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Abstract
Various novel curcuminoids (1–7) and pyrazole derivatives of curcuminoids (8–14) were synthesized and characterized using spec-
trum analysis. The compounds produced were evaluated for antiproliferative effects against the A549 lung cancer cell line. Com-
pound 2 exhibited notable cytotoxicity at 10.38 μg/mL, whereas compounds 4, 5, and 7 showed considerable cytotoxicity, with IC₅₀ 
concentrations of 47.1, 23.4, and 82.4 μg/mL, respectively. Conversely, the other synthesized compounds exhibited only modest cy-
totoxicity. Moreover, in silico molecular docking analyses of EGFR (PDB ID: 4HJ0) demonstrated that compounds 2 and 6 displayed 
the lowest binding energies, −11.52 kcal/mol and −11.47 kcal/mol, respectively, indicating a higher affinity for the active pocket of 
the receptor, characterized by robust hydrogen bond interactions. Compound 12 had the highest binding energy (−8.42 kcal/mol) 
and the weakest affinity (KI = 670.04 nM). SwissADME analysis revealed satisfactory drug-likeness among all compounds, with no 
violations of Lipinski’s rules and modest synthetic accessibility. ProTox-II indicated tolerable oral toxicity (LD₅₀: 1300–4000 mg/
kg), although elevated immunotoxicity scores imply the need for additional safety assessment. These data identify compound 2 as a 
promising candidate for future optimization and preclinical development.
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Introduction

Currently, cancer poses a significant public health issue, and 
cancer of the lungs is the most common type of malignant 
tumor. Lung malignancy is classified histologically into two 
types: non-small-cell lung cancer (NSCLC) and small-cell 
lung carcinoma (SCLC). The former accounts for approx-
imately 80% of cases and has a very poor survival rate due 
to resistance to adjuvant chemotherapy (Jemal et al. 2011).

The abundance of natural chemicals derived from 
plants with effective tumor treatment capabilities has gar-
nered global interest, owing to their accessibility and com-
paratively lower toxicity than conventional chemotherapy. 
Curcumin, a liposoluble polyphenol pigment extracted 
from the rhizomes of Curcuma, is a well-known nutri-
tional supplement with a rich history. It is recognized for 
its diverse biological activities, including anti-inflamma-
tory, anticoagulant, hypolipidemic, antioxidant, reactive 
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oxygen species scavenging, and anti-atherosclerotic prop-
erties, and is considered one of the key active ingredients in 
Chinese medicine due to its primary effective components 
(Gupta et al. 2013). However, the practical application of 
curcumin in medicine is limited by its poor water solu-
bility, rapid metabolic degradation, and potential cytotox-
icity to non-cancerous cells. Consequently, considerable 
attention has been directed toward exploring novel chem-
ically synthesized curcumin analogues with comparable 
biological properties. Several recent studies have investi-
gated the effects of curcumin compounds or derivatives 
on inhibiting the growth of cancer cells (Wu et al. 2015; 
Zhou et al. 2018; Chainoglou and Hadjipavlou-Litina 
2019; Ali et al. 2021).

In recent years, several curcumin compounds have 
demonstrated strong antitumor efficacy (Tomeh et al. 
2019). These are complex molecules with multiple path-
ways that may mediate chemotherapeutic and chemopre-
ventive effects in cancer. They are also associated with a 
low risk of adverse effects. Moreover, curcumin interferes 
with several cellular signaling pathways, including angio-
genesis, cell proliferation, inflammation, and programmed 
cell death (Sandur et al. 2007; Liang et al. 2008, 2009; Xu 
et al. 2013). Under laboratory conditions, curcuminoid 
derivatives have also been shown to inhibit the prolifera-
tion of several cancer cell lines, particularly in lung cancer 
(Watson et al. 2010; Chang et al. 2012; Liu et al. 2016).

These data strongly suggest potential clinical appli-
cability in cancer control. Pyrazole and its derivatives 
constitute a highly significant group of heterocyclic 
compounds in pharmacology. Substituted pyrazoles 
have demonstrated diverse pharmacological activities, 
including anticancer effects. Certain pyrazole-based cy-
totoxic agents also exhibit chemopreventive properties 
(Xia et al. 2008; Al-Warhi et al. 2023).

The present study aimed to evaluate the cytotoxic prop-
erties of curcuminoid variants against a lung cancer cell 
line (A549), along with ADMET prediction. A molecular 
docking study was also conducted to elucidate their ac-
tivity.

Experimental section
Chemical synthesis

Previously, curcuminoids (compounds 1–7) and pyra-
zole derivatives of curcuminoids (compounds 8–14) were 
synthesized and documented (AL-Hakiem et al. 2024), as 
shown in Figs 1, 2.

Preliminary cytotoxicity screening

An in vitro preliminary screening of the anticancer 
activity of curcuminoids 1–7 and pyrazole deriva-
tives (8–14) against the A549 lung cancer cell line was 
conducted at the Department of Zoology and Cytol-
ogy, Government College University, Faisalabad, Pa-
kistan. The screening was performed using the MTT 

colorimetric assay (Mosmann 1983). A549 cells were 
cultured and then treated with a solution containing 
curcuminoids and pyrazole analogs (1–14) at a concen-
tration of 0.4 mg/mL, dissolved in DMSO. The exper-
iment was conducted in triplicate. The control group 
consisted of cancer cells treated with DMSO alone. Af-
ter a 48-hour incubation at 37 °C and 5% CO₂, the cells 
were rinsed with phosphate-buffered saline to remove 
dead cells and cellular debris. Subsequently, the cells 
were exposed to a solution containing 0.5 mg/mL MTT 
and incubated for an additional 4 hours at 37 °C and 
5% CO₂ until formazan crystals formed. The resulting 
crystals were dissolved in DMSO, and the absorbance of 
the solution was measured at a wavelength of 570 nm.

Calculation of the IC₅₀ value of the ac-
tive compounds

In this step, the IC₅₀ value was determined for the com-
pounds that demonstrated significant curative effects on 
the A549 cell line in the previous phase. This was accom-
plished by evaluating the impact of varying concentra-
tions (25, 50, 100, 200, 400 μg/mL) of those compounds 
on the viability of lung cancer cells. The MTT assay was 
used to assess their effect. The data were analyzed, and 
the IC₅₀ values were computed using GraphPad Prism 8.1 
software. The findings were presented as ± SEM, with a 
p-value of less than 0.0001.

Molecular docking study

Molecular docking models were conducted using Aut-
oDock 4 to examine the binding interactions between 
the target protein (receptor) and the ligand mono-
mers. The three-dimensional structure of the epider-
mal growth factor receptor (EGFR) protein (PDB ID: 
4HJ0) was retrieved from the Protein Data Bank (PDB) 
in PDB format. The protein structure was preprocessed 
to remove water molecules, ions, and other heteroatoms. 
Polar hydrogen atoms and Kollman charges were added 
using AutoDockTools (ADT). The processed receptor 
file was saved in PDBQT format for docking trials. The 
ligand structures were prepared in PDB format. Gastei-
ger charges were assigned, and rotatable bonds were de-
fined using AutoDockTools. The ligand files were then 
converted and saved in PDBQT format.

The receptor’s binding site was determined using Aut-
oDockTools. A grid box was defined to enclose the pre-
dicted binding region, with specific coordinates (x, y, z) 
and dimensions calibrated to encompass the active site. 
AutoDock 4 was executed using the corresponding DPF 
file to perform the docking simulations. The output was 
saved in a Docking Log File (DLG), which contained de-
tailed results on binding energies and ligand conforma-
tions. The binding energy values (in kcal/mol) and opti-
mal ligand conformations were extracted from the DLG 
file. The docking outcomes were visualized and analyzed 
using structural visualization tools to examine the interac-
tions between the ligands and the receptor.
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ADMET prediction

SwissADME (http://www.swissadme.ch) and ProTox-II 
(https://tox-new.charite.de/protox_II) were used to as-
sess the pharmacokinetic and toxicity profiles of the 
compounds under study.

SwissADME analysis

We were provided with SMILES representations of all 14 
compounds to evaluate their physicochemical properties 
and drug-likeness. The following parameters were extract-
ed: Lipinski’s Rule of Five, bioavailability score, PAINS 

(Pan Assay Interference Compounds), and synthetic ac-
cessibility. All data were downloaded in table format, 
manually sorted, and filtered to retain only pharmacolog-
ically relevant descriptors.

ProTox-II toxicity prediction

The same SMILES strings were submitted to the ProTox-II 
server to assess oral acute toxicity (LD₅₀, expressed 
in mg/kg), predicted toxicity class (I–VI), and probabil-
ity-based predictions for hepatotoxicity, carcinogenicity, 
and immunotoxicity. The results were saved and used to 
interpret outcomes and prioritize compounds.

Figure 1. Chemical structure of curcuminoid compounds (1–7).

Figure 2. Chemical structure of pyrazole derivatives of curcuminoid compounds (8–14).

http://www.swissadme.ch
https://tox-new.charite.de/protox_II
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Results and discussion
Curcuminoids (compounds 1–7) and pyrazole derivatives 
of curcuminoids (compounds 8–14) demonstrated vary-
ing levels of cytotoxicity against the A549 cell line, with 
IC₅₀ values ranging from 10 to 157 μg/mL.

Compound 2, a curcuminoid derivative, exhibited signif-
icant cytotoxicity (10.38 μg/mL) against the A549 cell line. 
In contrast, compound 8, a pyrazole derivative, displayed the 
strongest cytotoxicity within its group (59.23 μg/mL). Com-
pounds 4, 5, and 7 also demonstrated notable cytotoxicity, 
with IC₅₀ values of 47.1, 23.4, and 82.4 μg/mL, respectively. 
The remaining compounds exhibited only mild cytotoxicity.

The antiproliferative effects (IC₅₀) of the synthesized 
compounds on the A549 and HdFn cell lines are presented 
in Table 1 and illustrated in Figs 3, 4.

The selectivity index values for curcuminoid com-
pounds (1–7) were 0.37, 0.02, 0.89, 0.30, 0.13, 0.93, and 
0.66, respectively. For compounds 8–14, which are pyrazole 
derivatives of curcuminoids, the selectivity index values 
were 0.39, 0.74, 0.45, 0.97, 0.48, 0.09, and 0.55, respectively. 
None of the curcuminoid or pyrazole derivatives exhibit-
ed a selectivity index value greater than 3, the threshold for 
classification as highly selective. Table 2 summarizes the cy-
totoxicity and selectivity index values for the curcuminoid 
and pyrazole derivatives on the A549 cell line compared to 
the HdFn cell line (Weerapreeyakul et al. 2012).

The docking research findings, as presented in Table 3 
along with Figs 5, 6, indicate that compound 2 exhibited 
the lowest binding energy (−11.52 kcal/mol) and the high-
est affinity (KI = 19.51 nM). Compound 6 also demon-
strated low binding energy (−11.47 kcal/mol) and high 
affinity (KI = 3.93 nM). In contrast, compound 12 dis-
played the highest binding energy (−8.42 kcal/mol) and 
the lowest affinity (KI = 670.04 nM). Consequently, com-
pound 2, which showed the highest affinity in the docking 
investigations, also exhibited the most potent antiprolif-
erative effect in experimental analyses. This suggests that 
the strong binding affinity of this compound for the target 
receptor may contribute to its biological activity.

Although compound 6 demonstrated significant affin-
ity in docking experiments, its antiproliferative efficacy 
was limited. This discrepancy may be attributed to factors 
such as cell membrane permeability and compound sta-
bility within the intracellular environment. Compound 
12, with the lowest affinity in docking studies, also showed 
the weakest antiproliferative effect, supporting the idea 
that receptor binding affinity is a critical factor in deter-
mining biological activity.

We used SwissADME and ProTox-II online tools to 
evaluate the ADMET and toxicity profiles of all 14 com-
pounds studied (Tables 4, 5). This analysis was performed 
to support the molecular docking results targeting pro-
teins associated with the A549 lung cancer cell line. The 
combined in silico study enabled an early assessment of 
pharmacokinetic viability and potential safety risks.

The in silico pharmacokinetic evaluation of the tested 
compounds using the SwissADME platform revealed fa-
vorable drug-like properties. All compounds exhibited a 
bioavailability score of 0.55, indicating a modest probabil-
ity of achieving oral bioavailability. Importantly, none of 
the compounds violated Lipinski’s Rule of Five, suggesting 
physicochemical features conducive to oral drug delivery. 
In addition, no PAINS (Pan Assay Interference Com-
pounds) alerts were detected across the series, implying a 
low likelihood of false-positive results in biological assays. 

Table 1. Antiproliferative activity (IC₅₀) of synthesized com-
pounds (1–14).

Compound IC50 (A549) (μg/mL) IC50 (HdFn) (μg/mL)
1 78.37 211
2 10.38 568
3 121.1 134.9
4 47.1 155.2
5 23.4 180.50
6 140.50 151.3
7 82.4 125.2
8 59.23 151.6
9 119 161.2
10 107.9 237.4
11 121.6 124.2
12 102.8 213.7
13 157.5 162.2
14 131.3 237.4

Table 2. Classification of cytotoxicity and selectivity index (SI) 
of prepared compounds on the A549 cell line compared to the 
HdFn cell line.

Cytotoxicity Selectivity 
index (SI) value

A549 vs. HdFn

Very strong cytotoxicity SI ≥ 3 –
(IC50 < 10 μg/mL)
Strong cytotoxicity SI ≥ 3
(IC50 10–100 μg/mL) SI < 3 Compounds 

(2, 5, 4, 8, 1, and 7)
Moderate cytotoxicity SI ≥ 3
(IC50 100–500 μg/mL) SI < 3 Compounds (12, 10, 9, 3, 

11,14, 6, and 13)

Table 3. AutoDock 4 results.

Compounds Binding energy 
(kcal/mol)

Ki (nM) H.B

1 -10.32 27.23 LYS721
2 -10.52 19.51 LYS721, MET769
3 -9.13 203.33 THR766, MET769, CYS773
4 -8.64 467.03 THR766, MET769
5 -10.57 17.78 MET769
6 -11.47 3.93 MET769, PHE832, THR766
7 -10.33 26.61 LYS721
8 -9.6 91.23 LYS721
9 -10.32 12.49 LYS692, LYS704, MET769
10 -10.41 23.51 LYS704, MET769, ASP831
11 -9.15 194.79 MET769
12 -8.42 670.04 LYS692, LYS721, MET769
13 -9.49 111.4 GLN767, MET769, ASP831
14 -9.86 58.85 MET769, THR766
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The synthetic accessibility scores ranged from 2.9 to 3.74, 
suggesting a reasonable feasibility for chemical synthesis 
and scalability. Collectively, these results emphasize the 
pharmacological promise of the tested compounds and 
support their progression to experimental validation, par-
ticularly for the development of lung cancer therapeutics 
targeting the A549 cell line.

According to ProTox-II, all compounds were classified 
within toxicity classes 4 or 5.

The estimated LD₅₀ values ranged from 1300 to 
4000 mg/kg, suggesting a relatively safe toxicological 
profile and supporting the need for further investi-
gation. Compounds 1–7 did not induce hepatotox-
icity or carcinogenicity; however, they consistently 
affected immune function, indicating potential immu-
nological disruption.

Figure 3. IC₅₀ values of curcuminoid compounds (1–7) against A549 and HdFn cell lines.

Table 4. SwissADME results.

Compounds Bioavailability 
score

Lipinski 
violations

PAINS 
alerts

Synthetic 
accessibility

1 0.55 0 0 2.97
2 0.55 0 0 3.32
3 0.55 0 0 3.47
4 0.55 0 0 3.74
5 0.55 0 0 3.35
6 0.55 0 0 3.51
7 0.55 0 0 3.35
8 0.55 0 0 2.98
9 0.55 0 0 2.9
10 0.55 0 0 3.42
11 0.55 0 0 3.04
12 0.55 0 0 3.51
13 0.55 0 0 3.27
14 0.55 0 0 3.55
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Compounds 8–14 exhibited enhanced biological activ-
ity, with some classified as both hepatotoxic and carcino-
genic (probability > 0.53). This may be attributed to the 
incorporation of 1,2,3-triazole and extended aromatic sys-
tems (Mardaneh et al. 2025). Immunotoxicity remained 
markedly high across all compounds (0.85–0.99), high-
lighting the presence of significant immunological associ-
ations that warrant additional scientific evaluation.

These results align with previous research emphasizing 
the anticancer efficacy of curcumin analogs on A549 cells. 
Wu et al. (2015) reported significant cytotoxicity for the 
curcumin derivative JZ534, with IC₅₀ values comparable 
to those of compound 2 in the present study. Similarly, 
Zhou et al. (2018) demonstrated that MHMM-41, a novel 

curcumin-derived compound, induced ROS-mediated 
apoptosis in A549 cells. Compound 2 in this study exhib-
ited enhanced efficacy, with an IC₅₀ of 10.38 μg/mL and 
a strong binding affinity of −11.52 kcal/mol to EGFR.  
Moreover, Xu et al. (2013) and Mardaneh et al. (2025) 
showed that inhibition of EGFR by synthetic curcumin 
analogs is a key mechanism in suppressing lung cancer 
cell proliferation. These parallels support the conclusion 
that the investigated compounds—especially compound 
2—have potential for further development as anticancer 
agents. The discrepancy between docking results and bio-
logical activity observed for compound 6 may be attribut-
ed to limitations in membrane permeability or intracellu-
lar stability, consistent with findings by Liu et al. (2016).

Figure 4. IC₅₀ values of pyrazole derivatives of curcuminoid compounds (8–14) against A549 and HdFn cell lines.
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Table 5. ProTox-II results.

Compounds LD50 (mg/kg) Toxicity class Hepatotoxicity Carcinogenicity Immunotoxicity
1 2000 4 Inactive (0.61) Inactive (0.84) Active (0.92)
2 2000 4 Inactive (0.54) Inactive (0.75) Active (0.95)
3 4000 5 Inactive (0.54) Inactive (0.75) Active (0.99)
4 2000 4 Inactive (0.53) Inactive (0.66) Active (0.96)
5 4000 5 Inactive (0.60) Inactive (0.82) Active (0.98)
6 2000 4 Inactive (0.59) Inactive (0.81) Active (0.96)
7 2000 4 Inactive (0.56) Inactive (0.65) Active (0.98)
8 1314 4 Active (0.57) Active (0.56) Active (0.96)
9 1300 4 Active (0.56) Active (0.61) Active (0.98)
10 1300 4 Active (0.56) Active (0.53) Active (0.99)
11 1300 4 Active (0.55) Active (0.54) Active (0.99)
12 1300 4 Active (0.55) Active (0.55) Active (0.85)
13 1300 4 Active (0.56) Active (0.53) Active (0.99)
14 1300 4 Active (0.60) Active (0.55) Active (0.95)

Figure 5. Molecular docking results of compounds (1–7).
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Conclusion
This research integrated antiproliferative assays with mo-
lecular docking, as well as ADMET and toxicity predic-
tion, to evaluate the synthesized compounds as potential 
anticancer agents. Compound 2 demonstrated the most 
potent antiproliferative activity along with high binding 
affinity, whereas compound 6 exhibited significant affin-
ity but only moderate activity. Compound 12, which had 
the lowest binding affinity, also showed weak biological 
activity, reinforcing the correlation between binding af-
finity and biological efficacy. The SwissADME analysis 
confirmed favorable drug-likeness across all compounds, 
with no Lipinski violations, moderate synthetic accessi-
bility, and absence of PAINS alerts. ProTox-II predicted 
tolerable oral toxicity; however, elevated immunotoxicity 

scores suggest that further safety evaluation is neces-
sary. Taken together, these findings support compound 
2 as a promising candidate for further optimization and 
preclinical development.
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