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Abstract: This study investigates the biological potential of
novel resveratrol-based derivatives targeting the MDM2
protein, a critical regulator of the tumour suppressor p53
in cancer therapy. We synthesized and characterized four
derivatives of (E)-24-dimethoxy-6-(4-methoxystyryl) benzalde-
hyde using mass spectrometry, proton nuclear magnetic reso-
nance, and Fourier-transform infrared spectroscopy. These
derivatives were specifically designed to enhance binding affi-
nity, stability, and selectivity compared to inhibitors like Nutlin.
Biological evaluation through MTT assays revealed varying
antiproliferative activities against HCT-116 cancer cells. AMJ3
exhibited the strongest activity, with an IC50 value of 22.69 +
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247 yug/mL, outperforming that of the reference compound
Nutlin (IC50: 62.72 % 3.15 pg/mL). MDM2-p53 inhibitory activity
confirmed AM]J3 as the most potent inhibitor (IC50: 0.24 *
0.02 uM), followed by AMJ5 (IC50: 0.48 + 0.04 uM), both sur-
passing Nutlin (IC50: 0.39 + 0.03 uM). Molecular docking studies
for AMJ3 and AMJ6 achieved superior glide scores of -5.6 and
-4.9, respectively. Molecular dynamics simulations validated
these findings, showing that AMJ3 formed a stable hydrogen
bonding interaction with Leu33 of the MDM2 protein and
hydrophobic interactions with lle40 and Tyr79, while Nutlin-
3a showed weaker interactions overall. These results highlight
AM]J3 and AM]5 as promising MDM2 inhibitors with enhanced
specificity and efficacy and better activity than Nutlin.

Keywords: MDM2, cancer, protein p53, molecular docking,
molecular dynamics

Abbreviations

DMSO dimethyl sulphoxide

FBS foetal bovine serum

FTIR Fourier-transform infrared

'"H NMR  proton nuclear magnetic resonance

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide

MDM2 murine double minute 2

RMSD root mean square deviation

RMSF root mean square fluctuation

MD molecular dynamics

MMGBSA  molecular mechanics generalized Born surface area

MS mass spectrometry
PBS phosphate-buffered saline
TLC thin-layer chromatography

1 Introduction

Cancer remains a significant global health challenge, being
one of the leading causes of morbidity and mortality
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worldwide [1]. Despite advances in traditional treatments
such as surgery, chemotherapy, and radiation therapy,
these approaches are often associated with severe side
effects and limited efficacy [2,3]. Thus, there is an urgent
need to develop novel therapeutic agents that can selec-
tively and effectively target cancer cells [4]. One promising
avenue is targeting the murine double minute 2 (MDM?2)
protein, a key regulator of the tumour suppressor p53, which
plays a central role in cancer therapy. MDM2 binds to p53,
leading to its ubiquitination and subsequent degradation via
the proteasome system. This regulatory mechanism is critical
for maintaining cellular homeostasis [5,6]. Normally, MDM2
binds to p53, triggering its ubiquitination and further degra-
dation through the proteasome system. This control system
helps to keep internal balance within the cell [7,8].

In many cancers, MDM2 becomes hyperactive, resulting
in excessive degradation of p53 and impairing its tumour-
suppressive functions. This allows malignant cells to evade
apoptosis, sustain proliferative signalling, and grow uncontrol-
lably. Blocking the MDM2-p53 interaction has thus emerged as
an attractive strategy to restore p53 activity and re-enable its
anti-tumour potential [9-11]. Existing MDM2 inhibitors, such as
Nutlin-3a, have demonstrated promise in preclinical and
clinical studies; however, they face significant limitations,
including moderate specificity, suboptimal binding affinity,
and off-target effects, which can compromise therapeutic out-
comes [12-14]. Recent studies have focused on designing inhi-
bitors with enhanced selectivity and efficacy to address these
challenges, emphasizing the need for innovative approaches.

Resveratrol, a natural polyphenolic compound found in
grapes, berries, and peanuts, is known for its wide range of
medicinal properties, including anti-inflammatory, antioxidant,
and anti-cancer effects [15,16]. Resveratrol, a natural polyphe-
nolic compound found in grapes, berries, and peanuts, is
known for its wide range of medicinal properties, including
anti-inflammatory, antioxidant, and anti-cancer effects [17].
However, its low bioavailability and rapid metabolism limit
its clinical application, creating an opportunity for structural
modifications to enhance its therapeutic potential [18]. To over-
come these challenges, we designed and synthesized novel
resveratrol-based derivatives to enhance their specificity and
efficacy as MDM2 inhibitors. Nevertheless, the practical applica-
tion of these molecules is hindered due to their low biocavail-
ability and quick metabolism rates. This prompted us to make
modifications to resveratrol derivatives to improve therapeutic
outcomes.

This study focuses on the design, synthesis, and character-
ization of four novel resveratrol-based derivatives to address
the limitations of existing MDM2 inhibitors. These derivatives
incorporate rational structural modifications to retain the ben-
eficial anti-cancer properties of resveratrol while improving
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binding affinity, selectivity for cancer cells, and interaction
stability with MDM2. The synthesis involved methylation,
Vilsmeier-Haack, and conjugation reactions, as detailed in
Section 2. The structures and purity of the derivatives were
confirmed using mass spectrometry (MS), proton nuclear mag-
netic resonance (‘H NMR) spectroscopy, and Fourier-transform
infrared (FTIR) spectroscopy. We conducted biological evalua-
tions, including MTT assays and MDM2-p53 inhibitory activity,
to assess the efficacy of these derivatives. AMJ3 and AM]J5
emerged as the most promising candidates, demonstrating sig-
nificantly stronger antiproliferative activity against HCT-116
cancer cells and superior selectivity for normal WI-38 cells
compared to Nutlin-3a. Computational studies further sup-
ported these results, which provided insights into their binding
interactions with the MDM2 protein. We conducted molecular
docking studies to predict how these resveratrol derivatives
would interact with the target protein MDM2 based on its
crystal structure (PDB ID: 5ZXF) [19] and evaluate their potential
as inhibitors of MDM2. Molecular dynamics (MD) simulations
confirmed stable and robust interactions with key residues.
Table 1 shows previously published inhibitors [7]. These find-
ings highlight the potential of AM]3 and AMJ5 as MDM2 inhibi-
tors with enhanced specificity and efficacy, addressing the
limitations of current therapies. This study establishes a strong
foundation for developing selective MDM2-targeted agents by
integrating biological and computational analyses.

2 Experimental section

2.1 General

All reagents and solvents were sourced commercially and
utilized without additional purification. The progress of the
reactions was tracked using thin-layer chromatography (TLC)
on silica gel plates, with visualization achieved under UV
light. Column chromatography was conducted employing
silica gel with a mesh size of 60-120. The compounds synthe-
sized were analysed through FTIR spectroscopy, MS, and
proton nuclear magnetic resonance (*H NMR) spectroscopy.

2.1.1 General procedure for the synthesis of (F)-2,4-
dimethoxy-6-(4-methoxystyryl) benzaldehyde
derivatives (AMJ1-AM)6)

Step 1: Synthesis of (E)-1,3-dimethoxy-5-(4-methoxystyryl)
benzene (AMJ1)

Resveratrol (1.00 g, 4.38 mmol, 1.0 equiv) was dissolved
in 20 mL of DMSO, and 2.95 g (52.5 mmol, 12 equiv) of KOH
was added in a single portion at 25°C. DMSO was selected as
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Table 1: Identified MDM2 inhibitors that are relevant to clinical study
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Compound
name

Structure

Mechanism

References

Nutlin-2

Nutlin-3

Indole-3-carbinol

HDM201

RG7112

NVP-CGMO097

APG-115

SAR405838 (MI-
77301)

C

C

The halogen on the phenyl ring is bromine, enabling the
substitution of residues Leu26 and Trp23 on the phenyl ring of
p53, with the final residue, Phe19, being replaced by an ethoxy

group

Nutlin-3 is a potent small-molecule inhibitor that binds to the
MDM2 protein, preventing its interaction with p53. Its structure
includes a halogenated phenyl ring, where the bromine atom
facilitates interactions with key residues in the MDM2 binding
pocket

Phosphorylation at the Ser15 site inhibits the p53-MDM2
interaction

Intermittent high-dose pulse treatment with HDM201 induces
the expression of PUMA (p53 upregulated modulator of
apoptosis) and promotes cell apoptosis in preclinical models,
demonstrating in vivo anti-tumour efficacy

Activation of the p53 pathway in vivo triggers apoptosis in
tumour cells

Upon binding to MDM2, the structure positions a
dihydroisoquinolinone scaffold at the centre of the MDM2 active
pocket. This scaffold acts as a connector for three critical
moieties, effectively occupying the key active sites of Phe19,
Leu26, and Trp23

APG-115 amplifies the anti-tumour efficacy of PD-1 antibodies in
Trp53 wild type (Trp53wt), mutant (Trp53mut), and deficient
(Trp53) homologous tumour models

Binding to MDM2 at a pocket analogous to the p53-binding site,
Nutlin-3 inhibits the p53-MDM?2 interaction, preventing the
degradation of p53 and restoring its tumour-suppressing activity

[20]

[21]

[22]

[23]

[24]

[23]

[26]

[27]

(Continued)
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Table 1: Continued

Compound Structure Mechanism References

name

Hoiamide D oH . ., Occupying the hydrophobic binding pocket of MDM2, thereby [9]

MeO NYE preventing the interaction between p53 and MDM2
0
Idasanutlin al " ~o Binding to MDM2 inhibits the formation of the p53/MDM2 [28]
(RG7388) F Oy N complex, thereby stabilizing the p53 protein through post-
O OH translational modifications
NH
® )
oL\

AMG 232 Meta-chlorophenyl, para-chlorophenyl, and isopropyl groups of  [29]
AMG 232 bind to MDM2, preventing its degradation, enhancing
stability, and promoting transcriptional activity

Fluspirilene F Two fluorophenyl and phenyl groups can fit into either the Leu26  [30]

0 N O or Phel19 pockets, with the molecule’s orientation adjustable to
HN»\Q align these groups within the Phe19 and Leu26 pockets
O
O
Isodomoic acid A O Phosphorylation at the Ser15 residue of p53 inhibits its [31]
HO degradation by MDM2, enhancing both its stability and activity
H— 0
\
HO
o]

the solvent due to its high polarity, which facilitates the
dissolution of resveratrol and promotes the methylation
reaction by stabilizing the transition state. The reaction
was conducted at 25°C to maintain the stability of resver-
atrol and prevent side reactions at higher temperatures.
After stirring the resulting slurry for 5 min at 25°C, 4.99 mL
(52.5mmol, 12 equiv) of dimethyl sulphate was slowly
added over 5min using a syringe. The excess of KOH and
dimethyl sulphate (12 equiv each) were used to ensure
complete methylation of the hydroxyl groups, maximizing
the yield. The reaction mixture was then stirred for 12h
at 25°C.

Workup

Upon completion, the reaction mixture was quenched
with 25 mL of saturated aqueous NH4C, poured into 10 mL
of water, and extracted with 30 mL of EtOAc three times.
EtOAc was chosen for its ability to selectively dissolve
organic products, facilitating the separation from aqueous
impurities. The combined organic extracts were washed
with 30 mL of water and 30 mL of brine, dried over
MgS0,, filtered, and concentrated. The resulting crude
yellow oil was purified using flash column chromato-
graphy (silica gel, hexanes/EtOAc, 8:2) to yield permethy-
lated resveratrol. The hexane/EtOAc ratio was optimized
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for the best product separation from byproducts and
unreacted starting materials. The yield of the purified pro-
duct was 84.4%, corresponding to 1g.

Step 2: Synthesis of (E)-2,4-dimethoxy-6-(4-methoxy-
styryl)benzaldehyde (AM)2)

Into a three-necked flask equipped with a stirrer and an
immersion thermometer, place 2.6 mL (33.29 mmol) of dry
dimethylformamide and immerse the flask in an ice-salt
bath. Dry DMF was chosen as the solvent due to its ability
to stabilize reactive intermediates and efficiently facilitate the
Vilsmeier—Haack reaction. Dimethylformamide was cooled,
and gradually, 1mL (11 mmol) of phosphoryl chloride was
added over 30 min. The slow addition of phosphoryl chloride
at a controlled temperature prevents exothermic side reac-
tions and ensures the formation of the reactive electrophilic
intermediate. Then, over 10 min, a solution of 1 g (3.7 mmol) of
permethylated resveratrol was added to 5mL of anhydrous
dimethylformamide, ensuring that the temperature did not
exceed 10°C. The mixture was stirred at 10°C for 45 min, then
at 35°C for 40 min. Maintaining the temperature below 10°C
prevents decomposition of the starting material and
unwanted side reactions. When the temperature is increased
to 35°C, it promotes the formation of the aldehyde product by
completing the reaction.

Workup

After the reaction, as confirmed by TLC, 3 g of crushed ice
was added to the mixture and stirred vigorously. Then, 3 g of
crushed ice was added. While stirring, slowly add a solution
of 2 g of sodium hydroxide to 10 mL of water using a dropping
funnel. The addition of sodium hydroxide neutralized the
reaction mixture, facilitating the precipitation of the product.
The gradual addition prevented excessive foaming and
ensured consistent mixing. The solution was added slowly
and then increased the speed while maintaining consistent
stirring. The product was isolated by filtration, and the
resulting  24-dimethoxy-6-(4-methoxystyry)benzaldehyde
was washed several times with water. Water washing
removed any remaining salts and impurities, ensuring a
pure product. The yield of the purified product was 90%,
corresponding to 1g of a yellowish-white powder.

Step 3: Synthesis of (E)-2-(2,4-dimethoxy-6-(4-methoxy-
styryl)phenyl)-1H-benzo[d]imidazole (AM])3)

For each reaction, diamine (1 mmol), aldehyde (1.1 mmol),
and ammonium acetate (1.5 mmol) were combined in absolute
ethanol in a 50 ml round-bottomed flask equipped with a
magnetic stirrer. Absolute ethanol was selected as the solvent
due to its ability to dissolve all reactants effectively and its role
as a benign medium for promoting the formation of the imine
intermediate. The flask was loosely capped and heated in an oil
bath at 75°C. The reaction temperature of 75°C was optimized
to provide sufficient activation energy for the reaction while
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preventing the decomposition of reactants and products. The
progress of the reactions was monitored using TLC with an
n-hexane/ethyl acetate (7:1) solvent system. Yield: 66 mg, 19%;
mp: 90-92°C; FT-IR (KBr, v, cm™): for 3,460 and 3,414 cm™ N-H
stretching; 3,012 cm™ aromatic CH stretching, 2,988 cm™ ali-
phatic CH stretching for 1,593 cm™ CC (double bond) alkene; for
1510.74 cm™ CC (double bond) aromatic, 1,256 cm™ for C-0
stretching, for 1,308 ecm > NH stretching (secondary amine),
for 1,200 cm™ CN (single bond). "H NMR (300 MHz, DMSO-d6)
6 7.81-745 (dd, J = 391, 8.2 Hz, 2H), 7.45-6.45 (m, 15H), 6.15-5.95
(d,J=6.2Hz, 1H), 4.39-3.21 (dq, ] = 54.8, 40.3 Hz, 24H). Molecular
formula: C54HN,03 molecular weight: 386.45, and mass frag-
ment (m/z): 386.2, 412.

Workup

After the reaction was completed, the solvent was eva-
porated to obtain the crude product, which was then pur-
ified using short-column chromatography with n-hexane/
ethyl acetate (10:1) as the eluent. The n-hexane/ethyl
acetate ratio of 10:1 was chosen to achieve effective separa-
tion of the desired product from any residual starting
materials or byproducts. The yield of the purified product
was 19%, equivalent to 66 mg of a yellow powder.

Step 4: Synthesis of (E)-2-amino-4-(2,4-dimethoxy-6-
(4-methoxystyryl)phenyl)-4a,10b-dihydro-4H-benzo[h]
chromene-3-carbonitrile (AM)4)

A reaction mixture of 1-naphthol (33 mmol), aldehyde
(33 mmol), malononitrile (33 mmol), and piperidine (0.2 ml)
in ethanol (15 ml) was heated under reflux for 6 h. Ethanol
was chosen as the solvent due to its polar protic nature, which
facilitates the solubility of reactants and promotes the nucleo-
philic addition reaction. Yield: 20 mg, 12%; mp: 138-140°C;
FT-IR (KBr, v, cm™): for 3,486 and 3,414 cm™, N-H stretching
(symmetric and asymmetric), 3,107 em™, for aromatic C-H
stretching 2,988 cm™ for aliphatic CH stretching, 2,208 cm™,
for sharp peak corresponding to the nitrile (cyano) group
(C=N) stretching, 1,593 em™ for CC (double bond) alkene,
1,466 cm™ for CC (double bond) aromatic, 1510.74 cm™> for
CC (double bond) aromatic, 1,256 cm™, for C-0 stretching.
'H NMR (300 MHz, DMSO-d6) & 8.66-8.34 (s, 1H), 7.69-7.14
(m, 7H), 7.02-6.92 (d, J = 8.6 Hz, 4H), 6.88-6.74 (d, J = 18.1Hz,
3H), 6.68-6.57 (m, 1H), 6.56—6.44 (d, J = 16.6 Hz, 1H), 6.06-5.49
(d, J = 39.4 Hz, 2H), 4.84-4.53 (s, 2H), 3.98-3.86 (d, J = 8.1Hz,
5H), 3.81-3.72 (dt, J = 15.4, 7.7 Hz, 10H), 3.02-2.94 (t, ] = 5.6 Hz,
1H), 1.68-1.53 (m, 3H)). Molecular formula: Cs;HyN,04 mole-
cular weight: 490.56, and mass fragment (m/z): 493.8; [M + H].

Workup

After the reaction was completed, the solvent was eva-
porated to give the crude product, which was purified
using short-column chromatography with n-hexane/ethyl
acetate (10:1) as eluent. The yield of the purified product
was 12%, corresponding to 20 mg of brown powder.
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Step 5: Synthesis of (E)-2-amino-4-(2,4-dimethoxy-6-
(4-methoxystyryl)phenyl)-4H-chromene-3-carboni-
trile (AM)5)

A reaction mixture of I-naphthol (33mmol), aldehyde
(33 mmol), malononitrile (33 mmol), and piperidine (0.2ml) in
ethanol (15ml) was heated under reflux for 6 h. Yield: 70 mg,
47%; mp: 132-134 °C; FT-R (KBr, v, em™): For 3455 and
3414 cm™, NH stretching, 3,017 cm™* for aromatic C-H stretching,
2,988 cm™* for aliphatic CH stretching, 2,208 cm™ for CN (triple
bond), 1,593 cm™? for CC (double bond) alkene, 1,510 cm™ for CC
(double bond)aromatic, and 1,153 cm ™ for CO stretching. *H NMR
(300 MHz, DMSO-d6) § 7.64-751 (m, 1H), 742-7.05 (m, 3H),
7.03-6.90 (t, J = 8.7Hz, 3H), 6.90-648 (m, 3H), 4.80-4.66 (s, OH),
3.96-3.69 (m, 10H), 3.37-3.12 (s, 8H). molecular formula: Cy;;Hy4N,0.,
molecular weight: 440.50, mass fragment (m/z): 439; [M + HJ*.

Workup

After the reaction was completed, the solvent was eva-
porated to give the crude product, which was purified
using short-column chromatography with n-hexane/ethyl
acetate (10:1) as eluent. The yield of the purified product
was 47%, corresponding to 70 mg of brown powder.

Step 6: Synthesis of (E)-2-amino-4-(2,4-dimethoxy-6-
(4-methoxystyryl)phenyl)-7-hydroxy-4H-chromene-3-car-
bonitrile (AM)6)

A reaction mixture of Il-naphthol (33mmol), aldehyde
(33mmol), malononitrile (33 mmol), and piperidine (02ml) in
ethanol (15ml) was heated under reflux for 6 h. Yield: 70 mg,
47%; mp: 136-138°C; FT-IR (KBr, v, am™): 3414 cm™ broad peak
of O-H stretching, 3304 and 3291 for NH, stretching, 3,100 em™
aromatic C-H stretching, 2934 cm™ aliphatic C-H stretching,
2,183 cm™ stretching, for CN, for 1,603 cm™ C=C stretching (alkene),
for 1491 cm™ CHCH double bond (aromatic), for 1,238 cm™ COC
stretching. *H NMR (300 MHz, DMSO-d6) & 7.67-753 (d, ] = 86 Hz,
1H), 7.43-7.06 (m, 3H), 7.03-6.41 (m, 7H), 4.16-3.53 (m, 13H), 351-3.09
(s, 9H). Molecular formula: C,;H,,N,05, molecular weight: 456.50,
and mass fragment (m/z): 472.9; [M-H,0-H]".

Workup

After the reaction was completed, the solvent was eva-
porated to give the crude product, which was purified
using short-column chromatography with n-hexane/ethyl
acetate (10:1) as the eluent. The yield of the purified pro-
duct was 47%, corresponding to 70 mg of brown powder.

3 Biological evaluation

3.1 In vitro MTT cell proliferation assay
3.1.1 Cell culture and media

Human colon carcinoma cells (HCT-116) and normal fibroblast
cells (WI-38) were obtained from the Holding Company for
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Biological Products and Vaccines (VACSERA, Giza, Egypt). The
cells were cultured in RPMI-1640 medium supplemented with
10% foetal bovine serum (FBS) and 1% penicillin—streptomycin
solution (100 IU/mL penicillin and 0.1 mg/mL streptomycin). All
cultures were maintained at 37°C in a humidified incubator
with 5% CO..

3.2 Procedure

The MTT assay was conducted to evaluate the antiproli-
ferative activity of the synthesized compounds. MTT
(3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bro-
mide; Sigma) was dissolved in phosphate-buffered saline
(PBS) at a concentration of 5 mg/mL. The solution was fil-
tered to remove any insoluble residue and sterilized. For
the assay, 2.6 x 10* to 3 x 10* cells were seeded into each
well of a 96-well tissue culture plate and incubated for 24 h
to allow adherence. Drug stock solutions were prepared in
dimethyl sulphoxide (DMSO) and serially diluted in a cul-
ture medium to achieve eight concentrations (300, 100, 30,
10, 3, 1, 0.3, and 0.1 ug/mL). Cells were treated with these
solutions for 72 h, while untreated cells were the control
group. After treatment, 10 uL of freshly prepared MTT solu-
tion was added to each well, resulting in a final concentra-
tion of 0.5 pug/uL. The plates were incubated for 4 h at 37°C,
during which viable cells reduced MTT to insoluble purple
formazan crystals. To dissolve the crystals, 200 uL of a 1:1
mixture of DMSO and isopropanol was added to each well,
and the plates were incubated for 30—-45 min at room tem-
perature. Absorbance was measured at 590 nm using a
Multiskan® EX Microplate Reader (Thermo Scientific,
USA). The assay was performed three times, with each
experiment conducted in triplicate. The ICs, values,
defined as the concentration required to inhibit 50% of
cell proliferation, were determined using nonlinear regres-
sion analysis in GraphPad Prism 8 software.

3.3 Evaluation of MDM2 inhibition activity

3.3.1 Biological assessment of the p53/MDM2 complex -
specific enzyme immunoassay

The potential of the synthesized compounds to inhibit the
interaction between the p53 tumour suppressor protein
and MDM2 protein was evaluated using a p53/MDM2
enzyme-linked immunosorbent assay (ELISA). Capture
antibodies (100 uL; prepared at 250x in coating buffer)
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were dispensed into the wells of a 96-well plate, sealed, and
incubated overnight at room temperature. The next day,
the coating solution was aspirated, and 200 uL of blocking
buffer was added to each well to prevent nonspecific
binding. The plates were incubated for 1h at room tem-
perature and then aspirated to remove the blocking solu-
tion. p53 standards, prepared in 20x stock analysis buffer
at a concentration of 1pg/mL, were pipetted into the
bottom of the appropriate wells. MDM2 standards, pre-
pared in 20x stock analysis buffer at a concentration of
0.32 pg/mL, were added to polypropylene-capped micro-
vials. Test compounds and Nutlin-3 (a reference MDM2
inhibitor), dissolved in DMSO at a concentration of
20 uM, were added to the microvials. The mixtures were
pipetted up and down for thorough mixing and incubated
for 1h at room temperature in a WiseCube incubator
(witeg Labortechnik GmbH, Wertheim, Germany).
Following incubation, 50 uL of each MDM2 mixture
was transferred to the corresponding wells containing
P53, and the plates were incubated on a plate shaker for
1h at room temperature. Wells were then washed four
times with 400 L of wash solution. A diluted MDM2 detec-
tion antibody (250% stock in assay solution) was added to
each well, except for the blank, and the plate was incu-
bated for another hour on a shaker at room temperature.
After washing the wells four times, 100 pL of streptavidin—
horseradish peroxidase complex was added to each well
(excluding the blank), and the plates were incubated for
30 min. The wells were washed again, and 100 pL of tetra-
methylbenzidine substrate was added to each well. The reac-
tion was allowed for 30 min at room temperature, after which
100 pL of 1N hydrochloric acid was added to stop the reac-
tion. Absorbance was measured at 450nm using a
MultiSkan™ GO Microplate Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Eight concentrations of each
compound (30, 10, 3, 1, 0.3, 0.1, 0.03, and 0.01 uM) were tested,
and all results are expressed as the mean * standard devia-
tion from three determinations performed in replicates
(n = 6). The IC50 values were calculated from sigmoidal
dose-response curves using GraphPad Prism 8 software.

3.4 Computational studies
3.4.1 Molecular docking studies

Molecular docking analysis explored the interaction
between the synthesized compounds and the MDM2 pro-
tein using the Glide module in Maestro software [32]. The
3D structure of the protein (PDB ID: 5ZXF) [19] was
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obtained from the Protein Data Bank (PDB). The protein
for docking was prepared through the Protein Preparation
Wizard, which filled in missing residues and refined
overall structural integrity. Ligands were prepared with
the OPLS3 force field at a pH of 7.0 + 2 [33]. To improve
the accuracy of binding affinity predictions, we used the Xp
Glide algorithm (OPLS3 force field) available in Maestro,
which is a reliable method for prediction.

3.4.2 MD simulation

Using the Desmond software package (Schrodinger LLC),
MD simulations were conducted for 150 ns. Molecular
docking was performed before the MD simulation to obtain
the molecule’s static binding location on the protein’s
active site. We performed MD simulations to study the
ligand-binding status in the physiological environment,
allowing atoms to move according to Newton’s classical
equation of motion over time [34]. The ligand—protein com-
plex was generated by Maestro’s Protein Preparation
Wizard, which optimized, minimized, and filled missing
residues [35]. The system was created by System Builder.
The system was solvated with an orthorhombic box and
TIP3P (Intermolecular Interaction Potential 3 Points Trans-
ferable) solvent model, at 300K/latm and using the
OPLS 2005 force field. Neutralization with counter ions
and 0.15 M sodium chloride was performed to imitate phy-
siological conditions in the models [36,37]. The models
were equilibrated before the simulation and recorded tra-
jectories every 150 ps for analysis.

4 Results and discussion

4.1 Chemistry

The synthesis of the derivatives (AMJ1-AM]6) involved a
series of carefully orchestrated chemical transformations,
beginning with the permethylation of resveratrol to obtain
(E)-1,3-dimethoxy-5-(4-methoxystyryl) benzene (AM]1), fol-
lowed by a Vilsmeier-Haack formylation to obtain (E)-2,4-
dimethoxy-6-(4-methoxystyrylbenzaldehyde (AM]2), and
subsequent steps to build the target molecules with benzo-
diazole and chromene cores (Scheme 1). The conversion of
resveratrol to AMJ1 was performed under mild conditions
using DMSO and KOH, followed by methylation with
dimethyl sulphate. The reaction proceeded smoothly, and
the product was isolated with an 84.4% yield after flash



8 =—— Amjad Ibrahim Oraibi et al.

chromatography, demonstrating the efficiency of the per-
methylation step. The method was robust, producing the
desired product with minimal side reactions. The formyla-
tion of AMJ1 was successfully carried out using DMF and
POCl; under controlled low-temperature conditions. AMJ2
was synthesized with good selectivity, yielding 90% after
aqueous workup and crystallization, underscoring the
effectiveness of the Vilsmeier-Haack reaction for gener-
ating substituted benzaldehydes. Subsequently, AMJ3 was
condensed with various amines and reagents to produce

benzodiazole and chromene derivatives. The FTIR
OH
HO 0
+ KOH + /\\S\/O
Resveratrol 0 o)

OH

DE GRUYTER

spectrum of AMJ3 displayed two significant peaks at
2,988 cm ™ (C-H stretching vibrations) and 1,593 cm™ (aro-
matic C=C stretching), indicating the presence of a ben-
zene derivative (Figure S1). MS revealed a molecular ion
peak at m/z 312 [M+], aligning with the calculated mole-
cular weight (Figure S5). The *H NMR spectrum of AMJ3 in
DMSO0-d6 showed signals at § 7.45-6.95 ppm (aromatic pro-
tons) and § 3.80 ppm (methoxy groups), confirming the
substitution pattern on the benzene ring (Figure S6)
(Scheme 1). The FTIR spectrum of AMJ4 showed a strong
peak at 1,593 cm™, characteristic of the aldehyde C=0

Scheme 1: Synthesis of the target compounds AMJ1-AMJ6 under the synthesis condition. Synthesis of the target compounds (AMJA-AMJ6). (i: heat 25®C, 12 h,
DMSO, KOH, dimethyl sulfate; ii: POCI3, NaOH, reflux, anhydrous dimethylformamide, 10-15®C, 0.45 h; iii: diamine (1mmol), aldehyde (1.1 mmol), ammonium
acetate (1.5 mmol), reflux, heat, 75®C, 2 h; iv: 1-naphthol (33 mmol), aldehyde (33 mmol), malononitrile (33 mmol) and piperidine (0.2 ml) in ethanol (15 ml),
reflux 6 h, heat, 25®C; v: 1-naphthol (33 mmol), aldehyde (33 mmol), malononotrile (33 mmol) and piperidine (0.2 ml) in ethanol (15 ml), reflux 6 h, heat 25®C;
vi: 1-naphthol (33 mmol), aldehyde (33 mmol), malononotrile (33 mmol) and piperidine (0.2 ml) in ethanol (15 ml) reflux 6 h, heat, 25®C.
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stretch, along with typical aromatic C=C stretches around
1,600 cm™. The MS spectrum revealed a molecular ion
peak at m/z 326 [M+], in agreement with its molecular for-
mula. Distinctive aldehyde proton signal appeared in its *H
NMR spectrum at § 9.84 ppm, while other aromatic protons
resonated between § 7.60 and § 6.90 ppm (Figure S2).
Notably, compound AMJ3 had a moderate yield (19%)
when it was synthesized by the condensation reaction of
diamine. The low yield could be attributed to the formation
of regioisomers or incomplete reaction under the set condi-
tions. Improvements in yield might be explored through opti-
mization of the reaction time and temperature. AMJ4 showed
an FTIR spectrum with peaks at 3,468 and 3,414 cm™ for N-H
stretching, 3,012 cm™ for aromatic CH stretching, 2,988 cm™
for aliphatic CH stretching and 1,593 cm™ for CC (double
bond) alkene, 1510.74 cm™ for CC (double bond) aromatic,
1,308 cm™ for NH stretching (secondary amine), 1,200 cm™
for CN (single bond), and 1,153 em™ for CO (single bond), an
NH stretching band at 3,305 em™ and a C=O0 stretch at
1,655 cm™, typical for benzodiazoles. Its mass spectrum pre-
sented a base peak at m/z 386.2, fitting the molecular weight.
The 'H NMR data included aromatic proton signals at &
7.81-745ppm and § 7.45-6.45 ppm, with additional peaks
due to the NH group at § 8.10 ppm (Figure S6).

AM]J5 and AM]J6 were synthesized via a Knoevenagel
condensation followed by a cyclization to form chromene
derivatives. The yields varied, with AMJ4 at 12% and AM]J5
at a significantly higher 47%, indicating a possible influ-
ence of reaction kinetics and thermodynamic stability on
the final product formation. AMJ5 and AM]6, both chro-
mene derivatives, exhibited similar spectral features with
key differences. The FTIR spectrum of AM]J5 had notable
peaks for NH and CN stretching at 3,455 and 2,208 cm™!
respectively (Figures S3 and S4). Its 'H NMR spectrum
showed aromatic protons at § 7.69-6.57 ppm and a nitrile
group signal at § 8.66 ppm. AMJ6 differed slightly, with its
FTIR spectrum showing NH stretching at 3,414 cm ™ and CN
stretching at 2,208 cm™’. The 'H NMR spectrum included
aromatic protons at § 7.64-6.48 ppm and lacked the nitrile
group’s high-field signal. The high yield in the synthesis of
AM]J6 suggests an efficient cyclization step under the reflux
conditions provided. AM]J6, incorporating a hydroxy group,
was also synthesized in a 47% yield, like AMJ5, which sug-
gests that the introduction of a hydroxy group at the 7-
position on the chromene ring does not significantly hinder
the reaction process. AMJ]6’s spectral data were indicative
of a hydroxy-substituted chromene. The FTIR spectrum
had a broad O-H stretch at 3414cm™ of compound
AM]J5, along with other functional group absorptions. The
MS and *H NMR spectra were similar to AMJ6 but included
shifts in the aromatic region, suggesting the influence of
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the hydroxy group on the electronic environment of the
aromatic system. Characteristic absorption bands in the
FTIR spectra and the correct mass peaks in MS ensured
the structural integrity of the compounds. The 'H NMR
spectra provided conclusive evidence for the structures
of AMJ1-AM]J6, with chemical shifts corresponding to the
expected molecular environments. The synthesized series
of derivatives AMJ1-AM]J6 highlighted the versatility of
benzaldehyde derivatives as precursors for the synthesis
of complex molecules like benzodiazoles and chromenes.
The varying yields across the synthesis steps underscore
the need for further optimization to enhance reaction effi-
ciency and product recovery. The successful characteriza-
tion of these compounds will pave the way for their poten-
tial evaluation in biological studies in future studies.

4.2 In vitro MTT cell proliferation assay

The MTT assay evaluated cell viability in response to treat-
ment with different compounds. The results, summarized
in Table 2, indicate the percentage of antiproliferative
activity against human colon cancer cells (HCT-116)
(Figure 1) and their effects on normal lung fibroblast cells
(WI-38) to assess the selectivity and safety of the com-
pounds (Figure 2). All cells were treated for 72 h.

HCT-116 cells treated with varying concentrations of
the compounds (0.1, 100, and 300 ug/mL) for 72h were
also observed under an inverted microscope to assess mor-
phological changes (Figures 3-5).

4.3 MTT assay results

The ICso values of the tested compounds against the HCT-
116 cell line were determined using the MTT assay. The
results are presented as mean + standard deviation (SD)
from three independent experiments performed in tripli-
cate. Statistical analysis was conducted using one-way

Table 2: Antiproliferative activity of compounds on HCT-116 and WI-38
cell lines

Compound Sample In vitro cytotoxicity [ICso, pg/mL + SD]
HCT-116 WI-38

1 AM)3 22.69 + 2.47 75.86 + 2.73

2 AMJ4 44,50 +1.77 86.70 + 3.75

3 AM)5 23.18 £ 2.55 67.25 + 4.50

4 AMJ6 84.39 + 2.99 97.94 + 3.07

Nutlin-3a 62.72 + 3.15 124.90 £ 3.06
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Figure 1: Antiproliferative activity with ICso values of compounds and nutlin reference against HCT-116 cells.

ANOVA, followed by Tukey’s post-hoc test to assess signifi-
cant differences among the tested compounds. The signifi-
cance level was set at p < 0.05, as shown in Figures 6 and 7.

Among the tested compounds, compound 3 (AM]3)
exhibited the strongest antiproliferative activity against

HCT-116 cells with an ICsy value of 22.69 + 2.47 ug/mL, out-
performing that of the reference compound Nutlin (ICsq:
62.72 + 3.15 ug/mL). Compound 3 (AM]3) also displayed high
selectivity towards normal WI-38 cells, with an IC50 value
of 75.86 + 2.73 pg/mL. These results suggest that compound
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Figure 2: Antiproliferative activity with ICsq values of compounds and nutlin reference against WI-38 normal lung fibroblast cells.
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Figure 3: Image of the control CHT-116 cells.

3 (AM]3) is a promising anticancer agent, capable of selec-
tively targeting cancer cells while sparing normal cells.
Compound 5 (AM]5) also demonstrated strong antiprolifera-
tive activity, with an ICsy of 23.18 + 2.55 ug/mL, comparable to
compound 3 (AM]3). It exhibited good selectivity toward
normal cells (ICsy: 67.25 + 4.50 ug/mL), further supporting its
potential as an anticancer candidate. Compound 4 (AMJ4)
showed moderate activity against HCT-116 cells, with an ICsq
of 44.50 + 1.77 ug/mL, making it less potent than compound 3
(AM]J3) and compound 5 (AM]5). Furthermore, its selectivity
towards normal cells (ICsy: 86.70 + 3.75 ug/mL) was lower,
limiting its potential as a selective anticancer agent.
Compound 6 (AM]J6) exhibited the weakest antiproliferative

AMJ 3

AMJ4

AMJ5
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activity, with an ICs, value of 84.39 + 2.99 yg/mL and poor
selectivity towards normal cells (ICsp: 97.94 + 3.07 ug/mL),
making it the least effective compound compared to the refer-
ence Nutlin.

4.3.1 MDM2 inhibitory activity results

The MDM2 inhibitory activity of the compounds was eval-
uated using a p53-MDM2 ELISA assay, and the results are
summarized in Table 3.

4.3.2 MDM2 inhibition

Compound 3 (AM]3) exhibited the strongest inhibitory activity
against the MDM2-p53 interaction, with an ICsy value of 0.24 +
0.02 uM, surpassing the reference Nutlin-3a compound (ICsy:
0.39 £ 0.03 uM). This potent inhibitory activity suggests a strong
binding affinity of AMJ3 to the MDM2-p53 complex, effectively
disrupting the interaction and restoring p53 function. When
combined with its potent antiproliferative activity against
HCT-116 and selectivity toward WI-38 cells, AMJ3 emerges as
a highly promising anticancer candidate. Compound 5 (AM]5)
also demonstrated significant inhibitory activity, with an ICs,
value of 0.48 + 0.04 uM, comparable to Nutlin-3a. Along with
its strong results in the MTT assay, compound 5 (AM]5) shows

Figure 4: Effects of AMJ3, AMJ4, and AM] 5 on the HCT-116 cell line at concentrations of 0.1, 100, and 300 for 72 h.
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Figure 5: Effect of AMJ6 and reference Nutlin on the HCT-116 cell line at concentrations of 0.1, 100, and 300 pg for 72 h.

potential as another viable anticancer candidate. In contrast,
Compound 4 (AMJ4) exhibited weaker MDM2 inhibition, with
an ICs, value of 2.55 + 0.40 uM, making it less effective than
Nutlin-3a. Similarly, compound 6 (AM]6) displayed poor
MDM2 inhibitory activity (ICsp: 2.63 + 0.46 pM), indicating
limited potential as an anticancer agent.

4.4 Molecular docking

Molecular docking studies assessed the interaction
between synthesized compounds (AM]3, AMJ4, AM]5,
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Figure 6: IC5, values of the tested compounds against HCT-116 cells
(mean + SD). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s test (p < 0.05).

AMJ6) and the MDM2 protein, a pivotal target in cancer
therapy. The computational analysis revealed distinct
binding affinities and modes of interaction. Nutlin-3a, ser-
ving as a benchmark with a binding affinity of —6.903 and
MMGBSA with a binding energy AG of -19.09 kcal/mol,
showed extensive interactions predominantly via
hydrogen bonds with GIn51 along with significant hydro-
phobic contacts throughout the binding site (Figure 8). In
the molecular docking studies, AMJ4 and AM]J5 demon-
strated lower binding affinities to the MDM2 protein,
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Figure 7: ICs values of the tested compounds against WI-38 cells (mean
+ SD). Statistical analysis was performed using one-way ANOVA followed
by Tukey’s test (p < 0.05).
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Table 3: Inhibitory activity of compounds against MDM2-p53
interaction

Compound Code Mdm2-p53 inhibition [ICso, pM + SD]
1 AM)3 0.24 + 0.02
2 AM)4 2.55 + 0.40
3 AMJ5 0.48 + 0.04
4 AMJ6 2.63 + 0.46
Nutlin-3a 0.39 £ 0.03

with glide scores of —4.3 and -3.9, respectively, compared
to AMJ3 and AM]J6, which showed glide scores of 5.6 and
-4.9, respectively. These results suggest that AMJ4 and
AM]J5 may have weaker interactions with MDM2, poten-
tially resulting in less effective inhibition. AM]3 and AM]6
displayed notably higher binding energies, -35.53 and
-39.39 kcal/mol, respectively, suggesting a stronger and
potentially more stable interaction with MDM2. These com-
pounds formed key hydrogen bond linkages with residues
such as His75 with AMJ3 compound and GIn51 with AM]J6,
and other hydrophobic interactions were observed as
hydrophobic interactions such as Leu33, Phe34, and
Phe65 (Figure 8). An in-depth analysis of ligands revealed
that the presence of additional functional groups, such as
nitrogen and oxygen, in AMJ compounds allowed for more
diverse interactions. The benzene ring linked to nitrogen

e
B SN— 33

nutlin-3a
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in AM]J3 participated in m—m stacking with His75 and Tyr79
with the oxygen atom of the benzene ring, which may
potentially enhance molecular binding stability.

Similarly, the amino group present within the fused
ring system of AMJ]6 formed hydrogen bonds and hydro-
phobic contacts, respectively, with polar side chains of
GIn51 and His52, thus enhancing binding specificity and
strength. Their remarkable binding energies compared to
Nutlin-3a indicate that AMJ3 and AM]J6 could be better
MDM2 inhibitors. The surface view of the 3D image indi-
cated favourable binding affinity in the MDM2 protein
(Figure 9). Further examination revealed that the main
contact between AMJ4s and MDM2 protein is hydrophobic
interaction. Specifically, a benzene ring forms a hydro-
phobic contact with His52, an essential residue located at
the binding pocket of MDM2.

On the other hand, AM]5’s interaction with MDM2
involves a hydrogen bond, but it is with a water molecule
rather than directly with an amino acid residue of the
protein (Figure 10). While molecular docking provides
valuable insights into potential binding poses and affi-
nities, it is based on static structures, which may not fully
represent the dynamic conformational changes that occur
during ligand binding. Moreover, the docking process sim-
plifies the binding environment by excluding solvent
effects and entropy changes, which can influence the
true binding affinity in biological systems.
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Figure 8: 2D interaction of the protein and ligand complex of compounds AMJ3, AMJ6, and co-crystal ligand Nutlin-3a.
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Figure 9: Surface view of the protein and ligand contact and 3D interaction of the protein and ligand complex of compounds AM|3, AMJ6, and
co-crystal ligand nutlin-3a.
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Figure 10: 2D interaction of the protein and ligand complex of compounds AMJ4 and AMJ5.
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4.5 MD

A detailed MD simulation was conducted for 150 ns using
Desmond software to investigate the formation of stable
complexes involving compounds AM]3, AM]J6, the co-crystal
ligand nutlin-3a, and the target protein MDM2 (Figures 11-13).
The study focused on critical parameters, including root
mean square deviation (RMSD), root mean square fluctuation
(RMSF), and protein-ligand interactions.

4.5.1 RMSD analysis

The RMSD values of the C-alpha atoms in the protein com-
plexes provided insights into the overall stability of the
ligands within the binding pocket. Compound AM]3 exhib-
ited stable RMSD values, maintaining an average of 1.30 A
after 20 ns. Notably, transient fluctuations were observed
between 55-60 and 118-126 ns, where RMSD values briefly
dropped to 1.27 A before stabilizing again at 1.30 A (Figure
12). These fluctuations did not compromise the overall sta-
bility of the AMJ3-MDM2 complex, which remained com-
parable to the Nutlin-3a ligand. In contrast, AMJ6 displayed
an initial equilibration phase lasting approximately 45 ns,

®
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with RMSD values fluctuating around 1.45A during this
period. After equilibration, AMJ6 maintained a consistent
RMSD of approximately 1.50 A, reflecting stable binding
within the MDM2 pocket throughout the simulation
(Figure 13). These findings suggest that AMJ6 achieves a
high level of stability after the initial phase, making it a
strong candidate for MDM2 inhibition.

4.5.2 RMSF analysis

The RMSF analysis revealed the extent of flexibility in spe-
cific regions of the protein-ligand complex. Both AMJ3 and
AM]J6, as well as the Nutlin-3a ligand, displayed lower fluc-
tuations at the binding site, particularly in the loop and
terminal regions of the protein. This reduction in RMSF
values underscores the stability and durability of interac-
tions between the protein and ligands. Furthermore, pre-
serving secondary structural elements, including alpha-
helices and beta-strands, accounted for 47.09% of the
overall protein structure, ensuring structural integrity
throughout the simulation. Alpha-helices and beta-strands
contributed 38.79 and 7.30%, respectively, to the protein’s
secondary structure in the presence of Nutlin-3a.
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Figure 13: Molecular dynamics simulation analysis of compound AMJ6: Image (a) shows the RMSD of the protein and ligand complex; Image (b)
shows the RMSF of the protein; Image (c) shows the protein and ligand contact histogram (green colour shows the H-bonding interaction, blue colour
shows water bridges, and pink colour shows the hydrophobic interaction), and Image (d) shows the protein and ligand contact in heatmaps analysis.



DE GRUYTER

4.5.3 Protein-ligand interaction analysis

Detailed interaction analysis revealed the specific residues
involved in binding for each ligand. Compound AMJ3 demon-
strated a strong hydrogen bonding interaction with Leu33 of
the MDM2 protein, with a 97% interaction fraction. Additional
hydrophobic interactions were observed with Ile40 and
Tyr79, further stabilizing the complex. Similarly, AMJ6 exhib-
ited hydrophobic interactions with Ile40, Ile78, and Leu36 and
an additional hydrogen bond with His75 of the protein
(Figure 13). In contrast, Nutlin-3a formed hydrogen bonds
with Gly37 and GIn51 via its piperazine moiety, contributing
to only 33% of the protein’s interactions (Figure 11). These
findings highlight the enhanced binding affinity and stability
of AMJ3 and AMJ6 compared to Nutlin-3a, suggesting their
potential as superior MDM2 inhibitors.

5 Limitations of the study

While this study highlights the potential of novel resvera-
trol-based derivatives as MDM2 inhibitors, some limita-
tions should be acknowledged. Although computational
findings were supported by in vitro experiments, such as
MTT assays and MDM2-p53 inhibition studies, the absence
of in vivo validation limits the ability to fully assess the
pharmacokinetics, toxicity, and therapeutic efficacy of
the compounds in more complex biological systems.
Future studies incorporating animal models will be essen-
tial to bridge this gap and confirm the translational poten-
tial of these derivatives. The computational methods
employed, including molecular docking and MD simula-
tions, rely on simplified representations of the binding
environment. These models do not fully capture solvent
effects, entropy, and the conformational flexibility of pro-
tein-ligand complexes, which could influence the accuracy
of binding affinity predictions. Additionally, this study
focused on a limited number of the synthesized derivatives
(AM]3, AMJ4, AM]J5, and AMJ6), restricting the scope for
establishing a comprehensive structure—activity relation-
ship. Expanding the derivative library in future research
will provide deeper insights into the relationship between
molecular structure and biological activity.

6 Conclusion

In conclusion, we have synthesized four novel compounds,
(E)-2,4-dimethoxy-6-(4-methoxystyryl)benzaldehyde, which
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contain resveratrol derivatives. These identified novel
molecules were characterized and underwent a detailed
mass spectral analysis. Molecular docking studies revealed
that AMJ3 and AM]J6 exhibited significantly higher binding
affinities and more stable interactions with the MDM2
protein compared to AMJ4 and AM]J5. Higher binding
energies and interaction details suggest that AMJ3 and
AM]J6 may be potential MDM2 inhibitors for further devel-
opment. This indicates that AMJ3 and AMJ6 molecules
formed strong hydrogen bonds with key residues such
as His75, GIn51, Leu33, and Phe34, which are important
for efficient MDM2 inhibition. MD simulations confirmed
the stability of the complexes formed by AM]3 and AM]J6
with MDM2 over a 150 ns simulation period. AMJ3 demon-
strated stable RMSD values after an initial equilibration
phase, with minor fluctuations observed during specific
intervals. Similarly, AMJ6 maintained stability after an
initial equilibration phase, with consistent RMSD values
throughout the simulation. In addition, RMSF analysis
demonstrated low fluctuations at the site of binding, indi-
cating that these interactions were stable. Therefore, our
results indicate that AMJ3 and AJM6 are possible candi-
dates to inhibit MDM2 protein in cancer therapy. Detailed
insights from MD and docking studies offer a solid basis
for the rational design of more potent anticancer agents
targeting the MDM2 protein. Among the synthesized com-
pounds, AMJ]3 demonstrated the highest antiproliferative
activity against HCT-116 cancer cells (ICsq: 22.69 + 2.47 ug/
mL) while maintaining high selectivity for normal WI-38
cells (ICsp: 75.86 + 2.73 pg/mL). In MDM2-p53 inhibition
assays, AMJ3 exhibited superior activity (ICsp: 0.24 *
0.02 uM) compared to the reference compound Nutlin-3a
(ICs0: 0.39 + 0.03 uM). Similarly, AM]J5 displayed promising
activity in both MTT assays and ELISA-based inhibition
studies. Future work will include more biological experi-
ments to validate these computational results and explore
the therapeutic potential of these compounds in clinical
settings.
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