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ABSTRACT: Ageing is characterized by progressive deterioration of cellular function driven by extracellular matrix degradation,
chronic inflammation and dysregulated apoptosis, highlighting the need for safe bioactive compounds that target multiple ageing-
related pathways. The present study investigated the potential interactions of squalene with key molecular targets associated with
ageing using an in silico molecular docking approach. Molecular docking was performed in PyRx using the AutoDock Vina
scoring function against matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-9 (MMP-9), cyclooxygenase-2 (COX-
2), Tumour Necrosis Factor-  (TNF- ), hyaluronidase-1 (HYAL1) and B-cell lymphoma-2 (Bcl-2). Docking results were compared
with established reference inhibitors, including marimastat, diclofenac, SPD304, garcinol and disarib. Squalene exhibited predicted
binding affinities ranging from -7.4 to -8.6 kcal mol-¹, with the most favourable binding affinity observed for MMP-9 (-8.6 kcal
mol-¹), followed by COX-2 and Bcl-2 (-8.3 kcal mol-¹ each). Interaction analysis indicated that squalene predominantly formed
hydrophobic alkyl, -alkyl, -sigma and van der Waals interactions within the binding pockets of the target proteins. These
interaction profiles suggest that squalene may interact with multiple proteins involved in extracellular matrix remodelling,
inflammatory signalling and apoptotic regulation. Overall, the findings provide preliminary computational evidence supporting
the multi-target interaction potential of squalene with ageing-related proteins. However, these predictions require validation
through molecular dynamics simulations and experimental in vitro and in vivo studies.

Keywords: Amaranth, Anti-ageing, Squalene

Squalene is a 30-carbon isoprenoid molecule that
participates in the metabolic pathway leading to
sterol formation in living organisms. Owing to its
chemical structure and biological functions, it has
attracted considerable attention in pharmaceutical,
nutraceutical and cosmetic research. Commercial
production of squalene has historically depended on
marine-derived sources, particularly shark liver oil,
because of its high squalene content. However,
concerns related to marine resource depletion,
biodiversity conservation, and sustainability have
increased interest in plant-based sources as
environmentally responsible alternatives (Popa et al.,

2015).

Among plant-derived sources, amaranth seed oil is
recognized for its comparatively high squalene
content, which has attracted interest as a sustainable
alternative to animal-based sources (He et al., 2002;

He and Corke, 2003). Reported content of squalene
in amaranth oil ranges between 2.4-8%, thus
highlighting its potential utility in pharmaceutical,
nutraceutical and industrial applications (He and
Corke, 2003). In addition to its squalene content,
amaranth is recognized for its exceptional nutritional
profile, characterized by a balanced amino acid
composition, high-quality protein content, essential
minerals, and a variety of biologically active
constituents. These attributes have contributed to
its growing recognition as a functional food with
potential health-promoting benefits (Mlakar et al.,

2009).

Squalene exhibits various biological properties,
including antioxidant potential, anti-inflammatory,
anticancer, cardioprotective and immunomodulatory
activities (Smith, 2000; Huang et al., 2009). Its
highly unsaturated structure enables efficient
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An increase in TNF-  stimulates inflammatory
cytokine production and promote cellular
dysfunction (BiaBecka et al., 2025), whereas
increased COX-2 activity contributes to chronic
inflammation and degenerative conditions (Bartels
and Leenders, 2010).

Bcl-2 is an important regulator of apoptosis and
cellular survival. Ageing is often associated with
dysregulated apoptosis, leading either to excessive
cell death or the accumulation of damaged and
senescent cells. Alterations in Bcl-2-mediated
signalling can disrupt cellular homeostasis and
contribute to cancer development,
neurodegeneration and tissue dysfunction (Cory and
Adams, 2002).

The selected proteins collectively represent the three
principal biological processes underlying skin
ageing. MMP-1, MMP-9 and HYAL1 regulate
extracellular matrix degradation through collagen
and hyaluronic acid turnover, TNF-  and COX-2
mediate chronic inflammatory responses, whereas
Bcl-2 regulates apoptosis and cellular survival.
Together, these proteins encompass the major
molecular pathways responsible for structural
deterioration, inflammatory damage and loss of
cellular homeostasis during ageing (Fisher et al.,

2002; Stern and Maibach, 2008; Chung et al., 2009;
Bartels and Leenders, 2010; Cory and Adams, 2002).
Their combined evaluation therefore provides a
comprehensive framework for assessing the potential
molecular interactions of squalene across multiple
ageing-associated mechanisms.

Although the biological activities of squalene have
been extensively investigated, its molecular
interactions with proteins involved in the major
mechanisms of ageing remain unexplored. Previous
computational studies have primarily examined the
interaction of squalene with individual proteins
associated with collagen synthesis (Safaei et al.,

2024), inflammation (Luke et al., 2024), cancer
(Thirunavukkarasu et al., 2018) and in some cases,
have employed network pharmacology to predict
potential molecular targets (Jaafar et al., 2026).
However, a systematic molecular docking evaluation

scavenging of reactive oxygen species, which may
help minimize oxidative damage to cellular
macromolecules, including lipids, proteins and
nucleic acids (Warleta et al., 2011). Additionally,
squalene has been shown to improve lipid
metabolism and cellular membrane integrity, making
it highly relevant in therapeutic and cosmetic
applications.

The ageing process arises from the cumulative
effects of molecular and cellular changes that
progressively impair tissue structure and
physiological function. Oxidative imbalance,
sustained inflammation and extracellular matrix
remodelling are among the major mechanisms
underlying age-related deterioration and are closely
linked to the hallmarks of ageing (López-Otín et al.,

2013). Consequently, proteins regulating these
pathways have emerged as attractive molecular
targets for the development of anti-ageing
therapeutics.

Among these targets, Matrix Metalloproteinase-1
(MMP-1) and Matrix Metalloproteinase-9 (MMP-
9) are key enzymes involved in collagen degradation
and extracellular matrix remodelling. During ageing,
elevated levels of these enzymes can disrupt the
balance between matrix synthesis and degradation,
leading to progressive collagen loss and visible
changes in skin architecture, including reduced
firmness and wrinkle development (Fisher et al.,

2002). Hyaluronidase-1 (HYAL1) also plays an
important role in skin physiology by mediating the
breakdown of hyaluronic acid, a molecule essential
for water retention and tissue resilience. Enhanced
degradation of hyaluronic acid may compromise skin
hydration and mechanical properties, thereby
contributing to age-associated alterations in skin
appearance and function (Stern and Maibach, 2008).
Persistent, low-level inflammation is increasingly
recognized as an important contributor to the ageing
process. Among the molecules involved, Tumor
Necrosis Factor-  (TNF- ) and Cyclooxygenase-2
(COX-2) are central regulators of inflammatory
signalling and have been implicated in oxidative
stress, tissue damage and the progression of age-
related inflammatory disorders. (Chung et al., 2009).
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of squalene against multiple experimentally
validated proteins representing the principal
biological processes underlying ageing, including
extracellular matrix remodelling, inflammatory
signalling and apoptosis, remains limited. Therefore,
the present study systematically investigated the
molecular interactions of squalene with six key
ageing-related proteins, namely matrix
metalloproteinase-1 (MMP-1), matrix
metalloproteinase-9 (MMP-9), cyclooxygenase-2
(COX-2), Tumour Necrosis Factor-  (TNF- ),
hyaluronidase-1 (HYAL1) and B-cell lymphoma-2
(Bcl-2), using molecular docking analysis. By
comparing docking affinities and interaction profiles
with established reference inhibitors, this study aims
to identify potential molecular targets of squalene
and provide preliminary mechanistic insights into
the molecular basis of its reported biological
activities. The findings may contribute to
understanding the possible role of squalene as a
plant-derived bioactive compound with potential
applications in healthy ageing, while recognizing
that experimental validation is required to confirm
the computational predictions.

MATERIALS AND METHODS

Ligand preparation

The chemical structure of squalene (compound CID:
638072) was acquired from the PubChem repository
and downloaded in Structure Data File (SDF) format
(http://pubchem.ncbi.nlm.nih.gov/). The structure
was converted to Protein Data Bank (PDB) format
using Open Babel.

Target protein selection and preparation

Protein targets associated with ageing-related
pathways were selected based on literature review,
including Matrix Metalloproteinase-1 (PDB ID:
1CGL), Matrix Metalloproteinase-9 (PDB ID:
1GKC), Cyclooxygenase-2 (PDB ID:4COX), Tumor
Necrosis Factor-alpha (PDB ID: 2AZ5),
Hyaluronidase-1 (PDB ID: 2PE4) and B-cell
lymphoma 2 (PDB ID: 4MAN) (Fig. 1). The three-
dimensional structures of selected proteins were
acquired from the Protein Data Bank (http://
www.rcsb.org/pdb/). Before docking analysis,

protein structures were processed using BIOVIA
Discovery Studio Visualizer, during which
crystallographic water molecules, native ligands, and
other non-essential heteroatom entries were removed
to obtain receptor models suitable for ligand
interaction studies.

Selection of known inhibitors and preparation

To validate and compare the docking behaviour of
squalene against established ligands, known
inhibitors specific to each target protein were
selected based on previously reported
crystallographic studies and published literature. The
selected inhibitors included marimastat for Matrix
Metalloproteinase-1 and Matrix Metalloproteinase-
9 (Ile, 2007), diclofenac for Cyclooxygenase-2 (Kaur
et al., 2011), SPD304 for Tumor Necrosis Factor-
alpha (He et al., 2005), garcinol for Hyaluronidase-
1 (Thoyajakshi et al., 2024) and disarib for Bcl-2
(Manjunath et al., 2024). Three-dimensional
structures of the standard inhibitors were acquired
from the PubChem database (http://
pubchem.ncbi.nlm.nih.gov/) in the preferred SDF
format and subsequently changed into PDB format
using Open Babel integrated within the PyRx virtual
screening software.

Computational assessment using PyRx

Computational assessment was carried out using
PyRx, which integrates the AutoDock Vina
algorithm to predict ligand-protein interactions
(Trott and Olson, 2010). The search grid was
conFig.d to include the whole protein structure,
allowing unbiased identification of favourable
binding regions. The ligand structures were changed
into PDBQT format within PyRx before docking.
Docking was carried out using default
exhaustiveness parameters and the most favourable
binding conformations were selected based on the
lowest binding energy values (kcal/mol). The
resulting docked complexes were examined to
characterize ligand-protein interactions and evaluate
the nature of the binding patterns.

Visualization and interaction analysis

The binding poses obtained from docking
simulations were further analyzed in BIOVIA
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Discovery Studio Visualizer. Two-dimensional and
three-dimensional interaction plots were constructed
to examine ligand orientation within the binding
region and to identify key residues involved in
stabilizing the ligand-protein.

ADME prediction

The pharmacokinetic properties and drug-likeness
of squalene were predicted using the SwissADME
web server (http://www.swissadme.ch/) (Daina et al.,

2017). The canonical SMILES of squalene
(PubChem CID: 638072) was submitted to the server
to predict physicochemical properties, lipophilicity,
water solubility, pharmacokinetic behaviour, drug-
likeness and medicinal chemistry parameters using
the default settings.

Data Analysis

Binding affinities obtained from docking were
compared across all selected targets. Complexes
exhibiting more favourable energy scores were
considered to possess greater binding stability under
the docking conditions employed. The results were
interpreted in relation to the biological roles of the
proteins in ageing, including inflammation,
extracellular matrix degradation, metabolic
regulation and longevity signalling pathways.

RESULTS AND DISCUSSION

The docking analysis performed using the PyRx
software demonstrated that squalene interacts
favourably with target proteins with binding energies
ranging from -7.4 to -8.6 kcal/mol whereas known
inhibitors showed binding energies ranging from -
7.0 to -9.8 kcal/mol. Squalene exhibited a
predominantly hydrophobic interaction profile
characterized by alkyl, -alkyl, -sigma and van der
Waals interactions, while standard known inhibitors
primarily relied on strong hydrogen bonding and
electrostatic interactions for stable binding within
catalytic pockets.

In 1CGL (Matrix Metalloproteinase-1), squalene
lacked hydrogen-bonding interactions and was
stabilized mainly through alkyl and -alkyl
interactions involving Val215, Leu181, Pro238 and

His183, while His222 contributed via -sigma
interaction (Fig. 2. a-b). Despite the absence of polar
contacts, squalene demonstrated a comparatively
stronger binding energy (-7.9 kcal/mol) than
marimastat (-7.0 kcal/mol) (Tables 1 and 2),
suggesting that extensive hydrophobic
complementarity and conformational flexibility may
contribute to stable ligand binding despite the
absence of hydrogen-bonding interactions. In
contrast, marimastat established strong conventional
hydrogen bonds with catalytic residue His183, along
with additional carbon-hydrogen bonding with
Leu102 and Ser172, enabling precise anchoring
within the catalytic site (Fig. 2. c-d).

A similar interaction trend was observed in 1GKC
(Matrix Metalloproteinase-9), where squalene
interacted mainly through hydrophobic contacts
involving Leu418, Leu397, Val398, Leu188, His406,
His411, Arg424, Phe110, Tyr179, Tyr423 and His
401, contributing via alkyl, -alkyl and -sigma (Fig.
3. a-b). Although the interaction mechanism differed
substantially, squalene exhibited strong binding
energy (-8.6 kcal/mol) compared with marimastat (-
7.3 kcal/mol) (Tables 1 and 2). This finding
suggested that the structure of squalene is highly
compatible with the deep hydrophobic cavity of
1GKC, suggesting that the molecular shape of
squalene is compatible with the hydrophobic cavity
of MMP-9 and may facilitate stable occupancy of
the binding pocket. However, whether this
interaction interferes with substrate binding requires
experimental verification. Conversely, marimastat
formed multiple conventional hydrogen bonds with
Pro421, Leu188, Ala189 and Glu402, indicating
strong catalytic-site occupancy (Fig. 3. c-d).

In 4COX (Cyclooxygenase-2), squalene binding was
dominated by hydrophobic interactions involving
Tyr385, Trp387, Val523, Leu531, Leu352, Tyr355,
Val116, Leu359, Leu123, Ala527, Val89 and Tyr115,
which contributed through alkyl and -alkyl
interactions (Fig. 4. a-b). In contrast, diclofenac
established strong hydrogen bonds with Gln461,
Asn39 and Cys41, alongside -alkyl interactions
with Lys468 and Arg469 (Fig. 4. c-d). Interestingly,
squalene demonstrated more favourable binding
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energy with 4COX (-8.3 kcal/mol) compared to
diclofenac (-8.0 kcal/mol) (Tables 1 and 2). The
favourable docking score suggests that hydrophobic
interactions may contribute to stable association of
squalene within the COX-2 binding cavity.

For 4MAN (B-cell lymphoma 2), squalene interacted
primarily through alkyl and -alkyl interactions
involving Arg143, Val145, Ala97, Ala146, Leu134,
Val130, Met112, Val153, Tyr105, Phe101, Phe195
and Phe109 (Fig. 5. a-b). However, the standard
inhibitor displayed a highly stabilized binding
orientation mediated through -  stacking, -anion
and hydrophobic interactions within the BH3-
binding groove (Fig. 5. c-d). Although its binding
energy for squalene (-8.3) was less favourable than
the standard inhibitor disarib (-9.8) (Tables 1 and
2), the stable occupancy of the hydrophobic groove
suggests that squalene may allow squalene to occupy
the hydrophobic groove of Bcl-2; however, whether
this interaction influences anti-apoptotic protein-
protein interactions requires further biochemical
investigation.

In 2AZ5 Tumor Necrosis Factor-  (TNF- ), both
SPD304 and squalene demonstrated predominantly
hydrophobic interaction patterns. SPD304 exhibited
a binding energy of -8.6 kcal/mol for TNF-alpha,
while squalene showed stable interaction at -7.7 kcal/
mol (Tables 1 and 2). However, SPD304 exhibited
a more compact and structurally optimized
interaction network specifically adapted for
disruption of the TNF-  trimeric interface (Fig. 6.
c-d). Squalene, in comparison, interacted through
broader alkyl and À-alkyl contacts involving Tyr119,
Tyr59, Leu57, Leu31 and Ile155, while Try119,
Tyr59 contributed through À-sigma interaction (Fig.
6. a-b), suggesting a comparatively less specific but
energetically favourable binding mode within the
hydrophobic cavity.

In 2PE4 (Hyaluronidase-1), garcinol and squalene
both exhibited binding energy of -7.4 kcal/mol
(Tables 1 and 2). Squalene interacted predominantly
through hydrophobic alkyl, -alkyl and -sigma
interactions involving residues such as Trp321,
Tyr286, Tyr202, Tyr147, Val127, Ile73, Ala132,

Pro87 and Ile146, while Tyr84 contributed through
-sigma interaction (Fig. 7 a-b).  The standard

inhibitor garcinol exhibited stabilized binding
orientation mediated predominantly through
conventional hydrogen bonding, -donor hydrogen
bonding, -  T-shaped interaction and van der Waals
interactions. Conventional hydrogen bonds are
observed with Ser245, Tyr210, Tyr247, Tyr261 and
Asp292 (Fig. 7. c-d).

Swiss ADME analysis revealed that squalene
possesses a molecular weight of 410.72 g mol-¹, 15
rotatable bonds, no hydrogen-bond donors or
acceptors and a topological polar surface area of 0.00
Å². The compound exhibited very high lipophilicity,
with a consensus log P value of 10.13. Water-
solubility models classified squalene as poorly
soluble or insoluble, with predicted log S values
ranging from -7.48 to -11.57. Pharmacokinetic
assessment predicted low gastrointestinal
absorption, absence of blood-brain barrier
permeation and recognition as a P-glycoprotein
substrate. Squalene satisfied the Lipinski criterion
with one violation related to excessive lipophilicity
but failed the Ghose, Veber, Egan and Muegge filters.
The compound showed a bioavailability score of
0.55, no PAINS alerts and one Brenk alert associated
with isolated alkene groups.

The observed interactions of squalene with 1CGL
(Matrix Metalloproteinase-1) and 1GKC (Matrix
Metalloproteinase-9) were particularly significant
because these metalloproteinases play major roles
in collagen degradation, wrinkle formation and
photoageing (Pittayapruek et al., 2016). Similarly,
interaction with 2AZ5 (Tumor Necrosis Factor-
alpha) and 4COX (Cyclooxygenase-2) suggested
possible anti-inflammatory activity of squalene, as
these proteins are critically involved in oxidative
stress-mediated inflammation and inflammageing
(Franceschi et al., 2018; Lee et al., 2003). The
interaction with 2PE4 (Hyaluronidase-1) may
contribute to preservation of hyaluronic acid-
mediated skin hydration and elasticity
(Papakonstantinou et al., 2012), whereas binding
with 4MAN (B-cell lymphoma 2) indicated possible
regulation of apoptosis pathways associated with
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Table 1: Molecular docking interaction profile of squalene with selected ageing-associated target proteins, including binding

affinities, major interacting residues, interaction types and bond lengths obtained through docking analysis

Target Protein Ligand Binding energies Major Interacting Residues Bond Bond
(PDB ID) (kcal/mol) Type Length (Å)

MMP-1 (1CGL) -7.9 Val215, Leu181, Pro238, His183 Alkyl / -alkyl 3.62-5.22
His222 -sigma 4.43

MMP-9 (1GKC) -8.6 Leu418, Leu397, Val398, Leu188, Alkyl / -alkyl 3.89-5.45
His406, His411, Arg424, Phe110,

Tyr179, Tyr423
His401 -sigma 4.80

COX-2 (4COX) Squalene -8.3 Tyr385, Trp387, Val523, Leu531, Alkyl / -alkyl 3.74-5.48
Leu352, Tyr355, Val116, Leu359,
Leu123, Ala527, Val89, Tyr115

Bcl-2 (4MAN) -8.3 Arg143, Val145, Ala97, Ala146, Alkyl / -alkyl 3.58-5.23
Leu134, Val130, Met112, Val153,
Tyr105, Phe101, Phe195, Phe109

Tyr199 -sigma 3.54
TNF-  (2AZ5) -7.7 Tyr119, Tyr59, Leu57, Leu31, Ile155 Alkyl / -alkyl 3.52-5.02

Try119, Tyr59 -sigma 3.71, 3.52
HYAL1 (2PE4) -7.4 Trp321, Tyr202, Tyr286, Val127, Ile73, Alkyl / -alkyl 3.55-5.37

Ala132, Pro87, Ile146, Tyr147
Tyr84 -sigma 3.66

Table 2: Molecular docking interaction profile of known inhibitors with selected ageing-associated target proteins, including

binding affinities, major interacting residues, interaction types and bond lengths obtained through docking analysis

Target Protein Known Binding Affinity Major Interacting Residues Bond Bond
(PDB ID) Inhibitor (kcal/mol) Type Length (Å)

MMP-1 (1CGL) Marimastat -7.0 His183 Conventional H-bond 2.73, 3.62
Leu102, Ser172 Carbon-H bond 3.43, 3.62

His222 -sigma 381, 3.79
Pro238 -alkyl / alkyl 4.89

MMP-9 (1GKC) Marimastat -7.3 Pro421, Leu188, Ala189, Glu402 Conventional H-bond 2.14-2.94
Leu187, Val398 Alkyl / -alkyl 5.44, 4.59

His401 -sigma 3.66
COX-2 (4COX) Diclofenac -8.0 Gln461, Asn39, Cys41 Conventional H-bond 2.39-2.90

Lys468, Arg469 -alkyl 5.26-5.27
Leu152 -sigma 3.97

Bcl-2 (4MAN) Disarib -9.8 Phe101, Tyr105 -  T-shaped 4.92-5.22
Asp108 -anion 3.57-4.00

Ala146, Val130 Alkyl / -alkyl 4.15-4.74
Met112 -sigma 4.15, 3.92

TNF-  (2AZ5) SPD304 -8.6 Tyr59, Tyr151 -alkyl 4.05-5.43
HYAL1 (2PE4) Garcinol -7.4 Ser245, Tyr210, Tyr247, Conventional H-bond 1.89-3.02

Tyr261, Asp292

cellular senescence (Cory and Adams, 2002; Bai and
Cantó, 2012). The computational findings of the
present study are consistent with previous
experimental observations reporting antioxidant,
anti-inflammatory and collagen-protective effects of
squalene, decreased MMP-1 levels accompanied by
increased Col1A1 expression following squalene
treatment (Yan et alìí 2025). Experimental evidence

also indicated that squalene can reduce the activity
of several proteins involved in inflammation and
extracellular matrix degradation, including MMP-
1, MMP-9, TNF-  and COX-2 (Cárdeno et al.,

(2015). These effects were associated with
alterations in NF- B- and MAPK-mediated cellular
signalling mechanisms. Furthermore, oral
supplementation of squalene has been shown to
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Fig. 1: 3D structures of target protein molecules. (a): Metalloproteinase-1 (PDB ID: 1CGL), (b): Matrix Metalloproteinase-

9 (PDB ID: 1GKC), (c): Cyclooxygenase-2 (PDB ID:4COX), (d): B-cell lymphoma 2 (PDB ID: 4MAN), (e): Tumor Necrosis

Factor-alpha (PDB ID: 2AZ5), (f): Hyaluronidase-1 (PDB ID: 2PE4)

Fig. 2: Two-dimensional (2D) molecular interaction maps and three-dimensional (3D) binding poses of squalene and the

reference inhibitor marimastat within the binding pocket of matrix metalloproteinase-1 (MMP-1; PDB ID: 1CGL). (a)

and (b) represent the 2D interaction map and 3D binding pose of squalene, while (c) and (d) represent those of marimastat.

The interaction maps identify the amino acid residues participating in ligand binding and corresponding interactions,

whereas the 3D structures illustrate the spatial orientation of the ligands within the binding cavity. The Fig. facilitates

comparison of the binding modes and interaction profiles of squalene and marimastat with MMP-1
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Fig. 3: Two-dimensional (2D) molecular interaction maps and three-dimensional (3D) binding poses of squalene and the

reference inhibitor marimastat within the binding pocket of matrix metalloproteinase-9 (MMP-9; PDB ID: 1GKC). (a)

and (b) represent the 2D interaction map and 3D binding pose of squalene, while (c) and (d) represent those of marimastat.

The interaction maps identify the amino acid residues participating in ligand binding and corresponding interactions,

whereas the 3D structures illustrate the spatial orientation of the ligands within the binding cavity. The Fig. facilitates

comparison of the binding modes and interaction profiles of squalene and marimastat with MMP-9

Fig. 4: Two-dimensional (2D) molecular interaction maps and three-dimensional (3D) binding poses of squalene and the

reference inhibitor diclofenac within the binding pocket of cyclooxygenase-2 (COX-2; PDB ID: 4COX). (a) and (b) represent

the 2D interaction map and 3D binding pose of squalene, while (c) and (d) represent those of diclofenac. The interaction

maps identify the amino acid residues participating in ligand binding and corresponding interactions, whereas the 3D

structures illustrate the spatial orientation of the ligands within the binding cavity. The Fig. facilitates comparison of the

binding modes and interaction profiles of squalene and diclofenac with COX-2
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Fig. 5: Two-dimensional (2D) molecular interaction maps and three-dimensional (3D) binding poses of squalene and the

reference inhibitor disarib within the binding pocket of B-cell lymphoma-2 (Bcl-2; PDB ID: 4MAN). (a) and (b) represent

the 2D interaction map and 3D binding pose of squalene, while (c) and (d) represent those of disarib. The interaction maps

identify the amino acid residues participating in ligand binding and corresponding interactions, whereas the 3D structures

illustrate the spatial orientation of the ligands within the binding cavity. The Fig. facilitates comparison of the binding

modes and interaction profiles of squalene and disarib with Bcl-2

Fig. 6: Two-dimensional (2D) molecular interaction maps and three-dimensional (3D) binding poses of squalene and the

reference inhibitor SPD304 within the binding pocket of tumour necrosis factor-alpha (TNF- ; PDB ID: 2AZ5). (a) and

(b) represent the 2D interaction map and 3D binding pose of squalene, while (c) and (d) represent those of SPD304. The

interaction maps identify the amino acid residues participating in ligand binding and corresponding interactions, whereas

the 3D structures illustrate the spatial orientation of the ligands within the binding cavity. The Fig. facilitates comparison

of the binding modes and interaction profiles of squalene and SPD304 with TNF-
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increase type I procollagen synthesis and reduce UV-
induced photoageing and DNA damage in human
skin (Cho et al., 2009). Squalene possesses strong
antioxidant properties that protect against oxidative
stress-mediated cellular damage associated with
ageing and photoageing (Micera et al., 2020). It has
been reported that squalene and its derivatives reduce
oxidative stress, inhibit inflammatory mediators,
enhance collagen biosynthesis and suppress MMP-
1 expression in dermal fibroblasts exposed to UV
radiation (Kostyuk et al., 2012). These experimental
observations are consistent with the favourable
binding interactions predicted in the present docking
analysis. Nevertheless, molecular docking alone
cannot establish enzyme inhibition or biological
efficacy and additional biochemical, cellular and in
vivo studies are required to validate the predicted
ligand-protein interactions.

CONCLUSION

The present study demonstrated that squalene
exhibits favourable predicted interactions with
multiple ageing-related molecular targets, including
MMP-1, MMP-9, COX-2, TNF- , HYAL1 and Bcl-
2, thereby showing its potential multi-target binding
through molecular docking. Squalene predominantly
interacted through hydrophobic alkyl, -alkyl,

-sigma and van der Waals interactions within
hydrophobic regions of the target proteins and
exhibited binding affinities comparable to reference
inhibitors, particularly against MMP-1, MMP-9 and
COX-2. These findings suggest that the highly
lipophilic structure of squalene is compatible with
hydrophobic binding pockets and may facilitate
stable protein-ligand interactions associated with
extracellular matrix remodelling, inflammatory

Fig. 7: Two-dimensional (2D) molecular interaction maps and three-dimensional (3D) binding poses of squalene and the

reference inhibitor garcinol within the binding pocket of hyaluronidase-1 (HYAL1; PDB ID: 2PE4). (a) and (b) represent

the 2D interaction map and 3D binding pose of squalene, while (c) and (d) represent those of garcinol. The interaction

maps identify the amino acid residues participating in ligand binding and corresponding interactions, whereas the 3D

structures illustrate the spatial orientation of the ligands within the binding cavity. The Fig. facilitates comparison of the

binding modes and interaction profiles of squalene and garcinol with HYAL1
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signalling and apoptotic regulation. The study
provides preliminary computational evidence
supporting the potential of squalene as a multi-target
bioactive compound for anti-ageing research and
offers a basis for future structure-based
investigations. However, molecular docking alone
cannot establish biological activity or therapeutic
efficacy. Therefore, molecular dynamics simulations
together with in vitro and in vivo studies are required
to validate the stability, specificity and physiological
relevance of the predicted interactions.
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