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ABSTRACT

Objective: The nuclear factor kappa-B (NF-«kB) pathway is a key regulator of inflammation observed in polycystic ovary syndrome (PCOS),
rendering it a promising target for treatment. Gamma oryzanol (y-oryzanol) has been reported to display anti-inflammatory properties. However,
the particular y-oryzanol compounds and their specific molecular mechanism by which y-oryzanol interacts and modulates NF-kB activity have yet
to be explained. The study intended to explore the molecular interactions underlying the anti-inflammatory activity of y-oryzanol against NF-kB
through in silico molecular docking and structure-based pharmacophore modeling.

Methods: A receptor-based pharmacophore model was created from the ligand-binding site of the NF-xB through the Molecular Operating
Environment 2019 software. The pharmacophore comprised four features: one hydrogen bond donor, one hydrogen bond acceptor, one aromatic,
and one hydrophobic feature. The optimized model was used to screen an in-house phytochemical database to find the hit compounds with
matching features, followed by molecular docking of hit compounds to evaluate their binding manners and interactions with NF-kB. The docking
poses were analyzed for key interactions and ranked based on their docking scores.

Results: Four lead compounds that satisfied the pharmacophore query were 24-methylenecycloartenyl ferulate, cycloartenyl ferulate, campesteryl
ferulate, and B-sitosteryl ferulate. The docking results showed that 24-methylenecycloartenyl ferulate had the most potent interaction with NF-kB (-
6.9 Kcal/mol), followed by cycloartenyl ferulate (-6.7 Kcal/mol), campesteryl ferulate (-5.9 Kcal/mol), and (-sitosteryl ferulate (-5.1 Kcal/mol),
indicating their potential to modulate NF-«B.

Conclusion: The present study provides molecular insights into the potential modulatory mechanism of y-oryzanol against NF-xB. y-oryzanol, along
with structurally related phytochemicals, may serve as a promising scaffold for targeting NF-kB-mediated inflammation, implicated in PCOS. These

computational predictions offer a foundation for experimental validation in related inflammatory disease models.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common endocrine condition
observed in women during their reproductive years, marked by
disturbances in hormonal balance, abnormalities in metabolic
function, structural changes within the ovaries, and persistent low-
grade inflammatory activity [1]. The nuclear factor kappa-B (NF-kB)
pathway mediates this inflammation, disrupting the reproductive
function and resulting in infertility [2]. At present, PCOS treatment
remains largely symptom-oriented, highlighting the need for a more
systemic and comprehensive therapeutic approach [3]. Emerging
PCOS therapies are directed to combat the persistent inflammation,
which is now recognized as a central contributor to the disorder.
Studies have shown that anti-inflammatory compounds may help
correct the major pathological components of PCOS, and therapeutic
strategies directed toward NF-kB hold considerable promise for
alleviating inflammaging and mitigating the progression of
inflammation-driven disorders like PCOS [4, 5]. For this purpose,
there is a growing interest in plant-based treatments for PCOS due
to their rich bioactive profiles, which influence various biological
targets and exhibit comparatively minimal side effects [6, 7]. Among
these natural agents, gamma oryzanol (y-oryzanol) is currently
being evaluated for its ability to alleviate various reproductive
abnormalities associated with PCOS [8]. It is a bioactive phytosteryl
ferulate complex derived from Oryza sativa [9], and has been
reported to influence steroid hormone synthesis, exhibit anti-
estrogenic, antioxidant, and anti-inflammatory effects [10, 11]. y-
oryzanol exerts its anti-inflammatory effects by attenuating the
lipopolysaccharide-induced NF-kB activation. It interferes with the
TLR4-mediated signaling pathway and stabilizes IkBa. This
stabilization prevents the nuclear translocation of p65, thereby
suppressing the transcription of NF-kB-dependent pro-

inflammatory cytokines [12, 13]. This pathway modulation makes y-
oryzanol a mechanistically relevant candidate for evaluation as a
structure-based NF-xB inhibitor in the present study. This study
aimed to investigate the molecular interactions underlying the anti-
inflammatory activity of y-oryzanol against NF-kB through in silico
molecular docking and structure-based pharmacophore modeling.

MATERIALS AND METHODS
Pharmacophore study

The 3-dimensional structures of y-oryzanol compounds, such as 24-
methylenecycloartenyl ferulate (24-MCAF), cycloartenyl ferulate
(CAF), campesteryl ferulate, and [-sitosteryl ferulate, were
downloaded from the PubChem repository and saved as SDF files.
The NF-kB protein and ligand files were imported into the Molecular
Operating Environment (MOE) 2019 software by Chemical
Computing Group for pharmacophore visualization. A receptor
structure-based pharmacophore model was created using the
pharmacophore query editor tool of MOE. The query editor tool
identified key pharmacophore features, such as hydrogen bond
acceptors (HBA), hydrogen bond donors (HBD), aromatic (ARO), and
hydrophobic (HP) features, from the 3-dimensional structure of NF-
kB. The pharmacophore model was validated to ensure its ability to
discriminate between known actives and the decoys. 15 known NF-
kB inhibitors with documented experimental activity were selected,
and 735 decoys were generated through Database of Useful Decoys
(DUD. E) for model validation. A database was created in MOE
version 2019, containing both actives and decoys. This database was
screened against the generated pharmacophore model. Total hits
(Ht), active hits (Ha), sensitivity, specificity, enrichment factor (EF),
and Giiner-Henry score (GH) were calculated as shown in table 1. A
GH score 20.7 indicates a good pharmacophore model.
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Table 1: Pharmacophore model validation

z
e

Validation parameters

Validation results

Total number of compounds in database (N)
Total number of actives in database (A)
Total hits

Active hits

Sensitivity

Specificity

Enrichment factor

Giiner-Henry score

PN WN =

750
15
22
14
0.93
0.98
31.82
0.70

After validating the pharmacophore, an in-house database of y-oryzanol
compounds was created in mdb. format. This database represents a
targeted set of eight gamma-oryzanol compounds rather than a large
virtual library. The optimized pharmacophore was used as a query to
virtually screen the in-house database using MOE's pharmacophore
search algorithm. The threshold for hit identification was based on

Pharmacophore study

rscore of>2, RMSD<1 A, and successful mapping of ligands to at least 4
pharmacophore features [14]. The compounds that matched the
pharmacophoric features were selected as hit compounds and subjected
to molecular docking with NF-kB to assess their binding affinities and
interactions. The workflow for receptor structure preparation,
pharmacophore generation, and molecular docking is shown in fig. 1.

Molecular docking

NF-xB Target Preparation

Structure retrieved from PDB,
cleaned, protonated, and energy
minimized using MOE

Finding Binding Site

Active pocket identified via the site

finder tool in MOE & pocket analysis

done

Receptor-based Phar phore
Modeling

Key interaction features (HBD, HBA,

HP & ARO) mapped &
pharmacophore generated

Pharmacophore Validation

‘Validated against known NF-xB
inhibitors & decoys generated in
DUD-E. GH scores calculated

Validated Model Acceptable?
1. If yes, proceed with screening

2. If not, do refinement

Pharmacophore-based Virtual
Screening

An in-house database screened
against pharmacophore, hits
identified and fit score calculated

NF-xB Target Preparation

Structure retrieved from PDB,
cleaned, protonated, and energy
minimized using MOE

Ligands Preparation

3D confirmations of ligands retrieved
from PubChem, & energy minimized
in MOE

Active Site & Docking Protocol
Validation

Active site defined & docking
protocol validated by Rank-order
validation

Molecular Docking

Hit compounds docked against NF-
kB active site & ranked by docking
scores using GBVI/WSA

Fig. 1: Workflow of receptor structure preparation, pharmacophore generation, and molecular docking

Preparation of the ligands, target receptor, and identification of
the active site

A 3-dimensional structure of NF-xB was downloaded from the
Protein Data Bank (PDB ID: 1IKN) in PDB format. The selected
protein is a NF-kB p65/p50 heterodimer with a resolution of 2.30 A.
The structure reflects a regulatory, inhibitor-bound state, which
preserves the native fold and interdomain architecture of the
p65/p50 heterodimer. The choice of this structure was based on its
high crystallographic quality, well-resolved heterodimeric interface,

and precedence in the literature [15]. The structure was imported
into the Molecular Operating Environment (MOE) software and
prepared. The duplicate and extra chains were removed. All the
ligands and water molecules were removed, hydrogens were added,
and energy minimization was done. The active binding site on the
prepared NF-kB was identified using the MOE site-finder tool by
identifying the key residues on chains of interest.

The three-dimensional structure of the ligands was retrieved from
the PubChem database repository, downloaded, and saved in 3-D
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SDF format. The energy minimization was done for ligands by
importing them to the MOE software.

Molecular docking

Molecular docking was performed using the “dock” feature of MOE
with default settings. For the placement of the ligand, the triangular
matcher method was used to generate ten poses for each ligand, and
scored by London dG. For the refinement purpose, the induced fit
refinement method was used; five poses were generated and scored
by GBVI/WSA dG. For each ligand, the pose with the most negative
(lowest) GBVI/WSA dG score was selected. As the NF-kB structure
does not have a native/co-crystalized ligand, the RMSD-based
redocking validation could not be performed. An alternative rank-
order docking validation strategy was adopted [16]. Ten known NF-
kB inhibitors with reported experimental activities (IC50) were
selected. The IC50 values were converted into negative log (pIC50)
values. These inhibitors were docked to the active site of NF-xB,
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using the same docking protocol, and binding scores were
calculated. Their predicted binding scores were compared with the
reported experimental activities, and rank-ordered to evaluate
whether the docking protocol correctly reproduced their relative
potencies. Spearman’s correlation coefficient (p) was calculated to
quantitatively assess the predicted and experimental rankings. A
Spearman’s “p”>0.7 indicates acceptable docking protocol validity.
Following the docking validation, the y-oryzanol compounds were
docked to the NF-xB active site, using the same docking protocol,
and binding scores were calculated. The docking poses were
analyzed for key interactions and were ranked based on their
GBVI/WSA dG docking scores.

RESULTS

The pharmacophore search identified four hit compounds: 24-
methylenecycloartenyl ferulate, cycloartenyl ferulate, campesteryl
ferulate, and B-sitosteryl ferulate, as shown in table 2.

Table 2: PubChem CIDs, compound names and chemical structures of hit compounds

PubChem CIDs Compounds name

2-D Structure of compounds

CID 9920169 24-methylenecycloartenyl
ferulate
> 0
H3C
HO
CID 5282164 Cycloartenyl ferulate
HO
o
Hyc”
CID 15056832 Campesteryl ferulate
X
HO
O.
Me
CID 9938436 {B-sitosteryl ferulate
=
HO
0.
Me

The pharmacophore query model generated from the crystal
structure of NF-kB comprised four features: one HBD, one HBA, one
ARO, and one hydrophobic HP. All y-oryzanol compounds exhibited
3-4 common pharmacophore features. The 24-
methylenecycloartenyl ferulate exhibited one HBD/HBA, two HBA,

six HP, and one ARO features. The cycloartenyl ferulate had one
HBD, two HBA, five HP, and one ARO. Campesteryl ferulate exhibited
one HBD, two HBA, five HP, and one ARO features, while B-sitosteryl
ferulate has one HBD, two HBA, eight HP, and one ARO, as shown in
fig. 2.
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Fig. 2: Receptor structure-based pharmacophore of NF-KB (green: hydrophobic; purple: hydrogen donor; cyan: hydrogen acceptor;
orange: aromatic) and pharmacophore features mapping of gamma oryzanol compounds, four compounds mapped successfully on the
pharmacophore model as shown in fig. 3

Fig. 3: The pharmacophore mapping of all four compounds on the model, y-oryzanol compounds i. e. 24-methylenecycloartenyl ferulate,
cycloartenyl ferulate, campesteryl ferulate, and B-sitosteryl ferulate exhibited fit score>2 and RMSD<1 as given in table 2

Table 3: Scores of pharmacophore screening

Compounds PubChem CIDs Fit RMSD Pharmacophore fit score
CID 9920169 0.6189 3.53
CID 5282164 0.6236 3.53
CID 15056832 0.6194 3.53
CID 9938436 0.6179 3.53

Fit RMSD: Fit root mean square deviation refers to the root mean square deviation between the mapped ligand features and the query features after
alignment; lower Fit RMSD values indicate better spatial matching.

The rank-order validation of the docking protocol demonstrates that concentration of known NF-xkB inhibitors, as shown in table 4,
the predicted binding affinities (GBVI/WSA dG) accurately reflected yielding a Spearman’s correlation coefficient of -0.8 and a p-value of
the experimentally reported actual half maximal inhibitory 0.01.
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Table 4: Rank order docking validation

Experimental potency rank pIC50 Docking score (Kcal/mol)
1 7.92 -10.7
2 7.51 -6.6
3 7.12 -8.4
4 7.06 -8.3
5 6.70 -8.9
6 6.0 -7.1
7 5.62 -6.1
8 5.15 -5.9
9 5.0 -5.7
10 4.82 -5.3

Spearman’s rank correlation coefficient (p) between experimental pICs, values and predicted docking scores was -0.8 (p = 0.01), indicating a strong
and statistically significant inverse correlation; Kcal/mol: kilocalorie per mole; plCso is the negative base-10 logarithm of the half-maximal
inhibitory concentration (ICso) expressed in molar units.

The hit compounds, 24-methylenecycloartenyl ferulate, cycloartenyl methylenecycloartenyl ferulate had the most potent interaction with
ferulate, campesteryl ferulate, and f-sitosteryl ferulate, underwent NF-kB (-6.9) followed by cycloartenyl ferulate (-6.7), campesteryl
molecular docking with NF-kB. Among all ligands analyzed, 24- ferulate (-5.9), and B-sitosteryl ferulate (-5.1) as shown in fig. 4.

y-oryzanol constituents

8 7 6 5 4 3 2 1

o

Docking binding scores (Kcal/mol)

Fig. 4: Molecular docking binding scores (kilocalorie per mole) of gamma oryzanol constituents with NF-kB

<)

Fig. 5: 2D and 3D representation of binding interactions of 24-methylenecycloartenyl ferulate (a and b) and cycloartenyl ferulate (c and
d) with the active site of NF-kB (11KN)
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As shown in fig. 5 among various ligands analyzed, 24-
methylenecycloartenyl ferulate had interaction with NF-kB through
two hydrogen bonds with key residues Arg 273 and Lys 28 and m-
cation interaction with Thr 52, followed by cycloartenyl ferulate
through two hydrogen bonds with Lys 28, and Glu 225 and m-cation
interaction with Thr 52. Campesteryl ferulate formed two hydrogen
bonds with Lys 28 and GIn 241, and f-sitosteryl ferulate interacted
by forming two hydrogen bonds with Gly 259 and Arg 236 (Fig.6).
Other than the identified hydrogen bonds and m-cation interactions,
a major component of the binding affinity of y-oryzanol compounds
results from substantial hydrophobic and van der Waals interactions
between the bulky sterol-ferulate backbone and the NF-xB binding

Int ] App Pharm, Vol 18, Issue 2, 2026, 464-471

pocket. The binding cavity of the Rel homology domain is largely
hydrophobic and facilitates the sequestration of large lipophilic
ligands. The rigid sterol cores of all y-oryzanol compounds are
deeply buried within this cavity, creating a huge interaction surface
and shape complementarity. Whereas hydrogen bonds anchor the
ferulate moiety to orient the ligand, cumulative van der Waals forces
and hydrophobic enclosure contribute to interaction stability. This
effect is particularly evident for 24-methylenecycloartenyl ferulate,
whose slightly extended sterol framework enhances steric
complementarity and hydrophobic packing within the pocket,
providing a possible structural explanation for its more favorable
docking score compared with the other compounds.

<

d)

Fig. 6: 2D and 3D representation of binding interactions of campesteryl ferulate (a and b) and B-sitosteryl ferulate (c and d) with the
active site of NF-Kb (1IKN)

DISCUSSION

The routine drug development process is resource-intensive and
economically burdensome. This has driven the emergence of
economical and efficient computer-based approaches for the rapid
production and screening of therapeutic compounds for clinical use
[17]. In recent years, advances in in silico research have opened new
avenues for exploring the phytochemicals and drug discovery [18-
21]. The integration of pharmacological therapies with natural
products has demonstrated promising potential in the treatment of
various diseases [22]. Despite this promising potential, many plant-
derived compounds remain unavailable in the commercial markets
due to challenges in large-scale production [23, 24]. On the other
hand, y-oryzanol has already been optimized through reliable
extraction and purification techniques, allowing its large-scale
production as an accessible nutritional and health-promoting
supplement [25]. Inflammatory disorders are central research
concerns at the moment due to their significant implications for
global health [26]. NF-kB primarily controls inflammation and
becomes activated upon the secretion of proinflammatory cytokines.
Thus, inhibiting NF-kB may be a possible approach to regulating
inflammatory cytokines [27, 28]. Contrary to standard therapeutic
agents, natural compounds from y-oryzanol may be promising
agents to block and halt NF-kB from producing pro-inflammatory
mediators with fewer side effects [29].

The y-oryzanol compounds, such as 24-MCAF and CAF, hold
versatile therapeutic potential that contributes to strengthening the
immune system and managing inflammation-related disorders [30].
Different in vivo experimental studies have revealed that y-oryzanol
compounds, predominantly 24-MCAF and CAF, have huge
immunoregulatory and antioxidant potential [31, 32].

From the pharmacophore point of view, 24-MCAF and CAF were a
better fit to the features, namely one HBD, two HBA, one ARO, and
six HP points. These pharmacophoric attributes are more than
adequate to meet the pharmacophoric requirements necessary for
inhibiting NF-kB. NF-kB pharmacophoric study, conducted by Tsai
KC. et al for screening potent NF-xB inhibitors showed five
pharmacophoric characteristics, namely three HP, one HBA, and one
ARO point [33]. This pharmacophore demonstrates a robust ability
to recognize NF-xB inhibitors and to predict the activities of
molecules with structurally diverse profiles. In this regard, y-
oryzanol compounds have shown compatibility with the NF-xB
pharmacophore, featuring aromatic and three additional HP and one
additional HBA features. The binding modes of the top-scoring y-
oryzanol compounds display a high structural correspondence with
established NF-kB inhibitors, particularly in targeting the p65 Rel
homology domain. Our findings demonstrate the involvement of Lys
28, Arg 273, and Glu 225, which are critical residues for stabilizing
the NF-kB-DNA complex and are involved in its modulation [34, 35].
Interaction with Lys 28 is a hallmark of potent p65 inhibition and
particularly mirrors the inhibitory mechanism of quercetin and
curcumin, well known to target the p65 subunit and modulate its
stability [36,37]. Additionally, the interaction of y-oryzanol
compounds with Arg 273 and Glu 225 aligns with the binding modes
of caffeic acid phenethyl ester and andrographolide, which anchor
within the binding cavity of the NF-kB to mask these residues and
hinder NF-xB interaction and activation. This multi-residue binding
at the Rel homology domain matches the interaction mode of
curcumin, which nestles within this binding cavity to suppress the
transcriptional activity of p65 [38,39]. Combining in silico
pharmacophore and docking-based modelling approaches provides
significant advantages [40]. This combined approach can overcome
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some of the limitations inherent to each method, leading to more
reliable outcomes [41, 42]. The docking results showed that the 24-
MCAF and CAF displayed the strongest binding score (-6.9 Kcal/mol)
and (-6.7 Kcal/mol) as compared to other compounds. In this
scenario, 24-MCAF and CAF are anticipated to exhibit a more
pronounced anti-inflammatory response against NF-kB due to their
favorable binding with key residues. Although 24-MCAF and CAF
share the same ferulate group and matching pharmacophore
features, 24-MCAF has a 24-methylene group, not present in CAF.
This slight difference in structures alters their spatial orientation,
binding preference, and yields slightly different docking scores [43].

CONCLUSION

The present study provides molecular insights into the potential
modulatory mechanism of y-oryzanol against NF-kB. It defines the
key binding features and specific amino acid residues required for y-
oryzanol to interact with NF-xB, structurally justifying y-oryzanol as
an NF-kB modulator, and generates a validated pharmacophore
model. This pharmacophore blueprint may be used for virtual
screening and identification of NF-kB inhibitors. y-oryzanol, along
with structurally related phytochemicals, may serve as a promising
scaffold for targeting NF-kB-mediated inflammation, implicated in
PCOS. These computational predictions offer a foundation for
experimental validation in related inflammatory disease models.
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