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INTRODUCTION 

Breast cancer, medically known as carcinoma mammae, is a prevalent malignancy that affects both women and men, arising 

from the mammary glands, fatty tissue, or connective tissue of the breast. It ranks among the most common malignant 

tumors globally; for instance, studies indicate that breast cancer is the most frequently diagnosed malignant tumor in 

Chinese women, with its incidence steadily increasing annually. Early diagnosis and effective treatment are therefore crucial 

for reducing associated mortality rates1,2. 

Current standard treatments for breast cancer typically involve chemotherapy, hormone therapy, and surgery. However, 

the efficacy of these conventional therapies remains limited, particularly for patients with advanced-stage disease. 

Consequently, recent research has focused on developing targeted therapeutic pathways, often involving the identification 

of specific molecular receptors to inhibit cancer progression3,4. 

One crucial molecular target is the Estrogen receptor-alpha (ER-α). Estrogen stimulates gene expression and cell 

proliferation, and ER-α plays a pivotal role in the development and progression of breast cancer. As a ligand-inducible 

transcription factor, ER-α can be leveraged to regulate the growth, survival, and differentiation of breast cancer cells, making 

it a highly relevant target for drug development5,6. 

In the pursuit of new therapeutic agents, natural products have become increasingly important resources for drug 

discovery7. Moringa or Kelor (Moringa oleifera L.) is a plant widely used as both food and traditional medicine globally, 
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 Abstract 

Breast cancer is the most common type of cancer in 
women. Kelor (Moringa oleifera) leaves are a plant with 
medicinal properties for treatment. This study aimed to 
determine the activity and identify the metabolite compounds 
of M. oleifera leaves that are more effective and stable at the 
estrogen receptor (ER), potentially serving as an anticancer 
agent for breast cancer. The methods employed are 
computational studies, including molecular docking, PKCSM 
tests, and molecular dynamics simulations. The results of a 
computational molecular docking study of 23 M. oleifera leaf 
compounds identified the three best compounds from the 
docking results of the best ER genistein compounds on the 
1QKM receptor, as well as genistein and luteolin compounds on 
the 1X7J receptor, all with low free energy values. From the 
pkCSM test of 23 compounds, three compounds were selected 
that showed good absorbance and distribution, and the toxicity 
prediction indicated that one compound did not exhibit 
hepatotoxicity. Molecular dynamics results for the Luteolin 
1X7J compound, simulated for 100 ns, showed lower and more 
stable RMSD and RMSF values compared to those of 
compounds on the ER. 
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valued for its established antioxidant, anti-inflammatory, and anticancer properties. The plant contains over 100 secondary 

metabolites, including key compounds such as quercetin, kaempferol, genistein, eugenol, and luteolin8-10. Previous research 

has confirmed the diverse biological activities of M. oleifera, spanning antibacterial, antitumor, and general anticancer 

effects11. 

To rapidly screen and predict the efficacy of these natural compounds, molecular docking is employed as an essential in 

silico method in rational drug design12,13. This computational technique predicts the molecular interaction and affinity 

between a small molecule (ligand) and the active site of a target protein (receptor). By analyzing the three-dimensional 

structure of the resulting complex, docking identifies potential therapeutic candidates and predicts their activity at the 

molecular level. This study aims to utilize the molecular docking to determine the anticancer activity of compounds present 

in M. oleifera leaves, specifically by predicting their binding and inhibitory potential against relevant breast cancer receptors. 

 

MATERIALS AND METHODS 

Materials 

This study utilized a combination of hardware, standalone software, and web-based computational platforms. The 

hardware specifications included an Intel® Core™ i7-3632QM CPU (2.2 GHz, Turbo Boost 3.2 GHz), 4.00 GB of RAM, and 

a 64-bit Operating System. The primary software packages employed were MarvinSketch (for compound 

drawing/preparation), YASARA and PLANTS (for docking procedures), and Discovery Studio (for visualization and 

analysis). Web-based resources included the PubChem database for ligand information, the Protein Data Bank (PDB) for 

receptor files, pkCSM for ADME/Tox prediction, Google Colabs for data processing, and a tool for assessing the Lipinski 

Rule of Five (Ro5). The study focused on 23 compounds selected based on previous literature identifying them as active 

constituents of M. oleifera leaves. These were compared against established breast cancer drugs: cyclophosphamide, 

docetaxel, and paclitaxel. The target receptors were ERs, specifically obtained from the PDB website 

(https://www.rscb.org/) under the PDB codes 2QA8, 1X7R, 1X7J, 1QKM, and 6QGG (all in PDB file format), which 

represent anti-breast cancer targets. 

 

Methods 

Receptor and ligand preparation 

The study utilized multiple estrogen-related receptor (ERR) structures, specifically those with PDB IDs 2QAB, 1X7R, 1X7J, 

1QKM, and 6QGG, which were downloaded in .pdb format from the PDB website. The stereochemical quality of each 

receptor was rigorously assessed using the Ramachandran plot analysis via the PDBSum web server. Receptor preparation, 

including the removal of native ligands, was conducted using YASARA software. For ligand preparation, 2D structures of 

the test compounds were downloaded from the PubChem database. These structures were then imported into 

MarvinSketch for geometry optimization, which included protonation to determine the major microspecies. The optimized 

structures were saved in .mrv format. Conformational analysis was then performed by generating conformers and saving 

the resulting stable, low-potential energy structure in the .mol2 file format, ensuring the conformation aligns with 

physiological conditions14. 

Molecular docking and validation 

Docking validation was performed initially to ensure the reliability of the docking protocol. This involved redocking the 

native ligand into its receptor and calculating the Root Mean Square Deviation (RMSD) using YASARA software (Analyze 

> RMSD > Molecule). The docking method was considered valid only if the calculated RMSD value was less than 2 Å15. 

Ligand-target protein docking was performed using the PLANTS program under the Windows operating system, utilizing 

the prepared .mol2 files. The binding site was defined using the command plants -mode bind ref_ligand .mol2 5 

protein.mol2, followed by the docking screen command plants –mode screen pc_4pyp.txt16. 

Visualization and drug-likeness analysis 

The docking results were ranked based on the binding affinity, with the lowest (most negative) score indicating the most 

stable interaction. The resulting ligand-protein complexes and their molecular interactions were visualized using Discovery 

https://journal.umpr.ac.id/index.php/bjop
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Studio Visualizer14. Drug-likeness was assessed via the Drug Scan based on Lipinski's Ro5. Parameters evaluated included 

a Molecular Weight (MW) of <500 g/mol, lipophilicity (LogP) of <5, hydrogen bond donor (HBD) count of <5, hydrogen 

bond acceptor (HBA) count of <10, and a molar refractivity (MR) between 40-130 Å2. 

 

Data analysis 

The pharmacokinetic activity and toxicity profiles of the test ligands were predicted by uploading their structures to the 

pkCSM website17. This platform allowed for the prediction of various ADMET (absorption, distribution, metabolism, 

excretion, and toxicity) properties essential for drug development. To validate the stability of the protein-ligand complexes, 

molecular dynamics (MD) simulations were performed using a program supported by Google Colab and hosted on 

GitHub. This simulation utilized the OpenMM engine and the AMBER force field (specifically FF19SB for protein and 

GAFF2 for the ligand, with TIP3P water type). The setup involved installing necessary Python libraries and packages 

(including Anaconda, PyTraj, Py3Dmol, ProL.IF, NumPy, Matplotlib, and AmberTools) via Google Colab, followed by 

connecting to Google Drive for data storage. Simulation parameters were set to minimize the system over 1000 steps, and 

the equilibration phase was run with appropriate temperature and pressure settings for a simulation time of 100 ns. The 

stability of the complex was analyzed by monitoring the fluctuations in potential energy, RMSD, and RMSF (Root Mean 

Square Fluctuation)18. Stable fluctuations were key to confirming the reliability of the docking results. 

 

RESULTS AND DISCUSSION 

Receptor analysis for this study focused on estrogen-type receptors, with the specific PDB codes selected being 2QA8, 1X7R, 

1X7J, 1QKM, and 6QGG. These receptor structures were downloaded in PDB file format from the official PDB website. The 

resolution and native ligands associated with each receptor are detailed in Table I. A lower receptor resolution value is a 

critical factor in molecular docking, as resolutions below 3 Å are generally preferred. A lower resolution signifies a higher 

quality crystallographic structure, which directly correlates with improved receptor stability and more accurate ligand pose 

prediction during the computational docking process19. 

 
Table I. Receptor used. 

PDB 
ID 

Experimental 
method 

Molecules Native ligand 
Resolution 

(Å) 

1QKM X-ray difraction ER-β Genistein 1.80  

1X7J X-ray difraction ER-β Genistein 2.30 
1X7R X-ray difraction ER-α Genistein 2.00 
2QA8 X-ray difraction ER-α Genistein 1.85 
6QGG X-ray difraction Bcl-2 [(3~{R})-3-[[4-[[4-[4-[[2-(4-chlorophenyl)phenyl]methyl]piperazin-1-

yl]phenyl]carbonylsulfamoyl]-2-nitro-phenyl]amino]-4-phenylsulfanyl-
butyl]-(2-hydroxy-2-oxoethyl)-dimethyl-azanium 

1.50 

 

Target receptor analysis was performed to determine the quality and structural stability of the selected proteins by 

evaluating their Ramachandran plot profiles via the PDBSum web server. This critical parameter confirms the 

stereochemical correctness of the protein backbone20. As detailed in Table II, all five selected protein structures 

demonstrated excellent quality and stability. Specifically, PDB codes 1QKM (96.6%), 1X7J (93.7%), 1X7R (95.5%), 2AQ8 

(94.3%), and 6QGG (96.0%) all showed a high percentage of amino acid residues located in the most favored regions and a 

universally low 0.0% presence in the disallowed regions. These results confirm that all five receptor structures are reliable 

and structurally stable for use in subsequent molecular docking studies. The five receptor structures were strategically 

selected based on their relevance to the estrogen signaling pathways, their high-resolution quality (≥3 Å), and their 

representation of different receptor subtypes (ER-α, ER-β, and specific apoptosis-related receptors)21. This selection strategy 

ensures a comprehensive assessment of ligand compatibility across functionally and conformationally distinct receptor 

targets. 
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Table II. Ramachandran plot analysis. 

PDB ID 
Residues in most 

favored regions (%) 
Residues in additionally 

allowed regions (%) 
Residues in disallowed 

regions (%) 
Overall model quality assessment 

1QKM 96.6 3.4 0.0 Very high quality & Stable 
1X7J 93.7 6.3 0.0 High quality & Stable 
1X7R 95.5 4.5 0.0 Very high quality & Stable 
2QA8 94.3 5.7 0.0 High quality & Stable 
6QGG 96.0 4.0 0.0 Very high quality & Stable 

 

The initial validation of the receptor structures, critical for accurate molecular docking, is presented in Table III. Out of the 

five protein structures assessed, only two (1QKM (RMSD: 1.1306 Å; Binding affinity: -94.5783 kcal/mol) and 1X7R (RMSD: 

1.1549 Å; Binding affinity: -90.2397 kcal/mol) fulfilled the stringent docking validation criteria by exhibiting an RMSD value 

below 2.0 Å. This low RMSD confirms the reliability and predictive accuracy of the docking protocol for these specific 

structures22. Consequently, 1QKM and 1X7R were selected for all subsequent detailed docking and simulation analyses23. 

The remaining structures (1X7J, 2QA8, and 6QGG), which yielded significantly higher RMSD values (7.1085 Å, 7.0271 Å, 

and 14.0229 Å, respectively), were excluded from the primary investigation, although their data are included in the table for 

transparency. 

 
Table III. Docking method validation results. 

PDB ID Binding affinity (kcal/mol) RMSD (Å) Validation Status 

1QKM -94.58 1.13 Successful 
1X7J -90.24 1.15 Successful 
1X7R -85.25 7.11 Failed 
2QA8 -89.58 7.03 Failed 
6QGG +60.60 14.02 Failed 

 

The subsequent molecular docking of the test ligands with the selected target receptors was executed using the PLANTS 

program via the command-line interface (CMD). The active site for each receptor was precisely defined by referencing the 

coordinates of the native ligand's position. A grid box, measuring 20 x 20 x 20 Å, was centered over this ligand-binding site 

to encompass the relevant cavity fully. The test set comprised 23 compounds derived from M. oleifera leaf secondary 

metabolites, alongside established comparative drugs. Analysis focused on the three M. oleifera compounds that exhibited 

the lowest (most negative) binding affinity values across the receptors, as a smaller binding affinity value signifies a stronger, 

more stable interaction between the ligand and the receptor22. These top three compounds were then directly compared 

against the binding affinities of the native ligands and the comparative drugs. The complete results of the test ligand docking 

for each validated receptor are detailed in Table IV. 

 
Table IV. Analysis of docking results on the 1QKM receptor. 

Compounds Source/category Binding affinity (kcal/mol) 
Reference compounds 

  

Natural ligand (1QKM) Reference -94.58 
Cyclophosphamide Reference drug -67.59 
Ligands from M. oleifera 

  

Genistein Moringa oleifera -96.46 
Luteolin Moringa oleifera -91.67 
Apigenin Moringa oleifera -88.45 
Niazimicin Moringa oleifera -86.05 
Quercetin Moringa oleifera -85.72 
Kaempferol Moringa oleifera -84.32 
Niazirin Moringa oleifera -83.77 
Myricetin Moringa oleifera -80.93 
Benzylglucosinolate Moringa oleifera -80.47 
2-Metilpropil glukosinolat Moringa oleifera -79.42 
Glucococlearin Moringa oleifera -79.08 
Glucoputranjivin Moringa oleifera -75.95 
Eugenol Moringa oleifera -68.78 
Niazirinin Moringa oleifera -67.38 
Benzyl isothiocyanate Moringa oleifera -62.70 
Moringine Moringa oleifera -61.62 
Benzylamine Moringa oleifera -61.64 
Epicatechin Moringa oleifera -60.95 

https://journal.umpr.ac.id/index.php/bjop
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Niaziminin Moringa oleifera -55.95 
Lupeol Moringa oleifera -45.07 
Quercetin-3-O-glucoside Moringa oleifera -32.61 
Rutin Moringa oleifera 80.58 
4-O-α-L-Rhamnopyranosylglucosinalbin Moringa oleifera 14.63 

 

The results of the docking analysis against the 1QKM identified three compounds from M. oleifera leaves that exhibited 

binding affinities superior to both the native ligand and the reference drug, cyclophosphamide. Specifically, genistein 

showed the strongest affinity with a binding energy of -96.4564 kcal/mol, followed by Luteolin at -91.67 kcal/mol, and 

apigenin at -88.4475 kcal/mol. Cyclophosphamide, chosen as the comparator drug due to its frequent clinical use in breast 

cancer therapy and its well-characterized binding profile with ERs, serves as a crucial benchmark for assessing the 

therapeutic potential of the natural compounds in this study24. The significantly more negative binding energy values 

demonstrated by genistein, luteolin, and apigenin suggest that these compounds may possess a higher affinity and more 

stable interaction with the 1QKM receptor than the standard chemotherapeutic agent. 

Molecular docking simulations against the 1X7J receptor (Table V) revealed three key compounds from M. oleifera leaf 

extract that exhibited superior binding affinities compared to both the native ligand and the reference drug, 

cyclophosphamide. Specifically, the top-performing compounds were apigenin, with a binding affinity of -87.6074 

kcal/mol; genistein, showing an affinity of -90.8068 kcal/mol; and luteolin, which demonstrated the strongest interaction 

with an affinity of -92.238 kcal/mol. These findings indicate that apigenin, genistein, and luteolin, among all tested 

secondary metabolites, possess the most favorable predicted interactions and strongest docking scores toward the target 

receptor, suggesting their potential as promising candidates for further pharmacological investigation. 

 
Table V. Analysis of docking results on the 1X7J receptor. 

Compounds Source/category Binding affinity (kcal/mol) 

Reference compounds 
  

Natural ligand (1X7J) Reference -90.24 
Cyclophosphamide Reference drug -66.39 
Ligands from M. oleifera 

  

Quercetin Moringa oleifera -84.54 
Kaempferol Moringa oleifera -82.99 
Myricetin Moringa oleifera -81.69 
Genistein Moringa oleifera -90.81 
Eugenol Moringa oleifera -63.59 
Benzyl isothiocyanate Moringa oleifera -60.16 
Benzylamine Moringa oleifera -61.60 
Luteolin Moringa oleifera -92.24 
Epicatechin Moringa oleifera -73.16 
Glucococlearin Moringa oleifera -87.06 
Glucoputranjivin Moringa oleifera -81.97 
Lupeol Moringa oleifera -46.38 
Moringine Moringa oleifera -61.59 
Niazimicin Moringa oleifera -83.27 
Quercetin-3-O-glucosides Moringa oleifera -55.36 
Rutin Moringa oleifera 33.08 
Apigenins Moringa oleifera -87.61 
Niazirine Moringa oleifera -81.91 
Niaziminin Moringa oleifera -68.83 
Niazirinine Moringa oleifera -70.38 
2-Methylpropyl glucosinolate Moringa oleifera -84.63 
4-O-α-L-Rhamnopyranosylglucosinalbin Moringa oleifera -30.38 
Benzylglucosinolate Moringa oleifera -81.31 

 

The assessment of molecular interactions between the ligand and the target protein was performed through visualization 

using Discovery Studio software. The primary objective of this visualization was to elucidate the specific interactions, 

notably hydrogen bonds and hydrophobic bonds, that stabilize the ligand-protein complex, thereby predicting binding 

affinity and mechanism. Hydrogen bonds, critical for drug properties and stability, represent a strong type of dipole-dipole 

interaction. They form when a partially positive hydrogen atom, bonded to a highly electronegative atom (like O, N, or F), 

is attracted to the lone pair of electrons on another electronegative atom25. Concurrently, hydrophobic bonds—interactions 

among nonpolar molecules that cluster away from the aqueous environment—also significantly contribute to complex 
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stability, often forming within the globular interior of the protein26. Furthermore, crucial to evaluating the compound's 

potential as a therapeutic agent are its pharmacokinetic parameters, which are summarized in Table VI. These include the 

logP value, typically predicted using tools such as SwissADME or pkCSM. The logP value serves as a fundamental metric 

for assessing the lipophilicity and subsequent absorption potential of the compounds under investigation. 

 
Table VI. Comparison of hydrogen and hydrophobic bonds. 

Receptors Compound Hydrogen bonds Hydrophobic bonds 

1QKM Natural 
ligands 

ARG346, HIS475, 
LEU339 

MET295, LEU426, THR299, MET336, LEU298, LEU301, GLU305, LEU343, 
PHE356, MET340, ALA302, LEU380, ILE326, ILE373, GLY472, MET479 

Apigenin ARG34, LEU339 GLY472, ILE376, LEU298, LEU380, MET340, LEU340, PHE356, LEU301, ALA302, 
MET336, VAL487, THR299, LEU476, MET295, HIS475, ILE373 

Genistein LEU339, ARG346, 
HIS475 

LEU343, PHE356, LEU380, MET340, ALA302, ILE376, GLY472, ILE373, MET479, 
MET295, LEU476, THR299, MET336, LEU298, LEU301, GLU305 

Luteolin ARG346, GLU305 PHE356, LEU339, LEU343, LEU380, PHE377, ILE326, LEU476, GLY472, ILE373, 
HIS475, MET299, THR299, LEU298, MET336, MET340, LEU301, ALA302 

1X7J Natural 
ligands 

ARG346, LEU339, 
HIS425 

MET340, LEU380, ILE376, GLY422, ILE373, MET295, THR299, LEU298, MET336, 
ALA302, LEU301, LEU343, PHE356 

Apigenin ARG346, LEU339 GLU305, LEU301, MET336, THR299, LEU476, MET295, HIS475, ILE373, GLY422, 
ILE376, LEU298, ALA302, LEU380, PHE356, MET340, LEU343 

Genistein HIS475, ARG346, 
LEU339 

MET479, LEU476, MET295, THR299, LEU298, MET336, ALA302, LEU301, 
LEU343, PHE356, GLU305, MET340, LEU380, ILE376, GLY422, ILE373 

Luteolin ARG346, GLU305, 
GLY472 

PHE356, LEU343, LEU339, MET340, LEU380, ILE376, ILE373, HIS475, MET295, 
MET479, THR299, LEU298, LEU476, MET336, ALA302, LEU301 

 

Analysis of the molecular docking simulations was crucial for predicting the interaction profiles between the natural 

compounds (apigenin, genistein, and luteolin) and the target proteins. Specifically, the binding of the native ligand to the 

1QKM receptor was modeled computationally to establish a reference for stable ligand-protein complex formation. 

Visualization of these results indicated that the binding characteristics of apigenin closely mirrored those of the native ligand. 

Apigenin shared the hydrogen-bonding residues Arg346 and Leu339, along with a substantial overlap in hydrophobic 

interactions involving residues such as Met295, Leu476, Thr299, Met336, Leu298, Leu301, Leu343, Phe356, Met340, Ala302, 

Leu380, Ile376, Ile373, and Gly479. Intriguingly, the binding pattern of genistein demonstrated an identical profile of both 

hydrogen and hydrophobic bonds to that of the native ligand. For luteolin, the shared hydrogen-bonding residue was 

Arg346, and the overlapping hydrophobic resienables Leu343, Leu380, Ile376, Leu476, Gly472, Ile373, Thr299, Leu298, 

Met336, Met340, Leu301, and Ala302. The establishment of hydrogen bonds is critical as it imparts stability and high 

potential binding energy to the protein-ligand complex, while the prevalence of hydrophobic interactions is a fundamental 

characteristic of the stable structural complex component in receptor binding algorithms. 

Further investigation using the 1X7J receptor revealed similar competitive binding behavior. The apigenin compound 

exhibited shared hydrogen bonding with the native ligand at residues Arg346 and Leu339. The hydrophobic interactions 

for apigenin involved the common residues Glu305, Leu301, Met336, Thr299, Leu476, Met295, Ile373, Gly422, Ile376, Leu298, 

Ala302, Leu380, Phe356, Met340, and Leu343. Consistent with the 1QKM results, the genistein compound again displayed 

an identical set of hydrogen and hydrophobic binding characteristics to the native ligand at the 1X7J site. Finally, luteolin 

formed a shared hydrogen bond at Arg346, with overlapping hydrophobic interactions involving Phe356, Leu343, Met340, 

Leu380, Ile376, Ile373, Met295, Met479, Thr299, Leu298, Leu476, Met336, Ala302, and Leu301. The significant structural 

complementarity demonstrated by these natural ligands, particularly the consistent replication of key binding residues, 

suggests a high potential for inhibitory activity via a mechanism comparable to that of the native ligand. 

The drug-likeness of the candidate compounds was assessed using a Drug Scan analysis, which specifically evaluated 

compliance with the Ro5 parameters. The Ro5 serves as a critical filter in early-stage drug discovery, predicting the oral 

bioavailability and passive membrane permeability of potential drug candidates. A compound is considered likely to exhibit 

good absorption and permeability if it adheres to the following criteria: MW <500 Daltons, LogP <5, HBD <5, and HBA <10. 

An additional, though less stringent, parameter often considered is that the Molar Refractivity (MR) must fall within the 

range of 40 to 13027. The MW criterion is crucial, as molecules exceeding 500 Daltons typically encounter difficulty in 

passively diffusing across the cell membrane, which can significantly impair drug distribution and overall efficacy. Analysis 

of the three top-performing compound candidates, as detailed in Table VII, confirmed that all compounds successfully 

https://journal.umpr.ac.id/index.php/bjop
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satisfied every parameter of the Lipinski Ro5, suggesting a favorable profile for oral bioavailability and establishing their 

potential as promising drug leads. 

 
Table VII. ADMET properties of compounds based on Ro5. 

Compounds 
Absorption: 
Solubility 

(Log mol/L) 

Distribution: VDSS 
(Log L/kg) 

Metabolism: CYP 
Substrate 

Excretion: 
OCT2 

Substrate 

Toxicity: Maximum 
Tolerated Dose 

(Log mg/kg/day) 

Apigenin -3.329 0.822 CYP2D6: No 
CYP3A4: No 

No -0.328 

Genistein -3.595 0.094 CYP2D6: No 
CYP3A4: No 

No 0.478 

Luteolin -3.094 1.153 CYP2D6: No 
CYP3A4: No 

No 0.499 

 

Predictive pharmacokinetic and toxicity profiling, collectively known as ADMET, is critical for assessing the in vivo fate and 

potential safety of drug candidates in humans. Favorable pharmacokinetic parameters, particularly robust absorption and 

wide distribution, correlate directly with increased bioavailability and a higher likelihood of effective receptor interaction28. 

In this study, the ADMET properties for apigenin, genistein, and luteolin were computationally predicted using the pkCSM 

web platform. While pkCSM offers a broad range of outputs, the analysis prioritized parameters highly relevant to oral drug 

development, including water solubility (logS), steady-state volume of distribution (log VDSS), and key toxicity endpoints 

such as hepatotoxicity and Ames toxicity. The detailed results are presented in Table VIII. 

Absorption potential was evaluated based on logS. Low water solubility (logS <-6) generally impedes enteral absorption17. 

All three compounds exhibited favorable, high water solubility: apigenin (logS: -3.329 log mol/L), genistein (logS: -3.595 log 

mol/L), and luteolin (logS: -3.094 log mol/L). This suggests good potential for oral bioavailability. 

The log VDSS parameter, expressed as log L/kg, provides insight into the drug's distribution tendency between plasma and 

tissues. A high VDSS indicates extensive tissue distribution, whereas a low value suggests confinement primarily to the 

plasma compartment. A low distribution is defined as log VDSS <-0.15 log L/kg, and a high distribution is log VDSS >0.45 

log L/kg17. Apigenin and genistein demonstrated low predicted log VDSS values, suggesting limited tissue partitioning, 

while Luteolin, with a value of 1.153 log L/kg, showed moderate tissue distribution, placing it within the acceptable range. 

Assessment of metabolism focused on the compounds' likelihood of being substrates for the Cytochrome P450 (CYP) 

isoforms CYP2D6 and CYP3A4, as inhibition or induction of these enzymes can significantly alter the pharmacokinetics of 

co-administered drugs29. Remarkably, the computational prediction indicated that all three compounds were not 

metabolized by the P450 enzymes, suggesting a low potential for drug-drug interactions mediated by these major metabolic 

pathways. 

For excretion, the compounds were screened for substrate potential towards the renal transporter Organic Cation 

Transporter 2 (OCT2), which is critical for drug clearance17. The prediction showed that apigenin, genistein, and luteolin 

were not substrates for OCT2. This negative result is favorable, indicating a low risk of adverse drug-drug interactions when 

co-administered with OCT2 inhibitors, which would otherwise complicate renal clearance and potentially lead to toxicity. 

Toxicity prediction encompassed Ames toxicity and hepatotoxicity, with all three compounds showing favorable results for 

non-mutagenicity (non-Ames toxic) and non-hepatotoxicity. The Maximum Tolerated Dose (MTD), which estimates the 

recommended initial dose threshold in Phase I clinical trials, was also evaluated. A low MTD is considered <0.477 

log(mg/kg/day)17. Apigenin yielded a low MTD of 0.328 log(mg/kg/day), while genistein and luteolin had slightly higher, 

yet still moderate, values of 0.478 log(mg/kg/day) and 0.499 log(mg/kg/day), respectively. 

Overall, apigenin exhibited the most promising ADMET profile, demonstrating high water solubility and an acceptable 

distribution, followed closely by genistein and luteolin. The collective absence of predicted hepatotoxicity, Ames toxicity, 

CYP450 metabolism, and OCT2 substrate activity suggests that these ligands are compelling oral drug candidates for 

anticancer development. The computational identification of genistein, luteolin, and apigenin as promising anti-breast 

cancer lead molecules has important practical implications. These compounds can serve as scaffolds for synthetic 

modification to further optimize their pharmacokinetic properties and target affinity. Furthermore, standardized extracts 

rich in these compounds could be explored as dietary supplements for chemoprevention or as adjuvant therapy alongside 

conventional chemotherapy. The favorable safety and pharmacokinetic profiles support the progression to targeted in vitro 
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cytotoxicity assays and in vivo animal studies to fully validate their anticancer efficacy and potential to minimize the side 

effects of toxic chemotherapeutic agents. 

 
Table VIII. Predictive analysis of ADMET pharmacokinetics with pkCSM. 

Compounds Molecular weight (g/mol) H-bond donors H-bond acceptors LogP Molar refractivity (MR) Passes Ro5? 

Apigenin 270.24 3 5 2.419 70.813 Yes 
Genistein 286.24 4 6 2.125 72.478 Yes 
Luteolin 270.24 3 5 2.419 70.813 Yes 

 

Molecular dynamics simulations were executed to assess the stability and conformational behavior of complexes involving 

two target receptors, their respective native ligands, the comparator drug cyclophosphamide, and the most promising test 

compounds: apigenin, genistein, and luteolin. These simulations, conducted for a duration of 100 ns, were designed to 

mimic near-physiological conditions to provide insight into the dynamic interactions within the protein-ligand system over 

time. The computational environment used for running the MD simulations was Google Colaboratory, a cloud-based 

service that leverages Jupyter Notebooks linked to Google Drive accounts, facilitating interactive data processing and 

analysis, particularly for demanding computational tasks18. For example, the Ambertools Suite22 was employed for the 

simulation setup and analysis. Key metrics obtained from the Ambertools output include the visualization of ligand 

interactions, the RMSD, and the RMSF. The RMSD values are critical indicators used to evaluate the overall conformational 

stability of the protein-ligand complexes throughout the 100 ns trajectory. A stable RMSD trend suggests that the protein 

structure remains stable during the simulation. Concurrently, the RMSF provides a measure of the flexibility of the amino 

acid residues that constitute the receptor, offering insight into which regions exhibit the most significant mobility upon 

ligand binding16. 

Molecular dynamics simulations were performed to assess the stability and dynamic behavior of the protein-ligand 

complexes for the tested compounds (genistein, apigenin, and luteolin) compared to the native ligand and 

cyclophosphamide within the active sites of both 1QKM and 1X7J receptors. This analysis was primarily based on the RMSD 

and RMSF trajectories. The RMSD plots for the 1QKM receptor complexes (Figures 1 to 3) generally demonstrated an initial 

phase of structural stability, with the system stabilizing around 1.5 ± 0.25 Å for the majority of the simulation time. This 

stable baseline indicates that all complexes have attained a maximally stable conformation, thereby maintaining the 

structural integrity of both the enzyme and the bound ligand. 

However, complex-specific deviations were observed. The genistein complex (Figure 1) exhibited an observable increase in 

RMSD to approximately 2.5 Å after the 30-ns mark, signifying a moderate conformational change, possibly representing an 

"opening" or significant shift in the protein structure. This structural rearrangement may correspond to the ligand exploring 

alternative, more optimal binding coordinates within the newly accessible pocket. For both the apigenin (Figure 2) and 

luteolin (Figure 3) complexes, a similar deviation to approximately 2.0 Å occurred around the 50-ns mark. These transient 

fluctuations are typically indicative of the protein undergoing a localized conformational "breathing" motion, where the 

ligand actively searches or reorients to its most favorable binding position. The subsequent return to a stable RMSD, 

particularly evident in the luteolin complex, affirms that the overall protein-ligand interaction remained stable and favorable 

following the dynamic adjustment. 

Similarly, the MD trajectories for the 1X7J receptor complexes (Figures 4 to 6) initially maintained a stable RMSD around 1.5 

Å. This consistent stability across complexes underscores the preservation of the native protein conformation and the 

persistence of favorable ligand-residue interactions. A significant conformational change was observed for the luteolin and 

genistein complexes (Figures 4 and 5), where the RMSD sharply increased to approximately 2.5 Å around the 50-ns and 30-

ns marks, respectively. This spike suggests a significant structural rearrangement in the enzyme's backbone, potentially 

allowing the ligand to attain a more energetically stable, final binding coordination. The apigenin complex (Figure 6) 

displayed a more pronounced spike to 3.0 Å around 50 ns, followed by an additional, minor transient adjustment near 70 

ns. Despite these fluctuations, the rapid restabilization confirms the robustness and ultimate integrity of the protein-ligand 

interactions, suggesting that the tested compounds successfully achieved sustained, stable binding poses within the active 

site. 
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Figure 1. RMSD of MD at 1QKM receptor. Blue: genistein; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Figure 2. RMSD of MD at 1QKM receptor. Blue: apigenin; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Figure 3. RMSD of MD at 1QKM receptor. Blue: luteolin; Red: native ligand; Yellow: cyclophosphamide. 
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Figure 4. RMSD of MD at 1X7J receptor. Blue: luteolin; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Figure 5. RMSD of MD at 1X7J receptor. Blue: genistein; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Figure 6. RMSD of MD at 1X7J receptor. Blue: apigenin; Red: native ligand; Yellow: cyclophosphamide. 
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The RMSF analysis provides critical insight into the localized dynamic flexibility of the receptor backbone upon ligand 

binding (Figures 7 to 12). For both the 1QKM and 1X7J receptors, all three compounds (genistein, apigenin, and luteolin) 

consistently exhibited remarkably stable interactions. The RMSF values for the majority of the amino acid residues across 

both receptors remained confined within the narrow range of 0 to 1.5 Å (typically 0 to 1.0 Å for the most rigid parts) 

throughout the simulation. 

This low and uniform RMSF profile is a powerful indicator of a rigid and stable binding pocket, implying that the binding 

events do not induce significant conformational changes or excessive localized flexibility in the receptor backbone. Since the 

magnitude of RMSF is directly proportional to a residue's flexibility, these results strongly suggest that the established 

interaction between the ligands and their corresponding amino acid residues is well-sustained, minimally disruptive, and 

indicative of a high-affinity, sustained binding mode. The minimal fluctuations confirm the stability observed in the RMSD 

plots and underscore the effective binding of the tested compounds30. 

 

 
Amino acid residues 

Figure 7. RMSF of MD at 1QKM receptor. Blue: genistein; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Amino acid residues 

Figure 8. RMSF of MD at 1QKM receptor. Blue: apigenin; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Amino acid residues 

Figure 9. RMSF of MD at 1QKM receptor. Blue: luteolin; Red: native ligand; Yellow: cyclophosphamide. 
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Amino acid residues 

Figure 10. RMSF of MD at 1X7J receptor. Blue: luteolin; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Amino acid residues 

Figure 11. RMSF of MD at 1X7J receptor. Blue: genistein; Red: native ligand; Yellow: cyclophosphamide. 

 

 
Amino acid residues 

Figure 12. RMSF of MD at 1X7J receptor. Blue: apigenin; Red: native ligand; Yellow: cyclophosphamide. 

 

CONCLUSION 

Based on the comprehensive computational analysis, three key metabolites derived from M. oleifera demonstrated superior 

interactions and stability with the ER targets. Specifically, genistein exhibited the most favorable binding affinity (binding 

energy –96.4564 kcal/mol) toward the 1QKM target, followed closely by luteolin (–92.238 kcal/mol at 1X7J) and apigenin 

(–88.4475 kcal/mol at 1QKM). Furthermore, all three lead compounds maintained stable RMSD profiles throughout the 
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100-ns MD simulations, confirming the robustness and longevity of their predicted binding modes to the ERs. Crucially, the 

subsequent pharmacokinetic and toxicity assessments indicated favorable absorption and distribution characteristics 

alongside no predicted hepatotoxicity. Collectively, these findings strongly endorse genistein, luteolin, and apigenin as 

promising, orally bioavailable candidates for further development as novel anticancer agents targeting ERs. 
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