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The quorum sensing (QS) aspect of the pathogenic Pseudomonas aeruginosa is a major problem in drug resistance.
The development of drugs of natural origin is a therapeutic option or a lead compound in improving the weakness
of antibiotics. Xylocarpus granatum is used as traditional medicine for the treatment of several ailments, including
infectious diseases. Studies on the activity of QS have not been done much, especially the nonsaponifiable lipid
compounds (NSL). The dried leaves of X. granatum were macerated with chloroform: methanol (2:1) for 48 hours.
The filtrate was evaporated to yield total lipids (TLs), which were then saponified with 2 M KOH in 50% ethanol at
60°C and shaken for 24 hours. The n-hexane extractable portion was considered NSL. Profiling the compounds using
the gas chromatography-mass spectrometry technique. Anti-QS properties were performed against P. aeruginosa.
In vitro, it could inhibit growth, bactericidal, and QS activity, including swarming motility, biofilm formation,
pyoverdin—pyocyanin production, and protease activity. However, TL was found to suppress virulence factors more
effectively. Most NSL compounds can stop the activity of LasR, Lasl, and Pseudomonas quinolone signaling receptor
protein molecules, which are very important in the QS system. These studies suggest that lipid extract has potential
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for therapeutic management of P. aeruginosa infections.

INTRODUCTION

The current management of pathogenic bacterial
infections is the mainstay of antibiotic therapy [1]. This therapy
provides hope for potentially fatal bacterial infection conditions.
However, in recent decades, the over and abuse of antibiotics as
well as social and economic factors have accelerated the spread
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of antibiotic-resistant bacteria, causing the therapy to become
ineffective. Currently, at least 700,000 people worldwide die
each year due to antimicrobial resistance, while the number is
expected to increase and reach 10 million by 2050 [2].

The main cause of the problem is the quorum sensing
(QS) activity of bacteria. It is a key part of making bacteria
more harmful by controlling the expression of genes involved
in virulence, such as those that make biofilm, toxins, and
antibiotic resistance [3].

Pseudomonas aeruginosa is an infection-causing
bacterium that is of concern because it is a major threat to
humans and has a global impact [2,4]. This bacterium could
form biofilms, which is a major factor in antibiotic resistance.
The study of medicinal compounds that work to inhibit the
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stages of QS an important strategy for preventing antibiotic
resistance and other negative effects caused [5].

The progress of the discovery of drugs from natural
resources has shown significant progress. The potential
that remains to be developed is the nyirih plant (Xylovarpus
granatum). This plant has a habitat in the tidal zone of coastal
areas, beaches, or small islands, playing an important role in the
surrounding aquatic ecosystem [6]. Biological activity studies
include anticancer [7], antimalarial, antiviral, antifeedant,
antidiabetic, antidepressant, antifungal, antioxidant [8], and
antibacterial [9].

Plants primarily consist of lipids, which also possess
bioactive potential for therapeutic use, particularly in the
treatment of antibiotic-resistant microbial infections [10]. Even,
the lipid-cell membrane vesicle hybrid has been developed
and used in drug delivery systems for infectious therapy
[11]. However, research related to the mechanism of anti-QS
inhibition has not been widely conducted. This study focuses on
the effect of lipid compounds from Xylocarpus granatum leaves
to find potential candidates against QS activity of P. aeruginosa
and screened based on molecular docking, drug-likeness, and
toxicity prediction.

MATERIALS AND METHODS

Chemicals and media

Phosphate buffered saline (PBS) (Oxoid, United
Kingdom). Vancomycin and crystal violet (Sigma-Aldrich,
United Kingdom). Chloroform, methanol, KOH, and n-hexane
(smartlab, Indonesia). Brain heart infusion (BHI) and agar
(H-Media, India).

Preparation of lipid extract from X. granatum

Nyirih leaves (X. granatum) were obtained from the
mangrove forest in Pulau Sembilan, Langkat Regency, North
Sumatra, Indonesia. The plant was identified in the Medanese
Laboratory of Universitas Sumatera Utara-Medan, Indonesia.
Mature leaves were selected, cleaned, and dried in an oven.
Then, powdered and macerated using a chloroform (2:1)
mixture for 48 hours, with the extraction process repeated twice.
The obtained filtrate was evaporated to yield a solid fraction,
referred to as total lipid (TL). Subsequently, saponification was
performed with KOH 2 M in 50% ethanol at 60°C while shaking
for 24 hours. The unsaponifiable fraction was considered as the
nonsaponifiable lipid (NSL), which was then partitioned using
n-hexane, and subsequently referred to as the NSL [12].

Phytochemical constituent analysis

The obtained NSL was further analyzed for its
chemical compound content using gas chromatography
with an Agilent 7890B system coupled with a 5977A mass
spectrometry detector. The analysis utilized an Agilent HP-
104 SMS capillary column [(5%-phenyl)-methylpolysiloxane,
30 m x 0.25 mm [.D with a film thickness of 0.25 pm] and
helium as the carrier gas at a constant flow rate of 1 ml/min.
The gas chromatography-mass spectrometry system operated
in splitless mode with the inlet temperature maintained at
250°C. The GC oven temperature was initially set at 40°C

for 1 minute, then gradually increased to 300°C at a rate
of 10°C/min and held at 300°C for 4 minutes. Component
identification was performed by comparing mass spectra
data and retention index values with data from the National
Center for Biotechnology Information library and the NIST
Chemistry WebBook. The relative amount of each identified
volatile compound was quantified from the % peak area of the
chromatogram [13].

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) assay

The P. aeruginosa cultures were each suspended, and
the turbidity of the culture was adjusted with physiological NaCl
solution to match the McFarland standard No. 2 (equivalent to 6
x 108 CFU/ml) [13,14]. Each well of a 96-well microplate was
filled with 100 pl of BHI broth. Each well was then loaded with
the test substances according to a serial two-fold dilution matrix.
The total volume of each well was 200 ul. The positive control
used was vancomycin at a concentration of 100 pg/ml [14].

The MIC was determined by identifying the lowest
concentration of the test substance required to inhibit bacterial
growth, observable by comparing the turbidity of the inoculum.
The MBC was determined by subculturing samples from MIC
and 2MIC on prepared BHI agar plates, followed by incubation
for 24 hours. The sample was considered bactericidal if no
bacterial growth was observed after incubation. All treatments
were performed in triplicate [14].

QS assay

Biofilm formation assay

A volume of 100 pl of P. aeruginosa suspensions was
added to the wells of a 96-well microplate containing BHIB
medium and test substance solutions at concentrations of MIC
and 2MIC. The plate was then incubated for 48 hours. Each
well was rinsed with PBS to remove planktonic cells and purify
the formed biofilm. Wells containing biofilms were stained
with crystal violet (0.3%). For quantification, the crystal violet
was dissolved with 95% ethanol, and the optical density was
measured at a wavelength of 560 nm using a microplate reader.
Each treatment was conducted in triplicate [13].

Swarming motility assay

Swarming motility activity of P. aeruginosa can be
observed using a semisolid agar medium (0.5% w/v). The
sterile swarming medium was poured into Petri dishes, and
the test substances were added at concentrations of MIC and
2MIC. The medium was allowed to solidify with the lid open
at room temperature for 15 minutes. Subsequently, a well was
made in the center of the medium, and 50 pl of the bacterial
suspension was added. The plates were incubated at 37°C for
24 hours. Each treatment was performed in triplicate [13].
The swarming motility zone was measured from the point of
inoculation.

Pyoverdine, pyocyanin, and protease assay

One hundred microliters of P. aeruginosa cells
(McFarland standard No. 2) were cultured in both the presence
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and absence of TL and NSL in 2 ml of BHI broth and incubated
at 37°C for 48 hours. Dimethyl sulfoxide was used as a solvent
control. Following incubation, the culture was centrifuged at
10,000 rpm for 10 minutes to pellet the cells. The absorbance
of pyoverdine in the cell-free supernatant was measured at
400 nm, and the pyocyanin pigment was measured at 691 nm.
The cell pellets were then loaded into wells created in skim
milk agar and incubated overnight at 37°C to observe zones of
protease activity. Each treatment was performed in triplicate
[15].

Data analysis using the two-way analysis of variance
method with post hoc Tukey’s multiple comparisons test
(p-value = 0.05) with significance levels < 0.0332 (*), < 0.0021
(**), <0.0002 (***).

Molecular docking

The QS receptor proteins were obtained from the
Protein Data Bank (PDB) (www.rcsb.org/pdb). The crystal
structures LasR, Lasl, and Pseudomonas quinolone signaling
receptor (PqsR) were utilized as target receptor proteins.
Amount of lipid compounds from the leaves of X. granatum
were prepared with their 3D structures using MarvinSketch
24.1.2 software. The preparation of the receptor protein
structure involved removing water molecules and selecting
the appropriate chain using Open-Source PyMOL software.
Hydrogen bond charges were assigned to both the ligand
and receptor, and grid coordinates were determined using
AutoDockTools 1.5.7. The docking of molecules was
performed using AutoDock Vina. The application was run
using scripts in Notepad++ and executed via the command
line application Git Bash. The docking method was validated
using re-docking with root mean square deviation (RMSD)
parameters [16]. The docking simulation was performed
using Vina 1.2.5 with the following parameters: the grid size
was set to 20 x 20 x 20 grid points, with a spacing of 0.375
A. A smoothing factor of 0.5 was applied, and the dielectric
constant was set to —0.1465. The exhaustiveness of the
search was adjusted to 16, with a variable spacing of 1 and a
variable central processing unit count of 8. Furthermore, the
simulation was conducted 10 times to ensure the reliability of
the results. The simulation time ranged from 100 to 200 ns.
The protonation states of the ligands are determined based
on their pKa values during the preparation process, with the
standard physiological pH of 7.4 (default value). The 3D
and 2D visualization of the ligand-receptor complexes was
done using PyMol and LigPlus v2.2 software [17]. Principal
component analysis (PCA) was used to look at the binding
affinity values of each compound and see which ones were
moving toward the QS mechanism.

Drug-likeness prediction

All phytochemical structures are converted into
the Simplified Molecular Input Line Entry System format.
The drug-likeness properties were evaluated using Lipinski’s
Rule of Five. Prediction of physicochemical parameters and
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) were performed using the web tool SWISSADME
[18].

RESULTS AND DISCUSSION

MIC and MBC activities

Xylocarpus granatum leaves were carried directly
into the habitat. The location was in Pulau Sembilan Village
(Indonesia)  with  coordinates ~ www.google.com/maps
4.146293,98.233795. TL had an MIC of 2.5 and an MBC of 5.0
mg/ml, while NSL showed an MIC of 2.0 and an MBC of 4.0
mg/ml. Vancomycin as a positive control, had the same MIC
and MBC of 0.003 mg/ml. We have confirmed the antibacterial
activity of the TL and NSL. The values are critical metrics used
to evaluate the effects of antimicrobial agents, particularly
in the context of QS inhibition [19]. So, this follow-up study
was about how this lipid might work as a QS inhibitor for P,
aeruginosa.

NSL had higher antibacterial activity compared to
TL. However, both have much lower antibacterial activity
compared to vancomycin as a control. This antibiotic was
still effective at the therapeutic limit value of MIC 2 mg/ml
[20].

The effectiveness of lipid and polar extracts from
medicinal plants against multi drug-resistant pathogenic bacteria
has been widely reported [21]. Lipids in fatty acids, sterols,
monoacylglycerols, and terpenoids have been confirmed as
antimicrobials extracted from plants with antibacterial potential
in the last decade [22,23].

QS activities

TL and NSL significantly slowed down swarming
activity, and the 2 MIC stopped P. aeruginosa from swarming
at all (Fig. la). The movement pattern of the bacteria spread
over the agar medium was not symmetrical (Fig. la). The
colonies were moving in a certain direction and not evenly
distributed. This bacterial pattern was known as dendritic [24].
The inhibition of swarming motility activity of NSL was better
than TL, due to the concentration of lipid compounds. These
changes facilitate separation with lipid compounds that do not
undergo saponification, including rubberonoid compounds,
steroids, terpenoids, and other compounds [25].

TL reduced biofilm formation and showed slightly
better effectiveness at higher concentrations, while NSL also
inhibited biofilm formation, though without a significant
dose-dependent effect (Fig. 1b). Natural compounds offer
a promising therapeutic strategy for inhibiting biofilms
by targeting mechanisms such as QS, matrix disruption,
bacterial adhesion, and biofilm dispersal, providing a safer
and effective alternative to combat biofilm-associated
infections [26].

TL and NSL significantly reduced the production of
pyoverdine and pyocyanin, but not dependent on dose (Fig. lc
and d). The metabolites pyoverdine and pyocyanin produced
by P. aeruginosa have an important role in its pathogenesis. It
was important for pyoverdine to be present in environments
low in iron, and pyocyanin makes pathogens more dangerous
by creating reactive oxygen species. Protease production also
plays an important role in host protein degradation, which aids
in tissue invasion [27,28].
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Both lipids inhibit protease activity. Even TL at
2 MIC, the pellet of sediment could not break down skim
milk (Fig. le). Proteases, an enzyme involved in various
biological processes, are necessary to break down important
protein substrates in the host. They also modify a variety of
biological processes and maintain the interactions between
bacteria and hosts [29]. The total protease activity of P.
aeruginosa was closely related to the incidence of multi-
drug resistance [30-32]. Strategies to inhibit the total
protease activity of synthetic drugs and natural materials are
important [33].

The caryophyllene oxide (0.7%), vitamin E (0.7%),
sitosterol (5.8%), D-limonene (0.4%), neointermedeol
(0.5%), humulene epoxide II (0.4%), zingiberenol (0.7%),

Sumardi et al. / Journal of Applied Pharmaceutical Science 2025;15(07):203-219

and a-bisabolol (1.0%) shown in Table | have been reported
to be terpenoid derived from medicinal plants having an
activity to inhibit biofilm formation, swarming motility and
virulence factor of P. aeruginosa [34-39].

In line with this study, rose absolute extract (0.5%
v/v) and phenylethyl alcohol inhibited virulence factors [40].
The monoterpenoid compounds a-terpineol (a-T) and terpinen-
4-o0l are active in the inhibition of pyocyanin production and
total protease of P. aeruginosa, even the combination of the
two provides a synergistic effect [41]. Besides, caryophyllene
oxide has a high binding affinity value against 3C protease of
hepatitis A and thymidine kinase of herpes simplex virus [42].
Besides, lipid compounds like caprilic acid, curcumin, thymol,
eugenol, carvacrol, coumarin, catechin, terpinene-4-ol, linalool,
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Figure 1. The role of TL and NSL on the QS activity of P. aeruginosa. Notes: ns: not significant, (*): significant.
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pinene, cinnamaldehyde, linoleic acid, saponin, and geraniol
are confirmed to be used in therapies for P. aeruginosa biofilms
[23,43].

NSL showed stronger potential compared with TL.
This was evidenced by smaller MIC, MBC, and swarming
zone values. However, TL was greater in inhibiting biofilm
formation, pyoverdine and pyocyanin production, and protease
activity. This suggests that these lipids were antimicrobial
agents but needed a concentration of certain active compounds
or a combination with other agents to reach higher effectiveness.

Molecule docking of the phytochemistry and LasR, Lasl, and
PqsR protein interaction

A total of 63 compounds (Table 1) were identified
from the NSL of X. granatum leaves, some of which have been
confirmed to be active against QS mechanisms. In this study,
virtual screening was conducted. The proteins used as receptors
are enzymes that play an important role in QS activity, namely
LasR, Lasl, and PgsR. The performance of compounds with
different shapes and functional groups affects how they interact
with the receptor’s amino acid residues in both hydrophobic

Sumardi et al. / Journal of Applied Pharmaceutical Science 2025;15(07):203-219

and hydrophilic ways [44]. Molecular docking has had a great
contribution to science-medicine research and has a lot of
potential to generate new drugs for the treatment of diseases
[45].

The LasR protein in the form of a 3D crystal structure
was obtained (PDB ID: 6D6D). This protein has a resolution
of 1.7 A with 2 homologous chains. Chain A with a sequence
length of 169 was selected as the receptor in the docking
analysis process. Re-docking analysis with 2,4-dibromo-
6-{[(2-nitrobenzene-1-carbonyl) amino| methyl}phenyl
2-cyanobenzoate (FY7) as the default ligand and grid area at
center coordinates (15.706, 5.487, 14.649) obtained binding
affinity value of —20.72 kcal/mol and RMSD value of 0.3092 A.

FY7 ligand works as an antagonist against the
receptor, causing down regulation of pyocyanin virulence
phenotype and biofilm formation [46]. Based on the binding
affinity values, 62 out of 63 compounds have a score of —3
kcal/mol and the potential to be active candidate compounds,
except for Xgl6 (Table 1) which requires large energy to
bind to the LasR receptor binding site. 2D illustration of the
top ten ligands selected with the LasR protein complex are
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Figure 2. Visualization and interaction 2D with amino acids of LasR protein (PDB ID: 6D6D chain A) with 10 compounds selected from NSL of X. granatum leaves.

(a) Xg55; (b) Xg62; (c) Xgl7; (d) Xg4; (e) Xgl9; (f) Xg59; (g) X45; (h) Xg46;

(i) Xgd2; (j) Xg58.
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shown in Figure 2 and amino acid residue interactions in through hydrophobic interactions. Additionally, Tyr56, Asp73,
Table 2. Val76, and Tyr64 appear in 7 to 9 complexes, presumably
Leu36 was found in all complexes, which suggests playing a role in forming m—m interactions and electrostatic

that it is an important part of the active site that binds ligands stabilization. Tyr64, Ser129, and Thr75, on the other hand, form

Table 2. The interaction of LasR receptor amino acid residues with top 10 compounds.

ID Comp. Hydrophobic bonds Hydrogen bonds

Xg55 Leul25, Ala50, Tyr47, Arg61, Leu36, Ile52, Tyr56, Trp60, leul10, Alal05, Trp88, Tyr93, Tyr64, Cys79, Vall76
Phel01, Thr75, Ser129, Asp73, Alal27, Gly126)

Xg62 Leu25, Leu40, Leu39, Gly38, Alal27, Val76, Cys79, Thr75, Gly126, Ser129, Thr115, Tyr93, Vallll
Asp73, Trp98, Phel01, Tyr56, Leu36, Trp60, Tyr64, Tyrd7, 1le52)

Xgl7 Thrl15, Val76, Ser129, Asp73, Thr75, Leu36, Trp60, Arg61, Tyr56, Tyr64 -

Xg4 Leull0, Tyr56, Trp88, Trp60, Asp73, Tyr93, Ser129, Alal05, Phel01, Val76, Thr75, Trp60, Leull0
Gly126, Alal27, Gly38, Leul25, Ala50, Arg61, Leu36, Tyr64, Ala50, Arg61
Xgl9 Asp65, Arg61, Leu36, Tyr64, Asp73, Alal05, PhelO1, Tyr93 Thr75, Thrl15, Tyr56, Ser129, Trp88

Xg59 Tyr64, Val76, Tyr47, Tyr56, Asp73, Leu36, Asp65, Arg61 -

Xg45 11e52, Leu36, Tyr64, Tyr56, Asp73, Trp88, Tyr93, Leul10, Phel01, Alal105 -

Xg46 Gly126, Alal27, Gly38, Leu25, Leud0, Leu39, Ser129, Val76, 1le52, Leu36, Ala50, Tyrd7  Tyr64, Asp73, Thr75

Xg42 Tyrd7, Tyr64, Trp60, Asp73, Leu36, Val76, Thr75 Tyr56, Ser129

Xg58 Leu36, Tyr56, Val76, Ala127, Ala50, Tyr47 Asp73, Thrl15, Thr75, Tyr64, Ser129

3
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Figure 3. Visualization and interaction 2D with amino acids of LasI protein (PDB ID: IROS5) with 10 compounds selected from NSL of X. granatum leaves. (a) Xg50;
(b) Xgl3; (c) Xg25; (d) Xg45; (e) Xg52; (f) Xgl7; (g) Xg48; (h) Xgl9; (i) Xgl4; (j) Xg28.
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hydrogen bonds that contribute to proton donation or acceptance
as well as ligand stability at the active site.The 3D structure of
the Lasl protein was (PDB ID: 1ROS). The crystal structure
of the protein has a resolution of 2.30 A and the A chain was
selected among 5 homologous chains with a sequence length of
201. Re-docking analysis with sulfate ion (SO4) as the default
ligand and grid area at center coordinates (55.591, —3.206, and
—3.416) obtained a binding affinity value of —3.243 kcal/mol
and RMSD value of 14.14 A. The presence of ion sulfate may
be attributed to the ion’s small size and high mobility within the
binding site. The molecular shape is a regular tetrahedron, but
it can bend and take on different binding poses depending on its
surroundings, which can lead to bigger deviations [47]. Despite
this, the analysis remains valid if the primary interactions at the
binding site are preserved, and the biological relevance of the
sulfate ion’s binding was maintained.

The sulfate ions can inhibit the formation of co-crystals
between Lasl protein and the substrate 3-oxo-C12-acyl-carrier
protein (acyl-ACP) in producing 3-oxo-C12-acyl-homoserine
lactone (AHL) [48]. These compounds are autoinducers in the
pathogenesis process of P. aeruginosa. Overall, 63 compounds
can be candidates to inhibit the Lasl enzyme. The illustration
of the 2D top 10 ligan-Lasl protein complex has a higher
ability shown in Figure 3 and the interactions of amino acid
residues in Table 3. Val37, Lys31, Glu29, Val35, Asp34, and
Gly32 were crucial for most complexes, contributing to both
hydrophobic and hydrogen bond stability, while Trp33 played
a role in forming stable m-interactions.The 3D structure of
the PgsR protein (PDB ID: 7P4U). The crystal structure of
the protein has a resolution of 2.74 A and an A chain with a
sequence length of 229. Re-docking analysis with {N}-[[2-(3-
chloranyl-4-propan-2-yloxy-phenyl)pyrimidin-5-ylimethyl]-2-
(trifluoromethyl)pyridin-4-amine (5N9) as the default ligand
and grid area at center coordinates (—52.684, 1.852, —10.280)
obtained RMSD value of 0.3062 A and binding affinity of
—12.58 kcal/mol. Generally, all 63 ligands from NSL (Table 1)
good affinity category for this protein. Illustration 2D 10 ligan
selected-PqsR protein complex that has a higher affinity (Fig.
4) and amino acid residues interaction in the binding site region
(Table 4). Leu207, 11e236, and Thr265 Likely a core-stabilizing
residue from hydrophobic bonds and central to binding pocket

stabilization. Besides Leul97, Ser196, and Leu207 may be
significant contributors to hydrogen bonds’ specificity.PqsR
is known as a regulator of multi-virulence factors (MvfR)
and is also known as a regulator of Mv{fR which is important
in QS mechanism. Compound 5N9 is a strong ligand and is
recommended as a potential pyrimidine derivative compound
in inhibiting the PqsR enzyme and has good solubility [49].

Chemometric analysis using the PCA method of
the binding affinity value of the interaction of each ligand.
The scatter plots of data have been calculated as principal
component (PC) values in the form of 2-dimensional (Fig. 5a)
and 3-dimensional plots (Fig. 5b).

PC1 explained 61.42% of the total variation and PC2
explained 27.25% of the total variation in the data. These two
major components account for 88.67% of the variation in the
data, sufficiently elucidating the data structure in two dimensions.
Most of the samples were close to the plot’s center, which meant
they had similar traits based on the two main factors. Samples
that were farther away from the ellipse, on the other hand, had
different traits [50]. There were some outliers (Fig. 5a) separated
from the ellipse line (pink), namely compounds Xg16, Xg33, and
Xg50 have different characteristics from most other samples.
The data distributed in 3D form (Fig. 5b) also indicates that
most of the compounds are distributed along a single dimension;
however, several compounds are separated from the main cluster.

Based on the tendency of data with large PC1 and
PC2 values (Fig. 5), the compounds distributed in the middle
of the dimensional population have the potential as candidate
compounds that inhibit Lasl, LasR, and PqsR enzymes with the
assumption that they have good affinity for the three enzymes.

These results indicate that these compounds have great
potential as QS inhibitory agents, but further in-depth studies are
needed for the isolation and combination of these compounds to
confirm the real mechanism of QS inhibition and its application
in the development of more effective antibacterial therapies.

These findings indicate that the compounds,
particularly those located centrally in the PCA plot, show
significant potential as QS inhibitory agents, likely possessing
strong affinities for the three enzymes. However, the results
emphasize the necessity for further detailed studies to
isolate and combine these compounds, confirm their precise

Table 3. The interaction of Lasl receptor amino acid residues with top ten compounds.

ID Comp. Hydrophobic bonds Hydrogen bonds
Xg50 Val37, Glu29, Lys31, Asp34, Val35 Gly32
Xgl3 Val37, Lys28, Glu29, Lys31, Arg30, Val35, Gly32 Asp34
Xg25 Val35, Val37, Lys31, Gly32, Arg30, Glu29, Ser36 Asp34

Xg45s Gly32, Lys31, Glu29, Val37, Arg30

Trp33, Val35, Asp34

Xg52  Arg30, Val3s, Glu29, Lys28, Val37, Lys31, Gly32, Asp34

Xgl7 Arg30, Val35, Glu29, Lys28, Val37
Xg48 Lys31, Glu29

Xgl9 Lys31, Glu29, Val35
Xgl4 Gly32, Asp34, Val37, Glu29

Arg30, Trp33, Val35,
Asp34, Gly32

Trp33, Arg30, Asp34, Gly32
Val35, Lys31, Arg30

Xg28 Ile168, Glu86, Asp34, Val35, Ser36, Val37, Glu29, Lys31, Arg30, Gly32, Thr83
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mechanisms of QS inhibition, and assess their potential for
developing more effective antibacterial therapies. The PCA
loading values strongly support prioritizing certain compounds,
especially those with high contributions to both PC1 and
PC2, such as Xg34 (Ethyl 2,2-diethoxypropionate), Xg6
(1-Dodecanol, 3,7,11-trimethyl), Xgl2 (8-(2-Nitrophenoxy)
octan-1-ol), Xg37 (Ginsenol), Xg21 (Caryophyllene), Xgll
(7-epi-trans-Sesquisabinene hydrate), and Xg29 ((E)-2-epi-
beta-caryophyllene), as promising candidates for future QS
inhibition research.

Three major QS systems in P. aeruginosa, two of
which use AHLs as signal molecules, are called the Las system
and the RAl system, respectively. In addition, there is the Pgs
system, which is interrelated with the other two systems. All
these QS systems are closely interconnected and do not stand
alone [51]. These three systems together form a complicated
and hierarchical coordination. The mechanism of the QS system
formed by P. aeruginosa has been well understood.

The lipid compounds present in X. granatum leaves
have been selected for the 10 compounds with the highest
affinity with each receptor. These results provide new insights
into the metabolic mechanisms of microorganisms and the

potential application of lipids in the control of bacterial
infections. Furthermore, it should expect to be prioritized
in subsequent studies as a marker or lead compound in drug
development.

Xgl7and Xg62 emerged as ligands with high affinity to
all three receptors (LasR, Lasl, and PgsR). Whereas compounds
with affinity to 2 receptors, including Xg13 and Xg25 interacted
with both PgsR and Lasl receptors. Xg42, Xg55, Xg58, and
Xg59 have an affinity to LasR and PqsR. While Xg19 and Xg45
interacted with both LasR and Lasl. These ten compounds have
potential as candidate drugs and lead compounds.

Drug-likeness and ADMET prediction

Drug-likeness evaluation has been conducted on 63
compounds using the web tool ADMESWISS, resulting in 34
compounds that passed the Lipinski rule of five (Table 1). The
Lipinski Rule of Five is a widely used guideline to evaluate
the drug-likeness of a compound, predicting its potential as an
orally active drug in humans. This rule comes from studying
molecules’ Physicochemical properties, such as their molecular
weight, hydrogen bond donors, hydrogen bond acceptors, and
polar surface area [52,53].
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Figure 4. Visualization and interactions 2D amino acid of PqsR protein (PDB ID: 7P4U) with 10 compounds selected from NSL of X. granatum leaves. (a)
Xgl7; (b) Xg62; (c) Xg59; (d) Xgl3; (e) Xgl0; (f) Xg42; (g) Xgb1; (h) Xg55; (i) Xg25; (j) Xg58.
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Table 4. The interaction of PqsR receptor amino acid residues with the top ten compounds.
ID Comp. Hydrophobic bonds Hydrogen bonds
Xgl7 Ser196, Leul97, Pro238, Alal68, 1le149, Ala102, Thr265, Leu207, Leu208 11e236
Xg62 Tyr258, Leu207, Thr265, Phe221, Ser196, GIn194, Leu208, Leul97, 11e236, 1le186, Val211 -
Xg59 Alal02, Ile149, Alal68, Phe221, 11236, Leu207, Thr265 -
Xgl3 Ile186, Val211, Tle149, GIn194, Leu208, 11e236, Alal168, Thr265, Leu207 -
Xgl0 GIn194, Arg209, 11e236, Leu207, Phe221, Ile149, Pro210 Leu208, Ser196, Leul97
Xg42 Pro129, Alal02, 11e236, Phe221, Leu208, Alal168, 1le149 Leu207, Thr265
Xg61 Phe221, Ala168, 1236, Alal02, Thr166, Tle149, T1e263, Leu207, Thr265, Leu208, Pro129, -
Pro238, Ala237
Xg55 Phe221, Alal68, Leul97, Leu208, Ile149, Leu207, Ile186, Val211, Trp234, Vall170, Leu254, Leul97
Ser255, Leul89, His184, 11e263, Tyr258, Thr265, 1le236
Xg25 Ser196, Leu207, 1le149, Thr265, Asp264, Glul51, Lys266, Tyr258, 11e263, 11e236, Leu208 -
Xg58 T1e236, Thr265, Tle149, Pro238, Ala168, Ala237, Leu208, Phe221, Leul97 Leu207
The digestive tract can absorb up to 31 compounds
12 12 well, and the same number can cross the blood—brain
104 kY 10 barrier (BBB). Gastrointestinal (GI) absorption and BBB
6 o . permeability are critical in drug development as they
— determine bioavailability and target site accessibility.
E‘; 6 NN 6 2 GI absorption ensures an orally administered drug can
N4 // * N 4+ 8 epter .sysFe.mic circulation. effectively,. influencing .its
~ Vs & bioavailability and therapeutic efficacy. High GI absorption
Q 27 X& D o 8% 5 - 2 o is essential for oral drugs, while poor absorption limits
ol e & -:.;:"}:‘,XﬁﬁQ — 0 g effectiveness or necessitates alternative administration
5] T e, ".-.l * > routes. BBB permeability, on the other hand, is crucial for
- x‘g,%m' // central nervous system (CNS)-targeted drugs, as it allows
41 ~_ ® 7 -4 them to reach the brain, overcoming the selective barrier
S e P protecting the CNS [57].
% 6 -4 -2 0 2 4 6 8 10 12 When compared to QS inhibitors derived from
PC 1 (61.42%) other plants, such as furanones, cinnamaldehyde, garlic,

Figure 5. Distribution of PC loading values of 2-dimensional (6.a) and
3-dimensional plots of X. granatum leaf NSL with binding affinity docking
values of Lasl, LasR, and PqsR receptors, respectively.

The ability of 15 compounds to block the CYP1A2
enzyme could also stop the bioactivation of substances that
cause cancer, especially those that are aromatic or heterocyclic
amines. An amount of 34 compounds has the potential to inhibit
the slow or rapid breakdown of drugs by the CYP2C19 enzyme
[54].

Eight compounds have the potential to act as P—gp
substrates. This resistance frequently arises in several disorders
and is facilitated by multidrug transporters that aggressively
expel drugs from cells, distancing them from their target areas
[55].

The distribution of the ability to penetrate the skin layer
includes 9 compounds in the strong category, 15 compounds in
the moderate category, and 39 compounds in the weak category.
Skin permeability (Kp) indicates the rate at which a chemical
permeates the corneal layer. This value is commonly utilized to
quantitatively characterize the movement of molecules in the
outermost layer of the epidermis and to suggest the importance
of skin absorption [56].

and polyphenolic compounds, their drug-likeness varies.
Furanones, including natural furanones from Delisea pulchra
and brominated furanones, are generally small and moderately
lipophilic. Natural furanones demonstrate good drug-likeness,
while brominated furanones may face solubility challenges
due to their halogen content [58,59]. Cinnamaldehyde and
its analogues have good drug-likeness, as they are small,
lipophilic, and exhibit moderate LogP values, contributing to
favorable absorption and solubility [60]. Garlic compounds,
such as allicin and ajoene, have moderate drug-likeness,
although allicin’s instability and ajoene’s bioavailability issues
limit their potential as drug candidates despite their bioactivity
[61,62]. Polyphenolic compounds, such as baicalin hydrate and
epigallocatechin, typically exhibit poor drug-likeness due to
their large molecular size and low bioavailability [63], although
formulation strategies like nanoparticles or liposomes could
improve their effectiveness. Overall, while some compounds
demonstrate moderate drug-likeness, many would benefit from
optimization or specialized delivery systems to overcome
solubility and stability challenges [64].

Various formulation strategies, including structural
modifications,  nanoemulsion  formulations, liposomal
encapsulation, and co-administration with absorption enhancers,
are being explored to improve the solubility, stability, and
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bioavailability of these compounds. These approaches are
aimed at enhancing their effectiveness as QS inhibitors [65-67].

CONCLUSION

TLs and nonsaponifiable lipids from X. granatum leave
exhibit activity against the QSmechanisms of P. aeruginosa
bacteria. Ten potent compounds, namely Xgl7, Xgl19, Xgl13,
Xg25, Xgd2, Xgd5, Xg55, Xg58, Xg59, and Xg62, effectively
inhibit the activity of the LasR, Lasl, and PqsR enzymes. They
have potential as against resistant P. aeruginosa.
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