antioxidants

Article

5G Electromagnetic Radiation Attenuates Skin Melanogenesis
In Vitro by Suppressing ROS Generation

Kyuri Kim "*, Young Seung Lee >*{), Nam Kim 3, Hyung-Do Choi 2

check for
updates

Citation: Kim, K.; Lee, Y.S.; Kim, N.;
Choi, H.-D.; Lim, K-M. 5G
Electromagnetic Radiation
Attenuates Skin Melanogenesis In
Vitro by Suppressing ROS Generation.
Antioxidants 2022, 11, 1449. https://
doi.org/10.3390/antiox11081449

Academic Editor: Stanley Omaye

Received: 2 June 2022
Accepted: 22 July 2022
Published: 26 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

and Kyung-Min Lim 1*

College of Pharmacy, Ewha Womans University, Seoul 03760, Korea; kyuri@ewhain.net
Radio & Satellite Research Division, Electronics and Telecommunications Research Institute,
Daejeon 34129, Korea; lys009@etri.re kr (Y.S.L.); choihd@etri.re.kr (H.-D.C.)

Department of Computer and Communication Engineering, Chungbuk National University,
Cheongju 28644, Korea; namkim@chungbuk.ac.kr

*  Correspondence: kmlim@ewha.ac.kr; Tel.: +82-2-3277-3055; Fax: +82-2-3277-3760

t These authors contributed equally to this work.

Abstract: Recently, the impacts of 5G electromagnetic radiation (EMR) with 28 GHz on human health
have been attracting public attention with the advent of 5G wireless communication. Here, we report
that 5G (28 GHz) EMR can attenuate the skin pigmentation in murine melanoma cells (B16F10) and a
3D pigmented human epidermis model (Melanoderm™). B16 cells were exposed to 5G (28 GHz) with
or without a-MSH for 4 h per day. Interestingly, 5G attenuated x-MSH-induced melanin synthesis.
Fontana—Masson staining confirmed that the dendritic formation of «-MSH stimulated B16 cells
was diminished by 5G exposure. To confirm the anti-melanogenic effect of 5G EMR, MelanoDerm™
was irradiated with 5G at a power intensity of 10 W/ m2 for4ha day for 16 days and melanin
distribution was detected with Fontana—Masson staining, which supported the anti-melanogenic
effect of 5G EMR. Consistently, 5G EMR suppressed x-MSH induced upregulation of melanogenic
enzymes; tyrosinase, TRP-1, and TRP-2. Of note, 5G EMR attenuated ROS production stimulated by
«-MSH and HyO,, suggesting that 5G EMR may dissipate ROS generation, which is pivotal for the
melanin synthesis. Collectively, we demonstrated that 5G EMR can attenuate skin pigmentation by
attenuating ROS generation.
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1. Introduction

With the advent of the fifth generation (5G) network era, 5G communication devices
with 28 GHz frequency bandwidth are being widely used in our everyday lives. Also, the
application of 5G has been extended to various kinds of electronic devices that integrate 4G,
Wi-Fi, and millimeter waves (mmW), as well as to other wireless appliances [1]. However,
the widespread use of 5G communication devices has been raising huge public concern
due to a serious lack of information on its safety to human health and the environment [2,3].
In particular, the impact of 5G electromagnetic radiation (EMR) on human skin has been
drawing attention [4-6], since the skin interfaces between the body and the external envi-
ronment and serves as the primary target tissue for EMR from the environment. Indeed, the
EMR such as ultraviolet, visible light like blue light and infrared radiation affect the skin
physiology significantly [7-10], signifying that 5G EMR may also have effects on the skin.
Also, it is highly probable that the skin may be the primary target tissue of 5G EMR since
28 GHz EMR from the environment cannot penetrate into our body deeper than 2 mm [11].

Of the most distinguishable changes to the skin after the exposure to UV radiation or
blue light is the skin pigmentation, i.e., the accumulation of melanin in the skin epidermis.
UV, and blue light irradiation of the skin can induce hyperpigmentation through activating
melanogenesis [12-14]. Melanin is physiologically synthesized by melanocytes residing
in the stratum basale of the skin epidermis. It is transported in the form of melanosomes
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to keratinocytes differentiating from the basal layer to the upper layers of the skin [15,16].
More than 100 genes participate in the skin pigmentation pathway, including hormones,
enzymes, transcription factors, autocrine and paracrine factors, transporters and receptors.
In the melanosomes, melanin is synthesized and matured from l-tyrosine by tyrosinase,
tyrosinase-related protein 1 (TRP-1), and tyrosinase-related protein 2 (TRP-2). During
the synthesis of melanin, reactive oxygen species are generated, which is essential for
the progression of melanin synthesis. Rab27a, Mlph, and MyoVa, which form a tripartite
complex that is essential for melanosome distribution [17], are also important for skin
pigmentation by facilitating the transport of melanosomes into keratinocytes.

We previously studied whether the exposure of either LTE (1.762 GHz) or 5G (28 GHz)
EMR could induce skin hyperpigmentation under normal smartphone use conditions [18].
We found that neither LTE nor 5G EMR alone induced melanin synthesis. Interestingly, we
discovered that mRNA expression levels of TYR and TRP-1 were slightly affected even
though macroscopic skin hyper-pigmentation was not observed, suggesting that 5G EMR
may affect the melanogenesis by itself. Here, we examined the effect of 5G (28 GHz) EMR
with a daily exposure time of 4 h, which was reported to be the average time spent daily on
a smartphone phone use [19] at a power density of 10 W/m?. We used a specially designed
in vitro 5G exposure system on a-melanocyte stimulating hormone, x-MSH stimulated
melanogenesis to get an insight into the impact of 5G EMR on the skin health.

2. Materials and Methods
2.1. Materials and Reagents

B16F10, a murine melanoma cell line from C57BL/6 mice, was purchased from ATCC
(Manassas, VA, USA). B16F10 cells were maintained under standard culture conditions with
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with antibiotics (100 U/mL
of penicillin A and 100 ng/mL of streptomycin) and 10% fetal bovine serum (FBS) at 37 °C
in a CO;, incubator. At 80% cell confluence, B16 cells were detached with a solution of 0.05%
trypsin (Hyclone, South Logan, UT, USA) and seeded for further use.

2.2. In Vitro 5G Exposure System

An in vitro 5G exposure system for 28 GHz experiments was designed and made
for this study (Scheme 1). The “all-in-one” system integrates all system components into
a single unit. The exposure chamber was designed according to the previous studies to
achieve field uniformity [20,21]. Actual uniformity inside the chamber was checked by
planar measurements. Cells exposed were located at a distance of 140 mm from an antenna
with an input power of 0.4 W according to the relation between the intensity and the input
power inside the chamber [21]. To suppress thermal effects during exposures, especially
for high power conditions, temperature was regulated through control of air-flow rates
of the incubator according to the cell temperatures measured by the infrared (IR) camera
via real-time feedback. All the experimental data were recorded and monitored with a
personal computer during exposures. We used a graphical user interface (GUI) of the
control software (SW) to easily establish all the operating conditions.

2.3. Melanin Content Assay and Cell Viability Assay (MTT)

The B16F10 cells were seeded into a 48-well plate, then exposed to 5G (28 GHz) at a
power intensity of 10 W/m? for 4 h per a day either with or without a-MSH treatment.
Analysis of melanin content depending on incubation time after EMR exposure was as-
sessed by measuring the cell lysis solution with 1N NaOH at absorbance at 405 nm using an
ELISA reader. To identify cytotoxicity 5G exposure on skin pigmentation, B16 melanoma
cells were seeded into a 48-well plate and the cells were exposed to 5G (28 GHz) for 4 h
per a day for the indicated days. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) [22] assay was employed to evaluate the cytotoxicity of 5G exposure on
B16F10 cells. B16F10 cells after treatment were incubated with 0.25 mL of 0.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution in DMEM for
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2 h at 37 °C. The resulting blue formazan was dissolved in 0.25 mL of DMSO by rocking for
30 min and 150 pL of supernatant underwent an optical density measurement at 540 nm.
All measurements were done in triplicate or more.
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Scheme 1. Schematic diagram of 5G exposure system.

2.4. Fontana—Masson Staining and Analysis

Fontana-Masson stain kit was purchased from ScyTek Laboratories (Logan, UT, USA).
The Fontana-Masson stain was used for histological visualization of melanocyte dendrites.
Cells were seeded into an 8-well chamber slide and incubated for 24 h. Then cells were
exposed to 5G (28 GHz) at the power intensity of 10 W/m? for 4 h/day either with
or without «a-MSH treatment. Cell staining was performed according to the indicated
incubation time (4 h and 18 h). Cell fixation was proceeded with EtOH (95%) and glacial
acetic acid (5%), and then warm ammoniacal silver solution was added to the slide and
incubated for 30 min until cell became yellowish/brown in color. Cells were rinsed with
distilled water twice, then gold chloride solution (0.2%) was added for 30 s. Another cell
wash was performed, and sodium thiosulfate solution (5%) was added for 1 min. Then cells
were rinsed for 2 min in running tap water followed by rinsing with distilled water twice.
Nuclear fast red solution was added to cells for 5 min, and then cells were rinsed for 2 min
in running tap water followed by rinsing with distilled water twice. Cells were dehydrated
very quickly in 3 changes of fresh absolute alcohol. The slide was mounted in synthetic
resin. The resulting cells were pictured using NIS_BR_Ver 51100 and a Nikon Eclipse Ts2
microscope (X400, eclipse Ts2R, Nikon, Tokyo, Japan). Ratio of activated melanocytes over
total cell was analyzed by QuPath 0.3.2 software [23], which is intended to be used for
quantitative and bioimage analysis. Total cells and activated melanocytes were counted
by a cell counting tool, and the ratio was carried out by activated cells over total cells.
Here, activated melanocytes were counted based on the FM staining. Length of activated
dendrites were measured by straight lines in Image J. All measurements were performed
in triplicate.

2.5. Intracellular Reactive Oxygen Species (ROS) Level

ROS generation was measured by 2’,7'-dichlorofluoresceindiacetate (DCF-DA)-enhanced
fluorescence assay (Eugene, OR, USA). B16F10 cells were exposed to 5G (28 GHz) at the
power intensity of 10 W/m? for 4 h per a day either with or without «-MSH treatment. For
a positive control, cells were treated with 1 mM H,O, for 1 h and 30 uM ascorbic acid for
4 h before staining. The resulting cells were pictured using NIS_BR_Ver 51100 and a Nikon
Eclipse Ts2 microscope (Melville, NY, USA).
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2.6. RNA Sample Preparation

After treatment, B16F10 cells were washed twice with phosphate-buffered saline
and were lysed using Trizol (Invitrogen, Carlsbad, CA, USA). Chloroform was added
and samples were centrifuged at 12,000 rpm for 10 min. The resulting aqueous phase
was mixed with isopropanol and RNA were collected as pellets after centrifugation at
12,000 rpm, 15 min, 4 °C. RNA pellets were washed with 70% ethanol and dissolved in
RNase-free, diethyl pyrocarbonate (DEPC)-treated water (Waltham, MA, USA). The yield
of RNA was estimated by measuring the optical density at 260 nm with a NanoDrop
1000 spectrophotometer (NanoDrop technologies, Wilmington, DE, USA).

2.7. Real-Time Polymerase Chain Reaction (Real-Time PCR) Assay

Relative mRNA expression level of respective gene was measured by quantitative real-
time PCR. cDNA was synthesized from 1250 ng of total RNA with oligo(dT) (Bioelpis, Seoul,
Korea). SYBR Green PCR master mix was used in each reaction under a StepOnePlus™
Real-time PCR machine (Applied Biosystems, Warrington, UK). The primer sequences were
as follows: forward tyrosinase, 5'-GGGCCC AAA TTG TAC AGA GA-3/; reverse tyrosinase,
5'-ATG GGT GTT GAC CCA TTGTT-3'; forward TRP-1, 5’-GTT CAA TGG CCA GGT CAG
CA-3’; reverse TRP-1, 5-CAGACA AGA AGC AAC CCC GA-3'; forward TRP-2, 5'-TCC
AGA AGT TTG ACA GCC C-3/; reverse TRP-2, 5-GGA AGG AGT GAG CCA AGT TAT G-3/;
forward Rab27a 5-CCA GAG GGC AGT GAA AGA GG-3', reverse Rab27a 5'-CCG CTT CAT
GAT CAG GTC CA-3’; forward Mlph 5'-AGCCCCTCAACAGCAAAAA-3, reverse Mlph
5-TTCCTCAAAGTCCACATCTCG-3’; forward MyoVa 5-GCGCCATCACCCTAAACA-3/,
reverse MyoVa 5'-CCAGTTGACTGACATTGTACCTG-3'. Cycling parameters for PCR
reaction were 50 ~55 °C for 2 min, 95 °C for 10 min, 40 cycles of 95 °C 15 s, and 50 °C 1 min.

2.8. Evaluation of Skin Pigmentation in Melanoderm™, 3D Pigmented Human Epidermal
Skin Model

Melanoderm™ was purchased from MatTek Corporation (Ashland, MA, USA). On
arrival, the skin model was stabilized in a humidified 37 °C, 5%, CO, incubator overnight
(18-24 h) prior to the experiment. The skin tissues were exposed to a 5G signal (28 GHz) for
14 days, while the sham control skin tissues were incubated in a standard incubator. On the
last day of the experiment, the tissues were fixed in 10% Formalin and then the histological
examination was undertaken. For the histological processing, all tissues were fixed in
4% phosphate-buffered formalin (PFA) for 24 h under gentle shaking. Fixed tissues were
paraffin-embedded and cut into 5-mm sections using a microtome (RM2335, Leica, Wetzlar,
Germany). Hematoxylin and eosin (H&E) staining was done a day after sectioning. Paraffin
sections were deparaffinized and rehydrated in descending ethanol concentrations. Next,
sections were stained first with 0.1% Mayer’s hematoxylin for 10 min and then 0.5% eosin in
95% EtOH. After H&E staining, the sections were immediately and sequentially washed as
follows: dipping in distilled H,O until eosin stops streaking, dipping in 50% EtOH 10 times,
dipping in 70% EtOH 10 times, incubating in 95% EtOH for 30 s, and then in 100% EtOH
for 1 min. Then, samples on slides were covered with the mounting solution (6769007,
Thermo Scientific, Waltham, MA, USA) and examined under a light microscope (BX43,
OLYMPUS, Shinjuku, Japan). For Fontana-Masson’s argentaffin staining, paraffin sections
were incubated with ammoniacal silver nitrate for 1 h at 60 °C, followed by washing with
distilled water twice. For color development, tissues were incubated in 0.2% working
solution of gold chloride for 10 min and immediately rinsed 10 times with distilled water.
After the washes, samples were incubated in 5% sodium thiosulfate for 5 min to fix silver
and rinsed in running water for 1 min. After silver fixation, nuclear fast red was used
for counterstaining, and tissues were rinsed in running water for 1 min. Ratio of positive
cell over total cell was analyzed by QuPath software. Total cells and positive cells were
counted by cell counting tool, and ratio was carried out by positive cell over total cell. All
measurements were performed in triplicate.
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2.9. Statistical Analysis

Data are expressed as the mean =+ standard error of the mean (SEM) of three or more
independent experiments. The statistical significances were examined by Student’s ¢-test.
p-value < 0.05 was considered statistically significant.

3. Results
3.1. Effect of 5G EMR on Melanin Contents and Cell Viability of Murine Melanoma Cell, BI6F10

To investigate the effect of 5G EMR on melanogenesis, murine melanoma cells, B16F10,
were exposed to 5G (28 GHz) EMR at the power intensity of 10 W/m? for 4 h per day simu-
lating the normal smartphone use condition either alone or after «-melanocyte stimulating
hormone (x-MSH, 0.2 uM) treatment. x-MSH was used to induce melanin synthesis in all
experiments (Figure 1). First, B16F10 cells were exposed to 5G EMR for 4 h per day alone
or co-exposed with «-MSH, and then the cells were post-incubated in CO, incubator for
24 h. Melanin contents of 5G exposed-B16f10 cells were evaluated and the cell viability
was assessed by a formazan-based assays, MTT (Figure 2). The results indicate that 5G
decreased «-MSH stimulated melanin synthesis slightly (Figure 2a,c). The cell viability, as
measured with MTT, was confirmed not to be reduced by 5G EMR (Figure 2b,d).

5G
CO, Incubation 4 h exposure CO, Incubation

vy

vy vy v
|
1

T 24 h 48 h
18h T
Sampling Sampling 24h_ 48 h
Sampling Sampling

Figure 1. Schematic representation of the schedule of the skin pigmentation study.

3.2. Effect of 5G EMR on Cell Morphology of Melanoma Cell, B16F10

The microscopic observation of B16F10 cells after Fontana—Masson (FM) staining,
which stains melanin dark black, indicated that melanin synthesis and dendrite formation
were inhibited by co-exposure of 5G EMR and «-MSH after 4 and 18 h post-incubation.
These data confirmed the results of the melanin assay above that the co-exposure of 5G can
attenuate a-MSH stimulated melanocyte activation (Figure 3).

3.3. Effect of 5G EMR on mRNA Levels of Melanogenic Enzymes

Tyrosinase (TYR) is the most important and rate-limiting enzyme in melanogenesis,
so the downregulation of TYR may ultimately reduce the melanogenesis. The change in
expression of TYR mRNA level was determined by real-time polymerase chain reaction (RT-
PCR). The data showed that TYR expression was increased by more than two-fold at 18 h
after a-MSH treatment, whereas the co-exposure of 5G resulted in decreased expression of
TYR (Figure 4a). Exposure of 5G EMR alone slightly induced TYR expression at 24 h, but
it was not pronounced compared to x-MSH-induced TYR expression. mRNA expression
levels of tyrosinase gene family; TYR, Tyrosinase-related protein 1 (TRP-1), and Tyrosinase-
related protein 2 (TRP-2), which are pivotal to melanin synthesis and skin pigmentation [24]
were compared. As a result, the upregulated expression levels of TYR, TRP-1, and TRP-2
by «-MSH at 18 h were decreased by the co-exposure of 5G EMR. Interestingly, after 24 h
incubation, those effects disappeared (Figure 4b—d).
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Figure 2. Effects of 5G on melanin contents and cell viability. The murine melanoma cell line, B16F10,
was exposed to 5G (28 GHz) for 4 h per day either 5G alone or after a-MSH (0.2 uM) treatment, and
then the cells were incubated in CO, incubator at indicated incubation time. (a,c) Melanin contents
were observed by NaOH assay. (b,d) Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay. Data are presented with the mean =+ SE (n = 4) ** p < 0.01
compared with the control group; ## p < 0.01 and # p < 0.05 compared with the x-MSH-treated group.
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Figure 3. Effects of 5G on the dendrite formation in B16F10 cells. (a) Morphological changes were
observed under optical microscopy (100 x) after Fontana—Masson staining (melanin is stained dark
black). B16F10 cells were exposed to 5G (28 GHz) for 4 h per day after a-MSH (0.2 uM) treatment,
and then incubated in CO, incubator for the indicated time. Ratio of activated melanocytes over total
cell was analyzed by QuPath software, (b) 4 h incubation, (d) 18 h incubation. Dendrites lengths (in
pixels) were analyzed by straight lines in Image J (c) 4 h incubation, (e) 18 h incubation. (1 = 3).
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Figure 4. Effects of 5G on mRNA levels of melanogenic genes and melanosome transport. B16F10
cells were exposed to 5G (28 GHz) for 4 h per day either 5G alone or after a-MSH (0.2 uM) treatment,
and then cells were incubated for the indicated time. (a,b) Data indicate mRNA expression level of Ty-

rosinase according to incubation time. (c) Tyrosinase-related protein-1 (TRP-1), (d) Tyrosinase-related
protein-2 (TRP-2), (e) MyoVa, (f) Rab27a, and (g) Mlph. Data are presented with the mean 4 SE
(n=3)**p<0.01 and * p < 0.05 compared with the control group; ## p < 0.01 and # p < 0.05 compared

with the a-MSH-treated group.
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Rab27a, melanophilin (Mlph), and MyoVa form a tripartite complex that is essen-
tial for proper distribution and transfer of melanosomes. Mlph serves as a linker pro-
tein between Rab27a and MyoVa, contributing to the stabilization of melanosome struc-
ture [25-30]. When the expression levels of these molecules were examined, significant
but only slight increases in the expression of MyoVa, Rab27a, and Mlph after 5G EMR
were observed, suggesting that 5G EMR did not induce significant effects on melanosome
transport (Figure 4e-g).

3.4. G EMR Exposure Suppresses ROS Production in a-MSH Stimulated B16F10

Melanin synthesis accompanies oxidation reactions and superoxide anion (O;-) and
hydrogen peroxide (H,O;) generation [31,32]. Tyrosinase oxidizes tyrosine to DOPA,
and DOPA to dopaquinone. Dopaquinone is converted into dopachrome through a redox
exchange, which is further processed to either dihydroxyindole (5,6-DHI), which is oxidized
into indole quinone, or dihydroxyindole carboxylic acid (5,6-DHICA), which is converted
into the corresponding quinone [33]. The redox cycling from indoles to quinones generates
reactive oxygen species (ROS) that can react with endogenous nucleophiles [34]. Given
that melanogenesis is an oxidative process, various kinds of antioxidants from natural
sources are widely employed as skin brightening agents [35]. To determine whether
5G EMR can affect the ROS generation, intracellular ROS were monitored by DCF-DA
method (Figure 4a). Hydrogen peroxide (H,O,) was used as positive control for this study.
As a result, 5G EMR could suppress both «-MSH and H,O; induced ROS production
significantly (Figure 5), which may explain the anti-melanogenic effects of 5G EMR. In
this experiment, a well-known antioxidant, ascorbic acid (AA), was used as a positive
control [36].

a)

4h

b)

18h

Figure 5. Effects of 5G on ROS generation in 5G exposed B16F10 cells. ROS generation was detected with
DCEF-DA fluorescence, (a) 4 h incubation, (b) 18 h incubation. B16F10 cells were exposed to 5G (28 GHz)
for 4 h per day after a-MSH (0.2 uM) treatment, and then incubated in CO, incubator on indicated time.
An amount of 30 uM of ascorbic acid (AA) was used as positive control for this experiment.
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3.5. Effects of 5G on the Pigmentation in a Pigmented Human Skin Model, Melanoderm™

An artificial human pigmented epidermis model, Melanoderm™, (MatTek, Ashland,
MA, USA), composed of normal human keratinocytes and normal melanocytes, was used to
confirm the anti-melanogenic effect of 5G EMR. Before use, Melanoderm™ was stabilized in
a 37 °C CO, incubator overnight and then exposed to 5G EMR every other day for 14 days.
On the last days of the experiment, the tissues were fixed and stained with hematoxylin and
eosin (H&E) or Fontana-Masson (FM). The immunohistochemistry (IHC) data showed that
5G exposure attenuated melanosome accumulation and dendrite formation of melanocytes
in the basal layer of Melanoderm™, which was comparable to the 5G unexposed tissue
(Figure 6).

FM
. L T
- ""A' o ‘-“(J' b Sl -‘l
A A A A AL, A A
o i m.-'- a - e P
44 .,
¥ A ‘; '1‘ " A 7.“:' A A i‘ T
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z — 2 o
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Y] E
s 30 £
S 20 2 40
3 ;-
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E -4
0 0
CON 5G CON 5G CON 5G

Figure 6. Effects of 5G on Melanoderm™, an artificial pigmented skin model. (a) Hematoxylin and
eosin (H&E) and Fontana—Masson (FM)-stained tissues. Red arrow heads indicated the stained
melanocytes, (b) quantitative analysis of H&E-stained tissue, and quantitative analysis of FM-stained
tissue by QuPath 0.3.2 software for (c) number and (d) area of melanin.

4. Discussion

Here we demonstrated that 5G (28 GHz) EMR exposure of a normal smartphone use
condition attenuates «-MSH stimulated melanin contents in murine melanoma cell line,
B16F10 without any appreciable cytotoxicity to the cells. Anti-melanogenic effects of 5G
EMR were further confirmed in the morphological examination of the cells and a human
pigmented epidermis model, Melanoderm™. Consistently, the expression levels of TYR,
TRP-1, and TRP-2 stimulated by x-MSH were attenuated by 5G EMR. Most notably, we
demonstrated that 5G exposure effectively suppressed the generation of intracellular ROS
in B16F10 cells, suggesting that the ROS-quenching effects of 5G EMR may be involved in
its anti-melanogenic effects.
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Skin pigmentation has been an important topic related to the health effects of electro-
magnetic fields (EMF). According to a previous study, skin pigmentation in zebrafish was
induced by pulsed electromagnetic fields (PEMFs) (60 Hz) through increasing the activity
of TRP-1, which is mediated by the phosphorylation of ERK and p38 [37], reflecting how
melanin synthesis and melanocytes may be affected by EMFs [38]. Also, the exposure
to extremely low-frequency (ELF) EMFs at low intensities can stimulate melanogenesis
in melanocytes [39]. However, it is unclear whether millimeter waves, including 5 G
EMR, can affect skin pigmentation, something that may be attributable to the lack of a
well-characterized 5G exposure system.

In our previous report, we demonstrated that both LTE and 5G EMRs may not cause
skin pigmentation [18] in contrast to EMFs with other bandwidth. However, mRNA levels
of melanogenic genes showed slight changes by LTE and 5G while macroscopic skin
pigmentation was not observed. Thus, in this present study, we proceeded with research to
confirm the effect of melanin synthesis when 5G and x-MSH were exposed at the same time.

We demonstrated that 5G EMR can attenuate melanogenesis through suppressing
ROS generation. ROS production in the skin can be caused by various factors, such as
UV radiation and air pollution. The production of ROS in the skin is a major cause of
skin damage, including hyperpigmentation, wrinkles, rough texture, and aging [40,41].
In particular, ROS regulates melanin synthesis through multiple steps of melanogenesis,
which is an oxygen-dependent process. During melanogenesis, the oxidation of L-Dopa
to dopaquinone results in the production of superoxide (O;°~), and the oxidation of
the eumelanin precursors DHI and DHICA is associated with hydroxyl radical (H2O5)
generation [31,42]. Since ROS plays an important role in melanin synthesis, the scavenging
of ROS by, for example, antioxidant systems, may attenuate hyperpigmentation or decrease
melanin production [43]. Some well-known whitening ingredients, such as glabridin,
mulberry, procyanidins, and gingko, have been reported to have antioxidant properties
through ROS scavenging as well as whitening effects [44]. Ascorbic acid (Vitamin C),
which is a common whitening ingredient, also acts as an ROS scavenger by donating
electrons to neutralize free radicals [45,46]. Furthermore, vitamin E (x-tocopherol, x-Toc)
has both antioxidant property and depigmenting effect through either scavenging ROS or
increasing glutathione [47]. In a study using nanomaterials, graphene oxide nanoribbons
(GONR) have been identified as potential agents for a novel antioxidant and skin lightening
cosmetic ingredient by chelating metal ions to scavenge free radicals [48]. In this regard,
it is highly plausible that 5G EMR may inhibit melanin production through suppressing
x-MSH-induced ROS.

Recently, low-level laser therapy (LLLT) has been used in many clinical fields, and
in particular, photobiomodulation therapy (PBMT) has become a representative LLL ther-
apy [49,50]. PBMT is a nonthermal therapy that utilizes non-ionizing light sources, such
as lasers, light emitting diodes (LEDs), and/or broadband light, falling in the visible
(400-700 nm) and near-infrared (700-1100 nm) electromagnetic spectrum [51,52]. Studies
have demonstrated the positive effects of PBMT in improving wound healing and prevent-
ing chronic ulcers in the skin [53-55]. Some studies have demonstrated that irradiation
with a weak light at a specific wavelength could promote scavenging of intracellular ROS,
alleviate oxidative stress, and improve several pathological conditions [56-58]. Indeed,
Shon et al. have reported that LED irradiation (635 nm) had antioxidant effects owing
to its radical-scavenging properties and modulation of relevant signaling pathways [49].
Moreover, it was also reported that the near-infrared radiation (880 nm) promoted healing
with skin damage [59]. Thus, 5G mmW exposures, whose wavelength range is 10 to 1 mm,
are likely to possess effects comparable to those obtained from the shorter wavelength
lights in the previous studies.

5. Conclusions

In summary, the brightening effects of 5G EMR on the skin pigmentation were con-
firmed at multiple levels ranging from B16F10 cell line and an artificial human pigmented
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skin model as determined by reduced melanin content, and morphological regression of
melanocyte activation. We can observe that 5G exposure attenuated melanin production
by regulation melanogenic genes and ROS production. As compared with our previously
published study, 5G exposure alone did not affect melanin synthesis, however co-exposure
with melanin synthesis stimuli, such as x-MSH, showed an effect of suppressing «-MSH
induced melanin as reported in the PMBT studies of the shorter wavelengths. Moreover, it
is necessary to examine the effects of 5G EMR on melanin synthesis under more extreme
exposure scenarios, such as stronger intensity or for a prolonged time, in the future.

Author Contributions: Conceptualization, K.K., Y.S.L., H.-D.C. and K.-M.L.; methodology, Y.S.L. and
N.K.; formal analysis, K.K.; data curation, K.K.; writing—original draft preparation, K.K. and Y.S.L.;
writing—review and editing, K.-M.L.; supervision, K.-M.L., N.K. and H.-D.C.; project administration,
K.-M.L,, N.K. and H.-D.C.; funding acquisition, N.K. and H.-D.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the ICT R&D program of MSIT/IITP [2019-0-00102]. A
Study on Public Health and Safety in a Complex EMF Environment.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available since they are raw data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. West, D.M. How 5G Technology Enables the Health Internet of Things; Brookings Center for Technology Innovation: Washington, DC,
USA, 2016; Volume 3, pp. 1-20.

2. Hardell, L.; Nyberg, R. [Comment] Appeals that matter or not on a moratorium on the deployment of the fifth generation, 5G, for
microwave radiation. Mol. Clin. Oncol. 2020, 12, 247-257. [CrossRef] [PubMed]

3. Karipidis, K.; Mate, R.; Urban, D.; Tinker, R.; Wood, A. 5G mobile networks and health—A state-of-the-science review of the
research into low-level RF fields above 6 GHz. |. Expo. Sci. Environ. Epidemiol. 2021, 31, 585-605. [CrossRef] [PubMed]

4.  DiCiaula, A. Towards 5G communication systems: Are there health implications? Int. |. Hyg. Environ. Health 2018, 221, 367-375.
[CrossRef]

5. Betzalel, N.; Ishai, P.B.; Feldman, Y. The human skin as a sub-THz receiver-Does 5G pose a danger to it or not? Environ. Res. 2018,
163, 208-216. [CrossRef] [PubMed]

6. Mehdizadeh, A.R.; Mortazavi, S. 5G Technology: Why Should We Expect a shift from RF-Induced Brain Cancers to Skin Cancers?
J. Biomed. Phys. Eng. 2019, 9, 505-506. [CrossRef] [PubMed]

7. Gromkowska-Kepka, K.J.; Puscion-Jakubik, A.; Markiewicz-Zukowska, R.; Socha, K. The impact of ultraviolet radiation on skin
photoaging—Review of in vitro studies. J. Cosmet. Dermatol. 2021, 20, 3427-3431. [CrossRef]

8.  Li, W, Seo, I; Kim, B.; Fassih, A.; Southall, M.D.; Parsa, R. Low-level red plus near infrared lights combination induces expressions
of collagen and elastin in human skin in vitro. Int. ]. Cosmet. Sci. 2021, 43, 311-320. [CrossRef] [PubMed]

9.  Meinke, M.C,; Busch, L.; Lohan, S.B. Wavelength, dose, skin type and skin model related radical formation in skin. Biophys. Rev.
2021, 13, 1091-1100. [CrossRef]

10. Lim, HW.; Kohlij, L; Granger, C.; Trullas, C.; Piquero-Casals, J.; Narda, M.; Masson, P.; Krutmann, J.; Passeron, T. Photoprotection
of the skin from visible light-induced pigmentation: Current testing methods and proposed harmonization. J. Investig. Dermatol.
2021, 141, 2569-2576. [CrossRef]

11.  Sutterby, E.; Thurgood, P.; Baratchi, S.; Khoshmanesh, K.; Pirogova, E. Evaluation of in vitro human skin models for studying
effects of external stressors and stimuli and developing treatment modalities. View 2022, 3, 20210012. [CrossRef]

12. Cario, M. How hormones may modulate human skin pigmentation in melasma: An in vitro perspective. Exp. Dermatol. 2019, 28,
709-718. [CrossRef] [PubMed]

13.  Bernerd, F; Marionnet, C.; Duval, C. Solar ultraviolet radiation induces biological alterations in human skin in vitro: Relevance of
a well-balanced UVA /UVB protection. Indian |. Dermatol. Venereol. Leprol. 2012, 78, 15. [CrossRef] [PubMed]

14. Campiche, R.; Curpen, S.J.; Lutchmanen-Kolanthan, V.; Gougeon, S.; Cherel, M.; Laurent, G.; Gempeler, M.; Schiitz, R. Pig-
mentation effects of blue light irradiation on skin and how to protect against them. Int. J. Cosmet. Sci. 2020, 42, 399-406.
[CrossRef]

15.  Moreiras, H.; Seabra, M.C.; Barral, D.C. Melanin transfer in the epidermis: The pursuit of skin pigmentation control mechanisms.

Int. J. Mol. Sci. 2021, 22, 4466. [CrossRef] [PubMed]


http://doi.org/10.3892/mco.2020.1984
http://www.ncbi.nlm.nih.gov/pubmed/32064102
http://doi.org/10.1038/s41370-021-00297-6
http://www.ncbi.nlm.nih.gov/pubmed/33727687
http://doi.org/10.1016/j.ijheh.2018.01.011
http://doi.org/10.1016/j.envres.2018.01.032
http://www.ncbi.nlm.nih.gov/pubmed/29459303
http://doi.org/10.31661/jbpe.v0i0.1225
http://www.ncbi.nlm.nih.gov/pubmed/31750263
http://doi.org/10.1111/jocd.14033
http://doi.org/10.1111/ics.12698
http://www.ncbi.nlm.nih.gov/pubmed/33594706
http://doi.org/10.1007/s12551-021-00863-0
http://doi.org/10.1016/j.jid.2021.03.012
http://doi.org/10.1002/VIW.20210012
http://doi.org/10.1111/exd.13915
http://www.ncbi.nlm.nih.gov/pubmed/30883945
http://doi.org/10.4103/0378-6323.97351
http://www.ncbi.nlm.nih.gov/pubmed/22710109
http://doi.org/10.1111/ics.12637
http://doi.org/10.3390/ijms22094466
http://www.ncbi.nlm.nih.gov/pubmed/33923362

Antioxidants 2022, 11, 1449 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

Benito-Martinez, S.; Zhu, Y.; Jani, R.A.; Harper, D.C.; Marks, M.S.; Delevoye, C. Research techniques made simple: Cell biology
methods for the analysis of pigmentation. J. Investig. Dermatol. 2020, 140, 257-268. [CrossRef] [PubMed]

Myung, C.H.; Kim, K,; Park, J.I; Lee, ].E.; Lee, ].A.; Hong, S.C.; Lim, K.-M.; Hwang, J.S. 16-Kauren-2-beta-18, 19-triol inhibits
melanosome transport in melanocytes by down-regulation of melanophilin expression. J. Dermatol. Sci. 2020, 97, 101-108.
[CrossRef]

Kim, K; Lee, Y.S.; Kim, N.; Choi, H.-D.; Kang, D.-J.; Kim, H.R.; Lim, K.-M. Effects of electromagnetic waves with LTE and 5g
bandwidth on the skin pigmentation in vitro. Int. J. Mol. Sci. 2021, 22, 170. [CrossRef] [PubMed]

Jung, S.I.; Lee, N.K,; Kang, KW.; Kim, K.; Lee, D.Y. The effect of smartphone usage time on posture and respiratory function. J.
Phys. Ther. Sci. 2016, 28, 186-189. [CrossRef] [PubMed]

Lee, Y.S.; Chung, ].Y.; Jeon, S.B.; Lee, A.K.; Choi, H.D. Proposal of 28 GHz In Vitro Exposure System Based on Field Uniformity
for Three-Dimensional Cell Culture Experiments. Bioelectromagnetics 2019, 40, 445-457. [CrossRef]

Lee, Y.S.; Dzagbletey, P.A.; Chung, ].Y.; Jeon, S.B.; Lee, A.K.; Kim, N.; Song, S.J.; Choi, H.D. Implementation of an in vitro exposure
system for 28 GHz. ETRI ]. 2020, 42, 837-845. [CrossRef]

Lee, G.H,; Jin, SSW.; Kim, S.J.; Pham, T.H.; Choi, ].H.; Jeong, H.G. Tetrabromobisphenol A Induces MMP-9 Expression via NADPH
Oxidase and the activation of ROS, MAPK, and Akt Pathways in Human Breast Cancer MCF-7 Cells. Toxicol. Res. 2019, 35, 93-101.
[CrossRef] [PubMed]

Bankhead, P.; Loughrey, M.B.; Fernandez, ].A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.].;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
Awad, S.S.; Moftah, N.H.; Rashed, L.A.; Touni, A.A.; Telep, R.A.A. Evaluation of the effect of narrow band-ultraviolet B on
the expression of tyrosinase, TYRP-1, and TYRP-2 mRNA in vitiligo skin and their correlations with clinical improvement: A
retrospective study. Dermatol. Ther. 2021, 34, €14649. [CrossRef] [PubMed]

Fukuda, M.; Kuroda, T.S.; Mikoshiba, K. Slac2-a/melanophilin, the missing link between Rab27 and myosin Va: Implications of a
tripartite protein complex for melanosome transport. . Biol. Chemn. 2002, 277, 12432-12436. [CrossRef]

Hume, A.N,; Tarafder, A.K.; Ramalho, ].S.; Sviderskaya, E.V.; Seabra, M.C. A coiled-coil domain of melanophilin is essential for
Myosin Va recruitment and melanosome transport in melanocytes. Mol. Biol. Cell 2006, 17, 4720-4735. [CrossRef] [PubMed]
Hume, A.N.; Ushakov, D.S.; Tarafder, A.K.; Ferenczi, M.A.; Seabra, M.C. Rab27a and MyoVa are the primary Mlph interactors
regulating melanosome transport in melanocytes. J. Cell Sci. 2007, 120, 3111-3122. [CrossRef]

Kuroda, T.S; Itoh, T.; Fukuda, M. Functional analysis of slac2-a/melanophilin as a linker protein between Rab27A and myosin Va
in melanosome transport. Methods Enzymol. 2005, 403, 419-431.

Wu, X.; Sakamoto, T.; Zhang, E; Sellers, ].R.; Hammer, ].A., IIL. In vitro reconstitution of a transport complex containing Rab27a,
melanophilin and myosin Va. FEBS Lett. 2006, 580, 5863-5868. [CrossRef]

Strom, M.; Hume, A.N.; Tarafder, A.K.; Barkagianni, E.; Seabra, M.C. A family of Rab27-binding proteins: Melanophilin links
Rab27a and myosin Va function in melanosome transport. J. Biol. Chem. 2002, 277, 25423-25430. [CrossRef]

Koga, S.; Nakano, M.; Tero-Kubota, S. Generation of superoxide during the enzymatic action of tyrosinase. Arch. Biochem. Biophys.
1992, 292, 570-575. [CrossRef]

Simon, ].D.; Peles, D.; Wakamatsu, K.; Ito, S. Current challenges in understanding melanogenesis: Bridging chemistry, biological
control, morphology, and function. Pigment Cell Melanoma Res. 2009, 22, 563-579. [CrossRef] [PubMed]

Nahhas, A.F; Abdel-Malek, Z.A.; Kohli, I.; Braunberger, T.L.; Lim, HW.; Hamzavi, I.H. The potential role of antioxidants
in mitigating skin hyperpigmentation resulting from ultraviolet and visible light-induced oxidative stress. Photodermatol.
Photoimmunol. Photomed. 2019, 35, 420-428. [CrossRef] [PubMed]

Tomita, Y.; Hariu, A.; Kato, C.; Seiji, M. Radical production during tyrosinase reaction, dopa-melanin formation, and photoirradi-
ation of dopa-melanin. J. Investig. Dermatol. 1984, 82, 573-576. [CrossRef] [PubMed]

Kim, K.; Huh, Y.; Lim, K.M. Anti-Pigmentary Natural Compounds and Their Mode of Action. Int. ]. Mol. Sci. 2021, 22, 6206.
[CrossRef] [PubMed]

Masaki, H. Role of antioxidants in the skin: Anti-aging effects. J. Dermatol. Sci. 2010, 58, 85-90. [CrossRef]

Kim, Y.-M.; Lim, H.-M.; Ro, H.-S.; Ki, G.-E.; Seo, Y.-K. Pulsed electromagnetic fields increase pigmentation through the p-ERK/p-
P38 pathway in zebrafish (Danio rerio). Int. . Mol. Sci. 2018, 19, 3211. [CrossRef]

Nakashima, Y.; Ohta, S.; Wolf, A.M. Blue light-induced oxidative stress in live skin. Free Radic. Biol. Med. 2017, 108, 300-310.
[CrossRef]

Cho, S.-E.; Kim, Y.-M.; Kang, K.-H.; Kim, S.-C.; Park, J.-K,; Seo, Y.-K. Pigmentation effect of electromagnetic fields at various
intensities to melanocytes. Tissue Eng. Regen. Med. 2016, 13, 560-567. [CrossRef]

Liebel, F,; Kaur, S.; Ruvolo, E.; Kollias, N.; Southall, M.D. Irradiation of skin with visible light induces reactive oxygen species and
matrix-degrading enzymes. J. Investig. Dermatol. 2012, 132, 1901-1907. [CrossRef] [PubMed]

Roy, A; Sahu, RK.; Matlam, M.; Deshmukh, V.K.; Dwived,i, J.; Jha, A.K. In vitro techniques to assess the proficiency of skin care
cosmetic formulations. Pharmacogn. Rev. 2013, 7, 97.

Nappi, A.J.; Vass, E. Hydrogen peroxide generation associated with the oxidations of the eumelanin precursors 5, 6-
dihydroxyindole and 5, 6-dihydroxyindole-2-carboxylic acid. Melanoma Res. 1996, 6, 341-349. [CrossRef] [PubMed]

Lu, Y,; Tonissen, K.E; Di Trapani, G. Modulating skin colour: Role of the thioredoxin and glutathione systems in regulating
melanogenesis. Biosci. Rep. 2021, 41, BSR20210427. [CrossRef]


http://doi.org/10.1016/j.jid.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/31980058
http://doi.org/10.1016/j.jdermsci.2019.12.009
http://doi.org/10.3390/ijms22010170
http://www.ncbi.nlm.nih.gov/pubmed/33375304
http://doi.org/10.1589/jpts.28.186
http://www.ncbi.nlm.nih.gov/pubmed/26957754
http://doi.org/10.1002/bem.22215
http://doi.org/10.4218/etrij.2020-0169
http://doi.org/10.5487/TR.2019.35.1.093
http://www.ncbi.nlm.nih.gov/pubmed/30766661
http://doi.org/10.1038/s41598-017-17204-5
http://doi.org/10.1111/dth.14649
http://www.ncbi.nlm.nih.gov/pubmed/33314655
http://doi.org/10.1074/jbc.C200005200
http://doi.org/10.1091/mbc.e06-05-0457
http://www.ncbi.nlm.nih.gov/pubmed/16914517
http://doi.org/10.1242/jcs.010207
http://doi.org/10.1016/j.febslet.2006.09.047
http://doi.org/10.1074/jbc.M202574200
http://doi.org/10.1016/0003-9861(92)90032-R
http://doi.org/10.1111/j.1755-148X.2009.00610.x
http://www.ncbi.nlm.nih.gov/pubmed/19627559
http://doi.org/10.1111/phpp.12423
http://www.ncbi.nlm.nih.gov/pubmed/30198587
http://doi.org/10.1111/1523-1747.ep12261311
http://www.ncbi.nlm.nih.gov/pubmed/6327830
http://doi.org/10.3390/ijms22126206
http://www.ncbi.nlm.nih.gov/pubmed/34201391
http://doi.org/10.1016/j.jdermsci.2010.03.003
http://doi.org/10.3390/ijms19103211
http://doi.org/10.1016/j.freeradbiomed.2017.03.010
http://doi.org/10.1007/s13770-016-0090-2
http://doi.org/10.1038/jid.2011.476
http://www.ncbi.nlm.nih.gov/pubmed/22318388
http://doi.org/10.1097/00008390-199610000-00001
http://www.ncbi.nlm.nih.gov/pubmed/8908594
http://doi.org/10.1042/BSR20210427

Antioxidants 2022, 11, 1449 14 of 14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zhu, W.; Gao, . The use of botanical extracts as topical skin-lightening agents for the improvement of skin pigmentation disorders.
J. Investig. Dermatol. Symp. Proc. 2008, 13, 20-24. [CrossRef] [PubMed]

Briganti, S.; Camera, E.; Picardo, M. Chemical and instrumental approaches to treat hyperpigmentation. Pigment Cell Res. 2003,
16, 101-110. [CrossRef] [PubMed]

Ravetti, S.; Clemente, C.; Brignone, S.; Hergert, L.; Allemandi, D.; Palma, S. Ascorbic acid in skin health. Cosmetics 2019, 6, 58.
[CrossRef]

Ebanks, ].P.; Wickett, R.R.; Boissy, R.E. Mechanisms regulating skin pigmentation: The rise and fall of complexion coloration. Int.
J. Mol. Sci. 2009, 10, 4066—4087. [CrossRef]

Chou, H.-Y,; Wang, H.-M.D.; Kuo, C.-H.; Lu, P.-H.; Wang, L.; Kang, W.; Sun, C.-L. Antioxidant graphene oxide nanoribbon as a
novel whitening agent inhibits microphthalmia-associated transcription factor-related melanogenesis mechanism. ACS Omega
2020, 5, 6588-6597. [CrossRef]

Sohn, H.M.; Ko, Y.; Park, M.; Kim, B.; Park, J.E.; Kim, D.; Moon, Y.L.; Lim, W. Comparison of the alendronate and irradiation with
a light-emitting diode (LED) on murine osteoclastogenesis. Lasers Med. Sci. 2017, 32, 189-200. [CrossRef]

Tomazoni, S.S.; Machado, C.D.S.M.; De Marchi, T.; Casalechi, H.L.; Bjordal, ]. M.; Carvalho, P.D.T.C.D.; Leal-Junior, E.C.P. Infrared
low-level laser therapy (photobiomodulation therapy) before intense progressive running test of high-level soccer players: Effects
on functional, muscle damage, inflammatory, and oxidative stress markers—A randomized controlled trial. Oxidative Med. Cell.
Longev. 2019, 2019, 6239058. [CrossRef]

Hopkins, J.T.; McLoda, T.A.; Seegmiller, ].G.; Baxter, G.D. Low-level laser therapy facilitates superficial wound healing in humans:
A triple-blind, sham-controlled study. J. Athl. Train. 2004, 39, 223-229.

Hussein, A.J.; Alfars, A.A.; Falih, M.A.].; Hassan, A.-N.A. Effects of a low level laser on the acceleration of wound healing in
rabbits. N. Am. . Med. Sci. 2011, 3, 193-197. [CrossRef] [PubMed]

Campos, L.; Simées, A.; Sa, PH.R.N.; Eduardo, C.D.P. Improvement in quality of life of an oncological patient by laser
phototherapy. Photomed. Laser Surg. 2009, 27, 371-374. [CrossRef] [PubMed]

Tatmatsu-Rocha, J.C.; Ferraresi, C.; Hamblin, M.R.; Maia, F.D.; Nascimento, N.R.E.D.; Driusso, P,; Parizotto, N.A. Low-level laser
therapy (904 nm) can increase collagen and reduce oxidative and nitrosative stress in diabetic wounded mouse skin. J. Photochem.
Photobiol. B Biol. 2016, 164, 96-102. [CrossRef] [PubMed]

De Castro, J.R.; da Silva Pereira, F.; Chen, L.; Arana-Chavez, V.E; Ballester, R.Y.; DiPietro, L.A.; Simées, A. Improvement of
full-thickness rat skin wounds by photobiomodulation therapy (PBMT): A dosimetric study. J. Photochem. Photobiol. B Biol. 2020,
206, 111850. [CrossRef] [PubMed]

Lim, W.B.; Kim, ].S.; Ko, Y.J.; Kwon, H.; Kim, S.W.; Min, HK.; Kim, O.; Choi, H.R.; Kim, O.J. Effects of 635nm light-emitting diode
irradiation on angiogenesis in CoCl2-exposed HUVECs. Lasers Surg. Med. 2011, 43, 344-352. [CrossRef]

Lubart, R.; Lavi, R.; Friedmann, H.; Rochkind, S. Photochemistry and photobiology of light absorption by living cells. Photomed.
Laser Ther. 2006, 24, 179-185. [CrossRef]

Kanzaki, H.; Shinohara, F; Kajiya, M.; Kodama, T. The Keap1/Nrf2 protein axis plays a role in osteoclast differentiation by
regulating intracellular reactive oxygen species signaling. J. Biol. Chem. 2013, 288, 23009-23020. [CrossRef]

Mosca, R.C.; Santos, S.N.; Nogueira, G.E.C.; Pereira, D.L.; Costa, F.C.; Pereira, ].X.; Zeituni, C.A.; Arany, P.R. The Efficacy of
Photobiomodulation Therapy in Improving Tissue Resilience and Healing of Radiation Skin Damage. Photonics 2022, 9, 10.
[CrossRef]


http://doi.org/10.1038/jidsymp.2008.8
http://www.ncbi.nlm.nih.gov/pubmed/18369335
http://doi.org/10.1034/j.1600-0749.2003.00029.x
http://www.ncbi.nlm.nih.gov/pubmed/12622786
http://doi.org/10.3390/cosmetics6040058
http://doi.org/10.3390/ijms10094066
http://doi.org/10.1021/acsomega.9b04316
http://doi.org/10.1007/s10103-016-2101-x
http://doi.org/10.1155/2019/6239058
http://doi.org/10.4297/najms.2011.3193
http://www.ncbi.nlm.nih.gov/pubmed/22540090
http://doi.org/10.1089/pho.2008.2300
http://www.ncbi.nlm.nih.gov/pubmed/18800946
http://doi.org/10.1016/j.jphotobiol.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/27661759
http://doi.org/10.1016/j.jphotobiol.2020.111850
http://www.ncbi.nlm.nih.gov/pubmed/32203726
http://doi.org/10.1002/lsm.21038
http://doi.org/10.1089/pho.2006.24.179
http://doi.org/10.1074/jbc.M113.478545
http://doi.org/10.3390/photonics9010010

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	In Vitro 5G Exposure System 
	Melanin Content Assay and Cell Viability Assay (MTT) 
	Fontana–Masson Staining and Analysis 
	Intracellular Reactive Oxygen Species (ROS) Level 
	RNA Sample Preparation 
	Real-Time Polymerase Chain Reaction (Real-Time PCR) Assay 
	Evaluation of Skin Pigmentation in Melanoderm™, 3D Pigmented Human Epidermal Skin Model 
	Statistical Analysis 

	Results 
	Effect of 5G EMR on Melanin Contents and Cell Viability of Murine Melanoma Cell, B16F10 
	Effect of 5G EMR on Cell Morphology of Melanoma Cell, B16F10 
	Effect of 5G EMR on mRNA Levels of Melanogenic Enzymes 
	G EMR Exposure Suppresses ROS Production in -MSH Stimulated B16F10 
	Effects of 5G on the Pigmentation in a Pigmented Human Skin Model, Melanoderm™ 

	Discussion 
	Conclusions 
	References

