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ABSTRACT

Objective: Hyperpigmentation is a prevalent dermatological condition caused by excessive melanin production, primarily catalyzed by the enzyme
tyrosinase. Existing depigmenting agents, such as hydroquinone and kojic acid, are limited by cytotoxicity, instability, and suboptimal efficacy. This
study aimed to design, synthesize, and evaluate structurally novel tyrosinase inhibitors derived from cinnamic acid to overcome these limitations.

Methods: Tencinnamic acid-based derivatives were designed with strategic modifications, including esterification with hydroquinone and aromatic
moieties, to enhance binding affinity and stability. Molecular docking studies were conducted using tyrosinase crystal structures (PDB IDs: 3NQ1
and 5138) to identify key binding interactions. Six lead compounds were synthesized and structurally characterized via NMR and FTIR spectroscopy.
Their tyrosinase inhibitory activity was assessed in vitro using mushroom tyrosinase under standardized assay conditions.

Results: Molecular docking revealed favorable interactions within the tyrosinase active site, with compound 9 exhibiting the highest docking
scores. In vitro assays confirmed compound 9 as the most potent inhibitor, with an ICso value of 31.35 pug/ml, outperforming kojic acid (ICso = 94.96
pg/ml) and hydroquinone (ICso = 772.8 ug/ml) under identical conditions.

Conclusion: Compound 9 demonstrated superior tyrosinase inhibition compared to conventional agents, indicating its potential as a safer and more
effective alternative for treating hyperpigmentation. These findings support further development of compound 9 for use in topical formulations
targeting melasma and related pigmentary disorders, with planned follow-up studies including in vivo efficacy and safety evaluations.
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INTRODUCTION environmental factors. It begins in melanosomes and is primarily
driven by tyrosinase, along with TRP-1 and TRP-2. The
microphthalmia-associated transcription factor (MITF) plays a

central role by regulating melanogenic enzyme expression. MITF

Hyperpigmentation is a common skin condition characterized by
darkened patches due to excess melanin production [1]. It affects people

of all skin types and appears in forms like melisma, post-inflammatory
hyperpigmentation, and solar lentigines [2-5]. The enzyme tyrosinase, a
copper-containing protein in melanocytes, plays a central role in
melanogenesis, the process of melanin synthesis by catalyzing the
conversion of tyrosine to DOPA and then to dopaquinone [6, 7]. This
process is influenced by genetic, hormonal, and environmental factors,
with UV radiation being a major trigger [8]. Overproduction of melanin
can lead to uneven pigmentation, underscoring the need for safe and
effective depigmenting agents [9-11].

Hydroquinone and konjac reduce melanin production primarily by
inhibiting tyrosinase, the key enzyme in melanogenesis [12, 13].
Hydroquinone, a phenolic compound, acts as a structural analog of
melanin precursors, blocking enzymatic activity and promoting
melanosome degradation, with selective cytotoxic effects on
melanocytes [14]. Despite its effectiveness, hydroquinone is
associated with adverse effects such as skin irritation, post-
inflammatory hyperpigmentation, and, in severe cases, exogenous
ochronosis [15, 16]. Concerns over its potential carcinogenicity and
systemic toxicity have led to its restriction or ban in several
countries for over-the-counter use, prompting the search for safer
alternatives like konjac [17].

Melanogenesis, the process of melanin production in melanocytes, is
tightly regulated by transcriptional, enzymatic, hormonal, and

activity is modulated by the cAMP/PKA signaling pathway, which is
activated when o-MSH binds to the MCIR receptor, leading to
increased cAMP levels, PKA activation, and CREB phosphorylation,
ultimately enhancing MITF transcription and melanin synthesis [18].

Melanogenesis is also regulated by key signaling pathways. The
Wnt/B-catenin pathway promotes melanocyte differentiation and
increases MITF expression, a critical transcription factor in melanin
synthesis. The MAPK pathway has dual roles—certain MAPKs, like
ERK can inhibit melanogenesis by promoting MITF degradation.
Additionally, UV radiation stimulates melanogenesis by enhancing a-
MSH secretion from keratinocytes and linking pigment production
to DNA repair and photoprotection [19].

Hormonal and inflammatory signals also regulate melanogenesis.
Estrogens and androgens influence pigmentation through nuclear
hormone receptors, while cytokines like TNF-a and IL-1a suppress
melanin production. In contrast, endothelin-1 and nitric oxide
stimulate melanogenesis via melanocyte signaling pathways.
Oxidative stress plays a dual role-low level of ROS can enhance
melanin synthesis through stress-activated kinases, whereas
excessive ROS can damage melanocytes, leading to
hypopigmentation. These multilayered regulatory systems ensure
precise control of melanogenesis in response to both internal and
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external stimuli, maintaining pigmentation balance and adapting to
environmental stressors like UV exposure [20].

Hydroquinone and konjac inhibit tyrosinase, the key enzyme in
melanin synthesis, thereby reducing pigmentation. Hydroquinone, a
phenolic compound, also promotes melanosome degradation and
can be selectively toxic to melanocytes. Despite its effectiveness,
hydroquinone is linked to adverse effects such as skin irritation,
post-inflammatory hyperpigmentation, and, in severe cases,
exogenous ochronosis. Concerns over its potential carcinogenicity
and systemic toxicity have led to regulatory restrictions or bans in
several countries [21].

Konjac, derived from Amorphophallus konjac tubers, contains
glucomannan and other bioactive compounds that mildly inhibit
tyrosinase. Unlike strong inhibitors like hydroquinone, konjac acts
more indirectly, possibly by interfering with oxidative steps or
through antioxidant activity that reduces melanin-triggering
oxidative stress. It is generally considered safer and less irritating,
though mild allergic reactions may occur in sensitive individuals,
especially when using concentrated or unrefined forms [22].

Various compounds inhibit tyrosinase through different
mechanisms. Glycolic acid acts as a mixed-type inhibitor by altering
enzyme conformation, while heterocyclic compounds inhibit based
on their bioactive structures [23]. Konjac, though milder, reduces
melanin synthesis indirectly via antioxidant effects and is generally
safer than hydroquinone [23].

Natural compounds, particularly cinnamic acid and its derivatives,
have emerged as promising alternatives due to their wide
availability, low toxicity, and diverse biological properties [24, 25].

These derivatives, commonly found in plants, have been explored for
their potential applications in both cosmetics and pharmaceuticals.
Notably, research has shown that certain cinnamic acid derivatives
possess tyrosinase-inhibitory activity, making them strong
candidates for depigmenting treatments [26, 27]. By modulating the
melanogenic pathway, these inhibitors have the potential to reduce
melanin synthesis while mitigating the toxic effects linked to
conventional therapies [28, 29]. We hypothesize that esterification
of cinnamic acid with hydroquinone-derived moieties will enhance
binding affinity while reducing oxidative degradation.

Recent advances in hyperpigmentation treatment focus on dual-
target tyrosinase inhibitors and nanoparticle-based delivery
systems to improve efficacy, stability, and skin penetration.
Compounds like MHY498 and Sepiwhite®, when encapsulated in
solid lipid nanoparticles (SLNs), show enhanced tyrosinase
inhibition and melanin reduction [30, 31]. Other platforms like
liposomes, penetration enhancer vesicles (PEVs) [32], and
ethosomal gels improve skin retention and controlled release of
agents like alpha-arbutin [33]. Additionally, pH-responsive ZnO
quantum dots grafted with BQ-788 enable targeted delivery of
ellagic acid, offering promising results in melanin suppression [34].
These strategies collectively offer safer and more effective options
for managing hyperpigmentation.

This study investigates the potential of novel cinnamic acid-derived
compounds as tyrosinase inhibitors using a multidisciplinary
approach that includes computational modeling, chemical synthesis,
and in vitro evaluation. Molecular docking was employed to identify
candidates with strong interactions at the tyrosinase active site,
followed by synthesis and biological testing of the most promising
compounds. The goal is to develop safe, effective, and stable
depigmenting agents with potential pharmaceutical applications.

MATERIALS AND METHODS
Computational methods
Protein structure preparation

The crystal structures of human tyrosinase (PDB codes 3NQ1 and 5138)
were retrieved from the Protein Data Bank (PDB) [14-16] for
computational analysis. These structures were specifically selected
based on their high resolutions (3.0 A for 3NQ1 and 2.7 A for 5138), their
relevance to human tyrosinase function, and the presence of co-
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crystallized inhibitors (KOJ1351 and K0J303), which facilitated accurate
identification of the catalytic site and validation of docking protocols.

Before docking, protein preparation was carried out using Discovery
Studio 2022 (DassaultSystemes BIOVIA) [17]. Preparation steps
included removal of water molecules, addition of hydrogen atoms,
standardization of atom names, and correction of missing loops and
incomplete residues. Protonation was performed at pH 7.4 to ensure
appropriate charge states, and bond orders were verified. The
structural refinement was completed through energy minimization
using the CHARMm force field, ensuring that the proteins were in a
stable and optimized state for docking analysis.

Ligand preparation

A set of ten novel cinnamic acid-derived compounds was designed
as potential tyrosinase inhibitors. The initial 2D structures were
drawn using ChemDraw Ultra 7.0 (CambridgeSoft) and subsequently
converted into 3D conformations using Discovery Studio 2022.
Ligands were further refined using the Prepare Ligand protocol,
which accounted for ionization states and tautomeric forms within a
pH range of 7.2 to 7.6, thereby generating biologically relevant
protonation states suitable for accurate docking simulations.

Molecular docking

Docking studies were initially performed using the LibDock
algorithm in Discovery Studio 2022, wherein the co-crystallized
ligands were removed from the active sites, and the prepared
ligands were docked into the defined binding pockets of both
tyrosinase structures. For each compound, ten binding
conformations were generated, and the docking scores and
interaction profiles (e.g, hydrogen bonding, m-m stacking, and
hydrophobic contacts) were analyzed.

To enhance the robustness and validity of the results, a secondary
docking analysis was performed using the CDocker algorithm. This
method confirmed the binding affinities and provided detailed
interaction energies and binding poses for each compound [35, 36].

To assess the reliability and reproducibility of the docking protocols,
the native co-crystallized ligands (KOJ1351 in 3NQ1 and K0J303 in
5138) were re-docked into their respective active sites usin
AutoDockVina (version 1.2.3). A grid box size of 22 A x 22 A x 22 A
was defined to encompass the entire catalytic pocket, and
exhaustiveness was set to 8. The RMSD values between the re-
docked and crystallographic poses were 1.20 A for KOJ1351 and
0.97 A for K0J303, confirming accurate pose prediction within the
accepted threshold of 2.0 A (fig. 1E, 1F).

All docking results were further visualized and analyzed using
Discovery Studio Visualizer 2022 and PyMOL (version 2.5.0) to
interpret binding orientations and key residue interactions.

Chemical synthesis
Materials and reagents

The following chemical reagents were obtained from Sigma-Aldrich:
Thionyl chloride (SOCI2), dicyclohexylcarbodiimide (DCC) (C13H22N2),
4-dimethylaminopyridine (DMAP) ((CH3)2NC5H4N), mushroom
tyrosinase enzyme (CAS Number: 9002102), and L-DOPA substrate (CAS
Number: 333786). AZ Chem for Chemicals supplied hydroquinone
(C6H602), dichloromethane (CH2CI2), and chloroform (CHCI3). Ethyl
acetate (CH3COOCH2CH3) and n-hexane (C6H14) were obtained from
Tedia® HPLC/Spectro. Additionally, Lab Chem provided high-
performance liquid chromatography (HPLC) grade water and gas
chromatography (GC) grade methanol (CH30H). Kojic acid (C6H604),
mefenamic acid (C15H15NO2), and cinnamic acid (C9H802) were
sourced from Genochem World.

General procedure for synthesizing compounds (5, 6, 7, and 8)

The target compounds were synthesized via esterification involving
mefenamic acid and/or hydroquinone, utilizing DCC as a coupling
reagent and DMAP as a nucleophilic catalyst. Initially, carboxylic acid
was dissolved in dichloromethane, followed by the gradual addition
of DCC under continuous stirring and cooling. Hydroquinone and/or
kojic acid were subsequently introduced into the reaction mixture,
which was allowed to stir at room temperature for 18 h. Upon
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completion, the resulting dicyclohexylurea precipitate was removed
via filtration. The organic layer was sequentially washed with 1M
hydrochloric acid and neutralized with sodium bicarbonate. The
product was extracted, dried over magnesium sulfate, and purified
through thin-layer chromatography (TLC). The specific synthetic
schemes are illustrated in scheme 5.

1 oOH 3
HN
O
OH
HO +
DMAP/DCC\

haS
e
2.

Scheme 1: Synthesis of compound

Scheme 5 represents a general Steglich esterification, where
mefenamic acid or hydroquinone derivatives were coupled with
cinnamic acid analogs using dicyclohexylcarbodiimide (DCC) as the
coupling agent and 4-dimethylaminopyridine (DMAP) as the

O
OH -

S
oM Ho
HO
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nucleophilic catalyst. This method was chosen for its mild conditions
and compatibility with sensitive functional groups.

1 OoH 3

DMAP/DCC

Scheme 2: Synthesis of compound 6

2
O\OH

O

DMAP/DCC

O
OH -

Scheme 3: Synthesis of compound 7

466



A.Y. Salman et al.
Int ] App Pharm, Vol 18, Issue 1, 2026, 464-478

1 2
1 2
e
HN HO HN X
O T 0 L
cl HO +

DMAP/DCC

Y

o\ OO%\IQ ()§j§3 %\1 Q
o -

Scheme 4: Synthesis of compound 8
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Scheme 5: General scheme for synthesis of compounds (1-10)
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Scheme 6: DMAP and DCC mechanism of action

Synthesis of compounds 9 and 10

Scheme 7 and Scheme 8 detail the synthesis of compounds 9 and 10,
respectively. Where Compounds 9 and 10 were synthesized via
esterification of hydroquinone with cinnamoyl chloride in the
presence of DMAP in an inert nitrogen atmosphere to prevent
moisture-induced hydrolysis. The preparation of cinnamoyl chloride
involved reacting cinnamic acid with thionyl chloride. For compound
9, hydroquinone was dissolved in dichloromethane, cooled, and
cinnamoyl chloride was introduced dropwise in the presence of
triethylamine and DMAP. The reaction mixture was stirred for 4 h,
followed by purification through filtration, organic extraction, drying
with magnesium sulfate, and TLC. The synthesis of compound 10
was carried out by heating cinnamyl chloride and hydroquinone in
dichloromethane at 70 °C for 6 h with DMAP as a catalyst. The final
product was purified through sequential washing, filtration, drying,
monitored using thin-layer chromatography (TLC), and purified by
column chromatography. Spectroscopic characterization was
performed using NMR (*H and *3C), FTIR, and HRMS, confirming the
expected structures. Detailed spectral data are provided in the
supplementary section.
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Scheme 7: Synthesis of compound 9
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Scheme 8: Synthesis of compound 10

Characterization

The structural and compositional properties of the synthesized
compounds were analyzed using various spectroscopic techniques.
Nuclear magnetic resonance (NMR) spectra were recorded using a
Bruker Avance III 500 spectrometer at the University of Jordan.
Fourier-transform infrared (FTIR) spectra were obtained using a
Shimadzu 8400F FT-IR spectrophotometer at Isra University,
Faculty of Pharmacy (Jordan). High-resolution mass spectrometry
(HRMS) data were collected utilizing the Bruker Daltonik Impact II
ESI-Q-TOF system.

Specific NMR data for synthesized compounds
Compound 7

IR: 2950 (C-H) aromatic,1732(C=0),1045 (C-0).
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1H NMR (500MHz, CDCI3) § 2.10-2.28 (6H, 2.15-2.32 s),(5.1-5.2 2H,
$),(6.89 1H, s), 6.70-7.04 (3H, 6.77 (dd, ] = 7.8, 2.2 Hz), 6.83 (dd, ] =
7.9, 2.2 Hz), 6.92 (t, ] = 7.8 Hz)), 7-7.15 (2H, 7.04 (s), 7.08 (d, ] = 8.6,
1.3, 0.5 Hz)), 7.37 (1H, ddd, ] = 7.9, 7.5, 1.3 Hz), 7.48-7.71 (2H, 7.54
(ddd, J = 7.9, 1.3, 0.5 Hz), 7.64 (ddd, ] = 8.6, 7.5, 1.3 Hz)),7.67-
7.7(s,1H), 7.9-8.1(m,1H),8.13-8.14 (s, 1H) 8.97-9.1(s, 1H).

13C NMR: (125MHZ, CDCI3) 8 14.0 (1C), 20.0 (1C), 60.8 (1C), 110.5
(1C), 111.7 (1C), 117.3-117.3 (2C, 117.3), 117.3)), 128.2 (1C), 128.4
(1C), 128.8-129.1 (2C, 128.9, 129.0), 131.0 (1C), 132.9 (1C), 138.4
(1C), 138.8 (1C), 139.8 (1C), 146.4 (1C), 147.7 (1C),165.4 (1C),168.0
(1C, €=0),173.5 (1C).

HRMS: (ES], positive mode): m/z(M++H+):Found 366.13(C21H19NOs)
Requires 365.0

Compound 8
IR: 2983(C-H) aromatic,1738(C=0), 1057 (C-0).

1H NMR: (500MHZ-CDCL3) § 2.10-2.32 (12H, 2.15 (s), 2.15 (s), 2.23
(s), 2.32 (s)), 4.37-4.38 (2H, s), 5.23 (1H, s), 6.68-6.74 (6H, 6.68 (dd, ]
=78, 22Hz), 6.7 (dd, ] = 7.8, 2.2 Hz), 6.73 (dd, ] = 7.9, 2.2 Hz), 6.74
(dd,] = 7.9,2.2 Hz), 7.05 - 7.12 (t,] = 7.7 Hz, 2H), 7.12 - 7.15 (m, 2H),
7.15 - 7.26 (m, 2H), 7.26- 7.3 (m, 2H), 8.01 - 8.07 (ddd, ] = 1.2, 8.2,
9.8 Hz, 2H), 8.07 - 8.13(s, 1H), 8.13 - 8.15 (s, 1H).

13¢ NMR(125MHZ-CDCL3) § 14-14.1 (2C, 14.0), 14.1), 20-20.5 (2C,
20.0), 20.0), 60.8 (1C), 110.5 (1C), 111.7-111.8 (2C, 111.7), 111.7)),
117.3-117.3 (4C, 117.3), 117.3), 117.3), 117.3), 128.1-128.3 (2C,
128.2), 128.2), 128.3-128.5 (2C, 128.4), 128.4), 128.8-129.1 (4C,
128.9), 128.9), 129.0), 129.0), 130.9-131.1 (2C, 131.0), 131.0),
132.8-133.0 (2C, 132.9), 132.9), 138.3-138.5 (2C, 138.4), 138.4 (s)),
138.8-138.9 (2C, 138.8), 138.8), 139.3 (1C), 140.5 (1C), 147.6-147.8
(2C, 147.7), 147.7), 162.4 (1C), 165.0 (1C, C=0), 167.2 (1C,C=0),
172.7 (1C).

HRMS: (ESI, positive mode): m/z(M++H+):Found 589.22
(C36H32N206) Requires 588.3

Compound 5
IR: 2930 (C-H) aromatic,1744(C=0),1047 (C-0).

1 NMR: (500MHZ-CDCL3) & 2.29-2.48(6H, 2.15 (s), 2.48(s)), 6.80-
6.86(8H, 6.77 (dd, ] = 7.8, 2.2 Hz), 6.83 (dd, ] = 7.9, 2.2 Hz), 6.85 (ddd,
] =8.6,2.7,0.5 Hz), 6.92 (t,] = 7.8 Hz), 7.02 7.07 (ddd, ] = 8.2, 1.3, 0.6
Hz)), 7.37 (1H, ddd, ] = 7.9, 7.5, 1.3 Hz), 7.4-7.46(2H, 7.55 (ddd, ] =
7.9, 1.3, 0.6 Hz), 7.64 (ddd, ] = 8.2, 7.5, 1.3 Hz),7.94-7.99(dt, ] = 0.7,
8.1 Hz, 1H), 8.04 - 8.15(s, 1H).

13C NMR: (125MHZ -CDCL3) & 14.0 (1C), 20.0 (1C), 111.7 (1C), 115.5
(20), 115.8 (2C), 117.3-117.3 (2C, 117.3), 117.3), 128.2 (1C), 128.4
(1C), 128.8-129.1 (2C, 128.9), 129.0)), 131.0 (1C), 132.9 (1C), 138.4
(1C), 138.8 (1C), 147.7 (1C), 150.6 (1C), 153.4 (1C), 173.2 (1C, C=0).

HRMS: (ESI, positive mode): m/z(M++H+):Found 334.14(C21H19NO3)
Requires 333.12

Compound 6
IR: 2959 (C-H) aromatic,1733(C=0),1046 (C-0).

1H NMR: (500MHZ-CDCL3) § 2.20-2.4 (12H, 2.15 (s), 2.23 (s)), 6.78-
6.98 (6H, 6.77 (dd, ] = 7.8, 2.2 Hz), 6.83 (dd, ] = 7.9, 2.2 Hz), 6.92 (t, ]
= 7.8 Hz)), 7.00-7.23 (6H, 7.07 (ddd, ] = 8.2, 1.3, 0.6 Hz), 7.17 (ddd, ]
=83, 1.9, 0.5 Hz)), 7.37 (2H, ddd, ] = 7.9, 7.5, 1.3 Hz), 7.44-7.65 (4H,
7.55 (ddd, ] = 7.9, 1.3, 0.6 Hz), 7.65 (ddd, ] = 8.2, 7.5, 1.3 Hz), (dt, ] =
0.7, 8.1 Hz, 1H), 8.1-8.17(s, 1H),8.31-8.32(s, 1H).

13C NMR: (125MHZ -CDCL3) & 14.0 (2C), 20.6 (2C), 109.7 (2C), 113.5
(4C), 116.3-117.3 (4C, 116.3), 116.3), 128.2 (2C), 128.4 (2C), 126.8-
127.1 (4C, 128.9), 129.0), 131.0 (2C), 132.9 (2C), 138.4 (2C), 138.8
(2C), 148.7 (2C), 150.6 (2C), 167.25 (2C, C=0).

HRMS: (ESI, positive mode): m/z(M++H+):Found 557.4 (C3sH32N204)
Requires 556.3.

Compound 9

IR: 2964 (C-H) aromatic,1737(C=0),1058(C-0).
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1H NMR: (500 MHz, CDCL3) & 6.59 (d, ] = 16.1 Hz, 1H), 6.80 - 6.87
(m, 2H), 6.92 - 6.96 (m, 2H), 7.32 - 7.42 (m, 3H), 7.50 - 7.57 (ddt, ] =
1.6, 4.6, 6.4 Hz, 2H), 7.81 - 7.87 (m, 1H).

13C NMR: (125 MHz, CDCL3) 8 116.1 (1C), 117.24 (2C), 127.2 (2C),
127.8 (1C), 128.3 (2C), 130.7 (1C), 134.6 (1C), 144.6 (1C), 146.6
(1C) 153.4 (1C), 166.7 (1C, C=0).

HRMS: (ES], positive mode):m/z(M++H+):Found 241.08(C15H1203)
Requires 240.0.

Compound 10
IR: 2964.8 (C-H) aromatic,1732.6(C=0),1044.7 (C-0O).

1H NMR: (500 MHz, CDCL3) & 6.55 (2H, d, ] = 16.3 Hz), 7.16 (4H, ddd,
] =83, 1.9, 0.5 Hz), 7.31-7.55 (10H, 7.38 (ddd, ] = 8.0, 2.3, 1.5, 0.5
Hz), 7.64 (dd, ] = 8.0, 7.3, 2.0, 0.5 Hz), 7.71 (tt, ] = 7.3, 1.5 Hz)), 7.9
(2H, d,] = 16.3 Hz).

13C NMR (125 MHz, CDCL3) & 117.12 - 118.54, 122.33 - 122.45,
128.72 - 128.84, 129.00 -129.12, 130.00 - 130.12, 134.06 - 134.18,
144.59, 144,89, 165.27 - 167.4(2C, C=0).

HRMS: (ESI, positive mode): m/z(M++H+):Found 388.15 OR 371.12
(C24H1804)+NH4, H+Requires 370.1.

In vitro tyrosinase assay
Reagents

Mushroom tyrosinase enzyme, L-DOPA, and all other necessary
reagents were obtained from Sigma-Aldrich.

Tyrosinase inhibition assay

The inhibitory activity of the synthesized compounds against mushroom
tyrosinase was assessed using a modified spectrophotometric method
based on the work of Masamoto et al. where the substrate concentration
(L-DOPA) was used at 0.9 mg/ml (approximately 4.6 mmol), which is
higher than in the original method to ensure sufficient
spectrophotometric detection. And the reaction was incubated for 10
min at 27 °C. The assay was conducted in a 96-well microplate, with
each well containing 10 pl of the test compound dissolved in either
dimethyl sulfoxide (DMSO) or methanol, depending on its solubility and
it is included in all experiments to ensure that the solvents did not
interfere with enzyme activity. Additionally, 60 pl of phosphate buffer
(50 mmol/l, pH 6.8) and 20 ul of L-DOPA solution (0.9 mg/ml in
phosphate buffer) were added. The reaction was initiated by introducing
10 pl of mushroom tyrosinase enzyme (1000 U/ml in phosphate buffer)
into the mixture, since it's known that there is limitation of using
mushroom tyrosinase, but it is a widely accepted model for initial
screening due to its availability and cost-effectiveness. The microplate
was incubated at 27 °C for 10 min, after which the formation of
dopachrome was quantified spectrophotometrically by measuring
absorbance at 450 nm using a FluoStar Omega microplate reader.

Data analysis

The percentage of tyrosinase inhibition for each compound was
calculated using the following equation:
(A blank — A sample)

% Inhibition = Ablank x 100

were represents the absorbance in the presence of the inhibitor, while
corresponds to the absorbance of the control (without inhibitor)[7].
The half-maximal inhibitory concentration (IC50), defined as the
concentration required to achieve 50% inhibition of tyrosinase
activity, was determined using GraphPad Prism 8 software.

RESULTS
Molecular docking results

Molecular docking studies were performed to evaluate the binding
affinity of the synthesized compounds with tyrosinase protein
crystal structures, specifically those with PDB codes 3NQ1 and 5138.
The docking simulations were carried out using AutoDockVina,
employing an energy-minimized ligand structure and a grid box
centered on the active site of the protein. The docking protocol was
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validated by re-docking the native ligand, ensuring accurate binding
mode prediction.

Binding interactions, including hydrogen bonding, hydrophobic
interactions, and m-m stacking, were analyzed using Discovery Studio
Visualizer and PyMOL software. The docking scores (binding
energies) were recorded to compare the potential inhibitory activity
of the synthesized compounds against tyrosinase. Results indicated
that certain derivatives exhibited strong interactions with the
catalytic residues of tyrosinase, suggesting their potential as
effective inhibitors. Further validation through molecular dynamics
simulations and free energy calculations may be required to confirm
these findings.

Int ] App Pharm, Vol 18, Issue 1, 2026, 464-478

Table 1 and 2 summarizes the LibDock and CDocker scores for the
selected compounds. Among them, compound 9 exhibited the
highest docking scores for both tyrosinase structures, indicating
significant binding potential. The docking studies confirmed that the
synthesized compounds occupied the active site of tyrosinase,
reinforcing their inhibitory activity. Compound 5 also displayed
promising binding affinity, although with lower scores than
compound 9. Reference compounds 1, 2, 3, and 4 exhibited strong
binding interactions, albeit slightly lower than compound 9.
Conversely, compounds 6, 7, 8, and 10 showed weaker docking
results, with "ND" (not detected) indicating an absence of successful
binding for both LibDock and CDocker analyses.

Table 1: Ligand docking scores and interaction energies for tyrosinase (3NQ1) and (5138), a comprehensive evaluation of reference compounds

Compound Chemical structure Libdock score CDocker score Libdock score (5138)  CDocker score (5138)
name (3NQ1) tyrosinase (3NQ1) tyrosinase Tyrosinase tyrosinase
32.3608+5.026 24.8625+1.145 75.1984+ 30.4152+2.654

53.2076+3.784

39.345+1.345

60.1024+5.960

17.5296+0.879

14.616x2.071

19.949+1.037

80.0407+3.654 26.0066+3.778

65.1616+4.510 25.7469+6.25

72.2378+10.612 30.4931+11.621

Table 2: Ligand docking scores and interaction energies for tyrosinase (3NQ1) and (5138) comprehensive evaluation of synthesized derivatives

Compound Chemical structure Libdock score CDocker score Libdock score (5138) CDocker score
name (3NQ1) tyrosinase (3NQ1) tyrosinase tyrosinase (5138) tyrosinase
7 C( ND** ND ND ND
)
L
o
8 0 HNQ ND ND ND ND
jol
Ut
: NH
5 Q 58.6618+12.074 29.2596+9.123 ND 23.8715+2.065
HN,
Q
ND ND ND

55.9954+4.445

10 ND

25.6128+0.985

ND

80.3017+12.272 36.8347+2.774

ND ND

**Not Successfully Docked (ND)

470



A.Y. Salman et al.

An in-depth examination of ligand-protein interactions has
highlighted the pivotal roles of hydrogen bonding, hydrophobic
contacts, and m-m stacking in determining binding strength. The
interaction profiles of the co-crystallized ligands KO0J303 and
KO0J1351 within the active sites of tyrosinase structures 5138 and
3NQ1, respectively, offer valuable insights into these mechanisms.

In the case of KOJ303 bound to 5138, the 2D interaction diagram
reveals that the ligand is stabilized through several water-mediated
hydrogen bonds involving HOH335, HOH356, and HOH373. These
interactions help anchor the molecule within the binding cavity.
Additionally, m-alkyl interactions with residues such as PHE197 and
GLY200 contribute to the hydrophobic environment that supports
ligand retention. Although a donor-donor clash is observed, likely
due to spatial proximity between donor atoms, it appears to exert
minimal influence on the overall binding efficacy.

For KOJ1351 in the 3NQ1 complex, the interaction map shows a
network of hydrogen bonds with water molecules, particularly
HOH445 and HOH401. The ligand also engages in - stacking and
m-sigma interactions with aromatic residues like HIS208 and
VAL218, which enhance its fit within the hydrophobic core. A slight
steric overlap with HOH401 is noted, but it does not significantly
compromise the ligand’s affinity.

The three-dimensional binding pose of KOJ303 in 5I38 further
confirms its stable orientation. The ligand forms multiple hydrogen
bonds with key residues such as ASN205 and PHE197, as well as with
several water molecules. These interactions, with distances ranging
from approximately 2.01 to 3.35 A, align well with the electron
density, supporting the accuracy of the crystallographic model.

Similarly, KOJ1351 adopts a conformation in 3NQ1 that
complements the active site geometry. It forms hydrogen bonds with
ASN205, HOH401, and HOH445, and interacts with HIS208 through

A9gs
A) X% 56

oK oy

ARG209 HOH356
©)
HOH3T3
ASN205
HOH335
PRO201
PHE197

(E)
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m-stacking. The hydrogen bond to ASN205, measured at 3.87 A,
suggests a stable but not overly tight interaction.

Redocking experiments validate the reliability of the docking
protocol. For KOJ303 in 5138, the re-docked pose closely matches
the experimental structure, with an RMSD of 0.97 A. KOJ1351, when
redocked into 3NQ1, shows a similarly strong alignment, with an
RMSD of 1.20 A—well within the acceptable range—demonstrating
the robustness of the computational approach.

Turning to compound 9, its binding profile within the tyrosinase
active site is particularly noteworthy. It forms a conventional
hydrogen bond with VAL217 and VAL218 via its hydroxyl group,
while m-alkyl interactions with PRO201 and PHE197 stabilize its
aromatic moiety. A water-mediated hydrogen bond with HOH373
and several van der Waals contacts, including those with ARG209
and GLU158, further reinforce its binding. These interactions explain
its high docking score and potent inhibitory activity.

Compound 5 also exhibits a favorable binding mode, characterized
by m-m stacking with PHE197 and hydrogen bonding with HOH373.
Additional hydrophobic interactions with MET184 and GLY200
support its moderate activity, despite a slightly lower docking score
than compound 9.

In contrast, compound 3 shows a more limited interaction profile. It
forms a single hydrogen bond with GLY216 and a m-cation
interaction with ARG209. While the Ilatter suggests some
electrostatic stabilization, the absence of extensive hydrogen
bonding or hydrophobic contacts correlates with its weaker binding
and lower biological activity.

Compound 2, though forming two strong hydrogen bonds with
GLY216 and HOH335 and engaging in m-alkyl interactions with
ARG209 and ASN205, lacks the structural complexity needed for
broader interaction. This limits its potency relative to compound 9.

ASN205
HI1S208
D)
HOH445, 2
- D
L
HOH401
HIS60 ’
VAL218

(F)

Fig. 1: (A) 2D-analysis of cocrystallized ligand (KOJ303) into the binding pocket (5138), (B) 2D-analysis of cocrystallized ligand (KOJ1351)
into the binding pocket (3NQ1), (C) 3D-analysis of cocrystallized ligand (K0J303) into the binding pocket (5138), (D) 3D-analysis of
cocrystallized ligand (KOJ1351) into the binding pocket (3NQ1). (E) redocking results of co-crystallized ligand (K0J303) (green) with the
docked pose (blue) into the binding site of 5138 (RMSD = 0.974) (F) redocking results of co-crystallized ligand (KOJ1351) (green) with the
docked pose (blue) into the binding site of 3NQ1 (RMSD = 1.204)
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The structure-activity relationship (SAR) becomes evident when
comparing these compounds. Compound 9, with its rich network of
hydrogen bonds and hydrophobic interactions, demonstrates the
strongest binding. Compound 5 follows with moderate activity,
while compounds 2 and 3, with simpler interaction profiles, show
reduced efficacy.

This trend is further supported by docking results using LibDock,
where compound 9 again shows the most extensive interaction
network in the 3NQ1 structure. The consistency of these findings
across different docking tools and protein targets underscores the
predictive power of the modeling strategy.

Fig. 4 and 5, which depict docking into 5138 using CDocker and
LibDock, respectively, reinforce these conclusions. Compound 9
consistently forms multiple stabilizing interactions with residues
such as ASN205, HOH356, VAL217, VAL218, ARG209, and PHE197,
along with aromatic stabilization via PR0O201. Compound 5
maintains moderate binding through m-alkyl and water-mediated
contacts, while compounds 2 and 3 show limited engagement with
key residues, aligning with their lower in vitro activity.

Altogether, the reproducibility of these interaction patterns across
docking platforms and protein structures highlights the reliability of
the computational approach. Compound 9’s consistent performance
positions it as the most promising candidate for tyrosinase
inhibition among the series studied.
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Chemical synthesis and characterization

The targeted compounds (5, 6, 7, 8, 9, and 10) were successfully
synthesized through esterification reactions using DCC as a coupling
agent and DMAP as a catalyst. The reaction conditions were optimized
to maximize product yields, and thin-layer chromatography (TLC) was
used to monitor reaction progress and ensure product purity. Yields
varied based on the molecular structure of each compound. The
percentage yields for the synthesized compounds ranged from 65% to
88%, depending on the steric and electronic nature of the substituents.
Purity of the final compounds was confirmed by HPLC analysis, with
all compounds showing a purity of 295%.

Characterization of the synthesized compounds was performed using
nuclear magnetic resonance (NMR), Fourier-transform infrared (FTIR)
spectroscopy, and high-resolution mass spectrometry (HRMS). NMR
spectroscopy confirmed the chemical identity of all synthesized
compounds. For example, the NMR spectrum of compound 9 revealed
characteristic aromatic proton signals and peaks indicative of the
presence of a double bond. Additionally, NMR data confirmed the
presence of various carbon environments, including the carbonyl
carbon (C=0). FTIR spectroscopy further validated the presence of
essential functional groups, with a distinct absorption band observed
in the 1600-1800 cm™ region, corresponding to carbonyl groups.
HRMS analysis confirmed the molecular weights of all synthesized
compounds, aligning with theoretical values.
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Fig. 2: (A) Docked pose of compound 9 into the binding pocket (3NQ1), (B) Docked pose of compound 5 into the binding pocket (3NQ1),
(C) Docked pose of compound 3 into the binding pocket (3NQ1), (D) Docked pose of compound 2 into the binding pocket (3NQ1) using
CDocKer tool

In vitro tyrosinase inhibition assay

The in vitro inhibitory activity of the synthesized compounds against
mushroom tyrosinase was assessed to evaluate their potential as
tyrosinase inhibitors[37]. The half-maximal inhibitory concentration
(IC50) values were determined to quantify their inhibitory effects.
Table 2 presents the IC50 values for compounds 5, 6, 7, and 8,
alongside hydroquinone and kojic acid as reference inhibitors.
Compound 8 exhibited the most potent tyrosinase inhibition with an
IC50 value of 67.9 pug/ml, followed by compound 7 (IC50 = 78.32
pg/ml). Compounds 5 and 6 also demonstrated considerable
inhibitory activity, suggesting their potential as effective tyrosinase
inhibitors. These results highlight the relevance of the synthesized

compounds in the development of novel skin depigmentation agents
or therapeutic candidates targeting tyrosinase-associated disorders.

Table 3 also presents the IC50 values of compounds 9, 10, and
hydroquinone (HQ). Compound 9 demonstrated a significant
inhibitory effect, with an IC50 value of 31.35 pg/ml. In contrast,
compound 10 exhibited weak inhibition, with an IC50 value of>500
ug/ml. Hydroquinone, used as a reference compound, displayed an
IC50 of 772.8 pg/m. The inhibition profiles of compound 9 and
hydroquinone are depicted in fig. 6 and 7. The results indicate that
compound 9 exhibited superior tyrosinase inhibition compared to
both kojic acid and hydroquinone, highlighting its potential as a
potent tyrosinase inhibitor.
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Fig. 3: (A) Docked pose of compound 9 into the binding pocket (3NQ1), (B)Docked pose of compound 5 into the binding pocket (3NQ1), (C)
Docked pose of compound 3 into the binding pocket (3NQ1), (D) Docked pose of compound 2 into the binding pocket (3NQ1) using LibDock tool
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Fig. 4: (A) Docked pose of compound 9 into the binding pocket (5138), (B) Docked pose of compound 5 into the binding pocket (5138), (C) Docked
pose of compound 3 into the binding pocket (5138), (D) Docked pose of compound 2 into the binding pocket (5138) using CDocker tool
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Fig. 5: (A) Docked pose of compound 9 into the binding pocket (5138), (B) Docked pose of compound 5 into the binding pocket (5138), (C)
Docked pose of compound 3 into the binding pocket (5138), (D) Docked pose of compound 2 into the binding pocket (5138) using LibDock tool

Table 3: % Inhibition of tyrosinase enzyme by the prepared compounds 5, 6, 7, 8,9, and 10

KojicAcid
Concentration [pg/ml] 15.625 31.25 62.5 125 250
% Inhibition 27.30496 3392435 4196217 54.37352 67.61229
22.45863 33.80615 42.08038 50.70922 76.59574
24.11348 35.10638 42.9078 57.32861 76.24113
Average 24.62569 34.27896 42.31678 54.13712  73.48306
HQ
Concentration [pg/ml] 25 50 100 200 400
% Inhibition 1.856764 11.19363 22.22812  39.62865  50.66313
1.856764 10.66313 2190981 36.65782  56.71088
1.007958 11.19363 23.28912  35.38462  53.10345
Average 1.573828 11.0168 22.47569  37.2237 53.49248
8
Concentration [pg/ml] 15.625 31.25 62.5 125 250
% Inhibition 15.48967 34.86635 48.66250 61.24664  80.27314
15.02276 30.7809 48.87358  65.68227  83.19132
13.27186 31.94817 46.30559  64.74845 84.94222
Average 14.59476 32.53181 47.58959  63.89246  82.80223
7
Concentration [pg/ml] 15.625 31.25 62.5 125 250
% Inhibition 20.04202 36.15034  40.7027 61.01319  61.36337
22.61002 32.41508 51.67503  55.52702  64.28155
21.85012 32.88199 43.50414 61.59683  63.11428
Average 21.32602 33.8158 45.29396  59.37901 62.91973
6
Concentration [pg/ml] 15.625 31.25 62.5 125 250
% Inhibition 9.55414 18.47134 26.89858  39.83341  50.0245
8.046546 19.45125 2797648 35.61979  50.12249
7.104361 20.43116 28.66242  37.18765  52.86624
Average 8.2195 19.45125 27.84583  37.54695  51.00441
5
Concentration [pg/ml] 15.625 31.25 62.5 125 250
% Inhibition 14.94366 22.39098 31.79814  47.7707 55.80598
18.56933 25.23273 30.52425 51.88633  65.21313
19.05928 24.93876 31.50416  47.18275  59.52964
Average 17.52409 24.18749 31.27552 4894659  60.18292
9
Concentration [pg/ml] 3.90625 7.8125 31.25 62.5 125
% Inhibition 19.03226 28.06452  44.08602 5849462  68.27957
18.60215 29.03226  48.60215 61.39785  81.07527
16.98925 29.24731  49.89247 66.77419  69.35484
Average 18.20789 28.78136  47.52688  62.22222 7290323

RSD<5%, Number of trials = 3
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Table 3: (continued): % inhibition of tyrosinase enzyme by compounds (5,6,7,8,9,10)

10
Concentration [ug/ml] 500
% Inhibition 34.64373
37.46929
36.73219
Average 36.28174
HQinmethanol
Concentration [pg/ml] 200 250 400 600 800

% Inhibition

3.239587 14.13314  26.84229 36.77465 51.83339
3.773585 12.42435  26.0947 39.12424  51.94019
4.093984 12.95835  24.4927 36.98825 52.15379

Average 3.702385 13.17195  25.8099 37.62905 5197579
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Fig. 7: The tyrosinase inhibition activity IC50 of synthesized compound 9, HQ in methanol
DISCUSSION force within the active site. This interaction, along with favorable

This study employs a comprehensive approach to identifying novel
tyrosinase inhibitors through computational, synthetic, and
biological evaluation. The target compounds were designed and
synthesized to enhance the activity of known inhibitors, such as
kojic acid, while leveraging the benefits of cinnamic acid derivatives.
In silico docking studies provided critical insights into the binding
interactions between the synthesized compounds and tyrosinase.
The docking analysis confirmed that hydrogen bonding,
hydrophobic interactions, and m-m stacking contribute significantly
to enzyme stabilization. Among the synthesized derivatives,
compound 9 exhibited the strongest binding affinity and docking
scores, surpassing the known inhibitor kojic acid. Notably, the
cinnamoyl moiety in compound 9 enabled strong m-m stacking
interactions with the catalytic residue, which is a key stabilizing

hydrogen bonding and hydrophobic contacts, likely explains the
superior docking scores and in vitro activity of compound 9. In
contrast, analogs lacking this group or bearing sterically hindered
substitutions (e. g, compounds 6-8 and 10) demonstrated weaker
activity or failed to dock effectively, supporting a clear structure-
activity relationship (SAR) that highlights the importance of planar
aromatic systems and ester linkages for optimal binding. The
observed SAR, where planar aromatic systems and ester linkages
enhance binding, is consistent with findings from Kim et al. (2005),
who emphasized the role of m-m stacking and hydrogen bonding in
tyrosinase inhibition [15].

The synthesis of the target compounds was carried out efficiently,
and their structural integrity and purity were confirmed using TLC
and various spectroscopic techniques. The in vitro evaluation of
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tyrosinase inhibition further validated the computational
predictions, with compound 9 demonstrating the most potent
inhibitory activity (ICso = 31.35 pg/ml). This strong correlation
between computational and experimental results underscores the
reliability of the employed methodologies. While cinnamic acid
derivatives have been previously explored Gunia-Krzyzak et al,
2018 [24], the strategic esterification with hydroquinone in
compound 9 represents a novel approach that significantly improves
binding affinity and inhibitory potency. This indicate that cinnamic
acid derivatives, particularly compound 9, hold significant potential
as depigmenting agents. While other synthesized compounds
displayed varying degrees of inhibition, compound 9 emerged as the
most promising candidate. Additionally, the weaker performance of
compounds with lower docking scores aligns with their reduced
biological activity, reinforcing the predictive power of molecular
docking. The ICso values of Kkojic acid (94.96 pg/ml) and
hydroquinone (772.8 ug/ml) were determined under identical assay
conditions, allowing direct comparison with compound 9. These
values further emphasize compound 9’s superior inhibitory
potential. Compared to MHY498, which demonstrated significant
melanin reduction without cytotoxicity, compound 9 showed
comparable ICso values and superior docking scores, suggesting its
potential as a dual-action inhibitor when formulated appropriately
[30, 31, 33].

However, the relatively high ICs, of hydroquinone compared to its
known clinical efficacy likely reflects limitations of the in vitro
model. In vivo, hydroquinone may undergo metabolic activation or
redox cycling, forming more reactive species that enhance its
activity. This pharmacodynamic behaviour cannot be captured in a
simple enzyme assay and should be acknowledged when
interpreting these results. It is important to note that mushroom
tyrosinase, though widely used for initial screening, differs
structurally and functionally from human tyrosinase. This
represents a translational limitation, and future studies should
include human melanocyte assays or 3D skin models to better
predict clinical relevance. Moreover, cytotoxicity profiling was not
conducted in the current work. Including assays such as MTT or
resazurin-based viability assays on HaCaT keratinocytes or
melanocytes would be valuable to assess the safety of these
compounds for topical application. Variable interactions observed
using different docking tools and protein structures suggest
flexibility in binding modes, as well as possible steric limitations that
affect activity. Compound 9 showed the highest docking scores using
LibDock and CDocker on both proteins (3NQ1 and 5138): 55.9954,
25.6128, 80.3017, and 36.8347, respectively, higher than kojic acid
under identical docking conditions. These results, supported by ICs,
values, reinforce the role of in silico docking as a valuable screening
strategy before synthesis. Pharmacophore analysis based on the top-
scoring pose further suggests that hydrogen bond donors, aromatic
rings, and hydrophobic moieties are essential features for potent
inhibition. The well-documented inhibitory effects of kojic acid
validate the binding interactions observed with its derivative,
compound 8. The relatively poor inhibition by hydroquinone in vitro
is consistent with its limited solubility and complex behaviour under
assay conditions. It's known that cytotoxicity and melanogenic
pathway modulation may also contribute to inconsistent outcomes
in non-cellular systems [38-42]. Compound 10 displayed markedly
reduced tyrosinase inhibition (IC5o>500 pg/ml). This poor activity
may be attributed to steric hindrance introduced by bulky
substituents at the ester linkage, which likely interferes with optimal
positioning within the active site. Furthermore, compound 10
exhibited limited solubility in aqueous media, which could
compromise bioavailability and effective enzyme binding. These
findings suggest that further optimization of substituent size and
polarity may enhance activity in future analogs. Given the promising in
vitro activity of compound 9, its incorporation into solid lipid
nanoparticles or ethosomal gels, as demonstrated with Sepiwhite®
and alpha-arbutin, could further enhance its skin permeation and
therapeutic efficacy. Overall, these findings highlight the translational
potential of compound 9 as a promising lead candidate. Further work
should include in vivo efficacy, mechanism-of-action studies,
cytotoxicity assessment, and structural optimization to improve
selectivity, potency, and safety for hyperpigmentation treatment.
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CONCLUSION

This study demonstrated the successful design, synthesis, and
evaluation of structurally novel cinnamic acid derivatives as
tyrosinase inhibitors to develop safer and more effective treatments
for hyperpigmentation. Strategic modifications to the cinnamic acid
scaffold, such as esterification with hydroquinone and aromatic
moieties, led to enhanced binding affinity and enzyme inhibition.
Among the synthesized compounds, compound 9 exhibited the most
potent tyrosinase inhibition (ICso = 31.35 pg/ml), significantly
outperforming kojic acid and hydroquinone under identical assay
conditions. These findings underscore the potential of compound 9
as a lead candidate for the development of topical formulations
targeting melasma and other pigmentary disorders, offering
improved efficacy and stability over existing agents.

As a concrete next step, in vivo evaluation using murine models of
hyperpigmentation is warranted to validate their efficacy and safety in a
biological system. Also, MTT assays on HaCaT keratinocytes and human
melanocytes can be conducted to assess cell viability and ensure that the
compounds are not cytotoxic at effective concentrations.
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