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Abstract

Background There is active research on developing materials for improving skin function. Eggshell membrane (ESM) is
one such raw material that is consumed as a functional food to support skin health. However, studies on the mechanism of
improvement of skin function on ingestion of ESM are still lacking.

Objectives To explore this mechanism of action, we conducted an ultraviolet (UV) irradiation study on a SKH-1 hairless
mouse model. Feeding ESM was found to improve skin moisture and reduce wrinkles during 12 weeks of UVB irradiation.
Results Oral administration of ESM restored moisture in the dorsal skin tissue of mice. In addition, oral ingestion of ESM
also reversed the increased transepidermal water loss and reduction of mRNA expression of hyaluronic synthases induced
by UVB irradiation. Furthermore, UVB irradiation-induced collagen degradation was inhibited, and the expression of the
collagenase MMP was reduced in the ESM intake group compared to the control. These results confirmed that oral inges-
tion of the ESM has an anti-wrinkle effect. In addition, the mRNA expression of the antioxidant enzyme SOD1, which was
reduced on UVB irradiation, was restored on ingestion of the ESM. Restoring the expression of antioxidant enzymes is a
key strategy for improving skin function of the ESM.

Conclusion Taken together, the findings from our study reveal the potential of ESM as a nutricosmetic material with anti-

wrinkle and skin moisturizing properties.
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Introduction

Skin is the largest externally exposed organ in the human
body, and undergoes several physiological changes in
response to various environmental factors. Solar ultraviolet

P< Eunjung Lee
ejlee @kfri.re.kr
P4 Tae-Gyu Lim
tglim@sejong.ac.kr

Department of Food Science and Biotechnology, Sejong
University, Seoul 05006, Republic of Korea

Research Group of Traditional Food, Korea Food Research
Institute, Wanju 55365, Republic of Korea

Department of Food Science and Biotechnology
and Carbohydrate Bioproduct Research Center, Sejong
University, Seoul 05006, Republic of Korea

College of Pharmacy and Medical Research Center,
Chungbuk National University, Cheongju 28644,
Republic of Korea

Published online: 10 October 2022

(UV) rays represent the major factor causing aberrant
changes in skin tissue (Ferrara et al. 2020). In addition, solar
UV irradiation can induce pre-maturation of human skin,
also known as photoaging (Wlaschek et al. 2001). Increased
wrinkle formation, skin dryness, acute erythema, and pig-
mentary changes have been suggested as hallmarks of UV-
induced skin aging (Berry et al. 2019; Gromkowska-Kepka
et al. 2021; Biniek et al. 2012). Solar UV radiation is com-
posed of three wavelength ranges: UVA (320400 nm), UVB
(280-320 nm), UVC (100-280 nm). Although the ozone
layer absorbs UVC in the atmosphere, UVA and UVB can
reach the skin surface (Matsumura et al. 2004).

UVB irradiation can induce skin thickening and wrin-
kle formation by activating various intracellular signaling
pathways such as MAPK, NF-xB, and PI3K/Akt in human
keratinocytes (Oh et al. 2017; Terazawa et al. 2015). The
MAPK signaling pathway is composed of the signaling mol-
ecules ERK, p38, and JNK, which regulate cellular prolif-
eration, differentiation, development, and apoptosis (Zhang
et al. 2002; Kim 2022). The MAPK signaling pathway also
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induces the transcription factor AP-1, which subsequently
binds to the promoter region of MMP-1 (matrix metallo-
proteinases-1) gene (Vincenti et al. 2002) and induces the
production and extracellular secretion of MMP-1 (Lu et al.
2016). MMPs are also produced in essentially all cell types,
including interstitial, vascular, epithelial, and inflammatory
cells; however, both MMPs expression levels and patterns
vary among cell types and organs (Parks 2006). Particularly
in the skin, MMP-1 expression causes fibrous collagen deg-
radation in the extracellular matrix (ECM) (Ryu et al. 2018).
Fibrous collagen is the main structural protein in the ECM
of connective tissue. Among the various types of fibrous
collagen, collagen type 1 accounts for 80-90% of skin col-
lagen (Reilly et al. 2021), while collagen type 3 constitutes
approximately 20% of adult skin (Weedon 2010). The pro-
collagen al and a2 genes are first transcribed to form pre-
pro-collagen, which then undergoes processing in the endo-
plasmic reticulum through the removal of a single peptide at
its N-terminus, leading to the formation of procollagen (Wu
et al. 2022). Loss of procollagen is a marker of photoaging,
and its expression levels in human fibroblasts are reduced
on UVB irradiation (Quan et al. 2004).

Chronic UVB irradiation induces skin dryness by attenu-
ating hyaluronic acid (HA) content in the skin (Dai et al.
2007). HA is considered critical to skin hydration (Papa-
konstantinou et al. 2012) because of its water-holding capac-
ity. HA is synthesized by hyaluronic acid synthase (HAS)
enzymes (Sze et al. 2016; Dovedytis et al. 2020). The isoen-
zymes HAS1-3 produce HA chains of varying length (Stridh
et al. 2012). HAS1 and HAS?2 produce HA polymers up to 2
MDa in size, whereas HAS3 synthesizes HA polymers up to
1 MDa (Stridh et al. 2012). The three HAS isoforms share a
high degree of homology (55-71%), and HAS2 is the most
abundantly expressed form in keratinocytes (Marunaka et al.
2022). Photo exposure causes exogenous skin aging through
changes in HA homeostasis (Papakonstantinou et al. 2012).
In addition, UVB irradiation has been reported to decrease
the expression of HAS2 (Kim et al. 2021) and downregulate
HA synthesis (Kurdykowski et al. 2011). HA present in both
the epidermis and dermis binds to the ECM through the
CD44 receptor, subsequently improving epidermal barrier
function and skin hydration (Wertz 2004). The epidermal
barrier is essential for maintaining water content and balance
(Rosso et al. 2016). UVB irradiation-induced degradation
of the epidermal barrier decreases skin hydration (Li et al.
2022; Choi et al. 2021), and increases transepidermal water
loss (TEWL) (Li et al. 2022). Thus, UVB irradiation induces
skin dryness through various biological and physiological
factors, which results in the release of proinflammatory
cytokines from the disrupted skin barrier (Hénel et al. 2013).

UV irradiation can also induce the generation of reactive
oxygen species (ROS) in the skin (Jin et al. 2007). ROS are
highly reactive molecules that can damage cell structures
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such as nucleic acids, lipids, and carbohydrates (Birben et al.
2012). Physiologically, aberrant increases in ROS produc-
tion have been demonstrated to be associated with various
disorders, including premature aging, inflammation, skin
dryness, and skin cancer (Ichihashi et al. 2003; Ahn et al.
2022). Intracellular ROS are sustained at a certain level by
both enzymatic and non-enzymatic antioxidant systems pre-
sent in the cell (Nimse et al. 2015). Superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase (CAT)
are the major antioxidant enzymes (Nimse et al. 2015).
ROS generation also induces the production of proinflam-
matory cytokines such as tumor necrosis factor-a (TNF-a),
interleukin-1f (IL-1p) and interferon-y (IFN-y) (Yang et al.
2007). Taken together, irregular ROS generation induced
by specific stimulators such as UVB exposure may cause
several skin disorders (Padgett et al. 2013).

Eggshells protect their contents from mechanical dam-
age and external contaminants (Tsai et al. 2006). The ESM
comprises three layers: outer shell membrane, inner shell
membrane, and limiting membrane (Shi et al. 2021). Protein
fiber-bound calcium carbonate crystals form a matrix in the
lamellar and spongy layers (Tsai et al. 2006). Importantly,
the ESM has been demonstrated to exhibit anti-wrinkling
and anti-inflammatory activities in vitro in a previous study.
(Yoo et al. 2014). Additionally, a previous clinical study
reported beneficial effects of oral administration of ESM on
the skin, hair, and nails (Kalman et al. 2020). Other clini-
cal trials have also indicated the improvement of connective
tissue disorders on treatment with ESM (Ruff et al. 2009).
Although the potential of the ESM as a nutricosmetic ingre-
dient has been studied, the mechanism underlying the action
of the ESM remains unclear.

Herein, we suggest the utility of ESM as a novel nutri-
cosmetic ingredient. In our study, oral administration of
ESM improved UVB-induced wrinkle formation and dry-
ness in skin. Furthermore, UVB-induced proinflammatory
cytokines were reduced and MAPK signaling pathways
downregulated in the oral administration group compared
to the control. We also confirmed the restoration of SOD1
mRNA expression in UVB-induced dorsal skin following
ESM administration. As oxidative stress induced by UVB
has been considered a significant factor for skin aging, oral
administration of ESM could upregulate antioxidant systems
in and confer anti-aging effect on skin.

Materials and methods
Reagent
Dulbecco's modified Eagle’s medium (DMEM) was pur-

chased from Hyclone™. PBS and penicillin—streptomycin-
neomycin (PSN) were obtained from GenDEPOT (Baker,
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TX, USA) and Sigma-Aldrich® (Burlington, MA, USA),
respectively. Specific primary antibodies against p-MEK1/2,
p-MEK3/6, p-MEK4, p-p38, p-JINK, and MMP-1 were
obtained from Cell Signaling Technology (Danvers, MA,
USA) and Biorbyt (Cambridge, UK). Vinculin and p-ERK
were purchased from Santa Cruz Biotechnology® (Dallas,
TX, USA) and R&D Systems (Minneapolis, MN, USA),
respectively.

Eggshell membrane preparation

ESM was provided by Eggnovo S.L. (Spain). The eggshell
was washed with water and separated into the shell and
the ESM. The separated ESM was dried with hot air and
sterilized, and crushed to small pieces <30 um in size. This
preparation was referred to as the ESM (Ovoderm®-AS).

Animal study

The animal study protocol was reviewed and approved by
the Institutional Animal Care and Use Committee of the
Korea Food Research Institute (approval number: KFRI-
M-21016). Ten mice from each group of 5-week-old female
SKH-1 hairless mice were housed under appropriate con-
dition (temperature: 23 + 2, relative humidity: 50 + 10%,
12 h light/dark cycle). All mice were freely provided with
standard diet (AIN-93G) and drinking water. As described
in Fig. 1A, after acclimatization for 1 week, the mice were
UVB-irradiated and ingested ESM for 12 weeks. Ingestion
of the ESM and UVB irradiation were performed thrice per
week. UVB irradiation was started at a dose of 1 minimal
erythema dose (MED) (0.05 J/em?) and gradually increased
to 4 MED at week 4. ESM was administered at 30, 60, and
120 mg/kg body weight. Body weight, food intake, TEWL,
and skin moisture were measured after 12 weeks. TEWL
was measured using a Tewameter® TM 300 (Courage &
Khazaka Electronics, Cologne, Germany) and skin mois-
ture was measured using a Corneometer CM825 (Courage
& Khazaka Electronics).

Dorsal skin wrinkle measurement

Silicon replicas (R201, Biobridge, Gyeonggi-do, Korea)
were used to measure dorsal skin wrinkles in each mouse.
Skin roughness was analyzed using the Visioscan VC98
(Courage & Khazaka Electronics), and the skin wrinkle
depth was analyzed using ImageJ software with SurfCharJ
plugin.

Histological analysis

After sacrificing the mice, the expression of specific proteins
in the dorsal skin tissue was estimated using histological

analysis. Briefly, mice dorsal skin tissues were fixed over-
night with 10% formalin at 4 °C, and embedded in paraf-
fin. Epidermal thickness was measured using hematoxylin
and eosin (H&E) staining. Masson’s trichrome staining and
immunohistochemistry of skin tissue were performed for
collagen and MMP-1 staining. Dorsal skin tissues were
observed under a microscope (20 x40 magnification)
(Nikon, Minato City, Japan). Intensity quantification and
epidermal thickness were measured using ImagelJ software.

Protein extraction and western blot

Protein was extracted from dorsal skin tissues of mice in
lysis buffer (20 mM Tris—HCI [pH 7.5], 150 mM NaCl,
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM beta-glycerophosphate,
1 mM Na3VO4, and 1 pg/mL leupeptin) (Cell Signaling
Technology®, Dallas, TX, USA). The solution was centri-
fuged at 18,956 Xg for 30 min at 4 °C, and protein concen-
tration in the supernatant was estimated using the Pierce™
BCA Protein Assay Kit (23225, Thermo Fisher Scientific,
MA, USA). The protein samples were then subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were transferred from
the gel to PVDF membrane using Western blotting. The
membranes were incubated with the indicated antibodies at
4 °C for 24 h following the manufacturer's instructions. Pro-
tein bands were detected using a chemiluminescence reader
(LuminoGraph 3 Lite; Atto, Tokyo, Japan).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from mouse dorsal skin tissues
using TRIzol reagent (15596026; Thermo Fisher Scientific,
Waltham, MA, USA). Complementary DNA was synthe-
sized using amfiRivert cDNA synthesis platinum master mix
(R5600-200, GenDEPOT, Katy, TX, USA) in a total reaction
volume of 20 pL for 39 cycles. Quantitative PCR was con-
ducted using Accupower® 2X GreenStar™ qPCR Master
Mix (K-6253, Bioneer, Daejeon, Korea) on a CFX96 Touch
Real-Time PCR Detection system (Bio-rad, Hercules, CA,
USA). Primer sequences are listed in Table 1.

Quantification of hyaluronic acid (HA)
and procollagen type 1

HA and procollagen type I were quantified using the HA
quantitative test kit (HAE-163, Corgenix, CO, USA)
and procollagen type 1 ELISA kit (AI72204A, Takara,
Shiga, Japan), respectively, according to manufacturer's
instructions.
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Fig.1 It shows that animal study design, the ESM processed and
safety of ESM administration. Animal study was experimented for
12 weeks with SKH-1 hairless female mouse. Ingestion of the ESM
and UVB irradiation conduced for 12 weeks (A). The ESM was pro-

Statistical analysis

All statistical analyses were performed using the SPSS soft-
ware (version 20.0; SPSS Inc., Chicago, IL, USA). Data
are expressed as mean =+ standard deviation (SD). Statistical
significance was determined using Student’s ¢ test for single
statistical comparisons, and p values < 0.05 were regarded
significant.
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cessed washing-separating-drying and sterilization-crushing (B).
Intake safety of the ESM was evaluated by body weight (C) and food
intake (n=10) (D)

Results

Oral administration of eggshell membrane prevents
UVB-induced skin dryness

The manufacturing process of ESM is described in the
Materials and methods section (Fig. 1B). As shown in
Fig. 1C, D, ESM did not affect the changes in body weight



Molecular & Cellular Toxicology

Table 1 Primer sequence for real-time PCR

Gene name Accession numbers Forward sequence 5'-3’ Reverse sequence 5'-3’

HAS1 NM_008215.2 GTGCGAGTGTTGGATGAAGACC CCACATTGAAGGCTACCCAGTATC
HAS2 NM_008216.3 GCCATTTTCCGAATCCAAACAGAC CCTGCCACACTTATTGATGAGAACC
HAS3 NM_008217.4 GCTTCAGTCCAGAAACCAAAGTAGG CCTCGTTCCTCAAGAGAAACAAGG
COLI1Al1 NM_007742.4 GGTCTTGGTGGTTTTGTATTCG AACAGTCGCTTCACCTACAGC
COL1A3 NM_009930.2 AAGGCTGCAAGATGGATGCT GTGCTTACGTGGGACAGTCA
MMP-2 NM_008610.3 CAGAGACCTCAGGGTGACAC GAAGAAGTTGTAGTTGGCCA

SOD1 NM_011434.2 GGAAGCATGGCGATGAAA AAATGAGGTCCTGCACTGGTA
IL-1B NM_008361.4 TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
TNF-a NM_001278601.1 GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
IL-6 NM_031168.2 TACCACTTCACAAGTCGGAGGC CTGCAAGTGCATCATCGTTGTTC
COX-2 NM_011198.4 TTCCAATCCATGTCAAAACCGT AGTCCGGGTACAGTCACACTT
GAPDH NM_001289726.1 CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

and food intake of experimental animals. We measured
the skin moisture content and transepidermal water loss
(TEWL) in an animal study to investigate the effect of
ESM intake on UVB-induced skin dryness. We found
that repetitive exposure to UVB substantially reduced the
moisture content in the dorsal skin of the mice. The skin
moisture content was restored in a dose-dependent manner
in the ESM administration group (Fig. 2A). Furthermore,
we confirmed that TEWL, one of the indicators related to
skin moisture, was increased by more than two-fold on

UVB irradiation. Similar to the restoration of skin mois-
ture content shown in Fig. 2A, TEWL was decreased on
administration of the ESM (Fig. 2B). To evaluate the effect
of the ESM on the expression of specific proteins related
to skin hydration, we evaluated HAS1/2/3 mRNA expres-
sion in the dorsal skin of mice. Interestingly, UVB expo-
sure dramatically diminished HAS1, HAS2, and HAS3
mRNA expression, and oral administration of the ESM
reversed these reductions (Fig. 2C).
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Fig.2 Oral ingestion of the ESM inhibits skin dryness. The effect of
skin hydration and reduction of TEWL through oral ingestion of the
ESM were evaluated at 12 weeks (A, B). Hyaluronic synthase (HAS)
1, 2, 3 were analyzed through mRNA of mouse dorsal skin tissues

in quantitative PCR after sacrifice C. #, P<0.05; ##, P<0.01; sig-
nificant differences between un-treated control and only UVB-treated
group and *, P<0.05; **, P<0.01; *** P<0.001; significant differ-
ences between UVB and UVB 4+ ESM administration group
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Oral administration of eggshell membrane reduces
the deterioration of collagen production induced
by UVB exposure

Next, we examined the effect of ESM administration on
collagen production process, which is damaged on UVB
exposure. The collagen content in the skin tissue was evalu-
ated using Masson's trichrome staining, as described in the
Materials and Methods. As shown in Fig. 3A, we observed
a dramatic reduction in collagen content in UVB-exposed
skin, accompanied by dose-dependent recovery of skin col-
lagen content in ESM-administered mice. During collagen
formation, procollagen is first endogenously produced from
the encoding DNA and secreted into the extracellular space
(Canty-Laird et al. 2005). The secreted procollagen mol-
ecules then self-assemble to generate mature collagen fibers
(Canty-Laird et al. 2005). Therefore, we evaluated the effect
of oral administration of ESM on procollagen production.
Notably, we observed an attenuation of procollagen produc-
tion in the UVB-exposed skin. In addition, this reduction in
procollagen production was normalized in the ESM intake
group (Fig. 3B). To confirm whether oral intake of ESM
affects mature collagen content in the skin, we measured
COL1A1 and COL3A1 mRNA expression, as described in
Materials and methods. As expected, the mRNA expression
of COL1A1 and COL3A1 was strikingly attenuated in the
UVB-treated group, and restored with oral intake of the
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ESM (Fig. 3C). These results suggest that the oral intake
of ESM confers anti-wrinkle effect against UVB-induced
skin aging.

Oral administration of eggshell membrane
attenuates fiber-degrading enzymes and wrinkle
formation

In addition to procollagen expression, collagen degradation
is modulated by UV exposure (Quan et al. 2004). Therefore,
we investigated the levels of enzymes MMP-1 and MMP-2,
which are involved in for the degradation of fiber compo-
nents in the skin tissue. Similar to previous studies (Jung
et al. 2014), the expression of MMP-1, a collagen-degrading
enzyme, was highly upregulated in the UVB-exposed dorsal
skin of mice in this study. Furthermore, downregulation of
MMP-1 expression was observed in the ESM-administered
group (Fig. 4A). Next, we examined the effect of the ESM on
the gelatin-degrading enzyme MMP-2. As shown in Fig. 4B,
MMP-2 expression was reduced in the ESM-treated group.
Oral ingestion of ESM also reversed the UVB irradiation-
induced increase in epidermal thickness (Fig. 4C) and wrin-
kle formation (Fig. 4D). These results indicate that ESM
administration leads to the normalization of skin collagen
content and inhibition of wrinkles through the suppression
of production of fiber component-degrading enzymes.
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Fig.3 Oral administration of the ESM inhibits UVB irradiation-
induced collagen degradation. In mouse dorsal skin tissues, collagen
intensity was analyzed by masson’s trichrome staining (A). Lysates
of mice dorsal skin tissues were analyzed procollagen (B) through
ELISA and COL1A1l and COL3Al mRNA through quantitative
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PCR (C). #, P<0.05; ##, P<0.01; ###, P<0.001; significant differ-
ences between un-treated control and only UVB-treated group and *,
P<0.05; **, P<0.01; *** P<0.001; significant differences between
UVB and UVB +ESM administration group
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Fig.4 Oral administration of the ESM reduces UVB irradiation-
induced MMP expression and wrinkle formation. MMP-1 expression
in dorsal skin tissues was analyzed in immunohistochemistry (A).
MMP-2 mRNA expression in mouse dorsal skin tissues was evaluated
by quantitative PCR (B). The epidermis thickness was measured by
imageJ in H&E staining (C). Skin roughness was evaluated in dor-

Oral administration of eggshell membrane
reduces UVB-induced cytokine expression
through upregulation of SOD1

Excessive UVB exposure is known to induce immune
hyperactivation through aberrant oxidative stress (Yang
et al. 2007). Therefore, we analyzed the degree of cytokine
expression in the dorsal skin of the mice. As shown in
Fig. 5A, UVB irradiation increased the mRNA expression of
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cytokines such as IL-1, IL-6, and TNF-a, which are related
to skin inflammation (Hénel et al. 2013). In addition, oral
administration of ESM reversed the UVB-induced elevation
in cytokine expression (Fig. 5A), and reduced the mRNA
expression of cyclooxygenase-2 (COX-2), which is the
enzyme responsible for causing inflammation (Carola et al.
2021). Next, we investigated the expression levels of anti-
oxidant enzymes to confirm their relation to the suppression
of cytokine expression in the ESM-treated group. Notably,
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we found that UVB treatment dramatically reduced SOD1
expression, and dose-dependent recovery was observed on
oral administration of ESM (Fig. 5B). Overall, we suggest
that oral administration of ESM suppresses UVB-induced
cytokine expression via upregulation of the antioxidant
enzyme SOD1.

Oral administration of eggshell membrane inhibits
the UVB-induced MEK1/2-ERK and MEK4-JNK
but not MEK3/6-p38 signaling pathway

The MAPK signaling pathways including ERK, p38, and
JNK that upregulate MMP1 expression are phosphorylated
by UVB irradiation (Nelson et al. 2004). We investigated
whether oral ingestion of the ESM affects the MEK1/2-ERK
and MEK4-JNK signaling pathways. As shown in Fig. 6A,
UVB irradiation substantially induced phosphorylation of
MEK1/2 and MEK4, and decreased phosphorylation lev-
els were observed in the ESM oral intake group compared
to the control. Subsequently, the phosphorylation of ERK
and JNK, the downstream signaling molecules of MEK1/2
and MEKA4, respectively, was dramatically attenuated in the
ESM oral administration group (Fig. 6B). Interestingly, the
MEK3/6-p38 pathway was not affected by oral ingestion of
the ESM (Fig. 6A, B). Regardless, these results indicate that
ESM administration abolishes UVB-induced skin damage
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Fig.6 Oral intake of eggshell membrane modulates specific kinases.
The protein lysates of mouse dorsal skin tissues were analyzed by
western blot. The intensity of protein band is quantified by imagel. #,
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by attenuating the MEK1/2-ERK and MEK4-JNK signaling
pathways stimulated by UVB.

Discussion

Yoo et al. reported the anti-wrinkle, anti-inflammatory, and
antimicrobial activities of ESM hydrolysates (Yoo et al.
2014). Furthermore, the effects of oral ingestion of ESM on
skin aging and differentiation have been studied (Furukawa
et al. 2021). However, the mechanism underlying the anti-
aging effect of ESM on the skin was not clearly identified
in these studies.

The skin is the main barrier between the body and envi-
ronmental factors (Parrado et al. 2019). Although solar UV
radiation exerts several positive effects on human skin, such
as vitamin D production, chronic and excessive UV exposure
can cause various skin disorders such as photoaging, inflam-
mation, and carcinogenesis (Bosch et al. 2015).

It is well established that UVB irradiation induces intra-
cellular ROS generation (Heck et al. 2003). ROS produced
through mitochondrial metabolism causes skin diseases, such
as wrinkle formation, skin dryness, and inflammation (Murphy
2009; Rinnerthaler et al. 2015). The ROS generated on UVB
irradiation primarily induce the secretion of cytokines, such
as TNF-a, IL-6, and IL-1p (Padgett et al. 2013). Herein, we
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confirmed that the production and secretion of these cytokines
were inhibited by the oral ingestion of ESM (Fig. 5A). UVB
irradiation-induced ROS generation also leads to a decrease
in antioxidant enzyme levels and activates the MAPK signal-
ing pathway, which upregulates MMPs (Nelson et al. 2004;
Wang et al. 2019). Consequently, the increased expression of
MMPs promotes wrinkle formation (Kim et al. 2013). Fur-
thermore, overproduction of ROS was also shown to decrease
procollagen expression (Zhang et al. 2017). We found that
oral intake of ESM recovered the expression of the antioxi-
dant enzyme SOD1 (Fig. 5B), and consequently attenuated
the UVB-induced upregulation of the MAPK signaling path-
way and the associated cytokine production (Figs. SA, 6A, B).
With regard to the mechanism behind the action of ESM, the
phosphorylation of MEK1/2-ERK and MEK4-JNK pathway
components was found to be specifically attenuated on oral
administration of ESM, although MEK3/6-p38 phosphoryla-
tion was not affected (Fig. 5A, B, S1). Interestingly, several
studies reported that some MAP3 kinase family including Raf,
Mos, Tpl, and MUK were observed to specifically phospho-
rylate the MEK1/2-ERK and pMEK4-JNK pathways, but not
MEK3/6-p38 (Raman et al. 2007). Therefore, we hypothesized
that oral administration of the ESM may target the above-men-
tioned kinases to regulate the MEK1/2-ERK and pMEK4-JNK
pathways. Taken together, these findings suggest that SOD1
restored through ESM administration reduces anti-wrinkle
formation by reducing MMP-1 and improving procollagen
expression (Figs. 3A, 4A, D).

Repeated exposure to UV irradiation is associated with
skin dryness (Kang et al. 2019). UV irradiation has been
reported to downregulate HAS1, 2, 3 mRNA expression
(Park et al. 2017). In particular, HAS?2 is essential for the
maintenance of skin hydration. The decrease in HAS levels
and skin moisture due to UVB irradiation was recovered in
the orally ingested ESM group in this study (Fig. 2A, C).
In addition, the increase in TEWL was attenuated on ESM
administration (Fig. 2B). Furthermore, ROS, which break
down HA, are also associated with skin hydration (Soltés
et al. 2006). We propose that the restoration of HAS expres-
sion on oral ingestion of ESM is important for suppressing
skin dryness. Taken together, ESM can utilize to as an anti-
aging nutricosmetic material. Based on these findings, there
are necessary to identify the target molecule using multi-
omic analysis. Moreover, both safety evaluation in vivo test
and anti-aging effect in clinical trial of ESM are also require
for developing nutricosmetic material.

Conclusion
Antioxidant activity in the human body is associated with

both enzymatic and non-enzymatic systems. This study
confirmed that the oral ingestion of ESM restored the

@ Springer

antioxidant enzyme SODI1 levels, which were reduced on
UVB irradiation. This suppressed the activity of the MAPK-
MMP signaling system and restored procollagen expression.
Furthermore, oral intake of ESM also repaired the UV-
induced decreased in HAS expression, leading to restora-
tion of skin moisturizing ability. In addition, it also inhibited
the production of cytokines. Thus, the findings from our
study indicate the potential of ESM for use as a nutricos-
metic material, which has an anti-wrinkle formation effect
and improves skin hydration.
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