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ABSTRACT

Mitochondria regulate a wide range of processes, including stress responses, metabolism, immunity, differentiation, redox homeostasis, and
steroidogenesis, and also serve as the principal intracellular source of reactive oxygen species (ROS). Mitochondrial dysfunction has been linked
to the development of various pathological conditions, including the growth of both benign and malignant tumors.

Purpose of the study. Determination of the level of steroid hormones in the mitochondria of various tissues of the uterine body.

Materials and methods. The study included 65 patients with benign and malignant diseases of the uterus: 25 patients with endometrioid adeno-
carcinoma of the uterus (EAC) of low differentiation (G3) stage II-IlI; 15 patients with leiomyosarcoma of the uterus stage I-Ill; and 25 patients
with uterine myoma. Mitochondria from native samples of uterine tumors were isolated by differential centrifugation in a high-speed refrigerated
centrifuge Avanti J-E, Becman Coulter. For the comparison group, mitochondria were isolated from intact uterine tissue. The levels of estradiol
(E2), testosterone (T), progesterone (P4), and cortisol were determined using standard ELISA kits (Monobind, USA) in mitochondria isolated
from the indicated tissues. A statistical analysis of the results was conducted using the Statistica 10.0 software package.

Results. Irrespective of the nature of the tumor process (benign or malignant), a decrease in the P4 level by 2.7 to 9.1 times, but an increase
in the content of cortisol by 1.3 to 3.7 times and T by 2.1 to 3.7 times were detected in the mitochondria of uterine tumors. Conversely, the
concentration of E2 in the mitochondria of uterine fibroids exhibited an increase of 2.2 times compared to the indicators in the mitochondria
of the intact uterus. No significant differences were observed in the mitochondria of EAC, while a decrease of 1.4 times was noted in the mi-
tochondria of uterine sarcoma.

Conclusion. There is a change in the content of steroid hormones in In the mitochondria of uterine tumors, consisting in an increase in the
concentrations of cortisol and testosterone and progesterone deficiency regardless of the type of pathology, but a relative or absolute defi-
ciency of estrogens only in the mitochondria of malignant tumors. Changes in the steroid background of tumor mitochondria, compared with
the mitochondria of the intact uterus, probably have a significant effect on both the energy balance of cells and the production of ROS, as well

as on proliferative processes.
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3.1.6. OHkonorus, nyyesas Tepanus
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PE3IOME

MMWTOXOHAPUM PErynnMpytoT MHOXECTBO MPOLECCOB, BKtOYas CTpecc, MeTabonnsm, UMMyHuTeT, AnddepeHLnpoBKy, OKUCAUTENbHO-
BOCCTaHOBWTEbHbIN 6aNaHC U CUHTE3 CTEPOMAOB, @ TaKXKe ABMIAIOTCA OCHOBHbIM BHYTPUKIETOUHBIM UCTOYHUKOM aKTUBHbIX POPM KKC-
nopoga (A®K). HapyleHue MUTOXoHAPUanbHOM GYHKLMM CBSA3aHO C Pa3BUTUEM PasfiMyHbIX NaTONOMMYECKUX COCTOSIHWIA, BKOYas pocT
[l06pOKaYeCTBEHHbIX 1 3/I0KA4ECTBEHHbIX OMyXOnei.

Llenb uccneposanmns. OnpefeneHne ypoBHS CTEPONAHbIX FOPMOHOB B MUTOXOHAPUAX Pas/iniHbIX TKaHen Tena MaTku.

Martepuanbl u MeToabl. B uccnepnoBaHue Bk/OUEHbI 65 60/bHbIX C 06POKAYECTBEHHBIMU U 3/10KAYECTBEHHbIMU 3a60/1€BaHUAMU MaTKK:
25 60/IbHbIX C 3HAOMETPUOMAHONM ageHoKapuuHoMoi MaTku (JAK) Huskow cteneHn auddepeHumnposku (G3) lI-I1l ctaguu; 15 60MbHbIX
¢ neiiommocapkomMoit MaTkm I=Ill ctaanm 1 25 60MbHbIX C MUOMOW MaTKKU. MUTOXOHAPWM U3 HAaTUBHbIX 06PasLIOB Onyxonei MaTKu BblAensnm
MeToAoM AnddepeHLManbHOro LeHTPUGYrupoBaHus Ha BbICOKOCKOPOCTHOW pedpuxepaTopHoit LeHTpudyre Avanti J-E, Becman Cjulter.
[nA rpynnbl cpaBHEHWUS MUTOXOHAPWM BbIAENSNN U3 UHTAKHOW TKaHU MaTKKU. B MUTOXOHAPUSX, BblAENEeHHbIX U3 YKadaHHbIX TKaHeil, C nc-
nosib3oBaHneM ctaHaapTHbix MDA Habopos Monobind (CLUA) onpeaensnu ypoeHu acTpaguona (E2), TectocTepoHa (T), nporectepoHa (P4)
1 kopTusona. CTaTMCTUYeCcKmnii aHanns pesynbTaToB NMPOBOAMM C MOMOLLbIO NakeTa nporpamm Statistica 10.0.

Pe3ynbratbl. He3aBUCUMO OT XapaKTepa OnyxoneBoro npouecca (406pOKaYeCTBEHHOMO UM 3/10KAYECTBEHHOTO), B MUTOXOHAPUSIX OMyXOnei
MaTKM BbISIBNEHO CHUXeHWe YpoBHsA P4 B 2,7-9,1 pasa, HO NoBbILeHWe coaepXxaHusa koptusona B 1,3-3,7 pasaun T B 2,1-3,7 pasa. KoHLeH-
Tpauus E2 B MUTOXOHAPMSIX MMOMbI MaTKU 6blna MoBbILLeHa B 2,2 pasa Mo CPaBHEHUIO C NOKasaTeNnsiMu B MUTOXOHAPUSIX MHTAKTHOM MaTKu,
He MMena 3Ha4YMMbIX OTINYMIA B MUTOXOHAPUAX SAK, 1 cHuxanack B 1,4 pasa B MUTOXOHAPUAX CapKOMbl MaTKU.

3akntoyeHne. B MUTOXOHAPUAX ONyxosen MaTKu NPOUCXOANUT U3MEHEHWE COAePXKaHWUsA CTEPOUHbIX FTOPMOHOB, 3aK/toYaloLLLeecs B MOBbILLe-
HWUW KOHLIeHTpaLMii KOPTU30J1a U TECTOCTEPOHA W NPOrecTepoOHOBOM fiehuLuTe BHE 3aBUCMMOCTM OT TUMa NaTosioruu, HO OTHOCUTENIbHOM UK
a6CoMITHOM AeduLUTe SCTPOreHOB TONIbKO B MUTOXOHAPUAX 3/10Ka4yeCTBEHHbIX onyxonei. IameHeHne cTeponaHoro hoHa MUTOXOHAPWIA
ornyxonei, N0 CpaBHEHWUIO C MUTOXOHAPUAMMN UHTAKTHON MaTKW, BEPOATHO OKasblBaeT CyLeCTBEHHOEe B/IMSIHUE KakK Ha 9HepreTu4eckui
6anaHc KNeToK 1 BbIpaBoTKy akTUBHbIX Gopm Kucnopoga (ADK), Tak n Ha nponudepaTBHbIE NPOLLECCHI.

KntoyeBble cnoBa: MUTOXOHAPWM, 3CTPAANOI, MPOrecTeEPOH, TECTOCTEPOH, KOPTU30/1, afleHOKapLuMHOMa MaTK1, MMOMa MaTKy, neriomMuno-
CapKomMa MaTku
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BACKGROUND

Mitochondrial intracellular and extracellular com-
munication networks regulate a vast array of process-
es, including stress response, metabolism, immunity,
differentiation, redox balance, and steroid biosynthe-
sis, and are responsible for the generation of reactive
oxygen species (ROS) [1]. In addition, mitochondria
play a key role in maintaining chromatin integrity and
in the execution of acrosomal reactions [2]. Mitochon-
dria contain their own circular DNA (mtDNA), which,
due to the absence of DNA-binding proteins such as
histones, is approximately 100 times more suscep-
tible to ROS-induced damage and mutations than
nuclear DNA (nDNA), which is protected by histones.
Moreover, mtDNA repair processes are less efficient
than those of nDNA, and the mutation rate of mtDNA
is 10-17 times higher [3]. Disruption of mitochondrial
activity is closely associated with a number of patho-
logical conditions, including neurological and meta-
bolic disorders, as well as tumor development [1].

Uterine tumors are among the most common pa-
thologies of the female reproductive system. In ma-
lignant transformation, one of the earliest metabolic
alterations is the reprogramming of cellular energy
metabolism [4]. Mitochondria play a direct role in
this metabolic reprogramming, supporting tumor cell
survival and proliferation. Mitochondrial dysfunction
manifests through disturbances in Ca?* homeostasis,
elevated ROS levels, and alterations in the steroid
balance that contribute to genetic instability [5].

Mitochondria in uterine tissues contain all the
essential enzymes involved in steroid hormone bio-
synthesis. Within mitochondria, the cytochrome P450
side-chain cleavage enzyme plays a key role in the
degradation of the aliphatic tail of the cholesterol
molecule, initiating the steroidogenic pathway that
produces pregnenolone [1].

Steroid hormones such as estrogens, progester-
one, androgens, and glucocorticoids influence mito-
chondrial function through their receptors localized
within mitochondria. These hormones regulate the
expression of genes involved in energy metabolism,
apoptosis, and redox homeostasis [6, 7].

Benign and malignant uterine tumors exhibit
distinct metabolic characteristics that affect their

progression and response to therapy. Steroid hor-
mones modulate mitochondrial activity, including
ATP production and intracellular ROS generation,
which regulate cell maintenance, viability, and overall
physiological integrity [8]. It has been shown that
tissues of affected endometrium display increased
oxidative damage and mtDNA deletions, which cor-
relate with altered levels of sex hormones and their
receptors [9].

There is evidence that mitochondria in uterine
fibroids exhibit enhanced activity, as indicated by
increased mitochondrial mass and membrane poten-
tial, associated with high sensitivity to progesterone.
Through the mitochondrial receptor RP4-M, proges-
terone enhances oxidative phosphorylation [10]. In
contrast, malignant tumors often shift toward gly-
colysis (the Warburg effect), resulting in reduced
mitochondrial activity and altered steroid hormone
regulation [11, 12].

Purpose of the study: to determine the levels of
steroid hormones in mitochondria isolated from uter-
ine tissue unaffected by tumor processes (intact mi-
tochondria) and in various uterine tumor formations.

MATERIALS AND METHODS

The study included 65 patients with benign and
malignant uterine diseases who underwent surgery
at the Gynecology Department of the National Med-
ical Research Center for Oncology in 2023-2024:
25 patients with low-grade (G3) endometrioid ad-
enocarcinoma of the uterus (EAC) stage II-1ll; 15
patients with uterine leiomyosarcoma stage I-1ll;
and 25 patients with uterine myoma. All patients
had morphologically verified diagnoses confirmed by
postoperative histological examination. The age of
the patients in all groups ranged from 52 to 84 years.

The study was conducted on native intact and
pathological tissues obtained during hysterectomy
from 65 patients. For EAC and uterine leiomyosar-
coma, tumor tissues were used, while for uterine
myoma, samples were taken from the myomatous
node and a fragment of visually and morphologically
unchanged uterine tissue (intact uterine tissue).

Mitochondria were isolated from all tissues ob-
tained during surgery using differential centrifugation
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on a high-speed refrigerated centrifuge Avanti J-E,
Beckman Coulter, USA, according to the methods
of M. V. Egorova, S. A. Afanasyev (2011) [13] and
A.P. Gureeva et al. (2015) [14]. To disrupt intercellu-
lar connections, cell walls, and plasma membranes,
tissues were mechanically processed by mincing
with scissors and homogenizing in a glass homog-
enizer with a Teflon pestle (Potter—Elvehjem homog-
enizer). For each gram of tissue, 10 ml of isolation
medium was added (0.22 M mannitol, 0.3 M sucrose,
1 mM EDTA, 2 mM TRIS-HCI, 10 mM HEPES, pH 7.4).

The tissues were homogenized and centrifuged
for the first time for 10 min at 3000 g, at a tempera-
ture of 0-2 °C. The second and third centrifugations
were performed at 20,000 g for 20 min at 0-2 °C.
Between centrifugations, 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 subcellular structures
was layered on the Percoll gradient and centrifuged
for 15 min at 21,000 g, resulting in separation into
three phases; the lower mitochondrial layer was col-
lected and resuspended in the isolation medium. The
subsequent washing of mitochondria was performed
by centrifugation for 10 min at 15,000 g at 0-2 °C.

Mitochondrial samples (protein concentration
4-6 g/L) were stored at =80 °C in the isolation me-
dium until analysis. Before ELISA analysis, mitochon-
drial samples were subjected to freeze—thaw cycles
to disrupt mitochondrial membranes and release
intramitochondrial contents. The purity of mitochon-
drial fractions isolated by the described method was
confirmed by electron microscopy, which revealed
no nuclear or cytoplasmic components, and by flow
cytometry analysis.

In mitochondria isolated from the above tissues,
the levels of estradiol (E2), testosterone (T), pro-
gesterone (P4), and cortisol were determined using
standard ELISA kits (Monobind, USA) and an immu-
noassay analyzer Infinite F50 (Austria).

Statistical Analysis

Statistical analysis of the results was performed
using the Statistica 10.0 software package. The data
were tested for normality using the Shapiro—Wilk

B MUTOXOHAPUAX Heu3MeHeHHON 1 OHyXOHEBOVI TKaHu TeNla MaTKu

test (for small samples). Comparison of quantitative
data between groups was carried out using Student’s
t-test and the Mann-Whitney test. Data in the tables
are presented as M + m, where M is the arithme-
tic mean and m is the standard error of the mean.
A value of p < 0.05 was considered statistically sig-
nificant. The results were processed in accordance
with general recommendations for medical research.

STUDY RESULTS

The content of steroid hormones in mitochondria
of intact uterine tissue and in various tumor pro-
cesses is presented in Table 1. It was found that the
level of E2 in mitochondria of uterine myoma was
2.2 times higher, while in mitochondria of uterine
leiomyosarcoma it was 1.4 times lower (p < 0.05)
compared with the indicators in mitochondria of in-
tact uterine tissue. No significant differences were
found in E2 content in mitochondria of EAC (G3).

The content of P4 was found to be reduced to
varying degrees in mitochondria of uterine tumors
compared with mitochondria of intact uterine tis-
sue: in myoma by 4.9-fold, in low-grade EAC by
9.1-fold, and in sarcoma by 2.7-fold. At the same
time, mitochondria of uterine tumors were oversat-
urated with T. Its level was higher than in mitochon-
dria of intact uterus: in myoma by 2.1-fold, in EAC
by 3.7-fold, and in sarcoma by 2.1-fold. The cortisol
content in mitochondria of uterine myoma, EAC, and
sarcoma was higher than in mitochondria of intact
uterine tissue by 2.6-, 3.7-, and 1.3-fold (p < 0.05),
respectively.

When comparing the levels of steroid hormones in
mitochondrial samples from malignant and benign
uterine tumors, significant differences were found
in E2 levels — they were lower in EAC and leiomyo-
sarcoma compared with uterine myoma by 2-fold
and 3.1-fold, respectively. The concentration of P4
in mitochondria of uterine myoma was 1.8-fold lower
than in mitochondria of leiomyosarcoma, but 1.8-fold
higher than in mitochondria of EAC. The content of T
in mitochondria of uterine myoma was 1.7-fold lower
than in EAC and showed no significant differences
compared with leiomyosarcoma. The level of corti-
sol in mitochondria of uterine myoma was 1.5-fold
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lower compared with EAC mitochondria but 2-fold
higher compared with leiomyosarcoma mitochon-
drial samples.

Considering the metabolic precursors and prod-
ucts involved in the synthesis of steroid hormones,
the ratios P4/T, P4/cortisol, E2/T, and E2/P4 were
calculated (Table 2).

A significant decrease in the P4/cortisol ratio was
found in mitochondria of uterine myoma by 12-fold,
in EAC (G3) by 32.7-fold, and in sarcoma by 3.5-fold,
indicating a predominance of glucocorticoid synthe-
sis. The P4/T ratio also showed a marked decrease
compared with that in mitochondria of intact uterus:
in mitochondria of uterine myoma by 10.6-fold, in
EAC (G3) by 33-fold, and in sarcoma by 5.5-fold.

The E2/T ratio in mitochondria of uterine myoma
did not differ significantly from that in mitochondria
of intact uterus, whereas in EAC (G3) and sarcoma

it decreased by 3.3-fold and 2.9-fold, respectively,
indicating a shift in sex steroid balance toward hy-
perandrogenism. In contrast, the E2/P4 ratio was
increased in all mitochondrial samples: by 10.8-foldin
myoma, 10.1-fold in EAC (G3), and 2-fold in sarcoma.
Compared with mitochondria of uterine myo-
ma, in EAC mitochondria the following ratios were
decreased: P4/T by 3.2-fold, E2/T by 3.4-fold, and
P4/ cortisol by 2.7-fold. In mitochondria of leiomyo-
sarcoma, compared with uterine myoma, the ratios
P4/T and P4/cortisol were increased 1.9-fold and
3.5-fold, respectively, while E2/P4 and E2/T ratios
were decreased 5.8-fold and 3.1-fold, respectively.

DISCUSSION

Mitochondria are multifunctional centers regulat-
ing the synthetic and energetic components of ho-

Table 1. Levels of steroid hormones in mitochondria of uterine body tissue

Mitochondrial samples E2, nmol/g protein

P4, nmol/g protein

T, nmol/g protein  Cortisol, nmol/g protein

Intact uterine tissue (n = 25) 0,10 £ 0,007 0,59 + 0,05 0,18 £ 0,01 3,2+0,23
. _ 0,22 + 0,02 0,12+ 0,009 0,38 £ 0,03 8,2+0,71
Uterine myoma (n = 25) p' = 0,0000 p' = 0,0000 p' = 0,0000 p' = 0,0000
011 + 0,007 0,065 + 0,005 0,66 + 0,04 11,9+ 0,91
EAC (G3) (n = 25) £ 6.0000 p' = 0,0000 p' = 0,0000 p' = 0,0000
p==0, p? = 0,0000 p? = 0,0000 p?=0,0023
0,07 £ 0,007 0,22 £ 0,02 037 +0.037 416 +0,35
Uterine leiomyosarcoma (n = 15) p' =0,0000 p' =0,0000 7 = 0.0000 p' =0,0230
p? = 0,0000 p? = 0,0000 p=0 p? = 0,0001

Note: p' - statistically significant compared with the value in intact tissue; p? — statistically significant compared with the value in myoma.

Table 2. Ratios of steroid hormone levels in mitochondria of uterine body tissues (arbitrary units)

Tissue samples E2, nmol/g protein

P4, nmol/g protein

T, nmol/g protein

Cortisol, nmol/g protein

Intact tissue (n = 25) 3,3+0,09 0,17 £ 0,005 0,56 + 0,005 0,18 £ 0,003
. _ 0,32 £ 0,008 1,84 £ 0,05 0,015 £ 0,0004
Uterine myoma (n = 25) P! = 0,0000 p' = 0,0000 0,58 + 0,006 p' = 0,0000
0,10 + 0,003 172 +003 0,17 £ 0,004 0,0055 + 0,00007
EAC (G3) (n = 25) p' = 0,0000 " 0.0000 p' =0,0000 p' = 0,0000
p?=0,0000 p =5 p? = 0,0000 p?=0,0000
0,6 +0,008 0,32 + 0,005 0,19 + 0,005 0,052 + 0,002
Uterine leiomyosarcoma (n = 15) p'=0,0000 p'=0,0000 p'=0,0000 p'=0,0000
p?=0,0000 p? = 0,0000 p? = 0,0000 p?=0,0000

Note: p' - statistically significant compared with the value in intact tissue; p? — statistically significant compared with the value in myoma.
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meostasis, as in addition to energy production they
serve as sites for the synthesis of various hormones,
neurotransmitters, and biogenic amines [1, 15]. It is
known that mitochondria can dynamically and re-
versibly adapt to energetic, environmental, and other
endogenous or exogenous stress factors. The basis
of this adaptation lies in temporary molecular and
functional changes rather than necessarily dysfunc-
tional processes. Mitochondria act as systemic sig-
naling hubs, transmitting information both within and
between cells [16]. Alterations in mitochondrial func-
tion are believed to be involved in the pathogenesis of
many diseases, such as cancer, cardiovascular, and
neurodegenerative disorders, and understanding mi-
tochondrial mechanisms and implementing adaptive
strategies may offer an integrated approach to treat-
ing chronic diseases and restoring health [17]. Since
the enzyme P450scc, responsible for the initiation of
steroid hormone synthesis, is localized on the matrix
side of the inner mitochondrial membrane, mitochon-
dria occupy a central role in steroidogenesis [18].

This study examined changes in the content
of steroid hormones in endometrial mitochondria
depending on the underlying uterine pathology -
whether it was benign tumor growth (uterine myo-
ma) or malignant (low-differentiated endometrioid
adenocarcinoma, EAC G3, or uterine leiomyosarco-
ma). It was found that mitochondria of all uterine
tumors demonstrated unidirectional changes in the
levels of progesterone, testosterone, and cortisol
compared with mitochondria from intact uterus,
while E2 levels varied depending on the tumor type.
These alterations in mitochondrial steroid profiles
may be related to the diverse functions of the stud-
ied hormones. Regardless of benign or malignant
nature, all tumor mitochondria showed decreased
progesterone levels but elevated testosterone and
cortisol levels, differing only in magnitude. The most
pronounced changes were observed in mitochon-
dria from EAC (G3), showing minimal progesterone
concentrations and maximal testosterone and cor-
tisol levels compared with mitochondria from intact
uterus.

It is known that mitochondrial steroid hormones,
including glucocorticoids, androgens, and estrogens,
exert both physiological and pathological effects,

B MUTOXOHAPUAX Heu3MeHeHHON 1 OHyXOHEBOVI TKaHu TeNla MaTKu

contributing to aging and the development of various
diseases [19].

Glucocorticoid hormones penetrate mitochon-
dria and directly interact with mtDNA, which may
enhance oxidative stress and release of cytosolic
mtDNA [20]. Elevated cortisol concentrations in
mitochondria of uterine tumors may promote the
accumulation of reactive oxygen species (ROS).
Mitochondria are both the main target of ROS-in-
duced epithelial cell damage and the primary ROS
producer during oxidative phosphorylation [21].
Studies have shown that significantly higher lev-
els of MDA and 8-OHdG (a modified nucleoside
reflecting DNA damage) are found in endometrioid
lesions compared with normal endometrium. mtD-
NA mutations are associated with elevated MDA
and 8-OHdG levels, whereas E2 or an ERB-selective
agonist stimulates increased activity and expres-
sion of MnSOD [22].

P4 is believed to protect epithelial cells from
oxidative damage and mitochondrial dysfunction
through the c-MYC/SIRT1/PGC-1a signaling path-
way [23]. It has been reported that P4, the second
major endogenous female steroid hormone after
estradiol, inhibits chronic inflammation and oxidative
stress in mouse models [24]. Moreover, P4 possess-
es well-documented anti-inflammatory and antioxi-
dant properties across various conditions [25] and
has been shown to protect different cell types from
oxidative damage [26].

The progesterone deficiency identified in this
study in mitochondria of uterine tumors may there-
fore indicate reduced cellular protection against ox-
idative injury in all investigated formations.

Testosterone affects mitochondrial function in
multiple ways, including altering the structure of
these organelles. Androgens stimulate mitochon-
drial biogenesis via the AR/PGC-1a/TFAM pathway,
increasing mitochondrial content through induction,
transcription, and replication of mtDNA, which en-
codes 13 essential components of the respirato-
ry chain [27]. However, mtDNA mutations or copy
number alterations are known risk factors for mi-
tochondrial dysfunction, leading to excessive ROS
production and ATP deficiency, frequently observed
in hereditary metabolic diseases [28]. Evidence also
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suggests the presence of androgen receptors in mi-
tochondria, whose overexpression, particularly in
prostate cancer cell lines, reduces the activity of re-
spiratory chain complexes |, I, and 111 [29]. However,
sex-specific differences exist in testosterone’s im-
pact on mitochondria: in men, testosterone promotes
energy expenditure and prevents metabolic disor-
ders such as obesity and type 2 diabetes, whereas
in women, elevated androgen levels increase the risk
of type 2 diabetes and are commonly observed in
patients with polycystic ovary syndrome [30].

It can be assumed that on one hand, mitochondri-
al hyperandrogenization in uterine tumors contrib-
utes to mitochondrial biogenesis and maintenance
of cellular energy balance, while on the other hand,
it may promote excessive ROS production and mito-
chondrial dysfunction.

The study revealed diverse changes in estradiol
levels in tumor mitochondria depending on the patho-
logical process. E2 concentration in mitochondria of
uterine myoma was increased compared with intact
uterine mitochondria, showed no significant differ-
ence in EAC (G3), and was decreased in sarcoma
mitochondria. Normally, estrogens protect mitochon-
dria from oxidative stress, enhance their biogenesis,
and improve energy metabolism, whereas a decline
in E2 levels — for example, during menopause — leads
to mitochondrial dysfunction, which may contribute
to various pathological conditions, including neuro-
degenerative disorders and tumor growth [31, 32].

Each mitochondrion contains about 1,200 differ-
ent protein types, of which 13 are encoded by mi-
tochondrial DNA and the rest by nuclear DNA [33].
Cross-talk between nuclear and mitochondrial ge-
nomes is essential for mitochondrial biogenesis and
is regulated by a network of transcription factors that
include estrogen-related receptors [34].

Estrogen and androgen receptors share localiza-
tion and activity within both mitochondria and the nu-
cleus, suggesting a synergistic relationship between

estrogens and androgens in regulating mitochondrial
function [35].

The calculated E2/T ratio showed a significant de-
crease compared with intact uterus only in malignant
processes, whereas mitochondria of uterine myoma
exhibited no significant differences.

There is evidence of altered levels of mitochondrial
estrogen receptors in endometrial mitochondria under
various gynecological pathologies, including adeno-
myosis. It is suggested that mitochondrial estrogen
receptor B (MtERB) continues the estrogen-induced
signaling pathway within mitochondria, influencing
mtDNA transcription, interacting with mitochondrial
respiratory complex V, and enhancing activity of com-
plex IV, thereby promoting ATP generation [10]. More-
over, estrogen deficiency has been shown to reduce
the expression of genes involved in mitochondrial
respiratory chain, oxidative phosphorylation, and glu-
cose and lipid metabolism in ovariectomized rats [36].

CONCLUSION

The conducted study revealed significant alter-
ations in the content of steroid hormones in mi-
tochondria of uterine tumors. The obtained data
demonstrate a general trend across all examined
neoplasms — a decrease in progesterone levels ac-
companied by increased concentrations of testos-
terone and cortisol compared with intact tissue. The
key difference between benign and malignant growth
appears to be associated with the balance between
estradiol and testosterone. It can be assumed that
the identified hormone concentration profiles create
distinct metabolic environments within mitochon-
dria. The preservation of estradiol-testosterone bal-
ance in myoma may favor oxidative phosphorylation,
whereas the pronounced shift toward androgens
in malignant tumors potentially promotes oxida-
tive stress and may be associated with a metabolic
switch to glycolysis

References

1. Al-Suhaimi E, 2024. Al-Suhaimi E, AlQuwaie R, AlSaqgabi R, Winarni D, Dewi FRP, AlIRubaish AA, Shehzad A, Elaissari A. Hor-
monal orchestra: mastering mitochondria's role in health and disease. Endocrine. 2024;86(3):903-929.

https://doi.org/10.1007/s12020-024-03967-1

12



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

l0xHo-Poccuiickunin oHkonoruyeckuin xxypHan 2025. T. 6, N2 4. C. 6-15

®paHumsHy E. M., baHpoBkuHa B. A, MouceeHko T. U., MeHblueHnHa A. M., MeTpoea I0. A, Hecky6uHa W. B., Tpenutaku J1. K., CypukoBa E. W., Porosun M. A,
Yepspuna H. [i., Osepkosa E. A, Xenuno O. E., MakcumoBa H. A., boikagoposa 0. B., BepeckyHoBa A. A., AaamsH A. 0. CoepxaHune CTeponfHbIX FTOpMOHOB

B MUTOXOHAPUAX HEU3MEHEHHON U OHyXOHEBOVI TKaHU Tena Matku

Vodicka P, Vodenkova S, Danesova N, Vodickova L, Zobalova R, Tomasova K, et al. Mitochondrial DNA damage, repair, and
replacement in cancer. Trends Cancer. 2025 Jan;11(1):62-73. https://doi.org/10.1016/j.trecan.2024.09.010

Vahedi Raad M, Firouzabadi AM, Tofighi Niaki M, Henkel R, Fesahat F. The impact of mitochondrial impairments on sperm
function and male fertility: a systematic review. Reprod Biol Endocrinol. 2024;22(1):83.
https://doi.org/10.1186/s12958-024-01252-4

Liao RG, Wang JH, Zhang F, Fang YT, Zhou L, Zhang YQ. A novel mitochondrial-related risk model for predicting prognosis
and immune checkpoint blockade therapy response in uterine corpus endometrial carcinoma. Sci Rep. 2025;15(1):1404.
https://doi.org/10.1038/s41598-025-85537-7

Wang SF, Tseng LM, Lee HC. Role of mitochondrial alterations in human cancer progression and cancerimmunity. J Biomed
Sci. 2023;30(1):61. https://doi.org/10.1186/s12929-023-00956-w

Chen JQ, Yager JD. Estrogen's effects on mitochondrial gene expression: mechanisms and potential contributions to es-
trogen carcinogenesis. Ann N Y Acad Sci. 2004; 1028:258-272. https://doi.org/10.1196/annals.1322.030

Kit Ol, Vodolazhsky DI, Kutilin DS, Moiseenko TI, Nikitin IS, Frantsiyants EM. Changes in expression of estrogen-regulatory
genes in malignancy uterine tissues. Kuban Scientific Medical Bulletin. 2016;157(2):84-90. (In Russ.).

Lejri I, Grimm A, Eckert A. Mitochondria, Estrogen and Female Brain Aging. Front Aging Neurosci. 2018;10:124.
https://doi.org/10.3389/fnagi.2018.00124

Liao TL, Lee YC, Tzeng CR, Wang YP, Chang HY, Lin YF, Kao SH. Mitochondrial translocation of estrogen receptor 8 affords
resistance to oxidative insult-induced apoptosis and contributes to the pathogenesis of endometriosis. Free Radic Biol
Med. 2019;134:359-373. https://doi.org/10.1016/j.freeradbiomed.2019.01.022

Feng Q, Crochet JR, Dai Q, Leppert PC, Price TM. Expression of a mitochondrial progesterone receptor (PR-M) in leiomyo-
mata and association with increased mitochondrial membrane potential. J Clin Endocrinol Metab. 2014 Mar;99(3):E390-9.
https://doi.org/10.1210/jc.2013-2008

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic requirements of cell pro-
liferation. Science. 2009;324(5930):1029-1033. https://doi.org/10.1126/science.1160809

DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv. 2016;2(5):e1600200.
https://doi.org/10.1126/sciadv.1600200

Egorova MV, Afanasyev SA. Isolation of mitochondria from cells and tissues of animals and human: modern methodical
approaches. Siberian Medical Journal. 2011;26(1-1):22-28. (In Russ.).

Gureev AP, Kokina AV, Sy’ romyatnikova MYu, Popov VN. Optimization of methods for isolating mitochondria from different
mouse tissues. Proceedings of Voronezh State University. Series: Chemistry. Biology. Pharmacy. 2015;4:61-65. (In Russ.).
Midzak A, Papadopoulos V. Adrenal Mitochondria and Steroidogenesis: From Individual Proteins to Functional Protein As-
semblies. Front Endocrinol (Lausanne). 2016;7:106. https://doi.org/10.3389/fendo.2016.00106

ShenK, Pender CL, Bar-Ziv R, Zhang H, Wickham K, Willey E, Durieux J,Ahmad Q, Dillin A. Mitochondria as Cellular and Organ-
ismal Signaling Hubs. Annu Rev Cell Dev Biol. 2022;38:179-218. https://doi.org/10.1146/annurev-cellbio-120420-015303
Casanova A, Wevers A, Navarro-Ledesma S, Pruimboom L. Mitochondria: It is all about energy. Front Physiol.
2023;14:1114231. https://doi.org/10.3389/fphys.2023.1114231

Bassi G, Sidhu SK, Mishra S. The Expanding Role of Mitochondria, Autophagy and Lipophagy in Steroidogenesis. Cells.
2021;10(8):1851. https://doi.org/10.3390/cells10081851

Ham J, Song J, Song G, Lim W. Autophagy regulation and redox perturbation by transcrocetin suppress the growth of en-
dometriosis. Biomed Pharmacother. 2024 Apr;173:116284. https://doi.org/10.1016/j.biopha.2024.116284

Blalock ZN, Wu GWY, Lindqvist D, Trumpff C, Flory JD, Lin J, et al.; SBPBC; Doyle FJ 3rd, Marmar CR, Jett M, Yehuda R, Wolkow-
itz OM, Mellon SH. Circulating cell-free mitochondrial DNA levels and glucocorticoid sensitivity in a cohort of male veterans
with and without combat-related PTSD. Transl Psychiatry. 2024;14(1):22. https://doi.org/10.1038/s41398-023-02721-x
Sachdeva K, Do DC, Zhang Y, Hu X, Chen J, Gao P. Environmental exposures and Asthma Development: Autophagy, Mito-
phagy, and Cellular Senescence. Front Immunol. 2019;10:2787. https://doi.org/10.3389/fimmu.2019.02787

Liu Z, Gou Y, Zhang H, Zuo H, Zhang H, Liu Z, Yao D. Estradiol improves cardiovascular function through up-regulation of
SOD2 on vascular wall. Redox Biol. 2014;3:88-99. https://doi.org/10.1016/j.redox.2014.11.001

13



South Russian Journal of Cancer 2025. Vol. 6, No. 4. P. 6-15

Frantsiyants E. M., Bandovkina V. A.*, Moiseenko T. I., Menshenina A. P, Petrova Yu. A., Neskubina I. V., Trepitaki L. K., Surikova E. I., Rogozin M. A., Cheryarina N. D.,
Ozerkova E. A., Zhenilo 0. E., Maximova N. A., Bykadorova O. V., Vereskunova A. A., Adamyan A. 0. The content of steroid hormones in the mitochondria of unchanged
and tumor tissue of the uterine body

23. Xie B, Chen Q, Dai Z, Jiang C, Chen X. Progesterone (P4) ameliorates cigarette smoke-induced chronic obstructive pulmo-
nary disease (COPD). Mol Med. 2024;30(1):123. https://doi.org/10.1186/s10020-024-00883-y

24. Zhang X,Bao W, Fei X, ZhangY, Zhang G, Zhou X, et al. Progesterone attenuates airway remodeling and glucocorticoid resis-
tanceinamurine model of exposing to ozone. Mol Immunol. 2018;96:69-77. https://doi.org/10.1016/j.molimm.2018.02.009

25. Hall 0J, Limjunyawong N, Vermillion MS, Robinson DP, Wohlgemuth N, Pekosz A, et al. Progesterone-based therapy pro-
tects against influenza by promoting lung repair and recovery in females. PLoS Pathog. 2016;12(9):e1005840.
https://doi.org/10.1371/journal.ppat.1005840

26. Gaignard P, Frechou M, Schumacher M, Therond P, Mattern C, Slama A, et al. Progesterone reduces brain mitochondri-
al dysfunction after transient focal ischemia in male and female mice. J Cereb Blood Flow Metab. 2016;36(3):562-568.
https://doi.org/10.1177/0271678x15610338

27. YinL, Luo M, Wang R, Ye J, Wang X. Mitochondria in Sex Hormone-Induced Disorder of Energy Metabolism in Males and
Females. Front Endocrinol (Lausanne). 2021 Dec 20;12:749451. https://doi.org/10.3389/fendo0.2021.749451

28. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol Cell Biol. 2018(2):121-
135. https://doi.org/10.1038/nrm.2017.95

29. Bajpai P, Koc E, Sonpavde G, Singh R, Singh KK. Mitochondrial localization, import, and mitochondrial function of the an-
drogen receptor. J Biol Chem. 2019;294(16):6621-6634. https://doi.org/10.1074/jbc.ra118.006727

30. Navarro G, Allard C, Morford JJ, Xu W, Liu S, Molinas AJ, et al. Androgen excess in pancreatic B cells and neurons predis-
poses female mice to type 2 diabetes. JCI Insight. 2018;3(12):e98607. https://doi.org/10.1172/jci.insight.98607

31. Arjmand S, llaghi M, Sisakht AK, Guldager MB, Wegener G, Landau AM, Gjedde A. Regulation of mitochondrial dys-
function by estrogens and estrogen receptors in Alzheimer's disease: A focused review. Basic Clin Pharmacol Toxicol.
2024;135(2):115-132. https://doi.org/10.1111/bcpt. 14035

32. WangV,JiQ, Cao N, Ge G, Li X, Liu X, Mi Y. CYP19A1 regulates chemoresistance in colorectal cancer through modulation
of estrogen biosynthesis and mitochondrial function. Cancer Metab. 2024;12(1):33.
https://doi.org/10.1186/s40170-024-00360-4

33. Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, et al. MitoCarta3.0: an updated mitochondrial proteome now with
sub-organelle localization and pathway annotations. Nucleic Acids Res. 2021 Jan 8;49(D1):D1541-D1547.
https://doi.org/10.1093/nar/gkaa1011

34. JiaY, Yee JK, Wang C, Nikolaenko L, Diaz-Arjonilla M, Cohen JN, et al. Testosterone protects high-fat/low-carbohydrate
diet-induced nonalcoholic fatty liver disease in castrated male rats mainly via modulating endoplasmic reticulum stress.
Am J Physiol Endocrinol Metab. 2018;314(4):E366—-E376. https://doi.org/10.1152/ajpendo.00124.2017

35. Yin L, Luo M, Wang R, Ye J, Wang X. Mitochondria in Sex Hormone-Induced Disorder of Energy Metabolism in Males and
Females. Front Endocrinol (Lausanne). 2021;12:749451. https://doi.org/10.3389/fend0.2021.749451

36. Martinez-Reyes |, Chandel NS. Mitochondrial TCA cycle metabolites control physiology and disease. Nat Commun.
2020;11(1):102. https://doi.org/10.1038/s41467-019-13668-3

Information about authors:

Elena M. Frantsiyants - Dr. Sci. (Biology), Professor, Deputy General Director for Science, National Medical Research Centre for Oncology,
Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0003-3618-6890, eLibrary SPIN: 9427-9928, AuthorID: 462868, Scopus Author ID: 55890047700

Valerija A. Bandovkina = - Dr. Sci. (Biology), Leading Researcher at Laboratory of Malignant Tumor Pathogenesis Study, National Medical Research
Centre for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-2302-8271, eLibrary SPIN: 8806-2641, AuthorID: 696989, Scopus Author ID: 57194276288

Tatiana |. Moiseenko - Dr. Sci. (Medicine), Professor, Chief Researcher, Department of Oncogynecology, National Medical Research Centre for
Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-9683-2164, eLibrary SPIN: 6341-0549, AuthorID: 705829, Scopus Author ID: 57194270696

Anna P. Menshenina - Dr. Sci. (Medicine), ociate Professor, Leading Researcher at the Department of Oncogynecology, National Medical Research

Centre for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-7968-5078, eLibrary SPIN: 6845-4794, AuthorID: 715810, Scopus Author ID: 57191983118

14



l0xHo-Poccuiickunin oHkonoruyeckuin xxypHan 2025. T. 6, N2 4. C. 6-15

®paHumsHy E. M., baHpoBkuHa B. A, MouceeHko T. U., MeHblueHnHa A. M., MeTpoea I0. A, Hecky6uHa W. B., Tpenutaku J1. K., CypukoBa E. W., Porosun M. A,
Yepspuna H. [i., Osepkosa E. A, Xenuno O. E., MakcumoBa H. A., boikagoposa 0. B., BepeckyHoBa A. A., AaamsH A. 0. CoepxaHune CTeponfHbIX FTOpMOHOB

B MUTOXOHAPUAX HEU3MEHEHHON U OHyXOHEBOVI TKaHU Tena Matku

Yulia A. Petrova - Cand. Sci. (Biology), Senior Researcher at Laboratory of Malignant Tumor Pathogenesis Study, National Medical Research Centre
for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-2674-9832, eLibrary SPIN: 2168-8737, AuthorID: 558241, Scopus Author ID: 37026863400

Irina V. Neskubina - Dr. Sci. (Biology), Senior Researcher at Laboratory of Malignant Tumor Pathogenesis Study, National Medical Research Centre
for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-7395-3086, eLibrary SPIN: 3581-8531, AuthorID: 794688, Scopus Author ID: 6507509066

Lidija K. Trepitaki - Cand. Sci. (Biology), Research Fellow at Laboratory of Study of Malignant Tumor Pathogenesis, National Medical Research Centre
for Oncology, Rostov-on-Don, Russian Federation
ORCID ID: https://orcid.org/0000-0002-9749-2747, eLibrary SPIN: 2052-1248, AuthorlD: 734359, Scopus Author ID: 55357624700

Ekaterina I. Surikova - Cand. Sci. (Biology), Senior Researcher at Laboratory of Malignant Tumor Pathogenesis Study, National Medical Research
Centre for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-4318-7587, eLibrary SPIN: 2401-4115, AuthorID: 301537, Scopus Author ID: 6507092816

Mark A. Rogozin - graduate student, Section of Reproductive Tumors, National Medical Research Centre for Oncology, Rostov-on-Don,
Russian Federation
ORCID: https://orcid.org/0009-0003-7909-2883, eLibrary SPIN: 3965-1806, AuthorID: 1238353

Nataliya D. Cheryarina - laboratory assistant at Laboratory of Malignant Tumor Pathogenesis Study, National Medical Research Centre for Oncology,
Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-3711-8155, eLibrary SPIN: 2189-3404, AuthorID: 558243, Scopus Author ID: 56204439400

Elena A. Ozerkova - oncologist, clinical diagnostic department, National Medical Research Centre for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0009-0005-8658-8902, eLibrary SPIN: 8708-7013, AuthorID: 1277468

Oksana E. Zhenilo - Cand. Sci. (Medicine), researcher, Department of Oncogynecology, National Medical Research Centre for Oncology,
Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-9833-8530, eLibrary SPIN: 4078-7080, AuthorID: 732220

Nataly A. Maximova - Dr. Sci. (Medicine), Professor, Head of Radioisotope Laboratory with Ultrasonic Diagnostics Group, National Medical Research
Centre for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0002-0400-0302, eLibrary SPIN: 1785-9046, AuthorID: 375005, Scopus Author ID: 57211495326

Oksana V. Bykadorova - functional diagnostics doctor, National Medical Research Centre for Oncology, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0000-0003-4644-5171, eLibrary SPIN: 4814-9722, AuthorID: 961513

Aleksandra A. Vereskunova - student, Rostov State Medical University, Rostov-on-Don, Russian Federation
ORCID ID: https://orcid.org/0000-0001-7017-3781, eLibrary SPIN: 9337-9697, AuthorID: 1161679

Alla 0. Adamyan - student, Rostov State Medical University, Rostov-on-Don, Russian Federation
ORCID: https://orcid.org/0009-0006-5101-7509

Contribution of the authors:

Frantsiyants E. M. - writing the text of the article, scientific supervision; research concept; final conclusions;
Bandovkina V. A. - editing the text of the article, concept and design of the study;

Moiseenko T. I. - checking critical intellectual content, final conclusions.

Menshenina A. P.- patient management, surgical stages of treatment, critical analysis of material;

Petrova Yu. A. - collection and processing of materials, statistical processing;

Neskubina I. V.- statistical analysis of the obtained data, analysis of the results;

Trepitaki L. K. - collection and processing of materials, statistical processing;

Surikova E. I. - editing the text of the article, concept and design of the study;

Rogozin M. A. - patient management, surgical stages of treatment, analysis of clinical data of patients;
Cheryarina N. D. - conducting research, statistical analysis of the obtained data;

Ozerkova E. A. - collection and processing of materials, concept and design of the study.

Zhenilo 0. E. - patient management, surgical stages of treatment, critical analysis of material;

Maksimova N. A. - concept and design of the study, technical editing;

Bykadorova 0. V. - technical editing;

Vereskunova A. A. - collection and processing of materials, preparation of bibliography

Adamyan A. 0. - collection and processing of materials, preparation of bibliography

All authors made equivalent contributions to the preparation of the article and approved the final version for publication.

15



