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Abstract

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a phytochemical compound that is
commonly found in conjugated forms within mono-, di-, polysaccharides and other
organic compounds in cell walls of grain, fruits, and vegetables. This compound is highly
abundant in the palm oil waste. The aim of the study was to predict the anticancer activity
of ferulic acid against the breast cancer cell lines (MCF-7) receptors through a
computational analysis. MCF-7 receptors with PDB IDs of 1R5K, 210G, 4IV2, 4IW6,
5DUE, 5T92, and 5U2B were selected based on the Simplified Molecular Input Line Entry
System (SMILES) similarity of the native ligand. Thereafter, the protein was prepared on
Chimera 1.16 and docked with ferulic acid on Autodock Vina 1.2.5. The ligand-protein
complex interaction was validated by computing the root mean square fluctuation (RMSF)
and radius of gyration (Rg) through molecular dynamic simulation. In addition, an
absorption, distribution, metabolism, excretion, and toxicity (ADMET) prediction was
performed on ferulic acid using the pkCSM platform. The molecular docking revealed that
the ferulic acid could interact with all receptors as indicated by the affinity energy <-5
kcal/mol. The compound had the most optimum interaction with receptor 210G (affinity
energy=-6.96 kcal/mol), involving hydrophobic interaction (n=12) and polar hydrogen
interaction (n=4). The molecular dynamic simulation revealed that the complex had an
RMSF of 1.713 A with a fluctuation of Rg value around 1.000 A. The ADMET properties of
ferulic acid suggested that the compound is an ideal drug candidate. In conclusion, this
study suggested that ferulic acid, which can be isolated from palm oil waste, has the
potential to interact with MCF-7 receptors.
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Introduction

Breast cancer is one of the most serious health problems, claiming the lives of 400,000

individuals with an average of 1,500,000 new cases globally each year [1]. In 2020, 2.3 million
new cases and 685,000 deaths related to breast cancer were reported [2]. As the most common
type of cancer in women, breast cancer incidence rate could reach 40 cases per 100,000 women.
The trend of this disease is concerning, as a study in 2023 revealed that the mortality rate
increased by 14% since 2018 [3]. Furthermore, a bibliometric analysis revealed that breast cancer
is currently considered as a critical issue that significantly impacts women's health, particularly
those living in Indonesia [4].

In general, the disease can be divided into benign and malignant types of breast cancer.
Benign breast cancer is characterized by small, round, and soft lumps. Meanwhile, malignant
breast cancer is characterized by asymmetrical shape, roughness, pain, and many other
symptoms. The growth of breast cancer can spread between cells and other tissues and obstruct
the body's metabolic functions [5]. Mammary glands, glandular ducts, and supportive breast
tissue (fatty and connective tissue) can all harbor these cancers. Currently, the therapeutic
treatment of this cancer is challenging. The definitive treatment is mostly performed by surgical
removal of the affected tissue and chemotherapy, but they are constrained by a high cost [6].
Moreover, the cell cancer could develop resistance to the anticancer drugs, contributing to
another difficulty in treating the disease [7]. Hence, the discovery of new drugs that can treat or
prevent the growth of breast cancer cells is an urgent research topic.

On the other hand, Indonesia produced a substantial amount of palm oil in 2018, reaching
up to 29.67 million tons, which has consequently resulted in a significant volume of agricultural
solid waste [8-9]. Seeds and leaves of the oil palm, which constitute major solid waste, are rich in
ferulic acid content, both in free form and bound to lignin or other biopolymers. [10]. Ferulic acid
(4-hydroxy-3-methoxycinnamic acid) can be isolated from the palm oil solid waste and has been
found to possess a wide range of pharmacological activities, including anti-inflammatory, anti-
allergic, antiviral, anticancer, antioxidant, hepatoprotective, and antithrombotic properties [11].
The compound has been reported to exhibit various anti-cancer activities, from inducing
apoptosis to autophagic cell death, depending on the cancer cell lines [12]. Modifications in the
expression of procaspase-9, procaspase-8, procaspase-3, poly (ADP ribose) polymerase, Bcl-2,
and Bax have been suggested to mediate the possible apoptotic activity of ferulic acid [13]. It was
also found to have the ability to prevent the activation of the canonical Smad pathway and the
kinase/Akt (protein kinase B) pathway that is controlled by extracellular signals that are not
canonical. Therefore, the present study assessed the potential interaction of ferulic acid against
the MCF-7 receptors to predict its activity as an anti-breast cancer agent.

In silico approaches were used in the present study to investigate the probable activities of
ferulic acid in inhibiting the MCF-7 receptors. The aim of this study was to identify the drug
targets of ferulic acid when acting as an anti-breast cancer agent. In silico approaches have been
well employed in drug development because they may help identify ligand-receptor interactions,
structural optimization, and synthesis [14]. Herein, in silico analysis of ferulic acid was conducted
with several MCF-7 proteins as receptors to understand the basis of molecular interactions and
binding affinity of these ligands with proteins. The receptors of MCF-7, specifically 1R5K, 210G,
4IV2, 4IW6, 5DUE, 5T92, and 5U2B, were selected based on the similarity of the Simplified
Molecular Input Line Entry System (SMILES) of their respective native ligands. Performing in
silico studies on proteins with close ligand similarity closely related ligands facilitates
comparative analyses, which consequently provide better insights into binding affinities,
structural variations, and potential cross-reactivity [15].

Methods

Study design

In silico approaches were employed in this study to elucidate the potential of ferulic acid in
interacting with MCF-7-related receptors. First, the receptors were selected based on the
similarity of their native ligand SMILES. Subsequently, the ferulic acid was assigned as the ligand
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and computationally docked to the selected proteins. The best docking result was validated using
molecular dynamic simulation. All computational simulations were performed on a Lenovo
laptop equipped with an Intel Core i3-1115G4 Central Processing Unit operating at 3 GHz,
running Windows 11 Ultimate 64-bit with 8 GB of random-access memory.

Selection of MCF-7 receptors

Initially, 50 non-mutated receptors related to MCF-7 were identified through a search on the
RSCB Protein Data Bank (PDB). Following this, the receptors were clustered based on the native
ligand’s SMILES similarity. The clustering process was performed on the Datawarrior platform
(https://openmolecules.org/datawarrior/), which supported the enumeration of combinatorial
libraries and the generation of evolutionary models. Through this platform, the clustering was
benefitted from the calculation of physicochemical properties and the prediction of the activity
relationship [16]. The process identified a cluster comprised of 7 receptors with closely similar
SMILES. The receptors were 1R5K, 210G, 4IV2, 4IW6, 5DUE, 5T92, and 5U2B, where their 3D
structures are presented in Figures 1A-1G.

Preparation of ferulic acid structure

The ligand used in the computational simulation was ferulic acid (CtoH1004; CAS number: 537-
98-4). The 2D structure of ferulic acid was prepared by using ChemDraw Ver. 18 (PerkinElmer
Informatics Inc., Shelton, Washington, USA). Subsequently, the 2D structure was converted into
the 3D structure by using Chem3D Ver. 18 (PerkinElmer Informatics Inc., Shelton, Washington,
USA). The generated 3D structure of ferulic acid is presented in Figure 1H.

Docking preparation

Docking preparation was carried out by utilizing Chimera 1.16 software. The seven receptors were
aligned to standardize their 3D positions, ensuring that the coordinates (center x, y, and z) of
their native ligands were consistent across all receptors. A grid box coordinate of x: 16.81, y: 7.88,
and z: 14.78 was obtained and used for the docking with ferulic acid. The receptor was further
prepared by the addition of hydrogen (addH) and partial atomic charge using the Gasteiger
method. As for the ligand preparation, its SMILES was inputted to Balloon 1.8.2 software to
generate the 3D structure in .sdf format. Open Babel software was subsequently utilized to
optimize the atomic positions and reduce the molecular potential energy.

Molecular docking

Each receptor and its native ligand were respectively converted into a .pdb file for redocking
protocol using Vina 1.2.5 docking software. The redocking with the native ligand was performed
to compute the root mean square deviation (RMSD). We used RMSD<2 A as the cut-off for
validating the grid box coordinate. The three-dimensional simulated interactions between ferulic
acid and the selected MCF-7 receptors were run on AutoDock Vina 1.2.5, following the suggestion
from a previous study [17].

Molecular dynamics simulation

In order to determine the stability of the molecular complex, the docking results were validated
using molecular dynamics simulations on CABS-flex 2.0 (https://biocomp.chem.uw.edu.pl/
CABSflex2/index). The ligand-protein complex which tested in the simulation was selected based
on the RMSD value as the stability indicator. The parameters of molecular dynamic simulation
included the protein rigidity, restraints, number of cycles, C-alpha restraints weight, side-chain
restraints weight, temperature range, trajectory, and random number generator seed. The setting
of these parameters followed the protocols reported previously [18-19].

Absorption, distribution, metabolism, excretion, and toxicity (ADMET)
predictions

The SMILES of ferulic acid was used to predict the ADMET properties on the pkCSM platform
(http://biosig.unimelb.edu.au/pkesm/), as suggested by a previous study [20]. Upon inserting
the SMILES code and running the prediction, data on the pharmacokinetic and toxicological of
the ferulic acids were collected. The prediction was run based on the pkCSM theory [21].
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5U2B Ferulic acid

Figure 1. Three-dimensional structures of the MCF-7 receptors (A-G) and ferulic acid (I).

Results

Interaction between ferulic acid and MCF-7 receptors

Parameters calculated from the redocking with the native ligand and the molecular docking with
ferulic acid are presented in Table 1. RMSD calculated at the best resolution ranged from 0.64 A
(210G) to 1.79 A (4IV2). The highest involvement of polar hydrogen interaction (n=10) was
observed in the interaction between ferulic acid and 4IW6. However, the affinity energy of the
interaction was merely -6.21 kcal/mol. The best binding affinity (-6.96 kcal/mol) was found in
the ferulic acid-2I0G complex. The 3D representation of the interaction between ferulic acid and
2]0G is presented in Figure 2. Since the ferulic acid-2I0G complex had the lowest RMSD and
affinity energy, it was selected for molecular dynamic simulation.

Molecular dynamics results

The root mean square fluctuation (RMSF) plot was obtained from the molecular dynamics
analysis of the ferulic acid-receptor 210G complex presented in Figure 3. The RMSF value for
the complex was below 3 A (1.713 A), an indication of stable complex bonding. The molecular
docking validation also revealed radius of gyration (Rg) was computed and presented in Figure
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4. The Rg value of the ferulic acid-2I0G complex fluctuated near 1.000 A and decreased on the
minimum value of 0.100 A, where only a few conformational changes were observed throughout
the docking simulation.

Table 1. Result of redocking with the native ligand and docking with ferulic acid on selected MCF-
7 receptors

Receptor Resolution RMSD  Affinity energy Interaction Amino acids
A 0N (kecal/mol)
Native  Ferulic
ligand acid

1R5K 2.70 1.70 -10.38 -6.36 HI Leus25, Ile424, Alags0, Leu387
PHI Hoh7yoo
210G 1.60 0.64 -12.23 -6.96 HI Alass0, Cys530, Leu346,

Leuss4, Leu387, Leusot,
Leugq28, Phe42s, Ile424,
Trp383, Met421, Valg418
PHI Glugs3, Arg394, Glys21, Lys531
4IV2 2.14 1.79 -0.76 -6.16 HI Leu346, Leu384, Leus87,
Leu3oi, Alag50, Met421,
Pheg2s, lle424
PHI Arg394, Gluzs3, His524
4IW6 1.98 0.88 -10.10 -6.21 HI Alaszso Ileq424, Leu384, Leu387,
Leu3o1, Leus25, Leus36,
Leus40, Met388, Met421,
Trp383
PHI Arg394, Glu3s3, Leu346,
Leu349, Leugq28, Pheq2s,
His524, Met343, Thr347,

Hoh7o1
5DUE 2.09 1.57 -10.94 -6.56 HI Leus46, Leus87, Leus88,
Leu3o1, Met388, Met421,
Alagso
PHI Gluss3, Glug19, Thr347, Glys21
5T92 2.22 1.77 -11.95 -6.44 HI Leus87, Leus3oi, Leus2s,
Alazs50, Met388, Met421, Ile424
PHI Gluzs3, Arg394, His524
5U2B 1.59 0.70 -11.21 -6.13 HI Leus87, Leuso1, Leus25,
Met343, Met421, Ile424, Alazs
PHI Glu3ss, Arg394

HI: hydrophobic interaction; PHI: polar hydrogen interaction; RMSD: root mean square deviation
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Figure 2. Three-dimensional interaction between ferulic acid and receptor 210G. The ligand-
protein complex has the best binding affinity and root mean square deviation (RMSD) scores of
-6.96 kecal/mol and 0.64 A, respectively.
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JRMSF =1.713 A

RMSF

Figure 3. Root mean square fluctuation (RMSF) plot obtained from the molecular dynamic
simulation of ferulic acid-receptor 210G complex.
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Figure 4. The radius of gyration value of ferulic acid-receptor 210G complex. The X radius of
gyration (Rg) is equal to 1.000 A.

ADMET properties analysis results

The ADMET properties of ferulic acid are presented in Table 3. In terms of absorption, the
compound was predicted to have a water solubility of -2.917 logS and a CaCO, permeability of -
0.047 logPapp, with a high human intestinal absorption rate of 94.87%. Regarding distribution,
the volume of distribution at steady state in humans was predicted to be -1.132 logL/kg, where
the blood-brain barrier permeability was found to be -0.253 cm/s. For the metabolism parameter,
the compound was not a substrate for CYP2D6 or CYP3A4 enzymes. Excretion prediction showed
that the compound was not a substrate for the renal organic cation transporter and had a total
clearance rate of 0.655 log mL/min/kg. In terms of toxicity, the rat LD, was predicted to be 2.325
mol/kg. The prediction also revealed that the compound was unlikely to exhibit toxicity based on
the Ames test.
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Table 3. Absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties
prediction of ferulic acid

Parameters ADMET properties Value or remark
Absorption Water solubility (logS) -2.917
CaCO- permeability (logPapp) -0.047
Human intestinal absorption (%) 94.871
Distribution Volume of distribution at steady state (human) (logL/kg) -1.132
Blood-brain barrier permeability (cm/s) -0.253
Metabolism CYP2D6 substrate No
CYP3A4 substrate No
Excretion Renal organic cation transporter No
Total clearance (log mL/min/kg) 0.655
Toxicity Rat LDso (mol/kg) 2.325
Ames toxicity No
Discussion

In the present study, the docking experiment suggested that ferulic acid has the potential to
interact with MCF-7 receptors, thus impairing the growth of breast cancer. Ferulic acids form the
interaction with the receptors through hydrogen and hydrophobic bonds. The validity of our
docking results was supported by the RMSD value of less than 2 A, as suggested by previous
studies [22-23]. Receptor 210G particularly had the lowest RMSD score of 0.64 A with a
redocking score of -10.38 kcal/mol. With an RSMF value less than 3 A, this interaction is not only
shown to be strong but also stable and less likely to be deviated in the real experiment. Similarly,
the strong and stable interaction was corroborated by the Rg value that fluctuated near 1.000 A
and decreased on the minimum value of 0.1 A.

Further analysis of the ADMET properties of ferulic acid described the probable biological
activities of the compound. In comparison with previous studies, the water solubility and CaCO,
permeability of ferulic acid could be categorized as low [24-25]. Moreover, ferulic acid was found
to have a low volume of distribution at steady state (<-0.15 logL/kg), suggesting that the
compound would be difficult to spread across tissue [26]. In accordance with a previous study,
the low blood-brain barrier permeability suggested that ferulic acid would not affect the human
brain. We also noted that the ferulic acid was predicted as a non-substrate for CYP2D6 and
CYP3A4 enzymes. As the two enzymes did not metabolize the compound, the interaction with the
drug target, including the MCF-7 receptors, was likely to occur [27-28]. Our finding also
suggested that ferulic acid was not a substrate for renal organic cation transporter. This condition
might indicate that ferulic acid might have a longer half-life and prolonged therapeutic effects
[29-30]. It is noteworthy that, apart from being retained in the body, the compound was predicted
to be non-toxic according to the Ames toxicity test, particularly in causing angiogenesis to the
cancer cell.

A previous docking experiment uncovered the potential of ferulic acid derivatives on the
P2Y12 receptor. Ferulic acid expressed non-toxic activity against normal cells and its penetration
in the blood-brain barrier was found to be moderate. Nonetheless, the penetration ability of this
compound was found to be ineffective in inhibiting the CYP2D6 and CYP3A4 enzymes [26].
Another study found that ferulic acid and its derivatives could act as antagonists for angiogenesis.
The target of the receptors was found to be fibroblast growth factor receptor-1, a key angiogenesis
receptor in the cancer growth pathway. Modifying ferulic acid by replacing the phenolic moiety
with the ester was revealed to increase its bioactivity and ADMET profile [31-35].

Our findings contributed to the understanding of ferulic acid’s potential as an anti-breast
cancer agent. However, some limitations in this study are worthy of consideration, including the
predictive nature of the data generated in this study. Moreover, the prediction excludes the
consideration of the physiological and biological factors affecting the ligand-protein interaction.
Further research approaches, such as in vivo and in vitro, are needed to support the findings in
the present in silico study.

Conclusion
Ferulic acid, an abundantly available bioactive compound in palm oil waste, may form
interactions with MCF-7 receptors, particularly receptor 2I10G. Further, the compound had ideal
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pharmacokinetic activity as a drug candidate with low mutagenic and toxicity activity. Our
findings recommend confirming the ferulic acid’s anti-breast cancer potential through in vivo and
in vitro analysis.
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