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Abstract

Aim: This study aims to investigate the inhibitory effect
of eupatorin, a flavonoid, on human neutrophil elastase
(HNE), which plays a role in chronic inflammatory foot
conditions such as diabetic foot ulcers.

Materials and Methods: Binding interactions between
eupatorin and HNE were examined using molecular
docking simulations performed in AutoDock Vina.
Next, 100-nanosecond molecular dynamics simulations
and MM/GBSA binding free energy analyses were
performed.

Results: Docking analysis showed that eupatorin binds
to HNE with a binding affinity of —7.9 kcal/mol.
Dynamic simulations revealed that the ligand retained
its position within the binding site and exhibited a non-
covalent interaction pattern involving 0-3 hydrogen
bonds per frame, with an average of one. SASA values
indicated that the ligand resides within a solvent-
accessible pocket. MM/GBSA analysis further
supported favorable binding energetics throughout the
simulation period.

Conclusion: These findings suggest that eupatorin
establishes a reversible, non-covalent interaction pattern
with HNE. Eupatorin can be considered a promising
natural scaffold that warrants experimental evaluation
for the modulation of HNE-associated inflammatory
processes.

Keywords: Diabetic foot; Docking; Eupatorin; Human
neutrophil elastase; Molecular dynamics.

Oz

Amag: Bu calisma, bir flavonoid olan eupatorin’in,
diyabetik ayak dlseri gibi kronik inflamatuar ayak
hastaliklarinda gorev alan Insan nétrofil elastazi (HNE)
iizerindeki inhibitor etkisini aragtirmayi
amaglamaktadir.

Gere¢ ve YoOntem: Eupatorin’in HNE ile olasi
baglanma etkilesimleri, AutoDock Vina ile yiiriitiilen
molekiiler yerlestirme simiilasyonlari ile incelenmistir.
Ardindan, 100 nanosaniyelik molekiler dinamik
simiilasyonlar ve MM/GBSA baglanma serbest enerjisi
analizleri gergeklestirilmistir.

Bulgular: Molekiiler yerlestirme analizleri eupatorin’in
HNE’ye -7,9 kcal/mol baglanma afinitesi ile
baglandigin1  gostermistir. Dinamik simiilasyonlar,
ligandin konumunu baglanma cebinde korudugunu ve
0-3 arasinda degisen, ortalama 1 hidrojen bagi iceren bir
etkilesim Oriintiisii sergiledigini ortaya koymustur.
SASA degerleri, ligandin ¢oziiciiye agik, yar1 gomiilii
bir cepte yer aldigim1 gostermektedir. MM/GBSA
analizleri ise baglanmanin enerjetik olarak elverisli
oldugunu desteklemistir.

Sonug: Bu bulgular, eupatorin’in HNE ile tersinir ve
kovalent olmayan bir etkilesim Oriintiisii kurabilecegini
disiindiirmektedir.  Eupatorin, HNE ile iligkili
inflamatuar sureclerin modiilasyonu icin deneysel
olarak degerlendirilmesi gereken umut vadeden dogal
bir yapi iskelesi olarak degerlendirilebilir.

Anahtar Kelimeler: Diyabetik ayak; Docking;
Eupatorin; Insan nétrofil elastazi; Molekiiler dinamik.
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Eupatorin—elastase binding analysis.

Introduction

Chronic wounds of the lower extremities,
particularly those affecting the foot, such as
diabetic foot ulcers (DFUs), remain a major
cause of morbidity and disability among
people with diabetes worldwide. These lesions
are characterized by prolonged inflammation,
extracellular matrix (ECM) degradation, and
impaired tissue repair. This often leads to
delayed healing and, in severe cases,
amputation of the limb.}? One central
molecular contributor to this pathological
environment is human neutrophil elastase
(HNE), a serine protease released by activated
neutrophils.  Excessive elastase activity
degrades ECM components, inactivates
growth factors, and perpetuates inflammatory
cycles within non-healing wounds.?

Therefore, pharmacological inhibition of
HNE is considered a promising therapeutic
approach to enhance wound healing and
restore tissue integrity in diabetic foot ulcers
and other chronic foot-related inflammatory
conditions.*®  Although synthetic elastase
inhibitors exist, there is a growing interest in
finding naturally derived, bioavailable, and
low-toxicity alternatives.  Eupatorin, a
naturally occurring polymethoxyflavone found
in several medicinal plants, including
Orthosiphon stamineus, Salvia connivens, and
Artemisia anomala, has attracted considerable
attention because of its antioxidant, anti-
inflammatory, and anticancer activities.
Recent studies have shown that eupatorin can
modulate key inflammatory mediators and
signaling  pathways  associated  with
inflammatory responses.’® However, its
interaction with HNE and potential as an
elastase inhibitor have not yet been
investigated at the molecular level. 57

This study employs molecular docking,
100-ns molecular dynamics (MD) simulations,
and MM/GBSA-based binding free energy
analysis to investigate the interaction of
eupatorin with HNE. These complementary in
silico approaches provide valuable information
regarding binding affinity, interaction stability,
conformational dynamics, and energetic
determinants of ligand—protein recognition
under near-physiological conditions. By
characterizing the molecular basis of the
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Eupatorin—HNE interaction, this work aims to
provide preliminary insights into the potential
of eupatorin as a natural modulator of elastase-
associated inflammatory processes relevant to
chronic foot disorders.

Materials and Methods

To evaluate the binding potential of
eupatorin toward HNE, molecular docking
simulations were first conducted. The crystal
structure of HNE (PDB ID: 1HNE, resolution
1.84 A) was obtained from the RCSB Protein
Data Bank. The 3D conformation of eupatorin
was sourced from PubChem and subsequently
optimized in Avogadro software, where
Gasteiger charges were applied. Preparation of
the protein, including the assignment of partial
atomic charges and hydrogen atoms, was
executed using AutoDockTools v4.2.6 and
BIOVIA Discovery Studio. AutoDock Vina
v1.1.2 was employed for docking runs, using
an exhaustiveness parameter of 32 to ensure
adequate conformational sampling. The
docking grid was centered at X = 35.958, Y =
15.029, and Z = 53.690, with dimensions of 40
x 40 x 40 A, covering the binding pocket
occupied by the co-crystallized inhibitor.
Validation of the docking protocol was
achieved by re-docking the co-crystallized
inhibitor and comparing the root-mean-square
deviation (RMSD) between experimental and
predicted poses.®® Protein—ligand interactions
were profiled using PLIP, while molecular
graphics and binding site representations were
created using PyMOL v2.5.8.1011

Following the docking analysis, molecular
dynamics (MD) simulations were conducted to
evaluate the conformational behavior and
dynamic stability of the Eupatorin—-HNE
complex. The system preparation steps—
which include complex assembly, solvation,
ion addition, and force field
parameterization—were performed using the
CHARMM-GUI interface.!?®®  Protein
structures were parameterized with the
CHARMM36m force field, while the ligand
topologies were generated using
CGenFF.121314 Each complex was placed in a
periodic cubic box filled with explicit TIP3P
water molecules, maintaining a minimum 10 A
distance from the solute to the box boundary.
Sodium and chloride ions were added to
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neutralize the system and mimic physiological
ionic strength (0.15 M). Energy minimization
was carried out using the steepest descent
algorithm until the system reached a maximum
force threshold below 1000 kJ-mol™'-nm™.
Equilibration was conducted in two phases:
500 ps under NVT conditions, followed by 1
ns under the NPT ensemble at 310 K, applying
LINCS constraints to all bonds. Electrostatic
interactions were treated using the Particle
Mesh Ewald (PME) method with a 12 A cutoff,
and short-range non-bonded interactions were
calculated using the Verlet scheme. Production
MD simulations were finally run for 100 ns
using GROMACS v2023.3.

To further evaluate the energetic
characteristics of ligand binding, MM/GBSA
calculations were performed using snapshots
extracted from the 100-ns MD trajectory.
Binding free energy profiles were calculated
throughout the simulation period to assess the
energetic stability of the Eupatorin—-HNE
complex. In addition, per-residue energy
decomposition analysis was conducted to
identify amino acid residues contributing to
ligand stabilization and to characterize residue-
specific energetic contributions to binding.
The total binding free energy was estimated by
combining molecular mechanics energy terms
with  polar and non-polar  solvation
contributions.

Results
Molecular docking

To evaluate the potential inhibitory
interactions of eupatorin (Figure 1), a naturally
occurring methoxylated flavonoid  with
reported anti-inflammatory activity, molecular
docking simulations were carried out targeting
HNE, a serine protease implicated in the
pathogenesis of chronic inflammatory foot
disorders. Validation of the docking protocol
was achieved by re-docking the co-crystallized
inhibitor and comparing the root-mean-square
deviation (RMSD) between the predicted and
experimental poses. The resulting RMSD
value of 0.01 demonstrated excellent
agreement between the experimental and
predicted binding poses, supporting the
suitability of the docking protocol for
subsequent analyses.
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Figure 1. 2D Structure of eupatorin.

This targeting strategy ensured that docking
was constrained to the functionally validated
pharmacophore region of HNE, thereby
enhancing  biological  relevance  and
mechanistic interpretability. Eupatorin
exhibited a best binding affinity of —7.9
kcal'mol™!, suggesting a favorable and
moderately strong non-covalent interaction
with the protein.

The top-ranked pose revealed a well-
defined interaction network involving both
polar and non-polar residues. Notably,
hydrogen bonds were observed with LEU130,
SER166, and GLN233, with dual polar
contacts formed at both LEU130 and SER166,
indicative of stable anchoring interactions
along the substrate-binding channel. In
addition, hydrophobic contacts were identified
with ARG129 and ARG178, located on the
periphery of the ligand pocket, which likely
contribute to complex stabilization via van der
Waals interactions (Figure 2).

Taken together, these findings suggest that
eupatorin engages the HNE active site through
a spatially coordinated, non-covalent binding
mode that mimics the occupancy of known
inhibitory scaffolds. the observed binding
mode is consistent with a potential reversible,
non-covalent interaction with the HNE binding
region,  warranting  further  enzymatic
validation.

Molecular dynamics simulations

A 100-nanosecond molecular dynamics
simulation was performed to evaluate the
dynamic behavior of the Eupatorin-HNE
complex over an extended timescale. The
ligand's RMSD showed moderate fluctuations
during the simulation, indicating continued
association with the binding region despite
conformational adjustments over time (Figure
3A). Residue-level fluctuations of HNE, as
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measured by RMSF, revealed localized
mobility in several solvent-exposed regions
while preserving the overall structural
framework of the enzyme (Figure 3B). This
finding suggests that ligand binding did not
substantially perturb the structural integrity of
the enzyme. The hydrogen-bond profile
exhibited a moderate and somewhat transient
interaction pattern, with typically 0-3

hydrogen bonds observed throughout the
trajectory (Figure 3E). Concurrently, the
solvent-accessible surface area (SASA) of
eupatorin

exhibited modest fluctuations

A) RMSD
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throughout the simulation period (Figure 3C).
In addition, the minimum distance between
eupatorin and HNE remained relatively
constant during the simulation, supporting
persistent ligand retention within the binding
region (Figure 3D). Collectively, the RMSD,
RMSF, SASA, hydrogen-bond, and minimum-
distance  analyses indicate  sustained
association of eupatorin with HNE throughout
the 100-ns  simulation period  while

highlighting the dynamic nature of the
interaction.
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Figure 2. Binding pose of upatorin in the human neutrophil elastase.
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Figure 3. Structural stability and interaction dynamics of the Eupatorin-HNE complex during a 100-nanosecond
molecular dynamics simulation. A) RMSD of eupatorin. B) RMSF of HNE residues. C) SASA of eupatorin. D) Minimum
distance between eupatorin and HNE. E) Hydrogen bond count between eupatorin and HNE over time.
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MM/GBSA binding free energy analysis

To further characterize the energetic basis
of the Eupatorin—-HNE interaction, MM/GBSA
calculations were performed using snapshots
extracted from the 100-ns molecular dynamics
trajectory. The binding free energy profile
remained consistently negative throughout the
simulation, indicating a favorable interaction
between eupatorin and HNE (Figure 4A).
Although moderate fluctuations were observed
during the trajectory, the moving-average
trend suggested sustained energetic stability of
the complex over time.
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Per-residue energy decomposition analysis
identified several amino acid residues as
important contributors to ligand binding,
including ARG129, LEU130, ARG178,
SER179, VAL181, and PRO230 (Figure 4B).
Notably, ARG129, LEU130, and ARG178
were also involved in the docking interaction
profile, supporting the persistence of key
protein-ligand contacts during the simulation.
These findings indicate that eupatorin binding
is maintained through favorable residue-
specific energetic contributions and dynamic

non-covalent interactions throughout the
simulation period.
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Figure 4. MM/GBSA-based energetic analysis of the Eupatorin-HNE complex during the 100-ns molecular dynamics
simulation. A) Temporal profile of binding free energy (AGbind). B) Per-residue energy decomposition analysis of key

amino acid residues contributing to ligand stabilization.
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Discussion

This study provides initial molecular-level
insight into the interaction between eupatorin
and human neutrophil elastase (HNE), a
protease implicated in chronic inflammatory
tissue damage and impaired wound healing.
Molecular  docking  demonstrated  that
eupatorin can occupy a functionally relevant
binding region of HNE with a favorable
binding affinity (—7.9 kcal-mol™") and establish
multiple hydrogen-bonding and hydrophobic
interactions involving residues such as
ARG129, LEU130, SER166, ARG178, and
GLN233. The observed interaction pattern
suggests that eupatorin can engage the HNE
binding region through reversible non-
covalent interactions, supporting its potential
as a naturally derived bioactive compound for
further investigation.

The 100-ns molecular dynamics simulation
further supported the persistence of the
Eupatorin—-HNE interaction. RMSD, RMSF,
SASA, hydrogen-bond, and minimum-
distance analyses collectively indicated that
eupatorin remained associated with the binding
region despite conformational fluctuations
during  the  simulation.  Furthermore,
MM/GBSA analysis revealed consistently
favorable binding free energies throughout the
trajectory,  while  per-residue  energy
decomposition identified ARG129, LEU130,
ARG178, SER179, VAL181, and PRO230 as
important contributors to ligand stabilization.
Notably, ARG129, LEU130, and ARG178
were also identified in the docking interaction
profile, supporting the persistence of key
protein-ligand contacts under dynamic
conditions. Taken together, these findings
support eupatorin as a candidate molecule for
further investigation in the context of HNE
modulation.

Conclusion

The present in silico investigation suggests
that eupatorin can interact favorably with
human neutrophil elastase through a
combination of hydrogen-bonding,
hydrophobic, and residue-specific energetic
contributions. Molecular docking, 100-ns
molecular  dynamics  simulations, and
MM/GBSA analyses collectively indicated
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that eupatorin maintained a persistent but
dynamic association with the HNE binding
region during the simulation period. These
findings support eupatorin as a promising
natural scaffold for further investigation in the
context of HNE modulation. However,
enzymatic inhibition assays, cellular studies,
and additional experimental validation are
required to confirm its biological activity and
therapeutic relevance.

Ethical Committee Approval

In the current work, there was no animal or
human experiments conducted.

Author Contributions

All authors contributed equally to the
design of the study, the analysis of the data,
and the writing of the manuscript. The results
were jointly discussed, and the final version of
the manuscript was approved by all authors.

Acknowledgments

The authors acknowledge TUBITAK
ULAKBIM TRUBA  for providing
computational resources used in this study.

Conflict of Interest

The authors declare that there is no conflict
of interest for this article.

Financial Disclosure

No financial support was received for this
study.

Peer-review
Externally peer-reviewed.
References

1. Armstrong DG, Boulton AJ, Bus SA. Diabetic foot ulcers and
their recurrence. N Engl J Med. 2017;376(24):2367-75.
10.1056/NEJMral 615439

2. Jeffcoate WJ, Vileikyte L, Boyko EJ, Armstrong DG, Boulton
AlJ. Current challenges and opportunities in the prevention and
management of diabetic foot ulcers. Diabetes Care.
2018;41(4):645-52. 10.2337/dc17-1836

3. Serena TE. Development of a novel technique to collect
proteases from chronic wounds. Adv Wound Care
2014;3(12):729-32. 10.1089/wound.2013.0463

4. Brinkmann V, Zychlinsky A. Beneficial suicide: why neutrophils
die to make NETs. Nat Rev Microbiol. 2007;5(8):577-82.
10.1038/nrmicro1710

5. Korkmaz B, Horwitz MS, Jenne DE, Gauthier F. Neutrophil
elastase, proteinase 3, and cathepsin G as therapeutic targets in
human diseases. Pharmacol Rev. 2010;62(4):726-59.
10.1124/pr.110.002733

6. Guo S, DiPietro LA. Factors affecting wound healing. J Dent
Res. 2010;89(3):219-29. 10.1177/0022034509359125

155



Cetiz MV, Akmese S, Tutus R.

7.

11.

Jakimiuk K, Gesek J, Atanasov AG, Tomczyk M. Flavonoids as
inhibitors of human neutrophil elastase. J Enzyme Inhib Med
Chem. 2021;36(1):1016-28. 10.1080/14756366.2021.1927006
Baloglu MC, Ozer LY, Pirci B, Altunoglu YC, Soomro SI,
Zengin G, et al. Decoding chemical profiles, biological
functions, and medicinal properties of liquidambar orientalis
extracts through molecular modeling and bioinformatic
methods. Food Front. 2025;6(3):1376-1408. 10.1002/ft2.545
Yildirim MA, Sevinc B, Paydas S, Karaselek MA, Duran T,
Kuccukturk S, et al. Exploring the Anticancer Potential of
Dianthus orientalis in Pancreatic Cancer: A Molecular and
Cellular Study. Food Biosci. 2025;66:106183.
10.1016/j.1bi0.2025.106183

Angeles Flores G, Cusumano G, Zengin G, Cetiz MV, Uba Al,
Senkardes I, et al. Using In Vitro and In Silico Analysis to
Investigate the Chemical Profile and Biological Properties of
Polygonum istanbulicum Extracts. Plants. 2024;13(23):3421.
10.3390/plants 13233421

Cetiz MV, Isah M, Ak G, Bakar K, Himidi AA, Mohamed A, et
al. Exploring of Chemical Profile and Biological Activities of
Three Ocimum Species From Comoros Islands: A Combination
of In Vitro and In Silico Insights. Cell Biochem Funct.
2024;42(7):¢70000. 10.1002/cbf. 70000

Jo S, Kim T, Iyer VG, Im W. CHARMM-GUI: a web-based
graphical user interface for CHARMM. J Comput Chem.
2008;29(11):1859-65. 10.1002/jcc.20945

Korpayev S, Zengin G, Ak G, Glamoclija J, Sokovi¢ M, Anici¢
N, et al. Integration of In Vitro and In Silico Results From
Chemical and Biological Assays of Rheum turkestanicum and
Calendula officinalis Flower Extracts. Food Sci Nutr
2025;13(1):e4663. 10.1002/fsn3.4663

Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, de Groot BL,
et al. CHARMM36m: an improved force field for folded and
intrinsically disordered proteins. Nat Methods. 2017;14(1):71-
73.10.1038/nmeth.4067

Hussain Y, Mathur A, Meena A, Lugman S. Eupatorin: A
comprehensive review of its pharmacological activities and
underlying molecular mechanisms. Eur J Pharmacol.
2025;1008:178330. 10.1016/j.ejphar.2025.178330

ADYU Saglik Bilimleri Derg. 2026;12(2):150-156.

156



