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Abstract

Laportea decumana (Roxb.) Wedd., known as itchy leaves, is traditionally used for pain
relief due to its bioactive compounds. However, previous studies were limited by resource-
intensive in vivo methods and a lack of mechanistic insights into cyclooxygenase (COX)-1
and COX-2 binding. The aim of this study was to identify compounds in the n-hexane and
ethyl acetate extracts of L. decumana with potential as COX-1 and COX-2 inhibitors and
to predict their binding affinity and stability within the binding pocket through molecular
dynamics simulations. Leaves collected from Arso, Keerom Regency, Papua, Indonesia,
were dried, sieved into simplicia, and macerated with n-hexane to obtain a n-hexane
extract. The residual simplicia was further macerated with ethyl acetate to produce an
ethyl acetate extract. N-hexane extract compounds were analyzed by gas chromatography-
mass spectrometry (GC-MS), and ethyl acetate extract compounds by liquid
chromatography-mass spectrometry (LC-MS). Identified chemicals were used in in silico
evaluations targeting COX-1 and COX-2. This study identified ten compounds with high
performance in docking analysis, which were further evaluated by molecular dynamics.
The n-hexane extract contained 31 compounds, while the ethyl acetate extract contained
27. Among these, 4,8,12,16-tetramethylheptadecan-4-olide from the n-hexane extract
demonstrated the strongest affinity for both COX-1 and COX-2, with binding free energies
of -41.62+1.03 kcal/mol and -33.05+0.11 kcal/mol, respectively. Its interactions were
comparable to those of native ligands, with superior binding free energy. In the ethyl
acetate extract, pseudosantonim demonstrated the highest affinity for COX-1(-24.41+1.32
kcal/mol), while arteamisinine showed strong potential as a COX-2 inhibitor (-
23.53+0.30 kcal/mol). In conclusion, 4,8,12,16-tetramethylheptadecan-4-olide was the
most potent COX-1 and COX-2 inhibitor, pseudosantonim was the most effective COX-1
inhibitor, and arteamisinine demonstrated COX-2 inhibitory potential. Further validation
through in vitro or in vivo studies is recommended.
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Introduction

Laportea decumana (Roxb.) Wedd., commonly referred to as itchy leaves, is a medicinal plant

indigenous to Eastern Indonesia, including Nusa Tenggara, Maluku, and Papua [1]. Traditionally,
this plant is utilized for pain relief and alleviation of physical exhaustion associated with exertion,
postpartum recovery, or trauma [2-4]. The local population acquires the leaves from markets,
forests, or home gardens and applies them directly to painful areas such as the back, arms,
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abdomen, and legs [3]. The plant’s trichomes contain acetylcholine and histamine, which adhere
to the skin and exert analgesic effects [5]. The release of these bioactive compounds induces
vasodilation by expanding blood vessel pores, thereby enhancing blood flow and promoting pain
relief [1].

A previous study demonstrated that L. decumana leaves contain secondary metabolites,
including alkaloids, steroids, terpenes, flavonoids, and phenolics [6]. Additionally, in vivo
assessments of various extracts indicated that the highest percentage of pain inhibition and anti-
inflammatory activity was observed in the n-hexane extract, followed by the ethyl acetate and
ethanol extracts [3]. The interaction of these compounds with analgesic and anti-inflammatory
protein was hypothesized to involve cyclooxygenase (COX) inhibition, thereby preventing the
conversion of arachidonic acid into pain and inflammatory mediators such as prostaglandins.

COX increases oxygen levels in fatty acids and peroxides and serves as the primary target of
nonsteroidal anti-inflammatory drugs (NSAIDs) for inflammation control [7]. COX-1 and COX-2
share similar catalytic mechanisms, both requiring peroxide activation, though COX-1
necessitates a higher concentration [8,9]. Important amino acid residues, including Argi2o,
Tyr3s55, Ser530, and Tyr385, regulate the oxygenase site, which is approximately 20% smaller in
COX-1 than in COX-2. Additionally, COX-2 possesses a unique hydrophilic side pocket near
Phe518, which restricts COX-1 binding [10,11]. COX enzymatically converts arachidonic acid into
prostaglandins, with COX-1 facilitating thromboxane A2 synthesis and COX-2 mediating the
production of prostaglandin E2 and prostacyclin [12]. Although COX-2 is primarily associated
with inflammatory responses, COX-1 disruption can impair platelet aggregation [9,13,14].
Historically, COX-1 has been regarded as the predominant pro-inflammatory isoform, given its
role in gastrointestinal protection and platelet function regulation [15,16]. The interaction of
bioactive compounds from L. decumana leaves with analgesic can be investigated through in vitro
and in vivo studies, though a validated methodology is required. Computational approaches,
particularly molecular docking and molecular dynamics simulations, provide cost-effective
predictions of compound interactions with biological targets such as COX-1 and COX-2 [17].

The pharmacological potential of L. decumana has been investigated in both traditional and
scientific contexts [3]. Ethnobotanical evidence supports its use in alleviating pain, physical
exhaustion, postpartum discomfort, and trauma [18]. Previous studies have identified bioactive
secondary metabolites, and in vivo evaluations of various extracts have demonstrated analgesic
and anti-inflammatory activity [2,6,19]. However, these studies are limited by the resource-
intensive nature of in vivo methodologies and the insufficient exploration of mechanisms
underlying the selective binding of bioactive compounds to COX-1 and COX-2. Furthermore,
computational approaches, such as molecular docking and molecular dynamics simulations,
remain underutilized in elucidating these interactions. The aim of this study was to identify
compounds in the n-hexane and ethyl acetate extracts of L. decumana with potential as COX-1
and COX-2 inhibitors and to predict their binding affinity and stability within the binding pocket
through molecular dynamics simulations. By identifying potent and selective inhibitors, this
research provides foundational insights for the development of novel analgesic and anti-
inflammatory therapies derived from L. decumana compounds.

Methods

Study design and setting

This study employed an experimental and in silico computational approach to investigate the
pharmacological potential of L. decumana leaves as a source of bioactive compounds targeting
COX-1 and COX-2. It integrated traditional ethnobotanical practices with advanced extraction,
analytical, and in silico techniques to identify active compounds, evaluate molecular interactions
with COX enzymes, and assess the potential as selective anti-inflammatory agents. The study was
conducted from October 2022 to December 2023. L. decumana leaves were collected from Arso,
Keerom Regency, Jayapura, Papua, Indonesia, and identified at the Herbal Laboratory of Materia
Medica, Batu, Malang Regency, East Java, Indonesia. The study involved collecting and preparing
plant materials, identifying chemical compounds, and conducting computational analyses to
elucidate molecular interactions.
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Tools and materials

The experimental tools included liquid chromatography-mass spectrometry (LC-MS) (UPLC-MS
Waters-Class Tandem Xevo G2S QTOF, Waters Corporation, Massachusetts, USA) and gas
chromatography-mass spectrometry (GC-MS) (Agilent GC 7890A-MS 5975C, Agilent
Technologies, California, USA). The hardware used consisted of an Asus laptop with an Intel Core
i3 7th Gen processor (ASUSTeK Computer Inc, Taipei, Taiwan), 2GB RAM, 320GB HDD, Intel
VGA GMA Graphics, and Intel HD Graphics. The software utilized included ChemSketch 2021.1.3
(ACD, Toronto, Canada) [20], MGLTools 1.5.6 with AutoDock 4.2 (The Scripps Research
Institute, La Jolla, California, USA) [21,22], Amber16 and AmberTools 17 (UCSF, San Francisco,
California, USA) [23], UCSF Chimera (UCSF, San Francisco, California, USA) [24], Avogadro 1.95
[25], and Biovia Discovery Studio Visualizer 2019 (19.1.0.219) (Dassault Systémes BIOVIA,
Waltham, Massachusetts, USA) [26].

Sampling and determination of Laportea decumana leaves

Samples were collected from Arso, Keerom Regency, Jayapura, Papua, Indonesia, ensuring
representation of the local L. decumana population. Identification and documentation involved
field observations, photographic records, and specimen collection to verify morphological
characteristics. Reference materials, including botanical guidebooks and nomenclature lists
specific to the Laportea genus, were consulted for accurate classification. Taxonomic
identification from kingdom (Plantae) to species (Laportea decumana (Roxb.) Wedd.) was
conducted at the Herbal Laboratory of Materia Medica, Batu, Malang Regency, East Java,
Indonesia, to confirm species identity.

Extraction of Laportea decumana leaves simplicia

The extraction procedure employed a sequential solvent-based approach to obtain n-hexane and
ethyl acetate extracts. Fresh L. decumana leaves were collected in 1—5 large sacks (approximately
25 kg, wet weight), cleaned to remove dirt, and rinsed under running water. The leaves were air-
dried on newspaper and then oven-dried at 50°C for one week. The dried leaves were ground into
a fine powder using a high-speed Philips Blender 3000 Series HR2042/50 (Philips Domestic
Appliances, Amsterdam, Netherlands) at approximately 500 rpm and sieved through a 100 um
pore sieve. The resulting simplicia was stored in a dry container for one day prior to extraction.
The maceration process involved immersing 2 kg of simplicia in 2.5 L of n-hexane (technical
grade) for 3x24 hours. The mixture was then filtered through filter paper (Whatman Grade 4,
20—25 um) using a glass funnel, yielding 19 g of n-hexane extract with a recovery rate of 0.95%.
The residual simplicia underwent further maceration with 2.5 L of ethyl acetate (technical grade)
for 3x24 hours. Following filtration and evaporation of the filtrate, 119.6 g of ethyl acetate extract
was obtained, representing a recovery rate of 5.1% [27].

Analyzing chemical compounds from the n-hexane extract using gas
chromatography-mass spectrometry (GC-MS)

The sample was analyzed using an Agilent GC 7890A-MS 5975C system operated in electron
ionization mode. The temperature program commenced at 40°C for 2 minutes, followed by an
increase to 70°C at a rate of 5°C/min, with no hold time. Subsequently, the temperature was
raised to 280°C at a rate of 20°C/min, again with no hold, and finally increased at 30°C/min to
299°C, where it was held for 3 minutes. The total analysis time was 22.13 minutes. The inlet
temperature was set to 250°C with a 5:1 split ratio, a sample injection volume of 1 uL, a flow rate
of 4.5 mL/min, a pressure of 5.953 psi, and a transfer line temperature of 280°C. The mass
spectrometer was equipped with a DB-5ms column, with an ion source temperature of 230°C, a
quadrupole temperature of 150°C, and a detector temperature of 230°C. Data interpretation was
performed through sequential steps, including data acquisition, processing, querying, matching,
scoring, and ranking. Mass spectrometry (MS) data were utilized for chemical compound
identification by analyzing individual peaks based on retention time (RT), quantifying compound
abundance, and assessing molecular weight (m/z) along with fragmentation patterns. A reference
database was employed to verify molecular identities and determine compound concentrations
within the sample. The findings were systematically presented in graphical or tabular formats for
further interpretation.
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Analyzing chemical compounds from the ethyl acetate extract using liquid
chromatography-mass spectrometry (L.C-MS)

A qualitative analysis of L. decumana leaf extract was conducted to evaluate its suitability for in
silico testing using an ultra-performance liquid chromatography-mass spectrometry (UPLC-MS)
Waters-Class Tandem Xevo G2S QTOF system. This analysis included the subsequent evaluation
of the isolates. A millipore filter (0.54 um) was used to filter 50 mg of the isolate dissolved in
acetonitrile. The liquid chromatography (LC) Quadrupole Time-of-Flight (QTOF) system was
coupled with an Electrospray Ionization (ESI) source operating in both positive and negative
modes, and 5 pL of sample filtrate was injected [28]. ESI parameters included a capillary
temperature of 120°C, an atomizing gas flow rate of 500 L/hour, and a voltage of 3 kV. The system
operated within a mass range of m/z 100-5,000 at a source temperature of 110°C.
Chromatographic separation was achieved using an Acquity HSS C18 column (1.8 pum, 2.1x150
mm) at a flow rate of 0.3 mL/min. The mobile phase consisted of H,O (solvent A) and acetonitrile
(solvent B). The elution profile began with isocratic elution at a ratio of 95:5 (A:B) from 0—-1
minute, followed by linear gradient elution of solvent A from 95% to 5% over 1—6 minutes. This
process was followed by isocratic elution at 0:100 (A:B) from 6 to 7 minutes, a linear gradient
elution of solvent A from 0% to 100% between 7 and 7.5 minutes, and a final isocratic elution at
95:5 (A:B) from 7.5 to 9 minutes. Data analysis was performed using the Personal Compound
Database (Agilent Technologies, Santa Clara, USA), which processed LC-MS data to identify
compounds based on RT, molecular weight, fragmentation patterns, and compound presence.
The results were visualized for further interpretation [29].

Molecular docking

Protein preparation

Protein molecules and native ligands for COX-1 and COX-2 enzymes were prepared for analysis.
The proteins were obtained from the Protein Data Bank (PDB) (https://www.rcsb.org/) using
PDB IDs 401Z for COX-1 and 5IKR for COX-2. Structural modifications were performed to
simplify the docking system, including the removal of water molecules, cofactors, and other non-
essential components. Protein structures were constructed using Avogadro 1.95 [31,32]. The ten
compounds with the highest scores, based on their rank, interactions with key COX amino acid
residues, and binding affinity, underwent further evaluation through molecular dynamics
simulations.

Ligand preparation

A total of 31 compounds were identified from the n-hexane extract and 27 from the ethyl acetate
extract, all of which were evaluated as potential ligands. Each test compound was initially drawn
using ChemSketch 2021.1.3 [20], followed by three-dimensional (3D) structural modeling and
geometry optimization using Avogadro 1.95 (https://avogadro.cc/). The Universal Force Field
(UFF) was applied to ensure molecular stability and physiological relevance [25,31].

Docking parameters

Docking parameter validation was performed by redocking meloxicam to COX-1 and mefenamic
acid to COX-2 using AutoDock 4.2 and MGLTools 1.5.6 (Scripps Research Institute, La Jolla,
California, USA) [21,32]. The docking protocol involved validating the method through redocking
experiments, with meloxicam for COX-1 and mefenamic acid for COX-2. The docking results were
considered valid when the root mean square deviation (RMSD) value between the docked pose
and the crystallographic pose was <2 A [33]. The calculations utilized the Lamarckian Genetic
Algorithm (GADock) method [21]. The grid box size was set to 40x40x40 points with a grid
spacing of 0.375, centered on the binding sites of COX-1 and COX-2. Using Genetic Algorithm-
Local Search (GA-LS) searches, 100 docking runs were conducted, following the default protocol
for other parameters [21,32,33]. Validation was carried out using RMSD as the parameter, which
measured atomic positional differences between experimental and docked or predicted
structures. An RMSD value below 2.0 A was generally regarded as acceptable for confirming the
docking method’s accuracy [33]. Lower RMSD values indicated a closer alignment of the
predicted ligand pose with the native conformation, thereby reflecting greater prediction
accuracy. Docking clustering was performed to categorize ligand conformations based on their
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positional and orientational proximity to the native ligand within the protein's active site. This
approach facilitated the identification of the most optimal and representative ligand
conformations for interaction with the target COX.

Binding site definition

The binding sites for docking were defined based on the positions of co-crystallized ligands in the
PDB structures (401Z for COX-1 and 5IKR for COX-2). This approach facilitated accurate
targeting of the active site regions, which were known to interact with NSAIDs [34]. Blind docking
was not conducted, as the binding sites had been thoroughly characterized.

Binding mode analysis

The docking results were visualized using BIOVIA Discovery Studio Visualizer 2019 (19.1.0.219)
to identify key interactions, such as hydrogen bonds, -t stacking, and hydrophobic interaction
[26]. The validity of the docking parameters was assessed through the RMSD value. Ligand
interactions with amino acid residues were analyzed to evaluate binding affinities and potential
inhibitory activity. Additionally, molecular docking results were further assessed by calculating
the binding free energy (AG) of the ligand compounds in comparison to the native ligand and
their interactions with COX-1 and COX-2 amino acid residues [33].

Molecular dynamics simulation

Molecular dynamics simulations were conducted to assess the stability of ligand-protein
interactions over time [38-40]. The parameters analyzed included binding pose, binding free
energy, and RMSD. Amber16 software was used to simulate molecular behavior, with preparation
files generated using the Parmchk module (UCSF, San Francisco, California, USA). Molecular
dynamics simulations were performed for 200 ns using the General Amber Force Field (GAFF)
(UCSF, San Francisco, California, USA) for ligand parameterization and Amber FF14SB for
proteins. Sodium ions (Na*) were incorporated to neutralize the complex, ensuring overall charge
balance. The transferable intermolecular potential with 3 points (TIP3P) water model was
applied, with a box edge set 10 A from the solute. Simulations were maintained under constant
pressure and temperature conditions at 310 K. Energy minimization was performed using 5000
steps of the steepest descent method in the Particle Mesh Ewald Molecular Dynamics (PMEMD)
module of Amber16. Following gradual heating to 310 K, all constraints were incrementally
removed until equilibrium was reached. Trajectories were recorded every 10 ps throughout the
200 ns simulation to analyze atomistic interactions. A 200 ns simulation duration was selected
to balance computational efficiency, system stability, and biological relevance, ensuring adequate
representation of binding interactions and free energy calculations. Bond interactions and RMSD
were analyzed using the CPPTRAJ module of Amber17 (UCSF, San Francisco, California, USA).
The binding free energy of each complex was determined using the molecular dynamics
trajectories and the mmpbsa.py module [38]. A total of 500 snapshots were extracted from the
final 10 ns of the 200 ns simulation for binding energy calculations. For ligand-COX-1 and ligand-
COX-2 complexes, Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA)
calculations were performed with an internal dielectric constant of 4.0 [39]. Ligand-enzyme
interactions were assessed through complex visualization using BIOVIA Discovery Studio
Visualizer 2019 (19.1.0.219), with important amino acid residues identified as Argi20, Ser530,
Tyr3s5, and Tyr38s5. Additional residues involved in ligand binding included Hisgo, Ile34s,
Val349, Leuss2, Ser353, Trp385, Phe518, Met522, Ile523 (COX-1), Vals23 (COX-2), Gly526,
Alas27, Leus31, Leus35, and Leus37 [30,34,40].

Analysis of the optimal ligand candidates for COX-1 and COX-2 inhibition

The selection of the most potent compounds as COX-1 and COX-2 inhibitors was based on
binding affinity and stability within the binding pocket during a 200 ns molecular dynamics
simulation. Among the ligands from the n-hexane extract and the ethyl acetate extract subjected
to molecular docking, the ten highest-ranking compounds were advanced to the MD simulation
phase. The selection criteria included interactions with key COX amino acid residues—Argi20,
Tyr3s5, Tyr385, and Ser530—which are essential for inhibiting prostaglandin synthesis [30].
Additionally, hydrophobic interactions play a crucial role in determining the optimal
conformation of the ligand within the COX active site, specifically involving residues such as
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Val116, Leuss2, Ile34s, Ser3s3, Trp385, Val349, Phe518, Met522, Ile523/Val523, Glys526,
Alas29, and Leus31 [40]. A higher number of interactions with these residues was predicted to
enhance inhibitory potency. The total number of these interactions was referred to as TR.

Additionally, the screening process incorporated binding free energy analysis, where a more
negative AG value indicated a stronger inhibitory effect on COX. From the top ten MD simulation
results, the three ligands demonstrating the highest binding affinity and structural stability, as
determined by RMSD analysis, were selected. The best-performing ligands from the n-hexane
and ethyl acetate extracts were then compared with the native ligand based on binding position
and energy. Stability against COX-1 and COX-2 was assessed at 0 ns, 50 ns, 100 ns, 150 ns, and
200 ns. Based on trajectory analysis, one compound was recommended as the most promising
COX-1 and COX-2 inhibitor.

Results

Analysis of L. decumana leaf extract by mass spectroscopy

Qualitative analysis of L. decumana leaf extract using mass spectrometry identified terpene
secondary metabolites as the predominant components (Table 1 and Table 2). The n-hexane
extract contained 31 compounds, primarily diterpenes, monoterpenes, sesquiterpenes,
terpenoids, and essential oils. The sesquiterpene hexahydro farnesyl acetone was the most
abundant compound, comprising 42.14% of the total, followed by 4-(1,1,3,3-tetramethylbutyl)-
phenol at 6.44% (Table 1). The terpenoid group, including monoterpenes and diterpenes,
accounted for approximately 18.04% of the total compounds, with key constituents such as
phytol, y-cadinene, and 2,6-dimethyl-2,6-octadiene. Although the proportion was lower than that
of sesquiterpenes, terpenoids contributed to the extract’s bioactivity diversity. Phenolic
compounds were also present, comprising approximately 6.86% of the total, with notable
constituents including 4-(1,1,3,3-tetramethylbutyl)-phenol and 2,4-bis(1,1-dimethylethyl)-
phenol. Essential oils accounted for 3.36% of the composition, including apiol and O-methyl-
chavicol, along with minor components such as esters, carotenoids, and other volatile compounds
(Table 1).

Table 1. Chemical compounds identified in the n-hexane extract of Laportea decumana using gas
chromatography-mass spectrometry (GC-MS)

Code Compound name m/z RT(min) % Type of compound
Hi1 Hexahydrofarnesyl acetone 268 23.77 42.14  Sesquiterpenes [41]
H2 4-(1,1,3,3-tetramethylbutyl)-phenol 206 21.63 6.44 Phenolic [42]
H3 Methyl 3-(3,5-di-tert-butyl-4- 292 24.86 6.42 Phenolic [43]
hydroxyphenyl) propionate
Hg Phytol 296 23.65 5.54 Geranylgeraniol [44]
Hs Farnesyl acetone 262 24.63 5.30 Sesquiterpenes [45]
H6 (E, E, E)-3,7,11,15-tetramethyl-, acetate, 332 29.50 4.68 Diterpenes [46]
2,6,10,14-Hexadecatetraen-1-ol
Hy 4,8,12,16-tetramethylheptadecan-4-olide 324 29.28 4.07 Terpenoid [47,48]
H8 y-cadinene 204 17.07 2.35 Sesquiterpenoids [49]
Ho 2,6-dimethyl-2,6-octadiene 138  9.09 2.31 Terpenoid [50,51]
Hio  Dihydro-actinidiolide 180 17.59 1.96 Karatenoid [52,53]
Hi11 Trans-geranylacetone 194 15.34 1.91 Monoterpenes [54]
Hi2  (E, E)- 6,10-dimethyl-5,9-dodecadien-2- 208 5.78 1.89 Curcumin [55]
one
H13  2,5,5,8a-tetramethyl-4-methylene- 238 20.70 1.81 Terpenoid [56]

6,7,8,8a-tetrahydro-4H,5H-chromen-
4a-yl hydroperoxide

H14  2-isopropenyl-5-methylhex-4-enal 152 9.44 1.70 Monoterpenoids [60-
62]
Hi5  2-ethylhexyl ester 2-propenoic acid 184 1170 1.68 Esther [60]
H16  3-methyl-2-(3,7,11-trimethyl dodecyl) 202  24.49 1.56 Terpenoid [61]
furan
H1y  8-oxo0-2-nonenal 154 11.44 1.17 Lipid [62]
H18  6-methyl-5-hepten-2-one 126  7.96 0.88 Diterpenes [63]
Hig9  Apiol 222 19.88 0.88 Essential oil [64]
H20  D-limonene 136  8.74 0.87 Monoterpenes [65]
H21  O-methyl-chavicol 148 1272 0.87 Essential oil [66]
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Code Compound name m/z RT(min) % Type of compound

H22  5-isopropenyl-2-methyl-7- 168 12.091 0.71 Essential oil [67]
oxabicyclo[4,1,0]heptan-2-ol

H23  5,5-dimethyl-4-(3-methyl-1,3- 206 17.22 0.45 Essential oil [68]
butadienyl)-1-oxaspiro[2,5]octane

H24  3-4-(2,6,6-trimethyl-2-cyclohexen-1-yl)- 192  14.90 0.45 Diterpenes [69]
buten-2-one

H25  Caryophyllene 204 14.96 0.45 Sesquiterpenes [70]

H26  Cedrene 204 14.10 0.45 Sesquiterpenes [71]

H27  2,4-bis(1,1-dimethyl ethyl)-phenol 206 16.72 0.42 Phenol [72]

H28  1,7-dimethyl-naphthalene 156  15.05 0.28  Volatile oil [73]

H29  2-acetoxy-1,1,10-trimethyl-6,9- 268 16.19 0.14 Monoterpenes [74]
epidioxydecalin

H3o [B-ionone 192  16.12 0.13 Cyclic diterpenes [75]

H31  2,6-di-tert-butyl-p-benzoquinone 220 15.71 0.09  Monocyclic

monoterpenoids [72]

RT: retention time; m/z: mass-to-charge ratio, where z represents the number of ion charges

The 27 chemical compounds identified from the ethyl acetate extract were classified into
terpenes, flavonoids, alkaloids, saponins, and glycosides (Table 2). The predominant
compounds by proportion included dihydroactinidiolide (27.16%) (a coumarin derivative),
digiprolactone (17.90%) (a glycoside), platycogenic acid B (6.43%) (a saponin), and fawcettiine
(6.16%) (an alkaloid). The extract demonstrated considerable chemical diversity, with flavonoids
accounting for 30.45% of the total, including nobiletin (3.95%), apigenol (3.49%), and
robustaflavone (0.15%). Saponins represented 11.42%, with platycogenic acid B (6.43%) and
tenuifolin (2.10%) as the principal components. Sesquiterpenes constituted 6.28%, while steroids
and triterpenoids comprised 6.35%, with neogogenin acetate (1.62%) and 12-hydroxycimigenol
(1.30%) as the major constituents (Table 2).

Table 2. Chemical compounds identified in the ethyl acetate extract of Laportea decumana using
liquid chromatography-mass spectrometry (LC-MS)

Code Compound name m/z RT (min) % Type of compound
E1 Dihydroactinidiolide 180.24  14.77 27.16  Coumarin [76]
E2 Digiprolactone 196.24  8.45 17.90  Glycoside [77]
E3 Platycogenic acid B 534.68  14.80 6.43 Saponin [78]
E4 Fawcettiine 351.40  13.36 6.16 Alkaloid [79]
Es Arteamisinine 206.13  12.20 5.86 Sesquiterpenes
lactone [80]
E6 Fibraurin 372.40  16.63 5.41 Diterpenoid [81]
Ey Terminolic acid 504.69  14.87 4.38 Pentacyclic
triterpenoid
glucoside [82]
E8 11-O-p-coumarylnepeticin 616.91 17.33 3.97 Flavonoid [83]
E9 Nobiletin 402.39 16.58 3.95 Flavonoid [84]
Ei0  Platycogenic acid A 534.68  14.45 3.87 Saponin [78]
E11 Apigenol 270.24  14.34 3.49 Flavonoid [85]
E12  1a,2a,303,190,23-pentadroxyurs-12-en-  620.81  16.63 3.22 Triterpenoid [86]
28-oic acid-28-0-B-D-xylopyranoside
E13 Tenuifolin 680.82  14.67 2.10 Saponin [87]
E14  Neogogenin acetate 458.67  17.38 1.62 Steroid [88]
E15 12f3-hydroxycimigenol 504.70  15.55 1.30 Triterpene-glycoside
[89]
E16 Melazolide A 212.24  5.93 0.78 Terpenoid [90]
E1y Kirenol 338.50 14.56 0.74 Diterpenoid [91]
E18  1,1,6-trymethyl-1,2- 172.27 12.01 0.36 Tetraterpenoid [92]
dihydronaphthalene
E19 Pseudosantonim 264.32  10.59 0.27 Flavonoid
E20  Oxypyllenodiol A 238.32  14.15 0.25 Steroid [93]
E21  Anemonin 192.17 7.90 0.15 Terpenoid [94]
E22  Robustaflavone 538.46 16.71 0.15 Flavonoid [95]
E23  Dihydroxyeudesm-11(13)-en-12-oic 236.35 12.60 0.14 Sesquiterpenes
acid [96,97]
E24  Kaempferol 286.23  12.66 0.13 Flavonoid
E25  Genistin 432.38  10.24 0.09 Flavonoid [98,99]
E26  Izalpinin 284.26  16.56 0.07 Flavonoid [100]
E27  Pterodontoside F 270.35  11.03 0.05 Sesquiterpenes [101]

RT: retention time; m/z: mass-to-charge ratio, where z represents the number of ion charges
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Validation of docking parameters for ligand-protein interactions in COX-1 and
COX-2 enzymes

The redocking process successfully restored the ligand conformation, closely aligning with the
respective crystal structure and yielding an RMSD value of less than 2 A, thereby validating the
docking parameters employed (Figure 1). Hydrogen bonds were observed at Ser530, while
hydrophobic interactions were identified at Val349, Ala527, and Leu352 in the meloxicam-COX-
1 and mefenamic acid-COX-2 complexes, respectively (Figure 2).

The amino acid composition of COX-1 and COX-2 enzymes was largely similar, with the
primary distinction at position 523, where isoleucine in COX-1 creates steric hindrance, whereas
valine in COX-2 forms a hydrophobic pocket (Figure 2). Important amino acid residues involved
in COX-ligand interactions included Argi20, which facilitated substrate binding; Ser530, which
catalyzed prostaglandin formation; Tyr3s5, which interacted with NADH cofactors; and Tyr38s,
which contributed to inhibitor binding. Additional key residues included His9o, Ile345, Val349,
Leuss2, Ser3s53, Trp385, Phe518, Met522, Ile523 (COX-1), Vals23 (COX-2), Gly526, Alas27,
Leus31, Leus35s, and Leus37 [102,103].

COX-1 (PDB ID: 401Z)-meloxicam COX-2 (PDB ID: 5IKR)-mefenamic acid

Figure 1. Superimposition of meloxicam and mefenamic acid in cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2), respectively, before and after redocking with root mean square
deviation (RMSD) <2 A, demonstrated minimal deviation between the docked and
crystallographic poses, thereby confirming the accuracy of the docking protocol.

COX-1-Meloxicam COX-2-Mefenamic acid
VAL B35
TYR 35
Ly B3> 818 Leu
8352
ILe 6Ly
0527 8243 ARG 8349 e 652
&P . TRP PHE
R . 8387  B381
G 8:527 s!'iss
8:526 (\ 5
TRP % \ =

! Leu
LEL PHE 8384
B8:518

LEU
BS31

MET

VR
8522 8385

. SeR MET
B LEU 850 ooy 02z
8530 £ LEy
5 B534

TYR
B348

D van der Waals - Amide-Pi Stacked
- Conventional Hydrogen Bond I:I Alkeyl
|:| Pi-5ulfur |:| Pi-lkyl

Figure 2. Two-dimensional (2D) interaction map illustrating the binding interactions between
native ligands (meloxicam for cyclooxygenase-1 (COX-1) and mefenamic acid for cyclooxygenase-
2 (COX-2)) and the important amino acid residues of the protein, highlighting hydrogen bonding,
hydrophobic interactions, and other critical interactions between the ligands and amino acid
residues.
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Molecular docking analysis of ligands from the n-hexane and ethyl acetate
extracts with COX-1 and COX-2 receptors

Meloxicam's interaction with COX-1 in molecular docking and dynamics simulations showed
alkyl bonds between its thiazole group and Ile345, Ile523, Leus31, Ala527, Phe518, Met522, and
Val349. Its carboxamide carbonyl (C=0) formed hydrogen bonds with Ser530, while the amide
(NH) bonded with Gly526, and nt sulphur with Trp387. The benzene group showed an amide—mn
interaction with Met522. In COX-2, mefenamic acid's phenyl hydrogen formed hydrogen bonds
with Ser530, an alkyl bond with Val346, while its benzoic acid hydrogen formed a ;1 bond with
Val349, Alas27, Leuss2, Trp387, Phe381, Leu384, Tyr385, Val523. However, the amide (NH)
bonded with Gly526, and st sulphur with Trp387.

The clustering results of molecular docking for n-hexane extract ligands against COX-1 and
COX-2 are presented in Figure 3. The top ten ligands [(E, E, E)-3,7,11,15-tetramethyl-acetate-
2,6,10,14-hexadecatetraen-1-ol; 4,8,12,16-tetramethylheptadecan-4-olide; farnesyl acetone;
phytol; hexahydrofarnesyl acetone; 2,5,5,8a-tetramethyl-4-methylene-6,7,8,8a-tetrahydro-
4H,5H-chromen-4a-yl-hydroperoxide; B-ionone; methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)
propionate; (E, E)- 6,10-dimethyl-5,9-dodecadien-2-one; and 2-acetoxy-1,1,10-trimethyl-6,9-
epidioxydecalin] docked with COX-1 (Figure 3A) formed at least one hydrogen bond with
Ser530 or Arg120. These ligands demonstrated binding poses similar to the natural ligand within
the COX-1 binding pocket. The ten ligands (8-oxo-2-nonenal; apiol; dihydro-actinidiolide; 2,4-
bis(1,1-dimethyl ethyl)-phenol; 2-ethylhexyl ester 2-propenoic acid; 2-isopropenyl-5-methylhex-
4-enal; 3-4-(2,6,6-trimethyl-2-cyclohexen-1-yl)-buten-2-one, 1,7-dimethyl-naphthalene; 5-
isopropenyl-2-methyl-7-oxabicyclo[4,1,0] heptan-2-ol; and trans-geranylacetone) in the second
cluster formed hydrogen bonds with Ser530; however, their binding free energy values were
relatively more positive than those in the first cluster (Figure 3B). Eleven additional ligands (o-
methyl-chavicol; 1,7-dimethyl-naphthalene; 2,6-dimethyl-2,6-octadiene; 2,6-di-tert-butyl-p-
benzoquinone; 3-methyl-2-(3,7,11-trimethyl dodecyl)furan; 5,5-dimethyl-4-(3-methyl-1,3-
butadienyl)-1-oxaspiro[2,5]octane; caryophyllene; d-limonene; cedrene; and y-cadinene) that
did not establish hydrogen bonds with the four key residues, showing more positive binding free
energy compared to those in the first and second clusters (Figure 3C).

Similarly, for docking results of COX-2 (Figure 3D-Figure 3F), the top ten ligands
(4,8,12,16-tetramethylheptadecan-4-olide;((E, E, E))-3,7,11,15-tetramethyl-acetate-2,6,10,14-
hexadecatetraen-1-ol; farnesyl acetone; phytol; B-Ionone; methyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl) propionate; (E, E)- 6,10-dimethyl-5,9-dodecadien-2-one; 2-acetoxy-1,1,10-
trimethyl-6,9-epidioxydecalin; 3-4-(2,6,6-trimethyl-2-cyclohexen-1-yl)-buten-2-one; and 4-
(1,1,3,3-tetramethylbutyl)-phenol) formed at least one hydrogen bond with Ser530, Tyr385, or
Argi2o (Figure 3D). The next eight ligands (2,4-bis(1,1-dimethylethyl)-phenol; trans-
geranylacetone; 2-ethylhexyl ester 2-propenoic acid; apiol; 2-isopropenyl-5-methylhex-4-enal; 5-
isopropenyl-2-methyl-7-oxabicyclo [4.1.0] heptan-2-ol; 8-oxo-2-nonenal; and 6-methyl-5-
hepten-2-one) displayed binding poses comparable to the native ligand in the COX-2 binding
pocket (Figure 3E). In contrast, 13 ligands (3-methyl-2-(3,7,11-trimethyldodecyl)furan;
hexahydrofarnesyl acetone; y-cadinene; 2,5,5,8a-tetramethyl-4-methylene-6,7,8,8a-tetrahydro-
4H,5H-chromen-4a-yl hydroperoxide; caryophyllene; 2,6-di-tert-butyl-p-benzoquinone; 1,7-
dimethylnaphthalene; dihydroactinidiolide; 2,6-dimethyl-2,6-octadiene; d-limonene; and o-
methyl-chavicol) failed to form hydrogen bonds with key residues and demonstrated more
positive binding free energy compared to the native ligand or ligands in other clusters (Figure
3F).

The binding affinity of various ligands was analyzed in comparison to the native ligands of
COX-1 and COX-2 (Table 3). The native ligand for COX-1, meloxicam, had a AG of -9.50
kcal/mol, while the native ligand for COX-2, mefenamic acid, had a AG of -7.08 kcal/mol. Most
ligands showed more negative AG values (indicating higher binding affinity) than mefenamic acid
in COX-2; however, only one surpassed the affinity of meloxicam in COX-1. Among the tested
ligands, 4,8,12,16-tetramethyl-heptadecan-4-olide had the highest binding affinity, with a AG of
-9.74 kcal/mol for COX-1 and —9.62 kcal/mol for COX-2, exceeding the affinities of both
meloxicam and mefenamic acid. Similarly, (E, E, E)-3,7,11,15-tetramethyl-acetate,2,6,10,14-
hexadecatetraen-1-ol) showed strong binding to both COX-1 and COX-2, with AG values of —9.14
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kcal/mol and -9.38 kcal/mol, respectively. In contrast, ligands such as 6-methyl-5-hepten-2-one
and o-methyl-chavicol had significantly weaker binding to COX-1 and COX-2, with AG values of
-5.33 kecal/mol and -5.18 kecal/mol, respectively. Overall, these findings suggest that certain non-
native ligands possess greater binding affinity than native ligands, highlighting their potential for
further development as anti-inflammatory candidates with similar pharmacological properties.

COX-1

Note:
Hz1: Lilac Hog: Light moss green H17y: Dark moss H2s5: Tan
H2: Dark rose H1o: Bright blue H18: Light cyan H26: Cyan
H3: Red purple Hi1: Sea foam green H19: Turquoise Hz27: Olive green
H4: Red Hot pink H12: Dark orchid H20: Green H28: Basil green
Hs: Hot pink H13: Caribbean blue H21: Sky blue H29: Navy
H6: Maroon Hi4: Lilac blue H22: Forest green H3o: Purple
H7: Pink H15: Stone blue H23: Marie gold H31: Gold
H8: Yellow H16: Light lavender H24: Siena burnt Native ligand: Red

Figure 3. Clustering distribution of docking results from the n-hexane ligand against
cyclooxygenase-1 (COX-1) (A-C) and cyclooxygenase-2 (COX-2) (D-F) based on the binding pose
of amino acid residues.

Table 3. Characteristics of the binding interactions of ligands from the n-hexane extract with
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) based on molecular docking analysis

Code Ligand AG (Kcal/mol)
COX-1 COX-2

Native ligand Meloxicam -9.50

Native ligand Mefenamic acid -7.08
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Code Ligand AG (Kcal/mol)
COX-1  COX-2
H6 4,8,12,16-tetramethylheptadecan-4-olide -9.74  -9.62
Hy (E, E, E)-3,7,11,15-tetramethyl-, acetate, 2,6,10,14- -9.14 -9.38
hexadecatetraen-1-ol
H16 3-methyl-2-(3,7,11-trimethyldodecyl) furan -8.87  -9.28
Hs Farnesyl acetone -8.47 -8.70
Hg4 Phytol -8.40 -8.57
Hi1 Hexahydrofarnesyl acetone -7.95 -7.93
HS8 y-cadinene -7.89 -7.78
Hiz 2,5,5,8a-tetramethyl-4-methylene-6,7,8,8a-tetrahydro-4H,5H- -7.55 -7.01
chromen-4a-yl hydroperoxide
H2js Caryophyllene -7.33 -7.12
H26 Cedrene -7.32 -7.62
H3o0 [-ionone -7.15 -7.64
H3 Methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate -7.14 -7.76
H31 2,6-di-tert-butyl-p-benzoquinone -7.10 -7.40
Hi2 (E, E)-6,10-dimethyl-5,9-dodecadien-2-one -7.06 -7.46
H29 2-acetoxy-1,1,10-trimethyl-6,9-epidioxydecalin -7.02 -6.48
H24 3-4-(2,6,6-trimethyl-2-cyclohexen-1-yl)-buten-2-one -7.01 -6.98
H28 1,7-dimethyl-naphthalene -6.96  -6.80
H2 4-(1,1,3,3-tetramethylbutyl)-phenol -6.87 -6.68
Ho27y 2,4-bis(1,1-dimethylethyl)-phenol -6.70 -6.56
Hi1 Trans-geranylacetone -6.59 -6.94
H23 5,5-dimethyl-4-(3-methyl-1,3-butadienyl)-1-oxaspiro [2.5] octane -6.58 -6.72
Hio Dihydro-actinidiolide -6.32 -6.34
His 2-ethylhexyl ester 2-propenoic acid -5.84  -6.05
Hig Apiol -5.71 -6.04
Ho 2,6-dimethyl-2,6-octadiene -5.68 -5.65
Hi4 2-isopropenyl-5-methylhex-4-enal -5.58 -5.35
Ha2 5-isopropenyl-2-methyl-7-oxabicyclo [4.1.0] heptan-2-o0l -5.54 -5.63
Hiy 8-0x0-2-nonenal -5.52 -5.40
H20 D-limonene -5.51 -5.41
H18 6-methyl-5-hepten-2-one -5.33  -4.92
Ho21 O-methyl-chavicol -5.18 -5.29

AG: binding free energy

The clustering outcomes of docking for the ethyl acetate extract ligands with COX-1 and
COX-2 are presented in Figure 4. The ten highest-ranking ligands (11-O-p-coumarylnepeticin,
nobiletin, fibraurin, dihydroxyeudesm-11(13)-en-12-oic acid, arteamisinine, genistin,
oxypyllenodiol, apigenol, kaempferol, and kirenol) from the docking analysis with COX-1 formed
at least one hydrogen bond with Ser530 or Argi2o (Figure 4A). These ligands demonstrated
binding conformations similar to the native ligand occupying the COX-1 binding site. The ten
ligands (dihydroxyeudesm-11 (13)-en-12-oic acid; kaempferol; digiprolactone; melazolide;
anemonin; kirenol; fawcettiine; robustaflavone; terminolic acid; and 11-o-p- coumarylnepeticin)
in the second cluster formed hydrogen bonds with Ser530 (Figure 4B). However, the free
binding energy of these ligands was generally more positive than those in the first cluster (Figure
4B). Meanwhile, seven ligands (1,1,6- trymethyl-1,2-dihydronaphthalene; platycogenic acid B;
platycogenic acid A; 12B- hydroxycimigenol; neogogenin acetate; 1a, 2a, 3B, 19a, 23-
pentadroxyurs-12-en-28-oic acid-28-o- -d-xylopyranoside; and tenuifolin) that did not form
hydrogen bonds with the four important residues all showed positive free binding energy (Figure
40).

For COX-2, the ten most promising ligands (11-0-p- coumarylnepeticin, nobiletin, fibraurin,
dihydroxyeudesm-11 (13)-en-12- oic acid, arteamisinine, genistin, oxypyllenodiol, apigenol,
kaempferol, and kirenol) formed at least one hydrogen bond with Ser530, Tyr385, or Argi20
(Figure 4D). The following eight ligands (dihydroxyeudesm-11 (13)-en-12- oic acid;
pterodontoside; digiprolactone; melazolide; anemonin; robustaflavone; fawcettiine; and
terminolic acid) displayed binding poses similar to the native ligand within the COX-2 binding
pocket (Figure 4E). Conversely, nine ligands (1a, 2a, 3f, 19a, 23-pentadroxyurs-12-en-28-oic-
acid-28-0-B-d-xylopyranoside;  tenuifolin;  neogogenin  acetate;  1,1,6-trymethyl-1,2-
dihydronaphthalene; platycogenic acid A; platycogenic acid B; 123- hydroxycimigenol; izalpinin,
and pseudosantonim) from the third cluster that failed to establish hydrogen bonds with key
residues, resulting in positive binding free energy (Figure 4F).
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Note:
E1: Dark moss E8: Sea foam green E15: Gold E22: Dark rose
E2: Caribbean blue E9: Blue E16: Olive green E23: Purple
E3: Basil green E10: Light moss green E17: Lilac blue E24: Turquoise
E4: Sienna burnt E11: Pink E18: Sky blue E25: Lilac
E5: Red siena E12: Marie gold E19: Maroon E26: Blue navy
E6: Dark orchid E13: Tan E20: Moss pink E27: Red purple
E7: Forest green E14: Light lavender E21: Stone blue Native ligand: Red

Figure 4. Clustering distribution of docking results from the ethyl acetate ligand against
cyclooxygenase-1 (COX-1) (A-C) and cyclooxygenase-2 (COX-2) (D-F) based on binding pose of
amino acid residues.

Several non-native ligands displayed higher binding affinity (more negative AG values) than
the native ligands for COX-1 and COX-2, as demonstrated in Table 4. Meloxicam (AG=-9.50
kcal/mol) and mefenamic acid (AG=-7.08 kecal/mol) served as reference ligands for COX-1 and
COX-2, respectively. Ligand 11-O-p-coumarylnepeticin showed a AG of -10.44 kcal/mol for COX-
1, indicating a stronger binding affinity than meloxicam (Table 4). Ligand izalpinin also
displayed strong binding affinity, with AG values of -9.13 kcal/mol for COX-1 and -9.06 kcal/mol
for COX-2. Other ligands, such as nobiletin and pseudosantonim, showed notable affinity, with
AG values comparable to meloxicam and superior to mefenamic acid. Conversely, ligands such as
fawcettiine and robustaflavone had significantly less favorable binding to COX-1 and failed to
interact with COX-2, as indicated by positive or highly unfavorable AG values. Similarly, ligands
platycogenic acid B, platycogenic acid A, and 12-hydroxycimigenol showed positive AG values for
both COX-1 and COX-2, suggesting weak or negligible inhibitory potential. Overall, ligands 11-O-
p-coumarylnepeticin and izalpinin emerged as promising candidates for COX-1 and COX-2
inhibition, given their superior binding affinity compared to native ligands.
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Table 4. Characteristics of the binding interactions of ligands from the ethyl acetate extract with
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) based on molecular docking analysis

Code Ligand AG (Kcal/mol)
COX-1  COX-2

Native ligand Meloxicam -9.50

Native ligand Mefenamic acid -7.08
E8 11-O-p-coumarylnepeticin -10.44  -9.41
E26 Izalpinin -9.13 -9.06
Eog Nobiletin -8.83 -8.35
E19 Pseudosantonim -8.68 -8.46
E6 Fibraurin -8.64 -6.76
E23 Dihydroxyeudesm-11 (13)-en-12-oic acid -8.60 -8.08
Es Arteamisinine -8.33 -8.03
E27 Pterodontosid -8.21 -7.25
E25 Genistin -7.93 -5.37
E20 Oxypyllenodiol A -7.68 -7.62
E11 Apigenol -7.48 -7.92
E18 1,1,6-trymethyl-1,2-dihydronaphthalene -7.27 -6.93
E1 Dihydroactinidiolide -6.98 -6.64
E24 Kaempferol -6.81 -7.78
E2 Digiprolactone -6.75 -6.56
E16 Melazolide A -6.55 -6.87
E21 Anemonin -6.36 -6.47
E1y Kirenol -6.36 -7.48
Eq Fawcettiine -4.80 -5.14
E22 Robustaflavone -4.35 19.69
E7 Terminolic acid -1.56 4.04
E3 Platycogenic acid B 12.61 25.97
E10 Platycogenic acid A 13.63 22.99
E15 12-hydroxycimigenol 13.96 33.47
E14 Neogogenin acetate 14.45 46.29
E12 1a, 2a, 3B, 19a, 23-pentadroxyurs-12-en-28-oic acid-28-o- f-d-  15.32 34.59

xylopyranoside
E13 Tenuifolin 51.87 46.37

AG: binding free energy

Molecular dynamics simulations of ligands from n-hexane extract

Trajectory analysis of the ten selected n-hexane ligands (4,8,12,16-tetramethylheptadecan-4-
olide; methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate; ((E, E, E))-3,7,11,15-tetramethyl-
acetate; 2,6,10,14-Hexadecatetraen-1-ol, 4-(1,1,3,3-tetramethylbutyl)-phenol; 2-Acetoxy-1,1,10-
trimethyl-6,9-epidioxydecalin; phytol; farnesyl acetone; [B-ionone; 3-4-(2,6,6-trimethyl-2-
cyclohexen-1-yl)-buten-2-one; and (E, E))- 6,10-dimethyl-5,9-dodecadien-2-one) with COX-1
and COX-2 demonstrated that all ligands formed interactions with COX-1 and COX-2 (Figure
5). However, (E, E)-6,10-dimethyl-5,9-dodecadien-2-one showed a relatively weaker interaction
than the others. Leu352 consistently participated in interactions with each tested ligand, followed
by Val349 and Alas27, while Met522 and Phe518 showed the least interaction. In the interaction
analysis between n-hexane ligands and COX-2, Val349 consistently interacted with each tested
ligand. Four ligands—4,8,12,16-tetramethylheptadecan-4-olide, methyl-3-(3,5-di-tert-butyl-4-
hydroxyphenyl) propionate, (E, E, E)-3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-
ol, and 4-(1,1,3,3-tetramethylbutyl)-phenol—displayed interaction profiles most similar to
meloxicam. Overall, this analysis indicated that these four ligands formed stronger interactions
compared to the other six ligands tested from the n-hexane extract (Figure 5).

Ligand interactions with amino acid residues were analyzed, highlighting differences in bond
types, the total number of key and additional significant amino acid residue interactions, and
binding free energy (Table 5 and Table 6). The optimal ligands for COX-1 and COX-2 inhibition
were evaluated based on the stability of ligand contact conformations with the protein and their
binding free energy. Greater conformational stability and more negative binding free energy
indicated higher ligand affinity for the protein and greater inhibitory potential for COX. The three
top ligands, 4,8,12,16-tetramethylheptadecan-4-olide, methyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)-propionate, and ((E, E, E))-3,7,11,15-tetramethyl-acetate,2,6,10,14-hexadeca-
tetraen-1-ol, demonstrated the highest number of key residues, signifying favorable
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conformations for binding with COX-1 (Table 5). However, the binding free energy of 2-acetoxy-
1,1,10-trimethyl-6,9-epidioxydecalin was more positive than that of the native ligand, leading to
its exclusion as a candidate for COX-1 inhibition.

ez

Figure 5. Superimposed of ligands in the binding pocket of cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2) during molecular dynamics simulation: native ligand (red), 4,8,12,16-
tetramethylheptadecan-4-olide (blue), 2-acetoxy-1,1,10-trimethyl-6,9-epidioxydecalin (metallic
gray), methyl 3-(3,5-di-tert-butyl-4-hydroxy-phenyl) propionate (cyan), (E, E)-6,10-dimethyl-
5,9-dodecadien-2-one (black), [B-ionone (corn blue), 4-(1,1,3,3-tetramethylbutyl)-phenol
(medium blue), 3-4-(2,6,6-Trimethyl-2-cyclohexen-1-yl)-buten-2-one (orange), farnesyl acetone
(purple), ((E, E, E))-3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-ol (hot pink),
phytol (green), and hexahydro farnesyl acetone (yellow).

Binding energy analysis using MMPBSA revealed that six ligands (4,8,12,16-tetramethyl-
heptadecan-4-olide; methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate; ((E, E, E))-
3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-ol; phytol; farnesyl acetone, and (E,
E))- 6,10-dimethyl-5,9-dodecadien-2-one) had more negative binding energies than the native
ligand (Table 5). These six compounds shared an aliphatic CH chain structure, which facilitated
binding to the COX-1 enzyme through interactions involving m bonds and hydrogen bonds.
Among them, methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-propionate; ((E, E, E))-3,7,11,15-
tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-ol; and 4,8,12,16-tetramethyl-heptadecan-4-
olide demonstrated the most favorable binding poses (total key and additional amino acid residue
interactions) compared to meloxicam. According to MMPBSA calculations, the three ligands with
the most negative binding free energy were 4,8,12,16-tetramethylheptadecan-4-olide (AG=-41.62
kcal/mol), ((E, E, E))-3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-ol (AG=-
41.49+0.76 kcal/mol), and phytol (AG=-41.41+3.13 kcal/mol). However, phytol was not among
the top three COX-1 inhibitors because it lacked strong hydrogen bonds with key residues
(Ser530, Arg120) and relied mainly on hydrophobic interactions. Although it had a strong
binding free energy. Therefore, methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate, ((E, E,
E))-3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadeca-tetraen-1-ol, and 4,8,12,16-tetramethyl-
hepta-decan-4-olide ranked as the top three ligands for COX-1 inhibition.

Table 5. Results from molecular dynamic simulations: binding free energy and amino acid
residues of cyclooxygenase-1 (COX-1) that interact with ligands from n-hexane extract

Code Ligand Amino acid residue TR AG (Kcal/mol)
Native Meloxicam Hydrogen bonds (Arg120), Van der Waals 10 -23.95+2.17
ligand (VDW) bonds (Ser353, Tyr3ss, Alas27),

hydrophobic interaction (Ile345, Leus31,
Val349, Leu117, Phe518, Ile523, Leu3s2)

H7 4,8,12,16- Hydrogen Bond (Tyr385), hydrophobic 8 -41.62+1.03
tetramethylheptadecan-  interaction (Argi20, Ala527, Leus31,
4-olide Tle345, Leu366, Met113, Leu365, Leus34,
Leus37, Val116, Leu3s9, Phe518, Leu3s2)
H3 Methyl 3-(3,5-di-tert- Hydrogen bond (Ser530), VDW (Gly526), 7 -31.37+3.68
butyl-4-hydroxyphenyl)-  hydrophobic interaction (Val349, Ala527,
propionate Trp387, Leu3s2, Phe518)

Page 14 of 27


http://doi.org/10.52225/narra.v5i1.1627

2
3]
=}
S
<
T
=
=)
=
@)

Simaremare et al. Narra ] 2025; 5 (1): e1627 - http://doi.org/10.52225/narra.vsit.1627

Code Ligand Amino acid residue TR  AG (Kcal/mol)
H6 (E, E, E)-3,7,11,15- Hydrophobic interaction (Ala 202, 6 -41.49+0.76
tetramethyl- acetate, Tyr348, Trp387, Val349, Phe205, Val344,
2,6,10,14- Leus34, Leus31, Ile34s, Leu117, Ile345,
Hexadecatetraen-1-ol Val116, Tyr355)
H2 4-(1,1,3,3-tetramethyl- Hydrogen bond (Met522), hydrophobic 6 -20.46£0.21
butyl)-phenol interaction (Val349, Ala527, Leu3s2,
Gly526, Tle523)
H29 2-Acetoxy-1,1,10- Hydrogen bond (Ser530), VDW (Ala527), 5 -22.30+6.56
trimethyl-6,9- hydrophobic interaction (Leu3s9,
epidioxydecalin Val349, Tyr3ss, Val116)
H4 Phytol Hydrogen Bond (Asp362), VDW (Lys360, 5 -41.41£3.13
Phe361), hydrophobic interaction
(Phes18, Val349, Alas27, Leu3s2,
Leu3s59, Met113, Leus36s, Leui1y, Val116,
Tle523)
Hs Farnesyl acetone Hydrogen Bond (Tyr385), hydrophobic 4 -35.29+4.14
interaction (Val349, Leu36s, Leu117,
Met113, Leus3s9, Val116, Alas27, Leus31)
H30 [-Ionone Hydrophobic interaction (Leus34, 4 -21.60+2.78
Leus31, Val349, Leu3s9, Ala527, Leu117)
H24 3-4-(2,6,6-Trimethyl-2- VDW bonds (Alas27), hydrophobic 3 -20.33+£0.99
cyclohexen-1-yl)-buten- interaction (Leu3s2, Val349)
2-one
Hi2 (E, E))- 6,10-dimethyl- Hydrogen bond (Asp362), VDW 1 -27.83+0.54

5,9-dodecadien-2-one

(Phe361), hydrophobic interaction
(Leu11y, Met113, Ala116, Tyr3s5, Leu3s59)

AG: binding free energy; TR: total key and additional amino acid residues

All ligands containing amino acid residues of COX-2 demonstrated comparable or superior
efficacy relative to the native ligand (Table 6). The most effective ligands for COX-2 inhibition
were characterized by the highest number of key residue interactions and the most negative AG
values across all samples. Binding energy analysis using MMPBSA revealed that six ligands had
more negative binding energies than the native ligand. For COX-2, the native ligand, mefenamic
acid, had a AG value of -20.53+2.30 kcal/mol, indicating a relatively stable interaction with COX-
2 through hydrophobic interaction with important amino acid residues such as Tyr385, Val349,
and Alas27.

Hexahydro farnesyl acetone had the lowest binding free energy (AG=-42.46+1.13 kcal/mol),
indicating the highest affinity for COX-2, with interactions involving 12 amino acid residues
(Table 6). This stability was supported by hydrogen bond formation with Met522, van der Waals
interactions with Gly526, and hydrophobic interactions with residues such as Argi20, Tyr3ss,
Leuss2, Val349, Val116, Met113, Leu117, Ile345, Leus31, and Leu359 (Table 6). Other ligands,
((E, E, E))- 3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-ol, and 4,8,12,16-
tetramethylheptadecan-4-olide, had binding free energies of -33.79+3.80 and -33.05+0.11
kcal/mol, respectively. Thus, 4,8,12,16-tetramethylheptadecan-4-olide, (E, E, E)-3,7,11,15-
tetramethyl-acetate, 2,6,10,14-hexadeca-tetraen-1-ol, and hexahydro-farnesyl acetone) were
identified as the top three COX-2 inhibitors.

Table 6. Results from molecular dynamic simulations: binding free energy and amino acid
residues of cyclooxygenase-2 (COX-2) interact with ligands from n-hexane extract

Code  Ligand Amino acid residue TR AG (Kcal/mol)
Native Mefenamic Hydrophobic interaction (Tyr38s5, Val349, 4 -20.53+2.30
ligand Phe318, Leu3s2, Ala527)

Hy 4,8,12,16- Hydrogen bonds (Arg120), hydrophobic 8 -33.05+0.11
tetramethylheptadecan-  interaction (Leu3s2, Val492, Val85,
4-olide Leu328, Tyr3ss, Met522, Val349, Trp387,
Phe484, Phe174, Tyr38s5, Phes81, Phe381)
H6 (E, E, E)-3,7,11,15- Hydrophobic interaction (Val349, Alas27, 8 -33.79+3.80
tetramethyl-, acetate, Tyr3ss, Val523, His89, Met522, Phe381,
2,6,10,14-Hexadeca- Trp387, Phe518, Argi20, Val116)
tetraen-1-ol
Hi1 Hexahydrofarnesyl Hydrogen bonds (Met522), VDW (Gly526), 7 -42.46+1.13
acetone hydrophobic interaction (Arg120, Tyr3s5,
Leuss2, Val349, Val116, Met113, Leu117,
Tle345, Leus31, Leu3s59)
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Code Ligand Amino acid residue TR AG (Kcal/mol)
Hi2 (E, E))- 6,10- Hydrogen bonds (Tyr3s5, Arg 513), 6 -21.63+6.35
dimethyl-5,9- hydrophobic interaction (Ala527, Leus31,
dodecadien-2-one Tyr38s, Val344, Leus34, Tyr348, Phe205,
Leu3s2, Val349)
H3o -Tonone Hydrophobic interaction (Val523, Trp387, 6 -15.45+0.98

Mets22, Alag27, Val349, Tyr348, Leu3s2)
H24 3-4-(2,6,6-Trimethyl-2- Hydrophobic interaction (Leus31, Ala527, 6 -17.38+1.75
cyclohexen-1-yl)-buten- Val349, Tyrsss, Leuss2, Vals23)

2-one
H4 Phytol Hydrogen bonds (Asp362), VDW (Lys 360, 5 -30.89+6.24
Phe361), hydrophobic interaction (Phe518,
Val349, Ala527, Leu3s2, Met113, Leu3so,
Leu36s, Leu117, Val116, Ile523)
H2 4-(1,1,3,3-tetramethyl- Hydrophobic interaction (Ala527, Tyr3ss, 4 -16.55+2.72
butyl)-phenol Leu3s9, Val349, Leu3s2)
H29 2-Acetoxy-1,1,10- Hydrophobic interaction (Leu3s2, Val349, 4 -19.43+5.41
trimethyl-6,9- Alas27, Val523)
epidioxydecalin
H3 Methyl 3-(3,5-di-tert- Hydrogen bonds (Arg120), hydrophobic 3 -23.95+5.39
butyl-4-hydroxyphenyl)-  interaction (Val349, Ala527, Tyriis,
propionate Val116)

AG: binding free energy; TR: total key and additional amino acid residues

Ligand 4,8,12,16-tetramethylheptadecan-4-olide showed minimal fluctuation, with RMSD
values remaining <3A (Figure 6A). This ligand remained stable throughout the simulation from
0 ns to 200 ns. In contrast, ((E, E, E))-3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-
1-ol, and ((E, E))-6,10-dimethyl-5,9-dodecadien-2-one showed significant fluctuations, with
increasing RMSD values observed at 100 ns. However, both ligands stabilized between 125 ns and
200 ns in complex with COX-1 (Figure 6A). Hexahydro farnesyl acetone demonstrated a weaker
COX-2 inhibitory effect than the other two ligands, as indicated by substantial fluctuations in
RMSD values between 25 ns and 125 ns (Figure 6B). In contrast, 4,8,12,16-
tetramethylheptadecan-4-olide showed minimal fluctuation, maintaining an RMSD value of <3A
throughout the 200 ns simulation, similar to ((E, E, E))-3,7,11,15-tetramethyl-acetate and
2,6,10,14-hexadecatetraen-1-ol. These three ligands complexed with COX-2 remained stable
throughout the simulation period (Figure 6B).

A COX-1
=
a
:
0] 25 50 75 100 125 150 175 200
Time (ns)
B COX-2

Time (ns)

Figure 6. The root mean square deviation (RMSD) of top three ligands (from the n-hexane
extract) during interaction with (A) cyclooxygenase-1 (COX-1) and (B) cyclooxygenase-2 (COX-
2) in molecular dynamic simulation: meloxicam (red); mefenamic acid (black);
hexahydrofarnesyl acetone (purple); methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate
(cyan): ((E, E, E))-3,7,11,15-tetramethyl-acetate, 2,6,10,14-hexadecatetraen-1-ol (hot pink);
4,8,12,16-tetramethylheptadecan-4-olide (blue).
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Molecular dynamics simulations of ligands from ethyl acetate extract

In the trajectory analysis, ten selected compounds from the ethyl acetate extract were evaluated
for their interaction with COX-1 and compared to meloxicam as the native ligand. All ten ligands
formed bonds with the COX, with interactions primarily dominated by Ala527 and Leu352, while
Met522 showed minimal interaction (Figure 7). The simulation indicated that izalpinin
demonstrated a weaker interaction with COX-1 than the other ligands, as it lacked important
amino acid residues essential for binding (Table 7). Regarding the interaction between ethyl
acetate extract ligands and COX-2, compared to mefenamic acid as the native ligand, the ligands
showed similar binding characteristics, with Alas527 consistently involved in the interaction [104].
The simulation further indicated that 11-o-p-coumarylnepeticin had a reduced affinity for COX-
2 compared to the other ligands, likely due to the absence of important amino acid residues
required for stable binding (Table 8).

The ligands pseudosantonin, genistin, and nobiletin demonstrated superior interactions
with the COX-1 due to the presence of key residues such as Ser530, Tyr38s5, and Tyr3s5 (Table
7). Trajectory analysis of the complexes indicated that the binding poses of these compounds were
located at the active site of COX-1. In the trajectory analysis of the ethyl acetate extract with COX-
2, five complexes—arteaminisine, kaempferol, kirenol, nobiletin, and genistin—demonstrated
stronger interactions than the remaining five. These five compounds (arteaminisine, kaempferol,
kirenol, nobiletin, and genistin) maintained stable interactions due to the presence of key binding
residues, including Argi120, Ser3s3, Ser530, Tyr385, and Tyr3s5. Therefore, these ligands could
be considered potential inhibitors of COX-2 with analgesic and anti-inflammatory properties.

Figure 7. Superimposed ethyl acetate extract ligand with cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2): native ligand (red), arteamisinine (light sea green), nobiletin (blue),
kirenol (cyan), pseudosantonim (pink), dihydroxyeudesm-11 (13)-en-12- oic acid (yellow),
kaempferol (corn blue), izalpinin (black), oxxypyllenodiol (orange), pterodontoside (purple),
apigenol (navi blue), fibraun (metallic yellow), genisitin (dark blue), and kirenol (cyan).

The molecular dynamics simulation results regarding binding free energy and important
amino acid residues interacting with ligands from the ethyl acetate extract against COX-1 and
COX-2 enzymes are presented in Table 7 and Table 8. This analysis provided insights into the
ligands' stability in binding to the target protein and their selectivity toward COX-1 or COX-2.
The simulation results for COX-1 demonstrated variability in binding free energies among the
ligands (Table 7). Nobiletin had the lowest binding energy (AG=-35.20+1.26 kcal/mol),
indicating a stronger interaction compared to the native ligand. Meloxicam, as the native ligand,
had a AG of -23.94+2.17 kcal/mol, which was weaker than pseudosantonin (AG=-24.42+1.42
kcal/mol) but stronger than arteamisinine (AG=-20.33+2.74 kcal/mol). Pseudosantonin
demonstrated greater interactions than nobiletin, forming eight interactions with key amino
acids, suggesting a specific and effective affinity for COX-1. Nobiletin was not ranked among the
top COX-1 inhibitors despite its strong binding energy (-35.20 kcal/mol) and TR (77) because it
did not interact with key catalytic residues (Ser530, Argi20). In contrast, pseudosantonim (-
24.42 kcal/mol, TR=8) was selected for its stronger interactions with critical COX-1 sites, making
it a more effective inhibitor. Similarly, arteamisinine and genistin showed strong interactions
with COX-2, as both formed interactions with eight important amino acid residues. Overall,
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pseudosantonim, arteamisinine, and genistin were identified as the top three ethyl acetate ligands
with the highest potential to inhibit COX-1.

Table 7. Results from molecular dynamic simulations: binding free energy and amino acid
residues of cyclooxygenase-1 (COX-1) that interact with ligands from ethyl acetate extract

Code Ligand Amino acid residue TR AG (Kcal/mol)
Native =~ Meloxicam Hydrogen bonds (Arg120), Van der Waals 10 -23.94+2.17
ligand (VDW) bonds (Ser3s3, Tyr3ss, Ala527),

hydrophobic interaction (Ile345, Leus31,
Val349, Leu11y, Phe518, Ile523, Leu3s2)

E19 Pseudosantonim Hydrogen bonds (Arg120, Val116), VDW 8 -24.42+1.42
(Ser530), hydrophobic interaction (Leus34,
Tle345, Leu3s2, Val349, Tyr3ss, Ala527)

Es5 Arteamisinine Hydrogen bonds (Arg120), hydrophobic 8 -20.33+2.74
interaction (Leu3s52, Ile523, Ala527, Ile345,
Leus34, Val349, Leus31)

E25 Genistin Hydrogen bonds (Ser530, Met522, Lys 360), 8 -13.53+2.51
sulfur bonds (Met113), VDW (Ser353, Hisgo,
Alas27, Leuss2, Ile523, Gly526), hydrophobic
interaction (Ile345, Val349, Leu531).

Eo Nobiletin Hydrogen bonds (Tyr385), hydrophobic 7 -35.20+1.26
interaction (Val349, Leu3s9, Leu 351, Leu 354,
Tle345, Gly526, Leuss2, Alas527)

E11 Apigenol Hydrogen bonds (Met522, Tyr385), VDW 7 -19.41+0.98
(Ser530), hydrophobic interaction (Ala 349,
Alas27, Leuss2, Gly526)

E20 Oxypyllenodiol A Hydrogen bonds (Ser530, Ala527, Met522, 7 -18.82+0.60
Tyr385), hydrophobic interaction (Ile523,
Leu3s2, Phes18, Hie 90)

E27 Pterodontoside Hydrogen bonds (Val116), VDW (Leu3s2), 5 -23.47+0.38
hydrophobic interaction (Ile523, Val349,
Alas27, Gly526)

E6 Fibraurin Hydrogen bonds (Ser530), VDW (Hisgo, 5 -18.17+2.74
Leu117), hydrophobic interaction (Val349,
Tle345, Ala527, lle523)

E23 Dihydroxyeudesm- VDW (Ser530, Ala527), hydrophobic interaction 5 -24.41£1.32
11 (13)-en-12- oic (Valz49, Leuss9, Ile345, Met113, Leus3t,
acid Leu117, Leu534, Leus35)

E26 Izalpinin VDW (Ser530), hydrophobic interaction 4 -26.29+2.93

(Val349, Leu117, Met113, Ile345, Leus31)

AG: binding free energy; TR: total key and additional amino acid residues

Nobiletin had the lowest binding free energy (AG=-31.10+0.15 kcal/mol), confirming its
strong binding affinity in COX-2, as presented in Table 8. Other ligands, such as kaempferol and
arteamisinine, also demonstrated high affinity for COX-2, with AG values of -23.39+
2.76 kcal/mol and -23.54+0.30 kcal/mol, respectively. Mefenamic acid, the native ligand for
COX-2, had a AG of -20.53+2.30 kcal/mol, which was higher than several ligands from the ethyl
acetate extract. In terms of key amino acid interactions, arteamisinine demonstrated the highest
number of interacting residues among all ligands, forming nine interactions, while kaempferol,
fibraun, and apigenol each demonstrated eight interactions. Arteamisinine engaged with two
important amino acid residues and seven active residues, signifying its potent and unique affinity
for COX-2 (Table 8). Key residues involved in COX-2 interactions included Tyr385, Ala527,
Leu3s2, and Val349 (Table 8). The majority of interactions were dominated by hydrogen
bonding, hydrophobic interactions, and van der Waals forces.

Table 8. Results from molecular dynamic simulations: binding free energy and amino acid
residues of cyclooxygenase-2 (COX-2) that interact with ligands from ethyl acetate extract

Code Ligand Amino acid residue TR AG (Kcal/mol)
Native Mefenamic acid Hydrophobic interaction (Tyr38s5, Val349, 4 -20.53+2.30
ligand Phe318, Leuss2, Ala527)

Es5 Arteamisinine Hydrogen bonds (Ser530, Tyr385), 9 -23.54+0.30

hydrophobic interaction (Val349, Ala527,
Leuss2, Val523, Trp387, Phe518, Met522)
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Code Ligand Amino acid residue TR AG (Kcal/mol)

E24 Kaempferol Hydrogen bonds (Ser353), VDW (Ser530), 8 -23.39+2.76
hydrophobic interaction (Tyr3s5, Ala 516,
Val523, Leuss2, Alas27, Gly526)

E6 Fibraurin VDW (Ser3s53, His9o, Ser530), hydrophobic 8 -19.29+3.35
interaction (Val349, Leu3s2, Tyr348,
Val523, Ala527, Leus31, Argi20)

E11 Apigenol Hydrogen bonds (Tyr355), VDW (Ser353, 8 -16.48+0.57
Tyr385), hydrophobic interaction (Val349,
Val523, Ala527, Leu3s2, Gly526).

E1y Kirenol Hydrogen bonds (Trp387, Met522), 7 -28.46+0.62
hydrophobic interaction (Val523, Ala527,
Leuss2, Tyr3ss, Phe518)

E20 Oxypyllenodiol A Hydrogen bonds (Ser530, Met522, Val523), 7 -19.2040.68
VDW (Gly526), hydrophobic interaction
(Leuss2, Alas27, Tyr3ss)

E9 Nobiletin Hydrogen bonds (Ser530), sulphuric acid 6 -31.10+0.15
(Arg 513), hydrophobic interaction (Leu3s2,
Vals23, Ala527, Val349, Leus31)

E25 Genistin Hydrogen bonds (Tyr 233), VDW (Trp387, 6 -23.18%4.57
Val116), hydrophobic interaction (Phe518,
Vals23, Leus31, Alag27, Val349)

E23 Dihydroxyeudesm-11 ~ VDW (Val523, Gly526), hydrophobic 6 -23.39+2.76

(13)-en-12- oic acid interaction (Ala527, Arg120, Val116, Val349,

Leu534, Leu531)

E8 11-O-p- Coumaryl- VDW (Pro 300), hydrophobic interaction 1 -19.29+3.35

nepeticin (Tyr3s5, Lys135, Val134)
AG: binding free energy; TR: total key and additional amino acid residues

The COX-1 graph demonstrated that pseudosantonim demonstrated minimal fluctuation,
with an RMSD value of <34, maintaining stability from 25 ns to 200 ns during the simulation
(Figure 8A). Genistin showed a decline at 150 ns before stabilizing immediately until 200 ns,
whereas arteamisinine demonstrated fluctuations between 150 ns and 200 ns. The COX-2 graph
indicated that arteamisinine, fibraun, and kaempferol maintained relative stability from 25 ns to
200 ns, with RMSD values of <3A (Figure 8B). These three ligands had stable binding to COX-
2 throughout the simulation, suggesting their potential as stable COX-2 inhibitors.

A COX-1

o) 25 50 75 100 125 150 175 200
Time (ns)

B COX-2

0 25 50 75 100 125 150 175 200
Time (ns)

Figure 8. The root mean square deviation (RMSD) of top three ligands (ethyl acetate extract)
during interaction with (A) cyclooxygenase-1 (COX-1) and (B) cyclooxygenase-2 (COX-2) in
molecular dynamic simulation. Meloxicam (red); mefenamic acid (black); arteamisinine (blue);
pseudosantonim (green); genistin (forest green); fibraurin (pink); kaempferol (light green).
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Analysis of the selection of the best ligands as COX-1 and COX-2 inhibitors

The simulation trajectory of 4,8,12,16-tetramethylheptadecan-4-olide (from n-hexane extract)
and pseudosantonim (from ethyl acetate extract) against COX-1 revealed that pseudosantonim
exited the COX-1 binding pocket at 50 ns (Figure 9). However, by 100—200 ns, the ligand had
stabilized within the binding pocket. Based on binding interactions, MMPBSA analysis, and
RMSD graphs from the COX-1 molecular dynamics simulation complex, 4,8,12,16-
tetramethylheptadecan-4-olide demonstrated greater inhibitory potential against COX-1 than
pseudosantonim, as indicated by its stronger binding affinity (AG=-41.62+1.03 kcal/mol)
compared to pseudosantonim (AG=-24.42+1.42 kcal/mol). Therefore, 4,8,12,16-
tetramethylheptadecan-4-olide was identified as the most effective COX-1 inhibitor among the
ligands derived from L. decumana.

COX-2

Figure 9. The trajectory of native ligands and the studied ligands during 200 ns molecular
dynamics (MD) simulation in the binding site of cyclooxygenase-1 (COX-1) and cyclooxygenase-
2 (COX-2). Meloxicam: red; 4,8,12,16-tetramethylheptadecan-4-olide (COX-1): blue;
pseudoxantonim: pink; mefenamic acid: black; 4,8,12,16-tetramethylheptadecan-4-olide (COX-
2): blue; arteamisinine: green.

For COX-2, the trajectory simulation of 4,8,12,16-tetramethylheptadecan-4-olide (from n-
hexane extract) and arteamisinine (from ethyl acetate extract) demonstrated that both ligands
remained within the COX-2 binding pocket throughout the simulation (Figure 9). Based on
binding interactions, MMPBSA analysis, and RMSD graphs from the molecular dynamics
simulation of the COX-2 ligand complex, arteamisinine was identified as the most effective COX-
2 inhibitor compared to 4,8,12,16-tetramethylheptadecan-4-olide. Arteamisinine interacted with
nine important amino acid residues of COX-2, forming two hydrogen bonds (Ser530, Tyr385)
and seven hydrophobic interactions (Val349, Ala527, Leu3s2, Val523, Trp387, Phe518, Met522).
In contrast, 4,8,12,16-tetramethylheptadecan-4-olide formed a single hydrogen bond (Arg120)
and seven hydrophobic interactions (Leu3s2, Val492, Val8s5, Leu328, Tyr3ss, Met522, Val349,
Trp387, Phe484, Phe174, Tyr385, Phe581, Phe381). The ligand binding profile over the 200 ns
simulation indicated that arteamisinine consistently maintained its binding at the same COX-2
site. Thus, arteamisinine was identified as the most promising COX-2 inhibitor among the ligands
derived from L. decumana.

Discussion

The interaction of meloxicam with COX-1 during molecular docking and molecular dynamics
simulations demonstrated that the thiazole group formed alkyl bonds with Ile345, Leus3s,
Leus31, Leus34, and Val349. The carboxamide carbonyl group engaged in hydrogen bonding
with Ser3s3, Hisgo, and Ser530, while the carboxamide amide group formed a hydrogen bond
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with Tyrsss. Additionally, the benzene group had a stacked amide—m interaction with Met522,
and alkyl interactions were observed with Leu3s52 and Ile523 [34,104,105]. In the interaction of
mefenamic acid with COX-2, the hydrogen atom in the phenyl group formed an alkyl bond with
Val346, while the hydrogen atom in the benzoic acid group formed a m bond with Leu 349, Ala
523, and Val 520 [14,40]. Another study reported that the N-thiazole group of meloxicam
established hydrogen bonds with Tyr385 and Ser530, whereas the carboxamide carbonyl group
formed hydrogen bonds with Tyr3s5 and Argi20 [40]. The binding pose of meloxicam in the
COX-1 active site closely resembled that in COX-2, further validating the accuracy of docking
predictions in both enzyme models [106].

This study demonstrated that COX-1 complexed with ligands from n-hexane extracts showed
a distinct interaction pattern. The complex formed with 4,8,12,16-tetramethylheptadecan-4-olide
showed a more negative binding free energy than meloxicam, whereas other ligands did not
interact with important amino acid residues in the docking simulation. Ligand binding to COX-2
involved interactions with amino acid residues that were consistent with key residues identified
in a previous study [33].

This study evaluated the binding interactions from the docking of meloxicam and various
ligands from the ethyl acetate extract with COX-2. The native ligand, mefenamic acid, showed a
binding affinity of —7.08 kcal/mol. However, several ligands from the ethyl acetate extract
demonstrated more negative binding free energies than the native ligand. These ligands were
excluded from the molecular dynamics simulation due to their lack of interaction with important
amino acid residues of COX-2. The molecular interactions primarily involved hydrogen bonds
and hydrophobic interactions, with electrostatic interactions contributing significantly to ligand-
protein affinity. This structural characteristic facilitated interactions with selective COX-2-
specific molecules, supporting the development of selective nonsteroidal anti-inflammatory
drugs with reduced gastrointestinal side effects.

The interactions between n-hexane extract ligands and COX-2 in this study identified Val349
as a consistently involved residue. The selection of the optimal n-hexane and ethyl acetate extract
ligand was based on binding affinity and interactions with key COX amino acid residues. Among
the ten n-hexane extract ligands analyzed, four demonstrated superior interactions compared to
the others. Among these, 4,8,12,16-tetramethylheptadecan-4-olide demonstrated the strongest
interaction with both COX-1 and COX-2, making it the most promising ligand. Similarly, ligands
from the ethyl acetate extract showed comparable interactions with COX-2, with arteamisinine
displaying the highest binding affinity. While apiol and dihydroxyeudesm-11(13)-en-12-oic acid
showed relatively stable interactions, arteamisinine demonstrated the most favorable binding to
COX-2. The study concluded that arteamisinine was the most potent COX-2-interacting ligand,
with promising potential as an analgesic and anti-inflammatory agent.

This study provided significant pharmacological insights into the development of anti-
inflammatory and analgesic agents targeting COX-1 and COX-2 enzymes. A key finding was the
traditional use of L. decumana leaves as a pain reliever by ethnopharmacologists. The active
compounds from this plant demonstrated COX-1 and COX-2 inhibitory properties, a novel
finding that has not been previously documented. The study's conclusions were based on ligand
selectivity and the binding affinity of ligand-COX complexes, which demonstrated significant
activity. Among the identified compounds, 4,8,12,16-tetramethylheptadecan-4-olide emerged as
the most potent COX-1 inhibitor, with an exceptional binding free energy (AG=-41.62 kcal/mol)
and stable interactions with important residues (Argi20, Tyr385, and Ser530). These findings
suggested that 4,8,12,16-tetramethylheptadecan-4-olide may serve as a highly selective COX-1
inhibitor with superior potency compared to meloxicam. Additionally, arteamisinine was
identified as the most promising COX-2 inhibitor, forming persistent hydrogen bonds with
Ser530 and Tyr385, along with hydrophobic interactions with other amino acid residues. Its
enhanced binding affinity suggested its potential as a viable alternative to mefenamic acid.

The structural interactions within the complex indicated that hydrogen bond and
hydrophobic interactions predominated in ligand-enzyme binding, while electrostatic
interactions further enhanced ligand affinity. These findings aligned with the molecular
interaction characteristics of established COX inhibitors such as meloxicam and mefenamic acid.
In terms of molecular dynamics and stability, 4,8,12,16-tetramethylheptadecan-4-olide and
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arteamisinine demonstrated RMSD values below 3 A, indicating sustained structural stability
throughout 200 ns simulations, which was considered optimal. The persistent binding of
4,8,12,16-tetramethylheptadecan-4-olide, for COX-1, and arteamisinine, for COX-2, suggested a
robust inhibitory profile with minimal structural variation. This study identified essential
residues (Argi120, Ser530, Tyr3ss, Tyr385) critical for effective COX inhibition, along with the
crucial binding conformations of the ligand-protein complexes. Both 4,8,12,16-
tetramethylheptadecan-4-olide and arteamisinine effectively engaged with these residues,
highlighting their pharmacological potential. The structure-activity relationships (SARs) of these
ligands, characterized by specific structural attributes such as aliphatic CH chains that facilitate
st and hydrogen bond, suggested enhanced binding affinity. These findings provided a foundation
for optimizing ligand structures to improve COX selectivity and efficacy.

This study identified both consistencies and discrepancies with existing literature. The
findings supported previous research by confirming that key residues (Argi20, Ser530, Tyr355,
Tyr385) and predominant interaction types (hydrogen bonding, hydrophobic interaction) aligned
with established COX inhibitors such as meloxicam and mefenamic acid [33]. These results
reinforced prior conclusions regarding the kinetics of COX ligand binding [107]. Additionally, the
RMSD values provided a critical indicator of structural stability, consistent with accepted
methodologies in molecular dynamics research [33]. However, this study also revealed notable
deviations from prior research [108]. Ligands such as 4,8,12,16-tetramethylheptadecan-4-olide
and arteamisinine demonstrated superior binding conformations and stability compared to
conventional COX inhibitors, suggesting that naturally derived ligands may offer greater potency
and selectivity than synthetic counterparts. Furthermore, the emphasis on aliphatic chain-based
ligands with m-bonding potential diverged from conventional drug design approaches, which
often prioritize aromaticity and rigid frameworks [109]. The exclusion of high-affinity ligands,
such as 11-O-p-coumarylnepeticin, due to inadequate interactions with canonical residues
contrasted with investigations into non-classical binding pathways and allosteric sites,
highlighting potential alternative mechanisms of COX inhibition.

A primary limitation of this study was the exclusion of ligands with significant binding free
energies. Several ligands with highly negative binding free energies, such as 11-O-p-
coumarylnepeticin, were omitted due to insufficient interactions with important residues. While
this criterion was justifiable, it highlighted the need for further investigation into alternative
binding sites or allosteric inhibitory mechanisms. Another limitation was the reliance on
computational docking and molecular dynamics simulations without experimental validation.
Enzyme inhibition assays or in vivo studies are essential to confirm the pharmacological
relevance of these findings. Additionally, the study focused solely on known binding residues,
specifically Argi20, Ser530, Tyr3s55, and Tyr385. Although these residues are widely recognized
as key interaction sites, other potential binding sites or non-canonical interactions remain
underexplored. This limitation may have led to the exclusion of ligands with novel binding
strategies.

Future directions from this study emphasize the need for experimental validation through
both in vitro and in vivo investigations to assess the pharmacokinetics, safety, and efficacy of
4,8,12,16-tetramethylheptadecan-4-olide, arteamisinine, and other promising ligands.
Optimization of the SAR is essential to refine ligand architecture based on identified critical
interactions, thereby enhancing selectivity and reducing off-target effects. Furthermore, this
study suggests exploring allosteric inhibition by analyzing ligands previously excluded due to
their lack of interaction with important amino acid residues at canonical binding sites but
showing high binding free energy. Lastly, the potential for combination therapy should be
investigated, evaluating the synergistic effects of multiple ligands to achieve dual COX-1/COX-2
inhibition while minimizing adverse effects.

Conclusion

In the n-hexane extract of Laportea decumana (Roxb.) Wedd., 31 compounds were identified by
GC-MS. In silico studies revealed that 10 of these compounds showed the best interactions in
docking simulations and remained stable in the protein’s binding pocket during molecular
dynamics simulations. Among these, 4,8,12,16-tetramethylheptadecan-4-olide demonstrated
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stable binding with both COX-1 and COX-2, with binding free energies of -41.62+1.03 kcal/mol
and -33.05+0.11 kcal/mol, respectively. In the ethyl acetate extract, 27 compounds were
identified by LC-MS, and 10 showed the best interactions in docking simulations, maintaining
stability in the protein’s binding pocket during molecular dynamics simulations. Pseudosantonim
demonstrated better affinity for COX-1 (-24.41+1.32 kcal/mol), while arteamisinine had a higher
affinity for COX-2 (-23.53+0.30 kcal/mol). These findings suggest that 4,8,12,16-
tetramethylheptadecan-4-olide was the most effective COX inhibitor in the n-hexane extract,
while pseudosantonim and arteamisinine merit further investigation as potential COX-1 and
COX-2 inhibitors, respectively, in the ethyl acetate extract. This study concluded that 4,8,12,16-
tetramethylheptadecan-4-olide was the most potent COX-1 inhibitor, whereas arteamisinine was
the most effective for COX-2 inhibition.
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