
echT PressScience

Doi:10.32604/phyton.2025.067998

ARTICLE

GC-MS Analysis and Tyrosinase Inhibitory Potential of Pimenta dioica Flower
Essential Oil

Heba A. S. El-Nashar1,*, Ahmed T. Negmeldin2,3,*, Aziza El Baz4, Marizé Cuyler5, Brandon Alston5,
Namrita Lall5,6,7 and Naglaa S. Ashmawy1,8,*

1Department of Pharmacognosy, Faculty of Pharmacy, Ain Shams University, Abbassia, Cairo, 11566, Egypt
2Department of Pharmaceutical Sciences, College of Pharmacy, Gulf Medical University, Ajman, 4184, United Arab Emirates
3Department of Pharmaceutical Organic Chemistry, Faculty of Pharmacy, Cairo University, Cairo, 11562, Egypt
4Laboratory of Plant Biotechnology, Ecology and Ecosystem Valorization, URL—CNRST n○ 10, Faculty of Sciences, ChouaiDoukkali
University, P.O. Box 20, El Jadida, 24000, Morocco
5Department of Plant and Soil Sciences, University of Pretoria, Pretoria, 0002, South Africa
6School of Natural Resources, University of Missouri, Columbia, MO 65211, USA
7College of Pharmacy, JSS Academy of Higher Education and Research, Bonne Terre, Vacoas-Phoenix, 73304, Mauritius
8Department of Pharmaceutical Sciences, College of Pharmacy, Dubai Medical University, Dubai, 19996, United Arab Emirates
*Corresponding Authors: Heba A. S. El-Nashar. Email: heba_pharma@pharma.asu.edu.eg;
Ahmed T. Negmeldin. Email: dr.ahmedthabet@gmu.ac.ae; Naglaa S. Ashmawy. Email: naglaa.saad@pharma.asu.edu.eg
Received: 19 May 2025; Accepted: 01 August 2025; Published: 29 October 2025

ABSTRACT: Pimenta dioica is a tropical Caribbean tree belonging to the family Myrtaceae, widely used in various
human activities, including perfume production, food flavoring, natural pesticides, and medicine. This study aimed
to explore the chemical composition of Pimenta dioica flower essential oil obtained via hydrodistillation using
GC-MS analysis. Additionally, the oil’s tyrosinase inhibitory activity was investigated. The effectiveness of the oil’s
major constituents in binding to tyrosinase was also evaluated through molecular docking simulations. GC-MS analysis
identified fifteen compounds, with eugenol (70.59%) as the major component, followed by β-myrcene (10.54%),
limonene (8.55%), β-ocimene (4.92%), α-phellandrene (1.39%), and linalool (1.46%). The oil exhibited tyrosinase
inhibitory activity with an IC50 value of 28.65 ± 0.77 μg/mL, compared to kojic acid (IC50 = 1.94 ± 0.53 μg/mL). It also
showed moderate antioxidant activity with an IC50 of 5.41 ± 0.68 μg/mL, relative to quercitrin (0.78 ± 0.37 μg/mL).
Molecular docking studies revealed that the six identified constituents exhibited good binding affinity and fitting to the
tyrosinase active site, as indicated by docking scores and specific interactions. These interactions likely contribute to
the overall inhibitory effect through multiple binding modes. The findings suggest that the monoterpene content plays
a crucial role in the observed inhibitory activity and enhance our understanding of natural compounds as potential
therapeutics for tyrosinase-related disorders. Therefore, P. dioica flower essential oil may represent a safe and effective
natural source of skin-whitening agents for cosmetic and pharmaceutical applications. Further investigations, including
in vivo studies, pharmacokinetics, pharmacodynamics, and toxicity profiling, are recommended.
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1 Introduction
Skin color is distinguished according to the type of melanin pigments found in skin and their

quantity [1]. Melanocytes are epidermal cells responsible for Melanin synthesis, then these pigments are
transferred via dendrites to keratinocytes to provide the color of the skin [2]. This process is defined as
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melanogenesis, which occurs in melanocytes that contain different primordial enzymes [3]. Among these
enzymes, tyrosinase is the predominant enzyme that initiates the hydroxylation of L-tyrosine into β-3,4-
dihydroxyphenylalanine (DOPA) and then catalyzes the oxidation of DOPA into DOPAquinone, which
is converted to melanin pigments (eumelanin and pheomelanin) [4]. Skin hyperpigmentation and age
spotting represent societal disorders and widespread cultural oppression in many countries [5]. Many
intrinsic and extrinsic considerations can badly affect the normal process of skin pigmentation [6]. Skin
hyperpigmentation is activated by the malfunction of melanocytes and keratinocytes, hormonal disturbance,
inflammatory conditions, aging, injuries, scars, and surgeries [7,8]. Further, permanent exposure to sunlight
intensifies the number of melanocytes in the epidermal cells, stimulating the formation of melanocyte
clusters [9]. Additionally, excessive UV radiation causes an imbalance in the melanocytes and melanin
overproduction, leading to spotty pigmentation [10].

Topical cosmetic skin lighteners experience a large and fast-growing market share worldwide, partic-
ularly Middle East and Asia [11]. These products can act through different modules like blockage of UV
radiation, inhibition of melanogenesis, hindering melanin transfer, and epidermal renewal stimulation [12].
Recently, there has been a great interest in searching for new active and efficient lightning products directly
linked to antiaging facial treatments and body products [9]. The current topical lighting therapies contain
hydroquinone, kojic acid, azelaic acid, glycolic acid, retinol, salicylic acid, and niacinamide. Unfortunately,
many of these mentioned products are highly expensive and suffer from adverse reactions as well as
some ingredients are banned or limited in some countries [13]. Formerly, personal care was moving away
from commercially available undesired ingredients towards plant-based ingredients [14]. Plant products are
being increasingly explored worldwide for many biological activities [15–17], and consumers are pursuing
plant-derived mixtures for skin hyperpigmentation complications [18]. Among these plant-derived agents,
essential oils are gaining increasing attention due to their antioxidant, anti-inflammatory, and skin-lightening
properties. Essential oils contain a wide range of chemical constituents, including both phenolic and non-
phenolic compounds, which differ in their mechanisms of antioxidant activity. Phenolic components, such
as eugenol and thymol, often act as chain-breaking antioxidants that directly scavenge free radicals, while
non-phenolic compounds may exert termination-enhancing effects by stabilizing radical intermediates.
These complementary mechanisms contribute to the overall bioactivity and efficacy of essential oils in
dermatological applications [19].

Genus Pimenta is one of the evergreen flowering plants that incorporates about fifteen species and
belongs to the family Myrtaceae. Pimenta plants are distributed in the West Indies and Central America
and are mostly copious in Jamaica [20]. In traditional medicine, various organs of the Pimenta species
were employed for the treatment of common cold, viral infections, bronchitis, dental and muscle aches,
rheumatic pains, and arthritis [21]. Moreover, the essential oils of Pimenta species are associated with the
traditional treatment of microbial infections and exert antimicrobial, antiseptic, anesthetic, and analgesic
effects [20]. The isolated essential oils of Pimenta plants are characterized by the abundance of eugenol,
methyl eugenol, β-caryophyllene, and myrcene [22]. Whereas limonene, 1,8-cineole, terpinolene, β-selinene,
and methyl eugenol were reported to be the predominant components in some studies [23]. Pimenta dioica
(PD) is a Caribbean tropical tree belonging to the family Myrtaceae, cultivated in the West Indies, Mexico,
and South America [24]. It is widely cultivated in tropical regions, particularly in Central America and
the Caribbean, for commercial use. The plant is suitable for industrial cultivation due to its high demand
and adaptability, although wild harvesting may still occur in some regions. It has many traditional names
like allspice, Pimenta, pimento, clove pepper, and Jamaica pepper [24]. It is widely utilized in a variety of
human endeavors, including perfume manufacturing, food spice, a natural pesticide, and medicine [25].
In folk medicine, P. dioica was used for different disorders like colds, dysmenorrhea, dyspepsia, diabetes,
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bruises, viral infections, sinusitis, bronchitis, depression sore joints, and myalgia [26]. It was reported for the
treatment of indigestion, inflammation, and fatigue in Cuban medicine [25,27]. Further, it was incorporated
into Indian traditional medicine to relieve respiratory congestion and assorted odontalgia [25]. In Egypt,
it is known as “fulful afrangi” and used as a spice, condiment, and appetizer [24]. From the pharmaco-
logical point of view, Pimenta dioica demonstrated antioxidant [28], hypotensive [29], estrogenic [30], and
cytotoxic activities [24]. Regarding phytochemical constituents, several classes of active components were
reported, like phenylpropanoids, phenolic acids, essential oils, flavonoids, galloyl glycosides, catechins, and
diterpenes [31,32].

In this study, we planned to explore the chemical composition of Pimenta dioica flowers essential
oil isolated by hydrodistillation using GC-MS analysis. Further, we aimed to investigate the ability of the
tested oil to inhibit the tyrosinase enzyme. Additionally, we focused on discovering the effectiveness of oil
components to fit with the tyrosinase enzyme using molecular docking studies.

2 Experimental

2.1 Plant Material
Pimenta dioica flowers were collected in April 2023 from Zohrya garden (30○2.75′ N, 31○13.4666′ E),

Giza, Egypt. The plant was botanically identified by Mrs. Therease Labib, the taxonomy specialist at the
herbarium of the El-Orman Botanical Garden, Giza, Egypt. Voucher specimens with a code of PHG-P-
PD-478 were deposited at the Department of Pharmacognosy herbarium, Faculty of Pharmacy, Ain Shams
University, Cairo, Egypt.

2.2 Isolation of the Essential Oil by Hydrodistillation
250 g of fresh Pimenta dioica flowers were hydrodistilled for four hours in a Clevenger-type glass

apparatus. The isolated oil was collected and weighed, then preserved in sealed vials at 4○C for further
analysis. The experiment was performed three times.

2.3 GC/MS Analysis of Essential Oils
The chemical composition of the essential oils obtained through isolation was assessed using gas chro-

matography coupled with mass spectrometry (GC-MS). Analysis was performed on a Shimadzu GC/MS-QP
2010 system (Kyoto, Japan), linked to a Thermo-Finnigan SSQ 7000 quadrupole mass spectrometer (Bremen,
Germany). A Restek Rtx-5MS capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness; USA) was
employed. The oven temperature was initially held at 45○C for 2 min, then ramped to 300○C at a rate of
5○C/min, and held for 5 min. Injector and detector temperatures were maintained at 250○C and 280○C,
respectively. Essential oil samples were diluted in n-hexane to a 1% (v/v) concentration prior to analysis.
Automatic injections of 1 μL were performed using a split ratio of 1:15. Helium served as the carrier gas at a
flow rate of 1.41 mL/min. The mass spectrometer was operated under the following conditions: a scan range
of 35–500 amu, ion source temperature of 200○C, and an electron ionization voltage of 70 eV.

2.4 Identification of the Oil Components
The identification of the GC peaks in the mass spectra was done by searching the commercial libraries

(WILEY, NIST), and the identification of the compounds was then confirmed by matching with the published
data as well as by calculating the retention indices (RI) of the peaks compared to (C6-C22) n-alkanes. Peak
area percentage was used for quantification and reported as an average of the three measurements.
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2.5 Tyrosinase Inhibition Assay
To evaluate the anti-tyrosinase potential of the essential oils isolated from Pimenta dioica (PD), a

similar method to Mérida-Reyes et al. (2020) [33] was used with slight modifications. A stock concentration
of 40 mg/mL in DMSO was prepared for PD, while 20 mg/mL was prepared for the positive control,
kojic acid. Thereafter, the stock concentrations were serially diluted to achieve a final concentration of
400–3.12 μg/mL for PD and 200–1.56 μg/mL for kojic acid. The enzyme used was mushroom tyrosinase
(EC 1.14.18.1), purchased from Sigma-Aldrich (St. Louis, MO, USA), and L-DOPA (Sigma-Aldrich) was used
as the substrate. A 1% DMSO vehicle control was prepared in the same manner, along with a 0% control
consisting of phosphate buffer (pH 6.5). Using a BIO-Tek Power-Wave XS plate reader (Analytical and
Diagnostic Products CC, Roodepoort, South Africa) the absorbance values were determined at a wavelength
of OD 492 nm for 30 min. To calculate the percentage inhibition, the following equation was used. All samples
were tested in triplicate. GraphPad Prism 4 software was used to calculate the 50% inhibitory concentration
(IC50) of PD.

% Inhibition = 100 − ((“Absorbance sample at 30 min” − “Absorbance sample at 0 min”)/(“Absorbance
control at 30 min” − “Absorbance control at 0 min”)) × 100.

2.6 1,1-Diphenyl-2-Picrylhydrazyl (DPPH) Radical Scavenging Activity
The DPPH radical scavenging activity of PD was evaluated using a method described by [1,34]. A stock

concentration of PD (10 mg/mL) and the positive control, quercitrin (2 mg/mL), were prepared in ethanol.
Thereafter, in a 96-well plate, 20 μL of either PD or quercitrin was added to 200 μL of ethanol in triplicate.
The samples were serially diluted two-fold to obtain a final concentration of 500–7.81 μg/mL for PD and
100–1.56 μg/mL for the positive control. Thereafter, 90 μL of DPPH (0.04 M) ethanolic solution was added to
each well. The DPPH solution was freshly prepared before each assay using analytical grade ethanol, and all
experiments were conducted in triplicate to ensure reproducibility. A vehicle control consisting of ethanol
was prepared similarly, while the 0% control did not contain DPPH solution. Ascorbic acid was also included
as a standard antioxidant reference in a separate parallel run for comparative purposes. The plates were
developed at room temperature in the dark for 30 min before the absorbance was measured at 515 nm using
a BIO-Tek Power-Wave XS plate reader. A similar equation as Section 2.5 was used, while GraphPad Prism
4 software was utilized to calculate the IC50 values.

2.7 Molecular Docking Studies of the Identified Compounds
Molecular Operating Environment (MOE program 2020.09; Chemical Computing Group, Montreal,

Quebec, Canada) was used to perform the molecular docking study. The crystal structure of the tyrosinase
enzyme (PDB: 6EI4) was downloaded from the protein databank (rcsb.org). The downloaded crystal
structures were prepared for docking by adding the missing protons and deleting one of the chains, the co-
crystallized ligand, and water molecules using MOE software. All the docked compounds were prepared
in the MOE program by adding hydrogen, calculating charges, and performing energy minimization.
The docking placement methodology used was a triangle matcher with London dG as the initial scoring
methodology. 30 poses were set as the number of placement poses that were passed to the refinement step.
The rigid receptor was utilized as the post-placement refinement method with GBVI/WSA dG as the final
scoring methodology, and 5 poses were retained after the final refinement. The best poses in terms of binding
interactions, proper placement in the active site of the enzyme, and docking scores are discussed in the text.

https://rcsb.org
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3 Results and Discussion

3.1 Essential Oil Yield and Composition
The essential oil of Pimenta dioica flowers was isolated by the hydrodistillation method, and the chemical

constituents of the oil were analyzed using GC-MS. The GC-MS chromatogram of the essential oil is shown
in Fig. 1. This resulted in the identification of a total of fifteen different compounds, as listed in Table 1.
Eugenol (70.59%), β-Myrcene (10.54%), Limonene (8.55%), and β-Ocimene (4.92%) represent the main
identified components isolated from P. dioica essential oil. The chemical structures of the main volatile
components are shown in Fig. 2. Oxygenated monoterpenes represent the main class of compounds in the
essential oil of Pimenta dioica, accounting for 72.23%. The distribution of the identified compound classes
is illustrated in Fig. 3. Eugenol and β-Myrcene have been also reported as the main components of P. dioica
leave oil collected from Guatemala with a percent composition of 71.4%, and 10.1%, respectively [33], together
with caryophyllene, another study has reported the essential oil composition of the P. dioica leaves collected
from the Essential Oil University, USA, where eugenol, methyl eugenol and caryophyllene comprised the
main components of the oil USA with percent composition of 64.29%, 20.55% and 5.53%, respectively [34].
The essential oil isolated from the P. dioica leaves collected from Jamaica has shown a similar composition to
this study, with eugenol, methyl eugenol, and caryophyllene being the major components at 73.35%, 9.54%,
and 3.30%, respectively [21]. In our study, caryophyllene has been identified and detected, but with lower
concentrations of 0.37%, while methyl eugenol was not detected. On the other hand, although limonene has
been identified in our study in high concentrations of 8.55%, it was reported as a minor component in the
other reports in the literature with a % composition of 0.5% [35] and 0.46% [36].

Figure 1: GC-MS chromatogram of the essential oil isolated from Pimenta dioica flowers

These differences between the essential oil composition reported in the literature from the leaves of
P. dioica, may be due to several variables that may influence the composition of essential oils, including the
source, the harvesting time, oil isolation technique, the environment, and growing circumstances [37,38].
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Table 1: Chemical composition of Pimenta dioica essential oil based on GC/MS analysis

No. Rt* (min) Compound namea Composition %b RIc
exp RI rep Molecular

formula
Identification

1. 7.169 α-Pinene 0.2 931 932 C10H16 MS, RI
2. 8.935 β-Myrcene 10.54 991 987 C10H16 MS, RI
3. 9.286 α-Phellandrene 1.39 1003 1002 C10H16 MS, RI
4. 9.464 Linalool oxide 0.21 1009 1006 C10H16 MS, RI
5. 9.917 p-Cymene 0.45 1023 1024 C10H14 MS, RI
6. 10.49 Limonene 8.55 1028 1029 C10H16 MS, RI
7. 10.673 β-(E)-Ocimene 4.92 1048 1044 C10H16 MS, RI
8. 11.903 α-Terpinolene 0.2 1088 1088 C10H16 MS, RI
9. 12.269 Linalool 1.46 1100 1100 C10H18O MS, RI
10. 14.662 Terpinen-4-ol 0.18 1178 1177 C10H18O MS, RI
11. 17.055 Chavicol 0.43 1258 1259 C9H10O MS, RI
12. 20.061 Eugenol 70.59 1365 1362 C10H12O2 MS, RI
13. 21.639 Caryophyllene 0.37 1423 1420 C15H24 MS, RI
14. 22.545 Humulene 0.2 1458 1457 C15H14 MS, RI
15. 24.3 δ-Cadinene 0.31 1527 1526 C15H24 MS, RI

Monoterpene hydrocarbons 26.46
Oxygenated monoterpenes 72.23

Sesquiterpene hydrocarbons 0.88
Others 0.43

Total identified compounds % 100%

Note: aCompounds are listed in order of their elution. bAverage of three analyses MS, identification based on mass
spectral data. cRI, Kovats retention, MS, mass spectrometry. *Rt: Retention time.

Figure 2: The chemical structures of the volatile components detected in the essential oil isolated from Pimenta dioica
flowers

3.2 Tyrosinase Inhibition Activity of the Isolated Essential Oil
The anti-tyrosinase activity of PD was evaluated, and an IC50 of 28.65 ± 0.77 μg/mL was obtained

with kojic acid (positive control), showing a value of 1.94 ± 0.53 μg/mL. Similar values were observed by
Aumeeruddy-Elalfi et al. [39], who found that PD displayed an IC50 of 22.33 ± 0.13 μg/mL in comparison to
kojic acid (2.28 ± 0.05 μg/mL). This could be due to the similar hydrodistillation method that was used, as
well as the same plant parts that were harvested.
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Figure 3: Pie charts display the distribution of different classes of components (%) identified in the essential oil isolated
from Pimenta dioica flowers

The anti-tyrosinase activity of PD oil may be attributed to its monoterpene composition represented
mainly in eugenol (70.59%), β-Myrcene (10.54%), Limonene (8.55%), and β-Ocimene (4.92%), moreover,
other minor monoterpenes like α-Phellandrene (1.39%) and Linalool (1.46%) may also be contributing to
the inhibitory activity of the oil under study.

Although the major component of the oil, eugenol, has been previously reported for its tyrosine
inhibition activity with IC50 906.54 μg/mL [40], the PD oil showed a higher potency toward tyrosinase
enzyme inhibition. This suggests that the inhibitory activity of the oil is attributed to the collective effects of
the components. This is supported by the fact that the anti-tyrosinase activity of some monoterpenes found
in the oil has been reported previously [41–43]. In our current study, a molecular docking study has been
conducted in order to explore the compounds responsible for the inhibitory activity of the PD oil.

3.3 Antioxidant Activity of the Isolated Essential oil
A DPPH method was used to quantify the antioxidant potential of PD, and it was discovered that the

essential oil displayed an IC50 of 5.41± 0.68 μg/mL and while quercitrin showed a value of 0.78 ± 0.37 μg/mL.
A study conducted by Sarathambal et al. (2021) [44] found that PD displayed an IC50 of 19.40 μg/mL and
noted that their values were higher than previously reported. In a separate study authored by Salem et al.
(2014) [45], the authors found the half-maximal scavenging concentration (SC50) of an extract prepared from
PD to be 1.42± 0.24 μM. This change in antioxidant potential could be due to the different extraction methods
used by the various authors, indicating that the essential oil may be a more potent free radical scavenger than
the extract.

3.4 Molecular Docking Studies with Tyrosinase Enzyme
Molecular docking studies were conducted to assess the binding interactions and affinities of the four

major isolated compounds, Eugenol, β-Myrcene, Limonene, and β-(E)-Ocimene, in addition to the two
minor compounds, Linalool, and α-Phellandrene. The crystal structure of the tyrosinase enzyme (PDB:
6EI4) [46] was utilized in this work to simulate the binding of the isolated compounds with the active site
of the tyrosinase enzyme. The reference tyrosinase inhibitor, kojic acid, was also included in the docking
study simulation.

To validate the molecular docking procedure, the known tyrosinase inhibitor kojic acid was docked
into the active site of the enzyme (Fig. 4A,B). As expected, kojic acid bound well into the pocket of the
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tyrosinase enzyme and displayed two main interactions with the active site of the enzyme with a docking
score of −5.1940 kcal/mol. The first observed interaction was a metal coordination between the carbonyl
oxygen of kojic acid with the metal cofactor of the active site, the copper ion. The second interaction was
between the aromatic ring of kojic acid and His 208-imidazole ring through an arene-arene interaction
(Fig. 4A,B) [47–49].

A

B

C

D

E

F

H IG

Figure 4: Molecular docking studies output poses of kojic acid, eugenol, Linalool, β-Myrcene, β-(E)-Ocimene, and
Limonene with the active site of tyrosinase enzyme. The 3D binding of the docked kojic acid (A), eugenol (C), Linalool
(E), β-Myrcene (G), β-(E)-Ocimene (H), and Limonene (I) are shown as grey molecules. Green = hydrophobic surface,
purple = hydrogen bonding site, and blue =mild polar. Atoms colour code: grey = carbon, red = oxygen, blue = nitrogen,
Cu2 + metal ion = light blue sphere. The 2D interactions of kojic acid (B), eugenol (D), and of Linalool (F) with
different amino acids in the binding site. Metal coordination is shown as purple dotted lines. Arene-arene interactions
are represented as green dotted lines. Amino acids spheres: pink circled in blue = basic, pink circled in black = polar,
green circled in black = greasy

The six isolated compounds in the current study were then docked into the active site of the enzyme.
The docking procedure was identical to the procedure used in the validation step done with kojic acid.
All six docked compounds fit well into the active site of the tyrosinase enzyme (Fig. 4C–I). The docking
scores observed for all six main compounds ranged from−5.2436 to−4.8719 kcal/mol. The observed docking
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scores of the six compounds indicate that they bind with high affinities to the tyrosinase active site, with
comparable scores to kojic acid, which showed a docking score of −5.1940 kcal/mol. Upon docking eugenol,
it showed good fitting into the binding site of the enzyme similar to kojic acid with a docking score of−5.2436
kcal/mol (Fig. 4C). In terms of binding interactions, eugenol had an arene-arene interaction as one of the
major interactions of its aromatic ring and the imidazole ring of His 208 (Fig. 4C,D). 4,5 In addition, it
was observed that the enzyme’s active site is predominantly hydrophobic, as indicated by the green regions
within the binding pocket (Fig. 4C). This would further enhance the binding affinity and the inhibitory
potency of eugenol through hydrophobic interactions (Fig. 4C). The presence of the allyl, and methyl groups
in its chemical structure in addition to the central aromatic ring, contribute to the hydrophobic interactions
mediated through the hydrophobic amino acids Ala 221, Val 218, His 60, His 208, Arg 209, Pro 201, and
Asn 205 (Fig. 4C). Interestingly, one of the minor compounds, Linalool, exhibited a high docking score of
−5.1440 kcal/mol and formed one key hydrogen bonding interaction with Asn 205 (Fig. 4E,F). Similarly,
several additional hydrophobic interactions were observed with the aforementioned hydrophobic amino
acids, including Ala 221, Val 218, His 60, His 208, Arg 209, and the carbon backbone of Asn 205 (Fig. 4E).

Molecular docking of the other three major compounds, β-Myrcene, β-Ocimene, and Limonene,
demonstrated good fitting into the active site of the tyrosinase (Fig. 4G–I). The observed docking scores
for the three compounds were −5.1286, −4.9454, and −4.8868 kcal/mol, which indicate that they have good
affinity to the active site of the tyrosinase enzyme and contribute to the inhibitory effect on the isolated oil.
All three compounds, due to their hydrocarbon nature, exhibited several interactions with the hydrophobic
amino acids (green surfaces in Fig. 4G–I) in the tyrosinase active site, leading to good binding affinity
and inhibitory effects as indicated by the docking scores of the three compounds. Docking of the second
minor compound, α-Phellandrene, showed a good fitting into the binding site with a docking score of
−4.8719 kcal/mol and similar interactions with the hydrophobic amino acids side chains and backbones
lining the active site of the tyrosinase enzyme. Notably, compounds such as eugenol and linalool, which
possess hydroxyl groups, particularly with phenolic characteristics, demonstrated stronger binding affinities
to tyrosinase compared to non-phenolic hydrocarbons like β-myrcene, β-ocimene, and limonene. This may
be attributed to the ability of hydroxyl groups to form hydrogen bonds and participate in metal coordination
with the enzyme’s active site, thus enhancing binding stability and inhibitory potential.

The molecular docking studies highlight the possible binding interactions and the potential abilities
of the six isolated compounds to bind to and inhibit the tyrosinase enzyme with different binding abilities.
Moreover, the docking studies suggest that all the isolated compounds in the current work maintain good
affinity with various docking scores, leading to a collective inhibitory effect of the enzyme. This collective
inhibitory effect occurs as a result of various binding modes and interactions with the active site of the
tyrosinase enzyme and is suggested to result from the six compounds identified in the oil.

While the molecular docking results provide valuable insight into the potential binding interactions and
inhibitory effects of the major and minor compounds identified in Pimenta dioica essential oil, it is important
to recognize the limitations of this in silico approach. Docking simulations are based on static protein
structures and do not fully account for the dynamic behavior of proteins, solvation effects, or metabolic
transformations that may occur in biological systems. Furthermore, binding affinity predictions alone
cannot confirm functional inhibition in vivo. Therefore, although the docking data support the likelihood
of tyrosinase inhibition by these compounds, further validation through enzyme kinetics, cell-based assays,
and ultimately in vivo or clinical studies is essential to confirm their efficacy and safety in biological contexts.
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4 Conclusion
Our findings revealed that the essential oil extracted from Pimenta dioica flowers comprises fifteen

constituents, predominantly eugenol, β-myrcene, limonene, β-(E)-ocimene, linalool, and α-phellandrene.
The oil exhibited significant tyrosinase inhibitory activity and remarkable antioxidant potential. Molecular
docking analysis assessed the binding interactions of six major compounds with the tyrosinase enzyme, all
of which demonstrated favorable docking scores (ranging from −5.2436 to −4.8719 kcal/mol), comparable
to that of kojic acid (−5.1940 kcal/mol). These compounds showed diverse interaction modes within the
enzyme’s active site, indicating their collective contribution to the oil’s inhibitory action. The results suggest
that the anti-tyrosinase effect of the essential oil may be attributed not solely to eugenol but also to the
synergistic role of other monoterpenes. Notably, the essential oil displayed stronger activity than previously
reported for pure eugenol alone, highlighting the importance of its compositional complexity.

Therefore, the essential oil of P. dioica flowers presents promising potential as a natural, safe source
of skin-depigmenting agents for use in pharmaceutical and cosmetic applications. However, to validate its
efficacy and safety, further investigations, including in vivo studies as well as pharmacokinetic, pharmaco-
dynamic, and toxicity assessments, are warranted.
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