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ABSTRACT

Introduction: Cytokines are mediators of inflammation, which is a central biological process of most chronic and
degenerative diseases. Inflammatory proteins are also useful therapeutic targets since their dysregulation is a con-
tributor to the pathogenesis of several diseases. Phlorotannins (PTs) are marine derived and are brown algae, which
has attracted attention due to their possible anti-inflammatory properties. Methods: The therapeutic potentials of six
PT subclasses, i.e. tetraphlorethols (C1), phlorethols (C2), fucophloethols (C3), pentaphloethol (C4), fucols (C5), and
eckols (C6) against key inflammatory mediators were assessed in silico using computational tools. Molecular docking
has been done to find binding affinities and interaction profiles. The drug-likeness and pharmacokinetic properties
were evaluated using the ADMET (Absorption, Distribution, Metabolism, Excretion) analysis. Time dependence of
the stability of the interaction between the ligand and the protein was determined through molecular dynamics (MD)
simulations. Results: C4 has shown the best binding affinities to the markers of inflammation of tested compounds.
It had strong and stable interaction with NF- kB and COX-2 proteins. ADMET profiling indicated that C4 possessed
favourable drug-like characteristics such as good solubility, permeability. The stability of C4 protein complexes was
also observed by the MD simulation for 200 nanoseconds. Conclusion: The study shows that pentaphloethol is a
promising anti-inflammatory compound among other PTs. It has an excellent pharmacokinetic profile and stable
interactions with cytokine targets. These results indicate that it has therapeutic lead potential in the management of
inflammatory diseases.
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INTRODUCTION

Inflammation, a biological response that plays a central
role in homeostasis maintenance and protection of the
body against injurious stimuli, including pathogens,
injured cells, or irritants. However, dysregulated
inflammation leads to acute problems and contributing
factors in the various pathological conditions, including
cardiovascular disorders, neurodegenerative conditions,
autoimmune diseases, and degenerative musculoskeletal
disorders (1). The complex mechanisms involved in
inflammatory activities range from cellular metabolic
processes to intricate systemic responses. Chronic
inflammatory diseases, especially those related to the
musculoskeletal system, are a growing global health

involved in the pathogenesis of many chronic diseases,
which have made them a targeted therapy (3). The major
molecular mediators on the inflammatory cascade
are the main signalling proteins and cytokines which
control the activation of immune cells, the production of
inflammatory mediators (4). Nuclear factor kappa-B (NF-
kB) is a master transcriptional regulator, which regulates
the expression of many inflammatory genes to a variety
of stimuli (5). Cyclooxygenase-2 (COX-2) is an inducible
enzyme whose synthesis of the prostaglandin, which
enhances the effects of inflammation and leads to pain
and fever reactions (6). Nuclear Factor kappa-B (NF-kB )
is one of the most notable of the cytokine family, which is
a pleiotropic pro-inflammatory cytokine that is involved
in systemic inflammation, the regulation of immune
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cells, and the indication of apoptosis (7). Likewise,
interleukins, including IL-1B, IL-6, and IL-8, are central
to the process of spreading inflammatory cascades and
recruiting immune cells to the location of inflammation
as well as maintaining chronic inflammatory conditions
(8). Moreover, matrix metalloproteinases (MMPs) are
also involved in tissue remodelling and degradation of
extracellular matrix that is pathologic in case of chronic
inflammatory disorders (9). The joint development of
these inflammatory agents forms a self-perpetuating
cycle that, when not controlled, results in tissue damage
and the development of chronic diseases.

The existing treatment approaches to anti-inflammatory
focus mainly on the non-steroidal anti-inflammatory
drugs (NSAIDs), corticosteroids, and biological agents
that address the individual inflammatory pathways
(10-12). These conventional methods are effective
in relieving the symptoms, but are linked to a high
level of restrictions. NSAIDs are commonly used
but are associated with the risks of gastrointestinal
complications, cardiovascular events, renal toxicity
(13). Despite their high anti-inflammatory action,
corticosteroids may cause such undesirable effects
as immunosuppression, decrease in bone density,
metabolism, and predisposition to infections (14).
Specific cytokine biological agents though effective
are expensive, they have to be administered orally and
can also aggravate the risks of infections because of
their immunomodulatory properties (15). Moreover, the
resistance of the treatment and the limited understanding
of the individual patient reactions to these drugs
introduces the necessity of new anti-inflammatory drugs
with better safety profiles and multi-drug mechanisms of
action (16).

Natural bioactive compounds have shown promise as
novel anti-inflammatory therapy with relatively fewer
side effects in recent years. Among such marine-derived
polyphenolic compounds, especially from the brown
alga (Phaeophyceae) phlorotannins (PTs) have emerged
to be significant due to their unique molecular structures
and resultant potent biological activity (17-19). PTs
are a diverse group of compounds, which include
tetraphlorethols (C1), phlorethols (C2), fucophloethols
(C3), pentaphloethol (C4), fucols (C5), and eckols (C6).
Each of these has its unique way of interacting with the
inflammatory pathways involved in OA. Numerous
studieshaveshownthatthesecompoundscansignificantly
influence important inflammatory mediators, like NF-
kB, COX-2, TNF-a, and MMPs, thereby providing a
promising avenue for therapeutic intervention (20,21).
Despite the encouraging preclinical results, the specific
molecular relationships between various PT subtypes
and the essential inflammatory proteins involved in
the pathophysiology of OA remain poorly understood.
Additionally, the comparative efficacy of these natural
compounds against established anti-inflammatory drugs
remains largely unexplored, limiting their potential

clinical application. Recent in vitro and in vivo findings
indicate that PTs have the capability of regulating several
inflammatory pathways, possibly having significant
potential compared to conventional drugs thatonly target
single pathways (22,23). The multi-target approaches
of PTs make them promising drug in the development
of novel anti-inflammatory therapeutics. Nevertheless,
even with promising preclinical results, the mechanisms
of action at the molecular level between various PT
subtypes and essential inflammatory proteins are still
largely unknown (24). The structure-activity relationship
determining the affinity of PT binding and specificity to
different inflammatory targets is suboptimal. Moreover,
the comparative effects of these natural compounds with
proven anti-inflammatory medications have not been
systematically studied, which inhibits to determine the
promising therapeutic potential and prioritize specific
PT structures for further development.

Computational approaches, particularly molecular
docking, pharmacokinetic predictions, and molecular
dynamics (MD) simulations, have become indispensable
tools in modern drug discovery, enabling the rational
identification and optimization of lead compounds
before costly experimental validation (25). These in
silico methodologies allow researchers to predict
binding modes, estimate binding affinities, assess drug-
likeness properties, and evaluate the stability of protein-
ligand complexes under physiological conditions. When
applied to natural product research, these computational
tools can accelerate the identification of promising
bioactive compounds from complex mixtures and
provide mechanistic insights into their modes of action
(26).  This study aims to comprehensively evaluate
the anti-inflammatory potential of marine-derived
phlorotannins through an integrative computational
investigation combining molecular docking, ADMET
predictions, and MD simulations. By systematically
examining the interactions between diverse PTs
subtypes and critical inflammatory proteins. we seek
to identify lead phlorotannin compounds with superior
binding characteristics and favourable pharmacokinetic
profiles. This integrative computational approach not
only enhances our fundamental understanding of PT
molecular mechanisms but also provides a rational
foundation for prioritizing specific compounds for
experimental validation and potential development as
next-generation anti-inflammatory therapeutics.

MATERIALS AND METHODS

Molecular docking analysis

Protein preparation, ligand preparation, and molecular
docking were the three main phases (27-29). The PDB
structures of the target protein were retrieved from RCSB
(www.rcsb.org/). X-ray crystal 3D structure of the target
proteins that are involved in inflammation pathways
Cyclooxygenase-2 (COX-2; PDB ID: 1CX2), Tumor
Necrosis Factor-a (TNF-a; PDB ID: 2AZ5), Interleukin-8
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(IL-8; PDB ID: 3IL8), Nuclear Factor kappa-B (NF-xB;
PDB ID: 4DN5), Interleukin-1p (IL-1p; PDB ID: 7CHY),
and Interleukin-6 (IL-6; PDB ID: 8C3U) were retrieved.
All protein structures were prepared by removing
water molecules, co-crystallised ligands, and other
heteroatoms. Polar hydrogen atoms were added, and
Gasteiger charges were computed using AutoDock
Tools (version 1.5.6) to prepare the proteins for docking
simulations. Energy minimization for all proteins was
carried out in both UCSF Chimera (https://www.cgl.ucsf.
edu/chimera/) and BIOVIA Discovery Studio Visualizer
software (www.3ds.com/products/biovia/discovery-
studio). During the energy minimisation process, except
for the target protein chain, all remaining structures,
including ligands and water molecules, were deleted
(30,31). The ligands used in this study were designed
and drawn using ChemDraw. Briefly, the 2D chemical
structures drawn in ChemDraw were saved in MOL
format and imported into ArgusLab software for
3D structure generation (http://www.arguslab.com/
arguslab.com/Welcome.html).

The structures were converted into 3D conformations
and energy minimization was performed using Arguslab
built-in molecular mechanics methods to obtain the
most stable low-energy conformations. The optimized
3D structures were then exported and further processed
using Open Babel (https://openbabel.org/) for format
conversions. All ligands were saved in .pdb format and
subsequently converted to .pdbqgt format using Open
Babel for compatibility with the PyRx docking software.
The ligand structure underwent energy minimisation to
obtain the most stable conformation before docking.
Docking simulations were carried out using PyRx
software (version 0.8) (https://pyrx.sourceforge.io/),
which implements the AutoDock Vina algorithm. A
grid box of 90 E 4 90 E Y 90 E was set up to cover the
entire protein surface and allow exhaustive sampling of
binding poses. The docking was performed three times
for each protein target to ensure reproducibility. Binding
energies were calculated using the Lamarckian Genetic
Algorithm (LGA), where more negative values indicate
stronger binding affinity.

ADMET Prediction

The ADMET (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) predictions were conducted
using two complementary software: MedChem Designer
(version 5.0) and pkCSM web server (https://biosig.lab.
ug.edu.au/pkcsmy/) (32). To assess the drug-likeness and
pharmacokinetic properties of the designed compound,
in silico ADMET predictions were done using both
sites were uploaded with a chemical structure of the
C4 compound in SMILES format. The physicochemical
properties such as the molecular weight, lipophilicity
(LogP), hydrogen bond donors/acceptors, and breach of
Lipinski rule of five that predicts oral bioavailability were
evaluated using MedChem Designer. The pkCSM server
made detailed forecasts of pharmacokinetic values such

as intestinal absorption, blood-brain barrier penetration,
interactions with the cytochrome P450 enzyme, renal
elimination, and possible toxicity outcomes such as
hepatotoxicity, mutagenicity, and cardiotoxicity (hERG
inhibition).

MD simulations

To determine the stability of the interaction, MD
simulations were performed for the as these ligands
exhibited the strongest docking affinities. Simulations
were conducted using the GROMOS96 53a6 force
field within GROMACS (33,34). The protein-ligand
complexes were solvated in a triclinic water box with a
10 A padding and neutralized with Na* and CI- ions at
a concentration of 150 mM. Energy minimization was
performed using the steepest descent method until the
maximum force was <1000 kJ/mol/nm (35). The system
was equilibrated using the NVT ensemble for 100 ps
at 300 K (V-rescale thermostat), followed by the NPT
ensemble for 1 ns at 1 bar (Parrinello-Rahman barostat).
Production MD simulations were carried out for 200
ns with a 2-fs time step, applying periodic boundary
conditions in all directions. Hydrogen bonds were
constrained with the LINCS algorithm, and long-range
electrostatics were computed using the Particle Mesh
Ewald method, with van der Waals and short-range
electrostatics cut off at 1.0 nm. Snapshots were recorded
every 10 ps for trajectory analysis (36). Root Mean Square
Deviation (RMSD) and Root Mean Square Fluctuation
(RMSF) analyses were conducted to evaluate structural
stability. Trajectories were analyzed using GROMACS
utilities. Visualization of protein-ligand interactions was
performed using VMD and XM GRACE for trajectory
analysis and figure generation (37).

RESULTS

Molecular Docking results

In this study, various types of PTs, including
tetraphlorethols (C1), phlorethols (C2), fucophloethols
(C3), pentaphloethol (C4), fucols (C5), and eckols
(C6), were docked with different inflammation-related
proteins:  Cyclooxygenase-2, NF-xB, Interleukin-8,
TNF-a, Interleukin-1f, and Interleukin-6. The binding
affinities observed in the docking studies reveal the
strength of interaction between each molecule and
the respective protein targets in Table | and Il. Among
all proteins it was found that cyclooxygenase-2 (1cx2)
best exhibited the overall binding affinities. The highest
binding affinity of C4 with a binding energy of -9.9
kcal/mol was observed with C6 at -9.6 kcal/mol. C1
and C5 also had high binding affinity (-8.8 kcal/mol)
and moderate binding affinity ( -8.6 & -8.2 kcal/mol)
respectively. In the case of NF-kB (4dn5), C4 again
exhibited outstanding binding affinity of -9.8 kcal/mol
and C1 was -9.4 kcal/mol. C6 interacted well with -8.7
kcal/mol with C5 (-8.3 kcal/mol), C3 (-7.9 kcal/mol),
and C2 (-7.3 kcal/mol) and retained nanomolar levels
of inhibitory capacity. TNF-a (2az5) had moderate
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Table I: Molecules and Their Corresponding Names

Table II: Docking Results for Various Ligands and Molecules

Molecule Name

Molecule 1 (CT) Tetraphloroethol
Molecule 2 (C2) Phlorethol
Molecule 3 (C3) Fucophloethol
Molecule 4 (C4) Pentaphloethol
Molecule 5 (C5) Fucol

Molecule 6 (C6) Eckol

Table II: Docking Results for Various Ligands and Molecules

Li- Mole- BA (kcal/ RMSD/ RMSD/ LE 1C (ki)
gand cule mol) ub
Tcx2 C1 -8.8 0 -0.39  55.25
nM
Tcx2 C2 -8.4 0 -0.34  78.25
nM
Tcx2 C3 -8.2 0 -0.33  87.95
nM
Tcx2 C4 -9.9 0 -0.44 35.75
nM
Tcx2 C5 -8.6 0 -0.38  65.45
nM
Tcx2 Cé6 9.6 0 -0.41  48.25
nM
2az5 C1 -6.2 0 -0.29  122.65
nM
2az5 C2 -5.8 0 -0.21 25.32
pM
2az5 C3 -7.4 0 -0.31  90.24
nM
2az5 C4 -7 0 -0.30 100.24
nM
2az5 C5 -6.6 0 -0.26  15.24
pM
2az5 Co6 -6.8 0 -0.28 18.26
UM
3il8 C1 -6.3 0 -0.23  24.35
pM
3il8 C2 -5.2 0 -0.19 12.5
pM
3il8 C3 -6.1 0 -0.21 25.32
pM
3il8 C4 -7 0 -0.30 102.35
nM
3il8 C5 -5.8 0 -0.18  54.25
pM
3il8 Co6 -6.5 0 -0.25  14.25
pM
4dn5 C1 9.4 0 -0.40 54.75
nM
4dn5 C2 -7.3 0 -0.31 92.35
nM
4dn5 C3 -7.9 0 -0.32  80.25
nM
4dn5 C4 -9.8 0 -0.42 40.36
nM
4dn5 C5 -8.3 0 -0.33  88.24
nM
4dn5 Co6 -8.7 0 -0.38  66.25
nM
CONTINUE
111

Li- Mole- BA (kcal/ RMSD/ RMSD/ LE 1C (ki)
gand cule mol) ub Ib
7chy C1 -6.6 0 0 -0.26  15.47
pM
7chy C2 -6.4 0 0 -0.24  20.47
pM
7chy C3 -6.4 0 0 -0.24  19.25
pM
7chy C4 -6.4 0 0 -0.24 20.17
pM
7Chy C5 -6.4 0 0 -0.24 20.37
pM
7chy Co6 -7.3 0 0 -0.30 94.37
nM
8c3u C1 -7.2 0 0 -0.31 87.36
nM
8c3u C2 -7 0 0 -0.30 91.34
nM
8c3u C3 -7.6 0 0 -0.32 80.25
nM
8c3u C4 -8.6 0 0 -0.34  75.55
nM
8c3u C5 -7.6 0 0 -0.31  92.68
nM
8c3u Co6 -8.3 0 0 -0.33  72.36
nM

BA - Binding Affinity; RMSD - Root Mean Square Deviation; LE — Ligand Efficiency (LE is a
metric used in drug discovery to measure the binding energy of a ligand per atom to a binding
partner); IC — Inhibitory Constant (Predicted values from Autodock)

binding affinities to all phlorotannins. C3 demonstrated
the best affinity of -7.4 kcal/mol, then C4 -7.0 kcal/
mol. C6, C5, C1 and C2 had weaker binding energies
lying in the range -6.8, -6.6, -5.8 & 6.2 kcal/mol. The
interactions of interleukin-8 (3il8) were also relatively
weak as compared to COX-2 and NF-kB. C4 exhibited
the highest binding affinity with a docking score of
-7.0 kcal/mol, indicating moderate to good binding
potential. C6 showed the second-best affinity at -6.5
kcal/mol, followed by C1 (-6.3 kcal/mol) and C3 (-6.1
kcal/mol). The compounds C5 and C2 demonstrated
lower binding affinities of -5.8 kcal/mol and -5.2 kcal/
mol, respectively, suggesting weaker interactions with
the IL-8 binding site.

All' phlorotannins had rather similar but moderate
binding affinities with Interleukin-1p (7chy). C6 had the
highest interaction which was -7.3 kcal/mol with C1, C2,
C3, C4 and C5 showing comparable binding energies
of -6.6 to -6.4 kcal/mol. The Interleukin-6 (8c3u) was
showing moderate binding with all the compounds. C4
best exhibited the affinity at -8.6 kcal/mol and C6 at
-8.3 kcal/mol. C3 and C5 both had a binding energy of
-7.6 kcal/mol, whereas the binding energy of C1 (-7.2
kcal/mol) and C2 (-7.0 kcal/mol) was slightly lower.
In general, the docking outcomes indicated that C4
(pentaphloethol) had a consistently high binding affinity
to all six targets of inflammatory proteins but was most
effective against COX-2 (-9.9 kcal/mol) and NF-kappa B
(-9.8 kcal/mol).
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Cyclooxygenase-2 and NF-xB were selected for
further detailed molecular interaction studies based
on their strongest binding affinities with C4, aiming
to elucidate the structural mechanisms responsible
for the compound's anti-inflammatory potential. The
interaction of C4 with the cyclooxygenase-2 protein was
further analyzed and visualized through various panels,
providing a detailed understanding of the binding
mechanism. The C4-cyclooxygenase-2 complex, Figure
1A,B) was located in the depth of the active site and
surrounded by polar and hydrophobic residues. This
ligand made several typical hydrogen bonds with ASN43,
TYR123, ARG61, GLU46, ASP58, SER126 and ARG469
besides and Pi-alkyl interactions between ARGA44.
The complex was further stabilized by Van der Waals
contacts with residues like PHE, LYS, THR, ASP and
PHE. Heavy hydrogen-bond network and hydrophobic
packing indicate that the interaction pattern is strong and
specific that could help in the inhibition of 1cx2 activity.
In the NfkB-C4 complex (Figure 1C,D), the ligand had
transitioned into a surface-binding pocket made up of
nonpolar and polar residues. The strong hydrogen bonds
were found at SER410, GLY409 and GLY412 whereas
the electrostatic complementarity was increased by Pi-
alkyl interactions including LYS482, LEU406, VAL414,
LEU522. The aromatic regions of C4 of the binding
groove were stabilized by hydrophobic interactions with
LEU, GLU, LYS, ARG, CYS, ASP, GLY and MET residues.
The observed pattern of contact demonstrates that C4
might disrupt the TNF-alpha receptor-binding interface
or oligomeric stability. In comparison, a deeper active
and compact binding pose in C4 to cyclooxygenase-2,
suggested a higher likely stability, whereas the ligand in
TNF-a was extended across the surface interface, which
may suggest the ability to modulate protein-protein
interactions.
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Figure 1: Molecular interaction of compound C4 with inflam-
matory targets. (A) 3D structure of the cyclooxygenase protein com-
plexed with C4, showing the ligand bound within the active site. (B)
2D interaction diagram of C4-cyclooxygenase complex illustrating
van der Waals forces, hydrogen bonds, Pi-anion, and Pi-alkyl interac-
tions. (C) 3D structure of TNF-a complexed with C4, highlighting the
binding pocket and hydrogen-bond network. (D) 2D interaction dia-
gram of the C4-TNF-a complex showing key van der Waals and hy-
drogen-bond interactions stabilizing the ligand within the active site.

ADMET Profiling of Compound C4 Using pkCSM and
MedChem Designer

The pkCSM-based in silico analysis of compound C4
is summarized in Table Ill. The C4 showed moderate
aqueous solubility (-2.892 log mol/L) and a borderline
Caco-2 permeability value (-0.253 log Papp in 107®
cm/s). Although C4 was predicted to have a high human
intestinal absorption rate of 76.09%, this suggests that
oral delivery could be feasible. Skin permeability was
very low (-2.735 log Kp), indicating poor transdermal
uptake. Interestingly, C4 was predicted as a substrate
of P-glycoprotein, which may limit intracellular
accumulation through efflux.

The predicted value of steady-state volume of distribution
(VDss) was low (-0.022 log L/kg), indicating that the

Table Il1I: Predicted ADMET Properties of Pentaphloethol

Property Model Name Predicted  Unit
Value
Absorption  Water solubility -2.892 Numeric (log mol/L)
Absorption  Caco2 permeability  -0.253 Numeric (log Papp in
10 cm/s)

Absorption Intestinal absorption  76.094 Numeric (% Absorbed)
(human)

Absorption  Skin Permeability -2.735 Numeric (log Kp)

Absorption  P-glycoprotein Yes Categorical (Yes/No)
substrate

Absorption  P-glycoprotein | No Categorical (Yes/No)
inhibitor

Absorption P-glycoprotein Il Yes Categorical (Yes/No)
inhibitor

Distribution ~ VDss (human) -0.022 Numeric (log L/kg)

Distribution  Fraction unbound 0.383 Numeric (Fu)
(human)

Distribution  BBB permeability -2.975 Numeric (log BB)

Distribution ~ CNS permeability -4.621 Numeric (log PS)

Metabolism  CYP2D6 substrate No Categorical (Yes/No)

Metabolism  CYP3A4 substrate No Categorical (Yes/No)

Metabolism  CYP1A2 inhibitor No Categorical (Yes/No)

Metabolism  CYP2C19 inhibitor ~ No Categorical (Yes/No)

Metabolism  CYP2C9 inhibitor No Categorical (Yes/No)

Metabolism  CYP2D6 inhibitor No Categorical (Yes/No)

Metabolism  CYP3A4 inhibitor No Categorical (Yes/No)

Excretion Total Clearance 0.713 Numeric (log ml/min/kg)

Excretion Renal OCT2 sub- No Categorical (Yes/No)
strate

Toxicity AMES toxicity No Categorical (Yes/No)

Toxicity Max. tolerated dose  0.438 Numeric (log mg/kg/day)
(human)

Toxicity hERG I inhibitor No Categorical (Yes/No)

Toxicity hERG Il inhibitor Yes Categorical (Yes/No)

Toxicity Oral Rat Acute 2.482 Numeric (mol/kg)
Toxicity (LD50)

Toxicity Oral Rat Chronic 6.637 Numeric (log mg/kg_bw/
Toxicity (LOAEL) day)

Toxicity Hepatotoxicity No Categorical (Yes/No)

Toxicity Skin Sensitisation No Categorical (Yes/No)

Toxicity T.Pyriformis toxicity ~ 0.285 Numeric (log ug/L)

Toxicity Minnow toxicity 1.54 Numeric (log mM)
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penetration across the tissues was low, and plasma
distribution preferred. The proportion of unbound in the
plasma was determined to be 0.383, which is in line
with moderate protein binding. Both blood-brain barrier
penetration (-2.975) and CNS permeability (-4.621)
were modelled to be ineffective meaning that there is
low central effects and low risk of neurotoxicity. Such
predictions showed that C4 does not act as a substrate
or inhibitor of major isoforms (CYP3A4, CYP2De6,
CYP1A2, CYP2C19, CYP2C9) of CYP450. The predicted
clearance of the compound was 0.713 log ml/min/kg,
which is in line with the moderate rate of elimination.
It was found that the C4 was not a substrate of renal
OCT2 transporter, indicating that the kidney clearance
was not the main elimination pathway. The total
toxicity estimates were optimal. Moreover, C4 was not
mutagenic (Ames test) or hepatotoxic or skin sensitizing.
The highest dose that could be tolerated by humans
was approximated as 0.438 logmg/kg/day. The highest
predicted value of acute oral toxicity in rats was 2.482
mol/kg and chronic toxicity (LOAEL) was 6.637 log mg/
kg bw/day, which is in an acceptable range. The possible
concern was identified as hERG II channel inhibition
which should be followed by additional examination of
the in vitro cardiotoxicity. Predictions of environmental
toxicity showed moderate ecotoxicity with Tetrahymena
pyriformis toxicity of 0.285 log pg/L and minnow
toxicity of 1.54 log mM which, despite this, indicate that
ecotoxicity could be manageable.

MD Simulations

MD simulations of 200 ns were done to determine the
dynamic stability and conformational behaviour of the
C4 complexes with COX-2. The overall system stability
and the flexibility of the residues were measured using the
root mean square deviation (RMSD), root mean square
fluctuation (RMSF), and hydrogen bonds (H-bonds)
analysis (Fig. 2) respectively. The RMSD profiles (Fig.
2A) indicated that the apo-protein (COX-2) and the C4
ligand-bound complexes reached equilibrium within
the first 50 ns of the simulation, and then stayed at
equilibrium throughoutthe 200 ns production simulation.
The values of the average RMSD of the apo-protein and
protein-ligand complex were found to be around 0.30
nm and 0.35 0.38 nm, respectively. Even though the
ligand-complexed systems had a slightly larger RMSD
than the apo-protein, the deviations were within the
acceptable range (less than 0.4 nm), which suggests
no severe structural disturbances. This is an indication
that the binding of the ligand does not alter the protein
conformation but stabilizes the complex into a dynamic
equilibrium position. The regular trends of RMSD
validate the stability of docking queries and the entire
stability of the simulated systems. The RMSF analysis (Fig.
2B) indicated that the patterns of fluctuation of the apo
and complexed proteins are similar with the majority of
the residues having RMSFD values of less than 0.25 nm.
Increased flexibility was found in loop regions and at the
terminal residue but the secondary structural elements

(alpha-helices and beta-sheets) were preserved. There
were less fluctuations in key active-site residues in the
ligand-bound complexes, which indicates that ligand
binding can limit local conformational mobility and
add to a more rigid structure of the binding pocket. All
these results suggest that the C4 complexes with COX-2
are dynamically stable and retain their conformational
integrity throughout the 200ns simulation, which allows
the strong binding affinity in molecular docking to be
supported.

The profile of temporal variation in the number of
hydrogen bonds formed between the C4 ligand and
COX-2 (Fig. 2C) illustrates how the number of hydrogen
bonds varied within the 200 ns period of the molecular
dynamics simulation. The H-bonds varied in number
(ranging between 1 and 8) along the trajectory, with an
average of approximately 3-4 bonds being preserved
throughout the trajectory. This represents a steady and
dynamic contact pattern among the active-site residues
and the ligand. The periodic changes in the number
of hydrogen bonds indicate that there are temporary
interactions which facilitate stabilization of the complex
at various conformational states. The constant existence
of numerous H-bonds during the simulation continues
to affirm that the ligand did not separate or destabilize
out of the binding pocket.

The hydrogen bond occupancy analysis (Fig. 2D) gives
more in-depth information about the intermolecular
interactions that stabilize the C4 COX-2 complex
throughout the 200 ns simulation. The C4 ligand was
found to have several hydrogen bonds with essential
active-site residues, which showed a steady and
selective binding profile. CYS37 exhibited the greatest
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Figure 2: Molecular dynamics (MD) simulation analysis of the
C4-COX-2 complex over 200 ns. (A) Root mean square deviation
(RMSD) plot showing the structural stability of the apo-protein (black)
and protein-ligand complex (red). (B) Root mean square fluctuation
(RMSF) plot illustrating residue-level flexibility. (C) Time evolution of
hydrogen bonds formed between the ligand and protein during the
200 ns trajectory. (D) Hydrogen bond occupancy plot showing the
percentage of interaction persistence for each residue.
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hydrogen bond cover (nearly 100 %) indicating that
the interaction was solid and maintained over 200 ns.
Other residues like ASN38, ASN39, ALA33, and PRO35
were forming transient hydrogen bonds with occupancy
of 10-30% which helped in the dynamic stabilization
of the complex. The binding pocket is anchored by a
strong and persistent hydrogen bond between C4 and
CYS37, whichis likely to keep the ligand in the preferred
orientation. The additional binding with residues like
ASN38, ASN39, ALA33 and PRO35 further enhance the
structural integrity of the binding site and inhibit the drift
in the conformations. Overall, the hydrogen-bonding
profile supports the structural stability and dynamic
equilibrium of the simulated complex, reflecting a
well-maintained intermolecular interaction network
throughout the 200 ns production run.

Physicochemical and Drug-Likeness Evaluation

The physicochemical properties of the PTs studied
showed important variations depending on the different
molecular structure, that has important consequences for
their pharmaceutical potential (Table IV). Analysis of the
lipophilicity parameter revealed that C2 had the highest
potential of membrane permeability with DiffCoe_P
value of 0.917, followed by C5 (0.741) and C3 (0.731).
In contrast, C1 and C4 showed moderate lipophilicity
values of 0.621 and 0.547, respectively. The Mlog P
values also supported these trends with C2 displaying a
positive value of 0.358, whereas Mlog P for C3 displayed
an unusual negative value of -0.6 suggesting an increased
hydrophilic character. Solubility predictions as indicated
by the S+log P and S+log D values showed critical
differences among the compounds. C1 (3.612/3.162),
C4 (3.086/4.674), and C6 (4.275/3.699) had problematic
solubility profiles that may reduce their bioavailability.
Conversely, C5 (1.823/1.722), C3 (1.871/1.683) and
C2 (1.326/1.077) showed more favourable solubility
characteristics. These results imply the importance of
the lower molecular weight phlorotannins in having
better aqueous solubility, which is crucial in absorption
and distribution in biological systems.

Evaluation of the drug-likeness by Lipinski's Rule of
Five showed that C2 was the only compound having
zero violations, suggesting optimum oral bioavailability
potential. C5 and C3 each broke one rule, largely
because of hydrogen bonding capacity (Hb); while

Table IV: Physicochemical Properties of PTs

having acceptable molecular weights of 358.30 and
374.30 Da, respectively. In contrast, C1, C4 and Cé6
violated two to three rules, with the most important
being high molecular weights (498.40, 622.49, and
510.41 Da), too many hydrogen bond donors and
acceptors, and high topological polar surface areas. The
molecular weight displayed a progressive increase from
C2 (250.20 Da) to C4 (622.49 Da) being correlated with
the reduction of drug-likeness scores.The topological
polar surface area (T_PS_A) values ranged from 110.38
E for C2 to 259.45 E  for C4. Compounds with
T_PS_A values exceeding 140 E  typically exhibit
reduced membrane permeability, which was observed
for C1 (209.76 E ), C4 (259.45 E ), and C6 (213.67
E ). The number of hydrogen bond donors (HBD_H)
increased from 5 in C2 to 11 in C4, while nitrogen and
oxygen atoms (M_NO) ranged from 6 to 15, reflecting
the structural complexity of higher oligomers. These
parameters taken together indicate the decreasing
permeability of the membranes to the flow with the
increasing degree of polymerization. The results provide
an inverse relationship between structural complexity
and pharmaceutical accessibility. Smaller phlorotannin
units, especially C2 and C5, showed better drug-like
properties including favourable lipophilicity, solubility
and molecular weight characteristics. Larger oligomeric
structures that may still have improved biological
activities are facing substantial challenges of oral
bioavailability and cellular uptake.

DISCUSSION

The docking results showed that these PTs, especially
pentaphloethol (C4) have the highest binding affinities
in the series of PTs used in the present study for stable
interaction with the critical inflammatory cytokines such
as NF-kB and COX-2. These findings are consistent with
those reported on the polyphenols derived from marine
sources, which have demonstrated the capacity to inhibit
inflammatory signalling pathways and to decrease the
action of cytokines (38). The strong binding affinity and
stable molecular interactions observed for C4 highlight
its potential as an anti-inflammatory lead molecule.

The pharmacokinetic predictions for C4 revealed
favourable absorption and low toxicity, while the
possibility of CYP mediated interactions was low,

Name DiffCoef =~ MlogP  S+logP  S+logD  RuleOf5 Rule of 5_Code Mwt M_NO T PSA  HBDH
Tetraphloroethol 0.621 -1.661 3.612 3.162 2 Hb; NO 498.403 12 209.76 9
Phlorethol 0.917 0.358 1.326 1.077 0 <None> 250.209 6 110.38 5
Fucophloethol 0.731 -0.6 1.871 1.683 1 Hb 374.306 9 171.07 8
Pentaphloethol 0.547 -2.785 5.086 4.674 3 Hb; Mw; NO 622.499 15 259.45 11
Fucol 0.741 0.139 1.823 1.722 1 Hb 358.307 8 161.84 8
Eckol 0.621 -1.915 4.275 3.699 3 Hb; Mw; NO 510.414 12 213.67 9

S + log D - log D at user-specified pH (default 7.4), based on S + log P. MlogP - Moriguchi estimation of log P. HBDH - Number of Hydrogen bond donor protons. M_NO - Total number of
Nitrogen and Oxygen atoms. T_PSA - Topological polar surface area in square angstroms. RuleOf5 - Lipinski’s Rule of Five: a score indicating the number of potential problems a structure
might have with passive oral absorption. RuleOf5_Code - Lipinski’s Rule of Five codes: LP = log P; Hb = number of Hydrogen bond donor protons; Mw = molecular weight; NO = number of

Nitrogen- and Oxygen-based Hydrogen bond acceptors.
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suggesting that the compound is suitable for systemic
administration. Although C4 showed the violation of
some parameters of Lipinski's rule, especially because
of its high molecular weight (622.49 Da) and the
high number of hydrogen-bond donors (HBDH = 11)
values, these are normal for natural polyphenols and
do not prevent bioactivity. Many clinically relevant
marine-derived compounds, such as eckol and dieckol,
exceed these limits but exhibit therapeutic potential
through mechanisms such as transport-mediated
uptake, facilitated diffusion or metabolic conversion
of compounds into more permeable derivatives (39).
Therefore, in spite of these violations of the rules, the
overall data of ADMET and pkCSM supports the drug-
like behaviour of C4.

The detailed analysis of the protein-ligand interaction
gives mechanistic insight into the anti-inflammatory
potential of C4. Within the COX-2 binding pocket, C4
made stable hydrogen bonds with Tyr385, Ser530 and
Arg120, residues that are essential for substrate binding
and catalytic activity. These interactions probably
interfere with the access of arachidonic acid to the
catalytic site and thus decrease prostaglandins synthesis
and inflammatory response. Similarly, in the NF-kB
complex, C4 was involved in hydrogen bonding and
pi-pi stacking with residues such as Lys221, Glu223
and Arg246, stabilizing the complex and potentially
preventing NF-kB from binding to DNA promoter regions.
Such inhibition could inhibit downstream transcription
of pro-inflammatory cytokines such as IL-1B, IL-6, and
TNF-a. Comparable residue level interactions have
been reported with other marine polyphenols like eckol
and dieckol which inhibit COX-2 and NF-kB via similar
hydrogen bonding to Tyr385 and Glu223, respectively
(40-44). These findings indicate that structural features
such as hydroxyl-rich aromatic rings play a central role
in protein pocket stabilization and pathway modulation.
The 200ns MD simulations of the COX-2-C4 complex
were also performed to further evaluate the stability and
dynamic behaviour of the complex. It was observed
that the mean values of RMSD were below 0.2 nm over
the 200ns time range, which showed that there was
low conformational movement and high stability of
the complex. The scale of these low RMSD deviations
suggests that C4 is in regular contact with active-
site residues, which suggests structural rigidity and
retains the potential to be inhibitory. Investigations of
MD simulation activity have identified stable RMSD
deviations and smaller RMSF deviations as distinguishing
features of effective inhibitors that cause longer-term
binding and functional inhibition of target proteins (45).
Therefore, the constant level of C4 under the influence
of COX-2 confirms its structural compatibility and drug
applicability.

The general ADMET characteristics indicates that the
C4 compound would have a reasonable exposure to
the system, intestinal absorption and moderate plasma

distribution after the compound is taken orally. Even
though transdermal uptake seems to be limited, this is in
line with the hydrophilic and polyphenolic nature of the
compound, which prefers the oral pathways of delivery
(46). The estimated interaction with P-glycoprotein
shows that efflux transport has the potential of affecting
intracellular accumulation but this is inhibited partially
by P-gp Il as an indication of a self-regulatory mechanism
that may maintain therapeutic levels of the drug in the
cell (47). The lack of major CYP450 activity as a substrate
or inhibitor indicates a very low probability of metabolic
drug-drug interactions, a critical benefit to the long-term
use of anti-inflammatory therapy (48). The toxicological
profile indicates that C4 safety profile. Non-mutagenic
and non-hepatotoxic predictions are consistent with
established properties of marine-derived phlorotannins
which typically have low systemic toxicity and excellent
biocompatibility (49). The low CNS penetration also
implies the low potential of neurotoxicity and the
moderate nature of clearance indicates that the exposure
to systems is not readily eliminated (50). Overall, the
findings highlight C4 as a promising marine-derived
compound for an anti-inflammatory drug. Its capacity
to modulate multiple cytokine targets, combined with
promising pharmacokinetic characteristics, positions
it as a potential for future preclinical investigations.
Experimental validation, including in vitro and in vivo
studies, will be crucial to confirm these in silico findings
and advance the development of C4 as a therapeutic
candidate for inflammation-mediated disorders.

CONCLUSION

This in silico study has found pentaphloethol (C4) as
a good therapeutic lead with high anti-inflammatory
ability. Among the phlorotannins (PTs) tested, the
compound C4 has the highest binding affinities to the
important cytokine targets including NF-kB and COX-2 .
The therapeutic potential of this compound is supported
by its significant ADMET properties 76.094% human
intestinal absorption and low toxicity risks, although it
has violated the Lipinski rule to some degree. The C4
protein-ligand interactions were found to be stable as
confirmed by the use of molecular dynamics simulations
with minimal conformational change. Complementary
pharmacokinetic predictions revealed a favorable
ADMET profile, characterized by optimal absorption,
metabolic stability, and low predicted toxicity.
Although C4 shows minor deviations from Lipinski’s
rule, these features are characteristic of polyphenolic
natural products. Overall, the integrated computational
analysis highlights C4 as a promising marine-derived
anti-inflammatory candidate that warrants further
experimental validation through in vitro and in vivo
studies.
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