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It is known, that the functioning of non-electrogenic 2Na*-Ca?*-exchange system, localized in the myo-
metrium cells plasma membrane, is ensured by the energy of the transmembrane sodium gradient, created
by the Mg?*, ATP-dependent sodium pump. The aim of the study was to determine how the inhibitor of this
pump calix[4]arene C-1130 affects the mechanokinetics and energy of myometrium contraction-relaxation.
The experiments were conducted using female Wistar rats. The contractile activity of the longitudinal smooth
muscles of the uterine horns was studied tensometrically. The method of determining the mechanical work A
and power N at any time moment t of the of smooth muscle isotonic contraction-relaxation complete cycle was
developed and tested in the tensometric experiments. Calix[4]arene C-1130 was dissolved in dimethylsulfoxide
and introduced into the working solutions in a 10° M concentration. It was found that under calix[4]arene
C-1130 treatment, the relative values of the mechanical work A were achieved at a time when the contraction-
relaxation cycle under control conditions was practically completed, while the maximum values of power
N were reached faster than in the control. These results indicate that calix[4]arene C-1130 was capable of
inducing the increase in the maximal value of the smooth muscle mechanical work, promoting its relaxa-
tion without a considerable change in the contraction power. The developed methodology may be useful for
the comparative study of the pharmacological drugs effect on the smooth muscles contractile activity in the
“norm-pathology” format.

Keywords: calix|[4]arene C-1130, myometrium smooth muscle, contractile activity, kinetics and energy
parameters.

mooth muscles play a fundamental role
S in ensuring the functioning of the inter-

nal organs and their systems — the urogenital
(uterus, urinary tracts, and urinary bladder), vascu-
lar, gastrointestinal tract, excretory gland ducts, iris
sphincter muscle, etc. [1, 2]. At present, there are
relevant accumulated data regarding ion, molecular,
membrane, and cellular mechanisms of conjugating
excitation and contraction in case of smooth muscles
at norm and in the pathological states [2-4]. It was

reliably demonstrated that in the smooth muscles,
the intracellular ions of calcium (Ca?*) control the
electro- and pharmacomechanical coupling [1, 4, 5],
and there are elaborated notions of the biochemical
mechanisms, regulating the concentration of these
ions in smooth muscle cells [4, 6, 7]. The corre-
sponding experimental data were mostly obtained
using modern biophysical methods to investigate
the intracellular calcium signalling: the methods of
epifluorescence, laser confocal microscopy and laser
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flow cytofluorimetry using Ca? -sensitive fluorescent
probes (to study intracellular calcium transients), and
a patch-clamp in the configuration of “a whole cell”
(to register transmembrane Ca?* currents), etc. [7-9].

It was proven that the control over intracel-
lular calcium homeostasis and, thus, the energy of
Ca?-dependent contraction of smooth muscles is
exercised by the superposition of the functioning of
membrane-bound energy-independent and energy-
dependent Ca?*-transporting systems. The former
cover calcium channels of the plasma membrane and
sarcoplasmic reticulum, and the latter — Mg?*, ATP-
dependent calcium pumps of the plasma membrane
and sarcoplasmic reticulum, Na*-Ca?* — the plasma
membrane exchanger, the calcium uniporter, and
systems of Na*/H*-Ca?* — the exchange of mitochon-
dria [10-12].

It was found that changes in the concentration
regulation for the ionized Ca in the myoplasm, re-
lated to the impairment in the functioning of Ca®*-
transporting systems, including Na*-Ca?*-exchanger
of the plasma membrane, can lead to the occurrence
of dangerous pathologies in the functioning of
smooth muscles — the pathologies in the urogeni-
tal system (hypo- and hypertonicity of the uterus,
inability to bear a fetus, miscarriages, spontaneous
abortions, impairments in the functioning of the
urinary bladder and urinary tracts, etc.), hypo- and
hypertension; pathologies in the motility of the gas-
trointestinal tract, asthma [13-15].

Therefore, it is relevant to search for selective,
affine effectors of no or low toxicity, capable of tar-
geted modification of the activity of specific cation-
transporting systems, including Ca?"- and Na*-trans-
porting ones, and thus correcting Ca?*-dependent
contractile activity of smooth muscle cells when it is
impaired. This search is promising for the develop-
ment of new-generation medications — regulators of
the contractile activity of smooth muscles in cases of
the aforementioned pathological states.

In our previous experiments, conducted on
myometrium tissue, we demonstrated [16] that
a macrocyclic compound, calix[4]arene C-1130,
is an efficient inhibitor (the inhibition coefficient
l,, < 100 nM) of Mg*, ATP-dependent sodium
pump (Na*,K*-ATPase) of the plasma membrane;
the method of laser confocal microscopy was used to
demonstrate that the application of this calix[4]arene
to smooth muscle cells induced an increase in the
concentration of Ca ions in them. Taking into con-
sideration that the functioning of the system of
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non-electrogenic 2Na*-Ca?-exchange, localized in
the plasma membrane of myometrium cells [15, 17,
18], is ensured by the energy of the transmembrane
sodium gradient, directed to myocytes, which is
created by the Mg?*, ATP-dependent sodium pump,
it was reasonable to determine how the inhibitor of
this pump, calix[4]arene C-1130, affects the mecha-
nokinetics and energy of the “contraction-relaxation”
of myometrium.

It should be highlighted that despite active
use of the abovementioned precise experimental
biophysical methods while studying Ca?*-dependent
mechanisms of “contraction-relaxation” of smooth
muscles, still relevant are also classic physiological
approaches, directed at investigating the mecha-
nokinetics of the contractile process in these mus-
cles with the involvement of the tensometric method
on the level of intact muscle preparations in vitro in
case of isotonic and isometric mode of registering
the contractile process [19-21].

Previously, we developed a complex method of
mechanokinetic analysis of “contraction-relaxation”
of smooth muscles and tested it in experiments; this
method allows determining a number of objective
quantitative characteristics of this process [22]. This
method can also be useful for strict interpretation
of the experiment results while studying the effect
of biologically active substances, pharmacological
compounds, and physical-chemical factors on the
dynamics of the complete contraction-relaxation cy-
cle, and in the course of the quantitative characteri-
zation of the contractile process in case of a tenso-
metric experiment in the “norm—pathology” format
or to compare mechanokinetic characteristics of dif-
ferent smooth muscles [23-25].

Based on our previously developed method of
mechanokinetic analysis for the contractile activi-
ty of the smooth muscles [22, 26], in this article,
we aimed to suggest an approach to determining
the energy characteristics of the isotonic muscle
contraction of myometrium — work A4 and power
N = dAA/dt and to study the impact of the selective
inhibitor of Mg?*, ATP-dependent sodium pump, ca-
lix[4]arene C-1130, on these characteristics.

Materials and Methods

Synthesis of calix[4]arene C-1130. Ca-
lix[4]arene C-1130, (5,17-di(dihydroxyphosphoryl-2-
pyridylmethyl)amino-11,23-di-tret-butyl-26,28-dihy-
droxy-25,27-dioctyloxycalix[4]arene) was obtained
using the method recently described in [16].
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Calix[4]arene C-1130

Tensometric studies. The experiments were
conducted using female rats of the Wistar line (the
animals were between 200 and 250 g in weight). All
the manipulations with animals were done pursuant
to the European Convention for the Protection of
Vertebrate Animals Used for Experimental and
Other Scientific Purposes and the Law of Ukraine
“On Protection of Animals from Cruelty” (the
Minutes of the Bioethics Committee of the Taras
Shevchenko National University of Kyiv No. 8, dated
December 26, 2024). The rats were euthanized by
hypoxia, caused by carbon dioxide (CO,).

The contractile activity of the longitudinal
smooth muscles of the uterine horns was studied
tensometrically in the isotonic mode using the avera-
ge size preparations, 2x10 mm, with intact endome-
trium. The weight of the muscle preparation was
38 mg.

All the preparative procedures were conducted
in the Krebs solution of the following composition
(mM): NaCl - 120.4; KCI - 5.9; NaHCO, - 15.5;
NaH,PO, - 1.2; MgCl, - 1.2; CaCl, - 2.5; glucose —
11.5 (pH 7.4; pH was adjusted using concentrated
NaOH and HCI solutions). The high-potassium solu-
tion (80 mM) was prepared by isotonic replacement
of Na* ions with K* ions in the Krebs solution.

The preparations of smooth muscles were
placed into the working chamber of the tensometric
equipment with the flowing Krebs solution (the flow
rate — 8 ml/min and thermostating at 37.5+0.3°C).
The preparations were given a constant load of
10 mN and left for at least one hour until the oc-
currence of spontaneous contractions with constant
amplitude and frequency.

Calix[4]arene C-1130 was preliminarily dis-
solved in dimethylsulfoxide (DMSO) and intro-
duced into the working solutions in a concentration
of 10° M (DMSO concentration was 0.1%); the con-
trol contractions were registered on the background
of 0.1% DMSO. When preparing the stock solution

of calix[4]arene C-1130, its aliquot was dissolved
in DMSO to a concentration of 10" M and then its
aliquots were added to normal and high-potassium
Krebs solutions. The stock solution was stored for
no more than 24 h at 4°C and in the absence of light.

Mechanokinetic analysis and evaluation of
energy parameters of the muscle contraction. We
have done the estimations in the sphere of kinetics
and energetics of the isotonic muscle contraction,
presented in this article, based on the mechanoki-
netic analysis of the smooth muscle contraction-re-
laxation process, previously developed by us [26].

Statistical analysis. The experimental data
were analyzed in Origin 2018 and Microsoft Excel
2007. The validation analysis of the approxima-
tion of the charts by the linear function while using
the mechanokinetic analysis was performed using
Fisher’s criterion; the determination coefficients (R?)
were 0.98-0.99 in all cases.

Results and Discussion

Theoretical part

The estimation of mechanokinetic parameters.
The complete mechanokinetic curve in the mode of
spontaneous or induced isotonic contraction (force
f = const) reflects the change in the linear length
of a muscle preparation Al, depending on time t.
Usually, this curve, which has a maximum — the
contraction amplitude AL __ ((dAl/dt) = O at the
time moment 7, the coordinates of the maximum
point — [AL __ 7 ]), is characterized by two inflexion
points ((d*Al/dt?) . . = 0): at the time moments t = .
(on the level of contraction phase, the coordinates of
the inflexion point [Al ;z_]) and at t =t (on the level
of relaxation phase, the coordinates of the inflexion
point [Al ;T ]). Usually, it is assumed that this curve
is monotonous and does not contain fragments which
complicate its quantitative description (oscillations,
presence of intermediate plateau, etc.). According to
these conditions, in case of spontaneous and induced
isotonic responses of a smooth muscle strip, a com-
plete mechanokinetic curve in the simplest case can
be described by the equation (2):

Al = Rt"e*t, @
where R, n, and k are mechanokinetic constants.
Using equation (1), we get a formula for constant R:

R = (i)n ALpax = (%)n ALy,

To
thus,
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According to equations (1) and (2) for time
dependence, changes in the length of a muscle
preparation Al in the isotonic mode (f = const), we
finally have a basic ratio (4) for the description of
the mechanokinetics of the complete smooth muscle
contraction-relaxation cycle:

ke\™ _
A= (%) ALpgst™e ™. @

From equation (3), we see that characteristic
constants n and k are determined only by the values
of temporal parameters t,, 7. and 1., namely:

n= [('r;—oro)]z - [(T(,T_"TC)]Z;
To To

T (tr-T0)?  (To-7¢)? .

The characteristic constants n and k, which are
a part of equation (4), can easily be estimated as a
result of using a linearized isotonic mechanokinetic
curve in case of a complete contraction-relaxation
cycle. Indeed, if Al - a change in the length of a
muscle preparation on the level of the contraction
phase proper at any time momentt <t ,and Al_—a
change in the length of a muscle preparation on the
level of the relaxation phase proper at a time moment
t+ At> 1 (At = const, which is arbitrarily set by the
researcher in case of the analysis of the primary iso-
tonic mechanokinetic chart, built within the coordi-
nates [Al, t]), then, according to the ratio (4), we get:

i)

in (5
Our experiments demonstrate that the initial

mechanokinetic curve, re-built within double loga-

:—k-At+n-ln(1+%). ©®)

rithmic coordinates [in (32);in (1 + )] according
C

to the ratio (5) for the complete cycle of spontane-
ous isotonic contraction-relaxation of smooth mus-
cle preparations, was linearized very well (R? =0.99)
[22, 26]. Thus, it may be assumed that equation (4)
is an absolutely reliable description for the mecha-
nokinetics of the contractile response of the smooth
muscle on the level of the complete cycle of the pro-
cess of spontaneous isotonic contraction-relaxation.
Therefore, using a linear chart, built within double
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logarithmic coordinates [in (5); in (1 + )], based
on the abovementioned linearized ratio (5), one can
estimate empirical basic constants n and k, which
are a part of this ratio: tangent of the angle (o) of the
slope of the linearized chart tga = n, and the interval,
reflected during the extrapolation of the chart to the
axis of ordinates, is -kAt (as stated above, the value
of At is set by the researcher, and it is fixed).

Using equations (3) and (4), it is possible to
demonstrate that under the isotonic mode of muscle
contraction-relaxation, there are the following equa-
tions for the change in the length of a muscle stripe
Al . and Al  at time moments 1. and T, respectively,
which correspond to inflexion points on the mecha-
nokinetic curve on the level of contraction and re-
laxation phases:

v\
Mlrg = Blgy - (F2F) e ©)

n
AlTR = ALy * (#) ) e—\/ﬁ : ™)

Then the equations for the maximal veloci-
ties of contraction and relaxation of a muscle stripe

_ d(Al)] _ _ [d(Al)
VTC o [ at g, and VTR dat I
points 1. and t, are reasonable:

at time

v\t evm
Ve=k Alpg, - (22) 2 @
n+vn n-1 ) e~Vn

) =0

The estimation of mechanical energy
parameters. The work AA, done by a smooth mus-
cle during the isotonic contraction-relaxation.
According to equation (4) for mechanical work
AA = f-Al of the isotonic contraction-relaxation of
the muscle at any time point t, we can write:

ke\™ -
A4 = f(f) ALpgxt™e kt, (10)

and for the maximal work (for time t = 1)
AA . =AA_, we will get:

=fAL, .

X

A =—k-ALmax-(

X

AA, . (11)

According to equations (10) and (3) for the
value of mechanical work AA . at an inflexion point
t =t on the level of the contraction phase, we have:

M = e'™ [(” B ﬁ)/n] FALma - (12)

X
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Then, we can introduce the notion of relative
work, done by the smooth muscle in the isotonic
mode, namely:

- for non-dimensional instant work, done by
the muscle at the time moment t and normalized for

its maximal (amplitude) value , according to

max

equations (10) and (11), we will have an equation:
n
= (X)) gneit, (13)

AAmax n
- for non-dimensional instant work, done by the
muscle at the time moment t and normalized for its

value on the level of the contraction phase at

the inflexion point t = 7, according to equationgc(10)
and (12), we will have an equation:
AA ke \" _
= (o) e @)
- for non-dimensional work, done at a time mo-
ment t = t_ and normalized for its maximal (@ampli-
tude) value Ade , according to equations (12) and

max

(11), we will have the following equation:

_ [(n —n) /n]n_ (15)

AAzc
Amax

As seen, if the values of relative work

AA AA max

on the level of the complete mechanoki-

and
A
netic curve in case of isotonic contraction-relaxation

depend, according to equations (13) and (14), on two
characteristic constants — n and k, then the relative

work 24t¢_ on the level of a contraction phase

AAmax
proper, according to (15), is determined only by pa-
rameter n.

Power N, developed by the smooth muscle
during the isotonic contraction-relaxation. For in-
stant power of the isotonic contraction of the mus-
cle N at a time moment t, we have an equation:
N = dAA/dt. Therefore, taking into account equation
(10), after the differentiation, we will have the for-
mula for the instant power of the contraction N at
any time moment t:

V= () e (- 8). o

It is evident that in case of merely the contrac-
tion phase, the value of maximal power N__ will be
achieved at a time moment t = t_ (i.e. at a temporal
inflexion point of the mechanokinetic curve on the

2.01

1.5+

¥(n)

----II--u-..

0.51

0.0 T T T T |
1.0 15 2.0 2.5 3.0 3.5

n

Fig. 1. The chart of the characteristic function ¥(n).
Estimated according to equation (18)

level of the contraction phase), i.e. N =N _.; thus,
considering equations (16) and (3), for the maximal
power of the contraction N, we will get the equa-
tion:

Nnax = k¥ (1) fALpay, an
where W(n) — the characteristic function of parameter
n, which satisfies the equation

n—1 1-2n

Y(n) = e\/ﬁ(n —Vn) nmz. (18

The chart of the characteristic function W(n) is
presented in Fig. 1.

Let us introduce the notion of a relative non-
dimensional power N/N__ of the smooth muscle
contraction, i.e. instant power N, normalized by its
maximal value N__ . Thus, for relative non-dimen-
sional power N/N__at any time moment t, according
to equations (16) and (17), we will get the equation:

n
v () e (). (19)
Nmax kn)
It is also reasonable to introduce the notion
of the mean power of the muscle contraction N_ in
the time interval 0 — 7, of the contraction phase, i.e.

A
N, = % = fALyqx /70, Or, taking into account
0
(3), we get:
N, =kfAL__/n. (20)

We can also introduce the corresponding notion
of the relative non-dimensional power N/N_ of the
smooth muscle contraction, i.e. power N, normalized
by its mean value N _. Thus, for relative non-dimen-
sional power N/N_at any time moment t, according
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to equations (16) and (20), we will get the following
equation:

% = [n(ke/n)"t"e~*t (% - k)]/k- (21)

As seen, according to equations (19) and (21),
in case of the isotonic contraction, the relative non-
dimensional power of the contraction N/N __ and the
relative non-dimensional power of the contraction
N/N_ depend on two characteristic constants — both
n and k.

Comparing equations (17) and (20), we get a
simple association (22) between the capacities of the
muscle contraction N and N _ via the characteristic
function Y¥(n):

Nm_ — [n- P(n)] L (22)

Nmax

What is the relevance of the relative parame-
ters AA/AA ., AA/AA ., NIN__and N/N_suggested
by us to describe the energy of the isotonic muscle
contraction? They are relevant because their value
does not depend on the weight of the muscle prepara-
tion, arbitrarily chosen in the experiment, the load f
and the amplitude of the isotonic contraction AL__,
it depends only on the values of the characteristic
constants n and k. It means that, while studying the
energy of the isotonic contraction of the smooth
muscle, it is useful to use not the absolute values
of the mechanical work A4, AA__, AA . and power
N, N .. and N _ for the objective characterization
of the contractile process, but normalized values —
AAIAA_ . AA/AA . and N/N__ and N/N_. Therefore,
while conducting comparative studies in vitro in
the sphere of biophysics, physiology, and pharma-
cology of smooth muscles on the level of studying
the classic experimental “norm—pathology” or “con-
trol—effect of physiologically active/pharmacologi-
cal substances, the effect of physical-chemical fac-
tors”, it is reasonable to provide the interpretation
of the isotonic contraction energy using the terms of
the abovementioned non-dimensional parameters —
AA/AA, ., ANAA ,NIN__ and N/N, .

As seen from equations (13) and (19), there is
a connection between the values of the normalized
mechanical work of the muscle contraction A4A/AA,
and the normalized power of this contraction /N__:

X

_ k- ¥(n) /(%_k) (N:ax)_ (23)

X
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In other words, according to equation (23) for
any mechanogram, in case of the isotonic contrac-
tion of the smooth muscle at any time moment t,
there should be the mentioned relation between the
energy parameters (A4, AA__, N, N__)and empirical
mechanokinetic parameters (n and k). Thus, equation
(23) is a strict quantitative criterion for the accuracy
of the researcher’s determination of mechanokinetic
and energy parameters.

Experimental part

At the first stage of our experimental studies,
we investigated the mechanokinetic regularities of
the selective inhibitor of Mg?*, ATP-dependent so-
dium pump, calix[4]arene C-1130 (10 uM), on the
contraction-relaxation of the myometrium prepara-
tion, induced by K*-depolarization (80 mM KCI)
(Fig. 2, Table).

In Fig. 2, we have charts, illustrating the pos-
sibility of using the mechanokinetic equation (4) to
describe the contraction-relaxation of the myome-
trium preparation, induced by K*-depolarization
(weight — 38 mg) in the isotonic mode (f = 10 mN,
the initial preparation length — 10 mm) in control and
at the effect of calix[4]arene C-1130 (10 uM) under
preliminary incubation of this compound for 30 min.

It is evident that on the level of the complete
cycle of the isotonic contraction-relaxation, the
initial mechanokinetic curves, presented in panel
A of Fig. 2, are linearized very well (R? = 0.98),
according to equation (5), while using the double
logarithmic coordinates [ln (%) ;In (1 + %)]
(panel B, Fig. 2). It means that, ﬁCrstly, both in the
control and in case of the effect of calix[4]arene
C-1130, the mechanokinetics on the level of a com-
plete contraction-relaxation cycle, induced by K'-
depolarization, is reliably described by equation
(4). Secondly, the use of linearized charts (panel B,
Fig. 2) allows us to calculate the basic mechanoki-
netic parameters n and k according to equation (5):
in case of control we have k = 0.026 s*; n = 2.08;
and in case of calix[4]arene C-1130, the calculation
yields k = 0.007 s*; n = 1.12. As seen, in case of ap-
plying calix[4]arene C-1130, the inhibitor of Mg?,
ATP-dependent sodium pump, there is a 3.7-fold de-
crease, as compared to the control, in the empirical
mechanokinetic constant k, and a 1.9-fold decrease,
as compared to the control, in the non-dimensional
empirical parameter n.

According to the data, presented in Fig. 2, in
case of the control mechanokinetic curve, the value
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of AL = 1.99 mm, and the values of Al . and
Al . were 0.73 mm and 1.41 mm, respectively (es-
timated using equations (6) and (7)). The values of
characteristic time parameters t,, 7. and 1, had the
values of 80.7, 25.03 and 136.4 s, respectively (cal-
culated using equation (3)). And finally, in case of
control, the values of the maximal velocities on the
level of contraction and relaxation phases V. .and V
were 0.042 and 0.015 mm/s, respectively (calculated
using equations (8) and (9)) (see also Table).

In case of the effect of calix[4]arene C-1130
(10 uM) on the muscle preparation, the value of
AL . =2.96 mm (148.4% from the control value),
and the values of Al . and Al , were 0.34 mm (46.4%
from the control value) and 2.16 mm (153.5% from
the control value), respectively (calculated using
equations (6) and (7)). The values of characteris-
tic temporal parameters 1, 7. and 7, were 163.0 s
(202.0% from the control value), 9.14 s (36.5% from
the control value) and 316.8 s (232.3% from the con-
trol value), respectively (calculated using equation
(3)). And finally, the values of maximal velocities on
the level of contraction and relaxation phases V. and

HPS

0.0

-0.5 4

-1.0 1

-1.5 7

AL, mm

control
—C-1130

-2.0 A

-2.5 4

-3.0

200 300 400 500
t,s

0 100

V., were 0.039 mm/s (92.8% from the control value)
and 0.007 mm/s (48.3% from the control value), re-
spectively (calculated using equations (8) and (9))
(see also Table).

Generally, the abovementioned data (see also
Table) confirm that calix[4]arene C-1130 (10 uM), a
selective inhibitor of Mg?*, ATP-dependent sodium
pump, has a considerable impact on mechanokinetic
parameters of the contraction-relaxation of the myo-
metrium preparation, induced by K*-depolarization
(80 mM KCl). For instance, under the effect of ca-
lix[4]arene on the muscle contraction, there is a con-
siderable increase (up to 148.4% from the control
value) in its amplitude AL __, controlled by the super-
position of the functioning of membrane-bound sys-
tems of passive energy-independent transportation
of Ca ions (Ca?*-channels of the plasma membrane
and sarcoplasmic reticulum) and energy-dependent
transportation of this cation (Mg?",ATP-dependent
calcium pumps of the plasma membrane and sar-
coplasmic reticulum, Na*-Ca?" exchanger of the
plasma membrane, Ca?"-uniporter of mitochondria),
i.e. controlled by the concentration of ionized Ca in

B
R? = 0,982; ® control
2.071 R¥cop)=0,985 » C-1130
@

1.5
o
-
g 1.0 R? = 0,985;
~ »  R#coDp)=0,988
-
< 0.5+
c
—

0.0

'05 2 >

1.0 15 20 25 3.0 35
Ln[1+At/]

Fig. 2. The mechanokinetic analysis of the complete isotonic contraction-relaxation cycle of the myometrium
tissue stripe, induced by K*-depolarization (load f= 10 mN) in the control and under the effect of calix[4]arene
C-1130, a selective inhibitor of the sodium pump. Typical mechanokinetic charts are presented. The concentra-
tion of calix[4]arene — 10 uM. A4 — initial mechanokinetic curves; B — linearization of initial mechanokinetic
curves, presented in panel A, which was done according to equation (5) (see Research Methods). The weight
of the tissue preparation and its initial length were 38 mg and 10 mm, respectively. In case of the control chart
and the chart, obtained under the effect of calix[4]arene, the set values were At 80 and 280 s, respectively. The
values of mechanokinetic constants, estimated using the linearized charts according to equation (5), were as
follows: in control k = 0.026 s, n = 2.08; under the effect of calix[4]arene C-1130 — k = 0.007 s, n = 1.12.
The timing of high-K* solution application showed by a horizontal bar above recorded mechanokinetic curves
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Table. Mechanokinetic and energy characteristics of the isotonic (f = 10 mN) contraction-relaxation of the
myometrium preparation, induced by K*-depolarization, at norm and under the effect of calix[4Jarene C-1130
(10 uM). The results of the typical mechanokinetic experiment are presented in Fig. 2. The weight of the tissue
preparation and its initial length were 38 mg and 10 mm, respectively

Mechanokinetic or Parameter value, Parameter value under the | Reference to the equation
energy parameter control effect of calix[4]arene for parameter estimation

k, s? 0.026 0.007 )

n 2.08 112 )

AL__,mm 1.99 2.96

Ty S 80.70 163.00 )

T, S 25.03 9.14

T, S 136.40 316.80

Al ., mm 0.73 0.34 )

Al_,, mm 141 2.16 (7

V.., mm/s 0.042 0.039 8)

V., mm/s 0.015 0.007 )

AA__ ] 19.90 29.60 12

AA_, uJ 7.22 3.36 (12)

AA_JAA 0.36 011 (13)

Y 0.42 0.39 @an

N, uW 0.25 0.18 (20)

N /N 0.60 0.46 (22)

Note. As seen from this Table, in the kinetic aspect, under the effect of calix[4]arene C-1130, there is a considerable,
3.7-fold as compared to the control, decrease in the empirical mechanokinetic constant k and a 1.9-fold decrease in the
non-dimensional empirical parameter n. Here, the amplitude value of the contractile activity AL __ increases by 48.4%.
The values of characteristic time parameters T, (notable for the contraction amplitude) and t, (the inflexion point in case
of the relaxation phase) under the effect of calix[4]arene increased by 102% and 132%, respectively, and the value 7 (the
inflexion point in case of the contraction phase) decreased by 63.5% to the control. Under the effect of calix[4]arene, the
value of linear contraction Al . at a characteristic time point t. decreased by 53.6%, and the value of linear contraction
Al , at a time point t, increased by 53.5%. However, under the effect of calix[4]arene on the background of the control
experiment, there was practically no change in the characteristic velocity parameter V . on the level of the contraction
phase, the value of this velocity decreased merely by 7.2 %, whereas the velocity parameter V , had considerable changes
on the level of the relaxation phase — it decreased by 51.7%. Under the effect of calix[4]arene on the muscle contraction,
there were subsequent changes in the energy parameters. As compared to the control, there was a considerable increase
in the maximal (at a time moment t = 1) value of the isotonic work AA _ — by 48.4%, and the value of the mechanical
work at the time point 7, decreased by 53.4%. As for the non-dimensional ratio of these works, AA /AA__, under the
effect of calix[4]arene C-1130 it decreased by 69.5% compared to the control. However, under the effect of calix[4]arene
C-1130, the maximal value of the contraction power Nmax at a time point t = t_ practically did not change regarding
the control (the difference is only 7%), and the average value of the power Nm even decreased by 28%. As for the non-
dimensional ratio N_/N__ . under the effect of calix[4]arene C-1130, it decreased by 23.3% compared to the control

the cell. Therefore, on the level of intact muscle tis- is indeed an increase in the ionized Ca concentration
sue, we see the confirmation of our previous results, in myometrium cells [16]. Simultaneously, under the
obtained on the cellular level using the method of effect of calix[4]arene C-1130, there is a considerab-
laser confocal microscopy, which demonstrated that le decrease (to 48.3% from the control value) in the
under the effect of the mentioned calix[4]arene, there maximal (at the inflexion point t = 7,) velocity of the
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muscle stripe relaxation V_, with practically no ob-
served change in the maximal (at the inflexion point
t = 1) velocity of the muscle stripe contraction V_.
(92.8% from the control value).

It is well known that to the predominant degree,
the dynamics of the muscle contraction phase is con-
trolled by the systems of passive energy-independent
transportation of Ca ions, which ensure the increase
in the concentration of these ions in myocytes, and
the dynamics of the relaxation phase is controlled
by the systems of active energy-dependent trans-
portation of the mentioned cation, which induce the
decrease in this concentration in the myoplasm [17,
27, 28]. Therefore, the fact of a considerable (almost
two-fold) decrease in the velocity of muscle stripe
relaxation V_, under the impact of calix[4]arene
C-1130 — the inhibitor of Mg?*,ATP-dependent so-
dium pump - Na*,K'-ATPase at the practically
unchangeable value of the velocity of the muscle
stripe contraction V_. gives grounds for the fol-
lowing assumption: the result of the impact of this
calix[4arene on the contractile activity of the myo-
metrium stripe is the inhibition of the Na*-dependent
release of Ca ions from myocytes, mediated by the
functioning of the sodium pump, due to the decrease
in the transmembrane sodium gradient, directed into
muscle cells, and thus, a decrease in the activity of
the non-electrogenic 2Na*-Ca?* exchanger of the
plasma membrane, releasing Ca ions from myocytes
which promotes the increase in Ca ion concentration
in them.

On the second stage of our study, we conducted
energy-wise interpretation of the regularities in the
myometrium contraction-relaxation in the control
experiment and under the effect of calix[4]arene
C-1130, the inhibitor of the sodium pump, using the
smooth muscle (Fig. 3 and 4, see also Table).

When the smooth muscle preparation was used
(the tissue weight — 38 mg, the initial preparation
length — 10 mm, the load f = 10 mN), the data about
the mechanokinetics of the contraction-relaxation
of which are reflected in Fig 2, the involvement of
equations (11), (12) and (20), (22) allowed for cal-
culating the corresponding energy characteristics
AA,.-AA LN andN .

It was found that during the control experi-
ment (the values of the characteristic constants
k = 0.026 s*; n = 2.08), the value of the maximal
work of the muscle stripe contraction AA__ was
19.9 pJ, and the value of the work AA . at the mo-
ment of characteristic time 7. —7.22 pJ. Thus, during

the control experiment, the ratio AA JAA _ was
0.36. And under the effect of calix[4]arene C-1130
on the muscle preparation (the values of the charac-
teristic constants were k = 0.007 s*; n = 1.12), the
values of AA__ and AA . were 29.6 uJ (compared to
the control value — 148.4%) and 3.36 uJ (compared
to the control value — 46.6%). That is, in case of the
effect of calix[4]arene, the ratio AA /AA_ was 0.11,
which was much less than in the control experiment.
As for the values of the contraction power, in case
of the control experiment for the maximal power
N,.., we had the value of 0.42 uW, and for the avera-
ge power N —0.25 uW. Therefore, during the con-
trol experiment, the ratio N /N __ was 0.6. In case
of the effect of calix[4]arene C-1130 on the muscle
preparation, the values of N__ and N were 0.39 pW
(compared to the control value — 92.0%) and 0.18 pyW
(compared to the control value — 72.9). Thus, under
the effect of calix[4]arene] C-1130 on the muscle con-
traction, the ratio N /N was 0.46.

It is evident that in the energy aspect, the effect
of calix[4]arene C-1130 on the isotonic contraction
of the myometrium preparation is revealed in the in-
crease in the maximal contraction work AA__ (by
48.4%) and the decrease in the work AA_, done as of
the moment of characteristic time 7. (by 53.4%). As
for the power of the contraction N under the effect of
calix[4arene, its maximal value N__ at the time point
7. practically did not change, and the average value
for power N even decreased — by 27.1%. There-
fore, in the energy aspect, the stimulating impact
of calix[4]arene C-1130, the selective inhibitor of
Mg?*,ATP-dependent sodium pump, on the isotonic
contraction of the myometrium preparation, induced
by K*-depolarization, was revealed in the increase
in the maximal work of the contraction AA _ practi-
cally without any changes in the maximal power of
the contraction (as of the moment of reaching the
characteristic time t.).

However, the abovementioned calculations of
the energy parameters of the smooth muscle were
related to specific quantitative characteristics of the
muscle preparation (as stated before, the weight —
38 mg, the initial length — 10 mm, the load value
f — 10 mN), which are usually subjectively selected
by the researcher. Thus, the further energy analysis
in the process of isotonic myometrium contraction-
relaxation in the control experiments and under
the effect of calix[4]arene C-1130 was conducted
according to equations (13), (14), (19), and (21), in
terms of non-dimensional energy parameters —
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Fig. 3. The dynamics in the change of the instant work AA in case of the complete cycle of isotonic contraction-
relaxation of the myometrium tissue stripe, induced by K*-depolarization, in control and under the effect of
calix[4]arene C-1130 (10 uM). The values of mechanokinetic constants k and n were estimated using the linea-
rized charts (Fig. 2, panel B): in control — k = 0.026 s, n =2.08; under the effect of calix[4]arene C-1130 —
k=0.007 s, n=112. A — dependence of the absolute value of the instant work AA on time t (load f = 10 mN).
The values of the weight of the tissue preparation and its initial length were 38 mg and 10 mm, respectively.
At the same time, the values of AA in time were estimated according to equation (10); B — dependence of
the instant work, done by the muscle at the time moment t and normalized by its maximal (amplitude) value
AA/NA_, regarding time t. The change in the value of AA/AA_ intime t was estimated according to equation
(13). C - dependence of the instant work, done by the muscle at the time moment t and normalized by its value
in case of the characteristic time 1. AA/AA_, regarding time t. The change in the value of A/AA_.intime t was
estimated according to the ratio (14)

normalized work AA/AA ., AA/AA . and normali-
zed power N/N__, N/N_. Obviously, these relative
characteristics, according to equations (13), (14), (19)
and (21), do not depend on the weight and length of
the muscle preparation or the load f and the contrac-
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tion amplitude AL __ , but are determined solely by
characteristic parameters k and n.

Firstly, the data, presented in Fig. 3, are evi-
dence in favor of the fact that under the effect of ca-
lix[4]arene C-1130 (10 uM) on the myometrium con-
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Fig. 4. The dynamics of the change in the instant power N in case of the complete cycle of the isotonic con-
traction-relaxation of the myometrium tissue stripe, induced by K*-depolarization, in control and under the
effect of calix[4]arene C-1130 (10 uM). The values of mechanokinetic constants k and n, estimated using the
linearized charts (Fig. 2, panel B): in control k = 0.026 s, n = 2.08; under the effect of calix[4]arene C-1130
k=0.007 s*; n =1.12. A — dependence of the absolute value of the instant power N on time t (load f' = 10 mN).
The value of the weight of the tissue preparation and its initial length were 38 mg and 10 mm, respectively.
Here, the change in the value N in time was estimated according to equation (16); B — dependence of the
non-dimensional instant power at the time moment t and normalized by its maximal value N/N__ on time t.
The change in the value of N/N__ in time t was estimated according to equation (19), using the characteristic
function ¥(n) = 0.82 and 1.92 in control and under the effect of calix[4]arene C-1130, respectively, which is
determined by equation (18); C — dependence of the non-dimensional instant power at the time moment t and
normalized by its average value N/N_, on time t. The change in the value of N/N_ in time was estimated ac-
cording to equation (21)

N/N

traction, induced by K*-depolarization, the maximal
value of the work (at t = ) in the “work-time” cycle
is achieved when, under control, this cycle practi-
cally comes to its completion; this conclusion relates
not only to the absolute value of the work A4 (panel
A), but also its relative values A4/AA . (panel B)
and A4/AA . (panel C).

Secondly, as seen in Fig. 3, under the effect of
calix[4]arene C-1130 on the smooth muscle on the
level of the complete contraction-relaxation cycle,
induced by K*-depolarization, both for the absolute
value of the work A4 (panel A), and for its relative
values AA/AA  and AA/AA . (panels B and C, re-
spectively), there is considerable relaxation inhibi-
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tion of these energy parameters till the complete re-
laxation of the muscle. It means that under the effect
of the mentioned calix[4]arene, the smooth muscle
not only becomes capable of increasing the maximal
isotonic mechanical work AA__ (Fig. 3, panel A), but
also demonstrates a much higher, compared to the
control, ability to conduct this work in time (Fig. 3,
panels A, B, and C): for instance, in control, in case
of all three parameters, we have complete relaxation
of the muscle after 250300 s, but under the effect of
calix[4]arene C-1130, at this moment, a rather pro-
longed higher level of conducting mechanical work
is still observed.

At the same time, as seen in Fig. 4, under the
effect of calix[4]arene C-1130 on the muscle (at
t = 1) in case of “power-time” cycle, the maximum
for all three power parameters — N, N/N__ and N/N_
is observed in time t earlier than in control. And
if, similar to the use of the absolute power value N
(panel A), and its relative value N/N__ (panel B), the
maximal values of these characteristics in control
practically correspond to those, registered under the
effect of calix[4]arene C-1130, then in case of such
a relative characteristic as N/N_, they differ (panel
C): in case of the effect of calix[4]arene, this ratio
is obviously higher than in control. However, note-
worthy is the following fact: while in the control ex-
periment, all three power parameters — N, N/N__ and
N/N  reach the zero value after 75-80 s, then under
the effect of calix[4]arene C-1130, the smooth muscle
still has a considerable power potential — 30—40%
from its maximal value.

It should be noted that, as it turned out, at
any time moment t for each mechanokinetic curve,
studied by us in the isotonic mode of contraction-
relaxation, the combination of mechanokinetic (n,

A4 N
k, ¥(n)) and energy ( B, Nma
corresponds to equation (23) rather reliably, which
indicates that the abovementioned analysis of kine-
tics and energy of the contraction-relaxation of the
uterine smooth muscle is quite accurate.

Thus, in general, the abovementioned mecha-
nokinetic and energy analysis of the effect of ca-
lix[4]arene C-1130, the new selective inhibitor of
Mg?*, ATP-dependent sodium pump of the plasma
membrane of myocytes, on the isotonic contractile
activity of myometrium, induced by K*-depolariza-
tion, demonstrates that this inhibitor is capable of in-
ducing the increase in the maximal value of the me-
chanical work A4__ (observed at t = t), promoting

x) parameters
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its relaxation without a considerable change in the
contraction power. However, while in the control ex-
periment, all three power parameters — N, N/N__ and
N/N,_ reach a zero value after 75-80 s, then under
the effect of calix[4]arene C-1130, the smooth muscle
still has a considerable power potential — 30—40%
from its maximal value.

Taking into consideration the fact that the men-
tioned calix[4]arene is a selective inhibitor of the so-
dium pump [16], one can assume that mechanokine-
tic and energy effects, discovered by us and observed
under its effect on the uterine muscle, are mediated
by the inhibition of the functioning of non-electro-
genic 2Na*-Ca?" exchanger, the presence of which
in the plasma membrane of myometrium cells is not
under doubt [17, 18].

At present, there is a series of publications in
scientific literature in the field of investigating the
mechanokinetics of smooth muscle contraction-re-
laxation [29-32]. Based on our previously developed
method of mechanokinetic analysis of the isotonic
contraction of the smooth muscle [22, 26], we elabo-
rated the methodology of estimating the energy
characteristics of this process — mechanical work 4
and power N at any time moment t in case of the
complete contraction-relaxation cycle. We obtained
equations to determine both instant absolute and
relative AA/AA  , AAIAA ., NIN__and N/N _values
of these parameters. A criterion for estimating the
accuracy of the conducted analysis of mechanokine-
tic and energy indices of the contraction-relaxation
process was suggested. However, it is obvious that
the calculations of the absolute energy parameters
of the smooth muscle contraction are usually related
to specific quantitative characteristics of the muscle
preparation (weight, initial length, load value), which
in experiments in vitro are subjectively selected by
researchers. The contraction amplitude AL . de-
pends on these characteristics. Therefore, we recom-
mend conducting the objective analysis of the energy
of the process of isotonic contraction-relaxation of
the smooth muscle in terms of the abovementioned
non-dimensional parameters of mechanical work and
power, which do not depend on the subjectivity of
the researchers.

The suggested method of estimating abso-
lute and relative energy parameters was tested on
the example of studying the effect of calix[4]arene
C-1130, a new selective inhibitor of Mg?",ATP-de-
pendent sodium pump (Na*, K*-ATPase) (10 uM), on
the isotonic contraction of the uterine smooth mus-



S. O. Kosterin, O. V. Tsymbalyuk, R. V. Rodik, V. I. Kalchenko

cle, myometrium, induced by K*-depolarization. The
obtained results give grounds for the assumption that
this inhibitor mediates its effect on mechanokinetic
and energy characteristics of the contractile activity
of myometrium, induced by K*-depolarization, via
the inhibition of the functioning efficiency of the
non-electrogenic 2Na*-Ca?*-exchanger of the plas-
ma membrane, ensuring the release of Ca ions from
myocytes due to the energy of transmembrane so-
dium gradient, directed from the extracellular space
into the cell.

We believe that the methodology of
determining the energy parameters of the smooth
muscle contraction-relaxation process, developed by
us, may be useful for the strict interpretation of the
experiment results in biophysics and physiology of
smooth muscles in case of model tensometric studies
in vitro while investigating the effect of biologically
active substances, pharmacological compounds on
the dynamics of the complete contraction-relaxation
dynamics. This method may also be considered
reasonable for quantitative characterization of the
contraction process in biomedicine in the “norm-
pathology” mode or for comparative determination
of mechanokinetic characteristics in case of different
smooth muscles.

We do not rule out that if the method, develo-
ped by us, is successfully tested in simulated experi-
ments, conducted on skeletal muscles, it may be use-
ful in solving urgent problems of sport biophysics
and sport medicine.

Conclusions

1. The method of determining energy param-
eters — mechanical work A and power N at any time
moment t in case of the complete cycle of isotonic
contraction-relaxation of smooth muscle prepara-
tions was developed and tested in the tensometric
experiments.

2. The method was used while studying the
energy regularities of the effect of calix[4]arene
C-1130, the new selective inhibitor of Mg?*,ATP-de-
pendent sodium pump (Na*, K*-ATPase), on the iso-
tonic contraction of the myometrium smooth muscle,
induced by K*-depolarization.

3. Based on the analysis of the mechanokinetics
and energetics results, it has been assumed that ca-
lix[4]arene C-1130 mediates its effect on the con-
tractile activity of myometrium, induced by K*-
depolarization, inhibiting the functioning efficiency
of the non-electrogenic 2Na*-Ca?"-exchanger of the
plasma membrane, which ensures the release of Ca
ions from myocytes due to the energy of the trans-
membrane sodium gradient.

4. The proposed methodology of determining
the energy parameters of the process of contraction-
relaxation of the smooth muscles may be useful
during the interpretation of experimental results in
biophysics and physiology of the smooth muscles
in case of model tensometric studies in vitro while
investigating the effect of biologically active sub-
stances, pharmacological compounds, and physical-
chemical factors on the dynamics of the complete
contraction-relaxation cycle. This methodology may
be reasonable during quantitative characterization of
the contractile process in biomedicine in the “norm-
pathology” mode, or with the purpose of compara-
tive determination of energy characteristics of this
process in physiology and bioenergetics, in case of
different smooth muscles.
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HOBUM CEJJEKTUBHUM
IHT'IBITOP HATPIEBOI IOMIIU
KAJIIKC[4]APEH C-1130 SIK
MOJYJSITOP EHEPTETUKHA
CKOPOUYEHHS I''TAIEHBKOI'O
M’SI3A MATKHA
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e-mail: manli@ioch.kiev.ua
Bimomo, mo GyHKIIOHYBaHHS HEEIEeKTPO-
renHoi cuctemu 2Na*-Ca?*-00MiHy, JIOKaIi30BaHOT
B IJIa3MaTH4HIA MeMmOpaHi KIITHH MiOMeTpis,
3a0e3MmeuyeThcss  CHEeprielo  TpaHCMeMOpaHHO-
ro Tpaji€HTa HATpifo, IO CTBOPIOEThCS Mg,
ATP-3amexxHuM  HaTpieBUM  HacocoM. MeToro
JOCTiKeHHST OyJI0 BU3HAYHUTH, K 1HTIOITOp IHO-
ro nHacoca kamikc[4]aper C-1130 BruMBae Ha
MEXaHOKIHeTHKY Ta €HEepPreTHKY CKOpOYeHHS-
po3cmabieHHs wmiomeTpis. ExcrmepumeHTH TIpo-
BOIMIIACS Ha caMKax mypiB Bictap. CkopoTnuBy
AKTUBHICTD ITO3JIOBXKHIX TIIAJEHBKUX M’A31B MaTKU
BHBYAJIH 32 JIOTTOMOT O TEH30METPUYHOTO METOJY.
Po3pobiieno Ta BUMIPOOYBaHO B TEH30METPUUHUX
eKCIIepUMEHTaX METOJl BU3HAYeHHS MEXaHITHOI po-
6otn 4 Ta moryxkHocTi N y Oynb-Kiii MOMEHT Jacy
t MOBHOTO WHKIY i30TOHIYHOTO CKOpPOUYEHHS-PO3-
cmabnenHs rmagkux Ms3iB. Kamikc[4]apen C-1130
PO3YHMHSIIN B TUMETUICYIH(OKCHII Ta BBOIWUIHN B
po6oui po3unuu B KoHieHTpanii 10° M. Byno Bu-
SIBJIGHO, IO T BIUTMBOM Kajikc[4|apeny C-1130
BiIHOCHI MaKCHMallbHi 3HAYE€HHS MEXaHIqHOi po00-
TH A TocsTaNrCsS B MOMEHT, KOJIU ITUKJI CKOPOYEHH -
pemakcarii B KOHTPOJIBHUX YyMOBax MPaKTHIHO
3aBEpIIyBaBCs, TOMI SK MaKCHUMalbHI 3HAYEHHS
moTy>kHOCTI N ocsiranucs IBUIIIe, HiXK y KOHTPOJTI.
Li pe3ynbpraTu cBiuaTh Mpo Te, MO0 Kamikc[4]apeH
C-1130 3maTHU# TiABUITYBAaTH MaKCHUMaJIbHE 3HA-
YeHHS MEXaHIYHOI pPOOOTH TJIaJeHBKUX M A3iB,
CIPHSIOYHN 1X pO3CIa0IeHHIO 0e3 CYTTEBOI 3MiHU
MOTYKHOCTI CKOpodeHHs. Po3polOieHa meronmka
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MOKe OyTH KOPUCHOIO JJIsl IOPIBHSJIBHOTO BUBYCH-
Hsl BIUTUBY (papMakoJIOTIYHHX HpernapaTiB Ha CKO-
POTIMBY aKTHBHICTh TJIaJIGHBKUX M’si3iB Y (hopmari
«HOPMa-TMaTOJIOTis.

KnmouoBi clIoBa: kaiikc[4]apeH
C-1130, rmamgeHBbKI M’S3M MIOMETpisl, CKOPOTINBA
AKTUBHICTB, KIHETUKA Ta EHEPTCTUYHI TTapaMEeTPH.
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