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UPLC-qToF-MS/MS analysis and anti-inflammatory
activities of the soft coral Litophyton savignyi
supported by bioactive molecular networking,
network pharmacology, and molecular docking

Shaimaa Fayez, (22 Karim Abed,? Mostafa S. Moussa, Lo-Yun Chen,® Ting-Wei Liao,*®
Tsong-Long Hwang, ¢ Po-Jen Chen,"” Mohamed El-Shazly*?
and Kuei-Hung Lai {2 *b<l

Litophyton savignyi of the Red Sea is one of the underexplored soft corals that is a prolific producer of
bioactive metabolites. The anti-inflammatory activity of the hexane fraction of L. savignyi was superior to
that of the methanol fraction, as revealed by reducing superoxide anion generation (32.05% + 8.06%)
and elastase release in fMLF/CB-induced human neutrophils (96.89% + 3.69%). The bioactive non-polar
fraction was subjected to systematic chemical investigation using UPLC-qToF-MS/MS analysis, and 650
metabolites were found to be exclusively present in the hexane part, of which steroids were the main
class representing 26% of all features. Further fractionation of the hexane extract revealed that the polar
subfractions ND90-1 and ND90-3 displayed the best inhibition of superoxide generation (96.79% =+
0.16% and 94.27% + 4.12%, respectively) and elastase release (92.35% + 2.75% and 91.28% + 3.41%,
respectively). Bioactive molecular networking and multivariate analysis showed that bioactive nodes (r >
0.65 and p < 0.05) and metabolites with top VIP scores (>2) belonged to steroids, sesquiterpenes, fatty
amides, and sphingolipids. Network pharmacological studies on these metabolites showed that their hub
targets were SRC, PTGS2 (COX-2), HSP90OAAL, PPARG, and HIF1A, and they were significantly enriched in
inflammatory responses and nuclear receptor—-mediated steroid hormone signaling pathways. Molecular
docking on COX-2 showed steroids to display scores comparable to those of celecoxib and
indomethacin (COX-2 inhibitors as controls), which highlighted the promising anti-inflammatory
potential of the hexane extract of Litophyton savignyi. Quantitative real-time PCR (qPCR) analysis
revealed that the bioactive subfractions reduced the expression of the proinflammatory cytokines IL-6
and IL-1B, hence supporting the involvement of COX-2 mediated anti-inflammatory effect. A detailed
analysis on its anti-inflammatory potential requires future in vivo investigations.

1. Introduction
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Inflammation is a highly regulated process that requires proper
balance between pro- and anti-inflammatory mediators. While
it is an essential response of the immune system to ensure
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neutrophils, whose potential substrates are the components of
the extracellular matrix and proteins such as clotting factors,
complements, immunoglobulins, and cytokines.> While sus-
pended in the blood, neutrophils do not cause any damage;
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matory tissue injury.* The release of elastase (actively or
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passively) from neutrophils and/or macrophages has been
linked to a variety of inflammatory diseases such as rheumatoid
arthritis, cystic fibrosis, idiopathic pulmonary fibrosis, chronic
obstructive pulmonary disease (COPD), cancer, and adult
respiratory distress syndrome.>” Elastases are predictive
markers of inflammation; therefore, targeting elastases could
potentially reduce inflammation and oxidative stress.*°

Soft corals are essential components of the coral reef
ecosystem and are rich sources of bioactive metabolites owing
to their sessile nature that warrants defense against other
predators.’ Genus Litophyton (genus Nephthea was synony-
mized in 2016 with the genus Litophyton due to their identical
morphological and genetic features;"* family: Nephtheidae,
order: Alcyonacea, subclass: Octocorallia) is distributed world-
wide, especially in the Red Sea, Indo-Pacific region, and
Southeast Asia, comprising nearly 100 species.”™* They are
predominantly rich in sesquiterpenes, cembrane-type di-
terpenes, nitrogen-containing metabolites, lipids, quinone
derivatives, and steroids of the cholestane, ergostane, and
pregnane types among others.’>'* These constituents have been
reported to display diverse pharmacological properties
including cytotoxic, anti-fouling, antibacterial, antiviral, anti-
fungal, antimalarial, and anti-inflammatory activities.*>*>**
Steroids are generally the most abundant class of metabolites in
Litophyton species followed by diterpenes and sesquiter-
penes.'®® The current advances in untargeted metabolomics
have made dereplication of natural extracts more rapid and
effective, especially if coupled with bioactivity-guided fraction-
ation. Taxonomically, soft corals encompass three common
families in the Red Sea, namely, Alcyoniidae, Nephtheidae, and
Xeniidae, of which only Alcyoniidae was well studied.**

While NSAIDs are one of the oldest and most successful
drugs in alleviating pain, fever, and inflammation via prosta-
glandin synthesis inhibition, their detrimental side effects such
as gastrointestinal ulcers, serious cardiovascular events, and
acute renal failure reduce their patient tolerability and limit
their use.*"**

As part of our continued search for alternative anti-
inflammatory drugs from marine sources, we herein report on
the anti-inflammatory activity and the first systematic chemical
investigation of the hexane extract of the Red Sea soft coral
Litophyton savignyi supported by in silico tools including
bioactive molecular networking, network pharmacology, and
molecular docking.

2. Materials and methods

2.1. Collection, authentication, extraction, and fractionation
of Litophyton savignyi

The soft coral Litophyton savignyi was freshly collected off the
Red Sea coast 5 km north of Hurghada in October 2023 and it
was authenticated by Professor Sayed Abd-ElAziz, a taxonomist
at the National Institute of Oceanography and Fisheries (NIOF),
Hurghada, Egypt. The fresh sample (1.27 kg, wet weight) was
transported in an ice box to the pharmacognosy lab at the
faculty of pharmacy, Ain-Shams University, Cairo, Egypt, where
it was homogenized, lyophilized and weighted to yield 286.31 g
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of L. savignyi dried weight. The lyophilized sample was ground
to a fine brown powder and extracted with 1:1 methanol
(MeOH) and dichloromethane (DCM) on cold till exhaustion.
The coral extract was filtered, concentrated under vacuum to
yield a crude total extract of 73.3 g (yield = 25.6%), and finally
stored at —20 °C for further analysis. The extract was redis-
solved in aqueous methanol (9 : 1 MeOH : H,0) and partitioned
with n-hexane. The n-hexane and aqueous methanol fractions
were concentrated to yield 23.0 g and 50.3 g, respectively. The n-
hexane fraction was subjected to column chromatography on
silica gel, using n-hexane and DCM (100% hexane, 9:1,8:2,7:
3,1:1, 6:4, 4:6, and 2:8) and DCM/MeOH mixture (100%
DCM, 9:1, 8:2, 7:3, 6:4, 4:6, and 2:8) yielding 42 sub-
fractions that were subjected to thin-layer chromatography and
HPLC analysis. Fractions with similar chromatographic
patterns were pooled together to yield 9 subfractions, namely,
NH-100 (eluted by 100% n-hexane), NH-80 (eluted by n-hexane :
DCM, 8:2 v/v), NH-70 (eluted by n-hexane : DCM, 7 : 3 v/v), NH-
50-1 and NH-50-4 (eluted by n-hexane:DCM, 1:1 v/v), NH-20
(eluted by n-hexane:DCM, 2:8 v/v), ND-90-1 and ND-90-3
(both eluted by DCM : MeOH, 9:1 v/v), and ND-50 (eluted by
DCM : MeOH, 1:1 v/v). All subfractions were concentrated and
lyophilized for further LC-MS/MS analysis.

2.2. LC-MS/MS data acquisition and processing

All samples for mass spectrometry were prepared at a concen-
tration of 1000 ppm and subsequently filtered through a 0.22
um PVDF membrane. MS/MS data were collected using a SHI-
MADZU LCMS-9030 system (SHIMADZU Corporation, Kyoto,
Japan) equipped with a Shim-pack GIST C18 column (2 um,
2.1 mm x 100 mm). The mobile phases consisted of double-
distilled water (W, containing 0.1% formic acid) and acetoni-
trile (A, containing 0.1% formic acid). The gradient elution
program is as follows: 0-15 min, 30-100% A; 15-20 min, 100%
A. The column temperature was maintained at 40 °C, with a flow
rate of 0.4 mL min~". An injection volume of 5 uL was applied.
Mass spectra were acquired in the range of m/z 100-1800 for
non-targeted MS' and MS® analysis. In MS® scans, data-
dependent acquisition (DDA) was employed with a collision
energy of 35 eV, leading to the fragmentation of the top 5
precursor ions, with a scan time of 0.1 s. Data were collected in
the positive ionization mode. The detailed MS parameters were
set as follows: interface voltage, 4 kV; nebulizing gas flow, 3.0
L min; heating gas flow, 10 L min; interface temperature,
300 °C; desolvation temperature, 526 °C; drying gas flow, 10
L min; DL temperature, 250 °C; and heat block temperature,
400 °C.

2.3. LC-MS/MS data processing

The raw mass files (.Icd) obtained from the UPLC-qToF-MS/MS
were converted to the .mzML format using the MSconvert
software. The .mzML files were processed using MZmine 2 for
feature finding as follows: mass detection (centroiding, noise
level = 1000 for MS"' and 100 for MS?); ADAP chromatogram
builder (minimum number of scans set to 4, group intensity
threshold set to 500, minimum highest intensity set to 20 000,
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and m/z tolerance set to 0.005 m/z or 15 ppm); chromatogram
deconvolution using local minimum search algorithm (chro-
matographic threshold was set to 85%, minimum RT range at
0.06, minimum absolute height at 20 000, minimum ratio of
peak top to edge at 1.7, and peak duration range at 0.01-2.00
min); isotope removing using isotope grouper algorithm (m/z
tolerance was set to 0.005 m/z or 15 ppm, maximum isotope
charge at 2, and RT tolerance at 0.04 min); alignment of the
detected features across samples using join aligner algorithm
(m/z tolerance was set to 0.005 m/z or 15 ppm, weight for m/z at
75%, RT tolerance at 0.25 min, and weight for RT at 25%); and
gap filling to add any missed features due to processing
(intensity tolerance at 10%, m/z tolerance was set to 0.005 m/z or
15 ppm, and RT tolerance at 0.25 min). Feature filtering was
carried out to remove duplicate peaks keeping only the one with
the highest intensity across samples (m/z tolerance was set to
0.005 m/z or 15 ppm, and RT tolerance at 0.25 min), and a filter
was applied to keep only features present in at least 1 sample.
The MS/MS spectra were merged across all samples for aligned
features, and the feature list was exported as the feature quan-
tification table (.csv) and MS/MS spectral summary file (.mgf).

2.4. Bioactive molecular networking

A molecular network was created for the nine subfractions
using the Feature-Based Molecular Networking (FBMN) work-
flow on GNPS (https://gnps.ucsd.edu).**** The feature
quantification table (.csv) and MS/MS spectral summary file
(.mgf) obtained from MZmine 2 along with the metadata file
were exported to GNPS for FBMN analysis. The data were
filtered by removing all MS/MS fragment ions within +17 Da of
the precursor m/z. MS/MS spectra were window filtered by
choosing only the top 6 fragment ions in the £50 Da window
throughout the spectrum. The precursor ion mass tolerance was
set to 0.02 Da and the MS/MS fragment ion tolerance to 0.02 Da.
A molecular network was created where nodes were only con-
nected by edges when the MS/MS similarity was above a cosine
score of 0.7 and more than 6 matched peaks. Edges between two
nodes were kept in the network if and only if each of the nodes
appeared in each other respective top 10 most similar nodes.
The maximum size of a molecular family was set to 0, allowing
for maximum clustering without restrictions in cluster size. The
spectra in the network were searched against GNPS spectral
libraries. The library spectra were filtered in the same manner
as the input data. All matches that were kept between the
network spectra and the library spectra had a cosine score above
0.6 with at least 6 matched peaks. The DEREPLICATOR was
used to annotate the MS/MS spectra. The molecular network
was downloaded and visualized on the Cytoscape software
v3.10.0. The quantification table file (.csv) obtained from
MZmine 2 was edited in Microsoft Excel to contain the bioac-
tivity results of the subfractions (percentage of inhibition of
superoxide anion release). The edited quantification table was
then uploaded to the “bioactive molecular network” workflow
on Jupyter Notebook to calculate the bioactivity score (r values)
of every single feature (Pearson's correlation score between
bioactivities of mass ions and their relative quantities), along
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with their significance (P values). The network was allowed to
run, and the obtained (.csv) file was downloaded and incorpo-
rated into the FBMN in Cytoscape to highlight nodes that might
be responsible for the observed bioactivity.

2.5. In silico feature annotation

The MS/MS spectral summary file (.mgf) obtained from MZmine 2
was uploaded to SIRIUS (version 5.8) for the analysis of LC-MS/MS
data of metabolites. SIRIUS was used to calculate the molecular
formula of features based on their MS/MS spectra, and generates
fragmentation tree. The CSL:FingerID was used for the in silico
annotation of features and for providing predicted fingerprint
(substructures). The classification of features was achieved using
the CANOPUS module and the NPClassifier ontology. The data
obtained from the CANOPUS module and NPClassifier were
analyzed for understanding the chemodiversity of features that
were exclusively detected in the bioactive hexane fraction.

2.6. Multivariate statistical analysis

The feature quantification file (.csv) obtained from MZmine 2
was processed on Microsoft Excel to remove blank features
(cutoff = 0.3), and the edited file was uploaded to the Meta-
boAnalyst 6.0 platform (https://www.metaboanalyst.ca/), where
samples were identified as either active or inactive, and scaled
using pareto scaling (mean-centered and divided by the
range of each variable). Partial least squares-discriminant
analysis (PLS-DA) was performed, and the key metabolites
discriminating the and inactive samples
identified based on their variable importance in projection
(VIP) scores. The top fifteen metabolites were extracted from
MetaboAnalyst and a heatmap was generated using ChiPlot
(https://www.chiplot.online/).

active were

2.7. Effects of Litophyton savignyi extracts and fractions on
superoxide anion generation and elastase release in fMLF/CB-
induced human neutrophils

Human neutrophils were collected according to the previously
described protocols.”>*® To assess superoxide anion generation,
ferricytochrome ¢ (0.5 mg mL™") was mixed with a suspension
of neutrophils (6 x 10°) and preheated at 37 °C for 3 min. To
evaluate elastase release, the substrate MeO-Suc-Ala-Ala-Pro-
Val-p-nitroanilide (0.1 mM) was used under the same condi-
tions. The test sample or 0.1% DMSO (control) was then added
and incubated for 5 min, followed by the addition of cytocha-
lasin B (CB) for 3 min. Finally, fMLF (0.1 uM) was added and the
reaction was allowed to proceed for 10 min. The absorbance was
measured at 550 or 405 nm using a spectrophotometer (Hitachi
U-3900, Tokyo, Japan).?’

2.8. Effects of Litophyton savignyi extracts and fractions on
ferricytochrome c reduction and elastase substrate cleavage

To evaluate the O, -scavenging capacity and the inhibitory
ability on elastase activity, experiments were conducted in a cell-
free system.”® The ferric-reducing antioxidant property was
evaluated by measuring the reduction of ferric iron (Fe*") to
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ferrous iron (Fe**).?* Ferricytochrome ¢ (0.6 mg mL ') or elas-
tase substrate (0.1 mM) was incubated with 0.1% DMSO or the
test crude extracts, and changes in absorbance associated with
the reduction of ferricytochrome ¢ or cleavage of the elastase
substrate were continuously monitored at 550 or 405 nm,
respectively, in a 4.5 mL cuvette using a spectrophotometer.

2.9. Network pharmacology

2.9.1. Identification of bioactive compounds and target
prediction. 3,4-Epoxyguaia-10(12)-3-ene, guaianediol, cyclo-
colorenone, eudesma-4,7(11)-diene-8-one, confertol, nebroste-
roid ], 24-norcholesterol, nephtheasteroid A, and 1-
deoxymethylsphinganine were selected for network pharmaco-
logical studies based on their high bioactive and VIP scores
derived from metabolomic analysis. The Standard InChI
(TUPAC International Chemical Identifier) for each compound
was retrieved from publicly available chemical databases
PubChem (https://pubchem.ncbi.nlm.nih.gov/) and MarinLit
(https://marinlit.rsc.org/). The prediction of potential
protein targets associated with each bioactive compound
was performed wusing the SwissTargetPrediction tool
(https://www.swisstargetprediction.ch/), where targets with
probability scores > zero were selected.

2.9.2. Screening of inflaimmation-related  targets.
Inflammation-related targets were retrieved using the GeneCards
database (https://www.genecards.org/) (accessed on 5th July
2025). The following keywords were used: “inflammation,”
“oxidative stress,” “reactive oxygen species,” and “neutrophil
activation.” The resulting gene lists were merged, and duplicate
entries were eliminated. To ensure biological relevance and
specificity, only genes with a relevance score of >10 was
retained for further analysis. The predicted protein targets of
the Dbioactive compounds compared with the
inflammation-related gene set. The intersection between the
two groups was assigned using the Venn diagram tool in SRplot
(https://www.bioinformatics.com.cn/srplot).

2.9.3. Analysis of protein-protein interactions (PPIs). To
study the interconnectivity of the overlapping inflammation-
related targets, a protein-protein interaction (PPI) network
was constructed using the STRING database (version 12.0,
https://string-db.org/). The intersecting targets were imported
into STRING v12.0 with a minimum required interaction score
of 0.4 (medium confidence) and “Homo sapiens” as the
organism. Disconnected nodes were hidden. The PPI network
was exported and visualized in Cytoscape. Centrality
parameters (degree, betweenness, and closeness) were
calculated using the CytoNCA plugin, and genes scoring above
the mean across all metrics were defined as hub genes.
Functional modules were identified using the MCODE plugin
with default parameters (degree cutoff = 2, node score cutoff
= 0.2, K-core = 2, max depth = 100).

2.9.4. Functional enrichment analysis. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were conducted using the DAVID 6.8
database (https://davidbioinformatics.nih.gov/). GO analysis
was conducted across the three categories, namely biological

were
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process (BP), molecular function (MF), and cellular
component (CC). For GO and KEGG analyses, a p-value
threshold of <0.01 was applied to identify statistically
significant terms. The top-ranked enriched pathways were
integrated and visualized as enrichment bars and bubble plot
using SRplot. The network of bioactive compounds-potential
targets—signaling pathways was visualized using the Cytoscape
v3.10.0 software (Fig. S1).

2.9.5. Hub genes validation. The expressions of hub
genes were validated using publicly available microarray
datasets from the NCBI Gene Expression Omnibus
(GEO, https://www.ncbi.nlm.nih.gov/geo/; accessed on 5th
August 2025) database. Inclusion criteria were Homo sapiens
samples, acute inflammatory conditions, availability of
a control group, and expression profiling by array. Differential
expression was analyzed using GEO2R, applying the limma
package with the Benjamini-Hochberg adjustment for
multiple testing. Genes with |log, FC| > 2 and an adjusted P-
value < 0.05 were considered significantly differentially
expressed.

2.10. Molecular docking

2.10.1. Ligand preparation. All selected compounds, along
with celecoxib and indomethacin as reference inhibitors, were
retrieved in 2D format from the PubChem and MarinLit data-
bases. The structures were imported into Avogadro for hydro-
genation and energy minimization using the MMFF94 force
field. Optimized ligands were saved in .mol2 format and were
subsequently processed in AutoDock Tools (ADT) v1.5.7. Gas-
teiger charges were assigned, polar hydrogens were retained,
and the ligands were converted to .pdbqt format for docking.

2.10.2. Protein preparation. The crystal structure of COX-2
(PDB ID: 6COX; 2.80 A resolution) was retrieved from the RCSB
Protein Data Bank (https://www.rcsb.org/). Preprocessing steps
involved the removal of water molecules and non-essential
chains, with chain A retained for docking. Polar hydrogens
were added and Kollman charges were assigned using ADT. The
co-crystallized ligand was extracted and redocked into the
binding site for the validation of the docking protocol. An
RMSD value = 2.0 A was considered acceptable.

2.10.3. Docking process. Docking simulations were per-
formed with AutoDock 4.2 using the Lamarckian genetic algo-
rithm. The grid box was centered on the native ligand binding
site with dimensions of 50 x 50 x 50 points and a default
spacing of 0.375 A, covering the active pocket (Table S1). Each
ligand was docked in triplicate, with 10 poses generated per
run. The lowest-energy conformation from each run was
selected, and binding energies were reported as mean + SD.
Protein-ligand interactions were analyzed using Discovery
Studio Visualizer v16.1.0.15350.

2.11. Absorption, distribution, metabolism, excretion, and
toxicity (ADMET) prediction

Pharmacokinetic characteristics of the selected
using the pkCSM

(https://biosig.lab.uqg.edu.au/pkesm/), which applies graph-

ligands

were evaluated web server
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based signatures to estimate the ADME parameters. The input
structures were provided in the form of SMILES retrieved from
the MarinLit and PubChem databases. The platform generated
predictions for human intestinal absorption, blood-brain
barrier (BBB) permeability, cytochrome P450 enzyme interac-
tions (1A2, 2C19, 2C9, 2D6 and 3A4) and total systemic clear-
ance. Molecular properties and toxicity risks were also
examined using the SwissADME prediction tool and the OSIRIS
software. Key physicochemical descriptors including partition
coefficient (LogP), number of hydrogen bond donors and
acceptors were computed. These descriptors were used to assess
compliance with Lipinski's rule of five, which proposes that
orally active compounds typically have =5 hydrogen bond
donors and =10 hydrogen bond acceptors, with a molecular
weight of =500 Da and log P = 5. Moreover, the OSIRIS software
was used to predict potential toxicity concerns including
mutagenic, tumorigenic, irritant, and reproductive risks based
on the structures of the compounds. Additional outputs from
OSIRIS include predicting drug-likeness score (based on frag-
ment contributions) and an overall drug score combining
pharmacokinetic and toxicity predictions.

2.12.
PCR

Cell culture, RNA isolation, and quantitative real-time

Human THP-1 cells (BCRC No. 60430) were purchased from the
Bioresource Collection and Research Center (BCRC; Hsinchu,
Taiwan) and cultured in RPMI 1640 media supplemented with
10% fetal bovine serum, 2 mM r-glutamine, and 1x antibiotic-
antimycotic at 37 °C in a humidified incubator with 5% CO,.
THP-1 cells were pretreated with L. savignyi methanol and
hexane extracts along with the nine hexane subfractions at
a final concentration of 10 pg mL ™" for 1 h and then activated
with or without 200 ng mL " lipopolysaccharide (LPS; E. coli
0111:B4) for another 6 h. Total RNA was extracted using TRIzol
reagent (Thermo-Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer's instructions. cDNA was synthesized
from total RNA using the iScript™ c¢DNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). Quantitative real-time PCR was performed
using the Power SYBR™ Green PCR Master Mix on a CFX
Connect Real-Time PCR Detection System. Primers for human
IL-6 (5'-GGTACATCCTCGACGGCATCT-3’ and 5'-
GTGCCTCTTTGCTGCTTTCAC-3'), IL-1p  (5'-GCTGAGGAA-
GATGCTGGTTC-3' and 5'-AGTTCTGTGGCCGTGTACAA-3'), and
GAPDH (5'-GAAGGTGAAGGTCGGAGTC-3'and 5'-GAA-
GATGGTGATGGGATTTC-3') were used.
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2.13. Statistical analysis

The results are expressed as mean + S.E.M. Statistical analysis
was performed using the GraphPad Prism software (San Diego,
USA). A one-way analysis of variance (ANOVA) was conducted,
followed by Dunnett's multiple comparison test. A p-value <0.05
was considered statistically significant.

3. Results

3.1.
networking

Extraction, fractionation, and bioactive molecular

The soft coral sample was extracted with 1:1 methanol : DCM
(dichloromethane) on cold then subjected to a modified Kup-
chan partitioning using n-hexane and aqueous methanol. The
fractions were initially tested for their inhibitory effect on
superoxide anion generation and suppression of elastase
release in fMLF/CB-induced human neutrophils. As presented
in Table 1, the hexane fraction significantly inhibited the
generation of superoxide anions and the release of elastase,
whereas the methanol fraction was inactive.

Differential LC-MS/MS analysis of the hexane and methanol
fractions revealed the presence of nearly 650 chemical
components that were exclusively detected in the hexane
fraction (Fig. 1A). The chemodiversity and biosynthetic path-
ways for these 650 metabolites were analyzed using the
CANOPUS module in SIRIUS, software for analyzing metabo-
lites from their tandem mass data. The terpenoid pathway was
by far the major biosynthetic pathway for the hexane-exclusive
secondary metabolites, followed by fatty acids and alkaloids
(Fig. 1B). Terpenoids were further analyzed using the
NPClassifier of CANOPUS where steroids, diterpenoids, and
sesquiterpenoids were the main identified components rep-
resenting 26%, 22% and 19% of the total identified terpe-
noids, respectively (Fig. 1C). Fatty acids were similarly
analyzed on NPClassifier, where free fatty acids and their
conjugates (23%), sphingolipids (18%), glycerolipids (14%),
fatty acyls (13%), and fatty amides (13%) represented the
major subclasses (Fig. 1D).

In order to identify the components responsible for the
bioactivity of the hexane fraction, the latter was further frac-
tionated on a silica gel column to yield 9 subfractions, which
were all retested for their superoxide anion and elastase
inhibition potential (Table 2). Subfractions ND-90-1 and ND-
90-3 displayed the best inhibition for superoxides and elas-
tases, whereas subfractions ND-50, NH-50-1, NH-50-4, and
NH-70 displayed moderate inhibitory effects. Subfraction NH-

Table 1 Effects of Litophyton savignyi fractions on superoxide anion generation and elastase release in fMLF/CB-induced human neutrophils®?

Sample name

% Inhibition
of superoxide anion

% Inhibition
of elastase release

Litophyton savignyi methanol extract
Litophyton savignyi hexane extract

—8.75 £ 6.74
32.05 + 8.06*

—1.12 £+ 3.03
96.89 + 3.69%**

¢ Human neutrophils were treated with DMSO (0.1%, as control) or samples for 5 min before adding fMLF/CB for another 10 min. The treating
concentration was 10 pg ml~*. ? Results are presented as mean + S.E.M. (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control.
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the terpenoids biosynthetic pathway (using the NPClassifier). (D) Pie chart showing the major chemical classes involved in the fatty acids
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80 displayed weak inhibition for superoxide anions yet
moderate inhibition for elastases and the vice versa was
observed for NH-100. Subfraction NH-20 displayed moderate
inhibitory effects on superoxide anions yet strong inhibition
for elastases. Nevertheless, when evaluated in the cell-free
system, none of the subfractions exhibited significant activity.

Table 2 Effects of hexane subfractions on superoxide anion genera-
tion and elastase release in fMLF/CB-induced human neutrophils®?

% Inhibition
of elastase release

% Inhibition

Sample name of superoxide anion

NH-20 44.89 + 2.32%** 96.82 + 6.90%**
ND-50 31.84 & 2.87 83.25 £ 13.58
NH-50-1 52.55 4 2.78%** 79.98 + 4.98%**
NH-50-4 66.15 + 6.75%** 81.91 £ 7.40%**
NH-70 36.31 £ 6.71%* 70.61 £ 4.61%**
NH-80 10.63 + 3.41%* 51.62 + 7.29%*
ND-90-1 96.79 + 0.16*** 92.35 £ 2.75%**
ND-90-3 94.27 £ 4.12%** 91.28 £ 3.41%**
NH-100 79.01 £ 4.97%%* —6.01 £+ 3.85

¢ Human neutrophils were treated with DMSO (0.1%, as control) or

samples for 5 min before adding fMLF/CB for another 10 min. The
treating concentration was 10 pg ml~'. ® Results are presented as
mean + S.EM. (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 compared
with the control.

12042 | RSC Adv, 2026, 16, 12037-12054

To investigate their chemical profiles, all hexane sub-
fractions were profiled using tandem UPLC-qToF-MS/MS in the
positive ion mode. The acquired MS/MS data were pre-
processed on MZmine 2 to allow the detection and relative
quantification of LC-MS/MS spectral features (ions) across the
fractions. The feature-based molecular network (FBMN) was
implemented on the GNPS platform for data analysis. The
processed data were used to calculate a bioactivity score using
Pearson's correlation (r) between the feature intensity (i.e.,
relative abundance of the molecular ions (peak areas) across the
fractions) and the bioactivity (i.e., superoxide anion inhibition)
associated with each fraction. The generated bioactive molec-
ular network was imported to Cytoscape for visualization, where
nodes with » > 0.65 and p < 0.05 were considered bioactive
metabolites (Fig. 2). Comprehensive dereplication of the MS/MS
data of the bioactive hexane subfractions allowed the annota-
tion of 21 metabolites including seven fatty amides (i.e., N-
acylglycine 14:0, palmitamide, N-acyl amylamine 12:0, N-
pentadecanoyl-ethanolamine, myristoyl ethanolamide, N-acy-
lethanolamine 16:3, and palmitoleamide), six sphingolipids
(i.e., heptadecasphing-4-enine, 4E,8E,10E-d18:3 sphingosine,
15-methylhexadecaphytosphingosine, =~ 9Me,4E,8E,10E-d19: 3
sphingosine, deoxymethylsphinganine, and galactosylceramide
d18:2/16:1), three sesquiterpenoids (i.e., eudesma-4,7(11)-
diene-8-keto or cyclocolorenone, chabrolidione A, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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guaianediol), and five steroids (i.e., nebrosteroid J, 24-norchol-
esterol, nephtheasteroid A, nanjiol B, and 24-methyl-
enecholestan-4-ene-3p,6B-diol) (Table 3).

3.2. Identification of compounds in the bioactive hexane
subfractions using UPLC-qToF-MS/MS

3.2.1. Steroids. Steroids are the major chemical constitu-
ents present in soft corals especially in the Nephtheidae family.
Their wide distribution in corals is attributed to the symbiotic
relationship with intracellular algae named zooxanthellae,**
besides the complex food web. In our study, six steroids were
identified (peaks 17-23 at tg 9-14 min) (Table 3), as highlighted
by the bioactive molecular network (Fig. 2). The identification of
compounds was based on the molecular formula and databases
like Marinlit as well as the interpretation of their MS/MS data,
which showed characteristic fragments corresponding to
dehydration (—18 Da), loss of the alkyl side chain attached to C-
17, the cleavage of pentyl ring D, and the subsequent loss of
C,H, moieties (—26 Da). All identified steroids belonged to the
cholestane series except for a single C-26 norcholestane steroid
(peak 18) at m/z 395.3279 (tg = 11.90 min), which was identified
as 24-norcholesterol with a molecular formula of CyH,40 [M +
Na]", whose MS/MS spectra showed a fragment at m/z 297 cor-
responding to the loss of a C;H;, moiety of the alkyl side chain
attached to C-17 of the pentyl ring (—98 Da) followed by
subsequent dehydration (—18 Da) to give a fragment at m/z 279.
The fragmentation of the pentyl ring along C13-C17 and C14-
C15 was presented with the fragment at m/z 237 through the
loss of C3Hg (—42 Da) followed by the sequential loss of C,H,
(—26 Da), which is characteristic for the steroidal nucleus.****
To further confirm the annotation of the compound, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

CSLFingerID generated in SIRIUS (which represents binary
vectors of fixed length where each bit describes the presence or
absence of a specific substructure) was used. Analysis of the
predicted fingerprint revealed the presence of an 18-carbon ring
system of the 3-hydroxy steroid, which correlates with the
structure of 24-norcholesterol. Neptheasteroid A (peak 19, ¢t =
11.93 min) (Table 3), an oxygenated cholestane steroid previ-
ously isolated from Nephthea erecta off the coast of south Tai-
wan,** showed a molecular formula of C,;H,,0. Its MS/MS
spectra displayed the same pattern of fragmentation as that of
24-norcholesterol with the initial loss of an CoH;¢ alkyl side
chain (—124 Da) at m/z 241, followed by the fragmentation of the
pentyl ring at m/z 199 through the loss of a C;Hs moiety (—42
Da), and the sequential loss of C,H, (—26 Da). The CSI:FingerID
showed the same characteristic 18-carbon ring system finger-
print of steroids. Peak 21 was identified as 24-methyl-
enecholestan-4-ene-33,6B3-diol, a cholestane steroid that has
previously been isolated from Nephthea sp. collected from the
Xisha Islands of the South China Sea.* It was identified as a 3,6-
dihydroxy steroid, which correlates with the proposed structure.
The observed MS/MS spectra matched with that reported in the
literature,* showing the initial loss of two water molecules (—18
Da) at m/z 379 followed by the loss of a C;,H,, moiety (—154 Da)
at m/z 243. Peak 22 (g = 13.65 min) at m/z 451.3161 was
tentatively identified as nebrosteroid J corresponding to the
molecular formula C,sH,40; [M + Na]" with MS/MS fragmen-
tation at m/z 203 attributed to the neutral loss of a C;5H,¢0;
moiety (—248 Da), which subsequently lost C3H;, (—46 Da) to
yield a fragment at m/z 157. Analysis of the predicted fingerprint
from CSIL:Finger ID revealed the presence of a methoxycarbonyl
moiety, which was consistent with the structure of nebrosteroid
J. A previous study has reported on a promising wound healing
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activity of Red Sea-collected Nephthea sample owing to its
richness in steroids, which regulated the proinflammatory
cytokines NF-«B, TNF-a, IL-6, and IL-1f in the in vivo model.**
Another Nephthea steroid has shown gastroprotective effects in
rat models with gastric ulcer via controlling the PI3K signaling
pathway.* Our results were also in agreement with previously
published data on the anti-inflammatory properties of the 4-
methylated steroids, nebrosteroids A-H, isolated from the
acetone fraction of the Formosan soft coral Nephthea chabroli.*®
The ethyl acetate extract of Nephthea species collected from
Saponda Island exhibited anti-inflammatory and immuno-
modulatory activities in vivo owing to its steroidal content.?”
3.2.2. Sesquiterpenoids. Sesquiterpenoids were likewise
identified in the hexane extract of L. savignyi. A common frag-
mentation pattern was observed across all identified sesqui-
terpenes, including the loss of a water molecule (—18 Da),
followed by the loss of either C3Hg (—42 Da) or C3HgO (—58 Da)
moieties, and a C, hydrocarbon fragment corresponding to the
neutral loss of acetylene (—26 Da), ethylene (—28 Da), or ethane
(—30 Da). Peak 11 displayed an m/z at 237.1830 (tg = 3.53 min)
corresponding to the molecular formula C;5H,,0, [M + H]" and
it was annotated as chabrolidione A, a compound previously
isolated from the Formosan soft coral N. chabroli*®, or as con-
fertol, a humulane-sesquiterpenoid previously isolated form N.
albida (Litophyton savignyi). Its MS/MS spectra showed loss of
a water molecule at m/z 219, followed by the fragmentation of
the butanoyl side chain at m/z 161, and the loss of an ethylene
group at m/z 133. Peak 10 is highlighted by the bioactive
network with m/z at 219.1726 (tg = 3.53 min) corresponding to
the molecular formula C;5H,,0 [M + H]', and it was similarly
classified as a sesquiterpene. Its elemental composition corre-
sponded to either the guaiane-type compound cyclocolorenone,
which has previously been isolated from Nephthea sp. in the
Indian ocean,* or to the eudesmane-type terpene eudesma-
4,7(11)-diene-8-one.*® Both isomers are ketones and exhibit
nearly identical fragmentation patterns, making it difficult to
differentiate between them solely on MS/MS. The MS? spectrum
of peak 10 followed the same pattern described previously,
therefore supporting a common skeleton and functional
groups. Peak 16 showed an m/z value at 221.1880 (tg = 5.59 min)
corresponding to the molecular formula C,5H,,0 [M + H]". It
displayed the highest bioactivity score (0.714) among the iden-
tified sesquiterpenes, making it a high-priority target for further
investigation. There are six known sesquiterpenoids, having
this same molecular formula, which have previously been iso-
lated from Nephthea sp.**> Among them, two sesquiterpenoids,
namely, eudesma-4,7(11)-diene-88-ol and 8p-hydroxypres-
patane, were excluded since their MS/MS fragments were
inconsistent with those reported in the literature.*” The four
remaining ones were the guaiane-type sesquiterpenes guaia-
nediol, 3,4-epoxyguaia-A10(12)-3-ene, guaian-4,6-dien-10a-ol,
and 1S,4R,5S-guia-6,9-dien-4-ol, whose fragmentation aligned
with the those observed for sesquiterpenoids. Our results were
in agreement with those reported on other Nephthea species
from the Red Sea, yet collected from Sharm El-Sheikh, showing
terpenoids, especially for sesquiterpenes, as COX-2 inhibitors
with potential anti-inflammatory properties.** The bioactive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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terpenoids were concentrated in the petroleum ether and
acetone fractions, which displayed the highest activity. Cem-
brane diterpenes from the cultured soft coral Nephthea colum-
naris were likewise reported to display anti-inflammatory
properties through the inhibition of the accumulation of the
pro-inflammatory iNOS and COX-2 protein in lipopolysaccha-
ride (LPS)-stimulated RAW264.7 macrophages.**

3.2.3. Fatty amides. Soft corals are rich in lipids like fatty
amides, which are considered as “signatures” of coral bleaching
since they are downregulated during thermal stress.*® Seven
fatty amides were identified including palmitamide (peak 2, tx
= 0.56 min) and its unsaturated analogue palmitoleamide (peak
15, tg = 5.63 min) with m/z values at 278.2455 and m/z 276.2303,
respectively. Palmitamide, which has been reported to possess
anti-inflammatory activity,’® showed MS” fragments at m/z 260
(due to an initial dehydration step), at m/z 159 (arising from the
loss of a C¢H;5N moiety (—101 Da) through carbon-carbon
cleavage), and at m/z 133 and m/z 105 due to the loss of smaller
hydrocarbon moieties. Peak 1 had an [M + Na]" adduct ion at m/
z 308.2196 (tg = 0.54 min), and was identified as N-myristoyl
glycine corresponding to the molecular formula C;sH3;NO;. Its
MS/MS spectra showed the loss of water at m/z 290 followed by
the loss of C,HsNO (—59 Da) at m/z 231 consistent with the loss
of a deoxygenated glycine moiety. Three acylethanolamines
(peaks 7-9) were putatively identified at tg ranging from 1.9 to
3.0 min, namely N-(pentadecanoyl)-ethanolamine at m/z
308.2562, myristoylethanolamine at m/z 294.2405, and N-acyle-
thanolamine 16:3 at m/z 294.2430. Their MS/MS spectra
showed the characteristic loss of either a C,H;NO ethanolamine
moiety (—61 Da) or the loss of a C,H,N moiety (—45 Da) followed
by dehydration (—18 Da).

3.2.4. Sphingolipids. Sphingolipids are structural compo-
nents that play an essential role in membrane formation,
cellular interactions and signal transduction. A glyco-
sphingolipid (peak 24, tx = 16.72 min) was tentatively identified
by GNPS as galactosylceramide d18:2/16:1. The annotation
was of high confidence (cosine score = 0.87) with 8 matched
peaks between the experimental data and the library data. The
MS/MS spectra showed a fragment at m/z 516 attributed to the
loss of galactose (—180 Da). Furthermore, five sphingoid bases
were identified in the current study, among them was peak 3 (m/
z 308.2560, tg = 0.57 min) that was identified as sphingosine
d17:1 (C;;H35NO, [M + NaJ") with MS> fragments at m/z 290
and 245 attributed to the loss of water (—18 Da) and C,H,;N
molecules (—45 Da), respectively.

3.3. Multivariate data analysis of the active vs. inactive
subfractions

To further verify the results obtained from the bioactive
molecular network and to prioritize the identified metabolites
for further testing, we performed partial least squares-
discriminant analysis (PLS-DA) (R*> = 0.82 and Q® = 0.69),
a supervised multivariate method for -classification and
dimensionality reduction, hence reducing the complexity of
data by reducing noise. The score plot demonstrated clear
separation between the active (i.e., NH100, NH50-4, ND90-1 and
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Fig. 3 Multivariate statistical analysis of the hexane subfractions of L. savignyi. (A) PLS-DA score plot of the active vs. inactive hexane subfractions.
The active subfractions are NH100, NH50-4, ND90-1 and ND90-3, while the remaining subfractions are classified as inactive. (B) Heatmap of the
top 15 VIP metabolites showing their relative abundance and their VIP scores across the hexane subfractions (extracted using MetaboAnalyst).

ND90-3) and inactive hexane subfractions (Fig. 3) along the first
principal component, indicating different chemical profiles
between the two groups reflecting their different bioactivities.
Since the two groups were well-separated, we examined the
variable importance in projection (VIP) score along the first
principal component to identify the discriminating metabolites
between the two groups responsible for the observed bioactivity.
The top 15 metabolites (VIP > 2), of which 12 were annotated as
terpenes (primarily sesquiterpenes), were highly abundant in
the active hexane subfractions (Fig. 3B). Steroids and fatty acyls
showed higher relative abundance (normalized peak areas) in
the active ND90-1 and ND90-3 subfractions, while sesquiterpe-
noids showed higher abundance in the active NH100 and NH50-
4 subfractions. Compounds detected by bioactive molecular

OH

° HO %

3,4-Epoxyguaia-10(12)-3-ene Guaianediol

HO
24-Norcholesterol

HO
Nebrosteroid J

PN N NN NN

1-Deoxymethylsphinganine

Fig.4 Compounds with high bioactivity score (r > 0.65 and p < 0.05) and
superoxide anions.
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Cyclocolorenone

networking that have high VIP scores are presented in Fig. 4,
and they were subjected to network pharmacological studies to
understand their possible targets and the biological pathways
they probably affect during oxidative stress and inflammation.

3.4. Network pharmacology

3.4.1. Identification of bioactive compounds and target
prediction. The number of predicted targets for each compound
is as follows: 3,4-epoxyguaia-10(12)-3-ene (1 target), guaianediol
(34), cyclocolorenone (29), eudesma-4,7(11)-diene-8-one (41),
confertol (2), nebrosteroid J (78), 24-norcholesterol (46), neph-
theasteroid A (26), and 1-deoxymethylsphinganine (17). After
merging the individual target lists and removing duplicate

Eudesma-4,7(11)-diene-8-one

HO
Neptheasteroid A

HQ

i Confertol

high VIP scores (>2) identified in the active hexane subfractions against
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Fig. 5 (A) PPI network highlighting the core hub genes potentially involved in modulating the anti-inflammatory mechanisms of selected

bioactive compounds in the hexane fraction of L. savignyi. (B) Subnetwork showing hub gene interconnectivity. (C) Top three MCODE clusters
with cluster 1 being the most densely connected with the highest biological significance in modulating inflammation.

entries, a total of 165 compound-associated targets were
obtained.

3.4.2. Screening of inflammation-related targets. A total of
2072 inflammation-related genes were obtained, of which 82
were common with those of the bioactive compounds, therefore
they might play a key role in mediating the anti-inflammatory
effects of these compounds. Notably, no overlapping targets
were identified for 3,4-epoxyguaia-10(12)-3-ene, whereas the
remaining compounds shared main common targets with
enzymes, receptors, and kinases (Fig. S2).

3.4.3. Protein-protein interaction (PPI) network. The con-
structed PPI network (Fig. 5A) had 81 nodes (after excluding one
node that was not connected), 588 edges, an average node
degree of 14.3, an average local clustering coefficient of 0.56,
and a significant PPI enrichment (p-value < 1.0 x 10~ '°), indi-
cating that the identified targets were functionally connected. A
total of 15 hub genes were identified based on topological
scoring (DC, BC, and CC), and a subnetwork highlighting their
interactions was constructed (Fig. 5B and Table 4). This core
subnetwork consisted of 15 nodes and 88 edges, reflecting
a tightly connected cluster of proteins that may serve as key
regulators in the anti-inflammatory mechanisms of these
bioactive compounds. The MCODE analysis identified six
functional clusters within the PPI network. The top three were
selected (Fig. 5C) where clusters 1, 2, and 3 showed MCODE
scores of 14.933, 4.286, and 4, respectively. Cluster 1 was the
most densely connected and biologically significant, where nine

© 2026 The Author(s). Published by the Royal Society of Chemistry

of its nodes overlapped with the hub genes (including the five
highest-ranked hubs: SRC, PTGS2, HSP90AA1l, PPARG, and
HIF1A). Therefore, this cluster likely represents a core regula-
tory module mediating the anti-inflammatory effects of the
selected bioactive compounds and was prioritized for molecular
docking analysis.

Table 4 Topological analysis of hub genes in the constructed PPI
network. Degree centrality (DC), betweenness centrality (BC), and
closeness centrality (CC) values were calculated to identify key regu-
lators of inflammation

Hub gene BC CC DC Category

SRC 1141 0.24767 068 29.502 Kinase

PTGS2 833 0.23551 25.765 Oxidoreductase
HSP90AA1 419 0.24 146 667 27.24 Cytosolic protein
PPARG 359 0.2 361415 26.019 Nuclear receptor
HIF1A 322 0.23977 117 25.899 Transcription factor
PPARA 266 0.21 93205 14.967 Nuclear receptor
ESR1 238 0.24 141 839 27.397 Nuclear receptor
GSK3B 203 0.22 820 592 18.31 Kinase

BCL2 170 0.24137 156 26.991 Ion channel
REN 168 0.20510371 10.427 Protease

CTSB 140 0.20 599 568 10.926 Protease

PRKCA 134 0.21617 016 9.891 Kinase

PARP1 132 0.21336 937 13.744 Enzyme

FASN 94 0.20 831 807 11.944 Transferase

PGR 89 0.22 568119 16.451 Nuclear receptor
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Src, a non-receptor tyrosine kinase, plays a pivotal role in
inflammation by regulating immune cell function and vascular
dynamics.”” It is involved in the recruitment and activation of
monocytes, macrophages, neutrophils, and other innate
immune cells. Besides its role in promoting vascular perme-
ability during inflammatory responses, Src contributes to key
immunological processes such as immune cell differentiation,
proliferation, adhesion, migration, chemotaxis, phagocytosis,
and survival.*”*® It also serves as a central modulator of reactive
oxygen species (ROS) production and overall cellular
homeostasis.

Prostaglandin-endoperoxide synthase 2 (PTGS2), also known
as cyclooxygenase-2 (COX-2), is a key rate-limiting enzyme
involved in the conversion of arachidonic acid into prosta-
glandins following cellular injury.*” During inflammation, COX-
2 is typically upregulated, leading to increased prostaglandin
production, which modulate vascular tone, platelet aggregation,
pain perception, and the overall inflammatory response.*

Heat shock protein 90 alpha family class A member 1
(HSP90AA1) functions as a stress-responsive chaperone that
contributes to inflammation and oxidative stress regulation by
stabilizing signaling proteins.** It plays a critical role in regu-
lating autophagy, which is a cellular degradation process that
influences oxidative stress, inflammation, and programmed cell
death. Prolonged exposure to reactive oxygen species (ROS) has
been shown to enhance HSP90 secretion from endothelial cells
as it acts as a chemotactic factor by promoting the migration of
monocytes during oxidative and inflammatory stress.*

PPAR-v activation promotes cellular differentiation, induces
apoptosis, and halts cell cycle progression. It plays a key role in
suppressing inflammation, oxidative stress, angiogenesis, and
abnormal cell proliferation, invasion, and migration.”® The
upregulation of PPAR-y exerts anti-inflammatory effects largely
through downregulation of pro-inflammatory mediators such
as TNF-o and NF-kB, while also mitigating oxidative stress
responses.*
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Hypoxia promotes ROS accumulation, thereby exacerbating
oxidative stress. ROS facilitates the stabilization of HIF1A by
inhibiting prolyl hydroxylases (PHDs), allowing HIF1A to accu-
mulate in the nucleus, where it binds to hypoxia response
elements (HREs) and modulates the transcription of genes
involved in erythropoiesis, angiogenesis, metabolic reprog-
ramming, cell proliferation, apoptosis, and survival under low-
oxygen conditions.**

3.4.4. Functional enrichment analysis. To elucidate the
functional roles of the 82 intersecting target genes, GO and
KEGG enrichment analyses were performed. A total of 136 GO
terms with a p-value < 0.01 were identified, including 51 bio-
logical process (BP) terms, 27 cellular component (CC) terms,
and 58 molecular function (MF) terms. The top five GO terms
from each category were visualized in Fig. 6A.

The most significantly enriched biological processes were
inflammatory response, nuclear receptor-mediated steroid
hormone signaling pathway, and intracellular receptor
signaling pathway. In the CC category, notable terms included
the plasma membrane, receptor complex, and chromatin,
whereas for the MF, the most enriched terms were nuclear
receptor activity, sequence-specific DNA binding, and enzyme
binding.

KEGG pathway analysis was conducted (Fig. 6B), where all
pathways with p-values < 0.01 were ranked based on their
significance. The top five pathways were prolactin signaling,
efferocytosis, EGFR tyrosine kinase inhibitor resistance, VEGF
signaling, and arachidonic acid metabolism, which were shown
to be potentially involved in mediating the anti-inflammatory
effects of the selected compounds.

The prolactin signaling pathway plays a multifaceted role in
modulating immune responses and has been implicated in the
pathogenesis of various inflammatory diseases.”® Further
inspection of its components reveals coordinated regulation of
several genes such as SRC, MAPKS8, JNK, and GSK3B that
intersect with key inflammatory signaling cascades such as the

inflammatory response
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Fig. 6 Enrichment analysis of (A) GO terms like BP, CC, and MF (top 5 ranked in each category based on their significance) and (B) KEGG

pathways showing the top enriched signaling (p < 0.01).
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PI3K/Akt and MAPK pathways, which contribute significantly to
LPS-induced inflammatory responses in macrophages by regu-
lating key inflammatory processes and mediators such as NF-
kB, AP-1 and iNOS.*®

Efferocytosis, a process by which macrophages clear
apoptotic cells, plays a critical role in the resolution of inflam-
mation by promoting the secretion of anti-inflammatory cyto-
kines, such as TGF-B and IL-10, which suppress the production
of pro-inflammatory mediators.”” By physically sequestering
dying cells, efferocytosis also limits the release of intracellular
damage-associated molecular patterns (DAMPs) that can
amplify inflammation.*® Therefore, efferocytosis is essential for
preventing excessive inflammatory responses and facilitating
tissue repair, hence protecting against inflammatory
conditions.>

The EGFR tyrosine kinase inhibitor resistance pathway
intersects with the PI3K-Akt and JAK-STAT pathways.®® The
activation of SRC and JAK stimulates both pathways primarily
through the phosphorylation and activation of STAT3, which
drives the transcription of inflammation-related genes.**
Almost all cytokines activate the JAK-STAT pathway, which plays
an important role in inflammatory processes.*

Additional relevant pathways include VEGF signaling,
arachidonic acid metabolism, and HIF-1 signaling pathways, all
of which are directly implicated in inflammatory processes.
KEGG pathway analysis highlights that in VEGF signaling,
VEGEFR regulates both SRC and COX-2, ultimately promoting
prostaglandin production. It also intersects with arachidonic
acid metabolism through the regulation of COX-2, 5-lip-
oxygenase, and phospholipase A2, which are key enzymes in the
biosynthesis of inflammatory mediators. Hypoxic conditions
induce SRC-dependent signaling cascades and expression of
HIF-1A, which are both closely associated with angiogenesis by
upregulating VEGF expression.®
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respectively (Fig. S3). Three GEO datasets met the inclusion
criteria (described in section 2.9.5.) including GSE2322,
GSE198326 and GSE40885 (Table S2). Each contained both
untreated control and lipopolysaccharide (LPS)-induced
inflammatory samples. The numbers of differentially
expressed genes (DEGs) identified were 45, 489, and 151 for
GSE2322, GSE198326, and GSE40885, respectively (Fig. S3). A
Venn diagram was constructed between the three datasets
(Fig. S3), which revealed 10 common DEGs (Table 5), of which
PTGS2 (COX-2) was consistently and significantly upregulated;
however, other hub genes did not meet the statistical cutoffs in
any of the datasets. Given the convergence between trans-
criptomic data and literature evidence, PTGS2 was prioritized
for downstream molecular docking.

3.6. Molecular docking

The validation of the docking protocol was confirmed with
redocking of the native ligand, yielding an RMSD value of 0.95 +
0.01 A (below the 2.0 A threshold). The binding energies of the
eight tested compounds against COX-2 ranged from —11.1 to
—7.3 kcal mol™" (Table 6). The strongest interaction was
observed for Nephtheasteroid A (—11.10 keal mol "), surpassing
celecoxib  (—10.49 kcal mol™') and indomethacin
(—10.50 keal mol ") controls. Nebrosteroid J (—9.78 keal mol )
and 24-norcholesterol (—9.55 kcal mol ") also showed favorable
docking scores, whereas sesquiterpenes displayed moderate
affinities (—8.38 to —7.34 keal mol ). These results showed that

Table 6 Binding energies of candidate compounds against COX-2

Binding energies

Compounds (keal mol ™)

1-Deoxymethylsphinganine —7.34 £ 0.16
3.5. Hub genes validation Guaianediol —8.09 4 0.01
Cyclocolorenone —8.38 + 0.00
Three GEO datasets met the inclusion criteria (described in Eudesma-4,7(11)-diene-8-one —8.07 £ 0.00
methodology section 2.9.5.) including GSE2322, GSE198326 and ~ Confertol —7.74 £ 0.00
GSE40885 (Table S2). Each contained both untreated control Nebrosteroid J —9.78 £ 0.07
K 4 | i 24-Norcholesterol —9.55 4+ 0.03
and lipopolysaccharide (LPS)-induced inflammatory samples. Nephtheasteroid A ~11.10 =+ 0.09
The numbers of differentially expressed genes (DEGs) identified  Celecoxib (control) ~10.49 + 0.03
were 45, 489, and 151 for GSE2322, GSE198326, and GSE40885, Indomethacin (control) —10.5 £ 0.00
Table 5 Common DEGs among the three datasets of GSE2322, GSE198326 and GSE40885
Common log, FC log, FC log, FC Adj. p-value Adj. p-value Adj. p-value
genes (GSE2322) (GSE198326) (GSE40885) (GSE2322) (GSE198326) (GSE40885) Expression
CCL20 7.95 6.74 3.57 1.28 x 1077 1.92 x 1073 5.49 x 10~* Upregulated
IL1B 3.67 5.34 2.67 1.28 x 1077 3.44 x 107* 2.08 x 107°
IL1A 7.65 7.47 2.03 6.75 x 1077 3.11 x 1077 5.49 x 10~*
IL1RN 3.70 2.53 3.39 6.75 x 1077 6.49 x 107* 2.12 x 107°
CXCL1 2.39 5.34 3.80 2.55 x 107* 4.74 x 107° 1.01 x 107*
TNF 6.55 4.65 2.73 3.50 x 107* 411 x 107° 1.34 x 107°
PTX3 3.53 5.26 4.31 3.37 x 10 5.83 x 10~° 2.72 x 107°
FFAR2 2.29 2.71 2.15 5.47 x 1073 5.85 x 103 5.55 x 10>
GCH1 2.29 4.23 2.31 1.14 x 1072 4.52 x 107* 4.30 x 107*
PTGS2 2.14 7.78 4.29 2.05 x 102 2.68 x 1077 2.60 x 107°
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steroidal compounds, particularly nephtheasteroid A, nebros-
teroid J, and 24-norcholesterol, could have promising COX-2
binding affinities with a predicted inhibitory potential (Fig. 7).

Interaction analysis revealed that nebrosteroid J, 24-
norcholesterol, and nephtheasteroid A formed hydrogen bonds
with Met522, a critical residue in pocket S2 of COX-2, with bond
lengths of 2.34, 2.03, and 1.87 A, respectively (Table 7). Addi-
tionally, hydrophobic stabilization was provided by van der
Waals interactions with the residues Val116, Leu359, Leu531,
Val523, Ala527, Tyr355, and Phe518.

Notably, the steroidal compounds extended into pocket S3,
suggesting broader engagement within the cyclooxygenase
channel (Fig. 8).
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3.7. Absorption, distribution, metabolism, excretion, and
toxicity (ADMET) prediction

The ADMET profiles of the eight docked compounds were
predicted using the pkCSM platform. The results are summa-
rized in Table 8. All compounds showed high human
intestinal absorption (>88.99%) with cyclocolorenone being
the highest (98.34%), whereas deoxymethylsphinganine
exhibited the lowest (88.99%) absorption. For the blood-brain
barrier (BBB) permeability, most compounds displayed positive
log BB values, suggesting a potential to cross the BBB. Neph-
theasteroid A showed the highest predicted BBB permeability
(log BB 0.799), while deoxymethylsphinganine and
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Fig. 7 Predicted binding modes of steroidal compounds within the COX-2 active site: (A) nebrosteroid J, (B) 24-norcholesterol, and (C)

nephtheasteroid A, shown in 3D and 2D representations.
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Table 7 Predicted COX-2 interactions of L. savignyi steroidal compounds

Binding energies No. Of hydrogen

Hydrogen bond

Bond

Compounds (kcal mol ™) bonds residues distance (A) Hydrophobic pocket

Nebrosteroid J —9.78 £+ 0.07 1 Met522 2.34 + 0.05 Val116, Leu359, Leu531, Val349, Val523,
Ala527, Tyr355, Phe518 & Tyr115

24-Norcholesterol —9.55 + 0.03 1 Met522 2.03 + 0.01 Val116, Leu359, Leu531, Val349, Val523,
Ala527, Tyr355, Leu93, & Leu352

Nephtheasteroid A —11.10 + 0.09 1 Met522 1.87 £ 0.04 Vval116, Leu359, Leu531, Val349, Val523,

nebrosteroid J displayed limited permeability (logBB < 0).
CYP3A4 is a critical enzyme in hepatic drug clearance as it is
responsible for the metabolism of approximately 60% of all
clinically in-use drugs. 1-Deoxymethylsphinganine, nebroste-
roid J, 24-norcholesterol, and nephtheasteroid A were predicted
as CYP3A4 substrates, potentially affecting their metabolic
stability and drug interactions. Most compounds did not inhibit
other CYP isoforms, suggesting a low likelihood of interfering
with CYP-mediated metabolism except for eudesma-4,7(11)-
diene-8-one, which is predicted to inhibit CYP1A2, CYP2C19
and CYP2C9. All compounds were predicted to be safe (not
mutagenic) according to the AMES test.
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i
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Ala527, Tyr355, Phe518, Leu93 & Leu352

The molecular descriptors were computed using the Swis-
SADME prediction tool. While most compounds adhered to
Lipinski's rule, nebrosteroid J, 24-norcholesterol and neph-
theasteroid A violated only one rule as they showed high lip-
ophilicity with log P values of 5.34, 6.14, and 6.13, respectively,
potentially compromising solubility and oral bioavailability
(log P > 5) (Table 9).

The BOILED-Egg model (Fig. S4) was applied to evaluate the
GIT absorption and BBB permeability of L. savignyi bioactive
compounds based on their logp (O/W) (to reflect their lip-
ophilicity) and topological polar surface area (TPSA to reflect
their polarity). From the model, 24-norcholesterol and
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Fig. 8 gPCR analysis of IL-6 and IL-1B in human THP-1 cells: 1, DMSO; 2, DMSO + LPS as control; 3, NH20 + LPS; 4, ND50 + LPS; 5, NH50-1 +
LPS; 6, NH50-4 + LPS; 7, NH70 + LPS, 8, NH80 + LPS; 9, NH100 + LPS; 10, ND90-1 + LPS; 11, ND90-3 + LPS; 12, methanol extract + LPS; and 13,
hexane extract + LPS. A p-value of <0.05 was considered statistically significant. * p-value < 0.05, ** p-value < 0.001, *** p-value < 0.0005, ****

p-value < 0.0001.

Table 8 Prediction of the ADMET pharmacokinetics of L. savignyi bioactive compounds using pkCSM

Absorption Distribution Metabolism Excretion Toxicity
CYP
Substrate Inhibitors
Intestinal absorption BBB permeability Total clearance AMES
Compounds (% absorbed) (log BB) 2D6 3A4 1A2 2C19 2C9 2D6 3A4 (logmL min " kg ') toxicity
Deoxymethylsphinganine 88.994 —0.397 No Yes Yes No No Yes No 1.429 No
Guaianediol 94.67 0.618 No No No No No No No 1.176 No
Cyclocolorenone 98.34 0.649 No No No Yes No No No 0.925 No
Eudesma-4,7(11)-diene-8-one 96.133 0.572 No No Yes Yes Yes No No 1.132 No
Confertol 94.971 0.486 No No No No No No No 0.861 No
Nebrosteroid ] 96.895 —0.391 No Yes No No No No No 0.595 No
24-Norcholesterol 94.28 0.742 No Yes No No No No No 0.575 No
Nephtheasteroid A 95.753 0.799 No Yes No No No No No 0.676 No
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Table 9 Prediction of the physicochemical properties of L. savignyi bioactive compounds based on the Lipinski's rule of five using the Swis-

sADME prediction tool

Physico-chemical properties

Molecular Topological polar LogP No. Of H-bond No. Of H-bond Lipinski
Compounds weight (Da) surface area (A) (O/w) donors acceptors violations
1-Deoxymethylsphinganine 271.48 46.25 3.77 2 2 0
Guaianediol 220.35 20.23 3.56 1 1 0
Cyclocolorenone 218.33 17.07 3.56 0 1 0
Eudesma-4,7(11)-diene-8-one 218.33 17.07 3.46 0 1 0
Confertol 236.35 29.46 2.74 1 2 0
Nebrosteroid J 428.65 46.53 5.34 1 3 1
24-Norcholesterol 372.63 20.23 6.14 1 1 1
Nephtheasteroid A 382.62 20.23 6.13 1 1 1

Table 10 Prediction of toxicity risks, drug-likeness, and drug scores using the OSIRIS software®

Toxicity risks

Osiris calculations

Compounds MUT TUMO IRR REP DL DS (%)
1-Deoxymethylsphinganine Low Low Low Low -18.3 23
Guaianediol Low Low Low Low —3.82 42
Cyclocolorenone High High High Low —3.25 9
Eudesma-4,7(11)-diene-8-one Low Low Low Low —2.4 42
Confertol Low Low Low Low —0.39 63
Nebrosteroid J Low Low High Low —1.96 12
24-Norcholesterol Low Low Low Low —1.51 20
Nephtheasteroid A Low Low Low Low —7.93 16

“ MUT: mutagenic; TUMO: tumorigenic; IRR: irritant; REP: reproductive effect; DL: drug-likeness; DS: drug score.

nephtheasteroid A fall in the grey zone, which is outside the
predictive zone of effective intestinal absorption and BBB
penetration. Compounds located in the yellow zone, including
1-deoxymethylsphinganine, guaianediol, cyclocolorenone,
eudesma-4,7(11)-diene-8-one, and confertol, are predicted to
have higher potential for brain permeability, whereas those in
the white region such as nebrosteroid J has higher probability of
being absorbed by the gastrointestinal tract.

The OSIRIS model was employed to predict drug-likeness, drug
score, and toxicity profiles for each compound. Since in vitro and in
vivo toxicity studies are often time-consuming and costly, in silico
models offer an effective alternative for early-stage evaluation of
drug-likeness and toxicity, hence minimizing reliance on animal
testing. Theoretical risks of toxicity of L. savignyi bioactive molecules
were calculated using the Osiris software (Table 10) where the Osiris
model flagged cyclocolorenone as highly mutagenic, tumorigenic,
and irritant. Nebrosteroid J was predicted to be irritant, while the
remaining compounds were non-toxic. Most compounds exhibited
unfavorable drug-likeness except for confertol, 24-norcholesterol,
and nebrosteroid J, as they were closer to zero.

3.8. (PCR of IL-6 and IL-1

To validate the docking results, we examined the effects of the
hexane extract of L. savignyi and its fractions on the expression of
the pro-inflammatory cytokines IL-6 and IL-1f in LPS-primed THP-
1 cells using qPCR. As shown in Fig. 8, the hexane extract exhibited

12052 | RSC Adv, 2026, 16, 12037-12054

stronger anti-inflammatory activity than the methanol extract, with
subfractions ND90-1 and ND90-3 showing the most pronounced
inhibitory effects on LPS-induced IL-6 and IL-1B upregulation.

Docking analyses predicted that major constituents enriched
in ND90-1 and ND90-3 effectively interact with and inhibit COX-
2. Given the known role of COX-2 in amplifying inflammatory
signalling via the positive feedback regulation of cytokines, we
further assessed whether COX-2 inhibition could be associated
with reduced IL-6 and IL-1B expression.** The observed down-
regulation of these cytokines is consistent with this mechanism
and supports the involvement of COX-2-mediated pathways in
the anti-inflammatory activity of the hexane subfractions.

4 Conclusions

The hexane fraction of the soft coral Litophyton savignyi di-
splayed strong significant anti-inflammatory activity through
reducing superoxide generation and elastase release compared
to the methanol fraction which was inactive. The observed
activity was attributed to the richness of the hexane fraction
with steroids, which displayed comparable binding affinities on
COX-2 receptor to indomethacin and celecoxib (control).
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