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SUMMARY

In the present study, two indolin-2-one—benzimidazole hybrid
compounds were synthesized and structurally characterized by IR,
TH/13C-NMR, HSQC, NOESY, and HRMS analyses. The cytotoxic
activities of the target compounds were evaluated against MCF-7
and MDA-MB-231 breast cancer cell lines, as well as the non-
tumorigenic MCF-10A breast epithelial cell line, along with their
VEGFR-2 inbibitory activities. Among the synthesized compounds,
2a exhibited potent cyrotoxic activity against MCF-7 cells and
strong VEGER-2 inhibition while displaying low toxicity toward
MCF-10A cells. Flow cytometric analysis revealed that compound
2a induces apoptosis, whereas ROS analysis indicated only a mild
oxidative response. Furthermore, molecular docking studies supported
the experimental findings by showing that compound 2a stably binds
within the ATP-binding site of VEGFR-2 through key hydrogen
bonding and hydrophobic interaction.

Keywords: Benzimidazole, indolin-2-one, VEGFR-2, molecular
docking.

VEGFR-2 Inhibitor Aktiviteye Sahip Yeni Indolin-2-On-
Benzimidazol Hibritlerinin Sentezi ve Yapisal Karakterizasyonu

0z

Bu ¢alismada, indolin-2-on—benzimidazol yapisina sahip iki hibrit
bilesik sentezlenmis ve yapilar: IR, 'H/"3C-NMR, HSQC, NOESY
ve HRMS analizleri ile karakterize edilmistir. Hedef bilesiklerin
sitotoksik aktiviteleri, MCF-7 ve MDA-MB-231 meme kanseri
hiicre hatlarima ve MCF-10A normal meme epitel hiicre hattina
karsi degerlendirilmis; ayrica VEGFR-2 inbibitr aktiviteleri de
incelenmistir. Sentezlenen bilesikler arasinda 2a, MCF-7 hiicrelerine
kars: giichi sitotoksik  aktivite ve giiclii VEGFR-2 inbibisyonu
gostermis, MCF-10A hiicrelerine kars: ise diigiik toksisite sergilemistir.
Abess sitometrik analiz, 2a bilesiginin apoprozu indiikledigini ortaya
koyarken; ROS analizi yalnizca hafif bir oksidatif yanst gostermistir.
Ayrica molekiiler kenetlenme  ¢aligmalars, 2a  bilesiginin  temel
hidrojen baglar: ve hidrofobik etkilesimler araciligryla VEGER-2'nin
ATP baglama bilgesini kararly bir sekilde isgal ettigini gostererek
deneysel bulgular: desteklemistir.

Anabhtar Kelimeler: Benzimidazol, indolin-2-on, VEGFR-2,

molekiiler kenetlenme.
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INTRODUCTION

Cancer has emerged as a highly prevalent and
life-threatening disease in recent years. It arises when
cells proliferate uncontrollably due to the over-acti-
vation, inactivation, or mutation of genes responsible
for regulating cell growth and division. Recent ad-
vances in targeted therapies have enabled the selec-
tive elimination of tumor cells while preserving the
viability of normal cells (Min & Lee, 2022; Pérez-Her-
rero & Fernandez-Medarde, 2015). Tyrosine kinases
play a crucial role in targeted cancer therapy. Among
them, VEGFR-2 is a key mediator of angiogenesis,
regulating vascular permeability, endothelial prolif-
eration, migration, and survival. VEGFR-2 inhibition
has emerged as a key therapeutic strategy to block tu-
mor angiogenesis, thereby limiting tumor progression
and enhancing patient prognosis (Shah et al., 2025).
Several VEGFR-2 inhibitors have been approved for
clinical use, including axitinib, cabozantinib, lenva-

tinib, nintedanib, pazopanib, ponatinib, regorafenib,
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sorafenib, sunitinib, vandetanib, and tivozanib. Al-
though many VEGFR-2 inhibitors have been ap-
proved, ongoing studies aim to develop novel agents
with improved specificity, reduced adverse effects,
and the ability to overcome resistance mechanisms
(Marques, Brandao, & Burke, 2024).

Indolin-2-one derivatives have attracted consid-
erable interest owing to their broad pharmacological
activities. Numerous studies have reported indolin-
2-one-based compounds with anticancer activity,
particularly as VEGFR-2 inhibitors (Eldehna et al.,
2025; Ezelarab et al,, 2024; Qin et al,, 2023; Zhang
et al., 2014). The indolin-2-one moiety is considered
essential because its NH group and carbonyl oxygen
serve as a donor-acceptor motif, enabling hydrogen
bond interactions with Glu917 and Cys919 in the ad-
enine-binding region of the VEGFR-2 ATP binding
site. Sunitinib and nintedanib are clinically approved
VEGFR-2 inhibitors containing the indolin-2-one
scaffold (Figure 1.) (Yousefian & Ghodsi, 2020).
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Figure 1. Chemical structures of sunitinib and nintedanib

Benzimidazole is an essential pharmacophore in
drug design due to its amphoteric nature and its abili-
ty to act as both a hydrogen bond donor and acceptor.
This scaffold is associated with diverse biological ac-
tivities and has gained particular attention in antican-
cer drug development. Several benzimidazole deriva-
tives exhibit anticancer effects through various mech-

anisms, and some have been approved for clinical use
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or are currently under clinical investigation (Mavrova
& Yancheva, 2025). Representative examples include
dovitinib (Phase III), AT-9283 (Phase II), lifirafenib
(Phase I), veliparib and nazartinib (Phase III), which
are currently undergoing clinical evaluation, whereas
bendamustine, abemaciclib, selumetinib, and binime-

tinib have been approved for clinical use (Figure 2.).
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Figure 2. Chemical structures of some anticancer agents containing benzimidazole

Notably, certain benzimidazole derivatives have
been reported to exert potent anticancer activity
through inhibition of the VEGFR-2 enzyme (Ab-
del-Mohsen & Nageeb, 2024; Hasegawa et al., 2007;
Shokouhi Asl et al., 2025). Research efforts toward
the development of novel VEGFR-2 inhibitors remain
ongoing. Considering the key pharmacophoric con-
tributions of the indolin-2-one and benzimidazole

scaffolds to anticancer activity, two new hybrid com-

Effectof Cl

substitution L /

pounds were designed. The indolin-2-one scaffold
was incorporated to facilitate interactions with the ad-
enine-binding region of the ATP-binding site of VEG-
FR-2, while the benzimidazole moiety was introduced
as a terminal group to enhance the overall molecular
properties and promote interactions with the enzyme.
Introduction of a chlorine atom at the 6-position of
the indolin-2-one ring enabled evaluation of its effect

on biological activity (Figure 3.).
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Benzimidazole as the terminal group

Indolin-2-one for the adenine-binding region
of the VEGFR-2 ATP binding site

Figure 3. Design of the target compounds

In this study, 3-(4-(1H-benzo[d]imidazol-1-yl)
(2a) and 6-chloro-3-
(4-(1H-benzo[d]imidazol-1-yl)benzylidene)indo-

lin-2-one (2b) were synthesized and structurally

benzylidene)indolin-2-one

confirmed using IR, 'H/"*C-NMR, HSQC, NOESY,
and HRMS techniques. The compounds were eval-
uated for their cytotoxic effects against MCF-7 and
MDA-MB-231 breast cancer cell lines, as well as the
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non-tumorigenic MCF-10A breast epithelial cell line,
in addition to their VEGFR-2 inhibitory activities.
Furthermore, apoptosis—necrosis and reactive oxygen
species assays were performed for compound 2a, and
molecular docking studies were carried out to eluci-
date its binding mode within the VEGFR-2 active site.

MATERIALS AND METHODS
Chemistry and analysis

All chemicals were purchased from Sigma-Al-
drich Chemical Co. (Sigma-Aldrich Corp., St. Lou-
is, MO, USA) and Merck Chemicals (Merck KGaA,
Darmstadt, Germany). Melting points of the com-
pounds were determined using a Stuart SMP20
melting point apparatus and are reported as uncor-
rected values. ATR-FTIR spectra were obtained us-
ing a MIRacle ATR accessory (Pike Technologies)
coupled with a Spectrum BX FTIR spectrometer
(PerkinElmer), and peak positions are reported in
cm™. 'H, *C NMR, HSQC, and NOESY spectra (in
DMSO-ds) were recorded on a Bruker Avance Neo
500 MHz NMR spectrometer, using TMS as the in-
ternal standard. Chemical shifts are reported in parts
per million (ppm). The following abbreviations were
used to describe peak splitting patterns: s = singlet, d
= doublet, t = triplet, m = multiplet, dd = doublet of
doublets. Coupling constants (J) are reported in Hz.
High-resolution mass spectrometry (HRMS) analyses
were performed using an Agilent 1200/6530 LC/MS
system equipped with a high-resolution time-of-flight
(Q-TOF) detector.

4-(1H-Benzo[d]imidazol-1-yl)benzaldehyde (1)

4-(1H-Benzo[d]imidazol-1-yl)benzaldehyde was
synthesized with 4-fluorobenzaldehyde and 1H-ben-
zo[d]imidazole using potassium carbonate as a cata-
lyst in DMSO as described in the literature (Zengin,
Unsal-Tan, Kiigiikkiling, Ayazgok, & Balkan, 2019).

6-Substituted-3-(4-(1H-benzo[d]imidazol-1-yl)
benzylidene)indolin-2-one derivatives (2a and 2b)

Indolin-2-one (or 6-chloroindolin-2-one) and
4-(1H-benzo[d]imidazol-1-yl)benzaldehyde

were
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reacted in the presence of sodium methoxide under
heating for 10 hours. At the end of the reaction, the
mixture was poured into ice-cold water and acidified
with 1N hydrochloric acid to pH 4-5. The resulting
solid was then filtered, dried, and recrystallized from

an acetonitrile-water mixture.

(E) 3-(4-(1H-Benzo[d]imidazol-1-yl)ben-
zylidene)indolin-2-one (2a)

Yield 809%; mp.= 250-251 °C. IR (cm™) v 3059
(C-H aromatic), 2898, 2827 (C-H aliphatic), 1688
(C=0).'HNMR (500 MHz, DMSO-d,, ppm) § 10.68
(s, 1H, NH), 8.68 (s, 1H, benzimidazole H), 7.97 (d,
J=85Hz, 2H, Ar-H, ), 7.86 (d, ] = 8.5 Hz, 2H, Ar-
H,.),7.81 (d, J=7.35 Hz, 1H, benzimidazole H,), 7.77
(d, J= 7.45 Hz, 1H, benzimidazole H,), 7.70 (s, 1H,
=CH-Ar), 7.67 (d, J= 7.7 Hz, 1H, oxindole Ar-H),
7.39-7.32 (m, 2H, benzimidazole HS,G)’ 7.26 (t,]=7.45
Hz, 1H, oxindole Ar-H), 6.90-6.87 (m, 2H, oxindole
Ar—Hsj). 13C NMR & HSQC (125 MHz, DMSO—dG,
ppm) § 168.59 (C=0), 144.41(benzimidazole-C,),
143.68 (benzimidazole-C,), 143.59 (oxindole Ar-C_ ),
137.18 (benzimidazole-C, ), 135.05 (C=CH), 134.02
(Ar-C,),133.23 (Ar-C,), 131.63 (Ar-C,), 130.88 (ox-
indole Ar-C ), 128.51 (oxindole Ar-C, ), 124.14 (ben-
zimidazole-C ), 123.99 (Ar—Cs,ﬁ,), 123.18 (benzimid-
azole-C,), 123.04 (oxindole Ar-C,), 121.72 (oxindole
Ar-C)), 121.22 (oxindole Ar-C,), 120.53 (benzim-
idazole-C,), 111.43 (benzimidazole C,), 110.71 (ox-
indole Ar-C)). HRMS m/z calculated for C ,H N.O
338.1293 [M+H]*; found 338.1275.

(E/Z) 6-Chloro-3-(4-(1H-benzo[d]imidaz-
ol-1-yl)benzylidene)indolin-2-one (2b)

Yield 78 %; mp.= 255-256 °C. IR (cm™) v 3086
(C-H aromatic), 2832 (C-H aliphatic), 1713 (C=0).
'H NMR (500 MHz, DMSO-d,, ppm) 8 10.85 (s, 1H,
NH), 8.68 (s, 1H, benzimidazole H,), 8.64 (d, J= 8.6
Hz, 0.67H, Ar-Hz,’ﬁ,Z isomer), 7.98-7.96 (m, 1.51H,
Ar-H,  E isomer =CH-Ar Z isomer), 7.86-7.75 (m,
4.76H, Ar-H3,’5,, benzimidazole H » benzimidazole H,
=CH-Ar E isomer), 7.65 (d, J= 8.15 Hz, 1H, oxindole
Ar-H)), 7.40-7.33 (m, 2H, benzimidazole H,), 7.08
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(dd, J= 8.12, 1.85 Hz, 0.42H, oxindole Ar-H, E/Z iso-
mer), 6.95-6.92 (m, 1.13H, oxindole Ar-H, E/Z iso-
mer and oxindole Ar-H, E/Z isomer), 6.86 (d, J= 1.8
Hz, 0.46H, oxindole Ar-H, E/Z isomer). *C NMR
(125 MHz, DMSO-d_, ppm) & 169.02, 167.52, 144.94,
144.49, 144.44, 143.67, 142,46, 137,84, 137,39, 136.96,
135.96, 134.82, 134.28, 133.73, 133.34, 133.21, 133.12,
131.73,127.40, 126.57, 124.30, 124.19, 124.15, 124.06,
123.22,121.91, 121.47,121.42, 120.55, 120.17, 111.53,
111.46, 110.66, 109.90. HRMS m/z calculated for
C,H, CIN,0 372.0903 [M+H]*, 374.0874 [M+H+2]*;
found 372.0882, 374.0856.

Biological evaluation
In vitro VEGFR-2 tyrosine kinase activity assay

The BPS Bioscience® VEGFR2 Kinase Assay Kit
(Catalog # 40325) was utilized to measure VEGFR2
kinase activity using Kinase-Glo® MAX as a detection
reagent. Serial dilutions of the test compounds (0.01,
0.1, 1, 10, and 100 uM) were utilized for the assay, and
experimental procedures provided by the manufac-
turer were followed. Tecan | Spark® multimode mi-
croplate reader was used for luminescence measure-
ment. Results obtained were employed to construct a
dose-response curve from which the IC_| values were
determined. Results are the average of three indepen-
dent runs * SD. Sorafenib and sunitinib were used as

positive control reference drugs.

In vitro antiproliferative inhibitory assay on
MCEF-7, MDA-MB-231 and MCF10A cell lines

The anti-proliferative properties of compounds
and the positive control, Doxorubicin (Sigma), were
tested against MCF-7, MDA-MB-231, and MCF-10A
cell lines utilizing the MTT assay (Mosmann, 1983).
All cell lines were obtained from the American Type
Culture Collection (ATCC, USA). The cell lines were
maintained in Dulbeccos modified Eagle’s media
(DMEM) supplemented with 10% FBS, 1% L-gluta-
mine, and 1% antibiotics, and MCF-10A cell com-
plete medium (Elabscience CM-0525) at 37 °C in a
humidified environment containing 5% CO,. Cells

were seeded in 96-well plates at 5000 cells per well.

After 24 hours of incubation, cells were treated with
compounds at various doses for another 24 hours at
37°C. After incubation, 10 pL of MTT reagent (5 mg/
mL) was applied to each well. MTT formazan crys-
tals were dissolved in 100 uL DMSO. The relative cell
viability was calculated by comparing the absorbance
values at 690 nm (for MTT formazan absorbance)
and 570 nm (for reference wavelength) of the treated
and untreated control groups using a BMG Omega
microplate reader. The IC_ values were determined

with the GraphPad Prism program.
Apoptosis assay

Flow cytometry enables the analysis of suspend-
ed cells based on size and granularity, and is widely
used to assess parameters such as apoptosis, necrosis,
and cell cycle status. Necrotic cells are identified by
compromised membrane integrity, allowing uptake of
impermeable DNA-binding dyes like 7-AAD. Apop-
totic cells are detected via externalization of phospha-
tidylserine, which binds fluorescently labeled annexin
V. For analysis, 1x10° compound-treated cells were
centrifuged (1200xg, 5 min), washed twice with cold
PBS, and resuspended in 500 pl binding buffer. Cells
were then stained with 5 ul FITC-conjugated annex-
in V (10 mg/ml) and 5 pl 7-AAD (50 mg/ml) (An-
nexin V-FITC/7-AAD Apoptosis Kit, Elabscience,
E-CK-A212), followed by a 15 min incubation at
room temperature in the dark. Flow cytometric anal-
ysis was performed immediately. Cells positive for
annexin V alone were considered early apoptotic,
while double-positive cells indicated late apoptosis or

necrosis.
Reactive oxidative stress (DCFDA) assay

ROS was detected using the ROS Fluoromet-
ric Assay Kit (Elabscience, E-BC-K138-F) following
2,7-dichlorofluo-

rescin diacetate-DCFDA, a cell-permeable dye, reacts

the manufacturer’s instructions.

with ROS to generate the highly fluorescent chemi-
cal dichlorofluorescein (DCF). Briefly, 1x10° com-
pound-treated cells were centrifuged (1200xg, 5 min),
washed with PBS, and stained with 25 uM DCFDA.
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The cells were then incubated for 30 minutes at 37 °C
in an incubator with 5% CO,. After being washed and
resuspended in serum-free medium, the fluorescence

intensity was evaluated using flow cytometry.
Molecular docking studies

The crystal structure of VEGFR-2 (PDB ID:
4AGD) was downloaded from the Protein Data Bank
(https://www.rcsb.org/structure/4agd). ~ Molecular
modeling studies were carried out using AutoDock
4.2 software (Morris et al., 2009). The VEGFR-2 pro-
tein was prepared using BIOVIA Discovery Studio
2021 (BIOVIA DS. Dassault Systemes; San Diego,
Release 2021) by removal of water molecules and op-
timization of the protein structure. The ligands were
prepared and minimized with the MM2 force field us-
ing Chem 3D Pro 12 software. The files of ligands and
protein were converted to a pdbqt file by AutoDock.
The binding modes were visualized, and 2D and 3D

representations were generated using BIOVIA Dis-

covery Studio 2021.
RESULTS AND DISCUSSION
Chemistry

The synthesis of the target compounds is indicated
in Scheme 1. Initially, 4-(1H-benzo[d]imidazol-1-yl)
benzaldehyde (1) was prepared by the reaction of
4-fluorobenzaldehyde with 1H-benzo[d]imidazole
in the presence of potassium carbonate. Subsequent-
ly, the Knoevenagel condensation of indolin-2-one or
6-chloroindolin-2-one with 4-(1H-benzo[d]imidaz-
ol-1-yl)benzaldehyde afforded the target compounds
2a and 2b using sodium methoxide as the base,
achieving good to excellent yields (78-80%). Struc-
tures of target compounds were confirmed using IR,
'HNMR, “C NMR, HSQC, NOESY, and HRMS anal-

ysis.

Scheme 1. General procedure for the synthesis of the target compounds; i. K,CO,/DMSO/reflux/6h ii.
CH,ONa/CH,OH/reflux/10h

The presence of an exocyclic double bond in the
indolin-2-one derivatives enables the target com-
pounds to exist in E and Z isomeric forms. These two
isomers could be distinguished by "H-NMR analysis,
as they exhibited distinct chemical shifts for Ar-H,, ,
the vinyl proton, and oxindole-H,, consistent with lit-
erature (Mansour, Abd El-wahab, Ali, & Aboul-Fadl,
2021; Soudi et al., 2024). In the Z isomer, the vinyl
protons exhibited a slight downfield shift relative to
746

the E isomer, attributed to the deshielding effect of the
2-carbonyl group. Conversely, the Ar-H,  resonated
at a higher field in the E isomer for the same reason.
Mansour et al. (2021) reported that the chemical
shifts of the major diastereomer (Z) showed signals
for the vinyl proton at 8.25 ppm, oxindole-H, at 8.72
ppm, and Ar-H,  at 8.59 ppm, whereas those of the
minor diastereomer (E) appeared at 7.90, 8.52, and

7.82 ppm, respectively. In the '"H-NMR spectrum of
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compound 2a, the vinyl proton appeared as a singlet
at 7.70 ppm, while Ar-H, . signals were detected as a
doublet at 7.97 ppm, confirming the E-configuration
of the C=C bond. Additionally, '"H-'"H NOE (nuclear

BZ 3a
BZ-2
2 N s
Ar 34 _‘1"5‘
¥\ _H
/A

4
5 A~

3o
ox L

H

1
Compound 2a-£ isomer

OX-5,7

Ar-3',5"

overhauser effect spectroscopy [NOESY]) analysis of
2a revealed NOE interactions between Ar-H, , and

benzimidazole-HZ, benzirnidazole—H&,’y6 and H , as

4,7

well as oxindole-H 06 and H,  protons (Figure 4.).

T T T T T T
8.5 8.0

7.5 7.0 F2 [ppm]

Figure 4. "H-"H NOESY 2D NMR correlations of compound 2a

The '"H-"*C HSQC was performed for compound
2a, revealing cross peaks at 6H/8C= 8.68/143.68, dH/
0C=7.81/120.53 and dH/C=7.77/111.43 ppm corre-
sponding to the H,-C,, H,-C, and H -C, correlations
of the benzimidazole, respectively. Cross peaks at 6H/
6C=7.67/123.04 and 8H/8C=7.26/130.88 ppm were
attributed to the H,-C, and H ~C_ correlations of the

oxindole moiety. Additionally, the two doublet signals
at 7.97 and 7.86 ppm, assigned to protons at Ar-C,,
and Ar-C, ,, displayed cross peaks with the signal at
131.63 and 123.99 ppm, respectively. Finally, the sin-
glet at 7.70 ppm showed a correlation with the signal
at 135.05 ppm, corresponding to the vinyl group (Fig-
ure 5, Table 1.).
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Figure 5. "H-"*C HSQC NMR correlations of compound 2a

Table 1. 'H-"*C HSQC assignments of compound 2a
S8H (ppm) 8C (ppm) Assignment Moiety
8.68 143.68 H,-C, Benzimidazole
7.81 120.53 H,-C, Benzimidazole
7.77 111.43 H-C, Benzimidazole
7.67 123.04 H,-C, Oxindole
7.26 130.88 H.-C, Oxindole
7.97 131.63 Ar-H, -C,, Phenyl ring
7.86 123.99 Ar-H, - C, Phenyl ring
7.70 135.05 C=CH Vinyl group

Compound 2b was obtained as a mixture of E/Z,
identified based on the chemical shifts of the Ar-H,,
protons, which appeared as two distinct doublets at

8.64 and 7.97 ppm, corresponding to the Z and E con-
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figurations, respectively. Furthermore, the vinyl pro-
ton, as well as the oxindole-H, and H_ protons, exhib-
ited distinct signals at different chemical shifts due to

E/Z isomerism (Figure 6.).
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Figure 6. '"H-NMR spectrum of compound 2b

Biological activity
Cytotoxicity and in vitro VEGFR-2 inhibition

The target molecules were evaluated for their cy-
totoxic effects against the MCF-7 and MDA-MB-231
breast cancer cell lines, as well as the non-tumorigenic
MCF-10A breast epithelial cell line, and for their VEG-
FR-2 inhibitory activities. The results are summarized
in Table 2. Compounds 2a and 2b exhibited notable
cytotoxic activity against the MCF-7 breast cancer cell
line, with ICs, values of 5.0 and 5.8 puM, respectively,
which are more potent than the reference drug doxo-
rubicin (ICso= 6.2 uM). In contrast, both compounds
showed lower potency against the MDA-MB-231 cell

line, indicating a degree of selectivity toward estrogen
receptor-positive breast cancer cells. Notably, com-
pound 2a showed potent VEGFR-2 inhibitory activity
with an ICs, value of 0.053 + 0.002 uM, comparable
to sorafenib (ICso= 0.045 + 0.002 uM), although less
potent than sunitinib (ICse= 0.006 uM). The introduc-
tion of a chlorine substituent at the 6-position of the
indolin-2-one ring resulted in a marked decrease in
VEGER-2 inhibitory activity. Overall, these findings
indicate that compound 2a represents a promising
lead structure with cytotoxic and VEGFR-2 inhibito-
ry properties. The compounds did not induce notable

cytotoxicity in the non-tumorigenic MCF-10A breast

epithelial cells.
Table 2. Cytotoxic effects on breast cell lines and VEGFR-2 inhibitory activities of the compounds
MCEF-7 MDA- MCF-10A VEGFR-2
Compound IC,, (uM)" | MB-2311IC,; Cell viability% IC,, (uM)”
(HM)’ 100 uM 20 uM 10 uyM 5uM 1uM
2a 5.0+0.6 200+4.6 | 76494 | 933%38 | 94.4%87 >100 95.6£7.1 | 0.05320.002
2b 5.8+1.0 26.7+8.3 >100 87.73.1 | 80.8+9.2 >100 93.149.8 | 0.76420.025
Doxorubicine 6.2%1.8 20.3%7.9 >100 89.5£2.0 >100 | 96.6+12.1 | 96.4%5.6
Sunitinib 0.006:£0.0001
Sorafenib 0.045+0.002

"Results are the average of three independent runs + SEM.
“Results are the average of three independent runs + SD.
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Apoptosis analysis

Flow cytometric analysis was performed to in-
vestigate the mechanism of action of compound 2a,
selected for its potent activity. Apoptosis was evalu-
ated using Annexin V-FITC/7-AAD double staining
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Q1-UL(1.83%) -.
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10°

Q1-LL(89.07%) Q1-LR(6.94%)
e e L B LA e e
0 104 10%
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B)
100
c
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=
S
S
g
a 50
©
o
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0
Control

2a

to determine viable, early apoptotic, late apoptotic,
and dead cell populations in MCF-7 cells after 24 h of
treatment. Compound 2a significantly induced apop-
tosis, increasing early apoptotic cells (Q1-LR) from
9.5% to 22.2% and late apoptotic cells (Q1-UL) from
1.1% to 24.1% (Figure 7.).

Compound 2a

Ja1-uL@2.52%) . Q1-UR(27.55%)

10°

10%

7-AAD PC5.5-A

10°

Lol

<

Q1-LL(50.04%)
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0 104
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=3 Early Apoptosis**
=3 Viable****
= Necrosis
El | ate Apoptosis****

Figure 7. A) Apoptosis and necrosis evaluation of control and 2a in MCF-7 cancer cells. Q1-LL: viable cells,
QI-LR: early apoptosis, Q1-UR: late apoptosis, Q1-UL: necrosis. B) Graphical representation of the apoptotic
effects of 2a on MCEF-7 cells compared to control. Two-way ANOVA followed by Sidak’s multiple comparison

test was performed to determine statistical significance. P value indicates a significant difference compared
with control (**p<0.01, ****p < 0.0001)

Reactive oxidative species

The
(DCFDA) assay was performed to measure reactive ox-
ygen species (ROS) levels in MCE-7 cells after 24-hour

treatment with compound 2a at its IC_ concentration.

2',7'-dichlorodihydrofluorescein ~ diacetate

As shown in Table 3, the corrected mean fluorescence
intensity (MFI) for ROS in the compound 2a-treated
group was 106.9 + 1.2%, representing a slight increase
compared to the control group (100+0.3%), though

statistical significance was not specified. In contrast,
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the positive control tert-butyl hydroperoxide (THBP)
exhibited a significantly higher median fluorescence
intensity (MFI) of 114.7+3.4% (p<0.01). Notably, the
percentage of ROS-positive cells decreased signifi-
cantly in the compound 2a-treated group (27.7£1.0%,
p<0.05) compared to the control group (37.8+1.3%),
while the positive control showed an increase to
42.5+4.2% (Figure 8.). However, the reduced percent-
age of ROS-positive cells in the treated group suggests
that although the overall oxidative burden increases,

it is more uniformly distributed among the surviving
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cells, or that a subpopulation with high ROS may have
undergone apoptosis. This finding suggests that the
pro-apoptotic action of compound 2a is not strongly

associated with ROS accumulation and may be medi-

ated by ROS-independent mechanisms, such as inhi-

bition of survival signaling pathways (e.g., PI3K/Akt,
VEGEFR-2), although a mild oxidative contribution

cannot be fully excluded.

Table 3. Impact of compound 2a and positive control (THBP) on intracellular ROS production

Corrected % MFI % Cell population
o o Statistical
Mean+ SEM Statistical significance Mean+ SEM o
significance
Control 100+0.3 37.8+1.3
Compound 2a 106.9£1.2 27.7+1.0 *
Positive Control

114.7+£3.4 e 42.5+4.2

(THBP)

*The results are supplied as mean + SEM of 3 experiments. *p < 0.05, **p<0.01 indicate the significance of the obtained

values statistically.
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Figure 8. A) Flow cytometry histograms showing changes in ROS levels. (B) Graphical representation of
ROS production in response to the effects of control, compound 2a, and THBP. One-way ANOVA followed
by Dunnett’s test was performed to determine statistical significance. P-value indicates a significant difference

compared with control (*p<0.05, **p<0.01)
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Molecular docking studies

Molecular docking studies were performed using
AutoDock 4.2 to examine the potential binding mode
of compound 2a within the ATP-binding domain of
the VEGFR-2 active site (PDB ID: 4AGD). The dock-
ing protocol was validated by re-docking the co-crys-
tallized sunitinib, resulting in an RMSD value of 0.98
A, which confirmed the validity of the docking pro-
cedure. Docking results suggested that compound 2a
binds within the ATP-binding domain of VEGFR-2

through strong key interactions. The indolin-2-one

scaffold formed two hydrogen bonds with Glu917
and Cys919 via its NH and carbonyl (C=0) groups
and also engaged in multiple hydrophobic interac-
tions with Val848, Ala866, Leul035, and Cys1045.
The central benzylidene moiety established hydro-
phobic interactions with Leu840, while the terminal
benzimidazole formed van der Waals interactions
with Gly841, Gly922, Asn923, Argl032, and Argl051
(Table 4, Figure 9.). It may be concluded that these
interactions are likely important for maintaining the

stability of the ligand-protein complex.

Table 4. Molecular docking interactions of compound 2a with the VEGFR-2 active site

VEGEFR-2 binding
Compound energy Main residue Type of interaction Bond distance (A)
(AG kcal/mol)
Glu917 H-bond 2.11
Cys919 H-bond 2.69
Val848 m-alkyl 5.06
Ala866 m-alkyl 4.87
2a -10.53 ,
Leul035 m-sigma 3.57
Cys1045 n-alkyl 4.76
Leu840 n-alkyl 5.22
Phel047 m-T 4.59
B)
LEU
A:840 GLY
A:841
PHE o
A:918

\/

Interactions

[ ven der waals
B conventional Hydrogen Bond

Bl F-sigma

I Fi-Pi T-shaped
[ Alkyl
[ Pralkyl

Figure 9. 3D and 2D representations of the binding mode of 2a in the VEGFR-2 active site
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CONCLUSION

In this study, 3-(4-(1H-benzo[d]imidazol-1-yl)
benzylidene)indolin-2-one (2a) and 6-chloro-3-
(4-(1H-benzo[d]imidazol-1-yl)benzylidene)indo-
lin-2-one (2b) were successfully synthesized and
structurally characterized by IR, 'H/C-NMR,
HSQC, NOESY, and HRMS analyses. Compound 2a
emerged as a promising lead molecule, exhibiting po-
tent cytotoxic activity against MCF-7 breast cancer
cells and strong VEGFR-2 inhibitory efficacy, while
maintaining low toxicity toward non-tumorigenic
MCF-10A cells. Flow cytometric analysis confirmed
that the cytotoxic effect of compound 2a is primarily
mediated through apoptosis induction. ROS analysis
indicated only a mild oxidative response, suggesting
that oxidative stress is not the dominant mechanism
of action. Molecular docking studies further support-
ed the experimental findings by suggesting a favorable
binding mode of compound 2a within the ATP-bind-
ing site of VEGFR-2 through key hydrogen-bonding
and hydrophobic interactions. Overall, 2a represents
a promising lead candidate for further optimization
as a VEGFR-2 inhibitor for the development of poten-

tial anti-breast cancer agents.
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