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 Dayak onion (Eleutherine americana (L.) Merr) is known to have potential as an 
inflammatory pathway modulator as it contains active compounds such as 
eleutherine, isoleutherine, and eleutol. They are known to have anti-
inflammatory, antioxidant, and anti-cancer activities. This study explored the 
potential of Eleutherine americana (L.) Merr bioactive compounds as COX-2 
enzyme inhibitors using an in silico approach. The data were obtained using 
Lipinski’s rule of 5, ADMET profile prediction, molecular docking, and molecular 
dynamics simulation. The molecular docking results showed that eleutherin, 
isoeleutherin, and elecanacin had strong binding affinities of −8.09, −8.19, and 
−8.06 kcal/mol to the active site of COX-2 with amino acid residues SER530, 
ALA527, SER353, HIS90, PHE518, LEU384, and PHE381. Meanwhile, MD analysis 
showed that eleutherin formed stable RMSD Cα interactions at a distance of 1.4 Å 
for 100 ns with COX-2, while isoeleutherin showed slight fluctuations of 2.5 Å at 
75 ns with an average radius of gyration of 24 Å. The findings demonstrate 
potential for further development, particularly in the exploration of new herbal-
based drug discovery using Eleutherine americana (L.) Merr, and can be studied 
further in vitro and in vivo to validate the drug candidate as a COX-2 inhibitor in 
anti-inflammatory therapy. 

 

1. Introduction 

The World Health Organization reports in 2021 that 
inflammation is the greatest threat to human health, with 
3 out of 5 people worldwide dying from chronic 
inflammation, such as stroke, heart disease, and 
respiratory disorders [1]. Inflammation refers to the 
body’s physiological response to tissue damage or 
infection, characterized by the release of cytokines and 
prostaglandins [2]. Prostaglandin production is catalyzed 
by cyclooxygenase (COX), which consists of the isoforms 
COX-1 and COX-2. The COX-2 isoform is induced when 
the body is exposed to pathogens, and its increased 
expression can cause acute and chronic inflammation, 
including cancer, arthritis, and cardiovascular disorders. 
If inflammation is not properly treated, it can lead to 
progressive tissue damage and worsen the patient’s 
condition. Therefore, inhibiting COX-2 enzyme activity is 

a therapeutic strategy to control inflammation and 
prevent more serious disease complications [3]. 

Current treatment for inflammation still widely uses 
Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) such 
as ibuprofen, aspirin, celecoxib, diclofenac, diflunisal, 
etodolac, fenoprofen, flurbiprofen, indomethacin, 
ketoprofen, ketorolac, mefenamic acid, meloxicam, 
nabumetone, naproxen, oxaprozin, piroxicam, sulindac, 
tolmetin, which are approved by the United States Food 
and Drug Administration (USFDA) [4]. However, long-
term use of NSAIDs can cause side effects such as 
indigestion, pain, diarrhea, bleeding, gastrointestinal 
disorders, stomach ulcers, and an increased risk of 
cardiovascular disease. Thus, although effective in 
inhibiting COX-2, it poses a high safety risk. It indicates 
that there is still a need to develop alternative inhibitors 
from secondary metabolites of herbal plants with a broad 
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spectrum of bioactivity and comparable effectiveness, 
with a lower risk of side effects [5]. 

As modern research develops, traditional plants are 
increasingly being explored for their potential as sources 
of bioactive compounds. Various secondary metabolites 
from plants, such as flavonoids, alkaloids, terpenoids, 
and naphthoquinones, have been shown to have broad 
pharmacological activities, including anti-inflammatory 
properties. Therefore, exploration of traditional 
Indonesian plants has the potential to produce new anti-
inflammatory drug candidates that are safer and more 
effective [6]. Dayak onion (Eleutherine americana (L.) 
Merr) is one of Kalimantan’s distinctive medicinal plants 
widely used to treat various diseases, including 
infections, diabetes, cancer, and inflammation. Several 
studies have reported the biological activity of Eleutherine 
americana (L.) Merr acts as an antioxidant, antibacterial, 
and antitumor agent [7]. 

Nurhayati (2008) reported that Eleutherine americana 
extract suppresses inflammation by up to 72.74% in red 
blood cell membrane stability. In vitro, the ethyl acetate 
fraction of Eleutherine americana (L.) Merr tubers had the 
highest antioxidant activity at an IC50 value of 26.98 ± 
0.507 µg/mL [8], and the use of the methanol extract of 
Eleutherine americana (L.) Merr tubers with the DPPH 
method also has a strong total antioxidant capacity and 
ferric reducing power with an IC50 value of 16.95 ± 1.58 
µg/mL [9]. The naphthoquinone from Eleutherine 
americana (L.) Merr. was reported to modulate the 
prostaglandin pathway by inhibiting the COX-2 enzyme 
[10]. To evaluate the potency of bioactive compounds 
from Eleutherine americana (L.) Merr, we used the COX-2 
receptor (PDB ID 5IKQ) with 2.41 Å resolution, and the 
results are supported by a 3D verification score of 90.93%. 
The receptor bound to meclofenamic acid as a native 
ligand with primary amino acid residues (SER530 and 
TYR385). 

Theoretical investigation through in silico studies of 
bioactive compounds from Eleutherine americana (L.) 
Merr for COX-2 was explored by a previous study, but 
there is a lack of advanced information on dynamic 
properties and electronic parameters. A study providing 
deep mechanistic insight is needed by analyzing the 
dynamic stability and electronic properties using the DFT 
approach. The advanced computing technology in 
chemistry and pharmacy has enabled in silico analysis to 
evaluate ligand interactions with target proteins. In 
addition, the result can serve as a reference for future 
researchers before conducting experimental tests, 
reducing the risk of failure and opening new 
opportunities for developing Dayak onion-based 
phytopharmaceuticals in pharmacy, particularly for 
discovering anti-inflammatory drug candidates. 

2. Experimental 

2.1. Lipinski’s Rules of Five and ADMET Studies 

Lipinski’s Rule of Five evaluates the drug properties 
of bioactive compounds from Eleutherine americana (L.) 
Merr before further in silico testing. This analysis aimed 
to assess whether the human body’s mechanisms are 

likely to absorb the compounds. Lipinski’s Rule 
emphasizes that a compound is ideal for oral use if it has 
a molecular weight ≤500 Da, a hydrogen bond donor 
count ≤5, a hydrogen bond acceptor count ≤10, and an 
MlogP value between ≤5 [11]. The test was conducted via 
the website https://scfbio-
iitd.res.in/software/drugdesign/lipinski.jsp (accessed on 
17 September 2025), where each target compound that 
meets Lipinski’s rules is considered more likely to be a 
safe and effective oral drug candidate. 

2.2. Protein-ligand Interaction Network 

Protein-ligand interaction network analysis was 
performed using the Search Tool for Interactions of 
Chemicals (STITCH) platform, accessible at 
http://stitch.embl.de by entering the name of the 
compound Eleutherine americana (L.) Merr. The target 
organism was set to Homo sapiens to validate biological 
relevance to human COX-2. The interaction confidence 
score was set at ≥ 0.700 with a high level of uncertainty. 
This system provides bioinformatics prediction data, 
literature development, and information about the 
affinity of protein networks with the compound 
Eleutherine americana L. Merr in various biological 
networks [12]. 

2.3. Molecular Docking Calculation 

Molecular docking was used to calculate the 
interaction between the bioactive compound Eleutherine 
americana (L.). Merr and the target enzyme (COX-2). The 
initial docking stage involved preparing the target protein 
from the PDB database (ID 5IKQ), which could be 
downloaded in .pdb format from https://www.rcsb.org/. 
Before docking, the compound was optimized using the 
MMFF94 method to obtain the most stable structural 
conformation [13]. Next, it was prepared using Chimera 
1.19 software to remove water molecules and add polar 
hydrogen atoms using Gasteiger charges. The redocking 
method was verified using meclofenamic acid as the 
native ligand, yielding a Root Mean Square Deviation 
(RMSD) of 0.45 Å. Meclofenamic acid is an NSAID that has 
anti-inflammatory activity by inhibiting the COX-2 
enzyme. In addition, meclofenamic acid has been 
approved by the US FDA for the treatment of pain and 
inflammation [15]. 

The docking process was performed using 
AutoDockTools-1.5.6, which was capable of predicting 
the bond energy between ligands and proteins using a 
grid box that had been determined according to the 
location of the COX-2 enzyme active site, namely 64 × 64 
× 64 with a grid distance of 0.375 Å relative to the centre 
coordinates (x: 22.023, y: 51.567, z: 17.649) using 
Lamarckian GA-4.2. The docking results were evaluated 
based on the lowest bond energy value and the type of 
bond interaction, such as hydrogen bonds or hydrophobic 
interactions. The docking complex was visualized using 
Biovia Discovery Studio to see the amino acid residues in 
the orientation of the ligand in the active site of the 
protein [14]. 
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2.4. Prediction Study of ADMET 

Absorption, Distribution, Metabolism, Excretion, 
and Toxicity (ADMET) analysis was used to predict 
pharmacokinetic properties, assess compound stability in 
the body, and minimize potential side effects of the drug 
candidate Eleutherine americana (L.) Merr through 
https://admetmesh.scbdd.com/service/evaluation/index 
(accessed on July 23, 2025) to explore the potential of the 
bioactive compound Eleutherine americana (L.) Merr as a 
safer and more effective COX-2 inhibitor for further 
development [15]. 

The standards used in absorption prediction include 
an ideal logP value between 0-5, TPSA <140 Å2 for good 
oral absorption, and HIA 0-0.3 indicating good and 
effective absorption. Meanwhile, plasma protein binding 
can be considered safe if PPB >90%. Metabolism is 
assessed based on the potential for CYP enzyme 
inhibition; compounds that do not inhibit CYP3A4, 
CYP2D6, or CYP2C9 are considered to have a lower risk of 
metabolic interactions. Clearance indicates stable 
elimination without excessive accumulation, while 
toxicity in candidate compounds that are negative in the 
Ames test and do not inhibit the hERG channel are 
categorized as having low toxic risk. The application of 
the ADMET method enables the systematic early 
screening of drug candidates and increases the chances of 
successful development of bioactive compounds [16]. 

2.5. Density Functional Theory 

Density Functional Theory (DFT) was used to predict 
the electronic properties of Eleutherine americana L. Merr, 
which is used as a candidate anti-inflammatory drug 
based on electron density, enabling accurate analysis of 
structure, stability, and chemical reactivity using the 
B3LYP 6-31G basis set theory to describe orbital shapes 
with Avogadro ORCA 4.1 and IboView v20150427 software. 
The geometric optimization process will produce 
minimum-energy structures, including the HOMO, 
LUMO, and energy gap, to evaluate the molecule’s 
stability and potential reactivity. Orbital isosurface was 
visualized at a density value of 0.08 [17]. 

2.6. Molecular Dynamics Simulation 

Molecular dynamics simulations were used to 
validate the stability of the ligand-protein complexes 
generated by docking. The complexes of eleutherine, 
isoleutherine, and elecanacin with the COX-2 receptor 
were subjected to MD simulation using YASARA Structure 
version 25.1.13. The system parameters were set to 
physiological pressure, temperature, and pH (1 atm, 310K, 
and 7.4), and counter ions were Na+ and Cl−. The MD 
simulation was performed using the AMBER 14 force field 
for 100 ns. The trajectory simulations were collected every 
25 ps for further analysis in H2O solvent. Analysis of the 
trajectory to obtain RMSD of Cα, RMSD of ligand 
configuration, Radius of Gyration (RG), total hydrogen 
bonds, and RMSF. The molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) was used to estimate 
protein-ligand binding affinities, with high correlation 
with experimental data, as shown in Equation (1) [18]. 

𝑀𝑀 − 𝑃𝐵𝑆𝐴 𝑒𝑛𝑒𝑟𝑔𝑦 =  (𝐸𝑝𝑜𝑡
𝑅𝑒𝑐𝑒𝑝

+ 𝐸𝑠𝑜𝑙𝑣
𝑅𝑒𝑐𝑒𝑝

+ 𝐸𝑝𝑜𝑡
𝐿𝑖𝑔𝑎𝑛𝑑

+ 𝐸𝑠𝑜𝑙𝑣
𝐿𝑖𝑔𝑎𝑛𝑑

) −

(𝐸𝑝𝑜𝑡
𝐶𝑜𝑚𝑝𝑙𝑒𝑥

+ 𝐸𝑠𝑜𝑙𝑣
𝐶𝑜𝑚𝑝𝑙𝑒𝑥

)  (1) 

3. Results and Discussion 

3.1. Lipinski’s Rules of Five Studies 

Physicochemical analysis was used to assess the 
suitability of a compound as an oral medication 
candidate, particularly in relation to Lipinski’s rules and 
the golden triangle concept. Lipinski’s rules emphasize 
that a compound ideal for oral use should have a 
molecular weight of less than 500 Da, fewer than 5 
hydrogen bond donors, fewer than 10 hydrogen bond 
acceptors, and a logP value between 0 and 5 [19]. Based on 
the prediction results in Table 1, two compounds from 
Eleutherine americana (L.) Merr., namely Eleuthoside B 
and Eleuthoside C, violated Lipinski’s rules because they 
have molecular weights >500 Da and >10 hydrogen bond 
acceptors. These properties may hinder membrane 
permeability and limit drug distribution across cell 
membranes [18]. Seventeen compounds from Eleutherine 
americana (L.) Merr meets the criteria that support the 
absorption and distribution processes in the body [20]. 

Furthermore, meclofenamic acid largely complies 
with Lipinski’s rules but violates the HBA criterion, with 
a value of 14, which may worsen its oral bioavailability 
and increase toxicity risk, especially with long-term or 
high-dose use. However, it remains in clinical use due to 
well-established pharmacokinetic and safety data. 
Overall, from a physicochemical perspective, compounds 
from Eleutherine americana (L.) Merr appeared safer than 
the original meclofenamic acid ligand, showing a 
balanced polarity and lipophilicity that supports 
membrane transport while maintaining adequate plasma 
solubility [21]. Compounds from Eleutherine americana 
(L.) Merr that satisfied all five Lipinski’s rules were 
evaluated by molecular docking (Table 3). The results 
showed that eleutherine, isoeleutherine, and elecanacin 
had the lowest binding energies. These three compounds 
were further analyzed using ADMET predictions to assess 
their pharmacokinetic properties. 

3.2. Protein-ligand Interaction Network 

The Search Tool for Interacting Chemicals (STITCH) 
is used to predict interactions between Eleutherine 
americana (L.) Merr compounds and proteins based on 
literature data and computational predictions. This 
enables the identification of molecular networks that 
explain the functional relationship of a compound to its 
biological target [12]. Based on Figure 1, meclofenamic 
acid shows strong interactions with the inflammatory 
enzymes PTGS2 (COX-2) and PTGS1 (COX-1), with scores 
of 0.994 and 0.978, respectively [22]. Both enzymes play 
a role in prostaglandin biosynthesis, which triggers 
inflammation, pain, and fever, so inhibiting their activity 
explains the mechanism of action of meclofenamic acid as 
an NSAID. In addition, interactions with ALOX5 and 
AKR1C3 suggest an additional role in regulating 
leukotriene and steroid metabolism, while CNR1, 
ADIPOQ, and EDN1 are involved in regulating 
vasodilation, insulin sensitivity, and pain signal 
transmission. 
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Table 1. Lipinski’s rule of five test for bioactive compounds from Eleutherine americana (L.) Merr 

No. Compounds 

Lipinski’s Rule of Five 

Molecular 
Mass <500 

(DA) 

Log P 
<5 

Hydrogen Bond 
Acceptor (HBA) <10 

Hydrogen Bond 
Donor (HBD) <5 Violation Druglike 

1. 
Native ligand 

(Meclofenamic acid) 
295.020 3.859 14 5 1 Unviolate 

2. Eleuthoside A 406.130 0.933 9 4 0 Unviolate 

3. Eleuthoside B 568.180 0.108 14 7 2 Violate 

4. Eleuthoside C 598.230 0.440 14 8 2 Violate 

5. Eleutherinoside A 418.130 1.310 4 0 0 Unviolate 

6. Eleutherin 272.100 2.611 4 0 0 Unviolate 

7. Eleutherol 244.070 3.228 4 1 0 Unviolate 

8. Elecanacin 272.100 1.858 4 0 0 Unviolate 

9. Isoeleutherin 272.100 2.703 4 0 0 Unviolate 

10. 
1,3,6-trihidroxy-8-

methyl-anthraquinone 270.050 3.359 5 3 0 Unviolate 

11. Isoeleutherol 244.070 2.861 4 1 0 Unviolate 

12. Erythrolaccin 286.050 3.393 6 4 0 Unviolate 

13. Hongconin 288.100 3.211 5 2 0 Unviolate 

14. 
1,5-dihydroxy-3-

methylanthraquinone 254.060 4.170 4 2 0 Unviolate 

15. Dihydroeleutherinol 258.090 3.453 4 2 0 Unviolate 

16. Kadsurid Acid 470.340 7.012 4 2 1 Unviolate 

17. Beta Sitosterol 414.390 8.025 1 1 1 Unviolate 

18. 
2-acetyl-3,6,8-

trihydroxy-1-
methylanthraquinon 

312.060 3.793 6 3 0 Unviolate 

19. 

9-methoxy-1,3-
dimethyl-3,4-dihydro-

1H-benzo [9] 
isochromen e-5,10-

dione 

272.100 2.471 4 0 0 Unviolate 

20. Naphthoqinone 158.040 1.625 2 0 0 Unviolate 

 

Figure 1. Protein-ligand interaction network using 
STITCH (a) meclofenamic acid (b) beta sitosterol 

Meanwhile, beta-sitosterol, one of the main 
phytosterol compounds contained in Eleutherine 
americana (L.) Merr, interacts with the proteins CASP3, 
CASP9, PARP1, ICAM1, ABCG5, ABCG8, and NR1H2. These 
interactions indicate the ability of β-sitosterol 
compounds to induce intrinsic apoptosis, repair DNA, 
suppress oxidative stress, and regulate cholesterol 
homeostasis [23]. This suggests potential anticancer, 
anti-inflammatory, and hypocholesterolemic activities 
relevant to the pharmacological effects of Eleutherine 
americana (L.) Merr. Meanwhile, other compounds in 

Eleutherine americana (L.) Merr are predicted to have not 
been extensively studied, thus requiring further research. 

3.3. Molecular Docking Calculation 

Molecular docking calculations are a form of 
structure-based drug design approach used to determine 
the interaction between drug candidate compounds and 
receptors through binding energy calculations and 
prediction of binding sites on the active side of enzymes 
combining several algorithms, such as genetic 
algorithms, simulated annealing, and incremental 
construction, which can adjust the conformation between 
the ligand and receptor until it reaches a minimum and 
stable free energy state [24]. Thus, binding energy, 
hydrogen bonds, and amino acid residues can be obtained 
and used as an initial description of the ligand’s affinity 
for the receptor and the non-covalent interactions that 
stabilize the complex. Hydrogen bonds and van der Waals 
energy are recorded as the dominant contributors to the 
stability of the complex, followed by electrostatic 
interactions, while the polar and nonpolar energy of the 
solvent is also taken into account to obtain a more 
representative estimate of the total free energy [25]. 
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Figure 2. (a) 3D docking complex of meclofenamic acid ligand (b) 2D docking complex of meclofenamic acid ligand 

The binding energy produced from the docking 
calculation is generally negative, indicating that the 
binding process occurs spontaneously. The more negative 
the binding energy value, the stronger the ligand’s 
affinity in occupying the receptor’s active site, thus 
increasing the potential of the ligand as an enzyme 
inhibitor [26]. The native ligand is used as a comparison 
because it has been shown to bind the receptor under 
physiological conditions. Thus, the native ligand’s 
binding energy value becomes a reference for assessing 
whether the test compound has better binding affinity. 

In this study, molecular docking calculations were 
performed between compounds from Dayak onion and 
the 5IKQ receptor as a representation of the COX-2 
enzyme due to its role in regulating pain caused by 
inflammation, which is an unacceptable response for 
humans. In addition, the COX-2 enzyme is one of the four 
central mediators in inflammation that can regulate and 
maintain the inflammatory process, both acute and 
chronic [27]. The four central mediators in the 
inflammatory process include pro-inflammatory 
cytokines, chemokines, eicosanoids, and Reactive Oxygen 
Species (ROS). These mediators activate immune cells and 
regulate the inflammatory response, catalyze the 
formation of prostaglandins from arachidonic acid, and 
play a role in destroying pathogens. However, they can 
damage body tissue at high levels [28]. 

The native ligand meclofenamic acid exhibited a 
bond energy of −8.72 kcal/mol, indicating a strong 
binding affinity to the COX-2 receptor with an RMSD of 
0.45 Å and hydrogen bond interactions at SER530 and 
TYR385 [27]. Meanwhile, all compounds from Eleutherine 
americana (L.) Merr had a negative binding energy, 
indicating that the binding process was spontaneous and 
that the complexes formed were relatively stable. 
However, the binding energy of the compound from 
Eleutherine americana (L.) Merr was more positive 
compared to that of the native ligand. The colors on the 
protein surface that play a role in the ligand binding 
process (Figures 2, 3, 4, dan 5). Green indicated the 
presence of hydrophobic residues that contribute to 
nonpolar interactions and support complex stabilization, 
where atom groups provide as hydrogen-bonding donors. 
At the same time, magenta represented atom acceptors 
that receive hydrogen with polar or charged properties 
that enable the formation of hydrogen bonds and 
electrostatic interactions. 

Meanwhile, the white area functions as a transition 
zone with intermediate properties between polar and 
nonpolar, which plays a role in accommodating binding 
flexibility [29]. However, two compounds have energy 
values close to those of the native ligand, namely 
eleutherin (−8.09 kcal/mol), isoeleutherin (−8.19 
kcal/mol), and elecanacin (−8.06 kcal/mol). This means 
the compounds were still considered promising 
inhibitors [30]. The more negative the bond energy value, 
the greater the potential of the drug candidate compound 
as an inhibitor of the inflammatory COX-2 enzyme [31]. 
Meclofenamic acid has a bond energy of −8.72 kcal/mol, 
higher than eleutherin −8.09 kcal/mol which forms 
conventional hydrogen bonds between the carbonyl 
group of eleutherin and the SER530 residue at a distance 
of 2.02 Å and SER353 at a distance of 2.10 Å, which is 
within the optimal range for hydrogen bonds of 1.5-3.5 Å, 
indicating a strong and directed interaction. In addition, 
the aromatic ring of eleutherin participates in a Pi-Pi T-
shaped interaction with the TYR387 residue, which 
contributes to the stability of the ligand orientation 
within the catalytic pocket. Furthermore, hydrophobic 
contacts with residues VAL349 and LEU352 help 
strengthen ligand binding through nonpolar forces, 
resembling the interaction pattern of the control ligand 
meclofenamic acid. 

The isoeleutherin compound exhibits the lowest 
bond energy among the test compounds at −8.19 
kcal/mol, indicating a highly competitive affinity for 
COX-2. Three main interaction motifs were identified: the 
strongest hydrogen bond formed between the ligand 
hydroxyl group and the catalytic residue SER530 at a 
distance of 2.24 Å, followed by additional hydrogen bonds 
with VAL523 at a distance of 2.42 Å and SER353 at a 
distance of 2.96 Å, which collectively stabilize the ligand 
position in the active site. In addition, the aromatic ring 
of isoleutherine forms a Pi-Pi T-shaped interaction with 
TRP387, which is known to play an important role in 
COX-2 inhibitor binding. Additional hydrophobic 
interactions between LEU352 and VAL349 further 
strengthen the complex’s stability through van der Waals 
interactions. 

Meanwhile, elecanacin exhibits a binding energy of 
−8.06 kcal/mol and interacts stably on the active site of 
COX-2 through a dominant hydrophobic motif. This 
compound forms a conventional hydrogen bond with the 
ALA527 residue, which functions as the initial anchor for 
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the ligand within the binding pocket. Other major 
interactions are hydrophobic and Pi-alkyl contacts with 
the VAL349, LEU352, and TYR355 residues, with an 
interaction distance of approximately 4.80 Å, which is 
still within the optimal range for hydrophobic 
interactions ≤ 5.0 Å. Additionally, the presence of 
aromatic residues TRP387 and TYR385 around the ligand 
provides additional stabilization through π-hydrophobic 
interactions, which favor the ligand’s orientation during 
binding. 

Visualization of the COX-2 binding pocket surface 
was performed using BIOVIA Discovery Studio 2021 Client 
with the Molecular-Receptor-Ligand Surface Interaction 
scheme. In this scheme, green represents 
hydrophobic/nonpolar areas that contribute to van der 
Waals and Pi-alkyl interactions, magenta indicates polar, 
charged areas or hydrogen bond acceptors, while white 
depicts neutral or transition zones with mixed polar and 
nonpolar properties [32]. A 3D analysis of the native 
ligand concerning the ligand-protein interaction showed 
two strong hydrogen bonds. The first bond was formed 
between the hydroxyl group of the amino acid residue 
TYR385 and the carbonyl group of the ligand. The second 
bond occurred between the hydroxyl group of SER530 and 
another carbonyl group. The interaction distances of 2.03 
Å and 2.01 Å, indicated by the green dotted lines, fall 

within the ideal range for hydrogen bonds (1.5–3.5 Å), 
indicating their high strength and stability [33]. 

Furthermore, the 3D visualization of the eleutherin 
compound showed that it formed two hydrogen bonds 
with the SER353 (2.10 Å) and SER530 (2.02 Å) residues in 
the protein’s active site. These two residues were 
important in the enzyme’s catalytic activity [34]. The 
carbonyl group in the compound acted as a strong 
hydrogen-bond acceptor, with the electronegative 
oxygen atom attracting hydrogen atoms from nearby 
target residues in a directed orientation, thereby helping 
to lock the ligand in position within the active site. This 
interaction increased the binding strength and enhanced 
the compound’s ability to compete with natural 
substrates [35]. Furthermore, the aromatic ring in the 
compound exhibits Pi-Pi T-shaped interactions with the 
aromatic residue TYR387, as well as Pi-alkyl interactions 
with hydrophobic residues such as TYR348 and VAL523, 
providing additional stabilization energy [36]. The 
conformational fit between the ligand surface and the 
binding pocket also plays a role in maintaining the 
optimal orientation of the ligand. The combination of 
hydrogen interactions, aromatic and hydrophobic 
interactions, and the involvement of key amino acid 
residues in the catalytic pocket indicates that eleutherin 
has a high binding affinity, making it a potent enzyme 
inhibitor and therapeutic agent candidate [15]. 

 

Figure 3. (a) Eleutherin ligand docking complex in 3D (b) Eleutherin ligand docking complex in 2D 

 

Figure 4. (a) Isoeleutherin 3D ligand docking complex (b) Isoeleutherin 2D ligand docking complex 
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Figure 5. (a) Elecanacin 3D ligand docking complex (b) Elecanacin 2D ligand docking complex 

In addition, three hydrogen bonds were found in the 
isoeleutherin compound, which also stabilized the 
position of the ligand in the binding pocket. The strongest 
bond occurred between the ligand hydroxyl group and the 
carbonyl group of the SER530 residue with a length of 2.24 
Å. The second bond formed between the ligand carbonyl 
oxygen and the amine group of VAL523 had a length of 
2.42 Å and remained within the stable hydrogen bond 
range. Meanwhile, the longest bond, 2.96 Å, occurs 
between the ligand group and the SER353 residue, which, 
although weaker, still contributed to the overall stability 
of the interaction. The presence of these three bonds, with 
varying strengths, synergistically supported the optimal 
ligand position in the binding pocket [33]. 

Figure 6 shows that Elecenacin interacts through a 
number of non-covalent forces with various amino acid 
residues around the active site, such as VAL116, VAL349, 
LEU352, TYR348, and a distance of 4.80 Å between the 
ligand group and the amino acid residue TYR355 as a Pi-
alkyl or hydrophobic stacking interaction that 
contributes to the stability of the complex. This dominant 
hydrophobic interaction stabilizes the ligand’s position 
within the active pocket, enabling an optimal binding 
orientation. Overall, the docking calculation results of the 
18 compounds of Eleutherine americana (L.) Merr are 
presented in Table 2. These can be further analyzed using 
molecular dynamics simulations to assess the complex’s 
stability and, using MM-PBSA, estimate the binding free 
energy more accurately. 

3.4. Prediction Study of ADMET 

Based on the prediction results presented in Table 4, 
the absorption of the three compounds was predicted to 
have HIA values <0.3, indicating good intestinal 
absorption. Membrane permeability through the Caco-2 
model also showed results close to −5.15 log cm/s, 
indicating fairly good penetration. However, eleutherin 
showed potent inhibition of P-glycoprotein transport, 
with a predictive value of +0.877, potentially inhibiting 
the absorption of other drugs and increasing the risk of 
drug interactions. At F20%, all four compounds remained 
within the ideal range, and at F30%, only isoeleutherin 
inhibited a high value of ++0.999%, while meclofenamic 
acid, eleutherin, and had low predictive values <0.3%, 
indicating poor bioavailability [14, 37]. 

The distribution of compounds in the body was 
analyzed using PPB, VD, BBB, and Fu [38]. Three 
compounds were predicted to have PPB values above 
90%, with meclofenamic acid reaching 99.281%, 
isoeleutherin 92.902%, and eleutherin 91.172%, 
indicating strong binding to plasma proteins. However, 
this is considered unfavorable pharmacologically due to 
the low Fu percentage. The penetration of the BBB by the 
three compounds indicated an excellent ability to 
penetrate the central nervous system, and the unbound 
fractions of meclofenamic acid, eleutherin, isoeleutherin, 
and elecanacin also revealed low values <5%, indicating 
that most of the molecules were in a bound form in 
plasma [39]. 

Metabolism was then evaluated, showing that all 
three compounds interacted with various CYP450 
isoenzymes as substrates and inhibitors. Based on the 
metabolic prediction results, meclofenamic acid showed 
CYP1A2 substrate activity and CYP2C9 inhibitor activity. 
Based on the chemical characteristics of human 
biotransformation, the cytochrome P450 system 
comprises 57 isozymes that metabolize approximately 
two-thirds of all known drugs. Approximately 80% of 
these metabolic processes are catalyzed by five major 
isozymes: 1A2, 3A4, 2C9, 2C19, and 2D6. While 
eleutherine showed high activity against various 
isoenzymes, including CYP1A2, CYP2C19, and CYP3A4. 
This activity indicated that eleutherine has a complex 
metabolic profile and is prone to metabolic interactions 
with other compounds. 

However, the isoeleutherin compound shows 
minimal interaction with these enzymes, thereby 
enhancing its metabolic stability. Regarding excretion, 
meclofenamic acid has a low clearance of 1,217 
mL/min/kg, suggesting a slow elimination rate and 
potential accumulation in the body. In contrast, 
eleutherin and elecanacin show better clearance values, 
namely 6,743 and 7,472 mL/min/kg, respectively, and the 
half-life (t½) of these three compounds is less than 3 
hours, indicating a reasonable elimination rate and 
supporting shorter dosing intervals [40]. Overall, the 
prediction results are shown in Table 3. Elecancin shows 
favorable properties, followed by isoeleutherin, 
meclofenamic acid, and eleutherin, despite some mild 
indications; most parameters are within safe limits [41]. 
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Table 2. Molecular docking calculations of the bioactive compound Eleutherine americana (L.) Merr against the COX-2 
enzyme 

No. Compound 2D structure 
PubChem 

ID 
Binding energy 

(kcal/mol) Amino acid residues Ref. 

1. Native ligand 
(Meclofenamic acid) 

 

4037 −8.72 Vdw: Met522; Leu384; Gly526; 
Trp387; Phe381; Tyr348; Ser353; 
Tyr355; Arg120 
Conventional HBond: Tyr385; 
Ser530 
Pi-Sigma: Ala527 
Alkyl: Val523; Leu352; Leu531; 
Val116; Val349 

[27] 

2. Eleuthoside A 

 

274416316 −7.42 Vdw: Phe518; Leu352; Gly526; 
Trp387; Phe381; Tyr385; Tyr348; 
Val116; Arg120; Tyr355; Arg513; 
His90; Ser353 
Conventional HBond: Val523; 
Ser530 
Carbon HBond: Met522; Ala527 
Pi-Alkyl: Val349; Leu531 

(Anam 
et al., 
2025) 

3. Eleutherinoside A 

 

274670777 −3.41 Vdw: Val447; Tyr148; Phe210; 
Thr206; Gln203 
Conventional HBond: His388; 
His214; Asn382; Tyr385 
Unfavorable donor-Donor: 
Thr212 
Pi-Donor Hydrogen Bond: 
Trp387 
Pi-Pi Stacked: His386 
Pi-Pi T-shaped: His207 
Alkyl: Leu391 
Pi-Alkyl: Ala202; Leu390 

[7] 

4. Eleutherin 

 

10166 −8.09 Vdw: Ala527; Ser353; His90; 
Phe518; Met522; Gly526; Leu384; 
Phe381; Tyr385 
Conventional HBond: Ser530 
Pi-Sigma: Leu352 
Pi-Pi T-shaped: Tyr387 
Alkyl: Val349 
Pi-Alkyl: Tyr348; Val523 

(Anda
ni et 
al., 

2022) 

5. Eleutherol 

 

120697 −7.58 Vdw: Ser353; Val349; Tyr348; 
Leu352; Ser530; Phe381; Leu384; 
Trp387; Gly526; Phe518 
Coventional HBond: Val523 
Unfavorable Acceptor: Met522 
Alkyl: Ala527 
Pi-Alkyl: Tyr385 

(Gome
s et al., 
2023) 

6. Elecanacin 

 

5491405 −8.06 Vdw: Ser353; Phe518; Ser530; 
Tyr385; Trp387; Gly526; Phe381; 
Leu384; Met522 
Conventional HBond: Ala527 
Alkyl: Leu531; Val116; Leu352; 
Val349; Tyr355 
Pi-Alkyl: Tyr348; Val523 

[7] 

7. Isoeleutherin 

 

10445924 −8.19 Vdw: Ser530; Ala527; Ser353; 
His90; Phe518; Leu384; Phe381 
Pi-Sigma: Leu352 
Pi-Sulfur: Met522 
Pi-Pi T-shaped: Trp387 

(Albuq
uerque 
et al., 
2024) 
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No. Compound 2D structure 
PubChem 

ID 
Binding energy 

(kcal/mol) Amino acid residues Ref. 

Amide-Pi Stacked: Gly526 
Alkyl: Val349 
Pi-Alkyl: Val523; Tyr348; Tyr385 

8. 1,3,6-trihidroxy-8-
methyl-
anthraquinone 

 

12309204 −7.51 Vdw: Arg120; Ser353; His90; 
Ile517; Gln192; Phe518 
Conventional HBond: Tyr355; 
Leu352; Ala527; Ser530 
Pi-Sigma: Val349; Val523 
Alkyl: Val116; Leu531 

[7] 

9. Isoeleutherol 

 

275139448 −7.28 Vdw: Gln203; Thr206; Asn382; 
His207; Val447; Leu391; Leu390 
Conventional HBond: His388 
Pi-Pi Stacked: His386 
Alkyl: Tyr385 
Pi-Alkyl: Ala202; Trp387; Phe210 

[7] 

10. Erythrolaccin 

 

9817337 −6.75 Vdw: Gln192; Ile517; Phe518; 
Leu534; Arg120; Ser353; His90 
Conventional HBond: Ser530; 
Tyr355 
Pi-Sigma: Val523; Val349; 
Ala527 
Alkyl: Val116 
Pi-Alkyl: Leu531 

[10] 

11. Hongconin 

 

274276047 −7.84 Vdw: Gln203; Thr206; Asn382; 
Thr212; Val447 
Conventional HBond: Tyr385; 
His388 
Pi-Sigma: Phe210; His207 
Pi-Pi Stacked: His386 
Alkyl: Leu390 
Pi-Alkyl: Ala202; Trp387 

[10] 

12. 1,5-dihidroxy-3-
methylanthraquinone 

 

5316800 −8.02 Vdw: Tyr385; Ser530; Ser353; 
Phe518; Phe381 
Coventional HBond: Leu352 
Carbon HBond: Gly526 
Pi-Pi T-shaped: Trp387 
Alkyl: Val349; Met522; Leu384 
Pi-Alkyl: Tyr348; Val523 

[7] 

13. Dihydroeleutherinol 

 

102473740 −7.89 Vdw: Phe381; Tyr385; Ser530; 
Ser353; Phe518; Phe381 
Conventional HBond: Leu352 
Carbon HBond: Gly526 
Pi-Pi T-shaped: Trp387 
Alkyl: Val349; Met522; Leu384 
Pi-Alkyl: Val348; Val523 

[10] 

14. Kadsurid Acid 

 

5384417 −7.9 Vdw: Tyr148; Thr212; Lys211; 
Phe210; His388; Le294; Val295; 
Tyr404; Leu391; Asn382; Gln454 
Conventional HBond: His214; 
Gln203 
Pi-Sigma: His207 
Alkyl: His386 
Pi-Alkyl: Val444; Val447; Ile408 

[7] 
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No. Compound 2D structure 
PubChem 

ID 
Binding energy 

(kcal/mol) Amino acid residues Ref. 

15. Beta Sitosterol 

 

222284 −7.87 Vdw: Tyr404; Asn382; Thr212; 
Gln203; Ala199; Trp387 
Conventional HBond: His214 
Alkyl: Leu391; Val447; Val444; 
Leu294; Leu390 
Pi-Alkyl: His386; His207; His388 

[7] 

16. 2-acetyl-3,6,8-
trihydroxy-1-
methylanthraquinon 

 

12742404 −8.0 Vdw: Leu384; Trp387; Phe518; 
Arg120; Val116; Le359; Phe381; 
Tyr385 
Conventional HBond: 
Gly526;Ser530 
Carbon HBond: Ala527; Ser353 
Pi-Sigma: Val523 
Pi-Sulfur: Met522 
Alkyl: Leu531 
Pi-Alkyl: Val349; Leu352 

[10] 

17. 9-methoxy-1,3-
dimethyl-3,4-
dihydro-1H-benzo[9] 
isochromen e-5,10-
dione 

 

4483892 −8.0 Vdw: Ala199; Gln203; Thr206; 
Tyr385; His207; Asn382 
Carbon HBond: His388 
Pi-Donor HBond: Trp387 
Pi-Sigma: Leu390 
Alkyl: Leu391 
Pi-Alkyl: His386; Phe210; Ala202 

[10] 

18. Naphthoqinone 

 

8530 −6.18 Vdw: Ala527; Val523; Phe518; 
Gly526; Leu384; Phe381; Ser530; 
Tyr348 
Conventional HBond: Tyr385 
Pi-Sigma: Leu352 
Pi-Sulfur: Met522 
Pi-Pi T-shaped: Trp387 
Pi-Alkyl: Val349 

[10] 

3.5. Density Functional Theory 

DFT is used to analyze electron density calculations. 
DFT enables the analysis of orbital energies such as the 
Highest Occupied Molecular Orbital (HOMO) and the 
Lowest Unoccupied Molecular Orbital (LUMO) to evaluate 
the stability and reactivity of a compound. The Eg value 
describes a molecule’s chemical reactivity: a lower value 
indicates greater reactivity and a better ability to transfer 
electrons when interacting with biological targets. Based 
on the DFT calculation results shown in Table 4, the 
isoeleutherin compound has the lowest Eg value (3.467 
eV) compared to the reference ligands meclofenamic acid 
(4.254 eV) and elecanacin (4.358 eV), indicating a higher 
level of electronic reactivity. 

Isoeleutherine is known to have better electronic 
flexibility because its Eg value is lower than that of 
meclofenamate acid. This allows for more adaptive 
charge distribution when interacting with active enzyme 
residues. These conditions support more effective 
electron donor–acceptor behavior, particularly in 
hydrogen bond formation, where the ligand’s HOMO 
orbital acts as an electron donor and the LUMO orbital 
acts as an acceptor to polar residues on the active site. In 
addition, the conjugated π system in isoeleutherine, with 
a smaller Eg, facilitates noncovalent interactions, such as 

Pi-Pi stacking, with the aromatic residue TYR 385. 
Conversely, meclofenamate acid, with a larger Eg value, 
exhibits lower polarization and lower electronic 
response, so that donor-acceptor interactions and charge 
adjustment during the binding process tend to be less 
optimal. This result was in line with the molecular 
docking result: isoeleutherin had the lowest binding 
energy. Therefore, the distribution of delocalized HOMO 
orbitals on the aromatic ring and carbonyl group 
indicates the ability to act as an electron donor, while the 
distribution of LUMO orbitals indicates electron acceptor 
regions that enable effective interactions with amino acid 
residues such as SER530, SER353, and TYR385. 

Orbital visualization shows different HOMO and 
LUMO electron distributions between compounds, where 
purple and blue areas indicate electron-rich regions, 
while yellow and red areas indicate electron-deficient 
regions. The delocalization of the HOMO and LUMO 
orbitals involving oxygen groups and aromatic structures 
indicates the potential for strong interactions with 
biological receptors through hydrogen bonds and Pi-Pi 
stacking forces. Thus, the smaller HOMO-LUMO energy 
gap in isoeleutherin correlates with higher binding 
energy in docking results, confirming that the electronic 
properties of molecules contribute to the stability and 
strength of ligand-protein complexes. 
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Table 3. ADMET prediction of Eleutherine americana (L.) Merr compounds 

Parameters Meclofenamic acid Eleutherin Isoeleutherin Elecanacin 

Medical Chemistry 

Lipinski Rule Accepted Accepted Accepted Accepted 

Pfizer Rule Rejected Accepted Accepted Accepted 

GSK Rule Rejected Accepted Accepted Accepted 

Golden triangle  Accepted Accepted Accepted Accepted 

Absorption 

Human Intestinal Absorption (HIA) 
(%) 

---0.003 ---0.003 ---0.014 ---0.003 

Permeability Caco-2 (log cm/s) -4.472 -4.575 -4.570 -4.681 

P-glycoprotein inhibitor ---0.001 ++0.877 ---0.011 ---0.03 

P-glycoprotein substrate ---0.002 ---0.0 ---0.009 ---0.0 

F20% ---0.001 ---0.005 ---0.005 ---0.003 

F30% ---0.01 -0.396 -0.49 ---0.01 

Distribution 

Plasma Protein Binding (PPB) (%) 99.281 91.172 92.902 85.196 

Blood-Brain Barrier (BBB) (cm/s) ---0.133 ---0.091 ---0.062 --0.112 

Volume Distribution (L/kg) 0.268 0.847 0.914 1.414 

Fu (%) 0.843 2.028 1.521 7.658 

Metabolism 

CYP1A2 inhibitor +0.502 +++0.970 +++0.948 +0.627 

CYP1A2 substrate ++0.872 ++0.802 --0.247 ++0.841 

CYP2C19 inhibitor --0.191 +++0.959 ---0.074 +0.622 

CYP2C19 substrate --0.142 +++0.949 ---0.052 ++0.8 

CYP2C9 inhibitor +0.699 ++0.827 +0.525 -0.336 

CYP2C9 substrate ++0.711 --0.244 +0.663 -0.471 

CYP2D6 inhibitor --0.245 --0.233 -0.418 ---0.024 

CYP2D6 substrate --0.115 --0.238 --0.203 ++0.777 

CYP3A4 inhibitor --0.109 +0.564 ++0.789 +0.655 

CYP3A4 substrate --0.132 --0.284 --0.115 -0.484 

Excretion 

Half-time (t½) 0.536 0.110 0.098 0.166 

Clearance 1.217 6.743 3.408 7.472 

Toxicity 

Human Hepatotoxicity ++0.84 ++0.737 ---0.045 +0.663 

hERG Blockers ---0.06 ---0.019 ---0.059 ---0.077 

Rat Oral Acute Toxicity ++0.751 +0.685 ---0.088 -0.491 

AMES Toxicity ---0.017 +++0.964 ++0.768 ++0.893 

Drug-Induced Liver Injury +++0.986 +++0.901 ++0.88 ++0.839 

Carcinogenicity -0.345 +++0.939 --0.207 -0.43 

FDAMDD --0.202 +++0.942 +++0.930 +++0.922 

Skin Sensitization +0.553 ++0.844 +0.598 -0.396 

Eye Corrosion ---0.004 ---0.01 ---0.004 ---0.004 

Eye Irritation ---0.078 ++0.863 +++0.966 --0.202 

Respiratory Toxicity +++0.937 +++0.959 ---0.085 ++0.836 

* Symbols and probability values: 0-0.1 (---) very safe, 0.1-0.3 (--) safe, 0.3-0.5 (-) moderate, 0.5-0.7 (+) low toxic risk, 0.7-0.9 
(++) moderate toxic risk, and 0.9-1.0 (+++) high toxic risk. 
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Table 4. DFT of Eleutherine americana (L.) Merr compounds 

Compounds LUMO Representation HOMO Representation Eg (eV) 

Meclofenamic acid −1.358 eV 

 

−5.612 eV 

 

4.254 eV 

Isoeleutherin −2.995 eV 

 

−6.462 eV 

 

3.467 eV 

Elecanacin −2.147 eV 

 

−6.505 eV 

 

4.358 eV 

3.6. Molecular Dynamics Simulation 

Molecular dynamics simulations were performed to 
observe the dynamic properties of the COX-2 enzyme 
complex with a drug candidate from Dayak onion at the 
atomic scale. The simulation was run for 100 ns using 
YASARA Structure software with the AMBER14 force field 
at a temperature of 310K to evaluate the stability of the 
ligand bond in the active pocket of COX-2, observe the 
flexibility of the protein structure, and calculate the 
binding energy of the ligand to the receptor [42]. The data 
obtained from simulations of eleutherin, isoeleutherin, 
and elecanacin were compared with those of the native 
ligand, meclofenamic acid. Molecular dynamics plays a 
role in analyzing ligand stability on the active side of the 
protein through several parameters, such as RMSD Cα, 
RMSD, RMSF, Rg, MM-PBSA, and the number of 
hydrogen bonds formed during the simulation [18]. 

RMSD of Cα atoms indicates macromolecular 
conformational changes and assesses protein structure 
stability during molecular dynamics simulations [43]. 
Figure 6A shows that the Cα RMSD values for all 
complexes were below 3 Å, indicating the stabilization of 
proteins during the 100 ns simulation. At the beginning of 
the 0-20 ns simulation, there was a slight increase in the 
elecanacin compound with a Cα RMSD value of 2.5 Å and 
meclofenamic acid 2.4-2.5 Å. After the equilibration 
phase, the three complexes showed small fluctuations 
without significant spikes, suggesting that ligand 
presence did not cause significant conformational 
changes in the protein structure, with an average of 2-2.5 
Å [44]. Based on the average standard deviation values 
calculated over the last 20 ns of the simulation, the 

complexes showed good stability, with a constant RMSD 
(Cα) < 3 Å. The average RMSD values were 1.47 Å for 
eleutherin, 1.87 Å for isoeleutherine, and 1.93 Å for 
elecanacin, reflecting the relatively stable position of the 
ligand in the active site of the protein. 

In addition, the stable RMSD Cα in the 1-3 Å range 
indicated that the ligands tested, meclofenamic acid, 
eleutherin, isoeleutherin, and elecanacin, did not cause 
instability in the protein. Complexes with consistent 
RMSD throughout the simulation indicate that ligand 
binding occurs without disrupting the protein fold [45]. 
Thus, these RMSD Cα values reinforce the evidence that 
the system achieves stability under simulation 
conditions. Therefore, the compound Eleutherine 
americana (L.) Merr can maintain its binding pose in the 
active site of COX-2. The RMSD of the ligand 
configuration shown in Figure 6B indicates the stability 
of the ligand’s position and orientation in the protein 
binding pocket during the simulation. Analysis of the 
ligand RMSD showed that the eleutherin complex 
remained stable over 100 ns, with a range of 0.4-1.2 Å. 

However, the isoeleutherin ligand exhibited different 
dynamics from eleutherin and meclofenamic acid, where 
the stability from the start of the simulation was in the 
range of 1-1.4 Å. Despite these differences, eleutherin, 
isoeleutherin, and elecanacin still showed that the 
interaction of ligands with residues at the active site is 
strong enough that the ligands do not move significantly 
from their initial positions, and the orientation of 
hydrogen bonds [46], hydrophobic bonds, and 
electrostatic interactions can be maintained throughout 
the simulation [47]. 

ACCEPTED M
ANUSCRIP

T



 Jurnal Kimia Sains dan Aplikasi 29 (2) (2026): 132-148 144 

 

Figure 6. (A) RMSD Cα of eleutherin, isoeleutherin, and elecanacin complexes with COX-2, (B) RMSD of ligand 
configuration, (C) Comparison of RG patterns between eleutherin, isoeleutherin, and elecanacin complexes against 

COX-2, (D) MM-PBSA of eleutherin, isoeleutherin, and elecanacin complexes against COX-2, (E) Total hydrogen bonds 
of eleutherin, isoeleutherin, and elecanacin against COX-2, (F) RMSF 

Analysis of the radius of gyration (Rg) describes the 
density and compactness of the protein structure 
throughout the simulation. The Rg value can also indicate 
the dynamics of the test compounds and protein 
complexes concerning the solvent [48]. A stable Rg value 
indicates that the protein does not exhibit significant 
conformational changes. Based on Figure 6C, the Rg value 
was 24–24.8 Å for three complexes: meclofenamic acid, 
eleutherin, and isoeleutherin. However, this is different 
from elecanacin, which experienced fluctuations 
reaching 24.9 Å at 65 ns. It indicates that the protein fold 
is well maintained even in the presence of bound ligands. 
Rg stability also supports the RMSD analysis, indicating 
that the presence of ligands does not cause structural 
destabilization [53]. A low Rg value indicates that the 
protein is in a well-folded state, while a high value 
reflects a condition in which the protein is unfolded or has 
undergone structural expansion [48]. 

Next, the MM-PBSA analysis calculates the free 
energy of ligand binding to protein, used to evaluate the 
free energy contribution of the complex during 
simulation, and confirms the stability of the ligand 
interaction with the receptor [49]. MM-PBSA 
calculations revealed that the eleutherin, isoeleutherin, 
and elecanacin complexes had positive energy values. In 
the YASARA script convention, 
md_analyzebindenergy.mcr calculates the relative 
interaction energy as the difference between the total 
potential energy and the solvation energy of separate 
protein-ligand complexes. The higher the positive value, 
the stronger the interaction between the protein and the 
ligand, and the greater the ligand’s stability. Meanwhile, 
negative energy values indicate a weaker binding affinity 
[50]. Figure 6D shows that the highest relative interaction 
energies are possessed by elecanacin (389.289 kcal/mol), 
isoeleutherin (231.997 kcal/mol), and eleutherin (221.440 
kcal/mol), respectively. Conversely, meclofenamic acid 
shows a lower and negative energy value (−198.629 
kcal/mol) because this ligand is a native ligand that is 

crystallized with the COX-2 protein and has been in a 
stable biological minimum energy configuration [51]. 
This tends to produce more negative energy values 
because optimal interactions between ligands and active 
protein residues have been established since the 
crystallization process. In addition, several factors such 
as hydrogen bond stability, hydrophobic interactions, 
and entropy contributions also influence the success of 
the bond [52]. 

Figure 6E shows the total number of hydrogen bonds 
that play a role in determining the stability and specificity 
of ligand binding to proteins. Meclofenamic acid has a 
higher average number of hydrogen bonds, reaching 
5.366, compared to Eleutherine americana (L.) Merr 
compounds, namely eleutherin 1.677, isoeleutherin 1.184, 
and elecanacin 1.984. This condition aligns with higher 
bond energies, highlighting the role of hydrogen bonds as 
a major contributor to bond affinity. Meanwhile, 
eleutherin, isoeleutherin, and elecanacin showed fewer 
hydrogen bonds but remained relatively consistent 
throughout the simulation. This condition indicates that 
hydrogen interactions are fewer than in the original 
ligand; ligands from the compound Eleutherine americana 
(L.) Merr can still bond stably through other mechanisms, 
such as hydrophobic or van der Waals interactions [53]. 

RMSF analysis provides an overview of the flexibility 
level of each protein residue during the simulation 
process. As shown in Figure 6F, the fluctuation patterns 
are relatively similar in all four complexes, with several 
fluctuation peaks occurring in the polypeptide chain. 
RMSF below 3 Å indicates that the interaction between the 
ligand and the enzyme tends to be stable, while high 
RMSF values can cause deviations in RMSD values. The 
results for the eleutherin, isoeleutherin, and elecanacin 
complexes show that the RMSF of the COX-2 protein 
residues are mainly in the range of 2 to 4 Å. However, 
several residues showed RMSF values above 3 Å, even 
exceeding 4 Å, which indicated the possibility of bond 
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relaxation in the conformation of the target protein. The 
RMSF pattern between meclofenamic acid and eleutherin, 
isoeleutherin, and elecanacin exhibited that the 
Eleutherine americana (L.) Merr ligand did not cause 
significant changes to protein residue dynamics. This 
condition proved that ligand binding does not cause 
significant disturbances to protein flexibility but 
maintains a dynamic pattern similar to the control ligand 
[54]. 

4. Conclusion 

A study of bioactive compounds from Eleutherine 
americana (L.) Merr against the COX-2 enzyme has been 
successfully evaluated using Lipinski’s rule of five, 
STITCH network analysis, molecular docking, ADMET 
properties, DFT analysis, and molecular dynamics. The 
docking evaluation stage of 18 compounds resulted in 3 
compounds, namely eleutherin, isoeleutherin, and 
elecanacin, which met the drug suitability criteria for 
further analysis. The molecular docking results indicated 
that eleutherin, isoeleutherin, and elecanacin had 
relatively strong binding affinities and interacted with 
amino acid residues in the active site of COX-2, thus 
supporting the possibility of molecular inhibition of the 
prostaglandin formation pathway. Isoeleutherin was 
identified as the most promising compound as a potential 
theoretical anti-inflammatory mechanism as a COX-2 
COX-2 (PTGS2) in PDB 5IKQ inhibitor with the lowest 
binding energy compared to other test compounds, 
namely (−8.19 kcal/mol), close to the control ligand 
meclofenamic acid (−8.72 kcal/mol), and forms 
interactions with key residues on the active site of COX-2, 
namely SER530, SER353, ALA527, HIS90, PHE518, 
LEU384, and PHE381, which play an important role in 
COX-2 inhibitor binding. The advantage of isoeleutherin 
is reinforced by density functional theory analysis, in 
which the compound exhibits the smallest HOMO-LUMO 
energy gap (3.467 eV) compared to the reference ligand 
and other test compounds. A smaller energy gap indicates 
higher electronic reactivity, thus theoretically supporting 
the ability of isoeleutherin to form and maintain non-
covalent interactions with the active residues of COX-2. 
Further validation through molecular dynamics 
simulations for 100 ns showed that the isoeleutherin 
against the COX-2 complex remained structurally stable, 
with Cα RMSD values below 3 Å and ligand RMSD in the 
range of 1.0-1.4 Å. RMSF patterns and radius of gyration 
comparable to the control ligand confirm that the docking 
orientation of isoeleutherin can be maintained under 
dynamic conditions resembling physiological conditions. 
Thus, based on the consistency of docking binding 
affinity results, electronic reactivity support from DFT 
analysis, and complex stability confirmed through MD 
simulation, isoeleutherin shows promising 
characteristics for development as a herbal-based COX-2 
inhibitor candidate. These findings clearly demonstrate 
the potential of the bioactive compound Eleutherine 
americana (L.) Merr in inhibiting COX-2, so further in 
vitro and in vivo studies are still needed to validate its 
theoretical potential as a candidate herbal anti-
inflammatory drug. 
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