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 Abstract: Cancer and malaria are two fatal diseases found in Indonesia over the past 
several years. Therefore, researchers are trying their best to find new anticancer and 
antimalarial agents. In the present work, we evaluated five xanthone-fatty acid hybrids, 
i.e., xanthyl laurate (XL), xanthyl myristate (XM), xanthyl palmitate (XP), xanthyl 
stearate (XS), and xanthyl oleate (XO), as novel anticancer and antimalarial agents. The 
cytotoxicity assay towards NIH3T3 reveals that xanthone-fatty acid hybrids showed a 
selectivity index up to 282.08, demonstrating their non-toxic profile. The MTT assay 
found that XO yielded stronger breast anticancer activity than doxorubicin as the positive 
control. All xanthone-fatty acid hybrids exhibited moderate antimalarial activity with 
IC50 values of 24.24–87.57 μM, lower than that of chloroquine diphosphate as the positive 
control (4.26 μM). As the best anticancer agent for breast cancer, the mode of action of 
XO was further studied by computational studies. The molecular docking results showed 
the binding energy against the HER2 protein was −45.73 kJ/mol through a hydrogen bond 
with Lys753. This hydrogen bond remained stable until the end of the molecular dynamics 
simulations for 100 ns. These findings highlight the potential application of XO as a new 
drug candidate for breast cancer treatment. 
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■ INTRODUCTION 

Cancer has been known as one of the most fatal 
illnesses globally [1]. In 2022, more than 20.4 million 
cancer patients were registered with a 49% death rate [2]. 
The disease is currently dominated by lung, breast, 
cervical, and colorectal cancers [3]. Indonesia still suffers 
from endemic malaria, according to the World Health 
Organization (WHO) report. The number of active cases 
keeps increasing from 0.30 million (in 2021) to 0.42 
million (2023) and 0.54 million (2024), based on The 
Indonesian Ministry of Health report [4]. The annual data 
revealed that the trend keeps increasing by 30–40% for 

one year. However, the standard drugs such as 
doxorubicin, cisplatin, and 5-fluorouracil for cancer, as 
well as chloroquine for malaria, have been reported to 
generate severe side effects in normal tissues and organs 
[5-8]. This makes it urgent to search for new anticancer 
and antimalarial drugs for the coming years [9-10]. 

Nowadays, interest in simple drug structures 
without any chiral center has been increasing because of 
no stereochemistry issue [11]. Xanthone is one of the 
most promising drug candidates due to its simple 
chemical structure and ease of modification [12]. As of 
2025, xanthone derivatives have been evaluated for 
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anticancer [13], antimalarial [14], antibacterial [15], 
antifungal [16], antidiabetic [17], and antiviral [18] 
applications. Especially for anticancer purposes, the 
bioactivity of xanthone derivatives is still not satisfactory, 
especially their toxic profiles to normal cells [19]. On the 
other hand, fatty acids are non-toxic natural products 
produced in plants and animals [20]. In our previous 
work, we have evaluated the anticancer activity of methyl 
oleate and ethyl oleate derivatives against HeLa, T47D, 
and WiDr cells representing cervical, breast, and 
colorectal cancer cells, respectively. The methyl oleate 
derivative exhibited the IC50 values of 24.67, 12.63, and 
1.56 μg/mL against HeLa, T47D, and WiDr cells, while 
the ethyl oleate derivative gave lower IC50 values of 60.77, 
30.13, and 10.05 μg/mL. Both compounds are not toxic to 
normal cells, providing a selectivity index of 4.02–9.18, 
8.10–17.94, and 24.28–145.13 against those cancer cell 
lines [21]. Therefore, combining the structure of 
xanthone and fatty acid could maintain the bioactivity 
with a safe profile for normal cell lines. 

Chemical modification by combining the structure 
of xanthone and other active chemicals becomes a primary 
strategy to enhance the bioactivity of organic compounds 
[22]. In 2003, Lundberg et al. [23] synthesized paclitaxel-
oleic acid hybrid compounds as a new anticancer agent 
against HeLa cells. Paclitaxel reacted with oleic acid 
through its hydroxyl group at the 2’- and 7-position. The 
paclitaxel-2’-oleic acid exhibited a surpassed anticancer 
activity compared to paclitaxel-7-oleic acid, with an IC50 
value of 5.5 μM. The anticancer activity of paclitaxel-2’-
oleic acid was much stronger than that of paclitaxel, with 
an IC50 value of 47.7 μM. In 2009, Huan et al. [24] 
prepared fatty acid-doxorubicin hybrids and examined 
their anticancer activity against MCF-7 (breast), MDA-
MB-231 (breast), and HepG2 (liver) cancer cells. Against 
these cell lines, doxorubicin gave the IC50 values of 8.3, 
10.2, and 14.3 μM, respectively. In contrast, the 
doxorubicin-oleic acid hybrid exhibited much lower IC50 
values, i.e., 4.7, 3.1, and 6.8 μM, against these three cancer 
cells. However, the evaluation of fatty acid hybrids for 
antimalarial application has not been reported before. 

Xanthone-amino acid hybrids have been 
synthesized by Barbosa et al. [25] in 2024. It was reported 

that xanthone-amino acid hybrids showed moderate to 
weak anticancer activity against MCF-7 and NCl-H460 
(lung) cancer cells with IC50 ranges of 11.61–101.77 and 
11.82–66.4 μM, respectively. A series of xanthone-fatty 
acid hybrids, i.e., xanthyl laurate (XL), xanthyl myristate 
(XM), xanthyl palmitate (XP), xanthyl stearate (XS), 
and xanthyl oleate (XO), have been prepared in our 
previous work. These synthesized chemicals showed a 
potential bioactivity as antibacterial agents against 
Escherichia coli and Staphylococcus aureus, as well as 
antifungal agents against Candida albicans [26]. 
However, their anticancer and antimalarial activities 
have not been studied before, although the xanthone 
structure is active for both bioactivities. 

In continuation of our study, this work aims to 
conduct anticancer and antimalarial assays of five 
xanthone-fatty acid hybrids through combined 
experimental in vitro and computational in silico 
investigations. The cytotoxicity assay is performed using 
NIH3T3 as normal cells, while the anticancer activity 
was examined utilizing 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reagent against 
A549 (lung), HeLa, T47D, and WiDr cancer cells. The 
antimalarial activity of the xanthone-fatty acid hybrids is 
carried out through heme polymerization inhibitory 
activity. The most potent compound, exhibiting a higher 
biological activity than the standard drug, is further 
studied using molecular docking and molecular 
dynamics simulations to predict its mode of action. 

■ EXPERIMENTAL SECTION 

Materials 

The xanthone-fatty acid hybrids, i.e., XL, XM, XP, 
XS, and XO, were synthesized as previously reported 
[26]. Briefly, a mixture of 3-hydroxyxanthone and fatty 
acid derivative in the acid chloride form is refluxed for 
1 h with the aid of pyridine as the homogeneous catalyst. 
The target compound is isolated by using a liquid-liquid 
extraction stage with dichloromethane as the organic 
solvent, and then the target compound is 
chromatographically purified. The chemical structure of 
xanthone-fatty acid hybrids is shown in Fig. 1. The 
materials used in the cytotoxic and anticancer evaluations  
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Fig 1. The chemical structure of xanthone-fatty acid hybrids 

 
were NIH3T3, A549, HeLa, T47D, and WiDr cell lines, 
Dulbecco’s modified eagle medium (DMEM), phosphate 
buffer saline (PBS), fetal bovine serum (FBS), fungizone, 
penicillin, streptomycin, MTT, sodium dodecyl sulfate, and 
dimethyl sulfoxide (DMSO). Heme, sodium hydroxide 
(NaOH), glacial acetic acid, and DMSO were used in the 
antimalarial evaluation. Doxorubicin, cisplatin, and 5-
fluorouracil were used as the positive controls for the 
anticancer assay, while chloroquine was used as the 
positive control for the antimalarial assay. The chemicals 
used were purchased from Sigma Aldrich or Merck and 
had a purity of at least 95% in pro-analytical grade. 

Instrumentation 

The cytotoxic, anticancer, and antimalarial assay 
equipment was laboratory glassware, a 96-well microplate, 
a micropipette (Gilson and Thermo Scientific), an 
incubator, and an ELISA reader (BIO-RAD Benchmark). 
These bioassays were performed at the Laboratory of 
Pharmacology, Department of Pharmacology and 
Therapy, Faculty of Medicine, Public Health and Nursing, 
Universitas Gadjah Mada. The molecular docking used a 
computer with an Intel®CoreTMi7-13700 KF equipped 
with AutoDockTools-1.5.6, AutoDock4.2 [27], Gromacs 
2022.5 [28], and Discovery Studio 2017 [29] software in the 
Austrian-Indonesian Center for Computational Chemistry, 
Department of Chemistry, Faculty of Mathematics and 
Natural Sciences, Universitas Gadjah Mada. 

Procedure 

Cytotoxicity and anticancer assays 
The cytotoxicity assay began by incubating NIH3T3 

cell lines at 310 K in a 5% CO2 atmosphere. As much as 
0.1 mL of cell culture in DMEM media was filled into the 
microplate to reach a density of 104 cells/well. Then, the 

dissolved test compound in DMEM media was added to 
the microplate at the desired concentration (1000, 500, 
250, 62.50, 31.25, 15.63, and 7.81 μM) in triplicate wells. 
The microplate was then incubated for 1 d. Afterward, 
the media was carefully removed from the microplate, 
and 0.1 mL of 10% MTT solution was added to the 
microplate. The microplate was re-incubated at 310 K. 
After 4 h, a 0.1 mL sodium dodecyl sulfate solution was 
added to each well. The microplate was incubated 
overnight in a dark room at room temperature. The 
absorbance of each well was recorded using an ELISA 
reader at a specific wavelength of 595 nm to calculate 
IC50 and selectivity index value with the help of IBM 
SPSS Statistics software. The anticancer activity assay was 
done in a similar manner, except for replacing NIH3T3 
cells with A549, HeLa, T47D, and WiDr cancer cells. 

Antimalarial activity assay 
The antimalarial assay began with dissolving heme 

in 0.2 M NaOH media to reach a final concentration of 
1 mM. Meanwhile, the tested compound was dissolved in 
DMSO in an Eppendorf tube to reach various 
concentrations of 200, 100, 50, 25, 12.5, 6.25, and 
3.13 μM. Both 0.10 mL of 1 mM heme solution and 
0.05 mL of sample solution were added to an Eppendorf 
tube, followed by the addition of 0.05 mL of glacial acetic 
acid. The Eppendorf was incubated at 310 K for 1 d. The 
Eppendorf was centrifuged, and the formed hematin 
crystal was cleaned by using DMSO. The hematin crystal 
was dissolved in 0.2 mL of 0.1 M NaOH solution, and 
the resulting solution was placed in a 96-well microplate. 
This antimalarial assay was performed in triplicate. The 
absorbance of each well was recorded using an ELISA 
reader at 405 nm to calculate IC50 and selectivity index 
values. 
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Molecular docking 
The molecular docking study was initiated by a 

bioinformatic approach to find the possible protein 
receptor targeted by the xanthone-fatty acid hybrid as an 
anticancer and/or antimalarial agent. The SMILES 
notation of the xanthone-fatty acid hybrid was submitted 
to the SwissTargetPrediction database to obtain possible 
protein receptors targeted by the xanthone-fatty acid 
hybrid. Then, the protein receptors involved in cancer 
and/or malaria diseases were collected from the Online 
Mendelian Inheritance in Man (OMIM) and National 
Center for Biotechnology Information (NCBI) databases. 
Both groups of protein receptors were matched to find the 
intersection representing possible protein receptors 
targeted by the xanthone-fatty acid hybrid. The selected 
protein receptor was then subjected to molecular docking. 

The molecular docking was employed by preparing 
the protein and ligand structure in a .pdbqt format using 
AutoDockTools-1.5.6. The grid box was centered on the 
native ligand’s binding site with a number of points of 
40×40×40 with a spacing of 0.375 Å. Then, we performed 
the molecular docking using the AutoDock4 scoring 
function to estimate the binding affinity between the 
protein and ligand with the Lamarckian Genetic 
Algorithm [30] to explore the conformational space of the 
flexible ligand and find optimal binding poses, resulting 
in 100 conformations in a single run. The procedure is 
validated by the re-docking process, in which the root 
mean square deviation (RMSD) of the native ligand 
between before and after molecular docking does not 
exceed 2 Å [31]. The molecular docking of the xanthone-
fatty acid hybrid was performed based on the parameters 
used in the re-docking process. From the molecular 
docking study, binding energy and binding pose between 
the protein and ligand can be analyzed to predict the best 
protein and ligand complex conformation. The non-
covalent interactions between the protein receptor and 
ligand were visualized using Discovery Studio 2017. 

Molecular dynamics simulations 
The best conformation of the protein and ligand 

from the molecular docking was used as the input for 
molecular dynamics simulations in a single run to check 
the stability between the protein receptor and its ligand. 

First, the topology of the protein was prepared using the 
CHARMM36 force field [32], while the topology of the 
ligand was generated from the CGenFF server [33-34]. 
The complex of the protein and ligand was then solvated 
using the TIP3P water model [35] by extending the 
buffer zone of 1.2 nm in a cubic box from the center of 
mass of the complex. The solvated complex is 
neutralized by replacing the water molecules with Na+ or 
Cl− ions as the counter ions so that the particle mesh 
Ewald method [36] can be used for treating the 
electrostatic interactions, while a plain cut-off scheme 
was used for estimating the van der Waals interactions. 
The prepared system is minimized using the steepest 
descent algorithm, and the minimization is stopped 
when the steps reach 105 steps or the maximum force of 
103 kJ/mol is reached. The minimized system was then 
equilibrated through NVT and NPT ensembles to obtain 
the desired conditions. The protein and ligand are 
restrained during the equilibration stages with a force 
constant of 103 kJ/mol/nm2. The NVT equilibration is 
conducted for 500 ps and obtains a 310 K temperature 
using the V-rescale thermostat. Subsequently, the NPT 
equilibration is conducted for 500 ps and succeeds in 
obtaining 1 bar of pressure using the Berendsen barostat. 
Lastly, the production lasted for 100 ns with a timestep 
of 2 fs using a V-rescale thermostat and Parrinello-
Rahman barostat [37], where the compressed coordinate 
is saved every 10 ps into the trajectory. Thus, the 100 ns 
trajectory was used to generate the protein-ligand 
complex's RMSD, root mean square fluctuation (RMSF), 
and hydrogen bonds. 

■ RESULTS AND DISCUSSION 

Cytotoxicity of Xanthone-Fatty Acid Hybrids 

The cytotoxicity assay becomes the very first 
bioassay to examine whether five xanthone-fatty acid 
hybrids are toxic or non-toxic to the NIH3T3 normal 
cell lines. This assay is critical to ensure that the tested 
compounds are non-toxic to normal cells. The new 
anticancer or antimalarial drug will not be considered if 
it is unsafe for normal cells. The cytotoxicity results of 
xanthone-fatty acid hybrids, as well as the standard 
anticancer drugs, i.e., doxorubicin, cisplatin, and 5-
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fluorouracil, and chloroquine as the standard antimalarial 
drug, are shown in Table 1. The XL, XM, XP, XS, and XO 
gave the IC50 values of 9754.43, 292.48, 472.34, 1076.19, 
and 83.38 μM, respectively. These xanthone-fatty acid 
hybrids are safe for NIH3T3 normal cell lines because their 
IC50 values are higher than 50 μM. The XL compound 
exhibited the highest IC50 value due to its shortest fatty 
acid chain, while the XO gave the lowest IC50 value due to 
its longest fatty acid chain. However, XS with the fatty acid 
chain as long as XO showed a higher IC50 value. It could 
be caused by the presence of a cis-double bond in XO that 
is not found in XS. Xanthone-fatty acid hybrids are more 
toxic than hydroxyxanthones and epoxidized oleate 
esters, as shown in Table 1. However, all xanthone-fatty 
acid hybrids show comparable IC50 values to the standard 
drugs, i.e., cisplatin, 5-fluorouracil, and chloroquine, but 
these hybrid compounds exhibit higher IC50 values than 
doxorubicin. This result is supported by the microscopic 

observation of NIH3T3 cell lines before and after the 
addition of xanthone-fatty acid hybrid or standard 
drugs, as shown in Fig. 2. The cellular morphologies of 
NIH3T3 cells are not significantly different between 
before and after the addition of the tested compound. In 
contrast, the morphology of NIH3T3 cells changed to 
their shrunken form after the addition of doxorubicin. 
These findings highlight the promising application of 
xanthone-fatty acid hybrids as novel bioactive agents. 

Anticancer Activity of Xanthone-Fatty Acid Hybrids 

After making sure that the xanthone-fatty acid 
hybrids are safe for normal cells, the anticancer activity 
of five xanthone-fatty acid hybrids has been further 
evaluated through MTT assay against A549, HeLa, T47D, 
and WiDr cancer cells. The anticancer activity results of 
xanthone-fatty acid hybrids and the standard anticancer 
drugs, i.e., doxorubicin, cisplatin, and 5-fluorouracil, are  

Table 1. The cytotoxicity, anticancer, and antimalarial activities of the xanthone and oleate compounds 

Compounds 
IC50 value (μM) 

Normal cell A549 HeLa T47D WiDr HPIA* 
XL 9754.43 1743.66 135.59 34.58 1629.93 24.87 
XM 292.48 2052.79 241.79 21.38 1968.42 33.46 
XP 472.34 1091.75 1471.01 15.36 1700.46 24.24 
XS 1076.19 1582.31 406.79 29.21 2541.50 87.57 
XO 83.38 5784.71 544.29 8.57 1326.79 46.66 
Doxorubicin 11.44 20.91 - 32.80 - - 
Cisplatin 384.91 - 68.42 - - - 
5-Fluorouracil 162.95 - - - 19.65 - 
Chloroquine 2216.92 - - - - 4.26 
Xanthone [13] 247.50 - - 194.30 - - 
1-hydroxyxanthone [38-39] 7562.00 - 1198.00 248.82 1111.00 - 
1,3-dihydroxyxanthone [38-40] 304.00 - 86.00 137.24 114.00 - 
1,3,6-trihydroxyxanthone [38] 457.00 - 203.00 121.89 384.00 - 
1,3,8-trihydroxyxanthone [38] 3395.00 - 277.00 184.00 254.00 - 
1,5,6-trihydroxyxanthone [38] 224.45 - 209.00 419.00 241.00 - 
1,6-dihydroxyxanthone [38] 308.32 - 322.00 450.00 322.00 - 
1,6,8-trihydroxyxanthone [41] 3394.90 - 277.00 184.00 254.00 2.85 
3,4-dihydroxyxanthone [42-43] 1455.80 - - 93.20 1255.00 - 
3,4,6-trihydroxyxanthone [42-43] 2510.00 - - 43.70 38.00 - 
3,6-dihydroxyxanthone [38] 1281.00 - 162.00 746.84 786.00 - 
Epoxidized methyl oleate [21] 226.53  24.67 12.63 1.56 - 
Epoxidized ethyl oleate [21] 244.10  60.77 30.13 10.05 - 

*Heme polymerization inhibitory assay 
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Fig 2. The morphology of NIH3T3 cells (a) before and after the addition of (b) XL, (c) XM, (d) XP, (e) XS, (f) XO, (g) 
doxorubicin, (h) cisplatin, (i) 5-fluorouracil, and (j) chloroquine at 100 μM concentration each 
 
listed in Table 1. The XL, XM, XP, XS, and XO gave the 
IC50 values in a range of 34.58–1743.66, 21.38–2052.79, 
15.36–1700.46, 29.21–2541.50, and 8.57–5784.71 μM, 
respectively. The xanthone-fatty acid hybrids show higher 
anticancer activity against T47D cells than HeLa, A549, 
and WiDr cell lines. There is no clear trend for the effect 
of the fatty acid chain length on the anticancer activity of 

xanthone-fatty acid hybrids. With the shortest fatty acid 
chain, XL gave the IC50 value of 1743.66 μM against 
A549 cells. This IC50 value increases for XM 
(2052.79 μM) but decreases for XP (1091.75 μM), and 
then increases again for XS (1582.31 μM) and further 
increases for XO (5784.71 μM). Similarly, the IC50 value 
of XL against HeLa cells is 135.59 μM. This IC50 value 
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increases for XM (241.79 μM) and XP (1471.01 μM) but 
decreases for XS (406.79 μM), and then increases again 
for XO (544.29 μM). On the other hand, XL gave the 
highest IC50 value of 34.59 μM against T47D cells. This 
IC50 value decreases for XM (21.38 μM) and XP 
(15.36 μM) but increases for XS (29.21 μM), and then 
decreases again for XO as the lowest one (8.57 μM). 
Meanwhile, the IC50 value fluctuates for XL (1629.93 μM), 
XM (1968.42 μM), XP (1700.46 μM), XS (2541.50 μM), 
and XO (1326.79 μM) against WiDr cells. Compared with 
hydroxyxanthones and epoxidized oleate esters (Table 1), 
xanthone-fatty acid hybrids showed stronger anticancer 
activity against HeLa and T47D cancer cells but weaker 
activity against WiDr cancer cells. 

According to Tanamatayarat et al. [44], the 
anticancer activity is categorized as very active (IC50 
< 5 μM), active (IC50 = 5–10 μM), moderate (IC50 = 10–
50 μM), and inactive (IC50 > 50 μM). Therefore, only XO 
is found to be an active anticancer agent against T47D 
cancer cells. Meanwhile, the other xanthone-fatty acid 
hybrids show moderate anticancer activity against T47D 
cancer cells. The microscopic observation of T47D cell 
lines before and after the addition of xanthone-fatty acid 
hybrid or doxorubicin as the standard drug is shown in 
Fig. 3. The cellular morphologies of T47D cells are 
significantly different before and after the addition of the 
tested compound due to their potential anticancer 
activity. In contrast, the morphology of A549, HeLa, and  

 
Fig 3. The morphology of T47D cells (a) before and after the addition of (b) XL, (c) XM, (d) XP, (e) XS, (f) XO, and 
(g) doxorubicin at 100 μM concentration each 



Indones. J. Chem., 2025, 25 (4), 1244 - 1259    

 

Yehezkiel Steven Kurniawan et al. 
 

1251 

WiDr cells has no notable alterations due to the lack of 
anticancer activity of xanthone-fatty acid hybrids. 
Compared to doxorubicin as the standard anticancer 
drug, XO, XP, XM, and XS exhibit a surpassed anticancer 
activity, while XL shows a comparable anticancer activity 
against T47D cells. On the other hand, all xanthone-fatty 
acid hybrids are inactive against A549, HeLa, and WiDr 
cancer cells because their IC50 values are higher than 
50 μM. Instead of that, their IC50 values against A549, 
HeLa, and WiDr cells are higher than those of 
doxorubicin, cisplatin, 5-fluorouracil. 

An effective anticancer drug shall be toxic to cancer 
cells but safe for normal cells. As a quantitative parameter 
for this observation, the selectivity index is defined as the 
ratio of the IC50 value against normal cells over the IC50 
value against cancer cells. The selectivity indexes of 
xanthone-fatty acid hybrids and the standard anticancer 
drugs, i.e., doxorubicin, cisplatin, and 5-fluorouracil, are  
 

tabulated in Table 2. The XL, XM, XP, XS, and XO gave 
the selectivity index values in a range of 5.59–282.08, 
0.14–13.68, 0.28–30.75, 0.42–36.84, and 0.01–9.73 μM, 
respectively. The xanthone-fatty acid hybrids show a 
higher selectivity index against T47D cells than HeLa 
cells. Moreover, the selectivity index of these compounds 
is much lower against both A549 and WiDr cells, except 
for the XL. Unfortunately, no clear trend is observed for 
the effect of the fatty acid chain length on the selectivity 
index parameter. With the shortest fatty acid chain, XL 
gave a selectivity index of 5.59 against A549 cells. This 
selectivity index significantly decreases for XM (0.14) but 
increases for XP (0.43) and XS (0.68), and then drastically 
decreases for XO as the lowest one (0.01). Similarly, the 
selectivity index of XL against WiDr cells is 5.98. This 
selectivity index significantly decreases for XM (0.15) 
but increases for XP (0.28) and XS (0.42), and then 
drastically decreases for XO (0.06). The same trend is also  

Table 2. The selectivity index of the reported xanthone and oleate compounds 

Compounds 
Selectivity index 

A549 HeLa T47D WiDr HPIA* 
XL 5.59 71.94 282.08 5.98 392.22 
XM 0.14 1.21 13.68 0.15 8.74 
XP 0.43 0.32 30.75 0.28 19.49 
XS 0.68 2.65 36.84 0.42 12.29 
XO 0.01 0.15 9.73 0.06 1.79 
Doxorubicin 0.55 - 0.35 - - 
Cisplatin - 5.63 - - - 
5-Fluorouracil - - - 8.29 - 
Chloroquine - - - - 520.40 
Xanthone [13] - - - 1.27 - 
1-Hydroxyxanthone [38-39] - 6.31 30.39 6.81 - 
1,3-Dihydroxyxanthone [38] - 3.53 2.22 2.67 - 
1,3,6-Trihydroxyxanthone [38] - 2.25 3.75 1.19 - 
1,3,8-Trihydroxyxanthone [38] - 12.26 18.45 13.37 - 
1,5,6-Trihydroxyxanthone [38] - 1.07 0.54 0.93 - 
1,6-Dihydroxyxanthone [38] - 0.96 0.69 0.96 - 
1,6,8-Trihydroxyxanthone [41] - 12.26 18.45 13.37 1189.52 
3,4-Dihydroxyxanthone [42-43] - - 15.62 1.16 - 
3,4,6-Trihydroxyxanthone [42-43] - - 57.44 66.05 - 
3,6-Dihydroxyxanthone [38,43] - 7.91 1.72 1.63 - 
Epoxidized methyl oleate [21] - 9.18 17.94 145.13 - 
Epoxidized ethyl oleate [21] - 4.02 8.10 24.28 - 

*Heme polymerization inhibitory assay 
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noticed for T47D cells. The XL gives the highest selectivity 
index of 282.08 against T47D cells. This selectivity index 
significantly decreases for XM (13.68) but increases for 
XP (30.75) and XS (36.84), and then decreases for XO 
(9.73). On the other hand, xanthone-fatty acid hybrids 
show a different trend for HeLa cells. The XL gave a 
selectivity index value of 71.94 against HeLa cells. This 
IC50 value decreases for XM (1.21) and XP (0.32) but 
increases for XS (2.65) and then decreases again for XO 
(0.15). 

Widiandani et al. [45] reported that a non-toxic 
anticancer agent is confirmed when the selectivity index 
value is higher than 2. Only the XL meets this criterion for 
all cancer cells, as its selectivity index is in the range of 
5.59–282.08. In accordance with the anticancer activity 
results, all xanthone-fatty acid hybrids show a non-toxic 
profile when applied as the anticancer agent against T47D 
cells. Even though XL's selectivity index is the highest 
(282.08), its anticancer activity against T47D cells is the 
weakest (IC50 = 34.58 μM). In contrast, XO gives the 
lowest selectivity index, i.e., 9.73, even though it is still 
higher than the standard defined by Widiandani et al. 
[45]. XO exhibits the most potent anticancer activity 
against T47D cells (IC50 = 8.57 μM). This finding 
demonstrates that XO is the most promising anticancer 
agent for T47D cells with a non-toxic profile for normal 
cells. 

Antimalarial Activity of Xanthone-Fatty Acid 
Hybrids 

The antimalarial activity of five xanthone-fatty acid 
hybrids has also been investigated through a heme 
polymerization inhibitory assay mimicking the 
physiological condition of Plasmodium falciparum. The 
antimalarial activity results of xanthone-fatty acid hybrids 
and the standard antimalarial drug, i.e., chloroquine, are 
shown in Table 2. The XL, XM, XP, XS, and XO gave the 
IC50 values of 24.87, 33.46, 24.24, 87.57, and 46.66 μM, 
respectively. Similar to the anticancer data, the fatty acid 
chain length has no apparent effect on the antimalarial 
activity of xanthone-fatty acid hybrids. With the shortest 
fatty acid chain, XL gave the IC50 value of 24.87 μM. This 
IC50 value increases for XM (33.46 μM) but decreases for 

XP (24.24 μM), and increases again for XS (87.57 μM), 
and then decreases again for XO (46.66 μM). The 
antimalarial activity is categorized based on the 
classification of IC50 values by Batista et al. [46], i.e., very 
active (IC50 < 1 μM), active (IC50 = 1–20 μM), moderate 
(IC50 = 20–100 μM), and inactive (IC50 > 100 μM). 
According to this justification, all xanthone-fatty acid 
hybrids showed moderate antimalarial activity. 
However, their antimalarial activity is much weaker than 
that of chloroquine as the positive control. This result 
indicates that xanthone-fatty acid hybrids are unsuitable 
for new antimalarial agents because they could not 
replace chloroquine with such weaker antimalarial 
activity. 

Molecular Docking and Molecular Dynamics 
Simulations 

Molecular docking and molecular dynamics 
simulations were performed to predict the ability of XO 
to bind to the active site of the protein receptor, which 
may explain its anticancer activity. The possible targeted 
receptor of XO is revealed by submitting its SMILES 
notation to the SwissTargetPrediction database. The 
possible targets of XO, as demonstrated by the 
SwissTargetPrediction database, are listed in Table S1. 
Among the 103 revealed receptors, 94.2% of targets are 
related to breast cancer, including the HER2 receptor. 
The HER2 receptor has been reported to promote rapid 
growth and activate anti-apoptosis and proliferative 
signals of breast cancer cells [47]. The HER2 receptor is 
overexpressed by 20% in cancer cells compared to 
normal cells, and it was reported that HER2 inhibition 
caused higher T47D sensitivity to the anticancer drugs 
[48-50]. Therapies that primarily target the HER2 
pathway have been shown to be effective, including 
monoclonal antibodies and tyrosine kinase inhibitors 
[51]. This kind of therapy could lower the occurrence of 
recurrence, as well as overcome cancer metastasis and 
resistance [52]. Therefore, HER2 was selected as the 
potential receptor for the in silico studies of XO as a 
breast cancer anticancer agent. 

The HER2 receptor is retrieved from the Protein 
Data Bank with a PDB ID of 3PP0. The validity of 
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molecular docking is confirmed from the re-docking 
studies when the RMSD value does not exceed 2 Å [31]. 
The RMSD value of the re-docking of 2-{2-[4-({5-chloro-
6-[3-(trifluoromethyl)phenoxy]pyridine-3-yl}amino)-
5H-pyrrolo[3,2-d]pyrimidin-5-yl]ethoxy}ethanol as the 
native ligand is found to be 1.64 Å, showing the validity of 
the re-docking process. Using the same docking 
parameters, XO was docked on the active site of the HER2 
receptor. Fig. 4(a) shows that XO matched well with the 
structure of the native ligand on the active site of the 
HER2 receptor. The non-covalent interactions of native 
ligand and XO on the active site of the HER2 receptor are 
shown in Fig. 4(b) and 4(c), respectively. The xanthone 

structure of XO formed 2 carbon-hydrogen bonds with 
Leu785 and Asp863, 1 pi-amide bond with Phe864, 1 pi-
sigma bond with Leu796, 4 pi-alkyl bonds with Lys753, 
Met774, Leu785, and Leu796, and 5 van der Waals bonds 
with Ile767, Glu770, Ala771, Ser783, and Arg784. 
Besides, the oleate structure of XO formed a hydrogen 
bond with Lys753 and 15 van der Waals bonds with 
Leu726, Gly727, Ser728, Val734, Ala751, Thr798, 
Gln799, Leu800, Met801, Gly804, Cys805, Arg849, 
Asn850, Leu852, and Thr862. Compared with the native 
ligand and doxorubicin (Fig. 4(b) and 4(d)), the non-
covalent interactions with Ile767 and Arg784 are only 
found for XO.  Aertgeerts et al. [53] and  Fitria et al. [54]  

 
Fig 4. (a) Superimposed structure of XO and native ligand, and non-covalent interactions between (b) native ligand, 
(c) XO, and (d) doxorubicin on the active site of HER2 receptor 



Indones. J. Chem., 2025, 25 (4), 1244 - 1259    

 

Yehezkiel Steven Kurniawan et al. 
 

1254 

reported that amino acid residues of Leu726–Val734 and 
Lys753 are crucial for the ATP binding site to activate the 
HER2 receptor. Among the XO, it formed bonds with 
Leu726, Val734, and Lys753, indicating its ability to 
deactivate the physiological function of the HER2 
receptor. Quantitatively, the XO generates a binding 
energy of −45.73 kJ/mol due to the formed non-covalent 
interactions. 

To examine the binding stability of XO with Leu726, 
Val734, and Lys753 residues, we also carried out the 
molecular dynamics simulation for 100 ns at 310 K. The 
molecular dynamics simulation results, i.e., RMSD, 
RMSF, and the number of hydrogen bonds, are depicted 

in Fig. 5. RMSD describes the difference between the 
complex’s backbone from its initial to final 
conformation [55] while RMSF describes how far atomic 
positions deviate from the starting coordinate [56-57]. 
During the molecular dynamics simulations, the RMSD 
value of the HER2-XO complex never touches the 
maximal threshold value of 3 Å (Fig. 5(a)) [58-60]. The 
average RMSD value is 1.77 Å, demonstrating the stability 
of the HER2-XO complex during the molecular 
dynamics simulations. In contrast, the average RMSD 
value for HER2-doxorubicin is 6.07 Å, revealing that 
doxorubicin is less stable than XO in the active site of the 
HER2 receptor. 

 
Fig 5. (a) RMSD, (b) RMSF, and (c) number of hydrogen bonds during the molecular dynamics simulations for 100 
ns for XO (black) and doxorubicin (red) 
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Fig 6. The non-covalent interactions between XO on the active site of HER2 receptor at the (a) and (b) final molecular 
dynamics simulations 
 

The RMSF data reveal that only residues Ala706, 
Ala730, Asp745, Lys762, Arg816, Phe918, and Asp993 
give RMSF values higher than 2 Å (Fig. 5(b)). Fortunately, 
XO does not interact with all of those residues, thus 
contributing to the stable conformation of XO on the 
active site of the HER2 receptor. The average RMSF value 
is 1.00 Å, demonstrating the stability of the HER2 
receptor’s structure during the molecular dynamics 
simulations. On the other hand, the average RMSF data 
for HER2-doxorubicin is 1.54 Å, which is higher than for 
the HER2-XO complex. As revealed in Fig. 5(c) and 6, the 
hydrogen bond with Lys753 and non-covalent interactions 
with Leu726 and Val734 are still found after the molecular 
dynamics simulations, confirming that there is one 
hydrogen bond after the molecular dynamics simulations. 
Even though doxorubicin could generate more hydrogen 
bonds in the HER2’s active site, these hydrogen bonds 
have no sound due to their instability. These results 
indicate that the HER2 inhibition becomes the action 
mode of XO as a novel breast cancer anticancer agent. 

■ CONCLUSION 

To conclude, we have confirmed that xanthone-fatty 
acid hybrids showed inactive to active anticancer activity  
 

and moderate antimalarial activity with non-toxic 
profiles against normal cell lines. The anticancer activity 
of xanthone-fatty acid hybrids against T47D cells is 
stronger than that against HeLa cells and much stronger 
than against A549 and WiDr cells. However, there is no 
clear trend for the effect of the fatty acid chain length on 
the anticancer and antimalarial activities of xanthone-
fatty acid hybrids. As the most potent compound, XO 
gave the lowest IC50 value of 8.57 μM against T47D cells 
with a selectivity index of 9.73. The action mode of XO 
is predicted through the inhibition of the HER2 
receptor, with a binding energy of −45.73 kJ/mol 
through a stable hydrogen bond with Lys753, as 
presented by molecular docking and molecular 
dynamics simulations. 
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