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Abstract 

Parasitic diseases are some of the most lethal and pervasive infections globally, causing 

millions of cases of morbidity and mortality annually. Plasmodium falciparum is the pre-

dominant vector-borne pathogen, resulting in 0.5 million fatalities annually. Malaria, 

caused by Plasmodium falciparum, continues to be a significant worldwide health issue, 

requiring the development of novel treatment medicines to address increasing medication 

resistance. This study undertakes a focused in silico screening of phytochemicals derived 

from Centella asiatica against dihydrofolate reductase-thymidylate synthase (PfDHFR-TS), 

represented by PDB ID: 3BWK. This work investigated molecular modelling to clarify the 

probable mechanism of its anti-malarial activity through the suppression of falciparum 

proteins. Campesterol exhibits a maximal binding affinity (docking score: −8.6 Kcal/mol) 

for FP-2 from Plasmodium falciparum, as determined by our molecular docking investi-

gation of 15 bioactive compounds from Centella asiatica. However, Ursolic acid and rutin 

also showed potential activity with significant docking scores (−8.5 and 8.4 Kcal/mol). 

Campesterol, recognized as a possible inhibitor of falciparum, offers a viable pathway for 

the treatment of malaria, necessitating additional investigation into its therapeutic use. 

This research provides significant insights into the molecular interactions between phyto-

chemicals, facilitating innovative and successful strategies for malaria treatment. Our re-

search indicates that polyphenols derived from Centella asiatica exhibit significant phar-

macological potential against several biological targets. 
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1. Introduction 

Plasmodium falciparum is the most lethal vector-borne infectious agent, responsible 

for approximately half a million deaths annually. This single-celled eukaryotic parasite 

has a complex life cycle and is an obligate intracellular pathogen that infects both liver 

cells (hepatocytes) and red blood cells (erythrocytes). Its rapid replication within erythro-

cytes—occurring every 48 h—leads to swift disease progression and exponential parasite 

growth [1]. The infection can result in severe complications such as cerebral malaria and 

profound anemia, often culminating in death. Among all pathogens, P. falciparum has 
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exerted the greatest evolutionary pressure on the human genome, particularly in regions 

where malaria is endemic. Despite the availability of curative treatments, there is cur-

rently no universally effective vaccine. The World Health Organization reported an esti-

mated 212 million malaria cases and 429,000 related deaths in 2020, underscoring the per-

sistent global burden of this disease [1,2]. 

The urgent need for new antimalarial therapies has led researchers to explore tradi-

tional medicinal practices as potential sources of novel compounds [3,4]. One promising 

avenue involves targeting parasite-specific enzymes such as falcipain-2 (FP-2) and falci-

pain-3 (FP-3), which belong to the papain-family of cysteine proteases. These enzymes 

play a critical role in the parasite’s digestion of host hemoglobin within its food vacuole, 

a process essential for nutrient acquisition and red blood cell rupture. FP-2, in particular, 

is the primary hemoglobin-degrading enzyme and has emerged as a key therapeutic tar-

get. Its inhibition disrupts hemoglobin breakdown, impairs parasite development, and 

prevents host cell invasion [5,6]. 

Because hemoglobin is vital for oxygen transport in the human body, its degradation 

contributes significantly to the pathology of malaria. Monitoring FP-2 activity can also 

serve as a biomarker for parasite proliferation. Hb, a protein found in red blood cells, 

transports oxygen throughout our organs and tissues and returns carbon dioxide to the 

lungs. Host cell invasion, Hb degradation, and protein trafficking. Consequently, interfer-

ing with the crucial indicator protein FP2, which is used to monitor the spread of malarial 

parasites, attracts the creation of antimalarial medications [7]. The bulk of this complex is 

composed of the haem purifying protein, which includes the cysteine proteases FP2 and 

the aspartic proteases plasmepsins (Plms) II and IV. Additionally, Plms IV is present in 

the Pf digestive vacuole [8–10]. 

In this study, falcipain-2 (FP2), represented by the crystal structures 3BWK was com-

putationally docked with a set of 15 anti-malarial polyphenols to evaluate their binding 

efficiency and therapeutic potential. The analysis revealed that compounds such as Cam-

pesterol, Ursolic acid, Rutin, and β-sitosterol, exhibited the strongest interactions, with 

binding energies ranging from −8.4 to −8.6 kcal/mol, as illustrated in Figure 1. These find-

ings suggest that these polyphenols may serve as promising candidates for inhibiting FP2 

activity. Notably, Campesterol, derived from Centella asiatica, demonstrated significant 

binding affinity, and to the best of current knowledge, its antimalarial properties have not 

been previously documented. This highlights its potential as a novel lead compound for 

future drug development efforts targeting malaria. 

 

Figure 1. The 2D and 3D interaction profiles for the best docked compound, Campesterol. 
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2. Materials and Methods 

2.1. Molecular Docking Simulations 

Centella asiatica is a well-known set for this research. Protein preparation, ligand prep-

aration, receptor grid construction, ligand docking procedure, and docking results view-

ing are the five main steps in molecular docking. Each and every structure that was re-

quired was drawn using “ChemDraw.” The protein data bank (PDB database, 

https://www.rcsb.org) provided the Plasmodium falciparum (3D) crystal structures. The 

docking was then performed with the software ‘Autodock’ Vina 1.2.0. Finally, the visual-

ization was performed with the PyMOL LigPlot + 2.2.4 [11–13]. 

2.2. In Silico Drug-Likeness and ADMET Analysis 

The top hits were further analysed for in silico pharmacokinetics using ‘SwissADME’ 

(http://www.swissadme.ch, accessed on 20 september2025). The toxicity parameters were 

then assessed using toxicity assessments, conducted using ‘admetSAR’ 

(http://lmmd.ecust.edu.cn:8000/, accessed on 20 september2025. 

2.3. Boiled Egg Model Analysis 

Brain access and gastrointestinal absorption are two pharmacokinetic behaviors that 

must be estimated at various stages of the drug development process. This led to the de-

velopment of the Brain or IntestinaL Estimated permeation technique (BOILED-Egg), an 

accurate predictive model. It calculates the polarity and lipophilicity of small molecules. 

Because of the model’s speed, accuracy, conceptual simplicity, and simply comprehensi-

ble graphical output, the same two physicochemical properties produce contemporane-

ous predictions for intestinal and brain penetration that can be readily translated into the 

molecular design. Filtering chemical libraries in the early phases of drug discovery or as-

sessing drug candidates for development are just two examples of the various applica-

tions for the BOILED-Egg paradigm. 

3. Results and Discussion 

3.1. Molecular Docking Simulations 

The dataset of 15 molecules was analysed against Falcipain-3 with its inhibitor 

(3BWK). Out of 15 phytomolecules, the docking analysis showed that Campesterol inter-

acts predominantly with amino acid residues Lys20, Leu26, and Arg28, forming a network 

of hydrogen bonds, van der Waals forces, and π-π interactions. The ligand–protein com-

plex also involved electrostatic stabilization, contributing to the overall binding affinity. 

The standard Chloroquine (docking score: −5.5 kcal/mol) had lesser affinity as compared 

with Campesterol (docking score: −8.6 kcal/mol) against the falcipain-3. Additionally, Ur-

solic acid, Rutin and β- β-sitosterol also showed high binding affinity. Interestingly, Fal-

cipain-3 is a critical cysteine protease in Plasmodium falciparum involved in haemoglobin 

degradation within the parasite’s food vacuole. Its inhibition disrupts the parasite’s met-

abolic pathways, making it an attractive target for drug development. The co-crystal struc-

ture (3BWK) with its known inhibitor indicates that Falcipain-3 possesses both an active 

site and an allosteric site, where ligand binding induces conformational flexibility that 

enhances substrate accessibility. The hydrogen bonding observed between Campesterol 

and Arg28 (distance ~2.83 Å), Leu26 (distance ~2.63 Å), and Lys20 (distance ~2.93 Å) indi-

cates strong stabilising interactions within the binding pocket. The docking results are 

consistent with earlier reports highlighting the pharmacological importance of phytoster-

ols like Campesterol, which have demonstrated anti-inflammatory, immunomodulatory, 

and antiparasitic activities. The ability of Campesterol to bind at both active and allosteric 
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sites of Falcipain-3 may provide a synergistic inhibitory pattern, offering a promising ap-

proach to overcome resistance mechanisms often seen with single-site inhibitors. 

Table 1. Docking score analysis of selected phytochemicals and standard drug for antimalarial po-

tential. 

Phytochemicals Title 2 

Campesterol −8.6 

Ursolic acid −8.5 

Rutin −8.4 

β-Sitosterol −8.3 

Castillicetin −8.2 

Quercetin −8.1 

Asiaticoside −8.1 

Madecassoside −8 

Asiatic acid −7.9 

Madecassic acid −7.9 

Castilliferol −7.7 

Kampeferol −7.6 

Stigmasterol −7.6 

Ferulic acid −5.8 

Chloroquine (Standard) −5.5 

3.2. In Silico ADMET Profile 

Cytochrome P450 (CYP) enzymes play a key role in the metabolism of xenobiotics, 

including drugs and phytochemicals. Predicting the inhibitory potential of candidate 

compounds against major CYP isoforms is essential for evaluating possible drug–drug 

interactions and metabolic liabilities. In this study, the CYP inhibition profiles of selected 

phytoconstituents of Centella asiatica were predicted using the SwissADME platform, fo-

cusing on five key isoforms: CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4. In-silico 

ADMET profiling of Campesterol, Ursolic acid, and Rutin revealed low gastrointestinal 

absorption and lack of blood–brain barrier permeation for all three compounds, suggest-

ing limited oral bioavailability but low central nervous system liability. Rutin was identi-

fied as a P-glycoprotein (P-gp) substrate, which may further reduce absorption, whereas 

none of the compounds showed inhibitory activity against the major CYP isoforms, indi-

cating a low risk of CYP-mediated drug–drug interactions. Drug-likeness evaluation 

demonstrated that Campesterol and Ursolic acid complied with Lipinski’s rule of five, 

while Rutin failed most drug-likeness filters due to its high polarity. Predicted oral toxicity 

classified campesterol (LD50: 890 mg/kg) and ursolic acid (LD50: 2000 mg/kg) as toxicity 

class 4, and rutin (LD50: 5000 mg/kg) as class 5, suggesting that rutin is the least toxic. 

Overall, the results indicate that these phytoconstituents are relatively safe, although for-

mulation strategies may be required to improve their bioavailability. 

Table 2. In silico ADMET profiling for the top best docked score against 3BWK. 

Properties Campesterol Ursolic Acid Rutin 

GI absorption Low Low Low 

BBB permeant No No No 

P-gp substrate No No Yes 

CYP1A2 inhibitor No No No 

CYP2C19 inhibitor No No No 

CYP2C9 inhibitor No No No 
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CYP2D6 inhibitor No No No 

CYP3A4 inhibitor No No No 

Lipinski Yes Yes No 

Ghose Yes No No 

Veber No Yes No 

Egan No No No 

Blood–Brain Barrier - - - 

Toxicity Class 4 4 5 

LD50 890 mg/kg 2000 mg/kg 5000 mg/kg 

Note: Class 1: fatal if swallowed (LD50 ≤ 5), Class 2: fatal if swallowed (5 < LD50 ≤ 50), Class 3: toxic 

if swallowed (50 < LD50 ≤ 300), Class 4: harmful if swallowed (300 < LD50 ≤ 2000), Class 5: may be 

harmful if swallowed (2000 < LD50 ≤ 5000), Class 6: non-toxic (LD50 > 5000). 

 

Figure 2. BOILED- egg model analysis for the phytochemical Campesterol. 

4. Conclusions 

The in-silico evaluation of Centella asiatica phytochemicals against Falcipain-3 (3BWK) 

revealed promising binding interactions, supporting their potential as antimalarial agents. 

ADMET predictions indicated low gastrointestinal absorption and no blood–brain barrier 

permeation, suggesting limited oral bioavailability but reduced CNS liability. All three 

compounds were non-inhibitors of major CYP isoforms and showed no AMES toxicity, 

no carcinogenicity, and minimal hERG inhibition risk. Together, the docking and ADMET 

results highlight these phytochemicals as safe candidates with potential for further devel-

opment as antimalarial agents. 
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