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 ARTIGO ORIGINAL 

 

RESUMO 

 

No experimento proposto, artemisinina e derivados (artemisininas), com e sem a ponte 
endoperóxido (R-O-O-R’), são investigados através do potencial eletrostático molecular 
(MEP), dos orbitais moleculares (OMs) e de suas interações com os receptores biológicos 
transferrina e heme objetivando a compeensão de aspectos da interação com os dois 
receptores biológicos e deslindar a importância do anel 1, 2, 4-trioxano nas atividades 
antitumorais dessa classe de compostos em células HepG2. O padrão dos mapas de MEP 
obtidos com o método teórico B3LYP/conjunto de base 6-31G** indica que as 
artemisininas portadoras do anel 1, 2, 4-trioxano são ativas contra o câncer de fígado 
HepG2 e podem sofre ataques eletrofílicos pelos receptores transferrina e heme na 
região da ponte endoperóxido (C3-O2-O1-C12a). O posicionamento dos OMs nos 
átomos das artemisininas suportam a ancoragem dos receptores transferrina e heme no 
processo de interação ligante-receptor. A investigação do acoplamento ligante-receptor 
evidenciou que as artemisininas na interação com a transferrina e heme apresentam 
d(O1Fe2+) < d(O2Fe2+), e essas distâncias aumentam com a atividade biológica (IC50). A 
comparação de d(O1Fe2+) e d(O2Fe2+) para transferrina e heme evidencia distâncias 
maiores na interação com transferrina. Finalmente, a investigação com MEP, OMs e 
interação ligante-receptor indica a relevância do anel 1,2,4-trioxano na atividade 
anticâncer das artemisininas. 
 
Palavras-chave Artemisininas; Anel 1, 2, 4-trioxano; Potencial eletrostático 
molecular; Orbital molecular; Interação ligante-receptor. 
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ABSTRACT 

 

In the proposed experiment, artemisinin and its derivatives (artemisinins), with and 
without the endoperoxide bridge, (R-O-O-R’), are investigated through molecular 
electrostatic potential (MEP), molecular orbitals (MOs), and their interactions with the 
biological receptors transferrin and heme, aiming to understand aspects of the 
interaction with the two biological receptors and to clarify the importance of the 1,2,4-
trioxane ring in the antitumor activities of this class of compounds in HepG2 cells. The 
pattern of MEP maps obtained with the theoretical method B3LYP/6-31G** basis set 
indicates that artemisinins carrying the 1,2,4-trioxane ring are active against HepG2 liver 
cancer and may undergo electrophilic attacks by transferrin and heme receptors in the 
endoperoxide bridge region (C3-O2-O1-C12a). The positioning of MOs on artemisinin 
atoms supports the anchoring of transferrin and heme receptors in the ligand-receptor 
interaction process. Investigation of ligand-receptor, molecular docking, showed that 
artemisinins interacting with transferrin and heme exhibit d(O1Fe2+) < d(O2Fe2+), and 
these distances increase with biological activity (IC50). Comparison of d(O1Fe2+) and 
d(O2Fe2+) for transferrin and heme shows greater distances in the interaction with 
transferrin. Finally, investigation with MEP, MOs, and ligand-receptor interaction 
indicates the relevance of the 1,2,4-trioxane ring in the anticancer activity of 
artemisinins. 
 
Keywords: Artemisinins; 1,2,4-trioxane ring; Molecular electrostatic potential; 
Molecular orbital; Ligand-receptor interaction. 
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1 INTRODUCTION 

 
Cancer is the name given to a group of devastating diseases characterized by the 

uncontrolled growth and multiplication of abnormal cells, capable of invading nearby 

structures and spreading to various regions of the body. According to the literature, the 

disease is among the leading causes of death for people aged 30 to 69 in 177 countries 

worldwide (Bray et al., 2024). The appearance of abnormal cellular features in this 

disease reflects altered patterns of gene expression due to mutations in the DNA of 

these cells (Rosenberg et al., 2021; Xu et al., 2021). 

Among the strategies used in cancer treatment is chemotherapy with drugs that 

act specifically on cancer cells. However, the widespread use of this strategy has 

encountered a very difficult barrier because these cells, being very similar in numerous 

aspects, make it difficult to identify general and exploitable biochemical differences 

between them (Xu et al., 2021; Haber & Fearon, 1998). Thus, the ability to cause specific 

and highly potent cancer cell death is one of the most sought-after aspects in drugs 

designed for cancer chemotherapy (Xu et al., 2021; Efferth et al., 2005). 

The task of great motivation in research on natural sources, particularly plants 

used in traditional folk medicines, has proven successful (Wall & Wani, 1996; Wen et al., 

2024). Among the plants used is Artemisia annuar L. (qinghao), an herb that has been 

commonly used in traditional Chinese medicine, carrying the active principle artemisinin 

(qinghaosu) and its most common derivatives (artemether, artesunate and artether) 

used in the treatment of falciparum and vivax malaria (Prince et al., 1998; Wani et al., 

2021; Gu et al., 2024). Artemisinin derivatives are transformed into the active 

metabolite, didroartemisinin, and its use has been an integral part of the fight against 

malaria in most modern treatments (Cardoso et al., 2008; Wani et al., 2021). 

Artemisinin is a trioxane sesquiterpene lactone whose endoperoxide bridge is 

essential for its antimalarial, anticancer, leishmanicidal, and antifungal activity (Avery et 

al., 2003; Wani et al., 2021; Khanal, 2021). In the last two decades, the sensitivity to 

artemisinin and its first-generation derivatives – artesumate, artemether, arteether, and 

artelinate – has been evaluated in a number of tumor cells. Artemisinin and its 

derivatives have been found to exhibit cytotoxicity to mammary cells in the nanomolar 

to micromolar concentration range (Opsenica & Solaja, 2009; Jana et al., 2027; Ma et 
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al., 2021). Also, low concentrations of these compounds exhibit cytotoxicity in leukemia 

cells, colon cancer, lung cancer, and renal cancer (Efferth et al., 2001; Ma et al., 2021), 

thyroid cancer (Rinner et al., 2004), cervical cancer, uterine cancer, and ovarian cancer 

(Chen et al., 2003; Ma et al., 2021). 

Mammalian cells, both normal and cancerous, use the protein transferrin to 

capture iron ions. This protein, bound to ferrous ions, forms holotransferrin, which is 

transported into cells via a specific receptor known as the transferrin receptor (Andrews, 

2000). On the other hand, experiments demonstrate that artemisinin derivatives 

covalently linked to holotransferrin are transported together with the protein into the 

cells (normal and tumor) through an endosome formation process mediated by the 

specific transferrin receptor. Inside the endosome, the endoperoxide bridge of the 

artemisinin derivative can react with the iron released by transferrin and produce toxic 

free radicals (Lai et al., 2006). These radical species are highly reactive and responsible 

for the death of different cell types. Among the deleterious effects of free radicals are: 

enzyme inactivation; degradation of structural proteins; destruction of membranes; 

apoptosis; and others. 

Recent results reported in the literature show that the administration of 

artemisinins targeted to mitochondria, together with ligand-mediated modulation of 

molecule conformation, significantly increases their anticancer activity and results in 

greater binding affinity to heme and Fe ions (Dan-Dan et al., 2025). 

            In this investigation, the anticancer behavior of artemisinin and derivatives 

(artemisinins) (Liu et al., 2005), with and without endoperoxide bridge, (R-O-O-R’), is 

investigated through molecular electrostatic potential, molecular orbitals and their 

interactions with the biological receptors transferrin and heme (the objective is not to 

investigate the mechanism of action of the compounds, but aspects of the interaction 

with the two biological receptors). The results obtained will support the discussion and 

elucidation of the importance of the 1,2,4-trioxane ring in the anticancer biological 

activities of this class of compounds in HepG2 cells and will be reported and made 

available as a Theoretical Chemistry/Computational Chemistry experiment accessible to 

different levels of Chemistry Education. 

 
2 EXPERIMENT OVERVIEW  
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The theoretical approaches shown in Figure 1 were used in the experiment; and 

for their design, a literature review was previously conducted on the topic of human 

hepatocellular carcinoma (HepG2)/artemisinins, considering the biological activities 

tested  and the target biological receptor.  

 

Figure 1. Theoretical approaches used in the experiment.  
 

Information on artemisinins with different IC50 values for HepG2 allowed the 

design and execution of the experiment with the compounds in Figure 2 (See Section 3. 

The Detailed Experiment), with the transferrin and heme receptors, Figure 3I e 3II (See 

Section 3.  
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Figure 2. 2D structure of artemisinin (1) and derivatives (2, 3, and 4) biologically assayed 
against HepG2 cancer 

 

 

Figure 3. (I) Transferrin protein (a) obtained from the Protein Data Bank (PDB-RCSB), 
code 1a8E, and 2D (b) and 3D (c) structures selecting the iron-containing fragment 
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coordinated with four amino acid linkages: two (2) tyrosines, one (1) histidine, and one 
(1) aspartate, and (II)  myoglobin (a) obtained from the Protein Data Bank (PDB-RCSD), 
code 1A6M, 2D (b) and 3D (c) structures of heme containing the histidine residue. 
 

The Detailed Experiment), being considered in the investigation phase of 

interactions with the biological target. The 3D structure of artemisinin was retrieved 

from the Protein Data Bank (PDB) crystallographic database, CCD code – 691593, and its 

complete optimization was performed with different theoretical approximations/basis 

sets, namely: HF/3-21G, HF/6-31G, HF/63-1G*, HF/6-31G**, B3LYP/3-21G, B3LYP/6-

31G, B3LYP/6-31G*, B3LYP/6-31G**, AM1, and PM3, and the geometric parameters 

were compared with experimental data from the literature, which allowed the selection 

of the most suitable theoretical approximation/basis set to describe the most stable 

conformation of artemisinin, which was used to construct the 3D structures of the other 

investigated compounds, which were also subjected to complete optimization. The most 

stable conformations of the investigated compounds were used to calculate the 

molecular electrostatic potentials, whose maps are shown in Figure 4 (See Section 4. 

Results and Discussion), while the molecular orbitals shown in Figure 5 (See Section 4. 

Results and Discussion), and the interactions with transferrin and heme receptors shown 

in Figures 6 and 7 (See Section 4. Results and Discussion), respectively.  

 

Figure 4. MEP (kcal/mol) maps for artemisinin (1) and derivatives (2, 3, e 4) biologically 
assayed against HepG2 cancer. 
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Figure 5. Molecular orbitals (LUMO+2, LUMO+1, LUMO, HOMO, HOMO-1, HOMO-2) and 
orbital energies (kcal/mol) for artemsisinin (1) and derivatives (2, 3, and 4) biologically 
assayed against HepG2 cancer. 

 

 
Figure 6. Interaction between artemisinin (1) and derivatives (2, 3, and 4), biologically 
tested against HepG2 cancer, with the transferrin receptor. Atoms and colors: C (gray); 
N (blue); O (red); and Fe (orange). 
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Figure 7. Interaction between artemisinin (1) and derivatives (2, 3, and 4), biologically 
tested against HepG2 cancer, with the heme receptor. Atoms and colors: C (gray); N 
(blue); O (red); and Fe (orange). 
 

 

3 THE DATAILED EXPERIMENT 

 

3.1 APPROACHES FROM QUANTUM MECHANICS 

3.1.1 COMPOUNDS STUDIED, METHODS FOR ESTABLISHING THE THEORY/BASIC SET 

SUITABLE FOR THE STUDY 

Figure 2 shows the 2D structures of the studied compounds 1 (IC50 = 97.0 µM), 

2 (IC50 = 0.46 µM), 3 (IC50 = 0.79 µM), and 4 (IC50 > 100 µM) (Liu et al., 2005). The 

numbering adopted is the same as in the literature (Avery et al., 2003). The 3D structure 

of artemisinin, coded CCDC-691593, extracted from the crystallographic database 

(Allen, 2002) with the Chimerax-DockPrep software (Meng et al., 2023) was subjected 

to full optimization with different levels of the theory/basis set, namely: HF/3-216, 6-

31G, 6-31G*, and 6-31G** (Roothann, 1951; Hehre et al., 1986); B3LYP/3-21G, 6-31G, 

6-31G*, and 6-31G** (Lee et al., 1988; Becke, 1993); AM1 (Dewar, 1985); and PM3 (Wu 

et al., 2013) available in the Gaussian 98 software package (Frisch et al., 1998). The 

geometric parameters obtained were compared with experimental data from the 

literature (Leban et al., 1988; Lisgarten et al., 1988), and the most suitable theoretical 

method/basis set to describe the most stable conformation of artemisinin was selected, 

which was then used in the construction of the 3D structures of its derivatives and 

subjected to full optimization; with the most stable conformations of artemisinin and 

derivatives being important for the following steps of the experiment. Continuing the 

procedure for obtaining the most stable conformations of the compounds, the 3D 

structure of artemisinin after full optimization with different theory/basis set was 

visualized, for the purpose of extracting corresponding geometric parameters with 
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Molden 6.0 software (Schaftenaar & Noordik, 2000), converted with the help of 

OpenBabel software (O’Boyle et al., 2011) and used to build the 3D structures of the 

derivatives with HyperChem software (HyperChem, Inc., 2008), which were also 

converted with OpenBabel software into inputs of the Gaussian 98 program package for 

the full optimization step. 

 

3.1.2 MOLECULAR ELECTROSTATIC POTENTIALS OF THE INVESTIGATED ARTEMISININS 

 The most stable conformations of artemisinin and derivatives in the theoretical 

approximation/basis set selected as the most suitable were applied in the calculations 

of the electrostatic potentials of each molecule, V(r⃗); here it is worth remembering that 

physically the electrostatic potential means the description of the surroundings of a 

molecule and, with it, one seeks the main key characteristics that determine the 

occurrence or not of a recognition of one molecule (drug) by another (receptor). This 

approximation of Quantum Mechanics proves to be an effective means of analyzing and 

elucidating the recognition processes (Politzer & Truhlar, 1981; Politzer et al., 1985; 

Oliveira et al., 2021). 

In the experiment performed, the V(r⃗) produced by the molecule, having an 

electron density function  (r⃗) at any point r⃗, was rigorously calculated by eq. (1), given 

below (Politzer & Murray, 2021; Pizon et al., 2024): V(r⃗) = ∑ 𝑍A|R⃗⃗⃗A r⃗|A ∫ (r⃗′)dr⃗′|r ⃗⃗⃗ r⃗|                                                                                             (1) 

where ZA is the charge on the nucleus A, located in R⃗⃗⃗A. The first term on the right-hand 

side of eq. (1) represents the positive contribution of the nuclei and the second term 

characterizes the negative effect of the electrons. The MEP calculations were developed 

using electron density. 

 

3.1.3 MOLECULAR ORBITALS 

 In processes involving the interaction between small molecules and biological 

receptors, molecular orbitals frequently contribute to the biological activity of the 

molecules through reactions involving charge transfer. Therefore, it becomes relevant 

to qualify molecular orbitals as one of the important properties in the mechanism of 

action of these molecules. In this experiment, each molecular orbital was constructed 
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using the linear combination of atomic orbitals (LCAO MO) approximation (Roothann, 

1951; Blinder, 1965; Pople & Beveride, 1970; Dewar & Kelemen, 1971) through eq. (2): 

𝑖  = ∑ 𝑐𝑖


                                                                                                                            (2) 

where 𝑐𝑖 are the molecular orbital expansion coefficients and  represents a set of 

orbitals associated with the component atoms of the molecule. 

The MEP and molecular orbital maps were visualized with the Molekel software 

(Flukiger et al., 2000-2001). 

 

3.2 MOLECULAR MECHANICS APPROACH 

3.2.1 MOLECULAR DOCKING 

 The ligand-receptor interaction (molecular docking) provides detailed 

information on how the ligand (a small molecule) interacts with the receptor (a 

macromolecule) in the binding region, providing information for understanding the 

ligand's biological activity. Additionally, it allows visualization and quantification of how 

the two molecules interact and the respective interaction. The process begins with the 

ligand seeking its best docking position in the receptor's active site, generating a number 

of conformational possibilities to establish the best ligand-receptor anchoring 

(Stanzione et al., 2021; Araújo et al., 2022; Thomse, 2023; Castro et al., 2023). Molecular 

recognition (ligand-receptor) involves different stages of conformational 

accommodation, resulting in the favorable mode of interaction relative to enthalpy and 

entropy. Furthermore, the processes resulting from this stage can be estimated by eq. 

(3), through ΔG (Gibbs free energy of binding, ELL), related to Ki (inhibition constant), 

determined experimentally. Also in eq. (3), ΔH is the enthalpy change, T is the absolute 

temperature, ΔS is the entropy change, and R is the universal gas constant, 

 G =  H − TS = RT lnKi                                                                                                     (3) 
 

The transferrin receptor (MacGillivray et al., 1988) was extracted from the RCSB-

PDB database (Protein Data Bank), code 1A8E, Figure 3Ia, architecture described in the 

literature (MacGillivray et al., 1988), and the fragment containing iron coordinated with 

four amino acid linkages was selected, being tyrosines (two), histidine (one), and 
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aspartate (one). Figures 3Ib and 3Ic show the 2D (3Ib) and 3D (3Ic) structures for the 

transferrin receptor, respectively. 

In turn, the heme receptor (Votjtechovsky et al., 1999) was obtained from the 

PDB-RCSB, identified with code 1A6M with architecture described in reference (Protein 

Data Bank), Figure 3IIa. The arrangement for calculating the ligand-receptor interaction 

considered the presence of the histidine residue under the plane of the porphyrin ring. 

This histidine unit is usually coordinated perpendicularly to the Fe2+ ion through the sp2 

N atom of the imidazole ring, Figures 3IIb and 3IIc, which also show, respectively, the 2D 

(3IIb) and 3D (3IIc) structures of the heme receptor; This procedure will allow the Fe2+ 

of heme to achieve an approximately hexacoordinated arrangement after the formation 

of the bonds with artemisinin (1) and derivatives (2, 3, and 4). 

 To investigate ligand-receptor interaction, the AutoDock software (Godosell et 

al., 1996) was used, with the Lamarckian Genetic Algorithm, with boxes of dimensions 

50 units in each direction for all ligand-receptor interactions; with the coordinates of the 

Center of Mass (CM) of the ligands positioned according to the coordinates: x = 49.994; 

y = 50.720; and z = 51.577 for the transferrin receptor, and x = 14.515; y = 27.975; and z 

= 4.750 for the HEME receptor, with the orientation for each ligand being made above 

the plane of the Fe2+ ion; the number corresponding to 1000 conformations was 

analyzed. In addition, the ligand-receptor interaction calculations in the most stable 

conformation of each molecule were performed on a Linux Mint platform with a 

Phenom FX8320 processor and 8 GB of RAM. 

 

 
4 RESULTS AND DISCUSSION 

 

4.1 APPROACH THROUGH QUANTUM MECHANICS 

4.1.1 SELECTION OF THE THEORETICAL METHOD/BASIS SET USED IN THE INVESTIGATION 

 Table 1 shows the geometric parameters calculated with different theories/basis 

sets and experimental data (Leban et al., 1988; Lisgarten et al., 1988) for the 1,2,4-

trioxane ring in artemisinin (1). According to this table, the bond lengths are, in general, 

well described at all levels of the theory, however the endoperoxide bridge (C3-O1-O2-

C12a) is best described at the B3LYP/6-G1* and B3LYP/6-31G** levels. In addition, all 



THE CRUCIALITY OF THE 1, 2, 4-TRIOXANE RING IN THE BIOLOGICAL ACTIVITIES OF ANTICANCER 

ARTEMISININS: AN EXPERIMENT FOR CHEMICAL EDUCATION AT DIFFERENT LEVELS 

Pizon et. al. 

Periódicos Brasil. Pesquisa Científica 

Volume 5, Issue 3 (2026), Page 319-342. 

 

 

 

calculated bond angles are very close to the experimental data (Leban et al., 1988; 

Lisgarten et al., 1988). For the dihedral angle of the twisted boat conformation (-O1-O2-

C3-O13-) adopted in artemisinin (1), the theoretical results at all levels show a very good 

description when compared to the experimental data. A better description of the 

endoperoxide bridge combined with the good description of the bond angles and the 

twisted boat conformation, as well as the need for a good description of the bulky 

substituents with a large number of H atoms in the C10 position (derivatives 2, 3, and 

4), led to the definition of the theoretical method/basic set B3LYP/6-31G**, in which a 

p symmetry function is considered in the basis set for the said atomic species, as the 

most suitable for the investigation. 

 

Table 1. Theoretical and experimental geometric parameters of the 1,2,4-trioxane ring for artemisinin 
(1) 
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C12a-O1 1.471 1.469 1.429 1.429 1.504 1.499 1.455 1.455 1.468 1.426 1.450(4) 1.462(3) 

O1-O2 1.462 1.447 1.390 1.390 1.524 1.524 1.460 1.460 1.289 1.544 1.474(4) 1.469(2) 

O2-C3 1.441 1.436 1.396 1.396 1.456 1.452 1.414 1.414 1.447 1.406 1.418(4) 1.416(3) 

C3-O13 1.436 1.435 1.408 1.408 1.473 1.473 1.441 1.441 1.427 1.428 1.451(4) 1.445(3) 

O13-C12 1.408 1.403 1.376 1.376 1.431 1.426 1.376 1.376 1.416 1.403 1.388(4) 1.380(3) 

C12-C12a 1.529 1.529 1.533 1.32 1.532 1.532 1.538 1.539 1.537 1.555 1.528(5) 1.523(2) 

C12a-O1- O2 111.3 113.2 112.7 112.7 109.6 111.4 111.6 111.6 113.7 112.2 111.5(2) 111.1(1) 

O1-O2-C3 107.1 108.8 109.5 109.5 105.6 107.3 108.2 108.3 112.5 110.3 117.7(2) 108.1(2) 

O2-C3-013 107.3 106.8 107.8 107.8 108.2 107.7 108.5 108.5 103.6 104.8 107.1(2) 106.6(2) 

C3-O13- C12 115.7 117.3 115.3 115.3 113.2 115.0 114.1 114.1 115.5 116.0 113.6(3) 114.2(2) 

O13-C12- 

C12a 

112.1 112.9 112.3 112.2 113.3 113.6 113.3 113.3 113.5 115.2 114.7(2) 114.5(2) 

C12-C12a- 

O1 

111.6 110.9 110.6 110.6 112.4 111,7 111.3 111.3 111.1 113.2 111.1(2) 110.7(2) 

Dihedral 

angle 

(degree) 

                        

C12a-O1-

O2-C3 

50.3 46.7 48.7 48.7 51.1 48.9 47.9 47.9 47.1 35.6 47.7(3) 47.8(2) 

O1-O2-C3-

O13 

-74.7 -74.9 -73.4 -73.4 -76.6 -73.5 -74.0 -73.0 -77.8 -75.3 -75.5(3) -75.5(2) 

O2-C3-O13-

C12 

32.3 33.4 31.1 31.1 33.8 35.0 32.9 32.9 42.1 52.7 36.3(4) 36.0(2) 

C3-O13-C12-

C12a 

28.3 25.2 27.4 27.4 29.0 26.3 27.3 27.3 11.4 2.8 24.7(4) 25.3(2) 
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O13-C12-

C12a-O1 

-50.9 -49.4 50.1 -50.1 -52.7 -51.2 -51.1 -51.2 -41.8 -40.5 -50.8(4) -51.3(2) 

C12-C12a-

O1-O2 

10.0 12.5 10.5 10.9 9.60 12.8 11.7 11.7 12.0 20.0 12.2(3) 12.6(2) 

 

4.1.2 MOLECULAR ELECTROSTATIC POTENTIAL MAPS 

 Figure 4 shows the molecular electrostatic potential maps for artemisinin (1) e 

derivatives (2, 3, and 4). According to this figure, artemisinin (1) e derivatives (2, and 3) 

with activity against liver cancer exhibit negative electrostatic potentials, of colors red, 

yellow, and green (energy range from -126.08 to -15.48 kcal/mol), with more negative 

contours located on the 1,2,4-trioxane ring (color: red). In this region, artemisinin (1) 

and derivatives (2, and 3) may undergo electrophilic attacks by a macromolecule 

(biological target, in this case transferrin and heme). In this figure, the most negative 

electrostatic potential is located on the endopeoxide bridge (C3-O1-O2-C12a), in 

principle, with the possibility of ligand-receptor interaction occurring. Furthermore, 

these compounds exhibit a positive electrostatic potential, color blue (energy range 

from +34.07 to +89.11 kcal/mol). Derivative (4) (IC50 >100 µM) exhibits a negative 

electrostatic potential (energy range from -139.9 to -62.75 kcal/mol), with the loss of 

the endoperoxide bridge and, consequently, of the trioxane ring. Additionally, the 

distribution of electron density in the trioxane ring in the molecules induces their 

anticancer activities against HepG2, a perception anchored in the fact that the 

complexation of artemisinin and its derivatives with transferrin and heme particularly 

involves the interaction between the peroxide bond, the most negatively charged region 

in the ligand, and the Fe2+ ion, the most positive region in the transferrin (Lai et al., 2006) 

and heme (Sasaki et al., 2007; O’Neill et al., 2010) receptors. Therefore, as noted above, 

the presence of a red surface near the trioxane ring suggests that artemisinin and its 

derivatives possess a reactive site for electrophilic attack and should exhibit anticancer 

activity. Thus, in the case of an electrophilic attack by the Fe2+ ion of transferrin and of 

heme against an electronegative region of the compounds studied, this attack has a 

strong preference for occurring through the involvement of the endoperoxide bridge 

(C3-O2-O1-C12a). The pattern of the MEP maps in Figure 4 is an indication that 

artemisinin and its derivatives (2 and 3) in Figure 2 are active against HepG2 cancer. 
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4.1.3 MOLECULAR ORBITALS 

 Figure 5 shows the positioning of the molecular orbitals LUMO+2, LUMO+1, 

LUMO, HOMO, HOMO-1 and HOMO-2 for artemisinin (1) and derivatives (2, 3, and 4). 

According to this figure, the molecular orbitals are positioned as follows: artemisinin (1): 

LUMO+2 on atoms O1, O2, O13, O11, C8, C10, C8a, C8, C7, C6, C5a, and C12a, and 

exhibits LUMO+2 = +42.26 kcal/mol; LUMO+1 on atoms O1, O2, O11, C12, C10, C9, C8a, 

and C12a, exhibiting LUMO+1 = +8.528 kcal/mol; LUMO on atoms C1, C2, O11, O14, C10, 

C3, and 12a, with LUMO = +1.732 kcal/mol; HOMO mainly on atoms O1, O2, O13, O11, 

O14, C12, C10, C9, C8a, and C8, with HMO = -160.7 kcal/mol; HOMO-1, on atoms O1, 

O2, O13, O11, O14, C3, C5a, C10, C9, C8a, C12a, C5a, C6, and C8a, exhibiting HOMO−1 = 

-162.5 kcal/mol; and HOMO-2 on atoms O1, O2, O13, O11, C9, O14, C3, C5a, C10, C9 

C8a, C12a, C5a, C6, and C8a, with HOMO−2 = - 176.8 kcal/mol; derivative (2): LUMO+2 

on atoms O1, O2, O13, O11, O14, C5a, C12, C10, and C9, with LUMO+2 = +42.87 

kcal/mol; LUMO+1 at atoms outside the trioxane ring region, exhibiting LUMO+1 = 

+28.22 kcal/mol; LUMO on atoms O1, O2, O13, O11, O14, and C12a, with LUMO = +1.274 

kcal/mol; HOMO at atoms outside the trioxane ring region, exhibiting HOMO = -140.5 

kcal/mol; HOMO-1 at atoms outside the trioxane ring region, with HOMO−1 = -145.8 

kcal/mol; and HOMO-2 on atoms O1, O2, O13, O11, O14, C12, C10, and C9, exhibiting 

HOMO−2 = -157.7 kcal/mol; derivative (3): LUMO+2 mainly at atoms O1, C5a, C3, and 

C10, exhibiting LUMO+2 = +42.89 kcal/mol; LUMO+1 at atoms outside the trioxane ring 

region, with LUMO+1 = +2.819 kcal/mol; LUMO on atoms O1, O2, C3, C5a, C12a, and 

O13, with LUMO = +1.349 kcal/mol; HOMO at atoms outside the trioxane ring region, 

exhibiting HOMO = -140.5 kcal/mol; HOMO-1 at atoms outside the trioxane ring region, 

with HOMO−1 = -143.9 kcal/mol; and HOMO-2 on atoms O1, O2, C3, C5, I2a, and C8a, 

exhibiting HOMO−2 = -157.6 kcal/mol; and derivative (4): LUMO+2 on atoms O1, O2, 

O13, O11, O14, C12, C10, C9, C8a, and C8, exhibiting LUMO+2 = +53.8 kcal/mol; LUMO+1 

on atoms C4, O11, C3, C12, with LUMO+1 = +51.86 kcal/mol; LUMO at atoms outside the 

trioxane ring region, exhibiting LUMO = +1.514 kcal/mol; HOMO on atoms O1, O2, O3, 

C3, O11, and C6, with HOMO = -153.8 kcal/mol; HOMO-1 on atoms O1, 12a, C3, O13, 

exhibiting HOMO−1 = -158.8 kcal/mol; and HOMO-2 on atoms O2, O13, O11, O14, C3, 

C5a, C10, C9, C8a, C12a, C5a, C6, and C8, exhibiting HOMO−2 = -167.8 kcal/mol. 
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4.2 MOLECULAR MECHANICS APPROACH 

4.2.1 MOLECULAR DOCKING 

 Figure 6 shows the ligand 1, 2, 3, and 4 – receptor (transferrin) interactions. 

According to this figure, the polar region of ligands 1, 2, and 3 near the endoperoxide 

bridge is directed towards the Fe2+ ion of transferrin. For ligand 1 (IC50 = 97.0 µM), the 

d(O1Fe2+) and d(O2Fe2+) distances are 2.10 and 2.91 Å (ELL = -4.60 kcal/mol), 

respectively, while these distances in ligands 2 (IC50 = 0.46 µM) and 3 (IC50 = 0.79 µM) 

are d(O1Fe2+) = 4.44 and d(O2Fe2+) = 4.83 Å (ELL = -5.14 kcal/mol); d(O1Fe2+) = 3.01 and 

d(O2Fe2+) = 3.56 Å (ELL = -4.54 kcal/mol), respectively. For ligand 4 (IC50 > 100 µM), the 

remaining O atom of the endoperoxide bridge is shown to be directed to the Fe+2 ion of 

transferrin with the d(OFe2+) = distance being punctuated at 2.47 Å (ELL = -3.39 

kcal/mol). 

              Figure 7 shows the interactions of ligands 1, 2, 3, and 4 with the heme receptor. 

As can be seen in this figure, the polar region of the ligand, close to the endoperoxide 

bridge, C3-O1-O2-C12a, is directed towards the Fe2+ ion of heme, with ligands 1, 2, 3, 

and 4 distant from the Fe2+ ion of heme as follows: ligand 1 (IC50 = 97.0 µM), d(O1Fe2+) 

and d(O2Fe2+) = 2.61 and 3.66 Å (ELL = -6.53 kcal/mol), respectively; ligand 2 (IC50 = 0.46 

mM), d(O1Fe2+) and d(O2Fe2+) = 2.33 and 3.30 Å (ELL = -7.40 kcal/mol, respectively; 

ligand 3 (IC50 = 0.79 mM), d(O1Fe2+) and d(O2Fe2+) = 2.42 and 3.42 Å (ELL = -7.32 

kcal/mol), respectively; and ligand 4 (IC50 > 100 mM), d(OFe2+) = 3.27Å.  

            Based on the investigation with molecular docking, it can be reported that the 

interactions between ligands 1, 2, 3 and 4 and transferrin and heme receptors highlight 

relevant points: (1) artemisinin and derivatives 1, 2 and 3, due to the existence of the 

endoperoxide bridge, C3-O1-O2-C12a, exhibit activities against HepG2 cancer, with the 

O1 atom being closer to the Fe2+ ion in the ligand-receptor interaction. Furthermore, it 

can be noted that the aforementioned distances in the interaction with the transferrin 

receptor behave in increasing order from the most active ligand to the least active, 

namely: d(O1Fe2+) and d(O2Fe2+) in ligand 2 > d(O1Fe2+) and d(O2Fe2+) in ligand 3 > 

d(O1Fe2+) and d(O2Fe2+) in ligand 1, showing the inverse occurrence in the interaction 

with the heme receptor, that is: d(O1Fe2+) and d(O2Fe2+) in ligand 2 < d(O1Fe2+) and 

d(O2Fe2+) in ligand 3 < d(O1Fe2+) and d(O2Fe2+) in ligand 1. The evidence described in 

this experiment is likely justified by the distinct situations that occur in interactions with 
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transferrin and heme receptors. According to the literature, circulating iron is captured 

by transferrin (holotransferrin protein) and transported to the tumor cell (Andrews, 

2000). Artemisinins form a covalent bond with transferrin and are also transported to 

the cancer cell. When iron transported by holotransferrin is released inside this cell, it 

interacts with artemisinins to form free radicals that cause cell death (Lai et al., 2006). 

According to the literature, when artemisinins are administered targeting mitochondria, 

the interaction with heme Fe2+ is immediate (Dan-Dan et al., 2025). In both situations, 

ligand-Fe2+ ion (transferrin) and ligand-Fe2+ ion (heme), according to the interaction 

distances reported in this investigation, the distances between the oxygen atoms of the 

endoperoxide bridge and Fe2+ (heme) are smaller than those presented in the 

interaction with Fe2+ ions (transferrin). Furthermore, in the ligand-transferrin 

interaction, the most active artemisinins exhibit greater interaction distances with Fe2+, 

while in the ligand-heme interaction the most active artemisinins exhibit smaller 

interaction distances with the receptor; (2) ligand 4, due to the loss of the 

aforementioned bridge, behaves practically as an inactive molecule against HepG2 

cancer; (3) it is important to emphasize that the investigation shows that the trioxane 

ring is crucial for the activity of artemisinin (1) and derivatives (2 and 3) against HepG2 

cancer, and this activity is probably potentiated by the lipophilic property of the 

molecules due to the large number of atoms present in them (Barbosa et al., 2007); (4) 

finally, the histidine unit in heme generally coordinates to Fe2+ through its sp2 N atom, 

which allows the iron ion to acquire a hexacoordinated octahedral arrangement after 

binding to artemisinin (1) and derivatives (2 and 3) (Costa et al., 2007; Haynes & 

Vonwiller, 1996). 

 

5 CONCLUDING REMARKS 

 

B3LYP/6-31G** comprised the theoretical method/basic set suitable for 

investigating the cruciality of the 1, 2, 4-trioxane ring in the anticancer artemisinin 

activities due to the improved 3D structure description of artemisinin (1). By elucidating 

the structure-activity relationship (SAR) of ligands (1 to 4), it can be reported that MEP 

proved to be a tool capable of avoiding the selection of inactive compounds in the design 

stage of new potentially active derivatives against HepG2 cancer, reinforcing the 
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importance of the 1, 2, 4-trioxane ring in the design of active derivatives. Furthermore, 

molecular docking also indicated the relevance of the 1, 2, 4-trioxane ring for the design 

of artemisins active against cancer. In addition, the literature reports the descriptor 

LUMO – HOMO as relevant in the biological process of artemisinin and transferrin 

receptor interaction (Barbosa et al., 2011), therefore, it is relevant to understand the 

procedure involved when addressing the topic. Finally, the experiment developed can 

be used as an exercise to accumulate the systematic investigation proposed at different 

levels of Chemistry Education. 
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