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Abstract: Benzothiazole compounds are known as an important bicyclic ring system
with multiple applications. These compounds have a wide range of biological activities,
including anticancer, antimicrobial, anti-inflammatory and antiviral activities. In
this study, benzothiazole compounds were synthesized and their various biological
activities were examined. The synthesized benzothiazoles were evaluated for their
antimicrobial properties against various bacterial and fungal strains. The compound 6e
is most active ligand in the series against bacteria and fungi as compared to standard
antibiotics. Especially, this compound significant effect against Staphylococcus aureus
(3200 + 173 mm). These compounds exhibited potent anticancer activity against
gastrointestinal cancer cells, demonstrating their potential as therapeutic agents. The
lowest antiproliferative response after administration of the compounds was observed
in HCT116 cells, while the most effective antiproliferative response was observed in AGS
cells (> 10 pg/mL). In all cell lines, 40 and 100 pg/mL application values of the selected
compounds showed significant increases in the expression of caspase-3, 8 and 9. We
also utilized a computational docking approach to investigate the interaction of these
benzothiazoles with VEGFR-2 kinase. Our docking studies showed that compounds 6a
and 6d may be promising therapeutic agents against gastrointestinal system cancers
due to their ability to bind to VEGFR-2 kinase.

Key words: Benzothiazole, Molecular evolution, Docking studies, Antimicrobial, Antipro-
liferative, Gastrointestinal cancer cells.

prominently. Their strong pharmacological
effects and ability to form unique chemical

Research on heterocyclic ligands, which consist
of electron-rich atoms such as sulfur, nitrogen
and oxygen is constantly increasing due to
their wide range of potential applications.
Specifically, among these compounds, disulfides
(Flores-Alvarez et al. 2022, Yao et al. 2022, Shi et
al. 2022), thio compounds (Dalmaz et al. 2021,
2022, Kannaiyan et al. 2022), disulfide-containing
Schiff bases (Bhowon et al. 2021, Durmus et
al. 2017, Asadizadeh et al. 2022), thiophenes
(Sivrikaya et al. 2018) and hydroxy-substituted
benzothiazoles (Shainyan et al. 2022, Amalraj
et al. 2022, Kumar & Singh 2021), have featured

structures explain the importance of these
compounds. Benzothiazoles represent an
important class of heterocyclic compounds,
having a wide range of applications (Abd El-
Meguid et al. 2022, Hsu & Ding 2022). In addition
to their industrial applications as antioxidants
(Racané et al. 2020), vulcanization accelerators
(Morgan & McGill 2000) and corrosion inhibitors
(Xu et al. 2016), these compounds are used
in the development of sensor molecules
(Stenger-Smith et al. 2018) as they can exhibit
properties such as nonlinear optical properties
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(Ghanavatkar et al. 2019, Shivani et al. 2020) and
luminescence/fluorescence (Azzam et al. 2020),
which makes them particularly important.

The benzothiazole core is an important
drug-like scaffold that has been used as a
precursor for the design and discovery of
potent agents such as antimicrobial (Mohamed
et al. 2021, Ghannam et al. 2019, Fadda et al.
2019), antifungal (Luo et al. 2018, Sirgamalla et
al. 2020), anti-inflammatory (Shafi et al. 2012),
antituberculosis (Cordeiro & Kachroo 2020)
and anti-cancer (Uremis et al. 2017, Irfan et al.
2020, Dhadda et al. 2021, El-Meguid et al. 2022).
Most medicines used for treatment act as
antimicrobials, which are designed to inhibit the
growth and reproduction of bacteria. However,
misuse can lead to the increasing prevalence of
antibiotic-resistant diseases. Despite significant
advances in antimicrobial therapy, infectious
diseases caused by bacteria or fungi still pose a
significant threat (Aslam et al. 2018). Mohamed et
al. (2021) synthesized benzothiazole derivatives
and evaluated their antibacterial activity
against both Gram-positive and Gram-negative
bacteria. All compounds showed excellent
antibacterial activity. In another study, Malah
et al. (2022) synthesized new benzothiazole-
1,2,3-triazole compounds via CuAAC reaction
with substituted azide derivatives of alkyne-
functionalized benzothiazole. They performed
in vitro antimicrobial experiments to evaluate
the activity of these new compounds against
B. cereus, S. aureus, E. coli, P. aeruginosa, F.
solani, and C. albicans. The findings indicated
that the novel derivatives showed increased
effectiveness against Gram-negative bacteria
while displaying lower activity against Gram-
positive bacteria. They predicted that this
different activity could be attributed to the
difference in cell wall composition between the
two species (Malah et al. 2022).

BIOLOGICAL EVALUATION OF BENZOTHIAZOLES

Cancer is the second leading cause
of mortality in the world. Cancer is a very
complex health problem that is an important
research topic in today’s medical science. The
development of drugs and procedures for safer
and more effective treatment is important in the
medical scientific community (Debela et al. 2021).
Neoplastic tumor cells are heterogeneous cells
capable of rapid proliferation. These neoplasm
malignant tumors have the potential to spread
through the bloodstream and lymphatic system
to other parts of the body through a process
called metastasis. This situation creates a
major obstacle to treatment (Azzam et al. 2022,
Anand et al. 2008). Cancers originating from the
gastrointestinal tract, including the esophagus,
stomach, colorectum, liver and pancreas are a
major health problem, one of the leading causes
of cancer-related deaths worldwide (Bray et al.
2018). The traditional treatment strategy for
gastrointestinal cancers is surgical resection.
However, unresectable or recurrent patients
are treated with palliative chemotherapy or
radiotherapy.

It is ongoing research to develop
chemotherapeutic agents with reduced drug
exposure, fewer side effects and stronger
antitumor efficacy in vitro and in vivo. These
studies are important for treating patients who
do not respond to treatment or who develop
resistance to chemotherapy (Gediya & Vincent
2009, Marco-Contelles & Soriano 2011).

One of the most important ways in cancer
treatment is to control the uncontrolled growth
of cancer cells. Targeting apoptosis using
molecular mechanisms for cancer cell death is a
successful and effective non-surgical treatment
(Pfeffer & Singh 2018). Apoptosis is executed
by initiator and executioner caspase proteins
(cysteine aspartyl-specific proteases) which are
a class of cysteine proteins that cleave target
proteins. The caspases, namely caspase-3,
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caspase-8, and caspase-9, are enzymes of
significant importance in programmed cell death
and hold critical roles in cancer. Caspase-3,
also referred to as the “executioner caspase,’
becomes activated upon exposure to various
apoptotic signals and is indispensable for
carrying out the apoptotic process. Caspase-8, an
initiator caspase, is triggered by death receptors,
and its activation subsequently leads to the
activation of downstream caspases, including
caspase-3. Caspase-9, another initiator caspase,
is activated by the release of cytochrome ¢ from
the mitochondria and plays a pivotal role in the
intrinsic pathway of apoptosis. These caspases
have been identified as potential targets for
cancer therapy (Boice & Bouchier-Hayes 2020,
Opdenbosch & Lamkanf 2019). Apoptosis occurs
in two ways being. The intrinsic pathway which
is driven by the BCL-2 (B-cell lymphoma-2)
family, which includes proapoptotic proteins
and is activated by mitochondrial proteins or via
an extrinsic pathway, which uses extracellular
signals and is activated by the activation of
death receptors on the cell surface (Zaman
et al. 2014, Xu et al. 2015). Loss of apoptotic
control allows cancer cells to survive longer,
as well as promotes invasion, angiogenesis,
and accumulation of mutations during tumor
progression. For these reasons, there is a need
for selective agents that can induce apoptosis
of tumor cells.

In recent years, the synthesis of substituted
benzothiazoles has garnered considerable
attention owing to their extensive range of
applications. This has led to a surge in research
dedicated to this area. Several synthetic
methods have been reported for the production
of benzothiazoles (Dhawale et al. 2021, Nguyen
et al. 2019, Gao et el. 2020, Wagay et al. 2022,
Yu et al. 2020, Bouchet et al. 2020, Maity et al.
2021, Kazi & Sekar 2019, Sedaghat et al. 2014).
Microwave-assisted synthesis is widely used
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for the efficient synthesis of heterocyclic
compounds (Rapolu et al. 2019, Patel et al. 2021,
Das & Banik 2021). Utilizing microwave irradiation
in organic synthesis aligns with the principles of
green chemistry by minimizing solvent usage,
decreasing side reactions, and enhancing
purity, efficiency and energy utilization. In this
context, in our study, the reaction of 2-amino
thiophenol and aromatic aldehydes was carried
out using microwave irradiation and under an
argon atmosphere. In this reaction, hydroxy-
phenyl benzothiazoles were obtained without
any by-products forming as a result of the
reaction. By comparison with the reported same
articles shows that the most effective method
is to use of microwave irradiation. In addition,
the structures of all synthesized bioactive
heterocyclic compounds were elucidated using
spectroscopic methods such as fouriertransform
infrared (FT-IR), nuclear magnetic resonance
("H-NMR, ®C-NMR) and ultraviolet-visible (UV-
Vis) spectroscopy. It was decided to perform
a thermogravimetric analysis (TGA) in order to
examine the thermal stability of mentioned
compounds and their plausible degradation. In
this study, the in vitro antimicrobial activity of
ligands against various strains and yeasts was
also evaluated by the well diffusion technique.
In addition, the antiproliferative effects of the
compounds were investigated in AGS (gastric
cancer), HepG2 (hepatocellular carcinoma)
and HCT116 (colorectal cancer) cell lines. To
the best of our knowledge, our study was the
first to be studied not on a single cell line from
the gastrointestinal cancer group, but on three
cell lines, namely colon, liver and stomach
cancer cell lines. In addition, caspase-3, 8 and 9
expression changes in these cells as a result of
treatment with the compounds were evaluated.
Finally, the effect of selected compounds on
the migration levels of cells in AGS cells that
gave the best antiproliferative response to the
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compounds was also examined. A molecular
docking study was conducted to examine the
binding affinity of the most potent derivatives
on VEGFR-2 active sites.

EXPERIMENTAL
Reagents and apparatus

All chemicals in the study were provided
commercially. No purification process was
applied. 2-aminothiophenol, 2-hydroxy
benzaldehyde, 3-hydroxy benzaldehyde,
4-hydroxybenzaldehyde, 2,3-dihydroxy
benzaldehyde, 2,4 dihydroxy benzaldehyde,
3,4-dihydroxy benzaldehyde, methanol,
dichloromethane and ethanol were purchased
from Merck. Melting points were measured using
Stuart Equipment. FT-IR spectroscopy results
were recorded using a Shimadzu IR Prestige
FT-IR Spectrophotometer coupled with the ATR
apparatus. '"H-NMR studies were performed with
a 400 MHz Bruker Avance NMR Spectrometer.
“C-NMR spectra were recorded using DMSO-d,
solvent on a Bruker spectrometer operating at
101 MHz. DMSO-d, was used as the solvent for all
compounds and chemical shifts were reported
in ppm from the internal reference (CH,), Si. TGA-
differential thermal analysis (DTA) curves were
obtained using a Shimadzu DTG-60H instrument
with a flow rate of 100 mL min™ under nitrogen
atmosphere. The heating rate was 10 °C/min. UV
absorption and fluorescence emission studies
were performed at ambient temperature,
using CH.CL, solvent with PG Instruments T80
dual beam spectrophotometer and Shimadzu
RF 5301PC Fluorescent Spectrophotometer,
respectively.

General procedure of synthesis compounds

(Method A) Benzothiazoles (6a-f) were
synthesized by mixing commercially available
2-aminothiophenol (10 mmol) and hydroxy
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aromatic aldehydes (10 mmol) in ethanol. At
room temperature, the reaction mixtures were
carried out under an argon atmosphere. The
product formation process for all reactions was
followed by thin layer chromatography. After
the formation of the product, it was filtered
and recrystallized with methanol to obtain the
formed products in a purer form.

(Method B) Benzothiazoles (6a-f) were
synthesized by mixing commercially available
2-aminothiophenol (10 mmol) and hydroxy
aromatic aldehydes (10 mmol) in ethanol
and irradiated in a microwave oven. In order
to advance the experimental process in a
controlled manner, the reaction mixture
was cooled to room temperature conditions
every minute and the resulting change was
observed. It was determined that the product
formation process was completed by thin layer
chromatography and the reaction mixture was
filtered. It was recrystallized using a methanol/
dichloromethane mixture to obtain pure
products of the reaction.

2-(2-hydroxyphenyl)benzothiazole (6a):
pale yellow solid, mp 136 °C (Khan et al. 2011,
Das et al. 2012). UV-Vis spectrum (CH,CL, nm)
A,.: 227 and 317 nm. IR spectrum, v, cm™": 3150
(0-H), 1587 (C=N), 1485 (C=C), 1219 (C-0), 748 (C-
S). '"H-NMR spectrum, 6, ppm (J, Hz): 12.56 (s, 1H,
OH);7.98(d, /= 8.0, 1H,N=CH, ), 7.88(d, J= 8.0,
1H, Ar-H), 7.70-7.67 (m, 1H, Ar-H), 7.51-7.47 (m, 1H,
Ar-H), 7.41-7.37 (m, 2H, Ar-H), 7.10 (d, J = 8.0, 1H,
Ar-H), 6.95 (t, ) = 7.6, TH, Ar-H). "C-NMR spectrum,
6, ppm: 169.6; 158.2; 152.1; 137.7; 132.9; 130.4; 128.6;
126.9; 125.7; 122.4; 121.7; 119.7; 118.1.

2-(3-hydroxyphenyl)benzothiazole (6b):
white solid, mp 132 °C. UV-Vis spectrum (CH,CL,
nm) A 227 and 313 nm. IR spectrum, v, cm™:
3059 (0-H), 1597 (C=N), 1435 (C=C), 1265 (C-0), 739
(C-S). "H-NMR spectrum, &, ppm (J, Hz): 9.92 (s, 1H,
OH), 813 (d, J = 8.0, MH, N=CH, _..,), 8.06 (d, J =
8.0, TH, Ar-H), 7.57-7.51 (m, 3H, Ar-H), 7.46 (t, J =7.6,
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1H, Ar-H), 7.37 (t, / =8.0, TH, Ar-H), 6.99 (d, J =8.0,
1H, Ar-H); "C-NMR spectrum, 6, ppm: 167.8; 158.5;
154.0; 135.0; 134.5; 131.1; 127.1; 126.0; 123.3; 122.7;
119.0; 118.6; 113.9.
2-(4-Hydroxyphenyl)benzothiazole (6c):
white solid, mp 231 °C [54]. UV-Vis spectrum
(CH,CL, nm) A__:224 and 310 nm. IR spectrum, v,
cm™:3010 (0-H), 1602 (C=N), 1427 (C=C), 1282 (C-0),
738 (C-S). 'H-NMR spectrum, 6, ppm (J, Hz): 9.94
(s, 1H, OH), 8.06 (d, ) = 8.0, 1H, N=CH,, . ),7.99 (d,
J =88, 2H, Ar-H),7.91(d, J = 8.0, TH, Ar-H), 7.50 (t, J
= 8.0, 1H, Ar-H ), 7.39(t, ) = 8.0, 1H, Ar-H), 6.95 (d, J
= 8.8, 2H Ar-H ). "C-NMR spectrum, 6, ppm: 167.9;
160.8; 154.0; 134.4; 129.3 (2C); 126.8; 125.2; 124.3;
122.6; 122.4; 116.4 (2C).
2-(2,3-Dihydroxyphenyl)benzothiazole
(6d): light brown solid, mp 186 °C. UV-Vis
spectrum (CH,CL, nm) A__: 225 and 321 nm. IR
spectrum, v, cm™: 3489 (0O-H), 1597 (C=N), 1469
(C=C), 1274 (C-0), 752 (C-S). 'H NMR spectrum, §,
ppm (J, Hz): 813 (d, /=84 ]1H), 7.56-7.53 (m, 2H),
744 (t, J= 6.8 Hz, 1H), 6.96 (d, J=7.6 Hz, 1H), 6.85-
6.81 (m, TH). "C-NMR spectrum, &, ppm: 166.9;
151.8; 146.7; 146.1; 134.3; 1271; 125.7; 122.5; 122.4;
120.0; 118.7; 118.2; 118.0.
2-(2,4-Dihydroxyphenyl)benzothiazole
(6€): yellow solid, mp 143 °C. UV-Vis spectrum
(CH,CL, nm) A__: 225 and 311 nm; IR spectrum, v,
cm™:3441 (0-H), 1598 (C=N), 1475 (C=C), 1217 (C-0),
751 (C-S). "H-NMR spectrum, &, ppm (J, Hz): 11.68
(s, TH, OH), 1019 (s, TH, OH), 8.09 (d, J = 8.0, TH,
N=CHy ) 7:97 (d, J = 8.4, TH, Ar-H), 7.93 (d, J =
9.6, TH, Ar-H), 7.50 (t, J = 8.0, 1H, Ar-H), 7.39 (t, J
= 8.0, TH, Ar-H), 6.48-6.46 (m, 2H, Ar-H). "C-NMR
spectrum, &, ppm: 1621; 158.7; 151.9; 133.7; 130.5;
126.8; 125.3; 124.0; 122.3; 121.8; 110.6; 108.9; 1031.
2-(3,4-Dihydroxyphenyl)benzothiazole (6f):
pale yellow solid, mp 223 °C. UV-Vis spectrum
(CH,CL, nm) A__:226 and 307 nm. IR spectrum, v,
cm™:3059 (0-H), 1597 (C=N), 1435 (C=C), 1265 (C-0),
739 (C-S). '"H-NMR spectrum, §, ppm (J, Hz): 9.6 (s,
2H, OH), 8.06 (d, J = 8.0, 1H, N=CH )), 7.97 (d,

(thiazole
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J =84, TH, Ar-H), 7.52 (d, ) = 8.4, TH, Ar-H), 7.48 (t,
J = 8.0, 1H, Ar-H), 7.41-7.37 (m, 2H, Ar-H), 6.90 (d, J
= 84, 1H, Ar-H); "C-NMR spectrum, 6, ppm: 168.1;
154.2; 149.5; 146.3; 134.6; 126.9; 125.3; 124.8; 122.7;
122.5; 119.9; 116.6; 114.5.

Molecular docking studies

Molecular docking studies have been carried out
to examine the interaction of the synthesized
compounds with vascular endothelial growth
factor receptor-2 (VEGFR-2). For the evaluation
of anti-cancer mechanisms, the crystalline
structures of target protein (PDB ID: 2XIR)
(Matsunaga et al. 2005) were obtained from
the protein data bank (https://www.rcsb.org).
The synthesized derivatives were drawn using
ChemDraw 191 software and energy minimized
with Chem3D 191 software and saved in (.pdb)
formatfordocking evaluation. Molecular docking
studies were performed by using the Autodock
tools (ADT) v1.5.7 (MGL tools 1.5.7) (Allouche 2010)
by interacting with the synthesized compounds
(6a-6f) with the 2XIR target enzyme. The active
site of the target protein was defined by placing
a suitable grid box around the co-crystal ligand.
The grid box had dimensions of X: 98, Y: 86, Z: 72
A and a grid spacing of 0.449 A, with its center
located at X: 3.487, Y: 36.079, Z: 15.877. As a result
of molecular docking studies, the interactions
of 6a and 6d compounds against target enzyme
with the best affinity score were investigated.
Discovery Visualizer Software copyright 2021
Client (Biovia) was used to visualize and analyze
target protein-ligand interactions.

Antimicrobial Screening

Test Microorganisms

The in vitro antimicrobial studies were carried
out with four bacteria strains (Escherichia
coli, Staphylococcus aureus, Pseudomonas
aeruginosa and Enterococcus faecalis) and
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three yeast strains (Candida albicans, Candida
parapsilosis and Candida krusei) obtained from
Duzce University Medical Biology Laboratory.

Well Diffusion Method

Well diffusion method was used to determine
antibacterial and antifungal activity of
benzothiazole compounds(6a-6f). Nutrient Broth
was used for bacteria and Malt Extract Broth was
used for fungi to prepare 24 hour young cultures
of microorganisms. After preparation according
to 0.5 McFarland standardization, bacteria were
incubated at 35-37 °Cand fungi at 25-27 °C for 24-
48 hours. In order to compare the antimicrobial
activity of levels of benzothiazole compounds
(6a-6f; 30 pg/mL), Ampicillin, Amikacin
(BIOANALYSE) antibiotics were used for bacteria,
while Nystatin (BIOANALYSE) antibiotic was used
for fungi. The compound’s antimicrobial activity
experiments were performed in triplicate.

Antiproliferative Evaluation

Cell culture

HCT116 (colon cancer cell line, ATCC Number:
CCL-247), AGS (gastric cancer cell line, ATCC
Number: CRL-1739) and HepG2 (hepatocellular
carcinoma cell line, ATCC Number: HB-8065) cell
lines were used in this study. Cells were grown
in RPMI-1640 and DMEM media supplemented
with 10% inactivated Fetal Bovine Serum, (FBS),
200 mM L-glutamine, 100 u/mL penicillin, 100
pg/mL streptomycin. They were cultured in the
incubator (Nuve, Tiirkiye) at 5% CO, and 37 °C.
Cells were grown in a 75 cm” flask until they
reached a density of about 80%. The culture
medium was changed once every 48 h.

Cell Proliferation Assay (WST-1 method)

The media was removed when the HCT116, AGS,
HepG2 cell lines reached approximately 70-
80% confluency in T-75 cell flasks. Cells were
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separated from the base and each other using
trypsin-EDTA mixture. After centrifugation at 1200
rpm for 10 minutes, RPMI-1640/DMEM medium
containing 1% FBS was added to the pellet.
Then, cells were homogeneously suspended in
RPMI-1640/DMEM medium containing 1% FBS,
and then seeded into 96-well cell culture dishes
by drawing approximately 5000 cells/100 L
into each well. After the cells were incubated
overnight in incubator at 37 °C and 5% CO,, the
media were removed. The series of synthesized
benzothiazole compounds (6a-6f) at the
specified concentrations (5-100 pg/mL) were
added to the cells and incubated in a medium
containing 1% FBS for 24 hours at 37 °C with 5%
CO,. Atthe end of the specified time, the medium
in each well was removed and replaced with 100
uL of phenol-red-free RPMI-1640/DMEM medium
and 10 pL of WST-1 kit. The color change caused
by the formazan product was determined at the
wavelength range of 450 nm with a microplate
reader (Epoch Microplate Spectrophotometer,
Agilent Technologies, Inc., USA) after 4 hours.
Each experiment was performed in triplicate.
Cell viability calculations were made on the
Excel program.

Protein isolation and ELISA assay

Protein isolation was performed 24 hours after
the application of selected compounds to
HCT116, AGS, HepG2 cells at concentrations of 40
and 100 pg/mL, with RIPA buffer (A.BT, Tirkiye)
following the appropriate protocol steps. BCA
protein assay kit (ABP Biosciences, LLC) was used
to determine the amount and concentration
after protein isolation.

Colorimetric human Caspase-3, 8 and 9
ELISA kits (BT LAB, Shanghai, China) were used to
determine protein expression levels of Caspase-3,
8 and 9 in cell supernatant samples treated
with compounds according to manufacturer’s
instructions. After the procedures, the results
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were obtained by reading the ELISA reader
(Epoch Microplate Spectrophotometer, Agilent
Technologies, Inc., USA) at Optical Density (OD)
at 450 nm.

Wound healing assay

AGS cells were grown on a 6-well plate until
they reached at least 90% confluency in DMEM
medium. Plate scraping was performed using a
100 pL pipette tip when cells were treated with
the selected compounds. Cells were incubated
in three groups as control group, 24 and 48
hours. Images were acquired for AGS cells under
an inverted microscope (Euromex, Arnhem, The
Netherlands) at 0, 24 and 48 hours.

Statistical analysis

Each experiment was performed in triplicate
independently of each other. Excel program
was used to evaluate the cell viability data.
All experiments were carried out in triplicate
independently of each other. The data of the
experiments were statistically analyzed using
One sample t-test. Values with p < 0.05 were
considered significant.

RESULT AND DISCUSSION
Chemistry

We report here, the synthesis of hydroxy phenyl
benzothiazole as the only product by heating the
reaction of 2-aminothiophenol with aromatic
aldehydes both through microwave irradiation
and under argon atmosphere. In our research, we
developed a method suitable for the synthesis
of 2-substituted benzothiazole analogs in green
conditions. Comparative aspects in terms of
yield and reaction rate are shown in Table |,
which compares reaction time and product yield
for the conventional and microwave methods.
The microwave method was found to be better
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than the conventional method as there was a
significant reduction in the reaction rate.

Microwave is superior in terms of reaction
rate with a reduction of about 25 times and
an increase in product yield of 12 to 20%.
For the development of microwave assisted
synthesis of benzothiazole derivatives, Zhang
et al. synthesized benzothiazole derivatives in
microwave using glycerol as solvent. Compared
to our study, we found more favorable results
both in terms of yield because of the potential of
solvent such as glycerin to cause side reactions
and in terms of reaction time (Zhang et al.
2012). The green synthesis of benzothiazoles
was performed using the microwave irradiation
method, which has the advantage of being highly
efficient, environmentally friendly less time-
consuming and energy efficient as well as being
extremely efficient. We also studied that all
synthesized bioactive heterocycles compounds
carried by FT-IR, "H-NMR, "C-NMR and UV-Vis.

An electron pair of the amino group is
attacked on the carbonyl group of aldehydes
by heating or irradiation one molecule of
water leave structure to give Schiff bases then
an electron pair of sulfur atoms is attacked
on the imine group, cyclize spontaneously to
give the corresponding benzothiazoline. These
compounds are then oxidized by air to give
benzothiazoles. The intramolecular cyclization
reaction consists of Schiff base formation.

In this study, hydroxy-substituted phenyl
benzothiazoles were synthesized using two
different methods, argon atmosphere and
microwave irradiation. The structures of the
obtained ligands are given in Table I. The
spectral results of the synthesized ligands were
compared with the literature data (Khan et al.
2011, Das et al. 2012).
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Table I. Structures of synthesized hydroxy substituted phenyl benzothiazoles compounds and reaction

parameters 6a-6f.

Aldehyde Product®

OH HO
C[c%’ (2a) @EN\> 2:> (6a)
S
I OH
@Cw (26) @EN@ (6b)
S
o
N
Q&H e (L) o
HO
HO OH HO OH
C}c/ﬂ (2d) N@ (6d)
) CL
OH HO
. ¢ e N>_® (6€)
0 \ @Es OH
HO OH
HOOC/ (2f) @[N\>_©70H (6f)
S

Solvent: EtOH; "All compounds 6a-6f were isolated.

Characterization of Benzothiazoles

FT-IR spectral studies

The structures of 6a-6f were confirmed by FT-
IR spectroscopy. When the FT-IR spectra of
the synthesized compounds are examined,
characteristic bands corresponding to -(O"H)
vibrations are observed at 3489-3010 cm™.
The changes in these bands were studied
through the use of FT-IR spectra because of the
interaction of hydrogen bonds of the hydroxyl
groups in the ortho, meta and para positions
6a, 6b and 6¢c, respectively. When the FT-
IR spectrum of 6a is examined, around 3010
cm™ weak bands are observed, indicating that
the -OH group in phenyl ring is involved in a

An Acad Bras Cienc (2024) 96(Suppl. 1)

Time Yield (%)"®

Method A (h.) | Method B (min.) | Method A | Method B

4 8 70 92
6 8 72 85
2 6 68 90
10 8 45 75
6 8 52 85
6 8 72 90

strong intramolecular OH*N hydrogen bond.
This intramolecular hydrogen bonding occurs
between N-H in the benzothiazole ring and
-OH group in the phenyl ring. However, in the
6¢c compound at the para position, the broad
band at 3066 cm™ was observed, which can be
attributed to the presence of intermolecular
hydrogen bond interactions. The stretching
vibrations of the C=N bond in the structure of
the benzothiazole ring give medium-intensity
peaks in the frequency range of 1602-1587 cm’.
Also, a sharp intense peak observes in
the region 1210-1170 and 750 cm™ which belongs
to the (C-0) and (C-S) vibrations.
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NMR spectral studies

When the 'H-NMR spectra of the ligands are
examined, o-hydroxy protons are seen as singlet
protons at approximately 12-11 ppm due to the
effect of intramolecular hydrogen bonding
and phenolic -OH. In addition, p-hydroxy
protons were recorded at about 8.02 ppm
due to the intermolecular hydrogen bonding
effect. Additionally, protons in the structure
of the benzothiazole ring are seen as a singlet
between 813 and 7.98 ppm. In addition, doublet,
triplet and multiplet signals between 7.98
and 6.95 ppm correspond to aromatic region
protons. In the "C-NMR spectrum, a downfield
shift was observed at 167.8-164.6 ppm due to the
presence of the carbon atom double bonded
to the nitrogen atoms in the benzothiazole
ring. When the spectrum of compounds 6a-c is
examined, the carbon to which the -OH group
is attached resonates at 158.2, 158.7 and 160.8
ppm, respectively. It was observed that the
carbon signals seen at 158.7-149.5 ppm in phenyl
benzothiazoles (6d-f) containing two hydroxyl
groups belong to the carbons to which the
hydroxyl groups in the structure are attached.
Other spectral data of the molecule’s carbon
skeleton fully support the proposed structures.
It has been observed in the literature (Khan et
al. 2011, Das et al. 2012) that the "C-NMR spectra
of these compounds are quite compatible with
these types of compounds.

Thermogravimetric analysis

The thermal stability of the synthesized 6a-f
was examined by TGA-DTA. Thermogravimetric
analyzes were performed for the ligand in N,
atmosphere at a heating rate of 10 °C/min. and
using alumina pans. Thanks to the TG curves
supported by DTG and DTA studies, the thermal
behavior of the ligands was investigated. The TGA
resultsindicated thatthe thermaldecomposition
of the synthesized ligands proceeds in one

BIOLOGICAL EVALUATION OF BENZOTHIAZOLES

stage. The major decomposition in TG curves
(Figure 1) shows the mass losses between 130
and 300 °C for ligands may be attributed to the
thermal cleavage of the organic segments. Data
on the thermal stability of hydroxy substituted
phenyl benzothiazoles (6a-f) are summarized
in Table 1.

The melting points (mp) of compounds 6a-f
were measured to be 136.6, 132.2, 231.3, 186.2,
143.0 and 2231 °C, respectively. Compound 6c¢
showed the highest melting temperature among
the six compounds. Due to intramolecular
hydrogen bonds are usually stronger than
the intermolecular hydrogen bond. Therefore,
intermolecular hydrogen bonds provide a
stronger driving force for crystallization, showing
a higher melting temperature. The results from
FT-IR and NMR confirm the presence of the
intermolecular hydrogen bond in 6c. The mp
obtained as a result of the DTA analysis are very
close to the measured values and those given
in the literature data (Khan et al. 2011, Das et
al. 2012). The mp of a compound is a measure
of its thermal stability. A higher mp indicates
a higher resistance to thermal decomposition.
Therefore, compounds with higher mp in this
ranking are considered to be more thermally
stable. Compound 6c¢ has the highest mp,
hence exhibiting the highest thermal stability,
followed by compounds 6f, 6d, 6e, 6a, and 6b
in descending order. The synthesized ligands
showed a sharp differential peak in DTG and
endothermic peaks associated with loss of
organic moiety, corresponding to a major mass
loss of about 90%. Finally, TGA/DTA results
demonstrated that all ligands were observed to
have high decomposition temperatures with high
thermal stability; therefore, these compounds
can be used as thermally stable materials.
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Figure 1. TGA and
DTG curves for
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of synthesized
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Photophysical properties

The electronic absorption spectrum of 6a-f
was recorded in CH,CL, at room temperature
in the 600-150 nm range. The images of some
compounds (6a, 6d) under UV light and visible
medium are illustrated in Figure 2. The UV-
Vis absorption spectrum of 6a-f exhibits two
absorption bands at 238-217 and 321-307 nm,
respectively. Figure 2 illustrates the fluorescent

An Acad Bras Cienc (2024) 96(Suppl. 1)
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EQ) m

Temp (C]

500 600

emission spectra of compounds 6a-f. The
compound concentration for the analysis was
10 M and was carried out at room temperature
using CH,CL, solvent. Absorption and emission
values of ligands are given in the experimental
section. Compounds 6a-6f showed a Stokes
shift between 188-88 nm, although the Stokes
shift was found around 50-70 nm in molecules
that did not show any difference in their excited
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Table Il. TGA/DTG/DTA data obtained for 6a-6f ligands.

Degradation Mass

Compound & temperature ‘z'iﬁ g z:oaé() loss
interval (°C) (%)

6a 140-300 269.4 92.7

6b 130-291 285.6 98.8

6¢ 198-321 318.2 99.8

6d 175-299 2901 92.7

6e 120-310 281.5 93.4

6f 205-350 340.8 81829

states (Kaur et al. 2020). In addition, in the
emission spectra of the synthesized compounds,
itis clearly seen that dual emission occurs in all
compounds. The emission spectrum consists of
two emission maximums and the values of these
maximums vary between 414-301 nm. The shift
of the absorption maxima seen in the spectra
to longer wavelengths and the slight increase
in the molar absorption coefficients are caused
by the hydroxy groups in the structure of the
ligands (Wang et al. 2018, Kwak & Kim et al. 2009).

When the position of the hydroxy
substituents was changed according to the -p,
-0 and -m position order, it was observed that
the emission wavelength was similar, but the
fluorescence intensities increased according to
the position.

The oxygen atoms of the hydroxy groups
in the structure of organic compounds donate
electrons to the benzenoid rings and then
to the nitrogen atoms in the structure with

BIOLOGICAL EVALUATION OF BENZOTHIAZOLES

DTA peak

value (°C) Associated process
Endo Exo

Loss of adsorbed water and/or
118.8
1366 adsorbed gases
2702 Melting point
o 5815 Decomposition of ligands
: Burning resulting CO,

132.2 Melting point
286.9 Decomposition of ligands
2313 Melting point
3189 Decomposition of ligands
1222% Melting point
4764 Decomposition of ligands
143.0 Melting point
2873 Decomposition of ligands
- 5514 Burning resulting CO,
2231 Melting point
340.8 Decomposition of ligands
- 4684 Burning resulting CO,

resonance. This intramolecular hydrogen bond
may be one of the reasons for the redshift of
the absorption band of the molecules with
the longest wavelength, as well as making the
molecule harder.

Biological Assessment

Antimicrobial effects of synthesized
benzothiazole compounds on bacterial and
fungal strains

The antimicrobial activities of the compounds
(6a-6f) were evaluated against clinically
significant bacterial and fungal strains. According
to our results, generally, the compounds
exhibited significantin vitroantimicrobial activity
against Staphylococcus aureus, Enterococcus
faecalis (Gram positive bacteria), Escherichia
coli, Pseudomonas aeruginosa (Gram negative
bacteria) as well as against Candida albicans,
Candida parapsilosis and Candida krusei fungal
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strains when compared with commercially
antibiotics. Ampicillin and Amikacin were used
as standard antibacterial antibiotics. Nystatin
was used as standard antifungal antibiotic. The
inhibition zones values of all the compounds
are shown in Figure 3. The compound 6e is
most active ligand in the series against bacteria
and fungi as compared to standard antibiotics.
Significantly,compound6b containing3-hydroxy-
substituted benzene, unlike the others, showed
excellent activity against the Pseudomonas
aeruginosa (30.00 + 1.73 mm) strain, moreover,

1000
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it was more effective than the standard
antibiotics used. In addition, compounds 6d
and 6e having 2,3- and 2,4-dihydroxy substituted
benzene ring exhibited superior antibacterial
activity against Staphylococcus aureus with an
inhibition diameter of 34.33 + 115 and 32.00 =
1.73 mm. The presence of phenolic hydroxyl
groups with high protein binding affinity can
inhibit microbial enzymes, and also increase
the affinity to cytoplasmic membranes, thereby
increasing antibacterial activity. Moreover, the
increase in the number of hydroxyl groups in

2+2-hydroxyphenyl)
benzothiazole

2+2,3-dihydroxyphenyl)
benzothiazole

Figure 2. Fluorescence spectra of 6a-f in CH,CL, (exc=300 nm for all samples) and the image of some compounds

(6a, 6d) under UV-light and visible medium.
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Figure 3. Antimicrobial effects of synthesized benzothiazole compounds.
*Doses of compounds (63, 6b, 6¢, 6d, 6e, 6f): 30 ug; AM10: Ampicillin 10 pg; AK30: Amikacin 30 pug; NY100: Nystatin

100 pg.
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the structure has increased its antibacterial
properties regardless of the position in the
aromatic structure. According to the results, the
compounds (6d, 6e and 6f) with two hydroxyl
groups in their structure exhibit a better level
of inhibition activity than other prepared
compounds, and their antibacterial activity
is higher than compounds 6a, 6b and 6c. The
compound 6c, however, exhibited the weakest
antimicrobial activity against all strains among
all synthesized compounds. According to our
results, overall inhibition order is 6e > 6d > 6f >
6b > 6a > 6¢c as compared to standard antibiotics.

Compounds 6d and 6b exhibited excellent
antifungal activity against Candida krusei yeast
with an inhibition diameter of 40.00 + 1.00 and
38.33 = 115 mm, respectively, when compared
to the positive control (21.00 mm). As a result,
all tested compounds showed similar or even
greater antifungal activity against yeasts than
the positive control. In our study, the title
compound showed significant inhibition of
the tested bacterial and fungal strains, which
can be attributed to the presence of electron-
donor groups such as hydroxyl in the benzene
rings, especially in the 2-position and therefore
compounds containing these functional groups
showed good activity.

Antiproliferative effects of synthesized ben-
zothiazole compounds on HepG2, HCT116 and
AGS cells

Compounds 6a-6f were administered to HepG2
cells at concentrations of 5-100 pg/mL for
24 hours. While no viability-reducing effect
was observed when the compounds were
administered at concentrations of 5 and 10 pg/
mL, antiproliferative effects were observed at
different levels at concentrations of 20 ug/mL
and above. Among the compounds applied to
HepG2 cells, 6a and 6d compounds showed
the best antiproliferative effects (IC_, value: 131

BIOLOGICAL EVALUATION OF BENZOTHIAZOLES

and 31.2 pug/mL, respectively). When 6a and 6d
compounds were administered at concentration
of 40 pg/mL, the viability values were 32 and
48%, respectively. At the highest application
concentration of 100 ug/mL, the viability rates
for 6a and 6d were 19 and 24%, respectively
(Figure 4a). The lowest antiproliferative
response was observed in HCT116 cells as a
result of administration of the compounds.
Even at 40 pug/mL application dose, cell viability
rates were around 60% except for 6d and 6f.
Compounds 6d and 6f compounds showed a
good antiproliferative response in parallel with
increasing concentrations (IC50 value: 11.7 and
20.5 pg/mL, respectively). Viability values for 6d
and 6f at 100 pg/mL application concentration
were 24 and 25%, respectively (Figure 4b).
Compounds 6a-6f were applied in AGS cells
at concentration of 5-100 ug/mL for 24 hours.
There was no proliferation-reducing effect
was observed in other compounds, except for
compounds 6b and 6e, at a concentration of 10
pg/mL. Cell viability percentages were observed
as51and 54%, respectively, at 10ug/mLapplication
dose for 6b and 6e compounds (1C50 value: 17.2
and 25.6 pg/mL, respectively). In the application
of 6b and 6e compounds at concentrations of
20 pg/mL and above, cell viability decreased
considerably, while this effect was observed for
other compounds only at concentration of 100
ug/mL.

Cell viability percentages seen at 10 pg/
mL application concentration of 6b and 6e
compounds were 6 and 3%, respectively (Figure
4c). The best antiproliferative response was
observedin AGS cellsasaresultofadministration
of the compounds compared to HepG2 and
HCT116 cells. Our results clearly demonstrated
that the overall antiproliferative effect of the
compounds on cells was a concentration-
dependent inhibitory effect compared to
control cells (p < 0.05). This suggests that the
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Figure 4. Concentration-dependent antiproliferative effects of synthesized benzothiazole compounds on HepG2

(a), HCT116 (b) and AGS (c) cells.

synthesized benzothiazole compounds may
have an important potential in gastrointestinal
cancer cells.

Effects of synthesized benzothiazole com-
pounds on Caspase-3, 8 and 9 expressions in
HepG2, HCT116 and AGS cells
Among the synthesized benzothiazole
compounds, those with the best antiproliferative
effects were applied to AGS, HepG2 and HCT116
cells at concentrations of 40 and 100 pg/mL, and
the effects of these compounds on caspase-3, 8
and 9 expressions were examined.

The basal caspase expression values of
the control group to which the compounds

were not administered were naturally different
in all three cell lines (Figure 5). After 6b and
6e compounds were applied to AGS cells at
40 and 100 pg/mL concentrations, significant
increases were observed in the expression of
caspase-3, 8 and 9 compared to the control
(p<0.05). The effects of 6b and 6e compounds on
caspase-3 activation were close to each other.
However, although both compounds increased
caspase-8 and 9 activations, clear differences
were observed between them. Compounds 6b
induced higher expression of caspase-9, while
6e highly upregulated caspase-8. In this case, it
can be interpreted that 6b activates the intrinsic
pathway of apoptosis in AGS cells, while 6e
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Figure 5. Increased expression effects of caspase-3, 8 and 9 in AGS (a; b), HepG2 (c; d) and HCT116 (e; f) cells after
administration of selected benzothiazole compounds with high antiproliferative effect.

activates the extrinsic pathway (Figure 5a, 5b). 6a
and 6d compounds were administered to HepG2
cells at the same concentrations. Caspase-3, 8
and 9 expressions were significantly increased
in HepG2 cells compared to the control group
(p < 0.05). The increase in caspase-8 and 9
expression was similar for both compounds
(Figure 5¢, 5d). As a result of the application of
6d and 6f compounds to HCT116 cells, significant
increases were observed in the expression of
caspase-3, 8 and 9 compared to the control
(p < 0.05). However, unlike other cells, there
were no significant differences in caspase-8
and 9 expressions between concentrations
(Figure 5e, 5f). However, since the application

An Acad Bras Cienc (2024) 96(Suppl. 1)

of benzothiazole compounds in all three cell
lines increases caspase activation, which is an
important indicator of apoptosis, it can be said
that these compounds are potential apoptosis
activators.

The effect of synthesized benzothiazole com-
pounds on the migration level in AGS cells
After the application of 6b and 6e compounds at
a concentration of 80 pg/mL to AGS cells for 24
and 48 hours, the migration changes of the cells
were examined with the wound healing assay.
As seen in Figure 6, significant effects of 6b and
6e compounds on the migration of AGS cells
subjected to the scratch assay were observed.
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Thewound healingrate reached almost complete
at the 24th hour in the cell group that did not
receive the compound, whereas the wound was
completely closed at the 48th hour. After the
application of 6b and 6e compounds, no change
was observed in the wound closure level at the
24th hour compared to the control, but this was
the same at the 48th hour, and also significant
disruptions in the morphology of the cells were
observed (Figure 6).

Kumbhare etal. (2011) reported the synthesis
of some arylimidazole derivatives containing
the benzothiazole moiety and were screened for
theiranticancer activity against several cell lines,
including HepG2 cells. All these mannich bases
benzothiazole scaffolds synthesized showed
cytotoxicity at low concentrations against all cell
lines tested. In our study, IC50 values of selected
compounds were found to be in the range of 11.7-
31.2 ug/mL. In a study by Azzam et al. (2022) in
which benzothiazole derivatives were applied to
cell lines, concentration levels of 70-100 pg/mL

BIOLOGICAL EVALUATION OF BENZOTHIAZOLES

48 h Figure 6. Decreased level
of migration in AGS cells
after administration

of benzothiazole
compounds that highly
inhibit cell proliferation.
Scale bar =200 pm.

were stated to be non-toxic. In the study
conducted by Fahim et al. (2022) with another
benzothiazole derivatives, IC50 values in HepG2
and HCT116 cells were found to be in the range
of 22.5-36.7 pg/mL. One of these compounds
also showed specific features of apoptosis as
an increase in caspase-3 levels (Kumbhare et
al. 2011). Caputo et al. (2012) reported that in
their study against various cancer cell lines with
an aryl amide and five synthesized derivatives
attached to the C-2 of the benzothiazole core,
the two compounds showed the best anticancer
therapeutic potential due to the presence of
electrons, which are the drawing groups in the
para position of the phenyl ring. Mortimer et
al. (2006) demonstrated the antiproliferative
activities of a number of synthesized novel
2-phenyl benzothiazole compounds against
lung, colon and breast cancer cells.
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Molecular docking studies

The AGS, HCT-116, and HepG2 cancer cell lines
are commonly used in research to study
various aspects of gastrointestinal cancers,
including cancer cell behavior, drug response,
and molecular signaling pathways. VEGFR-2,
or vascular endothelial growth factor receptor
2, is a protein that plays a critical role in
angiogenesis, which is the process of blood
vessel formation. VEGFR-2 is often studied in the
context of cancer because it is overexpressed in
many tumor types and is involved in promoting
tumor angiogenesis, which is essential for tumor
growth and metastasis (Haider et al. 2021).

In research and drug development,
targeting VEGFR-2 has been explored as a
potential therapeutic approach for inhibiting
angiogenesis and limiting tumor growth in
gastrointestinal cancers. There are studies
with HepG2 cells to investigate the effects of
VEGFR-2 inhibitors or VEGF signaling pathway
modulators on processes related to cell
proliferation, migration and angiogenesis (Al-
Sanea et al. 2023). These studies may help
to understand the molecular mechanisms
underlying the relationship between VEGFR-2
and tumorigenesis and may contribute to the
development of new therapeutic strategies for
liver cancer treatment. However, more research

H-Bonds
Donor

Acceptor B
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is needed to fully elucidate the potential effects
of VEGFR-2 on the specific relationship between
liver, stomach, and colon cancer biology and
treatment.

Molecular docking studies of ligands
were performed using 2XIR encoded target
VEGFR-2 enzyme. Molecular docking studies
were conducted to give clues to the possible
mechanism of their cytotoxic effects and
to examine ligand-receptor interactions on
VEGFR-2 kinase. The binding scores of the 6a
and 6d ligands for the best binding pose to
the 2XIR encoded receptor were found as -8.00
and -9.30 kcal/mol, respectively. In Figure 7a, a
hydrogen bond with a distance of 2.20 A was
formed between the hydroxyl group of the 6a
ligand and the ASP1044 key residue (Figure 7b).
It was observed that VEGFR-2 formed another
hydrogen bond between the essential amino
acid LYS868 in its active pocket and the hydroxyl
group.

It was observed that the 6d compound
was bonded to the active site of the target
by forming two hydrogen bonds to their -OH
substitution (Figure 8a, 8b). Especially, the -OH
group interacts with the key amino acid, forming
the H-bond with the residue Asp1046 and
Glu885. Van der Waals, donor-donor, Tt-cation,
T-anion interactions with active site amino acids
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Figure 7. Interactive plot of ligand and receptor and the H-bond surface shown (a), 2D diagram of compound 6a in

VEGFR-2 kinase (2XIR) (b).
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LYS20, LYS71, ARG192, SER138, ASP282 and LYS288
are other interactions. In addition, amide-m
stack interactions were observed between the
benzothiazole ring and residues CYS1045.

The dockingstudies indicated that 6aand 6d
might be a promising therapeutic agent against
cancer infection based on its ability to bind to
VEGFR-2 kinase. The above results showed that
mentioned compounds emerged as promising
as more potential inhibitors of VEGFR-2 kinase.

CONCLUSIONS

In this study, a microwave-assisted protocol
for the green synthesis of 2-aryl benzothiazole
derivatives (6a-6f) was developed. The chemical
structure of all the synthesized compounds
(6a-f) has been confirmed by studying various
analytical spectroscopic techniques such as FT-
IR, UV-Vis and NMR. TGA/DTA results showed
that all ligands have high thermal stability with
high decomposition temperature; therefore,
these compounds can be used as thermally
stable materials. According to the data obtained
from TGA analysis, compound 6¢ was found to
have the highest thermal stability. Furthermore,
all synthesized molecules were evaluated
for their antimicrobial activity. Compound 6b

H-Bonds
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containing 3-hydroxy-substituted benzene
showed excellent activity against Pseudomonas
aeruginosa strain (30.00 + 1.73 mm), while
compounds 6d and 6e with 2,3-and 2,4-dihydroxy
substituted benzene ring exhibited superior
antibacterial activity against Staphylococcus
aureus with an inhibition diameter of 34.33 + 115
and 32.00 + 1.73 mm, respectively, and showed
better activity compared to reference molecules.
The antiproliferative activity of the synthesized
molecules (6a-6f) was evaluated against various
cell lines including colon, liver and gastric
cancer cell lines from the gastrointestinal cancer
group and the effects of these compounds on
caspase-3, 8 and 9 expressions were studied.
The in vitro anticancer results obtained revealed
that among the prepared benzothiazole
derivatives, some compounds (6b, 6e) exhibited
good activity against the studied cancer cell
lines. Finally, molecular docking studies of
the ligands were carried out using the target
VEGFR-2 enzyme coded 2XIR. With this work, it
offers great potential to design and develop
more structurally diverse analogues on the
benzothiazole moiety and its derivatives and
evaluate them as antitumor agents and design
potent VEGFR 2 inhibitors that are more specific
and promising as cancer therapeutics.
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Figure 8. Interactive plot of ligand and receptor and the H-bond surface shown (a), 2D diagram of compound 6d in

VEGFR2 kinase (2XIR) (b).
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