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ABSTRACT: Two series of ten new 1,2,4-trisubstituted imidazolin-5-ones were 8 @@
synthesized and screened against MCF-7 breast cancer and AS549 lung cancer cell : f @® %
lines to test their potential in vitro anticancer activity. The results revealed ‘~ dL’l SC?:)
preferential activity of the tested compounds toward MCF-7 cell lines compared to Cell Cycle Arrest

AS49 cell lines. The most promising ten compounds (3a, 3¢, 3f, 3¢, 3h, 3i, 3j, 6a, 6f, ’

and 6i) were subjected to VEGFR-2 enzyme inhibitory activity testing to further ¢

explore their mechanism of action. The tested compounds showed remarkable
enzyme inhibition in micromolar concentrations ranging from 0.07 to 0.36 uM,
compared with Sorafenib and Sunitinib with ICs, values of 0.06 and 0.12 uM,
respectively. The most promising candidate, 3j, was further evaluated for its cell
cycle phases, apoptotic induction ability, as well as its antiproliferative activity and 2N
inhibitory potential for endothelial cell migration, analyzed by a cell scratch assay. 7 Angiogensis
Furthermore, in silico studies were also performed to identify and detect the stability ‘

of the binding poses.
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I<inases are proteins that covalently attach phosphates to against VEGFR-2 (ICg, = 0.043 uM) over VEGFR-1 (ICy, =
other proteins at specific residues in order to regulate 0.51 uM), compared to Vatalanib (ICy, = 0.054 and 0.14 uM,

their biological activity. They are divided into two primlary respectively).8 Similarly, compounds VIa,b showed remarkable
categories; serine/threonine kinases and tyrosine kinases.” It cytotoxic activity, with ICy, values of 18.0 and 17.8 ug/mL
has been demonstrated that the vascular endothelial growth against MCE-7, as well as ICys of 10.9 and 12.3 ug/mL against

factor VEGF -A and its receptors VEGFR-1 .and YEGFR'_Z are HepG2, respectively, compared to vinblastine (ICs, values of
necessary in both physiologic and pathologic angiogenesis.

6.1 and 4.6 mL, respectively).” Likewise, compounds
Many factors influence the pathological angiogenesis seen in ﬂg/ A ) ' pounc
cancer cells, such as oncogene expression, variable growth VIIa,b resulted in an increase in the percentage of apoptotic
factors. a v;;riety of cytokines, and h oxia) These factors all cells to more than 40% and more than 30%, respectively, than
) s 4% . . .10
up-regulate VEGF expression, which in turn promotes the control non-treated cells under investigation.” Further-
)

endothelial cell growth and cell migration and inhibits more, substitution by a 4-dimethylamino group yielded more

programmed cell death.” Sorafenib (I) and Lenvatinib (II) potent compounds with greater IC, values against colorectal
are type-II VEGFR-2 inhibitors that are currently used for the HCT-116 and Hela cells as compound VII'' (Figure 2).
treatment of several cancers with promising outcomes. They Moreover, the presence of a sulfonamide moiety had a positive
both share common pharmacophoric features which are impact on the in vitro anticancer activity of many promising
required for VEGFR-2 binding: a heterocycle “head” that compounds.””~"* Consequently, the scaffold design of the
occupies the adenine region in the ATP binding pocket and VEGFR-2 inhibitor target compounds was based on combining
carries H-bond donor and/or acceptor groups, a “linker” that the substituted imidazolone head (red) with a phenyl linker

extends over the gatekeeper residue, as well as a hydrogen-
bonding moiety and a hydrophobic moiety “tail” that occupies
the allosteric pocket (Figure 1).° Hence, the development of
similar small molecule inhibitors is still a beneficial strategy in
developing newer cancer treatments.

Several substituted imidazolinone derivatives have reported
pronounced anticancer activity via VEGFR-2 inhibition such as
the 2-thioxoimidazolidin-4-ones III and IV with ICs, values of
25.14 and 19.78 nM, respectively, compared to Sorafenib (ICs,
= 35.62 nM),” as well as V with 10-fold greater selectivity

(green) and sulfamoyl moiety as the H-bonding moiety
(purple) in addition to a tail moiety (blue) (Figure 2).
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Figure 1. Representation of Sorafenib (I) and Lenvatinib (II) in the VEGFR-2 active site.’
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Figure 2. Structures of some VEGFR-2 inhibitors (I-VIII) and design approach to novel 1,2,4-trisubstituted imidazolinone-derivative VEGFR-2

inhibitors (IX).

Therefore, based on a hybridization approach, modifications,
including linker elongation between the imidazolinone and the
benzenesulfonamide moiety via an amino-2-oxoethyl benzoate
spacer to produce compounds 6a—j, were proposed in order to
obtain new derivatives with enhanced anticancer activity. The
target compounds 3a—j and 6a—j were synthesized according
to the procedures outlined in Schemes 1 and 2. In Scheme 1,
benzoyl glycines lab were synthesized according to the
reported method'*'®
method into the corresponding 2,4-disubstituted oxazolones

and were then cyclized via Erlenmeyer’s

893

2a,b.'”'® Finally, imidazolin-5-one derivatives 3a—j were
furnished through the reaction of oxazolone intermediates
2a,b with different sulfonamide derivatives in glacial acetic acid
in the presence of anhydrous sodium acetate. The IR spectra
revealed the disappearance of the characteristic C=O band of
oxazolone at 1762—1766 cm™' and the appearance of a new
C=O0 band of the imidazolone at 1701—1662 cm™, along
with the appearance of an NH band at 3356—3224 cm™" and
two stretching bands at 1377—1315 cm™ and 1195—1145
cm™!, which confirmed the introduction of the sulfonamide

https://doi.org/10.1021/acsmedchemlett.4c00095
ACS Med. Chem. Lett. 2024, 15, 892—898
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Scheme 1. Synthesis of Compounds 3a—j”
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“Reagents and reaction conditions: (a) Glycine, 10% NaOH, 2 h, rt. (b) 4-Dimethylamino benzaldehyde, fused sodium acetate, acetic anhydride, 2
h, W.B, 100 °C. (c) Un/substituted sulfonamides, glacial acetic acid, fused sodium acetate, 8 h, W.B, 100 °C.

Scheme 2. Synthesis of Compounds 6a—j*
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sodium acetate, 8 h, W.B, 100° C. (b) Alcoholic NaOH solution. (c)

moiety. Additionally, the "H NMR spectra of compounds 3c
and 3h revealed a singlet signal at 2.31 and 2.08 ppm,
respectively, for the CH; group and the appearance of a
characteristic signal integrated for one proton at 6.14 and 6.12
ppm corresponding to the H, proton of the oxazole ring. In
Scheme 2, intermediates 2a,b were reacted with 4-amino
benzoic acid into the corresponding imidazolinones 4a,b as

894

reported,”” followed by the formation of sodium salt through
the addition of alcoholic sodium hydroxide. The sodium salts
of the acids were then reacted with the chloracetamido
sulfonamides Sa—e”’”*” to obtain the target final esters 6a—j.
The IR spectra of the ester derivatives revealed the appearance
of two additional C=0 bands, one for the ester group (1701—
1685 cm™") and the other for the amide group (1651—1597

https://doi.org/10.1021/acsmedchemlett.4c00095
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cm™'). Additionally, the disappearance of the stretching band
corresponding to the COOH group as well as the appearance
of two stretching bands of the SO, group at 1315 cm™" and
1168—1161 cm™" were observed. The 'H NMR spectrum
revealed the presence of a singlet signal at 4.97—4.77 ppm
integrated for the two protons corresponding to the CH,
group. Compounds 6c and 6h showed an additional signal at
6.12 and 6.07 ppm, respectively, corresponding to the CH
proton of the oxazole ring and a singlet signal at 2.29 and 2.26
ppm, respectively, corresponding to the aliphatic CH; group.

The 20 newly synthesized compounds were subjected to in
vitro cytotoxic activity against two cancer lines, namely, human
breast (MCF-7) and lung (A549) cancer cell lines. The ICs,
values of the tested compounds compared to two reference
drugs (Sorafenib and Doxorubicin, in #M concentration) are
summarized in Table 1. A detailed look at the results indicates

Table 1. IC, Values in gM of the Newly Synthesized
Compounds against MCF7 and A549 Cell Lines and the
Ten Most Active Compounds against VEGFR-2 Kinase
Enzyme Using the Reference Drugs

In vitro cytotoxicity
ICSO%M)“ In vitro inhibition ICs, (uM)“

Compound MCEF-7 AS549 VEGFR-2
3a 19.53 29.03 0.20
3b 37.42 61.16 NT
3c 9.85 10.07 0.14
3d 39.89 31.55 NT
3e 21.06 29.56 NT
3f 11.51 28.83 0.10
3g 13.5§ 27.81 0.16
3h 11.50 42.36 0.11
3i 8.65 16.17 0.10
3j 5.86 7.66 0.07
6a 17.65 14.13 0.02
6b 27.71 38.66 NT
6¢ 26.81 30.55 NT
6d 26.52 16.65 NT
6e 28.82 27.34 NT
6f 24.23 25.00 0.36
6g 17.19 20.16 NT
6h 42.13 45.4S NT
6i 10.03 1291 0.11
6j 28.37 58.01 NT
Sorafenib 4.88 7.46 0.06
Doxorubicin 6.521 4.985 -
Sunitinib - — 0.12

“Data are presented as mean of the ICy, values from three different
experiments. NT = not tested.

that the compounds generally revealed better activity toward
MCF-7 (ICy, = 5.86—19.53 uM) than A549 (ICy, = 7.46—
61.16 uM). Compound 3j with a 1-sulfadiazinyl moiety was
the most active compound with an ICs, value of 5.86 uM on
the MCF-7 cell line, compared to an ICs, value of 6.52 uM for
Doxorubicin. The in vitro activity revealed that the N-
substitution by a methoxazole ring in compound 3¢ and
thiazole ring in compounds 3i and 6i showed considerable
activity against the MCF7 cell line with ICy, values of 9.85,
8.65, and 10.03 uM, respectively. The 4-chloro phenyl
derivatives 3f, 3g, and 3h were found to have moderate
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activity with ICg, values of 11.51, 13.55, and 11.50 uM,
respectively.

The most active compound, 3j, was further assessed in vitro
against the human normal cell line WI-38 to measure its
selectivity index (SI; Table 2). The results reveal that
compound 3j has a higher selectivity toward the cancer cell
lines compared to the normal one, which is indicative of its
relative safety.

Table 2. Selectivity Index (SI) of Compound 3j

D ICyo (M) SI
3j/MCE-7 5.86 3.69
3j/A549 7.66 2.88
3j/WI-38 21.63 -

“ICs of the tested compounds against the normal cell line WI-38/
ICs, of the tested compound against the cancer cell line.

Additionally, the ten compounds with the best IC, values in
the in vitro cell line screening were subjected to further in vitro
VEGFR-2 inhibition screening in comparison with two
reference drugs, Sorafenib and Sunitinib, with the results
summarized in Table 1.

The results revealed that the tested compounds elicit a
potent VEGFR-2 inhibitory activity in the submicromolar level.
Compound 3j showed superior VEGFR-2 inhibition (ICs, =
0.07 uM) than that displayed by Sunitinib (ICs, = 0.12 M)
and nearly equal to that of Sorafenib (ICs, = 0.06 uM). Six
compounds (3¢, 3f, 3g, 3h, 3i, and 6i) showed nearly
equipotent VEGFR-2 inhibition (IC, = 0.10—0.16 uM) to
Sunitinib (ICs, = 0.12 uM) but less than Sorafenib (ICy, =
0.06 uM). The structure—activity relationship (SAR) studies
revealed that the N-substituted thiazole derivative 6i among
the ester series was the most active with an ICg, value of 0.11
UM. Moreover, the 4-chloro phenyl derivatives in the first
imidazolone series (3f, 3h, and 3i) showed considerable
inhibitory activity against VEGFR-2 with ICs, values of 0.10,
0.11, and 0.10 uM, respectively. Among all the tested
compounds, the diazino-substituted derivative 3j displayed
the better activity against VEGFR-2 with an ICs, value of 0.07
uM compared to Sunitinib (ICg, = 0.12 uM), and was
moderately less active than Sorafenib (IC, = 0.06 uM).

The effect of compound 3j on different cell cycle phases of
the MCF7 cell line was examined by flow cytometric analysis.
The results are displayed in Figure 3, showing that exposure of
MCEF?7 cells to compound 3j resulted in G1 apoptosis of
22.68% of cells compared to the control, which showed
apoptosis of 11.07%. Likewise, the results also revealed
significant arrest of the cell cycle at G2—M phases for 3j
(35.17%) compared to control (13.52%). Furthermore, the
apoptotic effect of compound 3j was studied using Annexin-V
FTIC/PI dual staining assay at its IC, on the MCF7 cancer
cell line. This result demonstrated an increase in the
percentage of early and late apoptotic cells (right bottom +
right top), from 0.06% to 22.84% and from 0.68% to 42.21%,
respectively. Finally, it revealed an 82-fold increase in the
necrotic ability (left top) against the MCF7 cell line (1.64%)
compared to the control (0.02%), as shown in Figure 3.

Antiproliferative activity against human umbilical vein
endothelial cells (HUVEC) analysis was undertaken and
selected to imitate proliferating neovasculature in order to
evaluate the angiogenic inhibitory activity of the most
promising compound, 3j, in the in vitro VEGFR-2 kinase

https://doi.org/10.1021/acsmedchemlett.4c00095
ACS Med. Chem. Lett. 2024, 15, 892—898
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Figure 3. Flow cytometric analysis of cell cycle phases and apoptosis. (A) The representative histograms show the cell cycle distribution of the
control (MCF-7) and cells treated with 5.86 uM (ICs, value) of compound 3j for 72 h. (B) Flow cytometric charts of apoptosis in MCF-7 cells

exposed to compound 3j (5.86 uM) for 72 h.

assay.”> Compound 3j was subjected to an MTT assay against
HUVEC using Sorafenib as a positive control. Results were
expressed as ICs, (M) + standard deviation (SD) in Table 3.

Table 3. IC,, Values in uM of Compound 3j and Sorafenib
on Human Umbilical Vein Endothelial Cells (HUVEC)

Compound IC50 (uM)
3j 1787 + 7.71
Sorafenib 89.77 + 3.87

The results revealed that an almost doubled concentration of
compound 3j relative to Sorafenib is required to produce the
desired antiproliferative activity, indicating its safety as
indicated from their ICy, values (ICg, = 178.7 and 89.77
UM, respectively).

Additionally, cell invasion and migration analysis was carried
out using the scratch-wound assay, which measures the
migratory rate of investigated cells where migratory cells are
able to extend protrusions and ultimately invade and close the
induced wound field** A scratch assay of compound 3j on
HUVEC exhibited remarkable migration inhibitory ability
relative to the control and was comparable relative to
Sorafenib, as indicated from their wound closure percentage
(65.93%, 97.04%, and 57.04%, respectively), as shown in Table
4.

Molecular docking was performed for compounds 3j and 3i,
which showed significant VEGFR-2 inhibitory activity, to
demonstrate the interaction of the newly synthesized
compounds with the VEGFR-2 kinase domain, the rationale
of their biological activity, and their possible binding pattern.
The protein structure used for the docking studies was the
crystal structure of the VEGFR-2 kinase domain in complex
with a pyrazolone inhibitor (PDB code: 3U6]).”* The structure
has a resolution of 2.15 A and a novel type II pyrazolone

896

Table 4. Migration Inhibition Percentage as Reflected from
the Field Closure Percentage of Compound 3j, Sorafenib,
and the Control by Wound Scratch Assay

Compound Field closure percentage
3 65.926
Sorafenib 57.037
Control 97.037

inhibitor cocrystallized in the binding pocket of the enzyme.
The validation of the docking protocol was carried out by the
redocking of the cocrystallized ligand and resulted in an RMSD
value of 0.309 A, shown in Figure 4a. Both compounds 3j and
3i form a hydrogen bond with Cys-919 in the hinge region,
and the imidazolone moiety is surrounded with a hydrophobic
region composed of Leu-840, Phe-918, and Gly-922, as shown
in Figures 4b, c. The full list of interactions formed between
the compounds and the binding site of the enzyme are listed in
the Supplementary Data.

To further investigate the stability of the binding pose of
compound 3j, a 30 ns molecular dynamics simulation was
carried out. The visual inspection of the trajectory of the
protein—ligand complex generated from the simulation over a
period of 30 ns showed the stability of the selected binding
pose in the pocket of the protein. Moreover, the fluctuations of
the position of the atoms of both the protein and the ligand
were monitored across the molecular simulation run through
the calculation of the RMSD values for the position of the
atoms. The RMSD trajectories for the protein fluctuated
between a minimum of 0.1 to 0.25 nm with an average of 0.17
nm. On the other hand, the fluctuations for the RMSD values
for the ligand ranged between 0.05 and 0.14 nm, with an
average of 0.1 nm. The low values of the RMSD confirm the
stability of the selected pose in the binding pocket.
Additionally, the number of hydrogen bonds formed between

https://doi.org/10.1021/acsmedchemlett.4c00095
ACS Med. Chem. Lett. 2024, 15, 892—898
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Figure 4. (a) The cocrystallized ligand (shown in blue) and the redocked ligand (shown in yellow). The best docked pose of compounds 3j (b)
and 3i (c) into the binding pocket of the VEGFR enzyme, with key interacting residues are shown in purple.

the protein and the ligand were monitored over the molecular
dynamics simulation. The average number of hydrogen bonds
formed was found to be 2.

In summary, 20 new 1,2,4-trisubstituted imidazolones were
synthesized, and their structures were elucidated using
microanalyses and different spectral data. All compounds
were examined for their in vitro anticancer activities against
human breast (MCF-7) and lung (AS49) cancer cell lines.
Compound 3j showed a superior ICs, value (ICg, = 5.86 uM)
compared to the positive control (Doxorubicin) with an ICs,
value of 6.52 uM against the MCF-7 cell line. The ten most
active compounds were tested for their VEGFR-2 inhibitory
activity, and again, compound 3j showed superior activity
against the VEGFR-2 kinase enzyme (ICs, = 0.07 uM) in
comparison to the reference, Sunitinib (ICy, = 0.12 gpM). In
addition, compounds 3f, 3h, 3i, and 6i also elicited high
activity against this enzyme with IC, values of 0.10, 0.11, 0.10,

897

and 0.11 M, respectively. Moreover, compound 3j was
subjected to cell cycle analysis on the MCF-7 cell line, where it
produced a G1 apoptosis percentage of 22.68% compared to
the control (11.07%). Besides, it also resulted in a significant
arrest of the cell cycle at G2—M phases of 35.17% compared to
the control (13.52%). Additionally, HUVEC analysis carried
out on compound 3j to confirm antiproliferative potential
required double the concentration when compared to the
reference standard, Sorafenib, indicating its higher safety
potential. Moreover, compound 3j exhibited migration
inhibitory ability higher than the control and comparable to
that of Sorafenib. Also, molecular docking and dynamic studies
were carried out to predict and confirm the stability of the
binding pose of compound 3j, as well as to predict its possible
binding interactions. These results suggest that compound 3j is
a possible anticancer candidate via VEGFR-2 inhibition.
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