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Abstract
Purple rice is one of the main sources of ferulic acid (FA). Some studies reported anti-inflammatory properties of FA, but the interaction of FA with
TNF-a signaling has not been elucidated. TNF-a is a target for anti-inflammatory drug research due to its major role in the inflammatory process. This
study aims to investigate the interaction of FA with TNF-a and TNF-a receptor (TNFR) through in silico study and evaluate the drug-like properties and
biological activity of FA. The interactions among FA (CID 445858), TNF-a (2AZ5), and TNFR (INCF) were docked by Hex 8.0.0 Cuda, then visualized
by Discovery Studio 2020 and LigPlot V.1.4.5. Apigenin-7-glucuronide (AG, CID 5319484) was used as the positive control. The drug-like properties
were predicted by Lipinski’s rule of five and the biological activity was analyzed by PASS online. FA showed good properties as a drug-like molecule
and biological activity as an anti-inflammatory. FA also showed good interaction with TNF-a and TNFR. FA bound to TNF-a at Asn92(B), Val91(B),
Leu93(B), Phel24(B), Phel24(D), and Leu93(D) residues with docking energy of -214.6 kJ/mol, and bound to TNFR at Prol16(A), Glu56(B), Cys55(B),
Glu54(B) residues with docking energy of -191.1 kJ/mol. FA could inhibit TNF-a — TNFR interaction by binding to TNFR at Glu54 residue, the same
inhibition mechanism to AG which bind to TNFR at Glu54 and Val90. The current study shows that FA has the potential as an anti-inflammatory of

TNF-a signaling and can be developed as an oral anti-inflammatory drug candidate.
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Introduction

Ferulic acid (FA) is a derivative of phenolic
compounds that are abundant in plants (Kumar & Pruthi,
2014). FA is found in seeds, grasses, vegetables, flowers,
fruits, and leaves. Some sources of ferulic acid including
rice, wheat, oats, pineapple, nuts, coffee beans,
artichokes, bananas, spinach, corn, rye, barley, eggplant,
and beetroot (Boz, 2015; de Paiva et al., 2013; Kumar &
Pruthi, 2014). The main source of FA is rice (Alam,
2019). Among the variant color of rice, purple rice show
higher content of FA (64.58 + 0.40 to 218.39 + 1.28 ng/g)
than black (26.09 + 0.11 to 215.21 £ 0.21 pg/g) and
white rice (119.37 + 1.81 to 199.23 + 0.70 pg/g) (Zhang
etal., 2015).

Several studies reported anti-inflammatory activity of
FA, such as reducing the activity of xanthine oxidase and
cyclooxygenase (COX) (Zdunska et al, 2018). FA
reduces the levels of inflammatory mediators by
inhibiting COX, inducible nitric oxide synthase (i-NOS),
and caspase-1 function, for example by activating
nuclear factor kappa-B (NF-kB). Another mechanism is
by reducing the levels of tumor necrosis factor-alpha
(TNF-a)) and some interleukin (IL) including IL-1p, IL-6,
IL-8. FA is also able to increase the secretion of IL-10
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which acts as an anti-inflammatory (Ge et al., 2017;
Silva & Batista, 2017; Yin et al., 2019; Zhang et al.,
2018; Zhu et al., 2014).

Among proinflammatory cytokines, TNF-a is the
major regulator of inflammatory cytokine production that
plays a pivotal part in activating inflammatory cells and
the development of many chronic inflammatory diseases
(Parameswaran & Patial, 2010). Diseases associated with
TNF-a signaling aberration including rheumatoid
arthritis, Crohn’s disease, atherosclerosis, ankylosing
spondylitis, inflammatory bowel disease, psoriasis,
sepsis, diabetes, obesity, and noninfectious uveitis
(Bradley, 2008; Jang et al., 2021; Parameswaran & Patial,
2010).

TNF-0 is generated mainly by monocytes or
macrophages. It can be produced in smaller quantities by
other cells such as B and T lymphocytes, fibroblasts,
mast cells, neutrophils, natural killer cells, and
osteoclasts (Holbrook et al., 2019). TNF-a signals
through TNF-a receptor (TNFR). It binds to the receptor
with high affinity then transports molecular signals for
inflammation and cell death (Jang et al, 2021;
Parameswaran & Patial, 2010; Wajant & Siegmund,
2019).

The inhibition of TNF-a signaling can be virtually
predicted by in silico study (O’Connell et al., 2019;
Wang et al., 2019). Molecular docking can be used to
analyze the binding mode of a compound in a drug
discovery process (Xu et al., 2018). It is the most
commonly used method with low cost and fast results to
characterize the binding site of protein-ligand (Kim et al.,
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2016). The docking method could be validated by using
reference ligand (Parikesit & Nurdiansyah, 2021), such
as apigenin-7-glucuronide (AG) as the TNF-inhibitor
(Salehi et al., 2019).

As TNF-a is crucial in the inflammatory process, the
inhibition of TNF-a signaling is a recent target for drug
research (Bai et al., 2021). The ability of FA in
preventing TNF-a signaling will explain a new
mechanism of FA as an anti-inflammatory agent.
Therefore, this study aims to investigate the interaction
of FA with TNF-a and TNFR by in silico study and
evaluate the drug-like properties and biological activity
of FA.

Method

Protein and ligand preparation

Ferulic acid of purple rice was retrieved from the
Pubchem Compound database from NCBI with Pubchem
CID 445858
(https://pubchem.ncbi.nlm.nih.gov/compound/445858).
AG was used as reference, also retrieved from Pubchem
with CID 5319484
(https://pubchem.ncbi.nlm.nih.gov/compound/5319484).
FA and AG structures were converted to PDB format
using PyRx software (Hikmawati et al., 2020). While the
three-dimensional protein structures were obtained from
the RCSB PDB including TNF-a (2AZS,
https://www.rcsb.org/structure/2AZ5) and TNFR (1NCEF,
https://www.rcsb.org/structure/ INCF). The water
molecules and ligand bound to protein structures were
eliminated by Discovery Studio 2020 software (Tapiory
et al., 2020). All of the softwares were used by default
setting.

Prediction of drug-likeness and biological activity

The drug-like properties of FA were predicted by
running the Lipinski’s rule of five server (http://scfbio-
iitd.res.in/software/drugdesign/lipinski.jsp). The pdb
form of FA was submitted to the server to generate data
including molecular mass, number of hydrogen bond
donor and acceptor, logP value, and molar refractivity
(Sreelakshmi et al., 2017).

The biological activity was predicted by PASS online
(http://www.way2drug.com/passonline/predict.php) by
submitting the canonical SMILES of FA to get the
prediction of the biological activity of FA (Basha et al.,
2018; Sari et al., 2019). We screened for the biological
activity related to anti-inflammatory with Pa value > 0.3.
All of the servers were used by default setting.

Molecular docking and visualization

The molecular docking among FA, TNF-o, and
TNFR were designed as follow: (1) TNF-a and TNFR, (2)
TNF-0 — TNFR complex and FA, (3) TNF-a and FA, (4)
TNF-a — FA complex and TNFR, (5) TNFR and FA, (6)
TNFR — FA complex and TNF- o. The docking were
carried out using the blind docking Hex 8.0.0 Cuda with
ShapetElectro+DARS,  root-mean-square  deviation
(RMSD) value < 2 A, and other parameter as default.
The docking validation method was performed with AG
as the positive control. The interaction was visualized by
Discovery Studio 2020 software and LigPlot V.1.4.5 to

analyze the binding sites (Faizah et al., 2021; Safitri et al.,
2021). The Discovery Studio 2020 and LigPlot V.1.4.5
were used by default setting.

Results

The drug-like properties and biological activity of FA

The drug-like properties and biological activity of FA
were performed in Tables 1 and 2. FA has a molecular
mass < 500 Dalton, LogP < 5, hydrogen (H) bond
acceptors < 10, H bond donors < 5, and molar
refractivity between 40-130. There is no violation of
Lipinski’s rule of five, thus FA meets the criteria as a
drug-like molecule.

The prediction of the biological activity of FA was
performed to validate the suitability of FA as an anti-
inflammatory of TNF-a signaling. FA exhibits some
biological activities related to anti-inflammatory,
including TNF expression inhibitor; anti-inflammatory in
general, intestinal, and ophthalmic; and non-steroidal
anti-inflammatory agent. Those activities have Pa more
than the Pi value and the Pa value > 0.3. The biological
activity as a TNF expression inhibitor showed the
highest Pa value (> 0.7), while the others range between
0.3-0.7. Regarding the biological activity, FA is suitable
as the ligand of the docking.

Table 1. The Lipinski’s properties of FA

Property Value
Molecular mass 194 Da
LogP 1.499
H bond donor 2
H bond acceptors 4
Molar refractivity 51.329
Table 2. The predicted biological activity of FA
Biological activity Pa? Pi®
TNF expression inhibitor 0.8 0.003
Anti-inflammatory, intestinal 0.6 0.003
Anti-inflammatory 0.6 0.031
Anti-inflammatory, ophthalmic 0.3 0.011
Non-steroidal anti-inflammatory agent 0.3 0.026

“Pa is probability to be active
YPj is probability to be inactive

The interaction of FA with TNF-a and TNFR
Molecular docking has been conducted to examine
the interaction among FA, TNF-a, and TNFR. To
examine how ferulic acid inhibits TNF-a signaling, by
binding to TNF-o and/or TNFR, the docking was
designed between TNF-a and TNFR, TNF-a — TNFR
complex and FA, TNF-a and FA, TNF-a — FA complex
and TNFR, TNFR and FA, and TNFR — FA complex and
TNF- o. Figure 1 and Table 3 showed that FA could
interact with TNF-o, TNFR, and also TNF-a — TNFR
complex. FA interacts with TNF-o in some residues
including Asn92(B), Val91(B), Leu93(B), Phel24(B),
Phe124(D), and Leu93(D) with hydrophobic bonds.
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Figure 1. Interaction of FA with TNF-o and TNFR. (al) The conformation of TNF-o and TNFR interaction, (a2) 2D structure; (b1) The conformation
of TNF-a and TNFR complex interacted with FA, (b2) 3D and (b3) 2D structures; (c1) The conformation of TNF-a and FA interaction, (¢2) 3D and
(c3) 2D structures; (d1) The conformation of TNF-a and FA complex interacted with TNFR, (d2) 3D and (d3) 2D structures; (el) The conformation
of TNFR and FA interaction, (¢2) 3D and (e3) 2D structures; (f1) The conformation of TNFR and FA complex interacted with TNF-a, (£2) 3D and (£3)
2D structures. FA, TNF-a, and TNFR are colored in blue, purple, and green, respectively.
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When this complex interacts with the TNF-a, the binding
sites are the same as TNFR — FA interaction indicating
that FA is still bound to TNFR. The interaction of TNFR
— FA — TNF-o generated lower binding energy than
TNFR - FA interaction. Among the residues in the
binding site of FA and TNFR, Glu54(B) is also found in
the interaction of TNF-o — TNFR.

Figure 1 also showed the interaction of FA with
TNF-o0 — TNFR complex in some residues including
GIn67(B) (hydrogen bond), Gly68(B), and Pro70(B)
(hydrophobic bonds). This interaction produced higher
binding energy than the interaction of TNF-a — TNFR.
While TNF-a, as the native ligand, binds to TNFR with
bond type including hydrogen, hydrophobic, and
interface 2 bonds.

The validation of the docking method was conducted
with AG as the reference. Figure 2 and Table 4 showed
the interaction of AG with TNF-a and TNFR in some
amino acid residues. AG bind to TNF-a with
hydrophobic bonds, and bind to TNFR with hydrophobic

and hydrogen bonds. Among the residues in the binding
site of AG and TNFR, Glu54(B) and Val90(B) are the
residues at the binding site of TNF-a — TNFR.

From all of the docking simulations, we observed the
stable binding of FA — TNF-a and FA — TNFR as well as
AG — TNF-a and AG — TNFR. Those were indicated by
the same position of FA/AG and their binding sites when
those complexes interacted with TNFR/TNF-a. All of the
residues in the binding site of TNFR — FA are the same
as some residues in the binding site of TNFR — AG. The
Glu54(B) was found in the interaction of TNFR — FA,
TNFR — AG, and TNFR — TNF-a. It showed that FA
could bind to the binding site of TNF-a — TNFR, then
inhibit the binding between TNF-o and TNFR. While
AG inhibits TNF-a — TNFR interaction by binding to
TNFR at Glu54(B) and Val90(B). According to the
binding energy, interaction of TNF-o and TNFR with FA
generated higher binding energy, indicating that FA
attenuated the binding of TNF-o and TNF.

Table 3. Interaction points, bond type, and energy of the docking among FA, TNF-a, and TNFR

Interaction Interaction point Bond type Energy (kJ/mol)
a. TNF-a + TNFR GIn133(B)-GIn133(A), Lys35(B)-GIn17(A), His34(B)-  Hydrogen -437.8
Lys32(A), Thr31(B)-Asp49(A), Gly47(B)- Asp49(A),
GIn48(B)-GIn48(A), Lys32(B)-His34(A), Asp49(B)-
Lys19(A), Asp49(B)-Gly47(A), GIn17(B)-Lys35(A),
Asp49(B)-Thr31(A)
His34(B)-Glu64(A), Lys19(B)-Asp49(A), Glu64(B)- Hydrophobic
His34(A), His126(A), Leul45(A), Leul27(A),
Cys137(A), Vall36(A), Gly18(A), Cys33(A),
Glu54(A), Val90(A), Gly36(A), Thr37(A)
Vall36(B), Thr138(B), Leul45(B), His126(B), Interface 2
Leul27(B), Glu54(B), Val90(B), Gly36(B), Thr37(B), bonds
Cys33(B), Gly18(B)
b. TNF-a - TNFR complex + FA  GIn67(B) Hydrogen -79.9
Gly68(B), Pro70(B) Hydrophobic
c. TNF-a+FA Asn92(B), Val91(B), Leu93(B), Phe124(B), Phel24(D), Hydrophobic -214.6
Leu93(D)
d. TNF-a - FA complex + TNFR  Asn92(B), Val91(B), Leu93(B), Phe124(B), Phe124(D), Hydrophobic -445.9
Leu93(D)
e. TNFR+FA Prol6(A), Glu56(B), Cys55(B), Glu54(B) Hydrophobic -191.1
f. TNFR - FA complex + TNF-a Prol6(A), Glu56(B), Cys55(B), Glu54(B) Hydrophobic -445.2
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Figure 2. Interaction of AG with TNF-a and TNFR. (al) The conformation of TNF-a and TNFR complex interacted with AG, (a2) 3D and (a3) 2D
structures; (b1) The conformation of TNF-a and AG interaction, (b2) 3D and (b3) 2D structures; (c1) The conformation of TNF-a and AG complex
interacted with TNFR, (c2) 3D and (c3) 2D structures; (d1) The conformation of TNFR and AG interaction, (d2) 3D and (d3) 2D structures; (el) The
conformation of TNFR and AG complex interacted with TNF-a, (e2) 3D and (e3) 2D structures. AG, TNF-a, and TNFR are colored in red, purple,

and green, respectively.
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Table 4. Interaction points, bond type, and energy of the docking among AG, TNF-a, and TNFR

Interaction Interaction point Bond type Energy (kJ/mol)

a. TNF-a - TNFR complex + AG  11e97(A), Alal45(B) Hydrophobic -141.9

b. TNF-o+AG Leu57(A), Tyr151(A), His15(A), Tyr59(A), Glyl21(A),  Hydrophobic 325.4
Leul20(B), Gly121(B), Ser60(B), Ile155(B), LeuS7(B),
Tyr59(B), Tyr151(B)

c. TNF-a - AG complex + TNFR  Leu57(A), Tyr151(A), His15(A), Tyr59(A), Gly121(A), Hydrophobic -443.0
Leul20(B), Gly121(B), Ser60(B), Ile155(B), LeuS7(B),
Tyr59(B), Tyr151(B)

d. TNFR + AG Prol6(A), Aspl2(A), Metl1(A), Cys88(B), Gly58(B),  Hydrophobic 2873
Cys55(B), Thr89(B), Val90(B), Ser57(B), Glu56(B),
Glu54(B)
Ser59(B), Cys73(B) Hydrogen

e. TNFR - AG complex + TNF-a.  Prol6(A), Asp12(A), Metl1(A), Cys88(B), Gly58(B), Hydrophobic -464.1
Cys55(B), Thr89(B), Val90(B), Ser57(B), Glu56(B),
GluS4(B), Leu37(D),
Ser59(B), Cys73(B) Hydrogen

Discussion
Ferulic acid belongs to phenolic acid, which has diffusion, while molar refractivity is related to

many physiological functions including antioxidant and
anti-inflammatory (Zdunska et al., 2018). The anti-
inflammatory activity of FA on TNF-a signaling has not
been explained. The interactions of FA with TNF-a and
TNFR were predicted by molecular docking. The drug-
like properties and biological activity of FA were also
presented. AG was used as the reference ligand to
validate the docking method, as it was considered as the
inhibitor of TNF-a (Palmieri et al., 2012). Ligand-protein
interaction analysis can be used to understand the in-
depth molecular interactions of the active site and the
binding mechanism (Xu et al., 2018). The docking was
performed using Hex soft due to the advantage of
spherical polar Fourier correlations to advance the
docking and superposition calculations. The calculations
are natural and seamless way, using 3D parametric
functions to program surface shape, electrostatic charge,
and potential distributions (Bagali & Gowrishankar,
2016).

The drug-like properties of FA was predicted by
Lipinski’s rule of 5, which differentiate drug-like and
non drug-like molecule. It states that drug-like molecules
should have a molecular mass < 500 Dalton, LogP < 5,
hydrogen (H) bond acceptors < 10, H bond donors < 5,
and molar refractivity between 40-130 (Lipinski, 2004).
Lipinski’s rule of five correlated with oral bioavailability
or membrane permeability of compound thus it is used as
drug-likeness prediction (Kadam & Roy, 2007). The
molecular mass below 500 indicated that the compound
can be transported, diffused, and absorbed easily. The
value of LogP less than 5 expressed high lipophilicity,
indicating high permeability to cells (Hikmawati et al.,
2020; Lipinski, 2004). The number of hydrogen bond
donors and acceptors are related to the rate of drug

steric/hydrophobic feature (Damido et al., 2014). The
orally active drugs should have no violation of Lipinski’s
rule of five (Khan et al., 2017). The present study
showed that FA qualifies as a drug-like molecule due to
complying with Lipinski’s rule of five.

According to the prediction of biological activity by
PASS analysis, FA exhibits some anti-inflammatory
activities with Pa more than Pi value. PASS analysis has
been used broadly to confirm and correlate biological
activities of compounds, which are based on the
structure-activity relationship with a known chemical
(Jamkhande et al., 2016). Based on leave one out cross-
validation (LOOCV), PASS analysis has an average
prediction accuracy of 95% (Basha et al., 2018). The
prediction was based on Pa and Pi values. The range of
Pa and Pi values is 0.000-1.000 (Kurashov et al., 2016).
If a compound has Pa more than Pi value, then it is
suggested to be active (Filimonov et al., 2020). If the Pa
value is higher, then the probability of a false-positive
result in biological testing is lower (Basanagouda et al.,
2011). The Pa value between 0.3-0.7 is considered to
have moderate activity, while >0.7 is high activity
(Parikesit & Nurdiansyah, 2021). Regarding the Pa value,
FA showed high activity as a TNF expression inhibitor
and moderate activities as an anti-inflammatory in
general, intestinal, and ophthalmic, and also non-
steroidal anti-inflammatory agent.

There are some amino acid residues involved in the
interaction of FA with TNF-a and TNFR. The residues
of TNF-a were Asn92(B), Val91(B), Leu93(B),
Phe124(B), Phel24(D), and Leu93(D) These residues
were different from the binding sites of TNF-a with
other compounds. The binding sites of anthocyanins to
TNF-o were Ser60, Leu57, and Tyr59 (Sari et al., 2019).
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Curcumin diglucoside bind to TNF-a at Asn39, Lysll1,
Alal56, and Glyl121, curcumin monoglucoside at His15,
Leu36, and Gly121, and sophoricoside at Tyr59, Tyr151,
GIn61, Ser60, and Leul20 (Xu et al., 2018). While
triterpene saponins bind at GInl102, Argl03, Glul04,
Thr105, Glul07, Cys69, Prol00, Cysl01, Alal09,
Prol113, and Trp114 residues of TNF-a (Kim et al., 2016).
The residues involved in the interaction of FA with
TNFR include Prol6(A), Glu56(B), Cys55(B), and
Glu54(B). Glu54 is also the residue at the binding site of
AG with TNFR and involved in the interaction of TNF-a
— TNFR. Similar to the previous study, the Glu54 and
Glu56 residues are the binding sites of the peonidin-3-O-
glucoside and TNFR. The peonidin-3-O-glucoside
inhibited TNF-a signaling by binding to TNFR (Sari et
al., 2019). This mechanism is the same with FA, which
inhibits TNF-a — TNFR interaction by binding to TNFR.
The inhibition of TNF-o — TNFR interaction also showed
by the different positions of TNF-o and TNFR between
the conformational structure of TNFR — FA — TNF-a and
TNF-0 — TNFR complexes.

The binding energy resulting from the interaction of
TNF-a — TNFR with FA is higher than the only TNF-a —
TNFR complex. It showed that FA could reduce the
binding between TNF-o and TNFR. The lower the
binding energy, the greater the binding efficiency, and
the greater the hydrogen bond between enzyme and
ligand, determines the binding strength (Biswal et al.,
2019).

Inapropriate activation of TNF-o signaling leads to
chronic inflammation and the development of
pathological complications (Jang et al., 2021). By
inhibiting TNF-a signaling, FA might prevent excessive
activation of inflammatory cells and the development of
the related disease. The ability of FA to inhibit TNF-a
signaling is in accordance with the prediction of
biological activity of FA as an anti-inflammatory. FA
could be developed as an orally active anti-inflammatory
agent candidate.

This study showed that FA succeed to prevent TNF-a
interact to its receptor properly. This prevention
indicated that FA has a potential biological activity as an
anti-inflammatory on TNF-a signaling.
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