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1  Introduction
Typhonium flagelliforme（T. flagelliforme）is a rodent 

tuber herbal plant of the Araceae family from Indonesia. It 
has demonstrated anticancer activity against various 
cancer cell lines, including lung and breast cancer cells1）, 
T4-lymphoblastoid leukemia2）, T47D breast cancer3）, and 
MCF-7 breast cancer4）. By subjecting T. flagelliforme 
plants to gamma-ray irradiation, the content in bioactive 
compounds can be increased in vitro through combined 
mutagenesis of somaclonal variations. Thus, genetic 
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changes have been detected in T. flagelliforme mutants of 
the first generation（MV1）5）, and a molecular random am-
plified polymorphic DNA analysis revealed genetic changes 
in the second-generation（MV2）and third-generation（MV3）
T. flagelliforme mutants compared with the wild type6）. In 
2020, the T. flagelliforme mutant plant was included in the 
Plant Variety Protection list by the Ministry of Agriculture, 
Republic of Indonesia due to the increasing research inter-
est in its anticancer activity6－8）. The ethyl acetate fraction 
of the superior T. flagelliforme mutant is promising as an 
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anticancer agent with an IC50 value of 1.09 μg/mL. In con-
trast, the ethanol extract has an IC50 value of 1.60 μg/mL9）, 
which indicates that the cytotoxic activity of the T. flagel-
liforme mutant extract is ten times higher than that of the 
wild-type extract.

The concentration of chemical components of the KB 
6-3-3-6 T. flagelliforme mutant plant extract, which com-
prised of palmitic acid, octadecadienoic acid, stigmasterol, 
and beta-sitosterol, obtained by GCMS analysis were higher 
than in the wild type10）. Among these compounds, stigmas-
terol exhibits antioxidant activity against Ehrlich ascites 
carcinoma（EAC）cells by decreasing lipid peroxidation and 
increasing the catalase content in the liver of EAC rats11）. It 
is the main phytosterol in various herbal plants with anti-
inflammatory and anticancer properties12）. It can inhibit 
the growth of uterine cancer cells ES2 and OV90 by 50％ 
at a treatment concentration of 20 μg/mL13）. The extract 
from T. flagelliforme have potential anticancer activity, 
and the oral nanoemulsion of its extract could be formulat-
ed using glycerol, DMSO, tween 80, and water at different 
concentrations14）. However, the molecular mechanism of 
action of stigmasterol isolated from T. flagelliforme mutant 
plants causing MCF-7 breast cancer cell death has not yet 
been revealed.

In silico methods such as molecular docking and dynam-
ics could be used to predict the molecular mechanism of 
bioactive compounds at the atomic level15－17）. These 
methods are critical in designing new drugs because they 
allow determining the small molecule affinity within the 
binding site of the desired target receptor. A successful 
splicing methodology must correctly predict the native 
ligand to which the receptor binds and the associated 
physicochemical molecular interactions18）. However, the 
active compound from T. flagelliforme mutant plants 
causing MCF-7 breast cancer cell death has not yet been 
revealed. Therefore, this study aimed to characterize the 
in silico and in vitro chemical profiles of T. flagelliforme 
mutant plant isolates against Farsenoid X receptor（FXR）
on MCF-7 breast cancer cell line. The active compounds 
were isolated and identified, and their binding mode and 
interaction mechanisms with the breast cancer cell line 
were explored using molecular docking and dynamics sim-
ulations, respectively. Additionally, the anticancer activities 
were clarified using a proliferation assay.

2  Experimental Procedures 
2.1  Plant material

T. flagelliforme mutant plant KB 6-3-3-6 was collected 
from Sianipar and Purnamaningsih’s collection from the In-
donesian Center for Agricultural Biotechnology and 
Genetic Resources Research and Development, Ministry of 
Agriculture, Republic of Indonesia, Bogor, Indonesia. The 

mutant plants were obtained by irradiating with gamma 
rays at a dose of 6 Gy to produce mutagenesis in vitro. 
During the acclimation process, the mutant plant KB 
6-3-3-6 was maintained at a constant temperature of 
28–30℃ and received adequate water to protect the plants 
against highly susceptible attacks from insects, pathogenic 
fungi, and bacteria during acclimatization. The KB 6-3-3-6 
voucher specimens（reference number TYFL001）have been 
registered and deposited under plant variety protection 
rights number 00489/PPVT/S/2020 at the Center for Plant 
Variety Protection and Agricultural Licensing, Minister of 
Agriculture, Republic of Indonesia.

2.2  Extraction and isolation
The tubers of T. flagelliforme mutant KB 6-3-3-6 were 

harvested at approximately 10.23 kg and dried in room 
temperature at 25–30℃ to obtain 3.12 kg of tuber powder. 
The powder was then submerged in ethanol 96％ and mac-
erated seven times until the extract was colorless. The sol-
vents were evaporated using a rotary evaporator（Ro-
tavapor R-300, Buchi, Flawil, Switzerland）at 50℃ to obtain 
a concentrated ethanol extract（143.47 g）. A cytotoxic bio-
guided separation was performed using vacuum liquid 
chromatography（VLC）with stationary phase of silica gel 
G60（70–230 mesh）and mobile phase of hexane:ethyl 
acetate:methanol（7:2:1 v/v/v, 10％ gradient）. The resulting 
fractions were hexane, ethyl acetate（21 fractions）, and 
methanol extracts（7.98, 17.75, and 18.75 g, respectively）. 
Ethyl acetate extract was selected because of the low IC50 
value of cytotoxic activity against MCF-7 breast cancer 
cells（see Subsection 2.6）. Each ethyl acetate fraction was 
then analyzed by thin-layer chromatography（TLC）on a 60 
GF254 silica plate developed by hexane:ethyl acetate（1:1 
v/v）to determine the staining pattern of the compounds. 
Subfractions were obtained and separated by column chro-
matography on silica gel G60（70–230 mesh）using hexane: 
methylene chloride:ethyl acetate（7:2:1 v/v/v, 5％ gradient）. 
The combined subfraction was further collected and sepa-
rated by column chromatography on silica gel G60（230–
400 mesh）with a solvent system of hexane:methylene 
chloride:ethyl acetate（6:2.5:1.5 v/v/v, isocratic）, from 
which compounds 1 and 2 were obtained（4.8 and 2.4 mg or 
0.003％ and 0.0016％, respectively）（Fig. 1）.

2.3   Spectroscopic characterization of compounds from 
the mutant plant extract

Infrared spectra in KBr and mass spectrometry（MS）data 
were recorded on Shimadzu IR Prestige-21（Shimadzu, 
Kyoto, Japan）and Waters Xevo QTOF MS（Waters, Milford, 
USA）, respectively. The nuclear magnetic resonance
（NMR）spectra were analyzed using JEOL ECZ-500（JEOL 
USA, Peabody, USA）and Variant Unity INOVA-500 NMR 
spectrometers（Agilent Technologies, Santa Carla, USA）. 
The NMR data were recorded at 500 MHz for 1H and 125 
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MHz for 13C using tetramethylsilane as an internal standard.

2.4  In silico bioprospection of stigmasterol
The crystal structures of the natural ligand（3-deoxy-

chenodeoxycholic acid; CDCA）and the agonist ligand
（tropifexor）binding to the FXR were downloaded from the 
PDB library（PDB ID: 7D42 and 1OT7）18, 19）. The structure 
of the ligands was separated from the receptor using Dis-
covery Studio 2021（Dassault Systèmes, Vélizy-Villacoublay, 
France）, and the water molecules and heteroatoms were 
also removed. The three-dimensional（3D）structure of stig-
masterol was modeled using Chem3D（University of Bath 
Library, UK）. Docking simulation with a rigid receptor 
structure was performed with AutoDock 4.2.6（The Scripps 
Research Institute, California, USA）6, 20）. Furthermore, the 
3D structure of all the ligands was converted into the 
PDBQT format by employing the Gasteiger charges and 
adding the atom types using AutoDock Tools 1.5.6（The 
Scripps Research Institute）. The size of the grid box of the 
receptor, centered on the ligand’s binding site, was 40×40
×50 points with a grid spacing of 0.375 Å. The Lamarckian 
Genetic algorithm was used with the following parameters: 
trials of 100 runs, energy evaluations of 2,500,000, and 
population size of 150. The energy breakdown and ligand 
efficiency（total binding energy divided by the number of 
atoms）were also calculated. The docking result was visual-
ized using Biovia Discovery Studio Visualizer（Dassault Sys-
tèmes）and sorted based on the free energy of the binding 
on the most populated cluster and their intermolecular in-
teractions.

2.5  Molecular dynamics simulation
In this study, four simulation systems were prepared 

using LEaP and antechamber runs of Amber20（Amber 
community, San Francisco, USA）. The 3D structures of 
CDCA, tropifexor, and stigmasterol bound to FXR（Chain A 
of 1OT7）were used as starting structures. The ff14SB, 

GAFF2, and TIP3P force fields were used. Each of the 
systems was immersed in TIP3P water box and neutralized 
by adding Na＋ counter ions. The minimization and MD sim-
ulations were performed using Amber20. An initial minimi-
zation of 1000 steps using the steepest descent algorithm 
was conducted. Then, 2000 steps of conjugate gradient 
minimization with 500 kcal/molÅ2 of harmonic restraints 
were applied to the backbone atoms. Finally, 5000 steps of 
unrestrained conjugate gradient minimization were per-
formed to remove any steric clashes among the atoms.

The system was gradually heated to the optimum tem-
perature of 37℃, 11 for 60 ps to create an NVT ensemble 
using harmonic restraints of 5 kcal/molÅ2 on the backbone 
atoms. Furthermore, 1 ns of NPT equilibration was per-
formed, where harmonic restraints on the backbone were 
slowly decreased by 1 kcal/molÅ2 until reaching 0.200 ns 
of the production run in the NPT ensemble was performed 
with all hydrogen atoms constrained using the SHAKE al-
gorithm. The temperature was controlled with a Langevin 
thermostat with a collision frequency of 1 ps－1, and the 
pressure was controlled using a Berendsen barostat with a 
coupling constant of 1 ps and a target pressure of 1 bar. A 
nonbonded cutoff value of 9 Å was used, and the long-
range electrostatics were treated using the particle mesh 
Ewald method. The MD trajectories were analyzed using 
the CPPTRAJ module in AmberTools19（Amber communi-
ty）. Amber and AmberTools are freely available at https://
ambermd.org. The binding energy was calculated using the 
MM-GBSA method in the MMPBSA module.

2.6  Cell viability evaluation by PrestoBlue assay
The cell viability of MCF-7 breast cancer cells was evalu-

ated by performing a PrestoBlue assay（Thermo Fisher Sci-
entific, Waltham, USA）. MCF-7 cells were purchased from 
American Type Cell Cancer（Manassas, Virginia, USA）and 
cultured in Eagle’s minimum essential medium containing 
10％ fetal bovine serum（FBS）and 1％ of 100 µg/mL peni-

Fig. 1　Isolation scheme for compounds 1 and 2 of T. flagelliforme mutant KB 6-3-3-6 extract.
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cillin and 100 µg/mL streptomycin（EMEM, Sigma Aldrich; 
Darmstadt, Germany）. Cisplatin（Sigma Aldrich）was used 
as a positive control. Each well of a 96-well plate contained 
the cells to be tested with cultured medium. The test solu-
tions contained 100 μL of medium with stigmasterol from T. 
flagelliforme superior mutant. PrestoBlue solution（100 
μL, 10％ in medium without FBS）was added to each well 
plate and incubated at 37℃ and 5％ CO2 gas for 24 h. The 
change in the fluorescence of the test reagent（resazurin to 
resorufin）was measured using an Infinite M200 PRO mi-
croplate reader（Tecan, Männedorf, Switzerland）at excita-
tion wavelengths of 570/600 nm. The conversion value is 

proportional to the number of metabolically active cells 
and can be measured quantitatively. The percentage of cell 
viability equals（absorbance of treated cells/absorbance of 
untreated cells）×100％. The IC50 value was defined as the 
amount of concentration that can suppress cancer cell ac-
tivity by 50％ of the initial activity.

3  Results
3.1  Chemical structure characterization

The ethyl acetate fraction obtained from the dry T. fla-

Table 1　NMR data of compounds 1 and 2, analyzed at 500 MHz（1H）and 125 MHz（13C）.

Carbon 
position

Compound 1 (stigmasterol) Compound 2 (7α-hydroxyl stigmasterol)
1H-NMR δH/ppm 

(∑H, Mult, J/Hz)

13C-NMR 
δC/ppm

1H-NMR δH/ppm 
(∑H, Mult, J/Hz)

13C-NMR 
δC/ppm

1 1.15, 1.89 (2H, m)  37.3 1.15, 1.86 (2H, m)  37.3
2 1.85, 1.56 (2H, m)  31.7 1.82, 1.51 (2H, m)  31.7
3 3.53 (1H, m)  71.9 3.53 (1H, m)  71.9
4 2.28 (2H, m)  42.5 2.28 (2H, m)  42.5
5 － 140.9 － 140.9
6 5.36 (1H, dd, 2.5, 7.2) 121.9 5.31 (1H, dd, 2.5, 7.2) 122.0
7 1.53 (2H, m)  31.9 4.42 (1H, dd, 7.5, 6.5)  73.5
8 1.93 (1H, m)  31.9 1.93 (1H, m)  32.0
9 0.98 (1H, m)  50.2 0.98 (1H, m)  50.2

10 －  36.6 －  36.6
11 1.51 (2H, m)  21.2 1.51 (2H, m)  21.2
12 1.19, 2.03 (2H, m)  39.9 1.19, 2.03 (2H, m)  39.9
13 －  42.4 －  42.4
14 1.00 (1H, m)  56.8 1.00 (1H, m)  55.9
15 1.13, 1.61 (2H, m)  24.4 1.13, 1.61 (2H, m)  24.4
16 1.35, 1.86 (2H, m)  28.4 1.35, 1.86 (2H, m)  28.4
17 1.10 (1H, m)  56.0 1.10 (1H, m)  56.0
18 0.68 (3H, s)  11.9 0.68 (3H, s)  11.9
19 1.00 (3H, s)  19.7 1.00 (3H, s)  19.7
20 1.37 (1H, m)  36.4 1.37 (1H, m)  36.4
21 0.92 (3H, d, 7)  19.5 0.92 (3H, d, 7)  19.5
22 4.97 (1H, dd, 5.5, 14.2) 129.4 4.97 (1H, dd, 5.5, 14.2) 129.4
23 5.11 (1H, dd, 2.5, 14.2) 138.5 5.11 (1H, dd, 2.5, 14.2) 137.9
24 0.97 (1H, m)  45.9 0.97 (1H, m)  45.9
25 1.70 (1H, m)  29.2 1.70 (1H, m)  29.2
26 0.84 (3H, d, 7)  19.0 0.84 (3H, d, 7)  19.1
27 0.82 (3H, d, 7)  18.9 0.82 (3H, d, 7)  18.9
28 1.27 (2H, m)  23.2 1.27 (2H, m)  23.2
29 0.85 (3H, t, 7)  11.9 0.85 (3H, t, 7)  11.8
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gelliforme powder was chromatographed over a vacuum-
liquid chromatography（VLC）column, packed with silica gel 
60 via gradient elution. The VLC fractions were subjected 
to preparative thin-layer chromatography（TLC）on silica 
gel GF254, followed by column chromatography separa-
tions to obtain compounds 1 and 2 as a colorless amor-
phous solid. Its molecular composition was established to 
be C29H48O. According to a high-resolution time-of-flight 
MS analysis, which showed an［M＋H］＋ ion peak at m/z 
413.7744（calcd. C29H49O m/z 413.7714）, requiring six 
degrees of unsaturation. The infrared spectrum showed 
band at νmax＝3495 cm－1 ascribable to a hydroxyl group. 
The 1H-NMR spectrum（Table 1）displayed six methyl 
signals at δH 0.68（3H, s, H-18）, 0.85（3H, t, H-29）, 0.81（3H, 
d, H-27）, 0.84（3H, d, H-26）, 0.92（3H, d, H-21）and 1.00
（3H, s, H-19）which is in agreement with the phytosterol 
group steroid framework. Furthermore, resonances attrib-
utable to nine sp3 methylene protons at δH 1.51（2H, H-11）, 
1.27（2H, H-28）, 1.13; and 1.61（2H, H-15）, 1.35; and 1.86
（2H, H-16）, 1.85; and 1.56（2H, H-2）, 1.53（2H, H-7）, 1.15; 
and 1.89（2H, H-1）, 1.19; 2.03（2H, H-12）and 2.28（2H. H-4）
and there are seven methine protons sp3 at δH 1.71（1H, 
H-25）, 1.91（1H, H-8）, 1.37（1H, H-20）, 0.97（1H, H-24）, 
0.98（1H, H-9）, 1.10（1H, H-17）and 1.00（1H, H-14）, one ox-
ygenated methine proton at δH 3.53（1H, m, H-3）and three 
methine protons sp2 at δH 5.36（1H, dd, 2.5; 7.2 H-6）, 4.97
（1H, dd, 5.5; 14.2, H-22）and 5,11（1H, dd, 4.5; 14.2, H-23）
were observed, the latter indicating that the olefinic bond 
between C-22 and C-23 was a trans form（Fig. 2）.

The 13C NMR（Table 1）and DEPT spectra revealed the 
presence of twenty-nine carbons（Fig. 2）, i.e. six methyl 
carbons at δC 11.9（C-18）, 11.9（C-29）, 18.9（C-27）, 19.0
（C-26）, 19.5（C-21）, and 19.7（C-19）, nine methylene 
carbon sp3 at δC 21.2（C-11）, 23.2（C-28）, 24.4（C-15）, 28.4
（C-16）, 31.7（C-2）, 31.9（C-7）, 37.3（C-1）, 39.9（C-12）and 
42.5（C-4）and there are seven methine carbons sp3 at δC 
29.2（C-25）, 31.9（C-8）, 36.4（C-20）, 45.9（C-24）, 50.2（C-9）, 
56.0（C-17）, 56.8（C-14）, one oxygenated methine carbon 
at δC 71.9（C-3）, three methine carbons sp2 at δC 121.9

（C-6）, 129.4（C-22）and 138.5（C-23）, two quaternary 
carbon sp3 at δC 36.6（C-10）, 42.4（C-13）and one quaternary 
carbon at δC 140.9（C-5）. The planar structure was deduced 
using 1H-1H-COSY and HMBC spectra analysis, and the 
carbon arrangement was observed as stigmasterol21）. Fur-
thermore, the only hydroxyl group was located at C-3, 
based on the HMBC correlations of H-3（δH 3.53）to C-1（δC 
37.3）, C-4（δC 41.5）and C-5（δC 140.9）; H-1（δH 1.15 and 
1.89）to C-3（δC 71.9）. Taken together, the spectroscopic 
results allowed identifying compound 1 as stigmasterol and 
compound 2 as 7α-hydroxyl stigmasterol.

7α-Hydroxyl stigmasterol（2）was found to be a colorless 
amorphous solid with a molecular composition of C29H48O2 
based on HR-TOFMS. This solid showed a molecular ion
（［M＋H］＋）peak at m/z＝429.3654（calculated C29H49O2 m/z
＝429.3650）, which required six degrees of unsaturation. 
Its infrared spectrum showed bands that were ascribed to 
a hydroxyl group（νmax＝3489 cm－1）. Its NMR data summa-
rized in Table 1 resembled 1, except the absence of a 
methylene proton and the presence of an oxygenated 
proton（δH 4.42（1H, dd, H-7）; δC 73.5（C-7））. The data sug-
gested that 2 was likely the 7-hydroxyl derivative of 1. This 
assignment was supported by the HMBC correlation of δH 
4.42（H-7）with δC 140.9（C-5）, 121.9（C-6）, 50.2（C-9）and 
56.8（C-14）. The observed key NOESY correlations between 
the protons H-7 and H-8 and CH3-19 suggested an 
α-orientation of the hydroxyl group at C-7.

3.2  FXR- stigmasterol docking
The binding mode of stigmasterol in the FXR was inves-

tigated from its crystal structure（PDB ID: 7D42）. It 
showed that the interactions between stigmasterol and 
FXR are favorable and tend to be stable. The ligand-bind-
ing site was in the center of FXR-ligand binding domain
（LBD）, which is around the helix-3, helix-5, helix-6, and 
helix-10（Fig. 3a）. It is also far from the NcoA co-regulator 
peptide binding site. Hence it can be assumed that there 
will be no alteration in the whole structure conformation of 
FXR-LBD. The lowest binding energy of stigmasterol-FXR 
is －12.02 kcal/mol and the 7α-hydroxyl stigmasterol is  
－11.86 kcal/mol. As for the tropifexor as an established 
drug is －13.15 kcal/mol while the binding with 3-deoxy 
CDCA as its natural ligand results in －11.17 kcal/mol
（Table 2）. The average RMSD value of stigmasterol and 
7α-hydroxyl stigmasterol conformations are lower than 2 Å
（Figs. 3b, 3c）which also proved the stability of its binding 
with FXR. However, the 7α-hydroxyl stigmasterol present-
ed more alteration in each torsion.

It is shown that the hydroxyl groups in the C2 atom of 
both stigmasterol formed hydrogen bonds with Thr288. 
The steroidal core of stigmasterol and 7α-hydroxyl stig-
masterol formed a CH-π interaction with Trp454, Leu287, 
and Ala291. The rest of the interactions between stigmas-
terol and FXR were hydrophobic（Fig. 4）. The other hy-

Fig. 2　�Structures of compounds（1-2）,  isolated T. 
flagelliforme mutant plant.
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droxyl group in 7α-hydroxyl stigmasterol also promotes 
hydrogen bonds. Overall, it can be assumed that hydropho-
bic interactions play a significant role in binding stability. 
In this work, the results from a PrestoBlue assay showed 
that stigmasterol and 7α-hydroxyl stigmasterol could 
inhibit the activity of the MCF-7 cell line, which is consis-
tent with the above findings. As displayed in Figs. 3 and 4 
both stigmasterol compounds could be docked to FXR, re-
sulting in a high binding affinity caused by hydrophobic in-

teractions. It is indicated that the steroid moiety in the 
structure of stigmasterol and 7α-hydroxyl stigmasterol 
might be crucial for the binding affinity.

3.3  Simulation of the FXR stigmasterol interactions
The overall structural stability of FXR in all systems

（stigmasterol, CDCA, and tropifexor）was evaluated by 
RMSD（Fig. 5a）. The stigmasterol system was generally the 
most stable in terms of the FXR conformation（average 

Fig. 3　�3-D docking pose of stigmasterol-FXR complex: （a）The LBD of FXR, stigmasterol, and NcoA co-regulator peptide 
are shown in magenta, green, and red colors, respectively. The calculator RMSD values and average conformations of 
stigmasterol and 7α-hydroxyl stigmasterol during molecular docking are shown in（b）and（c）, respectively. The color 
differences represent average docking poses in 100 runs.

Fig. 4　�Ligand-receptor interactions between stigmasterol and FXR: （a）stigmasterol and（b）7α-hydroxyl stigmasterol as 
steroid ligands. The 2-dimensional visualization of（c）stigmasterol and（d）7α-hydroxyl stigmasterol-FXR interactions. 
Green and white-purple colors represent the hydrogen bon and hydrophobic interactions.
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value of 2.43 Å）. As for 7α-hydroxyl stigmasterol, the 
RMSD value fluctuates about three times and becomes 
stable in the last 100 ns. This fluctuation can present the 
conformation’s changes throughout the simulation. Based 
on the ligand’s RMSD value, the interaction of FXR recep-
tor and CDCA as its natural ligand was quite stable with 
ΔG° MMGBSA value of －75.51 kcal/mol（Table 2）. Fur-
thermore, the residual fluctuation of all systems was com-
puted by the root-mean-square fluctuation calculation（Fig. 
5b）. The highest fluctuations were observed in the N-ter-
minal and C-terminal because these regions were not re-
strained, whereas the fluctuation of the binding site
（around residue numbers 25－50, and 110－135）in all 
ligand’s systems was also high. Other high fluctuations 
were observed around residues 180, 210, and 230 due to 

the natural flexibility of the loop structure. The overall of 
both stigmasterol systems profile was relatively similar to 
CDCA and tropifexor in terms of the RMSF parameter and 
the ΔG° MMGBSA value which was －67.90 kcal/mol for 
stigmasterol, and －68.89 kcal/mol for tropifexor（Table 2）. 
However, 7α-hydroxyl stigmasterol showed less affinity 
towards FXR receptor with －55.08 kcal/mol. This indicates 
that stigmasterol might act as a competitive activator with 
a single high-affinity binding site on FXR.

The molecular absorption, distribution, metabolism, and 
toxicity profiles of the stigmasterol compounds in ADMET 
prediction models are shown in Table 3. The molecular ap-
proach of ADMET analysis was carried out using the Pre-
ADMET program to explore the properties of both stigmas-
terol compounds19, 20）. The results showed that all ligands 

Fig. 5　�（a）RMSD of the FXR backbone and the ligand and（b）RMSF of each residue of FXR in all four molecular dynamics 
systems throughout 200 ns of simulation.
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were well absorbed in the intestine, as indicated by their 
high HIA percentages, wherein tropifexor and stigmasterol 
got the maximum scores, and the other compounds also 
scored no less than 90％. Moreover, stigmasterol had the 
highest Caco2 permeability ability than the other ligands
（52.34 vs. ＜20 nm/s, respectively）. All ligands had high 
PPB distribution percentages, suggesting that they could 
be highly soluble in blood and well-dispersed throughout 
the body, and thus having good stability in the bloodstream 
and good half-life. The BBB（Cbrain/Cblood）value also showed 
that both stigmasterol compounds have high chances to 
cross the brain barrier with the ratio of 19.89 and 14.31, 
compared to tropifexor and CDCA which only had BBB 
ratio less than 2. On the other hand, all ligands were suit-
able substrates for two of four cytochrome P450 enzymes, 
i.e., CYP2C9 and CYP3A4, showing their potent involve-
ment in the metabolism of a wide range of drugs. Candidate 
compounds, serving as substrates, may either induce CYP 
enzymes, boosting their activity and enhancing the metabo-
lism of other CYP substrates, or act as inhibitors, suppress-
ing CYP enzyme activity, thereby reducing the metabolism 
of other drugs and increasing exposure to the candidate 
compound. Additionally, the mutagenicity and carcinoge-
nicity traits showed all ligands as non-mutagenic candi-
dates, and thus unlikely to induce cancer diseases on mice 
or rats.

3.4  Cytotoxicity of stigmasterol on MCF-7 cell line
The inhibition activity of the T. flagelliforme mutant 

plant isolates identified as stigmasterol and 7α-hydroxyl 
stigmasterol against the MCF-7 breast cancer cell line was 
evaluated for 24 h. The minimum concentration of the 
extract giving a 50％ inhibition（IC50）in stigmasterol and 
7α-hydroxyl stigmasterol were about 9.13 µM and 12.97 

µM, respectively（Table 4）. As a positive control, cisplatin 
had IC50 value of 13.20 µM against to MCF-7 cancer cell 
line. According to the criteria of the National Cancer Insti-
tute, crude extracts with IC50 ≤ 20 µg/mL has high cytotox-
ic; between 21 and 200 µg/mL has moderate cytotoxic; 
between 201 and 500 µg/mL has weak cytotoxic; and IC50＞
501 µg/mL has no cytotoxicity effects22）. Hence, the IC50 
values of both stigmasterols demonstrated its robust cyto-
toxic activity against the MCF-7 cell line. After treatment 
with both stigmasterols for 24 h, slow cell proliferation was 
observed. Therefore, both stigmasterols have greater cyto-
toxicity potentials against MCF-7 breast cancer cell lines 
than cisplatin. This significant anticancer effect suggests 
that the bioactivity of the T. flagelliforme mutant plant 
might be attributable to stigmasterol compounds. This 
study indicates that the stigmasterols isolated from T. fla-

Table 2　The binding affinity energy of ligands on FXR system.

Ligand Binding energy 
(kcal/mol)

ΔG° MMGBSA 
(kcal/mol) Description

CDCA －11.17 －75.51 Natural ligand
Tropifexor －13.15 －68.89 Agonist ligand (established drug)
Compound 1 (stigmasterol) －12.02 －67.90 Isolated from T. flagelliforme mutant plant
Compound 2 (7α-hydroxyl stigmasterol) －11.86 －55.08 Isolated from T. flagelliforme mutant plant

Table 3　The ADMET analysis of ligands using PreADMET server.

Ligand
Absorption Distribution Metabolism Toxicity

HIA 
(%)

Caco2 
(nm/s)

PPB 
(%)

BBB 
(Cbrain / Cblood)

CYP2C19 CYP2C9 CYP2D6 CYP3A4 Mutagenicity
Carcinogenicity 

(Mouse/Rat)

CDCA  92.97 20.90 100.00  1.29 No Yes No Yes Non (–) / (+)

Tropifexor 100.00 38.33  94.21  1.18 No Yes No Yes Non (–) / (–)

Compound 1 (stigmasterol) 100.00 52.34 100.00 19.89 No Yes No Yes Non (+) / (–)

Compound 2 
(7α-hydroxyl stigmasterol)

 94.43 36.64 100.00 14.31 No Yes No Yes Non (+) / (–)

Table 4　 IC50 value cytotoxic activity of isolated 
compounds from T. flagelliforme 
mutant plant against MCF-7 breast 
cancer cell line.

Compound IC50 (µM)
Compound 1 (stigmasterol)  9.13
Compound 2
(7α-hydroxyl stigmasterol) 12.97

Positive control (cisplatin) 13.20
Cells were incubated with various concentrations 
of isolated compounds for 24 h. The IC50 value 
represents the concentration causing 50% growth 
inhibition. Data are expressed as means±SD of 
three replicates.
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gelliforme mutant have more potential in inhibiting the 
cell proliferation of MCF-7 cell lines than the crude and 
other fraction extracts.

4  Discussion
Stigmasterol has been investigated for its pharmacologi-

cal activities, such as antiosteoarthritic, antihypercholes-
terolemic, cytotoxicity, antitumor, hypoglycemic, antimuta-
genic, antioxidant, anti-inflammatory, and CNS effects23）. 
The anticancer potential of stigmasterol on various cancer 
types has been revealed recently. For example, in lung 
cancer, it reduces Bcl-2 expression as an antiapoptotic 
protein and enhances the activity of BAX as a proapoptotic 
protein24）. The development of skin cancer can also be sup-
pressed by VEGFR-2 and TNF-α downregulation25）, lipid 
peroxide enhancement, and by causing DNA damage26）. 
The stigmasterol also induces the expression of p53 protein 
while inhibiting the expression of p21 and p27 protein to 
repress prostate cancer development27）. Furthermore, stig-
masterol induces growth inhibition and apoptosis in vitro 
in a time-dependent and dose-dependent manner28）.

Stigmasterol is the major compound in several plant ex-
tracts, including the Chinese medicinal herb Ophiopogon 
japonicas（Maidong in Chinese）29）, leaf extract of Annona 
muricata30）, stem bark of Neocarya macrophylla31）, and 
root extracts from India Pluchea indica32）. In fact, com-
pound 1, stigmasterol, proved to be more active than cispl-
atin, exhibiting an IC50 value of 13.2 µM33）. Li et al.34）re-
ported that stigmasterol inhibits the proliferation and 
induces cell apoptosis in human gastric cancer cell line 
SNU-1 through JAK/STAT signaling pathway with an IC50 
value of 15 µM. It has been clarified that stigmasterol can 
induce apoptosis and autophagy in gastric cancer cells by 
blocking the Akt/mTOR signaling pathway35）. Stigmasterol 
isolated from an n-hexane extract of Cheilanthes tenuifo-
lia has an IC50 value of about 205.984 µg/mL on shrimp 
nauplii, and that isolated from Bacopa monnieri inhibited 
tumor cells of EAC-bearing mice of 60.11％ at 10 mg/kg11）. 
Al-Fatlawi36）reported that stigmasterol exerts antiprolifera-
tive activity against the human cancerous breast MCF-7 
cancer line with an IC50 value of about 27.38 µM. Mean-
while, the IC50 cytotoxicity concentration of stigmasterol 
was obtained from Kopsia singapurensis Ridl. against the 
MCF-7 cell line was 14.5 µg/mL37）.

In another study, the stigmasterol isolated from Polygo-
num hydropiper L. was more effective against MCF-7 at 1 
mg/mL concentration, killing 87.50％ cancerous cells38）. 
Our result regarding the cytotoxic activity of stigmasterol 
against MCF-7 cells is consistent with the previous works. 
However, the IC50 value of the stigmasterol isolated from 
the T. flagelliforme mutant plant is much lower than that 
of the stigmasterol obtained from other plants. The plant 

extracts exhibiting an IC50 ≤ 4 µg/mL are considered the 
most effective cytotoxic agents against cancerous cells, 
outperforming the crude extracts and pure compounds39）. 
The IC50 value of the stigmasterol isolated from the T. fla-
gelliforme mutant plant is 9.13 µM, which is much lower 
than that of the extract with a concentration of 1.60 µg/mL 
and the ethyl acetate fraction with 1.09 µg/mL9）. Our previ-
ous studies demonstrated that triterpenoids（pentandru-
cines A to K）isolated from the n-hexane extract of Chiso-
cheton pentandrus exhibit a more robust cytotoxic 
activity against MCF-7 breast cancer cells in vitro with an 
IC50 value of 16.84 µM than the crude extract40）. According 
to Tasyriq et al.41）clearly indicated the potential benefits of 
phytosterol oxides, specifically 7α-hydroxy-β-sitosterol in 
the prevention of breast adenocarcinoma. Current cytotox-
icity data have demonstrated that IC50 values of CT1 after 
24 h of incubation on all cancer cell lines tested were 
within the range of 16.0 μM to 32.0 μM, which is compara-
ble to most commercialized phytocompounds41）.

FXR is a member of the nuclear receptor superfamily, 
which regulates bile acid homeostasis. A high level of FXR 
expression has been detected in epithelial cells of normal- 
and tumor breast-cells and invasive ductal carcinoma cells. 
FXR was also found in human breast cancer cells（MCF-7）
and carcinoma cells（MDA-MB-468）42）. Moreover, in the 
MCF-7 cell line, FXR activation has been found to down-
regulate breast cancer target genes（e.g., MRP-1, MDR3, 
SLC7A5, and aromatase）with the cell proliferation inhibi-
tion14, 16）. Several research groups have also shown that 
stigmasterol is a potent FXR agonist in breast cancer43－46）. 
ADMET in silico properties revealed high permeability for 
human intestinal stigmasterol and the blood–brain barrier; 
moreover, high target protein binding stability（in vitro 
and in vivo）showed low toxicity of this phytosterol47, 48）. In 
the metabolism aspect, the commercial drug tropifexor, 
CDCA, and both stigmasterol compounds were found to be 
suitable substrates for 2 of 4 types of CYP enzymes. It has 
been assumed that the clearance of these ligands was inde-
pendent on the CYP enzyme49）. The toxic properties are 
critical in drug design and development; however, the data 
for the commercial and commonly used drug suggested 
that the cancer risk prediction was not always implement-
ed40, 50）. Nevertheless, all the ligands are favorably non-mu-
tagenic. The results confirmed the proper drug-like charac-
teristics and potency cytotoxicity of stigmasterol and 
7α-hydroxyl stigmasterol against the T. flagelliforme 
mutant plant.

5  Conclusion
In summary, the potential anticancer activity of stigmas-

terol isolated from the T. flagelliforme mutant plant 
against MCF-7 breast cancer cell line in vitro with an IC50 
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value of 9.13 µM has been demonstrated. Stigmasterol can 
induce oxidative stress in the MCF-7 cells, leading to apop-
tosis by acting as a competitive activator with a single high-
affinity binding site on FXR via hydrophobic interactions. 
The molecular docking study and MD simulations showed 
that the interactions stigmasterol and 7α-hydroxyl stigmas-
terol with FXR are favorable, and its binding energy is to 
that of the established drug tropifexor and its natural 
ligand. The results suggest that the cytotoxic effect of stig-
masterol toward MCF-7 cells may be due to the strong in-
teraction with the agonist binding site of the FXR receptor 
which can present as a new insight in breast cancer mecha-
nism.
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