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Abstract

Aims: studying AIF levels in mitochondria in cells of the heart

and various organs in female mice with the growth of experimental melanoma B16 / F10 and comorbid pathology.

Material and methods

The study included female mice of the С57ВL/6 strain. The ex-

perimental groups were composed as follows: an intact group,
n=21; animals with chronic neurogenic pain (CNP), n=21; a
group with an isolated growth of B16/F10 melanoma, n=63; and

a group with B16/F10 melanoma growing in the presence of
CNP, n=63. The levels of AIF (ng/mg protein) were determined
in mitochondria by ELISA (RayBiotech, USA). Statistical analysis
was performed by the Statistica 10.0 software.

Results

CNP upregulated the levels of AIF in mitochondria in the brain
by 7.2 times, in the heart by 2.3 times, in the liver by 1.5 times

(p<0,001), and in the skin by 1.4 times (p<0,001). The AIF dynamics in mitochondria of the internal organs depended on the

stage of the isolated melanoma development, while AIF in the
melanoma itself was lower than that in the intact skin: after 1

week by 6.5 times, after 2 weeks by 8.7 times and after 3 weeks

by 3.5 times, respectively. The development of melanoma in the
presence of CNP was accompanied by a decrease in high AIF
levels almost in all internal organs; low AIF levels were recorded

in tissues of melanoma growing in the presence of CNP, compared to the levels in the skin of mice with CNP.
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Introduction

In the international reference literature on cardiology and oncology, many common reference marks
can be found, which are related to pathogenesis that
characterize disorders and abnormalities in the energy metabolism in mitochondria and in the processes
of programmed cell death. The promotion of digital
technologies with the possibility of simultaneous recording of hemodynamics and calculated parameters
of heart metabolism (PC-assisted hemodynamic analyzer "CARDIOCODE", STC CARDIOCODE RU No.
FSR 2011/12126, Taganrog, Russia) is supplemented
by analog biochemical models for studying mitochondrial factors of cellular regulation in the tumor growth
and comorbid conditions. In this context, the factors
of apoptosis attract special attention.
About 20 years ago, the apoptosis-inducing factor
(AIF) was identified as the first caspase-independent
mitochondrial effector of cell death [1].
With an increase in the permeability of the outer
mitochondrial membrane that occurs during the activation of most apoptotic pathways AIF is released
from the mitochondria and translocated to the nucleus, where it promotes chromatin condensation and
DNA degradation [2]. The contribution of AIF to cell
death depends not only on their histology, but also on
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the nature of the apoptotic pathway [3]. In addition to
its apoptotic activity, AIF plays an indispensable physiological role in cell survival, proliferation, and differentiation by regulating the optimal functioning of the
respiratory chain of complex I in mitochondria [4].
Recently, the first mammalian AIF mitochondrial interactor, a protein called the coiled – coil-helixcoiled-coil-helix domain and containing 4-CHCHD4
was isolated [5]. This sheds new light on the mitochondrial survival function by linking AIF to an evolutionarily conserved redox-regulated CHCHD4-dependent transport mechanism, which operates in the
intermembrane space of this organelle [5, 6]. Taking
into account the diversity of mitochondrial processes,
AIF cannot be considered solely as a regulatory factor
for the respiratory chain complex I [7]. The emerging idea is more likely to be that AIF in mammals is
a key component of the transport mechanism, which,
in addition to its role in the biogenesis of respiratory
chain subunits, also has the capability to regulate complementary actions, ranging from protein transport to
intramitochondrial lipid homeostasis, an antioxidant
response, calcium accumulation, mitochondrial translation, and mitochondrial membrane mobility [6, 8].
Establishing the fact that AIF regulates the biogenesis
of protein subunits of the respiratory chain opens up
a new area of research, which will undoubtedly help
to clarify the specific mode of action of AIF for each
type of tissues [1]. Experimental studies of this sort are
essential to solve a variety of issues in the context of
translational medicine [9, 10, 11].
The aim hereof is to study the level of AIF in the
mitochondria in the heart and other somatic organs in
female mice under the growth of experimental B16/
F10 melanoma and comorbid pathology.

Materials and methods

Our research work has been carried out using female mice of line С57ВL/6 (n=168), 8 weeks of age
with a mass of 21 to 22 g. The animals have been delivered to us by the Federal State Medical & Biological
Institution “Research Center of Biomedical Technologies Andreevka” at the Federal Medical & Biological
Agency; mouse melanoma line B16/F10 have been
supplied by the Russian National Medical Research
Center of Oncology named after N.N.Blokhin, Ministry of Health, Russia. Our research study has been
conducted in accordance with the International Guiding Principles for Biomedical Research Involving An114 | Cardiometry | Issue 18. May 2021

imals and Order No. 267 “Approval of the Rules of
Laboratory Practice” dated June, 19, 2003 issued by
the Ministry of Health of the Russian Federation, and
it has been approved by the Commission on Bioethics
at the Federal State Budgetary Institution “National
Medical Research Center of Oncology”, the Ministry
of Health of the Russian Federation (Record No. 2 dated May, 31, 2018).
In this study, the model of chronic neurogenic pain
(CNP) has been used as comorbid pathology in the
growth of experimental melanoma. The animals were
randomly divided into groups as follows: the group of
intact mice (n=21); the CNP reference group to reproduce CNP (n=21); group M with a standard growth
of melanoma B16/F10 (n=63); group CNP+M with a
subcutaneous growth of melanoma B16/F10 against
the background of chronic neurogenic pain (n=63).
CNP was reproduced in animals by ligation of the
sciatic nerves on both sides under xyl-zoletil anesthesia: as premedication used were xylazine (Xyl) intramuscularly at a dose of 0.05 ml/kg of body weight
(according to the instructions), then, 10 minutes later,
Zoletil-50 at a dose of 10 mg per 100 g of body weight.
[12]. Melanoma was transplanted under the skin of the
right scapula in the volume of 0.5 ml of tumor suspension in a 1:10 dilution with saline solution, and in the
CNP+M group 3 weeks after the reproduction of CNP.
Decapitation of animals was carried out using the
guillotine. Animals from groups M and CNP+M were
decapitated after B16/F10 melanoma transplantation
in the following time periods: 1 week, 2 weeks and 3
weeks after transplantation; mice from the CNP group
were decapitated 3 weeks after the nerve ligation. The
skin and tumors were excised in each animal, and
their brains, livers, kidneys, and hearts were harvested. Conditionally healthy skin was excised at the maximum distance from the tumor node. Mitochondria
were isolated by the method of Egorova M. V., Afanasiev S. A. [10] (using refrigerants and differential
centrifugation with high-performance refrigerated
centrifuge Avanti J-E, BECMAN COULTER, USA).
The tissues were washed with an ice-cold 0.9% KCl
solution. To disrupt the intercellular bonds, the cell
walls and plasma membranes, mechanical treatment
of tissues with grinding using scissors and homogenization in a glass homogenizer with a Teflon pestle
(Potter-Elvehjem homogenizer) was employed. For
each gram of tissue, 10 ml of the isolation medium was
added (0.22 M mannitol, 0.3 M sucrose, 1 mM EDTA,

2 mM TRIS-HCL, 10 mM HEPES, pH 7.4). The tissues
were homogenized and centrifuged for the first time
for 10 minutes at a speed of 1000 g at a temperature of
0-2 °C, the second and third centrifugation was carried out at 20000 g for 20 minutes at a temperature of
0-2 °C. Between the centrifugations, the mitochondria
sediment was resuspended in the isolation medium.
Mitochondria were further isolated from lysosomes,
peroxisomes, melanosomes, etc. utilizing the Percoll
23% density gradient centrifugation. The suspension of subcellular structures was layered on the Percoll gradient, centrifuged for 15 min at 21000 g, after
which the separation into 3 phases was observed; the
lower layer of mitochondria was left and resuspended with the isolation medium. The next mitochondria
washing procedure was performed by centrifugation
for 10 minutes at 15000 g, at a temperature of 0-2 °C.
Mitochondrial samples (protein concentration 4-6 g /
l) were kept at -80 ° C in the isolation medium before
analysis. In mitochondrial samples, the AIF concentration in ng/mg of protein was determined using ELISA (RayBiotech, USA), and the protein concentration
in mg/ml was identified with biuret method (Olvex
Diagnosticum, Russia) utilizing automatic analyzer
ChemWell (Awareness Technology INC, USA).
The Statistica 10.0 software was used for our statistical
analysis. The obtained data were analyzed for the compliance of the features distribution with the normal distribution law using the Shapiro-Wilk test. The comparison of quantitative data in the above groups was carried
out employing the Kruskal-Wallis test. The table data are
presented in the M±m form, where M is the arithmetic
mean, and m is the standard error of the mean.

Results

In our study, first of all, it was necessary to investigate an effect of CNP on the functional state of the
mitochondria in the heart cells and other organs to be
examined. CNP caused an increase in the level of AIF
in the mitochondria as indicated below: by 2.3 times
in the heart, by 7.2 times in the brain, by 1.5 times in
the liver and 1.4 times in the skin (see Table 1 given
herein). No change in the mitochondria in the kidney
cells under the influence of CNP was detected.
Upon expiration of the one week of the standard
melanoma growth (M), as compared with the values
in the intact group, the content of AIF in the mitochondria in the heart and the skin remained stable,
while it increased in the mitochondria in the brain by

17.6 times and by 2.2 times in the liver; it was found
that it decreased in the mitochondria in the kidneys
by 1.3 times, respectively (see Table 1, Fig. 1-4 herein).
After 2 weeks in mice from the M group, the AIF value
in the mitochondria in the heart and the kidneys for
the first time decreased by 1.4 times as compared to
the intact animals. As to the AIF level in the brain, the
liver and the skin, not affected by the malignant process, it declined to the normal values in the first two
organs, and in the skin it was 2.3 times lower than that
recorded in the intact group (see Table 1 herein). After
3 weeks of the standard melanoma growth, the content
of AIF demonstrated its decrease in the mitochondria
in the heart, the liver and in the skin areas not affected by the malignant process as against to the previous
period, by 1.5, 5.8 and 2.2 times, respectively (see Table 1 herein). In the mitochondria in the brain, on the
contrary, the above indicator became 1.4 times higher
than that reported in in intact mice, while in the kidneys it was 1.3 times lower and did not differ from the
previous observation period. In the mitochondria of
melanoma, the level of AIF remained lower than in the
intact skin throughout the whole study period: after 1
week by 6.5 times, 2 weeks by 8.7 times, and 3 weeks
by 3.5 times, respectively (Table 1, Figure 6). Thus, it
is obvious that by the terminal stage of the standard
tumor growth (3 weeks), a decrease in the level of AIF
was found in the mitochondria in the heart and in almost all the studied organs, as well as in the tumor (see
Figures 1-5 herein).
With the growth of melanoma against the background of comorbid pathology, i.e. a chronic neurogenic pain, a completely different oscillatory dynamics
of AIF in the mitochondria of the studied organs was
noted (see Table 1, Fig. 1-5 herein). Thus, after 1 week
of the malignant growth against the background of
CNP, in relation to the values of the reference group,
the level of AIF decreased in the mitochondria as given
below: in the brain by 10.2, in the liver by 29.3, in the
kidneys by 1.3 , and the skin by 3.7 times, respectively. The exception was the mitochondria in the heart,
where the level of the marker in question, on the contrary, increased by 3.7 times. After 2 weeks, the level of
AIF increased in relation to the previous study period
in the mitochondria: in the brain by 3.8, liver 24.5 and
in the skin by 3.7 times. At the same time, in the liver
and the skin mitochondria, the marker did not demonstrate statistically significant differences from the values in the R group, and in the brain mitochondria it was
Issue 18. May 2021 | Cardiometry | 115

Table 1.
Dynamics of AIF levels (ng/mg protein) in mitochondria of organs in female mice with standard and stimulated growth of
B16/F10 melanoma
groups
intact

brain
22.044±2.092
159.37±6.0391
1
р=0.00000
388.6±13.890
1
р=0.00000

liver
341.53±15.038
511.41±36,6751
1
р=0.00106
753.84±32.5291
1
р=0.00000

heart
40.533±1.25
91.238±3.721
1
р=0.00000
36.622±1.74

609.1±38.761
1
р=0.00535

M week 2

22.222±2.1963
3
р=0.00000

278.96±26.0653
3
р=0.00000

29.511±1.381
1
р=0.00007

580.42±35.0811
1
р=0.00174

M week 3

31.289±2.668
1
р=0.01839

47.822±4.2831,3
1
р=0.00000
3
р=0.00000
17.446±2.6772
2
р=0.00000

19.911±1.481,3
1
р=0.00000
3
р=0.00047
340.82±11.642
2
р=0.00000

427.88±27.3753
3
р=0.00000

107.03±4.263
3
р=0.00000

CNP (C)
M week 1

CNP +
M week 1
CNP +
M week 2
CNP +
M week 3

15.574±2.5562
2
р=0.00000
58.903±4.4152,3
2
р=0.00000
3
р=0.00000
17.212±2.2382,3
2
р=0.00000
3
р=0.00000

77.326±4.7742,3
2
р=0.00000
3
р=0.00000

17.68±1.52,3
р=0.00000
3
р=0.00000
2

kidneys
816.84±47.42

834.18±49.53

629.26±46.771
1
р=0.01556
633.86±39.622
2
р=0.00825
428.24±39.152,3
2
р=0.00003
3
р=0.00308
1129.7±58.262,3
2
р=0.00225
3
р=0.00000

skin
399.22±7.9
577.95±15.51
1
р=0.00000

645.19±108.8
171.39±25.21,3
1
р=0.00000
3
р=0.00114
78.078±78.081,3
1
р=0.00000
3
р=0.00623
157.56±27.12
2
р=0.00000
584.32±25.33
3
р=0.00000
168.98±26.62,3
2
р=0.00000
3
р=0.00000

tumor
-

61.159±1.841
1
р=0.00000
45.689±2.141,3
1
р=0.00000
3
р=0.00014
112.67±2.81,3
1
р=0.00000
3
р=0.00000
11.715±1.082
2
р=0.00000
34.844±1.862,3
2
р=0.00000
3
р=0.00000
290.98±10.622,3
2
р=0.00000
3
р=0.00000

Note: 1statistically significant compared to the values in the intact group; 2statistically significant compared to the values in the
corresponding reference group; 3statistically significant compared to the values in the previous period.

2.7 times lower. In the mitochondria in the heart and
the kidneys, the level of AIF, in contrast, decreased, as
compared to week 1, by 3.2 and 1.5 times, respectively,
and, at the same time, the level in the heart mitochondria did not differ from the corresponding reference,
and in the kidney mitochondria it was 1.9 times lower
that the reference values (see Table 1 herein).
After 3 weeks, in the CNP+M group, the level of
AIF decreased in relation to week 2 in the mitochondria in the heart by 6.1 times, in the brain by 3.4 times,
in the liver by 5.5 and in the skin by 3.5 times, respectively. The exception was the kidneys, where the level
thereof in the mitochondria increased by 2.6 times. As
a result, the concentration of AIF was lower than that
in the animals of group R: in the brain by 9.3 times,
in the liver by 6.6 times, in the heart by 5.2 and in the
skin by 3.4 times, respectively. Only in the mitochondria of the kidneys, the level of the marker was 1.4
times higher than the corresponding reference values
(see Table 1 herein). In the melanoma tissue, growing
against the background of CNP, lower values of the
AIF were recorded than those in the skin in the mice
with CNP: after week 1, it was reported by 49.3 times
lower, after week 2 - by 16.6 times, and after week 3 by 2.0 times (see Table 1, Figure 6 herein).

Discussion

Under the physiological conditions, AIF plays a vital role in mitochondrial bioenergetics, as it supports
116 | Cardiometry | Issue 18. May 2021

the normal oxidative phosphorylation of a cell. Mitochondrial AIF make its influence on a variety of the
catabolic and anabolic pathways as well as epigenetic
processes, which depend on mitochondrial metabolites
[14]. Our studies have shown that AIF can regulate the
mitochondrial function by participating in the assembly and/or stabilization of the respiratory complexes
and contributing to the normal cellular functions [15].
According to the supercomplex organization model, changes in the architectural structure of the electron
transport chain lead to a disorder in or abnormality of
the regulation of the oxidative phosphorylation, along
with respiratory defects, to a reduced capability to produce ATP and altered production of reactive oxygen
species [16]. The important role of AIF in the biogenesis and maintenance of the function of mitochondrial
respiratory chain complexes has been evidenced [17].
AIF levels have been found to increase dramatically in response to CNP in the mitochondria of the
heart, the brain, the liver, and the skin. Probably, CNP
being a stress factor stimulates the activity of the respiratory complex of the mitochondria in these organs.
It is known that AIF can transfer equivalents to the
electron transport chain and, as a result, maintain a
pool of NAD + / NADH and/or the NADH-dependent proton pump through the inner mitochondrial
membrane [18]. On the other hand, AIF can make an
influence on the mitochondrial function by regulating
other cellular processes, taking into account the large

Figure 1. The level of AIF in the mitochondria in the brain in the

Figure 2. The level of AIF in liver mitochondria in the context

versus that stimulated (--).

stimulated (--).

context of dynamics of the standard growth of melanoma (-)

of dynamics of standard growth of melanoma (-) versus that

Figure 3. AIF level in the heart mitochondria in the context of

Figure 4. AIF level in kidney mitochondria in the context of dy-

ulated (--).

ulated (--).

dynamics of standard growth of melanoma (-) versus that stim-

Figure 5. AIF level in skin mitochondria in the context of dynamics
of standard growth of melanoma (-) versus that stimulated (--).

namics of standard growth of melanoma (-) versus that stim-

Figure 6. AIF level in melanoma mitochondria in the context of
dynamics of standard tumor growth (-) versus that stimulated (--).
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number of the AIF partners. For example, AIF interacts with the g subunit of eukaryotic translation initiation factor 3 (eIF3g) and, as a result, inhibits protein
synthesis during apoptosis [19].
In our study, it has been found that the standard
growth of melanoma also contributes to an increase
in the level of AIF at the initial stages (week 1) in
the mitochondria of the brain, the liver and the skin,
but it is not the case with the heart and the kidneys.
However, later, the level of the marker drops in all
the examined samples. A number of researchers have
determined that a tissue-specific deletion of AIF in
the liver and a global decrease in the AIF activity in
mutant Harlequin mice with Aifm1 deficiency are
responsible for a disorder in or an abnormality of
the oxidative phosphorylation and a change in glucose metabolism, typical for stress [20]. As a consequence of the AIF deficiency in mutant Harlequin
mice, higher oxidative stress is noted. Inactivation
of AIF in the neurons leads to an impaired activity
of the mitochondrial respiratory chain complex I.
This disorder in the mitochondrial oxidative phosphorylation reduces the activity of the neurons. The
AIF-deficient neurons show an increased capability
to use fatty acids for the mitochondrial respiration
and the formation of oxygen radicals [21]. Loss of
AIF in fibroblasts induces defects in the mitochondrial electron transport chain (ETC) and an inhibition of proliferation [22].
Knowing that the absence of AIF causes only moderate changes in the expression of nucleus-encoded mitochondrial oxidative phosphorylation genes
[4], post-transcriptional regulation of these subunits
seems to be a more likely scenario. According to this
point of view, AIF regulates the biogenesis of the electron transport chain through its physical interaction
with the CHCHD4 domain [5]. Previously, we detected not only the stimulation of melanoma growth
under the influence of chronic neurogenic pain [12],
but also the cancellation of the genetically determined
inhibition of malignant tumor growth [23]. In this regard, we believe that the mitochondrial dysfunction
in the growth of melanoma against the background
of comorbid pathology, CNP, may be other than the
standard tumor growth. In this study, the growth of
melanoma against the background of CNP has resulted in the reciprocal changes in the level of AIF in the
mitochondria in the brain and the liver after 1 week of
the tumor growth.
118 | Cardiometry | Issue 18. May 2021

Let us separately focus on the dynamics of the
marker in question in the heart mitochondria. It is
obvious that, in case of the standard tumor growth,
it smoothly decreases from week 1 to 3, and in case
of the stimulated one, a sharp rise is noted, followed
by a similarly sharp drop. It is known that the release
of AIF from the mitochondria in cardiomyocytes is
observed after sodium-induced heart failure and
post-ischemic-reperfusion injury [24]. This bears
witness to the role of AIF in the process preceding
the death of cardiomyocytes. In the AIF-knockout
mice the skeletal muscle atrophy and cardiomyopathy, secondary to the complex I deficiency, develop.
In addition, the AIF deficiency leads to a higher sensitivity to oxidative stress and necrotic-like cardiomyocyte death, that is observed in the mutant mice,
which are also more prone to heart damage after
ischemia-reperfusion [25]. In the mitochondria of
the kidneys, some reciprocal changes are noted upon
expiration of 3 weeks only.
In the mitochondria of the skin not affected by the
malignant process, the reciprocal changes were found
both in week 1 and 2. The dynamics of the AIF level in
the tumor mitochondria was similar.
At present, it turns out that many of the genes and
proteins involved in mitochondrial apoptosis may acquire properties, which cause cell death as secondary
rather than primary factors. Since the mitochondrial
function make its influence on numerous major cellular and organismal functions, it is not surprising that
AIF is a representative of the system of the apoptotic factors, a marker of mitochondrial stress, and it is
involved in the adaptation of organelles to pathological impacts like malignant growth. The fluctuations
in the AIF level revealed in the mitochondria of the
heart, the studied organs, and the tumor itself, most
likely, should be considered from the point of view of
the participation of this agent in the functioning of the
mitochondrial respiratory chain complexes. The data
on the chemoluminescence of cardiac mitochondrial
conglomerates under the development of malignant
neoplasms with chronic neurogenic pain are also consistent therewith [26].

Conclusions

Studying AIF only within the mitochondria without an assessment of the cytosolic fraction of this
flavoprotein, we believe that the revealed dynamics of
the AIF level characterizes the functions of the com-

plexes in the mitochondrial respiratory chain. A clear
change in the AIF content has been revealed not only
in the heart, but also in all the studied somatic organs
and tumor tissue, both under the standard tumor
growth and that stimulated. A distinctive feature of
the malignant growth against the background of comorbid pathology is that the significantly lower levels
of the AIF concentration in the heart and in the most
organs are recorded that indicates the suppression of
the electron transport chain. The rare abrupt rises in
the AIF level in the mitochondria of some organs at
the stages of tumor growth associated with comorbid pathology can be explained by the difference in
the function and/or morphostructure of the organs,
as well as their capability to activate protective and
adaptive pathways. In the process of adaptation by
cells to various pathological processes (for example,
metabolic and transcriptional alterations), a certain
cell resistance is produced, despite their high loading
due to disorders occurring in the mitochondria. In
some cases, adaptation can trigger a prolonged epigenetic response that activates protective signaling
pathways up to a certain threshold. We believe that
further study of the complex of factors involved in the
mitochondrial apoptosis and the bioenergetics of the
heart and all organs under the tumor growth conditions will be useful to establish the systemic response
by the body as a whole at the stages of the development of the malignant process linked with comorbid
pathology.
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