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A B S T R A C T   

Urban particulate matter (PM) is a major air pollutant that triggers molecular processes and is detrimental to the 
skin. We investigated the protective effects of tocotrienol-rich fraction (TRF) against urban PM-induced skin 
ageing, inflammation, and skin barrier dysfunction in human epidermal keratinocytes. Alpha-tocopherol (αTP) 
and retinoic acid (RA) were used as comparators. Our results showed that TRF significantly restored cell viability 
and alleviated increased intracellular reactive oxygen radicals in PM-treated keratinocytes. In addition, TRF 
significantly downregulated the activation of mitogen-activated protein kinases in PM-stimulated keratinocytes. 
This was substantiated by lower protein expression in the phosphorylation of extracellular signal-regulated ki-
nase, Jun N-terminal kinase, and p38. This resulted in the inhibition of cyclooxygenase-2 expression, which is a 
downstream inflammatory mediator. TRF significantly protected skin barrier function upon exposure to PM by 
upregulating filaggrin, transglutaminase-1, and involucrin. In contrast, αTP and RA did not exhibit protective 
effects against skin damages in the PM-treated keratinocytes. Overall, this study suggests that TRF possesses 
antioxidant, anti-inflammatory, and skin barrier protective properties, and may serve as a potential ingredient in 
personal care and cosmeceutical industries to combat skin damage due to air pollution.   

1. Introduction 

Air pollution is the world’s largest environmental health risk owing 
to rapid urbanisation and industrialisation. The World Health Organi-
zation (WHO) estimates that the inhalations of air pollutants (outdoors 
and in households) causes millions of premature deaths annually owing 
to respiratory infection, chronic obstructive pulmonary disease, heart 
disease, and lung cancer (Organization, W. H.,2021). Particulate matter 
(PM) is a complex mixture of particles and droplets suspended in the air 
and comprises inorganic and organic compounds, such as polyaromatic 
hydrocarbons, trace elements, water-soluble ions, soil, and dust (Yang 
et al., 2021). Owing to their microscopic size, PM is easily inhaled and 

can even enter the bloodstream (Agency U.S.E.P, 2020). Notably, PM 
can carry additional toxic substances, such as bacteria and carcinogens, 
on its surface and exert harmful effects on human health. PM has been 
classified into three categories based on particle size: PM0.1 (particles 
≤0.1 μm in diameter), PM2.5 (particles ≤2.5 μm in diameter), and PM10 
(particles ≤10 μm in diameter), which are called ultrafine, fine, and 
coarse particles, respectively. Numerous studies have revealed that 
PM2.5 has long-term effects on cardiovascular and respiratory systems, 
and repeated PM2.5 skin exposure aggravates cutaneous diseases (Kloog 
et al., 2013; Ngoc et al., 2017; Loxham et al., 2019; Kim et al., 2021). 

The skin acts as the primary biological shield against PM and is most 
exposed to environmental contaminants and stressors (Byrd et al., 2018; 
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Nguyen and Soulika 2019). Prolonged exposure to PM, which exceeds 
the normal defensive potential of the skin, may have profound adverse 
effects. PM can penetrate the human skin surface either through hair 
follicles or across the stratum corneum (Kim et al., 2016). Consequently, 
the skin barrier mechanism is compromised, leading to deep penetration 
of PM into the dermal layer of the skin. This causes skin damage, 
resulting in the aggravation of skin disorders, such as atopic dermatitis 
and eczema, all of which involve an impaired skin barrier (Ngoc et al., 
2017; Dijkhoff et al., 2020). PM has also been found to activate matrix 
metalloproteinases (MMPs), resulting in accelerated skin ageing and loss 
of skin elasticity (Fu et al., 2021). PM exerts its toxicity on the skin 
through four main mechanisms: generating free radicals, activating the 
aryl hydrocarbon receptor (AhR), inducing the inflammatory cascade, 
and disrupting the skin barrier (Dijkhoff et al., 2020). 

To date, many protective measures against PM-induced skin damage 
have influenced the ability of natural ingredients, including antioxi-
dants, to reduce oxidative stress and pro-inflammatory responses. 
Vitamin E is a ubiquitous antioxidant naturally found in food sources, 
such as plant-based oils, nuts, and seeds (Mohd Zaffarin, Ng et al., 2020). 
It is known for its various antioxidative activities and is closely linked to 
maintaining skin health. Studies have reported that a loss of serum 
vitamin E results in inflammatory skin diseases, such as acne and atopic 
dermatitis (Liu et al., 2021). Vitamin E occurs in eight different 
fat-soluble forms: α-, β-, γ-, and δ-tocopherol (TP) and α-, β-, γ-, and 
δ-tocotrienol (T3). The structural difference between TPs and T3s is the 
fully saturated hydrocarbon tail TPs, whereas T3s contain three unsat-
urated double bonds in their hydrocarbon tails (Fig. 1). This unsaturated 
side chain allows more efficient tissue penetration, which explains its 
superior anti-inflammatory and antioxidant properties. T3s are also 
more evenly distributed in the fatty layers of the cell membrane, 
enabling them to protect cells against lipid peroxidation, particularly in 
areas of the body with a high lipid content, such as the skin (Niki 2015; 
Peh et al., 2016). Furthermore, T3s reportedly exhibit anti-inflammatory 
effects by suppressing nuclear factor-kappa B (NF-κB), tumor necrosis 
factor-alpha (TNF-α), and cyclooxygenase 2 (COX-2) (Mohd Zaffarin, Ng 
et al., 2020; Wong et al., 2020). The ability to suppress the expression of 
these cytokines greatly reduces inflammation in the body. 

Although a few studies have elucidated the benefits of T3s in the 
skin, there are no studies on the underlying mechanism of T3s on PM 
exposure. Thus, this study conducted several experiments to understand 
how T3s act as an antioxidant and anti-inflammatory ingredient to 
protect the skin after prolonged PM exposure. Our experiment used, a 

tocotrienol-rich fraction (TRF), a commercially available T3 mixture. 
This TRF comprised four T3 isoforms and one TP isoform, α-tocopherol 
(αTP). Two comparators were used in the study, namely αTP and reti-
noic acid (RA). αTP is common form of vitamin E owing to its high 
bioavailability and abundance in the human body (Peh et al., 2016). RA 
is commonly used in immune-mediated skin diseases, such as acne and 
psoriasis, as it reduces MMP and inflammatory cytokines production, 
enhances type I collagen, and transforms growth factor beta production 
(Oliveira et al., 2018). However, long-term use of RA can contribute to a 
tolerance that eventually disrupts the epidermal barrier (Szymanski 
et al., 2020). To the best of our knowledge, this is the first study to 
demonstrate the efficacy of TRF against urban PM-induced skin damage 
in comparison with αTP and RA, the two other common skin care in-
gredients in the market. 

2. Materials and methods 

2.1. Cell culture and reagents 

Associate Professor Dr. Gautam Sethi (National University of 
Singapore, Singapore) supplied the human epidermal keratinocyte cell 
line (HaCaT). The cells were grown in high glucose Dulbecco’s modified 
Eagle’s medium (DMEM) from Nacalai Tesque (Kyoto, Japan) supple-
mented with 10% foetal bovine serum (FBS) from GE Healthcare 
(Pasching, Austria) and 1% penicillin-streptomycin from Gibco (Utah, 
USA). The cells were maintained in 5% CO2 at 37 ◦C. PM (SRM 1649b) 
was obtained from the National Institute of Standards and Technology 
(Gaithersburg, MD, USA). Monoclonal antibodies against phospho-p38, 
total p38, phospho-c-Jun N-terminal kinase 1/2 (JNK 1/2), total JNK 1/ 
2, phospho-extracellular signal-regulated kinase 1/2 (ERK1/2), total 
ERK 1/2, cleaved caspase-3, and mitogen-activated protein kinase 
(MAPK) inhibitors SB203580, SP600125, and U0126 were obtained 
from Cell Signalling (Danvers, MA, USA). The monoclonal antibodies 
against COX-2 and β-actin were purchased from Research Instruments 
(Singapore) and Santa Cruz Biotechnology (Santa Cruz, CA, USA), 
respectively. Enzyme-linked immunosorbent assay (ELISA) kits for 
filaggrin (FLG), transglutaminase-1 (TGM-1), and involucrin (IVL) were 
purchased from Biorbyt (Cambridge, United Kingdom), BlueGene 
Biotech (Shanghai, China), and FineTest Biotech (Wuhan, China), 
respectively. Phosphate-buffered saline (PBS) and methanol were pur-
chased from Gibco (Utah, USA) and Tedia (Ohio, USA), respectively. 
Moreover, 2′-7′-dichlorofluorescein diacetate (DCFH-DA), 3-(4,5- 
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 
2,2-diphenyl-1-picrylhydrazyl-hydrate (DPPH), trolox, crystal violet, 
αTP, and RA were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
TRF with 95%purity (DavosLife E3) was supplied by Davos Life Science 
Sdn Bhd (Malaysia). 

2.2. Antioxidant assay 

The DPPH free radical assay was performed according to the method 
of Brand-Williams et al. with some modifications (Brand-Williams et al., 
1995). Serial dilutions of TRF, αTP, RA, and trolox (10 μM, 25 μM, 50 
μM, 100 μM, 250 μM, 500 μM, and 1000 μM) were prepared in ethanol. 
Each test sample solution (10 μL) was added to a 96-well plate in trip-
licate, followed by 190 μL of 0.12 mM DPPH solution. The mixture was 
incubated for 30 min with gentle shaking. The decrease in absorbance 
was measured at 517 nm using an EnSpire® Multimode Plate Reader 
(PerkinElmer, Waltham, MA, USA). 

2.3. p.m. preparation 

The PM-induced model adopted the method described in a previous 
study (Lee et al., 2016). We used PM2.5, which is a standard urban dust 
(SRM 1649B) primarily comprising polycyclic aromatic hydrocarbons 
(PAHs), nitro-substituted PAHs (nitro-PAHs), polychlorinated biphenyl 

Fig. 1. Structure and natural form of vitamin E family – tocopherol and 
tocotrienol. 
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(PCB) congeners, chlorinated pesticides, and inorganic constituents in 
atmospheric particulate material. Briefly, an SRM 1649B urban dust 
suspension was prepared in cell culture media at a concentration of 
1000 μg/mL. The suspended particles were vortexed and sonicated for 
30 min before use to avoid the agglomeration of the suspended PM2.5. 
Experiments were performed with the stock solution within 1 h of PM 
preparation to circumvent variations in PM composition in the solution. 
The cells were exposed to a PM concentration of 100 μg/mL for 24 h. 

2.4. Colony forming assay 

HaCaT cells were plated onto 10 cm dishes and pre-treated with 20 
μM TRF, 20 μM αTP, and 1 μM RA for 24 h. PM (100 μg/mL) was added 
to the cells for 24 h, followed by the same individual treatment dosage 
for another 24 h. The cells were then harvested, plated at 200 cells per 
well in 24-well plates, and incubated at 37 ◦C for one week. The colonies 
were then fixed with 100% methanol for 20 min and stained with 0.5% 
crystal violet for 5 min. The cells were rinsed with PBS, inverted onto the 
tissue, and dried overnight. The cells were then observed under a Nikon 
TE2000-U inverted microscope (Nikon, Tokyo, Japan), and the colonies 
were counted. 

2.5. Cell proliferation assay 

Cell viability was examined using an MTT assay. HaCaT cells were 
seeded in 96-well plates and pre-treated for 24 h with 20 μM TRF, 20 μM 
αTP, and 1 μM RA. The cells were then incubated with 100 μg/mL PM for 
24 h. Following PM supplementation, HaCaT cells were incubated with 
the same treatment dosage for another 24 h. MTT (5 mg/mL) was then 
added to each cell-containing well and incubated for 2 h. The cell culture 
medium was replaced with dimethyl sulfoxide (DMSO) to solubilise 
purple formazan. The absorbance was read at 595 nm and 750 nm using 
an EnSpire® Multimode Plate Reader (PerkinElmer, Waltham, MA, 
USA). 

2.6. Intracellular reactive oxygen species (ROS) assay 

HaCaT cells were seeded into 96-well plates and incubated over-
night. The next day, the cells were treated with 20 μM TRF, 20 μM αTP, 
and 1 μM RA for 24 h. The cells were then treated with 100 μg/mL PM 
for 24 h. Afterward, the medium was removed, and the cells were 
washed with KRH buffer and incubated with 100 μM DCFH-DA in the 
loading medium in 5% CO2 at 37 ◦C for 30 min. After the DCFH-DA was 
removed, the cells were washed, and the fluorescence from each well 
was measured using an EnSpire® Multimode Plate Reader (PerkinElmer, 
Waltham, MA, USA). The excitation and emission filters were set to 485 
nm and 530 nm, respectively. The percentage increase in DCFH fluo-
rescence per well was calculated using the following equation:  

(Ft30min – Ft0min)/Ft0min                                                                            

Ft30min = fluorescence at 30 min                                                               

Ft0min = fluorescence at 0 min                                                                 

The values of the respective treatment groups were normalized to 
sham to obtain the fold change and show the differences in ROS 
expression. 

2.7. ELISA 

HaCaT cells were pre-treated with 20 μM TRF, 20 μM αTP, or 1 μM 
RA for 24 h, followed by exposure to 100 μg/mL PM for another 24 h. 
Cell pellets were collected and stored at − 80 ◦C until further analysis. 
FLG, TGM-1, and IVL were quantified by ELISA according to the man-
ufacturer’s instructions. 

2.8. Western blotting 

Whole-cell lysates were collected by suspending cell pellets in radi-
oimmunoprecipitation assay (RIPA) lysis buffer containing 50 mM Tris- 
HCl pH 8.0, 150 mM sodium chloride (NaCl), 1 mM ethyl-
enediaminetetraacetic acid (EDTA), 1% v/v Nonidet P-40 (NP-40), 0.5% 
v/v sodium deoxycholate, and 0.1% v/v sodium dodecyl sulfate (SDS), 
supplemented with protease and phosphatase cocktail inhibitors 
(Roche, Basel, Switzerland). The protein concentration was measured 
using a DC Protein Assay kit (Bio-Rad, Hercules, CA, USA) in a 96-well 
plate. Reagents A (25 μL) and B (200 μL) were added to 5 μL of the cell 
lysate. After 15 min of incubation, the absorbance at 750 nm was 
measured using the EnSpire® Multimode Plate Reader (PerkinElmer, 
Waltham, MA, USA). Protein standards were prepared using bovine 
serum albumin (Sigma-Aldrich, St. Louis, MO, USA). Protein samples 
underwent SDS polyacrylamide gel electrophoresis (SDS-PAGE) at 20 
mA for 1 h using the Bio-Rad Mini-PROTEAN 3 Cell system (Hercules, 
CA). They were transferred onto a polyvinylidene difluoride (PVDF) 
membrane (Amersham, Piscataway, NJ, USA) via the wet transfer 
method at 100 V for 90 min using the Bio-Rad Mini Trans-Blot Elec-
trophoretic Transfer Cell system (Hercules, CA). The membrane was 
then blocked with 10% (w/v) non-fat milk (Bio-Rad Laboratories, Inc. 
Hercules, CA) in Tris-buffered saline (TBS) with 0.1% v/v Tween-20 
(TBS-T). The blots were washed three times with TBS-T and incubated 
with their respective antibodies at 4 ◦C overnight. The blots were then 
washed with TBS-T to remove the unbound primary antibodies before 
being exposed to IgG-HRP-conjugated secondary antibodies in 5% w/v 
non-fat milk in TBS-T for 1 h at room temperature. Unbound secondary 
antibodies were removed by washing the blots with TBS-T. Chemilu-
minescent signals were visualised using an ECL western blotting system 
(Amersham, Piscataway, NJ, USA). Image Lab™ software (Bio-Rad, 
Hercules, CA, USA) was used for densitometric analysis. 

2.9. Statistical analysis 

All data are presented as the mean ± standard error. Significant 
differences in all the data were analysed using GraphPad Prism version 
9.1.0 (GraphPad Software, San Diego, CA) with a one-way analysis of 
variance (ANOVA), followed by Tukey’s post hoc test. P < 0.05 (*) was 
considered statistically significant. 

Fig. 2. Antioxidant activity of TRF, αTP, RA, and trolox using DPPH assay. 
Serial dilution of each treatment (10 μL) (10 μM, 25 μM, 50 μM, 100 μM, 250 
μM, 500 μM and 1000 μM) were added to a 96-well culture plate, following 190 
μL of 0.12 mM DPPH solution. The mixture was incubated for 30 min with 
gentle shaking. The percentage scavenging activity was calculated in the 
trend graph. 
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3. Results and discussion 

3.1. TRF showed higher antioxidant activity in DPPH assay 

Antioxidants, such as TRF, αTP, and RA, process and remove the 
harmful effects of ROS, which are highly reactive chemical molecules 
produced to degrade damaged tissue structures and extract invading 
microorganisms. Typically, this occurs through free radical scavenging, 
which allows antioxidants to indirectly improve antioxidant defences of 
the body (Dijkhoff et al., 2020; Gulcin 2020). DPPH is a violet radical 
molecule, and the assay measures antioxidant activity based on the 
molecule reducing to a pale-yellow colour. In this case, the DPPH assay 
can provide details on the reducing capacity of the antioxidant and its 
ability to donate hydrogen atoms (Sirivibulkovit et al., 2018). 

In this study, we examined the ability of four antioxidants: αTP, TRF, 
RA, and trolox (positive control). As Fig. 2 shows, αTP, TRF, and Trolox 
had varying scavenging effects, whereas RA provided a near-zero effect. 
Based on these results, αTP and TRF exhibited scavenging activity in a 
dose-dependent manner, showing 50% and 80% effects, respectively, at 
a concentration of 1000 μM. Notably, the activity of 1000 μM TRF was 
comparable to that of Trolox, a standard antioxidant. 

Vitamin E (T3s and TPs) are best known for their antioxidant and 
anti-inflammatory activities (Ungurianu et al., 2021). Although T3 and 
αTP have similar properties, their mechanisms of action differ. αTP 

antioxidant functions in the form of a radical-chain breaker, which 
protects cellular membranes from lipid peroxyl radicals. However, αTP 
does not physiologically act as an antioxidant. Alternatively, it functions 
as a cell signalling molecule capable of regulating gene expression or 
signalling cascades (Azzi 2007). Conversely, T3s function as unique 
antioxidants, as they can scavenge reactive nitrogen species in addition 
to usual ROS. T3s can also inhibit the upregulation of several inflam-
matory molecules and increase antioxidant modulatory enzymes 
through selective control of the Kelch-like ECH-associated protein 1-nu-
clear factor (erythroid-derived 2)-like 2 (Keap1-NRF2) pathways, which 
are downstream of MAPK. T3s also exhibit considerably stronger 
anti-inflammatory effects as they can inhibit NF-κB and signal trans-
ducer and activator of transcription 3 (STAT3), which are two important 
inflammatory transcription factors (Ahsan et al., 2014; Aggarwal et al., 
2019). RA, a vitamin A metabolite, is crucial in regulating and main-
taining immune responses (Oliveira et al., 2018). RA receptors (RARs) 
and retinoid X receptors (RXRs) mediate the effects of RA. Upon binding 
to the RAR/RXR heterodimer, RXR ligands affect several signalling 
pathways (Marill et al., 2003). 

T3s, in this case, serve as a more advantageous antioxidant, as they 
can alleviate inflammation by directly acting on inflammatory path-
ways, compared to αTP or RA, which modulate the pathways 
independently. 

Fig. 3. Effect of TRF, αTP, and RA treatments on colony forming assay, cell proliferation, and apoptosis assay after PM2.5 induction. (A) HaCaT cells were pre-treated 
with RA (1 μM), αTP (20 μM) or TRF (20 μM) for 24 h followed by 100 μg/ml PM2.5 exposure. The cells continue with post-treatment with the individual treatments 
for 24 h. 200 cells/ml were then seeded on 24-well culture plate. A total of 7 days later, cells were stained with 0.5% crystal violet after the colony has formed. (B) 
The colony formation percentage was calculated from numbers of colony formed and normalized from the sham (without PM2.5 exposure). (C) The cell proliferation 
was determined by MTT assay after the cells were pre- and post-treated with respective treatments for 24 h before the PM2.5 exposure. (D) Activation of apoptotic 
marker (cleaved caspase 3) by PM2.5 exposure was determined western blotting. Data are expressed as mean ± standard deviation of three independent experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as assessed by one-way ANOVA, followed by Tukey’s post hoc test. TRF, tocotrienol-rich fraction; αTP, 
alpha tocopherol; RA, retinoic acid; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; 1649b, PM2.5 (particulate matter that has the diameter of 
less than 2.5 μm). 
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3.2. TRF reduced PM2.5-induced cytotoxicity and oxidative damages in 
HaCaT cells 

One of the main mechanisms through which PM exerts toxicity on 
the skin involves inducing excessive ROS production. PM, such as diesel, 
PAHs, and transition metals, triggers ROS generation through oxygen 
reduction, redox activity, and Fenton reactions, respectively. Addition-
ally, these compounds can increase ROS generation by inducing mito-
chondrial stress and stimulating ROS-producing enzymes (Dijkhoff 
et al., 2020). Furthermore, PM can bind to AhR, a cytosolic 
ligand-activated transcription factor activated by environmental pol-
lutants. Upon activation, AhR translocates to the nucleus forming a 
dimer with the AhR nuclear translocator. This complex then binds to the 
promoter regions that contain xenobiotic response elements, promoting 
the transcription of phase I metabolism, phase II metabolism, and AhR 
repressor genes. These enzymes metabolise PAHs, producing metabo-
lites that can induce cell damage by forming DNA and protein adducts. 
Notably, this also results in further ROS formation (Dijkhoff et al., 
2020). Under normal physiological conditions, cells can remove ROS 
produced via their cellular antioxidative and scavenging systems 
through superoxide dismutases or glutathione (Marengo et al., 2016). 
However, when ROS production exceeds the antioxidant defence sys-
tem, oxidative stress occurs and aggravates pathological processes, such 
as tissue damage, DNA damage, protein carbonylation, and lipid per-
oxidation (Lee et al., 2016; Dijkhoff et al., 2020). Increased PM-induced 
ROS production can inhibit the intracellular antioxidative system, ulti-
mately reducing keratinocyte viability (Piao et al., 2018). 

In this study, PM2.5-induced cell viability and oxidative damage in 

HaCaT cells were evaluated by colony formation, a cell proliferation 
assay, an apoptotic marker, and intracellular ROS levels. Fig. 3(A) and 
(B) show that 100 μg/mL PM2.5 significantly suppressed colony for-
mation in HaCaT cells after 24 h of exposure. Among the treatments, 20 
μM TRF and 1 μM RA but not 20 μM αTP restored the number of colonies 
after PM2.5 exposure. These results were validated using a cell prolif-
eration assay. PM2.5-induced keratinocytes showed less than 50% of the 
cell survival relative to sham. However, the TRF and RA treatments 
significantly restored the cellular proliferation rate. In contrast, αTP had 
a less prominent effect (Fig. 3(C)). Consistent with the MTT assay, 
procaspase 3 activation, as evidenced by cleaved caspase 3, was 
observed in HaCaT cells exposed to PM2.5. As Fig. 3(D) shows, TRF 
treatment significantly reduced PM2.5-induced apoptosis in comparison 
with αTP and RA. 

One of the speculated mechanisms of decreased cellular proliferation 
is correlated with increased intracellular ROS generation upon PM 
exposure (Piao et al., 2018). As Fig. 4 shows, upon exposure to PM2.5, 
the intracellular ROS level was stimulated approximately 2.5-fold 
compared to that in the sham group. At the same concentration (20 
μM), TRF was more effective than αTP at reducing intracellular ROS 
concentration after exposure to 100 μg/mL PM2.5. Conversely, when 1 
μM RA was used, we observed a ROS scavenging effect similar to that of 
20 μM TRF. Overall, these results indicate that TRF inhibits 
PM2.5-induced cytotoxicity by suppressing excessive ROS production. 

3.3. TRF suppressed PM2.5-induced MAPK and COX-2 activation in 
HaCaT cells 

MAPK is a pathway that helps relay, amplify, and integrate signals 
from stimuli and elicit responses, such as cellular proliferation, inflam-
matory responses, and apoptosis (Zhang and Liu 2002). Typically, dur-
ing the onset of skin inflammation, the proteins involved in the MAPK 
pathway are phosphorylated and activated. This triggers the down-
stream NF-κB pathway, increasing inducible nitric oxide synthase and 
COX-2 expression, which are inflammation mediators (Liu et al., 2018). 
In cells exposed to PM, MAPK members p38, JNK, and ERK can be 
phosphorylated (Huang et al., 2018; Zhen et al., 2019). This is possibly 
due to the action of AhR, which engages in crosstalk with the MAPK 
pathway. This causes proto-oncogene tyrosine-protein kinase (c-Src) 
activation, which in turn binds to the epidermal growth factor receptor 
(EGFR) and activates the pathway (Dijkhoff et al., 2020; Shi et al., 
2021). In HaCaT cells, ERK is activated, leading to subsequent p38 and 
NF-κB activation (Lee et al., 2016). NF-κB is a transcription factor 
comprising five inducible transcription factors that induce 
pro-inflammatory genes, including chemokines and cytokines. We 
observed increased COX-2 and prostaglandin E2 (PGE2) expression and 
eventually ROS generation in PM-induced cells. Furthermore, upon 
PM-induced activation, JNK induces the phosphorylation of activator 
protein (AP-1) transcription complexes c-Jun and c-Fos (Lee et al., 
2016). AP-1 activation then results in an increase in MMP expression, 
which mediates the decomposition of extracellular matrix elements, 
such as collagen and elastic fibres, leading to skin barrier impairment 
(Rinnerthaler et al., 2015). 

Considering that the MAPK signalling pathway is involved in PM- 
mediated inflammation, apoptosis, and skin barrier function modula-
tion, we investigated MAPK-related proteins via western blotting. Fig. 5 
(A)–(C) show that 100 μg/mL PM2.5 activated p38, JNK1/2, and ERK 
phosphorylation in HaCaT cells compared to the levels in control cells. 
However, the phosphorylation of these proteins was significantly 
downregulated by the 20 μM TRF treatment. Nevertheless, the 1 μM RA 
or 20 μM αTP treatments did not strongly inhibit MAPK phosphoryla-
tion. We investigated COX-2 expression levels to examine the down-
stream effects of MAPK activation. PM2.5-induction increased the 
expression of COX-2 proteins, whereas TRF greatly inhibited its 
expression (Fig. 5(D)). Reduced COX-2 expression in TRF-treated HaCaT 
cells corroborates a study on TRF-treated PM-induced THP-1 

Fig. 4. Effects of TRF, αTP, and RA treatments on the generation of ROS upon 
PM2.5 induction. HaCaT cells were pre-treated with TRF (20 μM), αTP (20 μM) 
or RA (1 μM) followed by 100 μg/ml PM exposure. After 30 min post-induction, 
the intracellular ROS levels were determined using the fluorogenic probe 
DCFH-DA. The relative intensity of DCF fluorescence is shown in the bar graph. 
Data are expressed as mean ± standard deviation of three independent exper-
iments. **P < 0.01 and ****P < 0.0001, as assessed by one-way ANOVA, fol-
lowed by Tukey’s post hoc test. TRF, tocotrienol-rich fraction; αTP, alpha 
tocopherol; RA, retinoic acid; ROS, reactive oxygen species; DCF, dichloro-
fluorescein; DCFH-DA 2ʹ,7ʹ-dichlorofluorescin diacetate; 1649b, PM2.5 (par-
ticulate matter that has the diameter of less than 2.5 μm). 
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promonocytic cells (Wu et al., 2008). To a lesser extent, αTP and RA 
could suppress COX-2 expression. We anticipated that COX-2 inhibition 
by TRF would downregulate the downstream molecule PGE2. A study 
that showed that the attenuation of PGE2 production by T3s is more 
efficient than TPs in interleukin (IL)-1 beta-stimulated A549 cells sup-
ports these findings (Jiang et al., 2008). 

We further evaluated whether the MAPK-inhibiting effects of TRF 
were associated with a decrease in COX-2 expression in HaCaT cells. 
COX-2 is an inducible enzyme involved in PGE2 biosynthesis from 
arachidonic acid. HaCaT cells were pre-treated with 20 μM TRF and/or 
10 μM p38 inhibitor (SB203580), JNK inhibitor (SP60012), and ERK 1/2 
inhibitor (U0126) for 1 h, followed by PM2.5 exposure for 24 h. As Fig. 6 

shows, TRF treatment and the three individual inhibitors decreased 
COX-2 expression following exposure to PM2.5. Moreover, treatment 
with TRF in combination with the respective inhibitors resulted in 
greater COX-2 downregulation, indicating that TRF exerts anti- 
inflammatory effects on COX2 upon PM2.5 exposure via MAPK cell 
signalling. 

Overall, these results demonstrate that TRF effectively suppressed 
PM2.5-induced activation of the MAPK and NF-κB pathways. 

Fig. 5. Mechanism of action of TRF, αTP and RA treatments in PM2.5-induced MAPKs cell signalling cascades. (A to C) TRF treatment significantly inhibited p38, 
JNK 1/2, and ERK 1/2 phosphorylation after 100 μg/ml PM2.5 exposure, but not αTP and RA. (D) Suppression of COX-2 expression by TRF in stimulated PM. Note 
that sham exposure did not induce the activation of the pathways. Blots are representative of three independent experiments. The relative protein expression levels 
were quantified by densitometric analysis. Data are expressed as mean ± standard deviation of three independent experiments. *P < 0.05, ***P < 0.001 and ****P <
0.0001, as assessed by one-way ANOVA, followed by Tukey’s post hoc test. RA, TRF, tocotrienol-rich fraction; αTP, alpha tocopherol; RA, retinoic acid; MAPKs, 
mitogen-activated protein kinases; JNK, c-jun N-terminal kinase; ERK, extracellular signal-regulated kinase; COX-2, cyclooxygenase-2; 1649b, PM2.5 (particulate 
matter that has the diameter of less than 2.5 μm). 
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3.4. TRF restored the PM2.5-induced skin barrier impairment in HaCaT 
cells 

Three structures maintain proper skin barrier function: the cornified 
envelope, corneocyte-bound lipid envelope, and intercellular space 
lipids. FLG and IVL are molecules that constitute the scaffold of the 
cornified envelope and are cross-linked by TGM-1 (Furue 2020). FLG is 
crucial in the skin because it is a key protein that prevents water loss and 
maintains the protective role of the skin. IVL, which acts as a scaffolding 
protein, is associated with the maintenance of epidermal barrier func-
tion. A loss in the integrity of the skin barrier allows irritants and in-
fections to access deep layers of the skin (Hogan et al., 2012). In 
PM-induced human keratinocytes, increased COX-2 expression and 
PGE2 regulation downregulate FLG (Lee et al., 2016). 

As Fig. 7 shows, PM2.5-induced HaCaT cells displayed a significant 
impairment of skin barrier function, as evidenced by FLG, TGM-1, and 
IVL levels decreasing by 40%, 33%, and 42%, respectively. According to 
the levels of these three biomarkers, TRF was more effective than αTP 
and RA in reducing PM2.5-induced skin barrier dysfunction. Notably, 
our results show that 1 μM RA was only effective at restoring FLG 
enzyme activity after PM2.5 stimulation. However, this observation was 
contradicted by a few studies which revealed that RA treatment signif-
icantly downregulated the levels of FLG and other skin barrier markers 
(Li et al., 2019; Lee 2020). Other studies have revealed that the inducing 
and inhibitory effects of RA are dependent on the cell type and differ-
entiation state (Lee et al., 2009; Jean et al., 2011; Colombo et al., 2017). 
The disparity between our results and those of other studies could be 
attributed to the differences in cell differentiation state. Another study 
used fresh human keratinocytes (human epidermal skin cells isolated 
from human breast skin), whereas our study used immortalised HaCaT 
cells. As human keratinocytes and immortalised cells have different 
differentiation rates, this could have resulted in a difference in the mode 
of RA action. Furthermore, a review conducted in 2018 showed that 
reduced FLG and TGM-1 levels likely lead to skin barrier deficiencies, 
and IVL knockdown in mice models showed a normal skin phenotype 
(Egawa and Kabashima 2018). This indicates that FLG and TGM-1 are 
influential in maintaining skin barrier function, whereas IVL is of lesser 
importance. 

In contrast, αTP did not significantly restore any of the three markers 
involved in skin barrier dysfunction. This may be due to the differences 
in the isoforms of vitamin E in TRF and αTP. A previous study revealed 
that γT3 binds to AhR, promoting and upregulating gene activity 
(Yamashita et al., 2016). PM and AhR interactions lead to AhR activity 
suppression, ultimately resulting in a decrease in the expression of skin 
barrier markers, such as FLG and IVL (Furue et al., 2015). Our TRF was 
comprised 30% γT3, and therefore, it had a higher efficiency in binding 

Fig. 6. COX-2 expression induced by PM2.5 reduced by treatment with TRF or/ 
and ERK1/2, p38 and JNK1/2 inhibitors (U0126, SB203580, and SP600125 
respectively) as analysed by western blotting. TRF, tocotrienol-rich fraction; 
αTP, MAPKs, mitogen-activated protein kinases; JNK, c-jun N-terminal kinase; 
ERK, extracellular signal-regulated kinase; COX-2, cyclooxygenase-2; 1649b, 
PM2.5 (particulate matter that has the diameter of less than 2.5 μm). 

Fig. 7. Effects of TRF, αTP, and RA treatments on the skin barrier function 
upon PM2.5 exposure. HaCaT cells were pre-treated with TRF (20 μM), αTP (20 
μM) or RA (1 μM) followed by 100 μg/ml PM2.5 exposure. The cells continue 
with post-treatment with the individual treatments for 24 h. Cells were 
collected to quantify the markers of skin barrier (A) FLG; (B) TGM-1 and (C) IVL 
by ELISA assay according to their manufacturers’ instruction. Data are 
expressed as mean ± standard deviation of three independent experiments. *P 
< 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as assessed by one-way 
ANOVA, followed by Tukey’s post hoc test. TRF, tocotrienol-rich fraction; αTP, 
alpha tocopherol; RA, retinoic acid; FLG, filaggrin; TGM-1, transglutaminase-1; 
IVL, involucrin, IVL; 1649b, PM2.5 (particulate matter that has the diameter of 
less than 2.5 μm). 
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to the AhR receptors but not αTP. Overall, these results suggest that T3 is 
a superior form of vitamin E in the gene modulation of skin, as its 
beneficial effects go beyond that of an antioxidant. 

4. Conclusions 

Our results demonstrated that PM2.5 induced skin damage by 
upregulating free radical generation, which subsequently activated the 
MAPKs cell signalling cascade. This, in turn, triggered inflammation and 
skin barrier dysfunction via FLG and COX-2 downregulation. To the best 
of our knowledge, this is the first study to decipher the biological 
functions of TRF in air pollution-induced skin damage via a combination 
of mechanisms, such as antioxidant, anti-inflammatory, and skin barrier 
function restoration (Fig. 8). TRF exhibited superior protective effects 
compared with αTP and RA. In conclusion, TRF can be considered as a 
potential natural active ingredient that can protect against PM2.5- 
induced skin ageing in the cosmeceutical and nutraceutical industries. 
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Abstract: Our skin is constantly exposed to blue light (BL), which is abundant in sunlight and emitted
by digital devices. Prolonged exposure to BL can lead to oxidative stress-induced damages and
skin hyperpigmentation. For this study, we used a cell line-based model to examine the protective
effects of tocotrienol-rich fraction (TRF) on BL-induced oxidative stress and hyperpigmentation in
B16-F1 melanocytes. Alpha-tocopherol (αTP) was used as a comparator. Molecular assays such as
cell viability assay, flow cytometry, western blotting, fluorescence imaging, melanin and tyrosinase
analysis were performed. Our results showed that TRF effectively suppressed the formation of
reactive oxygen species and preserved the mitochondrial membrane potential. Additionally, TRF
exhibited anti-apoptotic properties by reducing the activation of the p38 mitogen-activated protein
kinase molecule and downregulating the expression of cleaved caspase-3. Moreover, TRF modulated
tyrosinase activity, resulting in a lowered rate of melanogenesis and reduced melanin production. In
contrast, αTP did not exhibit significant protective effects against skin damages and pigmentation in
BL-induced B16-F1 cells. Therefore, this study indicates that TRF may offer superior protective effects
over αTP against the effects of BL on melanocytes. These findings demonstrate the potential of TRF
as a protective natural ingredient that acts against BL-induced skin damages and hyperpigmentation
via its anti-oxidative and anti-melanogenic properties.

Keywords: blue light; oxidative stress; pigmentation; tocotrienol-rich fraction; anti-oxidant;
anti-melanogenesis; melanocyte

1. Introduction

Our skin acts as a crucial barrier between the body and the external environment,
protecting it from various environmental factors such as solar radiation and air pollution [1].
It serves as the primary defence and repair mechanism for the body while also contributing
to the maintenance of normal homeostasis. It is made up of three layers: the epidermis,
dermis, and subcutaneous tissue. Melanocytes, which are located in the basal layer of the
epidermis, are an integral type of skin cell. These specialized cells synthesize melanin
through a complex enzymatic process that gives rise to skin, eye, and hair colour in humans
and animals [2,3]. Sunlight, which is essential for the survival of most living organisms,
consists of a range of wavelengths. The solar spectrum includes ultra-violet (UV) rays,
visible light, and infrared rays, that enter the terrestrial environment. Among these, UV
rays comprise only 2% of the solar spectrum, while visible light and infrared rays account
for nearly half of the solar spectrum [4]. Numerous studies have focused on understanding
the skin protective measures required to fight against UV rays, as they have the shortest
wavelength (100 to 400 nm) and more energy compared to visible light (400 to 780 nm) and
infrared rays (780 to 3000 nm), which have longer wavelengths and less energy [5]. Despite
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having less energy, visible light is known to penetrate deeper into the skin due to its longer
wavelength. The visible light spectrum consists of various colours, including (increasing
order of wavelengths) violet, blue, green, yellow, orange, and red light. Blue light (BL; 450
to 485 nm) is one of the most extensively studied visible light wavelengths [4]. BL can be
found in sunlight and artificially in devices such as light-emitting diode (LED) screens
(laptop, mobile, and tablet screens) or compact fluorescent lamp devices [6]. Recent studies
have shown that BL can have detrimental effects on the skin, including the induction
of skin pigmentation and photoaging [7,8]. BL has also been extensively studied for its
potential in phototherapy against skin diseases such as melanoma as it can slow cell
growth and promote apoptosis in melanoma cells. These effects are attributed to the
accumulation of reactive oxygen species (ROS) molecules such as superoxide, which can
lead to mitochondrial membrane alterations and cell death [9,10]. As such, prolonged
exposure to BL on healthy skin may result in irreversible damage to the skin. Therefore, it is
widely acknowledged that exposure to artificial BL in modern times may have detrimental
effects on skin health, leading to oxidative stress and pigmentation. Consequently, further
studies are necessary to investigate the measures for protecting melanocytes against the
damaging effects of BL.

In such circumstances, anti-oxidants can effectively prevent damage caused by ox-
idative stress by maintaining a balanced cellular redox environment [11]. Vitamin E has a
well-established history of use in dermatology, cardiovascular health, and neuroprotection
due to its potent anti-oxidant and anti-inflammatory properties. It can be found in various
food sources, such as plant oils and seeds [12]. Studies have shown that vitamin E can
alleviate inflammatory skin diseases and provide significant photoprotective effects [13,14].
Vitamin E primarily exists in eight isoforms, including α-, β-, γ-, and δ-tocopherol (TP) and
α-, β-, γ-, and δ-tocotrienol (T3). Both TPs and T3s differ in terms of their structural form,
where T3s have the presence of an unsaturated side chain that enables better penetration
into fatty tissues, making them more potent anti-oxidants compared to TPs [15]. T3s have
also been shown to protect the skin from oxidative stress-induced damage caused by partic-
ulate matter and exhibit whitening effect by suppressing tyrosinase activity in UV-induced
melanocytes, as reported in our previous studies [16,17]. In this study, we investigated the
protective effects of T3s against the harmful effects of prolonged BL exposure on murine
melanoma cells B16-F1. Our study involved using tocotrienol-rich fraction (TRF), which
comprises four T3 isoforms (α-, β-, γ-, and δ-T3s) and αTP. The other vitamin E comparator
used in this study was αTP, a commonly abundant form of vitamin E in the body [15].
Although several studies have investigated the benefits of T3s for skin health, there is a
lack of studies specifically focused on the effects of T3s on prolonged BL exposure. Given
the potent anti-oxidative activities of T3s, it is hypothesized that T3s can protect the skin
from excessive ROS generation, thereby alleviating cell death and skin hyperpigmentation.
Therefore, our study aimed to elucidate the protective effects of T3s against BL exposure by
investigating the anti-oxidative and anti-pigmentating mechanisms. To achieve this, the
effects of TRF on BL-induced melanocytes were examined through a cell viability assay.
Subsequent experiments revealed the presence of apoptosis, ROS formation, mitochondria
damage, an increase in melanin levels, and elevated tyrosinase activity induced by BL.
Additionally, an upregulation of activated p38 mitogen-activated protein kinases (MAPK)
and cleaved caspase-3 protein were observed. Collectively, these results illustrate the
protective abilities of TRF against BL-induced damage and pigmentation in melanocytes.

2. Results
2.1. TRF Improved Cell Viability of BL-Induced Melanocytes

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT) assay was
used to assess cell proliferation. To determine the optimal dosage of BL exposure for the
cells, we performed cell irradiation at three different time points—1 h (12 J/cm2), 2 h
(25 J/cm2), and 3 h (38 J/cm2)—using an MTT assay. Our results show a dose-dependent
decrease in cell viability, with no significant difference between 25 and 38 J/cm2 (Figure 1A).
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Thus, 38 J/cm2 was selected for our experiment to better represent real-life BL exposure.
This dosage is equivalent to approximately 300 h of BL exposure from electronic devices
at 100% screen brightness [18]. Additionally, a previous study indicated that this dosage
induced minimal lethal oxidative stress in cells, making it suitable for accurate experimenta-
tion [7]. We further assessed the effect of TRF on cell viability and found that treatment with
20 µM of TRF significantly increased the cell viability of BL-treated B16-F1 cells compared
to αTP, where only a modest increase was observed (Figure 1B).
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Figure 1. Cell viability of B16-F1 was evaluated via MTT assay 24 h after BL exposure and treatment.
(A) Measurement of B16-F1 cell viability exposed with different dosages of BL. (B) Measurement of
B16-F1 cell viability induced with BL, accompanied with αTP or TRF treatment. Data shown are
expressed as % of sham and expressed as mean ± standard error of the mean (SEM). **** p < 0.0001
and * p < 0.05 indicate statistical significance. ns indicates no statistical significance.

2.2. TRF Inhibited BL-Induced Cell Apoptosis

Based on the findings presented in Section 2.1, our study aimed to investigate the level
of apoptosis in B16-F1 cells following exposure to blue light. To provide further evidence
supporting our findings, we conducted a flow cytometry assay to assess the population of
apoptotic cells in both BL-induced/treated groups. A previous study showed that BL induced
cellular apoptosis as observed in the B16-F10 cells [9]. In our study, we used an Annexin
V/Propidium Iodide (PI) double-staining assay to measure the population of apoptotic and
necrotic cells. Our results showed a significant increase in the population of total apoptotic
cells, particularly in the early apoptotic group, in the BL-induced melanocytes (Figure 2A).
Notably, the cells treated with TRF exhibited a rescue effect, as the number of apoptotic cells
were significantly lower compared to the BL-irradiated cells (Figure 2B).
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Figure 2. Flow cytometry assay of B16-F1 cells induced with BL and treatment. (A) Population
of healthy (Q2-LL), early apoptotic (Q2-LR), late apoptotic (Q2-UR), and necrotic cells (Q2-UL) in
BL-induced B16-F1 cells with designated treatment. (B) Total apoptotic B16-F1 cells as measured
based on the early and late apoptotic populations. Data shown are expressed as % of sham and
expressed as mean ± SEM. *** p < 0.001 indicates statistical significance.

2.3. TRF Exhibited Anti-Oxidative Effects against Oxidative Stress Induced by BL

Based on the findings presented in Sections 2.1 and 2.2, we aimed to further investigate
the presence of ROS in the cells, as they may have played a significant role in the induction
of apoptosis. To examine the presence of oxidative stress in B16-F1 cells exposed to
blue light, we used the 2′, 7′-dichlorofluorescin diacetate (DCFDA) fluorescent probe and
captured images using fluorescence microscopy. We observed a stronger fluorescence
signal in the cells irradiated with BL compared to the sham group (negative control group).
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However, treatment with αTP and TRF resulted in a reduction in the fluorescence signal,
with TRF demonstrating a higher degree of reduction (Figure 3A). To determine the levels
of intracellular ROS, we measured the fluorescence intensity and normalized it to the
sham group. Both treatments showed protection against ROS, with TRF showing a higher
anti-oxidative capacity compared to αTP (Figure 3B).
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Figure 3. Presence of oxidative stress in B16-F1 melanocytes exposed to BL and treatment.
(A) Fluorescence images of DCFDA as depicted by the green fluorescence. (B) Quantification of
relative DCFDA fluorescence to represent intracellular ROS. Data shown are expressed as % of sham
and expressed as mean± SEM. *** p < 0.001, ** p < 0.01, and * p < 0.05 represent statistical significance.
Scale bar: 100 µM.

2.4. TRF Regulated BL-Induced Mitochondrial Membrane Potential Alterations

The presence of ROS in the cells could potentially compromise important cellular
organelles such as the mitochondria. To assess the mitochondrial membrane potential, we
utilized the JC-1 mitochondria staining kit. The presence of JC-1 monomers is indicated
by green fluorescence and indicates a healthy mitochondrion, while the presence of JC-
1 aggregates, represented by red fluorescence, indicates an unhealthy mitochondrion.
Therefore, the ratio of red to green fluorescence can serve as an indicator of the membrane
potential [19]. Upon BL induction, a stronger intensity of green fluorescence was observed
compared to red fluorescence. However, treatment with TRF exhibited a rescuing effect
on the mitochondrial membrane potential, as evidenced by a significant restoration of
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the ratio of red to green fluorescence (Figure 4A). As shown in Figure 4B, there was a
significant reduction in the red/green fluorescence ratio following BL exposure, suggesting
mitochondrial membrane depolarization. The ratio significantly improved back to baseline
with TRF treatment, while this effect was not observed in the αTP group.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 17 
 

 

on the mitochondrial membrane potential, as evidenced by a significant restoration of the 

ratio of red to green fluorescence (Figure 4A). As shown in Figure 4B, there was a signifi-

cant reduction in the red/green fluorescence ratio following BL exposure, suggesting mi-

tochondrial membrane depolarization. The ratio significantly improved back to baseline 

with TRF treatment, while this effect was not observed in the αTP group. 

 

 

Figure 4. Mitochondrial membrane potential of B16-F1 melanocytes exposed to BL and treatments.
(A) Fluorescence images of JC-1 dye. (B) Quantification of red/green fluorescence ratio to represent
the polarization of the membrane potential. Data shown are expressed as % of sham and expressed
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2.5. TRF Attenuated Cellular Death through Modulation of p38-MAPK Regulated Mitochondrial
Apoptotic Pathway

Based on the results presented in Sections 2.2 and 2.4, it can be theorized that mito-
chondrial dysfunction induced by BL may contribute to the observed cellular death. To
understand the molecular mechanisms underlying this phenomenon, we studied the ex-
pression of proteins involved in the p38-MAPK regulated mitochondrial apoptotic pathway,
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namely p38 and caspase-3 [20]. Upon BL induction, there was an extensive activation of
p38, as evidenced by increased phosphorylation. However, treatment with αTP and TRF
resulted in a significant reduction in the levels of phosphorylated p38 (Figure 5A).
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Figure 5. Protective effects of TRF against BL-induced p38 MAPK regulated mitochondrial apoptotic
pathway. (A) Western blot analysis of p38 MAPK protein expression in BL exposed cells. (B) Western
blot analysis showing activation of apoptotic marker upon BL induction.

Additionally, we also investigated the expression levels of caspase-3 in B16-F1 cells ex-
posed to BL. The activation of procaspase-3, indicated by the presence of cleaved caspase-3,
was observed. Notably, treatment with TRF, but not αTP, significantly decreased the
levels of cleaved caspase-3 (Figure 5B). These results align with the results obtained
from the Annexin-V/PI and JC-1 assays, suggesting that TRF may protect the cells from
mitochondria-mediated apoptosis by preserving the mitochondrial membrane potential.

2.6. TRF Prevented Pigmentation Induced by BL through Regulation of Tyrosinase Activity

To study the effect of BL on pigmentation and the rate of melanogenesis in B16-F1
cells, we conducted a melanin assay and measured tyrosinase activity. The pigmentation
effect of BL on the B16-F1 cells was investigated by observing changes in cell pellet colour
and measuring intracellular and extracellular melanin content. BL exposure induced a
visible darkening of the cell pellets, which was reversed by treatment with TRF (Figure 6A).
This finding was corroborated by the quantification of intra- and extracellular melanin
levels, which showed a significant reduction in melanin levels in the TRF-treated groups
(Figure 6B). To further elucidate the anti-pigmenting function of TRF, we assessed the
tyrosinase activities of the BL-induced cells. There was a drastic increase in tyrosinase
activity after BL exposure. While both αTP and TRF were able to decrease the activity level,
TRF appeared to exhibit a more pronounced effect (Figure 6C).
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Figure 6. Pigmentation effects of BL on B16-F1 melanocytes and protective effects of TRF on melano-
genesis process. (A) B16-F1 cell pellet colour after BL exposure and treatments. (B) Intracellular and
extracellular melanin levels of cells induced by BL and treatment. (C) Tyrosinase activity in B16-F1
cells after BL and treatment. Data shown are expressed as % of sham and expressed as mean ± SEM.
**** p < 0.0001, *** p < 0.001, and * p < 0.05 represent statistical significance.

2.7. TRF Exhibited Anti-Melanogenic Effects

Based on the results obtained in Section 2.6, which exhibit the promising effects of TRF
in preventing BL-induced hyperpigmentation, we aimed to further investigate the effects
of TRF on pigmentation. To understand the mode of action behind the anti-pigmenting
properties of TRF, we conducted the same melanin and tyrosinase assay on the B16-F1 cells.
The B16-F1 cells were treated with αTP and TRF in the absence of BL induction. Similar to
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previous experiments, changes in cell pellet colour, melanin levels, and tyrosinase activity
were measured. The TRF-treated cells exhibited a lighter pellet colour compared to the non-
treated and αTP-treated cells (Figure 7A). This finding is supported by the quantification
levels regarding intra- and extracellular melanin levels, along with the measurement of
tyrosinase activity in the cells. Remarkably, TRF treatment resulted in a significant reduction
in melanin levels and tyrosinase activity (Figure 7B). These findings demonstrate that TRF
may exhibit anti-melanogenic properties by modulating tyrosinase activity in the cells.
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Figure 7. Pigmentation effects of αTP and TRF on the melanogenesis process. (A) B16-F1 cell pellet
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activity in B16-F1 cells. Data shown are expressed as % of sham and expressed as mean ± SEM.
**** p < 0.0001, ** p < 0.01, and * p < 0.05 represent statistical significance.
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3. Discussion

In our modern, fast-paced, and digitalized world, we are constantly surrounded by
devices that emit BL, leading to an increase in the production of ROS. Melanin, a photopro-
tective and redox-active pigment, is produced in response to the increased oxidative stress
caused by exposure to ROS. This pro-oxidative state triggers an upregulation of melanin
production, resulting in skin darkening and hyperpigmentation [21]. Our study involved
investigating the anti-oxidative, anti-apoptotic, and anti-melanogenic properties of TRF in
BL-exposed B16-F1 melanocytes. Additionally, we also aimed to elucidate the molecular
mechanisms underlying BL-induced apoptosis and pigmentation.

BL exposure is known to generate a significant amount of superoxide ROS, leading to
cellular inflammation and oxidative stress. Under normal circumstances, our cells possess
their own anti-oxidative systems that can eliminate the generated ROS. However, BL is
known to oxidize the anti-oxidants produced by the cell, compromising the cell’s anti-
oxidative capacity [22]. When a cell undergoes oxidative stress, it can result in irreversible
damage. If the cell’s endogenous repair mechanisms are unable to rapidly address this
damage, it can accumulate and ultimately lead to cell death [23]. In our study, we observed
an increase in ROS levels in the B16-F1 cells exposed to BL. However, both treatments,
αTP and TRF, were effective in reducing the ROS produced, with TRF exhibiting a more
significant protective effect. T3s act as a potent anti-oxidant, scavenging free radicals more
effectively than αTP due to their structural differences, which allow for better penetration.
Furthermore, γT3s and TRF have been reported to possess various anti-oxidative properties,
such as preventing a reduction in the expression of the enzyme superoxide dismutase
(SOD) [24,25]. The regulation of SOD activity is crucial, as it is the only enzyme that
exclusively interacts with superoxide, helping to keep the levels of ROS at a minimum
in cells [26]. Therefore, our treatment with TRF might be beneficial in suppressing the
formation of BL-induced superoxide, thereby protecting the cells from a pro-oxidative state.

The accumulation of ROS in cells can activate various signalling pathways, including
apoptosis or necrosis-related pathways [27]. One of the major pathways involved in cellu-
lar apoptosis is the MAPK pathway. MAPK signalling cascades play a role in numerous
physiological processes, such as proliferation, differentiation, inflammation, and apoptosis.
Among the different MAPK subgroups, p38 is often activated in response to oxidative stress,
inflammation, and DNA damage [28,29]. The activation of the p38 molecule is denoted
by phosphorylation and can lead to either an intrinsic apoptotic pathway, activated by
internal cell stresses, or an extrinsic apoptotic pathway, typically activated by external
stimuli [30]. Oxidative stress within cells, as part of the intrinsic pathway, can contribute
to the activation of pro-apoptotic factors, resulting in mitochondrial membrane permeabi-
lization and alterations in mitochondrial membrane potential. This triggers a cascade of
signalling events, including the release of the apoptogenic factor cytochrome c from the
mitochondria into the cytoplasm. Cytochrome c in the cytosol then forms a complex with
apoptotic protease activating factor-1 and caspase-9, further activating caspases such as
caspase-3 and ultimately leading to cellular destruction [9,31].

In this study, we investigated the effect of TRF on the activity of the p38 MAPK
molecule and the mitochondria-mediated apoptotic pathway. Our results showed that
TRF effectively abolished the activation of the p38 molecule, improved the mitochondrial
membrane potential, and reduced the expression of cleaved caspase-3. In a previous
research study, Satyamitra et al. [32] reported that γT3, an isomer found in TRF, can suppress
the activities of caspase-3 and caspase-7, but it does not affect the levels of cytochrome
c. This suggests that γT3 may not directly rescue mitochondrial function. Additionally, a
previous study substantiates our findings by showing that treatment with TRF can lower
levels of ROS and MAPK proteins, which are precursors of oxidative stress [16]. Based
on these observations, we theorize that TRF rescues B16-F1 cells exposed to BL due to its
anti-oxidative nature, thereby terminating the downstream apoptotic signalling cascade.
Further studies are warranted to elucidate the role and mode of action of TRF in the
mitochondria-mediated apoptotic pathway.
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Our study demonstrated that prolonged BL exposure increased the rate of melano-
genesis in B16-F1 cells by modulating tyrosinase activity. Tyrosinase and dopachrome
tautomerase are the key liming enzymes involved in melanogenesis, which is the process
of skin pigmentation [33]. During melanogenesis, the formation of dopaquinone (DQ) is a
rate-limiting step and is produced when L-tyrosine is oxidized by tyrosinase. The produced
DQ then undergoes subsequent reactions to produce either pheomelanin or eumelanin,
making tyrosinase a key enzyme in melanogenesis [34]. In addition to tyrosinase, melanin
synthesis in melanocytes is regulated by microphthalmia-associated transcription factor
(MITF), which is the master gene of melanocyte development and can be activated by
various external stimuli, including the MAPK signalling pathway [35].

In our study, TRF exhibited anti-melanogenic properties by reducing the levels of
intra- and extracellular melanin produced upon BL induction. This could be attributed
to the anti-oxidative functions of TRF. Furthermore, our results also established that TRF
inhibited melanogenesis by modulating tyrosinase activity, suggesting that TRF may have
a direct effect on melanin synthesis. Although the expression of MITF would be crucial
in discussing the melanogenic pathways, our findings showed a significant decrease in
tyrosinase activity with TRF treatment. Considering that tyrosinase expression is tightly
regulated by MITF, it is plausible to consider that TRF may also exert an inhibitory effect
on MITF expression [36].

Our experimental design provided quantitative evidence that supports our hypothesis
and enhances our understanding of the effects of BL on melanocytes. To the best of our
knowledge, this is the first study to demonstrate the efficacy and protective effects of
TRF against BL-induced oxidative stress and melanogenesis, particularly in comparison
with αTP, which is a more commonly used active ingredient in the skin care market.
However, we acknowledge that there are certain limitations to this study. To gain a more
comprehensive understanding of the mode of action of TRF, further molecular research
is needed. Specifically, the use of inhibitors targeting various signalling pathways, such
as p38-MAPK, which regulates mitochondrial apoptosis and melanogenesis, would be
beneficial in elucidating the precise mechanism by which TRF exerts its effects. This would
provide deeper insights into the molecular pathways involved in the protective actions
of TRF against BL-induced oxidative stress and melanogenesis. Moreover, to validate the
protective effects of TRF on BL-induced skin damage, additional randomized controlled
clinical trials are also needed.

4. Materials and Methods

For our study, we conducted various assays to investigate the protective effects of TRF
on BL-exposed melanocytes. Sections 4.1 and 4.2 list the cell culture reagents used and
treatment preparation. Section 4.3 outlines the BL panel parameters. Sections 4.4 and 4.5
describe the MTT proliferative assay and the apoptosis assay, the latter of which was carried
out via flow cytometry. Sections 4.6 and 4.7 describe the fluorescence imaging analysis for
ROS and mitochondrial membrane potential. Sections 4.8 and 4.9 detail the melanogenesis
rate and tyrosinase activity measurements. Section 4.10 explains the Western blotting
protocol, and Section 4.11 states the statistical analysis protocols utilized for this study.

4.1. Cell Culture and Reagents

Murine melanoma B16-F1 cell line (CRL-6323) was purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco’s
modified Eagle’s Medium (DMEM; Nacalai Tesque Inc., Kyoto, Japan) supplemented
with 10% (v/v) foetal bovine serum (HyClone Laboratories, Logan, UT, USA) and 1%
(v/v) penicillin G (100 U/mL) and streptomycin (100 µg/mL) (gibco, Thermo Scientific,
Waltham, MA, USA). The cells were grown and maintained at 37 ◦C with 5% CO2 and
humidity. Monoclonal antibodies against phospho-p38, total p38, and cleaved caspase 3
were obtained from Cell Signaling Technology (Danvers, MA, USA). A monoclonal antibody
against β-actin was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
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Phosphate buffered saline (PBS), 0.05% trypsin, and phenol red-free DMEM were purchased
from Gibco (Thermo Scientific). Dimethyl sulfoxide (DMSO) was purchased from Kanto
Chemical Co. (Tokyo, Japan). Methanol and absolute ethanol were purchased from Fisher
Scientific (Thermo Scientific). MTT, αTP, synthetic melanin, l-3,4-dihydroxyphenylalanine
(L-DOPA), bovine serum albumin (BSA), DCFDA, and JC-1 kit were obtained from Sigma-
Aldrich (St. Louis, MO, USA). TRF with a purity of ≥95% was supplied by Davos Life
Science Sdn Bhd (DavosLife E3, Petaling Jaya, Malaysia).

4.2. Natural Extract and Cell Treatment

The TRF and αTP stock solution were prepared in absolute ethanol at a concentration
of 100 mM and stored at −20 ◦C. The stocks were then diluted in complete DMEM or
phenol red-free DMEM to a final concentration of 20 µM for each treatment. The B16-F1
cells were incubated with the respective treatments for 24 h before irradiation, during the
irradiation, and after irradiation where necessary.

4.3. Cell Irradiation

The B16-F1 cells were subjected to artificial BL irradiation with the aim of inducing
oxidative stress and melanin synthesis within the melanocytes. The BL source was a
panel of LED light bulbs (15 × 15) with a power of 3.6 mW/cm2, which emitted light at
465 nm (HQRP, Harrison, NJ, USA) and were placed in a customized WCI-40 CO2 incubator
(Bio Laboratories Pte Ltd., Singapore). The B16-F1 cells were exposed to a BL irradiation
dosage of 38 J/cm2, which is equivalent to 3 h of in vitro BL exposure. Immediately after
irradiation, fresh media with the respective treatments were added, and the cells were
maintained in the CO2 incubator.

4.4. MTT Cell Viability Assay

The B16-F1 cells were cultured in the individual wells of a 96-well plate at a density
of 5 × 103 cells/well for 24 h. The cell viability of the cells was measured 24 h after BL
irradiation. MTT solution (0.5 mg/mL) was added into each well for 2 h and incubated
at 37 ◦C with 5% CO2 and humidity. The formazan crystals were dissolved in 200 µL of
DMSO, and the absorbance was measured at 595 nm using the Enspire® Multimode Plate
Reader (Perkin Elmer, Waltham, MA, USA).

4.5. Annexin-V Assay by Flow Cytometry

Cellular death was assessed by using the Dead Cell Apoptosis Kit with Annexin V
(Thermo Scientific) according to the manufacturer’s protocol. The cells were cultured in
60 mm Petri dishes at a density of 2 × 105 cells/dish for 24 h. At 24 h after BL exposure,
the cells were harvested by trypsinization, washed twice in ice cold PBS, and resuspended
in 1× annexin-binding buffer at a concentration of 1 × 106 cells/mL. The samples were
then used for flow cytometry analysis using the Accuri™ C6 Plus System (Becton Dickson,
Franklin Lakes, NJ, USA).

4.6. Intracellular ROS Assay

The B16-F1 cells were cultured in 6-well plates at a density of 0.8 × 106 cells/well for
24 h. Immediately after BL irradiation, the cell culture medium was aspirated, and the cells
were incubated with 10 µM of DCFDA dye for 30 min in the dark at 37 ◦C. The cells were
then washed twice in PBS, and microscopic images were obtained using the EVOS M5000
Imaging System (Thermo Scientific) with a green excitation filter. Fluorescence intensity
was then analysed using ImageJ version 1.8.0_172 (National Institutes of Health, Bethesda,
MD, USA), and data were normalized with respect to the respective sham values.

4.7. Mitochondrial Membrane Potential

To assess mitochondrial membrane potential, the JC-1 assay was conducted. The
B16-F1 cells were cultured in 60 mm Petri dishes at a density of 2 × 105 cells/dish for
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24 h. Immediately after BL irradiation, the cell culture medium was aspirated, and the cells
were incubated with 5 ug/mL of JC-1 dye for 20 min in the dark at 37 ◦C. Subsequently, the
cells were washed twice in incomplete DMEM. Microscopic images were obtained using an
inverted microscope (Eclipse TE2000-U, Nikon, Minato City, Tokyo, Japan) with orange–red
and green filters emitted from a Nikon Intensilight C-HGFI. Images were captured using
a Nikon Digital Sight DS-U2. Fluorescence intensity was analysed using ImageJ version
1.8.0_172 (National Institutes of Health), and data were normalized with respect to the
respective sham values.

4.8. Intracellular and Extracellular Melanin Content

The B16-F1 cells were cultured in 60 mm Petri dishes at a density of 2 × 105 cells/dish
for 24 h. After 24 h, the cells were harvested by scraping, and the cell culture medium
were collected. The cells were then incubated at 60 ◦C at 1 h in 1 M NaOH and vortexed to
solubilize the melanin pigments. Following that, the cell suspensions and culture medium
were centrifuged at 1500× g rpm for 15 min. The absorbance was then measured at 405 nm
using the EnSpire® Multimode Plate Reader (Perkin Elmer) and compared to a standard
curve prepared using synthetic melanin. Thereafter, the intracellular and extracellular
melanin contents were determined based on absorbance/µg of protein. The protein content
was determined using the DC protein assay kit (Bio-Rad, Hercules, CA, USA).

4.9. Tyrosinase Activity

Cellular tyrosinase activity was determined as reported by Lee et al. with slight
modifications [37]. The cells were cultured in 60 mm Petri dishes at a density of 2 × 105

cells/dish for 24 h. At 24 h after irradiation and treatment, the cells were washed with
PBS and collected with lysis buffer. The cells were then ruptured by freezing for 30 min in
−80 ◦C, followed by thawing on ice. Afterwards, the lysate was clarified by centrifugation
at 13,000× g rpm for 20 min at 4 ◦C. The protein content was determined using the DC
protein assay (Bio-Rad). An equal amount of protein was then added into each well of
a 96-well plate, followed by 10% of 2 mg/mL L-DOPA prepared in phosphate solution.
The well plate was then incubated at 37 ◦C for 1 h, and the absorbance of the mixture was
measured using the EnSpire® Multimode Plate Reader (Perkin Elmer).

4.10. Western Blot

Whole lysates were collected by resuspending the cell pellets with RadioImmunoPre-
cipitation Assay (RIPA) lysis buffer containing 50 mM Tris-HCl pH 8.0, 150 mM sodium
chloride, 1 mM ethylenediaminetetraacetic acid, 1% v/v nonidet P-40, 0.5% v/v sodium
deoxycholate, and 0.1% v/v sodium dodecyl sulfate supplemented with protease and
phosphatase cocktail inhibitors (Roche, Basel, Switzerland). The protein concentration was
determined using the DC Protein Assay Kit (Bio-Rad) according to the manufacturer’s
instructions, and protein standards were prepared using BSA. The protein samples were
then prepared and loaded onto polyacrylamide gel electrophoresis at 20 mA for 1 h using
the Mini-PROTEAN 3 Cell (Bio-Rad). The membrane was then blocked with 10% v/v
non-fat milk in Tris-buffered Saline (TBS) supplemented with 0.1% v/v Tween-20 (TBS-T).
Subsequently, the blots were washed twice with TBS-T and then incubated with the cor-
responding antibodies at 4 ◦C overnight. The blots were then washed thrice with TBS-T
to remove the unbound primary antibodies before exposure to IgG-HRP-conjugated sec-
ondary antibodies in 5% v/v non-fat milk in TBS-T for 1 h at room temperature (25 ◦C). The
unbound secondary antibodies were removed by being washed thrice with TBS-T. Chemilu-
minescent protein bands were then visualized by ECL Select Western Blot Detection Reagent
(Amersham, Piscataway, NJ, USA) using the ChemiDoc MP Imaging System, and ImageLab
TM software version 6.1 (both from Bio-Rad) was used for densitometric analysis.
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4.11. Statistical Analysis

All results are expressed as the mean ± standard error of the mean (SEM), and the
data obtained nwere statistically evaluated via a one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparisons test carried out using GraphPad Prism 9.4.1
(GraphPad Software, San Diego, CA, USA). A p value of <0.05 (*) was considered to be
statistically significant.

5. Conclusions

Exposing the skin to BL for a prolonged period of time can disrupt skin health by
generating ROS and causing hyperpigmentation, which can accelerate skin ageing [38].
BL also has detrimental effects on mitochondrial health, leading to a decline in cell func-
tion and, eventually, cell death [39]. Our study demonstrated that BL exposure induced
cell death and hyperpigmentation in melanocytes. However, treatment with TRF was
able to protect melanocytes from cell death and hyperpigmentation, potentially through
the regulation of ROS and mitigation of mitochondria damage. TRF treatment also pro-
vided anti-pigmentation properties by regulating tyrosinase activity. In summary, our
results indicate that TRF exhibits more robust protective effects against BL-induced dam-
age in melanocytes compared to αTP through a combination of anti-oxidative and anti-
melanogenic mechanisms (Figure 8). These findings support the potential of TRF as an
active agent for protecting melanocytes from BL-induced damage. Future research, in-
cluding human clinical trials, are needed to validate the effects of TRF on human skin.
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Figure 8. Schematic diagram illustrates the suggested mechanisms underlying the anti-oxidative
and anti-melanogenic effects of TRF in BL-induced cellular stress and melanogenesis in B16-F1 cells.
TRF effectively reduces the ROS production induced by BL, thereby inhibiting the activation of the
p38 MAPK molecule. This inhibition subsequently protects the mitochondrial membrane potential
of the cells and prevents cell death. Additionally, TRF demonstrates the ability to ameliorate the
hyperpigmentation effects induced by BL through its ROS-protecting properties and modulation of
tyrosinase activity in B16-F1 cells.
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