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Abstract

We herein report the anticancer activity and molecular docking studies of a series of
amide derivatives of two nonsteroidal anti-inflammatory drugs (mefenamic acid and
ibuprofen). The hypothesis of drug repurposing has been successfully employed to explore
the promising anticancer activity of analogs of known anti-inflammatory agents. The
compounds have been tested for their inhibitory potential against cervical cancer cell lines
by MTT assay using 5-fluorouracil as the reference standard. Among the compounds
screened, 3aa [2-(2,3-dimethylamino)phenyl)(1H-indol-1-yl)methanone] and 3ad [2-(2,3-
dimethylphenylamino)phenyl)(9H-carbazol-9-yl)methanone] displayed good potency of
less than 25 µg/mL half-maximal inhibitory concentration (IC50). The docking analysis
has confirmed that molecule 3aa effectively binds to the active site of the target protein
CDK2, with a docking score of −9.21 Kcal/mol and a binding energy of −46.44 Kcal/mol,
involving a hydrogen bond with Ile 10. The molecule 3ad also exhibited a good glide
score of −6.78 Kcal/mol with the binding energy of −45.90 Kcal/mol. As many of the
tested compounds displayed promising potency against cervical cancer cell lines, our
investigation revealed the importance of drug repurposing in the development of lead
molecules in medicinal chemistry.

Keywords: mefenamic acid; ibuprofen; cytotoxic activity; cell lines; molecular docking;
binding site; SAR

1. Introduction
Cancer has continued to be a menace to humanity for a very long time due to its

continually rising morbidity and mortality rates [1]. It is a disease characterized by the
proliferation of abnormal cells that spread throughout the body [2]. This malignancy arises
from gene mutations that can lead to tumor formation through cell assembly. Another
type of tumor is a benign tumor that does not metastasize and is not detrimental [3].
Generally, the definitive metabolic pathway in cancer cells makes it difficult to treat or
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cure completely [4]. The Warburg effect, a key phenomenon in cancer, is the elevated
utilization and uptake of glucose by cancerous cells [5]. Chemotherapy and radiation
are the common treatments available for cancer; however, they are sometimes replaced
by targeted therapy nowadays. This mainly targets the abnormal cells while leaving the
normal cells intact [6]. This modified therapy is now being employed more in the bladder,
kidney, lung, breast and cervical cancers [7–10]. Cervical cancer is one of the most prevalent
malignant tumors in women [11]. The compounds with a high level of potency can induce
apoptosis and are being used for cancer treatment. Cervical cancer is caused by the Human
Papilloma Virus (HPV) and induces blisters in the genital area [12]. It can adversely affect
the urinary bladder. It can also cause kidney damage and vaginal bleeding that can spread
to other organs. In short, cervical cancer can be life-threatening. However, it can be cured
if detected at an early stage. Screening of cervical cells can be done in a Pap test or Pap
smear, which will help to identify the abnormalities. The HPV test can be done after
detecting the abnormality in the Pap test [13]. Paclitaxel, cisplatin [14], 5-fluorouracil [15]
and topotecan [16] are some of the medications used for the treatment of cervical cancer
nowadays. With the help of computational studies, CDK2 was reported recently as a main
apoptotic gene to forecast cervical cancer [17]. This observation has led us to take CDK2 as
the target protein for our in silico studies.

Heterocyclic compounds containing one or more heteroatoms are mainly utilized for
various useful applications nowadays. Many heterocycles are important constituents of pro-
teins, essential amino acids and pigments like chlorophyll [18]. Nitrogen-based heterocycles
are part of thiamine, riboflavin, nicotinamide, etc., and drugs such as barbituric acid, an-
tipyrine, chlorpromazine, and captopril also contain nitrogen heterocycles. Nitrogen atoms
can be quickly bonded with DNA through hydrogen bonding, which makes them find ap-
plications in anticancer studies [19–23]. It is reported that the new acridone derivatives [24],
isosteviol fused pyrazoline, ursolic acid-linked triazole, or D-ribose, display anticancer
activity in the micromolar to nanomolar range [25]. Some heterocyclic compounds with pro-
found anticancer activity have been detailed in Scheme 1. The carbazole-based compounds
have recently been reported as effective agents for improving anticancer therapy [26]. In
2025, a bis-carbazole derivative was reported to exhibit excellent activity against the breast
cancer cell lines [27]. Derivatives of indole were also tested for anti-breast cancer activity
against the MCF-7 cell line (a breast cancer cell line) [28]. Hussain Basha and coworkers re-
ported 2-amino-3-cyanopyridine derivatives with better binding affinity against the EGFR
(epidermal growth factor receptor) protein by computational studies [29]. Thiazole hybrids
have been reported to show a wide spectrum of activity against different cancers [30].
Benzimidazole–thiazole hybrids have been reported with better results in apoptosis in-
duction and cell cycle arrest recently [31]. Newly synthesized benzyl-4-(4-chlorophenyl)
thiazole-2-carboxylate was recently reported for its potent binding capacity with the tar-
get protein 6FS1 [32]. Methylated thienopyridine-indole derivatives have recently been
reported for their enhanced antiproliferative effect [33].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used for the treatment of
inflammation, which usually works by blocking the cyclooxygenase enzyme [34]. It also
shows good analgesic and antipyretic properties. Some of the typical examples of NSAIDs
available in the market are mefenamic acid (2-[(2,3-dimethylphenyl)amino]benzoic acid)
and ibuprofen (2-[4-(2-methylpropyl)phenyl]propanoic acid) [35]. We recently reported the
synthesis of some mefenamic acid and ibuprofen derivatives containing amide functionality
and evaluated their anti-inflammatory, antimicrobial, and antioxidant potential [36]. Drug
repurposing has now emerged as an important step in the field of medicinal chemistry.
This technology has now been explored by various medicinal chemists throughout the
world and has marked a breakthrough in cancer therapy [37]. Being an antioxidant,
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ascorbic acid has recently been reported for its anticancer activities, which displayed
promising wound healing and tissue repair properties [38]. The ibuprofen-loaded polymer
nanoparticles have already been reported for their ability to reduce cellular proliferation
compared to the reference drug [39]. In 2017, mefenamic acid was reported for its ability to
enhance anticancer drug sensitivity [40]. A critical review on the application of NSAIDs for
anticancer activity evaluation has been reported by R.E. Harris and coworkers [41]. These
observations prompted us to test the anticancer activity of our previously synthesized amide
derivatives of mefenamic acid and ibuprofen, which have shown good antioxidant/anti-
inflammatory activities. Different experimental studies have reported anticancer effects
of NSAIDs on animal models and cell lines [42]. The aforementioned observations also
enlightened us to synthesize and evaluate the anticancer properties of some new amide
derivatives of mefenamic acid and ibuprofen.

Scheme 1. Some heterocycles with anticancer activity.

As a continuation of our ongoing research on the study of the biological activity of
mefenamic acid and ibuprofen derivatives, we herein report their synthesis, anticancer
activity, molecular docking and structure–activity relationship (SAR) studies.

2. Results and Discussion
2.1. Chemistry

The synthesis of mefenamic acid and ibuprofen derivatives, 3aa–3af, 3ai, 3aj, 3bd
and 3bg, was carried out by the coupling of the acid 1a and 1b with different amines 2
according to the procedure previously reported by us [36]. As detailed in Schemes 2 and 3,
we have optimized the reaction conditions using HATU as the coupling agent [43], and
DIPEA [44] as a base in DMF solvent. Apart from the previously synthesized compounds,
nine new derivatives of mefenamic acid and ibuprofen were also synthesized using this
optimized methodology.

Later, the cytotoxic assay [45] was carried out to evaluate the anticancer activity of our
synthesized compounds using 96-well plates. HeLa cell lines were used for in vitro studies
due to their durability and rapid proliferation. They were derived from cervical cancer
cells. As the concentration of the tested compounds increased, the number of adhering
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cells gradually declined. The synthesized compounds exhibited good anti-inflammatory
and antioxidant activities. Compounds with antioxidant/anti-inflammatory properties
generally exhibit anti-tumor activity, for example, Triptolide, Epigallocatechin 3-gallate,
and Quercetin. The combination of repurposed therapeutic drugs and approved drugs
for cancer can achieve more efficacy and safety. Therefore, drug repurposing has a great
impact in the field of pharmaceutical chemistry, where researchers have heightened their
awareness nowadays.
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Scheme 2. Substrate scope for the synthesis of amides from mefenamic acid; isolated yield in parenthesis.
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Scheme 3. Synthesis of amides from ibuprofen; isolated yield in parenthesis.

2.2. Biological Activity
2.2.1. In Vitro Anticancer Studies
In Vitro Antiproliferative Effect on HeLa Cell Lines: Determination by MTT Assay

The percentage inhibition of each tested compound was calculated using Equation
(1) (see Materials and Methods), and concentration versus percentage absorbance graphs
were plotted. From the graph, IC50 values were determined and the results are tabulated
in Table 1. 5-Fluorouracil (5-FU) was utilized as the reference standard in our studies.
From our studies, the compounds 3aa and 3ad were found to be the most active ones
since they exhibited lower IC50 values. The images of the HeLa cell line after adding these
two compounds at various concentrations were taken to gain further insights into their
profound anticancer activity (Figures 1 and 2).
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Table 1. IC50 values of the compounds obtained in the MTT assay a.

Entry Tested Compounds IC50 (in µM ± SD)
1 1a (Mefenamic acid) 64.43 ± 4.28
2 1b (Ibuprofen) 65.15 ± 5.43
3 3aa 24.29 ± 6.19
4 3ab 31.00 ± 7.20
5 3ac 30.13 ± 5.86
6 3ad 23.05 ± 7.10
7 3ae 52.84 ± 6.23
8 3af 72.56 ± 9.02
9 3ag 41.24 ± 3.23
10 3ah 34.11 ± 4.34
11 3ai 35.40 ± 5.32
12 3aj 30.10 ± 3.55
13 3bc 40.22 ± 5.36
14 3bd 64.50 ± 5.85
15 3bf 68.26 ± 4.22
16 3bg 30.925 ± 6.02
17 3bh 30.01 ± 6.24
18 3bi 33.228 ± 5.42
19 3bj 38.23 ± 4.87
20 5-Fluorouracil (5-FU) 20.80 ± 3.90

a Each experiment was done in triplicate; results are expressed as mean ± SD.

  
Concentration 6.25 µg/mL Concentration 12.5 µg/mL 

  
Concentration 25 µg/mL Concentration 50 µg/mL 

Figure 1. Cont.
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Concentration 100 µg/mL Control 

Figure 1. Observed morphological changes in the HeLa cell line on adding compound 3aa.

Concentration 6.25 µg/mL Concentration 12.5 µg/mL 

  
Concentration 25 µg/mL Concentration 50 µg/mL 

  
Concentration 100 µg/mL Control 

Figure 2. Observed morphological changes in the HeLa cell line on adding compound 3ad.

https://doi.org/10.3390/biophysica6040070

https://doi.org/10.3390/biophysica6040070


Biophysica 2026, 6, 70 8 of 29

MTT assay has revealed that the compounds 3aa and 3ad were exhibiting low IC50

values compared to the parent compounds mefenamic acid and ibuprofen. The control
drug 5-fluorouracil showed an IC50 value of 20.80 µg/mL. The IC50 value of the control
and the compounds 3aa and 3ad came within the same range, which takes into account
their effectiveness at lower concentrations. This observation encouraged us to analyze the
cellular images (HeLa) of our synthesized compounds 3aa and 3ad (Figures 1 and 2). The
cellular image of control represents the cells without the application of the compound.

The significant morphological changes in treated cell lines have revealed the dose-
dependent cytotoxic activity. There is a decrease in cellular density, which can be un-
derstood from the microscopic images compared to the control (untreated cell line). The
number of viable cells reduced when the concentration of the compounds (3aa and 3ad)
increased. Hence, the images indicate that the selected compounds 3aa and 3ad exhibit
greater cytotoxicity against the HeLa cell line.

These two compounds were then selected to assess cytotoxicity in normal cell lines
(Chang cells), and the results are summarized in Tables 2 and 3.

Table 2. IC50 values of 3aa for Chang cell line a.

Concentration
(µg/mL)

Sample: Chang
Percentage Viability

Response 1 Response 2 Response 3 Average
Control 0.91 0.91 0.98 0.93

6.25 0.98 0.86 0.70 0.84
12.5 0.78 0.79 0.73 0.76
25 0.65 0.65 0.76 0.69
50 0.58 0.46 0.41 0.48
100 0.27 0.29 0.27 0.28

3aa Percentage
viability IC50 µg/mL

6.25 87.23

72.51
12.5 81.91
25 70.21
50 52.12
100 29.78

a Each experiment was done in triplicate.

Table 3. IC50 values of 3ad for Chang cell line a.

Concentration
(µg/mL)

Sample: Chang
Percentage Viability

Response 1 Response 2 Response 3 Average
Control 0.92 0.94 0.97 0.94

6.25 0.80 0.86 0.98 0.88
12.5 0.78 0.73 0.79 0.76
25 0.64 0.66 0.76 0.69
50 0.56 0.42 0.48 0.49
100 0.31 0.27 0.35 0.31

3ad Percentage
viability IC50 µg/mL

6.25 92.63

73.22
12.5 81.05
25 72.63
50 51.57
100 33.68

a Each experiment was done in triplicate.
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The samples 3aa and 3ad exhibited dose-dependent cell cytotoxicity on the Chang
cell line. Inhibition has been achieved with IC50 values of 72.51 µg/mL (3aa) and 73.22
µg/mL (3ad), respectively. By analyzing dose-dependent activity and IC50 values, 3aa
showed a stronger cytotoxic effect on the Chang cell line. The pharmacokinetic parameters
of the synthesized derivatives were also evaluated using the QikProp program, and all
compounds demonstrated favorable ADMET profiles. Based on these results, molecular
docking was conducted to further assess their binding affinities, providing insight into
their potential as effective CDK2 inhibitors.

2.2.2. Molecular Docking Studies

The docking protocol was validated using the redocking method. The in silico docking
of the co-crystalized ligand X36 to the CDK2 binding site yielded a complex that matches
well with the crystal structure. After superimposing, the RMSD value between the docked
complex and the crystal structure was found to be 0.24 Å only. This result supports the
reliability of the molecular docking protocol adopted in this study. The X36 showed a glide
score of −11.81 kcal/mol. The X36 formed three hydrogen bonds with Glu81 and Leu83.

CDK2 has the typical bilobal kinase fold, with a small N-terminal and a large C-
terminal lobe. The N-terminal lobe is a β-sheet, and the C-terminal lobe is an α-sheet.
The active site is located between these two lobes, where the adenine ring of ATP is
bound. Near the active site, there is a THR 160 located in the T loop structure (residues
146–166) [46]. Phosphorylation of this site is required for the activation of the protein, and
this is catalyzed by a heterologous kinase, CAK (CDK-activating kinase) [47]. The ATP
γ-phosphate is directed towards the active site, where it binds, and the phosphate group
is then transferred. Mutation of the phosphoacceptor, Thr 160, inhibits CDK2 activity; that
is, CDK2 is inactive in an unphosphorylated state. The optimization of the ATP alignment
and the stabilization of substrate binding are the principal roles of phosphorylation at
THR 160.

Cook et al. deduced that in CDK2, the shift in the T loop upon phosphorylation creates
a pocket that can accommodate the substrate prolyl side chain and the substrate basic group
(at the P + 3 position), allowing them to make contact with the pThr160 (phosphothreonine
160) phosphate [48]. The serine of the peptide substrate is hydrogen-bonded to the ATP
γ-phosphate oxygen, to the catalytic aspartate D127, and to the conserved lysine K129.
Close to the activation segment (residues 11–18) is a glycine-rich loop (G loop) because
its primary sequence includes three highly conserved glycine residues. The G loop helps
position ATP and the substrate for phosphate transfer [49]. The G loop includes two sites,
Thr 14 and Tyr 15, phosphorylated by human Wee1 (a protein kinase), preventing ATP
binding and inhibiting CDK2 activity. Phosphorylation of Thr 14 and Tyr 15 can prevent
the binding of the substrate to Thr 160. Both the residues interact with the substrate and
prevent Thr 160–substrate interaction [50].

The binding of the protein with a regulatory subunit, cyclin, is also necessary for
activating CDK2. The binding of cyclin exposes the activation cavity by inducing a
conformational change in the activation loop [51]. In the T loop, the phosphate group
is at the C-terminal. This is surrounded by the PSTAIRE helix (residues 45–51) above
the phosphate, cyclin A on the right, and the loop of the catalytic base on the left. Hy-
drogen bonds form with the phosphate group, and the arginine residues Arg 50, Arg
150, and Arg 126 stabilize the phosphate group of CDK2. The structural changes during
CDK2 activation are stabilized by Lys 33, Gly 51, and Asp 145, which, in turn, stabilize
ATP [52]. The unphosphorylated structure does not make any hydrogen bonds. However,
after phosphorylation, Thr 160 is moved away from the catalytic domain toward the
C-terminus. The conformational changes in the T loop begin with Gly 153 directing the T
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loop towards cyclin A and the repositioning of conserved residues Val 154 and Pro 155.
Here, Van der Waals interactions are made by the amino acid residues Val 154 and Pro
155 of CDK2. The T loop–cyclin A interaction is formed by Glu 268 of cyclin A and Arg
157 of CDK2.

All the synthesized compounds showed significant binding towards the CDK2 active
site (Figures 3 and 4). Mefenamic acid and ibuprofen showed a docking score of −8.23 and
−6.76 Kcal/mol, respectively, along with a binding energy of −55.21 and −55.81 Kcal/mol.
The anticancer drug 5-fluorouracil has displayed a docking score of −6.67 Kcal/mol with a
binding energy of −28.62 Kcal/mol. Except for 3bj, all other derivatives possessed a potential
docking score. Among them, 3aa scored top with a docking score of −9.21 Kcal/mol and a
binding energy of −46.44 Kcal/mol. These scores are stabilized with one H-bond with Ile 10
and hydrophobic interactions with residues Leu 83, Phe 82, Glu 81, Phe 80, and Val 18 and one
charge (−) with Lys 33. Val 18 is part of the G loop, which facilitates phosphate group transfer.
Lys 33 is a residue that stabilizes the conformational change after activation. 3ac showed a
docking score of −7.78 Kcal/mol and binding energy of −69.81 Kcal/mol contributed by
hydrophobic interactions with Hie 84, Leu 83, Phe 82, Phe 80, Ala 31, Val 18, and Ile 10. Val 18
and Ile 10 are found inside the G loop. 3ae has a docking score of −7.63 Kcal and a binding
energy value of −51.69 Kcal/mol, which is influenced by hydrophobic interaction, negatively
charged interaction and polar interaction with residues Leu 83, Phe 82, Glu 81, Phe 80, Val
18, Ile 10, Gln 35, Hie 84, Ala 145 and Ala 164. It also forms two halogen bonds with Lys 129
and Thr 14. Lys 129 is a conserved lysine that forms an H-bond with the serine of the peptide
substrate. The interaction of the derivative prevents the formation of a strong H-bond by
forming a weak halogen bond. Thr 14 prevents the positioning of ATP in the G loop. 3bd has a
docking score of −7.17 Kcal/mol and a binding energy of −72.48 Kcal/mol with hydrophobic
interactions and negatively charged interactions with the following residues: Gln 85, Hie 84,
Leu 83, Phe 82, Glu 81, Phe 80, Val 64, Ala 31, Gly 11, Asp 86, and Lys 33. Gly 11 resides in the
G loop. 3af has a docking score of −6.86 Kcal/mol with a binding energy of −73.14 Kcal/mol.
This is contributed by hydrophobic, negatively charged, and polar interactions with various
residues Hie 84, Leu 83, Phe 82, Phe 80, Val 64, Ala 144, Asn 132, Asp 86, Gln 85, Lys 89,
Leu 134, and Gln 131. 3ad has a docking score of −6.78 Kcal/mol and a binding energy of
−45.90 Kcal/mol, with hydrophobic interactions and negatively charged interactions with
residues Asp 86, Leu 83, Phe 82, Glu 81, Phe 80, Ala 31, Val 18, and Lys 33. Here, Val 18 resides
in the G loop. 3ab possessed a docking score of −6.77 Kcal/mol and a binding energy value
of −64.21 Kcal/mol, which is contributed by hydrophobic interaction with residues Hie 84,
Leu 83, Phe 82, Phe 80, Ala 31, Val 18, Ile 10 and negatively charged interactions with Asp
86, Lys 89, Lys 33. Lys 33 is a residue that helps to stabilize the conformational change after
activation. 3bg has a glide score of −5.41 kcal/mol with a binding energy of −61.60 Kcal/mol
with hydrophobic interaction, H-bond interaction, polar interaction, and halogen interactions
with residues Asp 86, Gln 85, Hie 84, Leu 83, Phe 82, Val 18, Ile 10 (hydrogen bond), Lys 89,
Lys 88, Asp 86, Gly 11, Glu 12, Gly 13, and Leu 83. Gly 11, Glu 12, and Gly 13 are seen in the
G loop. These results are tabulated in Tables 4 and 5. Among the compounds, 3bj displayed a
lower docking score and exhibited hydrophobic interaction with Glu 81, Phe 82, Leu 83, and
Hie 84.
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Table 4. Docking scores of the synthesized compounds.

Entry Compound Docking Score
(Kcal/mol)

Binding Energy Score
(Kcal/mol)

1 1a (Mefenamic acid) −8.23 −55.21
2 1b (Ibuprofen) −6.76 −55.81
3 3aa −9.21 −46.44
4 3ab −6.77 −64.21
5 3ac −7.77 −69.81
6 3ad −6.78 −45.90
7 3ae −7.63 −51.69
8 3af −6.86 −73.14
9 3ag −7.88 −46.08

10 3ah −7.77 −37.60
11 3ai −7.08 −42.32
12 3aj −6.65 −34.44
13 3bc −6.49 −34.41
14 3bd −7.17 −72.48
15 3bf −6.28 −41.80
16 3bg −5.40 −61.60
17 3bh −6.19 −42.75
18 3bi −5.26 −41.79
19 3bj −4.86 −49.52
20 5-Fluorouracil (5-FU) −6.67 −28.62

Table 5. Docking interaction between the ligand molecule and the protein CDK2 *.

Sample Id Hydrophobic Interaction Hydrogen
Bond

Negatively Charged
Interaction

Polar
Interaction

Halogen
Bonding

1a (Mefenamic
acid)

Ala 31, Val 64, Phe 80, Glu
81, Phe 82, Leu 83, Hie 84,

Gln 85, Lys 89, Gln 131,
Leu 134

Glu 81, Leu
83 Lys 33

1b (Ibuprofen)
Val 18, Ala 31, Phe 80, Phe
82, Leu 83, Hie 84, Gln 85,

Asp 86, Lys 89
Leu 83 Lys 33, Asp 145

3aa Ile 10, Val 18, Phe 80, Glu
81, Phe 82, Leu 83 Ile 10 Gln 85, Asp 86, Ala

144, Asp145, Val 18

3ab Ile 10, Val 18, Ala 31, Phe
80, Phe 82, Leu 83, Hie 84

Lys 33, Asp 86,
Lys 89

3ac
Ile 10, Val 18, Ala 31, Phe
80, Phe 82, Leu 83, Hie 84,

Gln 85
Ile 10, Lys 33 Asp 86,

Lys 89

3ad Val 18, Ala 31, Phe 80, Glu
81, Phe 82, Leu 83, Asp 86 Lys 33

3ae Ile 10, Val 18, Phe 80, Glu
81, Phe 82, Leu 83

Gln 35, Hie 84, Asp
145, Ala 164

Gly 11, Glu
12, Lys 89

Thr 14,
Lys 129

3af Val 64, Phe 80, Phe 82, Leu
83, Hie 84, Asn 132, Ala 144

Gln 85, Asp 86, Lys
89, Leu 134 Gln 131

3ag Val 18, Val 64, Phe 80, Glu
81, Phe 82, Lys 89, Leu 134 Hie 84, Gln 85 Gln 131,

Asn 132
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Table 5. Cont.

Sample Id Hydrophobic Interaction Hydrogen
Bond

Negatively Charged
Interaction

Polar
Interaction

Halogen
Bonding

3ah
Gly 16, Val 18, Phe 80, Phe
82, Leu 83, Hie 84, Gln 85,

Lys 89
Gln 131 Ala 31, Asp 145 Phe 80, Lys 89

3ai Ala 31, Phe 80, Glu 81 Asp 86
Ile 10, Phe 82, Leu
83, Hie 84, Gln 85,
Asp 86, Asp 145

Gly 13

3aj
Val 64, Phe 80, Glu 81, Phe

82, Leu 83, Ala 144,
Asp 145

The 14, Gln 85,
Asp 86

Ile 10, Thr 14,
Lys 88, Lys 89

3bc Thr 14, Ala 31, Lys 33, Phe
80, Phe 82, Leu 83, Ala 144 Ala 144 Asp 145

3bd
Gly 11, Ala 31, Val 64, Phe
80, Glu 81, Phe 82, Leu 83,

Hie 84, Gln 85
Lys 33, Asp 86

3bf Ala 31, Phe 82, Leu 83, Hie
84, Gln 85, Asp 86 Glu 12 Lys 89 Gln 131,

Asn 132

3bg Ile 10, Val 18, Phe 82, Leu
83, Hie 84, Gln 85, Asp 86 Ile 10

Gly 11, Glu
12, Gly 13,

Asp 86, Lys
88, Lys 89

Leu 83

3bh Ile 10, Ala 31, Val 64, Lys 89 Phe 80, Leu 83, Gln
85, Asp 86, Asp 145

3bi Phe 80, Glu 81, Phe 82,
Leu 83 Asn 132, Leu 134 Asp 86

3bj Glu 81, Phe 82, Leu 83,
Hie 84

Ala 31, Lys 33, Gln
85, Asp 86, Lys 89 Gly 11

5-Fluorouracil Val 18, Ala 31, Phe 82,
Leu 83 Leu 83 Asp 86 Hie 84, Gln 85

* Hie represents the histidine (His) residue in its neutral protonation state, with the proton located on the Nε
(epsilon) nitrogen [53].

Most of the derivatives showed interactions with sites in the G loop, which ensure
proper alignment of the ATP and the interaction of its phosphate group. Therefore, binding
of derivatives to this site prevents activation. 3ae interacts with Asp 145, i.e., near the
active site, and with Ala 164, which is in the T loop. It also forms an interaction with
Thr 14, an inhibitory site in the G loop. 3ae also forms a halogen bond and prevents
the formation of a strong H-bond with Lys 129. Ibuprofen derivatives 3bf and 3bg form
hydrogen bonds with the protein. All the residues can be classified as type 1 inhibitors
of CDK2. Since the in vitro assays were conducted using 5-FU as the reference inhibitor,
molecular docking was performed to determine its binding conformation and affinity for
CDK2. The docking results indicate that the derivatives 3aa, 3ac, 3ae, 3ah, 3ai, and 3bd
exhibit stronger binding affinities than 5-FU, suggesting higher potency. Therefore, these
compounds hold promise as potential lead candidates for the development of targeted
therapies against CDK2-overexpressing cervical cancer.

2.2.3. ADMET Properties

Absorption, distribution, metabolism, excretion, and toxicity (ADMET) were analyzed
computationally using the Quikprop program in the Schrodinger suite. A comparative
ADMET evaluation was performed on the tested compounds to assess physicochemical
properties, absorption, distribution, metabolism, excretion, and toxicity. The parameters
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such as Caco-2 permeability, aqueous solubility, brain/blood partition coefficient (BBB),
human intestinal absorption activity (HIA), plasma protein binding rate (PPBR), volume
of distribution at steady state (VDss), CYP2C9 inhibition, CYP2D6 inhibition, CYP3A4
inhibition, hepatic intrinsic clearance (CL hepa) and intrinsic clearance measured in liver
microsomes (CL micro) were evaluated for all the compounds (Tables 6 and 7). The toxicity
parameters were inhibition of the human ether-a-go-go-related gene (hERG blocker), drug-
induced liver injury (DILI), Ames test (Ames), and median lethal dose (LD50) (Table 8).

Table 6. ADMET properties (absorption and distribution).

Compounds
Absorption Distribution

Caco-2
Permeability HIA Aqueous

Solubility BBB PPBR VDss

3aa −5.31 74.5 −4.7 30.96 56.10 3.52
3ab −5.18 73.72 −4.56 27.26 62.22 3.55
3ac −5.26 75.19 −4.38 32.88 53.80 3.41
3ad −5.22 74.66 −4.94 19.16 58.14 4.35
3ae −5.24 73.23 −4.58 30.58 60.88 3.89
3af −5.43 73.95 −4.68 23.70 57.26 3.57
3ag −5.20 73.72 −4.73 29.20 64.46 3.58
3ah −5.22 73.75 −4.76 25.35 58.37 3.78
3ai −5.41 73.67 −4.43 24.55 58.64 4.02
3aj −5.14 74.22 −4.66 23.46 59.44 3.83
3bc −5.28 68.11 −4.48 28.10 54.26 2.78
3bd −5.17 74.24 −4.74 27.58 52.46 3.79
3bf −5.30 72.92 −4.45 32.50 55.58 3.31
3bg −5.19 72.55 −4.59 30.83 57.23 3.16
3bh −5.20 71.55 −4.55 28.86 52.42 2.92
3bi −5.19 69.91 −4.41 29.83 56.50 3.03
3bj −5.33 72.92 −4.65 27.70 58.03 3.28

Table 7. ADMET properties (metabolism and excretion).

Compounds

Metabolism Excretion
CYP2C9
Inhibi-

tion

CYP2D6
Inhibi-

tion

CYP3A4
Inhibi-

tion
Half Life

(h)
CL-

Hepa
CL-

Micro

3aa 69.13 111.01 32.2 71.11 45.47 44.52
3ab 62.95 99.06 33.45 67.65 45.18 41.26
3ac 55.98 102.43 36.02 65.57 38.11 35.38
3ad 75.04 104.78 28.82 100.41 41.24 46.50
3ae 75.96 102.31 32.55 71.69 43.74 40.87
3af 70.90 104.62 34.30 69.29 38.38 42.08
3ag 73.71 97.93 31.85 73.97 43.08 39.65
3ah 79.23 102.66 30.60 71.72 40.51 46.92
3ai 72.07 91.76 30.91 65.94 47.38 57.71
3aj 79.40 100.58 34.82 70.39 35.47 43.82
3bc 45.92 97.67 34.65 57.24 50.55 37.83
3bd 59.54 104.75 35.23 76.22 51.76 46.81
3bf 54.19 91.79 36.28 58.79 50.87 39.02
3bg 47.70 93.14 37.66 62.83 55.13 38.46
3bh 56.08 98.31 34.19 59.21 54.28 41.54
3bi 51.47 95.13 35.05 57.86 53.88 53.43
3bj 66.22 95.07 34.39 59.78 52.51 49.94
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Table 8. Toxicity prediction.

Compounds

Toxicity
hERG

Blockers
(%)

DILI (%) Ames (%) LD50
(−log(mol/kg))

3aa 46.95 44.74 47.06 2.11
3ab 41.86 50.36 40.53 2.07
3ac 40.14 37.09 45.21 1.98
3ad 47.28 52.64 44.5 2.35
3ae 42.29 44.91 42.42 2.10
3af 42.46 50.82 44.26 2.55
3ag 42.14 41.22 51.19 2.26
3ah 43.43 43.12 53.17 2.19
3ai 42.35 37.95 51.19 2.09
3aj 46.74 45.31 51.95 2.29
3bc 40.01 42.10 49.61 2.27
3bd 46.02 47.78 42.66 2.26
3bf 40.25 46.97 47.72 2.77
3bg 41.53 51.56 44.05 2.09
3bh 42.55 42.81 55.11 2.05
3bi 42.59 38.84 55.55 1.94
3bj 43.85 44.70 54.21 1.92

Overall, the compounds showed acceptable human intestinal absorption, moderate
solubility, and reasonably predicted oral bioavailability. Within this set, compound 3aa
displayed a particularly balanced profile, with good HIA (~74.5%), favorable oral bioavail-
ability (52%), and moderate lipophilicity (logD 2.16), which together supported efficient
absorption and oral exposure. Its distribution parameters (BBB and VDss) were within a
comfortable range, and its metabolic and toxicity predictions showed no extreme liabilities,
indicating that 3aa could achieve adequate systemic levels without safety red flags. Toxicity
predictions identified significant divergence among the candidates. The compound 3bg
maintained acceptable hERG inhibition and DILI risk levels, consistent with manageable
safety expectations in early discovery.

Among the derivatives evaluated, compound 3ad demonstrated favorable pharma-
cokinetic properties. It exhibited a long-predicted half-life (~100 h), indicating the potential
for prolonged systemic exposure, and retained good human intestinal absorption (~74.7%)
along with moderate oral bioavailability (~49.7%). Although 3ad is more lipophilic (higher
logKOW) and shows stronger CYP interactions compared to other analogs, these traits can
still be advantageous for improving target engagement and sustaining pharmacological
effects when properly optimized. Its distribution profile, combined with its strong exposure
parameters, highlights 3ad as a promising lead scaffold. Overall, the ADMET data point to
3aa and 3ad as priority candidates for further molecular dynamics simulations to assess
their binding stability in physiological conditions.

2.2.4. Structure–Activity Relationship (SAR) Studies

A detailed evaluation of the anticancer effects of mefenamic acid and ibuprofen deriva-
tives incorporated into heterocyclic and non-heterocyclic compounds has been carried out
in this study. Cytotoxicity of the compounds was tested, and morphological changes were
monitored under an optical microscope. The compounds 3aa and 3ad have shown better
results when compared with the other tested derivatives.
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Among the compounds analyzed, the mefenamic acid derivatives showed better
activity than the ibuprofen derivatives. The incorporation of indole and carbazole rings
into the mefenamic acid moiety further enhanced their potency. Encouraged by these
results, we introduced different types of substituents on mefenamic acid for further study.
For this, we have taken a five-membered ring with sulfur and nitrogen (3ac, 3bc). Then,
we looked for a six-membered ring with nitrogen. We also tried fused rings containing
five- and six-membered rings as well as other heterocyclic rings. All these compounds
are linked with mefenamic acid and ibuprofen through an amide linkage. In the case of
the first two compounds, we used an aliphatic amide linkage, whereas the fused rings,
such as indole, were also employed. Then we tried with a non-heterocyclic aromatic ring
with different substituents at different places (related to 3ab). For this, we have taken
para-bromo-substituted and meta-nitro-substituted compounds. We also tried a tricyclic
fused ring with nitrogen similar to that of 3ad and 3bd. It was vital for us to study the
effect of the mefenamic acid core with that of ibuprofen.

The impact of ring size on mefenamic acid with five-membered, six-membered, bi-
cyclic, and tricyclic heterocycles was also investigated. The compounds 3aa and 3ad
showed better activity, presumably because of the delocalization of electrons. The direct
amide linkage from the fused ring can enhance the activity. The electronegative nature
of sulfur, which is incorporated in the five-membered ring as part of the compound 3ac,
is a possible reason for the moderate activity of that molecule. In general, amide deriva-
tives of mefenamic acid obtained from indole and carbazole were found to be the most
active compounds, presumably because of the presence of a nitrogen atom and subsequent
delocalization of electrons.

When associating SAR studies with ADMET evaluation of the tested compounds,
ibuprofen derivative 3bg exhibited the best absorption properties. The electron-withdrawing
nature of the chlorine atom could have enhanced its absorption properties. The thiazole
moiety in compound 3ac may impart a non-polar character, as evidenced by its good ADME
profile. Compounds 3aa and 3ad displayed the best ADMET profile with mefenamic acid as
the basic scaffold. The larger pi-conjugated system in the compound 3ad may be the reason
for better ADMET profiling. The compound 3aa, being a bi-ring fused to the mefenamic
acid core, also displayed a good ADMET score.

3. Materials and Methods
3.1. Chemistry
3.1.1. General Considerations

All reagents and chemicals were purchased from commercial suppliers and used as
delivered unless otherwise noted. 1H NMR and 13C NMR spectra were recorded at 400
and 100 MHz respectively. The chemical shifts were reported in parts per million (ppm)
and coupling constants in Hertz (Hz). Tetramethylsilane (TMS) (δ = 0.00 ppm) or the
residual solvent peak in DMSO-d6 (δ = 2.50 ppm) and CDCl3 (δ = 7.26 ppm) served as
internal standard for recording [54]. The molecular weights of unknown compounds were
determined by GCMS-QP2010 Ultra gas chromatograph operating at an ionization potential
of 70 eV (EI) or Thermo Finnigan LCQ Advantage apparatus (ESI). Microanalyses were
performed on PerkinElmer Series II CHNS/O 2400 elemental analyzer and the melting
points were determined using a Stuart SMP 3 apparatus. Thin-layer chromatography (TLC)
was performed using Merck silica gel 60 F254 TLC plates.

3.1.2. General Procedure for the Synthesis of Amides 3

The synthesis of compounds 3aa–3af, 3ai, 3aj, 3bd and 3bg was carried out according
to our previously reported protocol [36]. The synthesis of new derivatives 3ag, 3ah, 3ai, 3aj,
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3bc, 3bf, 3bh, 3bi and 3bj was performed using the same methodology. In a round bottomed
flask, acid 1a or 1b (1 mmol, 1 equiv.) was taken in 3 mL DMF and various substituted
amines, 2a–j (1 mmol, 1 equiv.), were added. To this solution, N,N-diisopropylethylamine
(DIPEA) (2 mmol, 2 equiv.) and HATU (2 mmol, 2 equiv.) were added. The reaction mixture
was stirred at room temperature for 16 h. After the completion of the reaction as monitored
by thin-layer chromatography, ethyl acetate and saturated aqueous sodium bicarbonate
were added to the reaction mixture. The organic and aqueous layers were separated. Ethyl
acetate was subsequently used to extract the aqueous layer twice and the combined organic
fractions were dried in MgSO4 to obtain the crude product. The resultant crude was then
purified by crystallization in ethanol to obtain a series of amides 3 in varying yields.

N-(3-Chlorophenyl)-2-((2,3-dimethylphenyl)amino)benzamide (3ag)

Yield: 85%; off white solid; m.p: 204–207 ◦C.
1H NMR (400 MHz, DMSO-d6): δ = 2.11 (s, 3H, CH3), 2.29 (s, 3H, CH3), 6.52 (s, 1H,

NH), 7.20–7.26 (m, 5H, ArH), 7.34 (s, 1H, ArH), 7.42–7.46 (m, 3H, ArH), 7.68–7.71 (m, 2H,
ArH), 8.04 (s, 1H, NH).

13C NMR (100 MHz, DMSO-d6): δ = 14.1, 20.2, 109.3, 111.3, 114.5, 117.3, 119.5, 120.3,
122.2, 125.3, 126.4, 127.1, 129.3, 131.2, 133.2, 135.6, 148.2, 149.6, 151.2, 156.0, 169.7.

MS (EI): m/z (%) = 350 (30) [M]+, 126 (100).
Anal. Calcd for C21H19ClN2O: C, 71.89; H, 5.46; Cl, 10.10; N, 7.98; Found: C, 72.12; H,

5.58; Cl, 10.41; N, 8.07.

N-(Benzo[d]thiazol-2-yl)-2-((2,3-dimethylphenyl)amino)benzamide (3ah)

Yield: 83%; light brown solid; m.p: 226–228 ◦C.
1H NMR (400 MHz, DMSO-d6): δ = 2.10 (s, 3H, CH3), 2.28 (s, 3H, CH3), 6.51 (s, 1H, NH),

7.18–7.26 (m, 3H, ArH), 7.39–7.44 (m, 5H, ArH), 7.78–7.81 (m, 3H, ArH), 8.26 (s, 1H, NH).
13C NMR (100 MHz, DMSO-d6): δ = 14.0, 20.1, 109.4, 111.3, 114.5, 117.2, 119.6, 120.2,

122.3, 123.8, 125.2, 126.4, 127.0, 129.4, 131.1, 133.3, 135.5, 148.1, 149.7, 151.3, 156.2, 169.9.
MS (EI): m/z (%) = 373 (54) [M]+, 134 (100).
Anal. Calcd for C22H19N3OS: C, 70.75; H, 5.13; N, 11.25; S, 8.58. Found: C, 70.59; H,

5.43; N, 11.20; S, 8.50.

Ethyl-2-(2-((2,3-Dimethylphenyl)amino)benzamido)thiazole-4-carboxylate (3ai)

Yield: 85%; light yellow solid; m.p: 211–214 ◦C.
1H NMR (400 MHz, DMSO-d6): δ = 1.34 (t, J = 6.8 Hz, 3H, CH3), 2.12 (s, 3H, CH3), 2.27

(s, 3H, CH3), 4.34 (q, J = 6.8 Hz, 2H, CH2), 6.50 (s, 1H, NH), 7.01 (s, 1H, ArH), 7.14–7.22 (m,
3H, ArH), 7.36–7.41 (m, 2H, ArH), 7.78–7.81 (m, 2H, ArH), 8.41 (s, 1H, NH).

13C NMR (100 MHz, DMSO-d6): δ = 14.1, 14.3, 20.2, 60.7, 111.2, 114.7, 117.1, 119.5,
122.4, 123.9, 125.4, 127.2, 129.2, 133.2, 135.4, 148.2, 149.8, 151.4, 156.4, 166.3, 172.1.

MS (EI): m/z (%) = 395 (41) [M]+, 156 (100).
Anal. Calcd for C21H21N3O3S: C, 63.78; H, 5.35; N, 10.63; S, 8.11. Found: C, 63.74; H,

5.58; N, 10.26; S, 8.36.

2-((2,3-Dimethylphenyl)amino)-N-(1-(2-methoxyphenyl)-1H-pyrazol-5-yl)benzamide (3aj)

Yield: 80%; off white solid; m.p: 224–227 ◦C.
1H NMR (400 MHz, DMSO-d6): δ = 2.10 (s, 3H, CH3), 2.29 (s, 3H, CH3), 3.40 (s, 3H,

OCH3), 6.52 (s, 1H, NH), 7.02 (d, J = 7.2 Hz, 1H, ArH), 7.07 (d, J = 7.2 Hz, 1H, ArH),
7.18–7.22 (m, 3H, ArH), 7.41–7.47 (m, 4H, ArH), 7.72–7.75 (m, 2H, ArH), 8.35 (s, 1H, NH).

13C NMR (100 MHz, DMSO-d6): δ = 14.1, 20.2, 55.7, 109.6, 111.2, 114.6, 117.1, 118.3,
119.8, 121.0, 122.5, 123.7, 125.1, 126.2, 127.1, 128.4, 129.3, 131.0, 133.2, 135.3, 148.0, 149.6,
151.2, 156.1, 169.8.
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MS (EI): m/z (%) = 412 (100) [M]+, 412 (100).
Anal. Calcd for C25H24N4O2: C, 72.80; H, 5.86; N, 13.58. Found: C, 73.17; H, 6.07;

N, 13.89.

2-(4-Isobutylphenyl)-N-(thiazol-2-yl)propanamide (3bc)

Yield: 75%; light brown solid; m.p: 180–183 ◦C.
1H NMR (400 MHz, CDCl3): δ = 0.92 (d, J = 6.8 Hz, 6H, 2CH3), 1.62 (d, J = 7.2 Hz, 3H,

CH3), 1.83–1.94 (m, 1H, CH), 2.51 (d, J = 6.8 Hz, 2H, CH2), 3.73 (q, J = 6.8 Hz, 1H, CH), 7.09
(d, J = 6.4 Hz, 1H), 7.20 (d, J = 6 Hz, 1H), 7.43 (d, J = 8.4 Hz, 2H, ArH), 7.66 (d, J = 8.4 Hz,
2H, ArH), 8.13 (s, 1H, NH).

13C NMR (100 MHz, CDCl3): δ = 18.4, 22.4, 30.1, 45.0, 47.7, 114.5, 118.9, 125.4, 127.4,
129.6, 130.2, 133.5, 141.7, 148.8, 172.9.

MS (EI): m/z (%) = 288 (65) [M]+, 99 (100).
Anal. Calcd for C16H20N2OS: C, 66.63; H, 6.99; N, 9.71; S, 11.12. Found: C, 66.95; H,

6.85; N, 10.03; S, 10.98.

2-(4-Isobutylphenyl)-N-(3-nitrophenyl)propanamide (3bf)

Yield: 77%; light yellow solid; m.p: 154–157 ◦C.
1H NMR (400 MHz, CDCl3): δ = 0.93 (d, J = 6.4 Hz, 6H, 2CH3), 1.62 (d, J = 7.2 Hz,

3H, CH3), 1.82–1.94 (m, 1H, CH), 2.50 (d, J = 7.2 Hz, 2H, CH2), 3.74 (q, J = 7.2 Hz, 1H,
CH), 7.18–7.28 (m, 5H, ArH), 7.44 (t, J = 8.0 Hz, 1H, ArH), 7.85–7.93 (m, 2H, ArH), 8.25
(s, 1H, NH).

13C NMR (100 MHz, CDCl3): δ = 18.4, 22.4, 30.2, 45.0, 47.8, 114.4, 118.8, 125.3, 127.3,
127.4, 129.4, 129.8, 130.1, 137.4, 139.0, 141.6, 148.5, 173.0.

MS (EI): m/z (%) = 326 (65) [M]+, 137 (100).
Anal. Calcd for C19H22N2O3: C, 69.92; H, 6.79; N, 8.58. Found: C, 69.99; H, 6.74;

N, 8.27.

N-(Benzo[d]thiazol-2-yl)-2-(4-isobutylphenyl)propanamide (3bh)

Yield: 80%; light brown solid; m.p: 186–189 ◦C.
1H NMR (400 MHz, DMSO-d6): δ = 0.92 (d, J = 6.8 Hz, 6H, 2CH3), 1.62 (d, J = 7.2 Hz,

3H, CH3), 1.83–1.94 (m, 1H, CH), 2.51 (d, J = 6.8 Hz, 2H, CH2), 3.73 (q, J = 7.2 Hz, 1H, CH),
7.17–7.27 (m, 3H, ArH), 7.47–7.59 (m, 3H, ArH), 7.82–7.93 (m, 2H, ArH).

13C NMR (100 MHz, CDCl3): δ = 18.3, 22.4, 30.2, 44.9, 47.7, 114.4, 117.1, 119.5, 122.2,
125.3, 127.1, 129.3, 133.2, 135.4, 148.0, 149.8, 151.2, 156.1, 173.1.

MS (EI): m/z (%) = 338 (46) [M]+, 161 (100).
Anal. Calcd for C20H22N2OS: C, 70.97; H, 6.55; N, 8.28; S, 9.47. Found: C, 71.00; H,

6.65; N, 8.22; S, 9.60.

Ethyl-2-(2-(4-Isobutylphenyl)propanamido)thiazole-4-carboxylate (3bi)

Yield: 75%; off white solid; m.p: 175–178 ◦C.
1H NMR (400 MHz, CDCl3): δ = 0.93 (d, J = 6.8 Hz, 6H, 2CH3), 1.33 (t, J = 6.8 Hz, 3H,

CH3), 1.61 (d, J = 7.2 Hz, 3H, CH3), 1.83–1.93 (m, 1H, CH), 2.50 (d, J = 7.2 Hz, 2H, CH2),
3.72 (q, J = 6.8 Hz, 1H, CH), 4.35 (q, J = 6.8 Hz, 2H, CH2), 7.17 (d, J = 7.6 Hz, 2H, ArH), 7.21
(s, 1H, ArH), 7.48 (d, J = 7.6 Hz, 2H, ArH), 8.18 (s, 1H, NH).

13C NMR (100 MHz, CDCl3): δ = 14.1, 18.3, 22.3, 30.1, 45.0, 47.7, 60.8, 114.3, 118.7,
127.2, 129.5, 130.2, 137.5, 139.1, 141.7, 148.6, 160.7, 173.1.

MS (EI): m/z (%) = 360 (100) [M]+, 360 (100).
Anal. Calcd for C19H24N2O3S: C, 63.31; H, 6.71; N, 7.77; S, 8.89. Found: C, 63.57; H,

6.97; N, 7.93; S, 8.81.
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2-(4-Isobutylphenyl)-N-(1-(2-methoxyphenyl)-1H-pyrazol-5-yl)propanamide (3bj)

Yield: 70%; white solid; m.p: 187–190 ◦C.
1H NMR (400 MHz, CDCl3): δ = 0.91 (d, J = 6.8 Hz, 6H, 2CH3), 1.62 (d, J = 7.2 Hz, 3H,

CH3), 1.82–1.93 (m, 1H, CH), 2.51 (d, J = 7.2 Hz, 2H, CH2), 3.39 (s, 3H, OCH3), 3.73 (q, J =
6.8 Hz, 1H, CH), 7.06 (d, J = 7.2 Hz, 1H, ArH), 7.22–7.26 (m, 3H, ArH), 7.46–7.50 (m, 4H,
ArH), 7.72 (d, J = 7.6 Hz, 2H, ArH), 8.64 (s, 1H, NH).

13C NMR (100 MHz, CDCl3): δ = 18.2, 22.3, 30.0, 45.1, 47.6, 55.6, 114.3, 118.7, 119.8,
123.4, 126.8, 127.2, 129.5, 130.2, 133.5, 137.5, 139.1, 141.7, 144.5, 148.6, 152.3, 173.0.

MS (EI): m/z (%) = 377 (38) [M]+, 188 (100).
Anal. Calcd for C23H27N3O2: C, 73.18; H, 7.21; N, 11.13. Found: C, 73.50; H, 7.59;

N, 10.89.

3.2. Anticancer Activity

The effects of our compounds on the growth of HeLa and Chang cells were determined
by MTT assay [55]. After incubation for 2 h, cell morphology was tracked under an inverted
phase-contrast microscope.

3.2.1. In Vitro Antiproliferative Effect on HeLa Cells: Determination by MTT Assay

HeLa and Chang cell lines obtained from NCCS, Pune, India, maintained in Dulbecco’s
modified eagle medium (Himedia) (DMEM), were used for antiproliferative studies. A 25 cm2

tissue culture flask with DMEM was used to culture the cell line supplemented with 10% Fetal
Bovine Serum (FBS), L-glutamine, sodium bicarbonate, and an antibiotic solution containing
Streptomycin (100 µg/mL), Penicillin (100 U/mL), and Amphotericin B (2.5 µg/mL). A
humidified 5% CO2 incubator (Galaxy® 170 Eppendorf, Hamburg, Germany) was used to
keep the cell line at 37 ◦C. An inverted phase-contrast microscope was used to observe cells
and assess their viability after the MTT assay.

3.2.2. Cell Seeding in a 96-Well Plate

Trypzinised confluent monolayer of cells was suspended in a 10% growth medium
after two days. A 96-well tissue culture plate was used to seed 100 µL of the cell suspension
(5 × 104 cells/well), which was then incubated in a humidified 5% CO2 incubator at 37 ◦C.

3.2.3. Preparation of Compound Stock

Cyclomixer was used for dissolving 1 mg of each compound in 1 mL of DMEM, which
was then filtered through a 0.22 µm Millipore syringe filter to ensure sterility.

3.2.4. Antiproliferative Effect on Evaluation

The growth medium was removed after 24 h. Fresh solutions of the samples were
prepared in 5% DMEM and then diluted five times serially by two-fold dilutions (6.25 µg,
12.5 µg, 25 µg, 50 µg, 100 µg in 100 µL of 5% DMEM). Then, 100 µL of the compound was
added to the well in triplicate and incubated at 37 ◦C in a humidified 5% CO2 incubator.

3.2.5. Antiproliferative Effect by Direct Microscopic Observation

Using an inverted phase contrast tissue culture microscope (LabomedTCM-400 with
MICAPSTM HD camera, Himedia, Mumbai, India), the entire plate was monitored for 24 to
72 h, and images were recorded. Granulation, vacuolization in the cytoplasm, and rounding
or shrinking of the cells were noticed by observing the images, indicating cytotoxicity.

3.2.6. Antiproliferative Effect by MTT Assay

Then, 15 mg of MTT (Himedia, Mumbai, India, M-5655) was completely dissolved in
3 mL Phosphate-Buffer Saline (PBS) and sterilized using the filter. After 24 h of incubation,
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the sample content was removed from the wells, and a solution of MTT (30 µL) was added
to the test and cell control wells, which were then kept for 4 h in a humidified 5% CO2

incubator after shaking. The supernatant was removed after incubation. To the 100 µL of
MTT solubilization solution, dimethyl sulfoxide (DMSO) was added. The formazan cells
were solubilized by pipetting up and down gently. Absorbance values at a wavelength of
570 nm were noted using a microplate reader.

% inhibition = 100 − (Absorbance of test compound − Absorbance of blank)
(Absorbance of control − Absorbance of blank)

× 100 (1)

3.3. In Silico Studies

To evaluate the in silico binding affinity of CDK2 with synthesized compounds, we
performed molecular docking using Schrodinger suite 2025-3. The 3D structural coordinates
were retrieved from the PDB database with PDB ID-3QTR [56], which has a resolution of 1.85
Å. The protein structure was processed and prepared with the ‘protein preparation wizard’,
which involved the addition of the missing hydrogen atoms and loops, removing water
molecules beyond 5Å of the ligand, assigning actual bond orders, and generating proper
ionization states using the OPLS4 force field. Subsequently, the protein was minimized to
perform the optimal docking study. The receptor grid for docking was generated using
the Glide Grid Generation Wizard with respect to the bound inhibitor (X36 = [4-amino-2-
(phenylamino)-1,3-thiazol-5-yl](phenyl)methanone) with a 20 Å enclosing box. Van der Waals
scaling and input partial charges were set as default values. Docking validation was done
by the redocking of the cogent ligand present on the crystal structure CDK2 (PDB. ID-3QTR)
by using a generated grid. This was done by extracting the cogent ligand from the prepared
protein structure, and its structure was optimized by using OPLS4 using the Ligprep module.
RMSD was calculated by superimposing the prepared crystal structure with respect to the
docked complex.

Structures of the synthesized compounds were drawn in ChemDraw 14.0 software,
named 3aa, 3ab, 3ac, 3ad, 3ae, 3af, 3ag, 3ah, 3ai, 3aj, 3bc, 3bd, 3bf, 3bg, 3bh, 3bi and 3bj,
then converted to .sdf format. We selected 5-fluorouracil as the standard for the in silico
anticancer study, and also took mefenamic acid (1a), ibuprofen (1b), to compare the activity.
Their structures were obtained from the PubChem database. The ligand structures were
optimized at near-neutral pH (7 ± 2), and all plausible tautomers and stereoisomers were
generated using the LigPrep wizard in Schrodinger. The protonation states were assigned
to the ligands and subjected to energy minimization with the OPLS4 force field using the
LigPrep module. Molecular docking of the prepared ligands to the active site of CDK2 was
performed using the Extra Precision (XP) method in the Glide module of the Schrodinger
suite. These docked complexes were further subjected to binding energy prediction by the
prime MMGBSA method. The docking investigations of the synthesized compounds were
carried out using the software Schrodinger suite 2025-3. Docking studies were conducted
to evaluate the anticancer activity (PDBID: 3QTR).

4. Conclusions
In summary, by applying the theory of drug repurposing, the anticancer activity

evaluation of some mefenamic acid and ibuprofen derivatives containing amide function-
ality has been successfully carried out. Our results were corroborated by performing the
molecular docking and SAR studies. Our investigation revealed compound 3aa as the
most promising candidate for anticancer studies, as it showed better results in vitro and in
silico. Furthermore, 3aa possessed a pre-eminent docking score on binding with the target
protein. From the in vitro study, the compound 3ad also showed an acceptable IC50 value
when compared to the reference standard, 5-fluorouracil. The SAR studies revealed the
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importance of the presence of nitrogen containing tri- and bi-ring fused systems linked to
mefenamic acid for better biological results. Mefenamic acid derivatives offered enhanced
biological activity when compared to ibuprofen derivatives. The synthesis of additional
derivatives and lead optimization is in process in our laboratory, and will be communicated
in due course.
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