DISCUSSION PAPERS, LECTURES, NEW TRENDS IN MEDICAL SCIENCE

Begunov R.S."3,
Aleksandrova Y.R."?,
Shagina l.A."?,
Kucherenko M.V.3,
Pelyovin P.S.2,
Khokhlov A.L.",
Neganova M.E."?

! Institute of Pharmacy, Yaroslavl State
Medical University of the Ministry

of Health of the Russian Federation
(Revolyucionnaya Str., 5, Yaroslavl 150000,
Russian Federation)

2 AN. Nesmeyanov Institute

of Organoelement Compounds of the
Russian Academy of Sciences (Vavilova
Str., 28, Moscow 119334, Russian
Federation)

3 PG. Demidov Yaroslavl State University
of the Ministry of Science and Higher
Education of the Russian Federation
(Sovetskaya Str., 14, Yaroslavl 150003,
Russian Federation)

Corresponding author:
Roman S. Begunov,
e-mail: begunov@bio.uniyar.ac.ru

Received: 14.08.2025
Accepted: 20.11.2025
Published: 25.12.2025

RESUME

Condensed benzimidazoledione derivatives with a nodal nitrogen atom can become
the basis for the development of clinical therapeutic agents for the effective treatment
of oncological diseases. This requires research that includes the synthesis and study
of the antitumor activity of compounds of this group.

The aim. Search for new cytotoxic agents from a series of condensed benzimidazole
diones with a nodal nitrogen atom.

Materials and methods. The cytotoxic profile of the synthesized compound was
evaluated using an MTT test based on the reduction reaction of tetrazolium salt
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) by mitochondrial de-
hydrogenases of living cells to formazane crystals insoluble in water. The IC50 values
of the cytotoxic effect, which are concentrations of a compound leading to the death
of 50 % of cells in a sample, were determined as indicators of effectiveness.

Result. The cytotoxicity of a new benzimidazole derivative, 7-bromo-8-chloro-3,4-di-
hydro-1H-[1,4]Joxazino[4,3-a]benzimidazole-6,9-dione, was demonstrated against two
tumor cell lines: lung adenocarcinoma (A549) and breast adenocarcinoma (MCF-7).
In turn, for normal human embryonic kidney cells (Hek-293), this compound was ap-
proximately 2.5 times less toxic.

Conclusions. The results indicate that fused benzimidazole derivatives with a nodal
nitrogen atom are a promising class of compounds for the development of new antitu-
mor agents with selective toxicity.

Key words: fused benzimidazole dione, 7-bromo-8-chloro-3,4-dihydro-1H-[1,4]ox-
azino[4,3-ajJbenzimidazole-6,9-dione, cytotoxicity, proliferative activity of tumor cell
lines, lung adenocarcinoma (A549), breast adenocarcinoma (MCF-7), human neuro-
blastoma (SH-SY5Y), human embryonic kidney cells (Hek-293)
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PE3IOME

O6ocHosaHue. KoHOeHcuposaHHble Npou3800Hble 6eH3UMUOAG3010UOHA C y3/108bIM
amomoM dazoma mMoz2ym cmame 0CHOB0U 0114 pa3pabomku 3¢hheKmuBHbIX KITUHU-
yeckux mepanesmuyeckux cpedcme O7f JleyeHUs OHKOJloeuYecKux 3abonesaHul.
Jnsa samozo Heob6xo00umo nposedeHue ucce008aHuUl, BKIOYAUWUX CUHMES U U3yye-
Hue npomugoonyxosesoli akmugHocmu coeduHeHuli 0aHHOU 2pynnei.

Ljenb uccnedosaHus. [1ouck HOBbIX YUMOMOKCUYECKUX a2eHmMos U3 pAda KOHOeHCU-
pOBAHHbIX 6eH3UMUOA30/10UOHO8 C Y3/108bIM AMOMOM d30md.

Memooebl. Ljumomokcudeckuli npogusib CUHME3UPOBAHHO20 COEOUHEHUS OUeHU-
8anu ¢ ucnonv3osaHuem MTT-mecma, 8 ocHO8e KOMOPO20 JIeXXUM peakyus 80C-
cmaHoesieHus cou mempasonus (3-(4,5-oumemunmuason-2-un)-2,5-ougpeHun-me-
mpasonuym 6pomud) MUMOXOHOPUA/IbHEIMU 0e2udpo2eHa3amu XUgbiX K/1emokK
00 Hepacmeopumbix 8 800e Kpucmasnos ¢opmasara. B kauecmse nokazameneli
3ghpekmusHocmu 6bisiu onpedesieHsl 8eudUHbI IC50 yumomokcuyeckozo 3¢pghekma,
npedcmasnsowue coboli KOHYeHMpayuu coeduHeHuUs, npusodsujue K 2ubenu 50 %
K/1lemoK 8 npobe.

Pe3ynemamel. bbi710 npoOeMOHCMPUPOBAHO HAAUYUE YUMOMOKCUYHOCMU Y HO-
8020 NPOU3B8OOH020 beH3umuoddsona — 7-6pom-8-xnop-3,4-ouzudpo-1H-[1,4]okcasu-
Ho[4,3-a]6eH3umuda3on-6,9-0UoHA 8 OMHOWEHUU KJ1IeMOK ONyX0J1e8020 NPOUCXOX-
OeHus: add0eHOKApUUHOMbI sie2kozo (A549) u adeHOKapyuHOMbl MOJIOYHOU Xese3bl
(MCF-7). B cgoto o4epedb 0715 HOpMAJibHbIX K/1IeMOK SMOPUOHAIbHOU NOYKU Yesio8eKka
(Hek-293) 0aHHOe coeduHeHue 661710 NpUMEPHO 8 2,5 pa3a MmeHee MOKCUYHO.
3aknoyeHue. [lonyydeHHble pe3ysibmamel NOKA3bIBAIOM, YMO KOHOEHCUPOBAHHbIe
npou3so0Hbie 6eH3UMUOA30/1d C y3/108bIM AMOMOM A30Md AB/AMCA nepcnekmus-
HbIM KJ1aCCOM coeOuHeHUl 0718 pa3pabomKu HO8bIX NPOMUBOONYXO/EBbIX d2eHMOo8
C usbupamesibHOU MOKCUYHOCMbIO.

Knroueevie cnoea: KOHOeHCUPOBAHHbIU 6eH3UMUOA30/10UOH, 7-6pom-8-x10p-3,4-
oueudpo-1H-[1,4JokcazuHo[4,3-a]J6eH3umudason-6,9-0uoH, UUMOMOKCUYHOCMb,
nposnugepamusHaa akmusHOCMb KJIeMOYHbIX JIUHUU onyxosnel, d0eHOKapyuHo-
Ma nezkozo (A549), adeHokapyuHoma mosoyHol xenesol (MCF-7), Helipobnacmo-
ma yenoseka (SH-SY5Y), knemku 3m6puoHanbHoU noyku Yyenogeka (Hek-293)

IOna yntunposanums: beryHos P.C., Anekcangposa tO.P, LarnHa UN.A., KyuepeHko M.B., lNe-
neswuH M.C., Xoxnos AJl., HeraHoBa M.E. LIUTOTOKCMYHOCTb HOBOrO KOHAEHCMPOBAHHOIO
NpoV3BOAHOrO 6€H3MMMAA30/IANOHA B OTHOLWEHWN IMHUIA KNETOK OMyXOJIeBOro U HOp-
ManbHOro npoucxoxaeHus. Acta biomedica scientifica. 2025; 10(6): 12-19. doi: 10.29413/
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INTRODUCTION

Modern medicine offers numerous treatment options
for different types of cancer, depending on the stage
of the disease. Despite its limitations, chemotherapy re-
mains a critical component of cancer treatment [1-3].
Its main advantages are its accessibility and effective-
ness, due to the wide range of drugs available that not
only treat cancer but also control the disease, preventing
the spread of cancer cells and formation of metastases.
Chemotherapy is based on the use of specialized drugs —
cytostatic agents — that target tumor cells and prevent
their growth and division. It is often used in conjunction
with surgery and/or radiation therapy, but it can also
be used as a stand-alone treatment for cancer. For many
patients, chemotherapy plays a crucial role in the battle
against cancer, increasing their chances of recovery.

To date, chemotherapy remains the only effective
treatment option for many types of cancer [4]. For ex-
ample, when surgery or radiotherapy are not an option
due to extensive tumor spread or systemic involvement,
or when there is a high risk of metastasis, chemotherapy
is the first line of treatment. Chemotherapeutic agents
have been an essential component of cancer treatment
for several decades and continue to be the primary op-
tion for the management of advanced malignancies when
surgery and/or radiotherapy are not feasible for various
reasons [5-7].

A promising class of compounds that are already used
as antitumor drugs or are under development are azahet-
erocyclic quinones, such as mitomycin C (a condensed
polyfunctional indoledione derivative) (A) [8] and its ben-
zimidazole analogs (B) [9-12] (Fig. 1).

It has been reported that condensed alicyclic benzim-
idazolediones (Fig. 1B) demonstrate more pronounced
cytotoxic activity compared to the commercial drug mi-
tomycin C (MMC) [13].

Previously, two new compounds with a similar
structure were synthesized, namely, 7,8-dihalogenopyr-
ido[1,2-a]benzimidazole-6,8-dione (C) and 7,8-dihaloge-
no-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole-6,8-di-
one (D) (Fig. 1), and studied their cytotoxicity against
several tumor and normal cell lines which were then stud-
ied for their cytotoxicity against various tumor and normal
cell lines [14]. These compounds demonstrated high cyto-
toxic effects against all cell lines examined. The cytotoxic
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FIG. 1.

effect of the synthesized compounds was comparable
to or exceeding those of the commercial antitumor drugs
tamoxifen and mitomycin C by several-fold. Compound
D, containing a saturated heterocycle, was more toxic
to cancer cells but less toxic to normal cell lines than its
unsaturated counterpart C.

THE AIM OF THE STUDY
To continue our previous work on the search for new

cytotoxic agents among condensed benzimidazolediones
with a bridgehead nitrogen atom.

MATERIALS AND METHODS

Test compound: 7-Bromo-8-chloro-3,4-dihydro-
1H-[1,4]oxazino[4,3-a]benzimidazole-6,9-dione.

The synthesis of this compound involved several
steps (Fig. 2).

First, the heterocyclic core - 8-chloro-3,4-dihy-
dro-1H-[1,4]oxazino[4,3-albenzimidazole (2) was
formed via reductive intramolecular cyclization of 4-(2-ni-
tro-4-chlorophenyl)morpholine (1) using tin(ll) chloride.
This method is commonly used for the synthesis of similar
structures, as it is the most efficient method [15, 16]. Sub-
sequent functionalization of the condensed heterocycle 2
was achieved by bromination using N-bromosuccinimide
in concentrated sulfuric acid, nitration of the dihalogen
derivative 3 using a potassium nitrate - concentrated sul-
furic acid mixture. The resulting 8-bromo-6-nitro-7-chlo-
ropyrido[1,2-a]benzimidazole (4) was reduced using tita-
nium(lll) chloride in an acidic aqueous-ethanol medium.
Oxidation of the benzene ring in compound 5 was per-
formed using a mixture of potassium nitrate and concen-
trated sulfuric acid.

o) o)
a N a N
Rs A\ A\
Br N@ Br N
o o ol
C D

Structures of mitomycin C (A) and condensed benzimidazole diones (B-D) with antitumor activity
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Scheme for the synthesis of 7-bromo-8-chloro-3,4-dihydro-1H-[1,4]Joxazino[4,3-a]benzimidazole-6,9-dione (E)

The structure of all intermediates 2-5 and the final
benzimidazoledione E was confirmed by a set of physi-
cochemical analysis methods: IR and NMR spectroscopy,
as well as high-resolution mass spectrometry. Figures 3
and 4 show the 'H and *C NMR spectra of heterocyclic
quinone E. Proton signal assignment was made based
on 'H-"H NOESY NMR spectroscopy.

The 'H NMR spectrum (Fig. 3) shows three doublet
signals from the six aliphatic protons H'!, H33, and H**
of the three methylene groups of the morpholine ring
were recorded in the region of 4-5 ppm, while signals
from the amino group protons at 5-6 ppm and aro-
matic protons at 6-9 ppm were absent. This indicates
that the oxidation of the benzene ring in compound 5
(containing an amino group) was successfully oxidized
to a benzoquinone ring, and the resulting benzimidaz-
oledione contained no impurities. The proton material
balance was maintained.

The presence of a C=0 group in compound E was
confirmed by IR spectroscopy. The IR spectrum of this
compound exhibited an absorption band at 1667 cm™'
characteristic of the carbonyl group of 1,4-benzoqui-
nones [17], which was not present in the spectrum
of the amino compound 5.

The carbon material balance was also maintained.
The *C NMR spectrum (Fig. 4) revealed 7 signals cor-
responding to aromatic carbon atoms C%, C5, C7, C8, C°,
C%, and C'% at 130-174 ppm, as well as 3 signals cor-
responding to alkyl carbon atoms C', C3, and C* within
the range of 44 and 70 ppm.

High-resolution mass spectrometry was used
to determine the molecular weight of compound E.
The m/z [M+H]* value was 318.5311 Da, which agreed
with the molecular formula of the synthesized com-
pound C, H.BrCIN.O..

Cell lines and culture conditions

Human lung adenocarcinoma A549 cells, breast
carcinoma MCF-7 cells, human neuroblastoma SH-SY5Y
cells, and normal human embryonic kidney Hek-293
cells were obtained from the Institute of Cytology
of the Russian Academy of Sciences, St. Petersburg,
Russia. The cells were cultured in complete DMEM
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supplemented with GlutaMAX, 10 % fetal bovine se-
rum, and 1 % penicillin-streptomycin. The cells were
incubated in a Co, incubator at 37°C (Binder CB150,
USA), with a loosely closed lid, in an atmosphere
of 5 % CO, and 98 % relative humidity for cell growth
and proliferation.

FIG. 3.
'H NMR spectra of 7-bromo-8-chloro-3,4-dihydro-1H-[1,4]
oxazino[4,3-a]benzimidazole-6,9-dione (E) (DMSO-d )

FIG. 4.
BC NMR spectra of 7-bromo-8-chloro-3,4-dihydro-1H-[1,4]
oxazino[4,3-a]benzimidazole-6,9-dione (E) (DMSO-d,)



Cytotoxicity assessment

The MTT assay was employed to determine the cy-
totoxicity of the synthesized compounds [18]. This tech-
nique is based on the conversion of tetrazolium salts
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) into water-insoluble formazan crystals by mi-
tochondrial dehydrogenases in living cells.

Exponentially growing cells were plated in 96-well
plates (10,000 cells per well in 200 pL). After 24 hours,
test compounds dissolved in DMSO (concentrations
ranging from 0.01 to 100 uM) were added in triplicate
(2 pL per well). Control cells received 1 % DMSO.

Following 24- and 72-hour incubation with the com-
pounds, MTT solution (5 mg/mL) was added to each
well, and the plates were incubated at 37°C for 2 hours.
The MTT reagent was then carefully removed and 200 pL
of DMSO added to dissolve any formazan crystals that
had formed. Optical density was measured at 540 nm
wavelength.

The IC,, values for the cytotoxic effect, which rep-
resent the compound concentrations leading to 50 %
cell death in a sample, were used as efficacy endpoints
in this study.

TABLE 1

Statistical analysis

Statistical analysis was performed using descriptive
and mathematical statistical methods, using the Sta-
tistica 10.0 (StatSoft Inc., USA) and GraphPad Prism 5.0
(GraphPad Software, USA) software packages. Quantita-
tive data are presented as mean (Mean) and standard
deviation (SD).

RESULTS AND DISCUSSION

The study employed a novel condensed benzim-
idazoledione E, which contains two halogen substitu-
ents. It is worth noting that polyhalogenated hetero-
cyclic quinone derivatives may hold particular interest,
as the presence of halogen atoms significantly enhanc-
es their biological activity [19]. The structural distinc-
tion of this compound compared to the previously stud-
ied benzimidazoledione D (Table 1) is the incorporation
of an additional heteroatom (oxygen) into the heterocy-
cle fused with the imidazole ring.

When evaluating the cytotoxic activity of com-
pound E (Table 1) against tumor-derived cells - lung

IC,  VALUES (uM) OF THE CYTOTOXIC EFFECT OF BENZIMIDAZOLEDIONE SERIES COMPOUNDS

No. Compound A549

\>\\
1 y 11.86+0.19

A
2 o N A\ 12.38+0.21

>
3 Q 7.81+0.64
Br N

4 Mitomycin C 18.09+1.80

MCF-7 SH-SY5Y Hek-293
8.90+0.19 10.75+0.93 25.38 £0.02
9.02+0.17 9.76 +0.47 16.78 +0.39
8.35+0.32 9.49 +0.80 16.01 +0.18

2037174 7.04 +0.02 6.59 +1.46
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adenocarcinoma (A549), breast adenocarcinoma (MCF-
7), human neuroblastoma (SH-SY5Y) — and normal-de-
rived cells - human embryonic kidney (Hek-293), it was
observed that this compound exhibited pronounced
cytotoxicity specifically against tumor-derived cell cul-
tures (Table 1). For comparison, the cytotoxicity of two
previously characterized compounds with similar struc-
tural features, C and D, is also presented in the table.

Comparing the activity of the novel heterocy-
clic quinone E with the cytotoxicity of the commer-
cial antitumor drug mitomycin C, this compound was
more effective than the reference molecule against
the A549 and MCF-7 cell lines. However, mitomycin C
exhibited greater cytotoxicity against SH-SY5Y cells.
Notably, this compound also retains the ability to have
a less pronounced toxic effect on normal cells, similar
to the previously synthesized benzimidazolediones C
and D, which contain a pyridine or piperidine ring, re-
spectively. At the same time, the IC,  values for synthe-
sized benzoquinone E are significantly lower than those
for previously obtained compounds. This clearly indi-
cates the potential of condensed benzimidazoledione
derivatives as cytotoxic agents with a selective mecha-
nism of action specific to tumor-derived cells.

Furthermore, to determine the potential antiprolif-
erative properties of the novel heterocyclic quinone E,
we conducted studies to measure IC, values for various
time points of exposure to this compound in tumor-de-
rived cells. Specifically, we extended the exposure time
from 24 hours to 72 hours, corresponding to the dura-
tion of multiple cell cycles.

After 72 hours of incubation, it was found that tu-
mor-derived cells exhibited 50 % mortality at lower
concentrations of benzimidazoledione E (IC,, values:
for A549 - 6.34 + 0.43 uM, for MCF-7 - 6.70 + 0.06 uM,
and for SH-SY5Y - 5.98 + 0.24 uM) compared to shorter
24-hour exposures. For example, for the lung adenocar-
cinoma cell line, the IC,, decreased almost twofold after
72-hour exposure to benzoquinone E compared to 24-
hour treatment.

Therefore, the findings obtained allow us to infer
that the novel benzimidazoledione E not only exerts
a potent cytotoxic effect, leading to the rapid death
of tumor cells, but also effectively inhibits their prolif-
erative capacity. This suggests the potential of utilizing
this compound as the basis for developing therapeutic
agents that can influence the proliferative potential
of cancer cells.

CONCLUSION

The new condensed benzimidazoledione derivative,
7-bromo-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]
benzimidazole-6,9-dione (E), exhibited stronger cyto-
toxicity compared to the commercial antitumor drug
mitomycin C against tumor-derived cell lines - lung
adenocarcinoma (A549) and breast adenocarcinoma
(MCF-7). Moreover, this compound was significantly
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less toxic to normal cells. These data, along with previ-
ously obtained results on the cytotoxic profile of struc-
turally related compounds, suggests that condensed
benzimidazoledione derivatives are promising candi-
dates for the development of novel selective chemo-
therapeutic agents.
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