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Abstract: Muntingia calabura L. has been reported to possess diverse pharmacological effects, with
flavonoid derivatives recognized as the main bioactive constituents. This study aimed to identify
flavonoids from M. calabura fruit extract and to explore their pharmacological potential as anti-aging
agents targeting key proteins through a network pharmacology approach and in silico analyses. The
research was conducted in several stages, including maceration extraction and identification of
flavonoid compounds from the ethanol extract of M. calabura fruit. The identified compounds were
subsequently evaluated for physicochemical properties and skin permeability using web-based tools.
Compounds meeting these criteria were further analyzed through network pharmacology, molecular
docking, and molecular dynamics simulations. A total of 41 compounds were identified, including 36
flavonoid derivatives. Among them, 6-hydroxy-7-methoxy-2-(2-phenylethyl)-chromone (compound
16) demonstrated strong multi-target interactions with aging-related proteins, including collagenase,
gelatinase, elastase, and tyrosinase. Physicochemical and skin permeability evaluations indicated that
38 compounds were suitable for further analysis, while network pharmacology linked 19 compounds to
aging-related proteins, particularly matrix metalloproteinases (MMPs) and tyrosinase (TYR). Docking
studies revealed that compound 16 exhibited binding affinities of —8.65 kcal/mol (collagenase), —8.91
kcal/mol (gelatinase), —7.26 kcal/mol (elastase), and —1.31 kcal/mol (tyrosinase). Molecular dynamics
simulations confirmed the stability of these interactions. Collectively, these findings suggest that the
ethanol extract of M. calabura fruit may exert anti-aging effects, supported by the presence of stable,
multi-target flavonoid derivatives, making it a promising candidate for further research and
development.

Keywords: anti-aging; homoisoflavonoid; iMODS; Jamaican cherry; matrix metalloproteinases;
molecular docking; molecular dynamics; network pharmacology.
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1. Introduction

Skin aging is a natural process influenced by various intrinsic and extrinsic factors.
Over time, the skin undergoes structural and functional changes, leading to visible signs such
as wrinkles, fine lines, and loss of elasticity [1]. The molecular mechanisms of skin aging
through enzyme inhibition pathways can generally occur through several pathways, including
Matrix Metalloproteinase (MMP), Elastase, tyrosinase, and Hyaluronidase [2]. The enzymatic
pathway is one of the aging targets modulated by the accumulation of increased Reactive
Oxygen Species (ROS), which activates the mitogen-activated protein kinase (MAPK)
pathway. This pathway will affect regulatory proteins, namely Transforming Growth Factor
Beta (TGF-B) and Activator Protein 1 (AP-1). TGF-B induces tissue formation in the
extracellular matrix, such as collagen and elastin. Meanwhile, AP-1 works by degrading
extracellular matrix proteins, damaging collagen and elastin tissue, which, over time, can cause
premature skin aging. AP-1 will induce the activity of skin-degrading enzymes such as
collagenase, gelatinase, elastase, and hyaluronidase [2—5]

Collagenase proteins, especially matrix metalloproteinase-1 (MMP-1), and gelatinase
proteins, such as matrix metalloproteinase-9 (MMP-9), play an essential role in the degradation
of collagen and other components of the extracellular matrix in the skin. Increased MMP
activity can lead to loss of skin firmness, increased wrinkles, and decreased elasticity [6].
MMP-1 protein, in particular, is responsible for destroying fibrillar collagen fibers, such as
type I and type III, which maintain the structural integrity and elasticity of the skin. MMP-9
also contributes to the degradation of gelatin, type IV collagen, and other components of the
extracellular matrix [7]. Increased gelatinase activity can result in fragmentation of the
extracellular matrix, the skin's inability to maintain structural strength, and increased risk of
wrinkles and skin sagging [5,8].

The same thing also happens to elastin tissue. Elastase degradation occurs due to the
overexpression of other skin-degrading enzymes, such as elastase. Elastase activity increases
with age by degrading elastin tissue in the dermis, which causes a decrease in the skin's elastic
properties and an increase in the expression of matrix metalloproteinases (MMPs) due to UV
rays that damage elastin tissue and accelerate the skin aging process [9-11]. Hyaluronidase
degrades hyaluronic acid, thereby impairing hydration, firmness, and skin elasticity and,
consequently, accelerating the development of wrinkles and other aging-related manifestations.
Exposure to external factors of UV rays also increases hyaluronidase activity [12].

Beyond its biological dimension, skin aging represents a major public health and
socioeconomic concern. Demographic projections indicate that the proportion of the global
population aged 60 years and above will nearly double from 12% in 2015 to 22% by 2050.
This demographic shift is accompanied by reduced quality of life and heightened demand for
effective interventions. In parallel, the global anti-aging skincare market exceeded USD 60
billion in 2022 and is projected to surpass USD 90 billion by 2030, underscoring the urgency
of identifying safe, natural, and scientifically validated anti-aging agents [13,14].

The production of various active ingredients that can be used as anti-aging agents must
be explored comprehensively. The primary approach is to develop abundant natural resources
to serve as effective raw material candidates for anti-aging. One plant that can be utilized is the
Kersen (Muntingia calabura L.) plant. Muntingia calabura, commonly referred to as Kersen
in Indonesia, is a tropical tree species that has a rich history of use in traditional medicine across
various countries [15,16]. Previous research has demonstrated the pharmacological properties
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of M. calabura, particularly its fruit, which shows promising anti-aging and antioxidant
capabilities. The study suggests that M. calabura fruit may function as an anti-aging agent by
reducing oxidative stress or through enzymatic pathways [17-19]. These results provide a
foundation for further investigation into specific chemical components, thereby shedding light
on the potential mechanisms of action of M. calabura fruit.

However, systematic investigations into its secondary metabolites, particularly
flavonoids, remain limited. While compounds such as rutin and quercetin have been identified
in related species, the specific flavonoid composition of M. calabura fruit extract has not been
comprehensively reported. Moreover, most existing studies focus on broad antioxidant
outcomes without elucidating the molecular mechanisms underlying these effects, such as
modulation of ROS-scavenging enzymes, regulation of collagen-degrading matrix
metalloproteinases (MMPs), or activation of signaling pathways linked to skin aging [19]. This
gap underscores the need to target the exploration of unreported flavonoid constituents and
their mechanistic roles in anti-aging activity. By characterizing the flavonoid profile of M.
calabura fruit extract and investigating its potential pathways of action, this study provides
novel insights into the bioactive compounds responsible for its pharmacological benefits.

In this study, ethanol was selected as the extraction solvent due to its broad polarity
range, safety profile, and ability to solubilize diverse phytochemicals, including both polar and
moderately non-polar compounds. Although Nur ef al. reported that the ethyl acetate fraction
of M. calabura exhibited slightly higher antioxidant activity than the ethanol extract, the
difference was not statistically significant [17]. Moreover, ethanol extraction reported higher
yields, ensuring broader recovery of phytochemicals and greater feasibility for
pharmacological exploration [17,19]. This rationale supports the use of ethanol to obtain a
comprehensive representation of the fruit’s phytochemical diversity, enabling identification of
multiple bioactive compounds that may act synergistically in multitarget mechanisms relevant
to skin aging. Thus, ethanol complements previous findings by providing a holistic extract
suitable for advanced analyses such as network pharmacology, molecular docking, and
molecular dynamics.

Despite previous reports on the antioxidant and anti-aging potential of M. calabura
fruit, most studies have focused on general bioactivity rather than detailed characterization of
its secondary metabolites. Specific flavonoid derivatives remain underexplored, and their
molecular pathways—particularly multitarget interactions with collagenase, gelatinase,
elastase, and tyrosinase—are not yet elucidated. This study, therefore, addresses a critical
research gap by systematically identifying flavonoid derivatives from M. calabura fruit extract
and integrating computational approaches to clarify their mechanisms of action. Furthermore,
this multi-component strategy aligns with a new drug discovery paradigm that emphasizes
safety, low toxicity, and therapeutic benefits, reinforcing the relevance of M. calabura as a
potential anti-aging agent.

2. Materials and Methods

2.1. Materials.

The part of the M. calabura plant used in this study was a ripe greenish-red fruit
collected from the Biringkanaya District in Makassar City, South Sulawesi, Indonesia (-
5.11312, 119.513806). The sample was characterized in the Pharmaceutical Biology
Laboratory at Almarisah Madani University to evaluate the clarity of the plant species. It was
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identified as Kersen fruit from the Muntingiaceae family, classified as Muntingia calabura L.,
with the specimen number 0528/U/B/2023.

2.2. Preparation of dried samples of M. calabura fruit.

The M. calabura fruit was wet sorted to remove impurities or other unwanted materials.
Additionally, it was washed with running water to eliminate any impurities attached to the fruit.
Next, it was chopped into small pieces to optimize the drying process and then dried in an oven
at 40°C. Dry sorting was performed after drying, followed by smoothing and sieving with a
mesh size of 40, after which the weight of the dried sample was recorded [20].

2.3. Extract preparation.

The dry powder of M. calabura fruit was then macerated using a 70% ethanol solvent
at a ratio of 1:10. The dry powder was placed into a maceration vessel, wetted for 30 minutes,
and then the remaining solvent was added until all the dry samples were submerged. The vessel
was then covered and soaked for 24 hours, stirring every 6 to 12 hours. The filtrate and residue
were separated on filter paper, and the resulting separation was then concentrated and
evaporatedsing a rotary evaporator [20,21].

2.4. Secondary metabolite profile by LC/MS-QTOF analysis.

Compounds from M. calabura fruit extract were predicted using the LC/MS-QTOF
method. This analysis followed the procedure outlined by Qiao et al. [22]. Liquid
Chromatography was linked to Mass Spectrometry Q-TOF, which was equipped with an
Electrospray lonization (ESI) source. LC/MS-QTOF was employed to acquire all metabolite
fingerprints from the sample. In ESI mode, the full scan was configured for m/z from 50 to
1200 Da. Separation occurred at a temperature of 40°C on a C18 Aquity UPLC HSS T3 100A
2.1 mm % 100 mm, 1.8 um column, with a mobile phase consisting of (A) 10:90 (v/v) formic
acid/acetonitrile (ACN) and (B) 10:90 (v/v) formic acid/aquabidestillata. The selection of these
solvent systems was intended to optimize ionization efficiency and chromatographic separation
of diverse phytochemicals. Formic acid was included to enhance protonation and improve peak
resolution, while acetonitrile and aquabidestillata provided complementary polarity ranges to
ensure broader metabolite coverage. The sample extract was filtered through a 0.22 pum
GHP/PTFE membrane filter and transferred to a specialized vial. The injection volume was 10
uL, the flow rate was set at 0.6 mL/min, and the autosampler temperature was kept at 15°C.
Mass spectrometry functioned in positive (+) and negative (—) electrospray ionization (ESI)
modes. Secondary metabolite screening included profiling, identification, and confirmation
using a QTOF mass spectrometer from Waters, specifically the Xevo G2-S QTOF-MS/MS.
Additionally, identification was accomplished using the mass spectrum database of organic
compounds in the UNIFI Scientific Information System data library [11].

2.5. In silico prediction of physicochemical properties, skin permeability, and topical toxicity
of identified compounds.

Physicochemical values were calculated according to Lipinski's rule, which includes
molecular weight, log P, hydrogen bond donors, hydrogen bond acceptors, and molar refraction
using the HyperChem Professional® v.8.00 software package and the SwissADME web tool
(http://www.swissadme.ch/). Skin permeability predictions were made using Web Tools from
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PreADMET 2.0 [23]. Meanwhile, toxicity predictions were performed using Web Tools from
ADMET]ab 3.0 (http://scbdd.com/) with Eye Irritation and Skin Sensitization parameters, and
admetSAR 3.0 (https://lmmd.ecust.edu.cn/admetsar3/resource.php) for Skin Irritation
parameters [24].

2.6. Network pharmacology analysis.

Compounds successfully identified from LC/MS-QTOF exhibit favorable in silico
physicochemical properties. Therefore, an identification search was conducted, and the SDF
file for the compound was downloaded from PubChem. The target protein for the compound
was then located using bindingdb.com. After identifying the target, the next step is to obtain
information on the gene and its associated disease via disgenet.org. The gene pathway can be
examined using the KEGG pathway, and subsequent construction can be accomplished through
the Cytoscape network of the gene compound and its pathway [25].

2.7. Docking molecular analysis.
2.7.1. Ligand structure preparation.

Ligand preparation begins with creating a 2D structure using the ChemDraw Ultra 8.0
program within the ChemOftfice v.8.0 package, followed by the construction of a 3D ligand
structure using Chem3D v.8.0, also part of the ChemOffice v.8.0 package, and saved in (.mol)
file format. The 3D structure was subsequently geometry-optimized using the HyperChem
8.0.10 software package. Geometry optimization was performed by adding hydrogen atoms
and constructing a model, followed by semi-empirical calculations using the AM1 force field
in the HyperChem 8.0.10 program package, with an RMS gradient value of 0.001. The
optimized ligand structure was then analyzed for its molecular properties and saved in a (.hin)
file format, which is subsequently converted into a (.pdb) file format using the ArgusLab v4.0.1
program package for further use in the AutoDock Tools v1.5.7 program package. Using the
AutoDock Tools v1.5.7 program package, the ligand compound was assigned all hydrogen
bonds. Then, the Compute Gasteiger and Merge Non-Polar Hydrogens options were selected,
and the file was saved in (.pdbq) format. This is followed by Torsion input, which specifies the
number of torsions, selects the fewest atoms, and saves the result in (.pdbqt) format [26,27].

2.7.2. Molecule target preparation.

The 3D structures of each protein—Collagenase, Gelatinase, Elastase, and tyrosinase—
were displayed as ligands in the BIOVIA Discovery Studio Visualizer v24.1.0.23298 program,
used for visualizing molecular docking results. Among the target proteins, Collagenase,
Gelatinase, and tyrosinase are dimers consisting of Chain A and Chain B. For the same
sequence and chain, Chain A was selected and further prepared using AutoDock Tools v1.5.7,
whereas Elastase consists of only one chain (Chain A). To conduct molecular docking studies
on the selected structure, water molecules were first removed, and the native ligand was saved
in a (.pdb) file, which was treated as a receptor. Next, polar hydrogen atoms were added to the
structural protein, and the four zinc ions (Zn**) and three calcium ions (Ca®") were removed
from the Collagenase protein complex. In comparison, the four calcium ions (Ca*") and two
zinc ions (Zn*") were removed from the Gelatinase protein complex. The partial charges of
each atom for both proteins were calculated using the Kollman algorithm, which is included in
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the AutoDock Tools v1.5.7 program package. Then, the Chain A structure was saved in a .pdbqt
format file [26-28].

2.7.3. Docking simulation.

Docking was performed using the AutoDock Tools v1.5.7 program. The grid was
created with dimensions and coordinates corresponding to the grid box (X, y, z) for each target
protein, encompassing all amino acid residues involved in ligand binding. This grid was
established at the location of the bound ligand structure. Information regarding the target
protein and grid dimensions was then stored in a (.gpf) format file. The electrostatic potential
map and calculation results were saved in a (.glg) format file. Next, the docking tool was
selected, and the Lamarckian Algorithm was used to save the results in a (.dpf) format file. The
docking simulation results were stored in a (.dlg) format. The evaluation parameters include
ligand structure orientation, hydrogen-bonding interactions, free energy values, and inhibition
constants from the molecular dockingf each ligand [26-28].

2.8. Molecular dynamic simulation by the iMODS server.

Molecular dynamics (MD) analysis using the Integrated Modeling of Dynamic Systems
(IMOD) server is a way to study molecular motion and interactions over time [29,30]. The
steps in molecular dynamics analysis using iMOD include preparing the ligand-protein
complex from the previous optimization and docking analysis. The ligand-protein complex was
saved as a file (.pdb). It was then uploaded to the website https://imods.iqfr.csic.es/. Next, the
simulation parameters were configured, including root mean square fluctuation (RMSF) using
https://biocomp.chem.uw.edu.pl/CABSflex2 and the parameters of deformability against index
atoms, B-factor against index atoms, index residue matrix, eigenvalue against index mode, and
percentage of variance against index mode were visualized by https://imods.iqfr.csic.es/. After
setting all parameters, the simulation was run. The iMOD server performs the calculations in
the background, and then the analysis results can be viewed [31].

3. Results and Discussion

3.1. Phytochemical analysis.

The secondary metabolic content of M. calabura fruit extract was analyzed using the
LC/MS-QTOF method. Figure 1 shows a chromatogram of the successfully identified
compounds. Based on confirmation results for its chemical structure (Mass Candidate) in the
UNIFTI database, 41 compounds have been identified in M. calabura fruit extract, as shown in
Table 1.
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Figure 1. LC/MS-QTOF Spectrum of M. calabura fruit ethanol extract, integrated spectrum in (a) ESI
positive (+) mode; (b) ESI negative (-) mode. The chemical compound names are listed in the order presented

in Table 1.

Table 1. Chemical compounds, molecular weight, and group compounds prediction of the ethanolic extract of

M. calabura fruit.

Comp. Compounds Observed | Molecular |Ionization| Compounds Class of
code P RT (min) | weight (Da) (m/z) group compounds
| 1,5-Dihydroxy-2,3,4,7- 11.39 349.0907 | M+H | Flavonoid Xanthone
tetramethoxyxanthone
2 2,5-Dimethyl-1,4-benzoquinone 10.22 137.0589 M-H Quinoids Quinoids
2,5,7-Trihydroxy-6,8-dimethyl-3-
3 (3',4'-methylenedioxybenzyl) chroman- 16.53 359.1125 M+H Flavonoid homoisoflavonoid
4-one
4 2,5,7-Trihydroxy-6,8-dimethyl-3-(4- 13.49 345.1335 M+H Flavonoid | Homoisoflavonoid
methoxybenzyl) chroman-4-one
5 2"-O-Feruloylaloesin 9.66 569.1639 M-H Phenolic Phenolic
2'-Hydroxy-4',6'- .
6 dimethoxydihydrochalcone 12.2 287.1276 M+H Flavonoid Chalcone
7 Z7-Dihydroxy-4',5'- 14.87 315.085 M+H Flavonoid Isoflavonoid
dimethoxyisoflavone
3,8-Dihydroxy-4,10-dimethoxy-7-oxo-
8 [2] benzopyrano[4,3-b] [1]benzopyran- 16.68 343.0811 M-+H Flavonoid Xanthone
7-(5H)-one
9 3,5 p-Trihydroxy-3,4.4',a- 11.54 375.1054 M-H Flavonoid Chalcone
tetramethoxychalcone
10 3’-O-Angeloylhamaudol 13.28 359.1487 M+H Flavonoid Pyranochromenes
11 4',5,6,7-Tetramethoxy-flavone 12.13 341.1039 M+H Flavonoid Flavon
5-Hydroxy-7,8-dimethoxy-6-methyl-3- . . .
12 (3' 4-dihydroxybenzyl) chroman-4-one 15.6 361.1281 M-+H Flavonoid Homoisoflavonoid
5,7-Dihydroxy-6-methoxyl-8-methyl-
13 3-(2',4'-dihydroxybenzyl) chroman-4- 13.57 347.1126 M-+H Flavonoid Homoisoflavonoid
one
14 5,7,4'-Trimethoxyflavone 12.8 313.1059 M+H Flavonoid Flavon
j5 | 37,83 Tetrahydroxy-3,4-dimethoxy | 5 s 347.0751 M+H | Flavonoid Flavon
flavone
16 6-Hydroxy-7-methoxy-2-(2- 10.04 297.112 M+H Flavonoid Chromone
phenylethyl) chromone
17 6-Methoxy-2-[2-(3'-methoxyphenyl) 9.48 311.1279 M+H Flavonoid Chromone
ethyl] chromone
18 Aloeresin A 8.1 539.1559 M-H Flavonoid Cinnamate ester
19 Amaranthin 13.3 725.1698 M-H Alkaloid Alkaloid
20 Bavachromene 16.04 323.1272 M+H Flavonoid Chalcone
21 Dichotomitin 15.77 357.0606 M-H Flavonoid Homoisoflavonoid
22 Eupatin 14.11 359.0762 M-H Flavonoid Flavon
23 Gentianamine 1.65 204.0656 M-H Alkaloid Alkaloid
24 | Hispidulin 7-(6-E-p-coumaroyl-B-D- 12.19 607.143 MH | Flavonoid Flavon
glucopyranoside)
25 Isoneobavachalcone 15.42 299.0909 M+H Flavonoid Chalcone
26 Kaempferol 10.92 287.0541 M+H Flavonoid Flavonol
27 Leachianone G 14.61 357.1328 M+H Flavonoid Flavanone
28 Licoflavone A 13.86 323.1277 M+H Flavonoid Flavon
29 Mahuannin A 0.90 543.1328 M+H Flavonoid Flavanols
30 Maltol 2.51 127.0386 M+H - -
31 Methyl ophiopogonone A 9.08 341.1016 M+H Flavonoid Homoisoflavonois
32 Morin 9.94 303.0497 M+H Flavonoid Flavonol
https://biointerfaceresearch.com/ 7 of 32
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Comp. Compounds Observed | Molecular |Ionization| Compounds Class of
code RT (min) | weight (Da) (m/z) group compounds
33 Myricetin 8.25 319.0437 M-+H Flavonoid Flavonol
34 Nevadensin-5-O-3-D-glucoside 10.48 507.1488 M+H Flavonoid Flavon
35 Nobiletin 8.7 403.1357 M+H Flavonoid Flavon
36 Ophiopogonanone B 6.60 315.1223 M+H Flavonoid Homoisoflavonoid

37 Pelargonidin 3-glucoside 6.45 467.072 M-H Flavonoid Antosianin

38 Procyanidin B2 gallate 13.52 881.1567 M-H Flavonoid Flavanols

39 Q“ercetagetm'gigj’4"t°tram°thy1 11.39 373.0905 M-H Flavonoid Flavonols

40 Quercetin-3-O-glucuronide 6'- 16.46 491.0836 M-H Flavonoid Flavon
methylester

41 Quercetin-6-O-glucoside 6.71 481.0981 M-H Flavonoid Flavonols

The compound prediction data in Table 1 show that 36 compounds from the flavonoid
group were mainly identified in the ethanol extract of M. calabura fruit. Classification of
compounds from identified flavonoids includes xanthone derivatives (1) and (8); anthocyanin
compounds (37); flavone compounds (11), (14), (15), (22), (24), (34), (35), and (40); flavonol
compounds (26), (32), (33), (38), (39), and (41); flavanone compounds (27); flavonol (29);
homoisoflavonoid compounds (2), (3), (4), (12), (13), (21), (31), and (36); isoflavonoid
compounds (7); and other flavonoids such as chromone (16) and (17); chalcone (6), (9), (20),
and (25) and cinnamate ester (18). Besides those compounds, three other groups of compounds
were also identified, including phenol, such as 2"-O-Feruloylaloesin (5), and Maltol (30),
quinoid compounds such as 2,5-Dimethyl-1,4-benzoquinone (2), and others, as well as
alkaloids like Amaranthin (19) and Gentianamine (23). Several previous studies have reported
that extracts from various parts of the M. calabura plant, including leaves, roots, and stems,
contain numerous flavonoid derivative compounds. These flavonoid compounds in the leaves,
roots, and stems were identified as hydroxychalcones, including hydroxymethoxychalcone,
methoxyflavone, hydroxymethoxyflavone, methoxyflavan, coumarin, and others[15,16,32].
However, reports based on earlier research findings related to secondary metabolites in M.
calabura fruit extracts remain limited. Nevertheless, in general, the LC-ESI/MS analysis of the
ethanol extract of M. calabura fruit revealed compounds similar to flavonoid derivatives
previously reported in various parts of the plant. Figure 2 shows the molecular structures of the
compounds successfully identified from the fruits of M. calabura.

Flavonoid derivatives found in the ethanol extract of M. calabura fruit have been
reported to possess various pharmacological activities, including those listed in Table 2. These
compounds typically act as antioxidants, antibacterials, antifungals, antidiabetics, anti-
inflammatories, antiosteoporotics, anticancer agents, immunomodulators, hepatoprotectives,
antiallergens, neuroprotectives, antimalarials, anti-aging agents, whitening agents, and
brightening agents. Out of the 38 flavonoid derivative compounds with studied bioactivity,
only three have been identified as having anti-aging effects through various pathways. Among
these, Aloeresin A (18), Morin (32), and Myricetin (33) are specifically reported to possess
anti-aging properties [33—35]. Although there are limited scientific reports on compounds in
M. calabura fruit with anti-aging effects, further research is needed to explore their potential
as anti-aging agents.

The flavonoid derivatives identified in M. calabura extract generally exhibit
antioxidant activity; thus, their mechanisms may be related to the prevention of premature
aging, either directly or indirectly. The antioxidant activity of these compounds plays a crucial
role in anti-aging processes [80]. It is understood that various internal and external factors
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contribute to premature skin aging. One external factor is exposure to UV rays, which can
increase Reactive Oxygen Species (ROS) and lead to early skln aging.
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Figure 2. Molecular structure of compounds identified from M. Calabura fruit extract.

Table 2. Investigation of the pharmacological effects of compounds identified from the M. calabura fruit extract
based on prior research findings.

Cc(::gg ) Compounds Pharmacology effect References
1 1,5-Dihydroxy-2,3,4, 7-tetramethoxyxanthone Antioxidant, Protective effects against liver [36-38]

injury, Immuno-modulatory
2 2,5-Dimethyl-1,4-benzoquinone Antifungal activity [39]
2,5,7-Trihydroxy-6,8-dimethyl-3-(3',4'-

3 methylenedioxybenzyl) chroman-4-one Antioxidant [40]
2,5,7-Trihydroxy-6,8-dimethyl-3-(4'- .

4 methoxybenzyl) chroman-4-one Antioxidant [40]

5 2"-O-Feruloylaloesin Antioxidant and Antimycoplasmic activity [33]
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Comp.

code Compounds Pharmacology effect References
, R . Anti-diabetic and Breast Cancer Cell
6 2'-Hydroxy-4',6'-dimethoxydihydrochalcone Inhibition [41,42]
7 2',7-Dihydroxy-4',5'-dimethoxyisoflavone Anti-inflammation and anti-allergic activity [43]
3 3,8-Dihydroxy-4,10-dimethoxy-7-oxo-[2] ) )
benzopyrano[4,3-b] [1]benzopyran-7-(5H)-one
9 3'.5",B-Trihydroxy-3,4,4',0- ) )
tetramethoxychalcone
10 3’-0-Angeloylhamaudol Anticancer activity [44]
11 4',5,6,7-Tetramethoxy-flavone CYP inhibitory effect [45]
12 5-Hydroxy-7,8-dimethoxy-6-methyl-3-(3',4'- ) )
dihydroxybenzyl) chroman-4-one
13 5’7-Dﬁﬁ/ﬁiﬁfﬁiﬁﬁiﬁiﬁﬁﬂﬁ-ﬁé(2 A4 Antioxidant and antibacterial activity [46,47]
14 5,7,4'-Trimethoxyflavone Antifungal activity [48]
15 5,7,8,3'-Tetrahydroxy-3,4'-dimethoxy flavone Protectlvggiiiitcifglaseﬁ)ﬁzz-Induced [49]
16 6-Hydroxy-7-methoxy-2-(2-phenylethyl) ) )
chromone
17 6-Methoxy-2-[2-(3'-methoxyphenyl) ethyl] ) )
chromone
18 Aloeresin A Anti-tyrosinase, a.nti-diz.ib.etic, and anti- [50-52]
bacterial activity
. Antioxidant, anti-hyperglycemic,
19 Amaranthin antibacterial, hepatogrr())te%tzlve effect [33]
20 Bavachromene Antibacterial and Anti-Alzheimer effect [54,55]
21 Dichotomitin Anti-osteoporosis effect [56]
22 Eupatin Anti-inflammation and anti-Coronavirus [57,58]
23 Gentianamine Anti-inﬂammatign, cytotoxic effect, anti- [59]
bacterial, immunomodulator
24 Hispidulin 7-(6-E-p-coumaroyl-p-D- ) )
glucopyranoside)
Anticancer, antibacterial, anti-fungal, anti-
25 Isoneobavachalcone inflammatory, antiviral, neuroprotective, [60]
and bone-protective activities
Neuroprotective, immunomodulatory, and
26 Kaempferol b anti-inflammatory effects i [61,62]
27 Leachianone G Anti-inflammation effect [63]
28 Licoflavone A Anti-ulcer and anti-inflammation [64]
29 Mahuannin A - -
30 Maltol Protective effect and anti-microbial activity [65,66]
31 Methyl ophiopogonone A Protective effect against Cerebral Ischemia [67]
Antioxidant, anti-diabetic, anti-
32 Morin inflammatory, antitumoral, and [34,68]
neuroprotective effects, and skin protection
Antioxidant, anti-inflammation, anti-
33 Myricetin diabetic, anti-cancer, anti-infection, [35,69]
protective effect, anti-aging activity
34 Nevadensin-5-O-B-D-glucoside hCEl inhibitors [70]
35 Nobiletin Antioxidant, .anti-inﬂamr.nato.ry, agti-car}@r, [71]
neuroprotective, and antiangiogenic activity
. Antioxidant, anti-cancer, and anti-
36 Ophiopogonanone B inflammatory effects [71-73]
37 Pelargonidin 3-glucoside Antioxidant and anti-inflammation [74]
38 Procyanidin B2 gallate Suppresses production of TNF-a and IFN-y [75]
39 Quercetagetin-6,7,3',4'-tetramethyl ether Antioxidant, antl_g?; 00:7 and anti-malaria [76]
40 Quercetin-3-O-glucuronide 6”-methylester Antl-lnﬂammatl(:}lezil neuroprotective [77,78]
41 Quercetin-6-O-glucoside Antioxidant activity [79]

The antioxidant ability of flavonoids can inhibit the increase of ROS, preventing the
ongoing process of premature aging in various molecular pathways. For example, it can
modulate the MAPK pathway, which can activate the production of extracellular matrix
proteins through the Activator Protein 1 (AP-1) pathway. This activation can lead to the
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stimulation of skin-degrading enzymes like matrix metalloproteinase (MMP) and tyrosine
kinase. Additionally, the angiogenesis pathway can trigger the increase of other skin-degrading
enzymes, such as elastase, which can worsen wrinkle formation and reduce skin elasticity
[81,82]. To clarify the molecular mechanisms of the compounds identified from the ethanol
extract of M. calabura fruit as anti-aging agents, this study used a network pharmacology
approach and molecular structure analysis, including molecular docking, as alternative
methods.

3.2. Physicochemical properties and skin permeability characteristics of identified
compounds.

The physicochemical properties of a compound influence its characteristics and
pharmacological effects. A compound is considered to have good attributes if it meets five key
parameters known as the five rules, including molecular weight, Hydrogen Bond Acceptor,
Hydrogen Bond Donor, Molar Refractivity, and polarity (mlog P). Meeting these
physicochemical criteria provides essential information for understanding the mechanics of
pre-formulation and formulation of the dosage form, ensuring effective delivery and
bioavailability [28].

Molecular weight influences a compound's ability to pass through cell membranes via
passive diffusion. Ligands with a molecular weight over 500 will have difficulty penetrating
the membrane, both in the skin and in the digestive tract, making them hard to absorb. The log
P value reflects a compound's polarity. If log P > 5, the compound may have a higher potential
for toxicity because it remains longer in the lipid bilayer, which reduces its binding selectivity
to the target. The number of hydrogen bond donors and acceptors indicates that a higher
capacity for hydrogen bonding requires more energy for absorption. Molar refraction, which
refers to the molar size of a molecule, describes the steric properties of a compound that can
affect compound-receptor interactions. The Calculated Molar Refraction (CMR) value, based
on molar refraction, indicates that higher CMR values suggest more potent steric properties
and less favorable interactions with the receptor [19,23,28,83]. In this study, the compounds
identified by LC-ESI/MS in M. calabura fruit extract were then evaluated for their
physicochemical properties and skin permeability (Figures 3a-3b).

The results of the physicochemical analysis of compounds based on Lipinski's rules
showed that nine compounds (Figure 3a) did not meer all five of Lipinski's criteria. These
included Aloeresin A (18), amaranthin (19), Hispidulin 7-(6-E-p-coumaroyl-B-D-
glucopyranoside) (24), mahuannin A (29), Nevadensin-5-O-3-D-glucoside (34), Procyanidin
B2 gallate (38), Quercetin-3-O-glucuronide 6”-methylester (40), and Quercetin-6-O-glucoside
(41). These compounds were considered to lack the ideal physicochemical properties mainly
because of their high molecular weight or having more than 10 hydrogen acceptors, which
requires more energy for absorption into the target. This tendency suggests that oral
administration would be challenging for these compounds [28,84]. However, they could be
suitable for topical or transdermal routes, as supported by skin permeability data shown in
Figure 3b. The relationship between physical and chemical properties and skin permeability in
Figure 3b indicates that most compounds possess favorable characteristics, although two
compounds—2,5-Dimethyl-1,4-benzoquinone (2), and Bavachromene (20)—are considered
not to meet these criteria.
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Figure 3. The physicochemical properties of (a) Lipinski Rule parameter; (b) skin permeability profiles of
the compounds identified from M. calabura fruit extract were visualized using an alluvial diagram to assess
the suitability of their parameters.

The compound's ability to penetrate the skin through topical administration results in a
skin permeability score of > -2.5, indicating low skin permeability. The skin permeability
parameter helps predict how well active substances are absorbed through the skin when applied
topically. This prediction is based on the compound's ability to penetrate the skin barrier.
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Compounds with ideal physical and chemical properties often show high permeability
[5,21,85].

3.3. Network pharmacology-related antiaging analysis.

Network pharmacology offers a powerful approach for integrating predictive and
genomic data to uncover the complex mechanisms underlying skin aging. By combining
SwissTarget Prediction with GeneCards, a comprehensive framework was established to
explore the molecular links between M. calabura metabolites and aging-related pathways. The
integration of SwissTargetPrediction with GeneCards provided a robust framework for
identifying molecular associations relevant to skin aging. From SwissTargetPrediction, 50
potential target proteins of Muntingia calabura secondary metabolites were identified, while
GeneCards yielded 162 proteins annotated with the keyword “skin aging.” The overlap
between these datasets revealed 21 common proteins, which represent the critical intersection
between phytochemical activity and aging-related molecular pathways. This convergence,
visualized through a Venn diagram, highlights the subset of targets most likely to mediate the
anti-aging potential of M. calabura (Figure 4a). The shared proteins suggest that bioactive
metabolites from this plant may exert regulatory effects on pathways central to cellular
senescence, oxidative stress, extracellular matrix remodeling, and inflammatory responses—
mechanisms widely implicated in skin aging.

By narrowing the focus to these 21 interconnected targets, the network pharmacology
approach provides a more precise map of how natural compounds may influence complex
biological processes. This not only strengthens the rationale for further mechanistic studies but
also underscores the translational relevance of M. calabura metabolites in developing novel
interventions for age-related skin deterioration.

The screening of active compounds from M. calabura fruit identified 41 compounds
related to molecules and genes (light blue nodes) associated with various diseases (dark blue
nodes) (Figure 4b and 4c). Of these 41 compounds, data showed that 19 play a direct role in
anti-aging mechanisms through interactions with 21 target genes (light blue nodes). In Figure
4a, M. calabura fruit extract is depicted as a red node on the left, connected to several active
compounds, which are shown as deep green triangular nodes. Key compounds involved in anti-
aging effects include 2,5-dimethyl-1,4-benzoquinone (2), 2"-O-feruloylaloesin (5), 2'-hydroxy-
4', 6'-dimethoxy dihydrochalcone (6), 2',7-dihydroxy-4',5'-dimethoxyisoflavone (7), 4',5,6,7-
tetramethoxy-flavone (11), 5,7-dihydroxy-6-methoxyl-8-methyl-3-(2’,4'-dihydroxybenzyl)
chroman-4-one (13), 6-hydroxy-7-methoxy-2-(2-phenylethyl) chromone (16), 6-methoxy-2-
[2-(3'-methoxyphenyl) ethyl] chromone (17), aloeresin A (18), bavachromene (20),
dichotomitin (21), hispidulin 7-(6-E-p-coumaroyl-B-D-glucopyranoside) (24), mahuannin A
(29), maltol (30), morin (32), nevadensin-5-O-B-D-glucoside (34), procyanidin B2 gallate (38),
and quercetin-6-O-glucoside (41). These compounds demonstrate pharmacological potential in
slowing the aging process via various molecular mechanisms. Their interactions with target
genes, represented by light blue hexagonal nodes, include IL-2, JAK2, TNF, MAPK 14, MMP,
and TYR (Figure 4b). These genes participate in biological processes such as inflammation,
oxidative stress regulation, and tissue repair, collectively contributing to the anti-aging effects
[81,86].
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Figure 4. (a) Venn diagram illustrating the overlap between predicted target proteins of secondary
metabolites from Muntingia calabura (SwissTargetPrediction) and genes associated with skin aging
(GeneCards); (b) The visualization illustrates how multiple compounds from M. calabura fruit extract
interact with various genes, pathways, and diseases through a pharmacological networking diagram. Red
nodes (inverted triangles) represent the M. calabura fruit extract, deep green nodes indicate its molecular
compounds, light blue nodes correspond to target genes or proteins, and dark blue nodes denote associated
diseases; (¢) A magnified view highlights the relationships between proteins targeted by M. calabura (light
blue nodes) compounds and their corresponding diseases (sky blue nodes) (enlargement of Figure 4b).

Furthermore, these target genes interact with various biological pathways, as shown by
the dark blue oval nodes on the right side of the network (Figure 4b). These pathways suggest
that the anti-aging mechanism of compounds in M. calabura involves multiple processes,
including modulation of inflammation, inhibition of oxidative stress, and enhancement of
proteolytic and regenerative enzyme activity. This interaction pattern supports the concept of
multi-target network pharmacology, which indicates that the pharmacological effects of this
fruit do not rely on a single pathway but involve multiple interconnected molecular targets
within a complex biological system [25]. The network pharmacology analysis in Figures 4b
and 4c suggests that the bioactive compounds in M. calabura have strong potential for
development as herbal-based anti-aging agents. However, to verify these interactions and better
understand the molecular mechanisms involved, further studies, such as in vitro and in vivo
experimental validation, are necessary. The results of this study also provide a scientific basis
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for developing products based on active compounds from M. calabura as natural agents to
prevent and slow the aging process.

Several compounds specifically bind target proteins that modulate premature aging,
including those related to MAPK and pro-inflammatory genes. MAPK genes influence the
increased production of skin-degrading enzymes in the extracellular matrix, such as MMPs and
elastase (Figure 4c, light blue nodes). Meanwhile, other pro-inflammatory genes, including IL
and TNF-a, activate tyrosinase in the EDN-1 pathway by increasing c-kit mRNA and
downregulating collagen and elastin through the pro-inflammatory cytokine pathway [3].
These 21 target genes are involved in causing the premature aging process (Figure 4¢). Further
analysis in the network pharmacology evaluation revealed that compounds (7), (21), (30), and
(32) have significant interactions with the target gene Tyrosinase (TYR) (p < 0.05). The same
occurs with compounds (24) and (32), which directly link to the AHR gene, ultimately leading
to increased tyrosinase induction. Additionally, compounds 18, 29, and 38 show significant
interactions with MMP genes (p < 0.05). MMP genes, such as MMP-1, MMP-2, MMP-9, and
MMP-13, encode matrix metalloproteinase enzymes that degrade collagen, elastin, and gelatin
in skin tissue [35,87,88]. The activity of these enzymes increases with age, causing damage to
the skin's structure and the development of wrinkles. Other compounds like (2), (5), (6), (11),
(13), (16), (17), (20), (34), (38), and (41) target genes such as MAPK, IL-1, and TNF-a, which
ultimately contribute to increased production of skin-degrading enzymes in MMPs and
activation of tyrosinase (TYR). These compounds play a crucial role in anti-aging effects due
to their influence on regulating skin pigmentation and extracellular matrix degradation.
Tyrosinase (TYR) is a key enzyme in melanin biosynthesis, playing a crucial role in regulating
skin pigmentation. Inhibiting this enzyme can reduce hyperpigmentation and prevent skin
aging caused by oxidative stress. The interaction of compounds (7), (21), (24), (30), and (32)
with TYR suggests that these compounds may help prevent excessive hyperpigmentation,
supporting skin-lightening effects and protection against free radical-induced aging [89].

Several studies have clarified the molecular mechanisms through which compounds
like maltol (30) show significant antioxidant and anti-inflammatory effects. This compound
can decrease oxidative stress and inhibit the secretion of nitric oxide (NO) and key
inflammatory cytokines, including interleukin (IL)-1p, IL-6, and tumor necrosis factor-o (TNF-
a) [89]. Other compounds, such as Procyanidin B2 gallate (38), are known to suppress MMP9
expression, which is involved in protecting against extracellular matrix breakdown and slowing
skin aging. The mechanism of action of Procyanidin B2 gallate also involves the regulation of
several important molecular pathways, including NF-«B, MAPK, PI3K/Akt, the apoptotic
pathway, and Nrf2/HO-1, which are crucial in defending cells against oxidative stress and
inflammation. These findings corroborate the notion that maltol and Procyanidin B2 gallate are
two principal compounds that substantially contribute to the anti-aging effects of M. calabura,
as evidenced by an in vitro study reported previously[89]. This evidence supports the idea that
the pharmacological mechanisms of this plant can be harnessed for developing herbal-based
anti-aging products, especially for preventing hyperpigmentation and maintaining skin
elasticity.

The interpretation of this network pharmacology analysis indicates that the bioactive
compounds in M. calabura have significant potential to be developed as herbal-based anti-
aging agents. However, additional studies are necessary to confirm these interactions and better
understand the molecular mechanisms involved, including in silico validation and in vitro and
in vivo experiments. In this exploratory study, network pharmacology data were further
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analyzed for potential molecular interactions using molecular docking. These results can serve
as a scientific foundation for developing products based on active compounds from M.
calabura as natural therapies to prevent and reduce the aging process.

3.4. Molecular docking analysis.

The outcomes of the pharmacological network analysis, represented by potential
compounds associated with aging-related target genes, demonstrate that the MMP and TYR
genes are the principal genes exhibiting the highest centrality values. These genes actively
influence the increased activation of skin tissue-degrading enzymes, including collagenase,
gelatinase, elastase, and tyrosinase. These four enzymes served as target proteins to investigate
their molecular interaction mechanisms via a docking approach. The following list includes the
target proteins used in the molecular docking study, which have been confirmed by previous
docking validated analyses against native ligands (Table 3).

Molecular docking simulations were carried out using AutoDock 4.2, applying the
Lamarckian Genetic Algorithm (LGA) as the search method. To ensure reproducibility and
accuracy, the docking parameters were carefully defined. Each ligand was subjected to 50
independent GA runs, with a population size of 150 individuals per run. The algorithm was
allowed to perform up to 2.5 x 10° energy evaluations and a maximum of 27,000 generations
before termination. The mutation rate was set at 0.02, while the crossover rate was maintained
at 0.8, in accordance with standard AutoDock protocols. Step sizes for conformational
sampling were specified as 0.2 A for translational movements, 5° for quaternion rotations, and
5° for torsional degrees of freedom. These parameters were selected to balance computational
efficiency with reliable exploration of the conformational space, thereby providing robust
predictions of ligand—protein binding interactions [90].

Validation was carried out by re-docking each native ligand molecule of collagenase
and gelatinase to the active site of its receptor using the grid box and coordinates specified in
Table 3. These coordinates include the amino acid residues involved in ligand binding,
allowing a comparison between the native ligand’s position and the re-docked ligand (re-
docking results). The validity of the docking method was assessed based on the Root Mean
Square Deviation (RMSD) value, with an RMSD of less than 2 A indicating results close to
experimental data. The validation results showed an RMSD value of less than 2 A for each
natural ligand, thus meeting the criteria. The smaller the RMSD, the closer the re-docked
ligand’s position is to the crystallographic ligand [3,23,26].

Table 3. gridbox and RMSD values from the validation results of the docking method.

Protein Gridbox Coordinat | RMSD Visualization of Protein Visualization of r{atlve ligands and copy
(X,Y,2) A) ligands
Native ligand
Collagenase -44.320
(PDB ID: 22x33x43 25911 1.899
2DIN) -19.703

Ligand Copy

Chain A
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Protein Gridbox Coordinat | RMSD Visualization of Protein Visualization of I{atlve ligands and copy
(X,,Z) A) ligands
}%& Native Ligand
Gelatinase 65.607
(PDB ID: 40x40%40 31.083 1.081
1GKC) 117.843 /
Ligand copy
Chain A
Native Ligand
Elastase 12.871
(PDBID: | 40x40x40 9.278 1.34 N
3HGN) 2.197 Vo
’\ Ligand Copy
Natiye Ligand
Tyrosinase 25,911 / \
(PDB ID: 16x12x18 104,236 1.486 f/
SMS8L) 154,966
\ Ligand Copy
Chain C

Based on the results of the previous pharmacology network analysis, 19 potential
compound candidates were identified from M. calabura fruit extract, as they relate to target
genes and proteins that contribute to skin aging. The 19 target compounds were assessed for
their interactions with MMP proteins, including collagenase, gelatinase, elastase, and gen Tyr,
including tyrosinase. The evaluation generally showed interactions with the target proteins;
however, among the 19 compounds, three main compounds were selected for their optimal
interactions with the target proteins, based on their binding free energy values and hydrogen
and van der Waals interactions with the amino acid residues of the target proteins (Table 4). A
more negative free energy value indicates a spontaneous and stable interaction between the
compound and the target protein [11,23,28]. The free binding energy reflects the stability of
the ligand when bound to its target; the more negative the value, the more stable the interaction
[91]. These results suggest that the tested compounds can form stable interactions with target
proteins, potentially exerting anti-aging effects.

Table 4. The binding affinity and hydrogen/van der Waals interaction between compounds identified and the
protein target.

Collagenase (2D1N) Gelatinase (1GKC) Elastase (3HGN) Tyrosinase (SM8L)
Compound| Molecule Binding | H-Bond/Van| Binding |H-Bond/Van| Binding | H-Bond/Van | Binding |H-Bond/Van
Code Name affinity der Waals affinity der Waals | affinity der Waals affinity | der Waals
(kcal/mol) | Interaction | (kcal/mol) | Interaction | (kcal/mol)| Interaction | (kcal/mol)| Interaction
PRO236,
ALA238, VAL216,
HIS222, LEU18S, HISS7,
HIS232, TYR423, GLY193, i]sjz\\l; ;g’
Native ligand -7.16 LEUI18S, -7.56 GLU402, -7.71 SER195, -2.53 ASN385’
ALA238, LEU187, ARG217A, GLY3 17’
ALA186, MET422 GLN192,
ILE243, PHE215
THR245
2 22 Dlufthyl -5.31 - -5.74 - -5.17 GLY193, -2.72 ALA320,
" ’ ’ ' SER195, ’ ASN385
benzoquinone
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Collagenase (2D1N) Gelatinase (1GKC) Elastase (3HGN) Tyrosinase (SM8L)
Compound| Molecule Binding | H-Bond/Van| Binding | H-Bond/Van| Binding | H-Bond/Van | Binding |H-Bond/Van
Code Name affinity der Waals affinity der Waals affinity der Waals affinity | der Waals
(kcal/mol) | Interaction | (kcal/mol) | Interaction | (kcal/mol)| Interaction | (kcal/mol)| Interaction
VAL216,
PHE215
0. VAL216,
5 Feruloylaloesin -6.14 HIS232, -9.00 TYR423 -7.53 ARG217A, 0 -
PHE215,
2'-Hydroxy-
4'6'- HIS57, SER195 ASN3138,
6 dimethoxydihy -8.57 -8.24 GLU402 -6.22 VAL216 -1.03 ASN385
drochalcone
2'7-
Dihydroxy- ILE243 \slﬁﬁlz 9156 ’
7 dime?h’osxyisoﬂ 9.17 THR245, 7.01 GLU402 6.59 GLY193, 0
ARG217A,
avone
b5 LEUIES, GINTOZ
11 Tetramethoxy- -9.07 HIS222, -7.57 - -6.45 ? 0 -
flavone THR245 SER195,
VAL216
5,7-Dihydroxy-
6-meth0xyl/—8: LEU188 SER195,
13 [methyl3-2a5 5 6 - 7.51 TYR423, | 708 | YAL2l6. 0 -
dihydroxybenz LEU187 GLY193,
yl) chroman-4- GLN192
one
6-Hydroxy-7- LEUI8S, GLU402, SER195, ASN3IS,
16 |methoxy-2-(2-) g s HIS232, -8.91 LEU187, -7.26 VAL216, 131 | ASN38s,
phenylethyl) ILE243 MET422 GLN192 ALA320
chromone
6-Methoxy-2-
[2-(3"- PRO236, GLN192, GLY386
17 methoxyphenyl -9.19 ALA238, -8.70 - -6.66 SER195, -0.68 ASN385’
) ethyl] HIS222 VAL216
chromone
LEU18S, VAL216,
18 Aloeresin A -9.65 ALA186, -11.40 (]i[]élljﬁ?g%’ -8.58 GLN192, 0 -
HIS222 SER195
ALA238, VAL2I16,
20 Bavachromene -10.50 ILE243 -10.89 GLU402 -8.48 SER195 0 -
VAL216,
. . ILE243, GLY193,
21 Dichotomitin -9.60 THR245 -7.82 GLU402 -6.44 GLN192, 0 -
PHE215
Hispidulin 7-
(6-E-p-
coumaroyl-p- LEU18S, ARG217A,
24 D- -6.39 LEUI185 -9.39 LEU187 -6.62 PHE215 0 -
glucopyranosid
e)
MET422, ARGAITA
29 Mahuannin A 0 THR245 -7.87 GLU402, -7.26 ’ 0 -
TYR423 PHE215,
SER195
GLY193, GLY317,
30 Maltol -4.89 ILE243 -5.08 MET422 -4.85 SER195, -2.62 ALA320,
GLN192 ASN385
SER195,
HIS222, GLY193,
32 Morin -7.28 HIS232, -7.44 GLU402 -6.81 VAL216, 0 -
LEU185 GLN192,
PHE215
[E Gz
36 gﬁﬁ)ﬁée -8.42 - -7.68 GLU402, -6.39 ARG217A, 0 -
LEU187, VAL216
Procyanidin B2 SER195,
38 zallate 0 ILE243 -6.64 MET422, -5.75 VAL216, 0 -
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Collagenase (2D1N) Gelatinase (1GKC) Elastase (3HGN) Tyrosinase (SM8L)
Compound| Molecule Binding | H-Bond/Van| Binding | H-Bond/Van| Binding | H-Bond/Van | Binding |H-Bond/Van
Code Name affinity der Waals affinity der Waals affinity der Waals affinity | der Waals
(kcal/mol) | Interaction | (kcal/mol) | Interaction | (kcal/mol)| Interaction | (kcal/mol)| Interaction
ARG217A,
PHE215
Quercetin-6-O- VAL216,
41 alucoside -7.27 HIS232 -5.05 LEU188 -5.18 PHE215 0 -

The three compounds include: Compounds (18), (20), and (21) which are optimal for
collagenase protein; compounds (18), (20), and (24) for gelatinase protein; compounds (16),
(18), and (20) show the best interaction with elastase protein; and compounds (2), (16), and
(30) are the top performers in interacting with tyrosinase protein (Figures 5a-5d). Each of these
three selected compounds has a more negative binding free energy (kcal/mol) and tends to be
close to or even more negative than its native ligand. Additionally, the three compounds are
supported by their interactions with target proteins that resemble the native ligand for each
target (Table 4). Further observation revealed that compounds 6-Hydroxy-7-methoxy-2-(2-
phenylethyl) chromone (16), Aloeresin A (18), and Bavachromene (20) interacted very well
with MMPs target proteins, specifically collagenase (-8.65, -9.65, and -10.50 kcal/mol),
gelatinase (-8.91, -11.40, and -10.89 kcal/mol), and elastase (-7.26, -8.58, and -8.48 kcal/mol),

respectively.

Native Ligand

Native Ligand

(©

(@)

Figure 5. Visualisation of the interaction results between the most active molecules on (a) collagenase; (b)
gelatinase; (c) elastase; (d) tyrosinase proteins. Three selected compounds interacted with each of the target
proteins. The visualisation shows that the three most active compounds can inhibit each enzyme with a
mechanism almost identical to that of the target protein. The inhibitory interaction of the most active
compounds occurs on amino acids similar to the native ligand. The native ligand of protein target are N-
[(2R)-6-amino-1-(hydroxyamino)-1-oxo-hexan-2-yl]-10-[2-(carbamimidamidomethyl)phenyl]-decanamide
(collagenase), N~2~-[(2R)-2-{[formyl(hydroxy)amino|methyl}-4-methylpentanoyl]-N,3-dimethyl-L-
valinamide (gelatinase), 4-[[(2S)-3-methyl-1-oxo0-1-[(2S)-2-[[(3S)-1,1,1-trifluoro-4-methyl-2-oxo-pentan-3-
yl]carbamoyl]pyrrolidin-1-yl]butan-2-yl]carbamoyl]benzoic acid (elastase) and 2-acetamido-2-deoxy-beta-D-
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Collagenase Gelatinase Elastase Tyrosina

Figure 6. A comparison of the binding affinity values of each identified compound, which has an antiaging
mechanism of action through inhibition of collagenase, gelatinase, clastase, and tyrosinase, was presented
using heatmap analysis. Potential compounds that target multiple sites related to the ageing mechanism were
selected for subsequent analysis of their interaction patterns with (a) collagenase; (b) gelatinase; (c¢) elastase;
(d) tyrosinase.

Compounds (16), (18), and (20), which show potential against MMPs target proteins,
are derivatives of the flavonoid group. Their chemical structures suggest that the hydroxyl (-
OH) and carbonyl (C=0) groups in flavonoids facilitate the formation of hydrogen or Van der
Waals bonds with collagenase, gelatinase, and elastase proteins. Amino acid residues such as
LEU185, HIS232, HIS222, 11e243, Alal86, and Ala238 in collagenase tend to interact with the
hydrogen atoms on the -OH and C=O groups of compounds in M. calabura fruit extract. In
gelatinase, hydrogen interactions occur at amino acids Glu402, Leul87, and Met422, while in
elastase proteins, hydrogen bonds form with the -OH and C=0O groups of amino acid residues
Ser195, Val216, and GIn192 (Table 4 and Figure 5). These amino acids are the active sites
where the native ligand interacts with the protein. Therefore, it is reasonable to conclude that
the active compounds from M. calabura fruit extract could provide equal or even better
inhibition than the native ligand. Unfortunately, compounds 18 and 20 did not inhibit the target
protein tyrosinase, as indicated by an undetermined binding free energy value (0) (Figure 5).
However, compound 16 showed inhibitory activity, with a binding free energy of -1.31
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kcal/mol, although this is lower than the binding free energy of the native ligand at -2.53
kcal/mol.

Based on the heatmap analysis (Figure 6), only compound (16) inhibits all targets
associated with premature aging. The binding free energy values of compound (16) against the
target proteins collagenase, gelatinase, elastase, and tyrosinase are -8.65, -8.91, -7.26, and -
1.31 kcal/mol, respectively. The binding free energy of the M. calabura compound against
each target is similar to or even higher than the native ligand's binding free energy: -7.16
kcal/mol for collagenase, -7.56 kcal/mol for gelatinase, -7.71 kcal/mol for elastase, and -2.53
kcal/mol for tyrosinase. Additionally, analyzing the interaction pattern of the compound from
M. calabura fruit extract suggests that compound (16) may have multi-target potential for
inhibiting proteins involved in premature aging, such as collagenase, gelatinase, elastase, and
tyrosinase. Compound (16) can be further developed as an anti-aging agent, as demonstrated
directly by in vitro and in vivo methods. Additionally, compound (16) is predicted to exhibit
relatively safe topical toxicity, as indicated by several parameters, including eye irritation, skin
sensitization, and skin irritation. These predictions were generated using ADMETIab 3.0
(http://scbdd.com/) for eye irritation and skin sensitization, and admetSAR 3.0
(https://Immd.ecust.edu.cn/admetsar3/resource.php) for skin irritation. The results,
summarized in Table 5, provide an overview of the predicted topical toxicity profiles of the
most active compounds against the target protein.

Table 5. Prediction of the topical exposure toxicity for each active compound in M. calabura fruit extract.

Comp. Compound name Eye irritation .Sl.(m i SKin irritation
Code sensitization
2 2,5-Dimethyl-1,4-benzoquinone 0.999 0.994 1
16 6-Hydroxy-7-methoxy-2-(2-phenylethyl) chromone 0.420 0.309 0
18 Aloeresin A 0.095 0.956 0
20 Bavachromene 0.962 0.901 1
21 Dichotomitin 0.914 0.325 0
24 Hispidulin 7-(6-E-p-coumaroyl-p-D-glucopyranoside) 0.641 0.987 0
30 Maltol 0.991 0.292 1

Skin irritation prediction aims to identify potential side effects in humans, while skin
sensitization gauges the skin's sensitivity to chemicals that can cause allergies [92]. Evaluation
of eye irritation (EI) potential is essential for assessing the risk of injury to the cornea and
conjunctiva fromhemicals [24]. These three parameters are key factors in assessing the safety
of a raw material that can be developed as an active cosmetic ingredient. Previous research
reports indicate that the active compounds in cosmetic raw materials have a safety toxicity
range of 0-0.3 for relatively safe levels, 0.3-0.7 for moderate exposure toxicity, and 0.7-1 for
poor safety [24]. The toxicity evaluation results showed that compound (16) is relatively safer
for use as a potential active cosmetic ingredient, especially as an anti-aging agent. However,
this prediction requires further justification through in vitro and in silico approaches to ensure
the study's sustainability for application as an anti-aging cosmetic.

3.5. Molecular dynamics analysis.

Compound 16, whose activity has been determined through molecular docking, exhibits
multitarget interactions with MMP proteins, including collagenase, gelatinase, elastase, and
other proteins like tyrosinase. Therefore, the interaction's stability was assessed using a
molecular dynamics approach. The Internal Coordinates Standard Mode Analysis (iMOD)
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server was utilized to evaluate the interaction characteristics of compound 16 with various
target proteins, using several key parameters including root mean square fluctuation (RMSF),
deformability against index atoms, B-factor against index atoms, index residue matrix,
eigenvalue against index mode, and percentage of variance against index mode [29,30,93]. The
iIMOD server enables the understanding of the flexibility and collective motion of
macromolecules, such as proteins and amino acids, in response to various compounds. This
analysis model is an efficient alternative to full-atomistic molecular dynamics (MD)
simulations, especially for large biological molecule systems [31].
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Figure 7. iMOD analysis of compound 16 against various proteins: 2D1N (collagenase), IGKC (gelatinase),
and SMB8L (tyrosinase). (A) Root mean square fluctuation (RMSF) values; (B) representation of the potential
deformability graph of residue interactions; (C) B-factor relationship profile against index atoms;

(D) eigenvalue profile over mode index; (E) percentage variation over mode index for each protein target of
compound 16.

In the molecular dynamics analysis performed using the iMODS server, the residues
considered correspond to the amino acid sequence of each target protein chain selected for
docking (Collagenase: Chain A of PDB ID 2DIN, Gelatinase: Chain A of PDB ID 1GKC,
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Elastase: Chain A of PDB ID 3HGN, and Tyrosinase: Chain C of PDB ID 5M8L). The total
number of residues included in the simulation was 249 for collagenase, 388 for gelatinase, 240
for elastase, and 529 for tyrosinase, respectively. Residues were determined directly from the
crystallographic structures deposited in the RCSB Protein Data Bank, after removal of water
molecules, ions, and non-essential ligands during receptor preparation. The results of the
molecular dynamics analysis are presented in Figure 7a-7e.

Molecular dynamics simulation results indicated that compound 16 maintained
consistently low RMSF values and stable deformability indices throughout the simulation.
These parameters confirm that the ligand—protein complex remained structurally stable,
suggesting a strong and sustained interaction. Such stability supports the biological relevance
of compound 16, as it is capable of effectively maintaining its inhibitory effect on the target
protein over time (Figure 7a). Overall, the 2D1N and 1GKC proteins indicate that residues 10-
100 exhibit low RMSF values, suggesting that the proteins bind to compound 16 with a stable
interaction [31,94]. This demonstrates that the compound is firmly bound to this area, with
fluctuations occurring only at residues 100-110. The residues around 100-110 show high
RMSF values, which then decrease again, possibly due to the partial closure of the loop by
compound 16 during interaction. High RMSF peaks in regions far from the 2D1N and 1GKC
protein-binding sites likely indicate involvement in allosteric dynamics or ligand-access
pathways. This may be necessary for the interaction of compound 16 with the protein to
demonstrate the flexibility required for protein function or to accommodate the ligand, ensuring
it does not appear rigid [31]. However, when compared to the SM8L protein, it shows a slightly
different fluctuation profile. Protein stability was observed at residues 10-30, indicating that
the binding process of compound 16 had just begun and resulted in tight binding and constant
fluctuations that started at residues 30-50 and continued to the furthest residue region with
RMSF values ranging from 1.5 to 2.0, suggesting the possibility of partial closure of the protein
loop by compound 16 during interaction. Notably, this fluctuation still occurs at a low RMSF
value compared to the 2D1N and 1GKC proteins, indicating that the interaction remains regular
and stable [30].

Analysis using the iMOD server also provided deformability profiles and B-factors for
the main chain, as well as the deformation properties of each residue. Figures 7b and 7c display
the deformability and B-factor of each protein. The deformability profiles show relatively high
peaks, indicating significant deformation in both the 2D1N, 1GKC, and SMS8L proteins. Higher
peaks in the deformability graph suggest greater deformation potential of the residue. Residues
with high deformability values are often part of "hinges" or flexible regions within the structure
[31,94]. This aligns with the B-factor matrix of each protein, as shown in Normal Mode
Analysis (NMA), in Figure 7c. Overall, the protein exhibits low-frequency normal modes,
meaning it is in its minimum-energy state (pink), allowing it to vibrate or fluctuate around its
equilibrium position. With low energy, the protein can be activated, facilitating effective
interactions [31]. The low-frequency normal mode is also reflected in the relatively low
eigenvalues, as shown in Figure 7d. The eigenvalues for each protein-ligand interaction
(compound 16) were recorded at 4.417337¢-05, 1.604959¢-04, and 3.256299¢-05, respectively.
The eigenvalue scale from the molecular dynamics analysis using the iMOD server indicates a
low scale. The lowest eigenvalue corresponds to the interaction with the 1GKC protein,
followed by SM8L and 2D1N. The small eigenvalue depicted in Figures 7d and 7e corresponds
to this low-frequency mode. The smaller the eigenvalue, the lower the frequency and the easier
(energetically) it is to activate the mode, indicating greater interaction flexibility [31]. Overall,
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this study demonstrates that the complex of compound 16 with the target proteins 1GKC,
SMSL, and 2D1N exhibits good and stable interaction deformation.

Dynamic molecular analysis via the iMOD server also generated the covariance matrix
and correlation of the residue indices in compound 16 and the protein complex. Figure 8
illustrates the covariance matrix and correlation of the residue indices. The heatmap of the
covariance matrix in Figure 8 shows that the positions of residues in the macromolecule tend
to vary together. Each vertical (i) and horizontal (j) element in the matrix represents the
covariance between the movements of residue i and residue j within each protein complex and
compound [31,95]. In the covariance matrix, the prominent red color observed in the SMSL
(Figure 8c) protein complex, with only a few blue and white areas, indicates a positive
correlation. This suggests that there is a movement in the same direction at residue index i and
Jj within the compound complex [31,94,95].
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Figure 8. Heatmap of covariance and correlation matrix to residue index (a) protein complex of 1GKC; (b)
protein complex of 2D1N; (¢) protein complex of SM8L. "In the iMODS visualization, the covariance matrix
is presented as a heatmap. In this representation, red indicates a positive correlation, meaning residues tend to

move in the same direction; blue indicates a negative correlation, meaning residues move in opposite
directions; and white generally indicates no correlation or insignificant movement. This graphical output
provides insight into the collective motions of residues within the protein structure, allowing identification of
regions that move cooperatively or independently. Such information is crucial for understanding the dynamic
stability of the ligand—protein complex, as highly correlated regions often contribute to structural rigidity,
whereas negatively correlated or uncorrelated regions may reflect flexibility that influences binding stability
and functional activity.

A similar phenomenon is observed in the 1GKC (Figure 8b) and 2DIN (Figure 8)
protein complexes, where a dominant red area persists alongside noticeable blue and white
regions, both of which still indicate positive covariance. A positive covariance matrix reflects
a strong correlation between residues (i and j), which can be seen in the direction of molecular
interactions (red linear regression profiles in each protein complex matrix). This matrix helps
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identify regions in the molecule that move in a coordinated way, providing insights into the
biological function or structural stability of the molecule under study [31]. Overall, the complex
of compound 16 with the protein contains groups of residues that move together, potentially
forming functional domains or playing roles in allosteric processes, thereby maintaining the
stability of the complexed molecule.

The geometric interpretation of the plots in Figure 8 provides valuable insight into the
dynamic behavior of residues within the three-dimensional protein structure. Peaks observed
in the deformability and B-factor plots correspond to loop regions or surface-exposed residues,
which are typically more flexible and prone to conformational changes. Conversely, troughs in
these plots represent residues located within a-helices or B-sheets, reflecting the rigid core of
the protein. The covariance matrix further highlights cooperative motions among residues: red
regions indicate positively correlated movements, often within the same secondary structure
elements, whereas blue regions denote negatively correlated motions, typically occurring
between adjacent domains. These structural interpretations clarify why residues within the
binding pocket (e.g., HIS232, GLU402, SER195) exhibit limited fluctuation, thereby
contributing to the stabilization of ligand interactions. In contrast, flexible loop residues
surrounding the active site introduce variability in the molecular dynamics outcomes,
underscoring the interplay between structural rigidity and local flexibility in determining
complex stability [96].

The molecular dynamics observation of the compound and protein 3HGN complex in
this study could not be determined. Although molecular docking showed a strong interaction
with negative binding affinity, it was impractical to evaluate the stability of the molecular
interaction using the iMOS server approach. This is likely because the number of residues
considered to provide interaction is minimal, making it impossible to assess the interaction's
mobility with the iMOD server approach. This situation may be one of the limitations of using
the iIMOD server method. Nevertheless, iIMODS remains an invaluable tool in protein
dynamics analysis due to its speed and ease of use, especially for gaining an initial overview
of biologically relevant collective motions [30,93]. The server provides quick assessments of
stability parameters such as RMSF, deformability, and eigenvalues, but lacks detailed
trajectory visualization and interaction mapping. For more comprehensive visualization and
dynamic trajectory analysis, advanced platforms such as GROMACS may be employed. Future
studies could therefore integrate GROMACS or similar MD packages to complement iMODS,
providing both quantitative stability indices and visual confirmation of ligand—protein
interactions [97,98]. Ultimately, more computationally intensive, full-scale MD simulations
are required for accurate characterization, and the complex of compound 16 with protein 3HGN
represents a promising candidate for further evaluation using these approaches.

4. Conclusions

In summary, 41 compounds from the ethanol extract of Muntingia calabura fruit were
successfully identified using LC-ESI/MS. Pharmacologically, 19 of these compounds were
directly associated with aging-related genes, including matrix metalloproteinases (MMPs) and
tyrosinase. These compounds demonstrated strong interactions with key proteins, including
collagenase, gelatinase, and elastase, and several also interacted with tyrosinase. Among them,
6-hydroxy-7-methoxy-2-(2-phenylethyl) chromone (compound 16), a homoisoflavonoid
derivative, emerged as the most significant finding due to its multi-target potential. Compound
16 simultaneously inhibited collagenase, gelatinase, elastase, and tyrosinase, and molecular
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dynamics studies confirmed the stability of these interactions, indicating that the compound
can effectively maintain its inhibitory effects over time. This multi-target activity is particularly
important, as complex aging mechanisms are often more effectively addressed by compounds
that act on multiple pathways rather than single targets.

Looking ahead, while the present study provides strong in silico evidence, further in
vitro and in vivo validation is essential to confirm the anti-aging potential of M. calabura fruit
extract. Direct testing in cell culture systems and animal models will be critical for evaluating
its biological efficacy, safety, and potential as a natural anti-aging agent. Such studies will not
only substantiate the computational findings but also pave the way for translational applications
in skincare and therapeutic formulations.
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