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Abstract: Melanin is synthesized through a series of oxidative reactions initiated with tyrosine and
catalyzed by melanogenesis-related proteins such as tyrosinase, tyrosinase-related protein-1 (TRP-1),
dopachrome tautomerase (TRP-2), and microphthalmia-associated transcription factor (MITF). Our
previous study demonstrated that sesamol inhibited melanin synthesis through the inhibition of the
melanocortin 1 receptor (MC1R)/MITF/tyrosinase pathway in B16F10 cells. In this study, sesamol
was applied to C57BL/6 mouse skin to understand its activity with respect to skin pigmentation.
The results indicated that ultraviolet (UV) B-induced hyperpigmentation in the C57BL/6 mouse
skin was significantly reduced by topical application of sesamol for 4 weeks. Sesamol reduced
the melanin index and melanin content of the skin. In addition, sesamol elevated the brightness
(L* value) of the skin. Sesamol also reduced UVB-induced hyperplasia of epidermis and collagen
degradation in dermis. In immunohistochemical staining, topical application of sesamol reduced
UVB-induced tyrosinase, TRP-1, TRP-2, and MITF expression in the epidermis of the skin. These
results demonstrated that sesamol is a potent depigmenting agent in the animal model.

Keywords: sesamol; melanogenesis; tyrosinase; tyrosinase-related protein-1; microphthalmia-associated
transcription factor

1. Introduction

Melanin is synthesized in melanocytes, matured and stored in melanosomes, after which it is
transferred through dendrites to keratinocytes, which determine the color of skin. Melanin synthesis is
regulated by genes, proteins, and enzymes, namely tyrosinase, microphthalmia-associated transcription
factor (MITE), tyrosinase-related protein-1 (TRP-1; 5,6-dihydroxyindole-2-carboxylic acid oxidase), and
dopachrome tautomerase (TRP-2) [1,2]. Keratinocytes secrete factors or hormones that bind to specific
receptors on melanocytes to initiate melanin synthesis, which involves the stimulation of the secretion
of a-melanocyte-stimulating hormones («-MSHSs) that bind to the melanocortin 1 receptor (MCIR)
and the activation of cyclic adenylate, which transfers adenosine triphosphate to cyclic adenosine
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monophosphate (CAMP). Activation of cAMP increases MITF expression to upregulate tyrosinase,
TRP-1, and TRP-2 expression, promoting melanin synthesis in melanocytes [3,4].

The types and amounts of melanin are influenced by various extrinsic and intrinsic factors,
chiefly hormones, inflammation, and ultraviolet (UV) irradiation. Exposure to sunlight may cause an
abnormal increase in the generation of reactive oxygen species (ROS), which may induce skin damage,
including collagen degradation in the dermis and hyperplasia of the epidermis [5]. The initiation of
melanogenesis may protect the skin from the deleterious effects of UV irradiation and environmental
pollutants [6]. However, the excess accumulation of melanin not only causes aesthetic problems but
also induces pigmentation disorders [7,8]. Hydroquinone is a skin whitening agent; however, its
dermal application has induced slight-to-severe irritation in rats and humans [9,10]. Retinoic acid may
cause developmental toxicity. Researchers have sought to identify safe skin whitening agents for the
inhibition of hyperpigmentation in the skin [11,12]. Natural products or agents with antioxidant and
tyrosinase-inhibiting activities are safer candidates for preventing hyperpigmentation [13-16].

Sesamol is an active component in sesame seeds. Sesame seeds are a common food in Asian
countries. A study reported that sesamol has potent antioxidant and free radical scavenging
activities [17,18]. In addition, sesamol exhibited anti-inflammatory activity in another study [19].
A study reported that sesamol decreased UVB-irradiation-induced cytotoxicity, intracellular ROS
generation, lipid peroxidation, oxidative DNA damage, and apoptotic morphological changes in
human fibroblasts [20]. It was also reported that sesamol inhibited melanin biosynthesis through
decreasing the expression of tyrosinase, TRP-1, TRP-2, MITF, and MCIR in melan-a cells [21]. In our
previous study, sesamol was found to inhibit melanin synthesis through the regulation of cAMP/protein
kinase A (cAMP/PKA), mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated
kinases (ERK), protein kinase B (AKT)/glycogen synthase kinase 3 beta (GSK33)/CREB, TRP-1, and
MITF in B16F10 cells [22]. In addition, sesamol inhibited the activity and protein expression of
tyrosinase in melanocytes [22]. This study further investigated the antimelanogenic activity of sesamol
in C57BL/6 mice.

2. Materials and Methods

2.1. Chemicals and Materials

Sesamol, arbutin, and polyethylene glycol (PEG)-400 were obtained from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Monobasic potassium phosphate (KHPO4) and monobasic sodium
phosphate (NaH;PO4) were obtained from USB Corporation (Cleveland, OH, USA). Ethyl alcohol
was purchased from Taiwan Sugar Company (Tainan, Taiwan). Antibodies recognizing TRP-1 and
tyrosinase were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fontana-Masson
(Melanin Stain, Abcam Cambridge, MA, USA) and an antibody recognizing MITF were obtained
from Abcam (Cambridge, MA, USA). All other chemicals and reagents used in this study were of
high-quality grade and were commercially obtainable.

2.2. Preparation of Samples

Sesamol was dissolved in PEG-400 to prepare 1% and 3% sesamol solutions. Arbutin was also
dissolved in PEG-400 to prepare a 3% arbutin solution. PEG-400 was used as the vehicle.

2.3. Animals and Experimental Design

Experimental Animals

The animal experimental protocols were adopted according to the recommendations of the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Use and Care
Committee of China Medical University (Protocol No.: 104-192-N). Four-week-old female C57BL/6
mice from the National Laboratory Animal Center (Taipei, Taiwan) were obtained for this study.
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The mice were maintained in the following conditions: temperature, 22 + 2 °C; relative humidity,
50% + 10%; and light-dark cycle, 12 h. During this period, a standard laboratory diet and water were
provided ad libitum.

2.4. UVB Irradiation and Sesamol Treatment

After 1 week of acclimatization, the mice were randomly divided into the following five groups:
control, UVB-irradiated and vehicle (PEG-400)-treated, UVB-irradiated and 3% arbutin-treated,
UVB-irradiated and 1% sesamol-treated, UVB-irradiated and 3% sesamol-treated groups. Each
group consisted of six mice. This study used UV light (broadband with peak emission at 302 nm,
CL-1000 M, UVP, USA). The mice were exposed to 180 mJ/cm? of UVB irradiation three times a
week (on days 1, 3, and 5) for 2 weeks according to previous methods with slight modification [23].
Vehicle-treated UVB-irradiated mice were topically administered PEG on the ear skin daily, and
sesamol-treated mice were topically administered 1% or 3% sesamol on the ear skin daily. Sesamol
was applied on the skin after UVB irradiation. Control mice did not receive any treatment. Details of
the animal experimental process are presented in Figure 1.
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Figure 1. Implementation process of animal experimentation.

2.5. Measurement of Melanin Index and L* Value of Mouse Skin

The melanin index of the dorsal skin of the mouse ear was measured using the Mexameter®
MX18 of the Multi Skin Test Center (Courage + Khazaka Electronic GmbH, Cologne, Germany). The
brightness of the skin (denoted as L*) was measured using a spectrocolorimeter (SCM-104/108, Ruyico
Technology Corporation, Taipei, Taiwan).

2.6. Preparation of Skin Specimens and H&E Staining

The mice were euthanized through excess carbon dioxide inhalation at the end of the experiment.
The mice were macroscopically observed, and their ears were excised, fixed in 10% formaldehyde,
and embedded in paraffin. The skin slides were stained with H&E. Collagen in the skin sections was
stained with Masson trichrome and was examined under a microscope, as previously described [24,25].

2.7. Immunohistochemical Staining

Immunohistochemical staining has been proven to be one of the most powerful techniques in the
characterization of the levels and locations of protein in the tissue or organs [26,27]. The skin sections
were stained with the monoclonal antimouse antibodies, including tyrosinase, TRP-1, TRP-2, and MITE.
The skin sections were examined by microscopy, and the protein expression was determined using
Image J software (National Institutes of Health, Bethesda, MD, USA).



Antioxidants 2019, 8, 207 40f 16

2.8. Statistical Analyses

Values are expressed as mean + standard deviation. Student’s t-test or analysis of variance was
used to analyze differences among all groups; subsequently, Scheffe’s test was used as the post hoc test.
p values < 0.05 indicated statistical significance.

3. Results

3.1. Body Weight of Animals

The body weights of the mice are presented in Figure 2. The body weights were not significantly
different in each group after the 4-week experiment.
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Figure 2. Body weight variation of C57BL/6 mice receiving topical application of sesamol during the
4-week study period.

3.2. Melanin Index

The melanin index of C57BL/6 mice in the control group was 763.5 + 25.0, which increased to
865.4 + 21.9 after UVB exposure for 4 weeks (Figure 3). However, 1% and 3% sesamol treatment for
4 weeks reduced the melanin index to 757.4 + 27.0 and 717.4 + 11.5, respectively. The effect of 3%
sesamol was similar to that of the same concentration of arbutin (Figure 3). The results suggested that
sesamol significantly reduced UVB-induced hyperpigmentation in the mouse skin.
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Figure 3. Effect of sesamol on the melanin index of C57BL/6 mouse ear skin post UVB irradiation in the

fourth week. UVB irradiation increased the melanin index, whereas topical application of sesamol

decreased the melanin index. (Significant difference versus control: ###, p < 0.001. Significant difference
versus UVB-irradiated group: ***, p < 0.001.).

3.3. L* Value and Hypopigmentation of the Mouse Ear from Sesamol Treatment

The L* value represents brightness, and the higher the L* value is, the brighter the skin is. As
illustrated in Figure 4, the L* value of C57BL/6 mice in the control group was initially 53.3 + 2.1 and
decreased to 47.5 + 1.3 after UVB exposure for 4 weeks. However, the L* value increased to 53.2 + 1.8
and 52.6 + 2.3 after the 1% and 3% sesamol treatment for 4 weeks, respectively. The results suggest
that sesamol exhibits hypopigmentation activity. As indicated in Figure 5, UV exposure induced
hyperpigmentation of the ear skin of the mice, whereas sesamol treatment exhibited depigmentation
activity. In addition, the effect of sesamol on depigmentation was similar to that of arbutin.

uUvB
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Figure 4. Effect of sesamol on L* values (brightness) of C57BL/6 mouse ear skin after UVB irradiation in

the fourth week. UVB irradiation decreased L* values, whereas topical application of sesamol increased

L* values. (Significant difference versus control: ###, p < 0.001. Significant difference versus UVB

treated group: ***, p < 0.001.).
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Figure 5. Photographs illustrate the skin lightening effect of sesamol after topical application for 4
weeks on UVB-irradiation-induced hyperpigmentation in C57BL/6 mice.

3.4. Histochemical Staining

3.4.1. Melanin Content Determined Through Fontana-Masson Staining

Melanin was stained through Fontana-Masson staining, and the results are presented in Figure 6.
UVB induced melanin synthesis (as indicated by the arrows), whereas sesamol treatment decreased
melanin content in the epidermis of the mouse ear. The effect of sesamol on anti-melanogenesis was
similar to that of arbutin.

N B
BN 2 = = 2 AR - A4 v A 3 S
: = < SR AN ot
e S “\ 2 2
Control uvB UVB + 1% sesamol
S .
.
1 P s
: S, >
UVB + 3% sesamol UVB + 3% Arbutin

Figure 6. Cont.
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Figure 6. Effect of sesamol on UVB-irradiation-induced hyperpigmentation in C57BL/6 mice ear
skin. Melanin pigments (as indicated by the arrows) were stained black by Fontana-Masson staining
(400X). Topical application of sesamol reduced melanin pigments. (Significant difference versus control:
###, p < 0.001. Significant difference versus UVB treated group: ***, p < 0.001.).

3.4.2. Thickness of the Epidermis

Exposure to UV light will induce hyperplasia in the skin. According to the results of hematoxylin
and eosin (H&E) staining, UVB caused epidermal hyperplasia, but sesamol reversed this effect (Figure 7).
Sesamol may protect the skin from UVB-induced epidermal thickening and skin damage.
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Figure 7. Cont.
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Figure 7. Effect of sesamol on UVB-irradiation-induced histopathological changes in C57BL/6 mouse
ear skin. Tissue morphology was visualized through hematoxylin and eosin (H&E) staining (400X).
UVB irradiation caused hyperplasia in the skin, whereas topical application of sesamol once a day to
the ear skin reduced the thickness of the epidermis. (Significant difference versus control: ###, p < 0.001.
Significant difference versus UVB treated group: ***, p < 0.001.).

3.4.3. Collagen in the Dermis Determined Using Masson’s Trichrome

Collagen in the dermis was stained blue by Masson’s trichrome. In Figure 8, it is evident that the
content and density of collagen in the dermis of the ear were reduced after UVB exposure, whereas
topical application of sesamol restored the collagen level in the ear dermis, while the difference was
not statistically significant.
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Figure 8. Cont.
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Figure 8. Light micrographs of histological sections stained with Masson'’s trichrome in UVB-irradiated
C57BL/6 mice that received topical application of sesamol once a day to the ear skin. The collagen
content decreased in the UVB-irradiated group, whereas topical application of sesamol once a day to
the ear skin restored the collagen level.

3.5. Sesamol Inhibited Melanin-Synthesis-Related Protein Levels in UV B-Exposed Mouse Skin

After UVB irradiation exposure, the tyrosinase level in the epidermis of the mouse skin
increased. However, as depicted in Figure 9, sesamol treatment reduced tyrosinase expression
in a dose-dependent manner.
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Figure 9. Cont.
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Figure 9. Light micrographs of histological sections stained with antibodies against tyrosinase in
UVB-irradiated C57BL/6 mice that received topical application of sesamol once a day to the ear skin.
The tyrosinase level increased in the UVB-irradiated group, whereas topical application of sesamol
reduced the effect. (Significant difference versus control: ###, p < 0.001. Significant difference versus
UVB treated group: ***, p < 0.001.).

UVB irradiation stimulates melanin-synthesis-related protein expression and induces
melanogenesis. Figures 10-12 illustrate that UVB-irradiation-induced TRP-1, TRP-2, and MITF
expression in the epidermis of the mouse skin, whereas the topical application of sesamol significantly
inhibited UVB-induced melanin-synthesis-related protein expression, which inhibited pigmentation in
the mouse skin.
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Figure 10. Cont.
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Figure 10. Light micrographs of histological sections stained with tyrosinase-related protein-1 (TRP-1)

in UVB-irradiated C57BL/6 mice that received topical application of sesamol once a day to the ear

skin. The TRP-1 level increased in the UVB-irradiated group, whereas topical application of sesamol

reduced the effect. (Significant difference versus control: ###, p < 0.001. Significant difference versus

UVB treated group: ***, p < 0.001.).
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Figure 11. Light micrographs of histological sections stained with dopachrome tautomerase (TRP-2)
in UVB-irradiated C57BL/6 mice that received topical application of sesamol once a day to the ear
skin. The TRP-2 level increased in the UVB-irradiated group, whereas topical application of sesamol
reduced the effect. (Significant difference versus control: ###, p < 0.001. Significant difference versus
UVB treated group: ***, p < 0.001.).
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Figure 12. Cont.
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Figure 12. Light micrographs of histological sections stained with microphthalmia-associated
transcription factor (MITF) in UVB-irradiated C57BL/6 mice that received topical application of
sesamol once a day to the ear skin. (Significant difference versus control: ###, p < 0.001. Significant
difference versus UVB treated group: *, p < 0.05, **, p < 0.01, ***, p < 0.001.).

4. Discussion

Exposure to UVB irradiation is the major risk factor for skin cancer and skin photoaging. UV
irradiation induces oxidative DNA damage through the generation of ROS, resulting in skin cancer [28].
Agents or materials with antioxidative activity may protect the skin from UV irradiation damage
by quenching free radicals [29,30]. Sesame and sesamol was reported with antioxidative and free
radical scavenging activities [17,18,20,31,32]. Sesamol increased the activities of superoxide dismutase,
catalase, glutathione peroxidase, and glutathione, which were reduced by UVB irradiation [20]. In
addition, sesamol inhibited UVB irradiation-induced cytotoxicity, intracellular ROS, lipid peroxidation,
and oxidative DNA damage in human skin fibroblasts [20]. Sesamol, which contains a phenol group,
can scavenge ROS and free radicals and is a strong antioxidant that can inhibit monophenolase and
diphenolase activity [20]. UV irradiation exposure also induces hyperplasia of the epidermis and
collagen degradation in the dermis [33,34]. However, topical application of agents or materials with
antioxidative activity ameliorates the injury caused by UVB. In this study, sesamol reduced UVB-induced
skin damage. Melanogenesis is a series of oxidation reactions; materials with antioxidative activity
may inhibit the process of melanin synthesis [8,13,35]. The free radicals scavenging activity of sesamol
may contribute to its anti-melanogenesis activity.

Melanin is synthesized by several oxidative reactions that are initiated by tyrosine and multiple
enzymes [1]. Tyrosinase is the rate-limiting enzyme in melanin synthesis [35]. Tyrosinase determines
the skin and hair color of mammals. Tyrosinase accumulation may cause dermatological disorders
such as melasma and age spots; therefore, inhibition of tyrosinase may contribute to depigmentation.
It was reported that sesamol inhibited tyrosinase activity [21,36]. Sesamol potently inhibited melanin
biosynthesis in melanocytes in zebrafish [21]. In our previous study, sesamol inhibited intracellular
activity and protein expression of tyrosinase in B16F10 cells [22]. Sesamol was a competitive inhibitor
of diphenolase activity and a noncompetitive inhibitor of monophenolase activity in B16F10 cells [36].
The present study further demonstrated the inhibitory effect of sesamol on melanin content and
tyrosinase expression in C57BL/6 mice.

In addition to tyrosinase, TRPs such as TRP-1 and TRP-2 are involved in melanin synthesis.
Tyrosinase hydroxylates tyrosine to dihydroxyphenylalanine (DOPA) and oxidizes DOPA to
dopaquinone [37]. TRP-2 catalyzes the conversion of dopachrome to 5,6-dihydroxyindole-2-carboxylic
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acid (DHICA), and TRP-1 oxidizes the conversion of DHICA to indole-5,6-quinone carboxylic
acid [3]. Our previous study reported that sesamol inhibited «-MSH-induced melanogenesis in
a dose-dependent manner [22]. The inhibition of TRP-1 and tyrosinase protein expressions of sesamol
reduced melanin synthesis in B16F10 cells [22]. The results of immunohistochemical staining in the
present study demonstrated that sesamol inhibited UVB-irradiation-induced tyrosinase, TRP-1, and
TRP-2 expression in epidermis of the mouse skin. Stimulation of MC1R by «-MSH activates adenyl
cyclase to increase cAMP production. MITE, a basic helix-loop-helix leucine zipper transcription
factor involved in the development of melanocytes, is a major regulator of the synthesis of TRPs.
MITF is the major transcription factor that plays an important role in melanogenesis. When a specific
sequence of the tyrosinase gene is targeted by MITF, tyrosinase expression is upregulated. The
results of immunohistochemical staining in the present study demonstrated that sesamol inhibited
UVB-irradiation-induced MITF expression in epidermis of the mouse skin. These data were found to
be in agreement with our previous studies regarding inhibition of intracellular MITF in B16F10 cells by
sesamol. Future experiments using western blotting or other assays would be necessary to ensure the
results of immunohistochemical staining.

Keratinocytes secrete hormones and growth factors that bind to specific receptors on the
membrane of melanocytes, which activate downstream signal transduction to induce melanin
synthesis and melanosome maturation [3]. Our previous study demonstrated that sesamol inhibited
a-MSH-induced MC1R and MITF expression, which reduced melanin synthesis in B16F10 cells [22].
Sesamol also inhibited melanin biosynthesis in melan-a cell through inhibiting tyrosinase and MITF
expression [21]. Sesamol also inhibited tyrosinase and melanin in zebrafish [21]. In this study, sesamol
inhibited UVB-induced expression of tyrosinase, TRP-1, TRP-2, and MITF, resulting in the decrease of
hyperpigmentation in the mice. The results of sesamol in C567BL/6 mice are consistent with those of
sesamol in B16F10 cells.

5. Conclusions

This study demonstrated the antimelanogenic activity of sesamol in C57BL/6 mice. Sesamol
reduced the melanin index and elevated the brightness of the mouse skin. Sesamol exhibited
antimelanogenic activity by inhibiting MITF, tyrosinase, TRP-2, and TRP-1 expression in the mouse
skin. In conclusion, sesamol may be used in skin whitening products in the future.
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«-MSH a-melanocyte-stimulating hormone

AKT protein kinase B

ERK extracellular signal-regulated kinases

MCIR melanocortin 1 receptor

MEK mitogen-activated protein kinase kinase

MITF microphthalmia-associated transcription factor
PEG polyethylene glycol

TRP-1 tyrosinase-related protein-1

TRP-2 tyrosinase-related protein-2;

uUv ultraviolet



Antioxidants 2019, 8, 207 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Alam, M.B,; Bajpai, VK Lee, ].; Zhao, P; Byeon, ].H.; Ra, ].S.; Majumder, R.; Lee, ].S.; Yoon, ].I; Rather, L.A;
etal. Inhibition of melanogenesis by jineol from Scolopendra subspinipes mutilans via MAP-Kinase mediated
MITF downregulation and the proteasomal degradation of tyrosinase. Sci. Rep. 2017, 7, 45858. [CrossRef]
[PubMed]

Cichorek, M.; Wachulska, M.; Stasiewicz, A.; Tyminska, A. Skin melanocytes: Biology and development.
Postepy Dermatol. I Alergol. 2013, 30, 30—41. [CrossRef] [PubMed]

Hearing, V.J. Determination of melanin synthetic pathways. J. Investig. Dermatol. 2011, 131, E8-E11.
[CrossRef] [PubMed]

Hearing, V.J., J Mammalian monophenol monooxygenase (tyrosinase): Purification, properties, and
reactions catalyzed. Methods Enzymol. 1987, 142, 154-165.

Grether-Beck, S.; Marini, A.; Jaenicke, T.; Krutmann, J. Photoprotection of human skin beyond ultraviolet
radiation. Photodermatol. Photoimmunol. Photomed. 2014, 30, 167-174. [CrossRef] [PubMed]

D’Orazio, J.; Jarrett, S.; Amaro-Ortiz, A.; Scott, T. UV radiation and the skin. Int. . Mol. Sci. 2013, 14,
12222-12248. [CrossRef]

Meira, W.V,; Heinrich, T.A.; Cadena, S.M.; Martinez, G.R. Melanogenesis inhibits respiration in B16-F10
melanoma cells whereas enhances mitochondprial cell content. Exp. Cell Res. 2017, 350, 62-72. [CrossRef]
[PubMed]

Costin, G.E.; Hearing, V.J. Human skin pigmentation: Melanocytes modulate skin color in response to stress.
FASEB . 2007, 21, 976-994. [CrossRef]

Andersen, FA.; Bergfeld, W.F,; Belsito, D.V,; Hill, R.A,; Klaassen, C.D.; Liebler, D.C.; Marks, J.G., Jr.;
Shank, R.C.; Slaga, TJ.; Snyder, PW. Final amended safety assessment of hydroquinone as used in cosmetics.
Int. ]. Toxicol. 2010, 29, 2745-287S. [CrossRef]

Hu, ZM.; Zhou, Q.; Lei, T.C.; Ding, S.E,; Xu, S.Z. Effects of hydroquinone and its glucoside derivatives on
melanogenesis and antioxidation: Biosafety as skin whitening agents. J. Dermatol. Sci. 2009, 55, 179-184.
[CrossRef]

Hwang, K.S,; Yang, ].Y.; Lee, J.; Lee, YR,; Kim, S.S.; Kim, G.R; Chae, ].S.; Ahn, J.H.; Shin, D.S.; Choi, T.Y.; et al.
A novel anti-melanogenic agent, KDZ-001, inhibits tyrosinase enzymatic activity. J. Dermatol. Sci. 2018, 89,
165-171. [CrossRef]

Kuo, YH.; Chen, C.C;; Wu, PY.; Wu, CS,; Sung, PJ; Lin, C.Y,; Chiang, H.M. N-(4-methoxyphenyl)
caffeamide-induced melanogenesis inhibition mechanisms. BMC Complement. Altern. Med. 2017, 17, 71.
[CrossRef] [PubMed]

Chou, T.H.; Ding, H.Y;; Lin, R].; Liang, J.Y.; Liang, C.H. Inhibition of melanogenesis and oxidation by
protocatechuic acid from Origanum vulgare (oregano). . Nat. Prod. 2010, 73, 1767-1774. [CrossRef]
Genovese, S.; Epifano, F.; Medina, P.; Caron, N.; Rives, A.; Poirot, M.; Silvente-Poirot, S.; Fiorito, S. Natural and
semisynthetic oxyprenylated aromatic compounds as stimulators or inhibitors of melanogenesis. Bioorg. Chem.
2019, 87, 181-190. [CrossRef] [PubMed]

Chiang, HM.; Chen, H.C.; Wu, C.S.; Wu, P.Y.; Wen, K.C. Rhodiola plants: Chemistry and biological activity.
J. Food Drug Anal. 2015, 23, 359-369. [CrossRef] [PubMed]

Chiang, H.M.; Chien, Y.C.; Wu, C.H.; Kuo, Y.H.; Wu, W.C,; Pan, Y.Y,; Su, Y.H.; Wen, K.C. Hydroalcoholic
extract of Rhodiola rosea L. (Crassulaceae) and its hydrolysate inhibit melanogenesis in B16F0 cells by
regulating the CREB/MITF/tyrosinase pathway. Food Chem. Toxicol. 2014, 65, 129-139. [CrossRef]
Srisayam, M.; Weerapreeyakul, N.; Barusrux, S.; Kanokmedhakul, K. Antioxidant, antimelanogenic, and
skin-protective effect of sesamol. . Cosmet. Sci. 2014, 65, 69-79.

Joshi, R.; Kumar, M.S.; Satyamoorthy, K.; Unnikrisnan, M.K.; Mukherjee, T. Free radical reactions and
antioxidant activities of sesamol: Pulse radiolytic and biochemical studies. J. Agric. Food Chem. 2005, 53,
2696-2703. [CrossRef]

Wu, X.L.; Liou, CJ.; Li, Z.Y,; Lai, X.Y.; Fang, L.W.; Huang, W.C. Sesamol suppresses the inflammatory
response by inhibiting NF-kappaB/MAPK activation and upregulating AMP kinase signaling in RAW 264.7
macrophages. Inflamm. Res. 2015, 64, 577-588. [CrossRef]


http://dx.doi.org/10.1038/srep45858
http://www.ncbi.nlm.nih.gov/pubmed/28393917
http://dx.doi.org/10.5114/pdia.2013.33376
http://www.ncbi.nlm.nih.gov/pubmed/24278043
http://dx.doi.org/10.1038/skinbio.2011.4
http://www.ncbi.nlm.nih.gov/pubmed/22094404
http://dx.doi.org/10.1111/phpp.12111
http://www.ncbi.nlm.nih.gov/pubmed/24433486
http://dx.doi.org/10.3390/ijms140612222
http://dx.doi.org/10.1016/j.yexcr.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27864061
http://dx.doi.org/10.1096/fj.06-6649rev
http://dx.doi.org/10.1177/1091581810385957
http://dx.doi.org/10.1016/j.jdermsci.2009.06.003
http://dx.doi.org/10.1016/j.jdermsci.2017.11.004
http://dx.doi.org/10.1186/s12906-016-1554-6
http://www.ncbi.nlm.nih.gov/pubmed/28114924
http://dx.doi.org/10.1021/np100281g
http://dx.doi.org/10.1016/j.bioorg.2019.03.026
http://www.ncbi.nlm.nih.gov/pubmed/30901673
http://dx.doi.org/10.1016/j.jfda.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28911692
http://dx.doi.org/10.1016/j.fct.2013.12.032
http://dx.doi.org/10.1021/jf0489769
http://dx.doi.org/10.1007/s00011-015-0836-7

Antioxidants 2019, 8, 207 16 of 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ramachandran, S.; Rajendra Prasad, N.; Karthikeyan, S. Sesamol inhibits UVB-induced ROS generation and
subsequent oxidative damage in cultured human skin dermal fibroblasts. Arch. Dermatol. Res. 2010, 302,
733-744. [CrossRef]

Baek, S.H.; Lee, S.H. Sesamol decreases melanin biosynthesis in melanocyte cells and zebrafish: Possible
involvement of MITF via the intracellular cAMP and p38/JNK signalling pathways. Exp. Dermatol. 2015, 24,
761-766. [CrossRef] [PubMed]

Wu, PY;; You, Y.J; Liu, YJ.; Hou, CW.; Wu, C.S.; Wen, K.C; Lin, C.Y.; Chiang, H.M. Sesamol Inhibited
Melanogenesis by Regulating Melanin-Related Signal Transduction in B16F10 Cells. Int. . Mol. Sci. 2018, 19,
1108. [CrossRef] [PubMed]

Enomoto, A.; Yoshihisa, Y.; Yamakoshi, T.; Ur Rehman, M.; Norisugi, O.; Hara, H.; Matsunaga, K;
Makino, T.; Nishihira, J.; Shimizu, T. UV-B radiation induces macrophage migration inhibitory factor-mediated
melanogenesis through activation of protease-activated receptor-2 and stem cell factor in keratinocytes.
Am. J. Pathol. 2011, 178, 679-687. [CrossRef] [PubMed]

Wu, PY,; Lyu, J.L.; Liu, YJ.; Chien, T.Y; Hsu, H.C.; Wen, K.C.; Chiang, H.M. Fisetin Regulates Nrf2 Expression
and the Inflammation-Related Signaling Pathway to Prevent UVB-Induced Skin Damage in Hairless Mice.
Int. J. Mol. Sci. 2017, 18, 2118. [CrossRef] [PubMed]

Kuo, Y.H.; Chen, C.W,; Chu, Y;; Lin, P.; Chiang, H.M. In Vitro and In Vivo Studies on Protective Action of
N-Phenethyl Caffeamide against Photodamage of Skin. PLoS ONE 2015, 10, e0136777. [CrossRef] [PubMed]
Ivell, R.; Teerds, K.; Hoffman, G.E. Proper application of antibodies for immunohistochemical detection:
Antibody crimes and how to prevent them. Endocrinology 2014, 155, 676-687. [CrossRef] [PubMed]
Ramos-Vara, J.A.; Kiupel, M.; Baszler, T.; Bliven, L.; Brodersen, B.; Chelack, B.; Czub, S.; Del Piero, F; Dial, S.;
Ehrhart, E.J.; et al. Suggested guidelines for immunohistochemical techniques in veterinary diagnostic
laboratories. J. Vet. Diagn. Investig. 2008, 20, 393-413. [CrossRef] [PubMed]

Sample, A.; He, Y.Y. Autophagy in UV Damage Response. Photochem. Photobiol. 2017, 93, 943-955. [CrossRef]
Wu, PY,; Huang, C.C.; Chu, Y.;; Huang, Y.H.; Lin, P; Liu, YH.; Wen, K.C,; Lin, C.Y; Hsu, M.C.; Chiang, H.M.
Alleviation of Ultraviolet B-Induced Photodamage by Coffea arabica Extract in Human Skin Fibroblasts and
Hairless Mouse Skin. Int. J. Mol. Sci. 2017, 18, 782. [CrossRef]

Zhou, B.R,; Liu, W.L.; Luo, D. Protective effect of baicalin against multiple ultraviolet B exposure-mediated
injuries in C57BL/6 mouse skin. Arch. Pharm. Res. 2011, 34, 261-268. [CrossRef]

Hou, R.C; Chen, H.L,; Tzen, ].T.; Jeng, K.C. Effect of sesame antioxidants on LPS-induced NO production by
BV2 microglial cells. Neuroreport 2003, 14, 1815-1819. [CrossRef] [PubMed]

Hsieh, PF; Hou, C.W.; Yao, PW.; Wu, S.P; Peng, Y.F.,; Shen, M.L.; Lin, C.H.; Chao, Y.Y.; Chang, M.H.; Jeng, K.C.
Sesamin ameliorates oxidative stress and mortality in kainic acid-induced status epilepticus by inhibition of
MAPK and COX-2 activation. J. Neuroinflamm. 2011, 8, 57. [CrossRef] [PubMed]

Rittie, L.; Fisher, G.J. UV-light-induced signal cascades and skin aging. Ageing Res. Rev. 2002, 1, 705-720.
[CrossRef]

Shin, M.H.; Rhie, G.E.; Park, C.H.; Kim, K.H.; Cho, K.H.; Eun, H.C.; Chung, ].H. Modulation of collagen
metabolism by the topical application of dehydroepiandrosterone to human skin. J. Investig. Dermatol. 2005,
124, 315-323. [CrossRef] [PubMed]

D’'Mello, S.A.; Finlay, G.J.; Baguley, B.C.; Askarian-Amiri, M.E. Signaling Pathways in Melanogenesis. Int. J.
Mol. Sci. 2016, 17, 1144. [CrossRef] [PubMed]

Kumar, C.M.; Sathisha, U.V; Dharmesh, S; Rao, A.G., Singh, S.A. Interaction of sesamol
(3,4-methylenedioxyphenol) with tyrosinase and its effect on melanin synthesis. Biochimie 2011, 93, 562-569.
[CrossRef]

Pillaiyar, T.; Manickam, M.; Jung, S.H. Recent development of signaling pathways inhibitors of melanogenesis.
Cell. Signal. 2017, 40, 99-115. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00403-010-1072-1
http://dx.doi.org/10.1111/exd.12765
http://www.ncbi.nlm.nih.gov/pubmed/26010596
http://dx.doi.org/10.3390/ijms19041108
http://www.ncbi.nlm.nih.gov/pubmed/29642438
http://dx.doi.org/10.1016/j.ajpath.2010.10.021
http://www.ncbi.nlm.nih.gov/pubmed/21281800
http://dx.doi.org/10.3390/ijms18102118
http://www.ncbi.nlm.nih.gov/pubmed/28994699
http://dx.doi.org/10.1371/journal.pone.0136777
http://www.ncbi.nlm.nih.gov/pubmed/26367260
http://dx.doi.org/10.1210/en.2013-1971
http://www.ncbi.nlm.nih.gov/pubmed/24428532
http://dx.doi.org/10.1177/104063870802000401
http://www.ncbi.nlm.nih.gov/pubmed/18599844
http://dx.doi.org/10.1111/php.12691
http://dx.doi.org/10.3390/ijms18040782
http://dx.doi.org/10.1007/s12272-011-0212-2
http://dx.doi.org/10.1097/00001756-200310060-00011
http://www.ncbi.nlm.nih.gov/pubmed/14534426
http://dx.doi.org/10.1186/1742-2094-8-57
http://www.ncbi.nlm.nih.gov/pubmed/21609430
http://dx.doi.org/10.1016/S1568-1637(02)00024-7
http://dx.doi.org/10.1111/j.0022-202X.2004.23588.x
http://www.ncbi.nlm.nih.gov/pubmed/15675949
http://dx.doi.org/10.3390/ijms17071144
http://www.ncbi.nlm.nih.gov/pubmed/27428965
http://dx.doi.org/10.1016/j.biochi.2010.11.014
http://dx.doi.org/10.1016/j.cellsig.2017.09.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Preparation of Samples 
	Animals and Experimental Design 
	UVB Irradiation and Sesamol Treatment 
	Measurement of Melanin Index and L* Value of Mouse Skin 
	Preparation of Skin Specimens and H&E Staining 
	Immunohistochemical Staining 
	Statistical Analyses 

	Results 
	Body Weight of Animals 
	Melanin Index 
	L* Value and Hypopigmentation of the Mouse Ear from Sesamol Treatment 
	Histochemical Staining 
	Melanin Content Determined Through Fontana-Masson Staining 
	Thickness of the Epidermis 
	Collagen in the Dermis Determined Using Masson’s Trichrome 

	Sesamol Inhibited Melanin-Synthesis-Related Protein Levels in UVB-Exposed Mouse Skin 

	Discussion 
	Conclusions 
	References

