ISSN 1990-7478, Biochemistry (Moscow), Supplement Series A: Membrane and Cell Biology, 2024, Vol. 18, No. 2, pp. 127—135. © Pleiades Publishing, Ltd., 2024.

The Effect of 20-Hydroxyecdysone on the Functioning
of Isolated Mouse Skeletal Muscle Mitochondria

A. A. Semenova® *, A. D. Igoshkina®, N. V. Mikina“, R. G. Savchenko?,
L. V. Parfenova’, and M. V. Dubinin®
¢ Mari State University, Yoshkar-Ola, 424001 Russia
b Institute of Petrochemistry and Catalysis, Russian Academy of Sciensis, Ufa, 450075 Russia
*e-mail: sem_al.ru@mail.ru
Received March 16, 2024; revised April 1, 2024; accepted April 2, 2024

Abstract—In this work we have studied the effect of the phytoecdysteroid 20-hydroxyecdysone (20E) on the
functioning of mouse skeletal muscle mitochondria. It is shown that 20E at a concentration of 100 uM or
more suppresses mitochondrial respiration fueled by glutamate and malate (substrates of complex I of the
respiratory chain) or succinate (substrate of complex II of the respiratory chain). This effect of 20E is accom-
panied by a decrease in the mitochondrial membrane potential and is associated with inhibition of the activity
of complex III, the total activity of complexes I + I1I and II + III of the mitochondrial respiratory chain. We
have noted a prooxidant effect of 20E, which manifests itself in an increase in the production of hydrogen per-
oxide by skeletal muscle mitochondria. In addition, 20E reduces the ability of mitochondria to accumulate
calcium ions in the matrix. We discuss the mechanisms of the possible toxic effect of 20E on the functioning
of skeletal muscle mitochondria.
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INTRODUCTION

Ecdysteroids are a large family of polyhydroxylated
invertebrate steroid hormones that regulate molting,
metamorphosis, and reproduction in arthropods [1].
These substances are also synthesized in 5—6% of
plant species (phytoecdysteroids), possibly as a
defense against phytophagous insects [2]. More than
570 different ecdysteroids have been identified in
nature [3], but the most studied is 20-hydroxyecdys-
one (20E, Fig. 1). In vivo and in vitro studies have
revealed the beneficial effects of 20E on mammals:
anabolic, hypolipidemic, antidiabetic, anti-inflam-
matory, hepatoprotective, etc. [3, 4].

Although ecdysteroids do not bind to vertebrate
steroid receptors and their mechanism of action is still
unknown, they are credited with many beneficial
pharmacological properties [5—7]. Increases in body,
organ and muscle mass, and protein synthesis have
been reported following oral or intraperitoneal admin-
istration of ecdysteroids in several animal species: Jap-
anese quail [8], mice [9], rats [10], and pigs [11].
Recent studies [12] have shown that 20E also has anti-
tumor activity in cultured non-small cell lung cancer
cells. In addition, ecdysterone can inhibit the growth
of breast cancer cells by suppressing glycolysis and
mitochondrial bioenergetics and inducing autophagy

and apoptosis of cancer cells, without affecting
healthy ones [13].

A number of studies indicate that mammalian
mitochondria may be a target of 20E. Ecdysterone has
been shown to have therapeutic effects in pathologies
associated with mitochondrial dysfunction and oxida-
tive stress [14—16]. Moreover, the beneficial effects of
20E are often associated with modulation of mito-
chondrial function, but it is unclear whether its mito-
chondrial effects are direct or mediated by activation
of other cellular processes. It can be assumed that 20E
is capable of influencing cellular bioenergetics and the
functioning of mitochondria, which could have an
impact on the functioning of cells and the whole
organism. In 2015, Parr et al. showed that 20E exerts
its effects in mammalian cells through interaction with
estrogen receptor beta (ER-P) [17]. It is well known
that activation of estrogen receptors has a positive
effect on mitochondrial function. In particular, acti-
vation of estrogen receptors by 173-estradiol may pro-
tect human neuroblastoma cells from ATP depletion,
decreased mitochondrial membrane potential, and
production of reactive oxygen species [18]. Nilsen
et al. showed that 17B-estradiol administration pro-
tected primary hippocampal neurons from glutamate
excitotoxicity by stimulating Bcl-2 expression and
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Fig. 1. Structure of 20E.

promoting mitochondrial tolerance to calcium over-
load [19]. Burstein et al. showed that ER-B can also
modulate the opening of the mitochondrial permea-
bility transition pore (MPT pore), which has an
important impact on the ability of these organelles to
accumulate calcium ions [20].

Previously, our laboratory studied the effect of a wide
range of natural polycyclic compounds and, in particu-
lar, triterpenoids of the lupane, fusidane, and oleanane
series, similar to phytoecdysteroids, on the functioning
of isolated mitochondria [21—23]. It has been estab-
lished that, depending on the structure and hydropho-
bicity, these compounds suppress respiration and oxida-
tive phosphorylation of mitochondria with varying
effectiveness, inhibiting the activity of respiratory chain
complexes, and show protonophore and prooxidant
effects [21—23]. These mitochondria-targeted effects
appear to underlie the cytotoxicity of these compounds.

One could assume that 20E, being hydrophobic, is
also capable of interacting with mitochondrial mem-
branes and changing the functional activity of organ-
elles. Therefore, in this work, we studied the effect of
20E on the functioning of mitochondria isolated from
skeletal muscles of C57BL/10 mice. We have found
that 20E dose-dependently reduces the parameters of
oxidative phosphorylation of mitochondria and the
membrane potential of organelles, which is due to inhi-
bition of the activity of the respiratory chain complexes
of these organelles. This is accompanied by an increase
in the production of hydrogen peroxide by mitochon-
dria, as well as a suppression of the ability of organelles
to absorb and retain calcium ions in the matrix.

MATERIALS AND METHODS

Isolation of mitochondria from mouse skeletal mus-
cles. Mitochondria were isolated from skeletal muscles
of C57BL/10 mice (animal’s weight was 25—28 g) by

differential centrifugation [24]. The muscles (quadri-
ceps muscles of both hind limbs) were quickly removed
and immersed in 5 mL of ice-cold phosphate-buffered
saline (2.7 mM KCl, 1.5 mM KH,PO,, 136.9 mM
NacCl, 8.9 mM Na,HPO,, pH 7.4) supplemented with
10 mM EDTA. The muscles were then cut into small
pieces and visible fatty tissue, connective tissue, and
ligaments were removed. Dissected muscles were
resuspended in 5 mL of ice-cold phosphate-buffered
saline supplemented with 10 mM EDTA and 0.05%
trypsin for 30 min, then centrifuged for 5 min at 200 g.
The suspension was homogenized in a medium con-
taining 67 mM sucrose, 50 mM KCI, 10 mM EDTA,
0.2% bovine serum albumin (BSA) and 50 mM Tris—
HCI buffer (pH 7.4) using an Ultra-Turrax T 10 basic
rotary homogenizer (IKA, Japan) and transferred to a
Potter homogenizer (ratio of tissue mass to average
volume 1 : 8). The homogenate was centrifuged for
10 min at 700 g. Mitochondria from the supernatant
were pelleted by centrifugation for 10 min at 8000 g,
resuspended in 5 mL of medium containing 250 mM
sucrose and 10 mM Tris—HCI buffer (pH 7.4), and
centrifuged again for 10 min at 8000 g. Mitochondrial
protein concentration was determined by the Bradford
method. During the experiment, the mitochondrial
suspension (20—30 mg of mitochondrial protein per
1 mL) was stored on ice.

Evaluation of respiration and oxidative phosphoryla-
tion of mitochondria. Mitochondrial respiration was
recorded by the polarographic method using a Clark
type oxygen electrode and an Oxygraph+ setup (Han-
satech Instruments, UK) at 25°C and continuous stir-
ring [25]. The incubation medium contained 200 mM
sucrose, 20 mM KCI, 0.5 mM EGTA, 5 mM KH,PO,,
and 10 mM HEPES—KOH, pH 7.4. The following
concentrations of substrates and other reagents were
used: 2.5 mM potassium malate, 2.5 mM potassium
glutamate, 5 mM succinic acid, 0.2 mM ADP, 50 uM
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2,4-dinitrophenol, and 1 UM rotenone. Substrate oxi-
dation rates were expressed in nmol O,/min/mg mito-
chondrial protein. Mitochondrial respiration was
assessed in the basal metabolic state (i.e., in the pres-
ence of exogenous substrates or state 2; in state 3,
ADP-stimulated respiration; state 4, the state of mito-
chondria after all added ADP has been consumed in
the process of ATP synthesis; respiration rate mito-
chondria in the 3Upyp state, mitochondrial respira-
tion in the presence of the uncoupler 2,4-dinitrophe-
nol at a concentration of 50 UM, causing maximum
stimulation of respiration. Respiratory control (RC =
state 3/state 4) and ADP/O ratio were determined
according to [26]. The concentration of mitochondrial
protein in the cell was 0.5 mg/mL.

Assessment of the activity of the respiratory chain
complexes of skeletal muscle mitochondria. The effect
of 20E on the activity of the electron transport chain
complexes of skeletal muscle mitochondria was
assessed using specific redox reactions according to
the protocol [27] using a Multiskan GO plate spec-
trophotometer (Thermo Fisher Scientific, USA).
Measurements were performed on destroyed mito-
chondria subjected to three freeze/thaw cycles at
—20/+30°C in a hypotonic buffer containing 10 mM
Tris—HCI (pH 7.6). The effect of 20E on the activity
of respiratory chain complexes was expressed as a per-
centage of the average activity recorded in a series of
control experiments. The mitochondrial protein con-
centration was 20 ug/mL.

Measurement of mitochondrial membrane potential
(Awy). The electrical potential difference (Ay) on the
inner membrane of mitochondria was assessed by the
distribution of the safranin O fluorescent probe (A, =
520 nm; A.,, = 580 nm) through the inner membrane
using a Varioskan LUX plate spectrofluorimeter
(Thermo Fisher Scientific, USA) [28]. Mitochondria
(0.5 mg/mL) were incubated in a medium containing
210 mM mannitol, 70 mM sucrose, 1 mM KH,PO,,
10 uM safranin O, 10 uM EGTA, and 10 mM
HEPES—KOH, pH 7.4. The following concentrations
of substrates and other reagents were used: 2.5 mM
potassium malate, 2.5 mM potassium glutamate,
5 mM succinic acid, 0.2 mM ADP, 50 uM 2,4-dini-
trophenol, and 1 uM rotenone. The concentration of
mitochondrial protein in the cell was 0.5 mg/mL.

Determination of calcium retention capacity of ske-
letal muscle mitochondria. The transport of Ca?" across
the inner mitochondrial membrane was monitored
spectrophotometrically with an arsenazo III (2,2'-
(1,8-Dihydroxy-3,6-disulfonaphthylene-2,7-bisazo)bis-
benzenearsonic acid, 2,7-Bis(2-arsonophenylazo)chro-
motropic acid) indicator at 675—685 nm using Mul-
tiskan GO plate reader (Thermo Fisher Scientific,
USA) at 25°C under constant stirring [29]. The incu-
bation medium contained 210 mM mannitol, 70 mM
sucrose, | mM KH,PO,, 50 uM arsenazo I1I, 10 uM
EGTA, 10 mM HEPES—KOH, pH 7.4. The following
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concentrations of substrates and other reagents were
used: 2.5 mM potassium malate, 2.5 mM potassium
glutamate, 5 mM succinic acid, 0.2 mM ADP, 50 uM
2,4-dinitrophenol, and 1 uM rotenone. The concentra-
tion of mitochondrial protein was about 0.25 mg/mL.
To determine the ability of mitochondria to retain
Ca?*, 20 uM CaCl, was added into the reaction
medium successively. After several additions, external
[Ca?*] increased, indicating a massive release of the
ion from the organelles due to the opening of the
Ca?*-dependent MPT pore. The ability of Ca?" to
induce pore opening in the mitochondria quantified
as the calcium retention capacity (CRC) of mitochon-
dria, i.e., the maximum amount of Ca?" that can be
accumulated in the matrix without subsequent induc-
tion of permeability transition.

Estimation of hydrogen peroxide production by
mouse skeletal muscle mitochondria. The rate of H,O,
production was measured using a test system includ-
ing a fluorescent indicator Amplex Red and horse-
radish peroxidase on a Varioskan LUX plate spectro-
fluorimeter (Thermo Fisher Scientific, USA) at exci-
tation and emission wavelengths of 560 and 590 nm,
respectively [23]. The incubation medium contained
210 mM mannitol, 70 mM sucrose, 1| mM KH,PO,,
10 uM EGTA, 10 mM HEPES—KOH (pH 7.4),
10 uM Amplex Red and horseradish peroxidase
(1 a.u./mL). The concentration of mitochondrial pro-
tein in the cuvette was 0.1 mg/mL. The measurements
were carried out at 37°C and constant stirring. The
amount of the resulting hydrogen peroxide was calcu-
lated from the calibration curve. A standard H,O,
solution was prepared on the day of experiment; its
concentration was determined using the molar
absorption coefficient £,y =43.6 M~'cm™!.

Statistical analysis. The data were analyzed using
GraphPad Prism 5 and Microsoft Excel software and
were presented as means = SEM. The data obtained were
statistically processed using Mann—Whitney U-test.
Differences between groups were considered statisti-
cally significant at p < 0.05.

RESULTS AND DISCUSSION

It was previously shown that long-term (1 h) incu-
bation of isolated rat liver mitochondria with 20E
leads to inhibition of respiration and oxidative phos-
phorylation of isolated rat liver mitochondria fueled by
glutamate and malate [16]. Table 1 shows that under
conditions applied in our experiments, 20E also dose-
dependently reduces the respiration rate of mouse
skeletal muscle mitochondria in state 3, but a signifi-
cant effect is observed only at the 20E concentration of
100 uM. In this case, we noted a 1.2-fold decrease in
the respiration rate in state 3 when organelles were
energized with glutamate and malate (substrates of
complex I of the respiratory chain) and a 1.1-fold
decrease when mitochondria were energized with suc-
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Table 1. Effect of 20-hydroxyecdysone on the respiration of mouse skeletal muscle mitochondria in different functional

SEMENOVA et al.

states in the presence of glutamate/malate or succinate

State 2 State 3 State 4 State 3Upnp RCR ADP/O
20E, uM
nmol O,/min per 1 mg protein rel. un.
2.5 mM glutamate + 2.5 mM malate

0 23.78 £ 0.65 132.6 £ 4.6 28.52 £ 0.14 163.0 £ 10.4 4.65 £ 0.15 2.71 £ 0.06

20 23.64 +0.49 133.8 £ 4.8 29.54 +0.43 178.92 £ 0.82 4.53 £0.08 2.88 +0.04

30 24.68 £ 0.73 127.8 £ 0.1 28.18 £ 0.52 177.68 = 0.06 4.54 £ 0.11 2.63 +£0.09

50 24.88 £ 0.18 123.9 £ 3.1 28.90 + 0.19 177.7 £ 7.1 4.29 £ 0.11 2.67 £0.01
100 24.62 £ 0.25 111.40 £ 0.10* | 27.84+0.07 | 156.92 +0.36 4.01 = 0.08* 2.58 £ 0.08
150 25.34+0.49 | 108.47 £ 0.88* | 28.40 £ 0.20 158.9+2.3 3.89 £ 0.16* 2.59+0.55
200 26.28 + 0.65 103.1 + 1.4* 26.92 +0.54 159.9 £ 3.2 3.83 £0.21* 2.47 £ 0.37*
250 23.42+0.98 | 102.97 £0.71* | 30.07 £0.29 151.1 + 1.0* 3.48 + 0.15* 2.46 £ 0.11*

5 mM succinate

0 43.36 £ 0.39 121.1 £ 4.2 46.28 £ 0.86 1104 £ 4.4 2.62 +0.06 1.60 £ 0.04

20 441t 1.3 1179 £ 1.1 42.8+2.0 111.8 £ 2.4 2.76 £ 0.14 1.54 £ 0.03

50 450+ 1.8 116.9 £ 3.2 46.26 + 1.8 104.9 + 3.8 2.53+0.04 1.50 £ 0.01
100 44.76 £ 0.97 109.8 + 1.1* 47.18 £ 0.62 98.7+2.2 2.33 £0.08* 1.53 £ 0.09
150 47.46 + 0.29 101.0 £ 2.3* 45.56 £ 0.43 90.14 £ 0.12* 2.26 £+ 0.24* 1.52 £ 0.17
200 46.66 = 0.52 96.1 + 1.4* 474t 1.3 91.5 + 1.2* 2.23 £ 0.15* 1.50 £ 0.20
250 47.7 £ 1.1 97.7 £ 3.3*% 46.7 £ 1.1 88.6 £ 2.3* 2.09 £ 0.21* 1.51 £0.34

Respiration of mitochondria in state 3 was initiated by 200 uM ADP. The rate of uncoupled respiration was measured in the presence
of 50 uM DNP (state 3Upnp). Respiratory control ratio (RCR) was calculated as the rate of respiration between state 3 and state 4.
The data are presented as means = SEM (n = 4). * p < 0.05 vs. control (absence of 20E).

cinate (substrate of complex II of the respiratory chain)
in the presence of rotenone. This is accompanied by a
decrease in respiratory control ratio of mitochondria,
reflecting the efficiency of coupling of respiration and
phosphorylation in mitochondria, by 1.1 times when
organelles are energized by substrates of complex I or
complex II. One can also note a tendency to decrease
the respiration rate in the presence of the protono-
phore uncoupler DNP and the ADP/O ratio, reflect-
ing the efficiency of ATP synthesis.

A further increase in the concentration of 20E does
not lead to significant changes in the determined
parameters. There is a tendency for a subsequent
decrease in the rate of mitochondrial respiration in
state 3 and a decrease in respiratory control ratio,
however, the addition of 200 UM of 20E apparently
leads to a saturation phase and a further increase in
concentration does not lead to an enhanced effect.

It is known that suppression of respiration and oxi-
dative phosphorylation in mitochondria is accompa-
nied by a decrease in themitochondrial membrane
potential (Ay). Figure 2 shows that at a concentration
of 10 uM 20E has no effect on the Ay either when
using glutamate and malate or succinate as respiration
substrates. However, an increase in its concentration
to a total of 20 uM and further is accompanied by a
dose-dependent release of the fluorescent probe safr-

anin O from mitochondria, which indicates a decrease
in Ay. The results obtained differ from the data
obtained by Baev et al. [16], who showed that long-
term preincubation of isolated rat liver mitochondria
with 20E increases the mitochondrial membrane
potential by 6—12% depending on the concentration
and experimental conditions. However, it is important
to note that this conclusion was made on the basis of
calculations that take into account the subsequent
depolarization of mitochondria by the CCCP uncou-
pler. In this case, the addition of 20E to isolated mito-
chondria had no significant effect on the fluorescence
of rhodamine 123 used to measure Ay, indicating that
20E had no effect on the membrane potential of liver
mitochondria.

One of the reasons for the decrease in the efficiency
of oxidative phosphorylation and membrane potential
of mitochondria under the influence of 20E may be
the suppression of the activity of complexes of the
mitochondrial respiratory chain and its mobile com-
ponents (coenzyme Q and cytochrome c¢), which is
typical for a wide range of steroid compounds. There-
fore, in the next part of the work, we studied the effect
of 20E on the activity of individual complexes of the
respiratory chain of mouse skeletal muscle mitochon-
dria, as well as the total activity of complexes I + 111
and II + III, which allows to evaluate the mobility of
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Fig. 2. Effect of 20E on the membrane potential of mouse skeletal muscle mitochondria fueled by glutamate/malate (a) or succi-
nate (b). Substrates and reagents: 2.5 mM potassium malate, 2.5 mM potassium glutamate (a), 5 mM succinic acid, 1 uM rote-
none (b). The data of typical experiments obtained on a single preparation of mitochondria are presented. Similar results were
obtained in two other independent experiments.
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coenzyme Q between these individual complexes. Fig-
ure 3 shows that 20E has no effect on the activity of
complexes I, II, and IV of the respiratory chain, but
dose-dependently reduces the activity of complex 111
and complexes II + III of the mitochondrial respira-
tory chain (by 14 and 13%, respectively, at a maximum

concentration of 200 uM). The greatest effectiveness
of 20E was noted in relation to the total activity of
complexes I + III. In this case, already 50 uM of this
agent caused a decrease in activity by 24%. Half-max-
imal inhibition of the activity of complexes I + III was
achieved at 200 uM 20E. The observed effect may
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indicate that 20E is able to reduce the mobility of
coenzyme Q between complexes I and I1I of the respi-
ratory chain, and also less effectively between com-
plexes II and III. In addition, ecdysterone also has an
inhibitory effect on the activity of complex III of the
mitochondrial respiratory chain, thereby reducing the
efficiency of electron transfer from coenzyme Q to
cytochrome c. Ecdysteroids are lipophilic molecules
and, according to some data [30], can be incorporated
into the membrane bilayer and thus affect the function
of membrane proteins. It is possible that addition of
20E directly to mitochondria allows molecules of this
compound to act on their inner membrane and sup-
press the activity of localized complexes of the mito-
chondrial respiratory chain.

Mitochondria are one of the main producers of
ROS in cells [31]. In this case, inhibition of respiratory
chain complexes, realized through various mecha-
nisms, has a significant impact on the intensity of
ROS generation. In this work, we also assessed the
effect of 20E on the rate of H,0O, production by mouse
skeletal muscle mitochondria. One can see that in the
case of energization of organelles with glutamate and
malate, 20E at a maximum concentration of 100 uM
causes an increase in the production of hydrogen perox-
ide (Fig. 4a), while under conditions of succinate-
driven respiration this effect was not observed (Fig. 4b).
It can be assumed that the pro-oxidant effect of 20E is
associated both with a decrease in the mobility of
coenzyme Q between complexes I and III, II and III,
and with inhibition of the activity of complex III of the
respiratory chain. These segments of the mitochon-
drial respiratory chain are known to be involved in the
generation of ROS, and inhibition of their activity
enhances ROS production. This is consistent with
data indicating the generation of superoxide radicals
in vitro in the presence of phytoecdysteroids [32]. On
the other hand, it is important to note that many stud-
ies have shown that ecdysteroids, on the contrary, have
antioxidant properties [33—36]. In particular, the anti-
oxidant effect of 20E was studied in several in vitro sys-
tems [33]: a decrease in the intensity of lipid peroxida-

tion in rat liver mitochondria under the influence of
this agent was noted. Our results suggest that the anti-
oxidant effect of 20E is not associated with its direct
effect on mitochondrial targets.

20E is known as a modulator of Ca?* homeostasis
in insect cells [37]. Mammalian mitochondria play an
important role in the regulation of intracellular cal-
cium [38, 39] and changes in their functional activity
have a significant impact on mitochondrial Ca?*
homeostasis. In this study, we assessed the effect of
20E on the ability of skeletal muscle mitochondria to
absorb and retain calcium ions in the matrix. Figure 5
shows the results of a comparative study of the kinetics
of Ca?* uptake by mouse skeletal muscle mitochondria
fueled by glutamate/malate (Fig. 5a) or succinate
(Fig. 5b), incubated in the absence and presence of
20-hydroxyecdysone. It can be seen that mouse skele-
tal muscle mitochondria, energized by gluta-
mate/malate, completely absorb Ca?>* when CaCl, is
added 4 times, 20 uM in each addition. (Fig. 5a). In
this case, only the fifth addition of CaCl, causes spon-

taneous release of Ca?* from mitochondria (Fig. 5a),
indicating the induction of a calcium dependent MPT
pore in the inner mitochondrial membrane. Pre-incu-
bation of mitochondria in the presence of 20E at con-
centrations of 20, 50, and 100 uM does not have a sig-
nificant effect on the ability of mitochondria to absorb
calcium ions (Fig. 5a). In the case of succinate-driven
respiration, pre-incubation of organelles with 100 uM
20E leads to a decrease in the ability of mitochondria
to absorb calcium ions, while 20 uM and 50 uM 20E
do not have a similar effect (Fig. 5b). The ability of
Ca?* to induce the opening of MPT-pore in mito-
chondria can be expressed quantitatively as the cal-
cium retention capacity of mitochondria or the maxi-
mum amount of Ca%" that can be accumulated in the
matrix without subsequent opening of the pore [40].
As shown in Fig. 5¢, 20E does not affect this parame-
ter of mitochondria when organelles are energized
with glutamate and malate at all tested concentrations.
At the same time, in the case of succinate-driven res-
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Fig. 5. Effect of 20E on calcium transport in mouse skeletal muscle mitochondria. Uptake of Ca?t supplements (20 uM pulses)
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Calcium retention capacity of mouse skeletal muscle mitochondria fueled by glutamate/malate (c) or succinate (d) in the absence
(control) and in the presence of various concentrations of 20E. *, p < 0.05 vs. control.

piration, 100 uM 20E causes a significant decrease in
the calcium retention capacity of mouse skeletal mus-
cles mitochondria compared to the control (Fig. 5d).
The results obtained indicate that the suppression of the
functional activity of mitochondria caused by 20E also
contributes to a decrease in the ability of mitochondria
to effectively accumulate calcium ions in the matrix.

Thus, the results of this study suggest that the
potential therapeutic effects of phytoecdysteroids and
20E in particular are more likely to occur through spe-
cific steroid receptors, while cytotoxic effects may
occur at higher concentrations of 20E, including
through a direct effect on the functional activity of
mitochondria. 20E is able to suppress the functioning
of mitochondrial respiratory chain complexes and
reduce the efficiency of oxidative phosphorylation. In
addition, this is accompanied by a decrease in the
membrane potential of mitochondria, an increase in
the production of ROS, as well as inhibition of the
ability of organelles to accumulate calcium ions.
Under in vivo conditions, these effects of 20E on skel-
etal muscle mitochondria may affect the ability of the
organelle to synthesize ATP, which is necessary pri-
marily for the contraction of skeletal muscles, as well
as calcium homeostasis, which plays an important role
in the correct regulation of the cycles of contraction

and relaxation of muscle fibers. The data obtained
should be taken into account when interpreting the
results of in vivo experiments.

ABBREVIATIONS AND NOTATION

20E 20-hydroxyecdysone

ER- estrogen receptor beta

BSA bovine serum albumin

MPT pore mitochondrial permeability transition pore
Ay mitochondrial membrane potential

CRC calcium retention capacity

ROS reactive oxygen species

RCR respiratory control ratio
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