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Background. Several pathologies (such as diabetes mellitus, Parkinson’s and
Alzheimer’s diseases, multiple sclerosis, etc.) are accompanied by degeneration of
cholinergic neurons, which are key regulators of the contractile function of the gastro-
intestinal tract walls, leading to atony and paresis. An effective strategy for normalizing
the lack of contractile function of visceral SM is the use of drugs - selective agonists of
muscarinic acetylcholine receptors (mAChRs) of the M2 subtype. The high similarity
of the structure of the agonist-binding sites of different subtypes of mMAChRs causes
problems to develop selective ligands for these receptors. Nowadays, there is an urgent
necessity to develop selective agonists of M2 subtype receptors as pharmacological
tools for laboratory research and promising drugs.

The aim of the present research was to investigate the effect of the 8-[(4-benzylpipe-
razin-1-yl)methyl]-3-(2-chlorophenyl)-7-hydroxy-chromen-4-one (compound 1), which
was in silico predicted to bind mAChRs, on the contractile activity of rat caecum circular
smooth muscle.

Materials and Methods. The research was carried out on rats. The contractile
activity was studied tensometrically in the isometric mode on preparations of the cir-
cular smooth muscles of the caecum of Wistar rats. The kinetic properties of individual
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spontaneous contractions of SM preparations were determined in accordance with the
method of multivariate mechanokinetic analysis with the calculation of mechanokinetic
parameters for the phases of contraction and relaxation: time (1,, 1. and 1), force (F,.,.
F. and Fg), velocity (V, and V) and impulse (/.. /. and I3). The kinetic properties of
acetylcholine-induced contractions were analyzed by calculating the normalized maxi-
mum velocities of the contraction (V) and relaxation (V) phases.

Results. It was found that compound 1 caused an increase in the amplitude of
acetylcholine-induced contractions; this effect was eliminated by preincubation of SM
with the mAChRs M2 subtype inhibitor AF-DX 116.

It was revealed that compound 1 (0.1-50 uM) also has the ability to significantly
activate the functional activity of colonic SM in a dose-dependent manner, increasing
the force and frequency of spontaneous contractions, as well as their mechanokinetic
parameters.

It was found that the presence of compound 1 (0.1 pM) in the solution washing
the smooth muscle for a long time leads to a significant increase in the amplitude and
frequency of spontaneous contractions, which tends to reach a stationary mode after
40 minutes of its action. The effect of compound 1 was stable for at least an hour of appli-
cation to the caecum, and was reversible and significantly eliminated by washing the SM.

Conclusions. Compound 1 stimulates the contractile activity of the cecal smooth
muscle and exhibits M2 cholinergic properties.

Keywords: smooth muscle of the large intestine, muscarinic acetylcholine
receptors of the M2 subtype, acetylcholine, spontaneous contractions,
mechanokinetic analysis

INTRODUCTION

One of the macrostructural components of the gastrointestinal tract (GIT) is smooth
muscle tissue, which is located in several layers, such as the outer longitudinal and
inner circular layers (Al-Shboul, 2013; Kola et al., 2022; Lépez-Pingarrén et al., 2023).
Between the smooth muscle layers and the submucosa, there are two layers of neu-
ral cells of the myoenteral and submucosal nerve plexuses (enteric nervous system)
(Furness et al., 2014; Veress et al., 2022; Windster et al., 2023). In addition to ,working”
contractile cells and neurons, the gastrointestinal smooth muscle tissue contains inter-
stitial cells of Cajal (ICC) that function as pacemakers. Importantly, the pacemaker prop-
erties of ICCs are regulated by the release of neurotransmitters from enteric neurons.

In gastrointestinal smooth muscle (SM) tissue, acetylcholine is the main excita-
tory neurotransmitter that mediates the activation of receptors coupled to heterotrimeric
G-proteins and provides for the activation of contractile activity (Zhang et al., 2011; Balla
et al., 2023). These receptors, called muscarinic acetylcholine receptors (mAChRs),
are represented in the stomach and intestinal SM cells by subtypes M2 (dominant, with
a stoichiometry of 75-80 %), M3 (about 20-25 %), and M1 (probably expressed in mini-
mal amounts) (Tobin et al., 2009; Tanahashi et al., 2020, 2021). Receptors of the M3
subtype (like M1) are coupled to G-proteins belonging to the G, class. Therefore, their
activation mainly causes stimulation of phospholipase C, with subsequent synthesis of
secondary messengers inositol 1,4,5-triphosphate (IP,) and diacylglycerol. Additionally,
an increase in the inward cationic current through TRPC4 and TRPC6 channels is a fac-
tor in muscle cell excitation when these receptors are stimulated (Tsvilovskyy et al., 2009;
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Zholos et al., 2023). M2 subtype receptors are coupled to G,, proteins, and their acti-
vation causes contraction of the SM by several mechanisms: inhibition of adenylate
cyclase activity and reduction of cCAMP concentration, as well as activation of the inward
cationic current through TRPC4 channel (Zholos, 2006; Tanahashi et al., 2021).

Several pathologies (such as diabetes mellitus, Parkinson’s and Alzheimer’s disea-
ses, multiple sclerosis, etc.) are accompanied by degeneration of neurons that regu-
late the contractile function of the gastrointestinal walls, leading to atony and paresis
(Glick et al., 1982; Semar et al., 2013; Puig et al., 2015; Thomzig et al., 2021; Liu et al.,
2022; Yang et al., 2023). In particular, in Parkinson’s disease, which is accompanied by
hypofunctional motor activity of the SM of the gastrointestinal tract in 80 % of patients,
a-synuclein-mediated destruction of cholinergic neurons of the vagus nerve (Liu et al.,
2022) and in the enteric nerve plexuses (Ma et al., 2019; Fricova et al., 2020) is observed.
In the case of Alzheimer’s disease pathogenesis, as shown in in vitro model studies,
extracellular tau protein binds directly to mAChRs of M1 and M3 subtypes and causes an
increase in the intracellular concentration of Ca?* ions, which may be one of the important
causes of neuronal death (Wysocka et al., 2020; Jimenez et al., 2023).

The high similarity of the agonist-binding sites of mAChRs of different subtypes
(Pegoli et al., 2019) as well as the co-expression of several receptor subtypes in the
same tissues cause problems with the development of selective ligands for these recep-
tors (Nyporko et al., 2023). Hence, currently, substances that have only relative selectiv-
ity for certain receptor subtypes are used as active ingredients in medicines. Such a rel-
atively selective agonist for the M2 subtype of mMAChRs (compared to the M4 subtype)
is carbamyl-B-methylcholine (EC,, for M2 receptors is 25 yM, while for the M4 subtype
itis 317 uM). In the case of M3 receptors, relatively selective agonists are zamifenacin,
darifenacin and pF-HHSID (Caulfield & Birdsall, 1998; Greig et al., 2013). Thus, the
necessity of developing selective M2 receptor agonists as pharmacological tools for
laboratory research and promising drugs is extremely urgent. In contrast, a significant
amount of data has been accumulated to date indicating a direct interrelation between
increased activation and hyperactivation of M3 subtype mAChRs by pharmacological
agents and the development of tumours, particularly in the gastrointestinal tract (Felton
et al., 2018; Hering et al., 2021; Lobbes et al., 2023). Therefore, the most successful
strategy to normalise the insufficient contractile function of visceral SMs is the use of
drugs - selective agonists of mAChRs of the M2 subtype.

The rational design of pharmacologically active compounds using several methods
of computer structural biological analysis and modelling, receptor-oriented virtual
screening and modern combinatorial chemistry is the most successful and progres-
sive strategy to create compounds with selective action on individual cellular targets
(Nyporko et al., 2023). The aim of this study is to investigate the effect of compound
8-[(4-benzylpiperazin-1-yl)methyl]-3-(2-chlorophenyl)-7-hydroxy-chromen-4-one (com-
pound 1), for which the ability to activate mMAChRs was predicted by in silico methods
on the contractile activity of rat caecum circular SMs.

MATERIALS AND METHODS

Tensometric experiments. The studies were performed on Wistar rats of the
vivarium population of the State Institution “Institute of Pharmacology and Toxicology
of the National Academy of Medical Sciences of Ukraine”. The rats were maintained on
a standard diet and under standard conditions: temperature 20£2 °C, relative humidity
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50-70 %, light conditions — light:dark = 12:12 hours. Rats were euthanized by disloca-
tion of the cervical vertebrae under chloroform anaesthesia. All animal manipulations
were carried out in accordance with the International Convention for the Protection of
Animals and the Law of Ukraine “On the Protection of Animals from Cruelty” (the Minutes
of the meeting of bioethics commission of SSC Institute of Biology and Medicine No. 3
dated May 2, 2019).

The contractile activity was studied tensometrically in the isometric mode on prepa-
rations of the circular caecum SM. The caecum muscles were preliminarily cleaned of
mucosa, cut in a circular direction into preparations (average size 1.2x7 mm) and placed
in a working chamber (volume 2 mL) with a flowing Krebs solution (flow rate — 5 mL/min),
thermostated at 37 °C; preparations were subjected to passive tension (10 mN) and left
for 1 hour.

Krebs solution (mM) was used for the experiments:
120.4 NaCl; 5.9 KCI; 15.5 NaHCO;; 1.2 NaH,PO,;
1.2MgCl,; 2.5 CaCl,; 11.5 glucose; pH 7.4. Acetylcholine
(10 yM) and the M2 subtype receptor antagonist com-
pound AF-DX 116 (10 pM) (both manufactured by
Sigma) were used in the study.

Compound 1 (8-[(4-benzylpiperazin-1-yl)methyl]-
3-(2-chlorophenyl)-7-hydroxy-chromen-4-one) (Fig. 1)
was provided by a supplier of HTS compounds OTAVA
Ltd (Kyiv, Ukraine).

When the compound was used, a stock solution
in dimethyl sulfoxide (DMSOQO) was preliminarily pre-
pared at the rate of 0.25 % of the substance in the final
volume. Also, all control studies of the contractile activity of caecum were carried out
under the action of 0.25 % DMSO.

Mechanokinetic analysis. The kinetic properties of individual spontaneous con-
tractions of SM preparations were determined according to the method of multiparamet-
ric mechanokinetic analysis (Kosterin et al., 2021). The analysis of the complete profile
of single spontaneous contractions was based on the procedure of their linearisation in

Fig. 1. Structure of the compound 1

the coordinates {In(:ij; In(1+A%)} (where f and t are instantaneous values of force
C

and time, and the indeces C and R denote the phases of contraction and relaxation,
respectively). Hereafter, F. and F; are, respectively, the force values at the inflection
points of the mechanogram at the level of the contraction (from the beginning of the
force increase to its amplitude value F,_, at time 1,) and relaxation (from the amplitude
value F_,, to the basal tension level) phases. The value of time interval At was chosen
arbitrarily.

The characteristic constants k and n were determined from the linearized graphs,
on the basis of which the mechanokinetic parameters of the contraction and relaxation
phases were calculated: time (1,, 7. and 1), force (F,..,, F; and Fy), velocity (V; and V; —
maximum velocities of the contraction and relaxation phases, respectively) and impulse
(I .0 Ic @and I, — parameters of the force impulse at the level of amplitude and maximum

velocities of the contraction and relaxation phases, respectively).
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Analysis of the kinetic properties of acetylcholine-evoked contractions was car-
ried out according to the method described earlier (Burdyga & Kosterin, 1991). In the
process of analysis, parameters independent of the amplitude of contractile responses
were calculated: normalized maximum velocities of the contraction (V, ) and relaxation
(V,,) phases.

Statistical analysis. The experimental data were processed by methods of varia-
tion statistics using the Origin 2018 software. The samples were tested for their belonging
to normally distributed statistical populations using the Shapiro-Wilk’s test. The one-way
analysis of variance (ANOVA) was used to determine significant differences between
the sample means. The results were considered significant if the probability value was
p <0.05. The reliability of the data approximation during mechanokinetic analysis by
a linear function was analysed using the Fisher’s test; in all cases, the coefficients of
determination (R?) were 20.96. The results are expressed as mean + standard error of
the mean, n — number of experiments.

RESULTS AND DISCUSSION

Modulation of caecum acetylcholine-induced contractions by compound 1.
To determine the effects of compound 1 on acetylcholine (10 uM) induced contractions,
muscle preparations were pre-incubated with the compound (1 uM) for 5 min. It should
be noted that the addition of compound 1 to the solution washing the smooth muscle
preparations at a concentration of 1 uM did not cause a phase contraction, but under
these conditions, an increase in spontaneous caecum contractions was observed, so
this effect was investigated in detail further.

The addition of acetylcholine in combination with compound 1 caused an increase
in the amplitude of acetylcholine-induced contractions to an average of 134.6x4.1 %
relative to the control taken as 100 % (p <0.01, n = 5) (Fig. 2). It is also noteworthy
that the tonic component of acetylcholine-induced contractions increased by a similar
amount (on average to 134.1£3.9 %, p <0.01, n = 5).

The mechanokinetic analysis revealed that compound 1 modulated the relaxation
phase, providing a significantly more efficient contractile response. Thus, the norma-
lised maximum velocity of the contraction phase (V, ) did not differ significantly from the
control and averaged 108.8 £ 7.1 % (p >0.05, n = 5), while the corresponding relaxation
phase (V.,) significantly decreased on average to 51.7+4.3 % (p <0.001, n = 5).

The increase in the amplitude of the acetylcholine-evoked contraction accompa-
nied by an increase in the tonic component and a selective slowing of the normalised
rate of the relaxation phase under the influence of compound 1 suggests the ability of
this substance to activate M2 subtype mAChRs (Elorriaga et al., 1996; Wrzos et al.,
1996; Tanahashi et al., 2021).

To test the hypothesis regarding the effect of compound 1 specifically on M2
subtype mAChRs, acetylcholine-induced contractions of SM caecum were recorded
under the conditions of prior inhibition of receptors of this subtype with the substance
11-[[2-[(Diethylamino)methyl]-1-piperidinyl]acetyl]-5,1  1-dihydro-6H-pyrido[2,3-b][1,4]
benzodiazepin-6-one (code AF-DX 116), which is an competitive inhibitor of mAChRs
with greater efficiency against M2 (IC50 0.36 uM) and M4 (IC50 0.79 uM) receptor
subtypes (Buckley et al., 1988). It was established that the use of AF-DX 116 (10 uM,
duration of preincubation 20 min) caused a decrease in the amplitude of acetylcholine-
induced contractions of the SM (on average by 21.4+5.1 %, p <0.05, n = 5). Under the
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influence of AF-DX 116, the application of compound 1 (1 uM) did not cause activa-
tion of acetylcholine contractions of the caecum, and their amplitude was on average
78.948.3 % compared to the action of AF-DX 116 (p >0.05, n = 5). Thus, the obtained
results confirm the predictions regarding the mechanism of action of compound 1 as an
agonist of mMAChRs M2 subtype.

357 control

compound 1
30

25 +
20

15—. +

10

f, mN

O —
: : : :
0.0 $ 0.5 1.0 1.5 2.0 25 3.0
t, min
Fig. 2. Typical mechanograms of acetylcholine (1 uM) induced contractions of rat caecum circular smooth

muscle in control and after pre-incubation for 5 min with 1 pM of compound 1. The moment of addition
of acetylcholine is shown by the arrow

Dose effects of compound 1 on rat caecum functioning. In the next stage, we
investigated the mechanokinetic effects of a cumulative application of compound 1 in
concentrations of 0.1, 1, 10 and 50 uM to the SM caecum, with each concentration las-
ting for 10 min.

The application of compound 1 at a minimum concentration of 0.1 yM did not cause
a phase contraction of caecum preparations, but activated their spontaneous contractile
activity (Fig. 3). Thus, under these conditions, a significant increase in the frequency of
spontaneous contractions was observed (on average to 168.8+9.2 %, p <0.01, n = 5);
there was also a tendency to increase the amplitude of spontaneous contractions
(129.7+8.6 %, p = 0.079, n = 5).

A cumulative increase in the concentration of compound 1 to 1 yM caused further
activation of the contractile activity of caecum preparations: under these conditions, the
frequency of spontaneous contractions averaged 572.6 + 23.4 % (p <0.001, n = 5) and
their amplitude was 281.3+11.7 % (p <0.001, n=5) relative to the corresponding control
parameters.

A further increase in the concentration of compound 1 to 10 uM was accompanied
by a continued activation of the spontaneous contractile activity of SM caecum. These
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changes can be mainly attributed to the amplitude (mean 508.8+27.9 % relative to the
control, n = 5), since it was significantly different both relative to the control (p <0.001) and
to the data of exposure to compound 1 at a concentration of 1 uM (p <0.001) (Fig. 4A).
The frequency of spontaneous contractions under these conditions was significantly dif-
ferent from the control value (614.6+35.1 % relative to the control, n =5, p <0.001), but not
from the frequency under the effect of the compound at a concentration of 1 uM (p >0.05).

The use of the next concentration of compound 1 (50 uM) caused a continued
increase in the activation of spontaneous contractions of SM preparations: under these
conditions, their amplitude averaged 605.6+31.3 % relative to the control (p <0.001,
n = 5), which was also significantly higher than under the action of 10 yM (p <0.01)
(Fig. 4A). Furthermore, the frequency of spontaneous contractions increased signifi-
cantly (on average to 738.1+44.6 % relative to the control, n = 5, p <0.001).

12

10

f, [mN]

A t t )

0.1 uM 1 uM 10 uM 50 uM
T T T T T T T T T T T T T

0 10 20 30 40 50 60 70
t, [min]

Fig. 3. Spontaneous contractile activity of rat caecum circular smooth muscles in control and after cumulative
addition of compound 1 to the washing solution at concentrations of 0.1-50 uM, as well as its washing.
A typical mechanogram is shown. Arrows indicate the moments of addition of compound 1 in the
indicated concentrations

To obtain additional information about the effects of compound 1 on the functioning
of rat caecum SM, individual spontaneous contractions were analysed using multivariate
mechanokinetic analysis with the calculation of time (1,, 1, and 1), force (F. and Fy),
velocity (V. and V) and impulse (/.,,, I and ;) parameters (Kosterin et al., 2021) (Fig. 4).

It was found that compound 1 in all used concentrations (0.1-50 yM) caused
a significant dose-dependent increase in the maximum force parameter at the level
of the relaxation phase (Fg). The maximum force parameter of the contraction phase
(F.) demonstrated a dose-dependent increase under the cumulative addition of com-
pound 1 at higher concentrations (1-50 uM) (Fig. 4A). Compound 1 did not affect the
time parameters of spontaneous contractions (Fig. 4B).
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Fig. 4. Mechanokinetic parameters of spontaneous contractions of rat caecum circular smooth muscles in
control and after cumulative addition of compound 1 to the washing solution at concentrations of
0.1-50 uM (n = 5, M = m): A — force parameters (F,.,, Fc and Fy); B — time parameters (T,, 7o and Tg).
*—p <0.05 and ** — p <0.01 —relative to the control; statistically significant for different concentrations
of compound 1: @ — p <0.05 and @@@ — p <0.001 — for 0.1 uM; ### — p <0.001 — for 1 uM; $$$ —
p <0.001 — for 10 uM; && — p <0.01 and &&& — p <0.001 — for 50 yM

Normalization of both F. and F; to the amplitude values (F,_,) completely elimi-
nated the effects of compound 1, which allows us to predict the general activation of
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the processes of increasing the concentration of Ca?* ions in the myoplasm of SM cells
under the influence of compound 1, but the absence of a specific effect of this com-
pound on the processes of active extrusion of these cations (Burdyga & Wray, 2002;
Tsymbalyuk et al., 2016, 2019, 2021).

Additionally, in the presence of compound 1 in higher concentrations (1-50 uM), an
increase in the absolute values of the maximum velocities of the phases of contraction
(V) and relaxation (V) was observed (Fig. 5A). In the case of velocity parameters, the
dose dependence was weakly expressed, and the activation effects in the background of
10 and 50 uM compound 1 did not differ. However, it is worth noting that the V/V; ratio
in all cases of compound 1 exposure did not differ significantly from the control, which
also suggests the absence of effects of this substance on the processes of energy-
dependent Ca?* transport (Tsymbalyuk et al., 2016, 2019).

The impulse parameters (/,,,, I and Iz) were equally significantly and dose-depen-
dently changed in the presence of 1-50 uM of compound 1, reaching a tenfold increase
in the case of the highest concentration used (Fig. 5B). Such an increase in force
impulse under the influence of compound 1 cannot be explained only by an increase
in contraction force, because normalization of impulse parameters to F,_,, still indicates
a significant, on average, one and a half times increase.

Thus, the results of the study indicate that compound 1 has the ability to significantly
activate the functional activity of colonic SMs in a dose-dependent manner, increasing
the force of spontaneous contractions, probably by increasing the concentration of Ca?*
ions in the myocyte cytoplasm during their excitation (Elorriaga et al., 1996; Wrzos et al.,
2004). A significant (more than seven-fold in the presence of 50 uM of the compound)
increase in the frequency of spontaneous contractions in the presence of compound 1
indicates activation of the pacemaker activity of the ICC (Fujimoto et al., 2004; Sanders,
2019). At the same time, even with high concentrations of 1, we did not record phasic
contractions, as in the case of acetylcholine (Fig. 2). Thus, this substance is not a non-
selective full agonist of acetylcholine receptors, but may be either a partial agonist or an
agonist of the mAChRs M2 subtype. The selective action of compound 1 is supported
by the results of studies of the functional activity of the SM of gastrointestinal tract of
mice with knockout of M3- and M2-acetylcholine receptors. In the case of the presence
of the M2 subtype of mMAChRs alone, acetylcholine application caused a significant
increase in the spontaneous contractile activity of the intestine SM accompanied by
very weakly expressed phase-controlled contractions (Unno et al., 2005).

Investigation of the time-dependent effects of compound 1 on the functions
of the rat caecum and its washout efficiency. During drug development, it is crucial
that the effects of their active substances remain stable over time, avoiding the risk of
efficacy loss or the emergence of opposite effects when applied to the target tissue for
an extended duration. Therefore, in the next step, we investigated the time effects of the
application of 0.1 uM of compound 1 for an hour on the mechanokinetic parameters of
spontaneous contractile activity of SM caecum preparations.

As can be seen from Fig. 6, the application of compound 1 for a long time leads
to a significant increase in spontaneous contractile activity, which tends to reach a sta-
tionary mode after 40 min of its action. Thus, after 30 min of exposure to compound 1,
a significant increase in the amplitude of spontaneous contractions (F, ., ) was observed

max

not only relative to the control (p <0.001), but also relative to the effects after 10 min
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of exposure to this compound (p <0.05). After application of this compound for 1 hour,
the amplitude further increased and averaged 242.3+11.8 % (p <0.001 for control and
10 min of exposure, and p<0.01 for 30 min of exposure, n = 5) (Fig. 7A).
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Fig. 5. Mechanokinetic parameters of spontaneous contractions of rat caecum circular smooth muscles in
control and after a cumulative addition of compound 1 to the washing solution at concentrations of
0.1-50 uM (n =5, M = m): A — velocity parameters (V and \); B —impulse parameters (/,.,,, I and fg).
*—p <0.05, ** - p <0.01 and *** — p <0.001 — relative to the control; statistically significant for different
concentrations of compound 1: @ — p <0.05, @@ - p <0.01, @@@ — p <0.001 — relative to 0.1
uM; # — p <0.05, ## — p <0.01, ### — p <0.001 — relative to 1 uM; $ — p <0. 05, $$ — p <0.01, $$$ —
p <0.001 — relative to 10 uM; & — p <0.05, && — p <0.01 and &&& — p <0.001 — relative to 50 yM
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It is pertinent to mention that as the duration of incubation of SM preparations with
compound 1 increased, the frequency of spontaneous contractions also increased in
a direct proportion, which suggests that under these conditions the pacemaker activity
of the ICC was stimulated (Fujimoto et al., 2004; Sanders, 2019).

54

0 10 20 30 40 50 60 70 80 90
t, [min]

Fig. 6. Spontaneous contractile activity of rat caecum circular smooth muscle in control and after application
of compound 1 at a concentration of 0.1 uM. A typical mechanogram is shown. The arrow indicates
the moment of addition of compound 1

To determine the quantitative patterns of activation of caecum SM motor activity at
different durations of exposure to compound 1, individual cycles of spontaneous con-
tractions were examined according to the method of multiparameter analysis (Kosterin
et al., 2021). It was found that under these conditions, there was a significant time-
dependent increase in force parameters (F,,,, Fc and Fg) (Fig. 7A). However, under
different durations of compound 1 application, as well as in the case of exposure to dif-
ferent concentrations of this compound (Fig. 4B), the time parameters of spontaneous
contractions did not undergo significant changes (Fig. 7B).

In addition, under different durations of treatment with compound 1, a significant
time-dependent increase in both velocity parameters of spontaneous contractile activity
of caecum SM was observed only with its prolonged application (Fig. 8A). Thus, the
maximum velocity of the contraction phase was significantly different only in compari-
son with the control group, while the velocity of the relaxation phase was also different
in comparison with the application of the compound for 10 and 30 min. In the case of
impulse parameters (/ ., I and ), a significant time-dependent increase was observed
when 1 was applied to SM preparations for 30 and 60 min (Fig. 8B). Therefore, it is
important to note that compound 1 does not lose its efficiency during prolonged in vitro
application.
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Fig. 7. Mechanokinetic parameters of spontaneous contractions of rat caecum circular smooth muscle in
control and under the influence of compound 1 (0.1 uM) for 10, 30 and 60 min (n =5, M £+ m): A — force

parameters (F,.,, Fc and F); B — time parameters (1,, T, and Tg).

* —p <0.05, ** — p <0.01 and *** — p <0.001 — relative to the control; statistically significant for different

durations of exposure to compound 1: @ — p <0.05 and @@@ — p <0.001 — for 10 min; # — p <0.05,

## —p <0.01 and ### — p <0.001 — for 30 min; & — p <0.05, && — p <0.01 and &&& — p <0.001 — for 60 min

Another important property of substances that can be used as a basis for drug
development is the reversibility of their action. Therefore, we further tested the ability to
wash out compound 1 by replacing the Krebs solution containing 50 uM of the substance
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used to wash SM drugs with normal Krebs solution. As can be seen from Fig. 9A,
the replacement of the modified solution with normal Krebs solution was accompanied
by a decrease in the amplitude of spontaneous contractions; however, their frequency
remained unchanged.
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Fig. 8. Mechanokinetic parameters of spontaneous contractions of rat caecum circular smooth muscles in
control and under the influence of compound 1 (0.1 pM) for 10, 30 and 60 min (n =5, M+ m): A —
velocity parameters (V. and V;); B — impulse parameters (/,,,,, I and I5).

* — p <0.05, ** — p <0.01 and *** — p <0.001 — relative to the control; statistically significant for dif-
ferent concentrations of compound 1: @ — p <0.05, @@ — p <0.01, @@@ — p <0.001 — relative to
0.1 uM; # — p <0.05, ## — p <0.01, ##H# — p <0.001 — relative to 1 uyM; $ — p <0. 05, $$ — p <0.01,
$$$ — p <0.001 —relative to 10 uM; & — p <0.05, && — p <0.01 and &&& — p <0.001 — relative to 50 uM

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriuHi Ctygii / Studia Biologica e 2023 e Tom 17 / Ne 4 ¢ C. 15-36



28

Olga Tsymbalyuk, Ivan Voiteshenko, Sergii Starosyla et al.

f, [mN]

(oo}

Dimension of the corresponding parameters

12

251

20

151

10

10 20 30 40 50
t, [min]

m compound 1 I

m washing

o
VC

Fig. 9. Spontaneous contractile activity of rat caecum circular smooth muscles under the influence of

compound 1 (50 uM) and after its washing with normal Krebs solution (the moment of the washing
start is shown by an arrow); a typical mechanogram is shown (A). B, mechanokinetic parameters of
individual spontaneous contractions in the presence of compound 1 (50 uM) and after its washing
(n =5, M £ m): force parameters (F,

Fc and F; their dimension [mN]); time parameters (1,, 7. and

max?

Tg; their dimension [s]); velocity parameters (V. and Vg; their dimension [mN/s]); impulse parameters
(Iax Ic @nd Ig; their dimension [mN*s]). The arrow shows the moment of the beginning of the washout
of compound 1.

*—p <0.05, ** — p <0.01 and *** — p <0.001 — for the effect of compound 1 (50 uM)
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Subsequently, a fragment of the mechanogram was evaluated using mechanoki-
netic analysis 20 min after the beginning of drug washing. It was found that during
washing all groups of parameters, without exception, significantly changed (Fig. 9B).
Even though, during this time only the time parameters (1,, 7. and 7;) and the force pulse
during the contraction phase (/) reached the control level, the obtained data indicate
the reversibility of the action of compound 1.

In gastrointestinal smooth muscle tissue, MAChRs are expressed in “working”
myocytes and ICCs that play a fundamental role in the perception of the main excitatory
neurotransmitter acetylcholine. Although subtype M2 receptors are dominant in both
cell types, the direct response of mMAChRs to acetylcholine activation by M2 subtype
is weakly expressed (lino & Nojyo, 2006; Ehlert, 2003). In vivo, their functional role is
to promote depolarisation of the plasma membrane of cells by indirectly activating the
inward cationic current through TRPC4 channels and L-type Ca?* channels (Unno et al.,
2006; Zholos, 2006), as well as inhibition of adenylate cyclase activity and reduction of
cAMP concentration, counteracting the effects of inhibitory neurotransmitters, in par-
ticular, norepinephrine (Ehlert, 2003; Balla et al., 2023). Therefore, selective activation
of the M2 subtype of mMAChRSs by selective agonists could be useful to normalise many
pathologies accompanied by impaired visceral smooth muscle motility (Kim et al., 2019;
Yan et al., 2021).

Compound 1, which was predicted to activate mAChRs by in silico methods, in vitro
showed the ability to activate acetylcholine-induced contractions and to enhance spon-
taneous motility of colon SM in a dose-dependent manner, increasing their amplitude
and frequency, probably due to the action on M2 subtype receptors. Since the effects
of this compound were stable in time with prolonged application and reversible with
muscle washout, there are robust reasons to assert that compound 1 is a promising
substance to be used in future drug development.

CONCLUSIONS

In this study, the effect of compound 1 (0.1-50 uM), whose ability to activate
mAChRs and induce acetylcholine-induced and spontaneous contractions of rat cae-
cum was predicted by in silico methods, was investigated, and the influence of this
compound on the mechanokinetic parameters of the contraction-relaxation processes
was studied.

It was found that compound 1 (1 uM) after short-term (5 min) application to the
SM causes a significant increase in acetylcholine-induced contractions; such activation
is eliminated by preincubation of SM with AF-DX 116 (an inhibitor of the M2 receptor
subtype). This substance enhances spontaneous caecum maotility in a time-dependent
and dose-dependent manner; significant effects of increasing force, speed and impulse
parameters are observed under the influence of its higher concentrations (1-50 pM). All
studied concentrations of compound 1 significantly increase the frequency of sponta-
neous contractions in a dose-dependent manner, indicating the activation of the ICC
pacemaker activity. The effects of compound 1 are stable for at least one hour of appli-
cation to the caecum and are reversible and significantly eliminated by SM washing.
There is a strong possibility that compound 1 activates M2 subtype mAChRs and can
be used for drug development in future.
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8-[(4-BEH3MNNINEPA3UH-1-IT)METWU]-3-(2-XITOPO®EHIN)-7-INAPOKCHU-
XPOMEH-4-OH — AKTUBATOP CKOPO4YYBAJIbHOI AKTUBHOCTI MMALOEHbKUX
M’A3IB TOBCTOINO KULWWEYHUKA 3 BMACTUBOCTAMU OBOPOTHOIO
M2-XONIHOMIMETUKA

Onbea umbaniok', IsaH BolimeweHko', Cepzili Cmapocuna?,
Bonodumup Boxona®, AHApill lpuxodbko®, TemsiHa ®edipko',
OnekcaHOp CasyeHko', AHHa baxiHa', Onekcili Hunopko'

" Kuiscbkuli HauioHanbHUl yHisepcumem imeHi Tapaca Llles4eHka

8yn. Bonodumupceka, 64/13, Kuie 01601, YkpaiHa

2 Receptor.Al Inc., 20-22 syn. Berriok, JloHdoH N1 7GU, O6’edHaHe Koporniecmeo

% [Hecmumym monekynsipHoi 6ionoeil i eeHemuku HAH YkpaiHu
8yr1. 3aborromHoeo, 150, Kuie 03143, YkpaiHa

O6rpyHTYBaHHA. Hyu3ka naTonoriv (Takmx sk LykpoBun iabet, xsopobu MapkiHcoHa
i AnbureriMepa, po3CisiHUIA CKNepo3 TOLLO) CYNPOBOAKYOTLCA AereHepauieto XomniHep-
rYHMX HEMPOHIB, SIKi € KITHOYOBUMM perynatopamm ckopodvyBarnbHOT yHKUiT cTiHOK LLUKT,
npu3BoaAYM A0 aToHIN | napesiB. EdekTBHO cTpaTerieto Hopmanisallili HeoCTaTHOCTI
ckopouyBanbHOi (byHKLUiT BicuepanbHux M € BMKOPUCTaHHA MikapCbkMX 3acobiB —
CENEKTUBHMX aroHiCTiB MyCKapMHOBUX aueTurnxoriHoBux peuentopiB (MAChRs) M2
nigTuny. Bucoka nofgibHiCTe CTPYKTypW aroHicT-3B’A3yBaribHUX CalTIB Pi3HMX MiATUNIB
MAChRSs € npuynHol Npobrnem 3i CTBOPEHHSAM CENEKTUBHUX JTiraHiB LMX PELENTOopIB.
HaTenep Hag3BMYarHO HaranbHOK € HeOoBXiAHICTb PO3pObKM CENEeKTUBHUX aroHiCTiB
peuenTtopie M2 nigTmny sik dhapmakonoriyHMx iHCTPYMEHTIB Ans nnabopaTopHMX gocnia-
XKEeHb | NepcneKkTMBHUX Mikapcbkux 3acobiB.

Metoto poboTtn OGyno pocnimkeHHs Aii cnonyku 8-[(4-6eH3unninepasvH-1-in)
MeTuI]-3-(2-xnopodeHin)-7-rigpokcun-xpomeH-4-oH (cnonyka 1), ans sKoi metogamu
in silico 6yno nepeabadeHo 3gaTtHicTb Ao akTuaii MAChRS, Ha ckopodyBanbHy akTuB-
HICTb KiNbLIEBUX rMafeHbKUX M’A3iB caecum LLYpiB.

Matepianu Ta metoau. [locnigxeHHs npoBoaunu Ha wwypax. CKOpoTnmBYy akTuB-
HICTb OOCnifXyBanu TEH30METPUYHO B i30OMETPMYHOMY pexuMi Ha npenapartax Kifnb-
LEeBMX MafaeHbKNX M’s3iB crinoi kuwku (caecum) wypiB niHii Bictap. KiHeTuyHi Bnac-
TUBOCTI OKpEMMX CMOHTaHHUX ckopodeHb M npenaparTiB 3giicHIOBanu BignoBigHO [0
meToay GaratonapaMeTpUYHOro MEXaHOKIHETUYHOIO aHarisy 3 po3paxyHKOM MexaHOKi-
HETUYHUX NapameTpiB a3 CKOPOYEHHS | po3cnabneHHs: YacoBux (T,, Te i Tg), CUMOBUX
(Fax Fc T@ FR), wBmakicHnx (V. i Vi) Ta imnynecHux (I, Ic 7@ Ig). AHania KiHeTu4Hnx
BMACTUBOCTEW CKOpPOYYBarnbHUX epeKTiB aLeTUNXoniHy NpoBOAUIIN 3 PO3paxyHKOM HOp-
MOBaHMX MakcrManbHUX WBKAKoCTen das ckopodeHHs (V) Ta poscnabnexHs (V).

PesynbraTti. Y poboTi BCTAHOBMNEHO, WO cnonyka 1 CnpyyYnHsSe NigBULLEHHS amn-
NiTYAn aueTUnxoriH-iHAyKOBaHNX CKOpo4veHb. Llen edekT ycyBaeTbcs iHkybauieto M
3 iHribitopom mAChRs M2 nigtuny AF-DX 116.

BusiBneno, wo cnonyka 1 (0,1-50 MkM) Takox mMae 3gaTHICTb [0303aNeXHO CyT-
TEBO aKTUBYBATWU (PYHKLIOHANbHY akTMBHICTb M TOBCTOro KuuleyHuka, 30inbLuytoum
CUNY i YacTOTY CMOHTAHHMX CKOPOYEHb, a TAKOX IXHi MEXAHOKIHETUYHI NapameTpu.

BcTaHoBneHo, wo TpmBana gisa (ynpogoex 1 roamHu) cnonyku 1 (0,1 mkM) Ha rna-
OeHbKi M’'s131 NPU3BOAMTL A0 CYTTEBOIO 30iMblUEHHS aMMliTyau | YacTOTU CMOHTaHHMX
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CKOpOYeHb, a Ui edpekT MatoTb TEHAEHLI A0 BUXOA4Y Ha CTaUiOHapHUIA pexum nicns
40 xB i gii. Takox edeKT cnonyku 0yB 060pPOTHUM.

BucHoBku. Cnonyka 1 akTuBye CKOpouyBarnbHy akTUBHICTb KiflbLEBUX rMageHbKNX
M’A3iB TOBCTOrO KMLLEYHMKA Ta NPOSIBMSIE BACTMBOCTI M2-xoniHoOMiMeTuKa.

Knroyoei cnoea: rnageHbki M'131M TOBCTOTO KULLEYHUKA, MYCKApPUHOBI
aueTunxoniHosi peuenTtopn M2 nigTuny, aLeTUXoniH,
CMOHTaHHI CKOPOYEHHS, MEXaHOKIHETUYHUIA aHani3
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