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Abstract: Reactive oxygen species (ROS) generated by ultraviolet (UV) exposure cause skin barrier
dysfunction, which leads to dry skin. In this study, the skin moisturizing effect of sphingomyelin-
containing milk phospholipids in UV-induced hairless mice was evaluated. Hairless mice were
irradiated with UVB for eight weeks, and milk phospholipids (50, 100, and 150 mg/kg) were
administered daily. Milk phospholipids suppressed UV-induced increase in erythema and skin
thickness, decreased transepidermal water loss, and increased skin moisture. Milk phospholipids
increased the expression of filaggrin, involucrin, and aquaporin3 (AQP3), which are skin moisture-
related factors. Additionally, hyaluronic acid (HA) content in the skin tissue was maintained by
regulating the expression of HA synthesis- and degradation-related enzymes. Milk phospholipids
alleviated UV-induced decrease in the expression of the antioxidant enzymes superoxidase dismutasel
and 2, catalase, and glutathione peroxidasel. Moreover, ROS levels were reduced by regulating heme
oxygenase-1 (HO-1), an ROS regulator, through milk phospholipid-mediated activation of nuclear
factor erythroid-2-related factor 2 (Nrf2). Collectively, sphingomyelin-containing milk phospholipids
contributed to moisturizing the skin by maintaining HA content and reducing ROS levels in UVB-
irradiated hairless mice, thereby, minimizing damage to the skin barrier caused by photoaging.
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1. Introduction

The skin is the primary protective barrier of the human body, and it plays a role in
preserving moisture in the body and protecting the skin from the external environment.
The epidermal stratum corneum, the outermost layer of the skin, is involved in protecting
the moisture content of the skin in a dry environment [1]. When the epidermis is repeatedly
exposed to a large amount of ultraviolet (UV) light, it induces reactive oxygen species
(ROS) generation and oxidative stress. UV rays can penetrate the epidermal and dermal
layers and facilitate ROS generation in cells and tissues through various processes [2].
UV-induced ROS accelerate aging by inducing photooxidative damage to the skin. ROS
cause an imbalance in enzymatic and non-enzymatic antioxidant defense systems of the
skin and prevent normal cell functions owing to lipid peroxidation-induced cell membrane
damage [3]. Increased oxidative stress in skin cells activates the expression of matrix
metalloproteases, thereby reducing collagen production and elastic fiber synthesis, thereby
promoting skin aging [4]. As it cannot recover from the continuous oxidation state, the skin
surface becomes rough and loses its luster, leading to skin aging, which involves loss of
elasticity and wrinkle formation [5].

The stratum corneum, which affects skin moisture retention, forms a lipid layer
composed of ceramide, cholesterol, and free fatty acids between keratinocytes and has low
permeability compared to general phospholipid biofilms, thereby inhibiting the permeation
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of external substances [6]. The stratum corneum produces natural moisturizing factors,
such as amino acids, lactic acid, urea, citrate, and hyaluronic acid (HA), to maintain body
water balance [7]. The stratum corneum of a healthy person contains approximately 10
to 30% moisture, and insufficient moisture causes abnormalities in the skin barrier and
increases transdermal moisture loss, resulting in dry skin. Loss of moisture caused by
abnormal skin barrier function reduces skin elasticity, thickens the epidermis, promotes
wrinkle formation, causes diseases such as itching and xerosis, and worsens diseases such
as psoriasis and atopic dermatitis [8]. Moisture supply and maintenance of moisture in the
skin are important in terms of pathological and cosmetic aspects [7]. Active ingredients
required to moisturize the skin include ceramide, hydroxy acid, glycerin, and butylene
glycol, and these compounds are either applied to the skin or ingested orally [9,10].

Research on the development of commercial cosmeceuticals has been conducted
through the repositioning of natural and synthetic products, and research to explore and
utilize food materials with wrinkle-improving effects continues steadily [11]. This study
used sphingomyelin-containing phospholipids, which are polar lipids extracted from milk
whey with ethanol. Most of it contains phospholipids, mainly phosphatidylcholine and
phosphatidylethanolamine, and sphingolipids, mainly sphingomyelin [12]; therefore, it is a
food ingredient rich in precursors of ceramides necessary for skin moisturizing. Milk fat is
a dietary source of sphingomyelin, and dietary sphingomyelin raises ceramide levels in the
body. Ceramide plays a role in maintaining the moisture in the epidermis and skin barrier
function [13,14].

Numerous studies have been conducted on natural diets and herbs for skin moisturiz-
ing and skin barrier function improvement, but studies on milk phospholipids are limited.
Therefore, in this study, the skin moisturizing effect of milk phospholipids was evaluated
by measuring the expression levels of skin hydration factors and enzymes related to the
synthesis and decomposition of hyaluronic acids in hairless mice induced by photoaging.
By measuring the expression level of enzymes involved in ROS removal by milk phospho-
lipids, the potential for skin photoaging inhibition was evaluated, and the mechanism of
action of ROS removal was investigated.

2. Results
2.1. Effects of Milk Phospholipids on Body Weight Changes and Plasma Biochemical Parameter

During the experimental period, all the experimental groups showed a tendency to
gradually increase in body weight (Supplementary Materials Table S1). In addition, the
milk phospholipid administration groups (low-dose milk phospholipids [ML]: 50 mg/kg;
medium-dose milk phospholipids [MM]: 100 mg/kg; high-dose milk phospholipids [MH]:
150 mg/kg) did not show a significant difference in body weight compared to the NOR
group. Plasma biochemical values are shown in Table S2. Plasma levels of glucose, aspartate
transaminase and alanine transferase were not significantly different between groups.
The milk phospholipid administration groups (MM and MH) showed significantly lower
triglyceride levels compared to the NOR group (p < 0.05 and p < 0.01, respectively), but the
total cholesterol levels were similar to the NOR group.

2.2. Effects of Milk Phospholipids on Skin Parameters

Erythema formation and skin thickness are expressed as delta values, which represent
the difference in values before and after the UV treatment (Figure 1A,B). As representative
phenomena of skin photoaging, the erythema index and skin thickness were significantly
higher in the UVB-C group than in the normal group (p < 0.001). However, oral administra-
tion of milk phospholipids decreased the erythema index in a concentration-dependent
manner, showing improvement in UV-induced photoaging (Figure 1A). Administration
of medium (MM) and high (MH) doses of milk phospholipids significantly decreased the
erythema index compared to the UVB-C group (p < 0.05 and p < 0.01, respectively). Oral
milk phospholipid administration, particularly MM and MH doses, significantly decreased
UV-mediated increase in skin thickness compared to the UVB-C group (Figure 1B; p < 0.01
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Figure 1. Effects of milk phospholipids on erythema formation (A), skin thickness (B), skin hydration
(C) and transepidermal water loss (TEWL) (D) in ultraviolet (UV) B-irradiated hairless mice. NOR:
oral administration of saline without UVB irradiation; UVB-C: oral administration of saline under
UVB irradiation; ML: oral administration of low-dose (50 mg/kg b.w.) milk phospholipids under
UVB irradiation; MM: oral administration of medium-dose (100 mg/kg b.w.) milk phospholipids
under UVB irradiation; MH: oral administration of high-dose (150 mg/kg b.w.) milk phospholipids
under UVB irradiation. Data are expressed as means + standard error (n = 6). * p < 0.05, ** p < 0.01,
and ** p < 0.001 vs. UVB-C group (Tukey’s test).

Skin hydration and transepidermal water loss (TEWL) were determined to evaluate
skin barrier function, which plays an important role in skin hydration. Skin moisture
content and transdermal moisture loss are expressed as delta values, which represent the
difference in values before and after the experiment (Figure 1C,D). There were significant
differences in the delta values of skin hydration and TEWL between normal and UVB-C
groups (p < 0.001). Furthermore, UV-induced reduction in skin hydration was reversed
by milk phospholipid administration in a concentration-dependent manner (Figure 1C).
Similarly, milk phospholipid administration also improved TEWL (Figure 1D). In particular,
ML and MH groups showed a significant improvement in TEWL compared to the UVB-
C group, but there was no dose-dependent change (p < 0.01 and p < 0.05, respectively).
Compared with the UVB-C group, the MM group showed a tendency to decrease TEWL,
but there was no significant difference. Taken together, milk phospholipids exhibited
improving effects on the skin barrier function.
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2.3. Effects of Milk Phospholipids on HA Synthesis and Degradation

HA is a compound responsible for skin moisture and is involved in inhibiting moisture
loss from the epidermis and maintaining skin elasticity. HA is synthesized by hyaluronic
acid synthase (HAS) and degraded by hyaluronidase (HYAL). UV irradiation signifi-
cantly decreased the expression of HAS (HAS], 2, and 3) (Figure 2A-C; p < 0.01, p < 0.05,
p < 0.05, respectively), but significantly increased the expression of HYAL (HYALL1 and 3)
(Figure 2D,E; p < 0.01, p < 0.001, respectively) compared to the normal group. However,
milk phospholipids increased HAS expression, which were reduced by UV, and decreased
HYAL expression, which were increased by UV, in a concentration-dependent manner
(Figure 2D,E). HA content in the skin was also reduced by UV irradiation, but it was signif-
icantly increased by oral milk phospholipid administration (Figure 2F; p < 0.001). Hereby,
milk phospholipids are thought to improve skin hydration by regulating the expression of
HAS and HYAL.
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Figure 2. Effects of milk phospholipids on gene expression of HAS (A-C) and HYAL (D,E) and
hyaluronic acid (HA) content (F) in UVB-irradiated hairless mice. NOR: oral administration of saline
without UVB irradiation; UVB-C: oral administration of saline under UVB irradiation; ML: oral
administration of low-dose (50 mg/kg b.w.) milk phospholipids under UVB irradiation; MM: oral
administration of medium-dose (100 mg/kg b.w.) milk phospholipids under UVB irradiation; MH:
oral administration of high-dose (150 mg/kg b.w.) milk phospholipids under UVB irradiation. Data
are expressed as means + standard error (n = 6). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. UVB-C
group (Tukey’s test). HAS: hyaluronan synthase; HYAL: hyaluronidase.

2.4. Effects of Milk Phospholipids on the Expression of Skin Moisture-Related Factors

UV rays damage the skin, causing abnormal skin barrier function and eventually
dryness [15]. The effect of milk phospholipids on the recovery of skin barrier function
damaged by UV was examined. The gene expression of involucrin and filaggrin, which are
differentiation-promoting factors involved in keratinocyte membrane formation, and AQP3,
a gene that encodes a protein that synthesizes the water passage in the basal outer layer of
the cell membrane, were determined (Figure 3). Their expressions were significantly lower
in the UVB-C group than in the normal group (Figure 3; p < 0.01, p <0.001, and p < 0.01,
respectively). Milk phospholipids significantly increased their expression in a concentration-
dependent manner (Figure 3; p < 0.001). Collectively, milk phospholipids appear to be
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involved in the restoration of skin barrier function by suppressing UV-mediated decrease
in the expression of these factors.
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Figure 3. Effects of milk phospholipids on the expression of filaggrin (A), involucrin (B), and AQP3
(C) in UVB-irradiated hairless mice. NOR: oral administration of saline without UVB irradiation;
UVB-C: oral administration of saline under UVB irradiation; ML: oral administration of low-dose
(50 mg/kg b.w.) milk phospholipids under UVB irradiation; MM: oral administration of medium-
dose (100 mg/kg b.w.) milk phospholipids under UVB irradiation; MH: oral administration of
high-dose (150 mg/kg b.w.) milk phospholipids under UVB irradiation. Data are expressed as means
=+ standard error (1 = 6). ** p < 0.01 vs. UVB-C group (Tukey’s test). AQP3: aquaporin3.

2.5. Effects of Milk Phospholipids on ROS Production and Expression of Genes Encoding
Antioxidant Enzymes

Figure 4 shows the inhibitory effect of milk phospholipids on ROS production and
expression of genes encoding antioxidant enzymes. ROS levels were significantly higher
in the UVB-C group than in the normal group (Figure 4; p < 0.001). Milk phospholipids
significantly lowered UV-induced ROS production in a concentration-dependent manner
(Figure 4A; p < 0.01 and p < 0.001, respectively). The expression of superoxide dismu-
tase 1 (S0OD1), SOD2, catalase (CAT), and glutathione peroxidase 1 (GPx1), which are
involved in ROS removal, were lower in the UVB-C group than in the normal group
(Figure 4B-E). Milk phospholipids suppressed UV-mediated decrease in gene expression in
a concentration-dependent manner. In particular, the expression of the antioxidant enzymes
was significantly increased by MM and MH doses. Altogether, oral milk phospholipid
administration inhibited photoaging by suppressing ROS generation and regulating the
expression of genes encoding antioxidant enzymes.

2.6. Effects of Milk Phospholipids on Nrf2-Keapl-Related Protein Expression

Oral administration of milk phospholipids suppressed UVB-induced ROS genera-
tion and the decrease in gene expression of antioxidant enzymes. Therefore, to examine
the underlying mechanisms of milk phospholipids, protein expression of nuclear factor
erythoride-2-related factor 2 (Nrf2) and Kelch-like ECH-associated protein 1 (Keap-1),
which are affected by oxidative stress, and heme oxygenase-1 (HO-1), an antioxidant en-
zyme, were examined by Western blotting (Figure 5). Protein expression of Nrf2 and HO-1
(p < 0.001 and p < 0.05, respectively) were significantly lower, but that of keap1, a nega-
tive regulator of Nrf2, was significantly higher (p < 0.01) in the UVB-C group than in the
normal group (Figure 5A,B). Milk phospholipids increased Nrf2 and HO-1 expression and
decreased Keap1 expression in a concentration-dependent manner. Taken together, milk
phospholipids demonstrated ROS scavenging effects by increasing the expression of the
transcription factor Nrf2, contributing to an increase in ROS scavenging-related enzymes.
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Figure 4. Effects of milk phospholipids on ROS production (A) and the expression of genes en-
coding the antioxidant enzymes SOD1 (B), SOD2 (C), CAT (D), and GPx1 (E) in UVB-irradiated
hairless mice. NOR: oral administration of saline without UVB irradiation; UVB-C: oral adminis-
tration of saline under UVB irradiation; ML: oral administration of low-dose (50 mg/kg b.w.) milk
phospholipids under UVB irradiation; MM: oral administration of medium-dose (100 mg/kg b.w.)
milk phospholipids under UVB irradiation; MH: oral administration of high-dose (150 mg/kg b.w.)
milk phospholipids under UVB irradiation. Data are expressed as means + standard error (1 = 6).
**p <0.01 and **p <0.001 vs. UVB-C group (Tukey’s test). ROS: reactive oxygen species; CAT:
catalase; SOD: superoxide dismutase; Gpx-1: glutathione peroxidase-1.
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Figure 5. Effects of milk phospholipids on protein expression of Nrf2 (A), Keap1 (B), and HO-1 (C)
in UVB-irradiated hairless mice. Western blot and protein quantifications are shown. NOR: oral
administration of saline without UVB irradiation; UVB-C: oral administration of saline under UVB
irradiation; ML: oral administration of low-dose (50 mg/kg b.w.) milk phospholipids under UVB
irradiation; MM: oral administration of medium-dose (100 mg/kg b.w.) milk phospholipids under
UVB irradiation; MH: oral administration of high-dose (150 mg/kg b.w.) milk phospholipids under
UVB irradiation. Data are expressed as means + standard error (n = 6). * p < 0.05 and ** p < 0.01
vs. UVB-C group (Tukey’s test). Nrf2: Nuclear factor erythroid-2-related factor 2; Keap1: Kelch-like
ECH-associated protein 1; HO-1: heme oxygenase-1.
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3. Discussion

The skin has a barrier function to protect the body from environmental factors, such as
chemicals, pathogens, air pollutants, and UV rays, and a moisturizing function to prevent
water loss from the body. The skin is an organ that retains moisture and performs an
essential barrier function to protect the body from the intrusion of external factors [16].
In particular, the stratum corneum of the epidermis acts as a skin barrier to protect the
skin from the outside while retaining moisture [17]. Skin moisture is the most important
factor for maintaining skin health and controlling aging. When UV-induced photoaging
progresses, the optimal moisture content of the skin cannot be achieved, and enzymes
that produce lipids and natural moisturizing factors are not activated, causing the stratum
corneum of the skin to become dry and thick [18].

The keratinocyte membrane is formed when proteins, such as loricrin and involu-
crin, generated during the differentiation of keratinocytes are cross-linked by transglu-
taminases [19]. Genes whose expression increases as differentiation progresses include
transglutaminase 1 and 3, involucrin, loricrin, cornifin, and filaggrin. Among them, transg-
lutaminase 1 strengthens the skin barrier by crosslinking the structural proteins involucrin,
loricrin, and cornifin and imparts resistance and insolubility by catalyzing a stable iso-
tope peptide bond during keratinocyte formation [20]. UV light inhibits the production
of natural moisturizing factors by reducing the expression of proteins involved in ker-
atinocyte membrane formation, such as filaggrin, involucrin, and caspase-14 [21]. In
keratinocytes, among transmembrane proteins, AQP3 is expressed; aquaporins (AQPs)
specifically transport water and glycerol into cells. Glycerol is a structural component
for various lipids, and has a positive effect on elasticity and wound healing by increasing
the water content of the epidermal layer [22]. Interestingly, AQP3 expression decreases
with age, and contributes to skin dryness [23]. As a result, UV-induced damage to the
epidermis layer causes skin dryness by reducing skin moisture content [24]. We found that
UV rays reduced the expression of genes encoding filaggrin, involucrin, and AQP3, which
are skin moisture-related factors; however, oral milk phospholipid administration reversed
this effect (Figure 3). Uncontrolled expression of inflammation-related factors causes dys-
function of the epidermal barrier, which is seen in diseases such as atopic dermatitis and
psoriasis. Our previous study reported that administration of sphingomyelin-containing
milk phospholipids reduces production of proinflammatory cytokines in the photoaged
skin [25]. We also confirmed that milk phospholipids had similar effects to virgin coconut
oil, Centella asiatica, and Tamnolia vermicularis, which are known to affect epidermal mark-
ers (filaggrin, involucrin and AQP3) responsible for keratinocyte differentiation and skin
barrier function [26-28].

Although UV irradiation decreased skin moisture and increased TEWL, oral milk
phospholipid administration improved the skin barrier damage (Figure 1). UV irradiation
promotes the detachment of keratinocytes from the skin surface, weakening the skin
hydration and skin barrier function. According to the H&E staining results of epidermis,
oral administration of milk phospholipids inhibited the increase in epidermal thickness
caused by UV irradiation [29]. In addition, administration of milk phospholipids lowered
plasma triglyceride levels compared to the NOR group. Ref. [30] reported that milk-derived
phospholipids improved plasma lipid levels, including triglycerides, in obese mice induced
by a high-fat diet. UV irradiation induces the increase of TEWL and the alteration of stratum
corneum lipid profile by disrupting epidermal barrier functions in skin [31]. According
to our previous study [25], sphingomyelin, which is involved in the skin barrier function,
decreased when irradiated with UV light, but showed a tendency to increase in the skin
tissue by administration of milk phospholipids. Dietary sphingomyelin might improve skin
barrier function by altering skin inflammation and covalently bound w-hydroxy ceramides,
and it is also known that dietary sphingomyelin can promote the formation of the epidermal
cornified envelope by changes in inflammation-related gene expression [32].

ROS and reactive nitrogenous species (RNS), which are formed during inflammatory
processes, are known to be critical for signaling, aging, and apoptosis in extrinsic or intrinsic
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skin. Several studies showed that hydroxyl radical or endogenous ROS affected epidermal
HA catabolism by producing peroxynitrite [33,34]. Overproduction of ROS/RNS has been
known to promote the degradation of HA, which has the capacity to bind and retain water
molecules, resulting in the expansion of skin aging. Thus, the control of ROS/RNS in
skin metabolism is essential in skin health. Furthermore, HA is a major component of the
extracellular matrix and is involved in water retention, maintenance of intercellular spacing,
and storage and diffusion of cell growth factors and nutrients [35]. HA content decreases
with skin aging and represent a direct cause of decreases in skin elasticity and moisture
content [36]. HA is synthesized by HAS and degraded by HYAL [37]. Among HAS, HAS2
and HAS3 are known to play a decisive role in HA synthesis. UV rays affect the expression
of these proteins, damaging the epidermal layer and causing a decrease in skin moisture
content. This eventually leads to dry skin and accelerated aging [38]. However, oral milk
phospholipid administration seemed to contribute to skin hydration by maintaining HA
content, which was reduced by UV irradiation, as milk phospholipids upregulated HAS
gene expression and downregulated HYAL gene expression (Figure 2).

In addition, it has been reported that accumulated UV irradiation breaks the antioxi-
dant defense system and promotes the generation of lipid oxidation products including
malondialdehyde by increasing ROS production [39]. ROS generated by UVB exposure
accelerate skin aging by participating in wrinkle formation and melanin generation via
decomposition of binding tissue components, such as collagen and HA, and abnormal
crosslinking of these components [40,41]. In this study, SOD, CAT, and GPx1 expression
were decreased by UV irradiation, but milk phospholipid administration reversed this
effect (Figure 4). Moreover, although sphingomyelin has been known to represent one of
the main factors behind the antioxidant activity of milk and dairy products [42], the current
study has demonstrated that sphingomyelin-containing milk phospholipids can upregulate
the expression of antioxidant enzymes in skin tissues.

The skin barrier improvement effect of milk phospholipids appeared to be related
to the activation of Nrf2-keap1, which is related to ROS removal. Milk phospholipids
activated Nrf2 and increased the expression of HO-1, an antioxidant enzyme, thereby
reducing ROS produced by UV irradiation (Figures 4A and 5). Nrf2, which responds
sensitively to intracellular oxidative stress, is a transcription factor for some antioxidant
enzymes and is known to play an important role in protecting against UV-induced skin
cell death and acute skin burns [43]. In a steady state, Nrf2 levels in the cytoplasm are kept
low by Keap1, which forms a complex with Nrf2 and degrades it. During oxidative stress,
Nrf2 is separated from Keap1 and translocated to the nucleus [44], where it forms a dimer
with the small Maf protein, binds to the antioxidant response element (ARE), and activates
HO-1, an ARE-dependent antioxidant gene [45]. HO-1 is a member of the intracellular
phase II enzyme family, plays an important role in ROS generation and maintenance of
homeostasis against oxidative stress, and is one of the cell protection mechanisms.

We demonstrated that milk phospholipid administration improved skin hydration in
a UVB-induced photoaging model. In the future, we will investigate changes in the lipid
composition of the skin by administration of milk phospholipids. However, since this study
evaluated the effect of milk phospholipids in a UVB-induced photoaging model, additional
studies are needed to clarify the effect of milk phospholipid administration on the skin in a
normal skin model. Milk phospholipids were involved in the restoration of skin barrier
function damaged by UV rays and improved the skin moisture and transdermal moisture
loss. This result was suspected to be because of a decrease in UV-induced ROS production
following the activation of the Nrf2-Keap1 system. In addition, milk phospholipids may
have improved UVB-induced skin barrier damage by supplying the skin constituent lipids
containing ceramide.
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4. Materials and Methods
4.1. Materials and Animals

Sphingomyelin-containing milk phospholipids were provided by Solus Advanced
Materials Co., Ltd. (Yongin, Korea). Sphingomyelin-containing milk phospholipids consist
of: Phospholipids 25.0 &= 5.0% (phosphatidylcholine 7.5 & 1.5%, phosphatidylethanolamine
6.5 = 1.5%, phosphatidylserine 1.3 £ 0.7%, sphingomyelin 6.5 = 1.0%), lactosylceramide
1.5 £ 0.5%, glucosylceramide 0.9 & 0.6% and GD3 ganglioside 0.3 £ 0.1%. Eight-week-
old SKH-1 hairless male mice (Central Lab Animal Inc., Seoul, Korea) were acclimatized
for one week before being used in the experiment. They were reared in an environment
maintained at a temperature of 23 £ 2 °C, humidity of 55 £ 10%, and light/dark cycles
of 12 h. They were provided with solid feed and ad libitum access to drinking water. To
induce photoaging, mice were irradiated with UVB; UVB irradiation dose was 1 minimal
erythemal dose (MED; 75 m]/ cm?) in weeks 1 and 2, 2 MED in week 3, 3 MED in week 4,
and 4 MED in week 5 onward, 3 times a week for a total of 8 weeks. For UV irradiation, a
UV irradiator (BLX-254, Vilber Lourmat, Marne La Vallee, France) with UVB lamp (UB800,
Waldman Licht Technik GmbH) was used. In addition, UV spectrum was measured using
a UV light meter (UV-340, Lutron, Taipei, Taiwan) before UVB irradiation. Experimental
animals were randomly divided into five groups, each group containing six mice: nor-
mal (unirradiated) group (NOR), UVB-irradiated group (UVB-C), 50 mg/kg b.w. milk
phospholipid-administered group (ML), 100 mg/kg b.w. milk phospholipid-administered
group (MM), and 150 mg/kg b.w. milk phospholipid-administered group (MH). Mice in
the experimental groups (ML, MM, and MH) were orally administered with milk phos-
pholipids once a day. The sample was administered intragastrically and was conducted
simultaneously with UVB irradiation for a total of 8 weeks. The body weight of mice was
measured once a week. After the end of the experiment period, whole blood was collected
from the abdominal aorta and centrifuged (3000 rpm, 4 °C, 15 min) to separate plasma
for serum biochemical analysis. The animal experiments were approved by the Korea
University Institutional Animal Care and Use Committee (KUIACUC-2020-0054).

4.2. Measurement of Skin Parameters

To evaluate skin barrier function, skin hydration and TEWL were measured on the
dorsal side of mice. Skin hydration content was measured using a Corneometer CM825
(Courage and Khazaka electronic GmbH, Cologne, Germany) and TEWL was measured
using a Tewameter TM300 (Courage and Khazaka electronic GmbH) equipped with a Multi
Probe Adapter MPA5 (Courage and Khazaka electronic GmbH). The erythema index of
the mouse dorsal skin was determined using a Mexameter MX18 (Courage and Khazaka
electronic GmbH). A caliper (Ozaki MFG Co., Ltd., Tokyo, Japan) was used to measure skin
thickness, which was the thickness of the middle part after grabbing the skin of the lower
part of the mouse tail and the neck by hand. Skin parameters (erythema, skin thickness,
skin hydration, and TEWL) were expressed as delta values, which are differences from the
initial values of the experiment.

4.3. Quantitative Real-Time PCR (qRT-PCR) Analysis

The qRT-PCR analysis was performed using cDNA prepared from mRNA fractions
of tissue lysates as previously described [46]. Target gene expression was normalized
to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH; NM_008084.3). The
target gene information is as follows: HAS-1 (NM_008215.2), HAS-2 (NM_008216.3),
HAS-3 (NM_008217.4), HYAL-1 (NM_008317.6), HYAL-3 (NM_178020.3), filaggrin
(NM_001013804.2), involucrin (NM_008412.3), AQP3 (NM_016689.2), superoxide dis-
mutase (SOD) 1 (NM_011434.1), SOD2 (NM_013671.3), glutathione perxodiasel (GPx-1)
(NM_008160.6), and catalase (CAT) (NM_009804.2).
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4.4. Measurement of Protein Expression by Western Blot Analysis

Proteins were isolated from skin tissues using a lysis buffer, and the concentration of
the isolated proteins was quantified using the Bradford assay [47]. Proteins were separated
by 6-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred
to polyvinylidene fluoride membranes. After blocking the membranes with 5% skim
milk solution for 1 h, anti-Nrf2 (1:1000, #12721, Cell Signaling Technology, Beverly, MA,
USA), anti-Keap1 (1:1000, #8047, Cell Signaling Technology), anti-HO-1 (1:1000, SC-120745,
Santa Cruz Biotechnology, Dallas, TX, USA), and anti-3-actin (1:1000, #8457, Cell Signaling
Technology) were added, and incubated overnight at 4°C. The membranes were washed
with 1X Tris-buffered saline (TBST) buffer, reacted with secondary antibodies (anti-rabbit
IgG, 1:2000, #7074, Cell Signaling Technology) for 2 h, washed with 1X TBST buffer, and
treated with enhanced chemiluminescence reagent to determine the expression of proteins.
The results were normalized to the endogenous protein, 3-actin.

4.5. Measurement of ROS

For ROS measurement, the skin tissues were homogenized in 40 mM Tris-HCl buffer
(pH 7.4) and centrifuged [48]. Next, 10 uM 2’,7’-dichlorodihydrofluorescein diacetate
(Sigma-Aldrich, St Louis, MO, USA) was added to the supernatant and reacted at 37 °C.
Fluorescence (Excitation wavelength: 485 nm, emission wavelength: 535 nm) was mea-
sured after 30 min (SpectraMax Gemini EM fluorometer, Molecular Devices, Sunnyvale,
CA, USA).

4.6. Statistical Analysis

Data are expressed as the mean =+ standard mean error (SEM). The statistical signifi-
cance was at the p < 0.05 level. Comparisons between treatment groups were performed
using one-way ANOVA followed by the Tukey’s multiple range test using the Statistical
Package for the Social Science software (SPSS Version 20, SPSS Inc., Chicago, IL, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27082545/s1, Table S1. Effects of milk phospholipids
on body weight changes in ultraviolet (UV) B-irradiated hairless mice; Table S2. Effects of milk
phospholipids on serum biochemical parameters in ultraviolet (UV) B-irradiated hairless mice.

Author Contributions: Conceptualization, K.-B.H., K.J., and H.J.S.; methodology, K.-B.H. and H.].S,;
software, M.G.K; validation, Y.A., K.-B.H. and KJ.; formal analysis, Y.A. and M.G.K,; investigation,
KJ.; data curation, Y.A.; writing—original draft preparation, Y.A. and H.].S.; writing—review and
editing, YA, M.G.K,, K-B.H,, K], and HJ.S,; visualization, Y.A. and M.G.K.; supervision, K.-B.H.
and H.J.S.; project administration, H.J.S.; funding acquisition, H.J.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Solus Biotech Co., Ltd. (Yongin, Korea) and Holistic Bio Co.,
Ltd. (Seongnam, Korea) (Q2026771).

Institutional Review Board Statement: The animal study protocol was approved by the Korea
University Institutional Animal Care and Use Committee (protocol code KUIACUC-2020-0054 and
date of approval: 2020.11.09.).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: This research was supported by Solus Biotech Co., Ltd (Yongin, Korea) and
Holistic Bio Co., Ltd., Korea (Seongnam, Korea). The funders had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

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


https://www.mdpi.com/article/10.3390/molecules27082545/s1
https://www.mdpi.com/article/10.3390/molecules27082545/s1

Molecules 2022, 27, 2545 11 of 12

Sample Availability: Samples of the milk phospholipids are available from the corresponding
authors, Ki-Bae Hong and Hyung Joo Suh.

References

1.  Parke, M.A_; Perez-Sanchez, A.; Zamil, D.H.; Katta, R. Diet and skin barrier: The role of dietary interventions on skin barrier
function. Dermatol. Pract. Concept 2021, 11, €2021132. [CrossRef] [PubMed]

2. Fahad, D.; Mohammed, M.T. Oxidative stress: Implications on skin diseases. Plant Arch. 2020, 20, 4150-4157.

3. Chen,],; Liu, Y,; Zhao, Z.; Qiu, J. Oxidative stress in the skin: Impact and related protection. Int. J. Cosmetic Sci. 2021, 43, 495-509.
[CrossRef] [PubMed]

4. Liu, N.; Matsumura, H.; Kato, T.; Ichinose, S.; Takada, A.; Namiki, T.; Asakawa, K.; Morinaga, H.; Mohri, Y.; De Arcangelis,
A.; et al. Stem cell competition orchestrates skin homeostasis and ageing. Nature 2019, 568, 344-350. [CrossRef] [PubMed]

5. Chavoshnejad, P.; Foroughi, A.H.; Dhandapani, N.; German, G.K.; Razavi, M.]. Effect of collagen degradation on the mechanical
behavior and wrinkling of skin. Phys. Rev. E 2021, 104, 034406. [CrossRef]

6. Jang, H.H.; Lee, S.N,; Jang, H.H.; Lee, S.N. Epidermal skin barrier. Asian J. Beauty Cosmetol. 2016, 14, 339-347. [CrossRef]

7. Del Rosso, ].Q.; Levin, J. The clinical relevance of maintaining the functional integrity of the stratum corneum in both healthy and
disease-affected skin. J. Clin. Aesthet. Dermatol. 2011, 4, 22.

8.  Farage, M.A.; Miller, KW.; Elsner, P.; Maibach, H.I. Structural characteristics of the aging skin: A review. Cutan. Ocul. Toxicol.
2007, 26, 343-357. [CrossRef]

9.  Lipozenci¢, J.; Pastar, Z.; Marinovié-Kulisi¢, S. Moisturizers. Acta Dermatovenerol. Croat. 2006, 14, 104-108.

10. Draelos, Z.D. The science behind skin care: Moisturizers. J. Cosmet. Dermatol. 2018, 17, 138-144. [CrossRef]

11. Sotiropoulou, G.; Zingkou, E.; Pampalakis, G. Redirecting drug repositioning to discover innovative cosmeceuticals. Exp.
Dermatol. 2021, 30, 628-644. [CrossRef] [PubMed]

12.  Lee, K.; Kim, A.; Hong, K.B.; Suh, H.J.; Jo, K. Preparation and characterization of a polar milk lipid-enriched component from
whey powder. Food Sci. Anim. Resour. 2020, 40, 209-220. [CrossRef] [PubMed]

13.  Parodi, PW. Cows’ milk fat components as potential anticarcinogenic agents. J. Nutr. 1997, 127, 1055-1060. [CrossRef] [PubMed]

14. Lee, K,; Kim, S.; Kim, A.; Suh, H.J.; Hong, K.B. Sphingolipid identification and skin barrier recovery capacity of a milk
sphingolipid-enriched fraction (MSEF) from buttermilk powder. Int. J. Cosmet. Sci. 2020, 42, 270-276. [CrossRef]

15. Oh,M.J,; Nam, ].J.; Lee, E.O.; Kim, ].W,; Park, C.S. A synthetic C16 omega-hydroxyphytoceramide improves skin barrier functions
from diversely perturbed epidermal conditions. Arch. Dermatol. Res. 2016, 308, 563-574. [CrossRef]

16. Lee, S.H.; Jeong, S.K.; Ahn, SK. An update of the defensive barrier function of skin. Yonsei Med. ]. 2006, 47, 293-306. [CrossRef]

17.  Fernando, I.P.S.; Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, M.].; Jeon, Y.J.; Ahn, G. Fucoidan refined by Sargassum
confusum indicate protective effects suppressing photo-oxidative stress and skin barrier perturbation in UVB-induced human
keratinocytes. Int. ]. Biol. Macromol. 2020, 164, 149-161. [CrossRef]

18. Ganceviciene, R.; Liakou, A.L; Theodoridis, A.; Makrantonaki, E.; Zouboulis, C.C. Skin anti-aging strategies. Derm. -Endocrinol
2012, 4, 308-319. [CrossRef]

19.  Woo, S.W.; Rhim, D.B.; Kim, C.; Hwang, ] K. Effect of standardized boesenbergia pandurata extract and its active compound
panduratin a on skin hydration and barrier function in human epidermal keratinocytes. Prev. Nutr. Food Sci. 2015, 20, 15-21.
[CrossRef]

20. Candji, E.; Schmidt, R.; Melino, G. The cornified envelope: A model of cell death in the skin. Nat. Rev. Mol. Cell Biol. 2005, 6,
328-340. [CrossRef]

21. Cheong, Y.; Kim, C.; Kim, M.B.; Hwang, ] K. The anti-photoaging and moisturizing effects of Bouea macrophylla extract in
UVB-irradiated hairless mice. Food Sci. Biotechnol. 2018, 27, 147-157. [CrossRef] [PubMed]

22.  Fluhr, J.W,; Darlenski, R.; Surber, C. Glycerol and the skin: Holistic approach to its origin and functions. Br. ]. Dermatol. 2008, 159,
23-34. [CrossRef] [PubMed]

23. Li,].; Tang, H.; Hu, X.; Chen, M.; Xie, H. Aquaporin-3 gene and protein expression in sun-protected human skin decreases with
skin ageing. Australas. |. Dermatol. 2010, 51, 106-112. [CrossRef] [PubMed]

24. Kim, S.; Oh, HI; Hwang, ] K. Oral administration of fingerroot (Boesenbergia pandurata) extract reduces ultraviolet b-induced skin
aging in hairless mice. Food Sci. Biotechnol. 2012, 21, 1753-1760. [CrossRef]

25. Ahn, Y; Kim, M.G,; Choi, YJ.; Lee, S.J.; Suh, H.J.; Jo, K. Photoprotective effects of sphingomyelin-containing milk phospholipids
in ultraviolet B-irradiated hairless mice by suppressing nuclear factor-kappaB expression. J. Dairy Sci. 2022, 105, 1929-1939.
[CrossRef]

26. Varma, S.R.; Sivaprakasam, T.O.; Arumugam, I; Dilip, N.; Raghuraman, M.; Pavan, K.B.; Rafig, M.; Paramesh, R. In vitro
anti-inflammatory and skin protective properties of Virgin coconut oil. J. Tradit. Complement. Med. 2019, 9, 5-14. [CrossRef]

27.  Shen, X.; Guo, M.; Yu, H,; Liu, D.; Lu, Z.; Lu, Y. Propionibacterium acnes related anti-inflammation and skin hydration activities of
madecassoside, a pentacyclic triterpene saponin from Centella asiatica. Biosci. Biotechnol. Biochem. 2019, 83, 561-568. [CrossRef]

28. Haiyuan, Y.U.; Shen, X.; Liu, D.; Hong, M.; Lu, Y. The protective effects of beta-sitosterol and vermicularin from Thamnolia
vermicularis (Sw.) Ach. against skin aging in vitro. An. Acad. Bras. Cienc. 2019, 91, e20181088. [CrossRef]

29. Agren, UM.; Tammi, R.H.; Tammi, M.I. Reactive oxygen species contribute to epidermal hyaluronan catabolism in human skin

organ culture. Free Radic. Biol. Med. 1997, 23, 996-1001. [CrossRef]


http://doi.org/10.5826/dpc.1101a132
http://www.ncbi.nlm.nih.gov/pubmed/33614213
http://doi.org/10.1111/ics.12728
http://www.ncbi.nlm.nih.gov/pubmed/34312881
http://doi.org/10.1038/s41586-019-1085-7
http://www.ncbi.nlm.nih.gov/pubmed/30944469
http://doi.org/10.1103/PhysRevE.104.034406
http://doi.org/10.20402/ajbc.2016.0039
http://doi.org/10.1080/15569520701622951
http://doi.org/10.1111/jocd.12490
http://doi.org/10.1111/exd.14299
http://www.ncbi.nlm.nih.gov/pubmed/33544970
http://doi.org/10.5851/kosfa.2020.e5
http://www.ncbi.nlm.nih.gov/pubmed/32161916
http://doi.org/10.1093/jn/127.6.1055
http://www.ncbi.nlm.nih.gov/pubmed/9187617
http://doi.org/10.1111/ics.12612
http://doi.org/10.1007/s00403-016-1674-3
http://doi.org/10.3349/ymj.2006.47.3.293
http://doi.org/10.1016/j.ijbiomac.2020.07.136
http://doi.org/10.4161/derm.22804
http://doi.org/10.3746/pnf.2015.20.1.15
http://doi.org/10.1038/nrm1619
http://doi.org/10.1007/s10068-017-0276-y
http://www.ncbi.nlm.nih.gov/pubmed/30263735
http://doi.org/10.1111/j.1365-2133.2008.08643.x
http://www.ncbi.nlm.nih.gov/pubmed/18510666
http://doi.org/10.1111/j.1440-0960.2010.00629.x
http://www.ncbi.nlm.nih.gov/pubmed/20546216
http://doi.org/10.1007/s10068-012-0233-8
http://doi.org/10.3168/jds.2021-21192
http://doi.org/10.1016/j.jtcme.2017.06.012
http://doi.org/10.1080/09168451.2018.1547627
http://doi.org/10.1590/0001-3765201920181088
http://doi.org/10.1016/S0891-5849(97)00098-1

Molecules 2022, 27, 2545 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

Wat, E.; Tandy, S.; Kapera, E.; Kamili, A.; Chung, R.W,; Brown, A.; Rowney, M.; Cohn, ].S. Dietary phospholipid-rich dairy milk
extract reduces hepatomegaly, hepatic steatosis and hyperlipidemia in mice fed a high-fat diet. Atherosclerosis 2009, 205, 144-150.
[CrossRef]

Bissett, D.L.; Hannon, D.P; Orr, T.V. An animal model of solar-aged skin: Histological, physical, and visible changes in UV-
irradiated hairless mouse skin. Photochem. Photobiol. 1987, 46, 367-378. [CrossRef] [PubMed]

Oba, C.; Morifuji, M.; Ichikawa, S.; Ito, K.; Kawahata, K.; Yamaji, T.; Asami, Y.; Itou, H.; Sugawara, T. Dietary milk sphingomyelin
prevents disruption of skin barrier function in hairless mice after UV-B irradiation. PLoS ONE 2015, 10, e0136377. [CrossRef]
[PubMed]

Al-Assaf, S.; Navaratnam, S.; Parsons, B.J.; Phillips, G.O. Chain scission of hyaluronan by peroxynitrite. Arch. Biochem. Biophys.
2003, 411, 73-82. [CrossRef]

Kennett, E.C.; Davies, M.]. Degradation of matrix glycosaminoglycans by peroxynitrite/peroxynitrous acid: Evidence for a
hydroxyl-radical-like mechanism. Free Radic. Biol. Med. 2007, 42, 1278-1289. [CrossRef]

Kim, S.-H.; Nam, G.-W.; Kang, B.-Y.; Lee, H.-K.; Moon, S.-]J.; Chang, 1.-S. The effect of kaempferol, guercetin on hyaluronan-
synthesis stimulation in human keratinocytes (HaCaT). J. Soc. Cosmet. Sci. Korea 2005, 31, 97-102.

Ghersetich, L; Lotti, T.; Campanile, G.; Grappone, C.; Dini, G. Hyaluronic acid in cutaneous intrinsic aging. Int. ]. Dermatol. 1994,
33, 119-122. [CrossRef]

Papakonstantinou, E.; Roth, M.; Karakiulakis, G. Hyaluronic acid: A key molecule in skin aging. Derm. -Endocrinol. 2012, 4,
253-258. [CrossRef]

Dai, G.; Freudenberger, T.; Zipper, P.; Melchior, A.; Grether-Beck, S.; Rabausch, B.; de Groot, J.; Twarock, S.; Hanenberg, H.;
Homey, B. Chronic ultraviolet B irradiation causes loss of hyaluronic acid from mouse dermis because of down-regulation of
hyaluronic acid synthases. Am. |. Pathol. 2007, 171, 1451-1461. [CrossRef]

Nakai, K.; Tsuruta, D. What are reactive oxygen species, free radicals, and oxidative stress in skin diseases? Int. J. Mol. Sci 2021,
22,10799. [CrossRef]

Davies, K.J.A. Protein damage and degradation by oxygen radicals.1. General-aspects. J. Biol. Chem. 1987, 262, 9895-9901.
[CrossRef]

Podda, M.; Traber, M.G.; Weber, C.; Yan, L.-J.; Packer, L. UV-irradiation depletes antioxidants and causes oxidative damage in a
model of human skin. Free Radic. Biol. Med. 1998, 24, 55-65. [CrossRef]

Won, ].S.; Singh, I. Sphingolipid signaling and redox regulation. Free Radic. Biol. Med. 2006, 40, 1875-1888. [CrossRef] [PubMed]
Marrot, L.; Jones, C.; Perez, P.; Meunier, ].R. The significance of Nrf2 pathway in (photo)-oxidative stress response in melanocytes
and keratinocytes of the human epidermis. Pigment. Cell Melanoma Res. 2008, 21, 79-88. [CrossRef] [PubMed]

Kaspar, J.W.; Niture, S.K,; Jaiswal, A.K. Nrf2:INrf2 (Keap1) signaling in oxidative stress. Free Radic. Biol. Med. 2009, 47, 1304-1309.
[CrossRef] [PubMed]

Johnson, J.A.; Johnson, D.A ; Kraft, A.D.; Calkins, M.].; Jakel, R.J.; Vargas, M.R.; Chen, P.C. The Nrf2-ARE pathway an indicator
and modulator of oxidative stress in neurodegeneration. Ann. N. Y. Acad. Sci 2008, 1147, 61-69. [CrossRef] [PubMed]

Park, K.; Elias, PM.; Oda, Y.; Mackenzie, D.; Mauro, T.; Holleran, W.M.; Uchida, Y. Regulation of cathelicidin antimicrobial
peptide expression by an endoplasmic reticulum (ER) stress signaling, vitamin d receptor-independent pathway. J. Biol. Chem.
2011, 286, 34121-34130. [CrossRef] [PubMed]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Gupta, R.; Dubey, D.K.; Kannan, G.M,; Flora, S.J.S. Concomitant administration of Moringa oleifera seed powder in the remediation
of arsenic-induced oxidative stress in mouse. Cell Biol. Int. 2007, 31, 44-56. [CrossRef]


http://doi.org/10.1016/j.atherosclerosis.2008.12.004
http://doi.org/10.1111/j.1751-1097.1987.tb04783.x
http://www.ncbi.nlm.nih.gov/pubmed/3671514
http://doi.org/10.1371/journal.pone.0136377
http://www.ncbi.nlm.nih.gov/pubmed/26302442
http://doi.org/10.1016/S0003-9861(02)00724-5
http://doi.org/10.1016/j.freeradbiomed.2007.01.030
http://doi.org/10.1111/j.1365-4362.1994.tb01540.x
http://doi.org/10.4161/derm.21923
http://doi.org/10.2353/ajpath.2007.070136
http://doi.org/10.3390/ijms221910799
http://doi.org/10.1016/S0021-9258(18)48018-0
http://doi.org/10.1016/S0891-5849(97)00142-1
http://doi.org/10.1016/j.freeradbiomed.2006.01.035
http://www.ncbi.nlm.nih.gov/pubmed/16716889
http://doi.org/10.1111/j.1755-148X.2007.00424.x
http://www.ncbi.nlm.nih.gov/pubmed/18353146
http://doi.org/10.1016/j.freeradbiomed.2009.07.035
http://www.ncbi.nlm.nih.gov/pubmed/19666107
http://doi.org/10.1196/annals.1427.036
http://www.ncbi.nlm.nih.gov/pubmed/19076431
http://doi.org/10.1074/jbc.M111.250431
http://www.ncbi.nlm.nih.gov/pubmed/21832078
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/j.cellbi.2006.09.007

	Introduction 
	Results 
	Effects of Milk Phospholipids on Body Weight Changes and Plasma Biochemical Parameter 
	Effects of Milk Phospholipids on Skin Parameters 
	Effects of Milk Phospholipids on HA Synthesis and Degradation 
	Effects of Milk Phospholipids on the Expression of Skin Moisture-Related Factors 
	Effects of Milk Phospholipids on ROS Production and Expression of Genes Encoding Antioxidant Enzymes 
	Effects of Milk Phospholipids on Nrf2-Keap1-Related Protein Expression 

	Discussion 
	Materials and Methods 
	Materials and Animals 
	Measurement of Skin Parameters 
	Quantitative Real-Time PCR (qRT-PCR) Analysis 
	Measurement of Protein Expression by Western Blot Analysis 
	Measurement of ROS 
	Statistical Analysis 

	References

