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Abstract: The strategy of using existing drugs originally developed for one disease to treat 

other indications has found success across medical fields. This paper focuses on drug 

repurposing of artemisinin and its derivatives (artenimol, artemether, artemotil, and artesunate) 

that kill malaria parasites for anticancer agents, specifically targeting Bcl-2, CDK-6, and 

VEGFR-2. The Artemisinins 1-5 were analyzed for compliance with Lipinski’s drug-likeness 

rule and optimum ADME parameters. The results of which revealed all calculated 

physicochemical descriptors and pharmacokinetic properties are within the expected 

thresholds. Toxicity in terms of predicted median lethal dose (LD50) in mg/kg weight of 

investigated Artemisinins 1-5 is also reported. Artemisinins 1-5 were subjected to molecular 

docking and Density Functional Theory (DFT) analysis to discern their molecular interactions 

at the active site of Bcl-2, CDK-6, and VEGFR-2. The molecular docking study revealed that 

Artemisinins 1-5 were able to target CDK-6 and VEGFR-2. DFT/B3LYP theoretical 

calculations for optimization, DFT, frequency, and HOMO/LUMO were performed to obtain 

electronic and structural properties, chemical reactivity descriptors. Hence, these findings will 

be highly beneficial in optimizing the utility of the development of Artemisinins 1-5 for cancer 

therapeutics, specifically targeting CDK-6 and VEGFR-2.  
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1. Introduction 

 According to WHO’s global cancer profile, ~9.5 million deaths have occurred 

worldwide due to cancer (www.paho.org). Cancer, also known as a malignant tumor, is a 

disease described by the unrestrained growth and spread of abnormal cells without any 

boundary in an organism [1]. Although the origin of cancers is due to genetic adaptations, it 

could be due to any of these factors- i) activation of oncogenes, ii) inactivation of tumor 

suppressor genes, iii) inactivation of genes responsible for apoptosis, and iv) mutations 

produced by chemical, physical and biological agents and are characterized by functional loss 

owing to the absence of differentiation, uncontrolled proliferation, invasiveness of adjacent 

tissues and metastasis [2]. The mechanism of cancer is still not understood completely. 

Currently available anticancer drugs show poor selectivity causing cytotoxicity for dividing 

https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC112.96049618
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2213-2958


https://doi.org/10.33263/BRIAC112.96049618  

 https://biointerfaceresearch.com/ 9605 

cells leading to serious side effects, such as immunosuppression, anemia, diarrhea, nausea, and 

alopecia [3]. In addition, the acquired resistance of different cancer types is a major drawback 

to cancer treatment strategies [4]. These factors necessitate the discovery of new, more active, 

and more selective anticancer drugs.  

 The process for new drug development, preclinical research, and approval are 

expensive, and time-taking can take up to a decade. This lengthy discovery process unlocks the 

doors for drug repurposing (also known as drug repositioning, drug reprofiling, indication 

expansion, or indication shift) as an alternative approach for cutting down the time required to 

develop a drug [5]. Even though this approach is not new, it has gained substantial impetus in 

the last decade: about one-third of the approvals in recent years correspond to drug repurposing, 

generating around 25% of the annual revenue for the pharmaceutical industry [6]. 

Pharmacophore-based techniques are nowadays an important part of many computer-aided 

drug design workflows and have been successfully applied for tasks such as virtual screening, 

lead optimization, and de novo design [7]. 

 Keeping this in view, current work aims at the drug repurposing approach of already 

approved anti-malarial Artemisinins 1-5, for exploring their anticancer potential. Artemisinin 

1 is a potent anti-malarial drug isolated from the plant Artemisia annua, and its bioactive 

derivatives have been semi-synthesized, including artenimol (dihydroartemisinin) 2, 

artemether 3, artemotil 4, and artesunate 5 [8] (Figure 1). In addition to its well established 

anti-malarial properties, compelling evidence has emerged in the field, showing that 

artemisinin-derived compounds have potent anticancer activities in a variety of human cancer 

cell types [9]. 

 
Figure 1. Structures of anti-malarial Artemisinins 1-5 used in this study. 
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 Cancer is triggered by diverse pathways, encompassing several enzymes, most common 

enzymes that are involved in the cancer development are Bcl-2, Cyclin-dependent kinase-6 

(CDK-6), and Vascular Endothelial Growth Factor Receptor-2 (VEGFR-2) [10,11]. BCL-2 

family of proteins plays a key role in apoptotic (programmed cell death) regulation [12–15]. 

Evasion of apoptosis is vital to the pathogenesis of cancer. While on the other hand, cyclin-

dependent kinases (CDKs) functions in cell-cycle progression, transcriptional regulation, DNA 

damage repair, stem-cell self-renewal, metabolism, spermatogenesis, and neuronal function 

[16–18]. CDK-6 is a cell-cycle kinase that is responsible for the regulation of the exit from the 

G1 phase. It has been described as 'central node' in the organization of cell signaling pathways, 

ultimately lead to tumor development [19–22]. Angiogenesis is a process of generation of new 

blood vessels from pre-existing ones and is an essential physiological process for solid tumor 

cell propagation by providing oxygen and nutrients to the tumor cells to enhance their growth 

and metastasis [23,24]. VEGFR-2 is a tyrosine kinase receptor expressed in endothelial cells 

[25]. VEGFR-2 plays an important role in anti-angiogenesis and is an effective target for 

inhibiting tumor cell proliferation and metastasis [26,27]. 

 Considering the above research findings, the current work focuses on the drug 

repurposing of anti-malarial Artemisinins 1-5 for cancers specifically targeting BCl-2, CDK-

6, and VEGFR-2 via molecular docking approaches. The outcome of this study will help in 

optimizing the use of Artemisinins 1-5 as anticancer drugs by contributing to the understanding 

of its yet unexplored molecular mechanisms of actions. 

2. Materials and Methods 

2.1. In silico ADME, drug-likeness, and toxicity. 

 In silico screening of pharmacological properties (ADME) and drug likeliness of the 

investigated drugs were performed by SwissADME (http://www.swissadme.ch/index.php) 

[28]. The toxicity was predicted using ProTox-II chemical toxicity predictions 

(http://tox.charite.de/protox_II/) [29]. The analysis of different descriptors viz., calculated 

octanol/water partition coefficient, molecular weight, molecular volume, and a number of 

hydrogen bond donor and acceptor groups of all the drugs revealed that their penetrating ability 

in the biological membranes, as determined by the Lipinski rule of five [30]. Computational 

analyses to predict the core pharmacokinetics parameters such as blood-brain barrier (BBB) 

permeability, gastrointestinal (GI) absorption, P‒glycoprotein‒mediated efflux (Pgp) were also 

performed.  

2.2. Molecular docking. 

 The molecular docking studies were performed by using AutoDock Vina [31]. The 

crystal structures of target proteins Bcl-2 (PDB ID: 2O2F) [32], CDK-6 (PDB ID: 1XO2) [33] 

and VEGFR-2 (PDB ID: 4ASD) [34] were downloaded from the Protein Data Bank 

(http://www.rcsb.org/pdb) in PDB format and were prepared by AutoDock Tools [35]. 

Visualization of the docked pose has been done by using CHIMERA 

(www.cgl.ucsf.edu/chimera) and Discovery Studio visualizer. 

2.3. DFT calculations. 

 Density functional theory (DFT) has been proved to be a powerful tool for the study of 
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electronic and thermodynamic parameters. The quantum computational studies of Artemisinins 

1-5 were performed in the gas phase on GAMESS [36,37]. Considering the complexity of the 

theoretical model used for this study, all the structural optimizations were carried out at the 

DFT using a basis set of B3LYP/3-21G method. The electronic properties of the drugs such as 

EHOMO, ELUMO, HOMO-LUMO energy gap, global hardness, electronegativity, electronic 

chemical potential, electrophilicity, and chemical softness, natural charges, and dipole moment 

were calculated [38–40].  

3. Results and Discussion 

3.1. In silico ADME, drug-likeness, and toxicity. 

 The major parameters for pharmacokinetics are absorption, distribution, metabolism, 

and excretion [41]. The predicted Lipinski’s parameters molecular weight (MW), number of 

rotatable bonds (nrotb), number of hydrogen bond acceptors (nON), number of hydrogen bond 

donors (nOHNH), and lipophilicity (mLogP) and topological polar surface area (TPSA) for 

investigated drugs are shown in Table 1.  

Table 1. Selected calculated physicochemical and pharmacokinetic properties of Artemisinins 1-5. 

 
Drug mLogP TPSA 

(Å²) 

MW 

(g/mol) 

nHBA nHBD n 

violations 

Nrotb GI 

absorbtion 

BBB 

permeant 

Pgp 

substrate 

LogS 

1 2.62 53.99 282.33 5 0 0 0 High Yes No -3.42 

2 1.95 57.15 284.35 5 1 0 0 High Yes No -3.49 

3 2.60 46.15 298.37 5 0 0 1 High Yes No -3.85 

4 2.85 46.15 312.40 5 0 0 2 High Yes No -4.10 

5 1.88 100.52 384.42 8 1 0 5 High No No -3.08 

mLogP: lipophilicity; TPSA: Total Polar Surface Area; MW: Molecular Weight; nHBA: number of hydrogen bond acceptors; 

nHBD: number of hydrogen bond donors; n violations: number of violated drug‒likeness rules; nrotb: number of rotating bonds; 

BBB: blood‒brain barrier; GI: gastrointestinal; Pgp: p‐glycoprotein; LogS: solubility 

 

 The results of in silico properties of all five Artemisinins 1-5 suggests that there are no 

significant violations of Lipinski’s rule of five (mLogP˂4.15, MW>500, Hydrogen bond 

donors<5 and Hydrogen bond acceptors<10) [30], since all calculated physicochemical 

descriptors and pharmacokinetic properties are within the expected thresholds. TPSA is 

measured the bioavailability of the drug molecule and closely related to the hydrogen bonding 

potential and should be ˂160 Å [42]. According to this model, the drugs showed satisfactory 

oral bioavailability in combination with lipophilicity, MW, polarity, solubility, saturation, 

flexibility in an acceptable range, as shown in radar plots [43]. Drug-likeness was determined 

by the number of free rotatable bonds and Lipinski’s rule. Computational analyses to predict 

the core pharmacokinetics parameters such as gastrointestinal absorption, P-glycoprotein-

mediated efflux was also performed, and results are displayed in Table 1.  

 The bioavailability radar of Artemisinins 1-5 provided from SwissADME displayed 

that they exhibit promising predicted physicochemical properties for oral bioavailability 

(Figure 2). The ideal space of six physicochemical parameters, for example, size, polarity, 

lipophilicity, solubility, flexibility, and saturation for oral bioavailability, are located in the 

pink‐colored area [43,44]. All the five investigated Artemisinins 1-5 are present in the pink 

area. Prediction of ligand-based target highly efficient and fast in predicting correct protein 

targets of compounds in drug discovery [45,46].   
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Figure 2. Bioavailability radar plot of Artemisinins 1-5. POLAR (polarity), LIPO (lipophilicity), INSOLU 

(solubility), FLEX (flexibility), and INSATU (saturation). 

  Toxicity in terms of predicted median lethal dose (LD50) in mg/kg weight of 

investigated Artemisinins 1-5 is given in Table 2. ProTox-II methods have the potential to 

support risk assessments for regulatory decisions, such as to create novel hypotheses and get 

insights into the mechanisms of toxicity [29]. 

Table 2. Predicted LD50 (mg/kg) to represent compound toxicity of Artemisinins 1-5. 

Drugs LD50 (Toxicity Class) 
1 4228 (5) 

2 567 (4) 

3 567 (4) 

4 567 (4) 

5 1000 (4) 

LD50: Half-maximal (50%) lethal dose 

 

3.2. Molecular docking. 

 The Docking studies were performed to study the molecular binding pattern of 

Artemisinins 1-5 within the active pocket of the crystal structures of the anticancer targets. The 

targets used for docking analysis with Artemisinins 1-5 are Bcl-2, CDK-6 and VEGFR-2 which 

have been widely indicated to contribute in apoptotic regulation, cell-cycle progression, 

transcriptional regulation, DNA damage repair, stem-cell self-renewal, metabolism, 

spermatogenesis and neuronal function and in anti-angiogenesis 

[12,16,17,19,20,23,24,26,27,47]. The binding of the ligand in the active site of a target is 

indicative of the probability that the ligand may possibly be capable of steering the functional 

alteration of the target molecules [48,49]. Drug-target interactions were also decoded in terms 

of interacting amino acid residues, hydrogen bonding, docking energy analysis, and 

comparisons of active site amino acid residues and probable binding sites. The docking analysis 

of Artemisinins 1-5 within the active binding sites of targets is shown in Table 3.  
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Table 3. Molecular docking analysis of Artemisinins 1-5 within the binding sites of Bcl-2, CDK-6, and 

VEGFR-2. 

 

Drug 

Interacting amino acid residues  

Bcl-2 CDK-6 VEGFR-2 
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 Hydrogen bonding was also evaluated for the interaction of Artemisinins 1-5 with these 

three targets. Table 4 summarizes the amino acid residues involved in hydrogen bonding of 

Artemisinins 1-5 within the binding sites of Bcl-2, CDK-6, and VEGFR-2. Total binding 

strength is a result of many types of bonds, including ionic, hydrophobic interactions, and 

Vander Waals forces, though hydrogen bonds being major contributors [50,51]. Hydrogen 

bonding also depends on the composition and 3D alignment of contacting amino acid residues 

at the prominent and active binding sites [52].  

Table 4. Binding energies (Kcal/mol) and amino acid residues involved in hydrogen bonding of Artemisinins 1-

5 within the binding sites of Bcl-2, CDK-6, and VEGFR-2. 

Drug Targets Receptor residues involved in 

Hydrogen bonding 

Binding energy 

(Kcal/mol) 

1 Bcl-2 - -2.4 

 CDK-6 Arg22, Ser138 -7.0 

 VEGFR-2 - -6.8 

2 Bcl-2 - -1.5 

 CDK-6 - -6.5 

 VEGFR-2 Arg1050, Arg842 -6.6 

3 Bcl-2 - -1.2 

 CDK-6 Arg82, Leu34 -5.7 

 VEGFR-2 Arg1051 -6.4 

4 Bcl-2 - -0.8 

 CDK-6 Ser195 -5.8 

 VEGFR-2 Arg1051 -6.5 

5 Bcl-2 - -0.4 

 CDK-6 His67,Val150 -7.1 

 VEGFR-2 Leu1049, Phe845 -7.5 

Arg-arginine; His-histidine; Leu-leucine; Phe-phenylalanine; Ser-serine; Val-valine. 

 Figure 3 displays the interacting amino acid residues between investigated Artemisinins 

1-5 and respective targets. Figure 3 reveals that all five Artemisinins 1-5 (orange sticks) used 

were found to bind to Bcl-2 with binding energies -2.4, -1.5, -1.2, -0.8, and -0.4 Kcal/mol, 

respectively (Figure 4).  

These drugs were able to bind to the Bcl-2 enzyme firmly and, therefore, could possibly 

inhibit its function. The binding energies gave an insight into the affinity of the drug to the 

target, which was in the order 1 ˃ 2 ˃ 3 ˃ 4 ˃ 5. The docking analysis of drugs within the active 

binding sites of targets are shown in Table 3. Hydrogen bonding was also evaluated for the 

interaction of Artemisinins 1-5 with targets. 

Table 4 summarizes the amino acid residues involved in the hydrogen bonding of 

Artemisinins 1-5 within the binding sites of targets. Total binding strength is a result of many 

types of bonds, including ionic, hydrophobic interactions, and Vander Waals forces, though 

hydrogen bonds being major contributors [50,51]. 
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Figure 3. Alignment of the docked structures of Artemisinins 1-5 (orange stick) in the corresponding binding 

pockets of targets.  
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Figure 4. Bar graph representing the binding energies (Kcal/mol). 

 Hydrogen bonding also depends on the composition and 3D alignment of contacting 

amino acid residues at the prominent and active binding sites [52]. The results of docking 

analysis revealed that all the Artemisinins 1-5 were not capable of hydrogen bond formations 

with amino acid residues in the active site of the Bcl-2 enzyme (Tables 3 and 4). But the 

investigated drugs were involved in Vander Waals interactions with amino acid residues shown 

in Table 3.  

 With CDK-6, the Artemisinins 1-5 interacted with a greater binding affinity in 

comparison to Bcl-2. This was confirmed by the ΔG values; -7.0, -6.5, -5.7, -5.8, -7.1 Kcal/mol, 

respectively with 1, 2, 3, 4 and 5 following the order 5 ˃ 1 ˃ 2 ˃ 4 ˃ 3.  The docking analysis 

exposed the hydrogen bonding interactions of investigated drugs with CDK-6. Artemisinin 1 

formed a hydrogen bond with Arg22, Ser138, 3 with Arg82, Leu34, while 4 with Ser195 and 5 with 

His67, Val150. While drug 2 did not participate in hydrogen bonding (Tables 3 and 4).   

 The ΔG values of the investigated Artemisinins 1-5 suggested that they interacted with 

the greatest binding affinity with the VEGFR-2 enzyme. The binding energies (Kcal/mol) were 

in the order 5 (-7.5) ˃  1 (-6.8) ˃  2 (-6.6) ˃  3 (-6.5) ˃  4 (-6.4). The hydrogen-bonding interactions 

were with Arg1050, Arg842 (2), Arg1051 (3 and 4), and Leu1049, Phe845 (5), while no hydrogen 

bonds in the case of Artemisinins though other interactions were predicted.  

From these findings, we could conclude that the variations due to the presence of 

contacting amino acid residues common to the active binding sites, with little relationship to 

the presence or absence of hydrogen bonds. This proposed that the presence of the hydrogen 

bonds was independent with the commonness of contacting amino acid residues to active 

binding sites and the strength of docking. 

3.3. DFT calculations. 

 Density functional theory is a computer-based approach that has been gaining huge 

popularity in the field of in silico pharmaceutical analysis. It was performed to analyze the 

electronic and reactivity characteristics of Artemisinins 1-5. The analysis of the electronic 

characteristics of the ligands plays a central role in understanding their pharmacological 

properties. The DFT optimized structures of Artemisinins 1-5 are given in Figure 5.  
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Figure 5. DFT-optimized geometry of (a) Artemisinin, (b) Artenimol, (c) Artemether, (d) Artemotil and (e) 

Artesunate. 

 Frontier molecular orbitals (FMOs) are the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO). The HOMO is the highest energy orbital 

occupied with electrons, so it is an electron donor, while LUMO is the lowest energy orbital 

that has a space to accept electrons, so it is an electron acceptor. These orbitals control the 

mode of the interaction of the drugs with other molecules, such as the interactions between 

these drugs and their receptors. Further, these drugs were analyzed on the basis of the 

HOMO/LUMO energy gap. As the gap energy increases, it leads to decrease reactivity and 

vice versa [53]. B3LYP functional method was applied for DFT calculations, while for 

calculating the band energy gap, (ΔE) expression of ELUMO–EHOMO was used [54]. The results 

are summarized in Table 5.  

Table 5. Thermal parameters (Hartree/Particle) (KJ/mol) and Dipole moment (Debye) of Artemisinins 1-5. 

Parameter 1 2 3 4 5 
ZPVE 1008.251 1074.931 1153.743 1233.101 1304.262 

Etot 1047.812 1114.751 1197.083 1279.621 1359.546 

H 1050.291 1117.230 1199.562 1282.100 1362.025 

G 903.812 970.774 1045.884 1121.247 1182.847 

µ 7.049131 2.342633 2.557229 2.675338 6.594904 

ZPVE: Sum of electronic and zero-point energies; Etot: Sum of electronic and thermal energies; 

H: Sum of electronic and thermal enthalpies; G: Free energy; µ: Total Dipole Moment. 

 

 Figure 6 shows the HOMO and LUMO energies of the investigated artemisinins. The 

thermodynamic properties were also calculated and summarized in Table 5. The dipole moment 

in a molecule is another important electronic property. Whenever the molecule has a larger 

dipole moment, the intermolecular interactions are very strong [55]. The dipole moments of 

the investigated drugs were calculated to be in the order 1 (7.049131 Debye) ˃ 5 (6.594904 

Debye) ˃ 4 (2.675338 Debye) ˃ 2 (2.342633 Debye) ˃ 3 (2.557229 Debye). These findings 

were in corroboration with the findings of molecular docking studies, suggesting that potent 

drug artemisinin 1 exhibited strong intermolecular interactions.  
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Figure 6. HOMO-LUMO energies of optimized structures of Artemisinins 1-5. 

 Besides the traditional reactivity descriptors (HOMO and LUMO), certain other 

chemical reactivity descriptors such as chemical hardness (η), chemical softness (σ), 

electrophilicity index (ω), nucleophilic index (ɛ), electronegativity (χ), and chemical potential 

(μ) were also calculated and are summarized in Table 6 [38–40]. 

Table 6. The theoretical calculated conceptual DFT descriptors of Artemisinins 1-5. 

Parameters 1 2 3 4 5 

EHOMO (a.u.) -0.412 -0.394 -0.393 -0.392 -0.408 

ELUMO (a.u.) 0.171 0.206 0.207 0.207 0.164 

Eg(HOMO‒LUMO) (a.u.) -0.583 -0.600 -0.600 -0.599 -0.572 

ΔE(LUMO‒HOMO) 0.583 0.600 0.600 0.599 0.572 

χ (Electronegativity) 0.1205 0.0940 0.0930 0.0925 0.1220 

η (Chemical hardness) 0.2915 0.3000 0.3000 0.2995 0.2860 

σ (Chemical softness) 3.430 3.333 3.333 3.338 3.496 

μ (Chemical potential) -0.1205 -0.0940 -0.0930 -0.0925 -0.1220 

ω (Electrophilicity index) -0.0711 -0.0146 -0.0143 -0.0141 -0.0246 

ɛ (Nucleophilic index) -0.0351 -0.0282 -0.0279 -0.0277 -0.0348 
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4. Conclusions 

 Computational approaches are evolving day by day to improve the drug discovery 

process. The current study is based on drug repurposing of anti-malarial Artemisinins against 

anticancer chemotherapeutic targets viz., Bcl-2, CDK-6, and VEGFR-2. The ADME properties 

and drug-likeness of Artemisinins 1-5 (artemisinin, artenimol, artemether, artemotil, and 

artesunate) were also assessed, suggesting their good oral bioavailability. Antimalarial 

Artemisinins 1-5 were screened against Bcl-2, CDK-6, and VEGFR-2 through in silico 

approaches to find more potent inhibitors. In structure-based drug discovery, the binding site 

unlocks the active residues which participate in the interaction with the small molecule and 

undoubtedly essential for molecular docking. The detailed information about the binding 

pocket is mandatory for the structure-based drug discovery. The molecular docking study 

revealed the inhibitory effects of all five investigated artemisinins-based drugs. The binding 

energy (ΔG) values in Kcal/mol gave an idea of the affinity of the binding of Artemisinins 1-

5. The docking results revealed that all five Artemisinins were able to bind to CDK-6 and 

VEGFR-2 with more affinity in comparison to Bcl-2. Further, DFT calculations gave the 

knowledge of the electronic and structural properties as well as various reactivity descriptors. 

Thus, these anti-malarial drugs, viz., artemisinin, artenimol, artemether, artemotil, and 

artesunate, can be analyzed through the experiment in the future clinical trials of drugs against 

CDK-6 and VEGFR-2. However, it requires further study to elucidate this hypothesis. 
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