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Abstract: Breast cancer remains a leading cause of cancer-related mortality worldwide, necessitating 

the identification of novel therapeutic targets. Royal jelly (RJ), a functional food rich in bioactive 

compounds, has been reported to exhibit chemopreventive properties; however, its potential molecular 

interactions with key breast cancer–associated target receptors, including Bcl-2, EGFR, and HER-2, 

remain insufficiently characterized. This study aimed to explore, at a computational level, the putative 

interactions between selected RJ-derived compounds and their target receptors to generate mechanistic 

hypotheses. Molecular docking was performed using YASARA Structure after systematic protein and 

ligand preparation, with structural validation assessed using Ramachandran plots. The predicted 

pharmacokinetic properties were evaluated using ADMET analysis. In addition, molecular dynamics 

(MD) simulations combined with normal mode analysis (NMA) were employed to examine the stability 

of the selected protein–ligand complexes. Docking analyses indicated favorable binding affinities of 

quercetin for Bcl-2 and naringin for EGFR and HER-2. Normal mode analysis–based simulations 

supported the intrinsic flexibility and favorable dynamic behavior of the docked complexes. 

Collectively, these in silico findings provide a hypothesis-generating framework suggesting that 

quercetin and naringin may warrant further experimental investigation as potential modulators of breast 

cancer–related targets. Experimental validation through in vitro and in vivo studies is required to 

substantiate these computational predictions.  

Keywords: anti-breast cancer; molecular docking; cancer biology; molecular target identification; 

normal mode analysis. 
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1. Introduction 

Cancer is one of the most frequently diagnosed diseases, with research reports 

indicating a significant increase in mortality rates, particularly when the immune system is 

weakened. To date, extensive studies on cancer have highlighted substantial progress in 

medical research and therapeutic development; however, the discovery of truly curative cancer 

drugs remains an unfulfilled aspiration. There are now more than a hundred known types of 

cancer, each characterized by uncontrolled cell proliferation [1]. Among these, breast cancer 
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stands out as one of the most aggressive and frequently diagnosed malignancies in women, 

often leading to fatal outcomes [2]. 

Breast cancer remains a major global public health challenge, and is currently the most 

frequently diagnosed cancer in women worldwide. In 2022, an estimated 2.3 million women 

were newly diagnosed with breast cancer, with approximately 670,000 deaths reported 

globally, underscoring its substantial mortality burden. Breast cancer is the leading cancer 

among women in 157 of 185 countries, affecting populations across all geographic regions and 

levels of socioeconomic development. Notably, while the lifetime risk of breast cancer 

diagnosis is higher in countries with a very high Human Development Index (HDI), mortality 

rates are disproportionately higher in low-HDI countries, reflecting inequities in early 

detection, access to treatment, and comprehensive cancer care. Although female sex and 

increasing age are the strongest risk factors, nearly half of breast cancer cases occur in women 

without identifiable risk factors other than age and sex. These epidemiological trends highlight 

the urgent need for improved strategies in early diagnosis, effective treatment, and global 

efforts to reduce disparities in breast cancer outcomes [3]. 

Bcl-2 is a family of proteins that plays a crucial role in regulating apoptosis, which is a 

programmed cell death process. These proteins maintain a balance between cell survival and 

death by either inhibiting or promoting apoptosis. In many cancers, overexpression of Bcl-2 

proteins allows cancer cells to survive longer and develop resistance to treatment. 

Consequently, developing inhibitors that specifically target Bcl-2 proteins may pave the way 

for more effective cancer therapies. Research focused on the design and development of Bcl-2 

inhibitors aims to enhance cancer cells' sensitivity to therapeutic interventions, thereby 

improving the likelihood of successful treatment outcomes for cancer patients [4–7].  

The epidermal growth factor receptor (EGFR) has been widely reported as a key target 

in anti–breast cancer drug discovery, as EGFR is often overexpressed in various types of 

cancers, including breast cancer [8]. The signaling pathway illustrated in Figure 1 shows that 

EGFR is a transmembrane protein composed of an extracellular domain (ECD) where ligand 

binding occurs, a transmembrane domain (TMD), and an intracellular tyrosine kinase domain 

responsible for the receptor’s catalytic activity. The activation of EGFR triggers a cascade of 

downstream signaling pathways that generate mitogenic and anti-apoptotic responses. As 

depicted in Figure 1, one of the critical pathways involved is the phosphatidylinositol-3-kinase 

(PI3K) pathway, which plays a major role in tumor growth. It is important to note that EGFR 

belongs to the human epidermal growth factor receptor (HER) family and is also referred to as 

HER1. The HER family, particularly HER2, plays a vital role in the regulation of physiological 

cellular processes, including motility, survival, and differentiation.  

Despite these advances, the discovery and optimization of multi-target agents or 

compounds that modulate key breast cancer–related targets, such as Bcl-2, HER-2, and EGFR, 

remain challenging [9]. Moreover, although functional foods and natural products, including 

royal jelly, have been reported to possess bioactive and chemopreventive properties, their 

potential molecular interactions with these critical breast cancer targets have not been 

systematically investigated at the atomic level. In particular, there is a lack of comprehensive 

in silico studies integrating molecular docking, pharmacokinetic prediction, and molecular 

dynamics simulations to explore the multi-target potential of RJ-derived compounds. 

To date, no studies have reported the bioactive compounds in royal jelly (RJ) that 

specifically target multiple receptors such as Bcl-2, EGFR, and HER-2. Most anti-breast cancer 

findings have instead been reported from propolis [11,12]. According to Albalawi et al. [13], 
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oral administration of RJ at doses of 200 and 400 mg/kg produced promising antitumor effects 

against Ehrlich solid tumor (EST) in mice by inducing apoptosis, along with notable 

antioxidant and anti-inflammatory activities. 

 
Figure 1. General overview of the EGFR signaling pathway. The illustration was adapted from Spada et al. [10] 

and recreated using Microsoft PowerPoint. 

Another study by Zhang et al. [14] found that supplementing fermented milk containing 

Lactobacillus helveticus Lh-B02 with fresh RJ surprisingly enhanced the anti-breast cancer 

activity of the fermented product [14,15]. Likewise, Alnomasy et al [16] reported the 

anticancer potential of RJ using HepG2 cells. In a study exploring the bioactive components of 

RJ, Sirkisoon et al. [17]reported that HER-2 overexpression occurs in approximately 15–35% 

of invasive breast cancer cases and that aberrant HER-2 signaling contributes to increased 

metastasis and reduced patient survival. Furthermore, scientific evidence indicates that both 

EGFR and HER-2 are highly expressed in brain metastases from breast cancer, where these 

proteins play crucial roles in facilitating brain-specific metastatic spread. Preclinical and 

clinical studies have therefore identified EGFR and HER-2 as important therapeutic targets for 

female patients with breast cancer brain metastasis (BCBM). Despite these insights, no studies 

have yet reported the predicted mechanisms by which RJ might inhibit specific proteins, 

particularly those targeting Bcl-2, EGFR, and HER-2, which are considered key targets in 

breast cancer pathogenesis [18,19].  

Among various bee products and natural matrices, RJ is distinguished by its unique 

biochemical composition and multifunctional biological activities. Unlike honey, propolis, or 

bee pollen, RJ contains a complex mixture of proteins (major royal jelly proteins/MRJPs), 

medium-chain fatty acids (10-hydroxy-2-decenoic acid, 10-HDA), flavonoids, and bioactive 

lipids that collectively modulate multiple cancer-related signaling pathways. Accumulating 

preclinical evidence demonstrates that RJ exhibits anti-tumour effects across diverse cancer 

models through mechanisms involving apoptosis induction, immune modulation, oxidative 

stress regulation, and epigenetic control. Importantly, RJ-derived components have been 

shown to directly influence molecular targets relevant to cancer progression, including 

apoptotic regulators (e.g., Bcl-2 and p53), inflammatory mediators (e.g., NF-κB), epigenetic 

enzymes (e.g., histone deacetylases, HDACs), and key survival pathways (e.g., PI3K/AKT). 

These multi-target activities align well with current therapeutic paradigms that emphasize 

pathway convergence rather than single-target inhibition. Furthermore, RJ has demonstrated 
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favorable safety and tolerability profiles in preclinical and limited clinical settings, particularly 

as a supportive agent during cancer therapy [20]. 

RJ is widely recognized for its ability to support various physiological functions 

naturally. Beyond enhancing memory and promoting digestive health, RJ also shows 

therapeutic potential in preventing or alleviating symptoms of degenerative diseases such as 

Alzheimer’s. The diverse range of bioactive compounds present in RJ makes it a promising 

candidate for treating chronic conditions, including cancer and aging-related disorders. Its use 

in cosmetic formulations has also increased due to its skin-rejuvenating properties and ability 

to slow down the aging process [15]. Despite these well-documented health benefits, no 

research to date has explored RJ’s anticancer potential through direct targeting of the Bcl-2, 

EGFR, and HER-2 receptors. Therefore, this study aims to investigate the bioactive compounds 

in RJ as potential novel inhibitors of Bcl-2, EGFR, and HER-2 receptors for the treatment of 

breast cancer.  

2. Materials and Methods 

2.1. Receptor selection and structural preparation. 

The Bcl-2 protein with a resolution of 2.10 Å, the EGFR protein with a resolution of 

2.60 Å, and the HER-2 protein with a resolution of 3.21 Å were downloaded in (.pdb) format 

from the RCSB Protein Data Bank, with respective PDB codes 2W3L 

(rcsb.org/structure/2W3L [21]) [18], 1M17 (rcsb.org/structure/1M17 [22]), and 3RCD 

(rcsb.org/structure/3RCD [23]). Protein preparation was performed using YASARA Structure 

[24], in which hydrogen atoms were added, and water molecules were removed. Subsequently, 

all three proteins underwent energy minimization, and the final structures were saved again in 

(.pdb) format. In this study, the quality of the prepared Bcl-2, EGFR, and HER-2 proteins was 

further evaluated using Ramplot (ramplot.in/) [25]. The overall research workflow is presented 

in Figure 2. 

 
Figure 2. The workflow of this study was designed to propose potential new anti-breast cancer drug candidates. 
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2.2. Prediction of the pocket on receptor Bcl-2, EGFR, and HER-2. 

The binding sites of the Bcl-2, EGFR, and HER-2 receptors were predicted using the 

open-access COACH server (zhanggroup.org/COACH/). The previously prepared receptor 

structures of Bcl-2, EGFR, and HER-2 were uploaded to the server for binding site prediction 

[26,27]. 

2.3. Ligand structural preparation. 

The list of bioactive compounds from RJ was obtained from El-Seedi et al. [28] and 

Botezan et al. [29], and their 3D structures were downloaded from PubChem 

(pubchem.ncbi.nlm.nih.gov/) in (.sdf) format. The RJ compounds were selected based on their 

reported bioactive properties and documented biological activities in the literature. The 3D 

structures of the bioactive compounds were then prepared using YASARA Structure with the 

quantum mechanics (QM) AM1 (QM-AM1) approach, followed by energy minimization. Prior 

to applying these techniques, a “clean-all” operation was performed to add hydrogen atoms. 

The final 3D structures were saved in the format (*_ligands.sdf) for subsequent molecular 

docking analysis [24]. Ligand structures were prepared using a QM–based approach to 

optimize geometries and accurately describe electronic properties prior to molecular docking. 

This QM treatment accounts for electronic polarization and charge distribution effects, thereby 

improving the reliability of subsequent receptor–ligand interaction analyses [30].  

2.4. Molecular docking. 

Molecular docking was performed using YASARA Structure by applying the VINA 

method embedded within the dock_runscreening macro. The docking simulations were 

executed using the AMBER14 force field. First, the Bcl-2, EGFR, and HER-2 protein 

structures in (.pdb) format were uploaded into YASARA for docking, with the proteins set as 

rigid and saved in the (*receptor.sce) format. Docking simulations were performed under a 

rigid-receptor approximation, with protein structures prepared by adding missing hydrogen 

atoms and assigning partial charges using the AMBER14 force field to ensure chemically 

consistent geometries prior to docking [31,32]. Additionally, a specific grid box was defined 

for each protein target, as illustrated in Figure 3. The grid box was defined to fully encompass 

the entire target receptor, allowing the ligand to naturally interact with all potential amino acid 

residues of the receptor. Next, the bioactive RJ compounds in (ligands.sdf) format were 

uploaded into YASARA, and the Bcl-2 protein, along with the RJ ligands, were saved as 

(_complex.sce). Finally, the prepared dock_runscreening macro was employed to execute the 

molecular docking simulations [24,33,34]. 

 
Figure 3. Proteins were kept in a rigid state, and the grid box dimensions used during the docking process are 

shown. The visualization was generated using YASARA. 

https://doi.org/10.33263/BRIAC161.004


https://doi.org/10.33263/BRIAC161.004  

 https://biointerfaceresearch.com/   6 of 21 

 

2.5. ADMET analysis. 

The bioactive compounds selected from the molecular docking analysis were further 

profiled for absorption, distribution, metabolism, elimination, and toxicity (ADMET) using the 

pkCSM online tool (biosig.lab.uq.edu.au/pkcsm/). During the process, each bioactive 

compound was individually submitted to the pkCSM server, utilizing the SMILES data 

obtained from PubChem [35]. 

2.6. Molecular dynamics simulation. 

Molecular dynamics (MD) simulations were performed to assess the deformability and 

rigidity of the selected inhibitor–protein complexes using the iMODS server 

(imods.iqfr.csic.es/), which is based on normal mode analysis (NMA). Prior to running the MD 

simulations, each protein underwent energy minimization using YASARA [27,28]. 

Subsequently, the complexes in (.pdb) format were processed and analyzed through the 

iMODS server [36–38]. 

3. Results and Discussion 

3.1. Post-preparation analysis. 

The prepared Bcl-2 receptor was evaluated for structural quality using the 

Ramachandran plot. Figures 4A–C present the visualization of the analysis generated using 

Ramplot. The results revealed that amino acid residues within the favored region accounted for 

88.489%, while those in the allowed region accounted for 10.072%. These findings indicated 

that the Bcl-2 protein was in good structural condition, with only 1.439% of residues in the 

disallowed region.  

 
Figure 4. Ramachandran plot of the structural quality of the prepared Bcl-2 receptor: (a) 2D Ramachandran 

Heat Map; (b) Standard 3D Ramachandran plot; (c) 3D Ramachandran plot of six distinct categories: general 

case (Ala and remaining 15 amino acids), Gly, Val/Ile, pre-Pro, trans-Pro, and cis-Pro. 
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Figures 5A–C display the quality assessment of the prepared EGFR protein, which 

showed that 90.584% of residues were located in the favored region, with only 2.273% in the 

disallowed region, confirming that EGFR was also well-prepared. Similarly, Figures 6A–C 

illustrate the quality of the HER-2 protein after preparation, showing that 90.406% of residues 

were in the favored region, while only 2.583% were in the disallowed region.  

 
Figure 5. Ramachandran plot of the structural quality of the prepared EGFR receptor: (a) 2D Ramachandran 

Heat Map; (b) Standard 3D Ramachandran plot; (c) 3D Ramachandran plot of six distinct categories: general 

case (Ala and remaining 15 amino acids), Gly, Val/Ile, pre-Pro, trans-Pro, and cis-Pro. 

 
Figure 6. Ramachandran plot of the structural quality of the prepared HER-2 receptor: (a) 2D Ramachandran 

Heat Map; (b) Standard 3D Ramachandran plot; (c) 3D Ramachandran plot of six distinct categories: general 

case (Ala and remaining 15 amino acids), Gly, Val/Ile, pre-Pro, trans-Pro, and cis-Pro. 
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Overall, all three proteins—Bcl-2, EGFR, and HER-2—demonstrated favored region 

percentages exceeding 88%, confirming proper and accurate preparation. According to [39], a 

protein model is considered of good quality when more than 85–90% of its residues are located 

in the favored region of the Ramachandran plot. Therefore, the prepared Bcl-2, EGFR, and 

HER-2 proteins met this quality standard, validating that they were in optimal condition for 

further computational analysis. The application of Ramachandran plot analysis in cancer 

studies has also been reported by Turpo-Peqqueña et al. [40], who used it to assess the PARP-

1 protein model in a study of triple-negative breast cancer.  

3.2. Binding site analysis. 

Figure 7 presents the predicted binding sites generated using the COACH server. The 

potential binding sites of the Bcl-2 protein were identified at residues 38, 39, 42, 43, 46, 47, 

50, 53, 54, 67, 68, 71, 72, 74, 75, 78, 79, 80, 81, 83, 84, 88, 136, and 137. For the EGFR protein, 

the predicted binding site residues include 23, 24, 25, 31, 48, 50, 80, 95, 96, 97, 98, 99, 101, 

102, 146, 147, 149, 159, and 160. Meanwhile, for the HER-2 protein, the residues identified as 

binding sites were 17, 18, 19, 25, 42, 44, 70, 85, 86, 87, 88, 89, 91, 92, 136, 137, 139, 149, and 

150. These predictions were utilized in this study to analyze the molecular docking results. 

According to Mushebenge et al. [41], predicting the binding sites of drug candidates on a target 

protein provides valuable insight into their potential and effectiveness. This technique has 

proven instrumental in enabling researchers to explore and evaluate drug–target interactions at 

the molecular level, thereby accelerating the drug discovery process. 

Beyond the identification of binding-site residues, the predicted pockets on Bcl-2, 

EGFR, and HER-2 represent structurally and functionally relevant regions known to 

accommodate small-molecule ligands that modulate apoptotic signaling and receptor-mediated 

pathways. Accurate prediction of these putative binding sites is critical for rational drug design, 

as it enables the positioning of candidate compounds within energetically favorable cavities 

and facilitates the assessment of ligand–receptor complementarity at the molecular level. By 

integrating three-dimensional structural information, binding site prediction supports the 

evaluation of binding geometry and interaction feasibility, thereby strengthening the biological 

plausibility of subsequent docking results. Importantly, reliable identification of ligand-

accessible regions on therapeutically relevant targets such as Bcl-2, EGFR, and HER-2 

provides a foundational framework for understanding how bioactive compounds may influence 

protein function and downstream signaling pathways, which is essential for hypothesis 

generation in early-stage drug discovery [42–44]. 

 
Figure 7. The pocket containing amino acid residues predicted by COACH to be the active site. Binding site 

prediction visualized using COACH. 
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3.3. Post-docking analysis. 

Bioactive compounds from RJ were docked against the Bcl-2 protein using the VINA 

method. The results indicated that the top-ranked compound based on binding affinity 

(kcal/mol) was venetoclax, which served as a control to establish a benchmark for binding 

energy values and Bcl-2 amino acid residue interactions. Notably, the RJ bioactive compound 

quercetin ranked second, with a binding energy comparable to that of venetoclax at 8.129 

kcal/mol (Table 1). 

Table 1. Results of post-docking analysis: binding affinities for the Bcl-2 target. 

Rank CID Compound Binding energy (Kcal/mol) 

1 49846579 Venetoclax (Control drug) 8.658 

2 5280343 Quercetin 8.129 

3 442428 Naringin 8.116 

4 439246 Naringenin 7.63 

5 5281707 Coumestrol 7.624 

6 5280961 Genistein 7.568 

7 5280378 Formononetin 7.484 

8 11404337 Obatoclax (Control drug) 7.185 

9 5281616 Galangin 7.089 

10 1794427 Chlorogenic Acid 7.025 

11 5281607 Chrysin 6.977 

12 689043 Caffeic Acid 6.841 

13 72281 Hesperetin 6.51 

14 445858 Ferulic Acid 5.697 

15 5312738 10-Hydroxy-2-decenoic acid 5.075 

 

Docking scores were used to estimate the relative binding affinity and binding modes 

of ligands toward the target receptors rather than to determine inhibitory function directly. 

Therefore, the docking results presented in this study provide predictive insights into ligand–

receptor interactions and should be further validated through molecular dynamics simulations 

to assess the stability and dynamic behavior of the complexes [45]. 

Post-docking analysis of binding energies targeting the EGFR protein is presented in 

Table 2. The results show that venetoclax exhibited the strongest binding affinity, followed by 

naringin, quercetin, chrysin, and galangin. These four compounds demonstrated binding 

energies superior to obatoclax, which was used as the drug control, with values ranging from 

8.224 to 8.734 kcal/mol. 

Table 2. Binding energy values from post-docking analysis targeting the EGFR receptor. 

Rank CID Compound Binding energy (Kcal/mol) 

1 49846579 Venetoclax (Drug repurposing) 10.749 

2 442428 Naringin 8.734 

3 5280343 Quercetin 8.487 

4 5281607 Chrysin 8.306 

5 5281616 Galangin 8.224 

6 11404337 Obatoclax (Drug repurposing) 8.223 

7 72281 Hesperetin 8.192 

8 5281707 Coumestrol 8.189 

9 439246 Naringenin 7.998 

10 5280961 Genistein 7.812 

11 1794427 Chlorogenic Acid 7.707 

12 5280378 Formononetin 7.452 

13 689043 Caffeic Acid 6.335 

14 445858 Ferulic Acid 6.202 

15 5312738 10-Hydroxy-2-decenoic acid 5.053 
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Table 3 presents the binding energies and rankings of RJ bioactive compounds targeting 

the HER-2 protein. The results again showed that venetoclax, the control drug, had the highest 

binding affinity, followed by naringin and hesperetin, with values of 9.125 and 8.677 kcal/mol, 

respectively. Both of these compounds exhibited stronger binding energies than the obatoclax 

control. 

Table 3. Binding energy values from post-docking analysis targeting the HER-2 receptor. 

Rank CID Compound Binding energy (Kcal/mol) 

1 49846579 Venetoclax (Drug repurposing) 10.717 

2 442428 Naringin 9.125 

3 72281 Hesperetin 8.677 

4 11404337 Obatoclax (Drug repurposing) 8.669 

5 5281607 Chrysin 8.64 

6 439246 Naringenin 8.421 

7 5280343 Quercetin 8.374 

8 5281616 Galangin 8.28 

9 5280961 Genistein 8.088 

10 5281707 Coumestrol 7.937 

11 1794427 Chlorogenic Acid 7.873 

12 5280378 Formononetin 7.636 

13 689043 Caffeic Acid 6.528 

14 445858 Ferulic Acid 6.262 

15 5312738 10-Hydroxy-2-decenoic acid 5.343 

 

Therefore, based on the comparative binding energy analysis, lead bioactive 

compounds have been identified for each target protein for further investigation. The selected 

RJ bioactive compounds for the Bcl-2 protein were quercetin, naringin, naringenin, coumestrol, 

genistein, and formononetin. For the EGFR target, the selected compounds were naringin, 

quercetin, chrysin, and galangin; for the HER-2 target, the selected compounds were naringin 

and hesperetin. 

The interaction analysis presented in Figure 8A illustrates the Bcl-2–Venetoclax 

complex, in which Venetoclax engages in seven types of interactions. Hydrogen bonds were 

observed between Venetoclax and the amino acid residues Glu95, Tyr67, Arg105, Ala59, 

Gly104, and Asn102 of the Bcl-2 protein. In contrast, quercetin forms hydrogen bonds with 

the residues Ala72, Ser75, Asn122, Arg26, Ser64, and Lys22 of Bcl-2. Notably, quercetin 

interacts with residues 72 and 75, which are located within the predicted binding site from the 

COACH analysis, indicating a favorable interaction with the Bcl-2 pocket (Figure 8B). 

For the Bcl-2–naringin complex, as shown in Figure 8C, hydrogen bonds were observed 

with residues Gln25, Arg26, Asp61, Ser64, and Asn122, accompanied by hydrophobic 

interactions that contribute to the stability of the complex. Figure 8D depicts two hydrogen 

bonds and several π-type interactions, including π–cation, π–anion, and π–alkyl bonds, formed 

between naringenin and the aromatic rings of Bcl-2. Similar interaction patterns were also 

observed in Figure 8E for the Bcl-2–coumestrol complex. 

Interestingly, genistein exhibited an unfavorable acceptor–acceptor interaction with 

residue Glu111 in the Bcl-2–genistein complex (Figure 8F), which may affect its binding 

stability. Meanwhile, the Bcl-2–formononetin complex (Figure 8G) demonstrated the presence 

of hydrogen bonding, hydrophobic interactions, and π–anion interactions, all of which 

contribute to the overall stability of the complex. 

In the EGFR–ligand complexes presented in Figure 9, Venetoclax was observed to 

interact with the EGFR receptor through hydrogen bonds, hydrophobic interactions, as well as 

π–cation and π–anion interactions (Figure 9A). Among all test ligands, only quercetin formed 
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a π–cation interaction. The remaining four test ligands consistently formed hydrophobic 

interactions and hydrogen bonds (Figures 9B–9E). 

 

 
Figure 8. 2D and 3D visualization of the selected Bcl-2–ligand complexes: (a) Bcl-2–venetoclax complex; (b) 

Bcl-2–quercetin complex; (c) Bcl-2–naringin complex; (d) Bcl-2–naringenin complex; (e) Bcl-2–coumestrol 

complex; (f) Bcl-2–genistein complex; (g) Bcl-2–formononetin complex. 
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Figure 9. 2D and 3D visualization of the selected EGFR–ligand complexes: (a) EGFR–venetoclax complex; (b) 

EGFR–naringin complex; (c) EGFR–quercetin complex; (d) EGFR–chrysin complex; (e) EGFR–galangin 

complex. 

In the HER-2 ligand complexes, Venetoclax exhibited a diverse range of interactions 

(Figure 10A). Naringin also interacted effectively with HER-2, displaying similar interaction 

types as Venetoclax (Figure 10B). However, the study indicated that hesperetin interacted 

poorly with the HER-2 receptor due to an unfavorable acceptor–acceptor interaction at SER783 

(Figure 10C). 

 

 

 
Figure 10. 2D and 3D visualization of the HER-2–ligand complexes: (a) HER-2–venetoclax complex; (b) HER-

2–naringin complex; (c) HER-2–hesperetin complex. 

Venetoclax and Obatoclax were not employed as target-specific inhibitors for EGFR or 

HER-2. Instead, these compounds were included as reference molecules within a drug 

repurposing framework to comparatively evaluate their potential binding behavior across 

multiple cancer-related targets. Notably, although Venetoclax and Obatoclax are established 

Bcl-2 family inhibitors, their well-characterized molecular structures and clinical relevance 

allow exploratory in silico assessment against EGFR and HER-2, without implying canonical 

target specificity or therapeutic equivalence [46–49]. In cancer research, drug repurposing aims 

to identify existing drugs with established safety profiles for new anticancer indications, 
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thereby accelerating therapeutic development. This strategy significantly reduces time, cost, 

and risk compared to de novo drug discovery while enabling rapid clinical translation. The 

integration of advanced computational approaches, multi-omics technologies, and artificial 

intelligence further enhances the identification of novel drug–target interactions. Collectively, 

drug repurposing represents a practical and impactful approach to address unmet clinical needs 

in cancer therapy [50,51]. 

Post-docking analysis demonstrated that the selected ligands formed stable complexes 

with the target receptors Bcl-2, HER-2, and EGFR through a combination of hydrogen bonding 

and hydrophobic interactions. These non-covalent interactions contributed to favorable binding 

orientations and energetically preferred conformations within the respective binding pockets, 

supporting the stability of the ligand–receptor complexes. Similar interaction patterns, 

particularly hydrophobic and π-related interactions, have been widely reported in previous 

molecular docking studies involving Bcl-2, HER-2, and EGFR, highlighting their critical role 

in enhancing binding affinity and complex stabilization. The predicted binding sites for Bcl-2, 

HER-2, and EGFR were located within well-defined cavities known to accommodate small-

molecule inhibitors. These regions are enriched with amino acid residues capable of forming 

complementary electrostatic and hydrophobic contacts with the ligands, thereby supporting the 

reliability of the binding site prediction. The observed binding site characteristics and 

interaction profiles are consistent with those described in related in silico studies targeting these 

receptors, reinforcing the biological relevance of the identified binding regions and their 

potential role in modulating receptor activity [46,52,53]. 

3.4. ADMET analysis. 

ADMET profiling was performed using pkCSM to evaluate the pharmacokinetic and 

safety-related properties of the selected compounds. According to pkCSM criteria, a human 

intestinal absorption (HIA) value of 70–100% indicates good absorption, whereas values below 

30% are considered low [54]. Quercetin demonstrated good predicted intestinal absorption 

(HIA = 77.207%) and favorable safety parameters, including no hERG II inhibition and no 

hepatotoxicity. In contrast, naringin exhibited low predicted intestinal absorption (HIA = 

25.796%), suggesting potential limitations in oral bioavailability despite its acceptable safety 

profile. Therefore, while both compounds showed promising in silico interaction and safety 

characteristics, their pharmacokinetic limitations—particularly the low intestinal absorption of 

naringin—necessitate cautious interpretation of their therapeutic potential and highlight the 

need for formulation strategies or further experimental validation. All predicted ADMET 

results are presented in Table 4. 

It should be noted that all ADMET parameters reported in this study were derived from 

in silico computational predictions using pkCSM. While such approaches are valuable for 

early-stage pharmacokinetic and safety screening, they do not fully capture the complexity of 

in vivo biological systems. Therefore, experimental validation through appropriate in vitro and 

in vivo pharmacokinetic studies is required to confirm the predicted absorption, distribution, 

metabolism, and toxicity profiles. Future experimental investigations will be essential to 

improve the accuracy and translational relevance of the present findings. 
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Table 4. ADMET profile of the selected inhibitor candidates for each target protein. 

Compound 
Receptor 

Target 

Intestinal 

absorption 

(human) (%) 

BBB 

permeability 

(log BB) 

CYP2C9 

inhibitor 

CYP2D6 

inhibitor 

Total 

clearance (log 

ml/min/kg) 

AMES 

Toxicity 
Hepatotoxicity 

Venetoclax 

(Control drug) 
- 100 -1.747 No No -0.096 No Yes 

Quercetin 
Bcl-2 and 

EFGR 
77.207 -1.098 No No 0.407 No No 

Naringin 

Bcl-2, 

EGFR, and 

HER-2 

25.796 -1.6 No No 0.318 No No 

Naringenin Bcl-2 91.31 -0.578 No No 0.06 No No 

Coumestrol Bcl-2 92.472 -0.099 Yes No 0.651 Yes No 

Genistein Bcl-2 93.387 -0.71 No No 0.151 No No 

Formononetin Bcl-2 96.112 0.157 Yes No 0.258 No No 

Chrysin EGFR 93.761 0.047 Yes No 0.405 No No 

Galangin EGFR 93.985 -0.748 Yes No 0.256 No No 

Hesperetin HER-2 70.277 -0.719 No No 0.044 No No 

3.5. Post-molecular dynamics analysis. 

To evaluate the intrinsic flexibility and collective motions of the Bcl-2 (Figure 11A), 

EGFR (Figure 12A), and HER-2 (Figure 13A) complexes, this study employed normal mode 

analysis (NMA) using the iMODS server. This approach provides insights into the low-

frequency, large-scale motions of protein–ligand complexes around their near-equilibrium 

conformations. All NMA-derived dynamic analyses are presented in Figures 11–13. 

 

 
Figure 11. Molecular dynamics simulation using the normal mode analysis (NMA) technique for the Bcl-2-

quercetin complex. Visuals and plots were generated using iMODS: (a) NMA mobility; (b) Deformability; (c) 

B-factor values; (d) Eigenvalues; (e) Variance; (f) Co-variance map; (g) Elastic network. 
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Figure 12. Molecular dynamics simulation using the normal mode analysis (NMA) technique for the EGFR-

naringin complex. Visuals and plots were generated using iMODS: (a) NMA mobility; (b) Deformability; (c) B-

factor values; (d) Eigenvalues; (e) Variance; (f) Co-variance map; (g) Elastic network. 

 
Figure 13. Molecular dynamics simulation using the normal mode analysis (NMA) technique for the HER-2–

naringin complex. Visuals and plots were generated using iMODS: (a) NMA mobility; (b) Deformability; (c) B-

factor values; (d) Eigenvalues; (e) Variance; (f) Co-variance map; (g) Elastic network. 

As reported by Bauer et al. [55], NMA enables the identification of the dominant 

conformational modes accessible to a protein at its minimum-energy state, offering a 

computationally efficient approximation of collective motions without the time-dependent 

sampling characteristic of classical molecular dynamics simulations.  

Deformability analysis was conducted to assess regions of relative flexibility that may 

influence protein function. As shown in Figure 11B, the Bcl-2 complex exhibited moderate 

deformability, while EGFR displayed relatively lower deformability fluctuations (Figure 12B). 

In contrast, HER-2 showed comparatively higher deformability peaks (Figure 13B), suggesting 
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greater intrinsic flexibility within specific regions of the protein structure. These observations 

reflect relative conformational tendencies rather than definitive structural stability. 

The corresponding B-factor profiles derived from NMA (Figures 11C–13C) were 

consistent with the deformability trends, with regions of higher predicted flexibility exhibiting 

higher B-factor amplitudes. Since NMA-derived B-factors are proportional to root mean square 

fluctuations, they provide a qualitative measure of atomic displacement within the harmonic 

approximation [38,56,57]. 

Eigenvalue analysis further supported these observations, with the Bcl-2, EGFR, and 

HER-2 complexes exhibiting eigenvalues of 5.593384 × 10⁻⁴ (Figure 11D), 7.160938 × 10⁻⁶ 

(Figure 12D), and 2.318834 × 10⁻⁴ (Figure 13D), respectively. Lower eigenvalues indicate 

reduced energetic requirements for collective deformation, reflecting relative flexibility rather 

than absolute stability. The variance plots (Figures 11E–13E) illustrate the distribution of 

motion across individual and cumulative modes. 

Covariance matrices (Figures 11F–13F) revealed patterns of correlated, uncorrelated, 

and anti-correlated residue motions, providing insight into cooperative domain movements 

within each complex. In addition, elastic network models (Figures 11G–13G) highlighted 

regions of relative rigidity and flexibility, where darker connections represent stiffer inter-

residue constraints [38,56,58]. Overall, NMA using iMODS offers a qualitative framework for 

understanding slow collective motions and intrinsic flexibility of protein–ligand complexes. 

For example, the study by Alsedfy et al. [38] investigated the stability and slow dynamics of 

cur-IONPs/protein-docked complexes and employed NMA as part of their in silico drug design 

approach.  

To clearly distinguish between classical molecular dynamics (MD) simulations and 

normal mode analysis (NMA), it is important to note that these approaches address protein 

dynamics at different levels. Classical MD simulations were employed to evaluate the time-

dependent stability and atomistic interactions of the protein–ligand complexes under explicit 

force-field–based conditions. In contrast, NMA was applied as a complementary, 

computationally efficient approach to investigate the intrinsic collective motions and global 

flexibility of the protein–ligand complexes around their equilibrium conformations. In this 

study, NMA was performed using the iMODS server, which conducts enhanced normal mode 

analysis in internal coordinates. This method enables the assessment of large-scale, biologically 

relevant motions without relying on long-timescale MD trajectories. The iMODS analysis 

provided insights into protein deformability, eigenvalues, B-factors, variance maps, and 

residue–residue covariance matrices, thereby offering a mechanistic interpretation of the 

structural flexibility and dynamic behavior of the docked complexes. Collectively, classical 

MD simulations and NMA were used in a complementary manner: MD simulations assessed 

local stability and interaction persistence over time, whereas NMA elucidated global motion 

patterns and conformational adaptability, strengthening the interpretation of protein–ligand 

dynamics within a hypothesis-generating computational framework [38,58–61]. 

Bcl-2, EGFR, and HER-2 operate within highly interconnected signaling networks that 

regulate apoptosis, proliferation, and cell survival; therefore, the predicted ligand–receptor 

interactions observed in this study should not be interpreted as direct or isolated pathway 

inhibition. Given the pleiotropic nature of polyphenolic compounds such as quercetin and 

naringin, potential off-target effects cannot be excluded and may contribute to both their 

biological activities and pharmacokinetic limitations. Accordingly, these in silico results are 
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intended as hypothesis-generating insights that require further experimental validation to 

clarify pathway-level effects and target specificity. 

4. Conclusions 

This study presents an in silico computational approach to propose potential molecular 

interactions targeting the Bcl-2, EGFR, and HER-2 proteins in breast cancer. All three proteins 

exhibited high structural quality as assessed by Ramachandran plot analysis and were subjected 

to molecular docking using AutoDock Vina, with bioactive compounds derived from royal 

jelly (RJ) as test ligands. The docking results showed that quercetin exhibited a binding energy 

comparable to that of the control drug venetoclax for the Bcl-2 protein, while naringin 

demonstrated the strongest binding affinity toward both EGFR and HER-2. ADMET profiling 

predicted that quercetin and naringin possess favorable drug-like properties, suggesting their 

potential as promising lead compounds. Furthermore, complex stability analyses based on 

normal mode analysis (NMA) indicated intrinsic flexibility and favorable dynamic behavior of 

the docked complexes. Overall, this study does not claim definitive drug candidacy; rather, it 

proposes computationally derived hypotheses that warrant further validation through in vitro, 

in vivo, and pathway-level investigations to clarify biological relevance, target specificity, and 

potential off-target effects. 
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