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Abstract

Nelumbo nucifera Gaertn. is a rich source of bioactive compounds, and has been extensively
investigated for its antioxidant and anti-inflammatory properties. However, despite its
broad pharmacological potential, detailed molecular-level insights into the interactions
of its phenolic and flavonoid constituents with key skin-aging-related enzymes remain
limited. Therefore, this study employed an integrated in silico and in vitro approach to
systematically evaluate the anti-aging potential of phenolic and flavonoid compounds
derived from N. nucifera. Molecular docking was performed to investigate their binding
interactions with tyrosinase, elastase, and collagenase. Compounds exhibiting the most
promising inhibitory profiles were further subjected to molecular dynamics (MD) simula-
tions for 100 ns and density functional theory (DFT) analyses at the B3LYP/6-31G(d,p) level
of theory to elucidate their structural stability and electronic properties. The computational
results revealed favorable binding affinities, stable complex formation, and electrostatic
features supporting hydrogen bond interactions. In vitro enzyme inhibition assays demon-
strated that hesperidin exhibited inhibitory activity against tyrosinase, collagenase, and
elastase, with ICs( values of 3.43 mM, 2.26 mM, and 0.55 mM, respectively. Kojic acid was
used as a positive control for tyrosinase, while epigallocatechin gallate (EGCG) was used
as a positive control for both collagenase and elastase. Additionally, hesperidin exhib-
ited enzyme-inhibitory activity and preliminary intrinsic UV absorption. This compound
warrants further investigation, specifically regarding its stability and performance within
standardized cosmeceutical formulations.

Keywords: collagenase; DFT calculation; elastase; hesperidin; lotus; molecular docking;
molecular dynamics simulation; tyrosinase
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1. Introduction

Skin aging is a multifactorial and complex biological process driven by the interplay of
intrinsic and extrinsic factors that accelerate skin deterioration. Extrinsic factors include ex-
posure to ultraviolet radiation, air pollution, and smoking, whereas intrinsic factors involve
genetic predisposition, nutritional deficiencies, and chronological aging. These factors col-
lectively enhance the generation of free radicals and reactive oxygen species (ROS), leading
to oxidative stress, while simultaneously reducing the body’s ability to synthesize endoge-
nous antioxidants. This imbalance in ROS homeostasis has been reported as a key trigger of
skin aging, manifesting as wrinkles, sagging, and hyperpigmentation [1-4]. ROS can also
induce production of matrix metalloproteinases (MMPs) through the mitogen-activated
protein kinase (MAPK) signaling pathway [5]. MMPs are zinc-dependent endopeptidases
that regulate the turnover of extracellular matrix (ECM) components and maintain the
dynamic interaction between cells and their surrounding matrix. Among MMPs, collage-
nases play a central role in ECM remodeling by degrading collagen, the primary structural
protein constituting 70-80% of the total skin protein content [6]. Collagenases not only
break down collagen but also inhibit its synthesis, thereby reducing skin elasticity. Elastin,
one of the critical ECM proteins responsible for skin resilience, can be degraded by elastase,
contributing further to wrinkle formation [7]. The loss of collagen and elastin therefore un-
derlies the structural deterioration and reduced elasticity, which are characteristic of aged
skin. On the other hand, topical antioxidants can reduce ROS levels, suppress collagenase
and elastase activities, and alleviate skin inflammation, thus preventing skin deterioration.

One of the predominant extrinsic factors is ultraviolet (UV) radiation from sunlight.
UV radiation can stimulate melanin production by activating tyrosinase, the key enzyme in
melanogenesis. Excessive melanin accumulation leads to hyperpigmentation, including
dark spots, melasma, and freckles, and may increase the risk of skin cancer [8]. Long-
term exposure to UV rays causes skin aging and wrinkles. Thus, effective inhibition of
tyrosinase activity is critical for preventing pigmentation disorders and mitigating skin
aging. Several antioxidative compounds, such as vitamin C, vitamin E, kojic acid and
azelaic acid, have attracted significant attention for topical application to prevent or delay
skin aging [9-11]. Natural products are increasingly recognized for their potential as active
ingredients in cosmeceuticals, pharmaceuticals, and food supplements. Particularly, plant-
derived bioactive compounds, such as polyphenols [12] and flavonoids, have been shown
to protect against UVA-induced photoaging by scavenging ROS and suppressing activity
and expression of collagenases in human dermal fibroblasts, with their efficacy being
strongly associated with the number of hydroxyl groups in their chemical structure [13].

Nelumbo nucifera Gaertn., commonly known as sacred lotus, is an aquatic plant of
major importance across Asia, in particular Southeast and East Asia, where it has long been
utilized in traditional medicine, food systems, and cultural practices [14]. Almost all parts
of the plant, including the flowers, seeds, stamens, leaves, and rhizomes, have been in-
corporated into foods, beverages, herbal preparations, and health-related products [15,16].
In addition, previous studies demonstrated that N. nucifera exhibits a wide range of bio-
logical activities, including antioxidant, antibacterial, antifungal, anti-HIV, antimalarial,
anti-obesity, and anti-atherosclerotic activities [17,18]. A myriad of phytochemicals from N.
nucifera, including phenolic compounds, flavonoids, alkaloids, glycosides, triterpenoids,
polysaccharides, and vitamins, have been reported. Polyphenols and flavonoids are pre-
dominantly detected in the leaves and stamens of N. nucifera, with quercetin, kaempferol,
rutin, catechin, chlorogenic acid, gallic acid, and caffeic acid as representative compounds.
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In addition, previous studies have reported the presence of flavonoids such as myricetin-
3-O-glucoside, quercetin-3-O-glucuronide, kaempferol-3-O-robinobioside, kaempferol-3-O-
glucoside, and isorhamnetin-3-O-glucoside in stamens of N. nucifera [19], together with
apigenin 7-O-glucuronide, eriocitrin, naringin, hesperidin, and hesperetin 3'-O-glucuronide in
its seeds and rhizomes [20-23]. Among these compounds, hesperidin and related flavonoids
exert potent antioxidant capacity and effectively suppress oxidative reactions across biolog-
ical systems [24,25]. In clinical evaluations, cosmetic formulations containing N. nucifera
extract, particularly when combined with green tea, demonstrated synergistic anti-aging bene-
fits [26,27]. To the best of our knowledge, although N. nucifera flavonoids have been recently
reported to exhibit skin anti-aging potential, there is no study of their atomic-level interactions.
Thus, this study provides deeper computational and mechanistic insights through integrated
quantum mechanical modeling and simulations.

Consequently, the present study aimed to evaluate the in silico skin anti-aging potential
of phenolic and flavonoid compounds previously reported from N. nucifera, using molecular
docking against tyrosinase, elastase, and collagenase. The compound exhibiting the highest
predicted binding affinity was further analyzed using in vitro skin aging enzyme inhibitory
activity assays and preliminary UV absorption analysis as well as molecular dynamics
(MD) simulations and density functional theory (DFT) to investigate its structural stability
and electronic properties.

2. Materials and Methods
2.1. Molecular Docking Study

The chemical structures of 54 compounds, including 22 phenolic acids and 32 flavonoids,
from N. nucifera were retrieved from the PubChem database [28]. The crystal structures of
tyrosinase from Agaricus bisporus (PDB ID: 2Y9X; resolution 2.78 A) [29], fibroblast collagenase
(PDB ID: 1CGL; resolution 2.78 A) [30], and human neutrophil elastase (PDB ID: 1H1B;
resolution 2.00 A) [31] were retrieved from the Protein Data Bank (https://www.rcsb.org,
accessed on 22 January 2025). Protein structures were prepared by removing co-crystallized
ligands and water molecules, followed by the addition of polar hydrogens. Docking grid
boxes were defined to cover the active sites of each enzyme. For tyrosinase, the grid center
was set at x = —11.418, y = —18.639, z = —39.105 with a grid size of 30 x 30 x 30 A3. For
collagenase, the grid center was located at x = 33.454, y = 35.533, z = 0.916 with a grid size of
30 x 30 x 30 A3. For elastase, the grid center was defined at x = 19.773, y = 10.028, z = 22.147
with a grid size of 20 x 20 x 20 A3. The co-crystalized ligands were redocked for each enzyme
to validate the docking protocol. All docking input files were prepared using AutoDockTools
(ADT) 1.5.7 [32]. Kollman united atom charges were assigned to the protein structures,
while Gasteiger-Marsili partial charges were applied to the ligands. Molecular docking was
conducted using AutoDock Vina with a grid spacing of 1 A, and all other parameters were
set to default values. The resulting ligand-enzyme complexes were analyzed and visualized
using BIOVIA Discovery Studio 2021 [33] and ChimeraX software version 1.10.1 [34].

2.2. Density Functional Theory (DFT) Calculation

The initial geometries of the ligands were generated using GaussView 5.0 [35] and
subsequently optimized using density functional theory (DFT) at the B3LYP/6-31G(d,p)
level [36,37]. This optimization ensured that the ligands reached their most stable confor-
mations, minimizing potential energy to obtain reliable electronic properties. Following
the optimization process, quantum molecular properties and electronic properties of the
ligands were systematically analyzed. Specifically, the highest occupied molecular orbital
(Enomo) and the lowest unoccupied molecular orbital (Ej ypo) energies were computed
to evaluate their frontier molecular orbitals. The chemical reactivity of all ligands was
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determined based on the energy gap (Egap) and quantum molecular parameter, which was
calculated to provide insights into their electronic stability. These parameters descriptors
were calculated from electronic properties according to Equations (1)—-(6), and their relating
definitions are presented below [38]:

Eg¢ap = ELumo — Enomo 1)
# = (Erumo + Enomo)/2 )
X=—H 3)
1 =— (ELumo — Enomo)/2 (4)

2

_ ¥
w = 2 )

1

S = o (6)

Furthermore, to gain deeper insight into the electrophilic and nucleophilic interaction
sites within the ligand structures, molecular electrostatic potential (MEP) analysis and
density of state (DOS) calculations were performed, and the electronic DOS of all systems
was investigated and plotted using the GaussSum 2.1.4 program [39].

2.3. Molecular Dynamics Simulation

The top-ranked docking poses were selected as initial structures for MD simulations
performed using AMBER 2016 [40]. The most stable binding conformations of the com-
pounds of N. nucifera, along with the reference inhibitor in complex with mushroom tyrosi-
nase [29], collagenase [30], and elastase [31], were exposed to further MD simulations. The
protein parameters were assigned using the FF14SB force field [41], while ligand parameters
were generated with the General AMBER Force Field (GAFF) [42]. Electrostatic potential
(ESP) charges of the ligands were computed and fitted using the restrained electrostatic
potential (RESP) approach via the Antechamber module in AMBER16. Each protein-ligand
complex was solvated in a TIP3P water box with a 12 A buffer and neutralized by the
addition of Na* ions. Following energy minimization, the systems were gradually heated
from 0 to 300 K over 50 ps under NVT conditions [43] and subsequently equilibrated under
the NPT ensemble at 1 atm using a Langevin thermostat and Berendsen barostat [44,45].
Long-range electrostatic interactions were treated using the Particle Mesh Ewald (PME)
method with a 12 A cutoff, and all hydrogen-containing bonds were constrained using the
SHAKE algorithm. Production MD simulations were performed for 100 ns, with trajectory
snapshots saved every 2 ps. Trajectory analyses, including root mean square deviation
(RMSD), radius of gyration (Rg), hydrogen bond analysis, and root mean square fluctuation
(RMSF), were conducted using CPPTRA] from AmberTools 2016 [46].

2.4. In Vitro Study
2.4.1. Chemicals and Reagents

Hesperidin was obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan). Kojic acid and mushroom tyrosinase were purchased from Sigma-Aldrich (St. Louis,
MO, USA). L-3,4-dihydroxyphenylalanine (L-DOPA) was acquired from Acros Organics
(Geel, Belgium). Collagenase activity colorimetric assay kits (Catalog No. C0130, Lot
#SLBT3410), elastase from porcine pancreas (Catalog No. 45125 Lot#1408760), N-succinyl-
(Ala)-3-nitroanilide (SANA), N-[3-(2-furyl)acryloyl]-Leu-Gly-Pro-Ala (FALGPA), and epi-
gallocatechin gallate (EGCG) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All chemicals and reagents used in this study were of analytical grade.
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2.4.2. Anti-Tyrosinase Activity

Mushroom tyrosinase inhibitory activity was determined using the DOPA-chrome
method with slight modifications [47]. Tyrosinase (250 U/mL) and L-DOPA (2.5 mM) were
prepared in 0.1 M phosphate buffer (pH 6.8). Kojic acid (positive control) and test samples
were dissolved in DMSO and serially diluted. The assay was conducted in a 96-well plate
by adding buffer, followed by DMSO, to the control and blank wells. Sample or kojic
acid solutions were added to the designated wells, except the blank control, followed by
tyrosinase solution, and incubated for 10 min at room temperature. L-DOPA solution was
then added, and the mixture was incubated for an additional 10 min. The absorbance was
measured at 492 nm using a UV-Vis spectrophotometer. Tyrosinase inhibitory activity was
expressed as ICs) values, and all experiments were conducted in triplicate.

2.4.3. Anti-Collagenase Activity

Anti-collagenase activity was determined using a spectrophotometric method em-
ploying FALGPA (N-(3-[2-Furyl]-acryloyl)-Leu-Gly-Pro-Ala) as a substrate, with minor
modifications [48]. The reaction mixture (total volume 200 uL per well) consisted of 120 pL
of Tris-HCI buffer, 40 pL of the test sample at various concentrations or the positive control
inhibitor, epigallocatechin gallate (EGCG), and 40 pL of collagenase solution (0.1 U/mL,
prepared in Tris-HCI buffer). The mixture was preincubated at 37 °C for 15 min in the dark
to allow enzyme-inhibitor interaction. Subsequently, 40 uL of FALGPA substrate solution
(0.8 mM) was added to initiate the enzymatic reaction. The reaction was incubated at 37 °C
for 30 min in the dark. The absorbance was measured at 345 nm using a microplate reader.
Collagenase inhibitory activity was expressed as an ICs value, and all experiments were
conducted in triplicate.

2.4.4. Anti-Elastase Activity

Elastase inhibitory activity was determined according to the previously described method
by Kraunsoe et al. [49], with slight modifications. The assay was performed in 0.2 M Tris-HCl
buffer (pH 8.0). The reaction mixture consisted of 160 uL buffer, 20 pL of the test sample or
EGCG standard, 20 pL of elastase solution (7.5 U/mL), and 20 pL of SANA (N-Succinyl-Ala-
Ala-Ala-p-nitroanilide) substrate (0.8 mM in methanol). The mixture was incubated at 25 °C
for 20 min, and the absorbance was measured at 410 nm. Elastase inhibitory activity was
expressed as ICs values, and all experiments were conducted in triplicate.

2.4.5. Preliminary UV Absorption Study

The UV absorption efficiency of samples was assessed following a previously re-
ported method with slight modifications [50]. Briefly, samples were dissolved in DMSO
at different concentrations. The UV absorption spectra were recorded using a UV-Visible
spectrophotometer over the wavelength range of 200400 nm at room temperature using
quartz cuvettes with a 1 cm optical path length. The corresponding solvent was used as a
blank. The sample was primarily assessed based on its UV absorption behavior in the UVA
(320-400 nm) and UVB (280-320 nm) regions. Quercetin was used as a reference compound
for the evaluation under identical experimental conditions in a subsequent study:.

3. Results and Discussion
3.1. Molecular Docking Results

The structures of phenolic acids and flavonoids of N. nucifera reported in PubChem
database are shown in Figures 1 and 2, respectively.
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Figure 1. Chemical structures of phenolic acids of N. nucifera.

Molecular docking was performed to evaluate the binding affinities and interaction
profiles of phenolic acids and flavonoids derived from N. nucifera against three aging-
related enzymes, viz. tyrosinase, collagenase, and elastase. The docking results are sum-
marized in Table 1, while key protein-ligand interactions are detailed in Table 2. Overall,
the investigated compounds exhibited favorable binding energies toward all three tar-
get enzymes, with flavonoids generally showing relatively stronger binding affinities
than phenolic acids. For tyrosinase, several flavonoids demonstrated markedly stronger
binding affinities than the reference inhibitor, kojic acid (—5.7 kcal/mol). Noticeably, hes-
peridin (45) (—9.3 kcal/mol), eriocitrin (42) (—9.0 kcal/mol), and catechin 3-O-gallate (38)
(—8.6 kcal/mol) come forward as the top-ranked ligands. These interaction patterns and
binding energies are in good agreement with previous docking studies [51] with redocking
RMSD values below 2 A. The redockings of collagenase and elastase with their inhibitors
were also performed to validate the docking protocol. The results showed good alignments
with RMSD values of 0.286 A and 1.424 A, respectively (Supplementary Material). These
compounds interacted extensively with key residues in the catalytic pocket, i.e., Cys83,
His85, Met280, Gly281, and Val282, and exhibited additional stabilization through 7—m
stacking, m—alkyl interactions, and van der Waals contacts with residues surrounding the
binuclear copper center (Figure 3). These findings are consistent with previous dock-
ing studies, which identified Met280, along with His61, His85, His259, His263, Gly281,
Val283, Arg268, Asn260, and Phe264, as key residues of tyrosinase involved in ligand
binding [52,53]. The results further support effective stabilization of these ligands within
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the conserved binuclear copper active site of tyrosinase, coordinated by six His residues,
which agrees with previous reports [29].
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Figure 2. Chemical structures of flavonoids of N. nucifera.

In the case of collagenase, several flavonoids demonstrated binding energies com-
parable to or even stronger than that of the reference inhibitor, EGCG (—8.1 kcal/mol).
Among these, eriocitrin (42) (—9.6 kcal/mol), catechin 3-O-gallate (38) (—9.3 kcal/mol),
and hesperidin (45) (—9.3 kcal/mol) exhibited the most favorable binding affinities.

These ligands formed various hydrogen bonds with catalytically important residues
such as Alal184, Arg214, His228, and Tyr237, and demonstrated metal-coordinating in-
teractions with the catalytic Zn?* ion, indicating a strong inhibitory potential (Figure 4).
Consistent with previous studies, isoquercitrin (quercetin-3-O-glucoside (27)) formed hy-
drogen bonds with key catalytic residues [52], while EGCG interacted with the same
binding site through hydrogen bonding with Gly179 and Pro238, with the docking results
supported by inhibition data [54]. Furthermore, the elastase docking results indicated
moderate to strong ligand—enzyme interactions, where hesperidin (45), eriocitrin (42), and
naringin (43) exhibited higher binding affinities (—8.2, —7.9, and —7.7 kcal/mol, respec-
tively) than EGCG (—6.8 kcal/mol), suggesting their stronger inhibitory potential toward
elastase. These compounds interacted with key residues within the active site, including
Cys58, His57, Asné61, Ser195, and Cys191, through hydrogen bonding, m—m interactions, and
hydrophobic interactions, suggesting stable accommodation within the elastase binding
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pocket (Figure 5). This finding is in good agreement with previous studies that observed
hydrogen bond between hyperoside and Val216, Asp102, Ser195, and His57 in elastase [53].

Table 1. Binding energies of phenolic acids with tyrosinase, collagenase, and elastase, obtained from

molecular docking simulations.

Binding Energy
Compound (keal/mol)
Tyrosinase Collagenase Elastase
(PDB: 2Y9X) (PDB: 1CGL) (PDB:1H1B)
Positive control
Kojic acid —5.7 - -
EGCG - —8.1 —6.8
Phenolic compounds
Salicylic acid (1) —6.1 —6.2 —5.1
Gallic acid (2) —6.0 —6.6 —4.9
4-Hydroxybenzoic acids (3) —6.0 —6.5 —4.6
Protocatechuic acid (4) —6.0 -7.7 —4.8
Vanilic acid (5) —6.0 -5.3 —4.9
Syringic acid (6) —6.1 —6.2 —5.1
4-Hydroxybenzoic acid-4-O-glucoside (7) —6.4 —7.0 —6.1
Galloyl glucose (8) —6.5 -71 —59
Paeoniflorin (9) —7.6 -79 —6.5
3-hydroxy-3-(3-hydroxyphenyl)propionic acid (10) —6.1 —6.9 —5.5
3,4-dihydroxyphenylacetic acid (11) —6.4 7.4 —5.1
Cinnamic acid (12) —6.4 —6.4 —54
m-coumaric acid (13) —6.8 —6.8 —5.2
Caffeic acid (14) —-6.9 —-6.9 —5.4
Isoferulic acid (15) —6.5 —6.5 —5.2
Sinapic acid (16) —6.4 —6.4 —5.1
Ferulic acid-4-O-glucoside (17) -7.1 -71 -5.38
p-coumaric acid glucoside (18) -7.3 -7.3 —6.0
Caffeoyl glucose (19) -7.5 -7.5 —6.8
3-p-coumaroylquinic acid (20) -73 -73 —6.8
Chlorogenic Acid (21) -72 —54 —6.7
3-feruloylquinic acid (22) =71 =71 —6.5
Flavonoids
Myricetin (23) —-74 -75 —6.6
Myricetin-3-O-hexoside (24) -75 -7.8 —6.9
Quercetin (25) -7.6 -85 —6.7
Quercetin-3-O-galactoside (hyperoside) (26) -75 —8.7 —6.6
Quercetin-3-O-glucoside (isoquercitrin) (27) —7.6 -84 —6.7
Quercetin-3-O-glucuronide (28) -79 —8.6 —7.4
Quercetin-3-O-arabinoside (29) —-7.4 —8.8 —-6.9
Quercetin-3-O-rutinoside (rutin) (30) —8.4 —6.8 -7.3
Kaempferol (31) -7.7 -79 —6.3
Kaempferol-3-O-galactoside (32) —7.6 —8.0 —6.5
Kaempferol-3-O-glucoside (astragalin) (33) -7.7 -79 —6.7
Kaempferol-3-O-glucuronide (34) -79 —83 —6.9
Kaempferol-3-O-robinobioside (35) —-8.2 -85 —-7.7
Isorhamnetin-3-O-glucoside (36) -75 -7.3 —6.1
Isorhamnetin-3-O-glucuronide (37) —8.1 —7.6 —6.6
Catechin-3-O-gallate (38) —8.6 —9.3 —6.5
Gallocatechin-3-O-gallate (39) —8.8 —8.1 —6.8
Epicatechin (40) —6.7 -85 —6.3
Epigallocatechin (41) —6.8 -73 —6.3
Eriocitrin (42) —9.0 —9.6 —-7.9
Naringin (43) 7.2 —-9.0 —7.7
8-prenylnaringenin (44) -7.0 —74 —6.6
Hesperidin (45) —9.3 —9.3 —8.2
Hesperetin-3-O-glucuronide (46) -79 —9.1 —6.9
Neodiosmin (47) 7.7 —8.4 —-7.0
Apigenin (48) —74 -7.8 —6.4
Apigenin-6-C-glucoside (49) -71 -77 -73
Chrysoeriol-7-O-glucoside (50) -7.7 —8.4 —6.9
Luteolin (51) -7.5 -7.3 —6.8
Peonidin (52) -7.3 -7.6 -59
Cyanidin (53) -73 —8.4 —6.3
Delphinidin (54) -71 -75 —6.2
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Table 2. Molecular docking scores and binding patterns of the compounds with tyrosinase, collage-

nase and elastase enzymes.

Binding
Compound Energy Hydrogen Bond Distance (A) Other Interactions
(kcal/mol)
Tyrosinase(PDB: 2Y9X)
Cys83 (2.72) Van der Waals: Cu400, Cu401, Phe90, His61, Phe292,
Yoo i Ala286, Lys79, Tyr65, Ala323, Asn81, Thr324, Thr84, His244,
His85 (2.40)
Hesperidin (45) 93 Met280 (1.90) Val248, Phe264
P ’ ) Pi-Alkyl: Tyr78, His85, His259 Pi-Sigma: Ala80 Alkyl:
Gly281 (2.57)
Val283 (2.66) Val283
: Unfavorable bump: Asn260, His263
Tyr78 (2.25) Van der Waals: Val248, His244 Phe264 Lys79,
y ; Glu103Ala323 Asn81 Thr324 Thr85 Asn260 His61 Phe90
Cys83 (3.05)
Eriocitrin (42) 90 FHis85 (1.88) Phe292 Ala286 Gly281
oal ’ 18 : Carbon hydrogen bond: Ser282. Alkyl: Cu400, Cu401,
Met280 (1.95)
Val283 (2.98) Val283
’ Pi-Alkyl: Ala80, His259, His263, His85. Pi-Sigma: His363
Van der Waals: Gly281, His85, Glu322, Thr324, Cys83,
Phe292, His61, Cu400, Phe264, Asn260 His259, His244,
Catechin 3-O-gallate _86 Asn81 (2.03) Phe90, Glu256
(38) ’ Met280 (2.24) Pi-Pi stacked: His263, Amide-Pi: Ser282
Pi-Pi T-shaped: His259 Pi-Alkyl: Val283, Ala286, Cu401
Carbon hydrogen bond: His259
Kotic acid Van der Waals: His85, His244, Asn260, His259, Cu401,
( ositi] e control) —5.7 - His61, Ala286, Met280, Ser282, His279, Gly281, Phe264
oStV Pi-Pi stacked: His263 Pi-Alkyl: Val283
Collagenase (PDB: 1CGL)
Alal84 (2.28) Van der Waals: Thr103, Asp186, His222, His183, Asn180,
Alal84 (2.80) Ala182, Glu219, Leul81, Pro238, Ser239, Tyr240, Leu235,
L a ’ Asn106, Leu226, Ser227, Gly105, Glu104
Eriocitrin (42) -9.6 Arg?214 (3.06) iy
His228 (2.06) Carbon hydrogen bond: His218
Tyr237 (2 '65) Pi-Pi stacked: His218 Pi-Alkyl: Val215
y ’ Metal accepter: Zn301
iigﬁi g‘g‘% Van der Waals: Leu181, Tyr240, Leu235, Ala182, His222,
Catechin 3-O-gallate _93 Gl§21 9 (2'90) His183, Asn180 Carbon hydrogen bond: Val215, Pro238
(38) ’ Tyr237 (2 '37) Pi-Pi stacked: His218, Gly179 Pi-Pi T-shaped: His228
Ser239 (3.07) Amide-Pi: Gly179 Pi-Alkyl: Val215
Alal84 (2.37) Van der Waals: Thr103, Gly105, Ser227, Asn180, Ala182,
Asp186 (2.48) Leul81, His183, Pro238, Ser239, Thr241, Phel85, His222,
1 B Asp186 (2.93) Leu226
Hesperidin (45) 93 Arg214 (2.75) Carbon hydrogen bond: Glu219, Tyr240
His228 (2.00) Pi-Pi stacked: His218 Metal acceptor: Zn301
Tyr237 (2.16) Pi-Alkyl: Arg215, Tyr240 Alkyl: Arg214
Van der Waals: Asn180, Ala182, Tyr237, His228, Zn301,
EGCG Glu219 (2.90) His183, His222, Tyr240, Arg2-14, Trp203, Ser239 Amide-Pi
(positi rol) —8.1 Pro238 (2.09) stacked: Gly179
posttive contro ro : Pi-Alkyl: Leul81, Val215 Pi-Anion: Asp175
Unfavorable Acceptor-Acceptor: Glu219
Elastase (PDB:1H1B)
Cys58 (2.75)
ﬁsﬁgi gg; Van der Waals: Cys42, Phe41, Phe192, Asp194, Val216,
Hesperidin (45) en le99 (291 Asn99A, Arg217A, Val62, Ala60
P ’ ' Pi-Pi T-shaped: Phe215 Pi-Alkyl: Leu99B
Argl77(2.47) Carbon hydrogen bond: His57, Cys58
Cys191 (2.45) ydrog : el
Ser195 (2.51)
Van der Waals: Val59, Val62, ala60, Phe41, Cys42, Phe192,
Eriocitrin (42) -7.9 Ser195 (2.88) Cys191, Asp194, Val216, Phe215

Carbon hydrogen bond: His57, Cys58, Phe192, Val216
Pi-Pi stacked: Phe215 Pi-Alkyl: Leu99B
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Table 2. Cont.

Binding
Compound Energy Hydrogen Bond Distance A) Other Interactions
(kcal/mol)
Phe41 (2.65)
His57 (2.89) Van der Waals: Cys42, Val59, Ala60, Asné61, Val62, Cys42,
Naringin (43) 77 Cys58 (2.23) Asn99A, Val62, Argl77, Phel92, Asp194, Ser214, Val216
’ Cys191 (2.89) Pi-Pi stacked: Phe215 Pi-Alkyl: Arg217A
Ser195 (2.17) Carbon hydrogen bond: Leu99B, Ser195
Ser195 (3.08)
Pi-Pi stacked: His57, Phe215 Pi-Pi T-shaped: Phe215
EGCG Ser195 (2.72) Pi-Sigma: Leu99B Alkyl: Leu99B
i trol) —6.8 Ser214 (2.14) Carbon hydrogen bond: Phe215, Phel92
(positive contro Val216 (3.26) Van der Waals: Val99, Asn99A, Argl77, Arg217A, Arg147,
Cys191, Gly193, Phe192

T
A5
[7] van der Waals [ Pi-Anion [] van der Waals [ Pi-Anion [] van der Waals [ Pi-Pi Stacked
I Conventional Hydrogen Bond [ Pi-Donor Hydrogen Bond [ Conventional Hydrogen Bond I Pi-SigmaBond I Conventional Hydrogen Bond [ Pi-Pi T-shaped
[~ Carbon Hydrogen Bond [ Alkyl [ Carbon Hydrogen Bond [ Alkyl 1 Carbon Hydrogen Bond [ Amide-Pi Stacked
M Unfavorable Acceptor-Accepter ] Pi-Alkyl I Unfavorable Acceptor-Accepter [ pi-Alkyl I Pisigma [ Pi-Alkyl

(@) (b) ()

Figure 3. Molecular docking interactions of compounds (a) hesperidin (45), (b) eriocitrin (42), and
(c) catechin 3-O-gallate (38) with the tyrosinase enzyme (PDB: 2Y9X). Catalytic residues are shown as
balls and sticks. The hydrogen bond distance (A) between amino acid residues and target molecules
are shown as green dashes.

Taken together, the docking results indicate that flavonoid glycosides, particularly
hesperidin (45), consistently exhibited strong binding affinities and favorable interaction
patterns with all three enzymes. These findings highlight their potential as multifunctional
anti-aging agents targeting tyrosinase, collagenase, and elastase, and provide a strong basis
for subsequent molecular dynamics simulations.
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A301

SER, | JPH
A239 K255 A

Figure 4. Molecular docking interactions of (a) eriocitrin (42), (b) catechin 3-O-gallate (38), and
(c) hesperidin (45) with the collagenase enzyme (PDB: 1CGL). Catalytic residues are shown as balls
and sticks. The hydrogen bond distance (A) between amino acid residues and target molecules are
shown as green dashes.

Py
B Conventional Hydrogen Bond [ Pi-Pi T-shaped I Conventional Hydrogen Bond W Pi-Pi Stacked B Conventional Hydrogen Bond I Pi-Pi Stacked
[ Carbon Hydrogen Bond 70 Pi-Alkyl [ Carbon Hydrogen Bond 1 Pi-Alkyl [_] Carbon Hydrogen Bond [0 Pi-Alkyl
I unfavorable Donor-Donor B unfavorable Donor-Donor B unfavorable Donor-Donor

(a) (b) (c)

Figure 5. Molecular docking interactions of (a) hesperidin (45), (b) eriocitrin (42), and (c) naringin
(43) with the elastase enzyme (PDB: 1H1B). Catalytic residues are shown as balls and sticks. The
hydrogen bond distance (A) between amino acid residues and target molecules are shown as green
dashes.

https://doi.org/10.3390/cosmetics13040210


https://doi.org/10.3390/cosmetics13040210

Cosmetics 2026, 13,210

13 of 24

3.2. Density Functional Theory (DFT) Calculations

Accordingly, four compounds were selected for further study based on their high
ranking in the molecular docking analysis and their favorable binding interactions with all
three target enzymes. To better understand the structural and electronic factors involved
in ligand—protein interactions, DFT calculations were performed. This analysis provided
insight into the electronic properties of the ligands that may contribute to their binding
affinity and chemical reactivity. The geometry of the four selected compounds was fully
optimized at the B3LYP/6-31G(d,p) level of theory. Subsequent single-point calculations
were carried out to evaluate the frontier molecular orbitals (HOMO-LUMO) and related
chemical reactivity descriptors. In this context, Erjomo represents the electron-donating
ability of a molecule, whereas E; ymo reflects its electron-accepting capacity, as shown in
Figure 6. The energy difference between Eyomo and ELumo, Egap, was calculated, and it
represents an indicator of molecular stability and chemical reactivity. The calculated Egap
values followed the order: eriocitrin (42) (3.183 eV) < hesperidin (45) (3.212 eV) < catechin
3-O-gallate (38) (3.313 eV) < naringin (43) (3.654 eV), indicating that eriocitrin (42) possesses
the smallest energy gap among the selected compounds.
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Figure 6. The HOMO and LUMO plots of (a) hesperidin (45), (b) eriocitrin (42) (c) catechin 3-O-gallate
(38) and (d) naringin (43) at the B3LYP/6-31G(d,p) level of theory. The red and green regions represent
the positive and negative phases of the molecular orbital wavefunction, respectively.

A smaller Egyyp, is generally associated with higher chemical reactivity and a greater
tendency for electron transfer, which may promote stronger intermolecular interactions
with target enzymes. In addition, frontier molecular orbital analysis provided insight into
the distribution of electron density within the molecules, helping to identify potential
reactive sites and regions involved in electronic transitions.

In addition to the Eg,p, several global reactivity descriptors, including chemical poten-
tial (), electronegativity (x), global hardness (), electrophilicity index (w), and softness
(S), were evaluated to better understand the electronic behavior of the compounds listed
in Table 3 [55]. These descriptors were obtained from the calculated electronic properties
using Equations (1)—(6).

Egap = ELumo — EHOMO

# = (ELumo + Enomo)/2
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X=—H
1 =— (ELumo — Enomo)/2
2
_ ¥
w = 2
1
Ty

Table 3. The optimized energy, highest occupied molecular orbital energies (Egomo), the lowest
unoccupied molecular orbital energies (Epymo), energy gaps (Egap), electronic chemical potential (),
electronegativity (), chemical hardness (1), electrophilicity (w), and softness (S) of compounds.

Compound Exomo Erumo Egap i X 7 w S
Herperidin (45) —8.408 —5.197 3.212 —6.802 6.802 1.606 14.407 0.3114
Eriocitrin (42) —8.273 —5.090 3.183 —6.681 6.681 1.591 14.025 0.3142
Catechin 3-O-gallate (38)  —8.329 —5.016 3.313 —6.673 6.673 1.656 13.440 0.3019
Naringin (43) —8.725 —5.071 3.654 —6.898 6.898 1.827 13.024 0.2737

Lower hardness (17) and higher softness (S) values were observed for eriocitrin (42)
(M =1591eV,S=0.3142 eV~ !) and hesperidin (45) (7 = 1.606 eV, S = 0.3114 eV 1), suggest-
ing greater polarizability and enhanced charge-transfer capability. In contrast, naringin (43)
exhibited higher hardness (17 = 1.827 eV) and lower softness (S = 0.2737 eV, indicating
comparatively lower chemical reactivity. Hesperidin (45) showed the highest electrophilic-
ity index (w = 14.407 eV), followed by eriocitrin (42) (w = 14.025 eV), implying a stronger
tendency to accept electrons during intermolecular interactions. Overall, the electronic
properties obtained from the DFT calculations provide additional insight into the reactivity
and interaction potential of the selected compounds.

3.3. Molecular Electrostatic Potential (MEP) Analysis

The MEP surfaces of hesperidin (45), eriocitrin (42), catechin 3-O-gallate (38), and
naringin (43) are shown in Figure 7. The MEP maps are illustrated using a color scale
ranging from red to blue (red — yellow — green — light blue — blue), corresponding to
regions of negative and positive electrostatic potential, respectively. Red regions indicate
areas with the highest negative electrostatic potential, which are favorable for electrophilic
interactions, while green regions represent near-neutral potential. In contrast, blue regions
correspond to positive electrostatic potential and may be more susceptible to nucleophilic
interactions. The electrostatic potential values of all compounds were distributed within
the range of —1.000 x 10! to 1.000 x 10~. Strong negative electrostatic potential regions
were mainly localized around phenolic hydroxyl groups and other oxygen-containing
moieties, indicating favorable sites for hydrogen-bond acceptance. Meanwhile, positive
potential regions were primarily associated with hydroxyl hydrogens and sugar moieties,
suggesting their role as potential hydrogen-bond donors.

3.4. Density of States (DOS)

The DOS plots of the selected compounds are shown in Figure 8. All compounds
displayed appreciable electronic states near the Fermi level, indicating favorable electronic
delocalization and potential charge transfer during enzyme binding. Hesperidin (45) and
eriocitrin (42) showed relatively higher DOSs in the frontier energy region, whereas catechin
3-O-gallate (38) and naringin (43) exhibited slightly broader distributions. Overall, the DOS
results support the electronic stability and binding potential of the selected compounds,
which is in agreement with the docking analysis. Following molecular docking and DFT
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analyses, including MEP and DOS evaluations, the four top-ranked compounds were
further examined to identify the most promising candidate for advanced investigation.
Based on the combined electronic properties, binding affinities, and interaction profiles,
hesperidin (45) was selected as the lead compound.
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Figure 7. MEP plots of (a) hesperidin (45), (b) eriocitrin (42), (c) catechin 3-O-gallate (38) and
(d) naringin (43). Molecule’s negative and positive electrostatic potential scales across its surface are

ranging from red to blue.
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Figure 8. Density of states (DOS) plots of (a) hesperidin (45), (b) eriocitrin (42) (c) catechin 3-O-gallate
(38) and (d) naringin (43).

3.5. Molecular Dynamics (MD) Simulation
3.5.1. System Stability

In order to gain deeper insight into the dynamic behavior of the inhibitor-tyrosinase
complexes, 100 ns MD simulations were performed. As shown in Figure 9a, all complexes
remained structurally stable throughout the simulations. The RMSD values showed only
minor fluctuations, indicating that the protein-ligand complexes reached equilibrium
and maintained stable conformations during the simulation period. The RMSD profiles
further demonstrated that all complexes were stabilized within the early stage of the
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simulations and remained stable throughout the trajectories. Notably, the hesperidin-
bound complexes consistently exhibited comparable or lower RMSD values than the
corresponding reference inhibitors in the tyrosinase, collagenase, and elastase systems,
suggesting improved complex stability. These findings are consistent with previously
reported studies [56].

(a) Tyrosinase Collagenase Elastase
5
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Figure 9. Comparative molecular dynamics analysis of hesperidin (45) and reference inhibitors in

complexes with aging-related enzymes. (a) Root mean square deviation (RMSD), (b) number of

hydrogen bonds (#H-bond), and (c) radius of gyration (Rg) obtained from 100 MD simulations.

Moreover, hydrogen bond analysis (Figure 9b) revealed that hesperidin (45) formed
a higher or comparable number of stable hydrogen bonds with all three enzymes when
compared with reference inhibitors. This behavior indicates stronger intermolecular in-
teractions and greater complex stability during the simulations. Likewise, the radius of
gyration (Rg) profiles (Figure 9¢) remained relatively stable for all systems, suggesting
that ligand binding did not significantly affect the overall structural compactness of the
enzymes. The relatively higher Rg values observed for tyrosinase may be attributed to
its larger structural architecture and higher residue content compared with collagenase
and elastase.

3.5.2. Residue Flexibility Analysis

Root means square fluctuation (RMSF) analysis was performed to evaluate the residue-
level flexibility of the enzymes during the 100 ns MD simulations (Figure 10). In the RMSF
plots, the black curves represent the reference inhibitors, while the blue curves correspond
to the hesperidin-bound complexes. RMSF values below approximately 1.5 A generally
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indicate structurally rigid regions, whereas higher values (>2.5-3.0 A) are typically associ-
ated with flexible loop or terminal regions. For tyrosinase (Figure 10a), both the reference
inhibitor-bound complexes and hesperidin-bound complexes showed similar RMSF pro-
files, with most residues fluctuating within the range of 0.5-1.5 A. Larger fluctuations,
reaching approximately 3.0-4.5 A, were mainly observed in loop regions around residues
80-100 and 230-260. Interestingly, the hesperidin-bound complex (blue line) exhibited com-
parable or slightly lower fluctuations near the catalytic region compared with the reference
inhibitor-bound complexes (black line), suggesting improved stabilization of functionally
important residues. These results agree with previous studies on tyrosinase structures [57].
In the collagenase systems (Figure 10b), the hesperidin-bound complex displayed RMSF
values predominantly between 0.8 and 2.0 A, whereas the reference inhibitor-bound com-
plexes showed greater local fluctuations, particularly in loop regions around residues 60-90,
where RMSF values increased to approximately 3.0-4.0 A. In addition, residues located near
the active site exhibited lower RMSF values (<1.5 A) in the hesperidin complex, indicating
reduced flexibility and enhanced structural stability relative to the reference system. For
elastase (Figure 10c), both complexes demonstrated similar overall fluctuation patterns.
However, the hesperidin-bound complex (blue line) showed slightly lower RMSF values
than the reference inhibitor-bound complexes (black line) in several regions surrounding
the binding pocket. Higher fluctuations (~4.0-5.0 A) were primarily confined to terminal
and loop regions in both systems.
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Figure 10. RMSF analyses of aging-related enzymes bound to hesperidin (45) and reference inhibitors:
(a) tyrosinase, (b) collagenase, and (c) elastase.
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Overall, the consistently lower or comparable RMSF values observed for the
hesperidin-bound complexes relative to the reference inhibitor-bound complexes across all
three enzymes suggest that they contribute to maintaining the structural stability of the
protein backbone during the MD simulations.

3.5.3. Protein-Ligand Interactions

To better understand how hesperidin (45) interacts with the target enzymes, its binding
interactions were analyzed together with those of the reference inhibitors, with particu-
lar attention to hydrogen bonding and hydrophobic interaction within the active sites
(Figure 11). For tyrosinase (PDB ID: 2Y9X), the positive control, kojic acid, formed stable
hydrogen bonds with His61 and His259, as well as t— stacking interactions that involve
His85 and His263 within the catalytic pocket. On the other hand, hesperidin (45) formed
three hydrogen bonds with key residues in the active site, among which Asn81 showed
the most persistent interaction, with an occupancy of 84.20% at a bond distance of 1.96 A.
Moreover, additional hydrogen bonds were observed with Val283 (1.96 A, 31.08% occu-
pancy) and Ser282 (2.11 A, 5.94% occupancy). Hesperidin (45) also established stabilizing
m—alkyl interactions with Ala80 and Ala323, along with carbon-hydrogen bonding and
extensive van der Waals contacts with neighboring residues. Altogether, these interactions
supported the stable binding of hesperidin (45) within the tyrosinase active site throughout
the simulation.

In the collagenase system (PDB ID: 1CGL), the positive control, EGCG, also exhibited
stable binding through the formation of three hydrogen bonds. The strongest interaction
was observed with Tyr210, which showed the highest occupancy (87.28%) at a bond
distance of 1.96 A. Additional hydrogen bonds were formed with Ala182 (2.63 A, 60.08%
occupancy) and Leu181 (2.07 A, 5.44% occupancy). Furthermore, 77t stacking and 7—alkyl
interactions with Val215 were detected, together with carbon-hydrogen bond and van
der Waals interactions, that further contributed to the stability of the complex. Similarly,
hesperidin (45) demonstrated stable binding within the collagenase active site through the
formation of three persistent hydrogen bonds with Asp175 (2.24 A, 80.76% occupancy),
Glu219 (1.89 A, 72.66% occupancy), and His218 (2.19 A, 72.66% occupancy). Additional
alkyl interactions involving His218, Pro238, and His228, along with carbon-hydrogen
bonding and van der Waals contacts, further stabilized the complex. Overall, these findings
indicate that hesperidin (45) fits well within the collagenase binding pocket and exhibits
binding stability comparable to EGCG.

In the case of elastase (PDB ID: 1H1B), EGCG exhibited stronger binding stability than
hesperidin (45). Two major hydrogen bonds were observed between EGCG and elastase,
involving Cys191 (1.89 A, 63.74% occupancy) and Gly218 (2.08 A, 40.04% occupancy).
In addition, EGCG formed m—m stacking interactions with His57 and Phe215, together
with 7-alkyl interactions involving Val216. These interactions were further supported by
carbon-hydrogen bonding and surrounding van der Waals contacts, contributing to the
stability of the ligand—-enzyme complex throughout the simulation. In contrast, hesperidin
(45) formed only one hydrogen bond with Val190 (2.39 A, 21.74% occupancy), suggesting
weaker hydrogen-bond persistence in the elastase system. However, hesperidin (45) still
maintained several stabilizing non-covalent interactions, including m—m stacking with
Phe190 and carbon-hydrogen bonding involving Phe190, Phe215, Gly218, and Arg217, as
well as multiple van der Waals contacts within the active site. Although hydrogen bonding
was less pronounced, these interactions likely helped maintain the association of hesperidin
(45) within the elastase binding pocket during the simulation.
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Figure 11. Three-dimensional binding structures of hesperidin (45) and reference inhibitors with
amino acid residues of (a) tyrosinase, (b) collagenase, and (c) elastase from MD simulations. The
atom elements of the ligand molecules are shown in different colors; carbon in blue, oxygen in red

and hydrogen in white.

3.6. In Vitro Inhibitory Activity of Hesperidin on Skin Aging-Related Enzymes

The inhibitory potential of hesperidin (45) toward tyrosinase, collagenase, and elas-
tase was investigated using in vitro enzyme assays, and the IC5p values are summarized
in Table 4. Hesperidin (45) inhibited tyrosinase activity with an ICsy value of 3.43 mM,
while kojic acid, the positive control, showed an ICsy value of 0.31 mM. In the collagenase
assay, hesperidin (45) showed moderate inhibitory activity, with an ICsy value of 2.26 mM,
whereas EGCG exhibited stronger inhibition, with an ICsy value of 0.76 mM. Although hes-
peridin (45) inhibited elastase activity with a smaller ICsq value (0.55 mM) when compared
to those of tyrosinase and collagenase, its potency was much lower than that of EGCG,
which showed an ICs value of 0.06 mM.
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Table 4. ICs values of hesperidin (45) and reference inhibitors against skin aging-related enzymes
determined by in vitro assays.

ICsp (mM)
Compound -
Tyrosinase Collagenase Elastase
Kojic acid 0.31 £0.01 - -
EGCG - 0.76 +0.28 0.06 = 0.01
Hesperidin 343 £0.03 2.26 £ 0.07 0.55 £0.07

Values are presented as the mean £ SD (n = 3).

3.7. UV Absorption Analysis of Hesperidin

UV radiation is generally classified into three major categories based on the wave-
length, namely UVC in the range of 100-280 nm, UVB in the range of 280-315 nm, and
UVA in the range of 315400 nm, respectively [58]. UVC radiation is completely absorbed
by the ozone layer in the upper atmosphere and does not reach the Earth’s surface. In
contrast, UVB radiation is primarily responsible for erythema and direct DNA damage,
while UVA radiation penetrates deeper into the skin and contributes significantly to pho-
toaging and long-term photodamage [59]. The UV absorption characteristics of hesperidin
(45) were evaluated based on its spectral profile. The UV absorption spectra of hesperidin
(45) (Figure 12a) indicated strong absorbance across the UV region, particularly within
the UVB range, which extended into the UVA region up to 400 nm, although weaker ab-
sorption was observed at 340-400 nm. The relatively stable UVA /UVB ratio suggests that
increasing the concentration of hesperidin (45) enhances the overall absorption intensity
without significantly altering its intrinsic spectral characteristics. To further characterize
these properties, the absorption spectra were compared to those of quercetin (25), a known
UV-absorbing reference. Figure 12b demonstrates strong and continuous absorption from
the UVB to UVA regions (200-400 nm). These findings reflect the potential of hesperidin as
a UV-absorbing component, consistent with reported photoprotective potentials of lotus
leaf extracts regarding antioxidant enzyme enhancement (SOD, CAT, and GPx) [60]. In
addition to previous reports, hesperidin (45) demonstrated enhanced skin permeation in
aqueous formulations compared to ethanol. Although hesperidin is characterized by poor
aqueous solubility and low intestinal absorption, its logP value (~1.78) falls within the
optimal range (1-3) for diffusion across the stratum corneum. In vivo studies revealed
its ability to penetrate the stratum corneum and preferentially accumulate in the dermis.
In the dermis, hesperidin (45) protects ECM, such as collagen and elastin, from oxidative
stress [61]. Although hesperidin (45) exhibits promising in vitro potential for UV absorption
and enzyme inhibition, its efficacy as a finished product remains to be validated through
standardized photoprotection and clinical studies.

@ ,. (b) ,_
— 1.6mM quercetin — 1.6 mM hesperidin
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Figure 12. UV absorption spectra of (a) quercetin (25) and (b) hesperidin (45) at various concentrations.
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4. Conclusions

The current study systematically explored the anti-aging potential of phenolic acids
and flavonoids derived from N. nucifera, using a combination of in silico and in vitro
approaches. Molecular docking analysis showed that flavonoid glycosides, particularly
hesperidin, eriocitrin, and catechin 3-O-gallate, exhibited strong binding affinities toward
tyrosinase, collagenase, and elastase. DFT calculations further revealed favorable electronic
properties, including narrow energy gaps (Egap) and high electrophilicity values, suggest-
ing good chemical reactivity and interaction potential. Molecular electrostatic potential
and density of state analyses also identified reactive regions that may facilitate hydrogen
bonding and charge-transfer interactions. In addition, interaction analyses demonstrated
that hesperidin formed stable complexes with all three target enzymes, supported by stable
RMSD values, reduced residue fluctuations, and persistent hydrogen-bond interactions
throughout the simulations. The computational findings were further supported by in vitro
assays, for which hesperidin showed inhibitory activity against tyrosinase, collagenase,
and elastase. Moreover, UV-Vis spectrophotometry demonstrated its intrinsic spectral
absorption in the UVA and UVB regions. Collectively, this mechanistic evidence estab-
lishes hesperidin as a favorable candidate compound warranting further dermatological
investigation. Future work should validate its performance in standardized formulations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cosmetics13040210/s1, Figure S1. Redocked ligand conformations
of collagenase (PDB: 1CGL) (a) and elastase (PDB: 1H1B) (b), showing RMSD values of 0.286 A and
1.424 A, respectively.
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