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The development of innovative antipsychotic drugs is one of the key tasks of modern pharmacology. Due to their unique
chemical properties, benzimidazole derivatives demonstrate diverse neuropsychotropic effects, highlighting their high
potential as antipsychotic agents. Bioinformatics methods enable optimization of the process of identifying compounds with
high affinity for target receptors.

The aim. To identify and evaluate benzimidazole derivatives with atypical antipsychotic activity using QSAR analysis and
pharmacophore modeling, followed by in vivo experimental testing in preclinical models of psychotic disorders.

Materials and methods. QSAR models were constructed based on data from 2615 compounds from the ChEMBL database.
Pharmacophore modeling was performed based on the structure of the 5-HT2A receptor (PDB ID: 6A94). The antipsychotic
activity of the most promising compound was assessed in vivo using tests with apomorphine in rats and mice.

Results. Machine learning models were developed and tested to predict the antipsychotic activity of benzimidazole
derivatives. The Neural Networks (MAE=0.019) and Random Forest (MAE=0.020) algorithms demonstrated the highest
prediction performance. Pharmacophore modeling of interaction with the 5-HT2A receptor identified a promising
compound for further testing. Compound RU-31 demonstrated significant reduction (p <0.05) in climbing behavior in mice
(ED,,=10.16 mg/kg intraperitoneally) and high efficacy when administered with low presynaptic doses of apomorphine
(yawning frequency decreased by 49,3% compared to control, p <0.05).

Conclusions. Compound RU-31 showed activity in the climbing test and in the test with low presynaptic doses of apomorphine,
suggesting potential atypical antipsychotic effects. Benzimidazole derivative RU-31 is a promising candidate for further
investigation in the development of novel atypical antipsychotics.
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Abbreviations: MAE — mean absolute error; MLR — multiple linear regression; NN — neural networks; PLSR — partial
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Pa3paboTka MHHOBALMOHHbBIX AHTUMCUXOTUYECKMX MPENapaToB ABAAETCA OAHOM U3 K/YeBbIX 3a4a4 COBPEMEHHOW
dapmakonorun. MNponssogHble 6eH3MMMAa30na, baarogapa MX YHUKaNbHbIM XMMUYECKUM CBOMCTBAM, AEMOHCTPUPYHOT
LMPOKUIA CNEKTP HEMPOMCUXOTPOMHbIX 3GDEKTOB U NPeACcTaBAAOT BbICOKUIM MOTEHLMAN B Ka4yecTBE aHTUNCUXOTUYECKUX
areHToB. MpumeHeHne meToLoB HUoMHOPMATUKKM NO3BONAET ONTUMMU3NPOBATL MPOLECC MAEHTUDUKALUM COEAUHEHWNI C
BbICOKOW apPUHHOCTBIO K LLeSIEBbIM PeLEeNTOPam.

Lienb. MpoBecT! NOMCK 1 OLEHKY NPOM3BOAHbIX 6EH3MMMAA30/1a C aTUMUYHOM AHTUNCUXOTUYECKOM aKTUBHOCTbBIO, UCMONb3YA
meTogapbl QSAR-aHanu3a 1 GapmakopopHOro MoaenMpoBaHua ¢ NocaeaytoLLen SKCNepMMeEHTaIbHOM NPOBEPKOM in Vivo Ha
OOKIMHUYECKMX MOLENAX MCUXOTUYECKUX PAaCcCTPOMCTB.

Martepuanbl u metogpbl. bbian noctpoeHbl QSAR-Mozenn Ha OCHOBE AaHHbIX O 2615 coeauHeHUsAX M3 6asbl AaHHbIX
CheMBL. ®apmakopopHOe MoaenvpoBaHME MPOBOAM/IOCL Ha OCHOBE CTPYKTypbl 5-HT2A peuentopa (PDB ID: 6A94).
AHTUNCUXOTUYECKAA aKTUBHOCTb Hanbosiee NepCnekTUBHOIO coeaAnHeHUa bblna oueHeHa in vivo B TectTax ¢ anomopdUHOM
Ha KpbICax U MbILLAX.

Pesynbtatbl. B xoze uccnesoBaHuAa 6bian pa3paboTaHbl M NPOTECTUPOBAHbI MOAENN MALIMHHOFO O0byyeHua pna
npeacKasaHua aHTUMNCUXOTUYECKOM aKTUBHOCTM MPOM3BOAHbLIX 6eH3Mmuaasona. Haunyywwue pesynbtaTbl MOKasanu
HelpoHHble cetn (MAE=0,019) n metog cnyyaiiHoro neca (MAE=0,020), KoTopble MOKas3aau BbICOKYD TOYHOCTb B
NPOrHO3MpPOBaHMUM aKTUBHOCTU. PapmakodopHoe mopenvpoBaHue BlammogencTeua ¢ 5-HT2A peuentopom Mno3BoOaAUIO
BblAE/IUTb NEPCMNEKTUBHOE COEAUHEHWE ANA AasibHelwero TectupoBaHua. CoeanHeHue PY-31 npogemoHCTpupoBaso
3HaunTenbHoe (p <0,05) CHUKeHMe BepTUKanM3aumm y mbiwenn (30%°=10,16 Mr/Kr BHYTPMOPIOWNHHO), @ TaKk»Ke BbICOKYHO
30 PEKTUBHOCTL MPU BBEAEHUWM MasiblX MPECUHANTUYECKUX A03 anomopduHa (4Mcno 3eBaHWi cHU3WMNOCb Ha 49,3% no
CpaBHEHUIO C KoHTpoaem; p <0,05).

3akntoueHune. CoeguHeHne PY-31 npoABMAO aKTMBHOCTb B TecTax BepTMKaAM3auMyM M NPU UCMONb30BAHUM MasbixX
NPecnHanTUYecKnx £,03 anomopdUHa, YTO MOMKET YKa3blBaTb HA €r0 aTUMMYHOE aHTUNCUXOTUYECKoe AeicTBue. MpounssoaHoe
6eH3nmmaasona PY-31 agnsaetca nepcneKkTMBHbIM KaHANAATOM 1A AaNbHENLero U3yyeHua B pamkax pa3paboTKu HOBbIX
ATUNUYHBIX QHTUNCUXOTUKOB.

KnioueBble cnoBa: QSAR; dapmakopopHoe MogenvpoBaHue; npou3BogHble 6eH3MMUAA30M1a; aHTUMCUXOTUYECKas

AKTUBHOCTb
Cnucok cokpaueHuin: MAE — cpegHsas abcontoTHaa owunbka; MLR — MHoXKecTBeHHasa /uMHelHas perpeccus; NN —
HelpoHHble ceTu; PLSR — perpeccua YacTUYHbIX HaMmeHblMX KBaapatoB; QSAR — KOAMYECTBEHHOE COOTHOLleHue

CTPYKTypa-cBoicTBo; SVR — meTog onopHbIx BeKTopoB; RF — ciyyaliHbii nec.

INTRODUCTION

The search for novel compounds with antipsychotic
activity is a key priority in modern pharmacology,
particularly in the context of developing drugs for
Schizophrenia and other psychotic disorders [1].
Traditional  antipsychotic  drugs, despite their
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widespread use, are often associated with serious side
effects, including extrapyramidal disorders, metabolic
disturbances, and neuroleptic malignant syndrome [1].
These limitations motivate the search for alternative
molecules with improved safety and efficacy profiles.
Of particular interest is the study of benzimidazole
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derivatives, which, due to their structure, exhibit
a broad spectrum of biological activity and may
be promising candidates for the creation of new
antipsychotics [2].

Benzimidazole derivatives are known for their
diverse pharmacological properties, including
anticonvulsant [3-5], antidepressant [6], anxiolytic [7],
and other neuropsychotropic activity [8, 9]. However,
their potential in treating neuropsychiatric diseases,
particularly their antipsychotic effects, remains
underexplored. Over recent years, study in this
area has gained new momentum thanks to the
development of molecular modeling and machine
learning methods, which can significantly accelerate
the process of identifying and evaluating promising
compounds. The use of modern tools, such as QSAR
analysis and pharmacophore modeling, opens up new
possibilities for predicting the activity of substances at
the early preclinical stage of development [10]. These
methods not only reduce the time required to find
new compounds with high affinity for target receptors
but also significantly lower the costs associated with
expensive biological tests.

The application of machine learning in QSAR
analysis allows for the prediction of the biological
activity of new chemical compounds based on data
from the structure and activity of already known
substances. One of the most critical factors for
success in this area is the selection of the most
appropriate methods capable of identifying the
key structural features of compounds responsible
for their activity. In this work we use a series of
machine learning algorithms, including both linear
(multiple linear regression [MLR], partial least squares
regression [PLSR]) and non-linear methods (support
vector regression [SVR], random forest [RF], neural
networks [NN]). This approach will allow for a
comparative analysis of the effectiveness of different
algorithms and help identify the most suitable ones for
this task [11].

The 5-HT,, receptor, whose crystal structure is
available in the RCSB PDB database!, was chosen as a
model for pharmacophore analysis. 5-HT,, receptors
play a key role in the mechanisms of action of atypical
antipsychotics. This makes them a priority target
in the development of new drugs for psychotic
disorders [12]. These receptors, located predominantly
in the cerebral cortex, are involved in regulating
dopaminergic and glutamatergic transmission [13],
which is directly related to the development of
symptoms of Schizophrenia and other psychoses [14,
15]. 5-HT,, receptor antagonists have demonstrated the

! RCSB Protein Data Bank (RCSB PDB). Available from: https://www.
rcsh.org/
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ability to reduce both positive and negative symptoms
of mental disorders while minimizing extrapyramidal
side effects, which differentiates them from typical
antipsychotics [16].

To assess antipsychotic  activity, several
apomorphine-based models were used, including
hyperactivity, stereotypy, and aggressive behavior
in rats, as well as climbing behavior in mice?. These
models are widely used in pharmacological studies to
evaluate both typical and atypical neuroleptics [17].
The use of such models allows not only for the
evaluation of the effectiveness of new compounds
but also for the identification of their potential side
effects, which is an important stage in the development
process of new antipsychotics.

THE AIM of this study is to develop and implement
a comprehensive approach to the search and evaluation
of benzimidazole derivatives with atypical antipsychotic
activity, using molecular modeling and machine
learning methods. Within this aim, the study involves
conducting a QSAR analysis to identify structural
features that determine antipsychotic activity, building
a pharmacophore model based on interaction with
the 5-HT,, receptor, and experimentally evaluating the
identified compounds in vivo using preclinical models of
psychotic disorders.

MATERIALS AND METHODS

Study design

The study design included several sequential
stages. In the first stage, QSAR models were built to
evaluate a series of benzimidazole derivatives, with the
aim of identifying compounds with high affinity for the
5-HT,, receptor, based on data from compounds with
established activity. Next, a pharmacophore analysis
was conducted based on the 5-HT,, receptor complex
with zotepine. This analysis helped identify compounds
that best matched the pharmacophore model and
select candidates for further testing. In the final stage,
the identified lead compound underwent experimental
verification of its antipsychotic activity in a series of
tests with apomorphine.

QSAR analysis

A dataset was prepared for the study, including
2 615 compounds with known biological activity (IC_),
obtained from the ChEMBL database and various
literature sources. The validation dataset was formed
from compounds obtained from the database

2 Ostrovskaya RU, Raevskiy KS, Voronina TA, Garibova TL, Kovalev Gl,
Kudrin VS, Narkevich VB, Klodt PM. [Methodological recommendations
for the study of neuroleptic activity of drugs]. In: [Guidelines for
preclinical studies of medicinal products]. Part 1. Moscow: Grif i K;
2012. P. 252-255. Russian
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“Benzimidazole derivatives with neurotropic and
psychotropic action”®. Duplicates were removed, and
compounds with missing activity data were filtered
out. All biological activity data were converted to
micromolar units of IC, .

The chemical structures of the compounds
were converted into a machine-readable format
(SMILES) wusing the RDKit package. To calculate
molecular descriptors (physicochemical properties,
topological indices, geometric properties, electronic
characteristics, etc.), the PaDEL-Descriptor Software
was used (1875 descriptors for each substance,
including 1444 1D, 2D descriptors and 431 3D
descriptors). Data processing included removing
descriptors with zero variance and high correlation.

The dataset was split into training and test sets
in an 80 / 20 ratio. For data, stratified splitting was
applied to preserve the activity distribution across the
sets. For regression tasks, several machine learning
algorithms were selected and tested, including multiple
linear regression (MLR), partial least squares regression
(PLSR), support vector regression (SVR), random forest
(RF), and neural networks (NN). The models were
trained on the training dataset. To optimize model
parameters and prevent overfitting, 5-fold cross-
validation was used.

The performance of the models was evaluated on
the validation set by calculating metrics such as the
coefficient of determination (R?) and mean absolute
error (MAE) averaged across the 5 folds. Statistical
evaluation of performance was carried out by
comparing the parameters of the constructed models
with those of a baseline regression model. In the final
stage, predictive activity estimates (IC, ) were obtained
for the most promising substances in the test set.

Pharmacophore analysis

Modeling pharmacophores based on the structure
of a protein-ligand complex is widely used in the drug
development process. The created pharmacophore
model helps to understand the critical structural
features of the target protein’s active site with the
ligand, which are necessary for pharmacological
activity. In  this work, an energy-optimized
pharmacophore (e-pharmacophore) was created using
the Schrodinger Phase tool, based on a ligand-protein
complex. The crystal structure of the 5-HT,, receptor
(PDB ID: 6A94) from the Protein Data Bank (RCSB PDB),
co-crystallized with zotepine, was chosen to create the

3 Kalitin KY, Mukha OY, Spasov AA, et al. [Benzimidazole derivatives
with neurotropic and psychotropic action] [Database]. Certificate of
State Registration of a Database No. 2023624590. Russian Federation.
Applied Nov 18, 2023; Registered Dec 12, 2023. Copyright holder:
Volgograd State Medical University. Russian
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pharmacophore model. The Protein Preparation Wizard
tool was used for preliminary protein processing,
which allows for assigning bond orders, removing
water, building missing side chains, and minimizing
the protein structure. The pharmacophore hypothesis,
obtained using the Phase module, includes features:
a hydrogen bond donor (D), an aromatic ring (R), a
hydrophobic group (H), and a negative ion (N). Ligands
from the database of benzimidazole derivatives with
neurotropic activity were tested for compliance with
the generated model and evaluated using fitness
score, align score, vector score, volume score, and the
number of matched features.

In vivo investigation of antipsychotic activity

Test compounds

In animal experiments, the derivative
1-(2-diethylaminoethyl)-2-(4-methoxyphenyl)-
imidazo[1,2-a]benzimidazole — compound RU-31
(Research Institute of Physical and Organic Chemistry,
Southern Federal University, Russia); clozapine
(Organica, Russia); haloperidol (Gedeon Richter,
Hungary); and apomorphine (Sigma, USA) were used.

Ethics approval

Animal experiments were conducted in accordance
with the European Convention for the Protection
of Vertebrate Animals used for Experimental and
Other Scientific Purposes, the principles of Good
Laboratory Practice (GLP) (GOST 33044-2014, 2021),
and the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines. The study was approved
by the Local Ethics Committee of the Volgograd State
Medical University (Registration number IRBO0005839
IORG0004900, Minutes No. 2024/221 dated
April 3, 2024).

Animals

The experiments were performed on male outbred
white rats weighing 260-280 g and male outbred white
mice weighing 18-25 g. The animals were housed
under standard vivarium conditions with a 12-hour light
cycle, a temperature range of 22 + 2 °C, and ad libitum
access to food and water.

Apomorphine-induced climbing behavior

Mice were divided into four groups of 8 animals
each. The experimental groups received intraperitoneal
injections of haloperidol, clozapine, compound RU-31 in
increasing doses, or saline solution (10 mL/kg, vehicle
group). The substances were administered 20 minutes
before a subcutaneous injection of apomorphine
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(5 mg/kg). Ten minutes after the apomorphine (0.1 mg/kg). The number of yawning movements for

injection, the animals were placed in cylindrical
chambers (height 14 cm, diameter 12 cm, made of
2 mm thick wire rod, with 1 cm spacing between
rods) for observation of stereotypical behavior. The
intensity of climbing was assessed on a four-point scale:
0 points — no paws on the wire mesh; 1 point —
one paw on the mesh; 2 points — two paws on the
mesh; 3 points — three paws on the mesh; 4 points —
four paws on the mesh. The assessment was performed
every 2 min for 10 s over a one-hour period. At the
end of the experiment, the total score for each animal
was calculated.

Dose-response curves were constructed, from
which the ED,, values for each compound were
interpolated. The analysis was performed using
non-linear regression with a variable slope model
and calculation of the coefficients of determination
(R?). The obtained ED,, values were used in further
experiments.

Apomorphine-induced hyperactivity

in the Open field test

Rats were divided into four groups of 8 animals
each. Thirty minutes before the apomorphine injection,
the following were administered intraperitoneally:
saline (10 mL/kg, vehicle), haloperidol (1 mg/kg),
clozapine (7.5 mg/kg), or compound RU-31 (10 mg/kg).
Apomorphine was administered subcutaneously
(5 mg/kg) 3 minbefore testing. Horizontal motor activity
was recorded in the Open field apparatus for 5 min
after the apomorphine injection.

Effect on stereotyped behavior induced

by apomorphine

Rats were divided into four groups of 8 animals
each. Thirty minutes before the apomorphine injection,
the following were administered intraperitoneally:
saline (10 mL/kg, vehicle group), haloperidol (1 mg/kg),
clozapine (7.5 mg/kg), or compound RU-31 (10 mg/kg).
Apomorphine was administered subcutaneously
(1 mg/kg). Stereotyped behavior was assessed every
15 min for 2 ho on a three-point scale (1 — weak, 2 —
moderate, 3 — intense stereotypy).

Effect on the effects of low (presynaptic) doses

of apomorphine

Animals were divided into four groups of
10 individuals each. Thirty minutes before the
apomorphine injection, rats received intraperitoneal
injections of: saline (10 mL/kg), haloperidol (1 mg/kg),
clozapine (7.5 mg/kg), or compound RU-31 (10 mg/kg).
Apomorphine was administered subcutaneously

Tom 13, Beinyck 3, 2025

each animal was recorded over 60 min.

Effect of substances on aggressive behavior

The same pairs of animals were used throughout
the study, with pairs always selected from adjacent
cages and receiving the same therapy. To induce
aggressive  behavior, rats were administered
apomorphine (1 mg/kg, s.c.) daily for 15 days.
Aggressive behavior was assessed on days 1, 3, 6, 9
and 12 of the experiment. The following were
observed: (1) latency period (time to the first attack
or first aggressive posture) and (2) intensity of
aggressive behavior using a four-point scale: 0 — no
aggression; 1 — weak aggression without vocalization;
2 — intense aggression with vocalization but without
biting; 3 — continuous attacks or attempts to bite. The
test was stopped upon reaching the maximum level
of aggression to avoid injury. Animals not showing
aggressive behavior by day 15 were excluded from
further study. On day 15, the study of the effect of the
test compounds on apomorphine-induced aggression
began. Haloperidol (1 mg/kg, n = 8), clozapine
(7.5 mg/kg, n = 8), compound RU-31 (10 mg/kg, n = 8),
or saline solution (10 mL/kg, n = 8) were administered
intraperitoneally 30 min before the apomorphine
injection (1 mg/kg, s.c.). Immediately after the
apomorphine injection, pairs of rats were placed in a
testing cage, and aggressive behavior was recorded
for 15 min.

Statistical analysis

GraphPad Prism 10.1 with an academic license
(Dotmatics, USA) was used for data processing.
After checking for normality of distribution using the
Shapiro—Wilk test, group comparisons were performed
using one-way ANOVA with Dunnett’s post hoc test
for normally distributed data, and the Kruskal-Wallis
test with Dunn’s post hoc test for non-normally
distributed data. Differences between groups were
considered statistically significant at p < 0.05.

RESULTS

QSAR analysis

Table 1 presents the performance evaluation
results of various machine learning models on the test
and validation datasets. For each model, the mean
absolute error (MAE), coefficient of determination
(R?), and p-value, reflecting the statistical significance
of the metrics compared to a baseline regression
model, were calculated. All considered models showed
statistically significant results (p < 0.05), confirming
their applicability to this task.
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Table 1 - Performance evaluation of models on the test and validation datasets

Model MAE R? p-value

MLR Test 0.01645 0.87 <0.05
Validation 0.02323 0.76 < 0.05

PLSR Test 0.01593 0.89 < 0.05
Validation 0.02188 0.80 <0.05

SVR Test 0.01471 0.91 <0.05
Validation 0.01974 0.83 < 0.05

RF Test 0.01453 0.91 < 0.05
Validation 0.01961 0.84 <0.05

NN Test 0.01405 0.92 <0.05
Validation 0.01920 0.85 <0.05

Note: the p-value reflects the statistical significance of the model’s metrics compared to a baseline regression model.

Table 2 — Activity prediction for compounds

Model IC,, RU-31 (uMm) IC,, RU-30 (uM) IC,, RU-204 (uMm)

MLR 0.066 0.074 0.167

PLSR 0.067 0.081 0.165

SVR 0.064 0.079 0.164

RF 0.062 0.076 0.167

NN 0.063 0.074 0.164

Experiment?* 0.044 0.069 0.15

Table 3 — Codes of the most promising substances and their chemical structures

Compound IUPAC SMILES

RU-30 2-(2-(4-ethoxyphenyl)-9H-benzo[d]imidazo[1,2-a] CCOC1=CC=C(C=C1)C4=C[N]3C2=C(C=CC=C2)[N]
imidazol-9-yl)-N, N-diethylethan-1-amine (CCN(CC)CC)C3=N4

RU-31 N, N-diethyl-2-(2-(4-methoxyphenyl)-9H-benzo[d] CCN(CC)CC[N]3C1=C(C=CC=C1)[N]4C=C(C2=CC=C(C=C2)
imidazo[1,2-a]imidazol-9-yl)ethan-1-amine OC)N=C34

RU-204 N, N-diethyl-2-(2-(thiophen-2-yl)-9H-benzo[d] CCN(CC)CC[N]3C1=CC=CC=C1[N]4C=C(C2=CC=CS2)
imidazo[1,2-alimidazol-9-yl)ethan-1-amine N=C34

Table 4 — Screening results of benzimidazole derivatives for compliance with the pharmacophore hypothesis

Compound Matched ligand sites  Align Score Vector Score Volume Score Fitness Score
RU-31 3 0.795 0.828 0.231 1.013
RU-30 3 0.879 0.838 0.225 0.989
RU-204 2 0.313 0 0 0.208

Table 5 - Effect of haloperidol (1 mg/kg), clozapine (7.5 mg/kg), and compound RU-31 (10 mg/kg)
on yawning behavior in rats induced by low doses of apomorphine (0.1 mg/kg)

Group Number of yawns p-value
Vehicle 243+3.4 -
Haloperidol 45+1.3 <0.05
Clozapine 8.324+2.2 <0.05
Compound RU-31 12.324 +6.8 <0.05

Note: data are presented as mean + SEM.

“ Yakovlev DS. [Condensed azoles as a new class of serotonin receptor ligands] [dissertation for the degree of Doctor of Medical Sciences].
Volgograd; 2016. 98 p. Russian
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Figure 1 — Pharmacophore model for 5-HT2A receptor antagonism, based on the receptor-ligand complex
structure, with five features: one hydrogen bond donor (blue sphere), two hydrophobic sites (green spheres),
and two aromatic rings (orange rings) [A] and the distance between zotepine’s pharmacophore features
in angstroms [B]

A B

Figure 2 — Alignment of the DHHRR pharmacophore hypothesis
with benzimidazole derivatives RU-31 [A], RU-30 [B], and RU-204 [C].

Tom 13, Beinyck 3, 2025 163



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

(®PAPMALMA N PAPMAKO/IOTNA)

150

100

Inhibition, %

50—

-8~ Haloperidol

0.01

0.1 1
mg/kg

EDgy=0.9753
R?=0.8917

Clozapine

EDgy=7.659
R? =0.8924

RU-31
EDgy=10.16
R?=0.8150

Figure 3 — Dose-response curves for increasing doses (i.p.) of haloperidol, clozapine, and compound RU-31
in the climbing test in mice with stereotypic disorder induced by a single injection of apomorphine (5 mg/kg).

Note: data are presented as mean + SEM.
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Figure 4 — Effect of haloperidol (1 mg/kg), clozapine (7.5 mg/kg), and compound RU-31 (10 mg/kg) on
hyperactivity in rats induced by apomorphine (5 mg/kg).

Note: data are presented as mean + SEM. Differences are statistically significant relative to the vehicle group: * — p < 0.05.
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Figure 5 — Effect of haloperidol (1 mg/kg), clozapine (7.5 mg/kg), and compound RU-31 (10 mg/kg)

on stereotyped behavior in rats induced by apomorphine (1 mg/kg).
Note: data are presented as mean + 95% Cl. Differences are statistically significant relative to the vehicle group: ¥ — p <0.05; ** — p < 0.01.
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Figure 6 — Dynamics of aggressive behavior indicators in rats induced by apomorphine (1 mg/kg)

before the administration of substances with antipsychotic activity.
Note: Data are presented as mean + SEM.
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Figure 7 — Effect of haloperidol (1 mg/kg), clozapine (7.5 mg/kg), and compound RU-31 (10 mg/kg) on aggressive

behavior in rats induced by apomorphine (1 mg/kg).
Note: Data are presented as mean + 95% Cl. Differences are statistically significant relative to the vehicle group: * — p <0.05; *** — p <0.001.

Among all models, the NN demonstrated the best
performance on both the test and validation datasets.
It provided the lowest MAE of 0.01405 and 0.01920,
respectively, and the highest R> — 0.92 and 0.85. This
indicates the NNs ability to most accurately capture
complex non-linear dependencies in the data.

The RF and SVR models showed comparable
results, slightly inferior to the NN. The PLSR and MLR
methods demonstrated the least accurate results
among the models considered.

It is worth noting that all models showed some
performance degradation on the validation set
compared to the test set, which is expected and

indicates the absence of significant overfitting. Overall,

Tom 13, Beinyck 3, 2025

the results suggest the superiority of more complex
non-linear models, NNs and ensemble
methods, for solving this prediction task.

The results in Table 2 reflect the predicted activity
values (IC,) for three compounds (RU-31, RU-30,
and RU-204; Table 3), obtained using five different
machine learning models (MLR, PLSR, SVR, RF, and NN).
The table also includes experimental IC  values for

such as

comparison.

Analyzing the predicted IC_ values, it can be noted
that all models provide quite similar results for each
compound. For compound RU-31, the predicted values
range from 0.062 to 0.067 uM, for RU-30 — from
0.074 to 0.081 uM, and for RU-204 — from 0.164 to
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0.167 uM. For compounds RU-31, RU-30, and clozapine and compound RU-31 showed a less
RU-204, the difference between predicted and pronounced effect. The obtained ED, values for all

experimental values is 0.018-0.023, 0.005-0.012 and
0.014-0.017 uM, respectively.

Among the models considered, the RF and NN
models provide the most accurate predictions. Their
predicted values are closest to the experimental data
for all three compounds. This is consistent with the
results obtained on the test and validation sets, where
these models also showed the best performance.

Pharmacophore modeling

The five-feature (DHHRR) pharmacophore model,
derived using the protein-ligand complex of the
serotonin 2A receptor and zotepine (PDB ID: 6A94), is
presented in Figure 1.

Table 4 presents the screening results of
benzimidazole derivatives for compliance with the
pharmacophore hypothesis. Ligands were selected
based on matching sites and fitness scores. Compound
RU-31 demonstrated the best fitness score of 1.013
with three matching ligand sites. Compound RU-30
also had three matching ligand sites and showed a
fitness score of 0.989. Compound RU-204 had two
matching ligand sites and a fitness score of 0.208.
These data show that benzimidazole derivatives such
as RU-31 and RU-30 have a high degree of compliance
with the pharmacophore hypothesis compared to
RU-204. Figure 2 also shows the alignment of the

pharmacophore hypothesis with the studied ligands.

Effect on apomorphine-induced climbing

In the experiment, dose-response curves were
obtained for haloperidol, clozapine, and compound
RU-31 in the apomorphine-induced climbing model in
mice (Fig. 3). The potential antipsychotic activity of the
compounds was assessed based on the suppression of
stereotypical behavior induced by apomorphine.

Haloperidol showed the highest efficacy among the
tested compounds, with an ED, of 0.9753 mg/kg and
a R? of 0.8917, indicating a high correlation between
dose and effect. Clozapine demonstrated intermediate
efficacy with an ED,; of 7,659 mg/kg and R? = 0.8924.
Compound RU-31 showed activity close to that of
clozapine, with an ED,, = 10,16 mg/kg and a coefficient
of determination of 0.8150.

These results demonstrate that haloperidol, as
a typical antipsychotic, most effectively suppressed
dopamine-mediated while

stereotyped behavior,
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compounds were used for further pharmacological
studies.

Apomorphine-induced hyperactivity

in rats in the Open field test

Figure 4 presents the results of the study on
apomorphine-induced hyperactivity in rats in the Open
field test after compound administration. The graph
shows the level of motor activity in rats, expressed
as the number of lines crossed on the field’s arena.
In the vehicle-treated group, high motor activity
was observed. The administration of haloperidol
(1 mg/kg) significantly reduced the number of lines
crossed, indicating its pronounced inhibitory effect
on motor activity, likely due to the blockade of
dopamine receptors. In the group receiving clozapine
(7.5 mg/kg), motor activity was not reduced compared
to the vehicle group. The administration of compound
RU-31 (10 mg/kg) also did not lead to a significant
change in the number of lines crossed compared
to the vehicle group. This may suggest its neutral effect
on the motor activity of rats in this experiment, a
characteristic of substances with atypical antipsychotic
activity similar to clozapine.

Effect on stereotyped behavior induced

by apomorphine

Figure 5 shows the effects of haloperidol (1 mg/kg),
clozapine (7.5 mg/kg), and compound RU-31 (10 mg/kg)
on apomorphine-induced stereotypy in animals over
120 min. In the vehicle group, a gradual decrease
in the level of stereotypy is observed, with maximum
values in the first 15 min and a gradual reduction to
minimum values by the 120 min.

At 15 min after haloperidol administration, the
level of stereotypy is significantly reduced (p < 0.05
compared to vehicle). At 30 min, this reduction
becomes even more pronounced (p < 0.01 compared
to vehicle). Throughout the observation period,
haloperidol maintains a reduced level of stereotypy,
most pronounced in the first 30 min. During the
first 45 min of observation, clozapine shows a slight
tendency to reduce the level of stereotypy compared to
the vehicle. After 45 min, the levels of stereotypy under
the influence of clozapine approach the vehicle
values.

Compound RU-31 has no statistically significant
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effect on the level of stereotypy. Throughout the
observation period, the levels of stereotypy under the
influence of RU-31 remain close to the vehicle values,
with minor deviations at 30 min.

Effect on the effects of low (presynaptic) doses

of apomorphine

According to the obtained data (Table 5), in the
group receiving haloperidol (1 mg/kg), the number
of yawns decreased by 81.5%, which is significantly
less than the vehicle level (p < 0.05). In the group
receiving clozapine (7.5 mg/kg), the number of yawns
decreased by 65.7%, which is also significantly lower
compared to the vehicle group (p < 0.05). In the
group receiving compound RU-31 (10 mg/kg), the
average number of yawns was 49.3% less than in the
vehicle group (p < 0.05). Thus, all studied compounds
statistically significantly reduced the number of yawns
compared to the vehicle group, indicating the presence
of antipsychotic activity. The high specificity of the
test is explained by the fact that serotonin receptor
antagonists do not have a direct effect on dopamine
receptors but can influence the level of dopamine in
synapses by reducing its secretion. This effect is not
apparent in tests with high doses of apomorphine,
as in that case, the effect on mediator release is not
significant.

Effect of substances on aggressive behavior

Figure 6 shows the dynamics of changes in the
aggressive behavior of rats under the influence of
apomorphine over 12 days. The left graph shows the
latency period (time to the first aggressive reaction),
which gradually decreases from 15 to 6 min. The right
graph illustrates the severity of aggression in scores,
which increases from 0 to 2 or more points by day 12,
also indicating an intensification of aggressive reactions.

Figure 7 shows the effect of the test compounds
on aggressive behavior on day 15 of the experiment.
On the left diagram, it can be noted that haloperidol
(1 mg/kg) significantly increases the latency period
compared to the vehicle (p < 0,001). Clozapine
(7.5 mg/kg) also significantly increases the latency
period (p < 0,05), but this increase is less pronounced
compared to haloperidol. The latency period in the
group receiving compound RU-31 (10 mg/kg) does not
differ significantly from the vehicle.

The
substances on the intensity of aggression. Haloperidol

right diagram shows the effect of the

Tom 13, Beinyck 3, 2025

significantly reduces aggression scores compared to
the vehicle (p < 0.001), while clozapine and compound
RU-31 do not have a significant effect on this
indicator.

DISCUSSION

The obtained results demonstrate high predictive
efficacy of machine learning models in assessing
the 5-HT, -antagonistic activity of benzimidazole
derivatives. In particular, the NN and RF methods
showed the best performance in terms of accuracy
and predictive significance among all tested models.
This suggests the utility of employing more complex
algorithms for analyzing data on the biological activity
of substances, as they are capable of accounting
for complex non-linear dependencies in molecular
descriptors, which significantly enhances the quality of
prediction [18, 19].

The significant correlation between the predicted
and experimental IC, values for compounds
RU-31, RU-30, and RU-204 confirms the validity of
the developed models. However, some deviations
from the experimental data indicate the potential for
further optimization of the models and the inclusion
of additional factors that influence the activity of the
substances.

Pharmacophore analysis revealed important
structural features of benzimidazole derivatives that
mediate interaction with 5-HT2A receptors [20].
Compounds RU-31 and RU-30 showed the highest
degree of compliance with the pharmacophore
model, which corroborates their high affinity for
this receptor. These results are consistent with the
in vivo experimental data, where compound RU-31
demonstrated significant antipsychotic activity.

The obtained QSAR and pharmacophore models
have high potential for future use in the search for
new active ligands with antagonistic activity towards
5-HT,, receptors. In particular, these models can
be successfully applied for the rational design and
optimization of new benzimidazole derivatives capable
of interacting with 5-HT_, receptors.

Experiments with apomorphine, aimed at assessing
the antipsychotic activity of the tested compounds,
confirmed the efficacy of RU-31 in several behavioral
tests in animals. Compound RU-31 significantly reduced
apomorphine-induced climbing in mice, indicating its
ability to block the dopaminergic influence. However,
in the apomorphine-induced stereotypy experiment,
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the effect of compound RU-31 and clozapine did not
differ from the vehicle, which corresponds to previously
obtained data for the compound MDL 100 907 [21, 22]
and trazodone [23]. In the Open field test, compound
RU-31 did not exert a significant effect on the motor
activity of rats. Similar results were obtained for
ketanserin [24]. This suggests that RU-31 may have a
more favorable side-effect profile compared to typical
antipsychotics like haloperidol, which often cause
pronounced motor depression [25].

In contrast to haloperidol, which significantly
suppressed aggressive reactions, RU-31 did not have
a significant impact on this indicator. This result
may be explained by the fact that compound RU-31
affects the dopaminergic system through pathways
different from those of typical antipsychotics, which
is characteristic of atypical antipsychotic agents.
However, the lack of effect on aggression may indicate
a limitation of its action regarding certain behavioral
aspects associated with psychoses and requires further
investigation.

The obtained
potential of RU-31 as an antipsychotic with a low risk

results also demonstrate the
of extrapyramidal side effects [26]. In tests with low
doses of apomorphine, aimed at assessing presynaptic
effects,

compound RU-31 statistically significantly

reduced the number of yawning movements.
However, this effect was less pronounced compared
to haloperidol and clozapine, which is likely due to
the lack of direct action on dopamine receptors and,
consequently, a lower risk of developing extrapyramidal
disorders. The obtained results are consistent with a
previous study where it was shown that the serotonin
receptor antagonists ritanserin and ketanserin do not

affect aggressive behavior [27, 28].

Comparing the results obtained for RU-31 with
those for haloperidol and clozapine allows us to
conclude that compound RU-31 has characteristics
similar to atypical antipsychotics. The studied substance
reduces the severity of climbing and yawning behavior,
while not significantly affecting motor activity and
aggression. In aggregate, these properties make
compound RU-31 a promising candidate for further
preclinical research.

A logical next step for this research could be
to employ longitudinal technologies to measure
morphofunctional effects at the level of synaptic
structures in the neocortex of laboratory animals
using confocal microscopy. These technologies would
allow for the assessment of the temporal dynamics
of both the development of psychosis (under chronic
apomorphine administration) and its mitigation (with
the administration of benzimidazole derivatives),
including the characterization of individual animal

responses in the experimental model.

CONCLUSION

In the present study, a comprehensive analysis of
benzimidazole derivatives was conducted to search
for substances with atypical antipsychotic activity. The
use of QSAR modeling and pharmacophore analysis
allowed for the identification of the most promising
compounds, among which RU-31 demonstrated
high affinity for the 5-HT,, receptor and significant
antipsychotic activity in in vivo experiments. The results
showed that RU-31 possesses the characteristics of an
atypical antipsychotic with a low risk of extrapyramidal
side effects, making it a promising candidate for
further study and the development of new drugs
for treating psychoses.

FUNDING
This study did not have financial support from third-party organizations.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

AUTHORS’ CONTRIBUTION
Konstantin Yu. Kalitin — statement of key objectives, analysis of scientific and methodical literature,

data processing, writing, and editing of the manuscript; Olga Yu. Mukha — data collection and processing, writing,

editing and formatting of the manuscript; Viktor B. Voynov — literature review, discussion of results, editing and

formatting of the manuscript. All authors confirm that their authorship meets the international ICMIJE criteria

(all authors made a significant contribution to the development of the concept, conduct of the study

and preparation of the article, read and approved of the final version before the publication).

168

Volume XIlII, Issue 3, 2025



Hay4Ho-npakTunyeckuin XxypHan OPMI’MHAﬂbHAﬂ CTATbﬂ
OAPMALIVA N
®APMAKONOIA DOI: 10.19163/2307-9266-2025-13-3-157-170
(PHARMACY & PHARMACOLOGY)

REFERENCES
1. Shah AA, Igbal SZ. Recent advances in psychopharmacology: function; present and future. Neuropharmacology.

10.

11.

12.

13.

from bench to bedside novel trends in schizophrenia. J
Pers Med. 2023;13(3):411. DOI: 10.3390/jpm13030411
Al-Wasidi AS, Refat MS, Naglah AM, Elhenawy AA.
Different potential biological activities of benzimidazole
derivatives. Egypt J Chem. 2021;64(5):2631-46.
DOI: 10.21608/ejchem.2021.71477.3570

Vasilev PM, Kalitin KY, Spasov AA, Grechko OY,
Poroikov VV, Filimonov DA, Anisimova VA. Prediction
and study of anticonvulsant properties of benzimidazole
derivatives. Khimiko-Farmatsevticheskii
2016;50(12):3-8. EDN: XBCYRR

Grechko OY, Spasov AA, Kalitin KY, Zhukovskaya ON,
Anisimova VA. Comparative study of the influence of
benzimidazole derivative RU-1205, diazepam, and sodium
valproate on the seizure threshold,
tolerance, and rebound.  Eksperimentalnaya i
Klinicheskaya Farmakologiya. 2016;79(12):3-6.
DOI: 10.30906/0869-2092-2016-79-12-3-6

Spasov AA, Kalitin KY, Grechko OY, Anisimova VA.
Antiepileptic Activity of a New Derivative of Benzimidazole
RU-1205. Bull Exp Biol Med. 2016;160(3):336-9.
DOI: 10.1007/s10517-016-3164-1

Siddiqui N, Alam MS, Sahu M, Yar MS, Alam O,
Siddiqui MJA. Antidepressant, analgesic activity and SAR
studies of substituted benzimidazoles. Asian J Pharm Res.
2016;6(3):170-4. DOI: 10.5958/2231-5691.2016.00024.1
Dokuparthi SK, Naik JB, Kumar KS, Saidulu A.
Synthesis, Characterization and Biological
Evaluation of Benzimidazole Derivatives as Potential
Anxiolytics. Res J Pharm Tech. 2018;11(1):221-6.
DOI: 10.5958/0974-360X.2018.00041.0

Cheretaev 1V, Korenyuk I, Nozdrachev AD. Neurotropic,
psychoactive, and analgesic properties of benzimidazole
and its derivatives:

Zhurnal.

anticonvulsant

physiological  mechanisms.
Neurosci Behav  Physiology. 2018;48(7):848-53.
DOI: 10.1007/s11055-018-0639-8

Szabd G, Kolok S, Orgovan Z, Vastag M, Béni Z,
Kéti J, Saghy K, Lévay Gl, Greiner |, Keseri GM.
Discovery of dihydropyrazino-benzimidazole derivatives
as metabotropic glutamate receptor-2 (mGIuR2)
positive allosteric modulators (PAMs). Eur J Med Chem.
2020;186:111881. DOI: 10.1016/j.ejmech.2019.111881
Olasupo SB, Uzairu A, Shallangwa GA, Uba S. Computer-
aided drug design and in silico pharmacokinetics
predictions of  some potential antipsychotic
agents. Scientific African. 2021;12:e00734.
DOI: 10.1016/j.sciaf.2021.e00734

Lin X, Li X, Lin X. A review on applications of computational
methods in drug screening and design. Molecules.
2020;25(6):1375. DOI: 10.3390/molecules25061375
Kantrowitz JT. Targeting serotonin 5-HT2A receptors
to better treat schizophrenia: rationale and current
approaches. CNS drugs. 2020;34(9):947-59.
DOI: 10.1007/s40263-020-00752-2

Sharp T, Barnes NM. Central 5-HT receptors and their

Tom 13, Beinyck 3, 2025

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

2020;177:108155. DOI: 10.1016/j.neuropharm.2020.108155
Kim SA. 5-HT1A and 5-HT2A signaling, desensitization, and
downregulation: serotonergic dysfunction and abnormal
receptor density in schizophrenia and the prodrome.
Cureus. 2021;13(6):e15811. DOI: 10.7759/cureus.15811
Kossatz E, Diez-Alarcia R, Gaitonde SA, Ramon-Duaso C,
Stepniewski TM, Aranda-Garcia D, Muneta-Arrate |,
Tepaz E, Saen-Oon S, Soliva R, Shahraki A. G protein-
specific  mechanisms in the serotonin 5-HT2A
receptor regulate  psychosis-related effects and
memory deficits. Nat Commun. 2024;15(1):4307.
DOI: 10.1038/541467-024-48196-2

Romeo B, Willaime L, Rari E, Benyamina A, Martelli C.
Efficacy of 5-HT2A antagonists on negative symptoms in
patients with schizophrenia: a meta-analysis. Psych Res.
2023;321:115104. DOI: 10.1016/j.psychres.2023.115104
Ayyar P, Ravinder JR. Animal models for the evaluation
of antipsychotic agents. Fundam Clin Pharmacol.
2023;37(3):447-60. DOI: 10.1111/fcp.12855

Floresta G, Abbate V Machine learning vs. field 3D-QSAR
models for serotonin 2A receptor psychoactive substances
identification. RSC advances. 2021;11(24):14587-95.
DOI: 10.1039/d1ra01335a

tapinska N, Pactawski A, Szlek J, Mendyk A. Integrated
QSAR Models for Prediction of Serotonergic Activity:
Machine Learning Unveiling Activity and Selectivity
Patterns of Molecular Descriptors. Pharmaceutics.
2024;16(3):349. DOI: 10.3390/pharmaceutics16030349
Ma M, Yang Y, Du G, Dai Y, Zhu X, Wang W, Xu H, Zhang J,
Zheng L, Zou F, Yang H, Liu B, Liu W, Ye L, Zhang R, Tian J.
Improving the treatment of Parkinson’s disease: Structure-
based development of novel 5-HT2A receptor antagonists/
inverse agonists. Eur J Med Chem. 2022;234:114246.
DOI: 10.1016/j.ejmech.2022.114246

Schmidt CJ, Sorensen SM, Kenne JH, Carr AA,
Palfreyman MG. The role of 5-HT2A receptors in
antipsychotic activity. Life Sci. 1995;56(25):2209-22.
DOI: 10.1016/0024-3205(95)00210-W

Kehne JH, Baron BM, Carr AA, Chaney SF, Elands J,
Feldman DJ, Widmaier C. Preclinical characterization
of the potential of the putative atypical antipsychotic
MDL 100,907 as a potent 5-HT2A antagonist with a
favorable CNS safety profile. J Pharmacol Exp Ther.
1996;277(2):968-981.

Balsara JJ, Jadhav SA, Gaonkar RK, Gaikwad RV,
Jadhav JH. Effects of the antidepressant trazodone, a 5-HT
2A/2C receptor antagonist, on dopamine-dependent
behaviors in rats. Psychopharmacology. 2005;179:597—-605.
DOI: 10.1007/s00213-004-2095-0

Young KA, Zavodny R, Hicks PB. Effects of serotonergic
agents on apomorphine-induced locomotor
activity. Psychopharmacology. 1993;110:97-102.
DOI: 10.1007/BF02246956

Tsartsalis S, Tournier BB, Gloria Y, Millet P, Ginovart
N. Effect of 5-HT2A receptor antagonism on levels
of D2/3 receptor occupancy and adverse behavioral

169



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

(®PAPMALMA N PAPMAKO/IOTNA)

side-effects induced by haloperidol: a SPECT imaging
study in the rat. Transl Psychiatry. 2021;11(1):51.
DOI: 10.1038/s41398-020-01179-5

26. Casey AB, Cui M, Booth RG, Canal CE. “Selective” serotonin
5-HT2A receptor antagonists. BiochemPharmacology.
2022;200:115028. DOI: 10.1016/j.bcp.2022.115028

27. Sakaue M, Ago Y, Sowa C, Sakamoto Y, Nishihara B,
Koyama Y, Baba A, Matsuda T. Modulation by 5-HT2A

receptors of aggressive behavior in isolated mice.
Japanese journal of pharmacology. 2002;89(1):89-92.
DOI: 10.1254/jjp.89.89

28. Idova GV, Alperina EL, Zhukova EN, Cheido MA,
Kozhemyakina RV. Role of 5-HT2A
immunomodulation in animal models of aggressive
behavior. Pharmacology & Pharmacy. 2016;7(08):313.
DOI: 10.4236/pp.2016.78038

receptors in

AUTHORS

Konstantin  Yu. Kalitin — Candidate of
Sciences (Medicine), Assistant Professor, Assistant
Professor of the Department of Pharmacology and
Bioinformatics, senior researcher at the Laboratory
of Metabotropic Drugs of the Scientific Center for
Innovative Drugs, Volgograd State Medical University;
Senior Researcher at the Laboratory of Synaptic
Biology (Priority 2030) of the Southern Federal
University. ORCID ID: 0000-0002-0079-853X. E-mail:
kkonst8@ya.ru

Olga Yu. Mukha — Assistant of the Department
of  Pharmacology and  Bioinformatics, junior

170

researcher at the Laboratory of Metabotropic
Drugs of the Scientific Center for Innovative Drugs,
Volgograd State Medical University. Researcher at
the Laboratory of Metabotropic Drugs, Scientific
Center for Innovative Drugs, Volgograd State Medical
University. ORCID ID: 0000-0002-0429-905X. E-mail:
olay.myhald@gmail.com

Viktor B. Voynov — Doctor of Sciences (Biology),
Chief Researcher at the Laboratory of Synaptic
Biology (Priority 2030) of the Southern Federal
University. ORCID ID: 0000-0002-0242-6270. E-mail:
vvoynov@sfedu.ru

Volume XIlII, Issue 3, 2025



