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Abstract

Context: Hyperpigmentation and melasma are often treated with hydroquinone-based topical creams. Despite its effectiveness, hydroquinone use is limited by
irritation, photosensitivity, and oxidation sensitivity, making long-term application unfavorable.

Aims: To explore Centella asiatica phytochemicals as natural alternatives in topical formulations, in combination with oxidative chemical agents such as ethyl
ascorbic acid and coenzyme Q10, through preliminary in silico evaluation.

Methods: Molecular docking and molecular dynamics simulations were conducted on asiatic acid, madecassic acid, asiaticoside, and madecassoside from C.
asiatica, along with ethyl ascorbic acid and coenzyme Q10, against the tyrosinase enzyme (PDB: 5I3A). Docking was performed using Molegro Virtual Docker
(Molexus v7), and molecular dynamics simulations were carried out in Maestro (Schrodinger) for 100 ns.

Results: Asiatic acid exhibited the most promising activity, with binding affinity comparable to hydroquinone and stable interactions during 100 ns simulations
(average RMSD ~3 A). Glycoside derivatives (asiaticoside and madecassoside) showed weak and unstable binding. Notably, 3-o-ethyl ascorbic acid
demonstrated stronger binding energy and superior stability (average RMSD 2.971 A) than hydroquinone, whereas coenzyme Q10 displayed positive binding
free energy and poor stability.

Conclusions: The findings suggest that asiatic acid is the most active anti-hyperpigmentation compound in C. asiatica, while glycosides lack tyrosinase inhibitory
activity. Incorporation of 3-o-ethyl ascorbic acid, rather than coenzyme Q10, could enhance the efficacy of C. asiatica-based topical formulations for
hyperpigmentation management.
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Resumen

Contexto: La hiperpigmentacion y el melasma a menudo se tratan con cremas tépicas a base de hidroquinona. A pesar de su eficacia, el uso de hidroquinona
esta limitado por la irritacion, la fotosensibilidad y la sensibilidad a la oxidacion, lo que hace que la aplicacién a largo plazo resulte desfavorable.

Objetivos: Explorar los fitoquimicos de Centella asidtica como alternativas naturales en formulaciones tépicas, en combinacién con agentes quimicos oxidativos
como el acido etil ascérbico y la coenzima Q10, mediante evaluacién preliminar in silico.

Métodos: Se realizaron simulaciones de acoplamiento molecular y dindmica molecular de acido asiético, acido madecasico, asiaticésido y madecasdsido de C.
asiatica, junto con acido etilascérbico y coenzima Q10, contra la enzima tirosinasa (PDB: 5I13A). El acoplamiento se realizé con Molegro Virtual Docker (Molexus
v7) y las simulaciones de dindmica molecular se realizaron en Maestro (Schrédinger) durante 100 ns.

Resultados: El acido asiatico exhibié la actividad mas prometedora, con una afinidad de unién comparable a la de la hidroquinona y interacciones estables
durante simulaciones de 100 ns (RMSD promedio de ~3 A). Los derivados de glucésidos (asiaticésido y madecasésido) mostraron una unién débil e inestable.
En particular, el 4cido 3-o-etilascérbico demostrd una energia de unién mas alta y una estabilidad superior (RMSD promedio de 2,971 A) que la hidroquinona,
mientras que la coenzima Q10 mostrd una energia libre de unién positiva y una estabilidad deficiente.

Conclusiones: Los hallazgos sugieren que el acido asiatico es el compuesto antihiperpigmentacion mas activo en C. asiatica, mientras que los glucdsidos carecen
deactividad inhibidora de la tirosinasa. La incorporacion de acido 3-o-etilascérbico, en lugar de la coenzima Q10, podria mejorar la eficacia de las formulaciones
tépicas basadas en C. asiatica para el tratamiento de la hiperpigmentacién.

Palabras Clave: acoplamiento molecular; Centella asidtica; dindmica molecular; hiperpigmentacion; tirosinasa.
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INTRODUCTION

The skin is the body's outermost organ, serving as a
protective barrier against external exposure while also
playing an essential role in aesthetics and personal
identity. One of the main components that determines
skin color is melanin, the most abundant pigment in
the epidermis. Melanin serves as the primary defense
against ultraviolet (UV) radiation-induced damage
(Solano, 2020). However, excessive UV exposure can
stimulate increased melanin production, leading to hy-
perpigmentation. The prevalence of hyperpigmenta-
tion varies across populations, with higher rates ob-
served among Malay and Indian populations in Asia
compared to fair-skinned Chinese populations. Envi-
ronmental factors, such as Indonesia's tropical climate,
also contribute to the high incidence of hyperpigmen-
tation (Slominski et al., 2022).

Hyperpigmentation can be caused by a variety of
internal and external factors, including hormonal
changes, dermatitis, drug use, and sun exposure
(Suyanto & Saraswati, 2023). One of the key enzymes
involved in melanin biosynthesis is tyrosinase, a cop-
per-containing metalloprotein. This enzyme plays a
protective role against UV damage, yet it is also the pri-
mary target in melanin-inhibition strategies aimed at
preventing hyperpigmentation. Therefore, inhibition
of tyrosinase activity has become a widely developed
approach to reduce melanin accumulation in the skin
(Noh et al., 2020).

Centella asiatica derivates as tyrosinase inhibitors

Several natural compounds have been identified as
tyrosinase inhibitors, such as arbutin, azelaic acid,
kojic acid, hydroquinone, and other phenolic com-
pounds. Polyphenols and flavonoids found in plants
are known to inhibit tyrosinase by blocking the oxida-
tion reactions of L-tyrosine, or L-DOPA, catalysed by
the enzyme (Boateng et al., 2023; Harahap et al., 2024).

Centella asiatica (L.) Urb., commonly known as peg-
agan, is a plant from the Apiaceae family that exhibits
various pharmacological activities, primarily due to its
triterpenoid  constituents such as asiaticoside,
madecassoside, asiatic acid, and madecassic acid (Fig.
1). Extracts of C. asiatica have been used in cosmetic for-
mulations and have demonstrated tyrosinase inhibi-
tory activity of 31.25% at a concentration of 1.67
mg/mL (Fernenda et al., 2023). These triterpenoid
compounds are known to promote skin tissue regener-
ation and reduce melanin content by inhibiting tyrosi-
nase mRNA expression (Chang, 2009; Fernenda et al.,
2023).

Ethyl ascorbic acid (EAA) is a stable derivative of
vitamin C with superior skin permeability compared
to other ascorbic acid derivatives. EAA is widely used
in cosmetics as an antioxidant, anti-aging agent, and
tyrosinase inhibitor (Iliopoulos et al., 2019). It plays a
role in preventing hyperpigmentation primarily
through the inhibition of tyrosinase (Chen et al., 2021).
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Figure 1. Scheme of the present research.
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AGbind = Ecomplex(minimized) - (Eprotein(unbound,minimized) + Elig(unbound,minimized)) [1]

Where: AGbind denotes the calculated binding free energy; Ecomplex(minimized) corresponds to the minimized MM-GBSA energy of the optimized
ligand-protein complex; Eprotein(unbound, minimized) represents the minimized MM-GBSA energy of the protein after separation from its ligand;
and Eligand (unbound, minimized) refers to the minimized MM-GBSA energy of the ligand once relaxed and detached from the crystal complex

(Ekowati et al., 2023).

Coenzyme Q10 is a component of the mitochondrial
electron transport chain and functions as a potent anti-
oxidant. In addition to protecting cells from free radi-
cal damage, coenzyme Q10 has been shown to sup-
press tyrosinase activity by inhibiting cAMP-mediated
CREB signaling, thereby reducing melanin synthesis
(Atapour-Mashhad et al., 2024; Jiménez-Jiménez et al.,
2023).

This study aims to evaluate the tyrosinase inhibi-
tory activity of C. asiatica extract, coenzyme Q10, and
ethyl ascorbic acid using in silico methods. In silico eval-
uations were performed through molecular docking to
predict ligand interactions with the tyrosinase enzyme
and assess binding affinities, followed by molecular
dynamics simulations to examine the stability of the
complexes over a 100 ns simulation period. Molecular
docking and dynamics analyses were carried out using
Molegro Virtual Docker and Desmond (Schrédinger),
targeting the tyrosinase enzyme (PDB ID: 5I3A), with
hydroquinone, kojic acid, and arbutin as reference lig-
ands to assess the inhibitory potential of the test com-
pounds.

MATERIAL AND METHODS

Molecular docking procedure

Four major phytochemicals from C. asiatica (asiatic
acid, madecassic acid, asiaticoside, and madecasso-
side), along with two vitamin C derivatives, namely 2-
o-ethyl ascorbic acid and 3-o-ethyl ascorbic acid, and
coenzyme Q10, were prepared as ligands. The molecu-
lar structures were initially drawn in 2D using Chem-
BioDraw version 11. These 2D structures were con-
verted to 3D using the Molecular Operating Environ-
ment (MOE) software. The 3D ligands were energy-
minimized using the MMFF94x force field to obtain the
most stable conformations, and the resulting structures
were saved in PDB format (Halgren, 1996).

The tyrosinase enzyme was obtained from the Pro-
tein Data Bank (PDB ID: 5I3A) and was preprocessed
using Molexus version 7 software (Deri et al., 2016). To
validate the docking protocol, the enzyme was re-
docked with its native ligand (hydroquinone) and with
kojic acid and arbutin to ensure the reliability of the
docking process for further analysis. Subsequently, the
validated docking setup was used to dock the four ma-
jor phytochemicals from C. asiatica along with the three
additional compounds.

https://jppres.com

Tyrosinase is a key enzyme involved in the biosyn-
thesis of skin pigment (melanin), produced by melano-
cyte cells in the epidermis. During aging, overproduc-
tion of melanin can occur, leading to hyperpigmenta-
tion via melanogenesis, which is catalyzed by tyrosi-
nase (Deri et al., 2016). Therefore, inhibition of tyrosi-
nase plays a critical role in reducing hyperpigmenta-
tion in skin tissue and was selected as the molecular
target in this study.

Molecular dynamics procedure

After molecular docking was completed using Mo-
lexus, each ligand-tyrosinase complex was saved as a
PDB file. These files were then subjected to molecular
dynamics (MD) simulations using Desmond (Schro-
dinger) software. MD simulations were performed on
eight compounds: the native ligand (hydroquinone),
asiatic acid, madecassic acid, asiaticoside, madecasso-
side, two vitamin C derivatives (2-0-ethyl ascorbic acid
and 3-o0-ethyl ascorbic acid), and coenzyme Q10. The
aim of the MD simulation was to evaluate the stability
of interactions between each ligand and the tyrosinase
enzyme over time.

Simulations were carried out for 100 nanoseconds
using the TIP4P water model at normal pressure and
temperature (NPT). The simulations were run at 300 K
and 1.01325 bar within a cubic water box of dimensions
10 A x10 A x 10 A, Energy snapshots were recorded
every 10 picoseconds. The temperature and pressure
were maintained using the Nose-Hoover chain ther-
mostat and the Martyna-Tobias-Klein barostat algo-
rithms, respectively. All minimized and equilibrated
systems were simulated under periodic boundary con-
ditions using the OPLS 2005 force field parameters for
10 ns under the NPT ensemble (Kesuma et al., 2025;
Prasetiyo et al., 2025; Ruswanto et al., 2022).

Molecular mechanics/generalized Born surface
area (MM-GBSA) analysis was carried out using ther-
mal_mmgbsa.py to estimate the binding free energy of
ligand-protein complexes. This approach was essen-
tial for assessing the interaction strength of potential
drug candidates and was defined by the following
equation [1].

J Pharm Pharmacogn Res (2026) 14(1): 3
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RESULTS AND DISCUSSION

Molecular docking result

Four major phytochemicals from C. asiatica — asiatic
acid, madecassic acid, asiaticoside, and madecasso-
side —along with two vitamin C derivatives (2-0-ethyl
ascorbic acid and 3-o-ethyl ascorbic acid) and coen-
zyme Q10, were prepared as ligands. The structures
were initially drawn in two dimensions using ChemBi-
oDraw version 11, then converted to three dimensions
using MOE (Molecular Operating Environment). Each
3D ligand was energy-minimized using the MMFF94x
force field to obtain the most stable conformation and
saved in PDB format (Halgren, 1996; Putra et al., 2023).

The tyrosinase enzyme structure was retrieved
from the Protein Data Bank (PDB ID: 5I3A) and pre-
pared using Molexus version 7 software (Deri et al.,
2016). To validate the docking protocol, tyrosinase was
redocked with its known ligand, hydroquinone. The
validation yielded a root-mean-square deviation
(RMSD) of 1.46 A, confirming that the docking proto-
col was reliable and could be used for subsequent
docking simulations of the selected phytochemicals
and additional compounds. In addition to RMSD val-
ues, another crucial parameter in the redocking pro-
cess is the interaction profile between the experimental
SC-XRD ligand and the simulated docking ligand. The
analysis revealed no significant differences in amino
acid interactions, with both ligands showing 100%

Centella asiatica derivates as tyrosinase inhibitors

similarity in their binding residues. Specifically, the
ligands consistently interacted with the residues His
20, His 42, His 60, Asn 205, His 208, and Val 218. This
high degree of overlap confirms the reliability of the
docking protocol and validates the accuracy of the
docking simulation in reproducing the experimental
binding mode.

The docking grid was defined with coordinates X =
274 A, Y =99.89 A, and Z = 25.11 A, encompassing a
binding cavity surrounded by 13 key amino acids: His
42, His 60, His 204, Asn 205, His 208, Met 215, Gly 216,
Val 217, Val 218, Ala 221, Phe 227, and His 231. Addi-
tionally, two zinc ions were present as cofactors within
the binding site. The RMSD value obtained (<2 A) in-
dicates that the docking method used is valid for pre-
dicting the binding affinity and interaction of the test
compounds with the tyrosinase enzyme (Sulistyowaty
et al., 2016; 2023; Widiyana et al., 2016).

Based on the molecular docking results, a Moldock
score was obtained, representing the predicted binding
interaction between the ligand and the receptor. A
lower Moldock score indicates a higher binding affin-
ity and better compatibility between the ligand and the
receptor. The docking results can also be visualized
and interpreted to provide a comprehensive overview
of the ligand-receptor interactions, including hydro-
gen bonding, hydrophobic interactions, and electronic
interactions. These interactions are summarized in Ta-
ble 1 and illustrated in Fig. 2.

L

Figure 2. Comparison of the native ligand (dark blue) with the docking result simulation (green) by Molexus Ver.7 with RMSD of 1.46 A.
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Table 1. The molecular docking result of native ligand (hydroquinone) and phytochemicals of Centella asiatica into the active site of

tyrosinase.
Moldock score A .
Compound Hydrogen bond Steric Interaction
(kcal/mol)
OH His 42
(2.66 A)
Asn 205 His 20; His 42; His 60;
-52.64+1.23 o .
(2.51A) His 208; Val 218
OH Val 218
Native ligand (hydroquinone) (3.41A)
HO
Asn 205
07 (3.29 A) His 204; Asn 205; His 208
X -66.54+£0.74
e Met 215 Met 215; Val 217; Val 218
HO (2.69 A)
Kojic acid
OH
Asn 205
(2.80; 3.10A)
Met 215 His 204; Asn 205; His 208;
-66.53+£0.98 o
(3.53A) Gly 216; Val 217; Val 218
Gly 216
(2.66 A)
Arbutin
His 42
(1.27;2.614A)
Gly 46 .
. His 42; Gly 46; Asn 57;
(2.734)
. Met 61; Phe 197; Asn 205;
His 208 .
323.56+1.88 . His 208; Arg 209; Met 215;
(2.56 A)
Val 217; Val 218; Pro 219;
Arg 209
. Ala 221; Phe 227
(2.03A)
Asiaticoside val 218
(2.56 A)
145.54 +1.98 Asp 55
(2.914) His 42; Asp 55; Asn 57;
Met 61 His 60; Met 61; Glu 195;
(2.46;3.19A) Phe 197; His 204; Asn 205;
Glu 195 His 208; Arg 209; Met 215;
(1.53:1.82A) Gly 216; Val 217; Val 218;
Asn 205 Pro 219; Ala 221
(2.314)

: -45.81+1.68

Phe 197; Asn 205; Arg 209;
Val218

“—OH
Asiatic acid
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Table 1. The molecular docking result of native ligand (hydroquinone) and phytochemicals of Centella asiatica into the active site of

tyrosinase (continued...)

Moldock score

Compound Hydrogen bond Steric Interaction
(kcal/mol)
H -42.62 +1.57
Gly 46; Asn 57; His 60
Asn 205
R Met 61; Gly 196; Phe 197
(2.78A)
Asn 205; Arg 209
Madecassic acid
o (e) -64.28 £0.43
His 42
HO (3.23 A) His 42
Asn 205
HO 0 Asn 205 Vot
o a
HO (3.04A)
2-o0-ethyl ascorbic acid
-61.47+0.54
Asn 205
Asn 205 His 208
(2.934) Gly 216
3-0-ethyl ascorbic acid
o 725.54+1.97 His 42; Gly 43; Gly 46;
Lys 47; Ala 59; His 60;
O )
Met 61; Phe 65; His 69;
C His42 Glu 195; Asn 205; His 208
. u 195; Asn 205; His 208;
H | HY N o~ (1.83A)
10\ 2 Arg 209; Met 215; Gly 216;
(0]

Coenzyme Q10

Val 217; Val 218; Pro 219
Ala 221

Hydroquinone, the native ligand of the tyrosinase
enzyme, is widely used clinically to treat hyperpig-
mentation and melasma (Dipiro et al., 2020; Sweetman,
2009). Hydroquinone exhibits a binding energy
(Moldock score) of -52.64 kcal/mol on tyrosinase,
forming hydrogen bonds with the amino acid residues
His 42 (2.66 A), Asn 205 (2.51 A), and Val 218 (3.41 A),
as well as steric (hydrophobic/van der Waals) interac-
tions with His 20, His 42, His 60, His 208, and Val 218
(Figs. 3 and 4). Natural compounds commonly used to
inhibit tyrosinase, such as kojic acid and arbutin, were
also used as reference drug standards in the molecular
docking process of this study. Both kojic acid and ar-
butin share structural similarity with hydroquinone,
which explains their favorable docking scores of -66.54
kcal/mol and -66.53 kcal/mol, respectively. Arbutin,
also known as arbutoside, is the glycosylated form of
hydroquinone. Upon hydrolysis, arbutin releases the
aglycone hydroquinone and a glucose moiety. Kojic
acid formed hydrogen bonds with amino acid residues
Asn 205 (3.29 A) and Met 215 (2.69 A), categorized as

https://jppres.com

weak (>3.2 A) and moderate (2.5-3.2 A), respectively
(Arunan et al., 2011; Steiner, 2002). In total, kojic acid
formed hydrogen bonds with six residues: His 204,
Asn 205, His 208, Met 215, Val 217, and Val 218, while
also establishing steric interactions with the identical
six residues. Meanwhile, arbutin formed three hydro-

en bonds with Asn 205 (2.80 and 3.10 A), Met 215 (3.53
A), and Gly 216 (2.66 A). Based on bond distances, ar-
butin displayed moderate hydrogen bonding (2.2-3.2
A) with Asn 205 and Gly 216, and a weak hydrogen
bond (>3.2 A) with Met 215. Additionally, arbutin ex-
hibited steric interactions with six residues: His204,
Asn 205, His 208, Gly 216, Val 217, and Val 218.

Among the phytochemicals in C. asiatica, asiatic
acid and madecassic acid demonstrated potential tyro-
sinase-inhibitory activity, whereas asiaticoside and
madecassoside yielded negative results in molecular
docking.

Asiatic acid and madecassic acid, which belong to
the terpenoid class, exhibited binding energies of -

J Pharm Pharmacogn Res (2026) 14(1): 6
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45.81 kcal/mol and -42.62 kcal/mol, respectively. Alt-
hough these values are higher (less negative) than
those for hydroquinone (-52.64 kcal/mol), they still in-
dicate a relatively strong predicted inhibitory activity
against tyrosinase, suggesting that both compounds
have promising potential. Asiatic acid showed steric
interactions with Phe 197, Asn 205, Arg 209, and Val
218. Madecassic acid formed a hydrogen bond with
Asn 205 and steric interactions with Gly 46, Asn 57, His
60, Met 61, Gly 196, Phe 197, Asn 205, and Arg 209, as
shown in Table 1 and Figs. 3-4.

Asiaticoside, a glycoside phytochemical in C. asiat-
ica, consists of an aglycone (asiatic acid) bound to a tri-
saccharide chain composed of glucose-glucose-rham-
nose (Badal & Delgoda, 2016). Glycosides are typically
water-soluble due to their positive Log S values (Badal
& Delgoda, 2016); however, their bulky structures of-
ten result in poor compatibility with receptor-binding
sites. Generally, glycosides must undergo enzymatic
hydrolysis in the human body to release their aglycone
moieties, which are responsible for the pharmacologi-
cal activity (Liu et al., 2022; Walle et al., 2005; Yousefi
et al., 2015; Zhang et al., 2012). The molecular docking
of asiaticoside to tyrosinase produced a Moldock score
of +323.56 kcal/mol, indicating an incompatible inter-
action due to the molecule’s large size and poor fit
within the small hydroquinone binding cavity, which
resulted in significant overlap and red zones in the ac-
tive site (Figs. 3 and 4).

Similarly, madecassoside —another glycoside in C.
asiatica composed of madecassic acid as the aglycone
and a glucose-glucose-rhamnose trisaccharide chain—
also showed poor binding compatibility in molecular
docking. The Moldock score of madecassoside was
+145.54 kcal /mol, indicating a lack of effective binding
to the tyrosinase active site. As with asiaticoside, the
molecule's large size causes spatial overlap in the hy-
droquinone cavity, as visualized by red zones in the
active site (Figs. 3 and 4).

Among the three additional compounds evaluated,
2-0-ethyl ascorbic acid and 3-0-ethyl ascorbic acid
demonstrated inhibitory activity against tyrosinase,
whereas coenzyme Q10 did not exhibit significant in-
hibitory potential. Both 2-0-ethyl ascorbic acid and 3-o-
ethyl ascorbic acid are esterified derivatives of ascorbic
acid. The ester group in these molecules enhances their
lipophilicity, facilitating deeper skin penetration and
prolonging their antioxidant effect (Chen et al., 2021).
Vitamin C and its derivatives have been clinically val-
idated for the treatment of melasma and other forms of
hyperpigmentation. These findings are consistent with
the molecular docking results showing that these de-
rivatives can inhibit tyrosinase activity more effec-
tively than the native ligand hydroquinone.

https://jppres.com
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2-p-ethyl ascorbic acid exhibited a Moldock score of
-64.28 kcal/mol, lower than hydroquinone (-52.64
kcal/mol), suggesting a stronger predicted binding af-
finity. It formed hydrogen bonds with His 42 and Asn
205, and steric interactions with His 42, Asn 205, and
Val 218. 2-0-ethyl ascorbic acid demonstrated good
compatibility with the active site of tyrosinase due to
its molecular volume, which closely resembles that of
hydroquinone. As a result, no spatial overlap was ob-
served in the cavity, indicated by the absence of red
zones in the cavity area (Figs. 3 and 4).

Similarly, 3-o-ethyl ascorbic acid showed a
Moldock score of -61.47 kcal/mol, also lower than that
of hydroquinone. It formed hydrogen bonds with Asn
205 and steric interactions with His 42, Asn 205, and
Val 218. Like 2-0-ethyl ascorbic acid, this derivative ex-
hibited structural compatibility with the tyrosinase ac-
tive site, occupying the cavity without overlap, as evi-
denced by the lack of red zones (Figs. 3 and 4).

In contrast, coenzyme Q10 had a Moldock score of
+725.54 kcal/mol, significantly higher than hydroqui-
none, indicating poor binding compatibility with tyro-
sinase. Its large molecular size makes it unsuitable for
the relatively small binding cavity of hydroquinone,
leading to spatial overlap and the appearance of red
zones in the active cavity area (Figs. 3 and 4). Although
coenzyme Q10 is known for its antioxidant properties,
it does not appear to act via direct tyrosinase inhibition
and is therefore less suitable for treating hyperpigmen-
tation or melasma through this mechanism.

Molecular dynamics result

The molecular docking results are supported by
molecular dynamics simulations that ran from 0 to 100
ns. The main objective of the molecular dynamics pro-
cess run for 100 ns is to observe the stability of the bond
between the drug and receptor. The bond stability can
be assessed from the RMSD profile, where a value of <
2 A indicates very stable binding, 2-3 A indicates stable
binding, and > 3 A indicates unstable binding
(Henzler-Wildman & Kern, 2007; Kesuma et al., 2025;
Putra et al., 2025; Ruswanto et al., 2022).

The molecular dynamics results align with the mo-
lecular docking results, showing that the compounds
coenzyme Q10, madecassoside, and asiaticoside do not
have stable binding with tyrosinase, as indicated by
RMSD values > 3 A. The average RMSD values during
the 100 ns run were 10.311 A for coenzyme Q10, 5.800
A for madecassoside, and 6.746 A for asiaticoside.
These molecular dynamics results also correspond
with the molecular docking results, which indicate
very high moldock scores.
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Figure 3. The 2D molecular docking interaction reference standard (native ligand and hydroquinone), four major
phytochemicals from C. asiatica, vitamin C derivatives, and coenzyme Q10 into tyrosinase (continued...)
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Figure 4. The 3D molecular docking interaction reference standard (native ligand and hydroquinone), four major
phytochemicals from Centella asiatica, vitamin C derivatives, and coenzyme Q10 into tyrosinase.
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Figure 4. The 2D molecular docking interaction reference standard (native ligand and hydroquinone), four major phytochemicals
from C. asiatica, vitamin C derivatives, and coenzyme Q10 into tyrosinase (continued...)
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Table 2. Results of MM-GBSA (AG) and RMSD of compounds from a 100 ns molecular dynamics simulation.

MM-GBSA (AG)

Compound Average RMSD Min. RMSD Max. RMSD
Kcal/mol

Hydroquinone -79.67 3.456 0.848 6.187
Arbutin -55.72 5.201 1.261 8.132
Asiaticoside 5.65 6.746 2.013 11.347
Madecassoside 1.23 11.983 1.918 17.973
Asiatic acid -88.50 3.069 1.997 4.225
Madecassic acid -44.67 5.800 1.703 8.549
2-o0-Ethyl ascorbic acid -85.34 4.234 1.652 5.583
3-0-ethyl ascorbic acid -89.21 2.971 1.679 4.083
Coenzyme Q10 10.27 10.311 5.790 19.110

Asiatic acid and madecassic acid show better
RMSD profiles compared to coenzyme Q10,
madecassoside, and asiaticoside. The hydrolysis of
madecassoside and asiaticoside produces aglycone
compounds in the form of madecassic acid and asiatic
acid, resulting in smaller and more stable structures
that bind more effectively to tyrosinase, with average
RMSD values approaching 3 A.

The compound 3-o0-ethyl ascorbic acid, a derivative
of vitamin C, has the most stable bond and inhibits ty-
rosinase, with an average RMSD of 2.971 A, which is
much lower than that of the native ligand or the stand-
ard reference drug, hydroquinone, which has an aver-
age RMSD of 3.456 A. This result aligns with the mo-
lecular docking results, where the compound 3-0-ethyl

https://jppres.com

ascorbic acid has a MM-GBSA (AG) score of -89.21
kcal/mol, lower than that of hydroquinone (-79.67
kcal/mol; Table 2). Meanwhile, the compound 3-o-
ethyl ascorbic acid shows poor binding stability, as ob-
served from its molecular dynamics profile (Fig. 5).

The molecular docking results provided an initial
estimation of the binding affinity of the tested com-
pounds toward the target protein, as reflected by the
Moldock score. However, these results required fur-
ther validation through molecular dynamics simula-
tions and MM-GBSA calculations, which better repre-
sent biological conditions. The docking results, MM-
GBSA binding free energy (AG), and 100 ns molecular
dynamics simulations for each compound are summa-
rized in Table 2. MM-GBSA AG, and RMSD were
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analysed to evaluate the stability of ligand-receptor
complexes (Greenidge et al., 2012; Hou et al., 2011).

As a reference, hydroquinone (synthetic standard)
exhibited an MM-GBSA AG of -79.67 kcal/mol with an
average RMSD of 3.456 A. In comparison, arbutin (nat-
ural standard) showed weaker binding (AG -55.72
kcal/mol) and less stability (average RMSD 5.201 A).
Several tested compounds demonstrated superior re-
sults to both standards. 3-0-ethyl ascorbic acid (AG -
89.21 kecal/mol, RMSD 2.971 A) and asiatic acid (AG -
88.50 kcal/mol, RMSD 3.069 A) formed more stable in-
teractions than hydroquinone and arbutin. 2-0-ethyl
ascorbic acid (AG -85.34 kcal/mol, RMSD 4.234 A) also
showed stronger binding than hydroquinone, alt-
hough with slightly higher RMSD. Conversely, asiati-
coside, madecassoside, and coenzyme Q10 displayed
positive AG values and high RMSD, indicating unsta-
ble interactions.

Hydroquinone is widely used as the reference drug
in hyperpigmentation therapy, while arbutin serves as
a safer natural analog, though it is less potent because
it must be enzymatically hydrolyzed to release hydro-
quinone as its aglycone. Therefore, comparison with
both standards is important for assessing new candi-
dates. The present findings highlight asiatic acid and
3-o-ethyl ascorbic acid as stronger candidates, sup-
ported by lower AG values (<-88.50 kcal/mol) and
small RMSD (<3.5 A), suggesting strong and stable lig-
and-receptor interactions throughout the 100 ns simu-
lation.

Centella asiatica derivates as tyrosinase inhibitors

Although 2-o-ethyl ascorbic acid exhibited a
slightly higher RMSD, its AG was lower than that of
hydroquinone (-85.34 vs. -79.67 kcal/mol), indicating
promising potential that warrants further validation.
Compared to arbutin, most candidates (asiatic acid, 2-
o-ethyl ascorbic acid, and 3-o-ethyl ascorbic acid)
demonstrated significantly lower AG and smaller
RMSD, confirming arbutin’s weaker and less stable
binding profile. In contrast, bulky glycosides such as
asiaticoside and madecassoside, as well as coenzyme
Q10, did not exhibit favorable binding (positive AG,
RMSD >10 A), thus excluding them as potential candi-
dates.

In summary, relative to the two standards (hydro-
quinone and arbutin), asiatic acid, 3-o-ethyl ascorbic
acid, and 2-0-ethyl ascorbic acid emerged as the strong-
est candidates, not only more stable than arbutin but
also showing superior binding energies compared to
hydroquinone.

The total secondary structure content of tyrosinase
was 32.51%, consisting of 28.58% a-helices and 3.93%
[B-sheets (Fig. 6), while the remaining 67.49% com-
prised primary structural elements. RMSF analysis re-
vealed that the tested compounds interacted with sev-
eral amino acid residues similar to the native ligand,
with RMSF values <1.5 A (Ekowati et al, 2023;
Ghahremanian et al., 2022). Such low RMSF values
suggest reduced flexibility, indicating that the com-
pounds bind precisely at the core domain or active-site
pocket of tyrosinase, as illustrated in Fig. 6.

"
RMSF (A)

=beta-sheet (3.93%)
=alpha-helix (28.58%) Ce—browin
G =primary structure (67.49 %)

Amino acids
sequencing

Figure 6. Protein-ligand complex RMSF of native ligand, reference drug standard (hydroquinone, arbutin), four major
phytochemicals from Centella asiatica (asiatic acid, madecassic acid, asiaticoside, madecassoside), ethyl ascorbic acid derivatives
(2-0-ethyl ascorbic acid and 3-o0-ethyl ascorbic acid), and coenzyme Q-10.
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Molecular dynamics results of each compound over
a 100 ns simulation demonstrated stable interactions
with several amino acid residues. Native ligand (hy-
droquinone): Hydrogen bonds were formed with four
amino acid residues: Gly 194 (6.5%); Asn 205 (5.2%);
Val 217 (5.6%); Val 218 (33.4%). Ionic/electronic inter-
actions were formed with one amino acid residue: His
60 (100%). Hydrophobic/steric interactions were
formed with six amino acid residues: His 60 (5.4%);
Met 61 (3.5%); Met 184 (0.1%); Phe 197 (1.6%); His 208
(5.8%); Val 218 (0.6%). Water bridges interactions were
formed with 13 amino acid residues: Met 184 (3.3%);
Arg 191 (1.4%); Asn 192 (21.0%); Glu 195 (1.7%); Gly
196 (5.1%); Phe 197 (0.5%); Asn 205 (4.2%); Gln 214
(0.3%); Met 215 (8.8%); Gly 216 (5.6%); Val 217 (26.1%);
Val 218 (6.6%); Pro (10.5%). Protein-ligand contact re-
sults for the native ligand are shown in Fig. 7.

Arbutin: Hydrogen bonds were formed with five
amino acid residues: His 60 (3.6%); Glu 158 (61.8%);
Asn 205 (5.2%); Arg 209 (3.0%); Val 218 (55.8%).
Ionic/electronic interactions were formed with one
amino acid residue: Glu 158 (4.9%). Hydrophobic/ ste-
ric interactions were formed with six amino acid resi-
dues: Met 61 (1.0%); Phe 197 (26.6%); Pro 201 (1.2%);
Arg 209 (17.9%); Val 217 (3.1%); Val (0.8%). Water
bridges interactions were formed with 13 amino acid
residues: Gly 46 (0.1%); Lys 47 (0.2%); Asp 55 (0.1%);
His 60 (61.6%); Thr 156 (0.1%); Glu 158 (35.7%); Glu 195
(79.9%); Phe 197 (2.2%); Gly 200 (6.0%); Asn 205
(100%); Arg 209 (8.9%); Gly 216 (8.9%); Val 208 (13.2%).
Protein-ligand contact results for the native ligand are
shown in Fig. 7.

Asiaticoside: Hydrogen bonds were formed with
seven amino acid residues: Asp 55 (50.8%); Asn 57
(1.0%); His 60 (74.7 %); Glu 148 (4.5%); Glu 195 (100%);
Asn 205 (29.9%); Arg 209 (5.4%).

Ionic/ electronic interactions were formed with four
amino acid residues: Asn 57 (1.2%); His 204 (100%); His
208 (100%); His 231 (100%). Hydrophobic/steric inter-
actions were formed with five amino acid residues:
Met 61 (4.0%); Phe 65 (44.9%); Phe 197 (41.7%); Pro 201
(0.1%); Val 218 (15.5%). Water bridges interactions
were formed with 16 amino acid residues: His 42
(0.6%); His 49 (0.1%); Asp 55 (47.9%); Asn 57 (28.0%);
Ala 59 (0.1%); His 69 (0.8%); Lys 151 (0.1%); Glu 158
(7.8%); Gly 200 (0.2%); Asn 205 (2.5%); Arg 209 (2.3%);
Met 215 (1.5%); Gly 216 (0.5%); Val 217 (0.1%); Val 218
(2.1%); Pro 219(0.4%).

Madecassoside: Hydrogen bond were formed with
16 amino acid residues: Gly 46 (1.5 %); Lys 47 (0.7%);
His 49 (4.1%); Asp 140 (1.2%); Glu 141 (100%); GIn 142
(2.6%); Asn 144 (0.7%); Pro 145 (1.2%); Lys (1.0%); Glu
158 (22.3%); Gly (1.2%); Asn 199 (2.3%); Asn 205 (17.3
%); Arg 209 (1.1%); Gly 216 (6.0%); Val 218 (5.0%).

https://jppres.com
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Ionic/electronic interactions were formed with four
amino acid residues: His 42 (100 %); His 60 (100 %);
Asn 199 (2.6%); Gly 200 (1.6 %). Hydrophobic/steric
interactions were formed with four amino acid resi-
dues: Phe 197 (0.8%); Val 217 (1.6%); Val 218 (3.3%); Pro
219 (3.1%). Water bridges interactions were formed
with 19 amino acid residues: Gly 46 (2.1%); Lys 47
(15.0%); Asp 55 (2.1%); Asp 140 (9,7%); Glu 141 (3.6%);
GIn 142 (5.4%); Asn 144 (2.5%); Pro 145 (2.4%); Glu 158
(15.9%); Glu 195 (2.4%); Gly 196 (5.4%); Asn 199 (5.4%);
Asn 205 (20.2%); Arg 209 (8.7%); Met 215 (4.9%); Gly
216 (6.4%); Val 217 (6.9%); Val 218 (9.6%); Pro 219
(3.9%).

Asiatic acid: Hydrogen bonds were formed with
three amino acid residues: Glu 195 (84.1%); Gly 216
(67.3%); Val 217 (37.7%). Ionic/electronic interactions
were formed with six amino acid residues: His 42
(100%); His 60 (100%); Glu 195 (100%); His 204 (100 %);
His 208 (100%); His 231 (100%). Hydrophobic/steric
interactions were formed with one amino acid residue:
Val 218 (2.3%). Water bridges interactions were formed
with 17 amino acid residues: Glu 158 (13.1%); Glu 195
(0.2%); Gly 196 ( 0.5%); Phe 197 (0.4%); Ile 198 (1.2%);
Asn 199 (0.3%); Gly 200 (57.1%); Pro 201 (0.1%); Asn
205 (2.2%); His 208 (0.2%); Arg 209 (5.5%); Met 215
(4.8%); Gly 216 (5.8%); Val 217 (31.4%); Val 218 (22.7%);
Pro 219 (13.9%); Ala 221 (0.9%). Protein-ligand contact
results for the native ligand are shown in Fig. 7.

Madecassic acid: Hydrogen bonds were formed
with five amino acid residues: His 60 (5.9%); Glu 195
(55.4%); Gly 196 (27.4%); Asn 205 (22.4%); Arg 209
(2.6%). Hydrophobic/steric interactions were formed
with six amino acid residues: Met 61 (7.4%); Met 184
(10.5%); Phe (32.2%); Pro 201 (9.4%); Val 218 (13.2%);
Pro 219 (0.1%). Water bridges interactions were formed
with 15 amino acid residues: Lys 47 (0.1%); His 49
(0.2%); Asp 55 (2,3%); Asn 57 (0.3%); His 60 (0.7%); Glu
141 (0.1%); Glu 158 (1.3%); Met 184 (10.5%); Gly 196
(2.7%); Gly 200 (0.3%); Asn 205 (11.3%); Arg 209 (7.2%);
Gly 216 (1.0%); Val 218 (5.0%); Pro 219 (0.1%).

2-0-Ethyl ascorbic acid: Hydrogen bonds were
formed with three amino acid residues: Arg 209
(19.6%), Met 215 (0.1%), and Val 217 (14.8%).
Ionic/electronic interactions were formed with six
amino acid residues: His 42 (100%); His 60 (100%); Glu
195 (100%); His 204 (100 %); His 208 (100%); His 231
(100%). Hydrophobic/steric interactions were formed
with one amino acid residue: Val 218 (3.5%). Water
bridges interactions were formed with eight amino
acid residues: Glu 158 (0.1 %); Asn 205 (19.3%); Arg 209
(6.9%); Met 215 (10.6%); Gly 216 (28.4%); Val 217
(2.9%); Val 218 (0.5%); Pro 219 (0.1%). Protein-ligand
contact results for the native ligand are shown in Fig.
7.
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Figure 7. The protein-ligand interaction contacts with tyrosinase (A) native ligand (hydroquinone), (B) arbutin, (C) asiatic acid, (D) 3-o-ethyl
ascorbic acid, and (E) 2-o-ethyl ascorbic acid in a 100 ns molecular dynamics simulation.
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Figure 8. Average of radius of gyration (rRyr) of native (hydroquinone, arbutin), four major phytochemicals from Centella asiatica (asiatic
acid, madecassic acid, asiaticoside, madecassoside), ethyl ascorbic acid derivatives (2-o0-ethyl ascorbic acid and 3-o0-ethyl ascorbic acid),
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and coenzyme Q-10.

3-0-Ethyl ascorbic acid: Hydrogen bonds were
formed with four amino acid residues: His 42 (3.8%);
His 69 (77.8%); Glu 195 (1.0%); Asn 205 (8.6%0.
Ionic/electronic interactions were formed with seven
amino acid residues: His 42 (13.5%); Ala 59 (0.1%); His
60 (13.5%); Met 61 (0.1%); His 204 (100%); His 208
(100%); His 231 (100%). Hydrophobic/steric interac-
tions were formed with three amino acid residues: Val
218 (13.3%), Ala 221 (0.4%), and Phe 227 (4.5%). Water
bridges interactions were formed with 12 amino acid
residues: His 42 (64.2%); Ala 59 (91.0%); His 60 (0.1%);
Met 61 (58.2 %); Phe 65 (0.1%); His 69 (0.3%); Tyr 72
(1.1%); Glu 195 (100%); Asn 205 (22.7%); Arg 209
(0.1%); Val 218 (0.1%); Ala 221 (0.1%). Protein-ligand
contact results for the native ligand are shown in Fig.
7.

Coenzyme Q10: Hydrogen bonds were formed
with two amino acid residues: His 42 (0.1%); His 69
(10.7%). lonic/electronic interactions were formed
with three amino acid residues: His 204 (100 %), His
208 (100%), and His 231 (100%). Hydrophobic/steric
interactions were formed with 14 amino acid residues:
His 42 (0.1%); Ala 59 (0.2%); Met 61 (9.0%); Phe 65
(32.2%); Trp 68 (24.3%); Trp 72 (22.0%); Pro 181 (0.1%);
Met 184 (17.0%); Phe 197 (46.1%); Ile 198 (8.5%); Val 217
(0.1%); Val 218 (27.3%); Ala 221 (11.8%); Phe 227
(67.7%). Water bridges interactions were formed with
six amino acid residues: Ile 39 (0.1%); Ala 59 (4.1 %);
His 69 (7.5%); Tyr 72 (0.3%); Glu 195 (0.7%); Gly 216
(0.1%).

Radius of gyration (Rg) analysis was performed to
evaluate the degree of compaction and structural sta-

bility of the ligand-protein complexes during the 100
ns molecular dynamics simulation (Lobanov et al.,

https://jppres.com

2008). The average Rg values of each compound are
presented in Fig. 8 and analyzed in conjunction with
Table 2, alongside binding free energy (MM-GBSA)
and RMSD values.

Hydroquinone, as the synthetic reference standard,
exhibited a low Rg value (2.262 A), indicating a rela-
tively compact complex, with an MM-GBSA AG of -
79.67 kcal/mol. In contrast, arbutin showed a higher
Rg (3513 A) and weaker binding energy (-55.72
kcal/mol). Asiatic acid (Rg 4.641 A; AG -8850
kcal/mol) and 3-0-ethyl ascorbic acid (Rg 3.222 A; AG
-89.21 kcal/mol) demonstrated the lowest AG values
with moderate Rg, suggesting stable interactions with
a reasonably compact structural conformation. Simi-
larly, 2-0-ethyl ascorbic acid (Rg 3.351 A; AG -85.34
kcal/mol) displayed favorable results. In contrast,
larger molecules such as asiaticoside (Rg 7.142 A),
madecassoside (Rg 7.091 A), and coenzyme Q10 (Rg
9.030 A) exhibited substantially higher Rg values, with
positive or only slightly negative AG and elevated
RMSD values. These findings indicate unstable com-
plexes with looser structural conformations through-
out the simulation.

Rg reflects the degree of compaction of a ligand-
protein complex. A lower Rg value generally indicates
a more compact and stable complex, whereas a higher
Rg value suggests excessive flexibility or unstable
binding. In this study, hydroquinone exhibited the
lowest Rg (2.262 A), consistent with its small molecular
size, which allows tight interaction within the protein’s
active pocket. Interestingly, several test candidates
showed higher binding energies than hydroquinone,
despite slightly higher Rg values.
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Among these, 3-0-ethyl ascorbic acid and asiatic
acid emerged as the most promising candidates. Both
compounds showed the lowest AG values (-89.21 and
-88.50 kcal/mol, respectively) and moderate Rg values
(3.222-4.641 A), which remain within a stable range.
This indicates that although their complexes are
slightly more flexible than hydroquinone, the binding
energies achieved are significantly stronger and more
stable. Conversely, arbutin, the natural reference
standard, exhibited a weaker binding energy (-55.72
kcal/mol) and a higher Rg than hydroquinone, con-
sistent with previous reports that arbutin is less potent
than hydroquinone. Larger molecules, such as asiati-
coside and madecassoside, displayed Rg values >7 nm,
positive AG, and very high RMSD (>10 A), indicating
unstable complexes prone to dissociation during the
simulation. Similarly, coenzyme Q10 showed the high-
est Rg (9.030 nm) with a positive AG (10.27 kcal/mol),
suggesting an inability to form favorable thermody-
namic interactions.

Overall, the combined analysis of Rg, MM-GBSA,
RMSD, and RMSF demonstrated that 3-0-ethyl ascorbic
acid and asiatic acid are the best candidates, as they
maintained structural stability (relatively low Rg,
RMSD <3.5 A, RMSF <3 A) while exhibiting stronger
binding energies than both hydroquinone and arbutin.

Based on molecular docking and molecular dynam-
ics studies, it can be concluded that the phytochemicals
from C. asiatica responsible for the pharmacological ef-
fect as an anti-hyperpigmentation agent are asiatic
acid, whereas its glycoside forms are inactive in inhib-
iting tyrosinase, according to in silico studies. The ad-
dition of 3-o-ethyl ascorbic acid to the antimelasma
cream formulation is more likely to enhance the anti-
hyperpigmentation activity, as this compound has
been shown in silico to be more potent at inhibiting ty-
rosinase than the clinically used standard reference
drug, hydroquinone.

Centella asiatica derivates as tyrosinase inhibitors

could have influenced the outcomes or interpretation of the
study.
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