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Abstract

Cancer remains a significant global health burden due to high rates of morbidity, mortality, and disease recurrence.
Apoptosis has emerged as an essential therapeutic target in cancer, and natural antioxidants from Indonesian medicinal
plants show promise as modulators of apoptotic pathways because of their relative safety and bioactivity. This study
aimed to identify phytochemical candidates with potential for adjuvant cancer therapy by evaluating their interaction with
key apoptosis-regulating proteins. Nine antioxidant compounds (chlorogenic acid, cinnamic acid, curcumin, eugenol,
gallic acid, kaempferol, quercetin, rutin, and tanshinone) were subjected to molecular docking against ten proteins
representing intrinsic and extrinsic apoptotic pathways using AutoDock Vina, with dasatinib as a reference inhibitor.
Drug-likeness was assessed according to Lipinski’s rules, while pharmacokinetics and toxicity predictions were
performed using ADMETLab 3.0 and ProTox-II. The analysis showed that several compounds, particularly chlorogenic
acid, curcumin, and quercetin, exhibited strong binding affinities to apoptosis-regulating proteins and interacted with
critical amino acid residues associated with pro-apoptotic signaling. While rutin and tanshinone also demonstrated
favorable docking scores, their pharmacokinetic limitations and predicted toxicity reduced their therapeutic potential. The
combined evaluation of molecular binding, drug-likeness, and safety profiles supports chlorogenic acid, quercetin, and
curcumin as the most viable candidates for further investigation. These findings indicate that specific plant-derived
antioxidants may contribute to apoptosis-induced cancer inhibition and offer a rational basis for selecting lead compounds
for future in vitro and in vivo validation. Overall, this study provides a systematic in silico framework to prioritize natural

compounds as potential adjuvant therapeutic agents targeting apoptosis in cancer.
Keywords: Molecular docking, Natural antioxidants, Apoptosis, Adjuvant cancer therapy

Introduction

Cancer remains one of the leading causes of
mortality worldwide, responsible for approximately 10
million deaths in 2020, thereby posing a major global
health challenge [1]. Among all malignancies, lung
cancer is the most frequently diagnosed and the
deadliest, followed by colorectal, liver, stomach, and
breast cancers, which collectively account for a
significant proportion of cancer morbidity and mortality

[1-3]. The economic burden of cancer treatment is

equally daunting, with global costs reaching hundreds of
billions of dollars annually. This financial impact places
substantial pressure on healthcare systems worldwide,
particularly in low- and middle-income countries [2].
Although current treatment modalities, ranging
from surgery, chemotherapy, and radiotherapy to
immunotherapy and targeted molecular approaches,
have improved patient outcomes, their overall

effectiveness remains limited due to adverse side
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effects, restricted selectivity, and the persistent
challenge of tumor recurrence [4,5]. High relapse rates
in cancers such as colorectal, lung, and breast further
highlight the urgent need for innovative therapeutic
strategies capable of eradicating residual malignant cells
[1]. Within this context, apoptosis, or programmed cell
death, has emerged as a promising therapeutic target.
Apoptosis plays a central role in maintaining tissue
homeostasis and suppressing tumor progression, and its
dysregulation not only facilitates unchecked
proliferation but also contributes to chemoresistance
[6,7]. Apoptotic signaling is primarily governed by two
canonical pathways: The intrinsic (mitochondrial-
mediated) and extrinsic (death receptor-mediated)
cascades, both converging on caspase activation that
orchestrates cellular dismantling [8,9]. Beyond these,
alternative mechanisms such as necroptosis, ferroptosis,
and immunogenic cell death are increasingly
investigated to overcome apoptotic resistance and
enhance therapeutic efficacy [6]. Thus, a deeper
understanding of apoptosis and its molecular regulators
remains vital for developing novel cancer treatments
with greater selectivity and reduced toxicity [10,11].

In pursuit of this goal, plant-derived natural
compounds have gained increasing attention for their
ability to selectively modulate apoptotic pathways in
cancer cells [12,13]. These bioactive agents are valuable
for their structural diversity, favorable safety profiles,
and multifaceted biological activities. Several
antioxidants, such as curcumin, resveratrol, quercetin,
and chlorogenic acid, have promoted apoptosis in
various cancer models while sparing normal cells [13].
Significantly, resistance to conventional therapies is
often associated with oxidative stress and defective
apoptosis, making antioxidant-rich phytochemicals
promising candidates to restore cell death mechanisms
[14].

Indonesia, recognized as one of the world’s most
biodiverse countries, provides a vast reservoir of natural
products for drug discovery. With approximately 50,000
plant species, 7,500 of which contribute to traditional
medicine, the nation harbors an immense pharmacopeia
of bioactive compounds with untapped therapeutic
potential [15,16]. Medicinal plants such as turmeric
(Curcuma longa), ginger (Zingiber officinale), and
temulawak (Curcuma xanthorrhiza) have long been

applied for their anti-inflammatory and antioxidant

effects in Indonesian traditional medicine [17,18]. Many
of these species are rich in secondary metabolites,
including alkaloids, flavonoids, phenolics, saponins,
and curcuminoids, which have demonstrated the
capacity to modulate oxidative stress and apoptosis-
related signaling pathways [19,20]. Bridging
ethnomedicinal knowledge with molecular approaches
may accelerate the discovery of novel anticancer agents
[21,22]. To systematically evaluate these compounds, in
silico methods such as molecular docking have become
indispensable tools in modern drug discovery. Docking
enables rapid and cost-effective screening of ligands
against molecular targets, predicting binding affinities,
identifying critical interacting residues, and prioritizing
candidates for further validation [15,23]. Platforms such
as AutoDock provide reliable computational insights
that, when combined with phytochemical screening,
significantly enhance the identification of promising
drug-like molecules [12]. Moreover, integrating
molecular docking with ADMET (Absorption,
Distribution, Metabolism, Excretion, and Toxicity)
profiling offers a comprehensive strategy to evaluate
both efficacy and pharmacokinetic feasibility, thereby
increasing translational potential.

This study aims to investigate the molecular
interactions between antioxidant compounds from
selected Indonesian medicinal plants and apoptosis-
regulating  proteins using molecular docking,
complemented by ADMET profiling. Combining
ethnopharmacological resources with computational
approaches, the research seeks to identify
phytochemicals with significant anticancer potential and
provide a rational foundation for their development as

adjuvant therapeutic agents.

Materials and methods

Ligand selection

In this study, we selected nine antioxidant
compounds which are chlorogenic acid (PubChem CID:
1794427), cinnamic acid (PubChem CID: 444539),
curcumin (PubChem CID: 969516), eugenol (PubChem
CID: 3314), gallic acid (PubChem CID: 370),
kaempferol (PubChem CID: 5280863), quercetin
(PubChem CID: 5280343), rutin (PubChem CID:
5280805), and tanshinone (PubChem CID: 164676) as
ligands for molecular docking analysis. These

compounds were selected based on their status as major
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constituents of inexpensive herbal plants, widely
available in local Indonesian markets, and long utilized
in traditional medicine. Furthermore, these antioxidants
are commonly consumed in daily diets through spices,
herbs, or vegetables, making them culturally and
nutritionally relevant. Their ease of isolation and
abundant availability also ensure sufficient supply for
further pharmacological investigation [23]. Figure 1
presents a two-dimensional structural overview.

Receptor preparation

This study selected apoptosis as the central
therapeutic mechanism due to its critical role in
regulating programmed cell death and its relevance in
overcoming cancer cell resistance. The investigation
focuses on key molecular components involved in both

the extrinsic (death receptor-mediated) and intrinsic

(mitochondria-mediated) apoptotic pathways,
particularly TNFR1, Fas Receptor, Bcl-2 family protein,
caspase-9, caspase-8, caspase-3 and endonuclease G.
These targets were chosen because they represent
crucial nodes in the initiation and execution of
apoptosis: TNFR1 and the Fas Receptor initiates death
signaling via death signaling complex (DISC)
formation, caspase-8 activates downstream caspases
(including caspase-9 and caspase-3) and connects
extrinsic to intrinsic pathways through Bcl-2 family
protein cleavage, and endonuclease G mediates DNA
fragmentation following mitochondrial outer membrane
leakage [24]. The study aims to identify phytochemicals
capable of inducing apoptosis selectively in cancer cells
by targeting these proteins, providing a mechanistic
basis for developing more effective and less toxic

adjuvant anticancer therapies.
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Figure 1 Two-dimensional structures of antioxidant compounds from Indonesian herbal plants: (a) chlorogenic acid, (b)

cinnamic acid, (c¢) curcumin, (d) eugenol, (e) gallic acid, (f) kaempferol, (g) quercetin, (h) rutin, and (i) tanshinone.

The target proteins prepared for molecular
docking included TNFR1 (PDB ID: INCF; resolution:
2.25 A), Bid (PDB ID: 2BID), Bad (PDB ID: 2BZW
chain A; resolution: 2.30 A), Bax (PDB ID: 4BD6 chain
A; resolution: 2.49 A), Bak (PDB ID: SFMI; resolution:
1.49 A), FasR (PDB ID: 3EZQ chain A; resolution: 2.73

A), EndoG (PDB ID: 6NJU chain D; resolution: 2.35 A),
caspase-8 (PDB ID: 7JKQ chain B; resolution: 3.30 A),
caspase-9 (PDB ID: INW9 chain B; resolution: 2.40 A),
and caspase-3 (PDB ID: 3HOE chain A and B;
resolution: 2.00 A), all retrieved from the Protein Data
Bank (PDB, https://www.rcsb.org/). Before docking,
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AutoDockTools optimized the receptors by removing
water molecules, detaching native ligands, eliminating
non-standard residues, and adding polar hydrogens and
Gasteiger charges [25].

Binding site prediction

The prepared selected receptors are then predicted
for their active site using CASTpFold [26]. The PDB file
of the cleaned-up protein is uploaded to the server, and
the results are downloaded to be thoroughly analysed in
Chimera 1.19 [27]. The selected active sites have the
highest molecular surface volume and pocket area
within the range of binding site residues, determined as
the binding location.

ADMET prediction

We obtained 2D structures in .sdf format and
SMILES  strings from  PubChem  database
(http://pubchem.ncbi.nlm.nih.gov) and input it to
ADMETLab 3.0 (https://admetlab3.scbdd.com/) to
perform assessment for the compounds’ Absorption,
Distribution, Metabolism, Excretion, and Toxicity
(ADMET) profile. Descriptors such as the number of
hydrogen bond donors and acceptors, molecular weight,
bioavailability, and compliance with Lipinski’s Rule of
Five guided the pharmacokinetic evaluation. The
ProTox-II  (https://tox.charite.de/protox3/)  server
generated toxicity predictions, following classifications
aligned with the Globally Harmonised System (GHS).

Molecular docking simulation

Ligand preparation employed BIOVIA Discovery
Studio (https://discover.3ds.com/discovery-studio-
visualizer-download). Ligand structures originated from
the PubChem database
(http://pubchem.ncbi.nlm.nih.gov), and PubChem
stored them in Standard Data Format (SDF) for further
analysis. Open Babel performed energy minimization of
the ligands [28]. Molecular docking simulations
evaluated the binding of nine antioxidant compounds
from Indonesian medicinal plants to ten apoptosis-
regulating proteins. Docking also included a
comparative analysis with the reference drug Dasatinib
(PubChem CID: 3062316), a leukemia therapy agent
[29]. AutoDock Vina conducted the docking runs, while
Discovery Studio Visualizer displayed the results [30].
We used exhaustiveness value of 8 and num modes of 8
as our docking parameters. All receptors received a grid
box of 60x60x60 with 0.375 A spacing.

Results and discussion

Binding site prediction

Binding site prediction was performed for each
receptor using the CASTpFold server to identify
potential ligand-binding pockets based on surface
topology and geometric parameters. This step was
essential to ensure that docking simulations were carried
out within the most biologically relevant cavities,
thereby improving the reliability of the predicted
interactions. Table 1 presents the identified binding
sites and their structural characteristics.

Table 1 Active site mapping and grid box coordinates for molecular docking.

No Protein PDB ID

Active site visualization

Center Ref. Grid (A) Coordinate

1 TNFR1 INCF

X:16;Y:14;7: 20
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No Protein PDB ID Active site visualization Center Ref. Grid (A) Coordinate
2 Bid 2BID X:-13;Y:0;,Z: 2

3 Bad 2BZWa X:58;Y:50;Z: 5

4 Bax 4BD6a X:=2;Y:-26;,7Z:-15

5 Bak S5FMI X:0;Y:7;,Z:24

6 FasR 3EZQa X:-80;Y:24;7:-43

7 Endonuclease G 6NJUd X:-15;Y:39;Z:30

8 Caspase-8 7JKQb X:169;Y:160; Z: 218
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The predicted binding pockets correspond to key
functional domains of apoptotic-regulating proteins.
These results provide a reliable structural basis for
subsequent docking simulations and ensure the

assessment of ligand-receptor interactions

biologically relevant sites.

Drug-likeness evaluation

within

Assessing the drug-likeness of compounds is a

vital preliminary phase in drug development, as it offers

critical insights into their potential efficacy as
therapeutic agents [31]. Evaluating the physicochemical
properties of these compounds against established
criteria, such as Lipinski's Rule of Five, facilitates the
identification of favorable pharmacokinetic profiles.
Table 2 presents the physicochemical analysis of the
antioxidants and their compliance with Lipinski’s

criteria.

Table 2 Predicted physicochemical and drug-likeness properties of antioxidant compounds based on Lipinski’s rule of

five.
Lipinski’s rule of five
No Ligand

MW logP <5 nHA nHD
1 Chlorogenic Acid 354.1 1.036 9.0 6.0*
2 Cinnamic Acid 148.05 2.619 2.0 1.0
3 Curcumin 368.13 2.147 6.0 2.0
4 Eugenol 164.06 2.321 2.0 1.0
5 Gallic Acid 170.02 0.692 5.0 4.0
6 Kaempferol 286.05 1.965 6.0 4.0
7 Quercetin 302.04 1.448 7.0 5.0
8 Rutin 610.15% 0.986 16.0* 10.0*
9 Tanshinone 294.13 3.646 3.0 0.0
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Nearly all of the tested antioxidant compounds
complied with Lipinski’s rule of five, which posits that
orally active drug-like molecules typically possess a
molecular weight < 500 Da, logP <5, <5 hydrogen bond
donors (nHD), and < 10 hydrogen bond acceptors (nHA)
[32]. Seven of the nine compounds, including cinnamic
acid, curcumin, eugenol, gallic acid, kaempferol,
satisfied all
highlighting their favorable physicochemical properties

quercetin, and tanshinone, criteria,
and greater likelihood of exhibiting acceptable oral
bioavailability.

Two compounds deviate from these criteria. Rutin
exhibited three violations: a molecular weight of 610.15
Da, 16 hydrogen bond acceptors, and 10 hydrogen bond
donors, which can significantly impair membrane
permeability and intestinal absorption. These properties
are consistent with pharmacokinetic studies reporting
Rutin’s poor oral bioavailability, attributed to its low
solubility, poor stability, and limited permeability across
the intestinal epithelium due to its bulky sugar moiety
[32,33]. Rutin

biological relevance because intestinal microbiota can

Despite these limitations, retains
hydrolyze it into aglycone metabolites such as quercetin,
which

pharmacological

and contribute to its
[35].

displayed only one deviation (nHD = 6), slightly above

remain bioactive

effects Chlorogenic acid
the donor threshold, which may modestly limit
membrane diffusion efficiency. However, its relatively
low molecular weight (354.1 Da) and favorable logP
suggest it still holds oral delivery potential [32].

From a broader perspective, compliance with

Lipinski’s criteria reinforces the potential of these

phytochemicals to progress as orally available
therapeutic candidates. Still, the rule should serve as a
guiding framework rather than an absolute standard.
Natural products frequently deviate from Lipinski’s
thresholds yet remain pharmacologically active. For
example, although Rutin have exceed the molecular
weight limit of Lipinski’s Rule, it may still be developed
as a therapeutic agent when delivered intravenously,
bypassing the oral absorption barrier and broadening its
translational potential in anticancer adjuvant therapy

[36].

ADMET prediction

In oncology drug discovery, in silico approaches
such as ADMET prediction and molecular docking are
widely applied to identify novel inhibitors with
favorable pharmacokinetic and pharmacodynamic
properties. ADMET evaluation, which encompasses
absorption, distribution, metabolism, excretion, and
toxicity, represents a critical step in early drug discovery
for predicting the in vivo behavior of candidate

compounds. It provides insight into oral bioavailability,

membrane permeability, metabolic stability, and
potential drug-drug interactions, thereby
complementing molecular docking analyses and

strengthening the interpretation of docking outcomes
[37]. This study subjected nine antioxidant compounds
to ADMET profiling to evaluate their pharmacokinetic
Table 3

summarizes the predicted parameters of ADMET.

suitability as therapeutic candidates.

Table 3 Predicted ADMET properties of antioxidant compounds.

Human
Intestinal Caco-2 BBB CYP2D6 CYP2D6 CYP3A4 CYP3A4
No Ligand . F30% . . . T
Absorption Permeability Permeant Substrate Inhibitor Substrate Inhibitor
(HIA)
Chlorogenic
1 ) 0.106 0.996 —6.426 0 0 0 0 0 2.758
Acid
Cinnamic
2 i 0.095 0.89 —4.441 0.025 0.086 0.006 0 0 1.882
Acid
3 Curcumin 0.017 0.479 -5.471 0.023 0.889 0.018 0 0.014 1.04
4 Eugenol 0.035 0.985 —4.57 0.106 0.999 0.342 0 0.998 1.464
5  Gallic Acid 0.017 0.355 -5.604 0.002 0 0 0 0.002 2.2
6  Kaempferol 0.015 0.716 -5.969 0.001 0.995 0.005 0.002 0.975 1.388
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Human

No Ligand Intestin'al F30% Caco-? . BBB CYP2D6 CY.PZ.D6 CYP3A4 CY‘P3‘A4 .
Absorption Permeability Permeant Substrate Inhibitor Substrate Inhibitor

(HIA)
7 Quercetin 0.134 0.991 -6.177 0 0.978 0 0 0.937 1.586
8 Rutin 0.64 1 —6.547 0 0 0 0 0.029 4.616
9  Tanshinone 0.763 0.664 —4.612 0 0.002 0.995 0.644 0.849 0.499

The ADMET analysis revealed distinct drug development and clinical applications [42]. In

pharmacokinetic and metabolic propertiecs among the
nine antioxidant ligands examined. Human intestinal
absorption (HIA) is one of critical determinant of oral
bioavailability. It was evaluated using a 30% threshold,
where compounds with HIA > 30% were classified as
having good absorption and those with HIA < 30% as
having poor absorption, and based on this classification,
rutin and tanshinone exhibited poor absorption
potential, corresponding to an HIA rate of < 30%. In
contrast, curcumin and gallic acid demonstrated
parameters consistent with higher oral bioavailability
(HIA = 30%),

pharmacokinetic profile [38,39].

suggesting a more favorable

Analysis of Caco-2 permeability, which reflects
intestinal epithelial transport, identified cinnamic acid,
eugenol, and tanshinone as the most permeable
compounds, with values above the threshold of — 5.15
log units [40]. These findings indicate that these ligands
possess adequate membrane permeability, an important
determinant for oral drug absorption. Despite this, all
ligands consistently showed negative blood-brain
barrier (BBB) penetration (category 0), indicating
minimal central nervous system exposure, which may
reduce the risk of neurotoxicity but also limits potential
applications for neurological cancers [41].

Metabolic profiling indicated that several ligands
with P450
kaempferol, and
of CYP2De,

highlighting their susceptibility to rapid metabolism.

may interact cytochrome enzymes.

Specifically, curcumin, eugenol,

quercetin emerged as substrates

Furthermore, eugenol, kaempferol, quercetin, and
tanshinone were identified as potential inhibitors of
CYP3A4, suggesting a risk of drug-drug interactions
with other therapeutics metabolized by this isoform.

Such interactions warrant careful consideration in future

terms of elimination, most compounds displayed
moderate half-lives. However, tanshinone exhibited an
exceptionally short half-life (0.499 h), which may
compromise its therapeutic efficacy by limiting
systemic exposure. Conversely, rutin showed the most
extended half-life (4.616 h), but its poor intestinal
absorption reduces its pharmacological relevance.
These findings suggest that among the nine
antioxidants evaluated, curcumin and gallic acid present
relatively favorable oral bioavailability, while cinnamic
exhibit
However, potential liabilities include CYP-mediated

acid and eugenol superior permeability.
interactions (particularly for eugenol, kaempferol,
quercetin, and tanshinone) and poor absorption
characteristics for rutin and tanshinone. These results
underscore the importance of integrating ADMET
profiling with docking analysis to prioritize candidates
with
pharmacokinetic properties.

strong binding affinities and acceptable

Toxicity prediction
In addition to pharmacokinetic evaluation, toxicity
assessment is essential in determining candidate

compounds’ safety and therapeutic feasibility.
Computational prediction of toxicological endpoints
provides early insight into potential adverse effects,
reducing the likelihood of late-stage failures in drug
development [43]. In this study, we analysed nine
antioxidant compounds for toxicity analysis, including
the estimation of acute toxicity (LD50 values and
toxicity classes) as well as organ-specific toxicities such
as hepatotoxicity, carcinogenicity, immunotoxicity,
mutagenicity, and cytotoxicity. The results of these

predictions appear in Tables 4 and 5.
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Table 4 Predicted acute toxicity profiles of the antioxidant compounds.
No. Ligand Predicted LDso Pl.'e.dicted ‘ ével.'age Prediction
(mg/kg) toxicity class similarity (%) accuracy (%)
1 Chlorogenic Acid 5,000 5 71.21 69.26
2 Cinnamic Acid 2,500 5 100 100
3 Curcumin 2,000 4 100 100
4 Eugenol 1,930 4 100 100
5 Gallic Acid 2,000 4 84.82 70.97
6 Kaempferol 3,919 5 82.46 70.97
7 Quercetin 159 3 100 100
8 Rutin 5,000 5 100 100
9 Tanshinone 1,655 4 48.84 54.26
Table 5 Predicted organ-specific toxicities of the antioxidant compounds.
Organ toxicity
No Ligand Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
(Acc. 93%) (Acc. 81%) (Acc. 75%) (Acc. 84%) (Acc. 85%)
1 Chlorogenic Acid Inactive Inactive Active Inactive Inactive
2 Cinnamic Acid Active Inactive Inactive Inactive Inactive
3 Curcumin Inactive Inactive Active Inactive Inactive
4 Eugenol Inactive Inactive Inactive Inactive Inactive
5 Gallic Acid Inactive Active Inactive Inactive Inactive
6 Kaempferol Inactive Inactive Inactive Inactive Inactive
7 Quercetin Inactive Active Inactive Active Inactive
8 Rutin Inactive Inactive Active Inactive Inactive
9 Tanshinone Inactive Inactive Inactive Inactive Inactive
The toxicological assessment of the nine to the other ligands. This finding aligns with previous

antioxidant ligands revealed varying safety profiles, as
indicated by their predicted LD50 values, toxicity
classes, and organ-specific effects. In terms of acute
toxicity, most ligands fell within toxicity classes 4 - 5,
suggesting relatively low toxicity at standard exposure
levels. Compounds such as chlorogenic acid, cinnamic
acid, kaempferol, and rutin showed high LD50 values (=
2,500 mg/kg) and belonged to class 5, indicative of
substances with limited acute toxicity. Curcumin,
eugenol, gallic acid, and tanshinone occupied class 4,
with LD50 values ranging between 1,655 and 2,000
mg/kg, reflecting moderate safety but warranting careful
dose consideration [44,45]. Quercetin displayed the
lowest LD50 (159 mg/kg), placing it in toxicity class 3,

indicating its relatively higher acute toxicity compared

studies that report quercetin’s higher toxicity due to its
low LD50 value and potential carcinogenic and
mutagenic effects [46].

Predicted organ toxicity provided further insights
into potential risks. Chlorogenic acid, curcumin, and
rutin demonstrated immunotoxic activity which may
reflect their immunomodulatory properties at higher
concentrations. Cinnamic acid showed hepatotoxic
potential, raising caution regarding possible liver-
related adverse effects upon prolonged use. Among the
flavonoids, quercetin exhibited both carcinogenicity and
that
benefits,

mutagenicity, suggesting despite its well-

documented antioxidant its therapeutic

window requires careful evaluation to minimize risks of

genotoxicity.  Similarly, gallic acid displayed
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carcinogenic potential, though other toxicity endpoints
remained inactive. By contrast, kaempferol, eugenol,
and tanshinone exhibited no activity across all assessed
organ  toxicity categories, underscoring their
comparatively favorable safety profiles.

The toxicological profiling suggests that while
most antioxidants investigated in this study exhibit
acceptable safety margins, certain compounds,
including quercetin and gallic acid, may pose risks
related to mutagenicity and carcinogenicity. These
the

structural

findings emphasize importance of dose

optimization, modification, and
comprehensive in vivo validation before advancing such
compounds toward clinical applications. On the other
hand, rutin, chlorogenic acid, and kaempferol stand out
as relatively safe candidates given their high LD50
values and minimal predicted organ toxicity, reinforcing

their suitability for further drug development efforts.

Molecular docking analysis
This analysis was performed to evaluate the
binding affinities and interaction profiles of the nine

selected antioxidant compounds against apoptosis-

regulating proteins, including TNFR1, Bax, Bak, Bid,
Bad, Fas
Caspase-9, and Caspase-3. These proteins represent

receptor, Endonuclease G, Caspase-8§,
critical nodes within intrinsic and extrinsic apoptotic
pathways, making them valuable targets for anticancer
drug discovery. The docking simulations provided
insights into the potential mechanisms by which natural
antioxidants may modulate apoptotic signaling by
stabilizing pro-apoptotic proteins or interfering with
anti-apoptotic regulators. Binding energy values
(kcal/mol) were used as a primary indicator of ligand-
protein affinity, complemented by an analysis of
hydrogen bonding, hydrophobic contacts, and n-type
interactions with key amino acid residues [47,48].
Dasatinib, a clinically used small-molecule kinase
inhibitor, was the reference compound to validate
docking accuracy and allow comparative evaluation
[49]. Collectively, this approach identifies antioxidant
ligands with strong binding potential and favorable
interaction networks, thereby supporting their candidacy
as modulators of apoptosis in cancer therapy. The results
of the interaction and energy evaluation between

molecular bonds are presented in Table 6.

Table 6 Molecular docking interactions and binding energies of antioxidant ligands.

Molecular bond Chlorogenic Cinnamic . Gallic . . . .
. . . . Curcumin Eugenol . Kaempferol Quercetin Rutin Tanshinone Dasatinib
interaction acid acid acid

TNFR1
HIS34 ASP91
GLU64 HIS34 HIS34 LYS35 HIS34
ALAG62 LYS35 GLU64
H-Bond LYS35 - GLU64 LYS35 LYS35 ALAG62 GLU64
LYS35 GLU64 LYS35
ALAG62 SER63 SER63 HIS34 SER63
ARG92 SER63
PHE60
. ARG92
n- Sigma HIS34 SER63 LYS35
- LYS35 ALAG62 LYS35 LYS35 - -
n-Alkyl LYS35 LYS35 LEU67
ASP93
HIS34
n-Cation
. LYS35
n-Anion GLU64 GLUo64 - LYS35 - GLU64 - - LYS35
GLU64
n-Sulphur
Binding Energy
-6.7 -53 -6 -5 5.6 -6.3 -6.7 —-6.8 6.7 -6.4
(Kcal/mol)
Bid
GLN60
GLU54 GLN60
GLN60 THR61 TRP53 GLN52 THR61 TRP53
H-Bond GLN60 GLN60 LEU59 LEU59
LEU59 ASP57 GLN60 THR61 ASP57 THR61
ASP57 ARG65
LEU59
n- Sigma
- TYR56 TYR56 TYR56 - - TYR56 - TYR56 -

n-Alkyl
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Molecular bond Chlorogenic Cinnamic . Gallic . . . .
. A . . Curcumin Eugenol . Kaempferol Quercetin Rutin Tanshinone Dasatinib
interaction acid acid acid
n-Cation
n-Anion GLUS54 - - - - - - - - GLUS54
n-Sulphur
Binding Energy
-5.5 -4.2 -4.8 -4 4.2 -4.9 5.1 =59 -6.2 -5.7
(Kcal/mol)
Bad
ASP156
ALA149
PHE105 ASP95
ARG102 LEU99 GLU98 LYS16
LYS20 GLU153 GLU153
H-Bond - LYS20 PHE105 PHE105 LEU99 GLU98 -
GLN19 SER145 PHE105
SER106 GLU98 PHE105 SER106
ARG102 ALA149
GLU153
GLU98
LYSI16
n- Sigma VAL152 VAL152 LEU99 VAL152
LEU99 PHE105 ALA149 - ALA149
n-Alkyl ALA149 ALA149 VAL152 LYS16
LYS20
n-Cation
. LYS20
m-Anion - - - - - - - - LYS20
GLU153
n-Sulphur
Binding E:
fneing BeTey 7 52 7 53 53 66 6.6 82 83 8
(Kcal/mol)
Bax
MET79
ALA112 MET99
H-Bond - ILE80 - ILES0 - - MET99 -
VALS3 SER101
LEU76
MET99
LEU76
ALA112 ALA112 VAL9YS
. VAL95 LEU76
n- Sigma LEU76 LEU76 LEU76 ILESO VAL9YS LEU76 ALA112
VAL9S PHE116 TLES0
n-Alkyl ILE80 ALA112 METY99 VALS3 PHE116 VAL95 VALS3
MET99 ALA112
VAL9S PHEI116 PHEI116
ALA112
LEU76
n-Cation
. ASP102
m-Anion MET99 MET99 - - - MET99 MET99 - -
ARGI109
n-Sulphur
Binding Energy
-6.2 -5.4 -6.8 53 43 -6.6 —6.6 -7.3 -7.7 -7
(Kcal/mol)
Bak
ARG137 SER91
GLN9%4
ARG42 ASP83 SER91 GLN%4 ASP90 ARG137
ARG137 GLY82
H-Bond - ARGS87 ARG42 GLN% ARG137 ARG137 ARG42 ARG42
ASP83 ARG42
ARG42 GLN45 ARG137 ASP83 ARG42 ASP83 GLN45
ASP83 ARG42
n- Sigma GLN45 GLN45 ALA49
ARG87 ARG87 ALA49 ARG87 ARGS87 ALA49 ARGS87
n-Alkyl ALA49 ALA49 ILESO
n-Cation ASP90
. ASP83 ASP 90 ASP90
n-Anion ASP90 - GLUS50 - - GLU46 -
ASP90 ARG137 ASP83
n-Sulphur GLUS0
Binding Energy
—6.8 -4.7 -6.3 -5 =57 -6.5 -6.8 -7.6 —6.8 7.1
(Kcal/mol)
Fas Receptor
SER225
LYS287 SER225 SER225
H-Bond ASP228 HIS282 HIS282 TYR232 SER225
HIS282 HIS282 TYR291

THR235




Trends Sci. 2026; 23(7): 12633 12 of 23
Molecular bond Chlorogenic Cinnamic . Gallic . . . .
. A . . Curcumin Eugenol . Kaempferol Quercetin Rutin Tanshinone Dasatinib
interaction acid acid acid
ALA290 TYR291
. ASP228 TYR232 TYR232 LEU298
n- Sigma TRP281 LEU229 LYS287 LEU229
LEU 229 TYR232 LEU229 ALA290 LYS287 TYR232
n-Alkyl LEU294 ASP228 ALA290 TYR232
TYR232 TYR291 ALA290 HIS282
LYS287 LEU229
n-Cation
n-Anion - - - HIS282 - - HIS282 HIS282 - TYR291
n-Sulphur
Binding Energy
-5.7 -4.5 -5.8 -4.2 -4 -6 -6 —6.6 -6.7 —6.6
(Kcal/mol)
Endonuclease G
ASN128
ARG95 ALA66 ALA97
ALA102 ALA101 ALA101
ASP9%4 ARG95 ALA101
ARG96 ASN133  ALAl101 ALA97 ALA97 ASN133 ALA102
H-Bond ALA97 ALA97 ASN133
ASP9%4 ASN128 GLU136 ASN128 ARG95 ARG105 ARG105
GLU136 ASN128 ASP65
ALA97 ASP9%4 LEU60
ARG105 ASN133 ARG66
ARG106
ALA97 ALA101 ALA102
. PHE71
n- Sigma ALA68 PHEL15 ALA101 ALA101
ALA68 ALA101 ALA100 ALA68 ALA63 ALA97
n-Alkyl PHE71 PHE71 ALA68 ALA68
ALA100
ALA101 ALA97 PHE115
n-Cation
n-Anion - - - - ASP9%4 - - - -
n-Sulphur
Binding Energy
-7.4 -5.1 =17 5.4 -6 -7.3 -1.7 -89 -7.8 -7
(Kcal/mol)
Caspase-8
HIS326
HIS326
ASP352 ASP349 GLU366 HIS324
SER193, SER372 ASP352 TYR323
H-Bond GLU366 HIS252 - HIS252 ASP352 TYR323
SER372 ASP352 ASP349 SER372
HIS324 PHE287 ASN369 PRO367
TYR288
SER372
PHE287
LEU256
. ILE347 PHE287 HIS324
n- Sigma THR195 ILE347 ILE347 PRO286
- PHE287 PHE287 TYR288 PHE370 ILE347
n-Alkyl PRO251 PHE370 PHE287 ILE347
TYR288 PRO251 LEU368
HIS326
PHE370
n-Cation
n-Anion PHE370 - HIS326 - - HIS326 HIS326 - - PHE287
n-Sulphur
Binding Energy
-6.7 -6 -6.3 -5.6 -6.2 -6.2 -6.4 -1.5 7.1 -7.2
(Kcal/mol)
Caspase-9
GLY288
THR181
ARG180 HIS237
ARG178 GLY176 CYS287
CYS287 ARGI178 THR181 CYS287
H-Bond GLY176 - - THR181 THRI181 THR179
ASP186 TYR251 ARG178 THRI181
HIS237 HIS237 ARG180
SER36 PRO357
CYS287
THR179
PRO357
. ARGI180 PRO357 PHE351
n- Sigma PHE351 ARG180 ARGI180 LEU177
- - PHE351 ARG180 ARG178 HIS237
n-Alkyl ARG180 PHE351 PHE351 PHE351
HIS237 PHE351 ARG180

CYS287
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Molecular bond Chlorogenic Cinnamic . Gallic . . . .
. A . . Curcumin Eugenol . Kaempferol Quercetin Rutin Tanshinone Dasatinib
interaction acid acid acid

n-Cation
n-Anion ARG180 - CYS287 CYS287  CYS287 - - - HIS237
n-Sulphur

Binding Energy

-6.7 -6 —6.6 5.1 5.2 —6.1 —6.3 =7 -7.3 —6.8
(Kcal/mol)
Caspase-3
SER63
ARG207 ARG207 GLU123 SER205 SER209 CYS163
H-Bond TRP206 - SER209 ARG207  TRP206 CYS163 GLU123 ARG207 HIS121 ARG207
ASN208 ARG207 GLY122 SER205 ARG207
SER205
PHE256 MET61
. TYR204
n- Sigma TRP206 TYR204 TYR204
- PHE256 - - - TYR204 TRP206
n-Alkyl HIS121 PHE256 TRP206
PHE256
CYS163 PHE256
n-Cation
. ARG207
m-Anion - - - - - - - CYS163
CYS163
n-Sulphur
Binding Energy
7.1 -53 -6.2 5.2 -4.8 —6.5 —6.9 7.6 7.9 -73
(Kcal/mol)
TNFR1 application. Conversely, curcumin, with a slightly

The tumor necrosis factor receptor 1 (TNFR1) is a
pivotal mediator of apoptotic and inflammatory
signaling, making it an attractive target in cancer
therapy. Molecular docking analysis revealed that rutin
exhibited the strongest binding affinity (6.8 kcal/mol),
followed closely by quercetin, chlorogenic acid, and
tanshinone (—6.7 kcal/mol each). Curcumin and
kaempferol also demonstrated moderate affinity (—6.0
and -6.3 kcal/mol, respectively). Key binding
interactions involved hydrogen bonds with residues
such as LYS35, GLU64, and HIS34, underscoring their
importance in ligand stabilization within the receptor
pocket. Dasatinib, a reference inhibitor, displayed a
binding energy of —6.4 kcal/mol and established a
balanced network of hydrogen bonds and hydrophilic
contacts, validating the docking protocol. Curcumin
formed a diverse interaction profile, including hydrogen
bonding with LYS35 and GLU64 and multiple n-type
interactions with PHE60, ARG92, ASP93, ALA62, and
HIS34. These combined electrostatic and hydrophobic
interactions likely confer enhanced conformational
stability despite its lower binding affinity than rutin.
From a translational perspective, while rutin and
quercetin  demonstrated stronger affinities, their
unfavorable pharmacokinetic properties, including poor

absorption and bioavailability, may restrict therapeutic

weaker binding score but superior drug-likeness, may
represent a more viable candidate for further

development.

Bid

Bid (BH3-interacting domain death agonist) is a
pro-apoptotic Bcl-2 family protein that links the
extrinsic and intrinsic apoptotic pathways. Based on
previous research, the key residue that binds the ligand
in Bid is GLN60 [50]. Docking analysis indicated that
rutin (5.9 kcal/mol) and tanshinone (6.2 kcal/mol)
showed the strongest binding affinities, surpassing other
antioxidants but remaining slightly lower compared to
the control dasatinib (—5.7 kcal/mol). Rutin exhibited
multiple hydrogen bonds with GLN60, LEUS9, ARG6S,
and m-alkyl stabilization with TYRS56, suggesting
favorable anchoring within the binding pocket.
Curcumin (4.8 kcal/mol) formed limited interactions,
primarily with GLN60, while cinnamic acid and gallic
acid demonstrated the weakest binding (4.2 kcal/mol).
Overall, rutin and tanshinone appear to be the most
promising ligands for Bid, potentially enhancing Bid-
mediated mitochondrial apoptosis through stable ligand-
protein interactions. Although tanshinone binds more
tightly to the receptors, it does not form hydrogen bonds
with GLN60, which might reduce target specificity.
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Quercetin, curcumin, and eugenol showed a similar
bonding pattern to GLN60 and TYRS56, which is
considered the key binding pattern to the Bid Receptor.

Bad

Bad, or also commonly known to be Bcl-2-
associated death promoter, is a BH3-only pro-apoptotic
protein that antagonizes anti-apoptotic Bcl-2 family
members, promoting apoptosis. Docking analysis
showed that tanshinone (— 8.3 kcal/mol) and rutin (-8.2
kcal/mol) exhibited the strongest binding affinities,
surpassing dasatinib (—8.0 kcal/mol). Curcumin (-7.0
kcal/mol) and chlorogenic acid (7.0 kcal/mol) followed
with moderate affinities. The ligands consistently
interacted with key residues, including GLUI1S53,
PHE105, GLU98, VAL152, and LYS20. These findings
indicate that tanshinone and rutin possess strong
potential to modulate Bad activity, thereby enhancing

intrinsic apoptotic signalling.

Bax

Bax is a pro-apoptotic protein that is central to
mitochondrial-mediated apoptosis by permeabilizing
the outer mitochondrial membrane. Molecular docking
against Bax resulted in tanshinone (-7.7 kcal/mol), rutin
(=7.3 kcal/mol), and Curcumin (—6.8 kcal/mol) as top
ligands with highly favorable binding energy similar to
dasatinib (—7.0 kcal/mol). Residues that play important
roles in the binding to Bax are ALA112, LEUT76,
MET99, and ILE80. Although tanshinone has a greater
binding energy with Bax, it exhibits no hydrogen
bonding to the protein. Despite slightly lower affinity,
Curcumin exhibited multiple stabilizing interactions and
binding patterns similar to dasatinib, making it a
promising candidate for Bax receptor modulation.

Bak

Bak, a significant pro-apoptotic Bcl-2 family
member, functions in synergy with Bax to mediate
mitochondrial outer membrane permeabilization, a
critical step in apoptosis. The binding energy from
molecular docking toward the Bak receptor ranged from
—4.7 to 7.6 kcal/mol. Rutin exhibited the strongest
binding energy (-7.6 kcal/mol) among the tested
compounds, surpassing dasatinib. Quercetin (—6.8
kcal/mol) and chlorogenic acid (—6.8 kcal/mol) also
displayed high affinities comparable to dasatinib.

Curcumin also showed fine binding energy stabilized by
multiple hydrogen bonds with residues similar to those
of dasatinib, which are ARG137, GLN45, and ARG42.
Although Kaempferol has a slightly better binding
energy than curcumin, it does not exhibit the same
binding model. Besides that, ASP83 and ALA49 also
play important roles in the binding of ligands in the Bak

receptor.

Fas receptor

The Fas receptor is an extrinsic apoptosis pathway
regulator, and ligand binding can initiate caspase
cascades. From the molecular docking results, the
binding energies of the tested ligands ranged from —4.0
to —6.7 kcal/mol. Tanshinone (—6.7 kcal/mol) showed
the strongest binding affinities, followed closely by rutin
(—6.6 kcal/mol), similar to dasatinib (—6.6 kcal/mol).
Quercetin (—6.0 kcal/mol), kaempferol (—6.0 kcal/mol),
curcumin (-5.8 kcal/mol), and chlorogenic acid (-5.7
kcal/mol) showed almost similar binding affinities,
whereas cinnamic acid and eugenol demonstrated
weaker affinities (< —4.5 kcal/mol). Several residues
commonly involved in ligand interactions are TYR291,
HIS282, TYR232, and SER225, suggesting these are
critical binding sites on the Fas receptor. Although
Tanshinone showed the strongest binding, it still lacks
hydrogen bonding, which could make the conformation
unstable. These findings indicate that rutin and
Tanshinone may effectively stabilize Fas receptor
conformations, although their therapeutic potential

remains dependent on pharmacokinetic optimization.

Endonuclease G (EndoG)

Endonuclease G is a mitochondria-localized
nuclease involved in caspase-independent apoptosis.
Binding energy from the molecular docking toward
Endonuclease G ranged from —5.1 to —8.9 kcal/mol.
Rutin exhibited the strongest binding (—8.9 kcal/mol),
surpassing dasatinib. Rutin established multiple
hydrogen bonds with ASN128, ALA97, and ARG106,
alongside extensive hydrophobic contacts (PHE71,
ALA101, ALA102). These interactions highlight rutin’s
ability to anchor deeply into the EndoG binding pocket;
otherwise, the pattern differs from dasatinib.
Tanshinone, curcumin, and quercetin also demonstrated
high affinities around —7.7 kcal/mol. The three with
substantial binding stability and overlapping residue
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interactions with the reference drug emerge as a
promising natural ligand of Endonuclease G-mediated

apoptosis.

Caspase-8

Caspase-8 is a critical initiator caspase involved in
the extrinsic apoptosis signalling pathway. Molecular
docking results against the caspase-8 receptor resulted
in binding energies ranging from —5.6 to —7.5 kcal/mol.
Rutin exhibited the strongest binding affinity, followed
by tanshinone, both of which have similar binding
energy to Dasatinib. Chlorogenic acid, quercetin, and
Curcumin also demonstrated favorable interactions
toward caspase-8. The key residues in the caspase eight
protein that bind to ligands are ILE347, HIS326,
HIS324, TYR323, and PHE287. Compared with
Dasatinib, rutin and tanshinone demonstrated nearly
equivalent binding energies, suggesting their potential
as potent natural caspase-8 modulators. While
moderately strong, Curcumin displayed multiple
hydrogen bonds and hydrophobic interactions
overlapping with residues bound by Dasatinib (ILE347,
PHE287, and HIS326), indicating a similar inhibitory
mechanism despite a slightly weaker docking score.

Caspase-9

Caspase-9 is a crucial initiator in the intrinsic
apoptotic pathway, activated via the apoptosome
complex. It showed binding energies ranging from —5.1
to —7.3 kcal/mol, with tanshinone (7.3 kcal/mol) and
rutin (—7.0 kcal/mol) exhibiting the highest binding
energy. Chlorogenic acid (-6.7 kcal/mol) and
curcumin (-6.6 kcal/mol) showed similar binding
energy with the reference drug dasatinib (—6.8
kcal/mol). Comparative analysis demonstrated that
tanshinone and rutin had stronger binding energies than
dasatinib, which appear to be promising ligands for
caspase-9 activation, supporting the role of natural
antioxidants in promoting mitochondrial apoptosis. The
residues commonly binding to ligands are PHE351,
CYS287, HIS237, ARG180, and THR179.

Caspase-3

Caspase-3 is a critical executioner caspase
responsible for the final stages of apoptosis. The
molecular docking results showed binding energies
ranged from —4.8 to —7.9 kcal/mol, with tanshinone (-

7.9 kcal/mol) and rutin (-7.6 kcal/mol) exhibiting
similar binding energies with dasatinib. Quercetin (6.9
kcal/mol), kaempferol (—6.5 kcal/mol), and curcumin (—
6.2 kcal/mol) showed moderate binding energy,
indicating favorable interaction with caspase-3. The
commonly similar residues that bind caspase 3 to
ligands are PHE256, ARG207, TRP206, TYR204, and
CYS163.

Candidate evaluation in apoptotic pathways

Among the tested antioxidants, chlorogenic acid
demonstrated relatively strong binding affinities with
apoptosis-regulating proteins, underlining its potential
as a modulator of apoptotic signaling. Lipinski’s
evaluation showed hydrogen bond donor (nHD)
parameter violation, which may limit its oral absorption
and permeability [32]. Despite this, ADMET analysis
indicated only two unfavorable pharmacokinetic scores,
while toxicity profiling suggested no major safety
concerns. This positions chlorogenic acid as a viable
candidate for further exploration, especially if supported
by formulation strategies aimed at improving its
bioavailability. In order to mitigate this pharmacokinetic
limitations,  formulation  approaches such as
phospholipid-based nanophytovesicles, phytosome
complexes, liposomal carriers, and chitosan
nanoparticles have been shown to enhance chlorogenic
acid’s lipid solubility, intestinal permeability, and
systemic exposure [51].

Curcumin also exhibited notable molecular
docking interactions, forming multiple hydrogen bonds
and non-covalent contacts with key residues that
reinforce  binding stability. Although ADMET
evaluation flagged two unfavorable pharmacokinetic
properties, the overall profile remains acceptable.
Furthermore, curcumin maintained a relatively safe
toxicological profile, supporting its suitability as a
therapeutic scaffold. The well-documented limitation of
curcumin’s poor systemic bioavailability could be
overcome through nanocarrier delivery, combination
therapy, or structural optimization, thereby enhancing
its therapeutic efficacy in apoptosis regulation [52].

Quercetin and rutin displayed strong binding
affinities toward apoptotic proteins but presented
significant limitations in drug-likeness and safety
profiles. Quercetin was predicted to have a relatively
low LD50 and showed positive alerts for
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carcinogenicity and mutagenicity, raising concerns
about its potential risks in therapeutic applications
despite its natural dietary abundance [44]. Conversely,
rutin exhibited strong binding energy and failed three of
Lipinski’s rule criteria due to its high molecular weight
and excessive hydrogen bonding potential, suggesting
poor permeability and absorption [32]. ADMET
highlighted
pharmacokinetics, undermining its development as a

predictions further unfavorable
drug-like molecule. Therefore, while quercetin and rutin
are biochemically active, their clinical translation may
be constrained without substantial chemical
modification or restriction to adjunctive, nutraceutical
applications.

Tanshinone represents another strong-binding
compound, yet its pharmacokinetic and toxicological
characteristics pose significant hurdles. ADMET
profiling indicated poor absorption and a short half-life,
limiting systemic exposure. Moreover, toxicity analysis
revealed a low predicted LD50, suggesting reduced
safety margins compared to other tested antioxidants.
Despite its molecular potential, these unfavorable
properties substantially reduce tanshinone’s feasibility
as a direct therapeutic candidate. Strategies such as
advanced drug delivery formulations may be required to
harness its bioactivity ~ while minimizing
pharmacological and toxicological drawbacks [53].

In contrast to the compounds with stronger
binding energies, cinnamic acid and gallic acid
exhibited relatively weaker affinities toward apoptotic
proteins. However, their pharmacokinetic evaluation
revealed more favorable properties, with both
compounds showing the least unfavorable ADMET
scores. These results suggest that although their direct
interaction strength with apoptosis-related targets may
not be ideal, their pharmacokinetic stability and drug-
likeness make them promising substrates for additional
modification. Significantly, their smaller molecular size
and favorable absorption potential could facilitate
structural modification to improve binding interactions
without substantially compromising pharmacokinetics,
thus positioning them as promising lead molecules for
rational drug design.

Meanwhile, kaempferol and eugenol
demonstrated intermediate docking affinities and
acceptable pharmacokinetic characteristics, with

kaempferol showing susceptibility to CYP2D6

metabolism and eugenol acting as an inhibitor of
CYP3A4. These features suggest potential drug-drug
interactions that must be carefully considered in
therapeutic contexts. Nevertheless, both compounds are
widely consumed in dietary sources and are known to
exert antioxidant and anti-inflammatory activities,
supporting their biological relevance. Their moderate
binding strength and relatively balanced ADMET
profiles indicate that kaempferol and eugenol could
serve as supportive therapeutic agents, potentially in
synergistic ~ formulations  with  stronger-binding
molecules such as curcumin or chlorogenic acid.
Overall, the molecular docking analysis highlights
that several antioxidant compounds, particularly
chlorogenic acid, curcumin, quercetin, rutin, and
tanshinone, exhibit strong binding affinities toward
apoptosis-regulating proteins, suggesting potential roles
in modulating apoptotic pathways. However, their
pharmacokinetic and toxicological profiles vary
considerably, with some compounds displaying limited
drug-likeness or safety concerns. In contrast, cinnamic
acid, gallic acid, kaempferol, and eugenol demonstrated
more favorable ADMET characteristics despite lower
docking affinities, indicating their promise as lead
scaffolds for optimization. These findings collectively
emphasize the importance of integrating docking results
with pharmacokinetic and toxicological evaluations to
identify antioxidant candidates with strong molecular

interactions and feasible drug development potential.

Molecular interactions visualizations

This study focused on three compounds with
consistently strong binding affinities to provide deeper
insights into the molecular mechanisms underlying their
pro-apoptotic potential. Two-dimensional and three-
dimensional molecular docking visualizations were
generated for chlorogenic acid (Figure 2), curcumin
(Figure 3), and quercetin (Figure 4). Rutin and
tanshinone were excluded from the visualization due to
unfavorable ADMET profiles and poor drug-likeness
scores. We selected ligand-protein interactions with
binding energies lower than —6 kcal/mol, ensuring that
the analysis emphasized biologically meaningful and
energetically favorable complexes. These visualizations
provide detailed insights into specific hydrogen bonds,
hydrophobic contacts, and electrostatic interactions

between the ligands and key amino acid residues within
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the binding pockets. Both docking energy values with identification of potential lead compounds for future in
interaction mapping analysis strengthens the biological vitro and in vivo validation.

relevance of the predicted binding modes. It supports the
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Figure 2 Visualization 3D and 2D of interactions of Chlorogenic Acid against the apoptotic-regulating protein. (a)

TNFR1, (b) Bad, (c) Bax, (d) Bak, (¢) Endonuclease G, (f) caspase-8, (g) caspase-9, and (h) caspase-3.
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Figure 3 Visualization 3D and 2D of interactions of Curcumin against the apoptotic-regulating protein. (a) Bad, (b) Bax,
(¢) Bak, (d) Endonuclease G, (e) caspase-8, (f) caspase-9, and (g) caspase-3.
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Figure 4 Visualization 3D and 2D of interactions of Quercetin against the apoptotic-regulating protein. (a) TNFR1, (b)
Bad, (c) Bax, (d) Bak, (¢) Endonuclease G, (f) caspase-8, (g) caspase-9, and (h) caspase-3.

Conclusions

This study comprehensively evaluated nine
antioxidant compounds derived from Indonesian herbal
plants through molecular docking, ADMET profiling,
and toxicity prediction against key apoptotic-regulating
proteins. This study revealed that several compounds,
including chlorogenic acid, curcumin, quercetin, rutin,
and tanshinone, exhibited strong binding affinities
toward almost all apoptotic-regulating proteins,
especially Bad, endonuclease G, caspase-8, and
caspase-3 proteins. Suggesting their potential role in
modulating apoptotic pathways. ADMET analysis
indicated that most compounds possess favorable
pharmacokinetic properties, although rutin and
tanshinone  showed  limited absorption and
bioavailability, kaempferol, and eugenol demonstrated

possible ~ CYP-mediated interactions.  Toxicity

predictions further confirmed that most compounds fell
into safe toxicity classes with low risk of organ-specific
toxicities. These findings highlight the therapeutic
promise of selected natural antioxidants as potential lead
compounds in cancer adjuvant therapy, while also
underscoring the need for further in vitro and in vivo
validation to confirm their efficacy and safety. /n vitro
analysis could be conducted to search for activity and
efficacy by using enzyme assays for each receptor that
is tested. Furthermore, in vivo analysis also could be
used to evaluate the compounds efficacy in living
organisms while also seeing the safety and toxicity of
the compounds itself.

This study is still limited to the exploration of
possible interactions between the antioxidant compound
we used as ligand with many receptors that could
contribute to cell apoptosis by using molecular docking
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simulations. There forewe didn’t conduct molecular
dynamics simulations as it is not part of the study and it
is the limitation of this study.

Future studies should focus on validating these in
silico findings through in vitro and in vivo experiments
to establish the biological relevance of the predicted
interactions. Isolation and standardized extraction of the
identified antioxidants from Indonesian herbal plants
could provide a sustainable source for further
pharmacological  testing. = Moreover,  structural
optimization and formulation approaches, such as
nanoparticle-based delivery systems, may help
overcome limitations in solubility, bioavailability, and
metabolic stability observed in some compounds,
particularly rutin and tanshinone. Integration of
advanced  computational  techniques, including
molecular dynamics simulations and quantitative
structure-activity relationship (QSAR) modeling, would
also enhance the prediction accuracy of ligand-protein
interactions and pharmacokinetic behaviors. Ultimately,
these efforts may accelerate the translation of natural
antioxidants into novel adjuvant therapeutic agents
targeting apoptotic-regulating proteins for cancer

treatment.
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