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Intracellular calcium homeostasis plays a crucial role in the regulation of vascular
smooth muscle contraction and relaxation. The present study investigated the vasorelaxant
activity of ZS 22-12 using isolated rat thoracic aorta and in silico molecular docking analysis
of calcium-regulating proteins. ZS 22-12 significantly inhibited both KCl-induced and
phenylephrine-induced contractions in a concentration-dependent manner, with IC... € values
of 38.23 iM and 43.57 iM, respectively. Comparative studies with verapamil and phentolamine
suggested that the vasorelaxant effect of ZS 22-12 is associated with modulation of voltage-
dependent and receptor-operated calcium signaling pathways. To clarify the molecular
mechanism, docking studies were performed with the Ca2z L-type channel, Ca?z R-type channel,
SERCA, ryanodine receptor (RyR), Naz /Ca?z exchanger (NCX), and Ca?z -ATPase. ZS 22-12
demonstrated stable binding affinities toward all investigated targets through hydrophobic,
hydrogen bonding, and electrostatic interactions. Overall, the combined in vitro and in silico
results indicate that ZS 22-12 acts as a multitarget modulator of calcium homeostasis in vascular
smooth muscle cells and exhibits promising vasorelaxant potential.
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Cardiovascular diseases remain one of
the leading causes of morbidity and mortality
worldwide and are closely associated with
disturbances in vascular tone regulation, endothelial
dysfunction, oxidative stress, and abnormal calcium
homeostasis."?> Contraction and relaxation of

vascular smooth muscle cells are highly dependent
on the precise regulation of intracellular Ca?z
concentration, which is controlled by a complex
network of membrane-associated and intracellular
calcium transport systems. Dysregulation of
these pathways contributes to the development
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of hypertension, vasospasm, ischemic injury, and
other vascular disorders.>**

Among the major calcium-regulating
mechanisms, voltage-dependent L-type Ca’z
channels play a fundamental role in mediating
extracellular calcium influx during membrane
depolarization. Activation of these channels
increases intracellular calcium concentration and
promotes smooth muscle contraction.®’ In addition,
receptor-operated calcium signaling pathways
activated through G protein-coupled receptors
(GPCRs), particularly & -adrenergic receptors, also
contribute significantly to vascular contractility
by stimulating intracellular calcium mobilization
through phospholipase C-dependent pathways.*’
Furthermore, intracellular calcium transport
proteins such as sarco/endoplasmic reticulum Ca?z
-ATPase (SERCA), ryanodine receptors (RyR),
Naz /Ca’z exchangers (NCX), and Ca?z -ATPases
are critically involved in maintaining calcium
balance by regulating calcium release, reuptake,
and extrusion processes within vascular smooth
muscle cells.'®!

Currently used calcium channel blockers,
including verapamil and other clinically available
vasodilators, are effective in the treatment of
hypertension and cardiovascular disorders; however,
long-term administration may be associated
with adverse effects and limited selectivity.
Therefore, identification of novel biologically
active compounds capable of modulating multiple
calcium-associated signaling pathways remains an
important area of pharmacological research.

In recent years, increasing attention has
been directed toward the investigation of synthetic
and naturally derived compounds with vasorelaxant
and calcium-regulating properties.'>"* Many of
these compounds exert their biological effects
through interactions with ion channels, membrane
transport proteins, and intracellular calcium-
handling systems. Understanding the molecular
mechanisms underlying these interactions is
essential for the development of new therapeutic
agents targeting vascular dysfunction.'*!s

ZS 22-12 is a biologically active
compound with potential calcium-modulating
activity; however, its effects on vascular smooth
muscle calcium transport systems have not yet
been fully elucidated. Therefore, the present study
aimed to investigate the vasorelaxant effects of ZS
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22-12 on isolated rat thoracic aorta and to evaluate
its possible mechanisms of action through both in
vitro pharmacological experiments and in silico
molecular docking analysis.'®!” The effects of
the compound were assessed using KCl-induced
and phenylephrine-induced contraction models to
determine its influence on voltage-dependent and
receptor-operated calcium pathways. In addition,
molecular docking studies were performed to
evaluate the interaction of ZS 22-12 with several
calcium-regulating proteins, including L-type and
R-type calcium channels, SERCA, RyR, NCX, and
Ca?z -ATPase. The combined experimental and
computational approach was employed to clarify
the potential role of ZS 22-12 as a multitarget
regulator of calcium homeostasis in vascular
smooth muscle cells.'®"°

MATERIALS AND METHODS

Animal Ethics

All experimental protocols and surgical
manipulations involving animals were reviewed
and approved by the Institutional Animal Care
and Use Committee before commencement of
the study. Experimental animals were maintained
in the institutional vivarium under standardized
environmental conditions, including a temperature
of 22 + 2 °C and relative humidity of 55-65%,
with unrestricted access to standard pellet diet and
drinking water. All procedures involving laboratory
animals were performed in accordance with the
European Directive 2010/63/EU concerning the
protection of animals used for scientific purposes.
Ethical approval for the study was provided by
the Animal Ethics Committee of the Institute of
Bioorganic Chemistry, Academy of Sciences of the
Republic of Uzbekistan (Protocol No. 133/1a/h).
Molecular Docking

Computational investigations were
performed using freely available academic
software packages. Three-dimensional structures
of calcium-associated target proteins were retrieved
from the Protein Data Bank (PDB), an international
repository containing experimentally determined
biomolecular structures [7-9]. The selected
targets included the voltage-gated L-type calcium
channel Cav1.2 (PDB ID: 6JP5), sodium/calcium
exchanger NCX1 (PDB ID: 8SGI), ryanodine
receptor type 2 (RyR2; PDB ID: 5C33), and
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sarcoplasmic/endoplasmic reticulum Ca?z -ATPase
(SERCA; PDB ID: 6RB2).

The structures of ZS 22-12 and reference
ligands were initially generated in two-dimensional
format using ChemDraw (PerkinElmer, USA).
The compounds were then transformed into three-
dimensional conformations and energy-minimized
in Avogadro software employing the MMFF94
force field to obtain stable molecular geometries.
Additional information regarding molecular
descriptors and physicochemical properties was
obtained from the PubChem database.?*?'

Visualization and structural examination
of proteins and ligand—protein complexes were
carried out using PyMOL (version 1.2). Docking
simulations were conducted using AutoDock 4.2
(The Scripps Research Institute), whereas docking
grids and parameter files were prepared using
AutoDock Tools (ADT). This molecular docking
approach allows prediction of ligand orientation,
binding affinity, and interaction patterns based
on flexible ligand and rigid receptor models,
thereby facilitating interpretation of ligand—target
interactions.”*?*

Tissue Preparation

All experimental procedures involving
animals were performed according to internationally
recognized recommendations for laboratory animal
care and were fully consistent with the European
Directive 2010/63/EU regarding the use of animals
for scientific purposes.*** Animals were housed
under controlled vivarium conditions at 22 + 2 °C
and 55-65% humidity with ad libitum access to
food and water.

Thoracic aortas were isolated from adult
male Wistar rats weighing 200-250 g. Prior to
tissue collection, animals were anesthetized with
sodium pentobarbital to reduce pain and stress.
Following anesthesia, euthanasia was performed
by cervical dislocation. The thoracic cavity was
then opened, and the thoracic aorta was carefully
excised and immediately placed into a 5 mL organ
bath containing Krebs—Henseleit physiological
solution. The composition of the solution (mM)
was as follows: NaCl 120.4, KCI 5.0, NaHCOf
15.5, NaH, PO,, 1.2, MgCl, 1.2, CaCl, 2.5,
glucose 11.5, and HEPES buffer adjusted to pH 7.4,
as commonly applied in vascular reactivity studies.
In some experiments, Ca’z -free Krebs solution
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containing EGTA (1 mM) was used to investigate
calcium-dependent responses.?*?’

All physiological solutions were
continuously oxygenated with carbogen gas (95%
0O, and 5% CO, ) and maintained at 37 °C using a
thermostatically regulated water bath. Connective
and adipose tissues surrounding the vessels
were carefully removed, after which the aorta
was sectioned into ring preparations measuring
approximately 3—4 mm in length.

Aortic Ring Contraction Studies

Aortic ring segments were mounted
on platinum hooks and attached to an isometric
force transducer system (Radnoti, USA) for
recording vascular contractile activity. The
tissues were allowed to equilibrate for 60 min
under an initial resting tension of 1 g (10 mN),
which is considered a standard preload for rat
thoracic aorta experiments. Changes in isometric
force were amplified and digitally recorded using
an automated acquisition system. Contractile
responses were measured in millinewtons (mN) and
subsequently expressed as percentages of maximal
contraction for comparative statistical analysis.?*%
Statistical Analysis

Experimental data are expressed as mean
+ standard deviation (SD) derived from at least
three independent experiments (n = 3-6). Statistical
differences between multiple groups were analyzed
using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc multiple comparison
test. Comparisons between two experimental
groups were evaluated using the unpaired Student’s
t-test. Statistical significance was accepted at p <
0.05. Graphical presentation of the data, including
bar charts, concentration-response curves, and
error bars, was performed using GraphPad Prism
and OriginPro 2022a (OriginLab, USA). All
statistical procedures were conducted according
to standard biomedical research practices.

RESULTS

Effect of ZS 22-12 on voltage-dependent and
receptor-operated Ca?z channels in isolated
rat aorta

The involvement of Ca?z transport
systems in the vasorelaxant activity of ZS 22-
12 was investigated using isolated rat thoracic
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aorta preparations precontracted with KCl and
phenylephrine. High extracellular KCI induces
membrane depolarization and activation of voltage-
dependent L-type Ca’z channels; therefore, this
model was used to evaluate the effect of ZS 22-12
on voltage-operated calcium influx. In parallel,
phenylephrine-induced contraction was employed
to assess receptor-operated Ca?z channels
associated with & -adrenergic GPCR signaling.3*3!

As presented in Figure 1A), ZS 22-12
caused a concentration-dependent inhibition of KCI-
induced vascular contraction. At concentrations of
10, 30, 40, 60, and 70 iM, the contractile force
decreased to 89.57 + 1.85%, 72.90 £ 2.18%, 55.03

100 5

(A)
90 4
~ 80 +
2
< 704
3¢
E & o1
E S 54
=2
N —— 252212 - 1C=38,23 M
L 8 401
¥ = .
2
© 20 1
10 4
0 T T T T T T T
10 20 30 40 50 60 70
Concentration (uM)
(€)
100 4
& 804
o
2
2w 1C45-0.1uM
c
-]
k]
2w
€
o
o
20 -
0 -

Phenylephrine induced

BAKIROVA et al., Biomed. & Pharmacol. J, Vol. 19(2), 1918-1932 (2026)

+ 1.98%, 25.04 £ 2.60%, and 22.07 + 2.24%,
respectively. The calculated IC... € value for ZS
22-12 in the KCl-induced contraction model was
38.23 iM. These data indicate that the compound
effectively suppresses depolarization-mediated
Ca?z influx through L-type calcium channels.

To further clarify the mechanism of
action, the effect of ZS 22-12 was compared with
verapamil, a classical L-type Ca?z channel blocker.
As shown in Figure 1C, KCl-induced contraction
in the control group was maintained at 100+ 1.1%,
whereas verapamil reduced the contractile response
to 48 +2.4%. Combined treatment with verapamil
and ZS 22-12 further decreased contraction to 35
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Fig. 1. Effect of ZS 22-12 on voltage-dependent and receptor-operated Ca?z channels in isolated rat thoracic
aorta. (A) Concentration-dependent inhibitory effect of ZS 22-12 on KCl-induced contraction of aortic smooth
muscle, demonstrating suppression of voltage-dependent L-type Ca?z channel-mediated contraction (IC... € =

38.23 iM). (B) Concentration-dependent inhibitory effect of ZS 22-12 on phenylephrine-induced contraction,

indicating modulation of GPCR-associated receptor-operated Ca?z signaling pathways (IC... € =43.57 iM).
(C) Comparative effects of verapamil and ZS 22-12 on KCl-induced contraction. Verapamil (IC... € = 0.1 iM),
a selective L-type Ca?z channel blocker, significantly reduced vascular contraction, while combined treatment
with ZS 22-12 further suppressed contractile force. (D) Comparative effects of phentolamine and ZS 22-12 on
phenylephrine-induced contraction. Phentolamine, a non-selective 4-adrenergic receptor antagonist, markedly

inhibited contraction, while co-treatment with ZS 22-12 modulated the residual contractile response.
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+ 3.2%. Verapamil exhibited a markedly lower
IC... € value (0.1 iM) compared with ZS 22-12
(38.23 iM), indicating the stronger potency of
the reference blocker. Nevertheless, the similar
inhibitory profile observed for both compounds
suggests that ZS 22-12 exerts its vasorelaxant
activity, at least partially, via modulation of
voltage-dependent L-type Ca?z channels.*>*

The participation of receptor-operated
Ca?z channels in the activity of ZS 22-12 was
assessed using phenylephrine-induced contraction.
Phenylephrine activates 4 -adrenergic receptors
coupled with GPCR-mediated phospholipase
C signaling, resulting in intracellular Ca’z
mobilization and vascular smooth muscle
contraction. As illustrated in Figure 1B, ZS 22-
12 significantly inhibited phenylephrine-induced
contraction in a concentration-dependent manner.
At concentrations of 10, 30, 40, 50, 62, 70, 80, and
90 iM, the contractile force values were reduced to
85.2+2.09%, 70.0 + 1.80%, 53.0 +2.38%,45.0 +
1.86%,32.0 + 1.87%, 25.0 £ 2.30%, 18.0+2.60%,
and 15.0 £ 2.40%, respectively. The calculated
IC... € value was 43.57 iM.

To confirm the involvement of &
-adrenergic receptor-mediated signaling pathways,
the effects of ZS 22-12 were compared with
phentolamine, a non-selective a-adrenergic

Cal+ L-type
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receptor antagonist. As shown in Figure 1D,
phenylephrine-induced contraction in the control
group reached 100 £+ 1.1%, while phentolamine
reduced the contraction force to 32 + 3.2%. In
the presence of phentolamine and ZS 22-12, the
contractile response was 40 + 3.4%. These findings
indicate that ZS 22-12 interferes with GPCR-
dependent calcium signaling pathways involved
in vascular smooth muscle contraction.***
Collectively, the obtained results
demonstrate that ZS 22-12 possesses significant
vasorelaxant activity associated with both voltage-
dependent L-type Ca?z channels and receptor-
operated calcium transport systems. The inhibitory
effects observed in KCI- and phenylephrine-
induced contraction models suggest that the
compound modulates extracellular Ca?z influx
as well as receptor-mediated intracellular calcium
mobilization in vascular smooth muscle cells.
Molecular docking analysis of ZS 22-12 with
Ca’z L-type ion channel (PDB ID: 6JP5)
Based on the in vitro pharmacological
experiments, ZS 22-12 demonstrated a pronounced
inhibitory effect on KCl-induced contraction
of isolated rat aortic smooth muscle. Since
KCl-mediated depolarization activates voltage-
dependent L-type Ca?z channels and promotes
extracellular calcium influx into vascular smooth

Hydrogen Hydrophobicity

Fig. 2. Molecular docking analysis of ZS 22-12 with the voltage-dependent Ca?z L-type ion channel (PDB ID:
6JP5).
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muscle cells, the obtained experimental results
suggested that the vasorelaxant activity of ZS
22-12 may be associated with modulation of
these channels. Therefore, to clarify the possible
molecular mechanism of action and confirm the
affinity of the compound toward voltage-dependent
calcium transport systems, an in silico molecular
docking study was performed using the crystal
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structure of the Ca?z L-type ion channel (PDB ID:
6JP3).

The docking analysis revealed a favorable
binding affinity of ZS 22-12 toward the Ca?*z L-type
ion channel, with a calculated binding energy of
“33.8904 kJ/mol, indicating the formation of a
stable ligand-receptor complex. Visualization of
the docking pose demonstrated that the ligand

Fig. 4. Molecular docking analysis of ZS 22-12 with sarco/endoplasmic reticulum Ca?z -ATPase (SERCA)
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occupied a deeply localized region within the
hydrophobic binding cavity of the channel,
suggesting potential modulation of calcium ion
transport activity.

Two-dimensional interaction analysis
demonstrated that ZS 22-12 interacted with
several amino acid residues within the binding
pocket, including VAL226, ASP236, LEU237,
TYR238, ARG242, ARG243, PRO244, ASP454,
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ALA455, GLU457, PRO553, SER555, and
GLN556. Hydrophobic interactions were mainly
observed with VAL226, LEU237, PRO244, and
ARG242, which may contribute significantly to
stabilization of the ligand inside the channel cavity.
Additionally, polar and electrostatic interactions
involving TYR238, ARG243, ASP454, SERS55S5,
and GLN556 may further enhance binding
specificity and receptor affinity (Figure 2).

Hydrogen Hydrophobicity

Fig. 6. Molecular docking analysis of ZS 22-12 with the Naz /Ca?z exchanger (NCX).
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Hydrophobicity

Fig. 7. Molecular docking analysis of ZS 22-12 with Ca?z -ATPase.

Surface interaction analysis revealed
that hydrophobic interactions constituted the
predominant stabilizing force in the ligand—protein
complex. Hydrophobicity mapping showed that ZS
22-12 occupied a predominantly nonpolar region of
the receptor cavity, whereas hydrogen bond surface
analysis indicated the presence of moderate polar
contacts around the ligand-binding region. Charge
distribution analysis demonstrated interactions
with both positively and negatively charged
residues, supporting electrostatic stabilization
of the complex. Furthermore, ionizability
surface mapping suggested that the ligand was
accommodated within a chemically favorable
microenvironment suitable for stable complex
formation.

Overall, the molecular docking findings
are in agreement with the in vitro vascular
experiments and support the hypothesis that ZS
22-12 exerts its vasorelaxant activity through
direct interaction with voltage-dependent Ca’z
L-type ion channels. The stable binding profile and
interactions with functionally important amino acid
residues suggest that the compound may interfere
with calcium influx in vascular smooth muscle
cells, thereby contributing to suppression of KCI-
induced contraction.

Molecular docking analysis of ZS 22-12 with
Ca?z R-type ion channel

In addition to voltage-dependent L-type
calcium channels, receptor-associated calcium
transport systems may also contribute to vascular
smooth muscle contraction and regulation
of intracellular Ca?z homeostasis. Since the
pharmacological experiments demonstrated that
ZS 22-12 significantly inhibited phenylephrine-
induced contraction mediated through GPCR-
associated calcium signaling pathways, molecular
docking analysis was further performed to evaluate
the possible interaction of ZS 22-12 with the Ca’z
R-type ion channel.

The docking analysis demonstrated that
ZS 22-12 exhibited a stable interaction with the
Ca?z R-type ion channel, with a calculated binding
energy of “34.7272 kJ/mol. The obtained binding
affinity was slightly stronger than that observed
for the Ca?z L-type channel, suggesting favorable
accommodation of the ligand within the receptor
cavity. Three-dimensional visualization indicated
that the ligand occupied a central hydrophobic
region of the channel pocket, which may contribute
to modulation of receptor-associated calcium influx
mechanisms.
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Two-dimensional interaction mapping
revealed that ZS 22-12 interacted with several
amino acid residues, including THR1338,
TRP1341, THR1342, LYS1345, ASN1466,
TYR1469, ARG1472, GLN1174, ASP1468,
ASP1465, ASP1483, PRO1479, and HIS1480.
Among these residues, hydrophobic and d-alkyl
interactions were predominantly observed with
PRO1479, TYR1469, and TRP1341, contributing
to stabilization of the ligand within the binding
cavity (Figure 3). In addition, hydrogen bond
interactions involving ARG1472 and LYS1345
may strengthen ligand—protein affinity and
enhance binding specificity. Electrostatic contacts
with ASP1483 and ASP1468 further suggest the
contribution of polar interactions to stabilization
of the complex.’

Surface property analysis demonstrated
that hydrophobic interactions constituted one of
the major stabilizing forces in the ligand-receptor
complex. Hydrophobicity mapping revealed that
ZS 22-12 occupied a partially nonpolar region
of the channel cavity, while hydrogen bond
surface analysis indicated the presence of several
polar donor and acceptor regions surrounding
the ligand. Charge distribution analysis showed
interactions with both negatively and positively
charged residues within the active site environment.
Furthermore, ionizability mapping demonstrated
that the ligand was localized within a chemically
compatible microenvironment favorable for stable
complex formation.

Overall, the obtained docking results
support the experimental findings and indicate that
ZS 22-12 may modulate receptor-associated Ca?z
transport systems through stable interaction with
the Ca?z R-type ion channel. The favorable binding
affinity and multiple hydrophobic, hydrogen
bonding, and electrostatic interactions suggest
that the compound may contribute to suppression
of receptor-mediated calcium influx and vascular
smooth muscle contraction.

Molecular docking analysis of ZS 22-12 with
SERCA

Intracellular calcium homeostasis in
vascular smooth muscle cells is tightly regulated
not only by membrane-associated calcium
channels but also by sarco/endoplasmic reticulum
Ca?z -ATPase (SERCA), which plays a critical
role in transporting cytosolic Ca?z into the
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sarcoplasmic reticulum. Impairment or modulation
of SERCA activity directly influences intracellular
calcium accumulation, vascular tone, and smooth
muscle relaxation. Since the in vitro experiments
demonstrated significant vasorelaxant effects of ZS
22-12 associated with calcium transport systems,
molecular docking analysis was performed
to investigate the possible interaction of the
compound with SERCA.¥

The docking results demonstrated that
ZS 22-12 formed a stable complex with SERCA,
exhibiting a binding affinity of “31.38 kJ/mol.
The ligand was localized within the hydrophobic
region of the receptor cavity, suggesting favorable
accommodation inside the active binding pocket
of the protein. Although the calculated binding
energy was slightly lower than those observed for
the Ca?z L-type and R-type channels, the obtained
value still indicates thermodynamically favorable
ligand—protein interaction.

Two-dimensional interaction analysis
revealed that ZS 22-12 interacted with several
amino acid residues, including ASP703, ARG560,
PHE487, GLU442, MET494, and LYSS515.
Hydrophobic interactions were predominantly
observed with PHE487 and MET494, which may
contribute to stabilization of the ligand inside
the receptor cavity. In addition, electrostatic
interactions involving ARG560 and polar contacts
with GLU442 and LYS515 may support ligand
recognition and binding specificity. The interaction
profile suggests that both hydrophobic and
electrostatic forces contribute to stabilization of
the ligand—SERCA complex (Figure 4).

Surface property analysis demonstrated
that hydrophobicity represented one of the major
stabilizing factors within the binding pocket.
Hydrogen bond surface mapping indicated the
presence of several donor and acceptor regions
surrounding the ligand, whereas charge distribution
analysis revealed interactions between ZS 22-12
and charged amino acid residues localized around
the active site. lonizability surface analysis further
demonstrated that the ligand occupied a chemically
compatible microenvironment favorable for stable
complex formation.

Overall, the obtained docking results
suggest that ZS 22-12 may interact with SERCA
and potentially modulate intracellular calcium
reuptake mechanisms in vascular smooth muscle
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cells. Together with the in vitro vascular findings,
these results indicate that the vasorelaxant activity
of ZS 22-12 may involve not only inhibition of
membrane-associated calcium influx but also
regulation of intracellular calcium homeostasis
through interaction with SERCA.

Molecular docking analysis of ZS 22-12 with
ryanodine receptor (RyR)

Ryanodine receptors (RyRs) are
intracellular calcium-release channels localized
on the sarcoplasmic reticulum membrane and
play a central role in regulation of intracellular
Ca?z dynamics in vascular smooth muscle cells.
Activation of RyR channels induces release of
stored Ca’z from intracellular calcium reservoirs
into the cytoplasm, thereby contributing to muscle
contraction and calcium-dependent signaling
processes. Since the vasorelaxant effects of ZS
22-12 observed in vitro may involve modulation
of intracellular calcium mobilization, molecular
docking analysis was performed to evaluate the
possible interaction of ZS 22-12 with the RyR
channel.

The docking analysis demonstrated that
ZS 22-12 formed a stable complex with RyR,
exhibiting a binding affinity of “31.38 kJ/mol. The
ligand was positioned within a hydrophobic cavity
of the receptor structure, indicating favorable
accommodation inside the active binding region
of the channel. The obtained binding energy
suggests thermodynamically stable ligand—protein
interaction that may influence RyR-associated
calcium release mechanisms.

Two-dimensional interaction analysis
revealed that ZS 22-12 interacted with several
amino acid residues, including GLU701, GLY 708,
GLY709, GLY710, GLU711, GLU712, TYR703,
THR700, LEU787, and GLY786. Hydrophobic
interactions were mainly observed with LEU787
and GLY710, contributing to stabilization of the
ligand inside the receptor cavity. In addition,
hydrogen bond and polar interactions involving
THR700, GLU701, GLU711, and TYR703 may
support ligand recognition and binding specificity
(Figure 5). The interaction profile indicates that
both hydrophobic and electrostatic interactions
participate in stabilization of the ligand—RyR
complex.*®

Surface visualization analysis
demonstrated that hydrophobicity represented one
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of the dominant stabilizing forces in the binding
pocket. Hydrogen bond surface mapping showed
the presence of several donor and acceptor regions
surrounding the ligand-binding area, whereas
charge distribution analysis revealed interactions
between ZS 22-12 and charged amino acid residues
localized around the active site. lonizability surface
analysis further indicated that the ligand occupied
a chemically favorable microenvironment suitable
for stable complex formation.

Overall, the obtained docking results
suggest that ZS 22-12 may interact with RyR-
associated intracellular calcium-release systems and
potentially contribute to regulation of intracellular
Ca?z mobilization in vascular smooth muscle
cells. Together with the in vitro pharmacological
findings, these results support the hypothesis that
the vasorelaxant activity of ZS 22-12 involves
modulation of both extracellular calcium influx
and intracellular calcium-release pathways.
Molecular docking analysis of ZS 22-12 with
Naz /Ca’z exchanger (NCX)

The Naz /Ca’z exchanger (NCX) is one
of the major calcium transport systems involved
in regulation of intracellular Ca’z homeostasis
in vascular smooth muscle cells. NCX plays
a critical role in maintaining cellular calcium
balance by exchanging intracellular Ca?z for
extracellular Naz , thereby contributing to vascular
contraction—relaxation processes. Since the in
vitro experiments demonstrated that ZS 22-12
significantly modulated vascular smooth muscle
contraction associated with calcium transport
pathways, molecular docking analysis was
performed to evaluate the possible interaction of
ZS 22-12 with NCX.*

The docking analysis demonstrated that
ZS 22-12 formed a stable ligand—protein complex
with NCX, exhibiting a binding affinity of “31.8
kJ/mol. The ligand was localized within the active
hydrophobic cavity of the exchanger, indicating
favorable accommodation inside the receptor
binding region. The obtained binding energy
suggests thermodynamically stable interaction that
may influence NCX-mediated calcium transport
activity.

Two-dimensional interaction analysis
revealed that ZS 22-12 interacted with several
amino acid residues, including ASN96, THR9S,
SER100, ASN101, ARG219, ASP218, TYR224,
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LYS225,LYS229, GLN74, GLU579, ASP577, and
ILE576. Hydrogen bond interactions were mainly
observed with ASN96, ARG219, and ASP218,
suggesting stabilization of the ligand within the
active site. Hydrophobic and 98-alkyl interactions
involving TYR224 and LYS225 may additionally
contribute to stabilization of the ligand—protein
complex. Furthermore, polar interactions with
THR98, SER100, and ASN101 may support ligand
recognition and binding specificity (Figure 6).

Surface property analysis demonstrated
that hydrophobic interactions represented one of
the dominant stabilizing forces within the binding
cavity. Hydrogen bond surface mapping revealed
the presence of multiple donor and acceptor regions
surrounding the ligand-binding area. Charge
distribution analysis indicated interactions between
ZS 22-12 and both positively and negatively
charged residues localized around the active site
environment. In addition, ionizability surface
analysis demonstrated that the ligand occupied
a chemically compatible microenvironment
favorable for stable complex formation.

Overall, the obtained docking results
suggest that ZS 22-12 may interact with NCX-
associated calcium transport systems and potentially
contribute to modulation of intracellular calcium
exchange mechanisms in vascular smooth muscle
cells. Together with the in vitro pharmacological
findings, these results support the hypothesis
that the vasorelaxant activity of ZS 22-12 may
involve regulation of both calcium influx and Naz
/Ca?z exchange-dependent intracellular calcium
homeostasis.

Molecular docking analysis of ZS 22-12 with
Ca’z -ATPase

Ca?z -ATPase plays a fundamental role
in maintaining intracellular calcium homeostasis
by actively transporting Ca?z ions across cellular
membranes through ATP-dependent mechanisms.
Regulation of Ca?z -ATPase activity is essential
for controlling cytosolic calcium concentration,
vascular smooth muscle relaxation, and calcium-
dependent signaling processes. Since the in vitro
pharmacological studies demonstrated that ZS
22-12 significantly modulated calcium-associated
contractile responses in isolated aortic smooth
muscle, molecular docking analysis was performed
to evaluate the possible interaction of ZS 22-12
with Ca?z -ATPase.
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The docking analysis demonstrated that
ZS 22-12 formed a stable ligand—protein complex
with Ca?z -ATPase, exhibiting a binding affinity of
“30.5432 kJ/mol. The ligand was localized within
the hydrophobic region of the receptor cavity,
suggesting favorable accommodation inside the
active binding pocket of the protein. Although the
obtained binding energy was slightly lower than
those observed for voltage-dependent calcium
channels and NCX, the interaction still indicates
thermodynamically favorable complex formation.

Two-dimensional interaction analysis
revealed that ZS 22-12 interacted with several
amino acid residues, including GLU125, MET126,
LYS158, GLY211, ALA724, and LYS727.
Hydrogen bond interactions were predominantly
observed with MET 126 and LYS727, contributing
to stabilization of the ligand within the active site.
Hydrophobic and 9-alkyl interactions involving
ALA724 and LYS158 may additionally support
stabilization of the ligand—protein complex.
Electrostatic interaction with GLU125 further
suggests the contribution of polar contacts to
binding specificity and receptor affinity (Figure 7).

Surface property analysis demonstrated
that hydrophobic interactions represented one of
the major stabilizing forces within the receptor
cavity. Hydrogen bond surface mapping indicated
the presence of donor and acceptor regions
surrounding the ligand-binding environment,
while charge distribution analysis revealed
interactions between ZS 22-12 and both positively
and negatively charged residues localized around
the active site. Furthermore, ionizability surface
analysis demonstrated that the ligand occupied a
chemically favorable microenvironment suitable
for stable complex formation.

Overall, the obtained docking results
suggest that ZS 22-12 may interact with Ca’z
-ATPase-associated calcium transport systems and
potentially contribute to regulation of intracellular
calcium extrusion mechanisms in vascular
smooth muscle cells. Together with the in vitro
pharmacological findings, these results support
the hypothesis that the vasorelaxant activity of ZS
22-12 involves modulation of multiple calcium-
regulating transport pathways associated with
vascular smooth muscle relaxation.*’
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DISCUSSION

Regulation of intracellular Ca?z
homeostasis is one of the principal mechanisms
controlling vascular smooth muscle contraction
and relaxation. Disturbances in calcium transport
systems contribute directly to the development of
vascular dysfunction, hypertension, vasospasm,
and oxidative stress-associated cardiovascular
disorders. In the present study, the vasorelaxant
activity of ZS 22-12 was evaluated using both in
vitro pharmacological experiments and in silico
molecular docking analyses targeting several
calcium-regulating proteins associated with
vascular smooth muscle function.

The obtained in vitro results demonstrated
that ZS 22-12 significantly inhibited KCl-induced
contraction of isolated rat thoracic aorta in a
concentration-dependent manner. Since high
extracellular KCl depolarizes the plasma membrane
and activates voltage-dependent L-type Ca’z
channels, suppression of KCl-induced contraction
strongly suggests inhibition of extracellular calcium
influx through these channels. The calculated IC...
€ value of ZS 22-12 in the KCI model (38.23
iM) further confirmed its pronounced inhibitory
activity toward depolarization-mediated contractile
responses. Comparison with verapamil, a classical
L-type calcium channel blocker, revealed a similar
inhibitory profile, supporting the hypothesis that
ZS 22-12 may modulate voltage-operated calcium
channels in vascular smooth muscle cells.

Phenylephrine-induced contraction
experiments additionally demonstrated that ZS
22-12 significantly suppressed GPCR-associated
contractile signaling pathways. Phenylephrine
activates & -adrenergic receptors coupled with
phospholipase C-mediated intracellular calcium
mobilization and receptor-operated calcium entry.
The observed concentration-dependent inhibition
of phenylephrine-induced contraction by ZS 22-12,
with an IC... € value of 43.57 iM, indicates that
the compound may interfere not only with voltage-
dependent calcium influx but also with receptor-
mediated intracellular calcium signaling pathways.
Comparative analysis with phentolamine further
supports the possible involvement of & -adrenergic
receptor-associated calcium transport mechanisms
in the vasorelaxant effect of the compound.

To further clarify the molecular basis of
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these pharmacological effects, molecular docking
analyses were performed with several calcium-
regulating proteins involved in vascular smooth
muscle contraction. Docking studies demonstrated
that ZS 22-12 exhibited stable binding affinities
toward all investigated targets, including the Ca?z
L-type ion channel, Ca?z R-type ion channel,
SERCA, ryanodine receptor (RyR), Naz /Ca’z
exchanger (NCX), and Ca?z -ATPase. Among these
targets, the strongest interaction was observed
with the Ca?z R-type ion channel (“34.7272 kJ/
mol), followed by the Ca’z L-type ion channel
(“33.8904 kJ/mol), indicating a high affinity of ZS
22-12 toward calcium channel-associated transport
systems. These findings are in good agreement with
the experimental vascular studies demonstrating
suppression of KCI- and phenylephrine-induced
contractions.

The docking interaction profiles revealed
that hydrophobic interactions represented one of
the dominant stabilizing forces contributing to
ligand—protein complex formation. In addition,
hydrogen bonding, electrostatic interactions,
and polar contacts with amino acid residues
localized within the active cavities of the proteins
contributed to stabilization and binding specificity
of ZS 22-12. The surface analyses of hydrogen
bonding, hydrophobicity, charge distribution, and
ionizability further demonstrated that the ligand
occupied chemically favorable microenvironments
within the receptor cavities, supporting stable
complex formation.

Importantly, the docking results suggest
that the vasorelaxant activity of ZS 22-12 is
likely mediated through a multitarget calcium-
regulatory mechanism rather than interaction with
a single calcium transport system. Interaction with
voltage-dependent Ca?z channels may suppress
extracellular calcium influx, whereas modulation
of SERCA, RyR, NCX, and Ca?z -ATPase may
additionally influence intracellular calcium storage,
release, extrusion, and exchange processes. Such
combined regulation of intracellular calcium
homeostasis may contribute to effective suppression
of vascular smooth muscle contraction.

Despite the promising findings obtained
in the present study, several limitations should be
acknowledged. First, the vascular experiments
were performed using isolated rat thoracic aorta
preparations, which may not fully reflect the
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complexity of in vivo cardiovascular physiology
and systemic hemodynamic regulation. Second,
although molecular docking analyses demonstrated
stable interactions between ZS 22-12 and multiple
calcium-regulating proteins, docking studies
alone cannot fully confirm direct molecular
mechanisms or functional modulation of these
targets under physiological conditions. Additional
electrophysiological investigations, calcium
imaging studies, and molecular biology approaches
are required to validate the precise mechanisms of
action of ZS 22-12 on specific calcium transport
systems. Furthermore, the present study did not
evaluate long-term toxicity, pharmacokinetic
properties, or in vivo antihypertensive efficacy
of the compound, which are essential for future
therapeutic development. Therefore, further
comprehensive experimental and preclinical studies
are necessary to confirm the pharmacological
potential and clinical relevance of ZS 22-12
as a multitarget regulator of vascular calcium
homeostasis.

Taken together, the present findings
demonstrate that ZS 22-12 possesses significant
vasorelaxant activity associated with modulation
of both membrane-associated and intracellular
calcium transport systems. The combined in vitro
and in silico results indicate that ZS 22-12 may act
as a multitarget regulator of calcium homeostasis
in vascular smooth muscle cells, suggesting
its potential pharmacological relevance for the
prevention or treatment of calcium-dependent
vascular disorders.

CONCLUSION

The present study demonstrated that ZS
22-12 possesses significant vasorelaxant activity
in isolated rat thoracic aorta through modulation
of multiple calcium-regulating transport systems
involved in vascular smooth muscle contraction.
In vitro pharmacological experiments revealed
that ZS 22-12 effectively inhibited both KCI-
induced and phenylephrine-induced contractions
in a concentration-dependent manner, indicating
the involvement of voltage-dependent L-type
Ca?z channels as well as GPCR-associated
receptor-operated calcium signaling pathways.
Comparative analysis with verapamil and
phentolamine further confirmed that the inhibitory
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effects of ZS 22-12 are closely associated with
calcium influx and receptor-mediated intracellular
calcium mobilization mechanisms. Molecular
docking studies additionally demonstrated stable
interactions of ZS 22-12 with several key calcium-
regulating proteins, including Ca’z L-type and
R-type ion channels, SERCA, RyR, NCX, and
Ca?z -ATPase. The obtained binding affinities
and interaction profiles suggest that hydrophobic,
hydrogen bonding, and electrostatic interactions
contribute to stabilization of the ligand—protein
complexes.
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