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Background. According to existing knowledge, thiacalix[4]arene C-1087 is highly
capable of inhibiting Ca?*-pump (Ca?*, Mg**-ATPase) of the plasma membrane; at the
same time it inhibits the functioning of Ca?*-pump of the sarcoplasmic reticulum of uterine
smooth muscles to some degree. The aim of this research was to study the effects of
C-1087 on the concentration of Ca?" ions and contractile activity of the rat myometrium
cells using an inhibitor of Ca?*-pump of the sarcoplasmic reticulum — thapsigargin.

Materials and Methods. The experiments were conducted using outbred white non-
pregnant rats. The contractile activity in the preparations of longitudinal SM of uterine
horns with preserved endothelium was registered in the isometric mode. To determine
the changes in [Ca?], level, myocytes were treated with probes Hoechst 33342 (to test
the nucleus of the cell) and fluo-4 AM (to test the change in Ca?*-concentration in the cell).

Results. The tenzometric studies with the subsequent mechanokinetic analysis
demonstrated that under the action of thapsigargin (0.5 uM), thiacalix[4]arene C-1087
(10 pM) caused considerable changes in the kinetics of the spontaneous contractile
activity processes in the myometrium of rats, including the decrease in the maximal
contraction velocity and the increase in the maximal relaxation velocity. By means of
confocal microscopy with Ca?*-sensitive fluorescent probe fluo-4, it was demonstrated
that the application of thiacalix[4]arene C-1087 to immobilized myocytes of the uterus
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against the background of thapsigargin caused a transient spike of Ca?*-signal with the
subsequent turn of the intracellular concentration of Ca ions to the stable increased
level. The effects of C-1087 under the action of thapsigargin regarding the relaxation
phase in the spontaneous myometrium contractions were removed after the preliminary
blocking of nitric oxide synthases L-NAME (100 uM). Under the action of L-NAME,
thiacalix[4]arene C-1087 (10 uM) caused complete inhibition of the relaxation process
in the contraction of myometrium preparations, induced by high-potassium solution
(80 mM).

Conclusions. The primary reason for changes in the contractile activity and Ca?*-
signal in uterine myocytes under the effect of thiacalix[4]arene C-1087 is its ability to
inhibit Ca?-pump of the plasma membrane; further C-1087-induced changes in the
smooth muscle tissues may be caused by the increased level of Ca?* concentration in
myocytes. The obtained results demonstrate thiacalix[4]arene C-1087 is a promising
compound for the elaboration of pharmacological preparations for modulating the
contractile activity in smooth muscles, including myometrium.

Keywords: Ca?,Mg?-ATPase of the plasma membrane, thiacalix[4]arene C-1087,
spontaneous contractions, Ca?*-signal

INTRODUCTION

Myometrium belongs to phasic smooth muscles (SM) and is capable of generating
spontaneous potentials of action which induce the contraction process. Contrary to SM
of the gastrointestinal tract, where the source of spontaneous activity is the interstitial
pace-maker cells of Cajal (ICC), the spontaneous depolarization of the myometrium
tissue occurs in the very smooth muscle cells (SMC), but the frequency of spontaneous
depolarization waves is modulated by their own ICC-like cells (Hutchings et al., 2009;
Bru-Mercier et al., 2012). The contractile activity of this tissue is regulated with hormones
(mostly oxytocin), as well as neuromediators and paracrine mediators (including ATP,
acetylcholine, prostaglandin F,,) (Darios et al., 2012; Tommaso et al., 2017).

The level of myometrium excitability is determined by ion transport (Ca?", Na*, K*,
CI) via the plasma membrane (PM) of SMC and the membranes of other organelles —
sarcoplasmic reticulum (SR) and mitochondria (MCh). The main source of Ca?" ions
in the spontaneous processes of excitation is the penetration of these cations via
L-type potential-governed Ca?*-channels of PM (Matthew et al., 2004; Noble et al.,
2009; Wray & Arrowsmith, 2021). The release of Ca?* via inositol-1,4,5-triphosphate-
governed channels from SR plays a modulatory role and is critical in case of activating
the contractions by agonists (Noble et al., 2009; Noble et al., 2014).

The key significance in maintaining the myometrium excitability is attributed to the
systems of active Ca?* ion transportation in SMC — Ca?*-pumps of PM and sarco(endo)
plasmic reticulum (PMCA and SERCA, respectively) (Floyd & Wray, 2007; Kosterin et al.,
2016; O’Day & Huber, 2022; Krebs, 2023). PMCA plays the role of the main system, aimed
at maintaining the basal concentration of Ca?"; it facilitates the pumping-out of about 70 %
of these cations from the cytoplasm of SMC after excitation (Darios et al., 2012; Wray &
Arrowsmith, 2021). Isoforms PMCA 1b, 4a, and 4b are expressed in the myometrium of
rats; C-terminal fragment of PMCA molecule, form b of all PMCA isoforms, corresponds
to the consensus aminoacid sequence of PDZ-domain. PDZ-domain ensures the
interaction between PMCA and intracellular proteins (including guanylate cyclase
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MAGUK, constitutive isoforms of nitric oxide synthases nNOS and eNOS) (Hutchings
et al., 2009; Corradi et al., 2021). It should be noted that PMCA is concentrated in
caveolas (for instance, at a minimal distance from SR), and the stechiometry of this
enzyme location in extra- and intracaveolar parts of PM is 1:25 (Floyd & Wray, 2007;
Krebs, 2022). At present, there is no doubt that caveolar molecules of PMCA take part
in the formation of specific signalosome complexes, and Ca?-dependent enzymes
located here (including NOS) are in the inhibited state during the functioning of pump
(Hutchings et al., 2009; Kosterin et al., 2016; Heo et al., 2023).

Three SERCA isoforms are expressed in the uterine tissue: 2a, 2b, and 3; the
first two dominate in SMC, while SERCAS3 is mainly endothelial (Floyd & Wray, 2007;
Wan Omar et al., 2019). Blocking of SERCA using its selective inhibitor — cyclopiazonic
acid — induces the increase in the intracellular concentration of Ca?* in SMC of the
myometrium along with the changes of phase contraction parameters: the increase in
their amplitude and duration (Floyd & Wray, 2007).

Although PMCA and SERCA molecules have structural and functional similarities,
they are inhibited by different compounds. For instance, selective inhibitors of SERCA,
thapsigargin and cyclopiazonic acid, are convenient instruments in determining its role
(and the role of SR) in Ca?*-transporting and Ca?*-regulated processes (Michelangeli
& East, 2011; Jaskulska et al., 2020; Christensen et al., 2021). At present, if reliable
selective inactivation of PMCA is required, the knockout of genes encoding this pump
is applied; and the promising substances for the pharmacological inhibition of PMCA
are peptides, caloxines, and macrocyclic compounds, calix[4]arenes (Szewczyk et al.,
2008; Tsymbalyuk & Kosterin, 2013; Veklich et al., 2014; Veklich, 2016; Kosterin et al.,
2019; Tsymbalyuk, 2021; Boutin et al., 2022). As for calix[4]arene C-90 and its structural
analogs, our previous studies provided evidence of their ability to inhibit Ca?*, Mg?*-
ATPase activity of myometrium PM preparations much less affecting the enzymatic
activity of SERCA (for instance, the values of inhibition coefficient /;, of calix[4]arene
C-90 regarding PMCA and SERCA are 20.2+0.5 uM and 57.0+1.4 uM, respectively)
(Veklich et al., 2014; Veklich, 2016; Kosterin et al., 2019). The ability to modulate the
contractile activity of uterine SM in rats was also determined for calix[4]arene C-90
(Tsymbalyuk & Kosterin, 2013; Tsymbalyuk, 2021).

However, the most affine and selective calix[4]arene regarding Ca?*, Mg?*-ATPase
of PM is thiacalix[4]arene C-1087. The studies conducted using the suspension models
of myometrium membranes and single SMC demonstrate that the values of /, ; regarding
the inhibitory effect of thiacalix[4]arene C-1087 on PMCA and SERCA are 20.2+0.5 and
>100 uM, respectively (Veklich et al., 2023).

The aim of this study was to investigate thapsigargin-resistant thiacalix[4]arene
C-1087-sensitive component of the contractile activity in the myometrium as well as the
dynamics of the intracellular concentration of Ca?* ions in uterine myocytes of rats under
the condition of “switching off” the calcium pump of SERCA.

MATERIALS AND METHODS

The experiments were conducted using outbred female white rats (the average
weight of animals was 200-250 g). All manipulations with animals were carried out in
accordance with the International Convention on Animal Welfare and the Law of Ukraine
,On Protection of Animals from Cruelty” (Minutes of the meeting of the Commission on
Bioethics of NSC ,Institute of Biology and Medicine” No 3 of May 2, 2019). Killing of
animals was carried out by dislocation of cervical vertebrae under etheric anesthesia.
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The structure of thiacalix[4]arene C-1087. Thiacalix[4]Jarene C-1087
(5,11,17,23-tetra(trifluoro)methyl(phenylsulfonylimino)methylamino-25,27-dihexyloxy-
26,28-dihydroxythiacalix[4]arene) (Fig. 1) was synthesized and characterized using
NMR and infrared spectroscopy methods at the Phosphoranes Chemistry Department
(headed by Prof. V. I. Kalchenko, the full member of the NAS of Ukraine) of the Institute
of Organic Chemistry, the NAS of Ukraine.
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C-1087 Fig. 1. The structural formula of thiacalix[4]arene C-1087

The tenzometric studies of myometrium contractile activity. These studies were
conducted by Prof. O. V. Tsymbalyuk at the Institute of High Technologies of the Taras
Shevchenko National University of Kyiv. The registration of the contractile activity in the
preparations of longitudinal SM of uterine horns with preserved endothelium was done
in the isometric mode. Muscle stripes (the average size — 2x10 mm) were placed into
the chamber (the volume of 2 mL) with the flowing Krebs solution (the flow rate of 5 mL/
min), and thermostated at 37 °C. The preparations were provided with passive tension
at the rate of 10 mN and left for one hour until achieving a stable rate of contractions.
The signals were registered with an analogue-to-digital transformer.

Krebs solution was used in the experiments (mM): 120.4 NaCl; 5.9 KCI; 15.5
NaHCO,; 1.2 NaH,PO,; 1.2 MgCl,; 2.5 CaCl,; 11.5 glucose; (pH 7.4). The high-potassium
solution (HPS) containing K* ions in the concentration of 80 mM was prepared by
isotonic replacement of the required amount of Na* ions in the initial Krebs with the
equimolar amount of K* ions.

Thiacalix[4]arene C-1087 was preliminarily dissolved in DMSO and added to Krebs
solution or HPS in the concentration of 10 uM (the final aliquot of the organic solvent
solution was 0.1 % from the total volume).

Thapsigargin (the stock concentration in DMSO was 1 mM) in the concentration
of 0.5 uM was added to the Krebs solution. The time of preliminary incubation (prior to
starting the registration of spontaneous contractions, which were analyzed using the
method of mechanokinetic analysis) of the preparations in the flowing Krebs solution
with thapsigargin was 20 min.

Anon-selective blocker of NO-synthases, L-NAME, was added to the Krebs solution
in the concentration of 0.1 mM; the time of preliminary incubation (prior to starting the
registration of spontaneous contractions, which were analyzed using the method of
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mechanokinetic analysis, see below) of the preparations in the flowing Krebs solution
with L-NAME was 20 min.

The control contractile activity and the contractions under the action of L-NAME
were studied in the solutions containing 0.1 % DMSO.

The kinetic analysis of the contractile activity. The study of the spontaneous
contractile activity in SM preparations was conducted according to the empirical
multiparameter method of complex mechanokinetic analysis, previously developed
by us (Kosterin et al., 2021). To analyze the complete profile of single spontaneous
contractions, they were linearized in the coordinates, where f and t are the instant
values of force and time at the level of the contraction cycle (C and R — symbols for
the phases of contraction and relaxation, respectively), F. and F, — the values of force
at the inflexion points of the mechanogram at the contraction phase level (from the
beginning of the increase in the force to its maximal value F,_,) and relaxation (from
the maximal value of the force F_,, at the time moment 1, and until its return to the base
level), At — arbitrarily fixed time interval (which varied within 15-50 s). The linearization
charts were used to determine the characteristic constants k and n, which were further
used to calculate the following parameters: time (1,, 1. and 1), force (F,..,, Fc and Fg),
velocity (V. and V) and impulse (/,, /. and ;). Here V, and V; are maximal velocities
of the phases of contraction and relaxation, respectively, /,, I, and I;— force impulses at
the level of amplitude and maximal velocities of contraction and relaxation, respectively.

Registration of the dynamics of intracellular concentration of Ca? ions in
uterine myocytes. These studies were conducted by professor T. O. Veklich, DSc,
and S. O. Karakhim, PhD, using the laser scanning confocal microscope at the Muscle
Biochemistry Department (headed by Prof. S. O. Kosterin) of the O. V. Palladin Institute
of Biochemistry, the NAS of Ukraine. The myocytes were isolated from the uterus of non-
pregnant rats using collagenase and soy inhibitor trypsin by Mollard’s method (Mollard
et al., 1986). The cells were kept in the solution B of the following composition (mM):
NaCl — 136.9; KCI — 5.36; KH,PO,— 0.44; NaHCO, - 0.26; Na,HPO, - 0.26; CaCl, -
0.03; glucose — 5.5; HEPES (pH = 7.4, 37 °C) — 10.

The SMC suspension for confocal-microscopic studies (the suspension volume of
100 yL) was immobilized for 2 h on the specimen slide and treated with poly-L-lysine
(200 pL) at 25 °C. The myocytes, not attached to the slide, were washed off using
solution B, then the immobilized cells were added 100 L of solution B.

Todetermine the changes in[Ca**], myocytes were treated with probes Hoechst 33342
(to test the nucleus of the cell) and fluo-4 AM (to test the change in Ca?* concentration
in the cell). In order to improve the load, the solution also contained 0.2 % pluronic.
After 20 min of waiting, the measurements were conducted in the Multi Track mode
using the laser scanning confocal microscope LSM 510 META (Carl Zeiss, Germany).
For analysis, we selected spindle-shaped cells with a clearly defined nucleus, stained
with DNA-sensitive fluorescent probe Hoechst. Thapsigargin (0.1 pM) was added to the
medium of myocytes incubation 15 min prior to the registration. The measurements were
conducted by consecutive photographing of the cells (time series) for 5 min, 15-20 s
each, during which Ca?* (2 mM) was introduced to the medium for myocytes incubation
to check the PM integrity. Then the aliquot of the solution of thiacalix[4]arene C-1087
(20 uM) was added. The fluorescence was excited using the diode laser, 405 nm, for
Hoechst 33342, registered using the light filter BP, 420—480 nm; the fluorescence of
fluo-4 AM was excited by the argon laser, 488 nm, and registered in the range of 505—
530 nm (light filter BP 505-530).
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Statistical analysis. The statistical analysis of the obtained data was conducted
by the methods of variation statistics. The kinetic and statistical calculations were done
using the programs MS Excel and Origin 2018.

The samples were checked in terms of belonging to normally distributed general
populations according to Shapiro—Wilk’s test. The Student’s {-test was used to determine
the significan differences between the two mean values of samplings. The one-way
ANOVA was used to determine significan differences between the multiple mean values
of samplings; the post-test comparison was made using Scheffe test. In all cases, the
results were considered significan on condition of p <0.05. The validation analysis of data
approximation by the linear function was performed using Fisher’s F-test; determination
coefficients (R?) were at least 0.96 in all cases. The experiment results were presented
as the mean + standard error of mean (M £ SEM), n — number of experiments.

RESULTS AND DISCUSSION

Mechanokinetic effects under the conditions of SERCA activity blocking. To
determine the role of SERCA in the mechanokinetics of contraction-relaxation processes,
we studied the effect of the blocker of this pump, thapsigargin, on the spontaneous
contractile activity of rat myometrium.

The introduction of thapsigargin (0.5 uM) into the solution to wash SM preparations
was accompanied by the transient increase in the basal tension as well as higher
amplitude and frequency of spontaneous contractions (Fig. 2). After 20 min of thapsigargin
action, the amplitude of contractions remained at the increased level (it was 137.814.2 %
regarding the control, p <0.01, n = 7), but their frequency returned to the control level.
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Fig. 2. The change in spontaneous contractile activity in the myometrium of rats under blocking of the sarco-
plasmic reticulum calcium pump with thapsigargin ( 0.5 uM). The moment of thapsigargin introduction
into the Krebs solution, smooth muscles washing, is indicated with an arrow. A typical mechanogram
is presented
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The conducted mechanokinetic analysis demonstrated that thapsigargin changed
single cycles of contraction-relaxation considerably, significan increasing the values of
force, velocity, and impulse parameters (Fig. 3). It should be noted that SERCA blocking
did not slow down the process of muscle preparation relaxation, as it could be expected,
but led to a significan increase in the maximal velocity of the relaxation phase (V;).
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Fig. 3. The mechanokinetic parameters of spontaneous contractions in the rat myometrium in control, under
SERCA activity blocking with thapsigargin (TG, 0.5 uM) and the effect of thiacalix[4]arene C-1087
(10 pM) combined with the action of thapsigargin. The parameters are: A — force (F,.,,, F;c and FR);

B —time (1, 7. and 1, — respectively marked as tau 0, tau C, tau R); C — velocity (V. ancxi Vy); D—im-
pulse (/,, I and I3). Data were presented as M + SEM, n = 7. * p <0.05; ** — p <0.01 — compared with
control; & — p <0.05 — compared with thapsigargin

It is possible to forecast probable mechanisms by which SERCA blocking leads
to the activation of spontaneous myometrium contractions with a complete change in
the kinetics of some contraction-relaxation cycles. SR is an intracellular Ca*-depot
which plays the role of the primary source of increasing the intracellular concentration
of Ca?* ([Ca?']) in the myometrium cells while activating the contractions by agonists-
uterotonic drugs and trapping these cations after the effect of the agonists (Taggart &
Wray, 1998; Shmigol et al., 1999). However, its participation in maintaining spontaneous
contractions in uterine SM may be insignificant, mainly limited to the modulation of SMC
excitability and partial trapping of calcium ions of SERCA during the relaxation phase
with their further vectorial release near PM and thus the activation of Ca?*-dependent
K*-channels (Noble et al., 2009; Gravina et al., 2010). Probably, the presence of
thapsigargin should cause an increase in Ca?*-concentration in the cytosol. According
to the data by F. S. Gravina et al. (2010), the blocking of SERCA with cyclopiazonic acid
causes an increase in [Ca?'], related to the enhanced release of these cations from the
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extracellular space via potential-governed Ca?*-channels of L-type. Since the blocking
of SERCA leads to an increase in [Ca?'], including that in the near-membrane space,
under these conditions, it is possible to predict the activation of Ca?*-activated membrane
proteins (including Ca?*-activated K*-channels and NO-synthases) (Noble et al., 2009;
Gravina et al., 2010; Pehlivanoglu et al., 2013; Heo et al., 2023). This hypothesis has
a physiological basis, because the constitutive, Ca?*-activated isoforms of NO-synthase
are expressed in the myometrium of non-pregnant rats (mostly the endothelial type
and slightly less the neuronal type), while the inducible Ca?-independent isoform in
the non-pregnant state is contained in minimal amounts and dramatically increases
during pregnancy (Chatterjee et al., 1996; Dong et al., 1996). Besides, Ca?"-activated
K*-channels (of large and small conductances) are expressed in the myometrium of rats
(Brown et al., 2007; Rahbek et al., 2014).

Mechanokinetic effects of thiacalix[4]arene C-1087 in combination with
SERCA activity blocking. Many studies demonstrate (Bru-Mercier et al., 2012;
Noble et al., 2014; Tommaso et al., 2017; Krebs, 2023) that the main system of active
pumping-out of Ca?" from the cytoplasm of myometrium cells after the excitation is
PMCA. Our previous studies showed that PMCA blocker — thiacalix[4]arene C-1087
in the concentration of 10 uM caused a decrease in the amplitude of spontaneous
contractions of rat myometrium (down to 78.4+5.2 % regarding the control, p <0.05,
n = 7) under the condition of stable frequency.

Thus, in the following series of experiments, we investigated the effect of this
compound on mechanokinetic parameters of spontaneous myometrium contractions
under the conditions of the previous SERCA blocking (Fig. 3 and 4).

Under the conditions of SERCA blocking with thapsigargin (0.5 uM, the time of the
preliminary incubation — 20 min), thiacalix[4]arene C-1087 did not impact the amplitude
or the frequency of spontaneous contractions (Fig. 4A), but it caused a considerable
change in the kinetic parameters of contraction-relaxation cycles (Fig. 3, 4B). For
instance, as compared to the contraction parameters under the effect of thapsigargin
only, C-1087 caused a considerable increase (regarding the relevant parameters under
the action of thapsigargin): the characteristic time of the relaxation phase (1) — up to
130.7£4.1 % (p <0.01, n = 7); the maximal velocity of the relaxation phase (V) — up
to 135.314.6 % (p <0.01, n = 7); force impulse at the maximal velocity level of the
contraction phase (/) — up to 150.4+4.9 % (p <0.001, n = 7).

Using ANOVA, we were able to establish that the percentage of influence of the
factor (Ca?*-pumps blockers: SERCA thapsigargin and PMCA thiacalix[4]arene C-1087)
on the mechanokinetic parameters of spontaneous contractions of the myometrium is
about 60-65 % (for example, for the amplitude it is 61 %), while the percentage of
influence of other uncontrolled factors in the experiments is about 35—40 %.

Thus, under the conditions of SERCA blockage, further additional blocking of PMCA
with thiacalix[4]arene C-1087 induced considerable changes in the mechanokinetics of
contraction and relaxation phases. A considerable (by one-third) acceleration of the
relaxation process is especially noteworthy. This controversial effect (regarding the
effect of only C-1087 on Vi) may be caused by Ca*-regulated processes, including
a probable increase in the outflow of K* ions via Ca*-sensitive K*-channels (K.,) of
PM which are essential regulators of myometrium relaxation (Brainard et al., 2007;
Tsymbalyuk & Vadzyuk, 2020). Also, under the conditions of higher [Ca*'], level,
especially in the near-membrane areas, there should be a considerable increase in the
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activity of NO-synthases during PMCA blockage (Floyd & Wray, 2007; Pehlivanoglu
et al., 2013; Krebs, 2023); previously, we showed that the increase in NO concentration
accelerated the process of myometrium relaxation (Kosterin et al., 2016).

A 1 —— TG
14 4 — C-1087 + TG

o R

A1

f(mN)

1 Control

12 1 3 2 TG
33— TG+C-1087

f (mN)

T T T T T
0 20 40 60 80
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Fig. 4. The change in the spontaneous contractile activity in the rat myometrium under blocking of sarcoplas-
mic reticulum Ca?-pump with thapsigargin (TG, 0.5 uM) and the effect of thiacalix[4]arene C-1087
(10 pM) under the action of thapsigargin: A — a fragment of mechanograms; B — single spontaneous

contractions
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So our further studies were devoted to finding the effect of thiacalix[4]arene C-1087
and thapsigargin on the mechanokinetic effects regarding the spontaneous myometrium
activity under preliminary blocking of NO-synthase activity.

Mechanokinetic effects of thiacalix[4]arene C-1087 under the conditions of
blocking of SERCA and NO-synthases activity. The preliminary incubation of muscle
preparations with the blocker of NO-synthases, L-NAME (100 uM, the duration of the
preliminary incubation — 20 min), did not change the frequency-amplitude parameters
of the spontaneous contractile activity (Fig. 5). However, taking these data into
consideration, there was a noteworthy slowing-down of the contraction phase which
was manifested by the increase in the values of the relevant mechanokinetic parameters
(Fig. 5): the characteristic time of the contraction phase (1.) — up to 143.4+8.3 %
(p <0.05, n = 7); force impulse at the level of the maximal contraction velocity (/) — up
to0 157.849.9 % (p <0.01,n = 7).

Under the condition of NO-synthases blocking, L-NAME (100 uM, the duration of the
preliminary incubation — 20 min), SERCA blocker — thapsigargin (0.5 uM, the duration of
the preliminary incubation — 20 min) caused a transient increase in the basal tension and
a considerable increase in the amplitude and frequency of contractions (Fig. 5A). There
were also changes in some parameters of the contraction cycles, more considerable
ones being present in the kinetics of the contraction phase (Fig. 6). As compared to
the effect of L-NAME alone, under the effect of thapsigargin combined with the action
of L-NAME, there was a considerable increase (in % regarding the effect of L-NAME,
accepted as 100 %) in the following values: the time of reaching the amplitude (1,) —
up to 155.0+3.9 % (p <0.01, n = 7); the characteristic time of the contraction phase
(1c) — up to 139.6+4.0 % (p <0.05, n = 7); the characteristic time of the relaxation phase
(Tz) — up to 121.3+6.9 % (p <0.05, n = 7); the force, at which the maximal velocity
of the contraction phase is observed (F.) — up to 120.5+4.0 % (p <0.05, n = 7); the
force impulse at the level of the maximal contraction velocity (/) — up to 169.8+15.4 %
(p <0.01, n =7); the force impulse at the level of the maximal relaxation velocity (/3) — up
to 138.61+2.7 % (p <0.05, n = 7); the force impulse at the level of the maximum (/,) — up
to 144.5£1.7 % (p <0.05,n = 7).

Thus, SERCA blocking combined with NO synthesis blocking is accompanied
by considerable changes in the mechanokinetics of the phases of contraction (which
is manifested in the increase in the parameters 1, 1. and /) and relaxation (which
is manifested in the increase in the parameter I;). However, when these results are
compared with the parameters of spontaneous contractions under the effect of
thapsigargin alone, the effects of nitric oxide synthases blocking are mostly related to
the changes in the mechanokinetics of the contraction phase.

In the following series of experiments, we investigated the regularities of the effect
of thiacalix[4]arene C-1087 in combination with blocking of NO-synthases and SERCA
on the spontaneous contractile activity of the rat myometrium.

Thiacalix[4]arene C-1087 (10 pM) combined with SERCA blocking using
thapsigargin (0.5 uM) and NOS non-selective blocker, L-NAME (0.1 mM), did not affect
the amplitude-temporal characteristics of the spontaneous contractile activity of the
myometrium, but caused a considerable modulation of the kinetics of some contractions
both at the level of contraction and relaxation (Fig. 5, 6). The relative values of kinetic
parameters of spontaneous contractions under the effect of C-1087 combined with the
action of L-NAME and thapsigargin (as compared to the relevant parameters under the
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Fig. 5. The change in the spontaneous contractile activity in the rat myometrium under blocking of

sarcoplasmic reticulum Ca?*-pump with thapsigargin (TG, 0.5 uM) under the effect of the blocker of

NO-synthases — L-NAME (100 uM), thiacalix[4]arene C-1087 (10 uM) under the combined action of
thapsigargin and L-NAME: A — a fragment of mechanogram; B — single spontaneous contractions.

Typical mechanograms are presented
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effect of L-NAME or thapsigargin alone): the time of reaching the amplitude (1,) — up to
171.5+12.2 % (p<0.01, n = 7); the characteristic time of the contraction phase (1) — up
t0 219.8 + 18.6 % (p<0.01, n = 7); the characteristic time of the relaxation phase (1) —
up to 165.2 + 9.1 % (p<0.01, n = 7); the maximal velocity of the contraction phase (V) —
upto 75.4 + 5.6 % (p<0.05, n = 7); the maximal velocity of the relaxation phase (V) —up
t0 85.2 + 1.9 % (p<0.05, n = 7); the force impulse at the level of the maximal contraction
velocity (/) — up to 257.1 £ 20.8 % (p<0.001, n = 7); the force impulse at the level of the
maximal relaxation velocity (/3) — up to 160.7 £ 7.8 % (p<0.01, n = 7); the force impulse
at the level of the maximum (/3) — up to 146.9 £ 14.6 % (p<0.05, n = 7).
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Fig. 6. The parameters of spontaneous contractions in the rat myometrium in control and under NOS blocking
with non-selective blocker L-NAME (100 uM), SERCA — with thapsigargin (TG, 0.5uM), and the effect
of thiacalix[4]arene C-1087 (10 uM) combined with thapsigargin. The parameters are: A — force (F,

max’

Fc and F); B —time (1, T, and 1, — respectively marked as tau 0, tau C, tau R); C — velocity (V. and
VR); D — impulse (/,, I and I;). Data were presented as M £ SEM, n = 7. * — p <0.05; ** — p <0.01,
*** — p <0.001 — compared with control; & — p <0.05 — compared with thapsigargin

Using ANOVA, we also established that the percentage of influence of Ca?*-pump
blockers (SERCA thapsigargin and PMCA thiacalix[4]arene C-1087) combined with
NO-synthases blocking on the mechanokinetic parameters of spontaneous contractions
of the myometrium increases and is about 70-80 %. In particular, in the case of amplitude
parameters, this indicator was: for F,,, 78.3 % (and for unaccounted factors 21.7 %),
F 81.1 % (and for unaccounted factors 18.9 %) and for F 67.3 % (and for unaccounted
factors 32.7 %). Therefore, the elimination of the contribution of NO-dependent changes
in contractile activity makes it possible to significantly isolate the effects of blocking
the primary active Ca?* transport systems in myocytes, in particular, the contribution of
PMCA to the regulation of spontaneous contractions of the myometrium.

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ BionoriyHi CTyaii / Studia Biologica e 2023 ¢ Tom 17 / Ne 3 e C. 3-22



THAPSIGARGIN-RESISTANT THIACALIX[4]JARENE C-1087-SENSITIVE COMPONENT OF THE CONTRACTILE ACTIVITY IN RAT... 1 5

Thus, the ability to inhibit the relaxation process by thiacalix[4] arene C-1087
(10 uM) under the preliminary blocking of SERCA is manifested during the blockade of
NO-synthases. Since the effects of C-1087 combined with SERCA blocking in terms of
spontaneous contraction parameters considerably depended on NOS activity, it is an
additional confirmation of the inhibition of Ca?*-pump of PM (which is a key regulator of
NOS) under the effect of C-1087.

Mechanokinetic effects of thiacalix[4]arene C-1087 in combination with
blocking of NO-synthases activity. A convenient pharmacological model for the study
of the processes of SM contraction via the activation of Ca?" inflow via the potential-
governed channels and further extrusion of these cations during the relaxation phase is
HPS-induced contraction (Truijillo et al., 2000; Tsymbalyuk, 2018). It was shown in our
previous studies (Veklich at al., 2023) that under the conditions of preliminary incubation
of SM preparations of the rat uterine with thiacalix[4]arene C-1087 (10 uyM) there was
a considerable slowdown in the process of relaxing the HPS-induced contraction and
the index of the normalized maximal velocity of the relaxation phase decreased more
than twice compared to the control. Thus the model of HPS-induced contraction is
convenient for the investigation of the system of active transportation of Ca?* ions via
PM. In the following series of experiments, we investigated the regularities of the effect
of thiacalix[4]arene C-1087 (10 uM) under the condition of preliminary NO-synthases
blocking by L-NAME (0.1 mM, the duration of the preliminary incubation — 30 min).

The preliminary incubation of SM preparations with L-NAME (0.1 mM) caused
a slight increase in HPS-induced contractions. The kinetic analysis demonstrated that
blocking of NO-synthases was accompanied by some acceleration of the relaxation
process (Fig. 7, mechanogram 2). In combination with L-NAME, thiacalix[4]arene
C-1087 (10 uM) caused a complete inhibition of the relaxation process of the HPS-
induced myometrium contraction which indicates a potent ability of this compound to
block Ca?* ion extrusion processes from SMC (Fig. 7, mechanogram 3).

18 -
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14 A
12 1
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8 4
6
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2 —— L-NAME
3 —— L-NAME + C-1087
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Fig. 7. The contraction of the myometrium of rats, induced by the application of the high-potassium solution
(80 mM) in the control (7); under NO-synthases blocking by the preliminary incubation with L-NAME
(0.1 mM, the duration of the preliminary incubation is 30 min) (2); under the effect of thiacalix[4]arene
C-1087 (10 pM) combined with NO-synthases blocking by L-NAME (3). Typical mechanograms are
presented
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The effect of thiacalix[4]arene C-1087 on the intracellular concentration of Ca
ions in the uterine myocytes in combination with SERCA blocking. In the following
series of experiments, we investigated the effect of thiacalix[4]arene C-1087 under the
condition of SERCA activity blocking on the intracellular concentration of Ca?* in SMC
of rat uterine.

The changes in the concentration of Ca?* in myocytes under the effect of thiacalix[4]
arene C-1087 were studied using the method of confocal microscopy and Ca?*-
sensitive probe fluo-4. Thapsigargin (0.1 yM) was added to the medium of myocytes
incubation 15 minutes prior to the registration. We demonstrated that under the effect
of thiacalix[4]arene C-1087 (20 uM), there was a sharp increase in the fluorescent
response of Ca?-sensitive probe fluo-4 AM in the cell (Fig. 8, 9). In the course of
2.5 min, the concentration of Ca?* decreased, which demonstrated the involvement of
the compensatory mechanisms (Ca?*-uniporter of mitochondria, Na*-Ca?*-exchanger of
PM) until the relaxation of the calcium signal. However, it did not return to the initial
level but remained higher in the cell. So, thiacalix[4]arene C-1087 — the inhibitor of Ca?",
Mg?*-ATPase of PM — induced the increase in Ca?* concentration in SMC.

2000
C-1087 (20 uM) ‘
1000 4
L e 2
0 100 200 300 400 500 600

chaTi—  ChaTz — Time (s)

Fluorescence intensity (c.u.)

Fig. 8. The changes under the effect of thiacalix[4]arene C-1087 in the presence of thapsigargin (0.1 uM), the
fluorescence of probes in the uterine myocyte which was registered using the confocal microscopy:
Ca?-sensitive fluo-4 AM (1) and DNA-sensitive Hoechst (2). The introduction of the aliquot of the
thiacalix[4]arene C-1087 solution (the final concentration — 20 uM) is indicated with the asterisks. The
results of the typical experiment are presented

As shown by the simultaneous registration of the force of isometric contractions
and Ca?*-signal (Taggart & Wray, 1998), the change in the force in case of contractile
activity and the change in the [Ca?], profile in the myometrium of rats had similar kinetic
characteristics. Under SERCA blocking with thapsigargin, thiacalyx[4]arene induced
time-stable increase in [Ca®*] level and caused significant changes in myocyte functioning
due to activation of Ca?*-sensitive proteins, in particular the constitutive NO-synthases.
Staged use of thapsigargin, L-NAME and C-1087 allowed us to clearly differentiate the
contribution of PMCA to the development of the Ca?* signal and maintenance of calcium
homeostasis in uterine myocytes, as well as to demonstrate the kinetics of the inclusion
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Ca?

Fig. 9. The series of consecutive photographs of uterine myocytes using the scanning confocal microscope.
Ca?*-sensitive fluorescent probe fluo-4 AM. The arrows indicate the moments of introducing Ca?
(1 M) and thiacalix[4]arene C-1087 (20 pM). The medium for the incubation of myocytes contained
thapsigargin (0.1 uM). The results of the typical experiment are presented

of other (non-SERCA and non-PMCA) transporting systems (probably, Ca?*-uniporter
of mitochondria and Na*, Ca?*-exchanger of PM (Matthew et al., 2004; Floyd & Wray,
2007)) into the extrusion of Ca?* from the cytosol of SMC which are only slightly capable
of compensating the participation of PMCA and SERCA in the maintenance of basal
level of [Ca?"]..

CONCLUSIONS

The results of our studies demonstrate that while inhibiting PMCA (and probably
SERCA, to some degree (Veklich et al., 2023)), thiacalix[4]arene C-1087 causes further
changes in the functioning of Ca?*-dependent systems in SMC. In general, it leads to
changes in the kinetics of SM contraction-relaxation. While blocking the processes of
active transportation of Ca?*ions from the myoplasm, this compound slows the relaxation
phase of both spontaneous and induced contractions of the myometrium considerably
and also induces a spike in the fluorescent Ca?*-signal of the isolated myocytes. However,
PMCA-dependent mechanokinetic effects of C-1087 are considerably overlayed by the
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secondary processes conditioned by the content of Ca?* ions in the near-membrane
area of SMC. In particular, it may be manifested in the permeability of K.,-channels and
the activity of constitutive NO-synthases (Floyd & Wray, 2007; Pehlivanoglu et al., 2013;
Krebs, 2023). The latter assumption is well confirmed by the experiments studying
HPS-activated contractions under the action of L-NAME. Therefore, it may be predicted
that thiacalix[4]arene C-1087 is an efficient inhibitor of PMCA and a promising
compound for the elaboration of pharmacological preparations on its basis to modulate
the contractile activity in SM.
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O6rpyHTYyBaHHsA. Bigomo, wo Tiakanikc[4]apeH C-1087 mae BUCOKY 34aTHICTb
iHrioyBatn Ca?"-nomny (Ca?*,Mg?*-ATdasy) nnasmaTuyHoi MeMOpaHu, ogHaK BiH TakoX
NEeBHO MIPOHD MOXKe MpUrHidyBaTh yHKLiOHyBaHHS CaZ*-noMnu capkonnasmMaTuyHOro
PETUKYNYMY IMafgeHbKMX M’s3iB maTku. MeTtoto uiei pobotn Oyno BUBYEHHS eeKTiB
C-1087 Ha ckopou4yBarbHYy akTUBHICTb i KOHLEHTpaLUito ioHiB Ca?* B KNiTUHaxX MioMeTpist
LypiB Ha Tni 6rnokyBaHHsi Ca?*-nomnu capkonnasamaTtuyHOro PeTuKynyMmy BiJOMUM iHri-
OITOPOM LIbOro €H3MMY TancurapriHoMm.

Martepianu Ta metogu. EkcneprmeHTr NnpoBogunu Ha 6e3nopogHmnx Binux Lwypax.
PeecTpauito ckopo4vyBarnbHOI akTUBHOCTI Ha nNpenapatax no3noexHeoi CM poriB maTtku
3i 30epexxeHnm eHaoTenieM NPoBOAUIIM B i30METPUYHOMY pexumi. [Ana BU3HAYEHHS
amiH [Ca*"], MiounTn 06pobnanm 3oHgamu Hoechst 33342 (ansa nepeBipku sagpa kni-
TnHK) Ta fluo-4 AM (ons nepesipkn 3MiHM KoHUEeHTpauii Ca2* y KniTuHi).

Pesynkratn. TeH30METPUYHUMU OOCHIKEHHAMM B i30METPUYHOMY PEXUMI pee-
CTpauji 3 noganblMM MEXaHOKIHETUYHUM aHarni3oM 3'icoBaHO, WO Tiakanikc[4]lapeH
C-1087 (10 mkM) Ha Tni gji Tancurapridy (0,5 MKM) cnipuyvHSie CyTTEBI 3MiHN KIHETUKU
NPOLECIB CMOHTAHHOT CKOPOYYyBaribHOT akTUBHOCTI MIOMETPIA HEBariTHUX LLYPIB, 30Kpema,
3HWKEHHA MaKCUMasbHOI LUBUOKOCTI CKOPOYEHHS i 3pOCTaHHA MaKCMMarnbHOI LUBUOKO-
CTi po3cnabneHHs. 3a gonomorot KoHdpokanbHOT Mikpockonii 3 BUKopucTaHHsaM Ca?*-
YyTNMBOro donyopecueHTHoro 3oHAy fluo-4 BCTaHOBMEHO, Lo annikauis Tiakanikc[4]apeHy
C-1087 go iMmo6inisoBaHNX MiOLMTIB MaTkM B yMOBaXx NonepeaHboi Ail TancurapriHy
3yMOBIIOE TpaH3ieHTHUI cnneck CaZ*-curHany 3 noganbluMM BUXOAOM BHYTPILLHBbOKIII-
TMHHOT KOHLEeHTpaLi ioHiB Ca?* Ha cTabinbHO nigBuLLeHWi piBeHb. Edpektn C-1087 Ha Tni
TancurapriHy wono gasn poscrnabneHHs1 CMOHTaHHMX CKOPOYEeHb MIOMETPISt YCyBarnuchb
y pasi nonepeaHbLoro 6rokyBaHHsi cuHTas okemnay asoty L-NAME (100 mkM). 3a nonepegn-
Hboro annikyBaHHs L-NAME Tiakanikc[4]apeH C-1087 (10 MkM) cnpuymHaB NOBHE npu-
rHiYEeHHs Npouecy po3crabneHHs iHQyKoBaHOro rinepkanieBnm po3ydnHoM (80 mM) ckopo-
YeHHs npenapartiB MIOMETPIs.

BucHoBku. [lepLuonpuymHolo 3MiH Ckopo4yBanbHOi akTMBHOCTi i Ca?*-curHany
B MiouuTax maTku 3a gii Tiakanikc[4]apeHy C-1087 € noro 3aaTHicTb npurHivysatn Ca?'-
nomny nnasMmaTnyHoi Membpanu; noganbiui C-1087-iHaykoBaHi 3MiHW B TKAHWHI rMageHb-
KUX M’'513iB, MMOBIPHO, 3yMOBIEHI MigBULLEHUM pPiBHEM KOHUeHTpauii Ca?' B miouuTax.
OTpumaHi pesynbsraT BKasytoTb, LWO Tiakanikc[4]apeH C-1087 € nepcnekTMBHOK Crony-
KO ONns po3pobKM Ha MOro OCHOBI hapMaKOororiYHMX NpenapariB Ans MoAynsLjii Ckopo-
YyBarbHOI aKTMBHOCTI IMageHbKUX M'a3iB, 30KpeMa, MiOMETpIS.

Knroyoei cnoea: Ca?",Mg*-ATdasza nnasmaTnyHoi MeMbpaHu, Tiakanikc[4]apeH
C-1087, cnoHTaHHi ckopo4eHHsi, Ca%*-curHan
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