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Medicines and their components are essential molecular functional materials while devel-
oping and transferring them into production is a priority for many interdisciplinary research
teams. Hybrid compounds that integrate multiple potent pharmacophoric fragments are re-
garded as highly promising candidates in the development of such materials. Hence, the incor-
poration of 1,2,3-triazole moieties into conventional 1,4-benzodiazepine frameworks presents
a promising strategy. This structural modification is anticipated to enhance drug-receptor in-
teractions and improve pharmacological profiles by increasing selectivity for specific GABA-A
receptor subtypes.

The objective of this study was to assess new functional materials for pharmaceutical use
derived from 1,2,3-triazolo-1,4-benzodiazepine compounds. The research specifically focused on
conducting molecular docking studies at the benzodiazepine site of the GABA receptor, evaluat-
ing their safety profile in vitro, and determining their analgesic potential in vivo.

During the molecular docking study of five compounds for their binding affinity towards the
benzodiazepine site of the GABA receptor, a detailed analysis of the formed complexes indicated
that all S-configurations of the new compounds exhibit a binding mode in the benzodiazepine
site comparable to classical benzodiazepines. The findings demonstrated that the investigated
derivatives do not negatively impact cell proliferation in the MTT and NRU tests. No genotoxicity
of the investigated derivatives was observed under the conditions of the umu-test. Additionally,
it has been established that the compounds exhibit moderate antinociceptive activity in experi-
mental models involving both peripheral and central mechanisms of pain reaction formation.

Keywords: molecular functional materials, pharmaceutical materials, benzodiazepines; mo-
lecular docking; cytotoxicity; genotoxicity; umu-test; analgesic; hot plate; writhing.
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Hoei dapmanesrununi wmarepiajsm 3 aHaAJreTHYHOK AKTUBHICTIO HA OCHOBI
1,2,3-rpuasono-1,4-6ensoniaseniny. I. Bouyna, 1. Kipees, JI. Ilepexooa, M. Cyneiimarn,
P. @icam, I Haneu-Aseuvruii, O. Kowosuil, I. Bonodumuposa, M. Masyp, B. Yebaros

ﬂiKapCLRi 3acobm Ta iX KOMIIOHEHTH € BaiKJIMBUMU MOJIEKY JIAPHIMH dbyHKITIOHATEHUME
MaTeplaHaMI/I a ix p03p061<:a Ta BIPOBAJIKEHHA Y BUPOOHUIITBO € leOpI/ITETHI/IM 3aBIAHHAM 1715
06araThoX MIsKIUCITUTLIIHAPHUX JTOCITHAIIBRUX rPyIL. ['10pUIH] CIIOIYKH, STK1 1HTerpy10Tb JeK1TIbKA
TOTYSKHUX obapMaRod)opHI/Ix d)parMeHTlB PO3TISAAAIOTECS K JIyiKe HepCHeRTI/IBHl KaHIAIaTH
B p03p06u1 Takux marepiamiB. Taxkum YuUHOM, BKJIOUEeHHS 1,2,3- TplaSOJIbHI/IX dparmenTie y
Tpamuiiini 1,4-0eH30/11a3eI1HOBl KapKacu € 6araT0061uﬂIOq010 crpareriern. OUiKyeTbes, 110 IS
CTPYKTYPHA Monmbmaum ITOCHUJTUTH B3AEMOJIII0 JIIKAPCHKOT0 3ac00Y 3 PEIeIITOPOM Ta ITOKPAIIUTD
dapmaxonoriuni mpodisl 3a paxyHOK IIIBHUINEHHS CeJIEKTUBHOCTI 10 meBHuX mimrumis [TAMK-
perenTopis.

Meroro 116010 TOCTIFKEHHS 0YJI0 BUBYNTH HOB1 QYHKITIOHAIBHI MaTepiaan (papMaiieBTUIHOTO
IpU3HAYEHHS, OTPUMAaH1 Ha 0CHOBI 1,2,3-Tpra30s10-1,4-6eH30/11a3eMHOBUX CIIOIYK. Jlocai ke nas
OyJI0 30CepesKeH0 Ha IIPOBEJEHH]I MOJIEKYJIAPHUX JIOKIHMOBUX JOCIIMKeHb 0eH30/11a3eIHOBOT
mistaku TAMK-pertenrtopa, ortinin ix mpodisrio 6e3mern in vitro Ta BU3HAYEHHI 1X aHAJIbIeTHYHOTO
IOTEHIaIy 1n Vivo.

Ilix yac MoIeKYJISIPHOrO JOKIHTY IT ATH CIIOJIYK HA aplHHICTh 3B’ sI3yBaHH 3 0€H30/11a3€IIIHOBUM
catitom ['AMK-pererrropa gerajnpbHUI aHaJl3 YTBOPEHMX KOMILJIEKCIB IIOKa3aB, IO BCl
S-koH(pIrypairii HOBUX CIOJIYK IE€MOHCTPYIOTH XapakTep 3B'fA3yBaHHA 3 OeH301a3eIIHOBUM
cayToM, MHOPIBHAHHUM 3 KJIACHYHHMH OeHa3omiaseminamu. OTpuMaHi pe3yJibTaTU IIOKA3aJIH,
110 JOCJIIIMKYBAHI IIOXIIHI HEe YMHATH HEraTUBHOIO BILIMBY Ha HpPoJIidpepalliio KJIITHH B TecTax
MTT ta NRU. 'enoToKCHYHOCTI OOCHIIMKYBAHMX MOXIAHUX B YMOBAX UMU-TECTY He BHABJICHO.
JlomaTKOBO BCTAHOBJIEHO, IO CIIOJIYKM IIPOSIBJISTIOTH IIOMIPHY IIPOTHOOJIBOBY AKTHBHICTH B
EKCIIePUMEHTAJIbHUX MOJIEJISIX 13 3aJIyYeHHAM K HepUPEePUIHUX, TAK 1 IIeHTPATbHUX MEeXaHI13MIB

dopmyBamHsa 607I60BOT peakIrii.

1. Introduction

Benzodiazepines represent one of the most
extensively prescribed classes of psychotropic
medications, playing a crucial role in treating
anxiety, insomnia, and seizure disorders [1].
However, their long-term use is associated with
significant drawbacks, including dependence,
cognitive impairment, and adverse effects on
psychomotor function [2]. These limitations
have spurred intensive research into new ben-
zodiazepine derivatives that maintain thera-
peutic efficacy while minimizing undesirable
effects.

The integration of 1,2,3-triazole moieties
into traditional 1,4-benzodiazepine scaffolds
has emerged as a promising approach in me-
dicinal chemistry and pharmacology [3]. This
structural modification can potentially en-
hance drug-receptor interactions and improve
pharmacological profiles through increased se-
lectivity for specific GABA-A receptor subtypes
[4]. These molecules exhibit a broad spectrum
of pharmacological activities, including antivi-
ral, anti-inflammatory, antitumor, analgesic,
anxiolytic, sedative, anticonvulsant, and mus-
cle relaxant effects [5, 6]. Their primary ac-
tion on the central nervous system is mediated
through interactions with GABA-A receptors,
functioning as modulators of neural signaling
[7]. Due to their unique structural features,
triazolobenzodiazepines offer the potential for
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enhanced selectivity, reducing the risk of side
effects such as sedation and dependence.

International drug development efforts
have yielded varying approaches to address-
ing benzodiazepine-associated concerns.
In Japan, researchers have focused on develop-
ing partial agonists with reduced sedative effects
[8, 9]. Preclinical and clinical investigations in
the United States have significantly advanced
our understanding of benzodiazepines, particu-
larlyregardingtheir mechanismsofaction, toler-
ance development, and potential for dependence
[10, 11]. Our research has shown promising
anxiolytic, antidepressive effects, absence of
negative impact on muscle tone and coordina-
tion of rodent movements [12—14].

Despite these advances, there remains a
critical gap in understanding how triazole in-
corporation affects analgesic properties and
long-term safety profiles. Previous studies have
primarily focused on anxiolytic effects, leaving
the potential analgesic benefits largely unex-
plored [15, 16]. Additionally, while preliminary
docking studies suggest promising receptor in-
teractions, comprehensive toxicological assess-
ments of these new derivatives are lacking.

This research aims to evaluate novel
1,2,3-triazolo-1,4-benzodiazepine derivatives,
specifically focusing on conducting molecular
docking studies at the benzodiazepine site of
GABA receptor, determining their safety pro-
file in vitro and analgesic potential in vivo. By
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Analysis of scientific literature in regard with the research topic. Synthesis of new 1,2,3-triazolo-1,4-benzodiazepine
derivatives

N

Molecular docking of new 1,2,3-triazolo-1,4-benzodiazepine derivatives at the benzodiazepine site of the GABA
receptor

Study of cytotoxic properties of new 1,2,3-triazolo-1,4-benzodiazepine derivatives on the BALB/c 3T3 cells and
evaluation of genotoxicity in the umu-test with S. #yphimurium.before and after photodegradation process.

Determination of analgesic activity of new 1,2,3-triazolo-1,4-benzodiazepine derivatives in acetic acid-induced
writhing and hot plate tests

Fig. 1. Study protocol and milestones

combining molecular docking studies with toxi-
cological assessments and analgesic activity
evaluations, we seek to develop safer alterna-
tives to traditional benzodiazepines with en-
hanced therapeutic properties.

2. Planning of the research

The study protocol and main steps are pre-
sented in Fig. 1.

3. Materials and methods

3.1 Object of research

Five new 1,2,3-triazolo-1,4-benzodiazepine
derivatives were synthesized using the meth-
ods described earlier by Mazur et al. (2021)
and used as APIs in the present study [17].
Structures of tested compounds are shown in
Figure 2 where:

MA-252 - 5-(4-bromophenyl)-N-(tret-butyl)-
4-0x0-3-phenyl-5,6-dihydro-4H-benzo[f][1,2,3]t
riazolo[1,5-a][1,4]diazepine-6-carboxamide

MA-253 N-(tret-butyl)-4-oxo-3,5-diphe-
nyl-5,6-dihydro-4H-benzo[f][1,2,3]triazolo[1,5-
a][1,4]diazepine-6-carboxamide

MA-254 N-(tret-butyl)-5-(5-methylisoxa-
z0l-3-yl)-4-0x0-5,6-dihydro-4H-benzo[f][1,2,3]tr
1azolo[1,5-a][1,4]diazepine-6-carboxamide

MA-255 N-(tret-butyl)-4-oxo-5-phenyl-
5,6-dihydro-4H-benzo(f][1,2,3]triazolo[1,5-
a][1,4]diazepine-6-carboxamide

MA-261 N-(tret-butyl)-5-butyl-4-oxo-3-
phenyl-5,6-dihydro-4H-benzo[f][1,2,3]triazolo
[1,5-a][1,4]diazepine-6-carboxamide

3.2 Molecular Docking study

The Autodock 4.2 software package was
used for receptor-based flexible docking. Li-
gands were prepared using MGL Tools 1.5.6.
Ligand optimization was performed using the
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Fig. 2 Structures of new 1,2,3-triazolo-1,4-benzodiazepine derivatives.
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Avogadro program. The original data formats
of the receptor and ligands were converted to a
special PDBQT format using Autodock 4.2. The
active site (ay benzodiazepine binding site) of
the GABA receptor (PDB ID: 6HUP) from the
Protein Data Bank (PDB) was used as a bio-
logical target for docking. Receptor maps were
created in MGL Tools and AutoGrid programs.
Water molecules, ions, and ligands were re-
moved from the PDB file. All compounds used
in the docking study contained a 1,2,3-triazole
ring as a core structural motif. No compounds
with alternative heterocyclic fragments were
included in the dataset.

The following docking parameters were set,
which were described in previous studies [18]:
the translational motion step was 2 A, the co-
efficient of torsional freedom was 0.2983. The
cluster tolerance was 2 A. The external energy
of the lattice was 1000, the maximum initial
energy was 0, and the maximum number of at-
tempts was 10,000. The number of structures
in the population is 150, the maximum num-
ber of energy estimation steps is 2500000, the
maximum number of generations is 27 000, the
number of structures that pass to the next gen-
eration is 1, the gene mutation rate is 0.02, the
crossover rate is 0.8, and the crossover method
is arithmetic. The a-parameter of the Gaussian
distribution is 0, the B-parameter of the Gauss-
ian distribution is 1.

The visualization of the obtained complexes
of the studied molecules in the active site of the
receptor was performed using the Discovery
Studio Visualizer program.

In addition to the reference drug diazepam
(PDB ID: 6HUP), we performed the molecular
docking procedure for gidazepam, given that it
was selected as a comparison drug for pharma-
cological studies.

- The scoring function that indicates the en-
thalpy component of the free binding energy
(Affinity DG) for the best conformational posi-
tions of the tested compounds in the benzodiaz-
epine site of the GABA receptor;

- Binding free energy values and binding
constants (EDoc kcal/mol and Ki uM (micromo-
lar) for certain conformational positions of the
tested compounds.

The benzodiazepine site (between subunits
a and y) is a well-known and well-document-
ed binding site for known benzodiazepines, so
the docking procedure was performed in this
particular region of the GABA receptor and
the crystallographic model which has PDB ID:
6HUP in the Protein Data Bank database was
chosen as a biological target.
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3.3 Toxicological assessment in vitro

Dulbecco’s modified Eagle’'s medium
(DMEM) and bovine calf serum (BCS) were
obtained from Thermo Fisher Scientific, Inc.
Ethanol, ethyl acetate, methanol, and dimeth-
ylsulfoxide (DMSO), streptomycin, penicillin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), Phosphate buffered
saline (PBS) without Ca2* and Mg2* (for tryp-
sinization), Trypsin, Triton, neutral red (3-ami-
no-7-dimethyl-amino-2-methylphenazine hy-
drochloride), Glacial acetic acid solution were
purchased from Sigma Aldrich.

Preparation and irradiation of
solutions

Investigated new 1,2,3-triazolo-1,4-benzodi-
azepine derivatives are practically insoluble in
water [12, 19], so they were dissolved in 30%
DMSO to prepare stock solutions. Then the
working solutions were prepared by the dilution
of the stock solutions with PBS because of the
relatively high sensitivity of mammalian cells
to the changes in the medium osmolarity [20].

Cytotoxicity tests

MTT and NRU tests were performed on the
BALB/c 3T3 cells, clone A31 (e.g., CCL-163,
American Type Culture Collection [ATCC],
Manassas, VA, USA), for new 1,2,3-triazolo-
1,4-benzodiazepine derivatives [21]. The cells
were seeded in 96-well microplates in the
DMEM culture medium (supplemented with
10% BCS, 100 IU/mL penicillin and 0.1 mg/mL
streptomycin) and incubated for 24 h (5% CO,,
37 °C, > 90% humidity). Then, each plate was
examined under a microscope to ensure the
growth of cells they have to form a half-con-
fluent monolayer. Then cells were treated by
investigated derivatives in different concentra-
tions and incubated for 24 hours.

MTT assay: After exposure, cells were
washed with PBS and treated with medium
containing MTT. Measurement of cell viability
in this assay was based on the metabolic activ-
ity of the cells. Mitochondrial succinate dehy-
drogenase reduced the water-soluble MTT salt
in viable cells to a purple insoluble formazan
that could be quantified colorimetrically after
dissolution in alcohol. The dye-containing me-
dium was removed after 2 hours and replaced
with isopropanol, which lyses the cells and re-
leases formazan from the cells. Color intensity,
which correlates with cell culture viability, was
assessed at 570 nm using a microplate spectro-
photometer. PBS and Triton X-100 were used
as negative and positive controls, respectively.

tested

Functional materials, 32, 3, 2025



1. Botsula et al. /| New pharmaceutical materials ...

NRU assay: The treatment medium was re-
moved from the bottle; the cells were washed
with PBS and treated with the neutral red me-
dium for 3 h. Then, the medium was discard-
ed; the cells were washed with PBS again and
treated with desorb solution which is consist
of an ethanol, acetic acid solution and water in
proportion 49:1:50. The quantitative estima-
tion of viable cells was evaluated based on the
neutral red uptake in comparison to the nega-
tive control. The amount of neutral red released
from the cells was evaluated colorimetrically at
540 nm. As negative and positive controls, PBS
and Triton X-100 were used.

The cytotoxicity of all the samples was
tested in a dilution series of 7 concentrations.
The range of tested concentrations was from
0.78 uM/L to 50 pM/L for investigated deriva-
tives, respectively.

Samples were considered cytotoxic if they
reduced cell survival or mitochondrial meta-
bolic activity below 50%, compared to the
untreated cells. When the BALB/c 3T3 cell
viability was not decreased below 50% across
the whole range of tested dilutions of the sam-
ples, it was considered non-cytotoxic in this
range of concentrations.

Umu-test

Salmonella typhimurium (S. typhimuri-
um) TA1535/pSK1002 was purchased from
Deutsche Sammlung von Mikroorganis-
men Und Zellkulturen GmbH in Germany.
Salmonella typhimurium TA1535 is modified
to contain plasmid pSK1002. This plasmid con-
tains the umuC gene fused to a lacZ reporter
gene. The umuC gene is induced as part of the
bacterial SOS response when genetic damage
occurs following exposure to potentially geno-
toxic compounds. The fusion of the SOS-Umu
response gene with the lacZ gene facilitates
Salmonella to generate B-galactosidase, which
has the capability to convert ortho-nitrophe-
nyl-B-galactoside (ONPG) into ortho-nitro-
phenol that can be detected by a colorimetric
change from the ONPG substrate (colorless) to
2-nitrophenol (yellow) [22, 23]. Growth factor,
B-galactosidase activity and induction ratio
were registered during the test for investiga-
tion the influence of new derivatives on these

indexes [24]. The relative units
(RU) were obtained at OD600 for
the growth factor (G), 0OD420 for

B-galactosidase activity (UT), and for the induc-
tion ratio (IR). The quality criteria to classify

Functional materials, 32, 3, 2025

a sample as genotoxic according to blank and
negative controls is IR > 1.5.

B-galactosidase activity of the tested com-
pound was calculated according to the formula:
OD4208AMPLE/CONTROL

I-galactosidase units =
0OD600

SAMPLE/ CONTROL
where

0D420 - the absorption at 420 nm indicated
the intensity of enzymatic reaction;

OD600 — the absorption at 600 nm indicated
the bacteria growth.

The measurements were performed with
Asys UVM340 Hightech microplate spectropho-
tometer. The induction ratio was calculated as
the B-galactosidase activity of the tested com-
pound relatively to the negative control:

I-galactosidase unitsg,p

IR I-galactosidase units goygor,

The bacteria growth (G) is evaluated by mea-
surement of an optical density to determine the
genotoxicity of tested samples.

The antigenotoxic potential was evaluated
against the genotoxic action of two known geno-
toxic agents 4-nitroquinoline oxide (4NQO) and
2-aminoanthracene (2-AA) in the absence and
presence of metabolic activation with rat’s
liver s9 fraction respectively.

The genotoxicity of all the samples was
tested in a dilution series of 4 concentrations.
The range of tested concentrations was from
6.25 uM/L to 50 uM/L for investigated deriva-
tives, respectively.

3.4 Pharmacological study

The study of analgesic activity was carried
out in vivo [25].

Hot plate test is usually used for assessing
the central component of analgesia. As part
of the method, a behavioral model of nocicep-
tion was used, where animal actions (jumping
and licking hind paws) occur after an irritating
thermal stimulus [26]. The model of thermal
irritation of the limbs was reproduced by plac-
ing rats on a metal plate heated to 55 °C (this
the temperature was maintained using a ther-
mostat). The reaction time was considered the
interval between the moment the animal was
placed on the plate and the time it started lick-
ing its claws or jumping [27]. The correspond-
ing time was calculated reactions in seconds
(licking paws, jumping out, squeaking).

The calculation was carried out according to
the following formula:

Te — ATec

AA=D «100%,

ATec
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where

AA — analgesic activity, %;

ATe — difference in latency of the correspond-
ing response in an experimental group before
and after the administration of the potential
analgesic agent;

ATc — difference in latency of the correspond-
ing response in a control group before and after
the administration of the solvent.

The acetic acid-induced writhing test is
aimed at the study of acute visceral and so-
matic deep pain. The specific pain reaction of
“cramps” by the method of chemical irritation
of the peritoneum is induced by intraperitoneal
injection of 0.6% acetic acid (0.1 ml / 10 g of
body weight). After the injection, the animal
was placed in the test chamber. Writhing re-
sponses, characterized by contraction of the ab-
dominal wall, pelvic rotation, and subsequent
hind limb extension, were recorded throughout
the 15-minute duration of the test [28]. The an-
algesic activity of the new derivatives in doses
of 0.75 mg/kg and 1 mg/kg was assessed for
their ability to decrease the number of pain re-
actions in mice with administered acetic acid
intraperitoneally. Comparison drugs used in
this test were metamizole sodium in the dose
of 50 mg/kg and diclofenac sodium in the dose
of 8 mg/kg.

The calculation was carried out according to
the following formula:

AA — We — We

(¢}

x100%,

where

AA — analgesic activity, %;

Wc — average number of writhes in control
group;

We — average number of writhes in experi-
mental group.

The experiments were carried out in accor-
dance with the “Directive 2010/63/EU of the
European Parliament and of the Council of 22
September 2010 on the protection of animals
used for scientific purposes” (Council Directive
2010/63/EU, 2010), and the study was approved
by the Bioethics Commission of the National
University of Pharmacy (protocol No. 4 from
02.10.2020) [29, 30].

Statistical analysis

Results are shown in tables or figures where
each value 1s expressed as mean + standard
deviation of 3-6 independent biological repli-
cates. All data were analyzed using MS Excel
(Microsoft Excel 2016, version 16.0, Microsoft
Corporation, USA). Student’s t-test was used
to determine intergroup differences in the case
of normal distribution of data, and Mann-Whit-
ney U-test was used in the absence of normal
distribution. Changes at p<0.05 were consid-
ered statistically significant.

4. Results

Molecular docking study

The investigated molecules 1-5 contain an
asymmetric carbon atom with a substitution in
the 6-position of the 1,4-benzodiazepine frame-
work, therefore, they can exist in the form of
two enantiomers, R and S (Fig. 3). At the stage
of 3D optimization of the tested structures, the
corresponding conformations of the 1-5R and 1-
5S enantiomers were created.

According to the estimated docking values
(Table 1), among the tested R and S enantio-
mers of new benzodiazepines 1-5, the best (low-

N Rq = Ry =
AN NIRRT s La ¥
\/ \/
N 2 Ry- /\O RZ:/\O
(@) (@]
N Ry -
A \N > R = 2= °
H\ R2 H :_ R2 3 1 H \CH
HNTN HN/\O R ’
H;C H;C 4 Ri= H 2=
CHg CHj
H,C H,C
’ 5 R1=/\© R2=’</\,CH3
R-isomer S-isomer

Fig. 3. R and S structures of the studied derivatives
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Table 1. Estimated docking values of the studied derivatives at the benzodiazepine site of the GABA

receptor

Molecule Scoring ﬁ;:llgf on, keal/ Free bli{régi;lngloeinergy, Binding constant, pM
1-R -8.0 -6.32 23.33
1-S -9.0 -6.94 8.17
2-R -7.6 -5.52 90.44
2- S -10.1 -6.59 14.82
3-R -7.4 -5.02 208.92
3-S -8.6 -7.46 3.39
4-R -1.7 -5.11 178.73
4-S -7.6 -6.98 7.59
5-R -6.8 -3.97 1220
5-S -8.9 -6.40 20.49

Diazepam -9.9 -7.00 7.40

Gidazepam -8.9 -6.72 11.84

est) values were obtained for the S enantiomers.
Among them, the 2-S molecule exceeded the ab-
solute value of the scoring function of diazepam
and gidazepam, although it was slightly infe-
rior to them in terms of free energy and binding
constants. However, it was found that the 3-S
molecule with a moderate affinity had binding
constant values 2 and 3 times better than di-
azepam and gidazepam, respectively. The value
of the binding constant of the 4-S compound is
1.5 times better than that of gidazepam. The
1-S and 5-S molecules were at the level of gidaz-
epam according to the scoring function, although
they had non-correlated values of EDoc and Ki
in comparison with the reference values.

As a result of flexible docking of reference
drugs against the selected target and visual-
ization of the formed complexes, we found that
they occupy the benzodiazepine binding site at
the al/y2 interface, where they form a whole
complex of interactions with the amino acid
residues of the site (Fig. 4).

To assess the binding modes of the new mol-
ecules at the benzodiazepine site, we conducted
a thorough analysis of the geometric configu-
ration of energetically favorable positions and
examined all the complexes formed with the
target under investigation.

The visualization results reveal that all
R-enantiomers of the tested molecules 1-5 ex-
hibit a slightly distinct binding mode compared
to classical benzodiazepines. They occupy the
region beneath the bottom of the pocket, which
is constrained by the amino acid residue Asn60
of the y2 site, while interactions occur with the
amino acid residue Ser195y2.

Functional materials, 32, 3, 2025

According to the results of docking, the most
promising molecule is 2-S, which had higher ab-
solute values of the scoring function compared
to diazepam and gidazepam, although it had
free energy and binding constant at the level
of gidazepam (Affinity DG = -10.1 kcal/mol,
EDoc = -6.59 kcal/mol, Ki = 14.82 uM).
In Fig. 5 shows the superposition and diagram
of intermolecular interactions of the most
promising 2-S hit molecule in the allosteric
binding site benzodiazepines of the GABA re-
ceptor. It should also be noted that the hit mol-
ecule has a similar type of binding to the classi-
cal benzodiazepines in the allosteric site of the
GABA receptor. It forms a complex due to two
- stacking interactions between 5,6-dihydro-
4H-benzo[f][1,2,3]triazolo[1,5-a][1,4]diazepine
fragment and Tyr58 residue. The formation of a
stable complex between the compound and the
receptor was also facilitated by two m-o0 bonds
between the N-tert-butyl substituent and the
Tyr210 residue, m-Alk interaction between
the phenyl substituent substituted at position
5 substituent of the benzodiazepine backbone
and the amino acid Val203. The formation of
such interactions contributes to the formation
of a hydrophobic pocket, which is stabilized by
two hydrogen bonds between the oxygen atom
of the 4-oxo group of the benzodiazepine back-
bone with the Tyr58 residue and the oxygen
atom of the carboxamide group substituted in
the 6th position with amino acid residue His102
(Fig. 5).
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Fig. 4 Superposition of reference drugs (top panel) in the canonical benzodiazepine binding site at the
al/y2 interface: diazepam - green, gidazepam - blue. Binding modes are diazepam on the left and gidaz-

epam on the right.

In vitro study of toxicity of new 1,2,3-triazo-
lo-1,4-benzodiazepine derivatives

Measurement of cell viability in this assay
was based on the metabolic activity of the cells.
Mitochondrial succinate dehydrogenase reduced
the water-soluble MTT salt in viable cells to a
purple insoluble formazan that could be quanti-
fied colorimetrically after dissolution in alcohol.

As investigated, the cytotoxicity test showed
that new 1,2,3-triazolo-1,4-benzodiazepine
derivatives did not affect the mitochondrial
metabolic activity of the BALB/c 3T3 cells, did
not cause damage effect to the cell viability
and demonstrated cell growth more than 50%
that allows to consider derivatives as non-tox-
ic under the conditions used in the MTT test
(Fig. 6).

The BALB/c 3T3 cells viability under the
condition of the NRU test did not fall below
50% in comparison to the control (Fig. 7). The
results showed that investigated samples were
non-toxic and did not cause harmful effects un-
der the conditions used in this test.
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Genotoxicity of new 1,2,3-triazolo-1,4-
benzodiazepine derivatives by the umu-test

In the umu-test with S. typhimurium, none
of the tested concentrations exhibited the geno-
toxic effect with (+S9) or without (-S9) metabol-
ic activation (IR < 1.5) (Table 2). According to
results new 1,2,3-triazolo-1,4-benzodiazepine
derivatives didn’t affect on the growth factor of
bacteria in this model since the value was not
lower than in the negative control group.

The study of analgesic activity of new
1,2,3-triazolo-1,4-benzodiazepine derivatives

The obtained results of molecular docking
demonstrated a high affinity of the 1,2,3-tri-
azolo-1,4-benzodiazepine derivatives to the
GABA receptor, which indicates their potential
as anti-anxiety agents. To verify the properties
predicted by docking, a series of in vivo phar-
macological tests were performed to assess in
particular anxiolytic activity. The screening
studies demonstrated the presence of anxiolytic
activity of five new 1,2,3-triazolo-1,4-benzodiaz-
epine derivatives in the elevated plus maze and
dark-light chamber tests, which was manifested

Functional materials, 32, 3, 2025
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PHE
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D:160

Fig. 5 Superposition (left panel) of the 2-S molecule; diagram of intermolecular interactions (right panel)
in the allosteric benzodiazepine binding site of the GABA receptor. The visualization of the bonds is shown
by dashed lines of the corresponding color: Vander Waals forces - light green; hydrogen bonds - green, m-o
bond - lilac, m-mr interaction - purple; m-Alk interaction - pink.
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Fig. 6. The results of MTT assay. The y-axis
shows the cell viability, while the x-axis repre-
sents the concentration (uM/L) of investigated
derivatives.

MA-253 —#—MA-254 ==5¢=MA-255 —#—MA-261

in an increase in the duration of mice staying in
the open space of the devices, the main indica-
tor of anxiety behavior of animals [12].

Methods of thermal nociceptive stimulation
occupy one of the leading places for the study of
analgesic activity in experiments. The hot plate
test i1s commonly used to assess the central
component of analgesia and is a basic method
for measuring the threshold of pain sensitivity
and the potential analgesic effect of pharmaco-
logical agents in response to thermal stimuli.
Paw licking is considered a rapid response to
nociceptive thermal stimuli and a characteriza-
tion of pain threshold. Jumping characterizes
a more complex delayed response and includes
an emotional component of escape. The results
of the study of the analgesic activity of the in-
vestigated derivatives obtained during research
are presented in Table 3.

Functional materials, 32, 3, 2025
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Fig. 7. The results of NRU assay. The y-axis
shows the cell viability, while the x-axis repre-
sents the concentration (uM/L) of investigated
derivatives.

As aresult of pharmacological studies, it was
found that among the new 1,2,3-triazolo-1,4-
benzodiazepine derivatives MA-253 at a dose of
1 mg/kg exhibits the most pronounced analge-
sic activity in the hot plate test. The latency pe-
riod of the reaction to the thermal stimulus in
the group receiving this derivative was 43.5%
higher in 30 min after its administration, and
49.1% higher in 60 min compared to the control
group. The response time of the rodents peaked
120 min after administration of MA-253 and
reached 17.2 s on average in the group, which is
55.7% higher than the corresponding response
in the control group. The analgesic activity of
the new derivative increased by 45.4% after
180 minutes and by 36.7% after 240 minutes
compared to the control group. Moreover, it
was interesting to observe that the latency pe-
riod at these time points was higher than in the
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Table 2 . Evaluation of genotoxic activity of new 1,2,3-triazolo-1,4-benzodiazepine derivatives based on

growth factor (G) and induction ratio (IR) values

-S9 +S9
Compound
Dose, uM/L G IR G IR

6.25 1.07+0.15 1.05+0.15 1.03+0.07 1.04=0.11
12.5 1.14+0.21 0.97+0.15 1.07+0.08 1.150.11

MA-252
25 1.07+0.12 0.99+0.14 1.03+0.02 1.12+0.04
50 1.13+0.12 1.03+0.15 1.10+0.08 1.34+0.17
6.25 1.08+0.11 1.13+0.12 1.01+0.07 1.04+0.14
MA.253 12.5 1.26+0.07 0.89+0.07 1.10+0.06 1.03+0.10
’ 25 1.25+0.08 0.80+0.03 1.10+0.04 1.04+0.11
50 1.04+0.12 1.00+0.03 1.11+0.04 1.22+0.06
6.25 1.06+0.11 1.02+0.10 1.01+0.06 0.95+0.08
12.5 1.15=0.09 0.99+0.07 1.06+0.04 1.12+0.26

MA-254
25 1.17+0.04 0.73+0.07 1.08+0.04 0.96+0.06
50 1.15+0.05 0.78+0.07 1.15+0.05 1.05+0.08
6.25 1.04+0.13 0.98+0.15 0.83+0.05 1.23+0.23
MA255 12.5 0.99+0.07 1.00+0.16 0.89+0.04 1.27+0.18
’ 25 0.96+0.05 0.96+0.06 0.94+0.08 1.07+0.09
50 0.92+0.05 1.19+0.13 1.01+0.04 1.16+0.20
6.25 0.98+0.06 1.10+0.09 0.90£0.11 1.04+0.09
12.5 0.98+0.05 1.15+0.17 1.10+0.03 1.07+0.09

MA-261
25 0.99+0.05 0.96+0.10 1.110.02 0.88+0.07
50 0.95+0.04 1.09+0.20 1.03+0.07 0.99+0.10
NG 1.00+0.07 1.00+0.20 1.00+0.07 1.00+0.20
PC 0.91+0.08 3.47+0.30 0.97+0.14 3.13+0.68
sC 0.96+0.04 1.09+0.06 0.99+0.09 1.21+0.17

Note: NG — negative control (water); PC — positive control (-S9 — NQO; +S9 — 2-AA); SC — solvent control

(3% DMSO)

groups of rodents treated with diclofenac sodium
or metamizole, although the difference was not
statistically significant. The maximum analgesic
effect of diclofenac sodium and metamizole was
observed 2 hours after their administration to
experimental animals, where it averaged 18 and
16.9 s, respectively, which is 62.7% and 53.1%
higher than in the control group.

Only 120 minutes after the administration
of 1,2,3-triazolo-1,4-benzodiazepine derivatives
MA-252 and MA-254 at doses of 1 mg/kg, a
significant increase in the period from the mo-
ment of placing the experimental animal on the
hot surface of the device to the appearance of
a behavioral response to the thermal stimulus
was noted, where it reached 14.0 s and 15.0 s,
respectively (p<0.05 vs. control). The response
time of the animal after administration of
MA-255 did not differ from that of the control
group.
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The results of the experiment indicate an
increase in the latency period of the behavioral
response to painful stimulation of thermorecep-
tors in the limbs of mice under the influence
of MA-252, MA-253 and MA-254 derivatives at
a dose of 1 mg/kg and the presence of a pro-
nounced analgesic effect in the background of
MA-253 administration.

In the “acetic acid induced writhing” test,
the analgesic effect is expressed as a signifi-
cant decrease in the manifestations of a specific
reaction to chemical irritation - the number of
“writhings” compared to the pain sensitivity of
animals from the control pathology group. Ac-
cording to the results obtained in this study
(Table 4), it should be noted that derivatives
under code MA-252 in a dose of 1 mg/kg, MA-
253 and MA-254 in doses of 0.75 and 1 mg/kg
showed the potential in reducing the develop-
ment of writhing compared to the control group.

Functional materials, 32, 3, 2025
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Table 3. Analgesic activity of 1,2,3-triazolo-1,4-benzodiazepine derivatives in the hot plate test

(M£m, n=6)
The time of discomfort occurrence (seconds) / Analgesic activity (%) in rela-
Dose, mg/ tion to [control] and (reference drug) after administration in
Group kg
30 min 60 min 120 min 180 min 240 min
Control 10.6 £ 0.5 10.6 £ 0.8 10.8+ 0.6 10.4 +0.7 9.8+0.5
11.3+£0.5 12.3+£0.6 11.8+1.2 10.7+0.9 11.2+0.8
0.75 [7.1] [15.7] [6.6] [2.6] [14.3]
MA.259 (-25.8)# (-23.5) # (-29.1) # (-23.3) # (-5.0)
11.9+1.0 13.1+£0.8 14.0+0.8 11.8+ 0.6 10.3+0.7
1 [12.1] [23.3] [27.0]* [18.1] [6.5]
(-22.3) # (-18.5) # (-15.5) # (-15.3) (-12.3)
12.2+1.2 13.2+1.4 13.6 £ 0.8 12.2+0.7 12.5+ 0.8
0.75 [15.4] [24.7] [22.8]* [17.1] [27.6]*
MA.253 (-20.0) (-17.6) (-18.4) # (-12.4) 6.1)
15.2+0.2 15.8+0.3 17.2+0.5 15.1+0.7 13.3+0.7
1 [43.5]* [49.1]* [65.7]* [45.4]* [36.7]*
(-0.5) (-1.5) (3.5) (8.8) (13.6)
12.9+0.5 11.8+0.5 11.6 +0.5 11.0+0.5 10.0+ 0.4
0.75 [22.0]* [11.3] [4.7] [6.4] [2.9]
MA-254 (-15.4) # (-26.4) # (-30.4) # (-21.1) # (-14.5) #
’ 12.2+0.7 13.3+1.3 15.0+1.5 129+1.1 11.7+1.0
1 [15.6] [25.8] [35.7]* [23.9] [19.8]
(-19.9) # (-16.8) (-9.7) (-7.3) (-0.4)
11.7+0.8 11.7+0.8 10.8 +0.7 9.5+0.5 9.2+0.5
0.75 [10.1]* [12.1] [0.2] [0.8] [1.0]
MA-255 (-23.7) # (-27.1) # (-33.4) # (-24.6) # (-16.0) #
11.7+0.7 11.3+0.3 10.5+0.4 9.7+0.4 9.2+0.4
1 [10.6] [6.6] [-0.5] [0.3] [2.2]
(-23,4) # (-29.5) # (-33.8) # (-24.9) # (-15.0) #
16.3+0.5 16.7+0.4 18.0+0.6 14.5+0.5 12.7+0.2
Diclofenac % * * * %
TR 8 [53.9] [57.4] [62.7] [39.7] [30.2]
(6.7) (4.1) (8.2) (4.6) (8.2) #
Metamizole 50 15.3+0.2 16.0+0.3 16.9+0.2 13.9+0.1 11.8+0.3
sodium [44.3]* [51.3]* [53.1]* [33.7]* [20.3]*

Note: * Significant at p < 0.05 compared to the control group; # Significant at p < 0.05 compared to the
group treated with metamizole sodium.

Moreover, the derivative MA-253 in the dose of
1 mg/kg, like the reference drugs metamizole
and diclofenac sodium, exhibited a significant
analgesic effect and was 74.2%. The analgesic
activity of diclofenac sodium in this test was
62.6% and of metamizole was 87.9%.

5. Discussion

Benzodiazepine derivatives are important
drugs that enhance GABA-induced chloride

Functional materials, 32, 3, 2025

ion flow by binding to the GABAA receptor at
the at+/y2— interface, causing neuronal hyper-
polarization [31]. However, their exact bind-
ing mode remains unclear, with conflicting hy-
potheses reported in the literature and in silico
studies [32]. Elgarf and authors predicted the
binding site for benzodiazepines in the pocket
between a2 and y2 subunits. Then they per-
formed radioligand displacement studies and
investigated that triazolam-like compound
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Table 4. Effect of test samples in acetic acid induced writhing test (M+m, n=6)

Group Dose (mg/kg) Writhing count Analgesic activity to control group, %

Control 70.5+1.6

0.75 59.8+4.8 #,& 15.1

MA-252 1 39.3+2.6 * #,& 44.2

0.75 57.0+1.8 * #,& 19.1

MA-253 1 18.2+1.2 * # 74.2

0.75 53.3£3.9 *#,& 24.3

MA-254 1 51.5+3.9 * # & 27.0

0.75 70.0£3.0# ,& 0.7

MA-255 1 69.7+2.3 # & 1.2

Metamizole 50 85+1.5* 87.9

Diclofenac sodium 8 26.3+7.3 * 62.6

Note: * Significant at p < 0.05 compared to the control group; # Significant at p < 0.05 compared to the
group treated with metamizole; & Significant at p < 0.05 compared to the group treated with diclofenac

sodium.

2-S demonstrated significant higher binding af-
finities in a2 and a5 GABAAR subtypes than
in al and a3 subtypes while 2-R failed to dis-
place [3H]flunitrazepam binding at all GABAA
receptor subtypes. Meanwhile diazepam-like
compound 3-S showed low subtype selectivity
[33]. According to the results of the estimated
values of molecular docking of new 1,2,3-triazo-
lo-1,4-benzodiazepine derivatives relative to
the benzodiazepine site of the GABA receptor
in the terms of our research, it was found that
the S-enantiomers had the best energy-favor-
able positions. Due to the calculated estimated
values and detailed analysis of the location,
a 2-S hit molecule (MA-253) was found to be
promising for experimental studies, which had
higher absolute values of the scoring function
compared to diazepam and gidazepam. Based
on flexible receptor-oriented molecular dock-
ing, the prospects of 1,2,3-triazolo-1,4-benzodi-
azepine derivatives as compounds with poten-
tial antianxiety activity were shown.

The cytotoxicity of benzodiazepines and tri-
azolobenzodiazepine derivatives can depend on
a variety of factors, including the specific com-
pound being studied, the cell type being tested,
and the concentration of the compound. Some
benzodiazepines and its derivatives have been
shown to induce apoptosis in certain types of
cancer cells, suggesting that they may have po-
tential as anticancer agents [34—36]. Almeida
and authors [37] have investigated the cytotox-
icity of a sedative benzodiazepine flunitrazepam
(FNZ) used as a hypnotic and preanesthetic
agent, and the results showed no cytotoxic ac-
tion in hepatoma cells from Chinese hamsters
and rats (Rattus norvegicus). The addition of
FNZ at various concentrations (0.2, 1.0, 5.0 and
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10.0 pG/mL) did not cause the inhibition of cell
proliferation, furthermore stimulated cell pro-
liferation. Cytotoxicity of 14 benzodiazepines
incubated with CYP2Cs in HepG2 cells were
investigated by to determine drug-induced hep-
atotoxicity [38]. Flunitrazepam, nimetazepam,
nitrazepam and clonazepam that belong to the
group of nitrobenzodiazepines and have a ni-
tro group in the side chain were more cytotoxic
than other 10 investigated benzodiazepine
derivatives.

According to received results during the
research the investigated derivatives don’t
affect negatively on cell proliferation which
could be considered as non-totoxic. The BALB/c
3T3 cells viability and mitochondrial metabolic
activity did not fall below 50% in comparison
to the control. No genotoxicity of investigated
1,2,3-triazolo-1,4-benzodiazepine  derivatives
has been demonstrated under the conditions in
the umu-test.

GABA-A receptors and glycine receptors
play an important role in the spinal control
of nociception and pain. Their transmission
dysfunction contributes to the emergence of
chronic pain conditions [39]. Restoring their
proper function with positive allosteric modula-
tors should be a rational approach to the treat-
ment of acute and chronic pain syndromes,
including the reduction of inhibitory control of
spinal pain. Acute pain can be easily modeled
in experimental conditions as a physiological or
behavioral response to harmful stimuli or tis-
sue damage.

During the hot plate test, an increase in
the latency period of the behavioral response
to painful stimulation of thermoreceptors of
the extremities of mice under the influence of
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MA-252, MA-253 and MA-254 derivatives at
a dose of 1 mg/kg was observed and the pres-
ence of a pronounced analgesic effect was de-
termined against the background of MA-253
administration 2 hours after its administration.
These results differ from the previous opinion
on the reorganization of rodent behavior under
test conditions due to the manifestation of the
drug’s sedative properties and indicate that the
identified derivatives block nociceptive reac-
tions at the supraspinal level [40].

In the acetic acid-induced writhing model,
derivatives MA-252 at a dose of 1 mg/kg, MA-
253 and MA-254 at doses of 0.75 and 1 mg/kg
demonstrated a potential reduction in the num-
ber of writhing compared to the control group,
which indicate an analgesic effect. Studies on
3-substituted derivativesof 1,4-benzodiazepines
demonstrated notable analgesic effects in acetic
acid-induced writhing test, suggesting efficacy
in mitigating visceral pain. Among them 3-pro-
poxy-7-bromo-5-(2’-chloro)phenyl-1,2-dihydro-
3H-1,4-benzodiazepin-2-one showed potential
as a lead compound for developing bradykinin
receptor antagonists with analgesic and anti-
inflammatory effects [41]. Experimental stud-
ies have shown that some benzodiazepine
derivatives, such as diazepam, clonazepam,
lorazepam, and midazolam, have pronounced
antihyperalgesic activity in inflammatory and
neuropathic pain. Their mechanism of action
is associated with interaction with a2/a3-sub-
units of benzodiazepine receptor, and they do
not cause sedation, impaired motor activity,
or tolerance development [42, 43]. Therefore,
the results obtained in this study demonstrate
the possibility of realization of analgesic effect
through direct or indirect interaction of studied
compounds with GABA receptor.

Study limitations. During the study of
toxicological properties of new 1,2,3-triazolo-
1,4-benzodiazepine derivatives, just BALB/c
3T3 cell line were used in the research. How-
ever, it would have been intriguing to assess its
activity using other cell lines, such as neuro-
nal cell lines, to provide a more comprehensive
understanding of its effects across different cell
types. The second limitation is that we used
only one species of mice in in vivo research.
Other species may give different results.

Prospects for further research. More
research about the pharmacological activity of
new 1,2,3-triazolo-1,4-benzodiazepine deriva-
tives need to be done to discover the prospects
of using them in the treatment of anxiety dis-
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order especially in the context of cancer in the
pre- and postoperative periods, as well as in
patients with war trauma or traumatic experi-
ence. The potential side effects should also be
considered and studied in the further study.

6. Conclusions

This study aims to develop new pharmaceu-
tical materials with analgesic activity based on
the 1,2,3-triazolo-1,4-benzodiazepine frame-
work. We conducted molecular docking of five
synthesized compounds, comparing their bind-
ing affinity to the benzodiazepine site of the
GABA receptor with diazepam and gidazepam.
Analysis revealed that all S-configurations
of the new compounds have a similar binding
mode to classical benzodiazepines. The mole-
cule MA-253 showed promise for experimental
studies with higher binding scores than diaz-
epam and gidazepam. These findings suggest
potential antianxiety activity for 1,2,3-triazolo-
1,4-benzodiazepine derivatives.

Based on the results of this study, new 1,2,3-
triazolo-1,4-benzodiazepine derivatives can be
regarded as safe materials, as they exhibited
no cytotoxic or genotoxic activities at the inves-
tigated doses. Although these substances dem-
onstrated promising anticytotoxic and antig-
enotoxic potential, further research is required
to evaluate their pharmacological activity and
safety in mammalian cells in vivo.

Furthermore, it has been determined that
the derivatives demonstrate moderate antinoci-
ceptive activity in experimental models that in-
volve both peripheral and central mechanisms
of pain response formation. Regarding the po-
tency of the analgesic effect, MA-253 is slightly
less effective compared to the reference drugs:
the nonsteroidal anti-inflammatory drug diclof-
enac sodium and the analgesic-antipyretic met-
amizole sodium.
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