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A B S T R A C T   

Pterostilbene (Pt) is a natural polyphenol found in blueberries and several grape varieties. Pt’s pharmacological 
importance was well documented. Nevertheless, the depigmenting effects are not demonstrated. We evaluated 
the Pt’s depigmenting effects through autophagy induction in B16F10 cells and inhibition of UVA (3 J/cm2)- 
irradiated α-MSH in keratinocyte HaCaT cells via Nrf2-mediated antioxidant pathways. Pt (2.5–5μM) attenuated 
ROS production and downregulated the POMC/α-MSH pathway in HaCaT cells. The conditioned medium- 
derived from UVA-irradiated HaCaT pretreated with Pt suppressed melanogenesis in B16F10 through MITF- 
CREB-tyrosinase pathway downregulation. Interestingly, Pt-induced HaCaT autophagy was revealed by 
enhanced LC3-II accumulation, p62/SQSTM1 activation, and AVO formation. Pt significantly decreased mela-
nosome gp100 but increased LC3-II levels in HaCaT cells exposed to B16F10-derived melanin. Pt activated and 
facilitated the Nrf2 antioxidant pathway in HaCaT cells leading to increased HO-1, γ-GCLC, and NQO-1 anti-
oxidant protein expression. ERK, AMPK, and ROS pathways mediate the Nrf2 activation. However, Nrf2 
knockdown suppressed Pt’s antioxidant ability leading to uncontrolled ROS and α-MSH levels after UVA- 
irradiation suggested the essentiality of the Nrf2 pathway. Moreover, in α-MSH-stimulated B16F10 cells, Pt 
(10–30 μM) downregulated the MC1R, MITF, tyrosinase, TRP-1/-2, and melanin expression. Further, Pt showed 
potent anti-melanogenic effects through autophagy induction mechanism in B16F10 cells, verified by increased 
LC3-II/p62 levels, AVO formation, and Beclin-1/Bcl-2 ratio, decreased ATG4B levels and PI3K/AKT/mTOR 
pathway. Transmission electron microscopy provided direct evidence by showing autophagosomes engulfing 
melanosomes following Pt treatment in α-MSH-stimulated B16F10 cells. Moreover, Pt-induced anti-melanogenic 
activity through the downregulation of CREB-MITF pathway-mediated TRP-1/-2, tyrosinase expressions, mela-
nosome formation, and melanin synthesis was substantially reversed due to 3-MA (autophagy inhibitor) pre-
treatment or LC3 silencing in B16F10 cells. In vivo results also confirmed that Pt-inhibited tyrosinase expression/ 
activity and endogenous pigmentation in the zebrafish model. Therefore, pterostilbene is a potent skin-whitening 
and antioxidant agent and could be used in skin-whitening formulations as a topical applicant.  
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1. Introduction 

The skin is the largest organ that interfaces with the environment and 
plays a vital role in protecting the body from various external factors. 

Melanin is the nitrogen-containing pigment derived from its precursor 
compound L-tyrosine and is stored in the subcellular lysosome-like or-
ganelles called ‘melanosomes’ [1]. Melanogenesis is the 
melanin-producing complex process involving both keratinocytes and 
melanocytes. In the skin, melanocytes synthesize the melanin and 
transfer it to the surrounding keratinocytes. Nearly thirty-six keratino-
cytes surround each melanocyte. Therefore, melanosome (and melanin) 
formation and degradation determine the skin color [2]. However, ge-
netic divergence, polymorphism, and mutations act as the pre-
determined constitutional pigmentation factors [3]. The facultative 
pigmentation factors like UV radiation, free radicals, and inflammation 
also influence skin color changes [4]. Melanogenesis has many functions 
in the human body. It helps protect the skin from harmful ultraviolet 
(UV) radiation, toxic drugs, and chemicals [5]. 

UVA radiation (320–400 nm) possesses strong penetration ability 
with photosensitization capacity in the skin cells. UVA increases the 
reactive oxygen species (ROS) levels in keratinocytes and melanocytes. 
At high concentrations, ROS causes DNA damage and triggers melano-
genesis through the activation of p53 protein [5]. Exposure to UVA ra-
diation stimulates the secretion of alpha-melanocyte-stimulating 
hormone (α-MSH) derived from proopiomelanocortin (POMC) in kera-
tinocytes [6]. However, α-MSH binding to melanocortin 1 receptor 
(MC1R) on melanocyte surface induces melanin production through 
different signaling pathways. These include - cAMP, protein kinase A 
(PKA), cAMP response element-binding protein (CREB), and 
microphthalmia-associated transcription factor (MITF) [7]. MITF is an 
essential transcription factor that controls the expression of critical 
melanogenic enzymes - tyrosinase, tyrosinase-related protein-1 (TRP-1, 
also called gp75), and tyrosinase-related protein-2 (TRP-2, even familiar 
as dopachrome tautomerase or Dct) [1]. Although melanin is pivotal in 
defending the skin from dangerous UV radiation, abnormal melanin 
accumulation in the skin can lead to melasma, solar lentigines, and 
freckles, the hyperpigmentation disorders that pose a significant 
cosmetic nuisance and distress to the affected individual [8]. Therefore, 
reducing melanogenesis is vital in cosmetic whitening and hyperpig-
mentation conditions, including dermal, ocular, and diverse neural 

diseases [9]. 
Previous studies suggest that the manifestation of skin pigmentary 

disorders are implicated to defected ‘autophagy’ mechanisms [10]. 
From the evolutionary perspective, autophagy is a conserved cellular 
self-catabolic mechanism that degrades and recycles the damaged 
cellular proteins and organelles and maintains cellular homeostasis. A 
distinct set of proteins regulates autophagy [11]. LC3-1 conversion 
(LC3’s cytosolic form) to LC3-II (lipidated form) is necessary for auto-
phagy. Further, LC3-II links with isolated membranes to form ‘auto-
phagosomes.’ LC3-II also acts together with the adapter protein 
p62/SQSTM1 for selective autophagosomal degradation [11]. The ratio 
of LC3-II/LC3-I is widely considered as an autophagy marker. The as-
sociation between autophagy and skin color in different ethnic groups 
was investigated [12]. It was known that autophagy and its regulators 
play different roles in melanosome homeostasis [13]. For example - 
β-mangostin, a natural xanthonoid, inhibits α-MSH-stimulated melano-
genesis in an autophagy-dependent pathway [14]. Therefore, autophagy 
inducers may be considered as significant targets in melanogenesis 
regulation. 

Stilbenes are natural polyphenolic compounds found in a variety of 
dietary sources. Pterostilbene (Pt), chemically familiar as trans-3,5- 
dimethoxy-4-hydroxystilbene, is a stilbene compound naturally pro-
duced by blueberries, tree wood, and several grape varieties under 
environmental stress conditions [15]. Pt is structurally similar to a 
well-documented stilbene compound ‘resveratrol.’ However, the pres-
ence of two methoxy groups (-OCH3) in the Pt has increased its 
bioavailability and pharmacological potency over resveratrol. It was 
documented that Pt exhibits anti-cancer, anti-inflammatory, neuro-
protective, anti-obesity, anti-diabetic, antioxidant, anxiolytic, and 
anti-aging activities [16]. Furthermore, Pt was shown to protect the 
human keratinocytes against UV radiation-induced photo-damage via 
the antioxidant Nrf2/ARE pathway [17]. Notably, Pt was reported to 
help treat and prevent different skin disorders through the induction of 
autophagy. It was clarified that Pt alleviates the inflammatory responses 
in skin disorders [18]. The hypopigmentation effect of Pt in melanoma 
B16F10 cells was elucidated. Pt downregulates the tyrosinase protein 
expression and has shown better performance than resveratrol and 
resveratrol trimethyl ether in managing α-MSH-induced melanogenesis 
in B16F10 cells [19]. Therefore, we aimed to delineate the depigmenting 
mechanisms elicited by Pt through autophagy induction in melanoma 
B16F10 cells and inhibition of UVA (3 J/cm2)-irradiated α-MSH in 
keratinocyte HaCaT cells via Nrf2-mediated antioxidant pathways. 

2. Materials and methods 

2.1. Chemicals and antibodies 

From the Gibco company (Co Dublin, Ireland), cell culture reagents 
like L-glutamine, the Dulbecco’s modified eagle medium (DMEM), 
penicillin/streptomycin, fetal bovine serum (FBS) were obtained. DAPI 
was bought from Southern Biotech (Birmingham, AL, USA). Pter-
ostilbene (Pt), Resveratrol (Rv), and 1-Phenyl-2-thiourea (PTU) were 
purchased from Sigma-Aldrich Chemical Co (St. Louis, MO, USA). 
α-MSH, dimethyl sulfoxide (DMSO), 3-[4,5-dimethyl-2-yl]-2,5-diphenyl 
tetrazolium bromide (MTT), L-DOPA, melanin, and 3-MA bought from 
Sigma Aldrich Chemical Co (St Louis, MO, USA). DCFH2-DA was bought 
from Santa Cruz Biotechnology Inc. (Heidelberg, Germany). Following 
pharmacological inhibitors were procured from their respective com-
panies - PD98059 (ERK1/2 inhibitor), SP600125 (JNK inhibitor), 
SB203580 (p38 MAPK inhibitor), GF10923X (PKC inhibitor), and 
LY294002 (PI3K/AKT inhibitor) - Calbiochem (La Jolla, CA, USA). CKII 
(Casein kinase II inhibitor) and compound C (AMPK inhibitor) were 
from Merck & Co., Inc. (Darmstadt, Germany). N-acetylcysteine (ROS 
inhibitor) - Sigma-Aldrich Chemical Co (St. Louis, MO, USA). Antibodies 
such as - β-actin, POMC, p-CREB, TRP-1, TRP-2, p-Nrf2, p-AMPK, p-AKT, 
and Bax were purchased from Santa Cruz Biotechnology Inc., 

Abbreviation 

UVA Ultraviolet A 
cAMP Cyclic adenosine monophosphate 
ROS Reactive oxygen species 
POMC Proopiomelanocortin 
α-MSH α-melanocyte stimulating hormone 
MITF Microphthalmia-associated transcription factor 
CREB cAMP response element-binding protein 
Nrf2 Nuclear factor erythroid 2-related factor 2 
Keap-1 Kelch-like ECH-associated protein-1 
HO-1 Heme oxygenase-1 
γ-GCLC γ-Glutamate-cysteine ligase catalytic subunit 
NQO-1 NAD(P)H dehydrogenase [quinone]-1 
LC3 Microtubule-associated protein light chain 3 
AVO Acidic vesicular organelle 
3-MA 3-methyladenine 
ERK Extracellular signal regulated protein kinase 
TRP-1/-2 Tyrosinase-related protein-1/-2 
MC1R Melanocortin 1 receptor  
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Heidelberg, Germany. CREB, MITF, p-MITF, Tyrosinase, MC1R, HO-1, 
and γ-GCLC were supplied by GeneTex International corporation., 
Hsinchu City, Taiwan. Histone H3, Keap-1, p-ERK, ERK, LC3-II, p62, 
ATG4B, p-PI3K, PI3K, AKT, p-mTOR, mTOR, Becline-1, and Bcl-2 were 
from Cell Signal Technology (Beverly, MA, USA) and Anti-α-MSH from 
Biorbyt (Cambridge, UK). Anti-Melanoma gp100 from Abcam Inc, 
(Burlingame, CA, USA). The remaining reagents and labware from 
Sigma-Aldrich (St. Louis, MO, USA) or Merck & Co., Inc. (Darmstadt, 
Germany). 

2.2. Cell culture and stock preparations of test samples 

Human skin keratinocyte HaCaT cells (Cat # 300493) were received 
from Cell Line Services (CLS, Eppelheim, Germany). Whereas murine 
melanoma B16F10 cells (Cat # CRL-6475) were obtained from the 
American Type Culture Collection center (ATCC, VA, USA). HaCaT or 
B16F10 were grown and maintained in the DMEM complete medium 
added with FBS and antibiotics. As mentioned in our earlier work, the 
procedure for culturing the cells was followed [6]. The stock solutions 
(200 mM) of Pt or Rv were made in DMSO and stored at − 20 ◦C. 

2.3. UVA-irradiation 

HaCaT or B16F10 cells were first stimulated with Pt or Rv or vehicle. 
24 h later, cells washed with PBS were re-suspended in a dye-free DMEM 
complete medium comprising 10% FBS and exposed to varying in-
tensities of UVA (3–12 J/cm2) using the UVI link CL-508L (UVItec, 
Cambridge, UK) for 18–90 min at 365 nm (λ365) with no observable 
emission below 320 nm. 

2.4. Measurement of cell viability 

MTT assay measured the cell viability [20]. Briefly, 5 × 104 HaCaT or 
B16F10 cells cultured in a 24-well plate were exposed to UVA radiation 
using UVIlink CL-508L (UVItec, Cambridge, UK) or incubated with 
different test samples or inducers for the suggested time, with or without 
UVA irradiation. After PBS wash, cells were further incubated for 2 h in 
the presence of MTT (0.5 mg/mL). The cytoplasmic formazan crystals 
were solubilized with DMSO (0.8 mL). The intensity of color developed 
was estimated using an ELISA plate reader at 570 nm (λ570) (Bio-Tek 
Instruments, Winooski, VT, USA). Data were calculated from triplicates 
and denoted as cell viability percentage compared to unstimulated cells. 
The cell viability percentage of control/unstimulated cells was assigned 
as 100%. 

2.5. Estimation of intracellular ROS by DCFH2-DA method 

The cellular ROS levels in UVA-irradiated HaCaT cells were esti-
mated by the DCFH2-DA fluorescence microscopy method. DCFH2-DA is 
a fluorogenic probe that can penetrate through the cell membrane and 
oxidize inside the cells to form dichlorofluorescein (DCF). The levels of 
intracellular DCF are proportional to intracellular ROS produced. 
Therefore, 1.5 × 105 HaCaT cells were first treated with individual 
concentrations of Pt (0–10 μM) or Rv (0–10 μM) for the suggested time 
and then irradiated to 3 J/cm2 UVA for the indicated time. UVA-induced 
ROS production was estimated as explained in our previous work [20]. 
Data were collected from three or more independent experiments. Data 
were denoted as fold-difference over untreated or non-UVA-exposed 
cells. 

2.6. Protein isolation and western blotting 

1.5 × 106 HaCaT or B16F10 cells in a 100 mm dish were incubated 
with different test samples or inducers for the suggested time with or 
without UVA irradiation. All protein extraction steps were carried out in 
ice-cold conditions and reagents. These cells were harvested, and 

protein samples were extracted as explained in our previous work [20]. 
Protein concentration was determined from a protein standard curve 
construed using bovine serum albumin (BSA) protein and Bio-Rad pro-
tein assay reagent kit (Bio-Rad, Hercules, CA, USA). 

Isolated proteins were subjected to the Western blot experiment. 
Equal concentrations of protein samples were solubilized, separated, 
and transferred over polyvinylidene difluoride (PVDF) membranes and 
probed with different primary and secondary antibodies, as explained in 
our previous work [20]. β-actin or histone proteins functioned as loading 
controls for total or nuclear proteins, respectively. Densitometry ana-
lyses were conducted to estimate the protein expression data using 
commercial software (AlphaEase, Genetic Technology Inc., Miami, FL, 
USA). Data were collected from three or more experiments and denoted 
as fold difference over control. Control values were assigned as one. 

2.7. In vitro melanin estimation 

Approximately 2.5 × 105 B16F10 cells/well were grown in a 6-well 
plate. At 50% cell confluence, PBS rinsed cells were exposed to Pt (0–30 
μM) followed by stimulated or not with α-MSH (1 μM, 24 h). After in-
cubation, PBS-washed cells were harvested, lysed, and cellular melanin 
content was solubilized using 1 N sodium hydroxide (NaOH). An ELISA 
plate reader (Dynatech MR 7000 & Dynex MRX) quantified the melanin 
(at λ470) [6]. Data were obtained from three or more experiments, and 
melanin content was calculated and denoted as fold-over control cells. 

2.8. Immunofluorescence staining of Nrf2 

1.5 × 104 HaCaT cells were pre-incubated with Pt (0–5 μM) for the 
indicated time. Cells were then subjected to the immunofluorescence 
staining method [20] using anti-Nrf2 and Fluorescein isothiocyanate 
(FITC)-conjugated (488 nm) as primary and secondary antibodies, 
respectively. DAPI functioned as a counterstain for nuclear staining. 
After staining, cells were observed through a fluorescence microscope 
(magnification × 200). 

2.9. Transfection of Nrf2 and LC3 

5 × 105 HaCaT or B16F10 cells in a 6-well plate were allowed to 
achieve 50% confluence. Lipofectamine RNAiMAX kit (Invitrogen, 
Carlsbad, CA, USA) was used, and the method was described elsewhere 
[20]. After transfection, siNrf2-transfected HaCaT cells were subjected 
to Pt (5 μM, 0.5–24 h) and without or with 3 J/cm2 UVA-irradiation to 
assess the Nrf2, HO-1, NQO-1, and γ-GCLC proteins expression, as well 
as the UVA-induced intracellular ROS levels. Similarly, 
siLC3-transfected B16F10 cells were subjected to Pt (30 μM, 4–24 h) to 
determine LC3-I/II, tyrosinase, TRP-1, and TRP-2 proteins expression. 
Data were expressed as fold differences over untreated control values. 

2.10. AO staining of B16F10 cells 

Pt’s effect on lysosomes, phagolysosomes (acidic vesicular organelles 
– AVOs) development within cells can be estimated through the acridine 
orange (AO) staining method as explained elsewhere [21]. AO is a 
membrane-permeable, nucleic acid-specific fluorescence-based cationic 
dye whose fluorescence emission is proportional to dye accumulation. 
Based on this fact, the high, intermediate, and low concentrations of 
AVOs within cells are correlated to red (in lysosomes), yellow (in lyso-
somes), and green (in cytosol) emissions, respectively. Briefly, B16F10 
cells were first subjected to an autophagy inhibitor 3-MA (1 mM, 1 h) 
followed by Pt (30 μM, 24 h). AO stain (1 μg/mL in PBS+5% FBS, 15 
min) was used to observe AVOs within cells through a fluorescence 
microscope (magnification × 100). Olympus Softimage Solution soft-
ware (Olympus Imaging America, Inc., Corporate Parkway Centre Val-
ley, PA, USA) was used to quantify the fluorescence. Data were reported 
as fold differences over control values. 
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2.11. Transmission electron microscopy 

The assimilation of α-MSH induced cytosolic melanosome formation 
and Pt-facilitated anti-melanogenic effect in B16F10 cells were observed 
through transmission electron microscopy method slight modifications 
to an earlier procedure [14]. Pt was treated (30 μM, 24 h) to melano-
cytes with or without treatment with 3-MA (1 mM) for the indicated 
time. After treatments, stimulated with α-MSH (1 μM) for 24 h. PBS 
washed followed by Karnovsky solution (1.5 h), Osmium tetraoxide (1% 
OsO4) fixed cells were dehydrated to undergo ultrathin sectioning. 
Uranyl acetate (1%) and lead citrate were used to stain the sections and 
subsequently observed through a transmission electron microscope, and 
images were captured (Tecnai 12, FEI, Hillsboro, Oregon USA). 

2.12. Zebrafish in vivo studies 

All in vivo experiments were approved by the China Medical Uni-
versity Animal Care and Use Committee (IACUC). Zebrafish were used to 
assess the depigmenting effects of Pt in vivo with some modifications to a 
previous study [22]. Adult zebrafish were bought from a commercial 
aquarium store (Gendanio Biotech Inc. Taiwan) and maintained in an 
acrylic tank supported with the necessary feed. Zebrafish embryos 
(collected through the natural spawning process) were grouped into a 
96-well plate by maintaining three embryos/well. 24 h post-fertilized 
(hpf) embryos were treated with vehicle (0.1% DMSO), or Pt (2.5 or 
5 μM), or Rv (10 μM) for 48 or 72 hpf. 1-Phenyl-2-thiourea (PTU; 8.8 
μM) functioned as the positive control in all in vivo experiments. The 
effect of test compounds on the viability of zebrafish [23] and the 
endogenous pigmentation process was examined through a stereomi-
croscope Z16 (Leica Microsystems, Ernst-Leitz-Strasse, Germany) (40X) 
and Image pro-plus software pack (Media Cybernetics, Inc, Rockville, 
USA) was used to evaluate body pigmentation. 

2.13. Measurement of zebrafish melanin content and tyrosinase activity 

The quantification of melanin, tyrosinase enzyme activities was 
determined as defined in a former study with some modifications [24]. 
Briefly, 24 hpf zebrafish embryos were treated with vehicle (0.1% 
DMSO), or Pt (2.5 or 5 μM), or Rv (10 μM) for 72 hpf. Later, embryos 
were sonicated, and the supernatant was clarified to measure melanin 
content at 400 nm (λ400). For tyrosinase enzyme activity estimation, 
fixed volumes of total protein equivalent to 250 μg and 100 μL of L-DOPA 
(5 mM) were loaded in each well of a 96-well plate. After 1 h at 37 ◦C, 
the color developed was measured at 475 nm (λ475). An ELISA plate 
reader (Dynatech MR 7000 & Dynex MRX) was used to measure melanin 
and content and tyrosinase activities. Data were obtained from three or 
more experiments, and melanin or tyrosinase activities were calculated 
and denoted as a percentage difference over the control value of 100%. 

Tyrosinase activity(%)=
The  absorbance  of  the  test  sample  at  475  nm

The  absorbance  of  control  at  475  nm
× 100%  

2.14. Extraction of mRNA from zebrafish embryos and RT-PCR 

24 h post-fertilized (hpf) zebrafish embryos were subjected to Pt (2.5 
and 5 μM), Rv (10 μM), or vehicle (0.1% DMSO) for 72 hpf followed by 
mRNA isolation was conducted as explained elsewhere [25]. The PCR 
experiment was run in a Bio-Rad iCycler PCR machine (Bio-Rad, Her-
cules, CA, US) using SuperScript-III One-Step platinum Taq commercial 
kit (Invitrogen, Carlsbad, CA, USA). Approximately 1 μg of isolated total 
RNA and custom-made forward and reverse primers provided by a 
commercial supplier were used to determine the tyrosinase gene 
expression [6]. Data were denoted as percentage differences over the 
vehicle. GAPDH functioned as an internal control. 

2.15. Statistical analysis 

Analysis of variance (ANOVA), and Dunnett’s test were performed 
for pair-wise comparisons using Sigma Plot 10.0 statistical software 
among the control and test groups. Data (n = ≥ 3) were indicated as 
mean ± standard deviation (mean ± SD). Statistical values were 
assigned as *p < 0.05; **p < 0.01; ***p < 0.001 compared with un-
treated control or vehicle treated groups and #p < 0.05; ##p < 0.01; 
###p < 0.001 compared to test samples or inducers or UVA-irradiated 
groups. 

3. Results 

3.1. Pt-treated HaCaT cells restored UVA-induced cell death 

Pterostilbene (Pt) and resveratrol’s (Rv) cytoprotection efficacy 
(Fig. 1A) against UVA-induced cytotoxicity in HaCaT cells was first 
demonstrated. MTT data indicated that Pt (5 μM)-treated cells not only 
restored but also significantly increased the cell viability compared to 
the untreated control, 2.5 μM Pt, and 10 μM Rv treatments, suggesting 
that Pt is relatively safe and more effective than Rv in protecting the 
HaCaT cells from UVA radiation (Fig. 1B). Subsequently, the protective 
effect of Pt (5 μM) against different intensities of UVA radiation (0–12 J/ 
cm2) was also demonstrated. Data showed that with increasing UVA 
intensities, the HaCaT cell viability was gradually decreased (~50%) 
(Fig. 1C). However, compared to UVA-alone irradiated cells, Pt pre-
treatment (5 μM) has significantly restored HaCaT cell viability 
(Fig. 1C). Based on this observation, 3 J/cm2 UVA radiation was opted to 
use in the rest of the study. 

3.2. Pt suppressed UVA-induced intracellular ROS in HaCaT cells 

Later, the antioxidant property of Pt (5 μM) and Rv (10 μM) were 
compared against UVA-induced intracellular ROS in HaCaT cells. DCF 
data showed that UVA irradiation caused a remarkable increase in ROS 
levels in HaCaT cells compared to untreated control cells (~8 folds). The 
pretreatment (24 h) with Pt or Rv significantly downregulated this effect 
and brought down the ROS levels close to lesser than control levels. 
Interestingly, Pt (5 μM) exhibited a potent anti-ROS effect than Rv (10 
μM) (Fig. 1D and E). 

3.3. Pt suppressed UVA-induced α-MSH expression in HaCaT cells 

In keratinocytes, UVA radiation induces ROS-mediated POMC 
expression, which leads to the production of α-MSH. α-MSH is a peptide 
hormone that regulates skin pigmentation. Therefore, the anti- 
melanogenic efficacy of Pt or Rv in UVA-irradiated HaCaT cells was 
tested. Western blot data showed that compared to non-treated cells, 
UVA-irradiation caused increased α-MSH and POMC expression levels. 
But this effect was dose-dependently repressed by Pt, with observable 
suppression at 5 μM Pt concentration compared to Rv (10 μM). More-
over, in Pt (5 μM) or Rv (10 μM) alone treated cells (used as positive 
controls), α-MSH and POMC proteins expression were significantly 
downregulated (Fig. 2A). 

3.4. CREB-MITF-tyrosinase pathway downregulated in B16F10 cells 
treated with HaCaT conditioned medium 

α-MSH secreted from keratinocytes binds to melanocyte MC1 re-
ceptors leading to adenyl cyclase activation and cAMP production. This 
cascade of protein expression further drives the stimulation of a tran-
scription factor CREB, facilitating MITF promoter’s activation for 
tyrosinase expression and melanin production. Based on this mecha-
nism, we tested the conditioned medium’s effect derived from HaCaT 
cells pre-incubated with Pt and irradiated with UVA (assuming to 
contain secreted α-MSH) on melanoma B16F10 cells to check the 
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expression patterns of different proteins. The Western blot data indi-
cated that in the absence of Pt or Rv, conditioned medium-derived from 
UVA-irradiated HaCaT remarkably upregulated CREB, p-CREB, MITF, 
tyrosinase levels in B16F10 cells. However, pretreatment with Pt or Rv 
down-regulated this effect. Compared to Rv, Pt showed a potent effect. 
Notably, HaCaT cell-conditioned medium obtained from HaCaT cells 
without UVA exposure but only treated with Pt also suppressed the 
CREB, p-CREB, MITF, tyrosinase proteins in B16F10 cells (Fig. 2B–D). 

3.5. Pt inhibited α-MSH-stimulated melanin production in B16F10 cells 

Further, the effect of Pt (0–30 μM) on α-MSH-stimulated melanin 
formation was demonstrated in B16F10 cells. Data showed that more 
than 2-fold increase in the production of melanin levels in α-MSH alone 
stimulated cells. However, Pt dose-dependently suppressed this effect 
with maximum suppression detected at 30 μM Pt concentration. 
Notably, 30 μM Pt alone treatment (used as a positive control) also 
showed significant suppression of melanin production, indicating the 
anti-melanin ability of Pt in melanocytes (Fig. 2E). Further, Pt alone 
treatment also showed significant suppression of melanin production. 

3.6. Pt suppressed various melanogenesis-associated proteins expression 
in B16F10 cells stimulated with α-MSH 

The effect of the α-MSH-stimulated expression pattern of different 
melanogenic proteins was demonstrated in Pt-pretreated B16F10 cells. 

MC1R is a membrane receptor on the melanocyte surface to which 
α-MSH binds and activates the cascade of downstream effects. The 
Western blot data showed that MC1R protein expression was signifi-
cantly upregulated in α-MSH-stimulated cells. But Pt dose-dependently 
and significantly downregulated this effect with maximum effect 
detected at 30 μM Pt (Fig. 3A). Further, Pt alone treatment also sup-
pressed MC1R expression. 

The proteins MITF, tyrosinase, and TRP-1/-2 sequentially lead the 
melanogenesis process. MITF is a primary transcriptional regulator 
protein involved in melanocyte survival, proliferation, and growth. 
Tyrosinase is a rate-limiting enzyme that catalyzes the transformation of 
L-tyrosine to L-DOPA. The proteins TRP-1 and TRP-2 further lead the 
process, eventually forming melanin. Therefore, we demonstrated the 
expression patterns of p-MITF, MITF, tyrosinase, TRP-1, and TRP-2 
proteins in α-MSH-stimulated B16F10 cells pretreated with Pt. The 
Western blot data indicated that compared to α-MSH-treated cells, Pt 
dose-dependently and significantly downregulated p-MITF, MITF, 
tyrosinase, TRP-1, and TRP-2 expression with a maximum effect 
observable at 30 μM Pt concentration (Fig. 3B–E). Remarkably, Pt alone 
treatment also significantly downregulated these protein’s expression 
(Fig. 3B–E). Therefore, we infer that Pt exhibited a strong anti- 
melanogenic effect on α-MSH-stimulated melanocytes. 

3.7. Pt upregulated LC3 and p62 expressions in HaCaT cells 

Of the inter-link between autophagy and anti-melanogenesis [26], 

Fig. 1. Pterostilbene improved HaCaT cell viability but repressed UVA-induced intracellular ROS production. (A) Chemical structures of Pterostilbene (Pt) 
and Resveratrol (Rv). (B–C) Cell viability was calculated by the MTT method. HaCaT cells were pre-incubated with Pt (0–5 μM) or Rv (10 μM) for 24 h followed by 
irradiation with 3 J/cm2 UVA (B). HaCaT cells were treated with or without Pt (5 μM) for 24 h and then irradiated with different UVA intensities (0, 3, 6, or 12 J/ 
cm2) (C). Cells neither treated with Pt or Rv or UVA-irradiated were considered as the untreated control. (D–E) HaCaT cells were pretreated with Pt (5 μM) or Rv (10 
μM) for 24 h, followed by irradiated or not with 3 J/cm2 UVA. The intracellular ROS levels were indicated by DCF and measured by fluorescence microscopy (200×
magnification) (D). Fluorescence intensity of the DCF-stained cells for each condition was quantified by Olympus Softimage solution software, and data were denoted 
as fold difference over untreated control values (E). Cells neither treated with Pt or Rv or UVA-irradiated were considered as the untreated control. Results were 
denoted as mean ± SD of three or more independent experiments. Statistical significance was considered as *p < 0.05, **p < 0.01 and ***p < 0.001 compared to 
untreated control. #p < 0.05 and ###p < 0.001 compared to UVA-irradiated cells. 
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Fig. 2. Pt suppressed UVA-induced α-MSH 
expression in HaCaT cells and other melano-
genic proteins in B16F10 cells. (A) HaCaT cells 
were first treated with Pt (0–5 μM) or Rv (10 μM) 
for 24 h and then irradiated or not with 3 J/cm2 

UVA. After 8 h, cells were collected, proteins were 
extracted. The Western blot method to determine 
POMC and α-MSH protein levels. (B–D) The condi-
tioned medium obtained from Pt pretreated (2.5 or 
5 μM, 24 h) and 3 J/cm2 UVA-irradiated HaCaT 
cells were tested on B16F10 cells for the indicated 
time points. The Western blot method determined 
the expression of CREB, p-CREB (2 h) (B), MITF (4 
h) (C) or tyrosinase (24 h) proteins (D). β-actin or 
histone proteins were used as loading control pro-
teins. AlphaEaseFC™ software was used to measure 
the immunoreactive protein bands (Genetic Tech-
nologies, Inc. Florida, USA). (E) Pt inhibited 
melanin formation in α-MSH-stimulated B16F10 
cells – different concentrations of Pt (0–30 μM, 24 
h) were first treated to B16F10 cells, and then 
stimulated or not with α-MSH (1 μM, 24 h). Melanin 
was quantified as described in the methodology. 
Results were denoted as mean ± SD of three or more 
independent experiments. Statistical significance 
was considered as ***p < 0.001 compared to un-
treated control and ###p < 0.001 compared to 
α-MSH-stimulated cells.   

Fig. 3. Pt suppressed various melanogenesis-related proteins in B16F10 cells stimulated with α-MSH. (A) B16F10 cells were first treated with Pt (0–30 μM) 
followed by stimulation or not with α-MSH (1 μM) to determine the expression pattern of different melanogenesis-associated proteins - MC1R (15 min) (A) p-MITF (4 
h), MITF (4 h) (B–C), and tyrosinase (24 h), TRP-1 (24 h), and TRP-2 (24 h) (D–E). After incubation, cells were harvested, and protein lysates were put through the 
Western blot analysis. β-actin functioned as a loading control protein. Results were denoted as mean ± SD of three or more independent experiments. Data were 
denoted as fold-difference over untreated control. Statistical significance was considered as *p < 0.05, ***p < 0.001 compared to untreated control. #p < 0.05 
compared to α-MSH-stimulated cells. 
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we speculated that autophagy plays a strategic role in Pt-facilitated 
anti-melanogenic effects. Therefore, the effect of Pt on LC3-I/II (auto-
phagy marker) and p62 (adaptor protein) expressions in HaCaT cells was 
first tested. As shown in Fig. 4A, Pt dose-dependently and significantly 
upregulated LC3 and p62 proteins in HaCaT cells supported our 
assumption that autophagy influences the Pt-facilitated anti--
melanogenic effects in HaCaT cells (Fig. 4A). 

3.8. Pt decreased AVO formation in 3-MA pretreated HaCaT cells 

Pt-induced autophagy was further evaluated through AVO produc-
tion in HaCaT cells. AVOs are characterized by increased accumulation 
of lipidated LC3-II, which can be detected by acridine orange (AO) dye. 
Based on this, the association between Pt, autophagy, and AVO forma-
tion was determined using an autophagy inhibitor 3-MA. Results indi-
cated that compared to the untreated control cells, Pt alone treatment 
significantly accumulated AVOs within HaCaT cells. However, pre- 
incubation with 3-MA significantly blocked this effect in HaCaT cells. 
Notably, 3-MA alone treatment also significantly downregulated AVO 
production (compared to untreated control), inferring a basal level AVO 
production signifying autophagy process in the cells (Fig. 4B and C). 

3.9. Pt decreased melanosome gp100 but increased LC3-II proteins in 
HaCaT cells pre-incubated with melanosome content (melanin)-derived 
from melanoma B16F10 cells 

Melanin is synthesized in melanocytes and stored in specialized or-
ganelles called ‘melanosomes,’ which transfer the melanin pigment to 
the neighboring keratinocytes. Melanosomes are lysosome-related or-
ganelles on which a transmembrane melanoma antigen protein gp100 is 
expressed. gp100 protein is also involved in melanosome maturation. 
Therefore, we tested the effect of Pt on LC3-II and gp100 protein 
expression levels in HaCaT cells pre-incubated with melanosome con-
tent (melanin) derived from melanoma B16F10 melanocytes. The 
Western blot data indicated that cells treated with melanosome extract 
alone significantly downregulated the LC3-II levels. However, Pt (2.5 
and 5 μM) significantly restored this effect. In the case of melanosome 
gp100 protein, the expression was significantly upregulated in melanin- 
treated HaCaT cells. But pretreatment with Pt dose-dependently and 
significantly suppressed gp100 protein levels. This data inferred that 
autophagy plays an essential role in Pt-mediated anti-melanogenesis in 
melanin-treated keratinocytes (Fig. 4D). 

Fig. 4. Pt induced autophagy in HaCaT cells. Diverse concentrations of Pt (0–5 μM, 24 h) were treated to HaCaT cells - (A) The change of LC3-I to LC3-II and p62 
protein expressions were measured through the Western blot method. Data were expressed as fold differences over untreated control cells. The β-actin protein 
functioned as a loading control. (B–C) Pt increased AVO formation – 3-MA (1 mM, 1 h) pretreated HaCaT cells were incubated with Pt (5 μM, 24 h). A fluorescence 
microscope (under red filter) was used to visualize the intracellular AVOs (Bar = 50 μm). AVO number is proportional to the intensity of red fluorescence. Values 
were quantified using Olympus Softimage Solution software. Data were denoted as fold differences over control (untreated) cells. (D) Pt decreased gp100 levels – 
B16F10 cells were stimulated with α-MSH (1 μM, 72 h). After incubation, the medium was separated and centrifuged at 1200 rpm for 5 min to collect the supernatant 
(containing melanin). 2 mL of this supernatant was treated to HaCaT cells (grown in 60 mm dish) and incubated for 72 h. Later, HaCaT cells were treated with Pt (2.5 
or 5 μM, 24 h). The Western blot technique measured the LC3-II and melanoma gp100 proteins expression. β-actin functioned as an internal control protein. LC3-II 
data were denoted as percentage difference over untreated control. Melanoma gp100 protein data were denoted as fold-difference over untreated control. All results 
were denoted as mean ± SD of three or more independent experiments. Statistical significance was considered as *p < 0.05, **p < 0.01, ***p < 0.001 compared to 
untreated control cells. #p < 0.05, ##p < 0.01 compared to melanin alone or Pt alone treated cells. 
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3.10. Nrf2, HO-1, and γ-GCLC expression upregulated in Pt-treated 
HaCaT cells 

The Pt’s role on the Nrf2 cytoprotective pathway to induce antioxi-
dant protein expressions was evaluated in UVA-exposed HaCaT cells. 
Fluorescence staining data indicated that Pt (5 μM) significantly upre-
gulated the Nrf2 nuclear localization suggesting that Pt favors the Nrf2 
antioxidant pathway in HaCaT cells (Fig. 5A). Notably, this effect was 
noticeable within 0.5 h after Pt treatment (Fig. 5B), followed by HO-1 
and γ-GCLC expressions at 1 h and 2 h, respectively (Fig. 5C). We also 
tested the effect of Pt on Nrf2 and its-related protein expression in UVA- 
exposed cells. The Western blot data indicated that Pt (2.5 and 5 μM) 
significantly increased Nrf2 and p-Nrf2 expressions with a simultaneous 
decrease in Keap-1 levels suggesting the dissociation of Nrf2-Keap-1 
complex and nuclear accumulation of Nrf2 leading to the antioxidant 
protein’s expression in HaCaT cells (Fig. 5D and E). 

3.11. ERK, AMPK, and ROS pathways mediated the nuclear 
translocation of Nrf2 in Pt-treated HaCaT cells 

Furthermore, we demonstrated the signaling pathways mediating 
the Pt-activated Nrf2 nuclear translocation. Western blot data indicated 
that ERK, AMPK, and ROS signaling pathways were involved in nuclear 
Nrf2 activation (Fig. 6A). Also, it was shown that the phosphorylation of 
ERK (p-ERK) and AMPK (p-AMPK) was activated 2 h after Pt treatment 
(Fig. 6B). In the case of ROS, the DCF fluorescence data showed an in-
crease in ROS levels 30 min (~2-fold) after Pt treatment (Fig. 6C and D). 
Therefore, we could infer that after Pt treatment, the ROS pathway is 
first activated, followed by ERK and AMPK pathways in the nuclear Nrf2 
activation in HaCaT cells. 

3.12. Pt-mediated Nrf2 and antioxidant protein expressions were 
downregulated in Nrf2-knockdown cells 

The knockdown method was used to silence the Nrf2 expression to 

demonstrate the effect of Pt on different antioxidant proteins. The 
Western blot data indicated that Nrf2 protein expression was inhibited 
in siNrf2 cells. Besides this, the antioxidant proteins HO-1, NQO-1, and 
γ-GCLC were significantly downregulated in siNrf2 cells signifying that 
Nrf2 expression is pivotal antioxidant protein expression in Pt-treated 
HaCaT cells (Fig. 7A). Furthermore, the Nrf2 silencing effect on UVA- 
induced intracellular ROS levels was also tested. DCF fluorescence 
data revealed that compared to the control siRNA cells, UVA exposure 
caused a remarkable increase in ROS levels in siNrf2 cells. However, 
compared to the control siRNA cells, Pt (5 μM) treatment could not 
significantly suppress ROS levels in siNrf2 cells, inferring that Nrf2 
expression is a must to cope with the UVA-induced intracellular ROS 
insult in HaCaT cells (Fig. 7B). 

3.13. Nrf2 knockdown reversed UVA-induced α-MSH expression in Pt 
pre-incubated HaCaT cells 

α-MSH protein expression was tested in Nrf2 knockdown cells 
exposed to UVA-irradiation. Data showed that pre-incubation with 30 
μM Pt downregulated α-MSH protein expression in UVA-irradiated 
control siRNA cells. However, this effect was reversed (increased) in 
siNrf2 cells provided with the same experimental conditions, suggesting 
that Nrf2 is essential in regulating UVA-induced α-MSH expression in 
HaCaT cells (Fig. 7C). 

3.14. Pt increased autophagy activity in melanoma B16F10 cells 

The role of autophagy in Pt’s anti-melanogenic efficacy was inves-
tigated in melanoma B16F10 cells as well. Before proceeding, the 
cytotoxic effect of Pt on B16F10 cell viability was first tested. The MTT 
analysis revealed that B16F10 cells treated with Pt (30 μM) for 24, 48, or 
72 h did not show any obvious effect (>80%) on B16F10 cell viability 
(Fig. 8A). Based on this data, ≤ 30 μM Pt was considered as non- or sub- 
cytotoxic Pt concentrations to carry out further in vitro experiments in 
this study. Later, the autophagy-inducing effect of Pt was tested by 

Fig. 5. Pt accumulated nuclear Nrf2 levels 
leading to HO-1, γ-GCLC expressions in HaCaT 
cells. 5 μM Pt was treated to the cells. (A) The 
immunofluorescence method was used to examine 
(magnification × 200) the nuclear localization of 
Nrf2 protein. (B–C) The Western blot method 
determined the expression of nuclear Nrf2 (0–4 h) 
(B) or HO-1 and γ-GCLC proteins (0–8 h) (C). (D–E) 
Cells were first treated with Pt (0–5 μM for 24 or 
0.5 h), followed by 3 J/cm2 UVA-irradiation or not 
for the indicated time. The Western blot method 
determined the expressions of Nrf2, Keap-1, p-Nrf2 
proteins (D). The Nrf2/Keap-1 ratio data were 
denoted as the fold-difference over untreated con-
trol (E). β-actin functioned as a loading control 
protein. Results were denoted as mean ± SD of three 
or more independent experiments. Statistical sig-
nificance was considered as **p < 0.01, ***p <
0.001 compared to untreated control and #p < 0.05, 
###p < 0.001 compared to UVA-irradiated cells.   
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Fig. 6. Various signaling pathways 
mediate the activation of nuclear 
Nrf2 in Pt-treated HaCaT cells. (A) 
Cells were first treated with 20 μM 
SB203580 (p38 inhibitor), 30 μM 
PD98059 (ERK inhibitor), 25 μM 
SP600125 (JNK inhibitor), 30 μM 
LY294002 (PI3K/AKT inhibitor), 2.5 μM 
GF109203X (PKC inhibitor), 10 μM 
Compound C (AMPK inhibitor), 20 μM 
CKII, (Casein kinase II inhibitor), or 1 
mM NAC (ROS inhibitor) for 30 min. 
Later, Pt was treated to the cells (5 μM, 
30 min). After incubation, cells were 
harvested, and nuclear Nrf2 protein 
expression was measured through the 
Western blot method. The histone pro-
tein functioned as the loading control. 
(B) Cells were tested with 5 μM Pt for 
0–120 min. p-ERK, ERK, and p-AMPK 
proteins were measured by the Western 
blot method. β-actin functioned as an 
internal control protein. (C–D) Cells 
were treated with Pt (5 μM, 0–60 min) 
and the intracellular ROS were indi-
cated by DCF, which were measured by 
fluorescence microscopy (200× magni-
fication). Fluorescence intensity of the 
DCF-stained cells for each condition was 
quantified by Olympus Softimage solu-
tion software, and data were denoted as 
ROS-fold difference over untreated 
control values versus different time 
points (D). Results were denoted as 
mean ± SD of three or more indepen-
dent experiments. Statistical signifi-

cance was considered as ***p < 0.001 compared to untreated control and ###p < 0.001 compared to cells treated with 5 μM Pt for at 30 min time point.   

Fig. 7. Silencing of Nrf2 suppressed Pt- 
mediated protective effects in HaCaT 
cells. (A) Cells transfected with specific 
siRNA for Nrf2 or nonsilencing control were 
tested with Pt (5 μM) for the indicated time. 
The Western blot method measured the 
expression of total Nrf2 (0.5 h), HO-1 (6 h), 
NQO-1 (8 h), and γ-GCLC (8 h) proteins. (B) 
Transfected cells were first treated with Pt 
(5 μM, 24 h) and then exposed or non- 
exposed to 3 J/cm2 UVA. DCF fluorescence 
technique was used to measure the ROS 
levels. (C) Transfected cells were first treated 
with Pt (30 μM, 24 h) followed by exposure 
or non-exposed to 3 J/cm2 UVA to determine 
α-MSH protein levels through the Western 
blot method. Results were denoted as mean 
± SD of three or more independent experi-
ments. Statistical significance was consid-
ered as *p < 0.05, ***p < 0.001 compared to 
UVA-irradiated transfected cells.   
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demonstrating the expression patterns of various autophagy-regulating 
proteins. The Western blot data indicated that Pt (0–30 μM) dose- 
dependently and significantly upregulated the pro-autophagic LC3-II 
and p62 proteins expression but significantly suppressed the anti- 
autophagic ATG4B protein expression leading to autophagy induction 
in B16F10 cells (Fig. 8B and C). 

3.15. Pt increased AVO formation in B16F10 cells 

Pt-induced autophagy flux in B16F10 cells was further investigated 
through the estimation of AVO production inside the cells. The increased 
accumulation of lipidated LC3B levels was signified by AVO formation, 
determined by the AO staining method. Fluorescence data showed a 
significantly increased appearance for AVOs in the Pt-treated cells. 
However, an autophagic inhibitor 3-MA significantly downregulated 
this effect, signifying that Pt strongly induces autophagy flux/AVOs in 
B16F10 cells (Fig. 8D and E). One notable observation was that 
compared to the untreated control cells, 3-MA alone treatment (used as a 
positive control) also significantly downregulated AVO formation 
(Fig. 8D and E). 

3.16. Pt suppressed the PI3K/AKT/mTOR pathway in B16F10 cells 

PI3K/AKT/mTOR pathway is known to be a negative regulator of 
autophagy. Downregulation of this pathway favors cells to undergo 
autophagy. Therefore, the Pt’s effect on PI3K/AKT/mTOR pathway was 
evaluated in B16F10 cells. The Western blot data showed that the PI3K, 
AKT, and mTOR phosphorylation were significantly downregulated 
with increasing Pt (Fig. 9A–D). A maximum downregulation effect was 
observed at 30 μM concentration, denoting that Pt is facilitating the 

B16F10 cells to undergo autophagy. 

3.17. Beclin-1/Bcl-2 ratio deregulated in Pt-treated B16F10 cells 

The Beclin-1, Bcl-2, and Bax proteins play interesting roles in auto-
phagy, apoptosis mechanisms. Beclin-1 is essential in pre- 
autophagosomal structure formation. It also recruits important auto-
phagy proteins and initiates autophagy. Bcl-2 protein acts as a crosstalk 
protein in both autophagy and apoptosis mechanisms and decides the 
cellular fate to undergo either autophagy or apoptosis. The binding of 
Bcl-2 to Beclin-1 decreases the pro-autophagic nature of the later one. 
But the anti-apoptotic role of Bcl-2 cannot be neutralized by Beclin-1 
protein. Bax is a pro-apoptotic protein that counteracts the apoptotic- 
preventing effect of Bcl-2. Bax/Bcl-2 ratio can act as a ‘rheostat’ and 
decides cell susceptibility to apoptosis. As shown in Fig. 9E and F, the 
Beclin-1/Bcl-2 ratio was significantly upregulated in Pt treated cells but 
no significant effect on Bax/Bcl-2 ratio. This data adds an extra layer of 
confirmation that Pt is inducing autophagy in B16F10 cells. 

3.18. Autophagy inhibitor 3-MA negatively affected the anti-melanogenic 
activity of Pt in B16F10 cells 

The inter-relationship between autophagy and anti-melanogenic ef-
fects of Pt in B16F10 cells was further analyzed using a potent auto-
phagic inhibitor 3-MA. For this, we first tested if 3-MA has any negative 
effect on the viability of Pt-treated B16F10 cells. The 24 h MTT data 
indicated that B16F10 cells exposed to 3-MA increased cell viability 
(Fig. 10A). However, when treated with Pt for 24 h, in the absence or 
presence of 3-MA, it did not show any obvious effect on B16F10 cell 
viability up to 30 μM Pt concentration (Fig. 10A). Whereas 72 h MTT 

Fig. 8. Pt induced autophagy flux in B16F10 cells. Different concentrations of Pt (0–30 μM, 24, 48, 72 h) were treated to B16F10 cells - (A) MTT assay determined 
the cell viability. (B–C) The Western blot technique determined the conversion of LC3-I to LC3-II and p62 and ATG4B proteins. The β-actin functioned as a loading 
control. (D–E) Pt increased AVO formation – B16F10 cells were first treated with 3-MA (1 mM, 1 h) and then with Pt (30 μM, 24 h). A fluorescence microscope (under 
red filter) was used to visualize the intracellular AVOs (Bar = 50 μm). AVO number is proportional to the intensity of red fluorescence. Values were quantified using 
Olympus Softimage Solution software. Data were denoted as fold differences over untreated control cells. Results were denoted as mean ± SD of three or more 
independent experiments. Statistical significance was considered as **p < 0.01, ***p < 0.001 compared to untreated control cells. ###p < 0.001 compared to Pt- 
alone treated cells. 
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data indicated that B16F10 cells exposed to 20 or 30 μM Pt slightly 
decreased cell viability in the absence or presence of 3-MA (Fig. 10B). 
Later, the effect of 3-MA pretreatment on expression patterns of different 
melanogenesis-related proteins in Pt-treated B16F10 cells. The Western 
blot data designated that in the presence of 30 μM Pt, the expression of 
the proteins p-CREB, CREB, p-MITF, MITF, and tyrosinase, TRP-1/-2 
were significantly downregulated (Fig. 10C–E). However, due to auto-
phagy inhibition (because of 3-MA), the expression of these proteins was 
upregulated in 3-MA- and Pt-treated cells (Fig. 10C–E), inferring that 
autophagy is key in the Pt-mediated anti-melanogenic effect in B16F10 
cells. 

3.19. 3-MA inhibited the Pt-induced melanosome-engulfing 
autophagosomes in α-MSH-stimulated B16F10 cells 

Transmission electron microscopy was used to evaluate the role of 
autophagy in Pt-induced melanosome-engulfing autophagosomes in 
B16F10 cells. Data showed that α-MSH alone treatment formed mela-
nosomes in B16F10 cell cytosol. However, in Pt-pretreated cells, auto-
phagosomes were engulfing the melanosomes. Interestingly, 3-MA 
pretreatment inhibited this effect. This data confirmed that Pt caused 
autophagy flux in B16F10 cells leading to anti-melanogenesis (Fig. 10F). 

3.20. 3-MA reversed the Pt-suppressed melanin production in α-MSH- 
stimulated B16F10 cells 

The effect of 3-MA on Pt-mediated melanin suppression in α-MSH- 
stimulated B16F10 cells was demonstrated. Data revealed that 
compared to the α-MSH alone treatment, 3-MA+α-MSH treated cells 
showed significant upregulation of melanin levels suggesting that due to 

autophagy inhibition, α-MSH could remarkably upregulate melanin 
levels. However, compared to this effect, cells pretreated with 3-MA and 
30 μM Pt and stimulation with α-MSH (3-MA+α-MSH+30 μM Pt) 
showed decreased melanin levels (Fig. 10G). Overall, this data inferred 
that autophagy (3-MA treatment) inhibition negatively affects the anti- 
melanogenic efficacy of Pt in B16F10 cells, indicating that autophagy is 
essential to exhibit Pt’s depigmenting effects. 

3.21. LC3 silencing repressed Pt-mediated anti-melanogenesis in B16F10 
cells 

The role of Pt-mediated autophagy in melanocytes was further 
evaluated from the perspective of LC3 protein as well. Knockdown 
studies were conducted in B16F10 cells by silencing the LC3 expression, 
and then exposed to 30 μM Pt to evaluate different key melanogenic 
proteins expression (Fig. 11A–E). The Western blot data suggested that 
silencing of LC3 in the transfected cells (but not in control siRNA cells) 
significantly downregulated the Pt-induced LC3-II protein expression 
confirming that LC3 was successfully knock downed (Fig. 11A and B). 
The tyrosinase (Fig. 11A and C), TRP-1 (Fig. 11A and D), or TRP-2 
(Fig. 11A and E) protein’s expression were decreased in the Pt-treated 
control siRNA cells. However, compared to the Pt-treated control 
siRNA cells, the tyrosinase (Fig. 11A and C), TRP-1 (Fig. 11A and D), or 
TRP-2 (Fig. 11A and E) protein’s expression in siLC3 cells treated with Pt 
showed a significant increase in the expression of tyrosinase and TRP- 
1/-2 proteins (Fig. 11A and C–E). Results infer that LC3 function 
(autophagy) is essential in Pt-mediated anti-melanogenesis in B16F10 
cells. 

Fig. 9. Pt suppressed PI3K/AKT/mTOR pathway and dysregulated the Beclin-1/Bcl-2 and Bax/Bcl-2 ratios in B16F10 cells. Inhibitory effects of Pt in B16F10 
cells. Different concentrations of Pt (0–30 μM, 8 or 24 h) were treated to the cells. The Western blot technique determined the p-PI3K, PI3K (8 h), p-AKT, AKT (8 h), p- 
mTOR, mTOR (8 h) (A–D) or Beclin-1, Bcl-2, Bax (24 h) (E–F) proteins. Data were denoted as fold differences between phosphorylated and non-phosphorylated forms 
of PI3K (B), AKT (C), or mTOR (D) proteins. In Beclin-1, Bcl-2, Bax proteins, data were denoted as fold ratio between Beclin/Bcl-2 (E) or Bax/Bcl-2 (F). The β-actin 
functioned as a loading control. Results were denoted as mean ± SD of three or more independent experiments. Statistical significance was considered as **p < 0.01, 
***p < 0.001 compared to untreated control cells. 
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3.22. 3-MA inhibited Pt-mediated anti-melanogenic effects in zebrafish 
embryos 

The in vitro anti-melanogenic effects of Pt were further evaluated in 
zebrafish embryos used as the in vivo experimental model. The effect of 
Pt (2.5 and 5 μM) or Rv (10 μM) on zebrafish endogenous body 
pigmentation was observed through a stereomicroscope. Data showed 
that compared to the DMSO exposed 24 h post-fertilized (hpf) embryos, 
Pt (2.5 or 5 μM) incubated embryos significantly decreased the endog-
enous body pigmentation in 48 or 72 hpf (Fig. 12A). Pt (2.5 or 5 μM) 
exhibited more potent depigmentation effect than Rv (10 μM) 
(Fig. 12A). 1-phenyl-2-thiourea (PTU, 8.8 μM) functioned as a positive 
control. Interestingly, 72 hpf embryos incubated with the autophagy 
inhibitor 3-MA and Pt (5 μM, 24 h) showed significantly higher 
endogenous pigmentation than Pt (5 μM) alone (72 + 24 hpf) (Fig. 12B). 
These in vivo data confirmed that Pt is exhibiting the anti-melanogenic 
effects through the autophagy mechanism. 

3.23. Pt did not significantly affect the zebrafish embryo viability 

Pt-mediated anti-melanogenesis-associated parameters were further 
evaluated using the 24 hpf zebrafish embryos. For this, we first tested 
the zebrafish embryo viability under different experimental conditions. 
Data showed that compared to untreated control (100%), there was no 
significant percentage of zebrafish viability observed under different 

treatment conditions (DMSO or Pt or Rv or PTU for 24, 48, or 72 hpf) 
(Fig. 13A). Overall, the data suggested that testing the Pt under in vivo 
experimental conditions is relatively safe. 

3.24. Pt suppressed endogenous body pigmentation, tyrosinase activity/ 
expression, and melanin levels in the zebrafish embryos 

Later, the effect of Pt on tyrosinase and melanin levels was tested 
using the 72 hpf zebrafish embryos. Fig. 13B and C showed that tyros-
inase enzyme activity and tyrosinase gene expression were significantly 
downregulated at 2.5 or 5 μM Pt concentration. PTU (8.8 μM) was used 
as a positive control. Moreover, the percentage of melanin levels was 
also shown to be significantly downregulated in Pt-treated conditions 
(Fig. 13D), suggesting the strong anti-melanogenic effect of Pt in 
zebrafish embryos. Interestingly, Pt (2.5 or 5 μM) exhibited a more 
potent anti-melanogenesis than Rv (10 μM) (Fig. 13B–D). 

Further, the 72 hpf zebrafish embryos incubated with Pt, Rv, or PTU 
for 24 h (72 + 24 hpf) were subjected to estimate the endogenous body 
pigmentation, tyrosinase activity, and melanin levels. Stereomicro-
scopic data showed that compared to the DMSO, Pt (2.5 or 5 μM) 
treatment significantly downregulated the endogenous body pigmen-
tation (Fig. 14A). Moreover, tyrosinase enzyme activity (Fig. 14B) and 
melanin levels (Fig. 14C) were also significantly downregulated at Pt- 
treated conditions. Pt (2.5 or 5 μM) exhibited a more potent anti- 
melanogenesis than Rv (10 μM) (Fig. 14A–C). PTU (8.8 μM) was used 

Fig. 10. 3-MA negatively affected the anti-melanogenic activity of Pt in B16F10 cells. (A–B) Cells were first treated or not with 3-MA (1 mM, 1 h) followed by Pt 
(0–30 μM) for 24 h (A) or 72 h (B). After treatments, an MTT assay was performed to determine the cell viability. (C–E) Cells were first treated or not with 3-MA (1 
mM, 1 h), followed by 30 μM Pt treatment for different time points to allow the expression of various melanogenesis-associated proteins - p-CREB (2 h), CREB (2 h) 
(C), p-MITF (4 h), MITF (4 h) (D), tyrosinase (24 h), TRP-1 (24 h), TRP-2 (24 h) (E) through the Western blot method. β-actin functioned as a loading control. (F) 
Cells were treated with Pt (30 μM) in the absence or presence of 3-MA (1 mM, 1 h) followed by stimulation with α-MSH (1 μM, 24 h). The melanosome-engulfing 
autophagosomes in the cells were analyzed through transmission electron microscopy (Tecnai 12, FEI, Hillsboro, Oregon USA) (Bar = 1 μm). The black arrows 
indicate autophagosome containing melanin or melanosome. (G) Cells were first treated or not with 3-MA (1 mM, 1 h), and then with Pt (30 μM, 72 h) followed by 
stimulation with α-MSH (1 μM, 24 h). Cells were harvested, and intracellular melanin levels were estimated as described in the methodology. Cells treated with 30 
μM Pt alone or α-MSH alone or 3-MA alone functioned as controls. Results were denoted as mean ± SD of three or more independent experiments. Statistical 
significance was considered as ***p < 0.001 compared to untreated control cells or α-MSH-stimulated cells. ##p < 0.01 compared to α-MSH + Pt treated cells. 
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as a positive control. The in vivo data further confirmed that Pt is a 
potent anti-melanogenic and skin-whitening compound in the treatment 
of hyper-pigmentation. 

4. Discussion 

Pigmentation of the skin is usually harmless. But increased 
pigmentation may cause significant cosmetic nuisance leading to 
emotional and psychological distress to an individual. Nearly 15% of the 
world population from different cultural backgrounds are fond of lighter 
skin tone, which is believed to be associated with youth and beauty. The 
cosmetic business is ever-increasing worldwide, with billions of dollars 
investing in more efficient depigmenting agents and treatment methods 
[27]. Compounds developed from the chemical origin pose a significant 
risk of carcinogenicity, allergy, and other associated side effects. 
Therefore, natural compounds with potential anti-melanogenic activ-
ities and safe to use have garnered research attention. In this regard, 
identifying novel depigmenting compounds (or) investigating the 
anti-melanogenic ability of a compound that is already known to possess 
pharmaceutical applications in any other clinical condition [28] is the 
need of the hour. Previous research showed that pterostilbene exhibited 
hypopigmentation effects in α-MSH-triggered B16F10 cells through the 
downregulation of proteins involved in the pigmentation process [19]. It 
was also suggested that pterostilbene’s hypopigmentation effects are 
more effective than its analogs resveratrol and resveratrol trimethyl 
ether [19]. Here, we further explore the depigmenting effects of Pter-
ostilbene (Pt) and its underlying molecular mechanisms in keratinocytes 
and melanocytes through in vitro and in vivo approaches. 

Melanin production provides color to the human skin and coping 
with the damaging effects of UVA-irradiation, a major extrinsic risk 
factor. The Pt was reported to be more potent than its analogous 
resveratrol (Rv), although both Pt and Rv share many similar pharma-
cological properties [16]. Supporting this fact, the MTT cell viability and 
DCF fluorescence data-derived from the UVA-irradiated HaCaT cells 
exhibited greater cytoprotective and antioxidant (anti-ROS) activities in 
Pt-pretreated than the Rv-pretreated cells, signifying that Pt is relatively 
effective than Rv [19] (Fig. 1). Both Rv and Pt are monomeric stilbenes. 
However, Pt works improved in membrane permeability, metabolic 
stability than resveratrol due to –OCH3 groups. This property raises the 

bioavailability and improves the pharmacokinetic profile, pharmaco-
logical activities of Pt [16]. 

Melanogenesis is a complex process. In this study, UVA-induced skin 
pigmentation regulating proteins, POMC and α-MSH were significantly 
downregulated in Pt pretreated HaCaT cells hinted that Pt exhibits an 
anti-melanogenic effect in UVA-irradiated keratinocytes. Interestingly, 
this effect was also shown to be more prominent in Pt than Rv pretreated 
cells [19] (Fig. 2). The α-MSH secreted from keratinocytes stimulates the 
MC1R receptor on melanocytes, which triggers cAMP production lead-
ing to the phosphorylation of CREB protein for the upregulation of MITF 
protein, a master regulator of melanocyte development, survival, and 
other functions [29]. MITF controls transcription of pigmentary genes, 
tyrosinase, TRP-1, TRP-2. Consequently, the conditioned medium 
collected from Pt pretreated and UVA-irradiated HaCaT cells (assumed 
to contain secreted α-MSH) was tested on B16F10 melanocytes shown to 
suppress the pigmentary proteins significantly CREB, p-CREB, MITF, and 
tyrosinase expression as well as melanin levels, added another line of 
support that Pt possess anti-melanogenic property [19] (Fig. 2). Further, 
it was confirmed that Pt significantly diminished 
melanogenesis-associated MCIR, MITF, tyrosinase, TRP-1/2, and 
melanin expression in α-MSH-stimulated B16F10 cells (Fig. 3). Our data 
also suggested a complex inter-functional complexity in keratinocytes 
and melanocytes during melanogenesis [30]. 

Nrf2-keap-1 cytoprotective pathway plays a pivotal part in the 
cellular antioxidant enzyme (HO-1 and γ-GCLC) production [31]. 
Different researchers concluded that Nrf2 activation could be carried out 
through the Nrf2-keap-1 dissociation and/or activation of kinase 
mechanisms [32,33]. Nrf2 activity is regulated in part by the Keap-1 
protein, proposed to bind and tether the transcription factor in the 
cytoplasm. Previous studies showed that the liberation of Nrf2 from 
Keap-1 during a ROS/electrophilic stress impulse led to the activation 
and nuclear translocation of Nrf2 for the expression of phase 2 antiox-
idant enzymes – HO-1 and γ-GCLC [6,34]. In the current study, Pt 
treatment to HaCaT cells activated the nuclear translocation of Nrf2 
protein (within 0.5 h), directing the expression of HO-1 and γ-GCLC 
proteins at later time points (Fig. 5A–C). Moreover, the Nrf2/Keap-1 
dissociation ratio was significantly upregulated in Pt-pretreated and 
UVA-irradiated HaCaT cells, indicating the increased expression and 
nuclear translocation of Nrf2 (to nullify the electrophilic insult posed by 

Fig. 11. LC3 knockdown diminished Pt- 
mediated anti-melanogenic proteins expression 
in B16F10 cells. Transfection experiment was 
conducted as described in the methodology. The 
LC3 expression was silenced using a specific siRNA 
against LC3. Non-silenced cells functioned as con-
trol. (A–E) Transfected cells were treated with 30 
μM Pt for the indicated time points to allow the 
expression of LC3 (24 h) (B), tyrosinase (24 h) (C), 
TRP-1 (24 h) (D), and TRP-2 (24 h) (E) proteins in 
both non-silenced (control siRNA) and siLC3 cells. 
After incubation, cells were harvested, and cell 
lysate was subjected to the Western blot technique. 
The β-actin protein functioned as a loading control. 
Results were denoted as mean ± SD of three or more 
independent experiments. Statistical significance 
was considered as *p < 0.05 ***p < 0.001 compared 
to control siRNA cells and #p < 0.05, ###p < 0.001 
compared to Pt-treated control siRNA cells.   
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UVA) (Fig. 5D and E). Therefore, it is reasonable to explain here that by 
Nrf2-mediated HO-1 and γ-GCLC activation (Fig. 5), Pt inhibited the 
UVA-induced ROS-mediated α-MSH production in HaCaT cells (Figs. 1E 
and 2A). A growing body of literature revealed that Nrf2 stabilization 
and regulation also takes place through the phosphorylation of its ser-
ine/threonine residues by upstream kinases, such as MAPK, PKC, 
GSK-3β, and PI3K/AKT [35,36]. In a recent study, Pt was shown to 
mediate antioxidative protective effects through PI3K/AKT-dependent 
activation of the Nrf2/ARE pathway [17]. Previously, we reported 
that the natural polyphenolic antioxidant ellagic acid-arbitrate Nrf2 
activation via JNK and PKC signaling pathways in HaCaT cells [37]. In 
this study, ERK and AMPK signaling pathways were shown to mediate 
the Nrf2 nuclear translocation within 0.5–2 h after Pt treatment (Fig. 6A 
and B). Additionally, Pt treatment considerably increased the phos-
phorylation of Nrf2 (p-Nrf2), leading to further antioxidant HO-1 and 
γ-GCLC proteins expression in HaCaT cells (Fig. 5D). Moreover, Nrf2 
knockdown showed a significant increase in ROS levels, downregulation 
of antioxidant protein expression, and increased UVA-induced α-MSH 
protein levels (Fig. 7), further confirmed Nrf2 expression is pivotal in 
Pt-mediated antioxidant effects in UVA-exposed HaCaT cells. These 

results signify the potent anti-melanogenic effects of Pt through the 
activation of the Nrf2 signaling pathway and inhibition of UVA-induced 
α-MSH production in HaCaT cells. 

Recently, the direct link between p62 and Keap-1 proteins showed 
the interconnection among the autophagy and Nrf2 signaling pathways 
[38]. It is interesting to note that p62 can form a positive feedback loop 
with Nrf2 protein [39,40], and accumulation of p62 inhibits 
Keap-1-mediated Nrf2 protein degradation by competing with Nrf2 for 
the binding site of Keap-1, resulting in transcriptional upregulation of 
Nrf2 downstream genes [41]. On the other hand, Nrf2 regulates the 
expression of p62 by direct binding to the antioxidant-response element 
(ARE) on its promoter region. Previously it was reported that Nrf2 was 
constitutively activated in arsenic-transformed human HaCaT cells [42]. 
It was also shown in a recent study that arsenic-induced skin damage in 
human keratinocytes was restored via the Pt-triggered Nrf2 pathway 
[43]. Based on these studies and from the current study (Figs. 4A and 
Fig. 5D–E), we explain that Pt is supposedly inducing autophagy in 
HaCaT cells via the Keap-1/p62 degradation pathway [44]. 

Autophagy is a self-catabolic cellular mechanism that recycles the 
damaged or old organelles or proteins. Therefore, basal level autophagy 

Fig. 12. Anti-melanogenic effects of Pt on Zebrafish embryos. A stereomi-
croscope was used to observe the changes in endogenous body pigmentation in 
the zebrafish embryos (lateral views were denoted in the figures). (A) Vehicle 
(0.1% DMSO) or Pt (2.5 and 5 μM) or Rv (10 μM) were treated to 24 hpf 
zebrafish embryos and incubated for 48 or 72 hpf embryos. (B) 72 hpf embryos 
pre-incubated without or with 3-MA (1 mM) were further incubated in the 
presence of Pt (5 μM) for 24 h (72 + 24 hpf). 1-phenyl-2-thiourea (PTU, 8.8 μM) 
functioned as a positive control. Results were calculated from three or more 
independent experiments. 

Fig. 13. Pt downregulated the tyrosinase expression and melanin levels in 
zebrafish. Zebrafish embryos (24 hpf) were incubated with vehicle (0.1% 
DMSO) or Pt (2.5 and 5 μM) or Rv (10 μM) for 72 hpf. (A) The zebrafish 
viability was counted under the stereomicroscope. (B) The tyrosinase enzyme 
activity under different treatment conditions was measured as described in the 
Methodology Section. (C) Tyrosinase gene expression was measured using the 
RT-PCR technique. GAPDH functioned as an internal control gene (D) Melanin 
production induced under different treatment conditions was quantified from 
zebrafish lysates as explained in the Methodology Section. 1-phenyl-2-thiourea 
(PTU, 8.8 μM) functioned as a positive control. Results were denoted as mean ±
SD of three or more independent experiments. Data were denoted as percentage 
differences over untreated control zebrafish embryos. Statistical significance 
was considered as *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated 
zebrafish embryos. 
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is always indispensable to maintain cellular homeostasis. Autophagy 
also functions as cell-survival machinery under different conditions 
[45]. Previous studies reported the autophagy-inducing ability of pter-
ostilbene in human bladder cancer cells [46]. In another study, Pt was 
shown to increase autophagy in vascular endothelial cells by inhibiting 
potent autophagy negative regulator mTOR [47]. The importance of 
autophagy in regulating physiological skin color increases [26,48]. 
Recently, we reported that a widely available natural polyphenol ellagic 
acid, present in many berries and nuts, was shown to exhibit 
anti-melanogenic effects in melanocytes through the autophagy induc-
tion mechanism [37]. Regarding skin protection, topical application of 
Pt to the hairless mice effectively ameliorated the skin damage and 
carcinogenesis caused due to UVA-radiation [49]. Therefore, we further 
investigated if Pt could exhibit anti-melanogenesis through autophagy 
induction in HaCaT cells and melanocytes. 

As shown in Fig. 4, Pt significantly upregulated autophagy- 
associated marker proteins, LC3-II and p62, in HaCaT cells. Moreover, 
the AVO staining data derived from Pt-treated HaCaT cells, with or 
without 3-MA, hint that Pt is inducing autophagy in Pt-treated HaCaT 
cells (Fig. 4A–C). Melanosomes are the specialized organelles of mela-
nocytes that synthesize and store the melanin pigment, which is later 
transported to the neighboring keratinocytes [50]. Fig. 4D showed a 
notable observation that Pt treatment significantly downregulated the 
gp100 protein expression in HaCaT cells that were pre-exposed to the 
melanin, derived from the α-MSH-stimulated B16F10 culture medium. It 
is important to mention here that Pmel17 or gp100 is a transmembrane 
melanoma antigen protein primarily involved in melanosome 

maturation [51] and necessary for the formation of stage II melanosome 
structural matrix [52]. From Fig. 4D, one possible mechanism would be 
that Pt is suppressing the gp100 protein expression and thereby inter-
fering with the melanosome maturation process [26]. Future studies in 
this direction may confirm this mechanism. 

The role of autophagy in melanogenesis was confirmed in B16F10 
cells. Pt treatment activated autophagy in B16F10 cells, evidenced from 
increased LC3-II/p62 proteins levels and increased AVO formation 
(Fig. 8). ATG4B (autophagin-1) is a cysteine protease and to which LC3 
acts as a substrate. ATG4B both cleaves pro-LC3 and also hydrolyzes 
lipids from cleaved LC3. Therefore, ATG4B acts as a negative regulator 
of autophagy [53]. Remarkably, Pt showed significant downregulation 
of ATG4B protein levels leading to autophagy in B16F10 cells (Fig. 8C). 
An additional layer of confirmation was received when Pt was shown to 
downregulate the PI3K/AKT/mTOR pathway (a negative regulator of 
autophagy) and deregulation of Beclin-1/Bcl-2 stoichiometry ratio 
leading to more Beclin-1 formation and autophagy in these cells (Fig. 9). 
This observation (downregulation of PI3K/AKT/mTOR pathway) was in 
support of one of the previous studies, which showed that the resveratrol 
(analogs stilbene compound) treatment of B16 cells resulted in auto-
phagy induction through the inhibition of AKT/mTOR pathway, sug-
gesting potential in treating melanoma [54,55]. To verify the 
autophagy-controlled melanogenesis, we directly examined cellular 
autophagosomes and melanosomes by transmission electron micro-
scopy. Autophagosomes are specialized structures enclosed by two 
distinctive lipid layers, can be detected in cells undergoing autophagy by 
transmission electron microscopy. Most importantly, transmission 
electron microscopy analysis and quantification of melanin levels 
revealed that the autophagosomes consumed (engulfed) melanin or 
melanosomes following treatment with α-MSH and Pt (Fig. 10F and G). 
In addition to transmission electron microscopy analysis, 3-MA pre-
treatment or LC3 silencing significantly downregulated the early-stage 
(LC3) and late-stage (tyrosinase and TRP-1/-2) melanosome markers 
knockdown cells. Therefore, the functioning of LC3 (autophagy) is 
essential in Pt-mediated anti-melanogenesis in B16F10 cells (Fig. 11). 

The anti-melanogenic effects of Pt were further assessed using 
‘zebrafish’ as an in vivo experimental model (Figs. 12–14). The anti- 
melanogenic effects of cosmetic compounds using routine lab animals 
are not feasible. Because these experiments often raise ethical issues. To 
overcome this, as an alternative, the zebrafish embryo model has 
emerged as a powerful vertebrate tool [56]. Both at the physiological 
and genetic levels, zebrafish embryos resemble mammals. Also, it is easy 
to observe cosmetic ingredients’ effect on the zebrafish skin/surface for 
the melanin pigmentation [57,58]. Dependable with the in vitro find-
ings, in vivo data using an autophagy inhibitor 3-MA also confirmed that 
Pt is exhibiting the anti-melanogenic effects through autophagy mech-
anism in 72 hpf embryos (Fig. 12). Moreover, tyrosinase enzyme ac-
tivity, tyrosinase mRNA levels, and melanin levels were significantly 
downregulated in Pt-treated conditions (Fig. 13). However, it is 
reasonable to mention here that some unknown technical reasons are 
associated with the decreased tyrosinase mRNA or melanin levels at 2.5 
μM Pt treated conditions compared to 5 μM Pt treated conditions 
(Fig. 13C and D). Further, stereomicroscopic data revealed that zebra-
fish embryos at later time points, for example, 72 hpf subjected to 
endogenous body pigmentation, tyrosinase activity, and melanin levels 
for 24 h (72 + 24 hpf), also confirmed that Pt is a potent depigmenting 
agent (Fig. 14). 

5. Conclusion 

To our understanding, this is the first study that demonstrated the 
depigmenting effects of Pt on keratinocytes and melanocytes. This study 
proved that Pt is a potent anti-melanogenic agent than Rv and has 
derived the following conclusions: In HaCaT cells – (1) Pt suppressed 
UVA-induced ROS-mediated POMC-α-MSH expression. (2) Pt activated 
antioxidant Nrf2-mediated HO-1, γ-GCLC, and NQO-1 expression levels. 

Fig. 14. Pt suppresses melanogenesis in 72 hpf zebrafish embryos. 72 hpf 
zebrafish embryos were incubated with vehicle (0.1% DMSO) or Pt (2.5 and 5 
μM) or Rv (10 μM) for 24 h (72 + 24 hpf). 1-phenyl-2-thiourea (PTU, 8.8 μM) 
functioned as a positive control. A stereomicroscope was used to measure the 
endogenous body pigmentation (A). The method for estimating tyrosinase 
enzyme activity. (B) and melanin contents (C) was explained in the method-
ology. Results were calculated from three or more independent experiments. 
Data were denoted as percentage differences over untreated control zebrafish 
embryos. Statistical significance was considered as *p < 0.05, **p < 0.01, ***p 
< 0.001 compared to untreated zebrafish embryos. 
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(3) Nrf2 knockdown suppressed Pt’s antioxidant ability, and there were 
uncontrolled ROS and α-MSH levels after UVA-irradiation. (4) Pt- 
induced autophagy was revealed by enhanced LC3-II accumulation, 
p62/SQSTM1 activation, and AVO formation but decreased melano-
some gp100 proteins. In B16F10 cells – (5) The conditioned medium 
derived from UVA-irradiated HaCaT pretreated with Pt suppressed 
melanogenesis in B16F10 cells. (6) Pt also downregulated melanogen-
esis in α-MSH-stimulated B16F10 cells. (7) Pt showed anti- 
melanogenesis through autophagy induction. However, this effect was 
reversed in the presence of an autophagy inhibitor 3-MA or LC3 
silencing of B16F10 cells. In vivo data-derived from zebrafish embryos 
were consistent with the in vitro data and confirmed that pterostilbene is 
a potent anti-melanogenic agent and could be used as a depigmenting 
agent in the preparation of topical skin-whitening agents. 
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