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Abstract: 

The integration of complementary and alternative medicine practices 

with modern computational and in silico approaches enables the re-

evaluation of ancient knowledge on a scientific basis. This paradigm 

facilitates biomolecular-level efficacy and safety assessments of 

traditional therapeutic methods, thereby strengthening their evidence-

based use. In this way, herbal and natural remedies, considered part of 

cultural heritage, can be optimized through contemporary technologies 

and safely delivered to wider populations. Such a synthesis not only 

supports biomedical innovation but also ensures the sustainability of 

centuries-old healing knowledge. The present study aims to investigate, 

at the molecular level, the combined use and potential synergistic 

effects of Calendula officinalis, Plantago major, and Aloe vera, which 

have been traditionally employed in wound treatment. In this context, 

molecular docking interactions, synergy scores, ADMET properties, 

and molecular dynamics simulations were evaluated for three major 

terpenes from C. officinalis essential oil and three major alkaloids 

reported in the ethanolic extracts of P. major and A. vera. The results 

revealed that, in addition to the high inhibitory activity of alkaloid 

constituents against inflammatory and microbial targets, the 

combination of aloe-emodin, plantamajoside, and τ-muurolol exhibited 

a pronounced molecular synergy against the T204D inflammation-

related protein target. These findings elucidate the interactions between 

plant-derived compounds and target proteins, thereby validating 

traditional uses through modern scientific methodologies and 

contributing to the development of novel therapeutic strategies. 
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1. INTRODUCTION  

For thousands of years, humans have utilized plants 

for medicinal purposes in various therapeutic 

formulations (Napagoda & Wijesundara, 2022). 

Today, in addition to their traditional uses in the 

treatment of numerous diseases, plant-derived 

compounds are considered essential sources for the 

development of new therapeutic agents (Jamshidi-

Kia et al., 2017). With the advancement of novel 

analytical techniques, the structural elucidation of 

secondary metabolites in plants and the 

investigation of their bioactivities have accelerated 

the scientific validation and integration of many 

phytopharmaceutical products, particularly in 

complementary and integrative medicine (Elshafie 

et al., 2023). Polyherbal formulations, composed of 
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mixtures of multiple plants or plant extracts, have 

demonstrated promising therapeutic efficacy in a 

wide range of applications, including anti-cancer, 

cardioprotective, neuroprotective, anti-

inflammatory, antimicrobial, wound healing, and 

antioxidant activities (Aslam et al., 2016; Karole et 

al., 2019). Globally, there remains a substantial 

clinical and economic burden concerning the 

management of acute and chronic wounds (Guest et 

al., 2020). It is estimated that over 13 million 

individuals suffer from chronic wounds worldwide 

each year, a figure projected to rise due to the aging 

population (Chakraborty et al., 2014). In India 

alone, the epidemiological prevalence of chronic 

wounds is reported as 4.5 per 1,000 individuals, 

while acute wounds are observed at a rate of 10.5 

per 1,000 (Gupta et al., 2004). Cutaneous wound 

healing is a complex physiological process 

involving the restoration of skin integrity through 

four overlapping and coordinated phases: 

hemostasis, inflammation, proliferation, and 

remodeling (Al-Warhi et al., 2022). During the 

natural course of healing, keratinocytes actively 

participate in wound closure by re-epithelialization, 

thereby re-establishing tissue homeostasis 

(Shedoeva et al., 2019). However, disruptions in 

any of these phases—resulting from trauma, 

underlying diseases, or autoimmune conditions—

can delay healing, potentially leading to non-

healing wounds or chronic ulceration. Traditional 

and indigenous medicinal systems widely 

incorporate natural products and their derivatives, 

which currently constitute more than half of all 

pharmaceuticals consumed globally (Tümen et al., 

2006). Therefore, during the development and 

standardization of medicinal plants and polyherbal 

formulations, it is of paramount importance to 

ensure quality control by identifying their 

phytochemical compositions, elucidating their 

biological activities, and uncovering their 

underlying molecular mechanisms of action 

(Dubey & Dixit, 2023). In recent years, with the 

progress of bioinformatics and computer-aided 

analytical tools, in silico approaches have become 

increasingly vital in the evaluation of the 

pharmacological potential of natural products 

(Roney & Aluwi, 2024). Techniques such as 

molecular docking, which predicts ligand-target 

interactions; ADMET modeling, which forecasts 

pharmacokinetic and toxicological profiles; and 

systems biology analyses, which map biological 

pathways, serve as powerful complements to 

conventional laboratory methods (Chang et al., 

2023). These strategies offer a rapid, cost-effective, 

and ethically sustainable alternative for identifying 

active compounds in complex herbal mixtures, 

assessing their potential interactions, and predicting 

binding affinities with high precision. Particularly 

in multicomponent systems such as polyherbal 

formulations, in silico analyses conducted prior to 

experimental validation provide valuable insights 

into molecular mechanisms, facilitate rational 

target selection, and enhance the overall efficiency 

of experimental design (Zhang et al., 2022). 

Integrating such approaches into the investigation 

of traditional herbal agents helps bridge the gap 

between empirical knowledge and scientific 

understanding, thereby contributing meaningfully 

to modern drug discovery and development. In this 

context, the present study investigates, through in 

silico methods, the potential synergistic interactions 

of three medicinal plants—Calendula officinalis L., 

Plantago major, and Aloe vera—frequently used in 

wound healing processes (Albahri et al., 2023; 

Quave, 2018). 

2. MATERIAL AND METHODS  

 

2.1. Plant constituents and ligand molecules 

In the present study, three representative bioactive 

compounds were selected from each plant species 

to ensure both chemical diversity and 

pharmacological relevance to wound healing. For 

C. officinalis, compounds such as sesquiterpenes 

(α-cadinol, γ-himachalene, and τ-muurolol) were 

chosen due to their well-documented anti-

inflammatory and antimicrobial effects, which are 

critical for the initial phases of wound repair (Ak et 

al., 2021). From P. major, phenylethanoid 

glycosides (plantamajoside and acteoside) and the 

iridoid glycoside asperuloside were included, as 

these molecules are reported to exhibit antioxidant, 

anti-inflammatory, and tissue-regenerative 

properties, thereby supporting granulation and re-

epithelialization (Adom et al., 2017). Similarly, in 

A. vera, anthraquinone derivatives (aloin A, aloin 

B, and aloe-emodin) were incorporated based on 
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their multifunctional activities, including 

modulation of oxidative stress, promotion of 

fibroblast proliferation, and antimicrobial action, 

all of which accelerate wound closure (Dong et al., 

2020). Selecting three compounds from each plant 

allowed for the inclusion of structurally and 

functionally distinct molecules, providing a more 

comprehensive in silico evaluation of their 

potential synergistic contributions to wound 

healing mechanisms. So, selected bioactive 

compounds from C. officinalis, P. major, and A. 

vera—plants previously demonstrated to exert 

synergistic effects in combination through in vitro 

biological activity (Baca Delgao et al., 2018) and 

utilized in polyherbal formulations—were 

employed as ligands (Table 1 and Figure 1). 

Table 1. Plants and bioactive compounds as 

ligands 
Plant Formulation Bioactive 

Compounds 

Chromatographic 

Analyses and 

References 

 

Calendula 

officinalis 

 

Essential oil 

α-cadinol (1) 

γ-himachalene 

(2) 

τ -muurolol (3) 

 

GC/MS Analysis 

(Ak et al., 2021; 

Okoh et al., 2008) 

 

Plantago 

major 

 

Ethanolic 

extract 

Plantamajoside 

(4) 

Acteoside (5) 

Asperuloside 

(6) 

 

LC/MS-MS 

Analysis 

(Adom et al., 2017) 

 

Aloe vera 

 

Ethanolic 

extract 

Aloin A (7) 

Aloin B (8) 

Aloe-emodin 

(9) 

 

HPLC Analysis 

(Kahramanoğlu et 

al., 2019) 

 
Fig. 1. 2D chemical structures of plant-derived 

ligands 

2.2. Molecular docking analysis 

Molecular docking is a target-based, in silico 

approach in computational biology that evaluates 

the spatial orientation and binding affinity of small 

molecules at the active sites of protein targets. It 

serves as a critical preliminary step in predicting 

the potential interactions and pharmacological 

behavior of candidate compounds toward their 

biological targets (Paggi et al., 2024). In this study, 

AutoDock Vina v.12.5, embedded within the UCSF 

Chimera platform, was employed to perform 

molecular docking simulations (Pettersen et al., 

2004; Trott & Olson, 2010). The three-dimensional 

structures of the target proteins were retrieved in 

.pdb format from the Protein Data Bank (PDB). To 

identify the active binding pockets of these 

proteins, the CASTp 3.0 web server was utilized. 

Two protein targets associated with wound site 

inflammation were selected for docking: TGF-Beta 

Receptor Type 1 Kinase Domain (T204D, PDB ID: 

5E8W) and Glycogen Synthase Kinase-3 Beta 

(GSK-3β, PDB ID: 5OY4) (Baarsma et al., 2013). 

Additionally, to investigate potential inhibition of 

antimicrobial activity at the wound site, the 

transcriptional regulator MvfR from Pseudomonas 

aeruginosa (PDB ID: 4JVI) was used as a microbial 

protein target (Xiao et al., 2006). The ligand 

structures were obtained in .sdf format from the 

PubChem database and subsequently prepared and 

introduced into the docking workflow (Kim et al., 

2023). Energy minimization was carried out for all 

protein and ligand structures. The AMBER ff14SB 

force field was applied for protein residues, with 

AM1-BCC charge assignments for proteins and 

Gasteiger charges for ligands (Kaymak et al., 

2025). For docking simulations, the Lamarckian 

Genetic Algorithm was employed. Binding poses 

with Root Mean Square Deviation (RMSD) values 

less than 2.0 Å were considered for further 

analysis. The resulting protein–ligand complexes 

were visualized and analyzed using Discovery 

Studio Visualizer (Visualizer, 2005). 

 

2.3. Molecular dynamic (MD) simulations 

MD simulations were performed on the 

phytochemicals that exhibited the strongest binding 

affinities. The simulations were conducted using 

the AMBER99SB force field in combination with 
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the BioBB-Wfs workflow-based MD protocol 

(Andrio et al., 2019). Initially, the protein–ligand 

complexes obtained from molecular docking were 

solvated using the TIP3P water model within an 

octahedral simulation box. To achieve electrostatic 

neutrality, counter-ions were added to the system at 

a concentration of 0.05 M. The entire system was 

then subjected to equilibration under both NVT 

(constant volume and temperature) and NPT 

(constant pressure and temperature) ensembles for 

1 nanosecond. During the NVT phase, the 

temperature was maintained at 300 K, while in the 

NPT phase, the pressure was kept constant at 1.0 

bar. Following equilibration, a production 

molecular dynamics (MD) simulation was carried 

out for 500 picoseconds. The simulation trajectory 

was subsequently analyzed to assess the structural 

stability and dynamic behavior of the complexes 

over time. For this purpose, parameters such as 

Root Mean Square Deviation (RMSD), Radius of 

Gyration (Rg), and total system energy (calculated 

via GROMACS) were evaluated (Lai et al., 2025). 

 

2.4. ADMET properties 

ADMET (Absorption, Distribution, Metabolism, 

Excretion, and Toxicity) profiling was conducted 

using the SwissADME and pkCSM web-based 

prediction tools (Daina et al., 2017; Pires et al., 

2015). Additionally, relevant data from the 

literature were incorporated to support and validate 

computational predictions. For this analysis, the 

chemical structures of the selected bioactive 

compounds were obtained in SMILES format from 

the PubChem database and subsequently submitted 

to the respective platforms. The integrated use of 

these computational tools allowed for a 

comprehensive assessment of pharmacokinetic 

properties and potential toxicological effects, 

thereby providing critical insights into the drug-

likeness and safety profiles of the investigated 

compounds. 

 

2.5. Docking-derived synergy scoring method 

Synergistic effects refer to the phenomenon where 

the combined action of two or more compounds 

produces a biological effect greater than the sum of 

their individual effects (Gilbert & Alves, 2003). In 

drug discovery and natural product research, 

understanding and quantifying synergy is crucial as 

it can lead to enhanced therapeutic efficacy, 

reduced dosage requirements, and minimized side 

effects. Computational approaches, such as 

molecular docking, provide valuable insights into 

the potential synergistic interactions at the 

molecular level by evaluating how compounds bind 

and inhibit target proteins simultaneously 

(Chaachouay, 2025). This method introduces a 

novel method to quantify synergy based on 

inhibition constants derived from docking 

simulations, facilitating a more precise assessment 

of combined compound effects before experimental 

validation. First, the relationship between the 

binding free energy (ΔG, in kcal/mol) obtained 

from molecular docking and the inhibition constant 

(𝐾𝑖): 

∆𝐺 = 𝑅𝑇. ln(𝐾𝑖) 

 

𝐾𝑖 = 𝑒∆𝐺/𝑅𝑇 

 

(1) 

Where, ΔG: binding free energy (kcal/mol), R: gas 

constant ≈ 1.987 cal/(mol·K), T: absolute 

temperature (298 K), Ki: inhibitor constant (M). 

The expressions required for synergy to be 

achieved are as follows; the binding energies of the 

compound from plants A and B are ΔGA and ΔGB, 

respectively. For the synergistic effect to be 

observed, the following equation must be obtained 

(Eq. 2), 

Δ𝐺𝐴𝐵  <  ∆𝐺𝐴 +  ∆𝐺𝐵 (2) 

 

So, when they bind together the total energy is 

lower, which describes the synergistic effect with 

more stable binding. If we develop a score that 

describes this mathematically (Eq.3), 

𝑆 = (∆𝐺𝐴 +  ∆𝐺𝐵) −  Δ𝐺𝐴𝐵 (3) 

According to the Chou–Talalay method (Wang et 

al., 2003), a value of S > 0 indicates a synergistic 

effect, S = 0 indicates an additive effect, and S < 0 

suggests an antagonistic interaction. If we 

reconstruct the same model over Ki, assuming 

theoretical inhibition rates (Eq. 4), 

𝑆 =  (
1

𝐾𝑖,𝐴

+  
1

𝐾𝑖,𝐵

) −  
1

𝐾𝑖,𝐴𝐵

 
 

(4) 

Synergy calculations were derived based on an 

equimolar two or three-component formulation of 

the selected plants, and all mathematical operations 
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were carried out using Mathematica v.13.0 

software. 

2.6. Statistical analysis 

All experimental data were expressed as mean ± 

standard deviation (SD) of at least three 

independent replicates. Statistical analyses were 

performed using one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc test to 

evaluate significant differences between groups. A 

P-value of less than 0.05 was considered 

statistically significant. 

 

3. RESULTS AND DISCUSSION 

3.1. Molecular Docking and Synergy Scoring 

The binding scores obtained from docking 

analyses, which evaluated the inhibitory effects of 

bioactive compounds selected from three different 

plants on specific wound-related markers, are 

presented in Figure 2. To enable a comparative 

assessment of inhibitory effects on the target 

proteins, site-specific docking analyses were also 

performed using control ligands. The obtained 

binding affinities were −11.3 kcal/mol for T204D–

staurosporine, −8.8 kcal/mol for GSK-3β–{N}-[6-

[3,4-bis(oxidanyl)phenyl]-1{H}-pyrazolo[3,4-

b]pyridin-3-yl]ethanamide, and −7.8 kcal/mol for 

4JVI–3-amino-7-chloro-2-nonyl-4(3H)-

quinazolinone. These results demonstrate that, 

compared to their respective control groups, the 

binding scores for GSK-3β and 4JVI were 

significantly higher (P < 0.05), whereas the score 

for T204D exhibited an inhibition level statistically 

comparable to that of the control ligand (P > 0.05). 

 
Fig. 2. Binding affinities heat map from molecular 

docking analysis 

 

According to the two-dimensional interaction 

diagrams obtained from molecular docking 

analyses, all three ligands exhibited multiple strong 

interactions with the active sites of their respective 

target proteins (Figure 3). In the interaction 

between aloe-emodin and T204D, the ligand 

formed conventional hydrogen bonds through its 

carbonyl and hydroxyl groups with amino acid 

residues such as ARG372, ASN370, and ASP400, 

while also engaging in Pi–sulfur and Pi–alkyl 

interactions with hydrophobic residues including 

MET390 and ILE388. Previous studies have 

reported the inhibitory effects of aloe-emodin on 

various kinases, including its ability to modulate 

PI3K/Akt signaling pathways and induce apoptosis 

(Li et al., 2019; Liu et al., 2020). In the case of 

aloin B interacting with GSK-3β, the ligand 

established multiple conventional hydrogen bonds, 

particularly with residues ILE376, THR375, 

ARG344, and ASP341, thereby ensuring a strong 

attachment to the target protein. Furthermore, a Pi–

anion interaction with GLU333 was observed, 

contributing to electrostatic stability within the 

binding site. GSK-3β is a serine/threonine kinase 

critically involved in the pathogenesis of various 

diseases, including Alzheimer’s disease, cancer, 

and diabetes (Beurel et al., 2015). Aloin, a 

bioactive compound derived from A. vera, has 

demonstrated anti-inflammatory and cell cycle–

modulating properties, and literature suggests a 

possible link between these effects and GSK-3β 

inhibition (Huang et al., 2022). For acteoside 

binding to the PqsR active site, the ligand formed 

multiple hydrogen bonds, particularly with 

ARG209, ASP264, LEU208, and GLU259 

residues. In addition, its extensive conjugated 

structure facilitated Pi–Pi stacking and Pi–alkyl 

interactions, providing stability within the binding 

site. PqsR is a key transcriptional regulator in the 

quorum sensing (QS) system of Pseudomonas 

aeruginosa, and inhibition of QS pathways has been 

proposed as a strategic approach to attenuate 

bacterial virulence (Lee & Zhang, 2015; Papenfort 

& Bassler, 2016). Acteoside has been documented 

to possess antioxidant, antimicrobial, and 

antibiofilm activities (Zhao et al., 2021), and its 
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interaction with PqsR may underlie its antibacterial 

activity through quorum sensing inhibition. 

 
Fig. 3. 2D ligand–protein interaction maps and 

bond types of the top-scoring compounds 

 

On the other hand, analysis of synergy scores 

revealed that the calculated values between the two 

most potent compounds for each target were 

consistent with expectations (Table 2). 

 

Table 2. Synergistic interactions of high-affinity 

ligands with their protein targets 

Target 

Protei

n 

Compoun

d 1  

(A. vera) 

Compound 2  

(P. major) 

Compound 

3  

(C. 

officinalis) 

S-

Scor

e 

T204D Aloe-

emodin 

Plantamajosid

e 

τ -muurolol 19.93 

GSK-

3β 

Aloin B Asperuloside γ-

himachalen

e 

17.28 

4JVI Aloe-

emodin 

Acteoside γ-

himachalen

e 

17.31 

For the T204D protein target, the combination of 

aloe-emodin from A. vera, plantamajoside from P. 

major, and τ-muurolol from C. officinalis exhibited 

the highest synergistic effect, with a score of S = 

19.93. Aloe-emodin has been reported to suppress 

inflammation and accelerate re-epithelialization by 

enhancing keratinocyte migration (Dong et al., 

2020). Plantamajoside promotes cellular migration, 

activates fibroblasts, and regulates matrix 

remodeling, directly contributing to the healing of 

chronic wounds (Hong et al., 2016). Meanwhile, 

sesquiterpenes such as τ-muurolol possess 

antimicrobial and antioxidant activities, which can 

reduce microbial burden at the wound site, limit the 

risk of infection, and support re-epithelialization 

(Kamli et al., 2024). The simultaneous targeting of 

cell proliferation, inflammation, and oxidative 

stress through distinct mechanisms by these 

compounds provides molecular-level support for 

the observed high synergy score (Figure 4). 

Regarding the GSK-3β protein target, this kinase 

acts as a negative regulator of the Wnt/β-catenin 

signaling pathways, which control cellular 

proliferation and migration during wound healing 

(Wang et al., 2021). The inhibitory effect of Aloin 

B on GSK-3β is proposed to enhance fibroblast 

migration and collagen synthesis, thereby 

potentially accelerating tissue repair (Roney et al., 

2024). The anti-inflammatory and wound-healing 

properties of asperuloside, demonstrated in both in 

vitro and in vivo models (Lu et al., 2022), 

combined with the antimicrobial and antioxidant 

effects of γ-himachalene (Tavakkoli et al., 2023), 

offer a holistic approach to addressing the 

multifactorial pathology of chronic wounds. On the 

other hand, regarding the synergistic score 

determined for the PqsR target protein, selected 

from wound-associated pathogens, the effects of 

aloe-emodin and acteoside have been extensively 

reported in the literature for their bacterial quorum 

sensing inhibition, antibiofilm, and antimicrobial 

activities (Zhao et al., 2024; Chen et al., 2017). 

Furthermore, the strong antimicrobial properties of 

γ-himachalene enhance the potential of this 

combination to reduce the microbial burden in 

chronic wounds (Tavakkoli et al., 2023). 

 
Fig. 4. Synergistic interactions of ligands with the 

T204D protein target 
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3.2. MD Simulation Results 

The molecular dynamics simulation of the T204D 

protein in complex with aloe-emodin, 

plantamajoside, and τ-muurolol was performed for 

500 ps to assess the structural stability and 

compactness of the complex. Examination of the 

RMSD plot revealed an initial rapid increase (~0.15 

nm), followed by a quick equilibration of the 

system, after which it remained stable with low-

amplitude fluctuations throughout the remainder of 

the simulation (Figure 5). This indicates that the 

ligand–protein complex adopts a conformationally 

stable structure post-binding (Amadei et al., 1993; 

Hollingsworth & Dror, 2018). 

 
Fig. 5. MD analysis results 

 

Moreover, the total radius of gyration (Rg) 

remained stable within the range of ~1.98–2.00 nm, 

indicating that the protein maintained its global 

compactness without significant structural 

relaxation post-binding. The stable RgX, RgY, and 

RgZ values along the respective axes further 

support the homogeneous preservation of the three-

dimensional structure of the complex throughout 

the simulation. These findings suggest that the 

combination of aloe-emodin, plantamajoside, and 

τ-muurolol achieves high structural 

complementarity and conformational stability with 

the T204D target protein. One of the key 

molecular-level features of the observed synergistic 

effect is the maximal preservation of inhibitor 

activity and stabilization of biochemical structures 

throughout the reaction. The stable RMSD and Rg 

profiles indicate that the complex is likely to 

maintain functional integrity under biological 

conditions (Karplus & McCammon, 2002; Hospital 

et al., 2015). 

 

4. CONCLUSION 

The findings of this study support a dual strategy 

for polyherbal wound healing: (i) the use of 

lipophilic terpenoids capable of penetrating deep 

tissues to exert anti-inflammatory and antimicrobial 

effects, and (ii) the inclusion of polyphenolic and 

glycoside compounds that remain at the surface to 

provide sustained antioxidant and re-

epithelialization activity. This approach enables 

simultaneous support of both deep and superficial 

wound-healing processes. Importantly, formulation 

development should consider the skin sensitization 

potential and oxidative susceptibility of terpenoids, 

with stability and safety evaluations incorporated to 

ensure therapeutic efficacy. The observed 

synergistic combinations demonstrate that 

phytochemicals from different plants can 

collectively target multiple pathological stages of 

wound healing, including inflammation, oxidative 

stress, fibroblast activation, cell migration, and 

microbial infection. While the individual 

contributions of A. vera, P. major, and C. 

officinalis to wound repair have been reported 

previously, this study is the first to computationally 

evaluate the molecular synergy of their bioactive 

compounds, proposing a holistic mechanism for 

wound healing. These results strongly support the 

potential of multi-component phytotherapeutic 

agents derived from these plants as a novel 

approach for chronic wound treatment 
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