose administered. The most
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pronounced antimetastatic effect was achieved with the
administration of bis-(3,5-di-tert-butyl-4-hydroxyphenyl)
dimethylolol thiolate (Me3) at a total dose of 375 mg/kg.

The administration of hybrid organotin compounds in
metronomic mode revealed the sensitivity of a universal
model of tumor growth with spontaneous lungs metas-
tasis of melanoma B16 for metronomic chemotherapy.
The efficacy of the antitumor and antimetastatic effects of
Me3 and Me5 at the maximum effective total dose in the
metronomic and classical mode of administration accord-
ing to Sofina Z.P.’s method was comparable. An increase
in the administered dose of more than 375 mg/kg (Me3)
and 250 mg/kg (Me5) causes a toxic effect resulting in
a decrease in life expectancy, an increase in the mass of
the primary tumor focus and the intensity of metastasis
in the lungs. Investigation of the detailed mechanism and
targets of antitumor and antimetastatic actions of hybrid
organotin compounds is one of the main tasks of our fur-
ther research.

Conflict of interests

The authors declare that there is no conflict of interests.

Acknowledgements

The research was supported by The Russian Foundation
for Basic Research RFBR (20-03-00471) and Russian
Science Foundation RSF (Grant 19-13-00084).

B Balas VI, Verginadis II, Geromichalos GD, Kourkoumelis N, Male L,
Hursthouse MB, Repana KH, Yiannaki E, Charalabopoulos K, Bakas
T, Hadjikakou SK (2011) Synthesis, structural characterization and
biological studies of the triphenyltin(IV) complex with 2-thiobarbi-
turic acid. European Journal of Medicinal Chemistry 46(7): 2835—
2844. https://doi.org/10.1016/j.ejmech.2011.04.005 [PubMed]

B Bandovkina VA, Neskubina IV, Frantsiyants EM, Tkalja LD, Przhe-
detskiy YuV (2017) Influence of transplantable B16/F10 melanoma
growth on peroxidation system of the lipid in liver of female C57B1/6
mice. [Izvestiya Vuzov. Severo-Kavkazskii Region. Biologicheskie
Nauki] 3-2(195-2): 4-10. https://doi.org/10.23683/0321-3005-
2017-3-2-4-10 [in Russian]

B Banti CN, Hadjikakou SK, Sismanoglu T, Hadjiliadis N (2019) An-
ti-proliferative and antitumor activity of organotin (IV) compounds.
An overview of the last decade and future perspectives. Journal of
Inorganic Biochemistry 194: 114-152. https://doi.org/10.1016/j.
jinorgbio.2019.02.003 [PubMed]

B Dodokhova MA, Safronenko AV, Kotieva IM, Komarova EF, Tre-
pel VG, Alkhuseyn-Kulyaginova MS, Shpakovskiy DB, Milaeva
ER (2021a) Study of acute oral toxicity of organotin compounds
containing a 2,6-di-tert-butylphenol fragment. Ural Medical Jour-
nal [Ural’skii Meditsinskii Zhurnal] 20(3): 73-77. https://doi.
0rg/10.52420/2071-5943-2021-20-3-73-77 [in Russian]


https://pubchem.ncbi.nlm.nih.gov/compound/2_6-DI-Tert-butylphenol
https://doi.org/10.3390/metabo10070285
https://pubmed.ncbi.nlm.nih.gov/32664469/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7407102/
https://doi.org/10.1002/aoc.4381
https://doi.org/10.1152/ajpregu.00247.2017
https://pubmed.ncbi.nlm.nih.gov/28835450/
https://doi.org/10.1155/2008/654137
https://pubmed.ncbi.nlm.nih.gov/18401456/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2288696/
https://doi.org/10.1016/j.ejmech.2011.04.005
https://pubmed.ncbi.nlm.nih.gov/21521629/
https://doi.org/10.23683/0321-3005-2017-3-2-4-10
https://doi.org/10.23683/0321-3005-2017-3-2-4-10
https://doi.org/10.1016/j.jinorgbio.2019.02.003
https://doi.org/10.1016/j.jinorgbio.2019.02.003
file:///Users/tatyana/Documents/журнал/2022/Documents and Settings/Admin/Мои документы/Downloads/Anti-proliferative and antitumor activity of organotin (IV) compounds. An overview of the last decade and future perspectives
https://doi.org/10.52420/2071-5943-2021-20-3-73-77
https://doi.org/10.52420/2071-5943-2021-20-3-73-77

Dodokhova MA et al.: Evaluation of the pharmacological activity of hybrid organotin compounds in a B16 melanoma model

Dodokhova MA, Safronenko AV, Kotieva IM, Milaeva ER, Shpa-
kovsky DB, Trepel VG, Alkhuseyn-Kulyaginova MS, Kotieva VM
(2021b) Mitochondrial dysfunction as a mechanism of antitumor and
antimetastatic action of hybrid organotin compounds. Problems of
Biological, Medical and Pharmaceutical Chemistry [Voprosy Bio-
logicheskoi, Meditsinskoi i Farmatsevticheskoi Khimii] 24(11):
28-33. https://doi.org/10.29296/25877313-2021-11-05 [in Russian]
Fedyanin MYu, Pokataev IA, Tyulyandin SA (2016) Metronomic
chemotherapy regimens in oncology. Pelvic Surgery and Oncol-
ogy [Tazovaya Khirurgiya i Onkologiya] 6(1): 27-35. https://doi.
org/10.17650/2220-3478-2016-6-1-27-35 [in Russian]

Gacche RN (2021) Do antioxidants really help cancer patients?
The puzzle of benefits and perils. In: Dietary Research and Cancer.
Springer, Singapore, 131-146. https://doi.org/10.1007/978-981-16-
6050-4_13

Gaynutdinov PI, Kozhin PM, Chechushkov AV, Martinovich GG,
Kholshin SV, Kandalintseva NV, Zenkov NK, Menshchikova EB
(2018) Inverse relationship between the antioxidant activity of
structurally related synthetic monophenols and their toxicity in tu-
mor cells. Siberian Scientific Medical Journal [Sibirskii Nauchnyi
Meditsinskii  Zhurnal] 38(1): 22-31. https://doi.org/10.15372/
SSMJ20180104 [in Russian]

Ghani H, Yousif E (2021) Chemistry of some organotin compounds.
Al-Nahrain Journal of Science 24(3): 9—15. https://doi.org/10.22401/
ANJS.24.3.02

GHS-unece (2019) GHS-unece. http://www.unece.org/trans/danger/
publi/ghs/ghs welcome e.html [Accessed 15.01.2021]

Gill JG, Piskounova E, Morrison SJ (2016) Cancer, oxidative stress,
and metastasis. Cold Spring Harbor Symposia on Quantitative Biol-
ogy 81: 163—175. https://doi.org/10.1101/sqb.2016.81.030791
Giuliano M, Pellerito C, Celesia A, Fiore T, Emanuele S (2021)
Tributyltin(IV) butyrate: A novel epigenetic modifier with ER
stress- and apoptosis-inducing properties in colon cancer cells. Mol-
ecules 26(16): 5010. https://doi.org/10.3390/molecules26165010
[PubMed] [PMC]

Habriev RU (2005) Guide to the Experimental (Preclinical) Study
of New Pharmacological Substances [Rukovodstvo po eksperimen-
tal’nomu (doklinicheskomu) izucheniyu novykh farmakologicheski-
kh veshchestv]. Moscow, Meditsina, 832 pp. [in Russian]

Houy N, Le Grand F (2018) Administration of temozolomide: Com-
parison of conventional and metronomic chemotherapy regimens.
Journal of Theoretical Biology 446: 71-78. https://doi.org/10.1016/j.
jtbi.2018.02.034 [PubMed]

Kit OI, Frantsiyants EM, Bandovkina VA, Kaplieva IV, Surikova EI,
Trepitaki LK, Cheryarina ND, Kotieva IM (2020) Does change in
neurotransmitter brain status affect the growth of transplantable mel-
anoma? Bulletin of Siberian Medicine [Byulleten’ Sibirskoi Med-
itsiny] 19(4): 94-101. https://doi.org/10.20538/1682-0363-2020-4-
94-101 [in Russian]

Kobliakov VA (2017) Role of proton pumps in tumorigenesis.
Biochemistry (Moscow) 82(4): 401-412. https://doi.org/10.1134/
S0006297917040010 [PubMed]

Kobliakov VA (2019) The mechanisms of regulation of aerobic
glycolysis (Warburg effect) by oncoproteins in carcinogenesis. Bio-
chemistry (Moscow) 84(10): 1117-1128. https://doi.org/10.1134/
S0006297919100018 [PubMed]

Koptyaeva K, Muzhikyan A, Gushchin Ya, Belyaeva E, Makarova
M, Makarov V (2018) Technique of dissection and extracting organs

of laboratory animals. Message 2: Mouse 4. Laboratory Animals for
Science [Laboratornye Zhivotnye Dlya Nauchnykh Issledovanii] 4:
1-2. https://doi.org/10.29296/2618723X-2018-04-05 [in Russian]
Maru Y (2015) The lung metastatic niche. Journal of Molecular
Medicine. 11(93): 1185-1192. https://doi.org/10.1007/s00109-015-
1355-2 [PubMed]

Men’shchikova EB, Zenkov NK, Kozhin PM, Chechushkov AV,
Kovner AV, Khrapova MV, Kandalintseva NV, Martinovich GG
(2019) Synthetic phenolic antioxidant ts-13 suppresses the growth of
lewis lung carcinoma and potentiates oncolytic effect of doxorubicin
Bulletin of Experimental Biology and Medicine 166(5): 646—650.
https://doi.org/10.1007/s10517-019-04410-6 [PubMed]
Menshchikova EB, Chechushkov AV, Kozhin PM, Kholshin SV,
Kandalintseva NV, Martinovich GG, Zenkov NK (2018) Activation
of autophagy in tumor cells by synthetic monophenol antioxidants:
dependence on structure and concentration. Natural Systems and
Resources [Prirodnye Sistemy i Resursy] 8(1): 53-57. https://doi.
org/10.15688/jvolsul1.2018.1.10 [in Russian]

Milaeva ER, Shpakovsky DB, Gracheva YA, Antonenko TA, Kse-
nofontova TD, Nikitin EA, Berseneva DA (2020) Novel selective
anticancer agents based on Sn and Au complexes. Mini-review. Pure
and Applied Chemistry 92(8): 1201-1216. https://doi.org/10.1515/
pac-2019-1209

Milaeva ER, Tyurin VYu, Gracheva YA, Dodochova MA, Pustovalo-
va LM, Chernyshev VN (2006) Protective effect of meso-tetrakis-
(3,5-di-tert-butyl-4-hydroxyphenyl) porphyrin on the in vivo impact
of trimethyltin chloride on the antioxidative defense system. Bio-
inorganic Chemistry and Applications. 2006: 64927. https://doi.
org/10.1155/BCA/2006/64927 [PubMed] [PMC]

Mukhatova EM, Osipova VP, Kolyada MN, Movchan NO, Shpa-
kovsky DB, Gracheva YuA, Orlova SI, Milaeva ER (2013) Synthesis
and antioxidant activity of new organotin compounds containing a
2,6-di-tert-butylphenol moiety. Reports of the Academy of Sciences
[Doklady Akademii Nauk] 451(1): 46-49. https://doi.org/10.7868/
S0869565213190134 [in Russian]

OECD (2001) Test No. 420: Acute Oral Toxicity — Fixed
Dose Procedure, OECD Guidelines for the Testing of Chem-
icals, Section 4, OECD Publishing, Paris, 14 pp. https://doi.
org/10.1787/9789264070943-en

OECD (2008) Test No. 425: Acute Oral Toxicity: Up-and-
Down Procedure. OECD Guidelines for the Testing of Chem-
icals, Section 4, OECD Publishing, Paris, 27 pp. https://doi.
org/10.1787/9789264071049-en

Puzakov KK, Durnova NA, Ryzhenkova IG (2019) Modern ideas
about the effect of exogenous antioxidants on the growth of malig-
nant tumors. Reviews on Clinical Pharmacology and Drug Thera-
py [Obzory po Klinicheskoi Farmakologii i Lekarstvennoi Terapii]
17(2): 29-33. https://doi.org/10.17816/RCF17229-33 [in Russian]
Shpakovsky DB, Banti CN, Beaulieu-Houle G, Kourkoumelis N,
Manoli M, Manos MJ, Tasiopoulos AJ, Hadjikakou SK, Milaeva
ER, Charalabopoulos K, Bakas T, Butler IS, Hadjiliadis N (2012)
Synthesis, structural characterization and in vitro inhibitory stud-
ies against human breast cancer of the bis-(2,6-di-tert-butylphenol)
tin(IV) dichloride and its complexes. Dalton Transactions 41(48):
14568-14582. https://doi.org/10.1039/c2dt31527k [PubMed]

Sofina ZP, Syrkin AB, Goldin A, Klein A (1980) Experimental Eval-
uation of Antitumor Drugs in the USSR and the USA. Medicine
Press, Moscow, 296 pp. [in Russian]


https://doi.org/10.29296/25877313-2021-11-05
https://doi.org/10.17650/2220-3478-2016-6-1-27-35
https://doi.org/10.17650/2220-3478-2016-6-1-27-35
https://doi.org/10.1007/978-981-16-6050-4_13
https://doi.org/10.1007/978-981-16-6050-4_13
https://doi.org/10.15372/SSMJ20180104
https://doi.org/10.15372/SSMJ20180104
https://doi.org/10.22401/ANJS.24.3.02
https://doi.org/10.22401/ANJS.24.3.02
http://www.unece.org/trans/danger/publi/ghs/ghs_welcome_e.html
http://www.unece.org/trans/danger/publi/ghs/ghs_welcome_e.html
https://doi.org/10.1101/sqb.2016.81.030791
https://doi.org/10.3390/molecules26165010
https://pubmed.ncbi.nlm.nih.gov/34443600/
https://pubmed.ncbi.nlm.nih.gov/34443600/
https://doi.org/10.1016/j.jtbi.2018.02.034
https://doi.org/10.1016/j.jtbi.2018.02.034
https://pubmed.ncbi.nlm.nih.gov/29526662/
https://doi.org/10.20538/1682-0363-2020-4-94-101
https://doi.org/10.20538/1682-0363-2020-4-94-101
https://doi.org/10.1134/S0006297917040010
https://doi.org/10.1134/S0006297917040010
https://pubmed.ncbi.nlm.nih.gov/28371597/
https://doi.org/10.1134/S0006297919100018
https://doi.org/10.1134/S0006297919100018
https://pubmed.ncbi.nlm.nih.gov/31694508/
https://doi.org/10.29296/2618723X-2018-04-05
https://doi.org/10.1007/s00109-015-1355-2
https://doi.org/10.1007/s00109-015-1355-2
https://pubmed.ncbi.nlm.nih.gov/26489606/
https://doi.org/10.1007/s10517-019-04410-6
https://pubmed.ncbi.nlm.nih.gov/30903498/
https://doi.org/10.15688/jvolsu11.2018.1.10
https://doi.org/10.15688/jvolsu11.2018.1.10
https://doi.org/10.1515/pac-2019-1209
https://doi.org/10.1515/pac-2019-1209
https://doi.org/10.1155/BCA/2006/64927
https://doi.org/10.1155/BCA/2006/64927
https://pubmed.ncbi.nlm.nih.gov/17497013/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1794078/
https://doi.org/10.7868/S0869565213190134
https://doi.org/10.7868/S0869565213190134
https://doi.org/10.1787/9789264070943-en
https://doi.org/10.1787/9789264070943-en
https://doi.org/10.1787/9789264071049-en
https://doi.org/10.1787/9789264071049-en
https://doi.org/10.17816/RCF17229-33
https://doi.org/10.1039/c2dt31527k
https://pubmed.ncbi.nlm.nih.gov/23052471/

Research Results in Pharmacology 8(1): 85-93

93

The Russian Ministry of Health (2021) State Register of Medicinal
Remedies. http://grls.rosminzdrav.ru [Accessed on 28.12.2021]
Syed Annuar SN, Kamaludin NF, Awang N, Chan KM (2021) Cel-
lular basis of organotin(iv) derivatives as anticancer metallodrugs: A
review. Frontiers in Chemistry 9: 657599. https://doi.org/10.3389/
fchem.2021.657599 [PubMed] [PMC]

Teplova VYV, Isakova EP, Klein OI, Dergachova DI, Gessler NN,
Deryabina Y1 (2018) Natural polyphenols: biological activity, phar-
macological potential, means of metabolic engineering (review).
Applied Biochemistry and Microbiology 54(3): 221-237. https:/
doi.org/10.1134/S0003683818030146 [in Russian]

Tryakin A, Fedyanin M, Bulanov A, Kashia S, Kurmukov I, Matveev
V, Fainstein I, Gordeeva O, Zakharova T, Tjulandin S (2018) Dose-re-
duced first cycle of chemotherapy for prevention of life-threatening
acute complications in nonseminomatous germ cell tumor patients
with ultra high tumor markers and/or poor performance status. Jour-
nal of Cancer Research and Clinical Oncology 144(9): 1817-1823.
https://doi.org/10.1007/s00432-018-2695-4 [PubMed]

Author contributions

Vostrikova SM, Gogvadze VG, Grinev AB (2020) Reactive oxygen
species and antioxidants in carcinogenesis and tumor therapy. Bio-
chemistry (Moscow) 85(10): 1254-1266. https://doi.org/10.1134/
S0006297920100132 [PubMed]

Zenkov NK, Kozhin PM, Vcherashnyaya AV, Martinovich GG,
Kandalintseva NV, Menshchikova EB (2019) Features of redox
regulation in tumor cells. Siberian Scientific Medical Journal [Si-
birskii Nauchnyi Meditsinskii Zhurnal] 39(2):11-26. https://doi.
org/10.15372/SSMJ20190202 [in Russian]

Zhang Y'Y, Zhang RF, Zhang SL, Cheng S, Li QL, Ma CL (2016)
Syntheses, structures and anti-tumor activity of four new organotin
(IV) carboxylates based on 2-thienylselenoacetic acid. Dalton Trans-
actions 45(20): 8412-8421. https://doi.org/10.1039/C6DT00532B
[PubMed]

Zhong H, Lai Y, Zhang R, Daoud A, Feng Q, Zhou J, Shang J (2020)
Low dose cyclophosphamide modulates tumor microenvironment by
tgf-P signaling pathway. International Journal of Molecular Sciences
21(3): 957. https://doi.org/10.3390/ijms21030957 [PubMed] [PMC]

Margarita A. Dodokhova, PhD in Medicine, Associate Professor, Department of Biomedicine and Psychophysio-
logy, e-mail: dodohova@mail.ru, ORCID ID https://orcid.org/0000-0003-3104-827X. This author carried out the
experiments, analyzed the results, formulated the conclusions and wrote the manuscript.

Andrey V. Safronenko, Dr. habil. of Medical Sciences, Professor, Head, Department of Pharmacology and Cli-
nical Pharmacology, e-mail: andrejsaf@mail.ru, ORCID ID https://orcid.org/0000-0003-4625-6186. This author
designed the idea of the study and formulated its concept.

Inga M. Kotieva, Dr. habil. of Medical Sciences, Professor, Department of Pathophysiology, e-mail: kukulik70@
mail.ru, ORCID ID https://orcid.org/0000-0002-2796-9466. This author designed the idea of the study and formu-
lated its concept.

Margarita S. Alkhuseyn-Kulyaginova, Research Assistant, Chair of Chemistry, e-mail: rita.kuljaginva@rambler.
ru, ORCID ID https://orcid.org/0000-0001-5123-5289. This author performed the experiments and analyzed the
data.

Dmitry B. Shpakovsky, PhD in Medicine, Senior Researcher, Laboratory of Bioorganoelement Chemistry, De-
partment of Medicinal Chemistry and Fine Organic Synthesis at the Faculty of Chemistry, e-mail: dmshpak@mail.
ru, ORCID ID https://orcid.org/0000-0002-7824-3382. This author synthesized the compounds tested in the study.

Elena R. Milaeva, Dr. habil. of Chemical Sciences, Professor, Head, Department of Medicinal Chemistry and Fine
Organic Synthesis at the Faculty of Chemistry, e-mail: helenamilaeva@mail.ru, ORCID ID https://orcid.org/0000-
0002-5489-3866. This author supervised the entire study from the idea conception to the conclusions.


http://grls.rosminzdrav.ru
https://doi.org/10.3389/fchem.2021.657599
https://doi.org/10.3389/fchem.2021.657599
https://pubmed.ncbi.nlm.nih.gov/34368075/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8342812/
https://doi.org/10.1134/S0003683818030146
https://doi.org/10.1134/S0003683818030146
https://doi.org/10.1007/s00432-018-2695-4
https://pubmed.ncbi.nlm.nih.gov/29974210/
https://doi.org/10.1134/S0006297920100132
https://doi.org/10.1134/S0006297920100132
https://pubmed.ncbi.nlm.nih.gov/33202210/
https://doi.org/10.15372/SSMJ20190202
https://doi.org/10.15372/SSMJ20190202
https://doi.org/10.1039/C6DT00532B
https://pubmed.ncbi.nlm.nih.gov/27109561/
https://doi.org/10.3390/ijms21030957
https://pubmed.ncbi.nlm.nih.gov/32023984/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7038197/
mailto:dodohova@mail.ru
https://orcid.org/0000-0003-3104-827X
mailto:andrejsaf@mail.ru
https://orcid.org/0000-0003-4625-6186
mailto:kukulik70@mail.ru
mailto:kukulik70@mail.ru
https://orcid.org/0000-0002-2796-9466
mailto:rita.kuljaginva@rambler.ru
mailto:rita.kuljaginva@rambler.ru
https://orcid.org/0000-0001-5123-5289
mailto:dmshpak@mail.ru
mailto:dmshpak@mail.ru
https://orcid.org/0000-0002-7824-3382
mailto:helenamilaeva@mail.ru
https://orcid.org/0000-0002-5489-3866
https://orcid.org/0000-0002-5489-3866

	Evaluation of the pharmacological activity of hybrid organotin compounds in a B16 melanoma model in the classical and metronomic administration modes
	Abstract
	Introduction
	Materials and methods
	Investigated substances
	Animals
	Research design
	Statistical data processing

	Results and discussion
	Stage I. Administration of the investigated compounds in the classical mode according to Sofina Z.P.
	Stage II. Administration of the studied compounds in metronomic mode at the most effective doses for each compound

	Conclusion
	Conflict of interests
	Acknowledgements
	References
	Author contributions

