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Design, synthesis, and evaluation of novel
thiadiazole derivatives as potent VEGFR-2
inhibitors: a comprehensive in vitro and in silico
studyt
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Objective: This study aims to investigate the potential of designed 2,3-dihydro-1,3,4-thiadiazole derivatives
as anti-proliferative agents targeting VEGFR-2, utilizing a multidimensional approach combining in vitro and
in silico analyses. Methods: The synthesized derivatives were evaluated for their inhibitory effects on MCF-7
and HepG2 cancer cell lines. Additionally, VEGFR-2 inhibition was assessed. Further investigations into the
cellular mechanisms were conducted to elucidate the effects of 20b (N-(4-((E)-1-(((2)-5-Acetyl-3-(p-tolyl)-
1,3,4-thiadiazol-2(3H)-ylidene)hydrazono) ethyl) phenyl) benzamide) on cell cycle arrest and apoptosis
induction. Furthermore, computational investigations, including molecular docking, MD simulations, DFT
calculations, MM-GBSA, PCAT, and ADMET predictions were conducted. Results: Compound 20b
emerged as a standout candidate with significantly lower ICsq values of 0.05 uM and 0.14 uM for MCF-7
and HepG2 cell lines, respectively. It exhibited notable VEGFR-2 inhibition (0.024 uM), surpassing the
efficacy of sorafenib (0.041 uM). Compound 20b demonstrated cancer-specific targeting potential with
a high selectivity index in normal WI-38 cells (IC5so 0.19 uM). Mechanistic studies revealed its ability to
arrest the cell cycle of MCF-7 cells and induce apoptosis (total apoptosis 34.47%, early apoptosis 18.48%,
and late apoptosis 15.99%), supported by upregulated caspase-8 (3.42-fold) and caspase-9 (5.44-fold)
expression. Additionally, 20b arrested the cell cycle of MCF-7 cells at the %G0-G1 phase. Computational
investigations provided insights into its molecular interactions with VEGFR-2, contributing to the rational
design and understanding of its pharmacological profile. Conclusions: Compound 20b presents as
a promising anti-proliferative agent targeting VEGFR-2. Also, this comprehensive investigation
underscores the potential of 2,3-dihydro-1,3,4-thiadiazole derivatives as promising candidates for further
development in anti-cancer research.

1. Introduction
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The number of new cancer cases is anticipated to exceed 35
million by 2050, representing a 77% rise from the estimated 20
million cases in 2022." These statistics highlight the substantial
worldwide impact of cancer, emphasizing the necessity for
ongoing and extensive scientific research to create innovative
treatment methods. Angiogenesis, involving Vascular Endo-
thelial Growth Factor (VEGF) and its receptor VEGFR-2, is
pivotal in the development of both cancer and cardiovascular
diseases.>* VEGFR-2 functions include promoting vessel devel-
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opment and regulating the proliferation, migration, and
survival of endothelial cells in vasculogenesis and angiogen-
esis.* Ongoing research has identified a significant correlation
between increased VEGFR-2 expression and resistance of the
anti-cancer drugs, heightened angiogenesis, and reduced

RSC Adv, 2024, 14, 35505-35519 | 35505


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04158e&domain=pdf&date_stamp=2024-11-06
http://orcid.org/0000-0002-6955-2263
http://orcid.org/0000-0002-5982-5635
http://orcid.org/0000-0002-6620-241X
http://orcid.org/0000-0002-8698-9440
http://orcid.org/0000-0002-6044-1380
http://orcid.org/0000-0003-0893-6703
http://orcid.org/0000-0001-8566-1980
https://doi.org/10.1039/d4ra04158e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04158e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014048

Open Access Article. Published on 06 November 2024. Downloaded on 12/24/2025 9:45:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

apoptosis.” Accordingly, targeting VEGFR-2 has been intro-
duced as a promising therapeutic approach.® Anti-VEGFR-2
drugs are designed to inhibit VEGFR-2, a receptor tyrosine
kinase crucial for angiogenesis in tumor cells.”® While these
inhibitors effectively treat various cancers, they often come with
serious side effects, including hypertension, nephropathy,’
proteinuria,” cardiac ischemia," reversible posterior leu-
koencephalopathy syndrome,** and potential links to germline
polymorphisms.” Consequently, the development of new anti-
VEGFR-2 candidates holds potential to enhance treatment effi-
cacy, patient's health, and advance the standard of cancer care.

The integrated approach, combining computational (in sil-
ico) and experimental (in vitro) methods, serves to validate the
efficacy of active anticancer compounds while laying the
groundwork for future enhancements and practical applica-
tions.* This harmonious blend of approaches not only affirms
the compounds' effectiveness in laboratory settings but also
guides the refinement and optimization of their design.*® The
insights gained from this integrated strategy hold the potential
of targeted cancer therapies, emphasizing the promise of new
derivatives as a notable class of compounds with substantial
anticancer activity.'® In essence, the study's combination of
experimental and computational methods advances these
findings towards practical applications, offering hope for the
development of more effective anticancer treatments.

Our research teamwork has previously discovered a variety of
potential anti-VEGFR-2 compounds exhibiting anticancer proper-
ties including quinolones," isatins,"® nicotinamides,**° thiazoli-
pyridines,” theobromines, naphthalenes,*
indoles.” Thiadiazole derivatives have gained recognition in
medicinal chemistry due to their diverse pharmacological actions,
including anticancer and anti-inflammatory properties.**>*

This study introduces new 2,3-dihydro-1,3,4-thiadiazole deriv-
atives, with a specific focus on compound 20b, identified as
a potent VEGFR-2 inhibitor through molecular docking studies.

23-27

dines,* and

1.1 Rationale

Many drugs have been approved by the FDA-approved as
VEGFR-2 inhibitors for the treatment of several types of
cancers.*® Sorafenib I,** lenvatinib IL?*® sunitinib IIL,*” and
toceranib IV (ref. 38) are well-known examples of FDA-approved
VEGFR-2 inhibitors (Fig. 1). VEGFR-2 inhibitors are character-
ized by four essential pharmacophoric features crucial for
effective binding with the ATP binding site of VEGFR-2. These
features are as follows: (i) a hetero-aromatic system: This
component is designed to occupy the hinge region, ensuring
a specific arrangement within the molecular structure for
optimal interaction;* (ii) a linker moiety: Positioned to orient
into the region between the DFG domain and the hinge region,
this linker serves as a critical element facilitating the proper
spatial alignment of the inhibitor within the active site.;** (iii)
a pharmacophore moiety: Comprising at least one H-bond
donor and one H-bond acceptor group, this pharmacophore is
strategically positioned to occupy the DFG domain. It plays
a pivotal role in establishing hydrogen bond interactions,
enhancing the inhibitor’s affinity for the target;*' (iv) a terminal
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hydrophobic moiety: Positioned to occupy the allosteric
hydrophobic pocket of the ATP binding site, this terminal
hydrophobic component contributes to the overall stability and
specificity of the inhibitor's binding**** (Fig. 1).

Depending on the ligand-based drug design approach, a new
series of 2,3-dihydro-1,3,4-thiadiazole derivatives was designed
as VEGFR-2 inhibitors. The designed compounds involve 2,3-
dihydro-1,3,4-thiadiazole moiety as a hetero-aromatic system
that can occupy the hinge region. In addition, the 1-phenyl-
ethylidenehydrazine moiety was utilized as a linker group.
Furthermore, the amide group was utilized as a pharmacophore
moiety to occupy the DFG domain. Finally, different substituted
phenyl rings were used as hydrophobic tails of the designed
molecules (Fig. 1).

2. Results and discussion

2.1. Chemistry

Schemes 1-3 describes the pathways that have been followed to
synthesize the desired derivatives. At first, the starting inter-
mediates 5a,b and 8 were meticulously synthesized. This
involved subjugating the 1,3-diketones (acetylacetone 1 and/or
ethyl acetoacetate 6) to a chlorination reaction using sulfuryl
dichloride (SO,Cl,).** Subsequently, the resulting products (2
and 7, respectively) were allowed to react with the appropriate
diazonium salts 4 of aromatic amines 3 to produce the key
intermediates 5a,b and 8. The diazonium salts were obtained
from the reaction of the substituted aromatic amines 3 with
a solution of sodium nitrite in the presence of aqueous hydro-
chloric acid in an ice bath*® (Scheme 1).

On the other hand, Scheme 2 illustrates the synthesis of
compound 16. The first step entailed synthesizing N-(4-acetyl-
phenyl)acetamide 14, as previously documented.” The accom-
plishment was made through the reaction of 4-
aminoacetophenone 10 with acetic acid anhydride 13 as the
acetylating agent in DMF utilizing trimethylamine (TEA) as a base.
Afterward, compound 14 underwent reflux with methyl hydrazi-
necarbodithioate 12,*® in pure ethanol, synthesizing the desired
compound 15. This compound was then reacted with (E)-2-oxo-N-
(p-tolyl)propanehydrazonoyl chloride 5b in ethanol to produce the
corresponding 2,3-dihydro-1,3,4-thiadiazoles derivative 16.

Likewise, the benzoylation of 4-aminoacetophenone 10
using (un)substituted benzoyl chloride 17a,b under identical
acylation conditions resulted in the formation of the isolated
products 18a,b. Subsequently, compounds 18a,b were
condensed with methyl hydrazinecarbodithioate 12 in absolute
ethanol to yield compounds 19a,b, which were obtained in their
pure form through recrystallization from a mixture of methanol
and dichloromethane. Eventually, the hetrocyclization of
compounds 19a,b was achieved by the reaction with substituted
hydrazonoyl chlorides 5a,b and/or 8 in a heated solution of
EtOH/TEA to give 20a,b and 21a,b, respectively.

2.2. Biology

2.2.1. Anti-proliferative effect. Table 1 illustrates the
inhibitory concentration (ICs,) values, measured in micromolar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rationale of the molecular design.

concentration (uM), for the new thiadiazole derivatives on MCF-
7 and HepG2 cancer cell lines. Notably, compound 20b emerges
as a highly potent inhibitor, demonstrating an ICs, value of 0.05
uM against MCF-7 and 0.14 pM against HepG2. This suggests
a pronounced efficacy in restraining the growth of cancer cells,
as lower ICs, values indicate heightened potency. Additionally,
the consistently lower ICs, values observed across derivatives
(20a, 20b, 21a, 21b) in contrast to compound 16 imply
a successful design strategy in enhancing the anti-proliferative
potential of these compounds.

While the ICs, values provide valuable insights into the
potency of the compounds, it is advisable to conduct additional
studies to gain a more comprehensive understanding of their
anti-proliferative efficacy. In conclusion, the presented ICs,
values suggest that compound 20b and its derivatives hold
promise as potent anti-proliferative agents, warranting further
investigation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2.2. In vitro VEGFR-2 assay. Notably, compound 20b
demonstrates superior VEGFR-2 inhibition (0.024 + 0.004 pg
mL ") compared to sorafenib (0.041 + 0.002 pg mL "), sug-
gesting its effectiveness in hampering angiogenesis as pre-
sented in Table 2. This aligns with its robust anti-proliferative
activity observed in MCF-7 and HepG2 cell lines, reinforcing the
notion that 20b's efficacy is, in part, due to VEGFR-2 inhibition.
The data positions compound 20b as a promising candidate for
further development in cancer therapeutics, particularly for
tumors where VEGFR-2 signaling is crucial.

2.2.3. Kinase profiling test. The previous results encour-
aged us to test compound 20b against other different kinases
including CDK8, PIK3a, BRAF, and EGFR to reach a good
insight about its kinases inhibitory profile and to confirm its
selectivity against VEGFR-2. Cortistatin A, PIK-90, Vemurafenib,
and Erlotinib were used as reference standards for CDKS,
PIK3a, BRAF, and EGFR, respectively.

RSC Adv, 2024, 14, 35505-35519 | 35507
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Scheme 2 A classical method for the synthesis of 2,3-dihydro-1,3,4-thiadiazole derivative 16.

Results in Table 3 showed that compound 20b showed
moderate to weak inhibition values against the four investi-
gated protein kinases in comparison to the selected reference
kinase inhibitors. For its activity against CDK8, compound 20b
showed IC;, value of 0.266 + 0.058 uM, compared to Cortistatin

35508 | RSC Adv, 2024, 14, 35505-35519

A (IC5o = 0.032 £ 0.004 pM). Regarding its activity against
PIK3a, it showed ICs, value of 2.143 + 0.095 in comparison to
PIK-90 (IC50 = 2.143 £ 0.095 uM). Additionally, compound 20b
demonstrated weak inhibitory activities against BRAF (IC5, =
5.841 + 0.250 uM) and EGFR (IC5, = 1.431 £ 0.085 pM)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 A classical method for the synthesis of acetyl and ester of 2,3-dihydro-1,3,4-thiadiazole derivatives 20a,b and 21a,b.

Table1l The anti-proliferative impact of 16, 20a,b and 21a,b on the cell
proliferation of MCF-7 and HepG2 cell lines

MCF-7 (IC50)* (uM) HepG2 (ICs0)" (uM)

16 1.25 + 0.02 9.92 + 0.22
20a 0.06 £ 0.01 0.13 £ 0.01
20b 0.05 £+ 0.01 0.14 £+ 0.01
21a 0.19 £+ 0.01 0.15 £+ 0.01
21b 0.14 £+ 0.01 0.13 £+ 0.01
Sorafenib 0.14 + 0.03 0.13 £+ 0.03

“ Data are mean of three different experiments' ICs, values.

Table 2 VEGFR-2 inhibitory activity of the most active compound,
20b

Comp. VEGFR-2 IC5,° (ug mL™Y) VEGFR-2 IC5,® (uM)
20b 0.024 + 0.004 0.051 =+ 0.004
Sorafenib 0.041 + 0.002 0.088 + 0.002

¢ Data are mean of three different experiments' IC5, values.

© 2024 The Author(s). Published by the Royal Society of Chemistry

compared to those of Vemurafenib (ICs, = 0.347 £ 0.029 uM)
and Erlotinib (ICs, = 0.005 & 0.001 uM). From these results, we
can found that compound 20b has no selectivity against the
tested four kinases but it has a great selectivity against VEGFR-2
receptor.

2.2.4. Safety and selectivity. The selectivity index (SI)
provides a measure of a compound's preference for inhibiting
cancer cell growth compared to normal cells. To calculate the SI
of compound 20D, its in vitro cytotoxicity against normal human
lung cells (WI-38) was conducted and the formula: SI = ICs, in
normal cells/IC5, in cancer cells was applied. Regarding
compound 20b, as shown in Table 4, the ICs, value in normal
WI-38 cells is 0.19 uM. Accordingly, 20b's selectivity for MCF-7:
SI = 0.19 pM/0.05 uM = 3.8 and for HepG2: SI = 0.19 uM/0.14
uM = 1.4. The calculated high SI values indicate a potential
selectivity for MCF-7 over normal cells. These values suggest
that compound 20b exhibits a higher inhibitory effect on the
growth of MCF-7 cancer cells compared to normal WI-38 cells,
as indicated by the SI value greater than 1. However, further
investigations would be essential to validate and understand
the activity profile comprehensively.

RSC Adv, 2024, 14, 35505-35519 | 35509
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Table 3 ICsp values of the tested compounds as CDK8, PIK3a, BRAF & EGFR kinases inhibition assay
CDKS8 ICs, (M) PIK3a. IC5, (UM) BRAF ICs, (uM) EGFR IC;, (uM)

Comp. (mean + SD) (mean =+ SD) (mean + SD) (mean + SD)
20b 0.266 + 0.058 2.143 + 0.095 5.841 + 0.250 1.431 + 0.085
Cortistatin A 0.032 £ 0.004 — — —

PIK-90 — 0.033 £ 0.008 — —
Vemurafenib — — 0.347 £+ 0.029 —

Erlotinib — — — 0.005 + 0.001

Table 4 The anti-proliferative impact of compound 20b on the cell
proliferation of WI-38 cell lines and its selectivity

Selectivity index

Comp. WI-38 IC50" (UM) MCF-7 HepG2

20b 0.19 £ 0.01 3.8 1.4

“ Data are mean of three different experiments' ICs, values.

2.2.5. Cellular mechanistic studies

2.2.5.1 Cell cycle analysis. The cell cycle distribution
percentages for MCF-7 cells treated with compound 20b and
untreated MCF-7 cells were conducted by flow cytometry and
were presented in Table 5 and Fig S1.1 The cell cycle distribu-
tion analysis reveals notable alterations induced by compound
20b in MCF-7 cells. Specifically, there is an increase in the
percentage of cells in the GO-G1 phase from 62.37% (untreated
MCF-7) to 69.25% (compound 20b). This suggests that
compound 20b may impede cell cycle progression by inducing
cell cycle arrest at the GO-G1 phase. Concomitantly, there is
a decrease in the percentage of cells in the S phase from 23.91%
(untreated MCF-7) to 18.76% (compound 20b), indicating
a potential reduction in DNA synthesis. Moreover, there is
a slight decrease in the G2/M phase to be 11.99% (compound
20b) instead of 13.72% (untreated MCF-7), suggesting a modest
impact on the transition to mitosis. These changes in cell cycle
distribution are indicative of the regulatory effects of compound
20b on the cell cycle dynamics of MCF-7 cells. The observed
arrest at the GO-G1 phase suggests that the compound may
interfere with key checkpoints, preventing cells from progress-
ing into the synthesis and mitotic phases. Such cell cycle
modulation is a crucial aspect of anti-proliferative mechanisms,
as disruption of cell cycle progression can lead to reduced cell
proliferation and increased susceptibility to apoptosis.

Table 5 Impact of compound 20b on the cell cycle progression of
MCEF-7 cells

Cell cycle distribution (%)
Sample % G0-G1 % S % G2/M
20b 69.25 18.76 11.99
Control 62.37 23.91 13.72

35510 | RSC Adv, 2024, 14, 35505-35519

The findings underscore the potential of compound 20b as
a cell cycle regulator in MCF-7 cells, demonstrating its ability to
influence the delicate balance of cell cycle phases. Overall, the
observed alterations in cell cycle distribution suggest that
compound 20b holds promise as a candidate for further
exploration in the development of targeted therapies against
cancer cells.

2.2.5.2 Apoptosis assay. The flow cytometry assay was per-
formed to evaluate the apoptosis analysis in MCF-7 cells,
comparing untreated MCF-7 cells to those treated with
compound 20b. The apoptosis analysis (Table 6 and Fig. S2t)
reveals a remarkable difference in the percentage of apoptotic
cells between untreated MCF-7 cells and those treated with
compound 20b. Specifically, total apoptosis after treatment with
compound 20b is substantially higher at 34.47% compared to
0.85% in the untreated cells. This increase is indicative of the
promising pro-apoptotic effect exerted by compound 20b.

Breaking down the stages of apoptosis, the early apoptosis
percentage increases from 0.61% in the untreated MCF-7 cells
to a notable 18.48% after treatment. Concurrently, the
percentage of cells in late apoptosis rises from 0.24% to 15.99%.
These findings collectively suggest that compound 20b induces
both early and late apoptosis, indicating a multifaceted impact
on the apoptotic pathways of MCF-7 cells. In contrast, the
percentage of cells undergoing necrosis, a form of cell death
associated with cellular damage, is relatively low but still
increases from 1.43% in the untreated MCF-7 cells to 4.14%
with compound 20b. This suggests that compound 20b may
trigger a modest degree of necrosis in addition to its
pronounced apoptotic effects.

The substantial increase in apoptosis, particularly in the
early and late stages, highlights the potent cytotoxic effects of
compound 20b on the MCF-7 cells. Apoptosis is a fundamental
process that eliminates damaged or abnormal cells, and the
observed increase suggests that compound 20b may have
significant potential as an inducer of programmed cell death in
cancer cells. These findings underscore the importance of
apoptosis induction as a key mechanism in the anti-

Table 6 The influence of compound 20b on different stages of cell
death in MCF-7 cells

Total Early apoptosis Late apoptosis  Necrosis
Compound 20b  38.55 18.48 15.99 4.14
Control 2.28 0.61 0.24 1.43

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Caspase-8 and caspase-9 expression after compound 20b
treatment using RT-PCR analysis

RT-PCR (fold change)

Caspase-8 Caspase-9
Compound 20b 3.4176 5.4353
Control 1 1

proliferative activity of compound 20b and position it as
a promising candidate for further exploration in anti-cancer
drug discovery.

2.2.5.3 Reverse transcription polymerase chain reaction (RT-
PCR) studies. Table 7 presents the results of the RT-PCR anal-
ysis, indicating the fold change in the expression levels of
caspase-8 and caspase-9 in MCF-7 cells treated with compound
20b compared to untreated control. In detail, the RT-PCR
results demonstrate a substantial increase in the expression
levels of both caspase-8 and caspase-9 in MCF-7 cells treated
with compound 20b compared to the untreated control. The
fold change for caspase-8 is 3.4176, indicating a more than 3-
fold increase, while caspase-9 shows an even higher fold change
of 5.4353.
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Caspase-8 and caspase-9 are integral components of the
apoptotic pathway, playing crucial roles in initiating and
executing programmed cell death. The upregulation of these
caspases in response to compound 20b treatment confirms
a pronounced activation of apoptotic pathways in MCF-7 cells.
This alighment between apoptotic marker upregulation and
increased apoptosis supports the notion that compound 20b
exerts its anti-proliferative effects through the induction of
apoptosis in MCF-7 cells. Apoptosis induction, especially
through the activation of key caspases, is a crucial mechanism
in eliminating cancer cells. The specific targeting of apoptotic
pathways aligns with the compound's overall impact on cell
cycle distribution and apoptosis percentages, providing
a coherent picture of its anti-proliferative properties.

2.3. Molecular docking study

MOE (Molecular Operating Environment, version 2019) soft-
ware was utilized to conduct molecular docking simulations to
explore potential drug binding patterns within the active site of
VEGFR-2. The docking calculations employed the crystal struc-
ture of VEGFR-2 (PDB ID: 20H4), with sorafenib, a known
effective drug, serving as the reference compound.

Gludsl

Fig. 2 Binding of the tested compounds against VEGFR-2. (A) 2D of sorafenib, (B) 3D of sorafenib, (C) 2D of compound 20b and (D) 3D of

compound 20b.
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In this section, we chose compound 20b as the template
control for the docking investigation since it has the strongest
anti-proliferative activity against the tested cell lines. According
to Fig. 2, compound 20b was discovered to have been inserted
into the deep cleft of the ATP binding site in the hinge region
forming stable hydrophobic bonds with Cys917. The terminal
amide also enabled the insertion of compound 20b into the
DFG motif region by forming two crucial hydrogen bonds
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between Glu883 and Asp 1044 at distances of 2.16 and 1.88,
respectively.

2.4. MD simulation

During the simulation (200 ns), the root-mean-square deviation
(RMSD) values for the reference system (VEGFR-2_sorafenib)
exhibited stability, maintaining a consistent value of approxi-
mately 2.5 A (indicated by the red line). In contrast, the RMSD
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Fig. 3 The molecular dynamics simulation results for the VEGFR-2_20b complex, featuring (A) RMSD values for VEGFR-2, (B) RMSD values for
the ligands, (C) radius of gyration, (D) solvent-accessible surface area (SASA), (E) changes in hydrogen bonds, (F) RMSF for the VEGFR-2 protein,
and (G) distance from the center of mass. The red line represents the VEGFR-2_sorafenib complex, while the dark green line represents the

VEGFR-2_20b complex.
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values for the VEGFR-2_20b system (represented by the dark
green line) initially showed an upward trend during the first 120
ns of the simulation. After this period, the values stabilized at
around 4.2 A (Fig. 3A). For the compound 20b alone (dark green
line), the RMSD showed a slight increasing trend in the initial
100 ns before reaching a stable value of approximately 2.9 A
(Fig. 3B). On the other side, sorafenib (red line) showed a more
stable profile throughout the simulation, with an average RMSD
of about 1.5 A, indicating stronger binding stability. Further-
more, Fig. 3C illustrates a subtle difference in the radius of
gyration's average (RoG) between the two systems. The VEGFR-
2_sorafenib system had a lower RoG value of around 20.4 A,
compared to the VEGFR-2_20b system, which had an RoG of
approximately 20.9 A. This suggests that the protein-ligand
complex with sorafenib is slightly more compact than with
compound 20b. Additionally, as shown in Fig. 3D, both systems
exhibited similar average solvent-accessible surface area (SASA)
values, each around 17 500 A%, indicating comparable exposure
of the protein surfaces to the solvent. Fig. 3E provides insights
into the hydrogen bonding patterns during the simulation.
Compound 20b consistently maintained nearly a hydrogen
bond throughout the 200 ns of the simulation duration,
whereas sorafenib fluctuated between forming one and two
hydrogen bonds. In terms of structural stability, the root-mean-
square fluctuation (RMSF) profiles revealed that both systems
maintained overall structural integrity with minimal deviations.
The primary difference was observed in the oscillations of the C-
alpha atoms within the Ile1042 loop. In the reference system
(VEGFR-2_sorafenib), the RMSF reached a maximum of 6 A,
whereas in the VEGFR-2_20b system, it increased to about 8 A
(Fig. 3F), indicating slightly greater flexibility in the latter.
Additionally, the average distance between the protein's center
of mass and the ligand was stable in both systems. For
compound 20b, this distance was approximately 9.3 A, sug-
gesting a stable interaction, though it was slightly greater than
the reference compound, sorafenib, by about 1.5 A (Fig. 3G).
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This difference in distance further highlights the slightly more
stable binding conformation of sorafenib within the active site
of VEGFR-2. Overall, these results show that both VEGFR-2-
ligand complexes remained stable structurally, with minor
differences in dynamic behavior and interaction patterns.

Fig. 4 illustrates the various components of the predicted
binding free energy, calculated using the MM-GBSA method.
The binding energy for molecule 20b is —3.9 kcal mol ', in
contrast to sorafenib's average of —43.3 kcal mol ', indicating
significant differences in the components influencing binding.
The van der Waals bondings are almost identical for both
systems, averaging around —50 kcal mol '. However, electro-
static interactions are more favorable for sorafenib compared to
20b (—17.92 keal mol ™" versus +0.91 kcal mol ™). This contrib-
utes to the lower total binding energy of 20b relative to the
reference compound. Additionally, the solvation energy (Egb)
for 20b is less favorable than for sorafenib.

To determine the contribution of each amino acid within
1 nm of each ligand, a decomposition analysis was performed
(Fig. 5). Six amino acids showed a more significant share to the
binding affinity of 20b compared to sorafenib:

Leu838: 1.65 kcal mol™* (20b) versus 1.13 kcal mol*
(sorafenib).

Valg46: —1.58 kcal mol™' (20b) versus 1.2 kcal mol '
(sorafenib).

Val897: —1.31 kcal mol™' (20b) versus —0.96 kcal mol "
(sorafenib).

val914: —1.97 kecal mol™" (20b) versus —1.14 kcal mol "
(sorafenib).

Phe916: —1.08 kcal mol™" (20b) versus —1.06 kcal mol ™"
(sorafenib).

Asp1044: —1.46 kecal mol™" (20b) versus —1.41 kcal mol ™"
(sorafenib).

Phe1045: —2.17 kcal mol™" (20b) versus —0.86 kcal mol ™"
(sorafenib).

Different energy components of VEGFR-2_ Sorafenib complex
and VEGFR-2 20b complex
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Fig. 4 The energetic components of the MM-GBSA method and their respective values for the two systems. The bars represent the standard

deviations of these values.
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MMGBSA free energy decomposition
of the common residues having contribution of less than -1.0 Kcal/mol
within 1 nm of the Sorafenib or 20b

1_

Free Binding energy (Kcal/Mol)

) i
T LI RLLL IIII i

Leu838 Val846 Leu887 Val897  Val9l4 Phe916 Leul033 Cysl043 Aspl044 Phel045

Amino Acid names

= Sorafenib ® 20b

Fig. 5 A comparison between the decomposition of the binding free energy of the VEGFR-2_20b and VEGFR-2_sorafenib complexes. The
highlighted amino acids are those found within 1 nm of each ligand, present in both complexes, and demonstrating a binding affinity of

—1 kcal mol™ or higher.

These values highlight the enhanced binding energy of
compound 20b with these specific amino acids compared to
sorafenib, providing insights into the molecular interactions
that contribute to the improved binding of 20b in comparison
to sorafenib.

To get more information about the Protein-Ligand Interac-
tion Fingerprints (ProLIF) and Principal Component Analysis
(PCA), see Fig. S3-510.7

2.5. DFT studies

One of the most popular and reliable techniques for estimating
molecular systems as well as their electronic characteristics is
the DFT/B3LYP approach. The molecular system of compound
20b is selected due to its remarkable reactivity as conducted
practically. Using the Gaussian 09 package, the basis set 6-31G

(@)

with double zeta plus polarization (d,p) was applied through the
density functional theory (DFT/B3LYP) approach to optimize
the molecular structure of 20b. The chemical structure was
plotted using Gauss View 05 and the optimized output file was
analyzed using Multiwfn, GaussSum, and AIMAIl programs.
Based on the global reactivity parameters and band gap energy,
the reactivity of the selected compound is predicted. The opti-
mized geometry with atom numbering is presented in Fig. 6a.
Compound 20b is a polar molecule as its calculated dipole
moment was found to be 7.257 Debye (Table 8), which indicates
a higher tendency to interact with targets (amino acids). The
high polarity of a given molecule increases the potential inter-
atomic forces such as hydrogen bonding and dipole-dipole
interactions between the selected molecule and the amino
acids.

(b)

Fig. 6 The entire optimized geometry (a), the distribution of Mullikan atomic charges (b). These results were obtained using B3LYP/6-31+G(d,p).
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Table 8 The DFT calculated global reactivity parameters for the molecule under investigation

1P EA w(ev) x (eV) 1 (eV) a (eV)

w (eV) Dm (Debye) TE (eV) ANmax AE (eV)

5.684 2.476 —4.080 4.080 1.604 0.624

Mulliken charge analysis provides an approximation of the
arrangement of electrons for each atom inside a molecule and
then it affects the dipole moment, molecular polarizability, and
electronic structure. Hence, it can provide an understanding of
the chemical behavior of the studied molecule as reactive sites
can be identified. The designed candidate, 20b, in Fig. 6b,
shows that sulfur and N17 are acceptors while C21 is the most
acceptor site in the molecule. On the other hand, all oxygen and
nitrogen (except for N17) are donors because they are negative
sites and C20 has the highest negative charge. To get more
information about HOMO, LUMO, the total density of states
(TDOs), and the quantum theory of atoms in molecule (QTAIM)
for compound 20b, see Fig. S11A-C.t

2.6. In silico ADMET analysis

Table 9 presents the in silico ADMET results of the new thia-
diazole compounds, which offer important information on their
possible pharmacokinetic behavior. All compounds except
compound 16 have very low levels of blood-brain barrier
permeability, which indicates minimal penetration ability into
the CNS. Regarding the aqueous solubility, compound 16
showed a low level of solubility whilst the rest of compounds
were predicted to have very low levels, indicating that methods
to improve their water solubility could be required for efficient
delivery. Compound 20b showed a good amount of absorption,

Table 9 ADMET descriptors of compounds 16, 20a,b and 21a,b

13.348 7.254 —49717.3 2.544 —13.348

indicating a high probability of systemic availability after
treatment. All compounds are anticipated to be non-inhibitors
with regard to the CYP2D6 interaction, suggesting a decreased
probability of metabolic interactions with medications that are
metabolized by this enzyme. Finally yet importantly, all
substances, including sorafenib, should bind to plasma
proteins >90% of the time. This could have an impact on how
the synthesized derivatives are distributed and eliminated.

2.7. In silico toxicity analysis

Table 10 reports a comprehensive evaluation of compounds (16,
20a, 20b, 21a, 21b) and the reference compound Sorafenib, with
a focus on carcinogenic potency, mutagenicity, and toxicity
profiles. In terms of carcinogenic potency (TDs,), compound
20b exhibits a value of 18.94, placing it within the range of the
experimental compounds and slightly below Sorafenib (19.23).
Notably, all experimental compounds are classified as non-
carcinogens, except for sorafenib, which is identified as
a single carcinogen.

A crucial aspect of compound evaluation is its mutagenicity,
and in this context, compound 20b is recognized as mutagenic,
indicating a potential to induce mutations. Regarding toxicity,
all experimental compounds, including 20b, are categorized as
non-toxic, suggesting a favorable safety profile. However, sor-
afenib is labeled as toxic, indicating a potential for adverse

Compound BBB level Solubility level Absorption level CYP2D6 prediction PPB prediction
16 2 2 0 False True
20a 4 1 1
20b
21a 2
21b
Sorafenib 0
Table 10 Toxicity study of compounds 16, 20a,b and 21a,b

Carcinogenicity =~ Mouse- female
Compound  TDs, (Mouse)” FDA DTP Rat oral LD;,”  Rat chronic LOAEL?  Dermal irritancy ~ Ocular irritancy
16 24.8533 Non-carcinogen  Non-toxic ~ 0.663451 0.0754607 Non-irritant Mild
20a 8.42209 0.703374 0.0790792
20b 18.9369 0.457358 0.0906188
21a 17.6022 0.902703 0.0589522
21b 9.60638 0.896764 0.0336175
Sorafenib 19.2359 Single- Toxic 0.822583 0.00482816

carcinogen

“ Unit: mg kg™* per day. ? Unit: g kg™ ™.
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effects. Further insights are provided through assessments such
as rat oral LDs, and chronic LOAEL, where compound 20b
exhibits a lower oral LDs, of 0.457358. Additionally, a higher
chronic LOAEL of 0.0906188, indicates a safe potential for long-
term use. Notably, all compounds, including 20b, are classified
as non-irritants for both skin and ocular irritation, enhancing
their safety profile in these regards. In conclusion, compound
20b's distinct non-carcinogenic potency and the comparison
with sorafenib underscores the general safety. While the current
data provide valuable insights, additional in vivo assessments
and clinical trials are imperative for a comprehensive under-
standing of the safety and efficacy of compound 20b for
potential therapeutic applications.

3. Conclusion

In conclusion, the comprehensive investigation presented in
this paper highlights the promising potential of compound 20b
as a potent anti-proliferative agent. The compound demon-
strates significant inhibitory effects on MCF-7 and HepG2
cancer cell lines, with notably low IC;, values, suggesting
enhanced potency compared to reference compounds. Impor-
tantly, the selectivity index values underscore the preferential
inhibitory activity of 20b on cancer cells over normal WI-38
cells, laying the foundation for potential therapeutic applica-
tions. The mechanistic insights provided by the study revealed
that compound 20b exerted its effects through multiple ways.
The substantial inhibition of VEGFR-2, as evidenced by the low
IC5, value, suggests a potential disruption of angiogenesis,
while alterations in cell cycle distribution and the induction of
apoptosis further contribute to its anti-proliferative and cyto-
toxic effects on cancer cells. Moreover, the upregulation of key
apoptotic markers, caspase-8 and caspase-9, as observed in RT-
PCR analysis, provides molecular evidence supporting the
compound's pro-apoptotic effects. Incorporating in silico anal-
yses enhanced our understanding of compound 20b's molec-
ular interactions with VEGFR-2, aiding in its rational design and
pharmacological profile comprehension. Overall, the findings
presented in this study underscore the importance of
compound 20b as a lead compound with multifaceted anti-
proliferative properties, encouraging further analyses.

4. Experimental

4.1. Chemistry

4.1.1. General. Detailed information about the apparatus,
chemicals, and reagents used in the study can be found in the
ESIL.T Compounds 2, 4, 5a,b, 7, 8, 9, 12, and 15 were obtained
according to the reported procedures.*

4.1.2. General procedure for the synthesis of the final
compound 16. Equal amounts of intermediate 15 were sub-
jected to a reaction with hydrazonoyl chloride derivative 5b in
absolute ethanol (20 mL), incorporating triethylamine (1 M).
The entire mixture was refluxed for a period of 6 hours. The
resulting solid was filtered and washed with hot ethanol,
resulting in the production of the final compound 16.
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4.1.2.1 N-(4-((E)-1-(((Z)-5-Acetyl-3-(p-tolyl)-1,3,4-thiadiazol-
2(3H)-ylidene)hydrazono)ethyl) phenyl) acetamide 16. Yellow
powder (yield, 74%); m.p. = 201-202 °C. Comprehensive data,
including detailed information from FT-IR, '"H NMR, “*C NMR
and EI-Ms can be found in the ESL T

CH;

\f
\N 5 B\\rN\N

S /
\;\(?Hs

(0]

(0}

ll;,CJJ\ﬂ

4.1.3. General procedure for the synthesis of derivatives
20a,b and 21a,b. A solution of intermediates 19a,b (1 M) in
ethanol (20 mL) was combined with triethylamine (1 M) and
the corresponding hydrazonoyl chlorides 5a,b and 8 (1 M). The
mixtures were heated for a period of 6 hours. The resulting
solids were collected and subjected to purification with
hexane, resulting in the desired products 20a,b and 21a,b,
respectively.

4.1.3.1 N-(4-((E)-1-(((Z)-5-Acetyl-3-(2-chlorophenyl)-1,3,4-thia-
diazol-2(3H)-ylidene)hydrazono) ethyl) phenyl)benzamide 20a.
Pale yellow powder (yield, 70%); m.p. = 190-192 °C. Compre-
hensive data, including detailed information from FT-IR, 'H
NMR, *C NMR and EI-Ms can be found in the ESL}

Cl

CH,
. N N
i /©)\ ¢ \\( N
S/
N
H CH;
(0]
4.1.3.2 N-(4-((E)-1-(((2)-5-Acetyl-3-(p-tolyl)-1,3,4-thiadiazol-
2(3H)-ylidene)hydrazono) ethyl) phenyl) benzamide 20b. Yellow
powder (yield, 78%); m.p. = 185-187 °C. Comprehensive data,
including detailed information from FT-IR, '"H NMR, “*C NMR
and EI-Ms can be found in the ESL ¥

CH;
CH;
> _.N N
o N \\( N
S 4
N
H CH;
(0)

4.1.3.3 Ethyl (Z)-5-(((E)-1-(4-benzamidophenyl)ethylidene)
hydrazono)-4-(3-chlorophenyl)-4,5-dihydro-1,3,4-thiadiazole-2-
carboxylate 21a. Yellowish white powder (yield, 73%); m.p. =
230-232 °C. Comprehensive data, including detailed informa-
tion from FT-IR, "H NMR, *C NMR and EI-Ms can be found in
the ESL{
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4.1.3.4 Ethyl (Z)-5-(((E)-1-(4-(4-Chlorobenzamido)phenyl)

ethylidene)hydrazono)-4-(3-chlorophenyl)-4,5-dihydro-1,3,4-
thiadiazole-2-carboxylate 21b. Yellow powder (yield, 75%); m.p.
= 203-205 °C. Comprehensive data, including detailed infor-
mation from FT-IR, '"H NMR, *C NMR and EI-Ms can be found
in the ESL}
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4.2. Biological evaluation

Cl

4.2.1. 1. In vitro anti-proliferative activity. MTT assay®*>*
was applied to assess the anti-proliferative activity of the 2,3-
dihydro-1,3,4-thiadiazole derived compounds (ESIt).

4.2.2. Invitro VEGFR-2 inhibition. VEGFR-2 ELISA kit*® was
utilized to evaluate the VEGFR-2 inhibitory effect of the 2,3-
dihydro-1,3,4-thiadiazole derived compounds (ESIT).

4.2.3. Kinase profiling test. The in vitro inhibitory activity
of compound 20b against CDK8, PIK3a, BRAF & EGFR kinases
enzyme activities was accomplished using Assay Kits (BPS
Bioscience, USA) as shown in ESL.{

4.2.4. Cell cycle and apoptosis analyses. Flow cytometry
was used to check the cell cycle and apoptosis behavior of MCF-
7 After the application of compound 20b as shown in ESL.°%>*

4.2.5. Assessment of caspase-8 and caspase-9 gene expres-
sion. The levels of caspase-8 and caspase-9 in MCF-7 cells
treated with compound 20b were assessed using RT-PCR as
described in ESL.{

4.3. In silico studies

4.3.1. Docking studies. The synthesized 2,3-dihydro-1,3,4-
thiadiazole derived compounds were docked against the
VEGFR-2 crystal structure using MOE2019 software® (ESIT).

4.3.2. MD simulation studies. GROMACS 2021 (ref. 56) was
utilized to study the molecular dynamics (MD) simulations of
the VEGFR-2_20b complex at 200 nanosecond. Molecular
Mechanics Generalized Born Surface Area (MM-GBSA), and
Principal Component Analysis (PCA) were performed as shown
in ESL1%

4.3.3. DFT analysis. The DFT calculations of compound
20b were performed using Gaussian09W.01D software as shown
in ESL1°®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.3.4. ADMET and toxicity studies. Discovery Studio 4.0
(ref. 59 and 60) was utilized to predict the ADMET and toxicity
parameters of the 2,3-dihydro-1,3,4-thiadiazole derived
compounds (ESI?).
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