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ABSTRACT

Context: Colorectal cancer is the third most common and second deadliest cancer
worldwide. Late diagnosis, poor outcomes in metastatic cases, and multidrug resistance
emphasize the need for new therapies.

Objective: This study aimed to isolate bioactive compounds from Homalanthus giganteus
Zoll. ex Mig. (Euphorbiaceae), evaluate their antiproliferative effects on colorectal cancer
cells, and identify mechanisms through network pharmacology and molecular docking.
Materials and methods: Compounds were isolated by chromatographic separations,
and the structures were elucidated by NMR and HRESIMS. The antiproliferative activity
was measured by MTT assay. DFT calculations were performed in ORCA 6.1.0. Network
pharmacology was used to identify targets and pathways, molecular docking with
AutoDock Vina was used to determine binding affinities, and pkCSM was applied to
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predict pharmacokinetics and toxicity.

Results: 73-Hydroxysitosterol (1), 7a-hydroxysitosterol (2), 12-O-palmitoyl-phorbol-13-
acetate (3), 12-O-palmitoyl-7-oxo-5-ene-phorbol-13-acetate (4), cerevisterol (5), and
B-sitosterol-3-O-glucoside (6) were isolated from H. giganteus. Compound 4 exhibited
the highest activity against Colo 205 (ICy, 3.58+0.37uM) and Colo 320 cells (IC;, 6.06+
1.70uM) and higher DFT stability. Network pharmacology and docking study revealed
kinase-specific targeting (STAT3, JUN, PRKCA, GSK3), with 4 preferentially binds PRKCA/
GSK3, whereas 3 favors STAT3/JUN. The pkCSM prediction server predicted good oral
bioavailability, CYP3A4 metabolism, limited CNS penetration, and acceptable toxicity for
both diterpenes.

Discussion and conclusions: Six compounds were isolated from H. giganteus, with 4
exhibiting antiproliferative activity through PRKCA and GSK3B modulation. These
findings provide the first phytochemical and mechanistic evidence that support H.
giganteus as a promising source of active anti-colon cancer leads.

Introduction

Colorectal cancer is the third most prevalent cancer worldwide and the second deadliest (Abedizadeh
et al. 2024). The World Health Organization (WHO) predicted that the burden from colorectal cancer
will increase by 63% (approximately 3.2 million cases) by 2040 (WHO 2023). Because its clinical
manifestations appear at a late stage, many patients present with metastatic colorectal cancer with a
survival rate below 12-15% (Siegel et al. 2023; Abedizadeh et al. 2024). Another major concern is
the development of multidrug resistance, which involves alterations in drug metabolism, transporta-
tion, and the mutation of drug targets (Wang et al. 2022). Despite advances in immunotherapy and
targeted chemotherapeutic treatment, colorectal cancer remains a global health concern, which underlies
the urgent need for new therapies.
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Natural products are invaluable sources of compounds with antitumor activity (Hashem et al. 2022;
Naeem et al. 2022; Shaik et al. 2022). Over the last several decades, more than 140 anticancer drugs
have been developed from natural compounds (Newman and Cragg 2020). The Euphorbiaceae family
comprises over 6,300 species distributed across tropical and subtropical regions, except Antarctica.
They have attracted considerable attention as a source for anticancer drug discovery because of their
structurally diverse triterpenoid and diterpenoid content (Vasas and Hohmann 2014; Kemboi et al.
2021, 2020; Sanchez-Hoyos et al. 2024). Of these, tigliane, abietane, ingenane, and lathyrane-type
diterpenes exert potent cytotoxic activity against various cancer cell lines (Hu et al. 2021; Alves et al.
2022; Vela et al. 2022; Ma et al. 2023; Otsuki and Li 2023; Zhou et al. 2025); however, their
tumor-promoting properties have complicated clinical translation (Vogg et al. 1999; Baloch et al. 2005).

Homalanthus is a small genus from the Euphorbiaceae family. It comprises 23 species distributed
throughout the Pacific (Wirasisya and Hohmann 2023). Despite its position within a chemically
diverse family with ethnobotanically rich data, the genus remains underexplored with respect to the
pharmacology of its phytochemicals. To date, only five species have been screened for pharmacological
activity, and even fewer have undergone detailed phytochemical characterization. Previous studies of
H. populneus and H. nutans revealed prostratin, a tigliane diterpene that garnered interest because
of its HIV latency reversal activity (Gustafson et al. 1992; Johnson et al. 2008; Sintya et al. 2019).
H. nutans is also known for its oxytocic activity and antibacterial activity against Gram-positive
bacteria (Bourdy et al. 1996; Frankova et al. 2021), which highlights the therapeutic potential of
compounds within this genus. The majority of Homalanthus species, including H. giganteus, have not
received significant attention despite their established ethnobotanical use in Indonesia and other parts
of Southeast Asia and the Pacific (Wirasisya and Hohmann 2023).

Our preliminary screening of Euphorbiaceae revealed that H. giganteus crude extracts exhibit
marked antiproliferative effects against human colon cancer cell lines (Wirasisya et al. 2023). These
initial results prompted us to perform a phytochemical investigation to identify the components
responsible for this activity. The antiproliferative activity of several isolated compounds was evaluated
against doxorubicin-sensitive (Colo 205) and doxorubicin-resistant (Colo 320) human colorectal cancer
cell lines. We also examined how their structures were related to their effectiveness. Computer-based
methods were used to determine how these diterpenes interact with colorectal cancer cells at the
molecular level.

Experimental methods
General experimental procedures

Nuclear magnetic resonance (NMR) spectra were generated on Bruker Ascend 500 (500 MHz for 'H,
125MHz for C), except for the 2D NMR spectra of 3 and 4 which were measured on Bruker
AVANCE III 600 (600 MHz for 'H, 150 MHz for *C) spectrometers (Bruker BioSpin, Germany).
High-resolution electrospray ionization mass spectrometry (HRESIMS) was carried out on a Thermo
Scientific Q Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, USA), which was
operated in positive or negative ionization mode. Centrifugal partition chromatography (CPC) was
conducted on a pilot-scale (RPCC) (Rotachrom Technologies, Budapest, Hungary). Open column
chromatography (OCC) was performed using silica gel 60 (0.045-0.063 mm; Molar Chemicals, Budapest,
Hungary, Product No. CM0098429), polyamide (50-160 pm; MP Biomedicals, Irvine, USA, Product
No. 0209602), and Sephadex LH-20 (25-100um bead size; Cytiva, Uppsala, Sweden, Product No.
17-0090-01) columns. Vacuum liquid chromatography (VLC) silica gel 60 (15-40 pm; Molar Chemicals,
Budapest, Hungary, Product No. BX3394455 was used. Flash chromatography (FC) was done using
a CombiFlash NextGen 300+ system (Teledyne ISCO, Lincoln, NE, USA) equipped with dual-wavelength
UV (254/280nm) and a photodiode array (PDA), using RediSep Rf Gold High-Performance silica
columns (12g; Teledyne ISCO, Product No. 69-2203-345). Rotary planar chromatography (RPC,
Chromatotron) was performed on a Harrison Research Model 7924 T instrument (Harrison Research,
Palo Alto, CA, USA) with silica gel 60 GF,s, (Merck, Darmstadt, Germany, Product No. 1.07749.1000).
Thin-layer chromatography (TLC) was carried out using precoated silica gel 60 F,;, aluminum sheets
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(20x20cm, 0.2mm layer thickness; Merck, Product No. 1.05554.0001). The compounds were visualized
under UV light (254 and 365nm) and after spraying with concentrated sulfuric acid (cc. H,SO,) and
heating at 105°C for 3-5min. For semipreparative and analytical high-performance liquid chroma-
tography (HPLC), a Shimadzu LC-2010CHT system (Shimadzu, Kyoto, Japan) equipped with a UV-Vis
detector was used. Semipreparative separations were achieved using a Phenomenex Kinetex C,; column
(100 A pore size, 5um particle size, 250 x 10 mm; Phenomenex, CA, USA, Product No.00G-4601-E0).
For analytical separation, a Phenomenex Luna Cg column (100 A, 5pm, 250x4.6 mm, Phenomenex,
CA, USA, Product No. 00G-4249-EO) was used. Analytical grade solvents were supplied by Molar
Chemicals Kft. (Halasztelek, Hungary): methanol (Product No. 05730-006-410), n-hexane (Product
No. 06850-101-411), n-heptane (Product No. 06830-101-350), CH,Cl, (Product No. 02592-101-350),
ethyl acetate (Product No. 02930-101-411). Solvents for HPLC were purchased from VWR International
Kft. (Debrecen, Hungary): cyclohexane (Product No. 83629.320), and methanol (Product No. 20864.320).
The water was supplied by the Milli-Q Direct 3 UV pump (Merck, Darmstadt, Germany).

Plant materials

Fresh Homalanthus giganteus Zoll. ex Miq. (Euphorbiaceae) leaves were collected in June 2022 from
Lombok Island, West Nusa Tenggara Province, Indonesia. The plant was collected and authenticated
by Dr. I Gde Mertha, a taxonomist in the Department of Biology Education, Faculty of Teacher
Training and Education, University of Mataram, Indonesia, through a comparison with herbarium
specimens and morphological markers. A voucher specimen (collection number DGW-03) was depos-
ited at the Herbarium in the Department of Forestry, Faculty of Agriculture, University of Mataram,
Mataram, Indonesia.

Extraction and isolation

Freshly collected leaves were oven-dried, which resulted in 2.98 kg of dried leaves. They were ground
into a powder and extracted by percolation with methanol (120L) at room temperature. The combined
extracts were concentrated under reduced pressure using a rotary evaporator to yield a crude MeOH
extract (586.5g, 19.7% yield based on dry weight). The crude extract (586.5g) was partitioned with
an n-heptane/ethyl acetate upper phase and subsequently filtered through a 10-pm paper filter to
yield an insoluble (432.9g, 73.8%) and a soluble (153.6g, 26.2%) fraction. The soluble fraction (153.6g)
was subjected to CPC in a descending mode (elution-extrusion, 30-30 min), using a solvent system
consisting of n-heptane/ethyl acetate/methanol/water (1:1:1:1, v/v) at a flow rate of 200 mL/min and
a speed of 1,000rpm for 27 min. The separation yielded four fractions, which were pooled into four
main fractions (HG1-HG4).

Fraction HG4 (82.7g) was separated by polyamide OCC with a stepwise gradient of MeOH/H,O
(40:60; 60:40; 80:20; 100:0, v/v, 450mL each mixture). They were pooled to yield four subfractions
(HG4.A-D). Subfraction HG4.C (10.29g) was similarly fractionated by VLC using cyclohexane/EtOAc/
MeOH (100:0:0, 98:2:0, 95:5:0, 90:10:0, 80:20:0, 50:45:5, 40:50:10, and 30:50:20, v/v, 250 mL each
mixture) to yield 16 subfractions (HG4.C1-C16).

Subfraction HG4.C10 (284.5mg) was subjected to silica gel OCC with a gradient of n-hexane/
EtOAc/MeOH (100:0:0, 90:10:0, 75:25:0, 60:40:0, 50:50:0, 35:35:20, and 0:0:100, v/v) using 100mL
each mixture except the final eluent (200mL) to yield six subfractions (HG4.C10a-f). Subfraction
HG4.C10c (157.6mg) was purified by Sephadex LH-20 OCC and eluted with mixtures of MeOH/
CH,Cl, (1:1, v/v, 215mL) to obtain two subfractions (HG4.C10c1-2). Subfraction HG4.C10c2 (49.9 mg)
was subjected to silica gel OCC using n-hexane/EtOAc (9:1, 8:2, 7:3, and 6:4, v/v, 100mL each mix-
ture), which yielded 12 fractions (HG4.C10c2.I-XII). Final purification of HG4.C10c2.X (8.6 mg) was
done by semipreparative RP-HPLC (Phenomenex Luna Cg, 250 x 10 mm; MeOH/H,0 95:5, v/v; flow
rate 2.0 mL/min) to yield compounds 1 (0.52mg, tR: 17min) and 2 (0.57mg, tR: 19 min).

HG4.C11 (675.0mg) was fractionated by RPC using a gradient system of CH,Cl,/MeOH (100:0,
99:1, 98:2, 97:3, 96:4, 95:5, and 90:10, v/v, 100 mL each mixture). This separation was performed in
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six sequential runs used approximately 110mg of fraction per runs. Fractions were combined based
on TLC monitoring, which afforded 11 subfractions (HG4.Clla-k). Subfraction HG4.Cl1c (46.6 mg)
was separated by semipreparative RP-HPLC (Phenomenex Kinetex C,;, MeOH/H,0O 90.5:9.5, v/v; flow
rate 0.5mL/min), resulting in compound 3 (2.8 mg, R 28 min). The remaining material from HG4.
Cllc (12.3mg) was further purified by analytical HPLC (Phenomenex Kinetex C;, MeOH/H,0O 89:11,
v/v; flow rate 0.7 mL/min) to yield compound 4 (1.2mg, tR 14min). Compound 5 (1mg, t; = 18)
was isolated from fraction HG4.C11h3 (15.05mg) by semipreparative reversed-phase HPLC using
isocratic system of MeOH/H,O (87:13, flow rate of 0.7 mL/min).

Subfraction HG4.C12 (749.2mg) was separated by FC (RediSep Rf Gold 12g silica column) using
a gradient of CH,Cl,/MeOH (99:1, 97:3, 95:5, 90:10, and 0:100, v/v, flow rate 17 mL/min) over 75 min
to yield 14 subfractions (HG4.Cl12a-n). Subfraction HG4.C12i (257.8 mg) was subjected to silica gel
VLC with a gradient system of CH,Cl,/MeOH (99:1, 97:3, 96:4, 95:5, 90:10, and 0:100, v/v) using
100 mL each mixture except the final eluent (200mL), affording seven subfractions (HG4.C12i1-7).
Final purification of HG4.C12i6 (119.6mg) by RPC was done on a silica gel using gradient elution
with CH,Cl,/MeOH (100:0, 99:1, 97:3, 95:5, 94:6, 90:10, and 0:100, v/v, 100 mL each mixture), which
resulted in compound 6 (12.3 mg).

Cell lines

The human colon adenocarcinoma cells, Colo 205 (Product Code ATCC-CCL-222, doxorubicin-sensitive,
CVCL_0218) and Colo 320/MDR-LRP (Product Code: ATCC- CCL-220.1, multidrug-resistant, express-
ing P-gp, CVCL_0220), were sourced from LGC Promochem (Teddington, England). The cell lines
were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, 2mM
L-glutamine, 1 mM sodium pyruvate, and 100 mM HEPES (Merck, Darmstadt, Germany, Product No.
R8758-6X500ML). The cells were incubated at 37°C in a 5% CO, and 95% air atmosphere.

Antiproliferative assay

Human colon adenocarcinoma cell lines, Colo 205 and Colo 320, were employed to investigate the
impact of the test compounds on cell proliferation. Experiments were carried out in 96-well flat-bottomed
microtiter plates. Stock solutions of the compounds were prepared in dimethyl sulfoxide (DMSO, Molar
Chemicals Kft., Product No. 02610-526-340), ensuring that the final DMSO concentration in the wells
did not exceed 1%. Compounds were diluted in 100 pL of RPMI medium, and 6 x 10° cells suspended
in 100pL of RPMI medium were added into each well, except for the medium control wells. Plates
were incubated at 37°C for 72h, after which 20uL of a 5mg/mL MTT (thiazolyl blue tetrazolium
bromide) solution (Merck, Darmstadt, Germany, Product No. M5655) was added to each well. Following
a 4-h incubation at 37°C, 100 uL of 10% sodium dodecyl sulfate (Merck, Darmstadt, Germany, Product
No. 71736) in 0.01M HCIl (Molar Chemicals Kft., Halasztelek, Hungary, Product No. 08710) was added
to dissolve the formazan crystals, and the plates were left overnight at 37°C. Cell viability was assessed
by measuring the optical density at 540/630nm using a Multiscan EX ELISA reader (Thermo Labsystems,
Cheshire, WA, USA). Cell viability was expressed as a percentage of untreated control cells, which
were defined as 100%. Doxorubicin (Sandoz, Basel, Switzerland, Product No. 107209) served as the
positive control. Cells treated with 1% DMSO without test compounds served as the solvent control.
The concentration of each compound that reduced cell viability by 50% (IC,,, uM) was calculated
using GraphPad Prism version 5.00 for Windows, employing non-linear regression analysis of
dose-response curves (GraphPad Software Inc., San Diego, CA, USA). IC,, values were derived from
four independent experiments for each cell line and are presented as mean values (Barta et al. 2025).

DFT calculation

Quantum chemical calculations were conducted using ORCA version 6.1.0 software (Neese 2025) and
Avogadro 1.2.0 was used to visualize the results. The computational process began with geometry
optimization based on density functional theory methods, and applying the B3LYP function with
def2-SVP basis set parameters and def2/] functions. Frequency calculations were performed using the
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same theoretical approach to confirm that the optimized structure corresponded to a true minimum
energy configuration. Electronic properties and physicochemical characteristics were examined through
frontier molecular orbital analysis and molecular electrostatic potential mapping at the B3LYP/def2-SVP
and def2/] theoretical level. This computational approach included a global chemical reactivity descrip-
tor analysis to provide comprehensive information regarding the molecular stability of the studied
compound. These global chemical reactivity descriptors were calculated using the method described
by Abu-Izneid et al. (2024):

Energy gap:
E_gap :ELUMO _EHOMO (1)
Electron affinity:
A=-E o (2)
Electron ionization:
I= _EHOMO (3)
Chemical hardness:
I-A
- 4
n=— (4)
Chemical softness:
g L (5)
2n
Electronegativity:
I+A
= 6
== (6)
Chemical potential:
I+A
u=—(Tj ?)
Electrophilicity index:
2
o= (8)
21

Network pharmacology

A targeted-network pharmacology study was carried out based on a previously described method
(Sadaqa et al. 2025; Susanti et al. 2025). Canonical SMILES of all compounds were submitted to
Swiss Target Prediction (https://www.swisstargetprediction.ch). The predicted gene targets were vali-
dated and standardized using UniProt (https://www.uniprot.org), then intersected with colon
cancer-associated genes from GeneCards (https://www.genecards.org) using Venny 2.1.0 (https://
bioinfogp.cnb.csic.es/tools/venny/). Protein-protein interaction networks were generated using the
STRING database (https://string-db.org) and visualized with Cytoscape 3.10.1 for topological analysis.
Hub targets were identified based on pathway enrichment and biological process analysis through
STRING with a false discovery rate threshold of <0.05.
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Molecular docking

Molecular docking was conducted using AutoDock Vina (Trott and Olson 2010) to evaluate com-
pound-target interactions. The diterpene structures were drawn in ChemDraw Professional and
energy-minimized in Avogadro using the MMFF96 force field with the steepest descent algorithm.
Crystal structures of STAT3 (PDB: 6NUQ), JUN (PDB: 4Y46), PRKCA (PDB: 8U73), and GSK3p
(PDB: 70Y6) were retrieved from the RCSB Protein Data Bank and prepared by removing water
molecules, heteroatoms, and non-essential chains using BIOVIA Discovery Studio Visualizer 2021.
Ligands were energy-minimized via OpenBabel using UFF force field with steepest descent algorithm
(500 steps with an energy gradient threshold of 1.0 x 10°kcal/mol) and converted to PDBQT format.
Docking simulations utilized a grid spacing of 0.375A with an exhaustiveness of 32, and were opti-
mized to encompass binding site residues (Susianti et al. 2024). Five replicates were performed per
simulation, with the lowest energy conformation analyzed for the binding interactions using BIOVIA
Discovery Studio Visualizer.

Pharmacokinetics and toxicology prediction

The pharmacokinetic properties and toxicity profiles of the two diterpene compounds were evaluated
by computational methods using the pkCSM prediction server (https://biosig.lab.uq.edu.au/pkcsm).
The evaluation process involved submitting the canonical SMILES notation for each molecule into
the designated SMILES string field within the pkCSM web interface (Pires et al. 2015).

Results
Isolated compounds

Fractionation of the MeOH extract of H. giganteus leaves, followed by extensive chromatographic
purification, as detailed in experimental section, yielded the following six compounds: 73-hydroxysitosterol
(1) (Chaurasia and Wichtl 1987), 7a-hydroxysitosterol (2) (Chaurasia and Wichtl 1987), 12-O-pa
Imitoyl-phorbol-13-acetate (3) (Ohigashi et al. 1983; Pei et al. 2012), 12-O-palmitoyl-7-0x0-5-en
e-phorbol-13-acetate (4) (Ohigashi et al. 1983), cerevisterol (5) (Zhao et al. 2010) and
[-sitosterol-3-O-B-D-glucoside (6) (Peshin and Kar 2017). All compounds from H. giganteus are
reported here for the first time. Structural determination was carried out through a comprehensive
spectroscopic analysis, including 1D and 2D NMR ('H and '*C) and HRESIMS supplemented by
comparison with the literature data (Figure 1).

Compounds 1 and 2 were obtained as white amorphous powders. Both compounds appeared as intense
royal blue spots by TLC after spraying with sulfuric acid reagent and heating at 105°C. This chromogenic
response is characteristic of 7-oxygenated sterols (Chicoye et al. 1968). The structures were identified
from 'H,*C NMR, HSQC, HMBC, and NOESY spectra. For both compounds, the 7-hydroxy-f-sitosterol
structure was elucidated. The difference was in the stereochemistry of C-7, which was established by
NOESY. Correlations between the H-7 and H-15a indicated a P orientation of the hydroxyl group for
1, and the correlation between H-7 and H-8, and H-7 and H-15p indicated a position for 2. Our NMR
data were consistent with those published by Chaurasia and Wichtl (1987) for 7B-hydroxy-p-sitosterol
(1) and 7a-hydroxy-p-sitosterol (2). Our NMR results enabled us to determine NMR data in other sol-
vents previously reported and provided the full 'H NMR assignments for the first time. The *C NMR
(CD,0OD, 125MHz) of compound 1 yielded 29 carbon signals, including signals for a trisubstituted olefin
group (8. 144.1, C-5; 8. 127.4 C-6), which corresponded to a 7-hydroxysitosterol structure.

Compounds 3 and 4 were isolated as a colorless oil. The molecular formula of compound 3 was
established by HRESIMS neg m/z 643.4232 [M - H] (calcd for C;;H;,Oy, 643.4215) and HRESIMS
pos m/z 627.4252 [M+H-H,0]* (caled for C;;H;,O,*, 627.4256), which indicated nine degrees of
unsaturation.

The 'H NMR spectra of compound 3 showed six methyl signals at §, 0.89 (1H, d, J=6.8Hz,
H-18), 0.90 (1H, t, J=6.6Hz, H-16'), 1.22 (1H, s, H-17), 1.26 (1H, s, H-16), 1.74 (1H, d, J=1.7Hz,
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Figure 1. Structure of compounds 1-6.

H-19), and 2.06 (1H, s, H-2"), along with two methine signals at §; 3.29 (1H, m, H-8) and 3.16
(1H, t, J=2.5Hz, H-10). Three olefinic signals were also observed at §;; 7.55 (1H, s, H-1), 5.62 (1H,
d, J=5.3Hz, H-7), and 5.45 (1H, d, J=10.5Hz, H-12) (Table 1). The 3C NMR spectra revealed the
presence of one ketone carbonyl at 8. 210.3 (C-3), four olefinic carbons at §. 160.5 (C-1), 134.6
(C-2), 142.9 (C-6), and 129.3 (C-7), along with two ester carbonyl carbons at . 175.7 (C-1') and
175.3 (C-1"). The spectroscopic features, including one ketone carbonyl and four olefinic carbons,
are characteristic of a tigliane-type diterpenoid skeleton (Wu et al. 2009; Forgo et al. 2011; Krsti¢
et al. 2025). The two ester carbonyl signals indicated esterification at C-12 and C-13, which is typical
for this class of compounds (Wu et al. 2009; Appendino and Gaeta 2024). A detailed analysis of the
NMR data combined with the HRESIMS peaks confirmed the presence of an acetyl group and a
hexadecanoyl (palmitic acid) moiety as ester substituents. Comparison of the spectroscopic data with
the literature revealed compound 3 as 12-O-palmitoyl-phorbol-13-acetate, which was previously iso-
lated from Aleurites fordii and Sapium sebiferum (Ohigashi et al. 1983; Pei et al. 2012).

The molecular formula of compound 4 was also established by HRESIMS pos m/z 681.3963
[M+Na]* (caled for C,;sH,,O/Na*, 681.3974), which indicated 10 degrees of unsaturation. The 'H
NMR spectrum (CD,0OD, 500 MHz) displayed signals for two olefinic protons at 8, 7.60 (1H, s, H-1)
and 6.95 (1H, s, H-5), along with six methyl groups at 84 1.22 (1H, s, H-16), 1.19 (1H, s, H-17),
094 (1H, d, J=6.5Hz, H-18), 1.81 (1H, s, H-19), 0.90 (1H, t, J=6.6Hz, H-16'), and 2.09 (1H, s,
H-2"), and two methine groups at 8, 3.82 (1H, d, J=5.6Hz, H-8) and 3.11 (1H, t, J=2.6Hz, H-10).

The *C NMR (CD,OD, 125MHz) spectra showed two ketone carbonyls at 8. 206.1 (C-3) and
200.1 (C-7). Three olefinic carbons were observed at 6. 134.9 (C-2), 138.3 (C-5), and 149.5 (C-6),
with two ester carbonyl carbons at §. 173.2 (C-1') and 175.6 (C-1"). The 'H and *C NMR data for
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Table 1. NMR data for compounds 3 and 4 [CD,0D, 500 MHz ('H), 125 MHz ('3C), § ppm, J = Hz].

3 4

Position H NMR 3C NMR 'H NMR 13C NMR
1 7.55s 160.5 7.60s nd
2 . 134.6 - 136.9
3 - 210.3 - 206.1
4 . 74.3 - nd
5 248 d (18.9) 385 6.95s 1383

2.54 d (18.9)
6 - 1429 - 149.5
7 5.62 d (5.3) 129.3 - 200.1
8 329 m 40.0 3.82 d (5.6) 55.7
9 . 79.8 - 774
10 3.16 t (2.5) 573 3.11 t (2.6) 60.3
1 222 m 443 2.30 dd (10.4, 6.5) 45.8
12 5.45 d (10.5) 78.2 5.46 d (10.4) 77.7
13 . 67.1 - 67.2
14 1.16 d (5.3) 371 1.80 d (5.6) 30.8
15 . 27.2 - 26.8
16 1.265 17.4 1.225s 173
17 1.22s 24.1 1.19s 23.7
18 0.89 d (6.8) 14.4 0.94 d (6.5) 14.8
19 1.74 d (1.7) 10.2 1.81s 10.4
20 3.92 d (13.0) 68.0 4.25s (2H) 624

3.96 d (13.0)
12-palmitoyl
1 . 1757 - 173.2
2’ 2.35 m (2H) 354 236 m 353
3 1.64 m (2H) 263 1.64 m 26.3
4'-15' 1.28—-1.35m 23.7-30.8 1.28—-135m 23.8—-30.8
16’ 0.90 t (6.6) 14.8 0.90 t (6.6) 14.4
13-Acetyl
1 . 175.3 - 175.6
2" 2.06s 21.0 2.09s 21.0

nd=not detected.

compound 4 (Table 1) revealed a close similarity to compound 3, with the addition of one ketone
group. Comparison of the spectroscopic data with the literature values indicated that compound 4 is
12-O-palmitoyl-7-oxo-5-ene-phorbol-13-acetate, which was previously isolated from Sapium sebifereum
(Ohigashi et al. 1983). Table 1 contains NMR data for 3 and 4, which were previously unpublished
in a CD,0D solvent.

Compound 5 was isolated as a white powder. 1D and 2D NMR indicated a C,4 sterol. Its structure
was determined by comparison with literature data, as cerevisterol (Zhao et al. 2010). Compound 6
was isolated as a white powder. Its NMR data were consistent with the published data of Peshin and
Kar (2017) and was identified as B-sitosterol-3-O-3-D-glucoside.

Antiproliferative activity

The phytochemical investigation of H. giganteus leaves was motivated by our previous studies that
revealed promising bioactivities of the non-polar fraction against colon cancer cells Colo 205 and
Colo 320 (Wirasisya et al. 2023). Accordingly, the isolated compounds were tested against these cell
lines for antiproliferative activity. The results are presented in Table 2. Relative resistance factors (RF)
were also calculated, which represent how much more resistant the Colo 320 cell line is to the che-
motherapeutic treatment compared to Colo 205.

Based on this study, the diterpenes (3 and 4) were the most effective compounds, followed by
triterpenes (1, 2, and 6) against Colo 205 and Colo 320 cell lines. This is consistent with the exten-
sive literature on Euphorbiaceae constituents, in which the diterpenes typically show superior activity
compared with the triterpenes (Kemboi et al. 2021; Jiménez-Gonzalez et al. 2023; Shakeri et al. 2024).

Despite their close structural resemblance and differing only in the stereochemistry of the C-7
hydroxyl group, compounds 1 and 2 showed a difference in activity. The 7p-hydroxysitosterol (1)
was 3.8- and 1.8-fold more potent compared with that of 7a-hydroxysitosterol (2) against Colo 205
and Colo 320 cells, respectively. Interestingly, 2 was more effective against the drug-resistant cell line
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compared with the sensitive cell line (RF = 0.68). The preference for the p-configuration in cytotoxic
activity is consistent with earlier findings on oxysterols (Roh et al. 2010). Roussi et al. (2007, 2005)
reported the superior activity of compound 1, which induced apoptosis in Caco-2 colon cancer cells
through the sequential activation of caspase-9 and caspase-3, coupled with DNA fragmentation and
mitochondrial membrane permeabilization.

In the antiproliferative assay, compound 4 showed 3.5- and 5.0-fold enhanced potency compared
with compound 3 against Colo 205 and Colo 320 cells, respectively. Structurally, compound 3 contains
a A%? double bond, whereas compound 4 has a A*® double bond and a 7-ketone. The presence of
the A%? double bond in tigliane diterpenes facilitates oxidative rearrangements (Appendino and Gaeta
2024). Both compounds have been isolated from Sapium sebiferum (Ohigashi et al. 1983). Compound
3 was originally isolated from Aleurites fordii seeds and found to have immunomodulatory activity
(IFN-y induction in NK92 cells) (Pei et al. 2012); however, it did not exert cytotoxicity against
SNU387 hepatoma cells (Zhang et al. 2013).

Compounds 3 and 4 are tigliane esters, a class known for their tumor-promoting activity through
sustained protein kinase C (PKC) activation (Vasas and Hohmann 2014). They also induce Epstein-Barr
virus early antigen (EBV-EA) activation, a marker of tumor promotion (Ohigashi et al. 1983). In
addition, compound 3 exhibits piscicide activity comparable with rotenone (Hirota et al. 1979), indi-
cating acute toxicity. Therefore, comprehensive toxicity profiling is essential before considering further
development.

Compound 6 (B-sitosterol-3-O-glucoside), also known as daucosterol, is a ubiquitous plant sterol
glycoside with known anticancer activity. Previous studies reported the low potency of 6 against colon
cancer, which was consistent with our results. Wang et al. reported IC,, values of 26.6 uM and 47.3 uyM
in HCT-116 colon cancer cells at 24 and 48h, respectively, accompanied by sub-G, cell cycle arrest
(Wang et al. 2016). Compound 6 showed an RF value of 0.45, which suggests a drug resistance-modifying
activity and collateral sensitivity effects (Hall et al. 2009).

As a positive control, doxorubicin exhibited IC, values of 0.36+0.12uM (Colo 205) and 1.72+0.50 uM
(Colo 320), with a resistance factor (RF) of 4.8, which confirms the multidrug-resistant phenotype
of Colo 320 cells. Of the isolated compounds tested, 4 showed the most potent activity with IC,,
values of 3.58+0.37uM (Colo 205) and 6.06+1.70uM (Colo 320); however, compound 4 only had
a moderate RF of 1.7 compared with doxorubicin (RF = 4.8). Compound 3 exhibited moderate activity
with IC, values of 12.37+0.44 pM (Colo 205) and 30.36 +4.37 pM (Colo 320), but showed a slightly
higher tumor cell selectivity (RF of 2.5).

DFT calculation

To elucidate the differences in antiproliferative potency between compounds 3 and 4, density func-
tional theory (DFT) calculations were conducted. DFT analysis revealed intrinsic electronic properties
that affect molecular reactivity, selectivity, and stability for compounds 3 and 4 (Rong et al. 2020).

The HOMO-LUMO energy gap was 4.756eV for compound 3 (Figure 2(A)) and 5.236eV for
compound 4 (Figure 2(B)), with a difference of approximately 0.48¢eV. Because smaller energy gaps
are generally associated with increased molecular polarizability and higher chemical reactivity (Miar
et al. 2021; Casares et al. 2022), compound 3 appeared more susceptible to electrophilic and nucle-
ophilic attack. For compound 3, HOMO electron density was concentrated around the hydroxyl-bearing
cyclopentane and oxygen functionalities, indicating a nucleophilic center, whereas LUMO distribution

Table 2. Antiproliferative activities of the isolated compounds against colorectal cancer cell lines.

Compound ICs, (UM) Colo 205 1C5, (UM) Colo 320 RF*
1 22.20+2.06 31.31+3.10 1.41
2 83.52+5.55 57.61+4.80 0.68
3 1237 +0.44 30.36+4.37 245
4 3.58+0.37 6.06+1.70 1.69
6 >100 45.15+2.38 0.45
Doxorubicin 0.36+0.12 1.72+0.50 4.77

*Relative resistance factor: IC5y(Colo 320)/IC;,(Colo 205).
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indicated potential electrophilic sites. The larger energy gap in compound 4 reflects enhanced kinetic
stability (Miar et al. 2021), which was likely the result of acetylation and oxidation at C-7, which
withdraws electron density and stabilizes the molecular orbitals. This computational finding validates
previous results showing the presence of the A°? double bond in tigliane diterpenes, which renders
the compound more reactive and triggers rearrangements (Appendino and Gaeta 2024).

Molecular electrostatic potential (MEP) maps revealed the charge distribution across both molecules.
For compound 3 (Figure 2(C)), electron-rich regions (red) were localized around the oxygen atoms
of hydroxyl and carbonyl groups, which is consistent with a nucleophilic character. Electron-poor
regions (blue) appeared near the hydrogens bound to electronegative atoms, which are potential sites
for electrophilic attack or hydrogen bonding. Compound 4 displayed an altered electrostatic distri-
bution because of the C-13 acetyl group and C-7 ketone, which created distinct electrostatic envi-
ronments that may influence target protein interactions (Figure 2(D)).

Global chemical reactivity descriptors were used to quantify these differences (Table 3). The HOMO
energies for the compounds were —6.671eV (3) and —6.698eV (4), with LUMO energies at —1.915eV
and —1.462eV, respectively. Electron affinity decreased from 1.915eV (compound 3) to 1.462eV
(compound 4), which indicated reduced electron-accepting capacity following structural modification.
Ionization potential increased slightly from 6.671 to 6.698 eV. Based on these results, a lower electron
affinity was associated with a decreased ability to undergo reduction, and higher ionization potential
signals increased molecular stability toward oxidation, which suggests that compound 4 binds electrons
more tightly (Radhi 2020; Miar et al. 2021).

Chemical hardness (1) was higher for compound 4 (2.618eV vs. 2.378¢eV), thus confirming it as
the “harder”, less polarizable system. Chemical softness (S) was greater for compound 3 (0.210 vs.
0.191eV™!), which indicates its higher polarizability and greater chemical reactivity (Abbaz et al. 2018;
Kaya and Putz 2022). Electronegativity (x) remained similar at 4.293eV for compound 3 and 4.080eV
for compound 4. This suggests comparable electron-attracting tendencies despite structural differences
(Dong et al. 2022). Chemical potential (1) was less negative for compound 4 (—4.080 vs. —4.293¢eV),
indicating a reduced tendency for electron escape (Dong et al. 2022).

The electrophilicity index (w) was higher for compound 3 (3.875eV) compared with compound
4 (3.179¢eV), indicating that compound 3 has a greater capacity to accept electrons from nucleophilic
sites (Parr et al. 1999; Pal and Chattaraj 2023). This contradicts the finding that compound 4 exhibits

(A) (©)

LUMO LUMO

Energy gap: 4.756 eV Energy gap: 5.236 eV

(D)

HOMO

Figure 2. The electronic properties of compounds 3 and 4. (A) The frontier molecular orbital of compound 3; (B) The
frontier molecular orbital of compound 4; (C) Molecular electrostatic potential map for compound 3; (D) Molecular
electrostatic potential map for compound 4.
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superior cytotoxicity, despite being less electrophilic. In some cases, a high electrophilicity index may
be correlated with superior biological activity for certain compounds; however, this may not be the
case for antiproliferative and cytotoxic activities (Selvaraju et al. 2019; Marinescu et al. 2020). Thus,
we used multiple indicators in the DFT calculation to justify our findings.

Network pharmacology

Because of the superior antiproliferative activity of diterpenes 3 and 4, we used network pharmacology
to elucidate their mechanisms of action against colorectal cancer. Data mining from the two diter-
penes revealed a diverse target profile that strongly supports their potential as anticancer drugs. A
total of 103 potential protein targets were identified, with kinases representing 46.7%, followed by
oxidoreductases (13.3%), and voltage-gated ion channels (13.3%) (Figure 3(A)). This kinase pattern
is consistent with established mechanisms in colorectal cancer pathogenesis, in which dysregulation
of MAPK, PI3K/AKT, and protein kinase C drives proliferation, survival, and metastasis (Stefani et al.
2021; Song et al. 2024). A Venn diagram (Figure 3(B)) revealed that both compounds interact with
43 shared targets (3.8% of 1,133 colon cancer-associated genes), which were selected for protein-pro-
tein interaction (PPI) network, KEGG pathway enrichment, and molecular function analyses.

Table 3. Global chemical reactivity descriptors of the diterpenes.

Compounds

Descriptors 3 4

HOMO —6.671 —6.698
LUMO -1.915 —1.462
E_gap 4.756 5.236
/ 6.671 6.698
A 1.915 1.462
n 2.378 2.618
S 0.210 0.191
X 4.293 4.080
u —-4.293 —4.080
w 3.875 3.179

Compound 3 Compound 4

46.7%

6.7%

6.7%

13.3% 6.7%

6.7% 13.3%

[ Unclassified protein [ Kinase ] Voltage-gated ion channel
[[] Oxidoreductase [ Enzyme [0 Hydrolase
[7] Phosphodiesterase

Colon Cancer

(A) (8)

Figure 3. Target identification of compounds 3 and 4. (A) Top 15 target-based classification; (B) Crossmatch of com-
pounds 3 and 4 with Colon cancer-related genes.
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Figure 4. Protein—protein interactions of 48 genes (A) and their topological analysis with a color shift from dark purple
to yellow, indicating a shift from high to low degree of connectivity (B).
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Figure 5. Enrichment analysis. (A) KEGG pathways; (B) Gene ontology molecular function; (C) Gene ontology biological
process.

A PPI network analysis was done to understand their biological connection and relevance. The
PPI network revealed densely connected hubs around STAT3, JUN, PRKCA, and GSK3p. Moreover,
a topological analysis (Figure 4(B)) identified these proteins as master regulators with the highest
connectivity degrees (18-21 interactions), whereas the peripheral targets showed lower connectivity
(1-5 interactions). This hierarchical organization suggests that diterpenes not only affect central
regulatory hubs, but also peripheral specialized functions.
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KEGG pathway enrichment analysis (Figure 5(A)) revealed ‘Pathways in cancer’ as the most sig-
nificantly enriched category (~15 genes), which directly validates the disease-specific relevance.
Enrichment of insulin resistance and inflammatory mediator regulation of TRP channels correlated
with established colorectal cancer risk factors, whereas calcium and cAMP signaling pathways repre-
sented fundamental second messenger systems that regulate proliferation and apoptosis. Molecular
function analysis (Figure 5(B)) revealed calcium-dependent protein kinase C activity as the most
enriched function, which correlates with kinase predominance in target classification. Moreover, bio-
logical process enrichment (Figure 5(C)) revealed ‘regulation of signaling’ as the top category, which
indicates that these compounds may fundamentally alter cancer cell signal processing and environ-
mental responses (Lv and Li 2019; Yang et al. 2019).

The integrated compound-pathway-gene network based on the analyses indicated that both diter-
penes connect to all major pathways through the hub genes, STAT3, JUN, GSK3p, and PRKCA (Figure
6). This multi-target, multi-pathway engagement pattern is characteristic of natural products, which
offer advantages over single-target therapeutics, as they may exert more robust anticancer effects,
while limiting the development of resistance (Gomez-Cadena et al. n.d.; Muhammad et al. 2022;

Soumya et al. 2024).
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Molecular docking

To validate the predicted interactions and evaluate the structure-activity relationships between com-
pounds 3 and 4, molecular docking studies were conducted against the four hub target genes identified
from network pharmacology.

Molecular docking analysis revealed distinct binding preferences that correlated with compound
cytotoxicity (Table 4). Compound 4 showed superior binding to the kinases, PRKCA (-5.10kcal/mol)
and GSK3p (—4.16kcal/mol), whereas compound 3 exhibited preferential binding to the transcription
factors, STAT3 (—4.96kcal/mol) and JUN (—4.67kcal/mol). PRKCA emerged as the target with the
strongest affinity for both diterpenes, whereas compound 4 showed the most favorable binding energy
among all compound-target pairs.

In the PRKCA binding site (Figure 7), compound 4 demonstrated extensive m-alkyl interactions
(Ala 366, Leu 345, Val 420, Tyr 419, and Met 470), conventional hydrogen bonding (Asn 468), and
a unique sulfur interaction (Met 470), while avoiding unfavorable acceptor-acceptor interactions with
Glu 387, which was observed for compound 3. This optimized binding mode likely explains the
superior binding energy (—5.10 vs —4.99 kcal/mol) of compound 4 and correlates with its 3.5-fold
enhanced cytotoxicity.

For GSK3p (Figure 8), compound 4 showed enhanced hydrogen bonding (Lys 188, Asn 244) along
with extensive hydrophobic interactions, which explains its 0.43 kcal/mol superior binding compared
with compound 3. Meanwhile, for the STAT3 and JUN binding sites (Supplementary), compound 3
established more extensive interaction networks, particularly for JUN, in which it formed multiple
m-alkyl interactions (Ile 70, 124; Leu 206; Met 146, 149; Ala 91; Val 78, 196) and conventional hydro-
gen bonds (Asp 150).

The differential target engagement profiles directly correlated with the observed biological activities.
Compound 4, with a kinase-focused mechanism (PRKCA and GSK3p), showed superior cytotoxicity
(ICs, 3.58-6.06 uM) compared with compound 3 (IC,, 12.37-30.36 uM), with a transcription factor
preference (STAT3/JUN). This may be the result of the rapid effects of kinase inhibition on cell signaling
and proliferation pathways, producing immediate responses that are evident within a standard 72-hour
cytotoxicity assay (Cousins et al. 2018; Martelli et al. 2022). In contrast, the compound 3 pattern likely
required extended time for transcriptional reprogramming to manifest as measurable cytotoxicity, coupled
with cellular compensatory mechanisms and transcriptional network redundancy. This may partially
overcome the inhibition of individual transcription factors (Chen and Koehler 2020; Brennan et al. 2022).

Pharmacokinetics and toxicological predictions

One of the challenges in drug discovery and development research is the scarcity of pharmacokinetic data
(Pei et al. 2023; Paliwal et al. 2024). Therefore, we also established the pharmacokinetic data for the
diterpenes using pkCSM, a web-based server to assess their drug development potential (Pires et al. 2015).

The pkCSM analysis revealed favorable pharmacokinetic profiles for both diterpenes (Table 5).
Water solubility values (-4.283 and —4.142 log mol/L) indicated adequate aqueous solubility, which
supports oral bioavailability. Compound 3 demonstrated superior intestinal permeability (Caco-2:
0.752 vs 0.29 log Papp), which suggests higher absorption (79.4% vs 74.6%) and a lower required
dose compared with compound 4. Both compounds showed minimal skin permeability (-2.535 and
-2.674 log Kp), thus indicating favorable safety margins against topical exposure.

Distribution analysis revealed that both diterpenes function as P-glycoprotein substrates and inhib-
itors, which indicates a potential for drug-drug interactions. Extensive plasma protein binding (fraction
unbound: 0 and 0.007) suggested reduced free drug concentrations, although protein-bound reservoirs

Table 4. The docking score of compounds 3 and 4 against core targets identified from network pharmacology.
Binding free energy (kcal/mol)

Compound STAT3 JUN PRKCA GSK3B
3 —4.96 —4.67 -4.99 -3.73
4 —4.80 -4.30 -5.10 -4.16

Doxorubicin —-5.80 -6.40 -5.48 -4.79
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Figure 7. Molecular interactions of compound 3 and 4 with amino acid residues of PRKCA binding site. (A) Compounds
bound to PRKCA active site and the highlight of their 3D interactions. (B) a clear tow-dimensional visualization of the
molecular interactions.

may extend the duration of action. CNS penetration was limited (BBB: —1.55 and -1.649 log BB),
which minimizes the risk of neurological adverse reactions.

Metabolic profiling identified both compounds as CYP3A4 substrates, without interactions with
other major CYP450 isoforms (CYP2D6, CYP1A2, CYP2C19, and CYP2C9). Thus, co-administration
with CYP3A4 inhibitors (ketoconazole, clarithromycin) or inducers (rifampicin, carbamazepine) could
significantly alter therapeutic efficacy. The negative AMES prediction indicates safety margins as well
as acute and chronic toxicity prediction, which indicates that the diterpenes (3 and 4) are suitable
for therapeutic development.



PHARMACEUTICAL BIOLOGY 327

(A) \E;” Doxorubicin

PHE170

PHE170

Compound 3 Compound 4

(B)

Compound Doxorubicin
p

/

!

Ly
S g{v g
c291

&%
s
ASP.
C:247 R
C:242 GLU
L 3
MEh Bd c2 Ja
Compound 4 p
VAL @
& b S

Interactions

[] van der waals [ Pi-Anion
- Conventional Hydrogen Bond - Pi-Pi Stacked
[:] Carbon Hydrogen Bond - Pi-Sigma

Ly:
C:167

Figure 8. Molecular interactions of compound 3 and 4 with amino acid residues of GSK3B binding site. (A) Compounds
bound to GSK3( active site and the highlight of their 3D interactions. (B) a clear tow-dimensional visualization of the
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Discussion

In the present study, six compounds were isolated, which included two diterpenoids, 12-O-pa
Imitoyl-phorbol-13-acetate (3), 12-O-palmitoyl-7-oxo-5-ene-phorbol-13-acetate (4), and four triter-
penoids, 7p-hydroxysitosterol (1), 7a-hydroxysitosterol (2), cerevisterol (5), and {-sitosterol-3-O-p-D-glu-
coside (6). All compounds were isolated from H. giganteus for the first time. This phytochemical
study provides new information for the largely unexplored Homalanthus genus, in which only 5 of
23 species have been chemically characterized (Wirasisya and Hohmann 2023).
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Table 5. Predictive pharmacokinetics

and toxicological profile of compounds 3 and 4.

Compounds
Parameters 3 4 Unit
Water solubility —4.283 -4.142 Numeric (log mol/L)
Caco2 permeability 0.752 0.29 Numeric (log Papp in 10 cm/s)
Intestinal absorption (human) 79.388 74.55 Numeric (% Absorbed)
Skin Permeability —2.535 -2.674 Numeric (log Kp)
P-glycoprotein substrate Yes Yes Categorical (Yes/No)
P-glycoprotein | inhibitor Yes Yes Categorical (Yes/No)
P-glycoprotein Il inhibitor Yes Yes Categorical (Yes/No)
VDss (human) —0.555 -0.392 Numeric (log L/kg)
Fraction unbound (human) 0 0.007 Numeric (Fu)
BBB permeability -1.55 -1.649 Numeric (log BB)
CNS permeability —2.607 -2.78 Numeric (log PS)
CYP2D6 substrate No No Categorical (Yes/No)
CYP3A4 substrate Yes Yes Categorical (Yes/No)
CYP1A2 inhibitior No No Categorical (Yes/No)
CYP2C19 inhibitior No No Categorical (Yes/No)
CYP2C9 inhibitior No No Categorical (Yes/No)
CYP2D6 inhibitior No No Categorical (Yes/No)
CYP3A4 inhibitior No No Categorical (Yes/No)
Total Clearance 0.708 0.672 Numeric (log ml/min/kg)
Renal OCT2 substrate No No Categorical (Yes/No)
AMES toxicity No No Categorical (Yes/No)
Max. tolerated dose (human) —0.934 -0.868 Numeric (log mg/kg/day)
hERG | inhibitor No No Categorical (Yes/No)
hERG Il inhibitor Yes Yes Categorical (Yes/No)
Oral Rat Acute Toxicity (LD50) 5.195 5.06 Numeric (mol/kg)
Oral Rat Chronic Toxicity (LOAEL) 2.933 3.249 Numeric (log mg/kg_bw/day)
Hepatotoxicity No No Categorical (Yes/No)
Skin Sensitization No No Categorical (Yes/No)
T. pyriformis toxicity 0.285 0.285 Numeric (log ug/L)
Minnow toxicity -1.176 -0.795 Numeric (log mM)

Among the isolated compounds, the 3.8-fold superior antiproliferative activity of 7(3-hydroxysitosterol
(1) versus its 7a-epimer (2) against Colo 205 cells demonstrated the importance of C-7 stereochem-
istry in oxysterol cytotoxicity. This preference for the PB-configuration was established, in which
compound 1 induced apoptosis in the Caco-2 cell line through sequential caspase-9/3 activation and
mitochondrial membrane permeabilization (Roussi et al. 2007, 2005). The inverted selectivity of
B-sitosterol-3-O-glucoside (6) against Colo 320 cells (RF = 0.45) was also interesting. Based on our
results, compound 6 may exert drug resistance-modifying activity (Szakacs et al. 2014; Efferth
et al. 2020).

The two diterpenes (3 and 4) exhibited the highest antiproliferative activity, greatly exceeding that
of the sterols (1, 2, 6) against Colo 205 cells. This is consistent with numerous previous studies
showing that diterpenes from Euphorbiaceae plants are generally more effective against cancer com-
pared with triterpenes (Kemboi et al. 2021; Jiménez-Gonzalez et al. 2023; Shakeri et al. 2024).

The most interesting result was the 3.5-fold IC;, difference against COLO 205 cells between the
structurally similar diterpenes (3 and 4). This difference in activity illustrates a nuanced structure-activity
relationship, in which greater calculated chemical reactivity does not yield superior biological potency.
Our DFT results indicated that compound 3 contains a smaller HOMO-LUMO gap (4.756eV) and
a higher electrophilicity index (3.875eV), indicating that it is more reactive; however, it was less
active compared with compound 4.

This paradox may occur because compound 3 has a A%?) double bond that could trigger oxidative
rearrangements during isolation and under biological conditions. Thus, the higher reactivity of com-
pound 3 may be the result of chemical instability rather than selective target engagement, which
likely leads to off-target reactions and weaker pharmacological potency (Selvaraju et al. 2019; Marinescu
et al. 2020).

In contrast, compound 4 has a larger energy gap (5.236¢V), higher chemical hardness (2.618¢eV),
and lower electrophilicity (3.179eV), which indicates that it is more chemically stable. The C-7 ketone
and A%® double bond pulls electrons away from the rest of the molecule and stabilizes its structure.
This is evident in the MEP maps, which show specific patterns of charge distribution around these
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groups (Figure 8(B)). This stability causes the molecule to interact with specific protein targets, rather
than reacting randomly with various molecules that may alter its activity (Abbaz et al. 2018).

To determine how diterpenes suppress colon cancer, we conducted network pharmacology and
molecular docking, which revealed 103 potential targets with remarkable kinase enrichment (46.7%).
In addition, 43 genes correlated with the diterpenes directly validated the mechanistic basis for diter-
pene cytotoxicity as a kinase regulator (Yoshida et al. 2001; Shen et al. 2010; Kostenko et al. 2011).
Molecular docking revealed different targeting strategies between diterpenes 3 and 4, which may
explain their differences in activity. Compound 4 preferentially binds to the kinases, PRKCA (-5.10kcal/
mol) and GSK3p (—4.16kcal/mol), and correlates with superior cytotoxicity (ICy, 3.58-6.06 uM, RF
= 1.69). This may occur because kinase inhibition affects cell signaling (Watson et al. 2020). PRKCA
mediates signal transduction downstream of growth factor receptors (Stephenson and Higgins 2023),
whereas GSK3p regulates Wnt signaling, which also promotes colon cancer cell survival (Cousins
et al. 2018). Simultaneous disruption of these genes is observable within a 72-hour MTT assay.

The preference of compound 3 for transcription factors STAT3 (—4.96kcal/mol) and JUN (-4.67 kcal/
mol) explains its weaker activity (IC,, 12.37-30.36 uM, RF = 2.45). Transcriptional reprogramming
requires extended timeframes for altered gene expression to accumulate sufficiently to trigger cell
cycle arrest or apoptosis (Chen and Koehler 2020). In addition, cells exhibit transcriptional network
redundancy, in which multiple transcription factors compensate for single-target inhibition, which
may limit the impact of STAT3 or JUN blockade alone (Schaefer et al. 1995; Zhang et al. 1999).

The molecular basis for the superior binding of compound 4 to PRKCA lies in its unique sulfur
interaction with Met 470 and hydrogen bonding with Asn 468, while avoiding an unfavorable accep-
tor-acceptor clash with Glu 387, which was observed for compound 3. DFT analysis supported this
difference through the C-7 ketone, establishing distinct electrostatic environments that enable stronger
interactions with the binding pocket architecture of PRKCA. This represents a clear case in which
computational chemical properties can be translated into macromolecular and biological activity (Sayed
et al. 2023; Azam et al. 2025).

Although the molecular docking and DFT calculations suggest promising drug development poten-
tial, pkCSM predictions revealed that both diterpenes possess adequate oral bioavailability with
intestinal absorption reaching 74-79%. Based on our calculation, limited CNS penetration occurs
(BBB —-1.55 to —1.649 log BB), which reduces the risk of brain-related adverse effects. Thus, diterpenes
3 and 4 are likely suitable for colorectal cancer treatment. However, it is important to note that all
pharmacokinetic data discussed above are based on computational predictions and should be exper-
imentally validated. This is particularly important considering the established tumor-promoting effects
of tigliane esters through PKC activation (Ohigashi et al. 1983; Vasas and Hohmann 2014).

Conclusions

This study represents the first detailed phytochemical investigation of H. giganteus, in which six
compounds were successfully isolated and characterized, including two tigliane diterpenes (3 and 4),
three sterols (1, 2, and 5), and one sterol glycoside (6). These were all isolated for the first time
from this species. Among the isolated compounds, 12-O-palmitoyl-7-oxo-5-ene-phorbol-13-acetate (4)
was identified as the most promising. Compound 4, a diterpene, is chemically stable, targets kinases,
shows promising activity with IC,, values of 3.58+0.37 uM (Colo 205) and 6.06+1.70uM (Colo 320),
and has predicted oral drug-like properties. These findings suggest that H. giganteus is a promising
source of lead compounds for colorectal cancer therapy. Nevertheless, network pharmacology and
molecular docking are computational prediction methods; therefore, experimental validation of the
predicted targets and comprehensive in vitro and in vivo toxicological assessments are required before
further development.
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