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Abstract

In molecular biological studies, considerable attention is paid to macrocyclic nanoscale compounds known as
calix[4]arenes. An imperative concern in biochemical membranology and molecular biotechnology is the explora-
tion of effectors capable of modifying the intensity of redox reactions within the inner mitochondrial membrane
and influencing the activity of its Ca®" transport systems. The simulation model development is relevant to
formalize and generalize the experimental data and assess the conformity of experimental results with theoretical
predictions. Experiments were carried out on a suspension of isolated rat myometrial mitochondria. The synthe-
sized thiacalix[4]arene C-1193, containing four sulfur atoms, was employed. Demonstrations of time-dependent
and concentration-dependent (0.01-10 uM) inhibition of Ca® accumulation and reactive oxygen species (ROS)
formation by mitochondria in the presence of C-1193 were observed. While C-1193 inhibited the oxidation of
NADH and FADH,, it did not induce mitochondrial swelling. The thiacalix[4]arene also inhibited the synthesis
of nitric oxide, with a Ki of 5.5+ 1.7 nM, positioning it as a high-affinity blocker of endogenous NO generation in
mitochondria. These results are the basis for the possible application of the synthesized thiacalix[4]arene as a tool
in researching biochemical processes in mitochondria. A simulation model employing functional hybrid Petri nets
was developed, reproducing the functional activity of mitochondria, including simultaneous NADH oxidation, ROS
formation, NO synthesis, and Ca” accumulation. The derived equations formalize and describe the time de-
pendencies of the listed processes in the medium under the influence of thiacalix[4]arene C-1193.
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Introduction

The disruption of the chain of biochemical and
physicochemical processes, collectively contributing to
the electro(pharmaco)mechanical coupling phenomenon,
forms the basis for the occurrence of various pathologies
related to uterine contractile function (including hypo-
tonus and hypertonus, preterm labor, spontaneous abor-
tions, etc.). The regulation of smooth muscle contractile

activity is based on changes in cytosolic Ca>* concentra-
tion. Substances that modulate the contractile function
of myocytes target the Ca*-transport systems of sub-
cellular structures, particularly mitochondria (Wray and
Prendergast, 2019). Simultaneously, mitochondrial dys-
function underlies numerous pathological processes, ran-
ging from cardiovascular disorders to the onset of tu-
mors (Alston et al., 2017). Therefore, the search for non-
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toxic and selective substances that could prevent the de-
velopment of mitochondrial dysfunction is currently re-
levant.

In contemporary molecular biological studies, con-
siderable attention is paid to macrocyclic nanoscale com-
pounds known as calixarenes, with the macrocycle cavity
exceeding 1 nm® in size. The advantages of calixarenes
include their easy synthesis and low toxicity (Pan et al.,
2021). Notably, specific calix[4]arenes have demonstra-
ted high-affinity modulation of the activity of various
cation transport systems within subcellular membrane
structures of uterine smooth muscle (Veklich, 2016;
Danylovych et al., 2018). This highlights their potential
as modulators of Ca®* transport in mitochondria and the
overall functional activity of these organelles. The cre-
ation and maintenance of the transmembrane electric
potential on the inner membrane of mitochondria, facili-
tated by the oxidation of organic substrates and the func-
tional activity of the electron transport chain are two of
the key links in the organelles' functioning as a Ca’-ac-
cumulating system (Anderson et al., 2019; Cao et al.,
2019; Alevriadou et al., 2021). The urgent challenge in
biochemical membranology and molecular biotechnology
is the exploration of effectors capable of modifying the
intensity of redox reactions in the inner mitochondrial
membrane and influencing the activity of its Ca®* trans-
port systems.

As inherently hydrophobic compounds, calix[4]arenes
are able to penetrate cells and interact with mitochond-
ria. Spectrofluorimetry and laser confocal microscopy
using specific fluorescent probes and the phenomenon
of autofluorescence of calix[4]arenes demonstrated that
these compounds (for example C-956) are adsorbed by
the surface of the plasma membrane and permeate the
myoplasm, interacting with mitochondria (Danylovych
et al.,, 2018). This suggests the potential of calix[4]-
arenes to modulate Ca”* transport in mitochondria, insti-
gate the synthesis of reactive nitrogen and oxygen spe-
cies, and function in the electron transport chain, which
is the biochemical basis of the directed influence on the
activity of smooth muscles. The thiacalix[4]arene C-1193
(R,S-5,17-bis(dihydroxyphosphonylmethylol)-25,27-
dibutoxythiacalix[4]arene) emerges as a promising com-
pound for effectively modulating mitochondrial function.

In previous studies, we demonstrated nitric oxide
production in uterine myocytes using the NO-selective
fluorescent probe DAF-FM-DA and laser confocal micro-

scopy (Danylovych etal., 2019). Employing DAF-FM and
the mitochondria-specific probe MitoTracker Orange
CM-H2TMRos colocalization methodology established
that mitochondria serve as a powerful source of NO syn-
thesis in myocytes, with the efficiency of nitric oxide for-
mation depending on the functional activity of the elec-
tron transport chain (Danylovych et al., 2019). Extensive
investigations into the biochemical mechanisms of NO
synthesis by these subcellular structures were also con-
ducted using the DAF-FM-DA probe and flow cytometry
on isolated rat myometrium mitochondria (Danylovych
etal., 2019). Our data underscores the pivotal regulatory
role of nitric oxide concerning Ca” transport systems in
the inner mitochondrial membrane and the functional
activity of the electron transport chain. Consequently,
the search for effective exogenous modulators of NO for-
mation is imperative for precisely influencing these pro-
cesses.

The formalization and generalization of experimental
results and the search for correspondence between theo-
retical predictions and real-world experimental data, ne-
cessitate the utilization of simulation modeling. A mo-
dern variant of this approach is the use of a mathematical
apparatus namely functional hybrid Petri nets, to model
the dynamic states of systems. This methodology affords
structural mapping, quantitative analysis, and the ability
to consider activating/inhibiting effects (Formanowicz
et al., 2017; Cherdal et al., 2018a, 2018b; Gupta et al.,
2021). The creation of an adequate model optimizes ex-
perimental procedures in terms of time and reagent/labo-
ratory animal costs but also facilitates the analysis of pro-
cess dynamics. Furthermore, it enables the comparison
of experimental results with theoretical calculations un-
der varying conditions in the incubation medium.

Hybrid functional Petri nets offer several advantages
as a modeling tool, as highlighted by Wingender (2011):

1. The possibility of structural display of the states of
the modeled system and the processes occurring in
the system.

2. Quantitative modeling of states and processes of
three types at the same time: discrete, continuous,
and associative (generic).

3. The ability to take into account activating, inhibitory,
and catalytic effects with the help of connections of
a special type.

In an effort to leverage these advantages, we applied
the methodology of hybrid Petri nets to evaluate chan-
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ges in biophysicochemical parameters in the functional
activity of mitochondria under the influence of thia-
calix[4]arene C-1193. The objective was to extrapolate
and generalize real experimental results to create a mo-
del with a predictive function.

In order to establish the biochemical regularities of
the C-1193 compound’s impact on mitochondrial func-
tion, the objectives of the study were as follows: investi-
gate its influence on the transport of Ca*, the efficiency
of adenine nucleotide oxidation, and the generation of
reactive nitrogen and oxygen species.

Conduct simulation modeling of processes, including
changes in Ca*" accumulation, intrinsic fluorescence of
adenine nucleotides in mitochondria, and the intensity
of reactive nitrogen and oxygen species generation, un-
der the conditions of thiacalix[4]arene C-1193 exposure.

Methods and materials

Animals

Experiments were conducted on nonpregnant white
wild-type female rats with a weight range of 150-180 g
(32 animals). All procedures involving animals adhered
to the guidelines outlined in the European Convention
for the Protection of Vertebrate Animals used for Experi-
mental and other Scientific Purposes (International Con-
vention, Strasbourg, 1986), and the Law of Ukraine On
the protection of animals from cruelty. The rats were
anesthetized using chloroform inhalation and sub-
sequently euthanized by decapitation.

Isolation of mitochondria from the smooth muscle
of the uterus (myometrium) of non-pregnant rats

A preparation of isolated mitochondria was obtained
from rat myometrium were prepared using a standard
approach involving differential centrifugation (Danylo-
vych et al., 2022). The protein content of the resulting
fraction was determined according to Bradford M.M.
(Bradford, 1976).

Examining of the content of ionized Ca’* in mitochondria
using spectrofluorometry

Mitochondria were loaded with the Ca”*-sensitive fluo-
rescent probe Fluo-4 AM (A, = 490 nm, A, = 525 nm) at
a concentration of 2 uM. This process occurred in a me-
dium comprising 10 mM Hepes (pH 7.4, 37°C), 250 mM
sucrose, 0.1% bovine serum albumin, and 0.02% Pluronic
F-127 for 30 min at 37°C. Investigations into changes in

the content of ionized Ca in the matrix of mitochondria
were conducted using a Quanta Master 40 PTI spectro-
fluorimeter (Canada) with FelixGX 4.1.0.3096 software.
The Ca®" accumulation process occurred in a medium
with the following composition (mM): 20 Hepes (pH 7.4,
37°C), 250 sucrose, 2 K'-phosphate buffer (pH 7.4,
37°C), 3 MgCl,, 3 ATP, and 5 sodium succinate. The
Ca” concentration was maintained at 80 uM. For the
study of ApH-dependent transport of Ca® from mito-
chondria, energy-dependent Ca*" accumulation was per-
formed for 5 min. Subsequently, a 100 pl aliquot of the
suspension was diluted in a medium for Ca®" release
(2 ml) with the following composition (mM): 20 Hepes
(pH 6.5, 37°C), 250 sucrose, 2 K'-phosphate buffer (pH
6.5,37°C), 5 sodium succinate, and 0.005 cyclosporin A.

Study of NO biosynthesis by isolated mitochondria
using DAF-FM-DA and spectrofluorometry

The study of nitric oxide synthesis by mitochondria
was carried out using the DAF-FM-DA probe (A,
= 488 nm, A, = 525 nm) on a Quanta Master 40 PTI
spectrofluorimeter. The loading of the probe at a con-
centration of 5 UM was carried out in a medium com-
prising 10 mM Hepes (pH 7.4, 25°C), 250 mM sucrose,
0.1% bovine serum albumin, and 0.02% Pluronic F-127
for 30 min at 25°C. The incubation medium’s composi-
tion (mM) included 20 Hepes (pH 7.4, 37°C), 2 K-phos-
phate buffer (pH 7.4, 37°C), 125 KCl, 25 NaCl, 5 pyru-
vate, 5 succinate, 0.01 NADPH, 0.01 tetrahydrobio-
pterin, 0.05 L-arginine, 0.1 Ca*", with the mitochondrial
fraction containing 15-20 pg of protein. The maximum
incubation time was set at 30 min.

To determine the apparent inhibition constant (X)),
calculations were calculated in Hill coordinates (Keleti,
1986): {- 1g[(F . - F)/F]; - 1g[C-1193]}, where F__ re-
presents the fluorescence (DAF-FM, relative units) in
the absence of thiacalix[4]arene, and F'is the fluores-
cence at the respective thiacalix[4]arene concentrations.
Curves with a correlation coefficient £2 > 0.9 were
taken into account.

Detection of NADH and FAD fluorescence
Iin mitochondria using spectrofluorometry

The alterations in the relative fluorescence values of
adenine nucleotides NADH (A, = 350 nm, A; = 450 nm)
and FAD (A, = 450 nm, A; = 533 nm) within isolated
myometrial mitochondria were recorded using a Quanta
Master 40 PTI spectrofluorimeter. The study was car-
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ried out in a medium characterized by the following com-
position (mM): 20 Hepes (pH 7.4, 37°C), 2 K'-phos-
phate buffer (pH 7.4, 37°C), 125 KCl, 25 NaCl, 5 pyru-
vate, and 5 succinate. The protein content in the mito-
chondrial fraction was maintained at 100 pg.

Detection of formation of reactive oxygen species
in mitochondria using flow cytometry

The ROS formation (changes in DCF fluorescence) in
isolated mitochondria was conducted using the flow
cytometry method on a COULTER EPICS XL™ flow
cytometer (Beckman Coulter, USA), A_, = 488 nm, A, =
515 nm (F11 channel). The mitochondria were loaded
with the fluorescent probe DCF-DA at a concentration of
25 pM. The loading process occurred in a medium com-
prising 10 mM Hepes (pH 7.4, 37°C), 250 mM sucrose,
0.1% bovine serum albumin, and 0.02% Pluronic F-127
for 30 min at 25°C. The incubation medium (2 ml) had
the following composition (mM): 20 Hepes (pH 7.4,
25°C), 2 K'-phosphate buffer (pH 7.4, 25°C), 125 KCl,
25 NaCl, 5 pyruvate, and 5 succinate. The reaction was
initiated by adding a 20 pl aliquot of 5 mM pyruvate +
5 mM succinate. The protein content in the mitochond-
rial fraction used was in the range of 20-25 ng.

Estimation of mitochondrial hydrodynamic diameter

The distribution function of the hydrodynamic dia-
meter (characteristic size) of mitochondria was deter-
mined through photon correlation spectroscopy (Mer-
kus, 2009). The ZetaSizer-3 device (Malvern Instru-
ments, Great Britain) with the Multi8 computing cor-
relator type 7032 ce, which is equipped with a he-
lium-neon LGH-111 laser with a wavelength of 633 nm
and a power of 25 mW was used. Laser radiation scat-
tered from the mitochondrial suspension was registered
for 10 min at a temperature of 24°C and a scattering
angle of 90°, with data collected every 1 min. The auto-
correlation function was processed using the standard
computer program PCS-Sizemode v 1.61. The incubation
medium (1 ml) used for this analysis had the following
composition (mM): 20 Hepes (pH 7.4, 25°C), 2 K*-
phosphate buffer (pH 7.4, 25°C), 125 KCl, 25 NaCl,
5 pyruvate, and 5 succinate. The protein content in the
mitochondrial fraction was 50 pg.

The solutions were prepared in bidistilled water with
a specific electrical conductivity not exceeding
2.0 pem/cmc, and the electrical conductivity was mea-
sured using a conductometer OK-102/1 (Hungary).

Statistical methods

The data is expressed as means = SE based on the
numbers of determinations (2 = 4-7). Statistical com-
parisons between datasets from fluorometric experi-
ments were analyzed using unpaired Student’s #-tests
conducted in Microsoft Excel.

Simulation modeling

For modeling purposes, we opted for the Cell Illustra-
tor v.3 software environment (Human Genome Center,
University of Tokyo, Japan). This platform utilizes hybrid
functional Petri nets as its fundamental apparatus.
A Petri net is a directed bipartite graph encompassing
two types of vertices (Table 1): places and transitions,
interconnected by arrows (arcs) that reflect the net-
work’s structure. Typically, positions characterize ob-
jects, elements, and resources within the modeled sy-
stem, while transitions represent processes occurring in
the system and the logical conditions for their imple-
mentation.

Synthesis of thiacalix{4]aren-bis-hydroxymethylphos-
phonic asids C-1193

The reactions were carried out in anhydrous sol-
vents. Tris(trimethylsilyl)phosphite and diformyldibuto-
xythiacalixarene were synthesized following literature
methods (Yanga et al., 2004; Yang et al., 2012; Cherenok
etal., 2012). Specifically, a solution of diformyldibutoxy-
thiacalixarene (1 mmol) in dry methylene chloride
(20 ml) was prepared, and tris(trimethylsilyl)phosphite
(5 mmol) was added at room temperature. The resulting
mixture was stirred for 15 h. Residual methylene chlo-
ride and silyl phosphite were removed under reduced
pressure, and the remaining product was subjected to
a vacuum of 0.1 mm Hg at 50°C for 2 h. Subsequently,
wet methanol (30 ml) was introduced to the obtained
silyl derivative of thiacalixarene, and the reaction mix-
ture was stirred for 2 h at 40°C. The solvent was eva-
porated under reduced pressure, and the residue was
further subjected to a vacuum of 0.1 mm Hg at 50°C for
2 h. C-1193 acid was dissolved in methanol (10 ml) and
diluted with water (10 ml). The resulting precipitate was
filtered, dried under a vacuum of 0.1 mm Hg at room
temperature for 5 h.

Characteristics of the obtained compound C-1193

The nuclear magnetic resonance (NMR) spectra were
registered on a Varian VXR-400 spectrometer operating
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Table 1. The main structural elements of the hybrid functional Petri net (explanation in the text)

Type Places Transitions Label Arcs
. threshold
Discrete Qin teger delay Normal e
Discrete place Discrete transition Normal arc
. threshold
Test =
Continuous ©real number rate >
Continuous place Continuous transition Test arc
Generic @ .| Inhibitory %
any types any operation
Generic place Generic transition Inhibitory arc

a 399.987 MHz (‘H), 150.8 MHz (*°C), using TMS as
reference. The *'P NMR spectra were recorded on
a Varian VXR-400 spectrometer operating a 162 MHz
using 85% H,PO, as a reference. Melting points were
measured on a Boétius heating block and were uncor-
rected.

Colorless crystals 26,28-Dihydroxy-25,27-dibutoxy-
thiacalix[4]arene-5,17-bis(Q-hydroxymethylphosphonic
acid): yield 92%., m.p. 221-224°C. '"H NMR (DMSO),
o: 1.03 (t, 6H, J 7.5 Hz, CH,CH,), 1.58 (m, 4H,
CH,CH,CH,) 1.88 (m, 4H, CH,CH,CH,), 4.4 (t, 4H, J
6.2 Hz, OCH,), 4.68 (d, 2H, /12.5 Hz, PCH ), 6.66 (t,
2H, /8.0 Hz, p-ArH ), 6.94, 7.00 (two d, 4H, /8.0 Hz, M-
ArH), 7.68 (s, 2H, OH), 7.70, 7.75 (two s, 2H+2H, m-
ArH).*'P NMR (DMSO), § 18.1. *C NMR (DMSO), &
14.24, 19.07, 32.06, 69.6 (1, J.. = 159 Hz), 75.56,
121.27,121.52,125.91,129.34,132.28,135.81, 136.16,
156.63, 158.39; Mass (FAB) m/z; 840 [M + H]". Calcd.
for C,,H,,0,,P,S, 839.16.

The energy minimized conformation of C-1193 was
obtained by molecular mechanics PM3 method (software
package Hyper Chem, version 8) (http://www.hyper.
com/Download/Alldownloads/tabid/470/ Default.aspx).
RMS gradient was 0.01 kcal/mol.

Thiacalix[4]arene C-1193 was used as a solution in
dimethylsulfoxide (DMSO). The aliquots were added di-
rectly to the incubation medium (the final concentration
of DMSO was less than 0.05%).

Results and discussion

The amphiphilic cone-shaped C-1193, characterized
by two hydrophilic o-hydroxymethylphosphonic groups
at the macrocyclic upper rim and two lipophilic butyl
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Fig. 1. Thiacalix[4]arene C-1193: molecular structure (A) and
energy minimized cone conformation (B)

groups at the lower rim (Fig. 1), exhibited the ability to
traverse the plasma membrane, exerting an impact on
intracellular compartments, notably mitochondria. How-
ever, due to the distinctive composition of protein and
lipid components in the inner mitochondrial membrane
- particularly the notably high protein content of res-
piratory chain complexes - the diffusion of compound
C-1193 into the matrix was restricted. We posit that its
potential effects on the electron transport chain pri-
marily arise from interactions with the outer part of the
inner membrane.

The systems responsible for maintaining Ca® homeo-
stasis in organelles are located in the inner mitochond-
rial membrane, specifically structures facilitating energy-
dependent Ca” accumulation into the matrix through an
electrophoretic mechanism. The presence of thiacalix[4]-
arene C-1193 led to a time-dependent and concentration-
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Fig. 2. Effect of thiacalix[4]arene C-1193 on Ca” accumulation (A) in mitochondria;* P< 0.05, ** P< 0.01 vs control, n= 4-6

(the data is presented as mean * SE); (B) an example of the dynamics of Fluo-4 fluorescence changes in the control and under

the action of 10 uM C-1193, which were used to calculate analytical dependencies in the model (the data of a typical experiment
with polynomial curves and corresponding equations are presented)
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Fig. 3. Effect of thiacalix[4]arene C-1193 on NADH oxidation (A) in isolated mitochondria; * P=0.05, ** P< (.05 vs control, n=5

(the data is presented as mean + SE); (B) an example of the dynamics of NADH fluorescence changes in the control and under

the action of 10 uM C-1193, which were used to calculate analytical dependencies in the model (the data of a typical experiment
with polynomial curves and corresponding equations are presented)

dependent (0.01-10 uM) inhibition of Ca’ accumulation  calix[4]arene exhibited no discernible effect on the
by mitochondria (Fig. 2). H'/Ca® exchanger, another transport system also locali-
This effect was observed in both scenarios: the ac- zed in the inner mitochondrial membrane of uterine
cumulation of Ca*" by mitochondria, whose function de- myocytes (Danylovych et al., 2022) (graphical data not
pended solely on the presence of oxidation substrates  shown).
and under conditions of additional energization through The ability of mitochondria to accumulate Ca” was
the introduction of exogenous Mg-ATP? . In the latter  pivotal for the overall cellular function, given that their
case, the reverse function of ATP synthetase, contri- ATP production was contingent upon the concentration
buting to the creation of a proton gradient on the inner  of this cation in the matrix. Simultaneously, Ca” over-
membrane, provided an additional driving force for the loading of mitochondria served as a trigger for the ope-
energy-dependent accumulation of Ca ions. The effect of  ning of the permeability transition pore and the develop-
C-1193 on the energy-dependent accumulation of Ca® by  ment of apoptosis (Bock and Tait, 2020). A reduction in
mitochondria was specific. In parallel studies, this thia- the intensity of Ca” influx into mitochondria was accom-



Thiacalix/4]arene C-1193 modulate on the mitochondria activity 75

panied by a decrease in the concentration of the cation
in the matrix, which could impact the intensity of Ca”"-de-
pendent processes. Notably, the functioning of the elec-
tron transport chain in the inner mitochondrial mem-
brane, involving Ca”-dependent enzymes such as the
pyruvate dehydrogenase complex, o-ketoglutarate de-
hydrogenase, and isocitrate dehydrogenase, should be
emphasized (Gellerich et al., 2010). Furthermore, the
synthesis of reactive nitrogen and oxygen species, parti-
cularly NO, is stimulated by Ca ions (Giulivi et al., 2006;
Traaseth et al., 2004; Matuz-Mares et al., 2022). How-
ever, excessive elevation of Ca®* concentration in mito-
chondria is dangerous and can lead to mitochondrial dys-
function (Anderson et al., 2019). In this context, the
inhibition of the energy-dependent transport of Ca” to
mitochondria by C-1193 could be construed as a poten-
tial protective effect.

Alterations in the redox state of adenine nucleotides
NADH/FADH, serve as indicators of the functionality of
the mitochondrial electron transport chain (Kosterin
et al., 2005; Heikal, 2010). To energize the mitochon-
dria, pyruvate and succinate (5 mM each) were introdu-
ced into the incubation medium. Over time, the fluo-
rescence signal in mitochondria from NADH decreased,
while that from FAD increased, indicative of the dynamic
activity of the electron transport chain. Thiacalix[4]are-
ne C-1193 exhibited a concentration-dependent inhibi-
tion (0.01-10 uM) of NADH oxidation in isolated mito-
chondria (Fig. 3) and had an inhibitory effect on FADH,
oxidation (Fig. 4). Under the experimental conditions
(nominal absence of Ca®* in the medium during the re-
cording of the fluorescent signal from NADH/FAD),
these effects may be attributed to a direct effect on the
electron transport chain. Likely, the inhibition of the
functional activity of complex I in the presence of C-1193
underlies this effect. However, it is also plausible that
the observed impact of C-1193 may also be associated
with the inhibition of exogenous Ca’* entry into mito-
chondria 7n vivo. The lack of a pronounced concentration
dependence of the C-1193 effect on the fluorescence
signal from FAD may suggest the complex nature of its
impact on the electron transport chain.

The effectiveness of Ca®* transport systems in mito-
chondria is contingent upon the respiratory chain’s acti-
vity and changes in the modulus of the electrical poten-
tial of the inner mitochondrial membrane. The potential
suppression of the functional activity of respiratory chain

0.16
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*
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”*
0.02 “
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0.01 0.1 1 10
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Fluorescence FAD relative units

C-1193 [uM]

Fig. 4. The effect of the studied thiacalix[4]arene on the oxi-
dation of FADH, in mitochondria; * < 0.05 vs control, 7= 5
(the data is presented as mean * SE)

complexes, resulting in a decrease in the electric po-
tential on the inner mitochondrial membrane and the
intensity of oxidative phosphorylation under the influ-
ence of C-1193, could impact both the bioenergetics of
mitochondria and the functioning of Ca®" transport sy-
stems in their inner membrane. This could elucidate the
reduction in Ca®" accumulation by mitochondria in res-
ponse to C-1193 in our experiments (Fig. 2). However,
it is also quite likely that the studied compound exerts
a direct effect on the structures of the Ca*"-uniporter.

Alterations in the functioning of the electron trans-
port chain can manifest in changes in organelle volume
(Kaasik et al., 2007). For example, hyperpolarization of
the inner membrane leads to a reduction in volume.
Photon correlation spectroscopy, an effective method for
studying changes in the size of near-spherical particles
in solutions (Mercus, 2009), was used in this study. At
concentrations of 1 and 10 uM, thiacalix[4]arene C-1193
did not induce any changes in the characteristic dimen-
sions (hydrodynamic diameter) of mitochondria, indi-
cating that it did not cause mitochondrial swelling
(Fig. 5). It is noteworthy that, according to photon cor-
relation spectroscopy data, C-1193 at the concentrations
used in these experiments did not result in noticeable
micelle formation.

Mitochondrial swelling is often a consequence of the
disturbance of the osmotic balance between the matrix
and the surrounding environment, frequently induced by
the opening of the permeability transition pore (Brocard
etal., 2003; Kaasik et al., 2007; Nowikovski et al., 2009).
This can lead to ruptures in the outer mitochondrial
membrane and an increased release of proapoptotic fac-
tors into the cytosol. Therefore, significant mitochon-
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Fig. 5. Changes in the hydrodynamic diameter of isolated mito-
chondria under the action of thiacalix[4]arene C-1193, n=4
(the data is presented as mean * SE)

drial swelling is indicative of disturbances in their func-
tioning. Our results confirm that thiacalix[4]arene
C-1193, at the concentrations used, did not induce mito-
chondrial dysfunction based on morphological features.
Previously, we established that the synthesis of nitric
oxide by myometrial mitochondria is a Ca**-dependent
process (Danylovych et al., 2019). The investigated thia-
calix[4]arene effectively inhibited the synthesis of nitric
oxide by mitochondria in a concentration-dependent
manner (0.001-100 puM) (Fig. 6). The inhibition con-
stant calculated in Hill’s coordinates was 5.5+1.7 nM
(n = 7), making the studied compound a high-affinity
blocker of endogenous NO generation. The effect of
C-1193 on NO synthesis can be explained both by the
inhibition of Ca”" entry into the matrix under the in-
fluence of the investigated thiacalix[4]arene and by
a direct effect on mitochondrial NO-synthase, which is
associated with the inner membrane of mitochondria.
It is currently established that NO regulates the func-
tional activity of mitochondria, particularly endogenously
synthesized NO. Nitric oxide affects the functioning of
the electron transport chain, reversibly inhibiting cyto-
chrome c oxidase, and controlling the pH value in the
matrix (Valdez et al., 2006; Giulivi, 2007; Shiva, 2010).
Nitric oxide at low nanomolar concentrations limits the
intensity of respiration and oxidative phosphorylation,
considered an adaptive physiological response (Giulivi et
al., 2006; Brown and Borutaite, 2007; Tengan et al.,
2012). NO regulates Ca*" homeostasis in mitochondria
and, accordingly, Ca*"-dependent processes (Traaseth
et al., 2004; Giulivi et al., 2006; Giulivi, 2007). ATP syn-
thesis by mitochondria is cGMP-dependent and regula-

ted by nitric oxide (Moon et al., 2017). Nitric oxide also
stimulates mitochondria biogenesis (Tengan et al., 2012;
Piantadosi and Suliman, 2012). On the other hand, ex-
cessive NO production along with increased formation of
superoxide anion in mitochondria leads to significant
peroxynitrite generation. Peroxynitrite causes damage
to components of the electron transport chain, irrever-
sible depolarization of organelles, and the development
of mitochondrial dysfunction. The reaction of NO with
0, is a crucial factor in reducing the bioavailability and
physiological activity of nitric oxide in mitochondria.
Peroxynitrite induces oxidative damage to mitochondrial
proteins, including irreversible inactivation of Mn*-con-
taining superoxide dismutase and matrix aconitase (Tor-
tora et al., 2007; Demicheli et al., 2016). Nitrosative
stress compromises the structural and functional pro-
perties of lipids and DNA (unrepaired ruptures and
other damages), leading to apoptosis or even necrosis
(Salem et al., 2009; Brown, 2010; Santos et al., 2011;
Litvinova et al., 2015). Therefore, the effective suppres-
sion of NO synthesis by the studied thiacalix[4]arene is
a prerequisite for its potential use in preventing the de-
velopment of nitrosative/oxidative stress in mitochon-
dria and the corresponding mitochondrial dysfunction.

Mitochondria are considered a source of ROS, which
plays signaling and regulatory functions at low concentra-
tions (Dunn et al., 2015; Matuz-Mares et al., 2022). The
efficiency of the electron transport chain reflects the
level of ROS formation within mitochondria (Chen and
Zweier, 2014). Simultaneously, heightened ROS genera-
tion in the respiratory chain results in oxidative stress,
leading to mitochondrial dysfunction. The fluorescent
probe DCF serves as an effective indicator of ROS for-
mation intensity. The investigation revealed that the
studied thiacalix[4]arene, contingent upon concentration
(0.01-100 pM), inhibited ROS formation in mitochon-
dria (decreased DCF fluorescence) (Fig. 7). DCF detects
the production of superoxide anion, hydrogen peroxide,
hydroxyl radicals, and peroxynitrite, formed from the
reaction of NO and O, , particularly under nitrosative/oxi-
dative stress conditions. The findings indicate that the
utilized calix[4]arene does not elicit similar effects.

A reduction in the electron transport chain’s activity,
along with the inhibition of Ca®" accumulation in mito-
chondria and Ca”*-dependent nitric oxide synthesis, cor-
relates with the suppression of ROS generation. This sug-
gests a potential protective effect of compound C-1193
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on mitochondria (Chen and Zweier, 2014; Dunn et al., using Petri nets, based on the aforementioned experi-
2015; Bock and Tait, 2020). mental data.

A simulation model depicting the impact of C-1193 on The model outlined below incorporates a significant
mitochondrial functioning parameters was developed simplification of the actual scenario, recognizing the in-
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herent idealization of highly intricate biological proces-
ses. The model considers components of the incubation
medium and the following experimental observations:
1) succinate and pyruvate are introduced into the me-
dium to energize mitochondria; the electron transport
chain’s operation induces an electric potential on the
inner mitochondrial membrane, serving as the driving
force for the electrophoretic accumulation of Ca*" by
mitochondria; 2) inhibition of electron transport chain
activity, particularly complex I, results in reduced endo-
genous NADH fluorescence, increased production of
reactive oxygen species in mitochondria, and a decline
in DCF fluorescence; 3) inhibition of Ca>* accumulation
by mitochondria is reflected in diminished Fluo-4 fluo-
rescence; 4) reduction in Ca®" concentration in the ma-
trix hampers Ca*-dependent synthesis of nitric oxide,
leading to decreased DAF-FM fluorescence; 5) mito-
chondrial hydrodynamic diameter growth predominantly
occurs due to the permeability transition pore opening,
disruption of osmotic balance, water molecule transport
into the matrix, and organelle swelling (Fig. 8).

During the modeling process, mathematical equa-
tions were derived to formalize the experimental data.
Analytical expressions were obtained to describe the dy-
namics of experimental changes in the relative fluores-
cence of NADH, DCF*, DAF-FM-T, and Fluo-4. Addi-
tionally, calculated values for the electric potential were
determined under both control conditions and in the
presence of C-1193 at a concentration of 10 uM. The
results of measurements depicting changes in the stu-
died parameters over time are illustrated in the cor-
responding figures. Polynomial approximations ranging
from first to fourth degree were applied to fit the experi-
mental curves. All equations remain valid within the ap-
proximation interval from 0 to 15 min and were compu-
ted based on averaged values obtained from four experi-
ments. For ease of computation, the relative units of
fluorescence are multiplied by a coefficient (x 1000).

The dynamics of NADH fluorescence changes in the
control (Fig. 3B):

-0.38 £2+7.44 " - 49.20 ¢

Time dependence of NADH fluorescence reduction
in the presence of C-1193:

-0.16 £>+3.81 £ - 30.80 ¢

Accordingly, the activation speed of the transition (I)
in the Petri net (Fig. 8) is:

-1.14 £ + 14.88 ¢- 49.20 (in the control)
and -0.48 £* + 7.62 ¢- 30.80 (in the presence of C-1193).

The oxidation of adenine nucleotides and the func-
tioning of the electron transport chain are prerequisites
for generating an electric potential on the inner mito-
chondrial membrane. Calculated values for changes in
electric potential (EP, mV) were derived from analytical
dependencies describing the dynamics of NADH fluo-
rescence changes. The corresponding equations are for-
mulated as follows:

~0.38 2+ 7.44 £* - 49.20 ¢- 40.00 (in the control)

and -0.16 £ + 3.81 ¢* - 30.80 £- 40.00
(in the presence of C-1193).

The equations that reflect the dynamics of changes
in DCF*fluorescence (Fig. 7B) have the following form:
13.9 £+ 1000 (in the control)
and 1.3 £+ 1000 (in the presence of C-1193).

Time dependences of Fluo-4 fluorescence changes
according to the results of the experiment (Fig. 2B) are
described by the equations:

-0.20 £* +4.06 £ - 28.68 >+ 106.15 £+ 1.57
(in the control)

and -0.14 ¢ + 2.80 £* - 19.58 £* + 61.15 ¢+ 3.26
(in the presence of C-1193).

Changes in DAF-FM-T-fluorescence according to
experimental data up to 15 min of incubation in the
mode of the initial rate of NO synthesis (Fig. 6C) satisfy
the equation:

17.39 £+16.91(in the control)
and 13.12 £- 8.23 (in the presence of C-1193).

To determine the efficiency and regularities of NO
synthesis, linearized dependencies of Fluo-4 fluores-
cence changes were examined using a two-component
approximation within the time intervals from 0 to
2.5 min and from 2.5 to 15 min (Fig. 2B). In the case of
the control condition, the following equations apply:

27.68 - 11.41 (in the interval from 0 to 2.5 min),
20.44 £+ 116.03 (in the interval from 2.5 to 15 min).

In the presence of C-1193:

12.86 ¢+ 1.01 (in the interval from 0 to 2.5 min),
4.17 t+ 66.43 (in the interval from 2.5 to 15 min).
Analysis of the obtained regularities allows us to put
forward two hypotheses.

1. The initial velocity of NO synthesis in the control
(V%) is determined by both the initial velocity of Ca™
accumulation in the matrix (V;*) and the initial
velocity of mitochondria energization, i.e. the rate of
the electric potential growth upon addition of oxi-
dation substrates (Vi"): Vo0 = Vo* + Vi .
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2. In the presence of 10 pM thiacalix[4]arene C-1193,
the rate of NO synthesis is determined mainly by the
initial velocity of Ca*" accumulation in the matrix.
The regulatory influence of mitochondrial energiza-
tion becomes less significant: V)° = V*.

The given model provides an adequate experimental
data description of changes in the fluorescence of Fluo-4,
DAF-FM, DCF, and NADH in mitochondria, which allows
to significantly optimize the time of experimental pro-
cedures, reagents, and laboratory animals. In addition,
it allows analyzing the dynamics of processes and com-
paring the consequences of modeling (theoretical pre-
dictions) with actual observations.

Conclusion

The sulfur-containing thiacalix[4]arene C-1193 indu-
ces alterations in Ca®* transport activity, effectively sup-
presses NO synthesis, and exerts a notable modulatory
influence on the electron transport chain of myometrial
mitochondria. The inhibition of reactive oxygen species
formation in mitochondria by the used thiacalix[4]arene
and the absence of mitochondrial swelling indicates that
the investigated processes do not lead to the develop-
ment of mitochondrial dysfunction. These results are the
basis of the possible application of the selected thia-
calix[4]arene as a valuable tool in the research of bio-
chemical processes associated with mitochondria.
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The proposed mathematical model, employing the
methodology of Petri nets, serves to formalize and gene-
ralize experimental data, enabling a prognostic function
and facilitating the exploration of correspondence be-
tween theoretical predictions and actual results. The
equations effectively capture the time characteristics of
changes in the fluorescence of Fluo-4, DAF-FM, DCF,
and NADH, providing accurate predictions of the inten-
sity under varying conditions, such as changes in the
incubation medium.
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