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Abstract
The aim is to evaluate the physiological parameters of the effi-
cacy of cardiac mitochondria transplantation in male mice with 
chronic neurogenic pain and B16/F10 melanoma growth.
Materials and methods. Male mice (n=37) of the C57BL/6 
line were used in the research work. The animals covered ex-
perimental groups as follows: mice with chronic neurogenic 
pain (CNP) + B16/F10 melanoma (n=27); mice with CNB + B16/
F10 melanoma + mitochondrial therapy (MC therapy) (n=10). 
Mitochondria were isolated from the heart of an intact rat with 
the use of differential centrifugation. An introduction of mito-
chondria to mice was carried out daily intraperitoneally at a 
dose of 3.3 mg of protein for 3 weeks.
Statistical analysis of the results is carried out with the Statistica 
10.0 software.
Results. On day 21 (week 3) of the experiment, macroscopically 
in the melanoma tissue in the group of animals with MC thera-
py, there were 2.5 times more necrosis cases than in the group 
without MC therapy. During the examination of the internal or-
gans, no metastases were detected in the animals treated with 
MC therapy, while in 100% of the animals without MC therapy 
metastases were found in the lungs and in 95% of them in the 
spleen. In the animals received MC therapy, there was no dam-

age to the heart muscle in 75% of the cases, while in the group 
of the animals without MC therapy, the presence of lesions in 
the form of bruises on the surface of the heart was macroscop-
ically detected in 100% of the animals.
Conclusion. Thus, intraperitoneal transplantation of intact 
heart mitochondria contributed to the prevention of myocar-
dial infarction and metastases to internal organs in the C57BL/6 
male mice with B16/F10 melanoma growing against the back-
ground of chronic neurogenic pain.
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Introduction
Cardiovascular diseases (CVD) are considered one 

of the main causes of death in population [1]. Nu-
merous complex factors are involved in the onset and 
progression of heart diseases; however, in recent years, 
mitochondrial dysfunction has been recognized as a 
hallmark in cardiac physiopathology [2, 3]. 

The heart is an organ with high energy require-
ments, therefore, it is not surprising that mitochondria 
occupy 30% of the total volume of cardiomyocytes and 
generate approximately 95% of ATP in the body [4]. 
Mitochondria are organized into three different sub-
groups based on their function and location: subarco-
lemmal (under the sarcolemma), perinuclear (around 
the nucleus), and interfibrillar (between myofibrils) 
mitochondria. The interfibrillar mitochondria are the 
most abundant type of them, and they are involved in 
the production of ATP to support myocyte contrac-
tion by regulating Ca 2+ signaling during the cardiac 
excitation-contraction coupling [4, 5].
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Mitochondria transplantation is an innovative 
strategy to treat mitochondrial dysfunction in order 
to overcome the limitations imposed by agent-based 
therapy methods. Mitochondrial transplantation is tar-
geted at the transfer of the functional exogenous mito-
chondria into mitochondrially defective cells to repair 
or prevent mitochondrial diseases, or more simply, to 
replace the old “engine” with a new one in order to 
restore the performance thereof. Artificial mitochon-
drial transfer was first attempted by Clarke and Shay. 
They co-incubated mitochondria purified from cells 
resistant to chloramphenicol and efrapeptine, and from 
mammalian cells sensitive to this sort of antibiotics. As 
a result, mitochondria-mediated transfer of antibiotic 
resistance through endocytosis was confirmed [6]. This 
phenomenon of organelle delivery to recipient cells can 
be applied to mitochondrial diseases. Replacement 
of non-functional mitochondria in damaged tissues 
or cells with functional ones may represent a new ap-
proach to the treatment of many diseases.

Several in vitro studies have shown that the inter-
cellular transfer of mitochondria occurs in a natural 
manner. When DsRed-labeled mitochondria isolated 
from mesenchymal cells (EMCs) derived from human 
uterine endometrial glands were co-incubated with 
isogenic EMCs for 24 h, an accumulation of exogenous 
mitochondria in the cytoplasm of recipients was ob-
served using live fluorescent cell imaging [7]. In anoth-
er study, it is also noted that the xenogenic transfer of 
mitochondria isolated from the mouse liver tissue into 
some human cells deprived of functional mitochondria 
(ρ0 cells) restores respiratory function [8]. These results 
prove the possibility of treating mitochondrial diseases 
with artificial mitochondrial transplantation.

Previously, it was shown in experimental animals 
that in the presence of a malignant process in the body, 
a mitochondrial dysfunction occurs, which affects the 
entire organism [9, 10]. Most often, the tumor process 
develops against the background of some comorbid 
pathology [11]. When studying melanoma against the 
background of chronic pain in experimental animals, 
an aggravation of the malignant process was observed 
that was expressed by heavier metastasizing, often 
to atypical sites, by shortening the life spans of ani-
mals and a larger volume of the tumor foci [12]. It has 
been found that just in case of the combination of two 
pathological processes (chronic neurogenic pain and 
B16/F10 melanoma), starting from the first week of 
the tumor growth, infarction events occur in animals, 

increasing in their the number with the tumor growth 
[13,14]. Based on the above facts and reference litera-
ture data, it seems necessary to use transplantation of 
intact heart mitochondria with an assessment of the 
possible control of myocardial infarction in animals.

The aim hereof is to evaluate the physiological pa-
rameters of the mitochondrial transplantation effica-
cy aimed at preventing myocardial infarction in male 
mice with chronic neurogenic pain and the B16/F10 
melanoma growth. 

Materials and methods
Male mice (n=47) of the C57BL/6 line, aged 

8  weeks, with an initial individual body weight of 
28–30 g, were used in our research work. The animals 
were delivered by the Andreevka Research Center for 
Biomedical Technologies at the Federal Medical and 
Biological Agency (Moscow Region). The experimen-
tal groups were composed as follows: the mice with 
chronic neurogenic pain (CNP) + B16/F10 melanoma 
(n=27); the mice with CNP + B16/F10 melanoma + 
mitochondrial therapy (MC therapy) (n=20).

The laboratory animals (the mice) were kept un-
der natural light conditions with free access to water 
and food. Work with animals was carried out in ac-
cordance with the rules of the “European Conven-
tion for the Protection 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.

Model of chronic neuropathic pain
All manipulations with animals were carried out in 

a box. Tools, utensils and hands were disinfected in the 
conventional way, applying all asepsis requirements.

The model of chronic neurogenic pain (CNP) was 
reproduced by applying a ligature to the sciatic nerve 
from both sides under xylazolethyl anesthesia [15]. 
Anesthesia: xyl-zoletyl, 10 minutes before the main 
anesthesia; premedication: xylazine (Xyla preparation) 
intramuscularly, at a dose of 0.05 ml/kg of body weight 
(according to the instructions), then after 10 minutes 
Zoletil-50 was administered at a dose of 10 mg per 
100 g of body weight. On post-operative day 14, me-
chanical allodynia and hyperalgesia were measured.
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2 weeks after the reproduction of chronic neuro-
genic pain, B16/F10 melanoma was transplanted into 
the C57BL/6 line mice by standard subcutaneous in-
jection of tumor suspension under the right shoulder 
blade in a volume of 0.5 ml of cell suspension in a 
1:10 dilution with saline solution. The tumor strain of 
mouse melanoma B16/F10 was ordered from the Rus-
sian National Medical Research Center of Oncology 
named after N.N.Blokhin, at the Ministry of Health, 
the Russian Federation. 

Isolation of mitochondria
An intact rat was sacrificed with a guillotine, and 

the heart was harvested on ice and perfused with an 
ice-cold sterile 0.9% KCl solution. Mitochondria were 
isolated using differential centrifugation with a high-
speed refrigerated centrifuge Avanti J-E, BECMAN 
COULTER, USA according to the method by Egorova 
M.V. and Afanasiev S.A. 2011 [16]. To destroy the in-
tercellular bonds, the cell wall and plasma membranes, 
mechanical processing of tissues was utilized with 
grinding with scissors and homogenization in a glass 
homogenizer with a Teflon pestle (the Potter-Elve-
heim homogenizer). Per gram of tissue, 10 ml of ster-
ile isolation medium (0.22 M mannitol, 0.3 M sucrose, 
1 mM EDTA, 2 mM 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 temperature 0-2°C, the second and third 
centrifugations were carried out at 20000 g, 20 min, 
at a temperature 0-2°C. Between the centrifugation 
procedures, the mitochondrial pellet was resuspended 
in the isolation medium. Mitochondria were further 
purified from lysosomes, peroxisomes, melanosomes, 
etc. by centrifugation in a 23% Percoll gradient. The 
suspension of the subcellular structures 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 mito-
chondria was carried out by centrifugation for 10 min 
at 15000 g, at a temperature 0–2°C. Mitochondrial 
samples were diluted with a 0.9% NaCl solution to a 
protein concentration of 3.3 mg of protein 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 

isolated heart mitochondria (3.3 mg of protein per an-
imal in 0.3 ml of the saline solution). Further, mito-
chondrial therapy was carried out daily until the end 
of the experiment - 3 weeks of the B16/F10 melanoma 
growth. 

The male C57BL/6 line mice with B16/F10 mel-
anoma, growing against the background of chronic 
neurogenic pain, were used as the reference, which 
were injected intraperitoneally with 0.3 ml of the sa-
line solution daily.

The animals were decapitated 3 weeks after the 
B16/F10 melanoma inoculation.

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 Sha-
piro-Wilk test (for small samples). 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 arithme-
tic 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 compli-
ance with the general recommendations for medical 
research.

Results
The collected pathological parameters of the tu-

mor growth dynamics under the conditions of the 
growth of B16/F10 melanoma against the background 
of chronic neurogenic pain during bio-therapy with 
heart mitochondria in the C57BL/6 male mice are pre-
sented in Table 1 herein.

The subcutaneous tumor in the males became de-
tectable on day 7 after the inoculation of the B16/F10 
melanoma cells. At the same time, the tumor volume 
in the group of the males, who received MC therapy 
during that period, was 1.4 times less (p<0.05) than 
that recorded in the group of the animals without 
MC therapy. At that stage of the tumor growth, oth-
er pathological parameters characterizing the tumor 
process were identical in all studied groups of the ani-
mals. At the end of the experiment on day 21 (week 3), 
macroscopically, a greater number of necrosis cases in 
the melanoma tissue (2.5 times greater) was found in 
the group of animals with MC therapy than it was the 
case with the group without MC therapy. During the 
re-examination of all organs, the absence of metasta-
ses was recorded in the animals receiving MC therapy, 
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while in the animals without MC therapy there were 
metastases found (the lungs, the spleen 95%). Partic-
ular attention was drawn to the fact that in 75% of the 
cases there was no damage to the heart muscle in the 
animals who received MC therapy, while in the group 
of the animals without MC therapy, the presence of 
damage in the form of maroon spots on the surface of 
the heart was macroscopically detected in 100% of the 
rodents. It should be recognized that it was not possi-
ble to obtain a pronounced anti-tumor effect upon the 
intraperitoneal injection of heart mitochondria on the 
primary focus, however, the general anti-tumor effect 
consisted in the full absence of metastases to somatic 
organs. And most importantly, a convincing result was 
obtained in the prevention of myocardial infarction 
that was the aim of our research work. 

Discussion
Currently, more and more experimental and clini-

cal evidence data indicate a favorable therapeutic effect 
resulting from mitochondrial therapy, while methods 
of the transplantation, as well as types of transplanta-
tion (autologous, allogeneic, xenogenic) are extensive-
ly studied. Thus, the therapeutic effect of mitochon-
drial transplantation on a model of a heart disease 
was evaluated. McCully J.D. (2003) has demonstrated 
that ischemia causes mitochondrial dysfunction and 
suppresses cell viability and recovery of cardiomyo-
cyte functions after reperfusion [17]. Other research-
ers isolated mitochondria from tissue not affected by 
ischemia and then injected them into the ischemic 
zone immediately before reperfusion. This resulted in 
a significant improvement in the post-ischemic func-
tional recovery and the cell viability [18]. Continuing 

their developments in mitochondrial therapy, the re-
searchers compared the mitochondrial localization by 
two different delivery pathways: a direct injection of 
human cardiac fibroblast mitochondria into the isch-
emic tissue in the rabbit heart and the vascular deliv-
ery of mitochondria through the coronary arteries at 
the beginning of reperfusion. As expected, the directly 
injected mitochondria were localized close to the de-
livery site, while the vascularly delivered mitochon-
dria were found widely scattered throughout the heart, 
with both delivery methods providing the cardiac pro-
tection against ischemia-reperfusion injury [19]. 

The therapeutic effects of mitochondrial trans-
plantation have been confirmed in experimental ani-
mal models as well as clinical trials. A group of doctors 
performed autologous transplantation of mitochon-
dria isolated from non-ischemic rectus abdominis 
muscles into the area of the damaged myocardium in 
patients with ischemia-reperfusion injury. As a result, 
four of five patients experienced recovery of the ven-
tricular function, and no short-term complications 
such as arrhythmia, intramyocardial hematoma, or 
scarring associated with mitochondrial transplanta-
tion were observed [20].

The autologous mitochondrial transplantation has 
not been shown to elicit any immune response in vari-
ous animal models. They also investigated the immune 
response associated with the allogeneic mitochondrial 
transplantation. The authors administered mitochon-
dria isolated from the gastrocnemius and quadriceps 
femoris muscles to syngeneic or allogeneic mice by a 
single and sequential intraperitoneal injection. As a re-
sult, there was no direct or indirect, acute or chronic al-
loreactivity, immunological reactivity of certain classes 

Table 1
Dynamics of tumor growth in C57BL/6 male mice against the background of mitochondrial therapy

Groups Chronic neurogenic pain + В16/F10 Chronic neurogenic pain + В16/F10+ Mitochon-
drial therapy

week 1
n=17

week 3
n=10

week 1
n=10

week 3
n=10

Mean tumor size, cm3 0.06±0.01 3.00±0.58 0.042±0.0071 2.65±0.97
Minimum tumor size, сm3 0.0001 0.45 0.0001 1.24
Maximum tumor size, сm3 0.125 6.5 0.12 5.47
Heart damage Not found 100% Not found 25%
Metastases Not found Found (lungs in 100%, 

spleen in 95% of cases)
Not found Not found

Necrosis Not found 20% Not found 50%

Note: 1 – statistically significant differences relative to the group without mitochondrial therapy.
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of T-lymphocytes against transplanted mitochondria, 
or reactions of damage-associated molecular pattern 
molecules (DAMPs) to single or sequential injections 
of autologous or allogeneic mitochondria [21]. 

In our experiment, the allogeneic intraperitoneal 
transplantation of heart mitochondria was used, and 
we believe that the spread of mitochondria with the 
intraperitoneal injection can lead to a “settlement” 
of the organelles at the internal organs, as well as to 
penetration thereof into the circulatory and lymphatic 
systems, since large circulatory and lymphatic vessels 
are concentrated in the abdominal area.

Conclusion
Thus, the intraperitoneal transplantation of heart 

mitochondria has contributed to the prevention of myo-
cardial infarction in the C57BL/6 line male mice with the 
B16/F10 melanoma growing against the background of 
chronic neurogenic pain. It is necessary to note another 
important effect of the heart mitochondrial transplanta-
tion, namely, a complete blocking of metastatic lesions 
of the internal organs, while in the animals of the ref-
erence group, metastases in the lungs are observed in 
100% of the cases and in the spleen in 95% of the cases. 
This experimental project to identify the biological ef-
fects of transplantation of functionally active mitochon-
dria into animals with melanoma growing against the 
background of chronic neurogenic pain is a pilot proj-
ect. Nevertheless, it can serve as the basis for some large 
programs to address the use of MC therapy in oncology 
and other treatment fields, with further in-depth study 
of the mechanisms of the normal mitochondria action 
on pathological processes in the organism.
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