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A B S T R A C T   

The essential function of melanin is to protect our skin against harmful environmental factors. 
However, excessive melanin production can cause undesirable hyperpigmentation issues, such as 
freckles and melasma. Although several compounds are used to control melanin production by 
inhibiting tyrosinase (TYR), their efficacy is limited by skin-related adverse effects and cytotox-
icity concerns. Consequently, searching for new natural compounds with an effective TYR in-
hibitor (TYR-I) activity but less harmful effects continues. Plant-based natural extracts are an 
alternative that are in great demand due to their safety and diverse biological properties. This 
study assessed ten isolated plant compounds for their TYR-I activities using an in vitro mushroom 
TYR inhibition assay. Among these compounds, piperine (400 μM) demonstrated the highest TYR- 
I activity, with a potency of 36.27 ± 1.96 %. Hence, this study examined the effect of piperine on 
melanogenesis in melanocyte stimulating hormone-treated B16F10 melanoma cells and using 
kojic acid as a positive reference. Cell viability was evaluated through the standard 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Measurements of cellular TYR ac-
tivity and melanin content were performed and related to changes in the transcriptional 
expression levels of melanogenesis-related genes, assessed via quantitative real-time reverse 
transcriptase (RT-q)PCR analysis. The results revealed that piperine at a concentration of 44 μM 
significantly reduced cellular TYR activity by 21.51 ± 2.00 % without causing cytotoxicity. 
Additionally, at the same concentration, piperine significantly decreased the intracellular melanin 
content by 37.52 ± 2.53 % through downregulating transcription levels of TYR and TYR-related 
protein 1 (TRP-1) but not TRP-2. Kojic acid, at a concentration of 1407 μM, induced a significant 
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decrease in the melanin content and cellular TYR activity by suppressing all three melanogenesis- 
related genes. These findings suggest that piperine has potential as a potent depigmenting agent.   

1. Introduction 

Melanin, a biological pigment, is commonly present in various organisms. It is synthesized and stored within melanosomes, or-
ganelles found among melanocytes in the basal layer of the skin epidermis, and is later transferred to adjacent keratinocytes through 
the physiological process called melanogenesis [1]. Melanin plays an important role in the protection against the harmful effects of 
ultraviolet radiation (UVR), oxidative stress, DNA damage, and various environmental stressors as well as in determining the color of 
skin, hair, and eyes [2]. The regulation of melanogenesis is predominantly determined by genetics but can be influenced by numerous 
external and internal variables, including hormonal fluctuations, growth factors, cytokines, medications, inflammation, age, and 
exposure to UVR [3,4]. All these stimuli trigger the microphthalmia-associated transcription factor gene, which in turn regulates the 
expression of genes involved in melanin synthesis, including tyrosinase (TYR), TYR-related protein 1 (TRP-1), and TRP-2 [5]. The 
process begins with the hydroxylation of L-tyrosine to 3,4-dihydroxy-L-phenylalanine (L-DOPA), followed by L-DOPA oxidation into 
DOPA quinone. Notably, within this oxidation step, TYR functions as the rate-limiting enzyme in the overall melanin biosynthesis 
pathway, including the formation of eumelanin and pheomelanin, which are responsible for the brown-black and red-yellow colors, 
respectively, while TRP-1 and TRP-2 are closely linked to only eumelanin biosynthesis [2]. 

While melanin plays a vital role in protecting the skin against various environmental factors, excessive melanin production or 
hyperpigmentation can lead to dermatological issues, including age spots, freckles, melasma, senile lentigo, pigmented acne scars, as 
well as post-inflammatory hyperpigmentation caused by atopic dermatitis and melanoma, which are global public health concerns in 
both pediatric and adult populations [6–8]. Consequently, researchers have focused their efforts on targeting TYR inhibitors (TYR-Is) 
as the primary approach to regulate melanin production. Numerous compounds, derived from both natural and synthetic sources, have 
been reported as TYR-Is, such as hydroquinone (HQ), ascorbic acid, arbutin, ellagic acid, tranexamic acid, and kojic acid [9]. However, 
the use of these inhibitors has raised concerns due to their associated side effects. For instance, kojic acid has been linked to contact 
dermatitis, carcinogenicity, and increased UV sensitivity problems [10]. Whereas, HQ exhibits toxicity towards mammalian cells, 
resulting in issues like contact dermatitis and irritation [11,12]. As an alternative, the use of TYR-Is from natural sources has garnered 
increasing attention, driven by consumer preference for natural ingredients, particularly plant extracts in skincare, to avoid potentially 
harmful synthetic compounds [13,14]. Hence, there is an imperative need to explore novel TYR-Is derived from natural sources that 
offer enhanced TYR-I efficacy while ensuring safety and minimizing harmful effects. 

Plants represent a prominent source for the pursuit of TYR-Is, owing to their diverse array of secondary metabolites, especially, 
triterpene glycosides, flavonoids, phenolic compounds, alkaloids, chalcones, and lignans [14–17]. In this study, specific plant com-
pounds in those arrays were selected for screening for TYR-I activity due to the intriguing presence of hydroxy (–OH) groups, aliphatic 
rings, or aromatic rings within their chemical structures, features that have been associated with their potential as TYR-Is. The –OH 
group can be chelated with dinuclear copper and also interacted with amino acid moieties in the TYR active site via hydrogen bonding 
[18]. In addition, the aromatic ring provides a π-π interaction with histidine residues in the TYR pocket. Although triterpenoid gly-
cosides lack an aromatic moiety, the aliphatic ring of this array serves a hydrophobic interaction with the TYR pocket [19]. 
Furthermore, these selected compounds have previously demonstrated a multitude of biological properties. For example, alpinetin (1) 
demonstrates anticancer properties [20], cardamomin (2) has been reported to have anti-inflammatory, antineoplastic, and hypo-
glycemic properties [21], lansioside derivatives (3–5) display antioxidant and antimicrobial activities [22,23], malabaricone A (6) 
shows potential in antidiabetic applications [24], piperine (7) is known for its antiobesity, hepatoprotective, and anticancer properties 
[25], pinocembrin (8) exhibits anti-inflammatory effects [26], samin (9) was reported to form the core structure in the synthesis of 
antidiabetic agents [27], and sesamin (10) is associated with antinociceptive effects [28]. However, there is limited prior research on 
the TYR-I activities of compounds 1–10. 

This study focused on investigating the TYR inhibitor (TYR-I) activity of compounds 1–10, which were isolated from five distinct 
plant sources. The primary screening for TYR-I activity was conducted using an in vitro mushroom TYR assay. After that, the most 
promising compounds underwent further evaluation for their anti-melanogenic activities at the cellular level, employing α-melanocyte 
stimulating hormone (MSH)-induced B16F10 melanoma cells as a model system. In addition, the in vitro toxicity of active compounds 
against B16F10 cells was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay, and changes 
in cell morphology were observed via light microscopy. In addition, the TYR-I activity and melanin production were also evaluated and 
correlated to alterations in the transcript expression levels of melanogenesis-associated genes using one-step quantitative real-time 
reverse-transcription polymerase chain reaction (RT-qPCR). If the results proved favorable, the TYR-I compound(s) may hold po-
tential for applications in the cosmetic and pharmaceutical industries. 

2. Materials and methods 

2.1. Plant compounds preparation 

Ten pure compounds, originating from five different plant sources, were provided by Dr. Preecha Phuwapraisirisan and Dr. Rico 
Ramadhan. These compounds are alpinetin (1), cardamomin (2), and pinocembrin (8) from Boesenbergia rotunda; lansioside B (3), 
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lansioside C (4), and methyl lansioside C (5) from Lansium parasiticum; malabaricone A (6) from Horsfieldia motley; piperine (7) from 
Piper nigrum; and samin (9) and sesamin (10) from Sesamum indicum. The chemical structures of these compounds are depicted in 
Fig. 1. 

Subsequently, the tested compounds were dissolved in dimethyl sulfoxide (DMSO) and maintained at − 20 ◦C as the stock solution. 

2.2. In vitro mushroom TYR-I activity assay 

The TYR-I test was conducted as previously described [29] using L-DOPA as the substrate to assess the efficacy of all plant com-
pounds in inhibiting the diphenolase activity of mushroom TYR. The reaction mixture consisted of 120 μL of 1.5 mM L-DOPA in 80 mM 
phosphate buffer pH 6.8 (PB), 20 μL of PB, and 20 μL of the tested compounds at a concentration of 400 μM in DMSO. These mixtures 
were pre-incubated at 25 ◦C for 10 min. Subsequently, 40 μL of 165 units/mL mushroom TYR in 50 mM PB at pH 6.5 was added and 
incubated at 25 ◦C for 5 min. The absorbance was then measured at 475 nm (A475) using a microplate reader (Thermo Fisher Scientific, 
USA). Kojic acid served as the positive reference inhibitor. Each sample was analyzed in triplicate, and the data is presented as the 
mean ± one standard deviation (SD). The TYR-I activity (%) was calculated using Eq. (1);  

% TYR-I = {[(A-B) – (C-D)]/ (A-B)} × 100,                                                                                                                               (1) 

where A is the A475 after incubation without the test substance, B is the A475 after incubation without the test substance and TYR, C is 
the A475 after incubation with the test substance and TYR, and D is the A475 after incubation with the test substance but without TYR. 

2.3. Cell culture 

B16F10 mouse melanoma cells (ATCC No. CRL-6475) served as the model and were obtained from the Institute of Biotechnology 
and Genetic Engineering, Chulalongkorn University. These cells were cultured in culture medium [CM; Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10 % (v/v) fetal calf serum (FCS) and 1 % (w/v) penicillin/streptomycin] in a 5 % (v/v) CO2- 
humidified environment at 37 ◦C. Sub-culturing occurred every two days using a 0.05 % trypsin-EDTA solution when they reached 80 
% confluence. 

2.4. Cell viability assay 

Cell viability was assessed using the MTT colorimetric assay as previously described [30], with slight modifications. B16F10 cells 
were initially seeded at a density of 1 × 104 cells per well in 200 μL of CM within 96-well plates and allowed to adhere for 24 h. 
Subsequently, the cells were exposed to 2 μL/well of one of the (i) respective test compound at different concentrations dissolved in 

Fig. 1. The chemical structures of compounds 1–10.  
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DMSO, (ii) kojic acid (positive), or (iii) DMSO as a negative control, resulting in a 1 % (v/v) final concentration of DMSO [31] in the 
presence of 10 nM α-MSH for 72 h. After the treatment period, the morphology of B16F10 cells in the treatment groups was observed 
under a light microscope at 200X magnification. To evaluate the relative cell viability (%), 10 μL of MTT solution (5 mg/mL in normal 
saline) was added to each well and incubated for 4 h to enable formazan production. Following incubation, the supernatant was 
carefully removed, and 150 μL of DMSO was added to dissolve the formazan crystals. The absorbance at 540 nm (A540) was recorded 
using a microplate reader. The results were expressed as the percentage relative cell viability (relative to the contro)l using Eq. (2).  

Relative cell viability (%) = (Asample/Acontrol) × 100,                                                                                                                 (2) 

where Asample and Acontrol are the A540 values with and without the addition of test sample, respectively. 

2.5. Cellular TYR activity assay 

Cellular TYR activity was measured as previously described [32], with slight modifications. B16F10 cells were plated at a density of 
1 × 106 cells per well in 6-well plates, each well containing 2 mL of CM, and were incubated for 24 h. Subsequently, the CM was 
replaced with fresh CM containing one of (i) various concentrations of the respective test compound, (ii) kojic acid, or (iii) 1 % (v/v) 
DMSO as a negative control, in the presence of 10 nM α-MSH for 48 h. Following this incubation period, the medium was aspirated, and 
the cells were washed twice with ice-cold phosphate buffered saline (PBS). Cell lysis was achieved using 400 μL of 0.01 M PB (pH 7.4) 
containing 1 % (v/v) Triton X-100 (lysis buffer). The mixture was freeze-thawed by incubating at − 80 ◦C for 15 min and then thawed at 
room temperature for 10 min. After centrifugation at 12,000 g for 15 min at 4 ◦C, the supernatant was utilized to determine the protein 
concentration using the Bradford assay with bovine serum albumen as the standard. The protein concentrations were adjusted with 
lysis buffer. Subsequently, 100 μL of a freshly prepared substrate solution (5 mM L-DOPA in 50 mM pH 7.1 sodium phosphate buffer) 
was combined with 100 μL of lysate supernatant, each containing 100 μg of protein, in a 96-well plate. The reaction mixture was then 
incubated at 37 ◦C for 1 h, and the A475 was read using a microplate reader. The percentage of TYR-I activity was then calculated using 
Eq. (1). 

2.6. Cellular melanin content 

Melanin content was quantified as previously described [33], with slight modifications. B16F10 cells were seeded at a density of 5 
× 104 cells per well in 6-well plates, each well containing 2 mL of CM, and then incubated for 24 h. The medium was then replaced with 
fresh CM containing one of (i) various concentrations of the respective test compound, (ii) kojic acid, or (iii) 1 % (v/v) DMSO as a 
negative control, in the presence of 10 nM α-MSH for 72 h. The extracellular melanin content (melanin secreted into the CM) was 
determined at a wavelength of 405 nm (A405) by transferring 200 μL of the CM to a 96-well plate. Subsequently, the intracellular 
melanin content was determined after removing the CM, washing the cells three times with PBS, then adding 500 μL of 1 N NaOH 
containing 10 % (v/v) DMSO to solubilize the cell pellet and incubating at 80 ◦C for 1 h. The A405 was measured using a microplate 
reader. The relative melanin content was calculated from a synthetic melanin standard curve (ranging from 0 to 200 μg/mL). Melanin 
production was expressed as a percentage relative to the untreated controls. 

2.7. RNA preparation and RT-qPCR 

Transcript expression levels of the TYR, TRP-1, and TRP-2 genes were determined using one-step RT-qPCR. B16F10 cells were 
seeded onto 6-well plates at a density of 1 × 106 cells per well in CM and allowed to attach overnight. Subsequently, the cells were 
treated with fresh CM containing various concentrations of the respective compound, kojic acid, and 1 % (v/v) DMSO as a negative 
control, in the presence of 10 nM α-MSH for 48 h. The cells were then washed with ice-cold PBS and scraped off using a cell scraper. 
After centrifugation at 1500×g for 5 min, the supernatant was discarded, and total RNA was extracted from the cell pellet using the 
RNeasy mini kit (Catalog No. 74104; Qiagen, Valencia, CA, USA), following the manufacturer’s instructions. The isolated RNA samples 
were quantified using a nanophotometer (NanoPhotometer NP80, Implen GmbH, Munich, Germany) and stored at − 20 ◦C until the RT- 
qPCR analysis. 

The RT-qPCR was conducted using the One-Step SYBR® PrimeScript™ RT-PCR Kit II (Perfect Real Time; Catalog No. R086A; 
Takara, Tokyo, Japan). Each 10-μL reaction mixture contained 5 μL of 2x One-Step SYBR® RT-PCR Buffer IV, 0.25 μL of PrimeScript™ 
Enzyme Mix II, 0.5 μL of forward primer (10 μmol/L), 0.5 μL of reverse primer (10 μmol/L), and 20 ng of total RNA. The primer 
sequences used in this study were sourced from previous reports [34], with the transcript level of the glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) gene serving as the internal standard. All primer sequences are listed in Table 1. PCR amplification was 

Table 1 
Targeted genes and primers used for their amplification by RT-qPCR.  

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′) 

GAPDH GGGCATCCTGGGCTACTCTG GAGGTCCACCACCCTGTTGC 
TYR GGGCCCAAATTGTACAGAGA ATGGGTGTTGACCATTGTT 
TRP-1 GTTCAATGGCCAGGTCAGGA CAGACAAGAAGCAACCCCGA 
TRP-2 GCTTGGAGCAGCAAGACAAG ATTACACAGTGTGACCCGGC  
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performed using a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription was 
carried out at 50 ◦C for 2 min, followed by 95 ◦C for 10 min. The PCR amplification step consisted of 40 cycles at 95 ◦C for 15 s and 
50 ◦C for 1 min [34]. All reactions were conducted in triplicate, and the data were analyzed using the 2− ΔΔCT method. The expression 
levels of the target genes were normalized to the expression level of the GAPDH gene and relative to the control group [35]. 

2.8. Statistical analysis 

Data are presented as the mean ± SD, derived from three independent repeats in each experiment. Significant differences between 
groups were assessed using one-way analysis of variance (ANOVA). For pairwise multiple comparisons, Tukey’s tests were applied. P- 
values <0.05 were considered statistically significant. All statistical analyses were performed using the IBM SPSS statistics version 
29.0.1.0 for windows software. 

3. Results 

3.1. Primary screening of plant compounds 

Ten compounds (1–10; Fig. 1 and Table 2) plus the positive control (Kojic acid; 11) were tested for their TYR-I activity using an in 
vitro mushroom TYR inhibitory assay. The obtained A475 was converted to the % TYR-I activity, and the results are summarized in 
Table 2. At a concentration of 400 μM, piperine (7) exhibited a significant TYR-I activity of 36.27 ± 1.96 %, although it was over 2.4- 
fold less effective than kojic acid. Nevertheless, its TYR-I activity was still considerably better than that of the nine other plant 
compounds. For sesamin (10), the A475 could not be measured at a concentration of 400 μM due to precipitation in the reaction, but it 
displayed a TYR-I activity of less than 10 % at a concentration of 200 μM. Therefore, only piperine was selected for further study of its 
potential anti-melanogenic activity in the B16F10 cell model. 

3.2. Effect of the piperine on cell viability 

The cytotoxicity of B16F10 cells following treatment with piperine was assessed through cell morphology and relative cell viability 
using the MTT assay. After incubating B16F10 cells with increasing concentrations of piperine (ranging from 3 to 175 μM) for 72 h, the 
results showed that piperine at concentrations between 3 and 44 μM was not cytotoxic to the cells, with a relative cell viability 
exceeding 80 %. However, at concentrations of 88 and 175 μM, the relative cell viability was reduced to 46.65 ± 12.56 and 6.23 ±
0.64 %, respectively, (Fig. 2). These results were consistent with the observed impact of piperine on the B16F10 cell morphology (see 
below). 

In the control group, B16F10 cells displayed a mix of spindle-shaped and epidermal-like cells, were in close contact with neigh-
boring cells, and adhered to the surface of the well plate (Fig. 3A). The morphology and viability of cells exposed to 3–44 μM piperine 
were indistinguishable from those of the control cells (Fig. 3B–F), whereas at 88 μM the cells exhibited a loss of cell-cell contact and a 
reduced density (number) of living cells (Fig. 3G). At a concentration of 175 μM, B16F10 cells showed signs of shrinkage, irregular cell 
outlines, more dendrites, and a dramatic decrease in cell density (number) compared to the control (Fig. 3H). Therefore, a concen-
tration range of 0–44 μM piperine was selected for further experiments. 

In contrast, kojic acid, as reported in our previous study, exhibited significant reductions in cell viability and morphological 
changes at concentrations of up to 1407 μM after a 72-h treatment [29]. Consequently, kojic acid at a concentration of 1407 μM was 
chosen as the positive control for subsequent experiments. The cytotoxic IC50 values for piperine and kojic acid against B16F10 cells 
were 90.16 ± 4.497 and 10,764.90 ± 0.555 μM, respectively, indicating that piperine was significantly more cytotoxic (lower IC50 
value) than kojic acid. 

Table 2 
Percentage of TYR inhibition of plant compounds 1–10 and kojic acid (11).  

Compounds Percentage TYR inhibition at 400 μM 

Alpinetin (1) 6.90 ± 5.76c 

Cardamomin (2) 5.58 ± 7.15c 

Lansioside B (3) 6.27 ± 0.85c 

Lansioside C (4) NI 
Methyl lansioside C (5) NI 
Malabaricone A (6) NI 
Piperine (7) 36.27 ± 1.96b 

Pinocembrin (8) 14.56 ± 1.82c 

Samin (9) 5.39 ± 4.77c 

Sesamin (10) ND 
Kojic acid (11) 89.7 ± 1.11a 

Remark: Data are shown as the mean ± SD derived from three replicates. Means 
within a column with a different superscript letter are significantly different [p <
0.05; one-way ANOVA and Post Hoc (Tukey) test]. ND represents not determined; NI 
represents no inhibition. 
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3.3. Cellular TYR-I activity of piperine 

The inhibitory effect of piperine on the TYR activity of α-MSH-stimulated B16F10 cells was examined. The B16F10 cells were 
incubated with non-cytotoxic concentrations of piperine (11, 22, and 44 μM) or kojic acid (1407 μM) for 48 h. As shown in Fig. 4, when 
comparing the cellular TYR activity to the control (set at 100 %), piperine demonstrated a dose-dependent TYR-I activity. At 22 and 44 
μM, piperine significantly reduced the TYR activity by 11.18 ± 2.42 % and 21.51 ± 2.00 %, respectively, compared to the control 
group. Kojic acid, used as a positive control, significantly inhibited the cellular TYR activity by 68.94 ± 3.57 % at a concentration of 
1407 μM. This inhibition coincided with a decrease in the brown color of the solution, confirming a decreased dopachrome formation. 

3.4. Effect of piperine on melanin content 

The inhibitory effect of piperine on melanin production was investigated using both intracellular and extracellular melanin content 
assays. For this, B16F10 cells were treated with various concentrations of piperine (11, 22, and 44 μM) and kojic acid (1407 μM) for 72 
h in the presence of 10 nM α-MSH. Melanin content in all experiments was calculated from a standard curve of synthetic melanin (y =
0.0062x + 0.0461; R2 = 1) and compared against untreated cells. As depicted in Fig. 5A, when B16F10 cells were treated with 
increasing concentrations of piperine, the intracellular melanin content was significantly reduced by 30.75 ± 1.68, 29.98 ± 1.08, and 
37.52 ± 2.53 % at 11, 22, and 44 μM piperine, respectively. This reduction coincided with a decrease in the brown color of the 

Fig. 2. Relative cell viability of B16F10 melanoma cells after treatment with piperine at various concentrations for 72 h, as determined by the MTT 
assay. Data are shown as the mean ± SD from three independent experiments. 

Fig. 3. Light microscopy (200X) images showing the morphology of B16F10 cells after exposure for 72 h to piperine at (A) 0 μM (control), (B) 3 μM, 
(C) 5 μM, (D) 11 μM, (E) 22 μM, (F) 44 μM, (G) 88 μM, and (H) 175 μM. Each picture is representative of three independent experiments. Scale bar =
10 μm. 
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solution, indicating a decreased melanin production inside the cells. The extracellular melanin was also measured (Fig. 5B), but the 
results were inconsistent with the intracellular melanin content. That is, increasing concentrations of piperine did not reduce the 
extracellular melanin content. These results coincided with the color of the secreted melanin in the CM of the piperine-treated group, 
which did not differ from the control group. In contrast, kojic acid significantly reduced the intracellular and extracellular melanin 
content by 42.54 ± 1.62 % and 43.96 ± 0.73 %, respectively, resulting in the faded color intensity (Fig. 5A and B). 

3.5. Effect of piperine on the transcriptional expression of genes involved in melanogenesis 

The relative changes in the expression of three melanogenesis-related genes –TYR, TRP-1, and TRP-2 – were investigated by RT- 
qPCR. B16F10 cells were treated with various concentrations of piperine (11, 22, and 44 μM) and kojic acid (1407 μM) for 48 h in 
the presence of α-MSH. After treatment, total RNA was isolated from the cell lysate and subjected to one-step RT-qPCR using gene 
fragment-specific primers with GAPDH as the internal reference control. As shown in Fig. 6, the expression levels of the TYR gene 
transcript were significantly decreased by 25.6 ± 9.24 % after treatment with piperine at 44 μM compared to the control cells (Fig. 6A). 
The TRP-1 gene was significantly down-regulated by 24.68 ± 9.47 and 29.64 ± 6.29 % after treatment with piperine at 22 and 44 μM, 
respectively, compared to the control (Fig. 6B). However, the expression level of the TRP-2 gene did not show a significant change after 
treatment with piperine (Fig. 6C). Thus, piperine inhibits TYR and TRP-1 at the transcriptional level in B16F10 cells. The positive 
control, kojic acid at 1407 μM, significantly decreased the expression levels of TYR, TRP-1, and TRP-2 genes by 49.62 ± 3.47, 31.57 ±
6.77, and 28.10 ± 13.12 %, respectively. Therefore, kojic acid reduces melanin synthesis in B16F10 cells by down-regulating the 
expression of TYR, TRP-1, and TRP-2 genes. 

Fig. 4. Effect of piperine and kojic acid treatment for 48 h on the cellular TYR activity of B16F10 melanoma cells. Data are shown as the mean ± S. 
D. from three independent experiments. * Indicates significant differences from the control group [p < 0.05; one-way ANOVA and PostHoc (Tukey) 
test]. The bottom panel represents the color intensity of dopachrome production. 

Fig. 5. Effect of 72-h treatment with piperine and kojic acid on the (A) intracellular and (B) extracellular melanin content in B16F10 melanoma 
cells. Melanin content is reported relative to the control group (set at 100 %). Data are presented as the mean ± S.D. from three independent 
experiments. * Indicates significant differences from the control group [(p < 0.05; one-way ANOVA and PostHoc (Tukey) test]. The bottom panel 
illustrates the color intensity of (A) dissolved melanin after cell lysis and (B) melanin secreted into the CM. 
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4. Discussion 

Melanin is the pigment produced in the melanosomes of melanocytes and plays a crucial role in absorbing UVR to prevent DNA 
damage. Additionally, it acts as a scavenger of reactive oxygen species to protect cells from oxidative stress [2,36,37], which is the 
cause of aging, diabetes, and cancer [38]. Although melanin provides protective properties to skin cells, overproduction of melanin 
after prolonged exposure to UVR and inflammation leads to hyperpigmentation diseases, including melasma, freckles, and age spots 
[6]. Therefore, seeking natural anti-melanogenesis agents with a TYR-I activity or properties that suppress melanogenesis-related 
genes without side effects to relieve hyperpigmentation is essential. 

In this work, ten compounds purified from different plant sources were screened for their in vitro TYR-I activity. Kojic acid was 
chosen as the positive control because it effectively inhibits both monophenolase and diphenolase activities of mushroom TYR. 
Additionally, it diminishes intercellular melanin content by inhibiting B16F10 murine TYR activity [39]. A mushroom TYR was used as 
the assay model due to its easy accessibility and its binuclear copper cluster, similar to human tyrosinase [40]. Among the ten selected 
plant compounds, piperine derived from Piper nigrum exhibited the highest mushroom TYR-I activity. However, its TYR-I activity was 
over 2.4-fold lower than that of kojic acid at the same concentration. This is in accord with a previous study that reported that piperine 
inhibits mushroom TYR by 36.1 % at a concentration of 1 mg/mL [41]. Safithri et al. stated that piperine binds to mushroom TYR by 
forming one hydrogen bond using its aromatic oxygen atom and three hydrophobic interactions with its alkenyl chain. In comparison, 
kojic acid binds more tightly by forming three hydrogen bonds and two hydrophobic interactions, resulting in its higher TYR-I activity 
[42]. In this study, pinocembrin, a flavanone, showed a low TYR-I activity. Although this was slightly lower than that in a previous 
report [43], the concentration of pinocembrin in our study was two times lower. Whilst the chemical structure of pinocembrin contains 
two –OH groups on ring A, it lacks the –OH group at ring B that plays an important role in the TYR-I activity of flavanone compounds by 
chelating with the Cu2+ atoms in the TYR active site [14]. Alpinetin, a flavanone with only one –OH group that is directly connected to 
the ring A, also showed a low TYR-I property. The number and position of –OH groups on the chalcone structure influences the TYR-I 
activity [34]. Thus, chalcone with two –OH groups at positions 2 and 4 on both rings A and B showed the strongest TYR inhibition, 
whereas cardamomin, a chalcone with only two –OH groups at positions 4 and 6 on ring A, showed a weak TYR-I activity [44]. 
Likewise, malabaricone A showed no TYR-I activity, whereas malabaricone C exhibited TYR-I activity [45]. This difference may be 
attributed to the two additional –OH groups on another aromatic ring that play an important role in TYR binding. Although samin and 
sesamin share a similar aromatic moiety as piperine, their TYR-I activity was much lower than that of piperine. These results are 
consistent with a previous study that found that sesamin, with a bulky structure like sesamolin, exhibited only a slight TYR-I activity, 
whereas sesamol, which has a smaller molecular structure, showed an excellent TYR-I activity [17]. Thus, smaller phenolic compounds 
may have a better TYR binding ability and so induce a higher TYR-I activity. Lansioside compounds, classified as triterpene glycosides, 

Fig. 6. Effects of piperine (11, 22, and 44 μM) and kojic acid (1407 μM) treatment for 48 h on the relative changes in the transcript level of genes 
involved in melanogenesis in B16F10 cells. The GAPDH-normalized mRNA expression of (A) TYR, (B) TRP-1, and (C) TRP-2 relative to the untreated 
group. Results are presented as the mean ± SD of three independent experiments. * Indicates significant differences from the control group [p <
0.05; one-way ANOVA and PostHoc (Tukey) test]. 
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did not exhibit a good TYR-I property, even though some triterpenes, like poricoic acid A, have been shown to have a strong TYR-I 
effect against both mushroom and B16 TYR [46]. Moreover, askendoside B, a triterpenoid glycoside, showed a comparable TYR-I 
activity to that of kojic acid [47]. The difference in the chemical structure of our triterpenoids compared to those reported is the 
absence of an –OH group on a cyclic structure, which affects the TYR-I activity of terpenoid compounds. Fortunately, piperine is one of 
the ten selected compounds with the potential to inhibit mushroom TYR. This could be attributed to its close chemical structure 
similarity to L-DOPA, which is a substrate for tyrosinase. 

According to the in vitro mushroom TYR assay for screening for TYR-I activity, piperine exhibited the highest TYR-I activity of the 
ten tested compounds, leading us to study its cellular TYR inhibition and anti-melanogenesis activity in B16F10 mouse melanoma cells. 
These cells are commonly used as models for anti-melanogenesis studies due to their melanin production ability, α-MSH responsivity, 
ease of cultivation in vitro, and a similar melanogenesis mechanism as human melanocyte [48,49]. The cytotoxicity of piperine on 
B16F10 cells was examined first to ensure that the anti-melanogenesis effect was not achieved by reducing viable cell numbers. We 
found that the maximum non-cytotoxic concentration (relative cell viability above 80 % [50]) of piperine was 44 μM. The IC50 of 
piperine on B16F10 cells was 90.16 ± 4.497 μM, consistent with a previous report for piperine on B16 cells of 69.9 μM [51], and so 
supporting the reliability of the B16F10 cell line and MTT assay procedure. Compared to kojic acid, piperine exhibited higher cyto-
toxicity to B16F10 cells, which are classified as cancer cells. This result is consistent with previous reports indicating that piperine 
showed anticancer properties by being cytotoxic to diverse cancer cell lines [52,53], suggesting its potential utility in treating ma-
lignancies lacking targeted therapies, such as anaplastic thyroid carcinoma, when complemented with standard cancer medications 
[54,55]. At the cellular level, piperine induced a dose-dependent TYR-I activity with a much lower required concentration to inhibit 
cellular TYR activity than in the in vitro mushroom TYR study, indicating a more effective inhibition by piperine on TYR in B16F10 cells 
compared to mushroom TYR. This is consistent with a previous study which revealed that the Sargassum polycystum ethanolic extract 
showed only a slight TYR-I activity against mushroom TYR but a higher TYR-I activity against B16F10 cellular TYR [56]. These authors 
suggested that using the B16F10 cellular TYR, a membrane-bound enzyme, is more reliable for screening for TYR-I activity than the 
mushroom TYR, a cytosol enzyme [56]. Moreover, the difference in the number of cysteine residues responsible for protein stabili-
zation via disulfide bonds results in the difference in the accessibility of TYR-Is to the active site of mushroom and mouse TYR [57]. 

For the intracellular melanin content, 44 μM piperine showed the interesting property of diminishing the intracellular melanin 
production more than kojic acid at 1407 μM, indicating a lower effective concentration for piperine than kojic acid at the cellular level. 
However, in our study piperine did not influence the extracellular melanin content. In accordance, 35 μM piperine was previously 
shown to reduce the intracellular melanin level by 39 %, comparable to that with 70 μM kojic acid, whereas the extracellular melanin 
content did not decrease [58]. At the cellular level, factors influencing extracellular melanin content include not only melanin pro-
duction levels but also melanosome transporting ability [59]. The inhibition of these processes results in the reduction of extracellular 
melanin content. There have been reports that some depigmenting agents act through melanin transport inhibition. For example, 
16-kauren and 2-methyl-naphtho [1,2,3-de] quinolin-8-one have been reported as anti-melanogenesis agents by downregulating 
melanin transport genes, including MLPH, Rab27a, and MYO5a genes [60,61]. Therefore, piperine might not suppress the melanosome 
transport process, leading to the accumulation of extracellular melanin. To the best of our knowledge, the effect of piperine on 
melanogenesis-related gene expression is unknown. Here, we showed that piperine can suppress expression of TYR and TRP-1 but not 
TRP-2 gene transcripts. A similar feature has also been found in some previous reports. For example, decursin attenuated melano-
genesis by suppressing only TYR and TRP-1 but not TRP-2 transcript expression levels in B16F10 cells [62], while sargahydroquinoic 
acid also suppressed only these two genes, leading to the lowering of both intracellular and extracellular melanin content [63]. 
Although piperine could not diminish extracellular melanin content, it effectively reduced total melanin production in B16F10 cells by 
downregulating TYR and TRP-1 transcript expression levels and by the direct inhibition of cellular TYR. Furthermore, it has been 
previously reported that piperine possesses anti-metastatic properties in B16F10 cells by inactivating cAMP-response element binding 
protein (CREB) [64]. CREB is a transcription factor that controls various cellular responses, including proliferation, survival, and 
differentiation [65]. Besides being an inflammatory regulator, CREB also induces the expression of MITF, the master regulator of 
melanogenesis, which in turn regulates the expression of TYR, TRP-1, and TRP-2 [5]. Thus, the observed reduction in melanin in this 
study may be attributed to the CREB inactivation by piperine. To elucidate the underlying anti-melanogenesis mechanism of piperine, 
a greater number of genes directly involved in melanin synthesis or the knockdown of unrelated genes, are conducted in further study. 

5. Conclusions 

Various secondary metabolites derived from plants can potentially function as TYR-Is. However, their chemical structures should 
be accessible and bind properly with the TYR active site. Among the ten plant compounds selected for study, piperine from Piper nigrum 
exhibited the strongest in vitro TYR-I activity. At the cellular level, although piperine is more cytotoxic to B16F10 melanoma cells than 
kojic acid, it is not cytotoxic at lower but effective concentrations where piperine can significantly decrease melanin production by 
directly inhibiting TYR and suppressing transcription of the TYR and TRP-1 genes. The findings demonstrate that piperine holds 
promise as a potential agent for reducing melanin production. However, a greater number of genes involved in melanin synthesis and 
melanin transport should be further studied in order to elucidate the molecular mechanisms underlying piperine’s anti-melanogenic 
effects. Also, the in vivo study should be investigated. Moreover, structural derivatization of piperine should be studied to enhance its 
anti-melanogenic properties for development as an alternative additive in cosmetics and pharmaceutical products aimed at treating 
hyperpigmentation. 
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