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Abstract: Wounds offer major health concerns and cause a great deal of economic, financial, and social 

hardship for hospitals, patients, families, and caretakers worldwide. Wounds are said to result from 

natural, chemical, or thermal stressors that weaken the skin's structure. Therefore, developing novel 

medications for wound healing is crucial to address the gaps in managing various types of wounds 

effectively. This study employed molecular docking and network pharmacology to investigate the 

effects of these compounds on biological systems and assess the efficacy of stingless bee propolis 

terpenoids in wound care. Using STRING, Cytoscape 3.10.2, and DAVID software, a network 

pharmacology analysis was conducted, and a network of interaction targets related to wound healing 

was produced. GO, KEGG, and Reactome analyses were employed to identify the specific biological 

processes, cellular compartments, and molecular functions associated with wounds. Additionally, brief 

and preliminary molecular docking research was conducted to examine the interactions between the 

terpenoids of propolis from stingless bees and the target protein, which was selected based on its rank 

value. Based on network pharmacology analysis, 48 hub genes were identified as potential therapeutic 

targets and are implicated in the R-HSA-162582 Signal Transduction signaling pathway related to 

wound healing. Furthermore, α-Eudesmol showed the highest binding score for ESR1 (-8.1 kcal/mol), 

according to docking studies. This study suggests that α-Eudesmol may improve wound healing. These 

findings offer the chance to demonstrate the effectiveness of α-Eudesmol as a multi-target medication 

in wound patients through both in vitro and in vivo investigations.  
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1. Introduction 

Wounds are a significant global medical issue that threatens the health systems [1]. The 

physiological process of wound healing is essential, dynamic, and intricate for maintaining skin 

integrity and repairing tissues. Angiogenesis, tissue growth, inflammation, and regeneration 

are all well-integrated steps that are required in wound healing [2]. It is proven that chronic 

inflammation retards the wound-healing process by interfering with the body's natural healing 
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mechanisms. A prolonged inflammatory phase can cause the wound to become chronic, 

delaying the regeneration and remodeling stages that are essential for healing. Since 1997, the 

FDA has approved Becaplermin, a gel that comprises platelet-derived growth factor (PDGF), 

for the treatment of diabetic foot ulcers [3,4]. Currently, no FDA-approved wound healing 

agent exists for the treatment of general wounds, underscoring the urgent need for effective 

and innovative therapeutic options. Every year, millions of people experience chronic wounds, 

which can lead to infections and tissue damage [5]. The prospect for novel medication is shown 

by the recent authorization of Vyjuvek, a gene therapy for dystrophic epidermolysis bullosa 

[6]. Notwithstanding these developments, it is high time to discover new drugs to heal wounds 

and meet the unmet demand for efficient treatment management of various types of wounds. 

Herbal therapies are promising as a source of new treatment options needed for human 

well-being. These herbal drugs are the result of the creation of semi-synthetic and/or synthetic 

analogs, which are required for the therapy of specific diseases; they provide chemical 

scaffolds [7]. Over 500 species of stingless bees (Hymenoptera: Apidae) are included in the 

tribe Meliponini, which is found worldwide in tropical dry and wet forests, as well as in certain 

subtropical regions [8]. Stingless bees are classified into two genera: Melipona and Trigona. 

Due to their biological activity and significant contribution to the forest environment, these 

have been the subject of phylogeny, sociality, and colony evolutionary studies [9]. Other 

remarkable features of stingless bees are propolis, honey, and wax. For a long time, stingless 

bee honey has been consumed and utilized as a medicinal product due to its significant 

biologically active ingredients, including carotenoids, polyphenols, proteins, minerals, free 

amino acids, and vitamins [8]. Moreover, it has been proven that propolis has antiseptic 

properties [10]. Propolis has been demonstrated in several studies to possess antibacterial [11], 

antioxidant [12], anti-inflammatory [13], antifungal [14], and wound-healing [15] properties. 

The chemical constitution of stingless bee propolis, honey, and wax varies according to the bee 

species, storage conditions, environmental factors, and botanical origin. Propolis' biological 

activities have been ascribed to its diterpenic acid, flavonoid, phenolic, terpenoid, and aromatic 

acid contents [16]. 

Terpenoids are known for their diverse pharmacological properties, including 

antioxidant, antibacterial, and anti-inflammatory effects [17,18]. Terpenoids have the potential 

to improve wound healing by encouraging angiogenesis and re-epithelialization. For example, 

certain terpene saponins promote angiogenesis and the production of vascular endothelial 

growth factor (VEGF), two essential processes for tissue healing [19]. They are also useful 

ingredients in creating therapies that promote the coagulation, inflammation, proliferation, and 

remodeling stages of the wound healing cascade, due to their capacity to lower inflammation 

and fight infections [20]. Drug research efforts continue to be made to optimize delivery 

systems and determine appropriate dosages for therapeutic use, despite their potential 

advantages in wound care treatment. Given the wound-healing properties of stingless bee 

propolis [21,22] and terpenoids [23,24], we selected the terpenoids extracted from stingless bee 

propolis for this study. 

Network pharmacology is an emerging approach in upstream drug discovery that 

enables systematic exploration of disease pathways and therapeutic targets [25]. By integrating 

existing data from various databases, a predictive model of drug action mechanisms can be 

constructed, linking compound targets with disease-related targets—such as those involved in 

wound healing. This approach helps identify pharmacological mechanisms within the broader 

context of biological network homeostasis [26]. Molecular docking complements network 
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pharmacology by allowing for the precise identification and optimization of potential drug 

candidates. Together, these computational techniques provide a faster and more cost-effective 

path for drug discovery, paving the way for novel treatment strategies. The primary aim of this 

study is to utilize network pharmacology and molecular docking to investigate the wound-

healing potential of terpenoids derived from Malaysian stingless bee propolis. By identifying 

key bioactive compounds and their molecular targets, this research provides valuable scientific 

insights into natural therapies and supports the development of novel, effective, and safe 

wound-healing agents rooted in traditional medicine. 

2. Materials and Methods 

2.1. Source of targets. 

In this study, five terpenoids—Germacrene D, Isolongifolol, Phorbol, α-Eudesmol, and 

Isoaromadendrene epoxide—were selected based on the findings of Syed Salleh et al. [29], 

who identified these compounds in stingless bee propolis using GC-MS analysis. The SMILES 

structures of terpenoids present in stingless bee propolis were retrieved and analyzed using the 

PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The target for these drugs was 

predicted using the SwissTargetPrediction and SuperPred databases [27]. The duplicate targets 

were also eliminated to identify the unique targets. 

2.2. Common target identification. 

Then, using Venny 2.1.0 software, the Venn diagram of intersecting targets was created 

by intersecting the unique targets from the SwissTargetPrediction and SuperPred databases 

[28]. 

2.3. Construction of protein-protein interaction network. 

The String network platform was used to import the intersecting targets for the 

terpenoids of propolis from stingless bees [27]. "Homo sapiens" was selected as the protein 

type. >0.9 was the chosen degree of confidence. The protein-protein interaction network (PPI) 

was created after the free targets were eliminated. The PPI was mapped using Cytoscape 3.10.2 

software after the nodal relationship data were imported to determine the degree [29]. The 

degree was then used to predict the primary targets for terpenoids of stingless bee propolis in 

wound treatment. 

2.4. Enrichment analysis. 

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) and Gene Ontology (GO) 

were used to clarify the roles of the target genes that were screened. The DAVID database was 

used for enrichment analysis, and P < 0.05 was used as the criterion for statistical significance 

[30]. Bubble charts were used to visually represent the results using the Microbiome platform 

(https://www.bioinformatics.com.cn/). 

2.5 Molecular docking. 

The target protein for docking was the crystal structure of the ESR1 protein, which has 

the PDB code 1X7R [31]. Five terpenoids from stingless bee propolis were docked with the 

ESR1 protein using the CB-Dock2 (Cavity-detection guided Blind Docking2) method [32]. In 
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this study, we utilized a blind docking tool (CB-Dock2), which requires a protein file in .pdb 

format and ligand files in .mol format. No additional preparation of the protein or ligands is 

necessary, as the software automatically selects the appropriate grid box based on the 

compound size [32]. These ligands were created using the ChemSketch program, stored in .mol 

format, and obtained from literature sources [33]. After rapidly identifying the binding site, 

determining the size and placement of the center, and customizing the docking zone's size based 

on the input molecules, the CB-Dock2 protein-ligand docking tool is used to dock using 

AutoDock Vina version 1.1.2 [34]. Before the docking process, a PBD file of the receptor and 

a .mol file containing the ligands were imported into the CB-Dock2 application. Some main 

cavities were automatically selected and utilized for further docking studies during this 

approach. The ideal binding position for the query ligand should correspond to its location, and 

the first conformation is considered to indicate the best binding site. In comparison to the 

reference compound (Cefuroxime), the best-docked posture was chosen as the lead compound 

after analyzing the binding modalities, interaction with active site residues, and docking score. 

3. Results and Discussions 

3.1. Source of targets. 

402 targets for the terpenoids of stingless bee propolis were found using the 

SwissTargetPrediction database (Table S1), 226 of which are unique genes (Table S2). 

Additionally, 725 targets for the terpenoids of stingless bee propolis were found using the 

SuperPred database (Table S3), with 303 of them being unique genes (Table S4). 

3.2. Common target identification. 

The Venny program was used to enter 303 targets from the SuperPred database and 226 

targets from the SwissTargetPrediction database. Following their intersection, 77 targets 

(Figure 1) for stingless bee propolis terpenoids for wound therapy were found (Table S5). 

 
Figure 1. Network pharmacology of terpenoids in stingless bee propolis-related targets for treating wounds. 

Venn diagram of the common target at the intersection of terpenoids of stingless bee propolis from the 

SwissTargetPrediction and SuperPred databases. 

3.3. Construction of protein-protein interaction network. 

A comprehensive PPI network comprising 76 nodes and 264 edges was constructed by 

integrating the common target genes into the STRING platform (Figure 2 and Table S6). The 

network diagram was then loaded into Cytoscape 3.10.2 for image processing and network 
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diagram analysis to get fundamental network data. The graphic shows that the more connected 

a node is, the redder its color (Figure 3a). Key targets like ESR1 (Score: 22), OPRM1 (Score: 

18), MAPK1 (Score: 17), HIF1A (Score: 16), GRM5 (Score: 16), MMP9 (Score: 14), PRKCA 

(Score: 14), MAOB (Score: 14), PIK3CA (Score: 14), and DRD1 (Score: 13) were among the 

top ten key genes in the PPI network that were filtered by rank value from the degree method 

using the CytoHubba plugin (Figure 3b). 

 
Figure 2. PPI plot of key targets of terpenoids of stingless bee propolis for wound healing using SRING 

Software. 

 
Figure 3. (a) PPI plot of key targets for terpenoids of stingless bee propolis for wound healing using Cytoscape 

3.10.2 software; (b) Top 10 PPI plot using Cytoscape 3.10.2 software. 
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3.4. Enrichment analysis. 

Using the DAVID databases, GO functional and KEGG pathway enrichment analyses 

were performed on the 77 frequent target genes. Overall, 223 biological activities (Table S7), 

41 cellular components (Table S8), and 71 molecular functions (Table S9) were discovered. 

Adenylate cyclase-inhibiting G protein-coupled acetylcholine receptor signaling pathway, 

phospholipase C-activating G protein-coupled receptor signaling pathway, chemical synaptic 

transmission, response to nicotine, steroid hormone receptor signaling pathway, cognition, 

response to ethanol, inflammatory response, response to xenobiotic stimulus, etc., were the 

biological processes that were primarily involved in the G protein-coupled receptor signaling 

pathway, coupled to cyclic nucleotide second messenger. The main cellular components were 

the postsynaptic membrane, presynaptic membrane, plasma membrane, dendrite, synapse, 

phosphatidylinositol 3-kinase complex, class IA, neuron projection etc.. The molecular 

functions were mainly associated with nuclear receptor activity, steroid binding, G protein-

coupled acetylcholine receptor activity, G protein-coupled serotonin receptor activity, nuclear 

steroid receptor activity, sequence-specific DNA binding, 1-phosphatidylinositol-4,5-

bisphosphate 3-kinase activity, 1-phosphatidylinositol-4-phosphate 3-kinase activity, 1-

phosphatidylinositol-3-kinase activity, zinc ion binding, estrogen response element binding, 

enzyme binding, diacylglycerol-dependent, calcium-independent serine/threonine kinase 

activity, calcium,diacylglycerol-dependent serine/threonine kinase activity, diacylglycerol-

dependent serine/threonine kinase activity, etc (Figure 4a). 

The KEGG pathway-enriched molecules were implicated in 120 pathways (Table S10), 

primarily associated with the following: Aldosterone-regulated sodium reabsorption, 

Cholinergic Synapse, Thyroid hormone signaling pathway, Calcium signaling pathway, 

Inflammatory mediator regulation of TRP channels, Oestrogen signaling pathway, Neuroactive 

ligand-receptor interaction, Chemical carcinogenesis-receptor activation, non-small cell lung 

cancer, etc. (Figure 4b). Additionally, the Reactome pathway-enriched were involved in 129 

pathways (Table S11), primarily related to classes A/1 (Rhodopsin-like receptors), GPCR 

downstream signaling, GPCR signaling, signal transduction, nuclear receptor transcription 

pathway, amine ligand-binding receptors, G alpha (i) signaling events, SUMOylation of 

intracellular receptors, G alpha (q) signaling events, etc. (Figure 4c). 

Topological characteristics were used to analyze the PPI network. The unique genes 

from the KEGG (top 10 pathways), Reactome (R-HSA-162582~Signal Transduction), and GO 

(top 10 pathways for BP, CC, and MF) were assessed for each topological parameter using 

DAVID software. After analyzing the degree value (rank value) in Cytoscape software, we 

identified top 10 hub (Figure 3b), which play a major role in the development of wound healing 

agents, including ESR1 (rank value: 22), OPRM1 (rank value: 18), MAPK1 (rank value: 17), 

HIF1A (rank value: 16), GRM5 (rank value: 16), MMP9 (rank value: 14), PRKCA (rank value: 

14), MAOB (rank value: 14), PIK3CA (rank value: 14) and DRD1 (rank value: 13). 

In addition, we discovered that 48 hub targets, such as CHRM2, OPRD1, CHRM1, 

CHRM4, C5AR1, CHRM5, HTR2C, PIK3CD, ADRB1, PIK3CB, HIF1A, PIK3CG, APH1A, 

RXRB, GRM5, APH1B, RXRA, TERT, CNR2, HRH3, CNR1, ADORA1, MAPK1, DRD1, 

JAK3, DRD3, CTSD, RXRG, CCR1, ICMT, PRKCB, PRKCD, AKR1C3, PTPN11, TACR1, 

MMP9, ESR1, ESR2, AR, PIK3CA, SCD, PRKCQ, and PTPN2 may be crucial in the R-HSA-

162582~Signal Transduction signaling pathway with the terpenoids of stingless bee propolis 

(Figure 5). Based on the rank value, we selected the ESR1 (Estrogen Receptor 1) protein (rank 
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value: 22) for molecular docking to find an inhibitor against wounds from the terpenoids of 

stingless bee propolis after analyzing the rank values of these 48 hub targets (Figure 3b). The 

ESR1 gene plays a mechanistic role in the four phases of human wound repair: hemostasis, 

inflammation, proliferation, and remodeling. ESR1 influences the initial phase of wound 

healing by modulating the expression of genes involved in clot formation and vascular repair. 

Estrogen signaling pathways, mediated by ESR1, enhance platelet aggregation and fibrin clot 

stability, ensuring effective hemostasis [35]. During the inflammatory phase, ESR1 regulates 

the release of pro-inflammatory cytokines, such as IL-1β and TNF-α, which are critical for 

recruiting immune cells, including neutrophils and macrophages, to the wound site [35,36]. 

ESR1's modulation of estrogen signaling also affects oxidative stress and promotes anti-

inflammatory responses, thereby reducing the prolonged inflammation commonly seen in 

chronic wounds. During the proliferation phase, ESR1 stimulates fibroblast activity and 

angiogenesis through the PI3K-Akt and MAPK signaling pathways. These pathways stimulate 

the deposition of extracellular matrix (ECM) and the production of vascular endothelial growth 

factor (VEGF), which are essential for tissue regeneration. Knockdown studies demonstrate 

that ESR1 inhibition impairs fibroblast proliferation and ECM interaction, underscoring its 

crucial role in tissue repair. ESR1 contributes to the final remodeling phase by regulating 

collagen synthesis and matrix metalloproteinases (MMPs), such as MMP2. This ensures proper 

ECM restructuring and scar formation. Additionally, ESR1's interaction with other hub genes, 

such as JUN and CD44, supports long-term tissue integrity and reduces pathological scarring. 

The mechanistic role of ESR1 across all phases highlights its potential as a therapeutic target 

for enhancing wound healing outcomes, particularly in conditions such as diabetic wounds, 

where its expression is dysregulated [35]. 

 
(a) 
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(b) 

 
(c) 

Figure 4. (a) GO functional enrichment analysis for terpenoids of stingless bee propolis in wound; (b) KEGG 

pathway enrichment analysis for terpenoids of stingless bee propolis in wound; (c) Reactome enrichment 

analysis for terpenoids of stingless bee propolis in wound. 

https://doi.org/10.33263/BRIAC156.088
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC156.088  

 https://biointerfaceresearch.com/ 9 of 15 

 

The estrogen receptor (ER) is encoded by the ESR1 protein, which is important for 

wound healing and other physiological functions. The estrogen receptor itself is essential for 

regulating genes involved in wound repair, even though ESR1 mutations are mostly linked to 

breast cancer and resistance to endocrine therapy. Important elements of successful wound 

healing include matrix formation, inflammation, epidermal function, and protease inhibition, 

all of which are influenced by estrogen [37,38]. ESR1 has been recognized as a crucial gene in 

diabetic wounds (DWs) that may offer therapeutic options to enhance DW healing [38]. 

However, compared to its role in cancer therapy, the direct involvement of ESR1 mutations in 

identifying drugs for wound healing has received less attention. Rather, by affecting ER activity 

and associated pathways crucial for tissue regeneration, targeting coactivators such as SRC-3 

may provide an indirect strategy [39]. All things considered, comprehending the intricate 

relationship between estrogen receptors and their coactivators may open up new possibilities 

for creating medications that promote the healing of wounds. 

 
Figure 5. R-HSA-162582~Signal Transduction signaling pathway analysis for terpenoids of stingless bee 

propolis in wound. 

Because they regulate several cellular functions, including inflammation, proliferation, 

and tissue remodeling, signal transduction pathways are essential for wound healing. The 

phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway is a crucial signaling 

system that promotes angiogenesis and cell proliferation while reducing inflammation. 

Additionally, the Wnt/β-catenin pathway is important because it stimulates angiogenesis, 

migration, and cellular proliferation [40]. Furthermore, during wound healing, gasotransmitters 

such as hydrogen sulfide (H2S), carbon monoxide (CO), and nitric oxide (NO) influence 

epithelialization and migration, and exhibit anti-oxidative effects [41]. Developing tailored 

treatments for wound healing can be aided by an understanding of these signaling pathways. 

Modifying these pathways, for example, may lead to the development of medications that 

enhance wound closure by creating an environment conducive to tissue restoration. 

Additionally, new techniques to treat chronic wounds associated with diseases such as diabetes 
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mellitus may be provided by therapeutic strategies that employ gasotransmitters or other 

signaling molecules [42]. 

3.5. Molecular docking. 

Because it can predict how well small molecules will bind to proteins involved in 

healing processes, molecular docking is crucial in the drug development process for wound 

healing. It aids in the discovery of potential therapeutic compounds and the optimization of 

their structures, thereby improving wound healing effectiveness by targeting key receptors and 

pathways [2, 43]. This strategy accelerates the creation of efficient wound care solutions. 

Using the CB-Dock2 tool, the five terpenoids identified in stingless bee propolis were 

molecularly docked against the ESR1 protein, a key target involved in wound healing. CB-

Dock2 utilizes a blind docking approach powered by AutoDock Vina, which automatically 

detects potential binding sites, calculates their size and center, and adjusts the docking box 

based on the input ligands. Due to this automated and precise configuration, no additional 

validation of the docking protocol is necessary. Consequently, CB-Dock can accelerate the 

docking procedure and improve accuracy by utilizing AutoDock Vina to predict the binding 

poses of query ligands and CurPocket, a curvature-based cavity identification technique, to 

predict the binding sites of target proteins. The compounds with the lowest docking energy 

value and the greatest number of interactions with active site residues were ranked higher than 

the control compound. As a result, the lead compound was determined to be the one that 

interacted and bound to the amino acid residues the best when compared to the control 

molecule. Nonetheless, the low docking energy value suggests that the connections were 

satisfactory [32]. 

All tested compounds successfully docked to the active site of the ESR1 protein, with 

binding energies ranging from –6.2 to –8.8 kcal/mol—values more favorable than that of the 

control compound (–6.8 kcal/mol), as presented in Table 1 and Table S12. Among them, α-

Eudesmol exhibited the strongest binding affinity, forming seven pi-alkyl interactions with 

Ala350, Leu384, Leu387, Met388, Leu391, Phe404, and Leu428, in addition to one hydrogen 

bond with His525 (Figure 6a). In comparison, the control molecule displayed a pi-alkyl 

interaction with Leu349 and a pi–pi T-shaped interaction with Leu391 (Figure 6b). In this 

study, we used cefuroxime as a control or reference drug. Cefuroxime has shown strong 

potential in promoting wound healing, primarily due to its sustained antibacterial activity 

within wound exudates. In patients receiving vacuum-assisted therapy for fractures, systemic 

cefuroxime administration maintained drug concentrations above the minimum inhibitory 

concentration (MIC) for common pathogens such as Staphylococcus aureus and 

Staphylococcus epidermidis, resulting in high antibacterial efficacy—94.6% and 100%, 

respectively [44]. Moreover, the prophylactic use of cefuroxime has been associated with a 

notable reduction in surgical site infections, significantly lowering the incidence of wound 

sepsis compared to untreated controls [45]. Its rapid penetration into tissues ensures robust 

antimicrobial protection during surgical procedures, thereby supporting improved wound-

healing outcomes [46]. 

Terpenoids like carvacrol and eugenol can successfully fight bacterial infections that 

often make wound healing more difficult by encouraging cell rupture and preventing protein 

synthesis [17].  
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Table 1. Molecular docking results analysis for terpenoids of stingless bee propolis with the ESR1 protein (PDB 

ID: 1X7R).  

Compound name Volume Vina score Interctions 

Control 

(Cefuroxime) 
391 -6.8 

Phe404 (pi-pi T-shaped), Leu349, Leu391 

(pi-alkyl) 

Germacrene D 391 -7.9 
Leu346, Ala350, Met388, Phe404 

(alkyl/pi-alkyl) 

α-Eudesmol 391 -8.1 

His525 (H), Ala350, Leu384, Leu387, 

Met388, Leu391, Phe404, Leu428 

(alkyl/pi-alkyl) 

Isoaromadendrene 

epoxide 
391 -8.8 

Leu346, Ala350, Met388, Phe404, Leu525 

(alkyl/pi-alkyl) 

 

Furthermore, by promoting keratinocyte migration and proliferation—two essential 

processes in re-establishing tissue integrity following injury—terpenoids may accelerate the 

re-epithelialization process [19, 47]. In our investigation, the lead drug (α-Eudesmol) had a 

lower binding energy than the control molecule when it came to the ESR1 protein's active site. 

 
Figure 6. The interaction analysis of (a) lead compound (α-Eudesmol); (b) control compound (Cefuroxime) 

with the ESR1 protein (PDB ID: 1X7R). 

4. Conclusions 

This study employed bio-computational methods, including network pharmacology and 

molecular docking, to investigate interactions with key biological targets and demonstrate the 

therapeutic potential of stingless bee propolis terpenoids in wound treatment. The hypothesized 

biochemical processes and metabolic pathways affected by the terpenoids in stingless bee 

propolis were supported by a PPI network with 76 potential targets, as well as GO, KEGG, and 

Reactome pathway enrichment analysis. Most importantly, our research revealed that α-

Eudesmol interacts strongly with the ESR1 protein, a crucial regulator in the pathophysiology 

of wounds and other diseases linked to aging. Because α-Eudesmol binds to the ESR1 protein 

so well, it could potentially affect wound healing. The practical implications of these findings 

are that α-Eudesmol may enhance wound management, thereby reducing adverse effects and 

complementing conventional wound care. 
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