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Abstract

The aim is to evaluate the pathophysiological parameters of
the efficacy of liver mitochondrial transplantation in animals
with B16/F10 melanoma.

Materials and methods. In our experiment we used female
and male mice of BALB/c Nude strain (n=28). Experimental
groups were as follows: the reference group (n=14) with B16/
F10 melanoma; the main group (n=14) with B16/F10 melano-
ma + mitochondrial therapy (MC therapy). Statistical analysis of
results was carried out with the Statistica 10.0 software.
Results. The subcutaneous tumor in the mice of both sexes
became detectable on day 5 from the time of the tumor in-
oculation, and the regressive effect produced by MC therapy
was recorded in the males beginning with day 8 of the tumor
growth. At the end of the experiment, on day 22, the difference
in the average volumes of the tumor node was reported to be
3.2 times, i.e. a significant inhibition of the tumor growth in the
group of the males with MC therapy was revealed. In the fe-
males on day 5 of the tumor growth, differences in the volume
of the tumor focus between the reference group and the group
with MC therapy were not recorded, however, a statistically sig-
nificant difference was found in the sex-related comparison of
the groups of the animals with MC therapy. It was determined
that in the females with MC therapy, the area of the tumor spot
during that period (5 days) was 1.4 times (p<0.05) less than
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that in the corresponding group of the males. On day 8, in the
females completed MC therapy, the tumor has not yet concen-
trated into a solid structure, but remained as a flat tumor entity,
and only by day 12 the tumor has formed from a flat structure
into a volumetric tumor type. As a result, by the end of the
experiment, on day 22, smaller volumes of the tumor nodes
remained in the group of females treated with MC therapy, and
the difference with the reference group was 2.7 times (p<0.05).
Conclusion. Thus, within the framework of the experiment, it
has been found that the application of mitochondrial therapy
using allogeneic liver mitochondria in the BALB/c Nude mice
with B16/F10 melanoma retards the tumor growth in the mice
of both sexes.
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Introduction

Mitochondria are the most important organelles
responsible for cell survival. Healthy mitochondria are
essential for maintaining the normal cell function. At
the same time, it is known that tumor mitochondria
undergo adaptive changes to further accelerate the
rapid reproduction of tumor cells in an acidic and hy-
poxic micro-environment [1]. Accumulating evidence
data suggest that mitochondrial metabolism and mi-
tochondrial functions are indispensable in oncogen-
esis and cancer progression; therefore, mitochondria
and mitochondrial functions are promising targets for
anticancer therapy [2].

Currently, investigated are new ways to identify and
use those functions of mitochondria which are targeted
at tumors. Recently, the term “mitocans” has been pro-
posed, that is an abbreviation derived from the terms



“mitochondria” and “cancer’, to designate a group of
compounds with anti-cancer activity manifested itself
by their molecular targets in mitochondria, with some
mitocans being selective for malignant tissues [3,4].
These various agents targeting at the mitochondria and
their various functions are being considered as active
participants in fresh anti-cancer programs with a high
therapeutic potential. Thus, mitochondrial agents in-
cluded in the anti-cancer programs address ETC and
OXPHOS, glycolysis, tricarboxylic acid (TCA) cycle,
apoptotic pathways, homeostasis of reactive oxygen
species (ROS), the permeability transition pore com-
plex, mtDNA and pyrimidine synthesis [5]. There are
more and more studies to be focused on the delivery
of anti-tumor drugs to mitochondria for the treatment
of malignant tumors, and great hopes are pinned on
this innovative approach to the development of new
effective anti-tumor therapeutic agents [6,7]. Thus, an
introduction of normal mitochondria into tumor cells
is expected to be a highly effective method in prevent-
ing tumor growth [8,9].

Melanoma has now become the leading cause of
death of population from skin diseases. Much effort
has been made to find ways to cure this aggressive
disease. Mitochondrial DNA (mtDNA) deletions and
mutations are common phenomena in melanoma.
Thus, in a study of 67 patients with melanoma, mtD-
NA 4977 bp and 5128 bp deletions were identified in
the tumor tissues [10]. In addition, mtDNA mutations
have been shown to be a major contributor to UV-in-
dependent melanoma carcinogenesis [11]. However, it
has been determined that dysfunctional mitochondria
accumulate through the non-selective fusion due to
activation of WNT/pB-catenin signaling in melanoma,
and this in turn leads to mitochondrial remodeling
and then to rapid proliferation and invasion of mel-
anoma cells [12]. The high degree of malignancy of
melanoma dictates an active search for effective treat-
ment regimens capable of withstanding the aggres-
sive tumor, and the use of experimental approaches
[13,14,15] can contribute to the creation of a funda-
mental platform justifying the effectiveness of anti-tu-
mor actions and effects. Based on our own experience
in studying the dysfunctional state of mitochondria
during the growth of experimental B16/F10 melano-
ma in animals [16,17,18,19] and the above reference
literature data, it seems relevant to conduct mitochon-
drial therapy in tumor-bearing animals to assess its
anti-tumor efficacy.

The aim hereof is to evaluate the pathophysiolog-
ical parameters of the efficacy of liver mitochondrial
transplantation in animals with B16/F10 melanoma.

Materials and methods

In our experiment, the female and male BALB/c
Nude mice (n=28) with an individual body weight of
25-35 g were used. The animals were supplied by the
“Andreevka Research Center for Biomedical Technol-
ogies” at the Federal Medical and Biological Agency
(Moscow Region). We composed experimental groups
as follows: the reference group (n=14) - B16/F10 mel-
anoma; the main group (n=14) - B16/F10 melano-
ma + mitochondrial therapy (MC therapy).

The laboratory animals (mice) were kept under
natural light conditions with free access to water and
food. Research work with animals was carried out in
accordance with the rules of the “European Conven-
tion for the Protection of of Vertebrate Animals used
for Experimental and other Scientific Purposes” (Di-
rective 86/609/EEC), as well as in accordance with the
International Guiding Principles for Biomedical Re-
search Involving Animals and Order No. 267 “Approv-
al of the Rules of Laboratory Practice” dated June, 19,
2003 issued by the Ministry of Health of the Russian
Federation.

Reproduction of melanoma B16/F10. The male and

female mice of the BALB/c Nude strain were injected
under the skin of the spine below the angular part of
the left shoulder blade with 0.5 ml of a cell suspension
of mouse melanoma B16/F10 tumor cells in saline
solution in a 1:20 dilution with saline solution. The
animals were transplanted with B16/F10 melanoma
and, starting from day 1 after the inoculation, fresh-
ly isolated mitochondria from the liver of rats of both
sexes were injected intraperitoneally 2 times a week.
Isolation of mitochondria. The rat was killed with a

guillotine. The liver was perfused with ice-cold sterile
0.9% KCI solution. Mitochondria were isolated using
differential centrifugation with a high-speed refrig-
erated centrifuge Avanti J-E, BECMAN COULTER,
USA according to the method by Egorova M.V. and
Afanasiev S.A. [20]. To destroy intercellular bonds,
the cell wall and plasma membranes, mechanical pro-
cessing of tissues was employed with grinding with
scissors and homogenization in a glass homogenizer
with a Teflon pestle (Potter-Elveheim homogenizer).
Per gram of tissue, 10 ml of sterile isolation medium
(0.22 M mannitol, 0.3 M sucrose, 1 mM EDTA, 2 mM
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TRIS-HCL, 10 mM HEPES, pH 7.4) was added. The
tissues were homogenized and centrifuged for the first
time for 10 min at a speed of 1000 g, at a tempera-
ture 0-2°C, the second and third centrifugations were
carried out at 20000 g, 20 min, at a temperature 0-2°C.
Between the centrifugations, the mitochondrial pellet
was resuspended in the isolation medium. Mitochon-
dria were further purified from lysosomes, peroxi-
somes, melanosomes, etc. by centrifugation in a 23%
Percoll gradient. The suspension of subcellular struc-
tures was layered on a Percoll gradient, centrifuged for
15 min at 21000 g, after which separation into 3 phases
was observed, the lower layer of mitochondria was left
and resuspended in the isolation medium. The next
washing of mitochondria was carried out by centrifu-
gation for 10 min at 15000 g, at a temperature 0-2°C.
Mitochondrial samples were diluted with 0.9% NaCl
solution to a protein concentration of 3.3 mg of pro-
tein in 0.3 ml of the saline solution.

Conducting bio-therapy with mitochondria.

24 hours after the B16/F10 melanoma inoculation, the
mice were intraperitoneally injected with freshly iso-
lated mitochondria (3.3 mg of protein per animal in
0.3 ml of the saline solution). Further, mitochondrial
therapy (MC therapy) was carried out according to the
schedule on day 3, 5,9, 13, 16, 19 and 21.

The BALB/c Nude mice of both sexes upon the
B16/F10 melanoma transplantation, which were intra-
peritoneally injected with 0.3 ml of the saline solution
2 times a week, were used as the reference.

Statistical processing of the results was carried out
using the Statistica 10.0 software. The data obtained
were analyzed for the compliance of the distribution of
signs with the normal distribution law using the Shap-
iro-Wilk test (for small sample size). The comparison
of quantitative data in groups (independent samples)
was performed using a parametric Student’s t-test.
Table data are presented as M+m, where M is the
arithmetic mean, m is the standard error of the mean;
p<0.05 was taken as the level of statistical significance.
The results obtained were statistically processed in
compliance with the general recommendations for
medical research.

Results

The features of the tumor growth dynamics in the
independent growth of B16/F10 melanoma in the
BALB/c Nude mice during bio-therapy with mito-
chondria are presented in Table 1 herein.

The subcutaneous tumor in mice of both sexes
became detectable on day 5 from the time of the tu-
mor inoculation, and the regressive effect due to MC
therapy was found in the males from day 8 of the tu-
mor growth. The average tumor volume in the group
of the males with MC therapy on day 8 was 3.0 times
less than that recorded in the corresponding reference
group. On day 12 and 15 of the experiment, the re-
gressive difference in the volume of the tumor mass
between the groups was 1.8 times (p<0.05) (MC ther-
apy). On day 19, a slowdown in the tumor growth was

Table 1
Dynamics of tumor growth in Balb/c Nude mice against the background of mitochondrial therapy
Groups Males Females
Reference MC therapy Reference MC therapy
Day n=7 n=7 n=7 n=7
Day 5 1.45+0.04 2.18+0.231 1.77+0.08 1.53+0.162
(spot area, cm?) p:=0.0113 p,=0.042
Day 8 0.87+0.05 0.29+0.04 2.29+0.19 1.80+0.222
(in females with MC therapy, spot, p.=0.0008 p,=0.0002
cm?; the rest, volume, cm?)
Dav 12. cm? 4.95+0.19 2.70+0.341 41+0.M 2.29+0.19"
y e p,=0.0002 p,=0.00007
Dav 15. crm’ 10.16+0.61 5.68 +0.621 9.51+0.50 4.27+0.571
y s p,=0.0002 p,=0.00004
21.56+0.50 11,05+1,831 15,28+0,40° 7,34+1,0912
Day 19, cm® p,=0,0002 p,=0,0000 p,=0,00045
p,=0,0060
Day 22. cr? 39.48+0.78 12.31+2.22 35.32+0.48 13.13 £1.17
y <& p,=0.0000 p,=0.0000

Note: statistically significant differences relative to: 1 - the reference, 2 — the males.
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recorded in the group with MC therapy, where the tu-
mor volume was 2 times smaller compared with the
reference volumes. At the end of the experiment, on
day 22, the difference in the average volumes of the tu-
mor node was 3.2 times, i.e. in the group of the males
with MC therapy, a significant inhibition of the tumor
growth was revealed.

In all males, necroses appeared on day 12 of the ex-
periment. However, they differed in the number and
the characteristics between the MC treated and un-
treated mice. So, in the males of the reference group,
the necrosis was dry and appeared as a dark crust.
Whereas in the mice of the main group, necrosis was
multiple almost from the first day of its appearance, in
a number of mice several foci merged into one large
necrosis, which occupied the entire surface of the skin
above the tumor. Those types of necrosis were wet and
produced oozing fluid.

In the females on day 5 of the tumor growth, dif-
ferences in the volume of the tumor focus between the
reference group and that received MC therapy were
not recorded, but however a statistically significant
difference was found in the comparison between the
sex-related groups of the animals who underwent MC
therapy. It was determined that in the females with
MC therapy, the area of the tumor spot during this
period (5 days) was 1.4 times (p<0.05) less than that
reported in the corresponding group of the males.
On day 8, in the females treated with MC therapy, the
tumor has not yet concentrated to represent a solid
structure, but remained in the form of a flat tumor en-
tity, so that only by day 12 the tumor has transformed
from the flat structure into a solid tumor type. On day
12 of the tumor growth in the females received MC
therapy, smaller volumes of the tumor nodes were not-
ed, and the difference therein from the correspond-
ing references values was 1.8 times (p<0.05). During
the experiment, on day 15, the volume of the tumor
mass in the group of the females with MC therapy de-
creased by a factor of 2.2 compared with the reference
values. On day 19, both the sex-dependent differenc-
es in tumor development and the differences in the
tumor growth between the reference group and the
group with MC therapy were revealed. In the reference
groups of the animals, it was found that, in compari-
son with the males on day 19 of the experiment, the
volume of the tumor mass in the females was 1.4 times
smaller (p<0.05). In addition, in the groups with MC
therapy in the females, the volume of the tumor focus

was 1.5 times less (p<0.05) than that recorded in the
males, and if compared with the corresponding ref-
erence group females, it was found 2.1 times smaller.
As a result, by the end of the experiment, on day 22,
smaller volumes of the tumor nodes remained in the
group of the females treated with MC therapy, and the
difference with the reference group was reported to be
2.7 times (p<0.05).

In all females, necrosis appeared on day 15 of the
experiment, similar to the case with the males in the
reference group. Necrosis was represented by 1 spot.
In the females of the main group, the necrosis was dry.
Figure 1 herein shows the females with B16/F10 mela-
noma: the animal in the upper part of the figure with-
out MC therapy for 3 weeks of the experimental tumor
growth and the animal below received MC therapy, 3
weeks of the tumor growth.

'S

Figure 1. Female mice with B16/F10 melanoma. An animal with
the tumor without MC therapy is shown at the top, and another

animal below received MC therapy.

Thus, in the mice of both sexes of the BALB/c Nude
strain, with the development of a malignant process
in them, namely B16/F10 melanoma, experimental
bio-therapy with mitochondria isolated from the rat
liver contributed to the lengthening of the latent pe-
riod of the tumor appearance, slowing down the tu-
mor growth and resulted in a pronounced oncolytic
process.

Discussion

It is hard to believe, however no matter whether
mitochondria used for the therapeutic purposes are of
the autologous, allogeneic, or xenogeneic origin, in all
cases transplanted mitochondria have been confirmed
to be non-immunogenic [21].
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Considering the obtained evidence data on the
non-immunogenicity of mitochondria, it has been
found possible to use mitochondria from the liver of
a rat for mitochondrial anti-tumor therapy in mice. It
should be noted that in the examination of the abdom-
inal cavity in the mice, no inflammatory processes or
necrotic signs were found in the tissues of the internal
organs; that is to say, the intraperitoneal transplantation
of allogeneic mitochondria can be characterized by a
mild method of mitochondrial delivery, adaptogenical-
ly compatible with the environment of recipient.

There are some studies using genetically labeled
GFP mitochondria which have been isolated from
cells transfected with a lentiviral vector. The authors
thereof determined in vivo the distribution and the
function of exogenous mitochondria after a systemic
injection. The results showed that all mice transplant-
ed with mitochondria survived, no abnormalities ap-
peared, and mitochondria penetrated cells of various
tissues, including the liver, the lungs, the brain, the
muscles and the kidneys [22]. In this connection, we
believed that in the above experiment, transplanted
mitochondria penetrated not only into the tumor fo-
cus, as evidenced by the above results of the experi-
ment on tumor regression, but also into the cells of the
internal organs.

At present, in connection with the emergence of
mitochondrial transplantation as a new cell bio-ther-
apy in medicine, many scientific lines have appeared
in this area, and one of them refers to the preserva-
tion of the native activity of transplanted mitochon-
dria. Several studies have shown that an intercellular
transfer of mitochondria occurs naturally. At the same
time, biochemical processes in healthy mitochondria
after transplantation change somewhat towards a de-
crease in their ability to oxidative phosphorylation
(OXPHOS), however, the possibility of triggering
apoptosis in tumor cells remains available [23, 24]. To
preserve the native properties of transplant mitochon-
dria, some specific carriers are considered that can not
only increase the efficacy of their incorporation into
specific cells, but also prevent mitochondrial inactiva-
tion caused by prolonged exposure to the extracellular
environment [25,26,27]. In the presented experiment,
specific mitochondrial transporters were not used, the
organelles spread naturally, and a favorable effect of
the tumor regression was produced.

Within the framework of the completed study, the
mechanisms both of penetration and anti-tumor ac-
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tion of “healthy” mitochondria have not been affected,
but however the beneficial anti-tumor effect has been
obtained in the animals of both sexes that has been
defined as the aim and objective of the offered study.

Conclusion

Thus, within the framework of the completed ex-
periment, it has been revealed that the application
of mitochondrial therapy using allogeneic liver mi-
tochondria in the BALB/c Nude mice with B16/F10
melanoma slows down the tumor growth in the mice
of both sexes.
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