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ABSTRACT

Beta-sitosterol is a naturally occurring phytosterol with potential biological activities,
including anticancer effects. This study aimed to evaluate the pharmacokinetic char-
acteristics and molecular targets of beta-sitosterol using in silico approaches involving
ADMET analysis and target prediction. The ADMET results indicated that beta-sitos-
terol exhibited favorable membrane permeability and high absorption potential; how-
ever, it demonstrated poor aqueous solubility and high plasma protein binding, which
may affect its bioavailability. Additionally, metabolic prediction suggested potential in-
volvement of cytochrome P450 enzymes in beta-sitosterol biotransformation. Target
prediction analysis revealed that beta-sitosterol may interact with multiple proteins in-
volved in lipid metabolism and hormonal regulation. The highest predicted affinity was
observed toward NPC1L1, a protein involved in cholesterol absorption, as well as nu-
clear receptors including LXR-a, ROR-y, and androgen receptor, which regulate lipid
metabolism and hormone signaling. Furthermore, beta-sitosterol was predicted to in-
teract with HMG-CoA reductase and several cytochrome P450 isoforms involved in
cholesterol biosynthesis and steroidogenesis. The findings suggest that beta-sitosterol
possesses a multi-target profile associated with lipid metabolism and hormonal regu-
lation pathways.
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ABSTRAK

Beta-sitosterol merupakan fitosterol alami yang memiliki potensi aktivitas biologis, ter-
masuk sebagai agen antikanker. Penelitian ini bertujuan untuk mengevaluasi karak-
teristik farmakokinetik dan target molekuler beta-sitosterol melalui pendekatan in silico
menggunakan analisis ADMET dan target prediction. Hasil analisis ADMET menun-
jukkan bahwa beta-sitosterol memiliki permeabilitas membran yang baik dan potensi
absorpsi yang tinggi, namun menunjukkan kelarutan air yang rendah serta ikatan pro-
tein plasma yang tinggi, yang dapat memengaruhi bioavailabilitasnya. Selain itu, pred-
iksi metabolisme menunjukkan kemungkinan keterlibatan enzim sitokrom P450 dalam
biotransformasi beta-sitosterol. Analisis target prediction menunjukkan bahwa beta-
sitosterol berpotensi berinteraksi dengan berbagai protein yang terlibat dalam metab-
olisme lipid dan regulasi hormonal. Target dengan afinitas tertinggi meliputi NPC1L1
yang berperan dalam absorpsi kolesterol, serta reseptor nuklir seperti LXR-a, ROR-y,
dan androgen receptor yang berperan dalam regulasi metabolisme lipid dan sinyal
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hormon. Selain itu, beta-sitosterol juga diprediksi berinteraksi dengan enzim HMG-
CoA reductase dan beberapa isoform sitokrom P450 yang terlibat dalam biosintesis
kolesterol dan steroidogenesis. Hasil penelitian menunjukkan bahwa beta-sitosterol
memiliki profil target multi-molekuler yang berkaitan dengan metabolisme lipid dan

regulasi hormonal.

Kata kunci: Beta-sitosterol; In silico; SwissADME; SwissTargetPrediction; ADMET

INTRODUCTION

Beta-sitosterol has gained considera-
ble attention because of its diverse pharma-
cological activities, including anti-inflamma-
tory, antioxidant, immunomodulatory, and
anticancer properties (Patel, J. et al., 2023).
Beta-sitosterol is a naturally occurring plant
sterol present abundantly in various medici-
nal plants, and one promising botanical
source is pumpkin seeds. Pumpkin seeds
have long been used in traditional medicine
for various health conditions, and modern
studies have suggested their potential ther-
apeutic roles, particularly due to their high
content of valuable bioactive compounds in-
cluding sterols, fatty acids, polyphenols, and
micronutrients (Wang, R., et al., 2023).
Beta-sitosterol has demonstrated potential
in modulating pathways associated with
cancer progression, apoptosis, and cell cy-
cle regulation, suggesting its possible role in
inhibiting carcinogenesis (Santos, L. J., et
al., 2023).

Despite these potential advantages,
the development of beta-sitosterol as a ther-
apeutic agent requires a comprehensive un-
derstanding of its molecular interactions with
cancer-associated targets (Ahmed, M., et
al., 2024). Molecular targeting studies play a
critical role in identifying the precise mecha-
nisms by which beta-sitosterol exerts anti-
cancer effects, such as binding affinity to an-
drogen receptors, modulation of inflamma-
tory mediators, or inhibition of enzymes that
regulate cell proliferation (Menon, A., et al.,
2024). Computational and in silico ap-
proaches have significantly advanced the
field of drug discovery by enabling efficient
screening of phytochemicals against multi-
ple biological targets (ElI-Sayed, A. E. et al.,
2023). Molecular docking, molecular dy-
namics simulation, and binding free energy
calculations can provide detailed insights
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into the molecular basis of ligand—target in-
teractions (Sari, R., et al., 2023). These ap-
proaches are essential for predicting
whether beta-sitosterol could act selectively
and effectively on specific proteins impli-
cated in prostate cancer progression (Lee,
H., et al., 2024). The ability to analyze struc-
tural compatibility, interaction stability, and
conformational changes between beta-si-
tosterol and cancer-related proteins helps
strengthen the rationale for developing this
compound as a therapeutic agent (lbrahim,
M., et al., 2024).

In addition to assessing molecular tar-
geting, evaluation of the ADMET profile—
Absorption, Distribution, Metabolism, Excre-
tion, and Toxicity is fundamental in deter-
mining the feasibility of beta-sitosterol as a
drug candidate (Osei, J., et al., 2024). AD-
MET properties play a decisive role in defin-
ing a compound’s pharmacokinetic behav-
ior, systemic availability, and safety profile in
humans (Kumar, K., 2024). Poor absorption,
rapid metabolism, or high toxicity can signif-
icantly hinder the development of promising
anticancer agents even when they exhibit
potent biological activity in vitro (Rahman,
A., et al., 2023). Therefore, computational
ADMET prediction tools have become indis-
pensable for identifying potential pharmaco-
kinetic challenges and optimizing drug-like
characteristics early in the research process
(Mohan, S., & Jain, A., 2024). For natural
compounds such as beta-sitosterol, whose
solubility and bioavailability are often limited,
ADMET profiling can reveal critical infor-
mation on modifications or delivery strate-
gies that may be required to enhance thera-
peutic potential (Ozkan, H. et al, 2024).
Moreover, examining toxicity predictions en-
sures that the compound does not pose
harmful effects on vital organs, which is a
common barrier in anticancer drug develop-
ment (Choudhary, A., & Verma, R., 2023).



Pumpkin seeds represent a natural
source of beta-sitosterol, supporting their
potential for further pharmacological investi-
gation (Silva, A., et al., 2023). Traditional
uses of pumpkin seeds in treating urinary
and reproductive disorders imply possible
synergy with therapeutic strategies for pros-
tate diseases, including benign prostatic hy-
perplasia and prostate cancer (Zhang, L. et
al., 2023). The growing interest in plant ster-
ols as anticancer candidates is supported by
mounting evidence that such compounds
can modulate lipid homeostasis, hormone
signaling, and cellular stress responses
(Gupta, H., et al., 2023). These physiologi-
cal pathways are highly relevant to prostate
cancer development, which is influenced by
androgen regulation, oxidative stress,
chronic inflammation, and metabolic dysreg-
ulation (Mathew, D., et al., 2024). the evalu-
ation of beta-sitosterol through molecular
targeting and ADMET profiling represents a
crucial step in advancing natural product-
based therapeutic development (Patel, R.,
et al., 2024).

Modern computational methodologies
offer a practical and cost-effective means to
accelerate early-stage drug discovery, par-
ticularly for natural compounds that require
extensive characterization before advancing
to laboratory or clinical evaluation. In silico
studies allow researchers to predict binding
interactions, identify potential molecular tar-
gets, and assess drug-likeness parameters
without the need for large quantities of puri-
fied compounds (Ndlovu, T.,et al., 2023).
These methods have been widely adopted
in pharmaceutical research because they
can rapidly generate reliable predictions and
guide subsequent experimental validation.
For beta-sitosterol, such predictions can
help clarify its anticancer mechanism and
determine whether its structural characteris-
tics are compatible with key prostate cancer
molecular targets. Incorporating ADMET
modeling further refines the prediction of
clinical feasibility by analyzing how the com-
pound may behave within the human body
(Ahmed, F., et al., 2023).

Natural products have historically con-
tributed to the discovery of numerous thera-
peutic agents, and phytosterols represent a
promising class of bioactive compounds
with potential pharmacological benefits.
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Beta-sitosterol has gained attention due to
its diverse biological activities and potential
as a multi-target therapeutic candidate. Mo-
lecular targeting approaches can help iden-
tify potential protein interactions, while AD-
MET profiling provides insight into pharma-
cokinetic and toxicity properties relevant to
drug development. Therefore, this study
aims to evaluate the molecular targets and
ADMET profile of beta-sitosterol to assess
its potential as a multi-target therapeutic
candidate.

METHODOLOGY

This study employed an in silico com-
putational approach to evaluate the potential
of beta-sitosterol as a multi-target therapeu-
tic candidate.
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Figure 1. Flow Chart
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The research consisted of several
stages, including compound structure re-
trieval, physicochemical property analysis,
pharmacokinetic prediction, toxicity assess-
ment, and molecular target identification. All
procedures were conducted using widely
accepted web-based computational plat-
forms commonly applied in pharmaceutical
research.

1. Compound Structure Retrieval

The chemical structure of beta-sitos-
terol was obtained from the PubChem data-
base. PubChem provides comprehensive
information regarding molecular structures,
chemical properties, and biological data for
various chemical compounds. The com-
pound was searched using the keyword
“beta-sitosterol” in the search field. Beta-si-
tosterol (CID: 222284) was retrieved from
the PubChem database (accessed Decem-
ber 15, 2026). After identification, the chem-
ical structure was downloaded in canonical
SMILES and SDF formats. These structural
data were subsequently used as input for
further computational analysis. PubChem
was selected due to its reliability, accessibil-
ity, and validation in numerous in silico stud-
ies.

2. Physicochemical Properties and Drug-
Likeness Analysis

Physicochemical properties and drug-
likeness evaluation of beta-sitosterol were
performed using the SwissADME web
server. SwissADME was utilized to assess
molecular characteristics associated with
drug development suitability. The analyzed
parameters included molecular weight, hy-
drogen bond donors, hydrogen bond accep-
tors, lipophilicity, and topological polar sur-
face area. In addition, Lipinski’'s rule of five
was evaluated to determine oral drug-like-
ness. Additional parameters analyzed in-
cluded bioavailability score, number of rotat-
able bonds, and solubility. Gastrointestinal
absorption prediction was also performed to
assess oral bioavailability potential. Further-
more, blood—brain barrier permeability was
evaluated to determine central nervous sys-
tem distribution potential.

SwissADME also provides bioavaila-
bility radar visualization, which helps in un-
derstanding pharmacokinetic characteris-
tics. Lipophilicity predictions were calculated
using multiple models, including iLOGP,
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XLOGP, and WLOGP. These results were
compared to obtain a more comprehensive
assessment of lipophilicity.

3. Pharmacokinetics and Toxicity Prediction

Pharmacokinetic and toxicity predic-
tion were conducted using the pkCSM web
server. pkCSM was used to evaluate AD-
MET properties, including absorption, distri-
bution, metabolism, excretion, and toxicity.
Absorption parameters included intestinal
absorption and skin permeability. Distribu-
tion analysis included volume of distribution
and blood-brain barrier permeability.

Metabolism prediction included inter-
actions with cytochrome P450 enzymes.
These parameters are essential for under-
standing metabolic pathways. Excretion
analysis included total clearance and renal
clearance predictions. Toxicity assessment
included hepatotoxicity, mutagenicity, and
carcinogenicity predictions. Additional tox-
icity parameters included Ames toxicity pre-
diction and LD50 estimation. These param-
eters are important for evaluating compound
safety. The pkCSM platform provides a
comprehensive evaluation of pharmacoki-
netic and toxicity characteristics for drug de-
velopment.

4. Molecular Target Prediction

Molecular target prediction was per-
formed using the SwissTargetPrediction
web server. The canonical SMILES of beta-
sitosterol was used as input. SwissTar-
getPrediction identifies potential protein tar-
gets based on chemical similarity with
known ligands.

Predicted targets were analyzed
based on probability values. Targets with
higher probability scores were selected as
potential targets. Protein classification was
performed to categorize predicted targets
into enzyme, receptor, ion channel, or trans-
porter groups. Further analysis was con-
ducted to determine biological functions and
pharmacological relevance. The predicted
targets were compiled into tables for further
interpretation.

5. Data Analysis

Data obtained from each platform
were analyzed descriptively. Physicochemi-
cal data were evaluated based on Lipinski’s
rule of five. ADMET data were analyzed
based on standard pharmacokinetic



parameters. Molecular target prediction data
were analyzed based on probability scores.
Results were presented in tables and graph-
ical representations. Interpretation was per-
formed to determine the potential of beta-si-
tosterol as a multi-target therapeutic candi-
date.
6. Research Workflow

The research workflow consisted of
several stages. The first stage involved
compound structure retrieval. The second
stage involved physicochemical analysis.
The third stage involved ADMET prediction.
The fourth stage involved molecular target
prediction. The final stage involved data
analysis and interpretation. Each stage was
conducted sequentially to ensure systematic
workflow and data reliability.
7. Methodological Validation

The methodology used in this study
has been widely applied in computational
drug discovery research. The selected plat-
forms provide validated predictive models.
The use of multiple platforms improves ac-
curacy and reliability. This in silico approach
also offers advantages in terms of efficiency,
cost-effectiveness, and time-saving. There-
fore, this computational approach is suitable
for preliminary drug discovery and develop-
ment studies.

Table 1. Profil ADMET Beta-Sitosterol
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RESULTS AND DISCUSSION

A comprehensive understanding of
the Absorption, Distribution, Metabolism,
Excretion, and Toxicity (ADMET) character-
istics of a bioactive compound is a funda-
mental component of early-stage drug dis-
covery and development. ADMET profiling
provides essential insights into how a mole-
cule behaves within a biological system, in-
cluding its pharmacokinetic fate, interaction
with metabolic enzymes, potential toxicity
risks, and the extent to which it can achieve
therapeutically relevant concentrations at
target tissues. In the context of natural prod-
uct—based drug development, in silico AD-
MET prediction has become a powerful and
efficient tool that enables rapid evaluation of
multiple pharmacokinetic parameters, re-
duces experimental costs, and helps priori-
tize promising candidates before moving
into in vitro and in vivo validation. Despite its
well-established pharmacological activities,
the compound's pharmacokinetic behavior
poses several uncertainties, particularly re-
garding its solubility, permeability, metabolic
pathways, and safety profile. Therefore,
computational ADMET modeling is crucial to
elucidate beta-sitosterol’s drug-likeness,
predict potential liabilities, and assess its
suitability as a candidate therapeutic agent.

Predicted .

Category Property Model Name Value Unit
Absorption Water solubility Water solubility -7.565 log mol/L
Absorption Caco2 permeability Caco2 permeability 1.331 log Papp

(107® cm/s)
Absorption Intestinal absorption Intestinal absorption 92.986 % Absorbed
(human)

Absorption Skin permeability Skin permeability -2.802 log Kp
Absorption P-glycoprotein substrate P-gp substrate Yes Yes/No
Absorption P-glycoprotein | inhibitor P-gp | inhibitor Yes Yes/No
Absorption P-glycoprotein Il inhibitor P-gp Il inhibitor Yes Yes/No
Distribution VDss (human) VDss 1.161 log L/kg
Distribution Fraction unbound (human) Fraction unbound 0 Fu
Distribution BBB permeability BBB permeability 0.504 log BB
Distribution CNS permeability CNS permeability -0.983 log PS
Metabolism CYP2D6 substrate CYP2D6 substrate No Yes/No
Metabolism CYP3A4 substrate CYP3A4 substrate Yes Yes/No
Metabolism CYP1A2 inhibitor CYP1A2 inhibitor No Yes/No
Metabolism CYP2C19 inhibitor CYP2C19 inhibitor No Yes/No
Metabolism CYP2C9 inhibitor CYP2C9 inhibitor No Yes/No
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Predicted

Category Property Model Name Value Unit
Metabolism CYP2DE6 inhibitor CYP2D6 inhibitor No Yes/No
Metabolism CYP3A4 inhibitor CYP3A4 inhibitor No Yes/No
Excretion Total Clearance Total clearance 0.591 log mL/min/kg
Excretion Renal OCT2 substrate Renal OCT2 substrate No Yes/No
Toxicity AMES toxicity AMES toxicity No Yes/No
Toxicity Max. tolerated dose MTD 0.613 log mg/kg/day

(human)
Toxicity hERG | inhibitor hERG I inhibitor No Yes/No
Toxicity hERG Il inhibitor hERG Il inhibitor Yes Yes/No
Toxicity Oral Rat Acute Toxicity LD50 2.063 mol/kg
(LD50)
Toxicity Oral Rat Chronic Toxicity LOAEL 0.921 log
(LOAEL) mg/kg_bw/day
Toxicity Hepatotoxicity Hepatotoxicity No Yes/No
Toxicity Skin Sensitisation Skin sensitisation No Yes/No
Toxicity T. Pyriformis toxicity T. Pyriformis toxicity 0.858 log ug/L
Toxicity Minnow toxicity Minnow toxicity -2.939 log mM

The absorption profile of beta-sitos-
terol, as represented in the table, highlights
several important pharmaceutical chal-
lenges and opportunities. The predicted wa-
ter solubility value (-7.565 log mol/L) may in-
dicate that beta-sitosterol is poorly soluble in
aqueous media, a characteristic commonly
observed in sterol scaffolds that may poten-
tially limit oral dissolution and bioavailability.
Despite this poor intrinsic solubility, the com-
pound shows a favorable Caco-2 permeabil-
ity score (1.331 log Papp in 107® cm/s) and
a very high predicted human intestinal ab-
sorption (=92.99% absorbed), which sug-
gests that once dissolved or presented in an
absorbable form, beta-sitosterol can perme-
ate enterocyte monolayers effectively. The
skin permeability (log Kp = -2.802) is con-
sistent with low dermal absorption—a nega-
tive for transdermal delivery strategies but
not surprising for a bulky lipophilic sterol.
Crucially, the predictions mark beta-sitos-
terol as a P-glycoprotein substrate and also
may indicate inhibitory activity against P-gp
| and II. This dual profile implies that intesti-
nal absorption and tissue distribution may
be modulated by efflux transporters: P-gp
could limit effective systemic exposure by
pumping the compound back into the intes-
tinal lumen or out of sensitive tissues, while
P-gp inhibition could either increase intracel-
lular exposure of co-administered drugs or
alter the compound’s own pharmacokinetics
when transporter expression/activity
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changes. Taken together, the absorption
data point toward formulation- or delivery-fo-
cused approaches (solubility enhancement,
lipid-based carriers, cyclodextrin complexa-
tion, nanoformulations, or prodrugs) to con-
vert the favorable permeability potential into
reliable systemic exposure, while also flag-
ging transporter-mediated interactions as an
important consideration for both efficacy and
drug—drug interaction risk.

The distribution parameters paint a
picture of a strongly tissue-distributing,
highly protein-associated molecule. A VDss
value of 1.161 (log L/kg) corresponds to a
volumetric distribution substantially greater
than plasma volume, which may suggest ex-
tensive partitioning into tissues and possibly
adipose compartments consistent with high
lipophilicity. The fraction unbound in human
plasma is predicted as 0 (Fu = 0), suggest-
ing near-complete plasma protein binding in
silico; in practice this will mean a very low
free (pharmacologically active) fraction in
plasma and a dependence of pharmacody-
namic effects on tissue reservoirs and slow
release. Blood—brain barrier permeation (log
BB = 0.504) being positive suggests likely
central nervous system (CNS) penetration,
and the CNS permeability metric (log PS = -
0.983)—moderately negative—may indicate
limited passive permeation rate relative to
highly permeable CNS drugs.

The combination of high VDss and
predicted BBB permeability may suggest



potential tissue distribution of beta-sitos-
terol; however, these findings remain theo-
retical and require experimental validation.
Lipophilic phytosterols such as beta-sitos-
terol have been reported to exhibit tissue
distribution characteristics due to their struc-
tural similarity to cholesterol and membrane
affinity, which may facilitate accumulation in
peripheral tissues. Previous pharmacoki-
netic studies have demonstrated that beta-
sitosterol exhibits a relatively large apparent
volume of distribution and prolonged resi-
dence time, supporting the possibility of tis-
sue distribution beyond plasma compart-
ments (Sayeed et al., 2016). Additionally,
experimental studies have reported that
plant sterols, including sitosterol, can be de-
tected in brain tissue under certain physio-
logical conditions, suggesting the potential
for central nervous system exposure, alt-
hough the extent of penetration remains lim-
ited and condition-dependent (Saeed et al.,
2015).

Because the free fraction is predicted
to be low, pharmacological effects may be
influenced by slow equilibrium between tis-
sue stores and plasma concentrations.
However, this interpretation should be con-
sidered cautiously, as pharmacokinetic be-
havior derived from in silico predictions may
not fully reflect in vivo conditions. Therefore,
further experimental pharmacokinetic stud-
ies are required to confirm tissue distribu-
tion, CNS exposure, and dose—response re-
lationships of beta-sitosterol.

Metabolic predictions highlight a prin-
cipal role for CYP3A4 in the biotransfor-
mation of beta-sitosterol. Based on the pre-
diction results, beta-sitosterol may act as a
substrate of CYP3A4 but not CYP2D6, and
it is not predicted to significantly inhibit major
CYP isoforms (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, CYP3A4). This finding
is consistent with previous studies reporting
that lipophilic phytosterols are primarily me-
tabolized by CYP3A4-mediated pathways,
reflecting the enzyme’s dominant role in the
metabolism of sterol-like compounds (Wang
et al., 2023; Miszczuk et al., 2024). Since
CYP3A4 is responsible for metabolizing ap-
proximately 30-50% of clinically used drugs,
compounds primarily metabolized by
CYP3A4 are susceptible to pharmacokinetic
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variability and drug—drug interactions (Zhou
et al., 2023).

Being primarily metabolized by
CYP3A4 has two immediate implications.
First, the compound’s clearance and sys-
temic exposure may be sensitive to coad-
ministration with CYP3A4 inducers or inhib-
itors. For example, grapefruit constituents,
rifampicin, and certain antifungal agents are
known to modulate CYP3A4 activity and al-
ter drug metabolism, potentially affecting
pharmacokinetic behavior (Hodges & Min-
ich, 2023; Yu et al., 2022). Second, interin-
dividual variability in CYP3A4 expression
may contribute to variable pharmacokinetics
among patient populations.

The lack of predicted major CYP inhi-
bition reduces the likelihood that beta-sitos-
terol acts as a perpetrator of pharmacoki-
netic drug—drug interactions via CYP inhibi-
tion. However, because it is predicted to be
a substrate, it remains vulnerable to being
affected by interactions. Further in vitro
studies using human liver microsomes and
recombinant CYP isoforms, along with me-
tabolite structure characterization, are rec-
ommended to validate in silico predictions.
Such approaches have been widely em-
ployed in recent studies to identify metabolic
pathways, enzyme involvement, and poten-
tial active or toxic metabolites of bioactive
compounds (Chen et al., 2023; Lee et al.,
2024; Zhou et al., 2022).

Excretion and clearance predictions
are moderate and consistent with a com-
pound that distributes broadly but is not rap-
idly eliminated. A total clearance of 0.591
(log mL/min/kg) corresponds to a modest
systemic clearance rate; this is compatible
with the high VDss and high protein binding,
which together often produce prolonged ter-
minal half-lives. The absence of renal OCT2
substrate activity suggests that active tubu-
lar secretion via OCT2 is not a primary elim-
ination route, and elimination may instead
rely on hepatic metabolism and biliary ex-
cretion—again consistent with the CYP3A4
substrate prediction and with the sterol
chemical class. For development, slower
clearance can be advantageous for sustain-
ing target exposures but raises concerns
about accumulation, especially with chronic
dosing, and mandates appropriate dosing
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interval design and monitoring in safety
studies.

The toxicity predictions offer a mixed
but actionable safety signal. The model pre-
dicts a negative Ames toxicity result, imply-
ing a low likelihood of primary mutagenicity
in standard bacterial assays, which is favor-
able for genotoxicity risk. Hepatotoxicity was
predicted as negative and skin sensitization
as negative, providing initial reassurance for
hepatic and dermatologic safety in silico.
However, two aspects require caution: (1)
the compound is predicted to inhibit hERG |l
(human Ether-a-go-go-Related Gene class
II), and while hERG | is negative, any hERG
inhibition raises a red flag for possible cardi-
otoxicity and QT-interval prolongation liabil-
ity; in vitro hERG channel assays and in vivo
cardiovascular safety studies will therefore
be essential. (2) The predicted maximum
tolerated dose (MTD, log mg/kg/day =
0.613) and LOAEL (log mg/kg_bw/day =
0.921) suggest finite margins between effi-
cacious and adverse exposures and empha-
size the need to determine an empirical ther-
apeutic index. The predicted oral rat acute
toxicity (LD50) and aquatic toxicity metrics
(T. pyriformis and minnow) are relevant for
safety profiling and environmental impact
but must be interpreted carefully because
the units (especially LD50 in mol/kg) and the
translation from in silico to in vivo are non-
trivial.

Several practical consequences and
development recommendations follow from
these in silico insights. First, the very low
aqueous solubility must be addressed
through formulation science before any
meaningful oral pharmacokinetic or efficacy
studies are attempted; lipid-based formula-
tions, self-emulsifying drug delivery sys-
tems, nanoparticle encapsulation, or cy-
clodextrin inclusion complexes are typical
strategies for sterol compounds. Second,
because beta-sitosterol is a P-gp substrate
and P-gp inhibitor, transporter assays
(Caco-2 bidirectional assays, MDCK-MDR1
cells) and in vivo studies should be con-
ducted to quantify efflux ratios and to assess
transporter-mediated drug interactions.
Third, metabolic profiling focused on
CYP3A4—identifying primary metabolites,
clearance routes, and possible reactive in-
termediates—will clarify both efficacy and
safety questions and help predict DDI risk.
Fourth, cardiotoxicity risk mitigation requires
prioritized in vitro hERG screening, followed
by telemetry studies in relevant animal mod-
els if flags persist. Fifth, the predicted high
tissue distribution but low free fraction sug-
gests dose selection should be guided by
free-drug concentrations at target sites and
by modeling approaches (PBPK, physiolog-
ically based pharmacokinetic models) to an-
ticipate accumulation and to design safe hu-
man dosing regimens.

Target Classes
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Top 25
Top 50
All

40.0%

6.7%

6.7%

6.7%

26.7%

B Huciear recenton
Cyiochrome P450

Secratad protesn
Unciass lied proteir

Figure 2. Target Classes

The target class distribution illustrated
in the figure provides an important overview
of the predicted molecular interactions of
beta-sitosterol and offers insight into the
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biochemical pathways through which this
phytosterol may exert therapeutic activity,
particularly in prostate cancer. The pie chart
demonstrates that nuclear receptors



constitute the largest class of predicted tar-
gets at 40%, which may indicate a strong
likelihood that beta-sitosterol interacts with
transcriptional regulators involved in hor-
mone signaling, lipid metabolism, and cellu-
lar homeostasis. This finding is particularly
noteworthy because nuclear receptors, in-
cluding androgen receptors, peroxisome
proliferator-activated receptors (PPARs),
and estrogen receptors, regulate gene ex-
pression in response to lipid-based ligands.
Beta-sitosterol, as a plant-derived sterol,
possesses structural similarities to endoge-
nous steroid hormones, which may enable it
to modulate receptor-mediated signaling
pathways. Such interactions are highly rele-
vant, particularly in hormone-dependent
conditions, where modulation of nuclear re-
ceptor activity may influence cell prolifera-
tion, apoptosis, and metabolic regulation.
Cytochrome P450 enzymes represent
the second largest class of predicted targets
at 26.7%, suggesting that beta-sitosterol
may also interact with metabolic enzymes
responsible for xenobiotic transformation,
steroid metabolism, and cellular detoxifica-
tion. These interactions may influence the
pharmacokinetics of beta-sitosterol and alter
metabolic pathways associated with cellular
homeostasis. In particular, members of the
CYP3A subfamily are known to play signifi-
cant roles in steroid metabolism, oxidative
biotransformation, and drug clearance.
Therefore, predicted interactions with

Common
name

Uniprot

D
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cytochrome P450 enzymes may contribute
to modulation of metabolic processes and
pharmacokinetic behavior, although further
experimental validation is required.

Other membrane proteins represent
6.7% of the predicted targets, suggesting
that beta-sitosterol may interact with mem-
brane-bound receptors or transporters, po-
tentially modulating signal transduction, cell
communication, or membrane stability. An-
other 6.7% is represented by oxidoreduc-
tases, which are enzymes involved in redox
balance, oxidative stress regulation, and
metabolic reactions. This interaction aligns
with evidence that beta-sitosterol possesses
antioxidant properties that may contribute to
the reduction of oxidative damage within
cancer cells. The phosphatase class, also
comprising 6.7%, indicates potential modu-
lation of phosphorylation—dephosphoryla-
tion pathways, which regulate cell cycle pro-
gression, tumor suppressor activity, and
apoptosis signaling.

Finally, 6.7% of targets fall into the un-
classified protein group, reflecting proteins
that do not fit into conventional classification
categories but may still play relevant biolog-
ical roles. Collectively, the distribution of tar-
get classes suggests that beta-sitosterol ex-
erts a multifaceted mechanism of action
through interactions with metabolic en-
zymes, nuclear receptors, membrane pro-
teins, redox regulators, and signaling pro-
teins.

Target

ChEMEL ID Clags

Probability*

MFCILY

QBUHCE

CHEMBLIT41185 MNuclear receptor

at I3

CHEMBLZE0E MNuclear raceptor

CHEMBL202T

CHEMBLIMS Secreted protein

CHEMBL402

CHEMBL25ZZ Cytochroms PA50

CHEMBLTOS1R - oa=slie
z

CHEMBL1STE Cytochrome P450

CHEMBL1E71 Muclaar receptar

CHEMDL4S

CHEMBLSEES Muclear recephor

CHEMEBL206 Muclsar raceptor

CHEMBL242 Muclsar receptor

SHEMBIL 335 *hosphatase

Figure 3. Probability Target
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The target-prediction analysis of beta-
sitosterol suggests that this compound may
interact with multiple protein classes in-
volved in lipid metabolism, hormonal regula-
tion, and cancer-related pathways, including
those relevant to prostate cancer. Previous
studies have demonstrated that beta-sitos-
terol exhibits biological activities such as
modulation of lipid metabolism, anti-inflam-
matory effects, and anticancer potential
through regulation of signaling pathways as-
sociated with cell proliferation and apopto-
sis. Additionally, phytosterols structurally re-
semble cholesterol and steroid hormones,
which may contribute to their interaction with
proteins involved in hormonal regulation and
carcinogenic processes. These findings
support the biological plausibility of the pre-
dicted targets obtained from in silico analy-
sis, although further experimental validation
is required. The target with the highest pre-
dicted binding probability is Niemann-Pick
C1-like protein 1 (NPC1L1), an “other mem-
brane protein” responsible for cholesterol
absorption. The affinity of beta-sitosterol for
NPC1L1 supports its competitive mecha-
nism in inhibiting cholesterol uptake, which
may indirectly reduce cholesterol availability
required for the proliferation of prostate can-
cer cells, given their strong dependence on
lipid metabolism (Shen et al., 2024). In addi-
tion, beta-sitosterol is predicted to interact
with LXR-alpha (NR1H3) and the nuclear re-
ceptor ROR-gamma (RORC), both belong-
ing to the nuclear receptor class—key tran-
scriptional regulators of inflammation, lipid
metabolism, and cell proliferation. These in-
teractions are significant because the tran-
scriptional pathways governed by these re-
ceptors have been linked to prostate cancer
development through modulation of andro-
gen signaling, chronic inflammation, and li-
pid homeostasis (Abdel-Rasol & El-Sayed,
2025).

Predicted targets of beta-sitosterol in-
clude sex hormone-binding globulin
(SHBG), a secreted protein that plays a cru-
cial role in binding and transporting andro-
gens and estrogens in circulation. The pre-
dicted affinity of beta-sitosterol for SHBG
suggests its potential to modulate free an-
drogen levels, thereby influencing andro-
gen-dependent signaling pathways that are
central to the progression of prostate
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cancer. Additionally, beta-sitosterol is pre-
dicted to interact with HMG-CoA reductase
(HMGCR), a key enzyme involved in choles-
terol biosynthesis. Interaction with HMGCR
may contribute to reduced cellular choles-
terol levels, which could subsequently sup-
press the proliferation of prostate cancer
cells, as these cells rely heavily on choles-
terol for membrane formation and lipid-sig-
naling pathways. This observation is con-
sistent with previous studies indicating that
cholesterol-lowering mechanisms may con-
tribute to anticancer effects, particularly in
hormone-dependent cancers such as pros-
tate cancer (Durrani, A. K., et al., 2024).

Predicted targets of beta-sitosterol in-
clude several members of the cytochrome
P450 (CYP) family, such as CYP17A1,
CYP19A1, and CYP51A1. These enzymes
play essential roles in steroid hormone me-
tabolism and xenobiotic detoxification. For
instance, CYP17A1 is critically involved in
androgen biosynthesis, suggesting that in-
teraction between beta-sitosterol and this
enzyme may influence hormone production
associated with prostate cancer progression
(Cabeza, M., et al., 2025).

These predicted interactions indicate
that beta-sitosterol may modulate steroido-
genesis pathways, which represent clinically
relevant therapeutic targets in androgen-de-
pendent prostate cancer. Such findings fur-
ther support the potential role of beta-sitos-
terol in influencing hormone-related cancer
pathways, although experimental validation
is necessary to confirm these predicted in-
teractions (Saini, H., et al., 2024).

Critical target is the androgen receptor
(AR), a nuclear receptor that mediates cel-
lular responses to androgens. The presence
of AR in the predicted target list indicates
that beta-sitosterol may possess the ability
to interact with this receptor, which is central
to the proliferation of prostate cancer cells.
Such interaction implies a potential anti-an-
drogenic mechanism that could inhibit AR-
mediated transcriptional activity, thereby
slowing cancer cell growth. In addition to
AR, the detection of estrogen receptors
ESR1 and ESR2 suggests that beta-sitos-
terol may also modulate estrogenic activity,
an important aspect of hormonal balance
and its relevance to prostate cancer biology
(Chen, J., et al., 2024).



The analysis predicts interaction with
protein-tyrosine phosphatase 1B (PTPN1),
a phosphatase involved in insulin resistance
and cellular signaling regulation. The poten-
tial binding of beta-sitosterol to PTPN1 en-
riches the understanding of its metabolic
modulatory effects, which may contribute to
anticancer properties through the regulation
of oxidative stress and proliferative path-
ways.

CONCLUSION

This study evaluated the pharmacoki-
netic properties and potential molecular tar-
gets of beta-sitosterol using in silico ADMET
prediction and target prediction approaches.
The results suggest that beta-sitosterol pos-
sesses favorable permeability and a broad
range of predicted targets associated with li-
pid metabolism and hormonal regulation.
However, its poor aqueous solubility and
high plasma protein binding may present po-
tential pharmacokinetic limitations. The pre-
dicted interactions with proteins involved in
cholesterol metabolism and androgen sig-
naling indicate that beta-sitosterol may have
potential relevance in prostate cancer—re-
lated pathways. Nevertheless, these find-
ings are based solely on computational pre-
dictions and therefore require further valida-
tion through molecular docking studies, as
well as in vitro and in vivo experiments.
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