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Preface to “Natural and Synthetic Bioactives for Skin
Health, Disease and Management”

Among the most important challenges facing the pursuit of global health are diseases that
present on the skin and their psychosocial effects. The skin represents the outermost, most exposed
part of the human body and largest organ in the integumentary system, which is designed to
rapidly prevent and/or treat ailments affecting systemic or local dermal areas and provide the
rapid transformation and maintenance of cutaneous homeostasis, thus reducing the harmful effects
of genetic and environmental risk factors affecting the skin. However, in today’s world, our
efforts to treat or prevent skin ailments are failing at an alarming rate, primarily due to the
skyrocketing emergence of skin diseases. Hence, the discovery, development, and employment of
effective, economical, and practical natural and synthetic products as solutions to these ongoing and
emerging challenges, which have profound psychosocial impacts on the affected individuals, are
essential. Recent decades have witnessed a resurgence in the application of natural and synthetic
products, as sources for the therapeutic treatment of numerous human skin diseases, due to advances
in research on natural product chemistry and medicinal chemistry, pharmacological testing, and
the identification and development of natural phytochemical compounds, synthetically derived
pharmaceuticals, and formulations derived from natural botanical extracts.

This Special Issue comprises state-of-the-art scientific literature reviews, original research
papers, and communications that address the existing gaps in scientific knowledge and further
advance our understanding of the roles of biologically active, plant-derived natural and synthetic
products in the promotion of skin health and the prevention and management of skin diseases. These
publications also highlight the molecular pharmacological basis of certain promising strategies that
have exhibited a capacity to reduce the burdens of various human skin diseases and conditions, such
as dermatitis, cutaneous T-cell lymphomas, melanoma, allergies, hyperpigmentation, inflammation,
and more.

Of the fifty-five articles submitted, nineteen were accepted for publication after peer review,
reflecting an acceptance rate of 35 percent. The published articles cover a range of topics and
applications that are central to the promotion of skin health and the prevention and management of
skin diseases. While this Special Issue is intended to inform its readers of the current state of research
on bioactive natural and synthetic products in the contexts of skin health, disease, and treatment, it
is our hope that the various articles published herein will shed light on new and valuable updates in
this field and expand the current readership.

Although the closing date for submissions to this Special Issue has now passed, further in-depth
research on the development, technologies, and clinical applications of natural and synthetic products
is still required. Therefore, the investigation of this topic will continue in the new Special Issue entitled
“Bioactive Natural and Synthetic Products in Human Health and Diseases: Basic, Pre-clinical and
Clinical Studies.”

This pre-printed book contains sections on the topic of skin inflammation, including atopic
dermatitis, ageing, pigmentation, and melanoma, investigated through the use of skin cell cultures
or mouse models in studies examining the effects of diverse phytochemicals and their extracts. The
authors analyze the objective parameters of key skin disease markers, such as the gene and/or protein
expression, and provide direct measurements of the anti-inflammatory actions of the investigated
materials to validate any claims of their therapeutic potential.

Finally, we would like to express our gratitude to the staff at MDPI Books, the editorial team



of Nutrients, the talented authors who provided valuable contributions, and the reviewers who

contributed their time and effort to review the articles.

Jean Christopher Chamcheu, Anthony L. Walker, and Felicite Noubissi-Kamdem
Editors
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The skin is the largest organ of the integumentary system, strategically located at
the interface of the body’s internal and external environment. It therefore serves diverse
functions, including the maintenance of skin homeostasis, and provides both physically
and immunologically protective barriers in view of safeguarding normal human health [1].
These functions are enshrined within the three distinct but interconnected and intercom-
municative tissue compartments that make up the skin: the outermost epidermal layer,
the median dermal layer and the innermost subcutaneous layer (the hypodermis). All
components intercommunicate via resident cells such as keratinocytes, Langerhans cells,
melanocytes and other immune cells, which secrete immune mediators such as cytokines,
chemokines, extracellular matrix proteins, growth factors and hormones [2]. Healthy skin,
being a major component of our physical appearance, also plays an important role in
our social and sexual relationships. The perturbation of skin health, due to extrinsic or
intrinsic factors, leads to or is a risk factor for several cutaneous diseases, most of which
are chronic, heterogeneous, recalcitrant or incurable. The two major risk factors for skin
diseases include modifiable (e.g., environmental factors such as diverse wavelengths of ul-
traviolet (UV) radiation types, injuries, etc.) and non-modifiable (e.g., genetics, population,
epidemiological, association, etc.) factors that are associated with the pathophysiology of
several dermatoses, including those that are heritable and immune-mediated, as well as
skin cancers [1]. Complications in the skin may result in deleterious effects on systemic
health and well-being, such as sepsis. Several abnormalities mostly affect keratinocytes,
which constitute over 85% of the major epidermal cells, as seen in cancers and other
inflammatory skin conditions, and a few others affect melanocytes (reviewed in [1,2]).
Importantly, defects in melanocytes, the skin-pigment-producing cells, are known to cause
several skin and autoimmune conditions, such as melanoma, and other pigmentation
disorders, including vitiligo, melasma, etc. [1,3]. Melanogenesis is a biological process
of melanosome formation and melanin (a group of pigments produced by diverse living
organisms including plants, animals and microbes) biosynthesis. Melanin exerts different
physiological functions, including photoprotection, the regulation of temperature, the
chelation of metal ions and the quenching of free radicals [4,5]. Although melanogenesis
protects melanocytes against UV-induced damage, excessive production of melanin in
the skin can lead to hyperpigmentation and an array of pigmentation disorders, as well
as aging. Studies have also shown that in patients with metastatic melanoma, melanotic
melanomas positively correlated with a significantly lower overall survival (OS) than
amelanotic melanomas [6].

Meanwhile, several nutritional and diet-derived factors provide an important contri-
bution to the maintenance of normal skin integrity, since they can implement causative,
preventive and/or therapeutic functions in several skin-associated heath conditions. There-
fore, the condition of our skin can depict actual nutritional and health statuses subsequent
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to nutritional choices. Bioactive natural products and their synthetic derivatives have
garnered tremendous interest in health promotion, disease prevention and management
since the ancient medieval era. These biologically active natural phytonutrients, extracts
and their synthetic derivatives have numerous potential health benefits that are poised
within their regulatory properties on critical physiological processes of life, such as tran-
scriptional and translational programs, metabolism, differentiation and growth. These
natural products have demonstrated efficacy in protecting the skin against premature aging,
environmental health-related risks and infection. They also ameliorate skin conditions
associated with inflammatory diseases such as atopic dermatitis, psoriasis, diabetic and
chronic wounds in addition to skin cancers. Appropriate in vitro and preclinical model
systems of human diseases have been employed to provide a mechanistic understanding
of disease pathogenesis as well as proof of concepts targeting molecular biomarkers that
may be useful for therapeutic benefits.

This Special Issue is a snippet of published original research, communications and
quality reviews of the scientific literature that further increase our understanding of the role
of natural dietary and synthetic bioactive compounds for skin health promotion, disease
prevention and management. The findings not only highlight those natural phytonutrients,
extracts and synthetic scaffolds that target diverse disease molecular markers, but delineate
promising strategies to reduce the burden of cutaneous human diseases and beyond.

The first paper by Michalak et al. (2021) is a literature review of the effects of bioac-
tive micro- and macronutrients such as vitamins, minerals, fatty acids, polyphenols and
carotenoids on skin heath conditions, and how healthy dietary habits could serve as useful
approaches in anti-aging interventions. It highlights the effects of these compounds on
skin parameters, including elasticity, firmness, wrinkles, senile dryness, hydration and
color, as well as their role in the processes of skin aging [7].

The second review by Kaur et al. (2021) assessed numerous skin fungal infections,
impinging on their possible treatments and the effective utilization of plant extract and oil-
embedded polysaccharide-based nanohydrogels. They discuss the advantages of the use
of plant extract and oil-based nanohydrogels as emerging technologies in the treatment of
various skin fungal infections over the use of standard drugs that require a long treatment
time with harmful side effects and often low efficacy. Plant extract-based nanohydrogels
can be applied to infected wound sites as they have great penetration power, are directly
absorbed through the skin, reach the hypodermis or subcutaneous layer and effectively
suppress fungal infections [8]. Nutraceuticals have been proposed to have beneficial effects
on many other chronic inflammatory diseases of the skin as well.

Trzeciak et al. (2020) reported that the skin barrier defects in cutaneous T-cell lym-
phomas (CTCLs) mirrored those observed in atopic dermatitis (AD) with regard to their
expression levels of genes and proteins of the cutaneous cornified envelope (CE) in CTCL,
AD and healthy skin. They identified changes in their gene and protein expressions as
well as their associations with the pathogenesis of CTCL and AD. These authors identified
decreased mRNA levels of FLG, FLG2, LOR, CRNN and SPRR3v1, while increased mRNA
levels of RPTN, HRNR and SPRR1Av1 were observed in lesioned and non-lesioned AD
skin compared to healthy control samples. In contrast, they observed increased mRNA
levels of FLG, FLG2, CRNN and SPRR3v1 as well as decreased mRNA levels of RPTN,
HRNR and SPRR1Av1 in CTCL skin when compared to lesioned AD skin. The study
suggested that in addition to AD, these markers, FLG, FLG2, RPTN, HRNR and SPRR1A,
also play a key role in skin barrier dysfunction in CTCL and thus could be considered
as consistent differential diagnostic biomarkers for both AD and CTCL, thus opening up
opportunities for further studies on a larger study group [9].

In a study, Adamczyk-Grochala et al. (2020) investigated the biological activity of
water and ethanolic extracts of modified microalgal clones within the context of their
applications in cosmeceutical and regenerative medicine. They used normal human fibrob-
lasts and keratinocytes, and found that treatment with modified extracts of the microalga
Planktochlorella nurekis variant attenuated the development of oxidative-stress-induced
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senescence in these human skin cells. The authors concluded that these effects may be
related to increased nitric oxide, niacin and biotin levels in cells compared to an unmodified
microalgal clone. Their data suggested that selected microalgal extracts of Planktochlorella
nurekis could be used in an anti-skin aging regimen [10].

Another study by Gegotek et al. (2019) used proteomics profiling of 3D keratinocytes
cultures exposed to UVA or UVB radiation to identify a synergistic cytoprotective effect of
rutin and ascorbic acid [11]. Because of their antioxidant and anti-inflammatory properties,
combinations of ascorbic acid and rutin are often used in oral preparations and thus can be
used to protect against the effects of cutaneous UV radiation from sunlight. In particular,
the authors observed alterations in the expression of proteins involved in the antioxidative
response, DNA repair, inflammation, apoptosis and protein biosynthesis compared to
when compounds are used individually [11].

Another study by Choi et al. (2020) investigated the effect of konjac (Amorphophal-
lus konjac) glucomannan (KGM) on damaged skin. KGM is widely used as a dietary
supplement with anti-inflammatory and immunosuppressive effects, in addition to skin
regenerative potential in patch or sheet form. They reported that KGM alleviates and re-
pairs/regenerates UVB-induced skin damage by increasing the proportion of proliferative
young cell populations in UVB-exposed senescent human epidermal primary melanocytes
and UVB-damaged human fibroblasts in a dose-dependent manner. This was the case
as they found that the mRNA and protein levels of age- and pigmentation-related fac-
tors decreased depending on the rate of new cells generated. They identified KGM as a
highly effective natural agent for maintaining skin homeostasis via the promotion of a
reconstituted dermal matrix against UVB-induced acute senescence or skin damage [12].

Quah et al. (2020) investigated the anti-allergic, antioxidant and anti-inflammatory
activities of the ethanolic extract of Cornus officinalis (COFE) as a potential treatment of
AD. Here, using RBL-2H3 cells sensitized with the dinitrophenyl-immunoglobulin E (IgE-
DNP) antibody after stimulation with dinitrophenyl-human serum albumin (DNP-HSA),
they observed that COFE suppressed the release of 3-hexosaminidase in a concentration-
dependent manner. The extract was also observed to significantly inhibit both lipopolysac-
charide (LPS)-induced nitric oxide (NO) production and the expression of iNOS and
pro-inflammatory cytokines (IL-1f3, IL-6 and TNF-«) in RAW 264.7 cells in addition to TNF-
a-induced apoptosis in HaCaT cells. Collectively, this study suggests that COFE might
inhibit allergic responses, oxidative stress and inflammatory responses by a mechanism
that disrupts the binding of IgE to human high-affinity IgE receptors (FceRI), and that
these inhibitory effects might be achieved by COFE’s compounds loganin, cornuside and
naringenin 7-O-3-D-glucoside [13].

In another study by Kim et al. (2020), the usefulness of propolis, a resinous substance
generated by bees, in treating UV-induced photoaging in human skin was introduced.
Propolis treatment was also found to suppress UV-induced matrix metalloproteinase
(MMP)-1 production and expression in human dermal fibroblasts as well as block col-
lagen degradation in human skin tissues, suggesting that the anti-skin-aging activity of
propolis can be mimicked in clinically relevant conditions. Their investigations revealed
that propolis, especially its main components caffeic acid phenethyl ester, quercetin and
apigenin, shows anti-skin-aging effects through the direct suppression of phosphoinositide
3-kinase (PI3K) activity. The content of active compounds was quantified, and among the
compounds identified from the propolis extract, caffeic acid phenethyl ester, quercetin and
apigenin were shown to attenuate PI3K activity. These results demonstrate that propolis
shows anti-skin-aging effects through the direct inhibition of PI3K activity [14].

In another study, Hyuna Lee and Eunmi Park (2021) showed that Perilla leaf and
callus extracts exert a protective effect against UVB-induced damage on skin and/or
keratinocytes by a mechanism that involves an increased DNA repair response and G1/S
cell cycle arrest [15].

Kim etal. (2021), in a randomized, double-blind and placebo-controlled study revealed
the anti-inflammatory and anti-pathogenic bacterial activities of a dietary Lactobacillus
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plantarum, CJLP55, a natural product supplement, on clinical improvement, skin sebum,
hydration and urine bacterial EV phylum flora in patients with acne vulgaris [16].

Furukawa et al. (2021) used neonatal normal human epidermal keratinocytes (NHEK-
Neo) and interleukin-10 knockout (IL-10 KO) mice to show that eggshell membrane (ESM)
has a beneficial effect on maintaining skin health and improving the skin aging process.
The molecular mechanism was associated with this, which upregulates calcium signaling
and results in an increased expression of keratinocyte differentiation markers (including
keratin 1, filaggrin and involucrin) as well as growth factors, such as transforming growth
factor 31, platelet-derived growth factor-f and connective tissue growth factor. They also
showed that ESM changed keratinocytes” morphology and suppressed skin thinning [17].

Oh et al. (2021) showed that ethanolic extracts of Lithospermum erythrorhizon (LE)
roots improve symptoms associated with AD (atopic dermatitis) in an NC/Nga AD mouse
model. They found that LE restored defects in skin barrier function and the balance of
T helper (Th) 1/Th2 AD-related cytokine and chemokine expression in the dorsal skin,
serum and splenocytes of the NC/Nga mouse. This improvement of AD-related symptoms
correlated with a reduction in the serum levels of IL-4, IgE and histamine via the regulation
of the IgG1/IgG2a ratio, as well as the restoration of the Th1/Th2 immune balance in
NC/Nga Mice. LE also decreased the levels of AD-related cytokines and chemokines in
NC/Nga mouse serum and regulated the balance of cytokine and chemokine secretion in
splenocytes in addition to their expression in the dorsal skin [18].

Olivera-Castillo et al. (2020) evaluated the bioactive-enriched components found in the
sea cucumber (Isostichopus badionotus) body wall that promote anti-inflammatory activity
and found that fucosylated chondroitin sulfate, the primary glycosaminoglycan, reduced
the expression of critical genes, such as NF-kB, TNFa, iNOS and COX-2, and further
lessened the inflammation and tissue damage caused by 12-O-tetradecanoylphorbol-13-
acetate (TPA) in a mouse ear inflammation model [19].

Lee et al. (2019) demonstrated that triacylglycerol (TAG) metabolism is related to the
acyl-ceramide (Cer) synthesis and corneocyte lipid envelope (CLE) formation involved in
maintaining the epidermal barrier. Their investigation demonstrated that dietary borage
oil-enhanced TAG content, the gene expression of TAG metabolism, acyl-Cer synthesis and
CLE formation in the epidermis of essential fatty-acid-deficient guinea pigs [20].

A high melanin content has been shown to significantly reduce the efficacy of radio-
therapy and chemotherapy in patients with metastatic melanotic melanomas, probably
due to the radioprotective and free radical scavenging properties of melanin. Therefore,
inhibiting melanogenesis has been suggested as a single, combination or adjuvant approach
in the treatment of melanotic melanomas.

This Special Issue has also highlighted the utility of natural products tested and has
shown their inhibitory properties in melanogenesis as well as their contribution to the
treatment of melanotic melanoma or pigmentation disorders affecting the skin. These
natural products include extracts of lotus seedpod (LSE), sorghum bicolor, black cumin
seed and lactobacillus-helveticus-fermented milk whey (LHMW).

Hsu et al. (2020) showed that lotus seedpod extract (LSE), or its main active compound
epigallocatechin (EGC), downregulates the signaling pathway, leading to melanin produc-
tion in the a-MSH-induced murine melanoma cell line B16F0 by inhibiting the expression
of MCIR, the expression of tyrosinase and the expression of microphtalmia-associated
transcription factor (MITF). These authors also detected a reduction in the activity of p38
and protein kinase A (PKA) in the cells treated with LSE. These results were supported by
their in vivo studies that showed a similar downregulation of melanin synthesis in mice
ears treated with LSE or ECG and exposed to UVB. They suggest that the mechanism by
which LSE inhibits melanin synthesis involves the inhibition of p38 and PKA signaling
pathways [21].

Recently, Han et al. (2020) demonstrated the anti-melanogenic role of ethanolic extract
of sorghum bicolor (ESB) in B16/F10 cells treated with the melanin synthesis inducer 3-
isobutyl-1-methylxanthine (IBMX). The authors showed that IBMX-induced melanogenesis
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was drastically reduced in the presence of ESB by a mechanism involving the inhibition
of MITE, tyrosinase and tyrosinase-related protein 1. ESB contains phenolic compounds
such as 9-hydroxyoctadecadienoic acid (9-HODE), 1,3-O-dicaeoylglycerol and tricin, and
exhibits a high antioxidant property. It could be used as a skin-whitening material in
cosmetics or in the management of melanocytic melanomas [22].

Similarly, Ikarashi et al. (2020) showed that lactobacillus-helveticus-fermented milk
whey (LHMW) suppressed melanin synthesis in B16 mouse melanoma treated with «-MSH
by inhibiting MITE, tyrosinase and tyrosinase-related protein 1 at the RNA and protein
levels [23].

Li et al. (2020) found that the black cumin seed extract Thymocid also inhibits melanin
synthesis in B16F10 cells by a mechanism that plausibly involves the downregulation of
MITF and tyrosinase activity. In addition, Thymocid treatment reduced collagenase and
elastase activities as well as protein glycation and collagen cross-linking. This portrays
Thymocid as a potential anti-aging compound [24].

Overall, the 18 papers published in this Special Issue highlight that an adequate
dietary intake of natural products or their application is essential for maintaining normal
skin homeostasis, thereby being crucial for human health. In summary, the daily dietary
intake of natural products such as fruits and vegetables is a cost-effective and healthy way
to strengthen human skin, significantly reducing the risk of skin disorders and improving
general well-being. These natural dietary products are potential drugs for the management
of premature aging and hyperpigmentation as they can serve as whitening agents or
as chemopreventive and chemotherapeutics, as well as an adjuvant in the treatment of
melanotic melanomas or other skin disorders involving melanogenesis and other chronic
skin disorders. However, additional studies using more physiologically relevant models
are warranted to determine their efficacy and potential clinical applications. Validating the
beneficial effects of these natural and synthetic bioactives would improve the management
of skin health and reduce the burden associated with the plethora of emerging skin diseases.
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Abstract: The incidence of atopic dermatitis (AD), a disease characterized by an abnormal immune
balance and skin barrier function, has increased rapidly in developed countries. This study inves-
tigated the anti-atopic effect of Lithospermum erythrorhizon (LE) using NC/Nga mice induced by
2,4-dinitrochlorobenzene. LE reduced AD clinical symptoms, including inflammatory cell infiltration,
epidermal thickness, ear thickness, and scratching behavior, in the mice. Additionally, LE reduced
serum IgE and histamine levels, and restored the T helper (Th) 1/Th2 immune balance through regu-
lation of the IgG1/IgG2a ratio. LE also reduced the levels of AD-related cytokines and chemokines,
including interleukin (IL)-1f, IL-4, IL-6, tumor necrosis factor-& (TNF-a), thymic stromal lymphopoi-
etin, thymus and activation-regulated chemokine, macrophage-derived chemokine, regulated on
activation, normal T cell expressed and secreted, and monocyte chemoattractant protein-1 in the
serum. Moreover, LE modulated AD-related cytokines and chemokines expressed and secreted by
Th1, Th2, Th17, and Th22 cells in the dorsal skin and splenocytes. Furthermore, LE restored skin
barrier function by increasing pro-filaggrin gene expression and levels of skin barrier-related proteins
filaggrin, involucrin, loricrin, occludin, and zonula occludens-1. These results suggest that LE is
a potential therapeutic agent that can alleviate AD by modulating Th1/Th2 immune balance and
restoring skin barrier function.

Keywords: atopic dermatitis; Lithospermum erythrorhizon; NC/Nga; Th1; Th2; Th17; Th22; immune
balance; skin barrier function

1. Introduction

Atopic dermatitis (AD) is most common in early childhood, however it is also present
in adults [1]. AD is accompanied by persistent itching and clinical symptoms such as
eczema, erythema, dryness, lichenification, and abrasions [2-6]. AD is an early stage of the
“atopic march” that leads to asthma and rhinitis [7]. The chronicization of AD progresses
through damage to the skin barrier due to scratching caused by itchiness [8]. An important
feature of AD is the differentiation of biased T helper (Th) 2 cells [9]; the increase in levels
of Th2-mediated cytokines and chemokines causes a Th1/Th2 immune imbalance and
impairs skin barrier function [6,10-12].

Th2 cell activation increases the expression and release of cytokines such as interleukin
(IL)-4, IL-5, IL-13, and IL-31 [9]. Additionally, IL-4 has an autocrine function that continu-
ously activates Th2 cells and inhibits Th1 cell activation [13]. Thus, Th1-mediated cytokines,
including IL-12 and interferon-y (IFN-v), are downregulated resulting in Th1/Th2 immune
imbalance. The normal immune system maintains the Th1/Th2 balance with antagonism
between IL-4 and IFN-y [14]. IL-4 and IL-13 promote isotype conversion in B cells that
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increases the production of immunoglobulins (Ig) E and G1 [6,15]. IgE is detected for AD
diagnosis as it is observed at a high concentration in the serum of patients with AD [16,17].
Histamine, a biological response modulator, is released from degranulated mast cells and
functions together with IgE to cause itching [5,18]. IL-31 impairs the skin barrier function
by causing itching and inhibiting apoptosis in eosinophils [19-21].

AD skin lesions express and secrete cytokines IL-25, IL-33, and thymic stromal lym-
phopoietin (TSLP) [22]. IL-25, IL-33, and TSLP can stimulate Th2 cells directly or indirectly
by stimulating dendritic cells (DCs), mast cells, and eosinophils [23]. TSLP activates DCs to
induce naive T cell proliferation and primes Th2 cells for differentiation, which is followed
by the secretion of high levels of IL-4, IL-5, IL-13, and tumor necrosis factor-« (TNF-«) [24].
Activation of mast cells and eosinophils releases AD-related inflammatory factors such as
IL-4, IL-5, IL-6, IL-31, and monocyte chemoattractant protein-1 (MCP-1) [25-27]. MCP-1 is
reported to be involved in the activation of Th2 cells in mice [28]. Chemokines such as thy-
mus and activation-regulating chemokines (TARC) and macrophage-derived chemokines
(MDC) are expressed and secreted in keratinocytes that bind to the C-C motif chemokine
receptor 4 (CCR4) of Th2 cells to induce Th2 cell activation [29]. Moreover, regulated on
activation, normal T cell expressed and secreted (RANTES) is involved in the degranulation
and infiltration of eosinophils [30]. The Th2-mediated cytokine IL-5 induces chronicization
of AD through the continuous survival and differentiation of eosinophils [9,31].

The skin barrier blocks the influx of external antigens and allergens; therefore, the
maintenance of a healthy skin barrier function is vital for moisture homeostasis and
environmental protection [32,33]. Specifically, filaggrin (FLG), involucrin (IVL), and loricrin
(LOR) are the key skin barrier proteins components [34]. FLG has a vital role in skin
barrier maintenance and constitutes the outermost barrier through the aggregation of the
keratinocyte matrix [35]. FLG exists as pro-filaggrin (pro-FLG) and is converted to FLG
through dephosphorylation and proteolysis by serine proteases [36]. FLG then participates
in epidermal differentiation; following its decomposition into free amino acids, FLG is
decomposed into components of natural moisturizing factors (NMF), such as sodium
pyrrolidone carboxylic acid and urocanic acid [37]. IVL and LOR constitute, in part, the
outer wall of keratinocytes and promote the final differentiation of the epidermis [35]. IVL
forms a scaffold in which other proteins are cross-linked [38], while LOR is an insoluble
protein in the cornified cell envelope and accounts for 80% of the total protein [39]. LOR
binds to IVL and acts as the major protein in the outer skin barrier [40,41]. Tight junction
(TJ) proteins are located under the epidermis and contribute to the selective permeability of
various substances, including cytokines and hormones. TJ proteins bind to plasma proteins
inside the cell, thus forming a loop structure outside the cell that connects with adjacent
cells [32]. T]Js are formed and interact with proteins such as occludin (OCC) and zonula
occludens-1 (ZO-1) [42]. OCC promotes cell adhesion of neighboring cells [43], while ZO-1
binds to several TJ components and interacts with signaling proteins such as heterotrimeric
G-proteins [44].

Defects in the skin barrier function are associated with Th2-mediated cytokines,
including IL-4, IL-13, and IL-31 [45]. Meanwhile, recent studies have also shown that Th17
cells and Th22-mediated cytokines IL-17 and IL-22 impair the skin barrier function [46].
Th2-mediated cytokines can further activate Th17 and Th22 cells to promote defects in skin
barrier function [47].

AD is traditionally treated with topical corticosteroids (TCS); however, long-term
use causes topical and systemic side effects [48]. Topical calcineurin inhibitors have been
approved to treat AD as replacements for corticosteroids [49], though side effects such as
skin malignancies, lymphoma, and leukemia have been reported [50]. Therefore, research
on AD therapeutic agents with fewer side effects is required to improve patient treatment
and quality of life.

In NC/Nga mice, skin lesions similar to AD appear naturally in a typical environment
and are widely used to study mechanisms related to AD [3,51]. 2,4-Dinitrochlorobenzene
(DNCB) quickly penetrates the epidermis and causes an increase in IgE, which can lead to
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hypersensitivity of the skin [52]. Repetitive DNCB application under specific pathogen-free
(SPF) conditions causes AD-like skin lesions in the skin of NC/Nga mice [35,51].

Lithospermum erythrorhizon (LE) has traditionally been used as a natural preparation in
various East Asian countries, including Korea, China, and Japan [53]. Active ingredients of
LE include naphthoquinones {3, 3-dimethyl acryl shikonin, lithospermic acid, and acetyl
shikonin, which reportedly have antioxidant and anti-inflammatory effects [54]. However,
studies on the improvement of AD-related clinical symptoms, Th1/Th2 immune balance,
and skin barrier function recovery using LE have not been conducted. Therefore, this study
focused on whether LE restores AD-related clinical symptoms, Th1/Th2 immune balance,
and skin barrier function in a DNCB-induced NC/Nga mouse model.

2. Materials and Methods
2.1. Preparation of the LE Extract

Dried roots of LE were collected from Jindo, Jeollanam-do Province, Korea in October,
2017. A voucher specimen (17-10-009) was deposited in the herbarium of Holistic Bio
Co., Ltd. (Seongnam, Gyeonggi-do, Korea). LE was prepared as a dried powder from the
diluted ethanol extract, which was provided by Nutrex Co., Ltd. (Seongnam, Gyeonggi-do,
Korea). For the preparation of the LR extract, 100 g dried LR was extracted with 300 mL
70% ethanol at 85-90 °C for 2 h with stirring. The residual extract was extracted again
under the same conditions. These two extracts were combined and lyophilized to yield
33 g LR extract, which contained 0.23% lithospermic acid.

2.2. High-Performance Liquid Chromatography (HPLC) Analysis of LE

Approximately 5.0 g of LE extract was weighed, transferred to a 50 mL measuring flask,
dissolved in 50% methanol (1:1 deionized water-MeOH), and passed through a 0.45 pm
membrane filter to prepare the test solution. Chromatographic separation was performed
on an Agilent 1100 separation module equipped with a C18 column (4.6 mm X 250 mm;
5 um, CAPCELL PAK, Shiseido, Tokyo, Japan). The pump was connected to two mobile
phases: A, 0.1% formic acid, and B, acetonitrile in H,O (v/v), and the elution flow rate
was 1.0 mL/min. The mobile phase was consecutively programmed in linear gradients
as follows: 0-20 min, 95% A, 5% B; 20-25 min, 80% A, 20% B; 25-50 min, 70% A, 30% B;
50-75 min 0% A, 100% B; 70-75 min 95% A, 5% B. The UV detector was monitored at a
wavelength of 320 nm. The injection volume was 10 uL for each sample solution. The
column temperature was maintained at 30 °C.

2.3. Animals

Four-week-old male NC/Nga mice were provided by Shizuoka Laboratory Center Inc.
(Shizuoka, Japan). Mice were housed at 23 + 3 °C and 55% =+ 5% humidity in individually
ventilated cages under SPF conditions with 12 h light and dark cycle. The mice were
provided with feed (Catalog number 5L79, Central Laboratory Animal, Seoul, Korea) and
water ad libitum. Animals were anesthetized with isoflurane, blood was drawn from
the inferior vena cava, and then they were euthanized using CO,. Blood was stored at
25 + 5 °C for 1 h and subsequently centrifuged at 3000 g, 4 °C for 15 min to collect serum
samples. Serum samples were stored at —80 °C until use. All experimental procedures
were performed according to the protocol approved by the Kyung Hee University Animal
Care and Use Committee guidelines (approval number KHSASP-20-252).

2.4. Induction of AD-like Skin Lesions and LE Treatment

AD-like skin lesions were induced by topical application of DNCB (Sigma-Aldrich,
St. Louis, MO, USA) to NC/Nga mice as previously described [4,35]. Briefly, after acclima-
tization for 1 week, the hair on the dorsal side of the NC/Nga mice was removed using an
electric shaver. Mice were randomly divided into normal (naive control), DNCB (negative
control), prednisolone (PD; positive control; Sigma-Aldrich, St. Louis, MO, USA), and 50,
100, and 200 mg/kg LE groups, with six mice assigned to each group. To induce AD-like
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skin lesions, 1% DNCB was dissolved in a mixture of acetone and ethanol (2:3 v/v) and
applied twice every other day to the shaved dorsal flank (200 uL) and right ear (100 uL).
After sensitization, 0.4% DNCB dissolved in a mixture of acetone and olive oil (3:1 v/v) was
applied to the dorsal skin (150 uL) and right ear (50 pL) three times a week for 14 weeks.
After 9 weeks of induction, mice in the normal and DNCB groups were orally administered
0.5% carboxymethyl cellulose (0.5% CMC) for 4 weeks. PD (3 mg/kg prednisolone) and
LE (50, 100, and 200 mg/kg) were orally administered daily for 4 weeks. CMC was used to
dissolve PD and LE and was administered to normal and DNCB groups.

2.5. Dermatitis Score and Ear Thickness

The dermatitis score was recorded three times per week as previously described [55].
The score grades were 0 (none), 1 (mild), 2 (moderate), or 3 (severe) and were measured
for each of the five symptoms tested (e.g., erythema, dryness, maceration, abrasion, and
lichenification). The total dermatitis score was quantified as the sum of all individual scores
for the five symptoms. The ear thickness was gauged on the right ear of each mouse three
times a week using a thickness gauge (Mitutoyo Corporation, Tokyo, Japan).

2.6. Scratching Behavior

Scratching behavior was recorded three times per week [56]. After vehicle adminis-
tration, the mice were acclimated to an acrylic cage for 1 h and the scratching movements
around the neck, ears, and dorsal flank skin with hind paws were measured and recorded
for 30 min. The scores ranged from 0 to 4 (0 points (none), 2 points (less than 1.5 s), and
4 points (more than 1.5 s)). The total score for scratching behavior was presented as the
sum of the individual measurements.

2.7. Histological Analysis

The dorsal skin was cut and fixed in 10% formalin, then sliced to a thickness of
4 um. Tissue sections were stained with hematoxylin and eosin (H&E) and toluidine blue
(TB). After staining, images were taken with an optical microscope (400, DP Controller
Software; Olympus Optical, Tokyo, Japan). The epidermis thickness and the number of
infiltrated inflammatory cells (e.g., mast cells and eosinophils) were measured at six sites
per mouse using Image J software (National Institute of Health, Starkville, MD, USA).

2.8. Serum Immunoglobulin and Histamine Assay

The levels of IgE, histamine, IgG1, and IgG2a in the serum were measured using a
mouse enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer’s
instructions (IgE, Shibayagi, Gunma, Japan; IgG1 and IgG2a, Enzo Life Sciences, Farming-
dale, NY, USA; histamine, Elabscience, Huston, ID, USA).

2.9. Serum Cytokines and Chemokines Assay

The serum cytokine and chemokine levels were measured using a mouse ELISA kit, ac-
cording to the manufacturer’s instructions (IL-4 and IL-6, Enzo Life Sciences, Farmingdale,
NY, USA; TSLP, MCP-1, Elabscience, Huston, ID, USA; IL-13, TARC, MDC, and RANTES,
R&D Systems Inc., Minneapolis, MN, USA).

2.10. Isolation of Splenocytes and Analysis of Cytokines and Chemokines

Splenocytes were isolated in a sterile environment. Splenocytes were crushed with a
sterile syringe plunger and collected using a cell strainer (BD Biosciences, Franklin Lakes,
NJ, USA). Subsequently, after treatment with red blood cell lysis buffer, splenocytes were
washed three times with RPMI-1640 (Gibco, Carlsbad, NY, USA) supplemented with 10%
FBS. The isolated splenocytes were treated with 5 pg/mL concanavalin A (Con-A) (Sigma-
Aldrich, St. Louis, MO, USA) and incubated in 24-well plates for 72 h at a concentration
of 1 x 10° cells/well at 37 °C, 5% CO,. After incubation, supernatants were collected and
splenocytes were homogenized in lysis buffer containing cOmplete™ Protease Inhibitor
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Cocktail tablets (Roche Diagnostics, Indianapolis, IN, USA). The lysate was centrifuged
at 10,000x g for 10 min at 4 °C. The collected splenocyte supernatants and lysates were
frozen at —80 °C for subsequent cytokine analysis. The levels of IL-5, IL-12, IL-13, IL-17,
IL-22, IL-25, IL-31, IL-33, TNF-«, and IFN-y cytokines in the splenocyte supernatant were
measured using an ELISA kit according to the manufacturer’s instructions (Elabscience,
Houston, ID, USA). The lysate protein concentration was measured using a Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA). The levels of cytokines and
chemokines in the supernatants were normalized to the protein concentration of the lysate.

2.11. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (RT-gPCR)

Total RNA was extracted from mouse dorsal skin samples using the Easy-Red Total
RNA Extraction Kit. Chloroform was added, and the mixture was stored at room tempera-
ture for 20 min. The supernatant was collected by centrifugation at 10,000 g for 15 min at
4 °C. The cells were treated with an equal volume of isopropanol as the supernatant and
incubated overnight for 24 h. The mixture was then centrifuged for 15 min at 10,000x g
and 4 °C and washed with 75% ethanol. After RNA was dissolved in DEPC water, cDNA
was synthesized using a cDNA synthesis kit(Takara Korea Biomedical, Inc., Shiga, Japan).
Quantitative real-time polymerase chain reaction (RT-qPCR) was performed on an ABI
StepOnePlus™ real-time PCR system (Applied Biosystems, Waltham, MA, USA) using the
synthesized cDNA as a template and SYBR Premix EX Taq (TaKaRa Bio, Shiga, Japan). The
primer sequences are listed in Table 1. Gene expression levels were normalized to GAPDH
using the 2722Ct method for the cycle threshold (Ct) value.

Table 1. Primer sequences (in vivo).

Gene Forward (5'-3') Reverse (5'-3')

IL-1B (m) TGT GTT TTC CTC CTT GCC TCT GAT TGC TGC CTA ATG TCC CCT TGA AT
IL-4 (m) ACG GAG ATG GAT GTG CCA AAC AGC ACC TTG GAA GCCCTACAG A
IL-5 (m) TCA GCT GTG TCT GGG CCA CT TT ATG AGT AGG GAC AGG AAG CCTCA
IL-6 (m) CCA CTT CAC AAG TCG GAG GCTTA GCA AGT GCATCA TCG TTG TTC ATA C

IL-12 (m) TGA ACT GGC GTT GGA AGC GCG GGT CTG GTT TGA TGA

IL-13 (m) CAA TTG CAA TGC CAT CTA CAG GAC CGA AAC AGT TGC TTT GTG TAG CTG A

IL-17 (m) AAG GCA GCA GCG ATC ATC C GGA ACG GTT GAG GTA GTC TGA G

IL-22 (m) CAG CTCCTG TCA CATCAGCGGT AGG TCC AGT TCC CCA ATCGCCT

IL-25 (m) CTC AAC AGC AGGGCCACTC GTC TGT AGG CTG ACG CAG TGT G
IL-31 (m) ATA CAG CTG CCG TGT TTC AG AGC CAT CTT ATC ACC CAA GAA
IL-33 (m) GAT GAG ATG TCT CGG CTG CITG AGC CGT TAC GGA TAT GGT GGT C

IFN-y (m) CGG CAC AGT CATTGA AAGCCT A GGC ACCACT AGTTGG TTGTCT TTG

TNF-« (m) TAC TGA ACT TCG GGG TGA TTG GTC CAG CCT TGT CCC TTG AAG AGA ACC

TSLP (m) TGC AAG TAC TAG TAC GGA TGG GGC GGA CTT CTT GTG CCA TTT CCT GAG

TARC (m) TGA GGT CAC TTC AGA TGC TGC ACC AAT CTG ATG GCC TTC TTC

MDC (m) CAG GCA GGT CTG GGT GAA TAA AGG TGG CGT CGT TGG

RANTES (m) GGA GTA TTT CTA CAC CAG CAG CAA GGC TAG GAC TAG AGC AAGCAATGAC
CCR4 (m) TCT ACAGCGGCATCTTCTTCAT CAG TAC GTG TGG TGG TGC TCT G
Pro-filaggrin (m) GAA TCC ATA TTT ACA GCA AAGCACCITG GGT ATG TCC AAT GTG ATT GCA CGA TTG

GAPDH (m) ACT TTG TCA AGC TCATTT CC TGC AGC GAA CTT TAT TGA TG

2.12. Western Blotting

Dorsal skin tissues were frozen in liquid nitrogen, crushed using a pestle, and subse-
quently homogenized with lysis buffer containing cOmplete™ Protease Inhibitor Cocktail
tablets (Roche Diagnostics, Indianapolis, IN, USA). The lysates were sonicated and cen-
trifuged at 10,000 g for 15 min at 4 °C. The protein concentration in the supernatant was
quantified using the Pierce™ BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL,
USA). After quantitation, equal amounts of protein were loaded into a 12% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE; Bio-Rad, CA, USA) for electrophoresis and then
transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked
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with 5% skim milk in Tris-buffered saline with 0.5% Tween-20 (TBST) and incubated with
1:1000 primary antibody overnight at 4 °C. The following day, the membranes were treated
with a horseradish peroxidase-conjugated (HRP) secondary antibody at a dilution of 1:5000
(GeneTex, Inc., Irvine, CA, USA) for 2 h and were visualized using a ChemiDoc™XRS
+ System (Bio-Rad, Richmond, CA, USA). The expression level of each protein was ana-
lyzed using Image Lab statistical software (Bio-Rad, Richmond, CA, USA) and normalized
to B-actin. The primary antibodies used for Western blotting were as follows: filaggrin
(FLG), occluding (OCC), and loricrin (LOR) (GeneTex, Inc., Irvine, CA, USA), involucrin
(IVL), B-actin (Santa Cruz, CA, USA), and zonula occludens-1 (ZO-1) (Abcam, Cambridge,
MA, USA).

2.13. Statistical Analysis

Data are presented as means + standard deviation (SD). Statistical analysis was
performed using one-way analysis of variance (ANOVA) and Tukey’s honestly significant
difference test. Statistically significant differences were evaluated using SPSS (SPSS Inc.,
Chicago, IL, USA).

3. Results
3.1. Identification and Qualification of Lithospermic Acid in the LE Extracts

HPLC analysis at 320 nm was used to determine the components of LE, and the
established standard chromatogram is shown in Figure 1. Lithospermic acid is highlighted,
which is a major constituent of LE, and was detected in high concentrations in our LE
samples. The retention time of lithospermic acid was 41.118 & 0.21 min. The content
analysis indicated that LE contained 1.34 & 0.009 mg/g of lithospermic acid.

3.2. LE Attenuates DNCB-Induced AD-like Symptoms and Scratching Behavior

The schedule for DNCB induction and LE oral administration is presented in Figure 2A.
Figure 2B shows representative images of the six test groups, including the normal, DNCB,
PD, and 50, 100, and 200 mg/kg LE groups, on the last day of the 14th week of the
experiment. Repetitive application of DNCB aggravated the clinical symptoms associated
with AD, including erythema, maceration, lichenification, abrasion, dryness, and scratching
behavior, over the first nine weeks. However, administration of LE and PD reduced these
lesions, and the dermatitis score, ear thickness, and scratching behavior were significantly
higher in the DNCB group compared to the normal group; however, LE administration
significantly reduced these parameters in a dose-dependent manner (Figure 2C). The
dermatitis score and scratching behavior showed a similar efficacy between the 50 mg/kg
LE group and the positive control PD group, and ear thickness measurements showed
a similar effect between the 100 mg/kg LE group and the PD group. Taken together,
LE attenuated the dermatitis score, ear thickness, and scratching behavior in the AD
mouse model.

3.3. LE Reduces Epidermal Thickening as Well as Eosinophil and Mast Cell Infiltration

To evaluate how inflammatory responses contribute to AD symptoms, we measured
epidermis thickness and amount of eosinophil and mast cell infiltration, both of which
were significantly higher in the DNCB group compared to the normal group. However,
LE treatment reduced the epidermal thickness and the number of infiltrated inflammatory
cells in a dose-dependent manner, showing a similar efficacy between the 100 mg/kg LE
group and the PD group (Figure 3).
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Figure 1. Representative HPLC chromatogram of LE. HPLC chromatograms of (A) lithospermic acid and (B) the LE extract.
The arrows represent lithospermic acid. The retention time of lithospermic acid was 41.118 + 0.21 min.
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Figure 2. Experimental procedure and effects of LE on the clinical features of AD-like symptoms induced by DNCB in
NC/Nga mice. (A) Schematic diagram of the experimental procedure for AD lesion induction and LE treatment. (B) On
the last day of the 14th week of the experiment, the right ear and dorsal skin of mice representing each group were
shown. (C-E) The clinical features of NC/Nga mice (C) dermatitis score, (D) ear thickness, and (E) scratching behavior
were evaluated three times a week in the term of the administration of CMC, PD, and LE. The results were expressed as
means + SD (1 = 6). ™ p < 0.001 vs. normal (DNCB untreated group), * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. DNCB
(negative control; DNCB treated group), PD (positive control; prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or

200 mg/kg) treatment group, and * p < 0.05, ** p < 0.001 vs. PD (positive control; prednisolone 3 mg/kg) treatment group.
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Figure 3. Effect of LE on DNCB-induced histological features of AD-like symptoms in NC/Nga mice. (A,B) Representative
histological images of dorsal skin from mice treated with DNCB (400, scale bar = 100 pum). (A) H&E staining of dorsal skin.
The epidermis thickness is indicated by bars and black arrows indicate the infiltration of eosinophils into the skin. (A-a) The
thickness of the epidermis was measured and averaged from the dorsal skin lesions. (A-b) The number of eosinophils
infiltrated the dorsal skin. (B) Toluidine blue staining of dorsal skin. The red arrows indicate the penetration of mast cells
into the skin. (B-a) Mast cells present in dorsal skin lesions. (B-b) The number of mast cells that infiltrated the dorsal skin
lesion. All data were collected from six random dorsal skin sites for each mouse. The results are expressed as means & SD
(n = 6). ¥ p <0.001 vs. normal (DNCB untreated group), *** p < 0.001 vs. DNCB (negative control; DNCB treated group),
PD (positive control; prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or 200 mg/kg) treatment group, and * p < 0.05,
 p<0.01, and "t p < 0.001 vs. PD (positive control; prednisolone 3 mg/kg) treatment group.

3.4. LE Decreases IL-4, IgE, and Histamine Serum Levels

IL-4, IgE, and histamine serum levels were investigated to evaluate the effect of LE on
AD itching. We found that the IL-4, IgE, and histamine levels were significantly higher in
the DNCB group compared to the normal group. However, LE treatment reduced these
levels in a dose-dependent manner, with similar efficacy in reducing IL-4 levels observed
between the 100 mg/kg LE and PD groups. However, the LE group showed a higher
efficacy in reducing IgE and histamine levels than the PD group (Figure 4A-C). These
results show that LE reduced cytokines, IgE, and histamine in serum related to itching.
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Figure 4. Effect of LE on IL-4, IgE, and histamine levels in the serum of NC/Nga mice. The levels of (A) IL-4, (B) IgE, and
(C) histamine in the serum. Serum was collected on the last day of the experiment and measured using ELISA. The results
were expressed as means + SD (1 = 6). ## p < 0.001 vs. normal (DNCB untreated group), *** p < 0.001 vs. DNCB (negative
control; DNCB treated group), PD (positive control; prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or 200 mg/kg)
treatment group, and t p < 0.05, ™ p < 0.001 vs. PD (positive control; prednisolone 3 mg/kg) treatment group.

3.5. LE Restores Th1/Th2 Immune Balance by Regulating Serum IgG1 and IgG2a Levels in
NC/Nga Mice

The restoration of Th1/Th2 balance was investigated by measuring the levels of IgG1
and IgG2a in response to LE treatment. Serum IgG1 levels were higher in the DNCB
group compared to the normal group; however, LE treatment reduced the IgG1 levels in a
dose-dependent manner, with a similar efficacy observed between the 100 mg/kg LE and
PD groups. Moreover, the IgG2a levels were higher in the DNCB group than in the normal
group. Meanwhile, compared to the DNCB group, the LE group increased IgG2a levels in
a dose-dependent manner, whereas IgG2a levels decreased in the PD group. These results
showed LE treatment restored the IgG1/IgG2a ratio in a dose-dependent manner, with a
similar efficacy between the 100 mg/kg LE and PD groups (Figure 5A-C).
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Figure 5. Effect of LE on the levels of IgG1, IgG2a, and the IgG1/1gG2a ratio in the serum of NC/Nga mice. The levels of
(A) IgG1, (B) IgG2a, and (C) IgG1/1gG2a ratio (%) in the serum. Serum was collected on the last day of the experiment and
measured using ELISA. The results were expressed as means =+ SD (1 = 6). *## p < 0.001 vs. normal (DNCB untreated group),
*p <0.05, *** p < 0.001 vs. DNCB (negative control; DNCB treated group), PD (positive control; prednisolone 3 mg/kg)
treatment group, LE (LE 50, 100, or 200 mg/kg) treatment group, and tt p<0.01, tt p <0.001 vs. PD (positive control;
prednisolone 3 mg/kg) treatment group.
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3.6. LE Decreases the Levels of AD-Related Cytokines and Chemokines in NC/Nga Mouse Serum

To evaluate the effects of LE on immune responses in the AD mouse model, we
measured the levels of IL-13, IL-6, TNF-«, TSLP, TARC, MDC, RANTES, and MCP-1. The
levels of cytokines and chemokines in the serum of NC/Nga mice were significantly higher
in the DNCB group than in the normal group. However, LE treatment decreased the levels
of AD-related cytokines and chemokines in the serum in a dose-dependent manner and
showed a similar efficacy between the 100 mg/kg LE and PD groups (Figure 6A-C). These
results suggest that LE alleviated AD by reducing the levels of AD-related cytokines and
chemokines in the serum.
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Figure 6. Effect of LE on AD-related cytokines and chemokines in the serum of NC/Nga mice. (A-H) The levels of (A) IL-1,
(B) IL-6 (C) TNF-«, (D) TSLP, (E) TARC (F) MDC, (G) RANTES, and (H) MCP-1 in the serum. Serum was collected on the
last day of the experiment and measured using ELISA. The results were expressed as means + SD (1 = 6). ## p < 0.001 vs.
normal (DNCB untreated group), *** p < 0.001 vs. DNCB (negative control; DNCB treated group), PD (positive control;
prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or 200 mg/kg) treatment group, and + p <0.05, tt p <0.01, and
1t p <0.001 vs. PD (positive control; prednisolone 3 mg/kg) treatment group.

3.7. LE Regulates the Balance of Cytokines and Chemokines Secretion in Splenocytes

We investigated the levels of cytokines and chemokines secreted from splenocytes to
confirm the anti-atopic effect of LE. The levels of the Th2-mediated cytokines IL-4, IL-5,
IL-13, and IL-31, and the cytokines IL-25, IL-33, and TSLP, which indirectly activate Th2,
significantly increased in the DNCB group compared to the normal group. In addition,
AD-related cytokines and chemokines, namely, IL-13, IL-6, IL-17, IL-22, TNF-&, and
MCP-1, were significantly higher in the DNCB group compared to the normal group.
However, LE treatment reduced the AD-related cytokine and chemokine levels in a dose-
dependent manner and showed a similar efficacy between the 100 mg/kg LE and PD
groups (Figure 7A-E). Additionally, the levels of Th1-mediated cytokines IL-12 and IFN-y
were significantly reduced in the DNCB group compared to the normal group. Meanwhile,
LE treatment restored these cytokine levels in a dose-dependent manner. Interestingly, the
levels of Thl-mediated cytokines decreased in the PD group (Figure 7F).
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Figure 7. Effect of LE on AD-related cytokine and chemokine secretion in NC/Nga mouse splenocytes. (A) The levels of
(A-a) IL-4, (A-b) IL-5, (A-c) IL-13, and (A-d) IL-31 in the supernatant of splenocytes. (B) The levels of (B-a) IL-25, (B-b) IL-
33, and (B-c) TSLP in the supernatant of splenocytes. (C) The levels of (C-a) MCP-1 in the supernatant of splenocytes.
(D) The levels of (D-a) IL-1f3, (D-b) IL-6, and (D-c) TNF-« in the supernatant of splenocytes. (E) The levels of (E-a) IL-17
and (E-b) IL-22 in the supernatant of splenocytes. (F) The levels of Thl-mediated cytokines (F-a) IL-12 and (F-b) IFN-y.
Splenocytes from NC/Nga mice were stimulated with Con-A for 72 h, and then the supernatant was measured using
ELISA. Cytokines and chemokines were normalized to the protein concentration of the lysate. The results were expressed
as means + SD (1 = 6). # p < 0.01, ## p < 0.001 vs. normal (DNCB untreated group), ** p < 0.01, *** p < 0.001 vs. DNCB
(negative control; DNCB treated group), PD (positive control; prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or
200 mg/kg) treatment group, and * p < 0.05, ™ p < 0.01, and *** p < 0.001 vs. PD (positive control; prednisolone 3 mg/kg)
treatment group.

3.8. LE Inhibits the Gene Expression of Cytokines, Chemokines, and CCR4 Involved in Th2
Activation in the Dorsal Skin

The gene expression levels of AD-related cytokines and chemokines that directly
activate Th2 cells were investigated in the dorsal skin of NC/Nga mice. The expression
of IL-25, IL-33, TSLP, RANTES, TARC, MDC, and CCR4 was significantly higher in the
DNCB group than in the normal group. However, LE treatment reduced gene expression
in a dose-dependent manner and showed a similar efficacy between the 100 mg/kg LE and
PD groups (Figure 8).
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Figure 8. Effect of LE on gene expression of cytokines, chemokines, and CCR4 that activate Th2 cells in dorsal skin of
NC/Nga mice. Gene expression of (A) IL-25, (B) IL-33, (C) TSLP, (D) RANTES, (E) TARC, (F) MDC, and (G) CCR4. Total
RNA was extracted from the dorsal skin of NC/Nga mice and normalized to GAPDH. The results were expressed as
means + SD (1 = 6). " p < 0.001 vs. normal (DNCB untreated group), * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. DNCB
(negative control; DNCB treated group), PD (positive control; prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or
200 mg/kg) treatment group, and * p < 0.05, 1 p < 0.01 vs. PD (positive control; prednisolone 3 mg/kg) treatment group.

3.9. LE Restores the Balance of AD-Related Cytokine and Chemokine Gene Expression in the
Dorsal Skin of the NC/Nga Mouse

We investigated the levels of cytokines and chemokines expressed in the dorsal skin
to confirm the anti-atopic effect of LE. Gene expression of the Th2-mediated cytokines
IL-4, IL-5, IL-13, and IL-31 was significantly higher in the DNCB group compared to the
normal group. In addition, gene expression of the AD-related cytokines IL-1f3, IL-6, TNF-«,
IL-17, and IL-22 was significantly increased in the DNCB group compared to the normal
group. LE treatment reduced the expression of AD-related cytokines and chemokines,
including Th2-mediated cytokines, in a dose-dependent manner, and showed a similar
efficacy between the 100 mg/kg LE and PD groups (Figure 9A-C).

Expression of Thl-mediated cytokine (IL-12 and IFN-y) genes was significantly re-
duced in the DNCB group compared to the normal group, while LE restored their ex-
pression in a dose-dependent manner. We also found that the PD group showed reduced
expression of Thl-mediated cytokines compared to that in the DNCB group (Figure 9D).
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Figure 9. Gene expression of AD-related cytokines and chemokines in response to LE treatment of the dorsal skin of
NC/Nga mice. (A) Gene expression levels of (A-a) IL-4, (A-b) IL-5, (A-c) IL-13, and (A-d) IL-31. (B) Gene expression levels
of (B-a) IL-1B3, (B-b) IL-6, and (B-c) TNF-«. (C) Gene expression levels of (c-a) IL-17 and (c-b) IL-22. (D) Gene expression
levels of (D-a) IL-12 and (D-b) IFN-y. Total RNA was extracted from the dorsal skin of NC/Nga mice and normalized to
GAPDH. The results were expressed as means + SD (1 = 6). # p < 0.01, # p < 0.001 vs. normal (DNCB untreated group),
*p <0.05,* p <0.01, and *** p < 0.001 vs. DNCB (negative control; DNCB treated group), PD (positive control; prednisolone
3 mg/kg) treatment group, LE (LE 50, 100 or 200 mg/kg) treatment group, and * p < 0.05, ' p < 0.01, and ** p < 0.001 vs.
PD (positive control; prednisolone 3 mg/kg) treatment group.

3.10. LE Restores Defects in Skin Barrier Function Caused by AD

In the dorsal skin of NC/Nga mice, pro-FLG gene expression and the abundance of
proteins responsible for skin barrier function were investigated. The expression of pro-FLG
was significantly reduced in the DNCB group compared to the normal group; however, LE
treatment restored its expression in a dose-dependent manner and showed a similar efficacy
between the 100 mg/kg LE and PD treatment groups (Figure 10B). The abundance skin
barrier proteins FLG, IVL, and LOR, and the T] proteins OCC and ZO-1, was significantly
reduced in the DNCB group compared to the normal group, while LE treatment restored
the expression of skin barrier and TJ-related proteins in a dose-dependent manner. The
skin barrier proteins FLG, IVL, and LOR were present at similar levels when samples were
treated with 100 mg/kg LE and PD (Figure 10A,C-E). However, the expression of the T]
proteins OCC and ZO-1 was not recovered in the PD group compared to the DNCB group
(Figure 10A,FG).
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Figure 10. Restoration effect of LE on the skin barrier proteins in the dorsal skin of NC/Nga mice. (A) Abundance of proteins
related to skin barrier function in the dorsal skin of NC/Nga mice. (B) Expression of pro-FLG, which was normalized to
GAPDH. (C-G) Abundance of (C) FLG (34 kDa), (D) IVL (68 kDa), (E) LOR (26 kDa), (F) OCC (59 kDa), and (G) ZO-1
(187 kDa), protein levels quantified by band density and normalized to $-actin (43 kDa). The results were expressed as
means =+ SD (1 = 6). ¥ p < 0.001 vs. normal (DNCB untreated group), * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. DNCB
(negative control; DNCB treated group), PD (positive control; prednisolone 3 mg/kg) treatment group, LE (LE 50, 100 or

200 mg/kg) treatment group, and t p < 0.0

1, ** p <0.001 vs. PD (positive control; prednisolone 3 mg/kg) treatment group.

FLG, filaggrin; LOR, loricrin; IVL, involucrin; ZO-1, zonula occludens-1; OCC, occludin; pro-FLG, pro-filaggrin.

4. Discussion

AD induces biased differentiation of Th2 cells, resulting in Th1/Th2 immune imbal-
ance, followed by increased itchiness and complex pathophysiological changes that lead
to the skin barrier function damage [10,35]. In the present study, the efficacy of LE extract
against AD was investigated using an in vivo animal model, focusing on whether LE
could improve AD-related clinical symptoms, Th1/Th2 immune balance, and restoration
of skin barrier function. IgE secretion is increased in B cells by the Th2-mediated cytokine
IL-4 [57], and the degranulation of mast cells by IgE increases itching through the release of
histamine [27,58]. Continuous scratching can increase erythema, abrasions, and erosions,
along with lichenification, which thickens the skin [59-61]. In addition, damage to the skin
barrier caused by this scratching can further cause loss of moisture, leading to dry skin [62].
LE treatment led to improved AD-related clinical symptoms and reduced infiltration of
inflammatory cells in a dose-dependent manner (Figure 2B-E).

The serum secretion levels of IL-4, IgE, and histamine decreased in a dose-dependent
manner following LE treatment compared to the DNCB group (Figure 4). Therefore, LE
appears to reduce infiltration and degranulation of mast cells, thereby reducing histamine
release, as well as scratching, ultimately leading to improved clinical symptoms, including
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erythema, erosion, and abrasion. In addition, IL-4 reduced the expression of skin barrier
proteins [45], further indicating that the dry skin symptoms were improved through the
restoration of the skin barrier protein. LE showed a greater inhibitory effect on IL-4, IgE,
and histamine than PD, which is used as a clinical treatment for AD (Figure 4).

Eosinophils increase in both the blood and skin of AD patients and are reportedly
involved in chronic AD while playing an important role in the Th2 immune response [63].
LE treatment reduced the number of infiltrating eosinophils in a dose-dependent manner
(Figure 3A(A-a,A-b)) and lichenification was recovered by LE, thus demonstrating its
ability to improve a clinical symptom of chronic AD. The recovery of lichenification was
consistent with a decrease in the number of infiltrated eosinophils and epidermal thickness.

In the keratinocytes of AD patients, the expression and secretion of cytokines IL-25,
IL-33, and TSLP, and the chemokines TARC, MDC, and RANTES, which are directly or
indirectly related to the activation of Th2 cells, are increased [64]. In addition, expression
of CCR4, a receptor for TARC and MDC, increases on the surface of Th2 cells, thereby
increasing Th2 cell invasion and activity [29,65]. LE dose-dependently reduced the levels of
TSLP, TARC, MDC, and RANTES in the serum and gene expression levels of AD-related IL-
25,1L-33, TSLP, TARC, MDC, and RANTES, including CCR4, in the dorsal skin of NC/Nga
mice (Figures 6E-H and 8). In addition, LE dose-dependently decreased the levels of
cytokines and chemokines, such as IL-25, IL-33, and TSLP, secreted by splenocytes in the
AD mouse model (Figure 7B). These results suggest that LE reduces the expression and
secretion of cytokines and chemokines that directly or indirectly activate Th2 cells in the
serum, splenocytes, and dorsal skin. Inhibition of CCR4 expression reduced the binding of
TARC and MDC, suggesting that the activity of Th2 cells was suppressed by LE treatment.
The decreased expression and secretion of RANTES in the dorsal skin indicated that LE
inhibited the progression to chronic AD. These results are consistent with the reduction in
infiltrated eosinophils and restoration of lichenification (Figures 2B and 3A(A-b)).

IL-25, IL-33, and TSLP are involved in the activation of several immune cells, including
mast cells and eosinophils, and induce the secretion of Th2-mediated cytokines [66]. Activa-
tion of mast cells and eosinophils is involved in allergic responses, in which gene expression
and secretion of AD-related cytokines and chemokines such as IL-4, IL-5, IL-6, IL-13, IL-31,
and MCP-1 increase [27,67,68]. We found that LE had a dose-dependent effect on the serum
levels of MCP-1 as well as MCP-1 and Th2-mediated cytokines IL-4, IL-5, IL-13, and IL-31
secreted by splenocytes (Figures 6H and 7A,C). Moreover, LE treatment downregulated
the expression of IL-4, IL-5, IL-13, and IL-31 in dorsal skin in a dose-dependent manner
(Figure 9A). By suppressing the activity of immune cells, LE could resolve the immune
imbalance in the AD mouse model via suppression of Th2 mediated cytokines IL-4 and
IL-13, which continuously activate Th2 cells in an autocrine manner [69].

IL-5 and IL-31 have been reported as cytokines that delay the increase and apoptosis
of eosinophils, while MCP-1, which is primarily expressed and secreted by eosinophils,
is involved in the invasion of Th2 cells [70,71]. LE reduced both the gene expression
and secreted levels of IL-5, IL-31, and MCP-1 (Figures 6H, 7A,C and 9A), indicating that
LE could reduce the number of infiltrated eosinophils, consistent with improved clinical
symptoms and lichenification.

IL-12 and IFN-y are required for the differentiation of Th1 cells [72]. IL-12 promotes
the differentiation of Th1 cells and IFN-vy secreted from Th1 cells suppresses the secretion
of IL-4, a Th2-mediated cytokine, to suppress the production of IgE and IgG1 and promote
the production of IgG2a in B cells [4,73]. Therefore, the IgG1/IgG2a ratio is used as
a representative marker of Th1/Th2 balance [4]. In the splenocytes and dorsal skin of
NC/Ng mice, secretion and gene expression of IL-12 and IFN-y were decreased in the
DNCB group compared to the normal group and recovered in a dose-dependent manner by
LE treatment (Figures 7F and 9D). In the LE group, IgG1 decreased and IgG2a was restored,
resulting in a dose-dependent recovery of the Th1/Th2 ratio (Figure 5). In contrast, PD
was shown to restore the Th1/Th2 ratio by decreasing the levels of both Th1 and Th2 cells
associated immunoglobulins. Taken together, our results indicate that PD can restore the
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Th1/Th2 immune balance by inhibiting the activity of both Th1l and Th2 cells, whereas LE
restored Th1/Th2 immune balance by regulating the activation of Th1 and Th2 cells.

IL-1B, IL-6, and TNF-« are expressed and secreted by many inflammatory cells,
including keratinocytes, Th2 cells, and mast cells; they are involved in the progression of
acute and chronic AD and activate Th17 and Th22 cells [74,75]. LE treatment decreased the
levels of IL-1p3, IL-6, and TNEF-c in the serum and splenocytes (Figures 6A-C and 7D), and
the gene expression levels of IL-1f, IL-6, and TNF-« in the dorsal skin in a dose-dependent
manner (Figure 9B). These results show that LE prevents the progression of acute and
chronic AD through the regulation of both gene expression and protein abundance of
cytokines involved in Th cell activation. These findings also suggest that LE may be
involved in the restoration of immune balance by regulating the activity of Th17 and
Th22 cells.

Th17 and Th22 cells show a positive correlation with Th2-mediated cytokines [47,76].
Th17 cells produce IL-17 and IL-22, while Th22 cells increase the expression and secretion
of IL-22 [4,45]. IL-17 and IL-22 increase the differentiation of Th2 cells and impair skin
barrier function [45]. LE decreased the expression and secretion levels of IL-17 and IL-22 in
the dorsal skin and splenocytes (Figures 7E and 9C), which reduced the activity of Th17
and Th22 cells. This suggests that LE is involved in the restoration of immune balance and
skin barrier function through the deactivation of Th17 and Th22 cells.

Cytokines and chemokines associated with AD, such as IL-4, IL-6, IL-13, IL-17, IL-31,
IL-22, IL-33, TSLP, and MCP-1, downregulate the abundance of pro-FLG and as well as
that of the skin barrier-related proteins FLG, IVL, and LOR, and the TJ proteins OCC and
Z0-1 [4,31,35,47,77,78], resulting in impaired skin barrier function. It has been reported
that reduction of FLG, IVL, and LOR aggravates the Th2 immune response by inducing an
increase in microbiome species, such as Staphylococcus aureus in the skin [79]. In this study,
the gene expression of pro-FLG and the abundance of skin barrier-related proteins FLG, IVL,
and LOR decreased in the DNCB group compared to the normal group. However, pro-FLG
gene expression and FLG, IVL, and LOR protein abundance were recovered in a dose-
dependent manner by LE treatment, and slightly recovered in the PD group (Figure 10B-E).
Some studies have reported that TCS increases skin barrier proteins such as FLG and
LOR [80]. The restoration of pro-FLG, FLG, IVL, and LOR by LE treatment suggests that
the clinical symptoms and immune balance associated with AD were recovered.

The TJ region is located below the stratum corneum, sealing the space between cells
and binding cells to each other [62]. It has been reported that AD-induced T] damage
induces expansion of Langerhans cell dendrites into the TJ, triggering a Th2-mediated
immune response [81]. As TJs exhibit an inverse correlation with the progression of AD,
we hypothesized that T] damage is an important feature of AD [4]. The expression of the
TJ proteins OCC and ZO-1 were lower in the DNCB group compared to the normal group,
however it was restored in a dose-dependent manner with LE treatment. Meanwhile, the
abundance of TJ proteins was not increased in the PD group compared to the DNCB group
(Figure 10F,G). A previous study reported that TCS negatively affects cell permeability by
decreasing the abundance of TJ proteins, including OCC [82]. Unlike TCS, LE treatment
might alleviate AD by restoring skin barrier function. Taken together, these results suggest
that LE is a potential anti-AD drug candidate that functions by restoring the Th1/Th2
immune balance and enhancing skin barrier function.

5. Conclusions

Oral administration of LE ameliorated AD-related clinical symptoms, including der-
matitis score, ear thickness, scratching behavior, epidermal thickness, and infiltration of
inflammatory cells, in the NC/Nga AD mouse model. In addition, LE reduces scratch-
ing behavior by inhibiting the release of IgE and histamine in NC/Nga mice. LE also
reduces the levels of AD-related cytokines and chemokines in the serum and restores
the Th1/Th2 immune balance via regulation of IgG1 and IgG2a. The immune balance
was restored through regulation of gene expression and secretion of AD-related cytokines
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and chemokines derived from Th1/Th2/Th17/Th22 in splenocytes and dorsal skin. Fur-
thermore, LE increased the expression of proteins responsible for skin barrier function,
restoring T] proteins to a greater extent than PD treatment. Taken together, the findings
of this study suggest that LE is a potential therapeutic agent that can alleviate AD by
regulating immune balance and restoring skin barrier function.
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Abstract: Skin aging is one of the hallmarks of the aging process that causes physiological and
morphological changes. Recently, several nutritional studies were conducted to delay or suppress
the aging process. This study investigated whether nutritional supplementation of the eggshell
membrane (ESM) has a beneficial effect on maintaining skin health and improving the skin aging
process in vitro using neonatal normal human epidermal keratinocytes (NHEK-Neo) and in vivo
using interleukin-10 knockout (IL-10 KO) mice. In NHEK-Neo cells, 1 mg/mL of enzymatically hy-
drolyzed ESM (eESM) upregulated the expression of keratinocyte differentiation markers, including
keratin 1, filaggrin and involucrin, and changed the keratinocyte morphology. In IL-10 KO mice,
oral supplementation of 8% powdered-ESM (pESM) upregulated the expression of growth factors,
including transforming growth factor 1, platelet-derived growth factor-B and connective tissue
growth factor, and suppressed skin thinning. Furthermore, voltage-gated calcium channel, transient
receptor potential cation channel subfamily V members were upregulated by eESM treatment in
NHEK-Neo cells and pESM supplementation in IL-10 KO mice. Collectively, these data suggest
that ESM has an important role in improving skin health and aging, possibly via upregulating
calcium signaling.

Keywords: eggshell membrane; keratinocyte differentiation; TRPV; skin aging; skin thickness

1. Introduction

The aging population is increasing rapidly, especially in developed countries, and
the global population aged over 60 is expected to increase by 22% in 2050 [1]. Aging
affects cellular metabolism, physiology and function [2], increases disease morbidity and
mortality [3] and decreases the health-related quality of life (HRQoL). Skin aging, one of
the hallmarks of the aging process, leads to skin wrinkling, hair graying, scalp hair thin-
ning/baldness, thin skin, etc. These physiological changes are caused by the accumulation
of macromolecular damage, impairment of tissue renewal, loss of physiological function
integrity [4]. Skin aging is mainly divided into two categories; chronological aging and
photo-aging [5]. Chronological aging is occurred by internal factors (such as hormone
levels, genotypes, etc.) and is hard to regulate, as these factors naturally change with age.
On the contrary, photo-aging is altered by external factors, such as ultraviolet radiation, nu-
tritional levels, chemical pollution; therefore, it can be delayed by interventions of balanced
nutrition, functional bioactive compounds and skincare products [4,6].

Eggshell membrane (ESM) is a natural byproduct of egg processing and is usually
discarded as industrial waste, resulting in environmental load. However, as ESM is rich
in fibrous protein, collagen, hyaluronic acid, chondroitin sulfate and glucosamine [7], it
is possible to utilize ESM as a functional bioactive compound in health science. Previous
studies indicated that oral supplementation of ESM is safe and has an anti-inflammatory
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and anti-obese effect in rodents [8-10]. Given that inflammation is closely linked with skin
health along with the fact that collagen peptides have a positive effect against skin aging [4],
we hypothesized that ESM supplementation could improve skin aging and health.

Therefore, to test this hypothesis, this study investigated the effects of powdered as
well as hydrolyzed ESM on skin-derived cells using neonatal normal human epidermal
keratinocytes (NHEK-Neo). Then we tested the effect of powdered ESM in interleukin-10
knockout (IL-10 KO) mice. While IL-10 KO mice are used as model for inflammatory bowel
disease, it is considered as one of the frail and fragility model since it developed osteopenia
and hair loss, reduces bone formation and energy metabolism, and increase levels of
several inflammatory cytokines [11-14]. We explored the role and possible mechanism
of ESM in keratinocyte differentiation and improved skin health and aging, which could
provide an effective and functional source of bioactive compounds to improve the HRQoL
of older people.

2. Materials and Methods
2.1. Cell Culture

Neonatal Normal Human Epidermal Keratinocytes (NHEK-Neo) were purchased
from LONZA Japan (Tokyo, Japan). The cells were cultured at 37 °C under 95% air/5%
CO, with KGM™ Gold Keratinocyte Growth Medium BulletKit™ (#00192060, LONZA),
containing KBM™ Gold™ Basal Medium and KGM™ Gold™ SingleQuots™ supplements.
The medium was replaced every 2 days during the experimental periods.

2.2. Determination of Cell Cytotoxicity

Cell cytotoxicity was determined using the lactate dehydrogenase (LDH) assay (#299-
50601, Wako Pure Chemical Industries, Osaka, Japan). The cells were seeded onto Biocoat™
Collagen I 24-well plate (Corning Inc., Corning, NY, USA) at 2.5 x 10* cells/well and
cultured for 2 days with KGM™ Gold Medium. The medium was replaced with KGM™
Gold Medium containing either powdered ESM (pESM; 0.1, 0.5 or 1 mg/mL), alkaline
(sodium hydroxide)-hydrolyzed ESM (hESM; 1, 2 or 3 mg/mL), enzymatically-hydrolyzed
ESM (eESM; 1, 2 or 3 mg/mL) or 0.2% Tween-20 (positive control). In the preparation of
eESM, pESM was treated with 5.5 mg/g sodium metabisulfite for 8-10 h and heated at
90 °C for 6 h, then hydrolyzed with 3.6 mg/g papain at 60 °C for 3 h. The three types of
ESMs were obtained from ALMADO Inc. (Tokyo, Japan). The amino acid compositions
of each ESM are shown in Table S1. The plates were then incubated at 37 °C for 24 h, the
medium was collected into 1.5 mL tubes and cellular LDH was also collected with the
medium containing 1% Tween-20. The five times diluted samples were used for the LDH
assay. The assay was performed according to the manufacturer’s instructions, and the
absorbance (Ab) was measured at 560 nm using a spectrophotometer (Thermo Scientific,
Waltham, MA, USA). The cytotoxicity was calculated using the following formula.

Cytotoxicity (%) = (Abs in medium)/(Abs in medium + Abs in cells) x 100

2.3. Morphological Changes

The cells were seeded onto Biocoat™ Collagen I 100-mm dish (Corning Inc., Corning,
NY, USA) at 2.0 x 10 cells/dish and cultured for 1 day. The medium was replaced with
PESM, hESM or eESM containing medium at 2 days’ interval and cultured for 4 days.
The morphological changes were recorded by monitoring the cells by a microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

2.4. Animal Experiment

Male B6.129P2-IL-10<tm1Cgn> /] mice and female C57BL/6] mice were purchased
from The Jackson Laboratory and Charles River Japan, respectively. Female IL-10-Hetero
KO mice (F1) obtained by mating the two aforementioned mice were further mated with
male IL-10-Homo KO mice (F1). The male IL-10-Homo KO mice (F2, KO) were used in this
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study. The mice were individually housed in cages in a temperature-controlled (23 + 2 °C),
12 h light-dark cycle environment. Four-week-old KO and C57BL/6] (WT) mice were fed
an AIN-93-based diet or an 8% pESM-supplemented diet (KOE) for 28 weeks. The diet
composition is shown in Table 1, which is the same as that reported in a previous study [8].
After the experimental period, the back skin was collected under deep anesthesia with
isoflurane, removed the dermal white adipose tissue from collected skin sample, and stored
at —80 °C until further analysis.

Table 1. Diet composition.

Component (%) Control Diet 8% pESM Supplemented Diet
Casein 20.0 16.3
B-corn starch 39.7 354
a-corn starch 13.2 13.2
Soybean oil 7.0 7.0
Sucrose 10.3 10.3
Cellulose 5.0 5.0
Vitamin mixture * 1.0 1.0
Mineral mixture * 3.5 35
L-cystine 0.3 0.3
ESM powder 0.0 8.0

* AIN-93 prescription (Oriental Yeast Co., Ltd., Tokyo, Japan). ESM: Eggshell membrane.

2.5. Morphological Analysis

Hematoxylin and eosin (H&E) staining and Fontana-Masson staining were carried
out to evaluate skin thickness and melanin content in the back skin samples of mice,
respectively. For H&E staining, the optimal cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA, USA) embedded 5-um-thick sliced sections were used. The stained
sections were then decolorized with ethanol and enclosed using Mount-Quick (Daido
Sangyo, Tokyo, Japan). Tissue images were obtained using light microscopy (Olympus
BX51 microscope, Olympus Optical, Tokyo, Japan), and the thickness (total of epidermis
and dermis) was measured randomly at six different parts of each skin sample.

For Fontana-Masson Staining, the frozen sections were reacted with Fontana ammonia
silver aqueous under shading conditions overnight at room temperature. After washing
using distilled water, the sections were reacted with 0.2% gold chloride aqueous and fixing
solution for 5 s and 1 min, respectively. Subsequently, the sections were washed with
distilled water and reacted with Kernechtrot solution to stain nuclei. After washing, the
sections were enclosed, and tissue images were obtained as described for the H&E staining.

2.6. RNA Extraction from Cell and Tissue Samples

RNA extraction from cell sample was performed using Nucleospin® RNA plus kit
(Takara Bio Inc., Shiga, Japan). The cells were seeded onto a Biocoat™ Collagen I 6-well
plate (Corning Inc., Corning, NY, USA) and cultured for 1 day. Then, the medium was re-
placed with different types of ESM-containing media and cultured until 80-90% confluence.

RNA extraction from animal samples was carried out with Nucleospin® RNA (Takara
Bio Inc., Shiga, Japan). In the animal experiment, the frozen skin sample was crushed
with a cool mill (AS ONE, Osaka, Japan), which was cooled in liquid nitrogen before
use. Crushed samples were homogenized with 1 mL of TRIzol reagent, and then 200 uL
of chloroform was added. The mixture was centrifuged at 12,000x g, 4 °C for 15 min,
and the supernatant was mixed with Nucleospin® RNA RA1 buffer and ethanol. Further
experimental procedures were per the manufacturer’s instructions.

Total RNA content was measured with NanoDrop ND-1000 (Thermo Scientific, Waltham,
MA, USA). For DNA microarray analysis, RNA quality was checked by Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA), and all samples were confirmed to
have an RNA integrity number of more than 6.0.
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2.7. DNA Microarray Analysis

In total, 100 ng pooled RNA isolated from NHEK-Neo and 250 ng of pooled RNA
isolated from mouse skin samples were used for microarray analysis with Clariom™ S
Array, human and Affymetrix Genechip™ Mouse Genome 430 2.0 Array(Applied Biosys-
tems™, Waltham, MA, USA), respectively. RNA samples derived from cells and mice
were reverse-transcribed to single-strand cDNA using Genechip™ WT Amplification Kit
(Affymetrix) and Genechip™ 3’ IVT Express Kit (Thermo Scientific, Waltham, MA, USA),
respectively. The synthesis of double-strand cDNA and cRNA was performed according to
the manufacturer’s instructions. The cRNA samples were hybridized onto the array chip at
45 °C for 16 h and stained with streptavidin-phycoerythrin using GeneChip™ Fluidics Sta-
tion 450 (Applied Biosystems™). The image data was detected with GeneChip™ Scanner
3000 (Affymetrix).

The data were converted to CEL file format using Affymetrix GeneChip® Command
Console. In the cell experiment, the data were normalized with Transcriptome Analysis
Console. The numerical conversion and the normalization of the animal experiment data
were performed using R ver. 3.5.1 and Affymetrix Microarray Analysis Suite 5 (Affymetrix),
respectively. The cut-off condition was set up as |Fold change| > 2 in the cell experiment,
and | Fold change| > 1.5 and signal intensity > 40 in the animal experiment. The gene sets
satisfying these cut-off conditions were further subject to an ingenuity pathway analysis
software (IPA, http:/ /www.ingenuity.com/, date accessed: 29 September 2020) for the
bioinformatics analysis including canonical pathway analysis, disease and function analysis
and upstream analysis.

2.8. Real-Time Reverse Transcription-Polymerase Chain Reaction (Real Time RT-PCR)

To validate the microarray data, the expression of some selected genes was measured
using real-time RT-PCR. RNA samples derived from the cells and mice were reverse-
transcribed to cDNA using Primescript™ RT Master Mix (Takara Bio Inc.), according to
the manufacturer’s instructions. The cDNA was then mixed with appropriate primers and
SYBR® Premix Ex Tag™ (Takara Bio Inc.), and real time RT-PCR was performed using the
Thermal Cycler Dice Real Time System TP800 (Takara Bio Inc.). The primer sequences are
shown in Table S2. The obtained data were normalized with B2M (Human Housekeeping
Gene Primer Set, #3790, Takara Bio Inc.) and Gapdh in the cell and animal experiments,
respectively. The results are expressed as fold-change values compared with the control or
WT group.

2.9. Statistical Analysis

Results are expressed as the mean =+ standard error. All data were analyzed with
one-way analysis of variance (ANOVA), followed by a Tukey’s test, and p-value < 0.05 was
considered to indicate statistical significance.

3. Results
3.1. Effects of Different Types of ESM on Cytotoxicity and Cell Morphology

As pESM contains 91~94% indigestible protein and approximately 46% of them are
digested and absorbed in the digestive tract [8], we tested the effects of three types of ESM,
PESM, hESM and eESM, on cytotoxicity and cell morphology in cell culture experiments.
As shown in Figure 1a, the cytotoxicity based on LDH assay was not increased by three
types of ESM in the tested concentrations. However, the value was significantly decreased
by 1 mg/mL of pESM, 2 and 3 mg/mL of hESM, and 1-3 mg/mL of eESM in NHEK-neo
cells. Therefore, we selected 1 mg/mL supplementation for subsequent experiments in the
hESM and eESM groups. In the pESM group, we chose 0.1 mg/mL supplementation, as the
insoluble materials disturbed the cell observation when the medium was supplemented
with 1 mg/mL pESM.
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Day 0
(> 40)

Day 1
(>x40)

Day 4
(> 40)

Figure 1. Effects of three types of ESMs on cell cytotoxicity and morphological characterization of NHEK-Neo cells. (a) Cell

cytotoxicity based on LDH assay in response to different concentrations of pESM, hESM and eESM. 0.2% Tween-20 (v/v) was
used as the positive control (PC). Data are means + SD and expressed as % (1 = 4). The calculation is shown in the Materials
and Methods; (b) Morphological changes of NHEK-Neo cells in response to 0.1 mg/mL of pESM, and 1 mg/mL of hESM
and eESM each. The different lowercase alphabets indicate significant differences between the tested-group (p < 0.05).

Figure 1b shows the time course of morphological changes in ESMs supplemented
NHEK-Neo cells. pESM and hESM altered the cell morphology neither on Day 1 nor
4 compared with the control group. Notably, eESM-treated cells showed the flattening-
like changes on Day 4 of treatment. These results suggested eESM might promote cell
differentiation in NHEK-Neo cells.

3.2. Microarray Analysis in Cell Culture Experiments

We carried out DNA microarray analysis to further investigate the mechanism under-
lying eESM-induced cell differentiation in NHEK-Neo cells. As shown in Figure 2a, the
expression of many genes was altered by eESM supplementation (1289 increased and 1330
decreased) compared with the control group. To clarify the positive effect of eESM, we
uploaded the altered genes to IPA. Previous studies indicated that keratinocyte differentia-
tion is accompanied by the decreases in the synthesis of nucleotide and protein [15,16]. A
similar trend was also observed in our microarray analysis. As illustrated in Figure 2b, the
canonical pathway analysis indicated that the pathway related to cell cycle and nucleotide
biosynthesis such as “Cell Cycle Control of Chromosomal Replication”, “Purine Nucleotide
De Novo Biosynthesis II” and “Cyclins and Cell Cycle Regulation” were downregulated
by eESM.

Furthermore, disease and function analysis identified that “Differentiation of Skin”
and “Formation of Skin” were upregulated (Figure 2c). Since both of these pathways
included similar gene sets, we focused on “Formation of Skin,” which contained many gene
sets. The major gene list is shown in Table 2. Notably, eESM upregulated the differentiation
markers of keratinocytes such as involucrin (IVL), filaggrin (FLG) and keratin 1 (KRT1).
Then, we carried out real time RT-PCR analysis to further evaluate the differentiation
markers in ESM-treated keratinocytes. As shown in Figure 2d, gene markers of the basal
layer, KRT5 and KRT14, were not altered by any ESM supplementation. However, levels
of markers of the spinous layer, KRT1, KRT10 and IVL, were significantly increased by

’
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eESM supplementation compared to the control group, consistent with the results of
microarray analysis. Additionally, hESM significantly increased the expression of these
genes, while the increments were significantly lower than those in the eESM group. On
the contrary, pESM treatment did not show significant changes in the expression of these
genes (p > 0.10). The expression level of the marker of granular keratinocytes FLG was
significantly increased by eESM supplementation, consistent with the microarray data. The
expression of FLG was also significantly increased by pESM but not hESM (p > 0.10).
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Figure 2. DNA microarray analysis of eESMtreated NHEKNeo cells. (a) Scatter plot of microarray data. Each dot represents
the fold changes in gene expression. The values on the X and Y axes are the signal values (Log2 scaled) of the control
and eESM groups, respectively; (b,c) Canonical analysis (b) and disease and function analyses (c) using IPA software. In
both analyses, the cut-off condition was | Activation Z-score| > 1, and data was sorted by —Log (p-value); (d-f) results
of real-time RT-PCR on keratinocyte differentiation markers (d), genes related to keratinocyte differentiation and calcium
signal (e) and calcium channel (f). Data are means + SD (1 = 3) and expressed as fold change values compared with the
control group. ND means the expression of the genes was not detectable in our method. The different lowercase alphabets
indicate significant differences between the tested-group (p < 0.05).; n.s.: not significant.
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Table 2. List of major genes related to “Formation of skin”.

Gene Symbol Gene Name Fold Change (eESM vs. Control)

ALOX15B Arachidonate 15-lipoxygenase type b 2.01
CDH1 Cadherin 1 2.17
CDSN Corneodesmosin 48.29
CSTé6 Cystatin e/m 5.15
CTSv Cathepsin V 6.69
CYLD Cyld lysine 63 deubiquitinase 2.65
DLX3 Distal-less homeobox 3 2.08
DSG1 Desmoglein 1 15.85
FLG Filaggrin 2.77
HBP1 HMG-box transcription factor 1 8.34
IVL Involucrin 24.62
KLF4 Kruppel-like factor 4 3.90
KLK5 Kallikrein-related peptidase 5 22.74
KLK7 Kallikrein-related peptidase 7 39.73
KRT1 Keratin 1 2.37
KRT13 Keratin 13 78.42
NCOA3 Nuclear receptor coactivator 3 3.28
PPL Periplakin 18.86
SPINK5 Serine protease inhibitor kazal type-5 6.77
TGM1 Transglutaminase 1 5.14
TMEM?79 Transmembrane protein 79 3.11

In this category, 88 genes are listed as the altered genes. Based on the literature information, we selected 21 genes
that were related to skin aging, keratinocyte differentiation and calcium signaling.

Moreover, in the microarray data, eESM upregulated Kallikrein-related peptidase
(KLK)-5 and -7 and serine protease inhibitor kazal type (SPINK)-5 expression (Table 2),
which are inducible in epidermal keratinocytes during cell differentiation. Similar results
were observed in real-time RT-PCR analysis, while these increments were not observed in
PESM or hESM-treated cells (p > 0.10, Figure 2e). These lines of data indicated that eESM
supplementation induced cell differentiation.

3.3. Possible Involvement of Calcium Signaling in eESM-Induced Keratinocyte Differentiation

Microarray analysis indicated that DSGI and CTSV were upregulated by eESM sup-
plementation (Table 2), and similar results were obtained by real-time RT-PCR (Figure 2e).
These genes are related to keratinocyte differentiation, skin disease and calcium binding.
Since the keratinocyte differentiation is triggered by extracellular calcium ion or calcium
signaling [15,16], we investigated the gene expression of the transient receptor potential
(TRP) channel families TRPV3, TRPV4 and TRPV6. As shown in Figure 2f, TRPV3 ex-
pression was significantly increased by eESM supplementation compared with the control
group, while no significant differences were observed in pESM- or hESM-treated cells.
TRPV4 and TRPV6 levels were not altered by any ESM supplementation.

3.4. Effects of pESM Supplementation on Skin Aging in IL-10 KO Mice

We next investigated whether pESM supplementation could ameliorate skin aging
in IL-10 KO mice. As shown in Figure 3a,b, skin thickness evaluated by H&E staining
was significantly decreased in IL-10 KO mice compared with WT mice. Notably, pESM
supplementation significantly improved the value near to that in WT mice. Even though
the decline of melanin formation is considered to associate with the pathogenesis of silver
hair, Fontana-Masson staining showed no obvious changes in response to IL-10 KO and
ESM supplementation (Figure 3a). These results indicated that oral supplementation of
ESM ameliorated skin thinning in IL-10 KO mice.
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Figure 3. Effects of 8% pESM supplementation on skin morphology in IL-10 KO mice. (a) Results of H&E stain (upper
side) and Fontana-Masson Stain (lower side); (b) Skin thickness based on H&E stain. Data are means + SD, n =5,7 and 6
for WT, KO and KOE groups, respectively. The different lowercase alphabets indicate significant differences between the
tested-group (p < 0.05). WT: Wild type, KO: IL-10 knockout mice, KOE: KO mice supplemented with 8% pESM.

3.5. Microarray Analysis in pESM-Supplemented IL-10 KO Mice

We performed the microarray analysis to investigate the molecular mechanism of
PESM’s effects in IL-10 KO mice. The data indicated that 2232 and 1567 probe sets were
upregulated and downregulated in IL-10 KO mice compared to the WT group, respectively.
Here, pESM supplementation upregulated 2067 probe sets and downregulated 195 probe
sets. Then, we performed further analysis of the altered genes using IPA software. As
shown in Figure 4a, in the comparison between the WT and KO groups, the inflammation-
related pathways were upregulated in the KO group, such as “p38 MAPK Signaling”,
“Toll-like Receptor Signaling”, “Acute Phase Response Signaling” and “NF-kf3 Signaling”.
However, in comparison between the KO and KOE groups, these pathways were not listed
up. As shown in Figure 4b, pESM supplementation upregulated “Calcium Signaling”,
which is consistent with the results of in vitro study. The list of the major genes is shown
in Table 3. In this case, pESM supplementation upregulated calcium ion channel-related
genes, and Trpv6 is also listed in the gene list. Real time RT-PCR analysis showed a similar
tendency, while the expression levels were not significant (Figure 4d). Other TRPVs, Trpv3
and Trpv4, were also upregulated two-fold compared to the KO group; however, the
increments did not reach statistical significance. The expression levels of these three genes
were significantly lower in the KO and KOE groups compared with the WT group.

Furthermore, pESM supplementation upregulated “GP6 Signaling” (Figure 4b), which
has a crucial role in collagen synthesis. Similar results were observed in Disease and Func-
tion analysis. As shown in Figure 4c, pESM supplementation upregulated “Proliferation of
connective tissue cells”, “Growth of epithelial tissue” and “Differentiation of connective
tissue cells”. The list of major genes related to the “Growth of epithelial tissue” is shown
in Table S3. It contains collagen synthesis-related genes, such as Collagen type I alpha
(Col1a)-1 and -2, and Collagen type XVIII alpha 1 (Col18a1). Fibroblast growth factor 1 (Fgf1)
was also upregulated by pESM supplementation, which relates to collagen synthesis and
skin elasticity [17]. Of these, we measured Collal expression by real time RT-PCR analysis.
As shown in Figure 4e, Collal was increased by pESM supplementation, consistent with
the results of microarray analysis, while it did not reach the statistical significance. pESM
upregulated Wnt family members (Wnt)-5a and -7a (Table S3), which have been identified
as the skin aging biomarker and suppressive inducer against cell senescence [18,19].
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Figure 4. DNA microarray analysis on pESM supplemented IL10 KO mice. (a,b) Canonical analysis comparison between the
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was | Activation Zscore| > 1, and data was sorted by —Log (p-value); (c) Disease and function analysis comparison between
the KOE and KO groups using IPA software. The cut-off condition was | Activation Zscore| > 1, and data was sorted
by —Log (p-value); (d,e) Results of real-time RT-PCR on calcium channel (d) and skin aging-related genes (e). Data are
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the WT group. WT: Wild type, KO: IL10 knockout mice, KOE: KO mice supplemented with pESM. The different lowercase
alphabets indicate significant differences between the tested-group (p < 0.05).
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Table 3. Major gene lists of “Calcium signal”.

Gene Symbol Gene Name Fold Change (eESM vs. Control)
Calcium voltage-gated channel
Cacnala subunit alphal A 187
Calcium voltage-gated channel
Cacnald subunit alphal D 159
Calcium voltage-gated channel
Cacnalg subunit alphal G 166
Camkld Calcium Cal@od}lhn—dependent 175
protein kinase ID
Camk2a Calcium C'almfjduhn-dependent 161
protein kinase II alpha
Casql calsequestrin 1 5.29
cAMP responsive element
Crebsld binding protein 3-like 4 210
Micul Mitochondrial calcium uptake 1 157
protein kinase cAMP-activated
Prkacb catalytic subunit beta 153
Prkarlb Protein kinase cAMP—dependent 155
type I regulatory subunit beta
Protein kinase cAMP-dependent
Prkar2b type II regulatory subunit beta 159
Transient receptor potential cation
Trpe3 channel subfamily C member 3 184
Trpo6 Transient receptor potential cation 170

channel subfamily V member 6

In this category, 35 genes were listed up as the altered genes. Based on the literature information, we selected 13
genes that were related to the calcium signal.

We further examined the expression of skin homeostasis- and aging-related genes. The
expression of telomerase reverse transcriptase (Tert), which induces proliferation of hair
follicle bulge stem cells and hair growth [20], was significantly decreased in the KO group
compared with the WT group. In the KOE group, the expression showed the intermediate
value, whereas there was no significant difference compared to the KOE and KO groups
(p > 0.10, Figure 4e). Transforming growth factor (TGF)-f signaling is considered to relate
to healthy skin homeostasis, hair growth and collagen synthesis [20,21]. In our data, Tgfb2
and Tgfb3 were not altered in all the tested groups, while Tgfb1 was significantly increased
in the KO group, and its increment was tended to decline in the KOE group (p = 0.07). In
addition to TGF-f1, platelet-derived growth factor (PDGF)-p is crucial in cell function in
connective tissues and relates to fibrosis [22]. The expression of Pdgfb was significantly
increased in the KO group, while the increase was tended to be suppressed in the KOE
group (p = 0.08). TGF-p also induces connective tissue growth factor (CTGF) expression,
which induces organ fibrosis, including skin [23]. Similar results were observed in Ctgf
expression, which was significantly increased in the KO group, and its increment was
declined in the KOE group (p = 0.07). Furthermore, based on cellular experiments, we
investigated the expression of Klk5 and Kik7 in the microarray dataset, while the data
showed that the expressions were not increased by pESM supplementation (KIk5, fold
change (KOE vs. KO): 0.98; KIk7, fold change (KOE vs. KO): 0.89).

4. Discussion

The present study indicated that eESM induces keratinocyte differentiation in NHEK-
Neo cells and that pESM supplementation improves the decline in skin thickness in IL-10
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KO. These findings suggest that ESMs may improve skin health and aging. Previous
studies indicated that polyphenols, vitamins and collagen peptides have a beneficial role
in skin health, while these effects are mainly observed via anti-oxidative stress and anti-
inflammation effects [4]. In contrast, our study shows the direct beneficial effect of ESM on
skin health.

Our microarray analysis indicated that calcium signaling might associate with the
positive effects of eESM and pESM in cell and animal experiments, respectively. Especially,
TRPVs were upregulated in both experiments. Previous studies indicated that calcium
or calcium ions are crucial to induce keratinocyte differentiation [15,16]. Furthermore, it
has been reported that calcium concentration gradient is established in the epidermis, and
it is broken down with age in mice and humans [24,25]. Therefore, the upregulation of
calcium signaling could be an important factor to explain the effect of eESM and pESM
in our experiment. The calcium concentrations in three types of ESM-supplemented
medium using AmpliteTM Fluorimetric Calcium Quantitation Kit Red Fluorescence (AAT
Bioquest®), did not vary compared with the control group (Control: 0.10 mM, pESM:
0.08 mM, hESM: 0.13 mM, and eESM: 0.23 mM) and much lower than 1.2 mM that induces
keratinocyte differentiation in murine and human cell lines [26,27]. Based on these lines of
information, it is suggested that at least in NHEK-Neo cells, eESM induces keratinocyte
differentiation, possibly via the upregulation of calcium signaling, which might be caused
by the transcription of TRPVs rather than extracellular calcium concentrations.

Notably, eESM upregulated calcium signaling and induced keratinocyte differen-
tiation, while this effect was not observed with the same concentration of hESM. The
differences could be explained by amino acids or peptides of ESM. As shown in Table
S1, total amino acid concentrations of hESM and eESM were similar, but the concentra-
tions of asparagine, histidine, threonine, citrulline, arginine, tyrosine, phenylalanine and
branched-chain amino acids were higher in eESM than in hESM. Even though a previ-
ous study has shown that several nutrients and compounds have beneficial roles in skin
health [28], there is little information on the relationship among amino acids, calcium
signaling and keratinocyte differentiation. Moreover, functional peptides derived from
natural resources have beneficial roles in regulating metabolic disorders incurred by ag-
ing [29]. Since enzymatic hydrolysis is relatively mild rather than acid hydrolysis, eESM
could contain the functional peptides. This study, for the first time, suggests that the amino
acids or functional peptides in eESM might associate with the upregulation of calcium
signaling and keratinocyte differentiation. Nevertheless, the related mechanisms need to
be investigated further.

In the animal experiment, we could not conclude the central mechanism of pESM’s
effect based on the DNA microarray data. However, our results imply the following
possibilities. First, based on microarray data, genes related to calcium signaling and
collagen synthesis might be partly involved in pESM’s effect in the back skin of IL-10
KO mice. Second, based on the Tert result, pPESM might improve telomere shorting, a
hallmark of aging [30]. Third, based on the results of growth factors such as Tgfb1, Pdgfb
and Ctgf, pESM might affect fibrosis or inflammation-related genes. However, further
investigations are required to clarify the mechanism of pESM’s action using other aging or
frailty animal models.

Our previous study indicated that oral supplementation of pESM has several beneficial
effects against intestinal inflammation and obesity [8,9]. Taken together, it can be inferred
that ESM, a rich source of beneficial bioactive compounds, could improve several diseases
and the aging process of the skin. Furthermore, since we indicated that ESMs did not show
cell cytotoxicity in at least keratinocytes, it could be proposed that the direct application
of eESM to the skin, such as skin cream, could show much impactive effect for skin
health and skin aging. Since ESM is regarded as industrial waste and discarded after egg
processing, it would be of significance if further in-depth studies could be carried out to
explore the effective and functional usage of ESM in our life and health. Furthermore,
our study could contribute for a novel cosmeceutical concept “drug repositioning” [31].
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Accumulating nutritional study against skin health and disease are still important to
prevent skin disorders.

5. Conclusions

This study indicates that ESM plays an important role in improving skin health and
aging in NHEK-Neo cells and IL-10 KO mice. These findings could contribute to better
understand the role of the beneficial compounds for improving skin health, increase HRQoL
for elderly people and implement a sustainable food system.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1nu13072144/s1, Table S1: Amino acids composition of three ESMs, Table S2: Primer sequences,
Table S3: Major gene list of “Growth of epithelial tissue”.
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Abstract: Lactobacillus plantarum CJLP55 has anti-pathogenic bacterial and anti-inflammatory activi-
ties in vitro. We investigated the dietary effect of CJLP55 supplement in patients with acne vulgaris,
a prevalent inflammatory skin condition. Subjects ingested CJLP55 or placebo (1 = 14 per group) sup-
plements for 12 weeks in this double-blind, placebo-controlled randomized study. Acne lesion count
and grade, skin sebum, hydration, pH and surface lipids were assessed. Metagenomic DNA analysis
was performed on urine extracellular vesicles (EV), which indirectly reflect systemic bacterial flora.
Compared to the placebo supplement, CJLP55 supplement improved acne lesion count and grade,
decreased sebum triglycerides (TG), and increased hydration and ceramide 2, the major ceramide
species that maintains the epidermal lipid barrier for hydration. In addition, CJLP55 supplement
decreased the prevalence of Proteobacteria and increased Firmicutes, which were correlated with
decreased TG, the major skin surface lipid of sebum origin. CJLP55 supplement further decreased
the Bacteroidetes:Firmicutes ratio, a relevant marker of bacterial dysbiosis. No differences in skin pH,
other skin surface lipids or urine bacterial EV phylum were noted between CJLP55 and placebo
supplements. Dietary Lactobacillus plantarum CJLP55 was beneficial to clinical state, skin sebum, and
hydration and urine bacterial EV phylum flora in patients with acne vulgaris.

Keywords: Lactobacillus plantarum CJLP55; acne vulgaris; sebum; hydration; urine bacterial
extracellular vesicles

1. Introduction

Acne vulgaris is characterized by excess sebum production and follicular hyperker-
atinization [1,2]. Additionally, bacterial colonization with Cutibacterium acnes (C. acnes:
formerly Propionibacterium acnes (P. acnes)), which uses sebum as the main nutrient to
proliferate and releases proinflammatory cytokines, contributes to the development of acne
vulgaris [1,2]; therefore, topical and systemic antibiotics, often in combination each other,
have been a mainstay for the treatment of acne vulgaris [3,4]. However, the nonspecific
chemical eradication of C. acnes coupled with the emergence of bacterial resistance has led
to a new insight into the utilization of probiotics for skin health improvement [3,4].

Kimchi is a Korean traditional fermented food that is made of various vegetables such
as Chinese cabbage, radish, garlic, ginger, and red pepper (chili). As a well-known healthy
food in the world [5], kimchi contains various nutritional components such as vitamins,
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minerals, fiber, and phytochemicals. Moreover, nonpathogenic lactic acid producing
bacteria (LAB), involved in the process of kimchi fermentation, are considered to be
responsible for its health benefits [6]. Lactobacillus, the major LAB species in kimchi,
modulates intestinal or systemic bacterial flora and systemically exerts anti-inflammatory
effects that extend beyond the gut and may even affect the skin [7,8].

Of the various Lactobacillus strains isolated from kimchi, Lactobacillus plantarum (L. plan-
tarum) CJLP55 tolerates low pH and a high bile salt concentration under gastrointestinal
conditions [6], which is reflective of the stability and continuity of L. plantarum in the
intestine [9]. L. plantarum CJLP55 has been reported to have immunomodulation effects
with altered cytokine productions [10,11]. L. plantarum CJLP55 increases interleukin (IL)-12
levels and decreases IL-4 levels in ovalbumin-sensitized mouse splenocytes in vitro [10].
Orally administered L. plantarum CJLP55 decreases the production of IL-4 and IL-5 in
lymph nodes and relieves atopic dermatitis (AD)-like skin lesions in NC/Nga mice [11].
In addition, ingested or topically applied L. plantarum modulates bacterial flora in the
intestine as well as in the skin [12-14]. However, bacteria might not be disseminated in
the body and barely reach directly to the skin [15]. Instead, extracellular vesicles (EV),
the nanometer-sized vesicles released from bacteria, can move freely throughout body
and indirectly affect the process of skin inflammation [15,16]. In fact, orally administered
L. plantarum CJLP55-derived EV decreases IL-4 production and inflammation in the skin
of an AD-like animal model [16], but little information is available on the systemic effect
of L. plantarum CJLP55 on acne vulgaris, a prevalent inflammatory skin disease. In this
randomized, double-blind, placebo-controlled pilot study, we investigated the dietary ef-
fect of L. plantarum CJLP55 supplement on clinical symptoms of acne vulgaris. In addition,
we further determined its effects on skin condition-related factors, skin surface lipids, and
urine bacterial extracellular vesicles (EV), a potential biomarker of the altered systemic
bacterial flora [16], in patients with acne vulgaris.

2. Materials and Methods
2.1. Preparation of Probiotics and Placebo Products

L. plantarum CJLP55 (KCTC 11401BP, GenBank accession number GQ336971) was
provided by CJ Foods R & D Center, CJ CheilJedang Corporation (Suwon, Republic of Korea).
For administration, lyophilized L. plantarum CJLP55 at a dosage of 1.0 x 10'° colony-forming
units (CFU) was mixed with maltodextrin and glucose anhydrocrystalline per one airtight
alu-bag, and stored at 4 °C until administration. Placebo was prepared with a mixture of
maltodextrin and glucose anhydrocrystalline only, of which the identical appearance and
taste were confirmed by CJ Foods R & D Center. One alu bag of CJLP55 or placebo products
provided 10 kcal and 2 g of carbohydrates.

2.2. Study Subjects

This study was approved by the Institutional Review Board of Kyung Hee Univer-
sity (Yongin, Republic of Korea) (KHSIRB 2015-013) and was conducted at Kyung Hee
University Medical Center, Seoul, Korea in accordance with the Declaration of Helsinki.
In addition, this study was registered at the Clinical Research Information Service (No.
KCT0005401), a non-profit online registration system for clinical trials established by the
Korea Centers for Disease Control and Prevention (KCDC). The KCDC joined the World
Health Organization’s International Clinical Trials Registry Platform to become the 11th
member of its Primary Registry, and the full trial protocol for this study is available there.

During July 2016, male and female patients with acne vulgaris were recruited. The
inclusion criteria for this study were ages of 19-39 years, mild to moderate acne vulgaris
and excess sebum on the face with normal body mass index (BMI) (18.5 to 24.9 kg/ m?2).
Specifically, diagnosis for mild-to-moderate acne vulgaris on the face (defined as acne
grade of >2.0 to <4.0 with at least 15 inflammatory and/or non-inflammatory lesions
but no more than 3 nodules on the face) was based on the criteria scale of Investigator’s
Global Assessment (IGA). Diagnosis for excess sebum on the face (defined as > 150 pg/cm?

44



Nutrients 2021, 13, 1368

sebum on the forehead) was based on the criteria scale of sebum content for oily skin
by SM815 sebumeter [17]. Exclusion criteria were acne treatment of any kind including
artificial ultraviolet (UV) therapy in the previous 2 months, concomitant other skin disease
or systemic illnesses, use of medication that could interfere with acne, or failure to maintain
normal BMI with a steady weight (& 4 kg) throughout the study. Written informed consent
forms were obtained from each subject prior to enrollment of the study.

2.3. Study Design

This was a double-blind, placebo-controlled, parallel-group clinical study. Based
on our previous study [18], a sample size of 9 per group was determined to provide >
80% power at a 2-tailed o« = 0.05 for a difference of 62% with a SD of 33% in levels of
triglycerides (TG), a major skin surface lipid [19]. In consideration of a 10% dropout rate
and 70% compliance, we aimed to recruit 15 subjects per group. For the current study
30 subjects were randomly assigned to either the CJLP55 (1 = 15, 7 males and 8 females) or
the placebo (1 = 15, 5 males and 10 females) groups (Figure S1). Upon confirmation of the
inclusion and exclusion criteria, randomization was performed by a researcher who was
not involved in this study. Eligible subjects were randomly allocated into the two arms of
the study in a 1:1 ratio, according to randomly permuted blocks within the strata of two
assignments, the CJLP55 and placebo groups. The allocation sequence was not available to
the subjects, the dermatologist, or any of the researchers involved in this study.

Subjects were instructed to ingest one bag of placebo product (placebo group) or
1.0 x 10'° CFU of L. plantarum CJLP55 (CJLP55 group) daily for 12 weeks from July 2015 to
October 2015. Subjects were also instructed to refrain from consuming any other probiotic
products 2 weeks before the beginning of the study and until the study had finished. In
addition, to avoid the influence of other factors on skin, subjects were instructed to main-
tain their usual cleaning habits and moisturizing products throughout the study. However,
to ensure the accuracy of the corneometer, sebumeter, and skin-pH meter, subjects were
instructed to avoid use of any moisturizing products on the days of dermatological assess-
ment. During the 12-week study period, compliance was monitored weekly via regular
telephone interviews and all adverse events, including gastrointestinal discomfort, were
recorded. Anthropometry measures, blood samples for hematology and biochemistry anal-
yses, and a routine urine analysis with a pregnancy test (females only) were performed at 0
week (baseline) and 12 weeks. The primary outcome of this study was clinical assessment
of facial acne with the acne-related lesion count and acne severity. All other measures were
secondary outcomes.

2.4. Clinical Assessment of Facial Acne

Photographs of the facial area were taken under standardized conditions at baseline
and 12 weeks. Clinical assessment of facial acne was performed at baseline and 12 weeks
by the same dermatologist who was blind to the group assignment of subjects. The
dermatologist counted acne-related lesions (noninflammatory lesions: open and closed
comedones; inflammatory lesions: papule, pustule and nodule) and evaluated acne severity
according to IGA scale at baseline and 12 weeks.

2.5. Measurement of Skin Condition-Related Factors

Under the standardized room conditions of 22-24 °C and 55-60% humidity, subjects
were given at least 30 min to relax so that the skin condition could equilibrate. Skin sebum,
hydration, and pH of forehead were measured using sebumeter (SM815), corneometer
(CM825), and skin pH-meter (PH905) (all from Courage-Khazaka, Cologne, Germany) at
baseline and 12 weeks, as described previously [18]. Skin sebum, hydration and pH values
were the average of 5 determinations after equilibrium was attained. The temperature and
humidity of the probe were also recorded.

45



Nutrients 2021, 13, 1368

2.6. Analysis of Skin Surface Lipids

The skin surface of the forehead was stripped using 10 tape strips (14 mm D-SQUAME®
Tape; Cu-Derm Corporation, Dallas, TX, USA) at baseline and 12 weeks. All tape strips
from each subject were combined and stored at —20 °C until further processing. After cor-
neocytes were removed from the tape by sonication in methanol, the lipids were extracted
and fractionated by high performance thin layer chromatography (HPTLC), as descried
previously [18]. The fractions containing TG, free fatty acids (FFA), cholesterol (Chol),
total ceramides (Cer), and ceramide 2 (Cer2) that comigrated with respective standards
were scanned at 420 nm with a TLC III scanner (CAMAG, Muttenz, Switzerland) and were
quantified by calibration curves using various concentrations of external standards of each
lipid. Levels of total skin surface lipids including TG, FFA, Chol, total Cer, and Cer2 were
expressed as ng/ug protein.

2.7. Metagenomic DNA Analysis of Bacterial EV Phylum in Urine

As an indirect method to analyze the alteration of systemic bacterial flora [16], metage-
nomic analysis of bacterial DNA was performed in urine EV [20]. Urine samples from
subjects who gave written informed consent for urine sample collection (n = 9 in the
CJLP55 group, 4 males and 5 females; = 12 in placebo group, 4 males and 8 females) were
collected at baseline and 12 weeks. EV were purified from urine by multiple ultracentrifu-
gations, and sequentially, bacterial DNA was extracted according to the manufacturer’s
instructions (PowerSoil DNA Isolation Kit; MO Bio, Carlsbad, CA, USA), as described
previously [20,21]. The extracted bacterial DNA was quantified by the QIAxpert system
(QIAGEN, Hilden, Germany). The polymerase chain reaction (PCR) for variable 3 (V3) and
variable 4 (V4) regions of 16S ribosomal RNA (rRNA) genes, which can be sequenced to
discriminate the bacterial phylogenetic identification [15], was performed using the primer
set of 16S_V3 forward primer (5-TCGTCGGCAGCGTCAGA

TGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3') (50mer) and 16S_V4 re-
verse primer (5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGT
ATCTAATCC-3') (55 mer) [20,21]. The PCR products were used for the construction of
16S ribosomal DNA gene libraries following the MiSeq System guidelines (Illumina Inc.,
San Diego, CA, USA). The 165 rRNA gene libraries for each sample were quantified using
QIAxpert (QIAGEN, Hilden, Germany), pooled at the equimolar ratio, and used for py-
rosequencing with the MiSeq System (Illumina Inc., San Diego, CA, USA) according to the
manufacturer’s recommendations. The operational taxonomy unit (OTU) was analyzed
using UCLUST and USEARCH, with phylogenetic classification performed using QIIME
based on the 16sRNA sequence database of GreenGenes 8.15.13. Based on >75% similarity,
all sequences were classified for phylum profile. The proportion of each bacterial EV
phylum was evaluated as a percentage of the total phylum from the sequence reads, and
the Bacteroidetes:Firmicutes (B/F) ratio was then determined.

2.8. Statistics

All statistical analyses were carried out on a per-protocol basis with SPSS 21.0 for
Windows (SPSS Inc., Chicago, IL, USA). Values are presented as mean + SEM. Differences
from baseline within each group were analyzed by paired Student’s  test for normally
distributed variables and Wilcoxon's signed rank test for non-normally distributed vari-
ables. Differences between groups were analyzed by unpaired Student’s t test for normally
distributed variables and Mann-Whitney U test for non-normally distributed variables.
Raw data are available as Supplementary Materials (File S1: Raw research data).

The difference in observed numbers of male and female subjects from theoretical
frequencies between groups was analyzed by a chi-square test (Table 1). Univariate analysis
was performed to determine the influence of sex on percent changes of acne lesion count
and acne grade over 12 weeks using a generalized linear model for inflammatory lesion
count (ILC) or generalized linear mixed model for total lesion count (TLC) and acne grade
(Table 2). In this analysis, acne lesion count or acne grade was used as a dependent
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variable and sex (females coded as 0; males coded as 1) was used as an independent
variable. Principle component analysis (PCA) was performed to determine a separation of
percent changes of bacterial EV phylum profiles over 12 weeks between groups. Pearson’s
correlation analysis was performed to determine correlations of percent changes of TG
levels with those of the phyla Proteobacteria or Firmicutes proportions over 12 weeks in
subjects of the CJLP55 group. Two-sided p values <0.05 were considered significant.

Table 1. Baseline characteristics by groups.

CJLP55 Group Placebo Group
Characteristics p Value
(n=14) (n=14)

Sex (male/female) 7/7 5/9 0.4452

Age (years) 2429 £0.731 23.86 + 0.80 0.6953

Body mass index (kg/m?) 20.74 + 0.64 21.39 £ 0.55 0.4013
Inflammatory lesion count (ILC) 17.79 £ 3.19 19.64 + 3.81 0.8743
Total lesion count (TLC) 72.93 +10.11 98.14 £+ 15.75 0.1893
Acne grade 3.21 £0.19 3.14 £0.14 0.7343

1 Mean + SEM (all such values). 2 p value for difference in observed numbers of men and women from theoretical
frequencies between the CJLP55 and placebo groups by chi-square test. 3 p value for difference between the
CJLP55 and placebo groups by Student’s ¢ test (age, TLC) or Mann-Whitney U test (body mass index, ILC,
acne grade).

Table 2. Altered acne lesion count and acne grade by groups.

CJLP55 Group (1 = 14,7 Male/7 female) Placebo Group (1 = 14, 5 Male/9 Female) % Change .
Baseline Week12 % Change Baseline Week12 % Change between Groups (95%CI) b Value
Inflammatory lesion count (ILC)
Male subjects 2486+ 474 6714136712 7299+ 1486 2040 + 678 1540 +7.36 2451 41588 4848 (~97.84100.89) 3 0.054
Female subjects. 10.71 +£2.24 457 £ 154 2 57.33 £19.79 19.22 + 4.89 14.00 +2.13 2717 £16.31 30.17 (—84.67 to 24.34) 0.255
All subjects 17.79 4319 5644 1,032 6827+ 1483 19.64 4381 1450 +2.79 2 26,18 £ 1143 —42.00 (~80.57 to ~3.61) 0033
Total lesion count (TLC)
Male subjects 98.00 + 1373 39.57 +7.00 2 50,624 9.48 95.40 + 2862 78.00 + 2052 —18.24 £ 1083 4138 (-73.67 to —9.10) 0017
Female subjects 4786 + 667 2757 + 6152 —4239 + 1041 99.67 + 1997 10278 + 20.02 312+ 1841 4551 (~94.67 0 3.65) 0.031
All subjects 7293 + 1011 3357+ 47772 5397 +10.04 9814 + 1575 93.93 + 14.69 ~429 £ 1258 49,67 (—82.76 to ~16.59) 0.002
Acne grade
Male subjects 3714018 286+ 0262 ~23.08+7.02 3204020 3404024 6254625 2933 (~51.36 to ~7.29) 0.030
Female subjects. 2.71+0.18 2.00+0.31 2 —26.31 + 6.79 3.11+0.20 322+0.15 3.57 £ 837 —29.89 (—54.04 to —5.74) 0.012
Al subjects 3214019 243402342 2444+ 481 3144014 3294013 4554564 2899 (~44.23 to ~13.75) 0.009

ClI, confidence interval. ! Mean + SEM for all such values. 2 p value for difference from baseline within CJLP55 or placebo groups by
paired ¢ test (total lesion count) or Wilcoxon signed rank test (inflammatory lesion count, acne grade) (* p < 0.05, ** p < 0.01, *** p < 0.001).
3 Mean (95% ClI) for all such values. # p value for difference of percent change between the CJLP55 and placebo groups by Student’s # test
(inflammatory lesion count) or Mann-Whitney U test (total lesion count, acne grade).

3. Results
3.1. Study Subjects

Initially, 30 subjects were randomly assigned to either the CJLP55 (n = 15, 7 males and
8 females) or the placebo (1 = 15, 5 males and 10 females) groups (Figure S1). During the
12-week study period, one female in the CJLP55 group dropped out for personal reasons,
and one female in the placebo group who failed to maintain a steady weight and became
underweight (BMI < 18.5) was excluded from analyses. Therefore, data were analyzed
for 14 subjects (7 males and 7 females) in the CJLP55 group and 14 subjects (5 males and
9 females) in the placebo group (File S2: Consort 2010 checklist).

Enrolled numbers of male and female subjects (5 males and 9 females) in the placebo
group were not significantly different from theoretical frequencies (7 males and 7 females)
(p = 0.445) (Table 1). There were no statistical differences in ages and BMI between groups.
The acne grade at baseline matched well to dermatologic assessment of ILC and TLC, all of
which were not significantly different between groups. Tolerability of CJLP55 and placebo
products was excellent in both groups. Changes of usual cleaning and moisturizing
products and adverse events including gastrointestinal discomfort were not reported
during the study period. Hematology, serum, and urine analyses of all subjects were
normal at baseline and 12 weeks.
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3.2. Clinical Assessment of Facial Acne

Compared to baseline, ILC, TLC, and acne grade for male and female subjects in the
CJLP55 group were significantly decreased at 12 weeks; therefore, acne lesion counts and
acne grade for all subjects (male and female combined) were significantly decreased at
12 weeks in the CJLP55 group (Table 2). In placebo group, ILC, TLC, and acne grade for
male and female subjects remained unchanged, but ILC for all subjects was significantly
decreased during the 12-week study period.

When the differences in percent changes over 12 weeks were compared between
groups, the percent change of ILC for male and female subjects between CJLP55 and
placebo groups was not significantly different, but it was significantly decreased by 42.09%
(95% confidence interval (CI), —80.57 to —3.61; p = 0.033) for all subjects in the CJLP55
group compared with the placebo group. The TLC was significantly decreased by 41.38%
(95% CI, —73.67 to —9.10; p = 0.017) for male, 45.51% (95% CI, —94.67 to 3.65; p = 0.031)
for female, and 49.67% (95% CI, —82.76 to —16.59; p = 0.002) for all subjects in the CJLP55
group. In parallel, the acne grade in the CJLP55 group was also decreased significantly by
29.33% (95% CI, —51.36 to —7.29 to; p = 0.030) for male, 29.89% (95% CI, —54.04 to —5.74;
p = 0.012) for female, and 28.99% (95% CI, —44.23 to —13.75; p = 0.009) for all subjects,
compared with the placebo group.

Despite sex imbalance in the placebo group (1 = 14, 5 males and 9 females), sex was
not a significant discriminating factor for the percent changes of acne lesion count and acne
grade over 12 weeks (CJLP55 group: p = 0.539 in ILC, p = 0.244 in TLC, p = 0.383 in acne
grade; placebo group: p =0.917 in ILC, p = 0.699 in TLC, p = 1.000 in acne grade) in each
group. Representative photographs of acne improvement in the CJLP55 group are shown
in Figure 1.

Baseline

Week 12

Figure 1. Photographs of acne improvement in subjects A (a,b), B (c,d), and C (ef) in the CJLP55 group at baseline and

week 12, respectively.
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3.3. Measurement of Skin Condition-Related Factors

There was no sex effect on acne lesion counts and acne grade. Therefore, the data
of male and female subjects for skin condition were combined as all subjects (Table 3).
Compared to baseline, the skin pH of the CJLP55 and placebo groups remained unchanged
at 12 weeks, with no difference in percent change between these two groups. Moreover,
skin hydration of these two groups remained unchanged at 12 weeks compared to baseline;
however, the positive percent change of the CJLP55 group and the negative percent change
of the placebo group over 12 weeks resulted in a significant difference between these
two groups. Therefore, the skin hydration in the CJLP55 group was increased by 14.52%
(95% CI, 6.47 to 22.57; p = 0.003) compared to the placebo group. Notably, sebum content of
the CJLP55 group was significantly decreased whereas that of the placebo group remained
unchanged over 12 weeks, resulting in a 16.27% decrease (95% CI, —32.28 to —0.26; p = 0.005)
of sebum content in the CJLP55 group, compared to the placebo group.

Table 3. Altered skin sebum, hydration, and pH by groups.

CJLP55 Group (1 = 14, 7 Male/7 Female) Placebo Group (1 = 14, 5 Male/9 Female) % Change
: (95% Value ¢
Baseline Week12 % Change Baseline Week12 % Change between Groups (95%CI) v
Skin sebum (p g/cm?)

All subjects 17882 + 12.98 14711 + 1640 +12 1774+ 604 202,36 + 15.28 19939 + 16.44 147 £492 ~16.27 (3228 to —026) 3 0.005
Skin hydration (capacitance in au.)

All subjects 7347 £153 77.64 4199 567295 7267 £1.73 6624 £178 —885+258 1452 (647 t0 22.57) 0.003

Skin pH
All subjects 6.67 £ 0.15 5.40 +0.10 18.93 + 2.70 6.69 = 0.11 5.61 £0.11 16.17 +2.42 2.76 (—10.21 to 4.69) 0.453

CI, confidence interval; au, arbitrary unit. 1 Mean =+ SEM for all such values. 2 p value for difference from baseline within CJLP55 or
placebo groups by paired ¢ test (skin sebum, skin hydration) or Wilcoxon signed rank test (skin pH) (* p < 0.05). 3 Mean (95% CI) for all such
values. 4 p value for difference of percent change between the CJLP55 and placebo groups by Student’s t test (skin pH) or Mann-Whitney
U test (skin sebum, skin hydration).

3.4. Analysis of Skin Surface Lipids

In HPTLC analysis, the level of total skin surface lipids in CJLP55 and placebo groups
remained unchanged over 12 weeks (CJLP55 group: 209.46 + 17.30 ng/ug protein at
baseline, 175.97 & 11.66 ng/pug protein at 12 weeks; placebo group: 232.52 + 13.24 ng/ ug
protein at baseline, 231.64 4 18.13 ng/ug protein at 12 weeks) (Figure 2), which was not
consistent with the decreased sebum content in the CJLP55 group over 12 weeks (Table 3).
Further fractionation of total skin surface lipids revealed that TG, FFA, Chol, total Cer and
Cer2 were separated. TG were the most abundant and comprised > 57% of the total skin
surface lipids of the forehead in subjects with acne in the CJLP55 and placebo groups, as
reported previously [19]. FFA, Chol, and total Cer including Cer2 and other Cer species
accounted for < 17% of total skin surface lipids. Levels of TG and FFA were significantly
decreased in the CJLP55 group whereas the level of FFA only was significantly decreased
in the placebo group over 12 weeks: The level of TG remained unchanged in the placebo
group over 12 weeks, thereby resulting in a 28.44% decrease of TG specifically (95% ClI,
—54.08 to —2.79; p = 0.031), but not FFA, in the CJLP55 group compared to the placebo
group. Although the level of total Cer remained unchanged in CJLP55 and placebo groups,
the level of Cer2, the major Cer species of human epidermis [22], was increased over
12 weeks in the CJLP55 group. Other Cer species were barely detectable with low band
intensities, of which alterations between CJLP55 and placebo groups were not apparent.
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Figure 2. Altered levels of skin surface lipids in CJLP55 and placebo groups. Values are mean & SEM (CJLP55 group: 1 = 14;
placebo group: n = 14). Differences between baseline (white bars) and week 12 (black bars) in lipid fractions of the CJLP55
or placebo groups were evaluated using paired f-test test (Total lipids, Chol, Cer2) or Wilcoxon signed rank test (TG, FFA,
Total Cer) (* p < 0.05). TG, triglycerides; FFA, free fatty acids; Chol, cholesterol; Cer, ceramides; Cer2, ceramide 2.

3.5. Metagenomic DNA Analysis of Bacterial EV Phylum in Urine

EV, the nanometer-sized vesicles released from archaea, bacterial, and eukaryotic cells,
have been observed in body fluids such as serum and urine [15,16,20,21]. DNA phylum
profiles of bacterial origin are similar in EV from either serum or urine [16]. Therefore,
metagenomic analysis of urine bacterial EV can indirectly reflect the alteration of systemic
bacterial flora. When DNA phylum profiles of urine bacterial EV were analyzed at levels
of >0.5% in individual subjects of CJLP55 and placebo groups, the phyla Proteobacteria, Bac-
teroidetes, Firmicutes, Actinobacteria, Verrucomicrobia, and Cyanobacteria (in order from high
to low proportions) were present. When the mean values of each phylum were assessed
as percent of total proportion, Proteobacteria was the predominant phylum, comprising
>35% of all bacteria, and Cyanobacteria was the least present at baseline of these two groups
(Figure 3a,b).

Compared to baseline, the proportion of Proteobacteria remained unchanged at 12 weeks
in the CJLP55 and placebo groups, but the negative percent change of the CJLP55 group
and the positive percent change of the placebo group over 12 weeks resulted in a significant
difference between these two groups. The proportion of Firmicutes remained unchanged in
the CJLP55 group, but it was decreased in the placebo group at 12 weeks; these alterations
resulted in a 40.92% decrease (95% CI, —80.78 to —1.05; p = 0.045) of Proteobacteria and
a 59.66% increase (95% CI, 4.18 to 115.14; p = 0.036) of Firmicutes over 12 weeks in the
CJLP55 group compared to the placebo group (Figure 3a,b). Compared to baseline, the
proportion of Verrucomicrobia was significantly increased in the placebo group; however, its
similar trend noted at 12 weeks in the CJLP55 group resulted in no difference of percent
change over 12 weeks between these two groups. The proportion of other phyla, including
Bacteroidetes, Actinobacteria, Cyanobacteria and others (phyla present at less than 0.5%), re-
mained unchanged over 12 weeks in the CJLP55 and placebo groups, thereby resulting in
no difference in percent change of these phyla over 12 weeks between these two groups.
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However, despite no altered proportion of Bacteroidetes over 12 weeks, decreased propor-
tion of Firmicutes induced a shift toward a significant increased Bacteroidetes:Firmicutes
(B/F) ratio, a relevant biomarker of bacterial dysbiosis [16], in the placebo group, whereas
its ratio remained unchanged in the CJLP55 group with no altered proportion of these two
phyla over 12 weeks, therefore resulting in a 141.16% decrease (95% CI, —267.41 to —14.91;
p = 0.030) of B/F ratio over 12 weeks in the CJLP55 group compared to the placebo group.
The dysbiosis of urine bacterial EV phylum in the placebo group was further evident by
PCA analysis. PCA scores for the CJLP55 group (filled circle in Figure 3c) were relatively
separated from those for the placebo group (open circle in Figure 3c), which implies that
there is a distinction of percent changes of urine bacterial EV phylum profiles between
CJLP55 and placebo groups.
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Phylum CJLP55 (n=9, 4 male/ 5 female) Placebo (n=12, 4 male/ 8 female) % Change Pl
value
(% Total proportion) Baseline Week 12 % Change Baseline Week 12 % Change between groups (95% Cl)
[] Proteobacteria 40.94+6.88 26.13+464 -36.16+16.70 35.06+4.62 36.73+5.10 4.75+10.79 -40.92 (-80.78 to -1.05) 0.045*
Bacteroidetes 20.55:+6.15 30.72+343 49.52:2497 21.78:511 22.03:4.04  117:+2124  48.36(-20.07t0 116.78)  0.156
W Firmicutes 13.63:2.98 17.57+2.69 28.91:21.55 1575:2.13 10.90+2.70* -30.75+16.33  59.66 (4.18 to 115.14) 0.036*
[ Actinobacteria 9.40+2.99 6.30+1.62 -32.98+22.08 9.02+1.81 9.82+1.62 9.05+20.28 -42.03 (-105.32 to 21.26) 0.111
[ Verrucomicrobia  2.12+41.03 ~ 2.70+1.05 26.89+71.78  1.87:0.56  5.28+1.19* 183.26+68.28 -156.37 (-366.66 to 53.93)  0.136
[ Cyanobacteria 0.68+0.25 0.62+0.10 -9.99+39.05 1.15+0.29 0.83+0.12 -27.95+23.89 17.96 (-73.14 to 109.06) 0.148
[] Others 1267+1.60 15.96+1.29 2591+17.02 15.40+1.28 14.40+1.74 -6.45+14.34 32.36 (-14.03 to 78.75) 0.095
BIF ratio 2.18+0.87 2124035 -2.83+46.33 1.22+0.16 2.91+0.38* 138.33+39.02 -141.16 (-267.41to -14.91) 0.030*

Figure 3. Altered abundance of bacterial extracellular vesicle (EV) phyla in urine of CJLP55 and placebo groups. (a) Altered
% total proportion of urine bacterial EV phyla from baseline to 12 weeks in individual subjects of groups. The horizontal
axis displays the subject number. (b) Altered % total proportion of urine bacterial EV phyla over 12 weeks in groups. Phyla
present at less than 0.5% are noted as “others.” B/F ratio: Bacteroidetes to Firmicutes ratio. All values in (b) are mean + SEM
(CJLP55 group: n = 9; placebo group: n = 12). Differences from baseline within CJLP55 or placebo groups in (b) were
determined by Wilcoxon signed rank test Differences of percent change between CJLP55 and placebo groups in (b) were
determined by unpaired Student'’s t test (Proteobacteria, Bacteroidetes, Firmicutes, Verrucomicrobia, B/F ratio) or Mann-Whitney
U test (Actinobacteria, Cyanobacteria, Others) (* p < 0.05). (c) Principle component analysis (PCA) score on percent changes of

bacterial EV phyla over 12 weeks in groups.

3.6. Correlations between Percent Changes in TG Levels and in Proteobacteria and
Firmicutes Proportions

The level of TG, the major skin surface lipid, was selectively decreased in the CJLP55
group over 12 weeks. In parallel, compared to the placebo group, the percent changes of
Proteobacteria and Firmicutes were significantly altered in the CJLP55 group over 12 weeks.
Therefore, the correlations between percent changes in TG level and those in the phyla
Proteobacteria and Firmicutes proportions over 12 weeks were further determined in in-
dividual subjects of the CJLP55 group. The decreased percent change of TG level was
positively correlated with that of the Proteobacteria proportion (r = 0.758, p = 0.018), whereas
it was negatively correlated with increased percent change of the Firmicutes proportion
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(r = —0.671, p = 0.048) (Figure 4). These results indicate that the selectively decreased TG
level and decreased Proteobacteria with a concomitant increase in Firmicutes in urine were
metabolic features that led to decreases in sebum content and acne lesion count, ultimately
improving acne grade in the CJLP55 group.

(@) 2
. °

 °r e
2 o

g8 o °

8 w | o

g 3 P ®
Roeo e
= e
k) r=0.758
e P=0.018

-100 . . . L . N . . )
-140 -120 -100 -80 -60 -40 -20 0 20 40
Change in Proteobacteria proportion (%)

(b) 2
Y [ ]
g 0
e )
o -20 &
£= ®
o® | g T
2t 40 & T
o | & Tt
o] ¢ Tl (]
§ -0 T
o -
= -80 Py r=-0.671
P=0.048
~100 . . . . A . ,
-100  -50 0 50 100 150 200 250

Change in Firmicutes proportion (%)

Figure 4. Correlations between percent changes in triglyceride levels and in (a) Proteobacteria and
(b) Firmicutes proportions over 12 weeks in individual subjects of the CJLP55 group (1 = 9).

4. Discussion

Lactobacillus, a well-characterized genus in LAB, is beneficial for skin health improve-
ment [7,8]. Specifically, various strains of L. plantarum have been reported to improve acne
vulgaris with broad anti-inflammatory and anti-pathogenic bacterial activities as well as
with modulation of bacterial flora in the skin [12,14,23]. Topically applied L. plantarum on
the face of patients with mild acne vulgaris reduces acne lesion size and erythema [12].
Treatment with L. plantarum THG-10 in vitro decreases the growth of C. acnes and nitric
oxide production, which is induced by the inflammation process [23]. Furthermore, results
from topically applied studies in female subjects indicate that L. plantarum-GMNL6 reduces
erythema and the proportion of Propionibacterium genus in the face [14]. In this study,
we demonstrated that L. plantarum CJLP55 supplement decreased the clinical severity of
acne. Compared to baseline, ILC, TLC, and acne grade were significantly decreased in the
CJLP55 group over 12 weeks. For the placebo group, ILC was decreased, but TLC and acne
grade remained unchanged over the 12 weeks.

In addition to the decreased clinical severity of acne, sebum content also decreased and
skin hydration improved in the CJLP55 group, but the levels of FFA significantly decreased
during the 12 weeks for both the CJLP55 and placebo groups. During this period, a decrease
in ILC was also detected for both groups, suggesting that the decreases in FFA and ILC
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might be caused by ingestion of maltodextrin and glucose anhydrocrystalline. These are
the common vehicle in the CJLP55 and placebo products. High intake of hyperglycemic
carbohydrates is known to aggravate acne based on the hyperinsulinemia and androgen
stimulated sebum production [24]. Maltodextrin and glucose anhydrocrystalline consist
of pure glucose molecules. Since the supplemented amounts of these in the CJLP55 and
placebo products are low, only 2 g carbohydrate (10 kcal), the glycemic load will be very
low. They are therefore not likely to affect the insulin levels. Further studies are required
to determine the effects of small but long-term carbohydrate intake on ILC and FFA of
skin surface lipids in acne patients. TG is the major sebum lipid [19], whereas Cer2 is the
major Cer species that maintains lamellar integrity of the epidermal barrier against water
loss [22]. Notably, the levels of TG decreased but the level of Cer2 increased during the 12
weeks for the CJLP55 group. These results, coupled with the reports of increased sebum
production and impaired epidermal barrier with reduced Cer levels in acne patients [25],
indicate that L. plantarum CJLP55 supplement improved acne vulgaris with selectively
decreased TG of sebum, and increased Cer2 and skin hydration.

The beneficial effects of L. plantarum CJLP55 supplement in the skin were further
accompanied by altered bacterial EV phylum in urine of the CJLP55 group. In addition to
providing diverse flora in the intestine, bacteria produce EV, which have been observed in
the blood and urine [16,26,27]. Over 12 weeks, there was a percent decrease of Proteobacteria
proportion in the CJLP55 group compared to the placebo group. Since not all bacteria
produce EV [28], bacterial EV phylum flora in urine could be different from intestinal
or skin bacterial flora, but the majority of acne patients have an unusual presence of
several genera including Klebsiella and Enterobacter, which are affiliated with phylum
Proteobacteria in intestinal bacterial flora [29]. Furthermore, a decreased proportion of
Bifidobacterium and Lactobacillus, two major beneficial anaerobic bacterial genera [30], as
well as an increased proportion of Staphylococcus aureus (S. aureus), are frequently reported
in intestinal or skin bacterial flora of acne patients [25,29]. There was a percent increase of
Firmicutes, with which Lactobacillus genus is affiliated [30], over 12 weeks in the CJLP55
group compared to the placebo group, but the pathogenic bacteria species of S. aureus is
also affiliated with phylum Firmicutes [29]. On the other hand, Actinobacteria, with which
Bifidobacterium genus is affiliated [30], remained unchanged over 12 weeks in the CJLP55
group. In fact, no significant alterations of bacterial EV flora at the identified genus or
species levels were observed over 12 weeks between the CJLP55 and placebo groups.
Urine samples were obtained from a limited number of subjects, which might explain no
alteration of bacterial EV genus or species profiles in this study. Modulation of bacterial
EV profiles should be analyzed in depth with a larger number of subjects in future studies.
However, compared to the place group, there was a significant decrease in the B/F ratio
over 12 weeks in the CJLP55 group, and PCA analysis further confirmed a distinction
in the percent changes of urine bacterial EV phylum profiles over 12 weeks between
CJLP55 and placebo groups. Moreover, the decreased percent changes of TG levels were
correlated with those of Proteobacteria proportions and a concomitantly increased percent
change of Firmicutes proportion in urine EV of the CJLP55 group. Recent studies reported
that Proteobacteria is predominant in the urine EV phylum of pediatric patients with AD,
whereas Firmicutes is predominant in that of normal subjects [16], and the B/F ratio is
higher in acne patients than in healthy controls [31]. Taken together, these results suggest
that ingested L. plantarum CJLP55 is likely to restore the bacterial EV phylum profiles,
specifically decreased Proteobacteria and increased Firmicutes proportions systemically,
which are altered in inflammatory skin diseases such as AD or acne [16,29].

Regarding dietary or supplement intervention for acne improvement, insulin or
insulin-like growth factor-1 (IGF-1)-induced activation of the phosphatidylinositol 3-kinase
(PI3K)/ Akt/mechanistic target of rapamycin complex 1 (mTORC1) (previously referred as
mammalian target of rapamycin complex 1) signaling pathway has been recognized to play
a fundamental role in the regulation of sebocyte lipogenesis and proliferation [32,33]. High
intake of hyperglycemic carbohydrates as well as milk or enriched branched-chain amino
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acids (BCAA) induces postprandial rises of insulin and/or IGF-1 levels in serum [32,33].
As a well-established factor in acne pathogenesis, IFG-1 increases the mRNA and protein
expressions of sterol response element binding protein-1 (SREBP-1), the key lipogenic factor
which is the down-stream target of PI3K/Akt/mTORC]1 signaling in sebocytes [32-34].
Therefore, low glycemic load in the diet has been recommended for clinical improvement
and reduced sebum and inflammation in acne patients [24,35]. Notably, probiotic supple-
ment intervention with L. plantarum Ln4 also decreases insulin and IGF-1 expression in
the adipose tissue of mice [36] and pooled probiotic supplementation with L. rhamnosus,
L. acidophilus, and Bifidobacterium bifidumi improves insulin sensitivity in the adipose tissue
of mice, in parallel with the modulation of intestinal bacterial flora [37]. Together with
these prior studies [36,37], the beneficial effect of L. plantarum CJLP55 supplement inter-
vention on the skin of acne patients in this study could be explained by the inhibited effect
on IFG-1-induced activation of PI3K/Akt/mTORC]1 signaling. In fact, L. rhamnosus SP1
supplement decreases clinical severity and IGF-1 mRNA expression in the skin of acne
patients [38]. However, the beneficial effects of various strains of L. plantarum on decreased
acne severity and sebum production have been reported mostly from topically applied and
in vitro studies [12,14,23], and little information is available on the relationship between
ingested L. plantarum and altered levels of insulin, IFG-1 and BCAA in either the serum
or skin of acne patients. Alternatively, L. plantarum CJLP55 has been reported to have
immunomodulation effects with altered cytokine production [10,11]. When coupled with
prior studies reported that PI3K/Akt/mTORCT1 signaling pathway is induced by specific
receptors of various stimuli including insulin and IGF-1 [32,33] as well as cytokines [39-41],
these results suggest that after L. plantarum CJLP55 is ingested, systemic immunomodu-
lation with altered cytokine production is likely to occur, ultimately inducing beneficial
effects on skin such as the selectively decreased TG of sebum and increased Cer2 and
skin hydration.

To explain the beneficial effect of ingested probiotics for skin health improvement,
modulation of intestinal bacterial flora and their released metabolites with increased intesti-
nal permeability were adopted for systemic immunomodulation based on gut-brain-skin
axis [42]. Alternatively, from recent studies reported that bacteria produce EV, which
can move freely throughout body, bacterial EV in serum or urine is implicated as a sys-
temic bacterial factor for immunomodulation, such as altering cytokine levels [16,26,27].
Similar to orally administrated L. plantarum CJLP55, which decreases the production of
T-helper (Th)-2 cytokines of adaptive immunity, such as IL-4 and IL-5 in lymph nodes and
relieves AD-like skin lesions in NC/Nga mice [11], oral administration of L. plantarum
CJLP55-derived EV for 25 days decreases IL-4 production and inflammation in the skin
of an AD-like animal model [16]. Oral administration of L. plantarum CJLP133, another
L. plantarum strain of kimchi, decreases IL-4 level and inversely increases interferon (IFN)-y
levels in the serum of NC/Nga mice [43]. Moreover, decreased lipogenesis of ingested
dietary or plant alternatives with anti-acne efficacy is frequently accompanied by systemic
alteration of adaptive immunity cytokines, such as IL-4, IL-10, IL-12, and IFN-y individu-
ally or in combination [44-46]. In our previous studies [47], individual treatment of lower
levels of Th-2 cytokines, such as 0.5xIL-4 (0.5 fold (x) IL-4 concentration based on its
normal serum concentration (1.0x) and 0.5xIL-10, and higher level of Th-1 cytokine such
as 5.0xIFN-y (5.0 fold (x) IFN-y concentration based on its normal serum concentration
(1.0x)) decreases lipid content in human sebocytes, and this effect is greater with their
combined treatment. Furthermore, in the context of inhibited PI3K/Akt/mTORC1 sig-
naling with lower levels of IL-4 and IL-10 and/or chronic treatment of IFN-y [39-41], the
individual treatment of 0.5xIL-10 and the combined treatment of 0.5xIL-4, 0.5xIL-10 and
5.0xIFN-y in human sebocytes decrease the protein expression of mature SREBP-1 and/or
fatty acid synthase (FAS) [47], of which expression is upregulated by SREBP-1 and then
esterified into TG [32,48,49]. Together, these studies, coupled with decreased Cer levels
and increased epidermal water loss in IL-4 treated epidermis equivalent [50], suggest that
ingested CJLP55 modulates adaptive immunity cytokine levels (more likely to suppress
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Th-2 cytokine levels) systemically via altered bacterial EV phylum flora, which may lower
TG of sebum and improve skin hydration with increased Cer levels, thereby decreasing
follicular plugging and inflammation from C. acnes bacteria in acne lesions. Future studies
with a larger number of acne patients would facilitate evaluation of systemic alterations in
adaptive immunity cytokines as well as in insulin, IFG-1 and BCAA levels and intestinal
and skin bacterial flora after L. plantarum CJLP55 supplement intervention.

5. Conclusions

This randomized, double-bind, placebo-controlled study demonstrated that a 12-week
supplementation of CJLP55 decreased the clinical severity of acne vulgaris, Proteobacteria
proportion in urine EV phylum, and TG of sebum. The last feature was inversely correlated
to increases in the Firmicutes proportion of urine EV phylum, Cer, and hydration of skin.
CJLP55 supplement was beneficial to clinical state, skin sebum, and hydration and urine
bacterial EV phylum flora in patients with acne vulgaris. Dietary Lactobacillus plantarum
CJLP55 may be a potential alternative therapy or may serve as an adjunct to conventional
therapies for the treatment of acne vulgaris.
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Abstract: Physiological processes in skin are associated with exposure to UV light and are essential
for skin maintenance and regeneration. Here, we investigated whether the leaf and callus extracts of
Perilla frutescens (Perilla), a well-known Asian herb, affect DNA damage response and repair in skin
and keratinocytes exposed to Untraviolet B (UVB) light. First, we examined the protective effects of
Perilla leaf extracts in UVB damaged mouse skin in vivo. Second, we cultured calluses using plant
tissue culture technology, from Perilla leaf explant and then examined the effects of the leaf and
callus extracts of Perilla on UVB exposed keratinocytes. HaCaT cells treated with leaf and callus
Perilla extracts exhibited antioxidant activities, smaller DNA fragment tails, and enhanced colony
formation after UVB exposure. Interestingly, keratinocytes treated with the leaf and callus extracts of
Perilla showed G1/S cell cycle arrest, reduced protein levels of cyclin D1, Cyclin Dependent Kinase 6
(CDK®), and YH,AX, and enhanced levels of phosphorylated checkpoint kinase 1 (pCHK1) following
UVB exposure. These observations suggest that the leaf and callus extracts of Perilla are candidate
nutraceuticals for the prevention of keratinocyte aging.

Keywords: Perilla frutescens; keratinocytes; cell proliferation; ultraviolet radiation; DNA repair

1. Introduction

Skin is primarily composed of epidermis and dermis and exposed to a variety of
environmental factors including UV radiation. UV exposure is a major factor of age-related
changes such as pigmentary changes, thinning, wrinkling, and skin cancer development [1].
UV radiation is composed of Ultraviolet A (UVA), Ultraviolet B (UVB), and Ultraviolet C
(UVCQ), which are defined by wavelength [2]. Exposure to UVB causes inflammation and
immune changes that induce cellular senescence, direct DNA damage, and increases levels
of oxidative stress, which can indirectly induce DNA mutagenesis. In response to DNA
damage, the DNA response and repair pathway is activated in keratinocytes [3,4].

If not repaired properly, DNA damage in keratinocytes may result in the accumulation
of mutations that prompt cell cycle arrest and promote skin aging. In particular, when
exposed to UVB, phosphorylated checkpoint kinase 1 (pCHK1) is activated, this causes
G1/S cycle arrest and reduces the proportion of cells in the S phase and skin repair
response [5].

Perilla frutescens (Perilla) is an annual herb widely cultured in Asia. Perilla leaves
are known to have antioxidant, anti-inflammatory, and anti-allergic effects and to be
rich in polyphenols [6,7]. Calluses (as known as plant stem cells) are disorganized, non-
differentiated plant cell masses and are induced using hormones, such as auxin or cytokinin
from plant explants [8-10]. Calluses contain phenolic acid, which acts as an antioxidant,
and other derivative sources. Recently, callus induction has been further developed to
produce bioactive nutrient compounds [11,12].

Here, we investigated whether Perilla leaf extracts can induce DNA damage response
and repair in UVB exposed mouse skin. In addition, we describe an efficient, rapid means
of Perilla callus induction from Perilla leaves in different media in the presence of the growth
regulators, 2,4-dichlorophenoxy acetic acid (2,4-D) kinetin, and organic additives. We then
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examined the effects of the leaf and callus extracts of Perilla on DNA damage response and
repair in UVB exposed keratinocytes. This study shows that Perilla extracts are potential
nutraceutical reagents for maintaining keratinocyte homeostasis after sun exposure.

2. Materials and Methods
2.1. UVB Irradiated Mouse Experiment

In the present study, Friend leukemia virus B (FVB) female mice (10 per group) were
used as previously described [4]. After removing dorsal skin hair, Perilla leaf extracts
of 5% w/v were applied in acetone to mouse skin. Controls were treated with acetone
alone. Mice were then placed in separate compartments of a modified cage and 30 min
after extract application, their backs were UVB irradiated. This process was performed
4 times/week for 2 weeks. The mount of UVB administered was progressively increased
by increasing exposure times (i.e., 30, 60, 90, 120 s during the first week and 240, 270,
300, and 330 s during the second week (up to 100 mJ/ cm?). Epidermal thickness was
measured using photomicrographs (100 uM) of 5 sections per mouse from 10 mice. The
software program used was Leica application suite version 4.8. All animal experiments
were approved beforehand by the Institutional Animal Use and Care Committee (HNU
2016-6).

2.2. Preparation of Perilla Callus Induction

Perilla frutescens were collected from Geumsan, Chungcheongnamdo, South Korea. To
induce callus growth, Perilla leaves were first disinfected in 5 mM salicylic acid solution
for 2 min, 70% ethanol for 10 min, and 1% bleach (sodium hypochlorite) for 10 min, and
then washed 3 times in sterile distilled water for 15 min. Sterilized leaves were cut into
1 x 1 cm? pieces and inoculated into one of three media. For media preparation, agar
8 g/L, sucrose 10.09 g/L, and 3-(N-morpholino) propane sulfonic acid (MOPS) 0.5 g/L
were added to each of; (1) Murashige & Skoog medium (M&S medium), (2) Murashige &
Skoog modified medium (M&S modified medium), or (3) 2,4-dichlorophenoxy acetic acid
medium (2,4-D medium). All media were adjusted to pH 5.7 and autoclaved at 121 °C for
15 min before use. Sterilized leaves were cultivated in media at room temperature for about
4 weeks. Calluses were then harvested and extracted with 70% ethanol. Extracts were
then filtered, vacuum concentrated, and freeze-dried. The powdered extracts of calluses
obtained using the three different media were used in the experiments detailed below.

2.3. ORAC (Oxygen Radical Absorbance Capacity) Assay

The peroxyl radical scavenging abilities of Perilla leaf and callus extracts were assessed
using an ORAC assay [13]. Briefly, fluorescein (100 pL/80 nM) in 75 mM potassium
phosphate buffer (pH 7.4) was added to triplicate wells in a black, flat-bottom, 96-well
microplate. 2,2'-Azobis (2-amidino-propane) dihydrochloride (AAPH; 50 uL/80 mM), a
peroxyl radical generator, was then added to the microplate, which was then immediately
inserted into a SpectraMax i3x Platform (Molecular Devices, Lagerhausstrasse, San Jose,
CA, USA). ORAC were measured every 2 min at 37 °C and expressed as Trolox equivalents
(TE; uM). One ORAC unit was the equivalent to the net area provided by 1 uM Trolox.

2.4. Cell Culture and UV Irradiation

HaCaT cells (a human keratinocyte cell line) were a generous gift of Dr. Dae Joon
Kim (University of Texas Health Rio Grande Valley) and cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and 1% penicillin/streptomycin in a 5%
CO; atmosphere at 37 °C [14]. Samples were pretreated 12 h before UVB irradiation. Cells
were washed twice with phosphate buffered saline (PBS) and irradiated with UVB using a
UV source (Spectrolinker X1-1000B UV crosslinker; New York, NY, USA) once at 30 mJ/ cm?.
After UVB irradiation, the medium was replaced with fresh serum-free medium. Cells
were left for 3 h and then harvested for experiments.

60



Nutrients 2021, 13, 1263

2.5. Cell Viability Assay (MTT Assay)

The effects of Perilla leaf and callus extracts on HaCaT viability were determined using
an 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay [15]. Cells
were plated at 5 x 105 cells/well into 12-well plates, cultured for 24 h, and then treated
with leaf and callus of Perilla for 12 h. MTT solution (5 mg/mL) was then added, and cells
were incubated for 1 h. After removing media, formazan crystals were dissolved with
DMSO and absorbances were measured at 570 nm.

2.6. Colony Formation Assay

Colony formation assays were used to measure cell viability by counting colonies
formed by single cells [16]. HaCaT cells were treated for 12 h with Perilla leaf and callus
extracts, irradiated with UVB, and then incubated in fresh Dulbecco’s Modified Eagle’s
Medium (DMEM) medium at 37 °C in a 5% humidified CO, atmosphere for 3 h. Cells
were harvested with trypsin-Ethylenediaminetetraacetic acid (trypsin-EDTA), counted
using a hemocytometer, and seeded in 6-well plates or 100 mm cell culture dishes. After
incubation for 14 days, colonies were fixed with methanol, stained with crystal violet,
counted manually, and photographed.

2.7. Comet Assay

Comet assays were used to assess DNA damage levels in cells [17]. HaCaT cells
were treated with Perilla leaf or callus extracts for 12 h, exposed to UVB, and cultured
for 3 or 12 h. Cells were then trypsinized, mixed with low melting agarose gel (LMA),
and dispersed onto precoated slides with normal melting agarose (NMA). Cells were then
covered with cover glasses and stored at 4 °C, and cover glasses were removed after the gel
had hardened. Slides were soaked in pre-chilled alkali lysis buffer (2.5 M NaCl, 100 mM
NapyEDTA, 10 mM Tris, 1% N-lauryl-sarcosinate, pH 10; 1% Triton-X-100 and 10% DMSO) at
4 °C for 60 min in the dark, and then in pre-chilled electrophoresis buffer (300 mM NaOH,
100 mM Na, EDTA, pH > 13) at 4 °C for 40 min in the dark. Slides were then placed in a
horizontal electrophoresis chamber filled with cold electrophoresis buffer, electrophoresed
at 25 V and 300 mA for 20 min, washed with tris buffer (pH 7.4), dried, stained with
ethidium bromide (20 uL/mL), and observed under a fluorescence microscope (Leica,
Wetzlar, Germany). Images were taken using a CCD camera (Nikon, Tokyo, Japan) and
analyzed using a Comet image analysis program (Kinetic image 4.0, Caliper Life Sciences,
Alameda, CA, USA). Degrees of DNA damage in HaCaT cells were quantified using DNA
fragment percentages as DNA tails.

2.8. Fluorescence-Activated Cell Sorting (FACS) Analysis

Cell cycle distributions were determined by propidium iodide staining [18]. HaCaT
cells were cultured in 6-well plates, treated with Perilla leaf or callus extracts (0.1 pg/mL)
for 12 h, UV irradiated, and incubated in fresh DMEM medium at 37 °C for 3 h. Harvested
cells were immediately fixed in 70% ethanol at 4 °C overnight, washed once with PBS,
stained with propidium iodide/RNase staining solution (Invitrogen, Waltham, MA, USA),
and analyzed by flow cytometry (Beckman Coulter, Brea, CA, USA). The percentages of
cells in phases of the cell cycle were calculated using CytExpert 1.0 software (Beckman
Coulter, Brea, CA, USA).

2.9. Western Blot Analysis

HaCaT cells were cultured in 6-well plates, treated with Perilla leaf or callus extracts
for 12 h, UVB-irradiated, and then incubated for 3 h at 37 °C [14]. Following incubation,
cells were harvested with trypsin-EDTA, resuspended in lysis buffer on ice for 40 min,
centrifuged at 13,714 x g for 20 min at 4 °C, and protein concentrations in supernatants
were determined using a NanoDrop (NanoDrop Lite spectrophotometer, Waltham, MA,
USA). Equal amounts of proteins were subjected to SDS-PAGE and then transferred to
nitrocellulose membranes, which were reacted with primary antibodies; pCHK1 (Serine
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345), YH2AX (both from Cell Signaling, Danvers, MA, USA), CyclinD1, Cell division
protein kinase 6 (CDK6), and (3-actin (all antibodies from Santa Cruz Bicycles, Santa Cruz,
CA, USA) at 4 °C overnight. The following day, membranes were incubated with anti-
mouse or anti-rabbit IgG horseradish peroxidase-conjugated secondary antibodies for
40 min at room temperature. Blots were detected using the West Pico chemiluminescent
kit (Thermo, Rockford, IL, USA) and visualized using LAS 4000 chemiluminescent image
analyzer (Fuji, Tokyo, Japan).

2.10. Statistics

Results were analyzed by ANOVA with Tukey’s test. The analysis was conducted
using SPSS-PC ver. 23.0 (SPSS Inc., Chicago, IL, USA). For the mouse experiments, results
are presented as the means =+ standard errors (SEs) of 10 mice per group. Other results are
presented as means & SEs or SDs of three independent experiments, as indicated. Data
shown are representative of three independent experiments. Statistical significance was
accepted for p values < 0.05.

3. Results
3.1. The Effect of Perilla Leaf Extracts on Mouse Skin Exposed to UVB

To determine the effects of the extracts on UV-induced skin damage, the dorsal skins
of FVB mice were shaved and treated with Perilla leaf, callus extracts (5% w/v in acetone),
or acetone (controls) before UVB exposure once daily for two weeks. Two weeks after
UVB treatment, mice were sacrificed and skin tissue sections were fixed for hematoxylin
and eosin (H&E) staining. Epidermal thickness was measured by microscopy. Acetone
treatment (the control group) increased epidermal thickness after 2 weeks of treatment
(Figure 1A,B). Interestingly, Perilla leaf extract reduced UVB-induced epidermal thickness
increases (p < 0.001). Neither acetone nor Perilla leaf extract influenced epidermis thickness
when the skin was not UVB exposed.
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Figure 1. Perilla leaf extract suppressed UVB-induced epidermal thickening in FVB mice. (A) H&E-
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stained section of mouse dorsal skin after Ultraviolet B (UVB) exposure. Perilla leaf extract (5% w/v in
acetone) was applied to mouse skin, which was then irradiated with UVB for 30 min. UVB-induced
epithelial cell proliferation was evaluated in each indicated group (ten mice per group), after 2 weeks
of UVB irradiation was completed. The photograph shows skin from a representative mouse. Bold
arrows indicate epidermis. The scale bar represents 100 pm. (B) Quantification of epidermis thickness
in UVB-induced epithelial layers. Data are expressed as means £ SDs. ### p < 0.001 as compared
with non-radiated mice by the t-test. *** p <0.001 as compared with the UVB-irradiated control group
by the t-test.

3.2. Induction of Perilla Callus Formation Using Different Media

Next, we established a means of culturing Perilla calluses, a well-known nutraceu-
tical [12]. Calluses were induced from Perilla leaves over four weeks using three media
types: M&S medium, M&S modified medium, and 2,4-D medium. Interestingly, Perilla
callus induction was observed after five days of culture on 2,4-D medium and proliferated
after nine days (Figure 2A,B). In contrast, induction of Perilla calluses was observed after
nine days of culture on M&S modified medium, but Perilla calluses barely proliferated.
Callus formation was more rapid in 2,4-D medium than in the other two media (p < 0.001,
Figure 2A). Perilla calluses produced on 2,4-D medium, M&S modified medium, or M&S
medium in five weeks were weighed (Figure 2C), and the amount of callus produced
was larger on 2,4-D medium than on M&S modified medium (20.38 mg versus 5.78 mg,
respectively). Callus formation was not induced in M&S medium. These observations
showed 2,4-D medium containing 2,4-dichlorophenoxy acetic acid (2,4-D) provided an
effective medium for Perilla callus induction and suggested that 2,4-D may be crucial for
Perilla callus induction.

A B

Aedium N
M&S medium | M&S modified
Day medium

2,4-D medium

Weight of callus (mg)

M&S modified 2,4-D
medium medium

Figure 2. The effect of Perilla callus formation in 2,4-D and two M&S media. (A) Perilla callus
induction dependence on the three medium types. Representative photographs showing Perilla
calluses on culture days 0 to 33. (B) Calluses that formed from the four corners of Perilla leaves
were measured using a ruler. (C) Weights of calluses by medium type. We measured the biomasses
of Perilla calluses after culture for 5 weeks. Dots and bars represent the means and SDs of three
independent samples. *** p < 0.001 as determined by the t-test.

3.3. Perilla Leaf and Callus Extracts Had Antioxidant Effects and Promoted DNA Repair in UVB
Exposed Keratinocytes

The antioxidative activities of Perilla leaf and callus extracts were assessed using
ORAC assays using ascorbic acid as an antioxidant. We found the antioxidant activities of
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Perilla leaf extract was greater than those of callus extracts produced using 2,4-D medium
or M&S modified medium (see Figure 3A). Interestingly, the antioxidant activities of
Perilla callus extract induced using 2,4-D medium were greater than those induced using
M&S modified medium (p < 0.005, Figure 3A). Therefore, we examined the effects of
Perilla callus extract from calluses induced using 2,4-D medium and Perilla leaf extract in
subsequent studies.
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Figure 3. Perilla leaf and callus extracts exhibited antioxidant effects and enhanced DNA repair as
determined by the Comet assay in UVB exposed HaCaT cells. (A) Antioxidant activities of Perilla leaf
and callus extracts as determined by the oxygen radical absorbance capacity (ORAC)roo. assay in
HaCaT cells. The results presented are the means =& SDs of triplicate determinations. Data shown
are representative of three independent experiments. Values were compared with those obtained
for Perilla callus extracts induced by MS modified medium and 2,4-dichlorophenoxy acetic acid
(2,4-D) medium, and leaf extracts at the same concentrations, as 1 uM trolox equivalent. p < 0.01 as
determined by Duncan’s test. (B) DNA damage was assessed using the Comet assay. Tail DNA
percentages were determined. Comet images revealed different degrees of DNA damage. HaCaT
cells were cultured in 6-well plates and pretreated with Perilla leaf or callus extracts (at 0.1 ug/mL),
caffeic acid (150 uM; the positive control), or DMSO (the negative control) for 12 h, exposed to UVB
(50 mJ/em?), and then cultured for 12 h later. The bar graph was calculated from three independent
experiments. Images of fluorescence intensities were obtained using the Comet assay. # p < 0.05;
significant versus UVB non-treated and DMSO controls. * p < 0.05; significant versus UVB treated
and DMSO controls. Different letters indicate significant intergroup differences (p < 0.01).

The effects of the Perilla leaf and callus extracts on UVB-induced DNA damage were
investigated using human keratinocytes (HaCaT cells). In Comet assays, the tail region
containing DNA fragments provides an index of DNA damage. We observed that UVB
(50 mJ /cm?) treatment induced longer DNA tails than UVB untreatment in keratinocytes
(27.5% versus 6.6 % for UVB+ versus UVB- in the DMSO treatment, as a negative control
group; p < 0.001, Figure 3B). Moreover, we found that HaCaT cells treated with Perilla leaf
or callus extract (0.1 pg/mL) and then UVB, had smaller Comet tails than cells treated with
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DMSO and then UVB (p < 0.001, Figure 3B). We also treated HaCaT cells with caffeic acid, a
derivative of cinnamic acid and a bioactive constituent of Perilla leaves, as a positive control.
We found that Perilla leaf, callus extract (0.1 ug/mL), or caffeic acid (150 uM) reduced DNA
tails after UVB exposure (Figure 3B, p < 0.001; Supplementary Figure S1). Our findings
suggest that both Perilla leaf and callus extracts have potential use for repairing UV-induced
DNA damage.

3.4. Perilla Leaf and Callus Extracts Enhanced UVB Irradiated Keratinocyte Survival

First, we measured HaCaT cell viabilities after exposure to different doses of Perilla
leaf and callus extracts using an MTT assay. HaCaT cells were treated with extracts
at concentrations of 0.01, 0.1, 1, 10, or 100 ug/mL (see Figure 4A). We found 85.8% of
keratinocytes remained viable after treatment with Perilla leaf extract at 10 ug/mL, and
that 90% and 81.4% of keratinocytes remained viable after treatment with Perilla callus
extract at 10 or 100 ug/mL, respectively (Figure 4A). The observations suggest that Perilla
leaf and callus extracts had no toxic effects on keratinocytes.
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Figure 4. Perilla leaf and callus extracts prevented the suppression of HaCaT proliferation by UVB.
(A) 3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium Bromide (MTT) assay of HaCaT cells treated
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with Perilla leaf and callus extracts. Results are expressed as means + SDs. Different letters indicate
significantly different (p < 0.05) by Duncan’s test. (B,C) HaCaT cells were treated with Perilla
leaf or callus extracts (0.1 pug/mL) overnight, irradiated with UVB (30 mJ/ cm?), harvested, and
reseeded at 50 or 100 cells/well in 6 well plates. Colony formation was observed 14 days after
seeding. (B) Representative colony-forming assay images after methanol fixation and crystal blue
staining. (C) Colony numbers were counted and recorded. Colony formation rates of HaCaT cells
(determined by analyzing 50 cells/well). Results are presented as the means + SDs of three plates.
# p < 0.05 versus UVB non-treated and DMSO controls. * p < 0.05 versus the UVB treated and
DMSO controls.

Then, colony formation assays were performed to determine whether Perilla leaf and
callus extracts influence cellular survival after exposure to UVB. DMSO treatment post
UVB irradiation (controls) significantly reduced HaCaT cell colony formation (99% and
60% for UVB untreated and UVB treated cells, p < 0.05, Figure 4B,C). However, Perilla
leaf and callus extracts inhibited UVB-induced reductions in colony formation (p < 0.05,
Figure 4C).

3.5. Perilla Leaf and Callus Extracts Enhanced DNA Repair Signaling and Protected HaCaT cells
from UVB-Induced Cell Cycle Changes

Perilla leaf and callus extracts enhanced the levels of pCHK1(S345) protein (an in-
ducer of DNA repair signaling) more than DMSO treatment in UVB exposed HaCaT cells
(Figure 5A,B; Supplementary Figure S2). Moreover, Perilla callus extracts reduced levels
of YH2AX protein (a hallmark of DNA damage) more than Perilla leaf extract in UVB
exposed keratinocytes (Figure 5B). These data suggest that Perilla callus extracts reduce
DNA damage after UVB irradiation in keratinocytes.

Increased pCHK1(S345) protein expression affects the cell cycle. Therefore, we exam-
ined cell cycle profiles to investigate the protective effects of Perilla leaf and callus extracts
on UVB irradiated keratinocytes.

Synchronous culture with chemical agents are in the same growth stage and provide
less variation data over non-synchronous cells for studying cellular levels [19]. However,
the synchronized drugs used resulted in side effects. We chose an asynchronized method,
and its analysis of changes (A) in the cell cycle involved less perturbation of biological
systems and drug interaction between chemical reagents and Perilla extracts. HaCaT cells
were treated with Perilla leaf or callus extract overnight, irradiated with UVB (30 mJ/cm?),
and 3hrs later, PI staining and flow cytometry analysis were used to determine cell cycle
profiles (Figure 5C,D).

UVB increased the percentage of HaCaT cells in the GO/G1 phase (from 50.5% to
60.9%), indicating that it inhibited cell growth by causing G1/S arrest. We observed that
the percentage of cells in the G0/G1 phase after UVB exposure was increased by Perilla leaf
and callus extracts (Figure 5D, p < 0.05). Furthermore, 0.1 ug/mL of Perilla callus extract
increased the change of proportion of HaCaT cells in the GO/G1 phase, as compared with
DMSO treatment after UV treatment (Figure 5D, 10.4 = 0.8 versus 19.1 & 1.3 of change (A)
of DMSO treatment versus change (A) of 0.1 ug/mL callus extract, p < 0.05).

We also found that 0.1 pg/mL of Perilla callus extract decreased the proportion of
cells in the S phase as compared with DMSO treatment after UV exposure (Figure 5D,
—7.4 £ 0.9 versus —12.9 & 1.1 of change (A) of DMSO treatment versus change (A) of
0.1 ug/mL callus extract, p < 0.05). Our observations suggest that Perilla extract, especially
callus, arrested UVB-induced cell cycle phase at G1/S in HaCaT cells.
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Figure 5. Effect of Perilla leaf and callus extracts on the cell cycle distribution of UVB exposed HaCaT cells. (A)
Representative Western blot for phosphorylated checkpoint kinase 1 (pCHK1) (5345) and YH2AX proteins in HaCaT cells
treated with Perilla leaf or callus extracts at 0.1 ug/mL (D: DMSO treatment; P.C; Perilla callus; P.L: Perilla leaf). 3-Actin was
used as the loading control. Proteins were analyzed using the Fusion image system (Fuji, Japan). Cells were treated with
Perilla extracts overnight, washed with Phosphate-buffered saline (PBS), and irradiated with UVB (30 m]J/ cm?),and 3 h
later, pellets were harvested for Western blotting. (B) Results are presented as the means =+ SDs of three biological replicates
in two independent measurements (please see all images in supplementary Figure S2). * p < 0.05 versus UVB non-treated
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controls. # p < 0.05; versus UVB treated comparisons. (C,D) Cell cycle analysis was performed by propidium iodide
staining in asynchronized HaCaT cells. The proportions of cells in different phases of the cell cycle were determined by flow
cytometry. (C) Representative histograms show cell cycle distributions. HaCaT cells were subjected to fluorescence-activated
cell sorting (FACS) analysis. Histograms show side scatter (SS) and forward scatter (FS) for all events. The parameters of
FACS analysis are referred to as FSC-A: Forward Scatter-Area; FSC-H: Forward Scatter-Height and SSC-A: Side Scatter-A.
(D) Bar chart presentations of cell cycle distributions after treatment with Perilla leaf or callus extract and UVB (30 mJ/cm?).
The cell cycle distribution table shows percentages of cells in the three phases (G0/G1, S, and G2/M). Results are presented
as the means + SDs of triplicate plates per sample. * p < 0.05; significant versus UVB non-treated controls. + p < 0.05;
significant versus UVB non-treated controls on G0/G1 phase. A; change of UVB treated from UVB untreated in each cell
cycle phase. # p < 0.05; significant versus change (A) of DMSO treatment.

3.6. Perilla Leaf and Callus Extracts Regulated G1/S Cell Cycle Genes in UVB Exposed HaCaT Cells

At the G1 phase of the cell cycle, the cyclin D1 and CDK6 genes are directly involved
in cell cycle regulation. Moreover, G1/S cell cycle arrest is associated with reductions in
cyclin D1 and CDKG6 protein levels after UVB exposure [19]. We found that cyclin D1 and
CDKG6 protein expressions were reduced in HaCaT cells irradiated with 30 mJ/cm? of
UVB (Figure 6), and that Perilla leaf and callus extracts reduced significantly (Figure 6,
p < 0.05). These results suggest that Perilla extracts may cause G1/S cell cycle arrest after
UVB exposure by reducing cyclin D1 and CDKG6 protein levels.
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Figure 6. Western blot analysis of G1/S cell cycle regulatory protein expressions in HaCaT cells
treated with Perilla leaf or callus extracts. Effects of Perilla leaf and callus extracts on the UVB-induced
protein levels of Cyclin D1 and CDK6 in HaCaT cells. Cells were treated with Perilla leaf, callus
extracts (0.1 ng/mL), or DMSO (negative control) overnight, washed with PBS, irradiated with UVB
(30 mJ/cm?), and harvested 3 h later. Pellets were subjected to Western blotting using 3-actin as a
loading control. (Top panel) Representative Western blot for cyclin D1 and CDK6 proteins in HaCaT
cells treated with Perilla leaf or callus extracts at 0.1 pug/mL (D: DMSO treatment; P.C; Perilla callus;
P.L: Perilla leaf). (Bottom panel) Proteins were analyzed using the Fusion image system (Fuji, Japan).
Data are representative of three independent experiments and expressed as means + SDs. * p < 0.05;
significant versus UVB non-treated controls. # p < 0.05; significant versus UVB treated controls.
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4. Discussion

It has been reported that UV-induced damage increases the levels of pCHKl1protein
expression during DNA damage and repair response [5,20]. In this study, we examined the
effects of Perilla leaf and callus extracts in UVB exposed keratinocytes.

Previous studies have investigated the roles played by ubiquitin-specific protease 1
(USP1) in DNA damage response and on cellular functions and genetic instability in
keratinocytes [14]. Activation of the DNA response and repair pathway induces cell pro-
liferation and protects against senescence, and UVB radiation-mediated DNA damage
reduces colony-formation potential and cell viability and destabilizes DNA in keratinocytes.
Our results show that UVB significantly induced DNA breaks and reduced colony forma-
tion by HaCaT cells, whereas Perilla leaf and callus extracts both suppressed these UVB
induced effects. Persistent exposure to UVB also increases DNA lesions, fragments, and
mutations, and leads to premature skin aging, and interestingly, the present study shows
Perilla leaf extract protects against DNA damage and enhanced cell proliferation in UVB
exposed keratinocytes.

Links between UVB exposure, skin cell proliferation, and aging can be observed when
the DNA repair and response pathway becomes dysfunctional. Defects in the DNA repair
and response pathway enhance genomic instability in keratinocytes during aging [1]. Fur-
thermore, the CHK1 gene activates the DNA repair systems that repair UVB-induced DNA
lesions [20]. We found Perilla leaf and callus extracts enhanced pCHK1 protein expression
and reduced YH2AX protein expression in UVB exposed keratinocytes. Accordingly, our
findings suggest that both extracts increase keratinocyte proliferation by upregulating
pCHK1 protein levels.

UV-induced reactive oxygen species (ROS) are responsible for DNA damage in skin.
ROS are produced endogenously by metabolic processes and exogenously by the effect
of UV on skin. Moreover, persistently elevated ROS and oxidative DNA damage lev-
els are associated with poorer colony-forming ability [21]. In the present study, Perilla
leaf and callus extracts effectively reduced ROS levels, increased DNA damage repair,
and keratinocyte colony-forming ability, and were also found to have antioxidant ef-
fects. Thus, Perilla extracts may be a useful modality for the prevention of UV-induced
keratinocyte aging.

DNA damage simultaneously triggers the cell cycle checkpoint and activates the DNA
repair pathway [20]. Checkpoint proteins such as cyclin A, D, E, and K are activated by
UV exposure and elicit cell cycle arrest by G1/S or G2/M signaling and facilitate DNA
repair [19]. We found Perilla callus extracts induced G1/S cell cycle arrest by reducing
cyclin D1 and CDKG6 levels, and that both extracts, especially callus extract, effectively
regulated cell cycle checkpoint proteins and triggered DNA repair response in UVB exposed
keratinocytes. Thus, our findings indicate that Perilla extracts may effectively regulate the
cell cycle and the G1/S cell cycle checkpoint.

Interestingly Perilla extracts also increased keratinocyte proliferation, which suggests
that they might protect against keratinocyte aging. The antioxidant effects of Perilla leaf
extracts have been previously studied in pharmacological properties [7]. Perilla leaf has
been used as a traditional medicine to treat depression, anxiety, tumors, coughs, allergies,
and other conditions, and our findings suggest that Perilla leaf and callus extracts could be
used to treat keratinocyte damage and UV exposure-induced keratinocyte conditions [6,22].
Perilla extracts have been reported to contain the following active compounds: phenolic
acids, flavonoids, anthocyanins, volatile compounds, triterpenes, phytosterols, fatty acid
tocopherols, policosanols, rosmarinic acid, luteolin, and tormentic acid [22]. Although our
preclinical data have yielded promising results, further studies are needed to determine
the effects of active compounds in Perilla extracts.

2,4-D is a well-known plant growth regulator and an analog of auxin (a plant growth
hormone). It has been reported that callus induction and lycopene production by the
leaves of Barringtonia racemose were dependent on 2,4-D concentration in media [23]. Our
study was conducted to establish a means of culturing calluses and regenerating Perilla
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plants using different plant hormones. Perilla leaf extract exhibited a better callus response
when 2,4-D medium was supplemented with 2,4-dichlorophenoxy acetic acid (2,4-D), than
when it was supplemented with kinetin, and a maximum callus score of 4.28 was recorded
when leaves were cultured on MS modified media containing naphthaleneacetic acid.
Furthermore, given increasing demands for natural bioactive products, plant cell cultures
using plant growth regulators offer an attractive means of overcoming the limitations of
extraction-based methods for obtaining biomaterials for nutraceutical studies.

It should be noted the amount of callus produced in the present study was relatively
small and not enough to examine its effects on skin in vivo. Nevertheless, both Perilla leaf
and callus extracts were found to have potent antioxidant effects and to increase DNA
repair response in keratinocytes, and thus, to offer potential means of preventing and
treating keratinocyte photoaging. Finally, Perilla extract, leaf or callus, presents better
potential as source of keratocyte antiaging products.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nu13041263/s1, Figure S1: DNA damage was assessed using the Comet assay. Tail DNA
percentages were determined, Figure S2: All images of western blot for pCHK1(S345) and YH2AX
proteins in HaCaT cells treated with Perilla leaf or callus extracts at 0.1 ug/mL (D: DMSO treatment;
P.C; Perilla callus; P.L: Perilla leaf).
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Abstract: Propolis is a resinous substance generated by bees using materials from various plant
sources. It has been known to exhibit diverse bioactivities including anti-oxidative, anti-microbial,
anti-inflammatory, and anti-cancer effects. However, the direct molecular target of propolis and its
therapeutic potential against skin aging in humans is not fully understood. Herein, we investigated
the effect of propolis on ultraviolet (UV)-mediated skin aging and its underlying molecular mechanism.
Propolis suppressed UV-induced matrix metalloproteinase (MMP)-1 production in human dermal
fibroblasts. More importantly, propolis treatment reduced UV-induced MMP-1 expression and
blocked collagen degradation in human skin tissues, suggesting that the anti-skin-aging activity
of propolis can be recapitulated in clinically relevant conditions. While propolis treatment did not
display any noticeable effects against extracellular signal-regulated kinase (ERK), p38, and c-jun
N-terminal kinase (JNK) pathways, propolis exerted significant inhibitory activity specifically against
phosphorylations of phosphoinositide-dependent protein kinase-1 (PDK1) and protein kinase B (Akt).
Kinase assay results demonstrated that propolis can directly suppress phosphoinositide 3-kinase
(PI3K) activity, with preferential selectivity towards PI3K with p110x and p1106 catalytic subunits
over other kinases. The content of active compounds was quantified, and among the compounds
identified from the propolis extract, caffeic acid phenethyl ester, quercetin, and apigenin were shown
to attenuate PI3K activity. These results demonstrate that propolis shows anti-skin-aging effects
through direct inhibition of PI3K activity.

Keywords: propolis; skin; matrix metalloproteinase-1; UV; phosphoinositide 3-kinase

1. Introduction

Ultraviolet (UV) radiation causes skin photoaging, which is characterized by wrinkle formation,
dyspigmentation, and increased fragility [1]. Reduction in collagen and elastic fibers is the major
contributing factor for wrinkling of the skin [2]. UV radiation induces signal transduction pathways
that lead to the transactivation of matrix metalloproteinases (MMPs), which are enzymes responsible for
the degradation of extracellular matrix proteins [3]. MMP-1 in particular is known to majorly contribute
in the UV-mediated collagen degradation process causing skin wrinkle formation [4]. As degradation
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of collagen is known to be the primary reason for UV-mediated skin aging, blocking MMP-1 activity or
expression has been recognized as a promising strategy for preventing skin aging [2].

Phosphoinositide 3-kinases (PI3Ks) are lipid kinases that produce phosphatidylinositol
3,4,5-trisphosphate (PIP3) by phosphorylating phosphatidylinositol 4, 5-bisphosphate (PI 4,5-P2).
PIP3 can initiate signaling events leading to the activation of phosphoinositide-dependent protein
kinase-1 (PDK1) and protein kinase B (Akt) [5]. PI3K and its downstream PDK1 and Akt pathways
have been known to play a crucial role in maintaining homeostasis, and abnormal regulation of these
signaling pathways are implicated in various pathological conditions, including cancer, immunological
disorders, metabolic syndrome, and aging [6]. Importantly, activation of PI3K is also reported to
participate in the process of skin aging [7]. As PI3K can promote the expression of MMP-1 leading
to collagen breakdown [8], targeting PI3K can provide a therapeutic window to effectively regulate
MMP-1 levels and prevent skin aging.

Propolis is produced by bees using substances collected from various parts of plants. Multiple
studies have identified the constituents of propolis, which belong to diverse groups of compounds:
flavonoids, terpenoids, phenylpropanoids, stilbenes, lignans, sugars, and amino acids [9,10]. Propolis
extracts have been known to have applications for the treatment of various diseases due to their
anti-oxidant, anti-inflammatory, anti-bacterial, anti-diabetic, and anti-cancer effects [9,11,12], and thus
have been widely used as nutraceutical ingredients. However, the effect of propolis against photoaging
in human skin is not fully understood, and its molecular target is largely unknown. Therefore, in the
current study, we sought to investigate the protective effects of propolis against UV-induced skin aging
using human skin tissues and elucidate the molecular mechanism and active components responsible.

2. Materials and Methods

2.1. Reagents

Crude propolis was purchased from a local market in Chungju, Korea. Antibodies to detect
phosphorylated extracellular signal-regulated kinase (ERK) 1/2 (Thr202/Tyr204), phosphorylated
cjun N-terminal kinase (JNK) (Thr183/Tyr185), phosphorylated p38 (Thr180/Tyr182), phosphorylated
PDK1 (Ser241), phosphorylated Akt (Thr308), and total Akt were purchased from Cell Signaling
Biotechnology (Beverly, MA, USA). Antibodies against total ERK, total JNK, total p38, and vinculin
were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Antibody for MMP-1 was obtained
from Ré&D systems (Minneapolis, MN, USA). The reference standards of apigenin, caffeic acid, caffeic
acid phenethyl ester (CAPE), ferulic acid, gallic acid, naringenin, and quercetin for high-performance
liquid chromatography (HPLC) analysis were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Extraction of Propolis

One gram of propolis was immersed in 10 mL of 80% EtOH and extracted by stirring for 48 h.
The extracted propolis was filtered through a non-woven fabric and a filter paper (Watmann # 2).
The extracts were then subjected to a 0.22 um filter and concentrated.

2.3. Cell Culture and UV Irradiation

Hs68 human dermal fibroblast cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Corning Inc., Corning, NY, USA) containing 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA)
and 1% penicillin/streptomycin (Corning Inc., New York, NY, USA) at 37 °C in a 5% CO; incubator.
Cells were irradiated using a UVB cross-linker (6 X 8 W, 312 nm, Model Bio-link BLX, Vilber lourmat,
Paris, France). The dosage which produced the highest MMP-1 level without cytotoxicity was chosen
as the optimal UVB irradiating condition.
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2.4. Excised Human Skin and UV Irradiation

Human skin tissues were purchased from Biopredic International (Rennes, France). The human
skin tissues had been obtained following the French Law L.1245-2 CSP. Biopredic International has been
approved by the French Ministry of Higher Education and Research for the acquisition, transformation,
sale, and export of human biological material to be used in research (AC-2013-1754). This study
complied with all principles set forth in the Helsinki Declaration. Human skin tissues were incubated
with DMEM containing 10% fetal bovine serum with penicillin/streptomycin in a 5% CO, incubator at
37 °C. Ex vivo human skin tissues were treated with propolis extracts (PPE) and exposed to UV once a
day for 10 days.

2.5. Cell Cytotoxicity Assay

Cells were seeded in 96-well plates and incubated for 24 h before being cultured in serum-free
DMEM. The indicated concentration of PPE was added, and 48 h after the treatment, cell cytotoxicity
was measured using the CellTox™ Green Cytotoxicity Assay (Promega, Madison, WI, USA).
The fluorescence was measured using the Varioskan multimode microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Cells were seeded in 6-well plates at a density of 1.8 x 10° cells/well. When cells reached
80-90% confluence, the medium was replaced with serum-free DMEM. Cells were treated with
PPE (2.5, 5, 10 and 20 pg/mL) and incubated for 1 h. After UVB irradiation (0.03 J/em?), cells were
incubated for 48 h. Media were centrifuged and supernatants were collected and stored at —80 °C.
The concentration of MMP-1 protein in the medium was determined using human total MMP-1 DuoSet
ELISA kits (R&D systems Inc., Minneapolis, MN, USA), according to the manufacturer’s protocol.
The absorbance was measured using the Varioskan multimode microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

2.7. Quantitative Real-Time PCR

Total RNA was extracted from cells using a NucleoSpin RNA isolation kit (Macherey-Nagel, Diiren,
Germany). RNA purity and concentration were determined by measuring the absorbance at both 260
and 280 nm. cDNA was synthesized from 0.5 pg of total RNA using a ReverTra Ace® qPCR RT Master
Mix with gDNA Remover (TOYOBO, Osaka, Japan). MMP-1 mRNA expression levels were analyzed
using real-time PCR with Step One Plus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA,
USA) and THUNDERBIRD® SYBR® qPCR Mix (TOYOBO, Osaka, Japan). Primers used in the reaction
were MMP-1 (Forward, GCATATCGATGCTGCTCTTTC; Reverse, ACTTTGTGGCCAATTCCAGG)
and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (FW, CCATCACCATCTTCCAGGAG;
RV, ACAGTCTTCTGGGTGGCAGT).

2.8. Histological Analysis

Formalin-fixed tissue samples were embedded in paraffin, and 3~4 pum sections were cut. Tissue
sections were cut on glass slides, de-paraffinized with xylene, and rehydrated through a series of
graded ethanol baths. The sections were then stained with a Masson’s trichrome satin kit (Sigma,
St. Louis, MO, USA). After the washing step, slides were dehydrated and cleared in xylene before
mounting. Stained slides were then photographed using a light microscope.

2.9. Immunoblot Assay

Cells were lysed with RIPA lysis buffer containing a protease and a phosphatase inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). The concentrations of protein in the lysates were determined
using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Samples
were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels with 5% stacking gels and transferred to a nitrocellulose (NC) membrane (PALL Corporation,
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Port Washington, NY, USA). After transfer, the NC membranes were incubated with the specific
primary antibodies at 4 °C overnight. Horseradish peroxidase (HRP)-conjugated immunoglobulin
G (IgG) was used as a secondary antibody. The protein expression levels were visualized using the
ChemiDocTM XRS + System (Biorad, Hercules, CA, USA) or film.

2.10. High-Performance Liquid Chromatography (HPLC) Analysis

Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific, Waltham, MA, USA) and INNO
C-18 Column (250 mm X 4.6 mm, 5 um, Youngjinbiochrom, Seongnam, Korea) were used to analyze
the chemical composition of propolis. The mobile phase consisted of 0.3% trifluoroacetic acid (Buffer A)
and acetonitrile (Buffer B), which were applied in gradient elution as follows: 0-1 min, 5% B; 1-35 min,
5-35% B; 35-50 min, 35-100% B; 50-55 min, 100% B; 55-56 min, 100-5% B; 56-60 min, 5% B at a flow
rate of 0.8 mL/min. The injection volume was kept at 10 uL, and the oven temperature was 45 °C.
The compounds detected were identified by comparing with reference standards, and the detection
wavelengths were 280 and 340 nm (190-400 nm diode array detector (DAD) scanning.

2.11. Kinase Assay

The SelectScreen Kinase Profiling Service (Thermo Fisher Scientific, Waltham, MA, USA) was
used to examine kinase activities.

2.12. Modeling the Structures of Chemical Compounds on PI3K

Five highest-resolution crystal structures of human PI3K, p110« catalytic subunit, were retrieved
from the Protein Data Bank (PDB ID: 6PYS, 4JPS, 5DXT, 4WAF, 5UBR) [13]. In addition, the structures
of porcine PI3K, p110y catalytic subunit, co-crystallized with ATP (PDB ID: 1E8X) and quercetin (PDB
ID: 1E8W) were retrieved from PDB [14]. All the structures were superimposed to that of the human
PI3K (PDB ID: 6PYS) before further analysis. The structures of CAPE, quercetin, apigenin, gallic acid,
caffeic acid, ferulic acid, and naringenin were retrieved from the PubChem database with PubChem
compound identifiers of 5281787, 5280343, 5280443, 370, 689043, 445858, and 932, respectively [15].
The structure of PI3Ks and chemical compounds were converted into the PDBQT format using the
prepare_receptor4.py and prepare_ligand4.py scripts of the AutoDock Tools, respectively [16].

The chemical compounds were docked onto the PI3K structures using AutoDock Vina
(Version 1.1.2) [17]. The docking simulations were executed within a cubic box with size 20 A.
The box was centered at the coordinate of the N9 atom of the ATP molecule, which is located near
the center of the ATP. During the docking simulation, up to 20 docking poses were retrieved for each
PI3K and chemical compound pair. The docking structures were inspected on the PyMOL Molecular
Graphics System, Version 2.5.0 (Schrédinger, LLC, New York, NY, USA).

3. Results

3.1. Propolis Extract Suppresses UV-Mediated MMP-1 Expression and Collagen Degradation in Human Skin

In order to examine the preventive potential of propolis against skin aging, we examined the
effect of propolis on UV-induced MMP-1 levels in Hs68 human dermal fibroblasts (HDFs). Propolis
treatment displayed significant inhibitory activity against UV-induced MMP-1 production in HDFs
(Figure 1A). Notably, propolis extract did not show cytotoxicity in HDFs at the concentrations tested
(Figure 1B). Next, the effect of propolis on mRNA expression of MMP-1 was examined. Propolis
completely blocked UV-induced MMP-1 mRNA levels, indicating that the propolis-mediated reduction
in MMP-1 levels is due to transcriptional control of MMP-1 expression (Figure 1C).
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Figure 1. Effect of propolis extract on UV-induced matrix metalloproteinase (MMP)-1 expression in
human dermal fibroblasts (HDFs). (A) Cytotoxicity of propolis extracts (PPE) was measured using
the CellTox Green Cytotoxicity Assay kit. Lysis solution was used as a positive control for cell death;
(B) Hs68 cells were pre-treated with various concentrations of PPE for 1 h before UVB irradiation
(0.03 J/cm?). Forty-eight hours after UVB exposure, media was collected and MMP-1 levels in the media
were determined by ELISA; (C) MMP-1 mRNA levels were examined by RT-PCR. Data are shown as
mean + S.D. ## p < 0.001 compared with untreated control; *** p < 0.001 compared with the group of
UVB exposure alone.

To further confirm the efficacy of propolis against skin aging, we applied propolis extract on
skin tissues from two different donors. We irradiated human skin tissues with UV for 10 days and
investigated the protective effect of propolis (Figure 2A). Propolis treatment effectively suppressed
UV-induced MMP-1 expression in human skin measured by immunoblotting of MMP-1 (Figure 2B).
In addition, propolis prevented UV-induced collagen degradation in human skin tissues (Figure 2C),
suggesting that the inhibitory activity of propolis against skin aging can be observed not only in human
skin cells, but also in actual human skin tissues. These results demonstrate that propolis can display
anti-skin-aging effects at physiological conditions.
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Figure 2. Propolis extract prevents UV-induced matrix metalloproteinase (MMP)-1 expression and
collagen degradation in human skin tissues. (A) Human skin tissues from two donors were treated
with propolis extracts (PPE) and exposed to UVB for 10 consecutive days. At the end of the study,
the tissues were fixed in formalin or lysed with lysis buffer for protein extraction; (B) MMP-1 expression
in human skin tissue lysates was assessed by immunoblotting; (C) Collagen fibers were detected with
Masson'’s trichrome staining.

3.2. Propolis Specifically Downregulates Akt and PDK1 Signaling Pathways

As propolis reduced UV-mediated MMP-1 mRNA levels (Figure 1C), we next examined the effect
of propolis on upstream regulators of MMP-1 expression. The MAPKs, including ERK, JNK, and p38,
are well-known major players in the UV-mediated signal transduction pathway contributing to skin
aging [18]. However, treatment of propolis extract did not show any noticeable effect against UV-induced
phosphorylations of ERK, JNK, and p38 (Figure 3A). Phosphoinositide 3-kinase (PI3K) and Akt have
also been recognized to mediate UV-driven photoaging [8]. Interestingly, propolis extract exerted a
significant inhibitory effect against UV-induced phosphorylation of Akt (Figure 3B). PI3K activates
PDK1, which in turn phosphorylates Akt (Thr 308) [19]. Therefore, we questioned if propolis would also
affect PDK1 activation. Propolis extract dose-dependently inhibited UV-induced phosphorylation of
PDK1 (Figure 3B), suggesting that propolis extract could be targeting the PI3K-PDK1-Akt signaling axis.
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Figure 3. Effect of propolis extract on UV-induced signaling pathway in human dermal fibroblasts.
Hs68 cells were pre-treated with propolis extracts (PPE) for 1 h before UVB stimulation (0.03 J/cm?).
Immunoblot analysis of phosphorylated and total (A) extracellular signal-regulated kinase (ERK),
c-jun N-terminal kinase (JNK), and p38; (B) phosphoinositide-dependent protein kinase-1 (PDK1) and
protein kinase B (Akt) expression in cell lysates. Vinculin was used as a loading control.
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3.3. Propolis Directly Targets Phosphoinositide 3-Kinase (PI3K)

Since propolis downregulated phospho-PDK1 and phospho-Akt, we examined the effect of
propolis extract against PI3K activity. Kinase assay results against a panel of five PI3K isoforms
demonstrated that propolis extract can directly inhibit PI3K activity (Figure 4A). PI3Ks containing the
catalytic subunit p110«x or p1106 were the most sensitive PI3K isoforms towards propolis. To further
confirm the specificity of propolis against PI3K, we assessed the effect of propolis extract against
several other kinases. Propolis displayed little or no effect against c-Raf, MEK1, ERK1, PDK1, and p38
kinase activity (Figure 4B-F). Collectively, these results indicate that propolis is a selective and potent

inhibitory agent against PI3K.
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Figure 4. Propolis extract selectively attenuates phosphoinositide 3-kinase (PI3K) activity. Kinase
activity of (A) PI3K isoforms; (B-F) c-Raf, mitogen-activated protein kinase (MAPK)/ERK kinase 1
(MEK]1), extracellular signal-regulated kinase 1 (ERK1), phosphoinositide-dependent protein kinase-1
(PDK1), and p38« are shown after propolis extracts (PPE) treatment at the indicated concentrations.
Data are shown as mean + S.D. ** p < 0.01, ** p < 0.001 compared with untreated control.
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3.4. Caffeic Acid Phenethyl Ester (CAPE), Quercetin, and Apigenin Are the Bioactive Components of Propolis
in Targeting PI3K

In order to identify the active components responsible for the marked suppression of PI3K activity,
we analyzed the chemical composition of propolis. The amounts of apigenin, caffeic acid, CAPE, ferulic
acid, gallic acid, naringenin, and quercetin were quantified by HPLC analysis (Table 1). We tested each
compound individually against PI3K. CAPE, quercetin, and apigenin showed strong inhibitory effects
against PI3K activity, whereas the other compounds displayed relatively minor effects on PI3K activity
(Figure 5). As propolis was able to selectively suppress PI3K activity (Figure 4A), CAPE, quercetin,
and apigenin appear to be major contributing components to the bioactivity of propolis.
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Figure 5. Differential inhibitory activity of propolis compounds against phosphoinositide 3-kinase
(PI3K). Effects of caffeic acid phenethyl ester (CAPE), quercetin, apigenin, gallic acid, caffeic acid, ferulic
acid, and naringenin on PI3K activity are shown. All compounds were treated at 5 uM. Data are shown
as mean +S.D.
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Table 1. Chemical composition of propolis extract identified by HPLC.

No. Compound mg/kg of Extract
1 Gallic acid 290.88
2 Protocatechuic acid 69.61
3 Catechin 248.37
4 Caffeic acid 868.34
5 4-Coumaric acid 2170.78
6 Ferulic acid 691.84
7 Quercetin 1070.33
8 Naringenin 504.65
9 Apigenin 2597.77
10 Caffeic acid phenethyl ester (CAPE) 9153

4. Discussion

In the current study, we have discovered that propolis exhibits protective effects against UV-induced
skin aging. Notably, the anti-skin-aging efficacy of propolis was also confirmed in ex vivo human skin
tissues, suggesting that propolis has the potential to exert its effects when applied to human subjects.
These results provide a rationale to further develop propolis as a main ingredient for skin products
designed to prevent photoaging.

Analysis of the molecular mechanism of propolis led to the identification of PI3K as a direct target
of propolis. PI3K has been reported to regulate MMP-1 expression and skin aging [7,8]. UVB activates
the PI3K/Akt signaling pathway, which induces MMP-1 in human dermal fibroblasts [8]. Propolis was
able to downregulate UVB-induced PDK1 and Akt activation, in addition to directly attenuating PI3K
activity. To validate the specificity, we also tested the inhibitory effect of propolis against the activity of
several other kinases involved in UV signaling. Propolis appears to selectively inhibit PI3K activity
compared to other kinases. In addition, based on our results, we believe that propolis has a preference
for PI3Ks containing the catalytic subunit p110c or p1105. Previous reports have shown that PI3K
can display different functions in an isoform-specific manner [20,21]. Moreover, structural analysis
on the catalytic subunits of PI3K demonstrates that each isoform has distinct structural features [5].
Thus, the differential inhibitory effects observed from propolis against PI3K isoforms may be attributed
to the unique structure of each isoform.

Flavonoids have been recognized as major active ingredients in various plants with
health-promoting effects [22,23]. Due to their structural features, multiple studies have reported that
flavonoids can directly target kinases [24]. In our study, we investigated the PI3K inhibitory potency
of flavonoids that were detected in the propolis extract. Interestingly, among the tested compounds,
CAPE, quercetin, and apigenin attenuated PI3K activity. To further understand how CAPE, quercetin,
and apigenin modulated the activity of PI3K, we have built structural models of these compounds
on PI3K. Quercetin and apigenin have the benzopyran moiety, and CAPE has the phenyl moiety
conjugated with the adjacent alkene moiety (Figure 6A). These moieties form planar structures that
resemble the adenine moiety of ATP. Molecular docking simulations located these moieties at the
hydrophobic cleft of PI3K, and their polar atoms can form hydrogen bonds with PI3K polar atoms
deep in the cleft, similar to the interaction observed between ATP and PI3K (Figure 6B). In addition,
the structural models showed that the phenyl group of CAPE can interact with the nearby hydrophobic
surface of PI3K, and the phenyl group of quercetin and apigenin can be placed at the hydrophobic cleft.
Quercetin had been successfully co-crystallized with porcine PI3K, and its derivatives were developed
as PI3K inhibitors [14]. Collectively, it appears that CAPE, quercetin, and apigenin directly bind to the
p110 submit of PI3K to modulate its kinase activity.

Although other compounds from propolis displayed structural similarities with CAPE, quercetin,
or apigenin, they exhibited minimal inhibitory effects against PI3K activity. Computational modeling
suggested that gallic acid, caffeic acid, and ferulic acid may bind to the PI3K ATP binding site, but with
reduced binding affinity (Figure S1). They have relatively small sizes and may not be able to bind
strongly enough to compete with ATP. Naringenin is structurally similar to quercetin and apigenin,
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and it can be modeled to bind to the ATP binding site (Figure S1). However, it does not have a
benzopyran moiety, and the pyran ring is reduced. This change is likely to abolish the conjugated planar
structure and reduce its binding affinity to PI3K, which could explain its lack of effect against PI3K.
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Figure 6. Structures of bioactive compounds and their structural models on phosphoinositide 3-kinase
(PI3K) (p110« catalytic subunit). (A) The 2D structures of caffeic acid phenethyl ester (CAPE), quercetin,
and apigenin. The moieties interacting with PI3K were highlighted with dashed boxes; (B) The structural
models of CAPE, quercetin, and apigenin on PI3K (p110« catalytic subunit). ATP was located on
human PI3K by superimposing the structure of porcine PI3K co-crystallized with ATP to the human
PI3K and displaying its ATP part.

Previous reports have suggested the involvement of some of the active compounds in regulating
PI3K or MMP-1. Apigenin was reported to suppress UVA-mediated MMP-1 expression in the HaCaT
cell line and promote collagen synthesis in dermal fibroblasts [25,26]. Previous studies suggested
that CAPE and quercetin can reduce UV-induced MMP-1 expression in cells and skin tissues [27,28].
Apigenin and quercetin have been shown to suppress PI3K activity [29,30]. Based on these findings,
we propose that CAPE, quercetin, and apigenin may function as major contributing factors for the
anti-skin-aging and PI3K inhibitory effects exerted by propolis.

In the current study, we have found that propolis can show anti-skin-aging effects in human
skin tissues, suggesting that the anti-skin-aging activity of propolis can be exhibited in physiological
conditions. More importantly, we have identified that propolis directly suppresses the kinase activity
of phosphoinositide 3-kinase (PI3K) and its downstream signaling pathway (Figure 7). Discovering
PI3K as the molecular target and identifying active components of propolis will aid in expanding the
therapeutic applications of propolis.
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Figure 7. Schematic diagram summarizing the molecular mechanism of propolis. PIP,,
Phosphatidylinositol 4,5-bisphosphate; PIP3, Phosphatidylinositol (3,4,5)-trisphosphate; PI3K,

phosphoinositide 3-kinase; PDK1, phosphoinositide-dependent protein kinase-1; Akt, protein kinase B;
MMP-1, matrix metalloproteinase-1.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/12/3790/s1,
Figure S1: Distribution of binding scores.
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Abstract: Melanogenesis has many important physiological functions. However, abnormal melanin
production causes various pigmentation disorders. Melanin synthesis is stimulated by x-melanocyte
stimulating hormone (x-MSH) and ultraviolet (UV) irradiation. Lotus seedpod extract (LSE) has
been reported as possessing antioxidative, anti-aging, and anticancer activities. The present study
examined the effect of LSE on melanogenesis and the involved signaling pathways in vitro and
in vivo. Results showed that non-cytotoxic doses of LSE and its main component epigallocatechin
(EGC) reduced both tyrosinase activity and melanin production in the x-MSH-induced melanoma
cells. Western blotting data revealed that LSE and EGC inhibited expressions of tyrosinase and
tyrosinase-related protein 1 (TRP-1). Phosphorylation of p38 and protein kinase A (PKA) stimulated
by «-MSH was efficiently blocked by LSE treatment. Furthermore, LSE suppressed the nuclear level of
cAMP-response element binding protein (CREB) and disturbed the activation of melanocyte inducing
transcription factor (MITF) in the a-MSH-stimulated B16FO0 cells. The in vivo study revealed that LSE
inhibited melanin production in the ear skin of C57BL/6 mice after exposure to UVB. These findings
suggested that the anti-melanogenesis of LSE involved both PKA and p38 signaling pathways. LSE is
a potent novo natural depigmenting agent for cosmetics or pharmaceutical applications.

Keywords: melanogenesis; x-MSH; UVB irradiation; lotus seedpod extract; epigallocatechin

1. Introduction

Melanin produced by melanocytes through melanogenesis directly affects the color of skin,
hair, and eyes. Besides, melanin protects the skin from ultraviolet (UV) stimulation. However,
abnormal melanogenesis causes hypo- or hyper-pigmentation disease and impacts the patient’s
quality of life. Melanogenesis is influenced by intrinsic and extrinsic factors. Intrinsic factors of
melanogenesis are resulted from overproduction of second messenger cyclic adenosine monophosphate
(cAMP) which might occur during pregnancy and inflammation [1]. The major extrinsic factor of
melanogenesis is UV radiation acting through the melanocortin-1 receptor (MC1R) that is activated by
a-melanocyte-stimulating hormone (a-MSH) [2].

Melanogenesis is triggered by UV radiation or hormone stimulation such as a-MSH and
adrenocorticotropic hormone (ACTH) or inflammation. Tyrosinase is the rate-limiting enzyme
of melanin synthesis which is responsible for catalyzing L-tyrosine hydroxylation to levodopa
(L-DOPA) [3]. Aside from tyrosinase, tyrosinase-related protein-1 (TRP-1) and tyrosinase-related
protein-2 (TRP-2), resided in melanosome, also regulate melanin production [3]. The expressions
of these enzymes were regulated by melanocyte inducing transcription factor (MITF), which
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has its specific DNA binding sequence to modulate melanocyte proliferation, differentiation,
and melanogenesis [4]. The expression and activity of MITF were modulated by cAMP-responsive
binding protein (CREB), mitogen-activated protein kinase (MAPK) family proteins, ribosomal S6 kinase
(RSK), glycogen synthase kinase-3f3 (GSK3), and p38 [5]. The binding of x-MSH to its receptor, MCIR,
triggered intracellular cAMP levels, and induced cAMP-dependent signaling pathways [6]. It has
been well established that cAMP elevation induced protein kinase A (PKA) activity and MAPK family
proteins, including extracellular signal-regulated kinase (ERK), c-Jun N terminal kinase (JNK)1/2,
and p38, were involved in melanogenesis signaling [6,7].

Nelumbo nucifera Gaertn., more commonly known as lotus, is a perennial hydrophyte which
is mainly cultivated in high temperature and humidity climate patterns such as Taiwan, Japan,
and some African countries. Most parts of lotus could be used as food or traditional Chinese
medicine. However, lotus seedpod is a non-edible part of lotus and is usually discarded after
harvest. Several studies have revealed that extract of lotus seedpods contained bioactive compounds.
Proanthocyanin has been identified in lotus seedpods extract and was reported to exert antioxidative
activity [8], antitumor activity [9], ameliorating cognitive impairment [10], inhibiting glycation [11],
anti-inflammation [12], and anti-lipotoxicity [13]. According to the analysis of previous studies, EGC is
abundant in LSE [12,14] that has been reported to have a depigmenting effect [15]. The present study
used EGC as a reference standard to compare its efficacy with LSE.

The study is aimed to investigate the melanin synthesis effect and mechanism of LSE through
invivo and in vitro studies. Murine melanoma cells were used for the in vitro study under the
induction of x-MSH. LSE or its main component EGC in various concentrations were applied to
a-MSH-induced melanocyte to investigate the melanin synthesis effect and their possible mechanisms.
Furthermore, LSE was applied topically to mice ears to confirm the melanin synthesis effect under
repetitive UVB exposure.

2. Materials and Methods

2.1. Chemical and Reagents

«-MSH, EGC, H89, SB203580, and TRIzol reagent used in the present study were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s Medium (DMEM),
fetal bovine serum, penicillin/streptomycin, L-glutamine, and trypsin-EDTA (ethylenediaminetetraacetic
acid) were purchased from Hyclone Laboratories (UT, USA). Antibodies including CREB,
ERK (extracellular signal-regulated kinases), JNK1 (c-Jun N-terminal kinases 1), JNK2 (c-Jun N-terminal
kinases 2), laminin B, MC1R, MITF, p-CREB, TRP-1, TRP-2, and tyrosinase were purchased from Santa
Cruz Biotechnology (Dallas city, TX, USA). p38 MAPK, phospho-p38 (p-p38) MAPK, phospho-JNK, PKA,
and p-PKA were purchased from Cell Signaling Technology (Beverly, MA, USA). Phospho-ERK and
[-actin were purchased from Novus Biologicals (Littleton, CO, USA). The second antibody conjugated
with horseradish peroxidase was purchased from Santa Cruz and Sigma-Aldrich.

2.2. Lotus Seedpod Extract (LSE) Preparation

The extraction of lotus seedpod was described in the previous study [12]. Briefly, dried lotus
seedpods without lotus seeds were obtained from Baihe District, Tainan City, Taiwan. Dried lotus
seedpods (100 g) were simmered in 4 L water at 95 °C for 2 h. After cooling, the aqueous extract of lotus
seedpods was evaporated under vacuum at —80 °C. The decoction was concentrated and lyophilized
as lotus seedpods extract powder (LSE) with a yield of about 18.4% from dried material. LSE powder
was stored at —20 °C before use. The compounds of LSE have been identified and reported in the
previous study [12].

2.3. Cell Culture

Murine melanoma cells B16F0 were purchased from Bioresource Collection and Research Center
(Food Industry Research and Development Institute, Hsinchu City, Taiwan). B16F0 cells were cultured
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in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% glutamine at 37 °C in a 5%
CO, humidified incubator.

2.4. Cell Viability Assay

B16F0 cells were seeded in a 6-well plate (2 x 10° cells/well) for 24 h. LSE was dissolved in
deionized water with an equal volume of ethanol before use. EGC was prepared in deionized water.
The cells were treated with/without LSE (5, 10, 15, 20, 25 ug/mL) or EGC (5, 10, 15, 20, 25 uM) for 48 h.
Cell viability assay was analyzed by trypan blue, and live cells were measured and expressed as % of
cell growth.

2.5. Tyrosinase Activity Assay

Tyrosinase activity assay was modified from the method described previously [16]. B16FO0 cells
were seeded in a 6-well plate (2 X 10° cells/well) and treated with 1 uM o-MSH with/without LSE
(10, 15, 20 pg/mL) and 15 uM EGC. After 48 h of incubation, cells were harvested by trypsin-EDTA
and collected into a centrifuge tube. After being centrifuged, the cell pellet was washed with PBS
twice and homogenized with PBS buffer containing 1% Triton X-100. Cell lysate (100 uL) and 2 uM
L-DOPA in equal volume were mixed in a 96-well plate at 37 °C for 60 min. Tyrosinase activity in
each treatment was determined at absorbance 490 nm with a SpectraMax M5/M5 Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA). Chemiluminescence (ECL) reagent was obtained from
Millipore (Burlington, MA, USA). The tyrosinase activity of a-MSH-induced B16F0 cells with LSE,
H89, and SB203580 treatment was assessed by the same method. The concentration of H89 or SB203580
was used according to the previous studies [17,18].

2.6. Melanin Content Assay

Melanin content assay was measured according to the method of Park et al. [19]. a-MSH-induced
B16FO0 cells were treated with/without LSE, EGC, H89, or SB 203580 for 48 h. The cell pellet was washed
with PBS twice, and then 500 pL. 1N NaOH was added and incubated at 80 °C for 1 h. Melanin content
was measured at absorbance 409 nm with a microplate reader (SpectraMax M5/M5 Microplate Reader,
Molecular Devices, Sunnyvale, CA, USA) and calculated from the melanin standard curve using
synthetic melanin.

2.7. Cyclic AMP Assay

The intracellular cAAMP level was measured by Cyclic AMP ELISA Kit (cat#581001, Cayman Chemical
Company, Ann Arbor, MI, USA). According to the manufacturer’s instruction, cell lysate and
cAMP-acetylcholinesterase (AChE) conjugate (CAMP tracer) were added and reacted in the pre-coated
microplate. After washout with wash buffer, Ellman’s reagent, which contained the substrate of cAMP
tracer, was added to wells and incubated for 90 min. The absorbance was measured at 412 nm with a
microplate reader (SpectraMax M5/M5 Microplate Reader, Molecular Devices, Sunnyvale, CA, USA).

2.8. Real-Time PCR for Analyzing mRNA Levels

Primer sequences used in the present study were shown in Table 1. Total RNA was isolated from
B16F0 cells by TRIzol reagent according to the manufacturer’s instructions. cDNA was synthesized from
total RNA using the GoScript™ Reverse Transcriptase System (Thermo Scientific, Rockford, IL, USA).
The amplification of cDNA was performed using Power SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, USA) and detected by the StepOne™ Real-Time System using the comparative Ct
(cycle threshold) method. Ct value in each sample was determined and normalized by the Ct value of
Gapdh (ACt). The gene expression levels were calculated by the 2"22Ct method. Every experiment was
conducted in triplicate.
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Table 1. Primer sequence of the target genes for real-time PCR.

Gene Sequence

Forward: 5-CACCTGAGGGACCACTATTACG-3’
Reverse: 5-GGCAGTTCTATCCATTGATCCAG-3’

Forward: 5'-ATGAAATCTTACAACGTCCTCCC-3"

Tyrosinase

Trp-1 Reverse: 5-TGGCACACTCTCGTGGAAACTGA-3'
Ty Forward: 5'-CTTCAACCGGACATGCAAATGC-3/
e Reverse: 5-GCTTCTTCCGATTACAGTCGGG-3’
Met Forward: 5'-CTATGCGCTGCGTTATCACAG-3’
e Reverse: 5’-AAAGAAAGTGACGAGGCAGAG-3’
Forward: 5'-AGGTCGGTGTGAACGGATTTG-3/
Gapdh

Reverse: 5'-GGGGTCGTTGATGGCAACAAT-3’

2.9. Electrophoretic Mobility Shift Assay (EMSA)

Cell nucleus was isolated by the Mitochondria isolation kit for mammalian cells (cat#89874,
Thermo Scientific, Rockford, IL, USA). The DNA-binding activity of CREB and MITF was assessed
by EMSA. The sequences of DNA probe were listed in Table 2. Cell nuclear protein (10 pL) was
mixed with 1 uL poly (dI-dC), 2 pL biotin-DNA probe, loading buffer, and binding buffer for the
binding reaction. Protein and DNA complexes were separated by 8% negative-TBE (tris borate EDTA)
PAGE (polyacrylamide gel electrophoresis) and transferred to a positive-charged nylon membrane.
Crosslinking of the transferred membrane was performed under 1200 mJ/em? of UV light. The band shift
was visualized by chemiluminescence and quantified via ImageQuant™ LAS 4000 mini (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden).

Table 2. Sequence of DNA probe.

Gene Sequence

Forward: AGAGA TTGCC TGACG TCAGA GAGGT AG-5’ Biotin
Reverse: CTAGC TCTCT GACGT CAGGC AATCT CT-5’ Biotin

Forward: ACTAC AACAC GTGTA GGCCA-5’ Biotin
Reverse: TGGCC TACAC GTGTT GTAGT 5’-Biotin

CREB

MITF

2.10. Animal and Experimental Design

Male C57BL/6 mice were purchased from the National Laboratory Animal Center (National Science
Council, Taipei City, Taiwan). The animal procedure was approved and complied with the Chung Shan
Medical University Animal Care Committee (IAUCC: 1255). Mice were housed in a constant humidity
(55% + 2%) and temperature (22 + 2 °C) control room with a 12-h light/dark cycle. Food and drink
(water) were given ad libitum during the experiment. Mice were randomly divided into five groups
(n =>5) after adaptation for a week. The experimental groups were as follows: control group, UVB group,
UVB + LSE 1.25 mg/cm? group, UVB + LSE 2.5 mg/cm? group, and UVB + EGC 2 mM/cm? group.
LSE was dissolved in an equal volume of water and alcohol and EGC in DMSO (dimethyl sulfoxide)
before use. Mice ears were topically applied with LSE (1.25 mg/cm? and 2.5 mg/cm?) or 2 mM/cm?
EGC before exposure to UVB. After about 30 min for the moisture to evaporate, mice were exposed to
UVB irradiation (100 mJ/cm?2). The UVB irradiation was conducted three times a week for 8 weeks and
LSE or EGC was applied before UVB exposure. After 8 weeks of treatment, mice were sacrificed by
carbon-dioxide asphyxiation followed by exsanguinations, and ear tissues were collected for melanin
content and Western blot analysis.

2.11. Western Blotting

Mice ear skin tissue (1.5 g) was homogenized by RIPA buffer (radioimmunoprecipitation assay
buffer) and centrifuged at 12,000x g for 10 min at 4 °C. The supernatant was transferred to a new
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microtube and stored at —80 °C before use. Protein concentrations in cell lysates or animal tissues were
quantified by a Dual-Range™ BCA Protein Assay Kit (Energenesis Biomedical Co., LTD, Taipei city,
Taiwan). Proteins (20-50 ug) were separated by SDS-PAGE and transferred to nitrocellulose paper.
The membranes were blocked with 5% skim milk at 4 °C for 1-2 h before being incubated with primary
antibody overnight at 4 °C. The appropriate horseradish peroxidase-conjugated secondary antibodies
were incubated for 2 h at 4 °C. -actin and laminin B were used as internal controls. Protein bands were
visualized by enhanced chemiluminescence reagent. Protein levels were quantified by ImageQuant™
LAS 4000 mini (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

2.12. Statistical Analysis

Three or more separate experiments were performed. Data are reported as means + standard
deviation (SD) of three independent experiments. Student’s t-test was used for the analysis between
two groups with only one factor involved. For the experiments of dose response of LSE or EGC,
one-way analysis of variance (ANOVA) with post-hoc Dunnett’s test was used to calculate the p-value
for each dose treatment compared to the x-MSH-treated group (x-MSH alone, without LSE or EGC),
and regression was used to test the p-value of the dependency of a parameter to dosage. Significant
differences were established at p < 0.05.

3. Results

3.1. Effect of LSE and EGC on Cell Viability in B16F0 Cells

The cell viability of B16F0 cells treated with different LSE and ECG concentrations is shown in
Figure 1a,b. After being treated for 48 h, the survival rate was significantly decreased by 27% in
25 ug/mL LSE (Figure 1a). The survival rate of EGC treatment was significantly reduced by 36% in
the 25 uM EGC group (Figure 1b). The concentrations of LSE below 20 ug/mL and EGC below 20 uM
showed no cytotoxicity and were selected for investigating melanin formation.
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Figure 1. Effect of LSE or EGC on B16FO0 cell viability. B16F0 cells were treated with various
concentrations of (a) LSE (0, 5, 10, 15, 20, 25 ug/mL) and (b) EGC (0, 5, 10, 15, 20, 25 uM) for 48 h.
The number of cells was counted by trypan blue dye exclusion assay. LSE: lotus seedpod extract.
EGC: epigallocatechin. Values represent the mean + SD of three independent experiments. ** p < 0.01,
compared with control via one-way ANOVA with post-hoc Dunnett’s test.

3.2. Effect of LSE and EGC on Melanin Formation and Tyrosinase Activity in a-MSH-Induced B16F0 Cells

Melanin formation in the x-MSH-induced B16F0 cells treated with various LSE and EGC
concentrations is revealed in Figure 2a,b. LSE of 10, 15, and 20 pg/mL doses significantly suppressed
the melanin production in a-MSH-induced B16FO0 cells, especially in 15 and 20 ug/mL LSE treatments
whose cell pellets showed lighter colors (Figure 2a). Treatments of 10 uM and 15 uM EGC had
significantly decreased melanin content when compared to the x-MSH group. Tyrosinase activities
in LSE and EGC treatments were assessed and the results are shown in Figure 2b. According to the
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results, 10, 15, and 20 ug/mL LSE significantly inhibited 65%, 76%, and 112% tyrosinase activity in
the a-MSH-induced B16FO cells (Figure 2¢c). EGC treatment (15 uM) suppressed 47% of tyrosinase
activity (Figure 2c). The results suggested that LSE and EGC reduced melanin production through
repressing tyrosinase activity. Tyrosinase, TRP-1, and TRP-2 are important enzymes for catalyzing
melanin formation in melanosome. The protein and mRNA levels in each group were analyzed and
revealed in Figure 2d,e. Tyrosinase and TRP-1 protein and mRNA levels were significantly increased
by o-MSH stimulation when compared with the control group, while TRP-2 protein and mRNA levels
were similar to the control group. Tyrosinase protein and mRNA levels in 15 and 20 pug/mL LSE and
15 uM EGC treatments were significantly decreased in «-MSH-induced B16F0 cells. TRP-1 protein
levels were significantly reduced by 66% and 69% by 15 and 20 ug/mL LSE (Figure 2d). LSE in 10,
15, and 20 pg/mL as well as 15 uM EGC treatments significantly inhibited TRP-1 mRNA levels by
196%, 207%, 256%, and 153% respectively, in x-MSH-induced B16FO0 cells (Figure 2e). TRP-2 protein
and mRNA expression remained unchanged after LSE and EGC treatments. Based on these results,
LSE and EGC inhibited melanin formation through inhibiting tyrosinase and TRP-1.

3.3. Effect of LSE and EGC on cAMP/PKA Signaling Pathway and MAPK Pathway in a-MSH-Induced
B16F0 Cells

The MCIR protein and mRNA levels were investigated in LSE and EGC treatments. As shown
in Figure 3a, «-MSH induced MCI1R protein expressions but were markedly reduced by 126%, 142%,
and 106% in 15 and 20 pug/mL LSE and 15 uM EGC treatments, respectively. MCIR gene expressions
were analyzed by RT-PCR to evaluate the inhibitory effects of LSE and EGC. The results revealed
that LSE and EGC treatments significantly repressed MC1R gene expressions by 143%, 153%, 168%,
and 120% (Figure 3b). The binding of a-MSH to its receptor stimulated intracellular cAMP and PKA
activation, and the downstream signal transduction of MC1R [20]. In agreement with the previous
study, intracellular cAMP was significantly elevated by 70% in the x-MSH group when compared
with the control group (Figure 3c). Treatments of 10, 15, and 20 pug/mL LSE markedly suppressed 66%,
95%, and 94% of cAMP level compared to that of the a-MSH group (Figure 3c). The cAMP level was
decreased by 69% in the 15 uM EGC group. The ratio of phosphorylated PKA (p-PKA)/PKA was
significantly elevated in the x-MSH group but reduced in 15 ug/mL and 20 ug/mL LSE and 15 uM EGC
treatments (Figure 3d). In addition to the cAMP/PKA signaling pathway, the involvement of the MAPK
pathway in the regulation was investigated by assessing ERK, p38, and JNK in a-MSH-induced B16F0
cells in the presence or absence of LSE and EGC. As shown in Figure 3e, p-ERK/ERK, p-JNK1/JNK1,
and p-JNK2/JNK2 in the a-MSH-induced B16F0 cells revealed no change by LSE or EGC treatments.
The p-p38/p38 level was increased by 31% in the x-MSH group but significantly reduced by 91% and
73% in 15 and 20 pg/mL LSE treatments. These data indicated that LSE treatment, especially in 15
and 20 pg/mL, suppressed melanogenesis in the a-MSH-induced B16F0 cells through regulating the
cAMP/PKA signaling pathway and p-p38.
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Figure 2. Effect of LSE or EGC on a-MSH-induced melanogenesis and tyrosinase activity in B16F0
melanoma cells. Cell pellets and melanin content of a-MSH-induced B16FO0 cells treated with different
concentrations of (a) LSE and (b) EGC. (c) Tyrosinase activity of B16F0 cells treated with LSE and EGC in
various concentrations. (d) Tyrosinase, TRP-1, and TRP-2 proteins were analyzed by Western blotting.
[3-actin served as an internal control. (e) Tyrosinase, Trp-1, Trp-2 mRNA levels were analyzed by real-time
PCR. «-MSH: a-melanocyte-stimulating hormone. LSE: lotus seedpod extract. EGC: epigallocatechin.
TRP: tyrosinase-related protein. Values represent the mean + SD of three independent experiments.
## p < 0.01 compared with control via student’s t-test. * p < 0.05, ** p < 0.01, compared with o-MSH-treated
group via one-way ANOVA with post-hoc Dunnett’s test or via student’s t-test. +: added. -: non-added.

91



Nutrients 2020, 12, 3535

a-MSH . + + + + +
LSE(pg/mL) 10 15 20
EGC(pM) - - - - - 15
MCIR |-‘"- -«q-l
p-actin I — — c— — — — I
20
##

= s

s *

= sk

(] ¥

R0 H

£

2

o

E 05

00

a-MSH - T
LSE(pg/mL) 10 15 20
EGCuM

(a)

;
gl
.
°
E 08
<ol
£,
E oa
a-MSH - +
LSE(ug/mL)
EGC(uM)

(b)

1

*x *x

20
200 ##
g
150
£
% 100
50
o
o-MSH - +
LSE(ug/mL)
EGC(uM)
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ERK: extracellular signal-regulated kinases. JNK: c-Jun N-terminal kinases. cAMP: cyclic adenosine
monophosphate. Values represent mean = SD of three independent experiments. # p < 0.01 compared
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3.4. Effect of LSE and EGC on MITF and CREB in a-MSH-Induced B16FO0 Cells

Based on the results, LSE inhibited melanin synthesis through the cAMP/PKA pathway and
p-p38. A previous study revealed that activated PKA phosphorylated CREB and MITF to promote
melanogenesis gene expressions [21]. The present study analyzed CREB and MITF in the nucleus
extracts of B16FO cells. As shown in Figure 4a, the ratios of phosphorylated CREB (p-CREB)/CREB
and MITF were significantly higher in the a-MSH-induced B16F0 cells than in the control group,
while nucleus p-CREB/CREB levels were significantly reduced by 75%, 77%, and 98% in 10, 15,
and 20 pg/mL LSE groups, and nucleus MITF levels were decreased in the LSE groups, especially or
15 pg/mL and 20 pg/mL, by 98% and 124%, as compared to the x-MSH group (Figure 4a). The EGC
(15 uM)-treated group suppressed nucleus p-CREB/CREB protein levels but not MITF expression.
To further confirm whether LSE or EGC treatment interfered with CREB or MITF binding to their
promoters, EMSA was performed for analysis, and the results are shown in Figure 4b,c. The second lane
in Figure 4b,c reveals that the biotin-labeled CREB or MITF probe was bound to the respective promoter
and formed a DNA complex. According to the results, «-MSH stimulated CREB and MITF binding to
the promoters 23% and 118% more than the control group (Figure 4b,c, lane 3). Compared with «-MSH
(lane 3), 20 pg/mL LSE and 15 tM EGC significantly reduced CREB/DNA complex to 129% and 90%,
respectively (Figure 4b, lanes 5 and 6). Besides, the MITF/DNA complex was significantly inhibited by
10, 15, and 20 pg/mL LSE and 15 uM EGC (Figure 4c, lanes 3 to 6). These results indicated that LSE and
EGC interfered with the CREB and MITF binding to their promoters to regulate tyrosinase and Tyrp1
gene expressions.

3.5. LSE Repressed Melanogenesis through Inhibiting PKA and p38 Signling Pathways

To further confirm the involvement of PKA and p-p38 pathways in the melanogenesis inhibition
of LSE, PKA inhibitor, H89, and p38 inhibitor, SB203580, were used for investigation. To begin with,
10 uM H89 or 5 uM SB203580 was treated along with a-MSH to confirm the inhibition of PKA and p38.
As shown in Figure 5a, H89 and SB203580 significantly inhibited p-PKA/PKA and p-p38/p38 levels in
the a-MSH-induced B16FO0 cells. LSE alone reduced p-PKA/PKA to 38% and p-p38/p38 to 60% of those
of x-MSH treatment (Figure 5a). LSE (15 pug/mL) along with H89 and SB203580 significantly repressed
PKA and p38 activation by 221% and 148%, respectively (Figure 5a). Next, melanin content and
tyrosinase activity in various treatments were shown, as in Figure 5b,c. The ability to reduce melanin
content and tyrosinase activity by 15 ug/mL LSE was similar to H89 (Figure 5b,c). Tyrosinase and
TRP-1 protein levels were significantly reduced by LSE with/without inhibitors in the x-MSH-induced
B16FO cells (Figure 5d). Nucleus extract of each treatment was analyzed to assess if LSE or inhibitors
altered CREB and MITF expressions in the nucleus. The results are shown in Figure 5e: LSE alone or
with inhibitors significantly decreased CREB phosphorylation and MITF levels in the x-MSH-induced
B16FO cells. According to these results, 15 ug/mL LSE inhibited melanin synthesis via repressing PKA
and p38 and their downstream signaling pathways.
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Figure 4. Effects of LSE on «-MSH-induced nuclear levels of p-CREB and MITF in B16F0 cells.
(a) p-CREB/CREB and MITF levels were affected by LSE and EGC treatment, which was analyzed
via Western blotting. Lamin B served as an internal control of nuclear fraction. (b) DNA-binding
CREB activity of nucleus extracts which used biotin-labelled CREB-specific oligonucleotides by
EMSA. (c) The nuclear extracts were analyzed for DNA-binding MITF activity of nucleus extracts,
which used biotin-labelled MITF-specific oligonucleotides by EMSA. Lane 1 represents nuclear extracts
incubated with unlabeled oligonucleotide (free probe) to confirm the specificity of binding. a-MSH:
a-melanocyte-stimulating hormone. LSE: lotus seedpod extract. EGC: epigallocatechin. CREB:
cAMP-response element binding protein. MITF: melanocyte inducing transcription factor. The results
represent mean =+ SD of three independent experiments and the significant difference was expressed

s " p < 0.01 compared with control via student’s t-test. * p < 0.05, ** p < 0.01, compared with
the a-MSH-treated group via one-way ANOVA with post-hoc Dunnett’s test or via student’s ¢-test.
+: added. -: non-added.
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Figure 5. Effects of LSE, H89, and SB203580 on a-MSH-induced melanogenesis and tyrosinase in
B16FO cells. a-MSH-stimulated B16F0 cells were treated with 15 pg/mL of LSE or 10 uM of H89
(PKA inhibitor) or 5 uM of SB203580 (p38 inhibitor) for 48 h. (a) p-PKA, PKA, p-p38, and p38 protein
levels were analyzed by Western blotting. 3-actin served as an internal control. (b) Melanin content
and (c) tyrosinase activity were determined in various treatments. (d) Tyrosinase and TRP-1 proteins
were analyzed by Western blotting. 3-actin served as an internal control. (e) The expression of p-CREB
and MITF in the nucleus were determined by Western blotting. Lamin B served as an internal control
of nuclear fraction. x-MSH: x-melanocyte-stimulating hormone. LSE: lotus seedpod extract. EGC:
epigallocatechin. PKA: protein kinase A. TRP: tyrosinase-related protein. CREB: cAMP-response
element binding protein. MITF: melanocyte inducing transcription factor. Values represent mean + SD
of three independent experiments. # p < 0.01 compared with control via student’s t-test. * p < 0.05,
**p <0.01, compared with the x-MSH-treated group via student’s t-test. +: added. -: non-added.
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3.6. LSE and EGC Suppressed Melanin Synthesis Induced by UVB-Irridiation in Mice

According to the anti-melanogenesis mechanism of LSE and EGC in a-MSH-induced B16FO cells,
an animal study was designed to investigate the in vivo effect of LSE and EGC on melanin synthesis
induced by UVB radiation. The dose of LSE applied on mouse ears was calculated by dividing
10 pg/mL, 20 ug/mL LSE, and 15 uM EGC treated to B16FO cells by the culture dish area and to infer
the amount of LSE from each cell exposed, then magnify it thousand times. Thus, the doses of LSE and
EGC were 1.25 mg/cm?, 2.5 mg/cm?, and 2 mM/cm?, respectively. Mouse ear skin was analyzed by
western blot to evaluate the molecular mechanism of LSE in melanin synthesis. Mouse ear samples
were treated with 1 M NaOH at 80 °C for 1 h to dissolve melanin for content determination (Figure 6a).
As shown in Figure 6a, melanin content in UVB irradiation treatment was significantly increased by 79%
when compared with the control group. LSE of 1.25 mg/cm? and 2.5 mg/cm? treatments before UVB
irradiation markedly reduced melanin content by 70% and 93% when compared with the UVB group
(Figure 6a). Melanin content in 2 mM/cm? EGC treatment was 74% lower than that of the UVB group.
To determine the molecular pathway of melanin synthesis, tyrosinase, TRP-1 and 2, PKA, and p38
protein levels were analyzed by Western blot. Similar to the in vitro studies, when compared with the
UVB group, tyrosinase and TRP-1 expressions in 1.25 mg/cm? and 2.5 mg/cm? LSE were significantly
decreased, while there was no change in TRP-2 (Figure 6b). EGC (2 mM/cm?) revealed similar results
with 2.5 mg/cm? LSE treatment (Figure 6b). PKA and p38 phosphorylation were stimulated after
UVB irradiation but were suppressed by 1.25 mg/cm? and 2.5 mg/cm? LSE as well as 2 mM/cm? EGC
treatment (Figure 6¢). Consistent with the in vitro study, the in vivo study revealed that LSE and EGC
treatment suppressed PKA and p38 phosphorylation that consequently reduced melanin synthesis
after UVB irradiation.

4. Discussion

The present study investigated the anti-melanogenic effect of LSE intervention through in vitro
and in vivo studies. Itis the first study of LSE on melanogenesis. We investigated the non-toxic dose of
LSE in B16FO cells and selected 10, 15, and 20 pg/mL LSE, which reduced the melanin content without
cytotoxicity. The possible anti-melanogenesis molecular pathways were analyzed in 15 and 20 pg/mL
LSE and 15 uM EGC. We further confirmed the anti-melanogenetic effect of LSE via topical application
to mouse ears. The results of both studies revealed that LSE reduced melanin synthesis by regulating
CREB phosphorylation and MITF to inhibit tyrosinase and TRP-1 activity and expressions.

Our previous study analyzed LSE by liquid chromatography and found that its most abundant
polyphenol was EGC [12]. The concentrations of LSE (10, 15, and 20 ug/mL) used in the present
study were equivalent to 5.39, 7.1, and 8.9 uM EGC, respectively. The depigmenting effect of EGC in
10 and 20 puM has been reported to be significant in suppressing tyrosinase activity [15]. However,
EGC 20 uM showed cytotoxicity when compared with the control group (Figure 1b). EGC 15 uM is
equivalent to 25 pug/mL LSE, which revealed cytotoxicity to B16FO0 cells. Hence, 15 uM EGC was used
in the present study as a reference standard and we compared its efficacy on melanogenesis with LSE.
According to the results, LSE and EGC treatment reduced melanin content in the x-MSH-induced
B16FO0 cells by suppressing tyrosinase activity and the expressions of tyrosinase and TRP-1, both of
which were critical enzymes of melanin synthesis and were modulated by MC1R-induced downstream
signaling pathways [21,22]. The binding of x-MSH to its receptor MCIR induced cAMP elevation,
as the second messenger, to activate PKA [23]. Besides, p38 has been reported, whose activity was
cAMP-dependent and regulated melanogenesis and proliferation of the a-MSH-induced melanoma
cells [24]. Consistent with previous studies, the inhibition of melanin synthesis by LSE involved the
cAMP/PKA signaling pathway and p38 phosphorylation (Figure 3) in the c-MSH-induced B16F0 cells.
Activated PKA increased CREB phosphorylation that bound to its specific sequence to promote MITF
expression [2]. MITF is an important transcription factor of melanogenesis including Tyrosinase and
Tyrp1 [23], proliferation, and differentiation [25]. The activation or degradation of MITF was concerned
with the MAPK pathway [25]. The present study found that LSE reduced CREB phosphorylation
and MITF levels in the nucleus, and whose DNA binding complexes were significantly decreased in
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the x-MSH-induced melanocyte (Figure 3). These results suggested that the inhibitory effects of LSE
on cAMP/PKA signaling and p38 phosphorylation contributed to the downregulation of CREB and
MITF activity binding to their promotor sites, that consequently decreased Tyrosinase, Tyrp1, and Mclr
expression levels and resulted in reducing melanin content. Compared with EGC, LSE in 15 and
20 pg/mL showed stronger inhibition effects in melanin production. This result indicates that there are
still unknown compounds in LSE which are potent in depigmentation or synergistically working with
EGC on melanin synthesis.
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Figure 6. Effect of LSE and EGC on UVB-induced melanogenesis in mice ears. (a) Melanin content
contained in mice ears with different treatments. (b) Tyrosinase, TRP-1, and TRP-2 proteins and (c) p-PKA,
PKA, p-p38, and p38 proteins in ear tissues were analyzed by Western blotting. 3-actin served as an
internal control. UVB: ultraviolet radiation b. LSE: lotus seedpod extract. EGC: epigallocatechin. PKA:
protein kinase A. TRP: tyrosinase-related protein. Values represent mean + SD of three independent
experiments. *# p < 0.01 compared with control via student’s t-test. * p < 0.05, ** p < 0.01, compared with
UVB-treated group via one-way ANOVA with post-hoc Dunnett’s test or via student’s ¢-test. +: added.
-:non-added.

To investigate the potency of LSE under the inhibitor of PKA or p38 on the mechanism of melanin
synthesis, 15 ug/mL LSE were combined with/without H89 and SB203580 for the treatments. Based on
the results, the PKA inhibition effect of 15 ug/mL LSE was less than H89, while equivalent to SB203580
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on p38 inhibition. The pPKA/PKA level was reduced in the combination of 15 pg/mL LSE and SB203580,
which indicated that LSE could suppress both PKA and p38 activation (Figure 5a). Although 15 pg/mL
LSE and H89 inhibited tyrosinase and TRP-1 expressions in the a-MSH-induced melanocyte, 15 pg/mL
LSE was equivalent to H89 on suppressing tyrosinase but weaker than H89 on TRP-1 inhibition
(Figure 5d). SB203580 revealed no effect on both but significantly reduced when treated with LSE
(Figure 5d). The changes of tyrosinase and TRP-1 levels in different treatments were in a similar trend
as the results in Figure 5b,c. The melanin synthesis inhibition of 15 pg/mL LSE was equivalent to
HB89 but was more potent than SB203580. The inhibition effect of 15 ug/mL LSE on CREB and MITF
expressions in the nucleus revealed equivalent outcomes as H89 or SB203580 alone (Figure 5e). Besides,
the combination of LSE and H89 or SB203580 showed a stronger inhibitory effect on CREB and MITF.
Based on the experiment, the anti-melanogenesis effect of LSE was mainly through reducing PKA and
P38 activity that consequently decreased CREB and MITF on regulating melanin synthesis-related
gene expressions.

To further confirm the anti-melanogenesis potential of the LSE in vivo, the well-established animal
model of UV-induced hyperpigmentation in the C57BL/6 mouse skin was utilized to analyze the
effect of extract on melanin production and melanogenesis signaling. The process of melanogenesis,
including melanin synthesis and distribution, not only constitutes a complex series of enzymatic
and chemical reactions, but is also implicated in the cellular interaction of skin layers [7,26]. It has
been reported that pigments formed in melanocyte melanosomes are then stored in the basal layer of
epidermal cells, as well as in dermal macrophages, which become melanophores [27]. In agreement with
these reports, the results of the in vivo experiments in this study showed that UVB induced melanin
synthesis, whereas LSE or EGC treatments decreased melanin content in the mixture of epidermis
and dermis of the mouse ear (Figure 6a). Furthermore, the key enzymes of melanogenesis signaling,
tyrosinase and TRP-1, decreased in the 1.25 mg/cm? and 2.5 mg/cm? LSE treatments. The changes
of tyrosinase and TRP-1 but not of TRP-2 in the LSE treatment were observed in both in vivo and
in vitro studies. This is probably related to different functions of TRP-1 and TRP-2, although whose
amino acid had high structural and sequence similarity with tyrosinase [28]. It has been reported
that TRP-1 was involved in stabilizing and activating tyrosinase and melanosome during melanin
synthesis [3]. The abnormal changes of TRP-1 led to pigmentation disorders such as Vitiligo and
Oculocutaneous albinism [21]. TRP-2 was also required for melanin synthesis [3], but its biological
function still needs to be clarified. It has been suggested that there is a requirement of TRP-1 for
melanin synthesis. LSE suppressed both tyrosinase and TRP-1, which demonstrated that LSE effectively
inhibited pigmentation. A previous study reported that UVB-induced melanogenesis was mediated
by PKA and p38 pathways [29]. Based on the results, phosphorylated PKA and p38 were increased
after repetitive UVB exposure, whereas both were reduced by 1.25 mg/cm? and 2.5 mg/cm? LSE
treatment. The activity of PKA and p38 regulated CREB and MITF in the nucleus and thus affected
pigmenting gene expressions. Consistent with the in vitro study, 1.25 mg/cm? and 2.5 mg/cm? LSE
treatments suppressed melanogenesis by inhibiting PKA and p38 activation. Earlier studies have
shown that the melanin production in melanocytes is influenced by keratinocytes and fibroblasts [30,31].
Primary melanocytes and keratinocytes have some drawbacks such as the limited proliferation capacity
and the donor variability [31]. Primary murine melanocytes defective at the Mclr locus have been
historically difficult to culture in vitro [32]. Their poor growth has been attributed to faulty MSH
responsiveness and decreased survival. Accordingly, current protocols for culturing primary murine
melanocytes rely on pharmacologic manipulation [32]. Thus, the use of immortalized cell lines would
be more suitable for investigating the effects of pigmentation regulators. B16 melanoma cells have
been used widely in the pigmentation research model for normal melanocytes’ behavior. In addition,
B16FO cells were less malignant compared with other B16 melanoma sublines, suggesting that this
clone was similar to normal melanocytes. Consistent with this is the demonstration by Bellei et al.,
showing a similar response of B16F0 and normal human melanocytes to promote melanogenesis when
stimulating with various GSK3-specific inhibitors [33]. Hwang et al. used the human epidermal
melanocytes to explore the possible mechanism of maclurin, a natural xanthone, on melanin synthesis
inhibition, including p38- and PKA-mediated signaling [34]. As the present study was a preliminary
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one to investigate the effects of LSE on melanogenesis, the effect of the extract upon normal melanocytes
and UV irradiation on epidermal melanocytes separated from the dermis would be interesting to
validate the photoprotective mechanism and thereby, needs to be explored in the future.

5. Conclusions

In summary, the present study first identified the melanin synthesis inhibition mechanism of LSE
in the a-MSH-induced B16F0 cells through inhibiting PKA and p38 signaling pathways to repress
melanin synthesis-related gene expressions. Consistent with the in vitro study, the inhibition effect
of LSE was further confirmed in mouse ear skin. In conclusion, LSE possesses the potent efficacy of
anti-melanogenesis and could be a novo depigmenting agent for cosmetics or pharmaceutical applications.
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Abstract: Atopic dermatitis (AD) is an allergic and chronic inflammatory skin disease. The present
study investigates the anti-allergic, antioxidant, and anti-inflammatory activities of the ethanolic
extract of Cornus officinalis (COFE) for possible applications in the treatment of AD. COFE inhibits the
release of 3-hexosaminidase from RBL-2H3 cells sensitized with the dinitrophenyl-immunoglobulin
E (IgE-DNP) antibody after stimulation with dinitrophenyl-human serum albumin (DNP-HSA) in
a concentration-dependent manner (ICsy = 0.178 mg/mL). Antioxidant activity determined using
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, ferric reducing antioxidant power
assay, and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) scavenging activity, result in
ECs values of 1.82, 10.76, and 0.6 mg/mL, respectively. Moreover, the extract significantly inhibits
lipopolysaccharide (LPS)-induced nitric oxide (NO) production and the mRNA expression of iNOS
and pro-inflammatory cytokines (IL-1f3, IL-6, and TNF-«) through attenuation of NF-«B activation
in RAW 264.7 cells. COFE significantly inhibits TNF-x-induced apoptosis in HaCaT cells without
cytotoxic effects (p < 0.05). Furthermore, 2-furancarboxaldehyde and loganin are identified by
gas chromatography/mass spectrometry (GC-MS) and liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis, respectively, as the major compounds. Molecular docking
analysis shows that loganin, cornuside, and naringenin 7-O-3-D-glucoside could potentially disrupt
the binding of IgE to human high-affinity IgE receptors (FceRI). Our results suggest that COFE might
possess potential inhibitory effects on allergic responses, oxidative stress, and inflammatory responses.

Keywords: anti-inflammatory activity; antioxidant activity; atopic dermatitis; Cornus officinalis;
molecular docking; human high-affinity IgE receptors

1. Introduction

Atopic dermatitis (AD) is an allergic and chronic skin inflammation condition characterized
by pruritic eczema and mechanical skin injury caused by scratching, elevated serum IgE levels,
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and markedly increased immune cells levels (eosinophils, mast cells, and lymphocytes) [1]. Particularly,
T helper 2 (Th2) cells are involved in AD development [2]. Th2 cells release cytokines such as interleukin
(IL)-4, IL-5, IL-10, and IL-13, resulting in the activation and proliferation of eosinophils and mast cells.
The resultant itching, skin scratching, mechanical skin barrier injury, and activation of immune cells,
lead to further Th2 cell activation and itching [3].

Cornus officinalis is a dogwood species native to Eastern Asia (Korea, China, and Japan). Its fruit has
been used in traditional medicine for backache, hypertension, and polyuria in Korea [4]. The protective
effect of C. officinalis, used in herbal mixture with four other plant extracts, against atopic dermatitis in
BALB/C mice was recently reported [5]. The major component of the reported herbal mixture was
C. officinalis extract, constituting 50% of the formulation. Besides, a recent review on this medicinal plant
discussed its biological properties such as antioxidant, anti-inflammatory, renal and hepatic protective,
antimicrobial, and immunomodulatory effects [6] which all play a substantial role in modulating
pathological mechanism in AD.

Previous studies almost exclusively focused on the anti-atopic, antioxidant, and anti-inflammatory
effects of the herbal mixture but not on C. officinalis used individually in the in vitro studies for AD.
This study is the first to report the potency and efficacy of the anti-atopic effects of the C. officinalis
extract in an in vitro model of AD.

2. Materials and Methods

2.1. Sample Preparation and Extraction

To prepare the ethanolic extract of C. officinalis, dried fruits of C. officinalis (50 g) (Sansooyoo,
Korea) were extracted three times with 70% ethanol (500 mL) at 65 °C for 4 h using a heating mantle.
The filtered supernatant was concentrated using a rotary evaporator. The dense supernatant was
solidified with a vacuum freeze dryer. The yield of the ethanolic extraction of C. officinalis (COFE)
was approximately 14.33% of the dried material. COFE was dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, St. Louis, MO, USA) and stored as a stock solution at =20 °C until use.

2.2. B-Hexosaminidase Release

The inhibition of 3-hexosaminidase release from a rat basophilic leukemia cell line (RBL-2H3) was
evaluated using the method described by Juckmeta et al. [7] with some modifications. Briefly, RBL-2H3
cells were seeded at 5 x 10° cells/mL and incubated for 1.5 h. RBL-2H3 cells were sensitized with
anti-dinitrophenyl-immunoglobulin E (anti-DNP IgE; 0.45 pg/mL) and incubated for 24 h. The cells
were washed with Siraganian buffer. Siraganian buffer (160 pL) was added and the cells were
incubated for 10 min at 37 °C. Different concentrations of COFE (20 uL) were added to each well to
reach a final concentration of 0, 0.003, 0.01, 0.03, 0.1, and 0.3 mg/mL, then the cells were incubated
for 10 min. Next, 20 pL of dinitrophenyl-human serum albumin (DNP-HSA, final concentration
10 pg/mL) was added to each well and the cells were incubated for another 20 min to stimulate cell
degranulation. The supernatants were transferred to 96-well plates at 50 uL/well and incubated with
50 uL of p-nitrophenyl-N-acetyl-b-D-glucosaminide (PNAG, 1 mM) in 0.1 M citrate buffer (pH 4.5) at
37 °C for 3 h. The reaction was stopped by the addition of 200 uL of the stop solution. The absorbance
was measured at 405 nm. The percentage of 3-hexosaminidase release was calculated as a percentage
of the total 3-hexosaminidase content. A brief experimental timeline of this assay is illustrated in
Supplementary Figure S1.

2.3. Antioxidant Activity

2.3.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Free Radical Scavenging Activity

The extracts scavenging activity against DPPH free radicals was evaluated using the method
described by Chang et al. [8]; ascorbic acid was used as a positive control. The presence of DPPH free
radicals was measured at 517 nm.
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2.3.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing ability of tissues was determined using a modified FRAP method [9].
The absorbance of the reaction mixture was read at 595 nm. The results were expressed as uM Trolox
equivalent (TE), as Emax value, which is the value at which the maximal effect of the sample was
obtained, and as ECs( value, which is the TE of the sample required to cause a 50% reduction in the
FRAP value.

2.3.3. Trolox Equivalent Antioxidant Capacity (TEAC) Assay

The TEAC levels were determined with the method of Rufino et al. [10], with modifications.
Trolox (10-1000 pumol TE) was used to generate the standard curve. Ten microliters of each sample
were added to 90 pL of an ABTS® solution and the absorbance was measured at 734 nm. The results
were expressed in pmol TE, as Enax value, and ECs value, which is the TE of the sample required for
the inhibition of 50% ABTS free radical activity.

2.4. Nitric Oxide (NO) Assay

RAW 264.7 cells (Korean Cell Line Bank, Seoul, Korea) at 4 x 10° cells/well were allowed to adhere
for 24 h until 80% confluency was reached. After 30 min of treatment of different extract concentrations,
the cells were incubated with lipopolysaccharide (LPS) treatment (1 ug/mL) for 18 h. NO production in
the cell culture medium was measured as nitrite (NO,) at 540 nm and quantified from a standard curve
generated from sodium nitrite (NaNO,). A brief experimental timeline of this assay was illustrated in
Supplementary Figure S1. The cytotoxicity of the extracts in RAW 264.7 cells was determined using an
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [11].

2.5. Total RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from cells using TRIzol reagent and used for cDNA synthesis with
the cDNA EcoDry Premix (Takara, Shiga, Japan). Relative mRNA levels were determined by cycler
CFX96 (Bio-Rad). PCR amplification was performed in triplicate with the following specific primers:
IL-1B3 forward (F): TGAGCACCTTCTTTTCCTTCA and reverse (R): TTGTCTAATGGGAACGTCACAC;
IL-6 F: TAATTCATATCTTCAACCAAGAGG and R: TGGTCCTTAGCCACTCCTTC; TNF-a F: CTGTAG
CCCACGTCGTAGC and R: GGTTGTCTTTGAGATCCATGC; iNOS F: TGTGGCTACCACATTG
AAGAA and R: TCATGATAACGTTTCTGGCTCTT; and p-actin F: GTCATCACTATTGGCAACGAG
and R: TTGGCATAGAGGTCTTTACGG. Real-time PCR (RT-PCR) was performed using the following
cycling conditions: enzyme activation and initial denaturation for 5 min at 95 °C and 40 cycles of
amplification at 95 °C for 10 s followed by 55 °C (IL-1 § and IL-6), 58 °C (iNOS), or 62 °C (TNF-«)
for 20 s.

2.6. Western Blot Analysis

RAW 264.7 cells were treated for 60 min with COFE (0-0.3 mg/mL) and then treated with LPS
(1 pg/mL) for 30 min (for IkBex and p-p65 protein determination), or treated with LPS (1 pug/mL) for
18 h (for iNOS protein determination) (Supplementary Figure S1). At the end of the LPS treatment,
Western blot analysis was conducted according to a reported method [12], with slight modification.
Briefly, after washing cells with ice-cold PBS, total proteins were extracted from the cell pellets using
the PRO-PREP protein extraction solution (iNtRON Biotechnology, Seongnam, Korea) according to the
manufacturer’s instruction. The lysates were centrifuged at 16,000x g for 10 min at 4 °C and stored
at —20 °C until use. Protein was then measured using the Pierce™ BCA assay kit (ThermoFisher
Scientific, Waltham, United States), with bovine serum albumin as a standard and then separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in 10% gels, and transferred
to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% bovine serum
albumin (BSA) in tris-buffered saline with tween-20 (TBST) for 1 h at room temperature followed by
incubating with appropriate primary antibodies for 90 min at room temperature. Membranes were
washed three times and incubated for an additional 60 min with horseradish peroxidase-conjugated
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secondary antibody. The expression of IkBe and p-p65 (1:1000) (both were purchased from Cell
Signaling Technology, Danvers, MA, USA) and f-actin (Santa Cruz Biotechnology, Dallas, TX, USA) as
a loading control were visualized using Thermo Scientific™ Pierce™ ECL Western Blotting Substrate
(ThermoFisher Scientific, Waltham, MA, USA).

2.7. Flow Cytometric Analysis

The MTT assay was used to examine the cytotoxicity of COFE in HaCaT cells [11]. The absorbance
was measured at 570 nm. After TNF-« (20 ng/mL) treatment for 1 h, the cells were incubated with
different extract concentrations for 18 h. The activation of caspases 3 and 7 in HaCaT cells was detected
using the Muse Caspase-3/7 assay kit with a Muse Cell Analyzer (EMD Millipore, Billerica, MA, USA)
according to the manufacturer’s protocol. The data from the Muse Cell Analyzer were analyzed using
Muse 1.4 software (Luminex Corporation, Austin, TX, USA). A brief experimental timeline of this
assay was illustrated in Supplementary Figure S1.

2.8. Gas Chromatography/Mass Spectrometry (GC-MS) and Liquid Chromatography with Tandem Mass
Spectrometry (LC-MS/MS) Analysis

The GC-MS analysis of COFE was performed by using an HP 6890 Plus GC gas chromatograph
with a mass selective detector (MSD; HP 5973, Hewlett-Packard, California, United States). The samples
were diluted 1:1000 (v:v) with HPLC-grade dichloromethane. The samples (1 uL) were injected into
an HP-5 column. The GC oven temperature was set at 50 °C for 4 min, increased to 280 °C at a rate
of 4 °C/min, and held at the final temperature for 2 min. The velocity of the carrier gas, 99.99% He,
was 0.7 mL/min. Quantitative analysis was performed by using the area normalization method.

LC-MS analysis was performed on a Thermo Accela UHPLC system (Thermo Fisher Scientific,
San Jose, CA, USA). The samples were separated on a Waters BEH C18 column (2.1 x 150 mm, 1.7 um)
at room temperature. The mobile phase consisted of water (A) and acetonitrile (B), both with 0.1%
formic acid added. The elution gradient was set as follows: 5% B (0 min), 5% B (1 min), 70% B (20 min),
100% B (24 min), and 100% B (27 min). The flow rate was 400 pL/min and the sample loading volume
was 1 uL.. The UHPLC was coupled to an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Electron,
Bremen, Germany) via an ESI interface. The samples were analyzed in positive ion mode and the
conditions of the ESI source were the same as previously used [13].

2.9. In Vivo Toxicity Evaluation

Ten female 8-week-old Sprague-Dawley rats were obtained from Orient Bio Inc. (Gyeonggi-do,
Korea). The acute toxicity study was performed by using a previously reported method [14] with
slight modifications. Five rats per group were randomly assigned to the control and test groups.
A single dose of COFE (2000 mg/kg of body weight) was administered intragastrically according to the
OECD test guideline 423 [15]. A standard pellet diet (Hyochang Science, Daegu, Korea) and distilled
water were provided ad libitum. The animals were under constant observation for abnormal signs
and symptoms for the first 12 h after COFE administration and subsequently observed once per day
for 2 weeks. The changes in body weight and food and water intake were measured twice a week
for 14 days after treatment. The animals were sacrificed after the experimental period and the major
organs were collected and inspected for gross lesions.

2.10. Molecular Docking

To investigate the binding mode of the loganin, cornuside, and naringenin 7-O-3-D-glucoside
to human high-affinity IgE receptors (FceRI), a molecular docking analysis was performed using
the FceRI-IgE complex structure data with the protein data bank (PDB) [16] ID 2Y7Q [17].
The conformations of loganin (ZINC000003978792) and naringenin 7-O-3-D-glucoside (ZINC4097895)
were generated using a conformational search against the ZINC docking database, University of
California, San Francisco (UCSF). The cornuside (InChI Key: SMTKSCGLXONVGL-UHFFFAOYSA-N)
conformation was searched against the PubChem database. The ligand file in Structure Data File (SDF)
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format was converted to MOL format using the Openbabel software. The co-crystallized structures
were prepared using UCSF Chimera (Chimera, Version 1.12, RBVI, San Francisco, CA, USA) and
iGEMDOCK (Version 2.1; NCTU, Hsinchu City, Taiwan). Molecular docking was performed using
iGEMDOCK with the accurate docking mode. The best-docked poses were further analyzed, and 3D
structure images were prepared using UCSF Chimera.

2.11. Statistical Analysis

The IC5p and ECsj values were calculated using Prism (GraphPad Software Inc., La Jolla, CA,
USA). Statistical differences were assessed by one-way analysis of variance and Duncan’s multiple
comparisons test using Statistical Analysis Systems software (SAS Institute, Cary, NC, USA). Values of
p < 0.05 were considered statistically significant.

3. Results

3.1. Effect of COFE on DNP/IgE-Induced Degranulation in RBL-2H3 Cells

COFE suppressed the release of 3-hexosaminidase from RBL-2H3 cells in a concentration-dependent
manner (Figure 1A). A dose of 0.3 mg/mL of COFE significantly inhibited 3-hexosaminidase release (46%)
(p <0.05). The ICs value of COFE for 3-hexosaminidase release inhibition was 0.178 mg/mL, showing that
the potential anti-atopic activity occurred through the suppression of the IgE-induced degranulation of
RBL-2H3 cells.

3.2. Antioxidant Activity of COFE

Supplementary Figure S2 shows the DPPH radical scavenging activity of COFE. COFE showed
concentration-dependent DPPH radical scavenging activity from 0.1 to 10 mg/mL. Its EC5, value was
1.82 mg/mL, which is approximately six times higher than that of ascorbic acid (0.30 mg/mL). The Enax
values of COFE were 3.15 mM TE and 3.23 mM TE in the FRAP assay and ABTS assay, respectively.
Its EC5p values were 10.76 mg/mL and 0.60 mg/mL in the FRAP assay and ABTS assay, respectively.

3.3. Effect of COFE on LPS-Induced NO Production and Pro-Inflammatory Cytokines in RAW 264.7 Cells

COFE significantly inhibited LPS-induced NO production in RAW 264.7 cells in a
concentration-dependent manner (0.01-0.3 mg/mL) (p < 0.05) with an ECsy value of 0.74 mg/mL
(Figure 1B). Similarly, COFE attenuated LPS-induced iNOS mRNA expression in RAW 264.7 cells in
a concentration-dependent manner, indicating a positive correlation between the inhibition of NO
production and the suppression of iNOS mRNA expression (Figure 1C). At the tested concentrations,
COFE did not exert any cytotoxic effects on RAW 264.7 cells (data not shown). Furthermore,
COEFE inhibited LPS-induced IL-13, IL-6, and TNF-oc mRNA expression in RAW 264.7 cells in a
concentration-dependent manner (0.01-0.3 mg/mL), with Ena.x values ranging from 73% to 90%
(Figure 1D). Furthermore, the ECs, values for the inhibition of IL-1f, IL-6, and TNEF-« were 0.0007,
0.039, and 0.006 mg/mL, respectively.
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Figure 1. Anti-allergic and anti-inflammatory activity of ethanolic extract of Cornus officinalis (COFE).
(A) Evaluation of the -hexosaminidase release from RBL-2H3 cells treated with COFE (left) and
the IC5 of COFE for B-hexosaminidase release (right). (B) Effect of COFE on lipopolysaccharide
(LPS)-induced nitric oxide (NO) production. (C) iNOS mRNA expression. (D) Anti-inflammatory
cytokine gene expression. Values are expressed as the mean + SD of three independent experiments.
Letters (a—e) indicate significantly different values (p < 0.05), as determined by Duncan’s multiple
comparison test.

3.4. Effect of COFE on NF-xB Stimulation

Western blot analysis showed that LPS reduced the cytosolic IkBo expression but COFE increased it
in a concentration-dependent manner (Figure 2A). Comparably, COFE inhibited LPS-induced cytosolic
p-p65 expression. The expression of iNOS protein also showed significant reduction compared to the

LPS induced group (Supplementary Figure S3). Thus, the anti-inflammatory activity of COFE occurs
through the inhibition of NF-kB activation.
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Figure 2. Effect of COFE on LPS-induced NF-kB activation in RAW 264.7 cells (A), cell viability
(B), and TNF-«-induced apoptotic death in HaCaT cells (C,D). (A) Cells were treated with COFE
(0-0.3 mg/mL) for 60 min and then treated with LPS (1 pg/mL) for 30 min. The levels of total
IkBx and phospho-p65 (P-p65) were determined by Western blotting of the total protein of cell
lysates (1 = 3). f-actin was used as a loading control. (B) The viability of HaCaT cells treated with
increasing concentrations of COFE (0-1 mg/mL) for 24 h was evaluated using an MTT assay; LPS was
used as a control. Each sample was assayed in triplicate at each concentration. (C) After TNF-«
(20 ng/mL) treatment for 1 h, cells were incubated with the indicated concentrations of extract for
18 h. TNF-«-induced apoptosis was detected by flow cytometric analysis. The data show healthy
cells (annexin-V negative and caspase 3/7 and 7-ADD negative (lower left)), early apoptotic cells
(positive for annexin-V and caspase 3/7 and negative for 7-ADD (lower right)), late apoptotic/dead
cells (both annexin V and caspase 3/7 and 7-ADD positive (upper right)), and necrotic cells (only
7-ADD positive (upper left)) (n = 3). (D) Total apoptotic cells (early apoptotic and late apoptotic cells)
were quantified by positive staining for annexin-V or caspase 3/7 activity. Values are expressed as
the mean + SD of three independent experiments. Letters (a—f) indicate significantly different values
(p < 0.05), as determined by Duncan’s multiple comparison test.

3.5. Effect of COFE on TNF-a Induced Apoptosis in HaCaT Cells

To assess the suitability of COFE for the treatment of human AD, cytotoxicity and apoptosis were
examined in human keratinocytes. Treating HaCaT cells with COFE (0-1 mg/mL) for 24 h did not
affect their viability (Figure 2B). The impact of COFE on TNF-a-induced apoptosis in HaCaT cells was
evaluated through cytofluorometric analysis. TNF-x-induced apoptosis was estimated through the net
change in the percentage of total apoptotic cells compared with the controls (Figure 2C). After caspase 3/7
antibody treatment, TNF-a-treated samples exhibited approximately 1.5x apoptotic/dead and apoptotic
cells in comparison with untreated cells (Figure 2D). COEFE significantly reduced TNF-«-induced cell
apoptosis (p < 0.05).

3.6. Identification of the Constituent Compounds of COFE

Table 1 shows the main constituents of COFE identified by GC-MS analysis, namely
4,6-cycloheptatrien-1-one, malic acid, 2-furancarbox-aldehyde, and 2,3-dihydro-3,5-dihydroxy-
6-methyl-4H-pyran-4-one. The compounds responsible for the physiological effects in COFE were
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analyzed by LC-MS/MS and identified as loganin, cornuside, and naringenin 7-O-f-D-glucoside
(Figure 3A). Loganin, a natural flavonoid, was the major component of COFE.

Table 1. Gas chromatography/mass spectrometry (GC-MS) analysis of compounds of the ethanolic
extract of C. officinalis.

RT

o -
(Retention Time) Formula %o ID Activity
. . Antimicrobial,
3421 CeHsOy4 458 2,3-dihydro-3,5-dihydroxy-6- anti-inflammatory,
methyl-4H-pyran-4-one . . .
antiproliferative
38.23 CgHgO3 39.9 2-furancarboxaldehyde Ant1m1cro?>1a1,
preservative
43.38 C4HgOs5 9.71 Malic acid Antimicrobial
50.41 CyHqO 141 2,4,6-cycloheptatrien-1-one Antioxidant
A 100, %  Logani
. ganin
07 125 Cornuside
1 y\2s0 Naringenin7-O-B-D-glucoside
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Loganin Cornuside

Figure 3. Liquid chromatography with tandem mass spectrometry (LC-MS/MS) COFE (A) and
molecular docking analysis of the FceRI-IgE complex (B-G). The best-docked position showing the
interaction sites of loganin (B), cornuside (C), and naringenin 7-O-p-D-glucoside (D) in the FceRI-IgE
complex. The blue dotted lines represent the hydrogen bonds between the amino acid residues of the
FceRI-IgE complex and loganin (ARG334, VAL336, ASP362, LEU363, ALA364), cornuside (SER337,
ASP362, LYS117, ASP114, TRP156), and naringenin 7-O-3-D-glucoside (LYS302, ARG342, LEU340,
ARG431, ALA338) (E-G).

3.7. In Vivo Toxicity Evaluation of COFE

Animals displayed no clinical signs or mortality up to 14 days after the administration. The same
procedure was carried out on three female rats and a similar observation was obtained. Therefore,
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the acute toxic class method, following the flow chart of LDs cut-off, confirmed COFE as a category 5
substance in the Globally Harmonized System of Classification and Labeling of Chemicals (GHS).

3.8. Molecular Docking

By integrating the data obtained from LC-MS analysis with the in silico molecular docking
analysis, the major bioactive components (loganin, cornuside, and naringenin 7-O-f3-D-glucoside)
found in COFE were found to interact with the FceRI-IgE complex. Figure 3B-D shows the loganin,
cornuside, and naringenin 7-O-3-D-glucoside binding to the 3D structure of the FceRI-IgE complex.
Figure 3E-G shows the amino acid residues associated with the binding of the compounds through
hydrogen bonding. The binding energies of the FceRI-IgE complex with the compounds according to
molecular docking analysis are shown in Table 2.

Table 2. Binding energies (Kcal) between the FceRI-IgE complex and the bioactive compounds identified

in COFE.
Binding Hydrogen .
Compound Energy (Keal) Van der Waals Bond Electrostatic
Loganin -116.9 —90.5332 —26.3531 0
Cornuside -141.1 —101.645 —39.4547 0
Naringenin 7-O-3-D-glucoside -125.7 —96.4237 —29.3185 0

4. Discussion

The anti-allergic potential of COFE was assessed with RBL-2H3 cells (Figure 1), which are
commonly used to study allergy and inflammation reactions because they express high-affinity IgE
receptors (FceRI) [5]. 3-Hexosaminidase was used as an indicator of degranulation in RBL-2H3 cells
sensitized by exposure to IgE-DNP antibody after stimulation with DNP-HSA [18]. Our results show
COFE inhibits 3-Hexosaminidase release with an ICsq of 0.178 mg/mL which is about 60- and 1.4-fold
lower than that of ethanol extracts from mulberry fruit [19] and Arctium lappa fruit [20], respectively.
Antioxidants potentially exert beneficial effects in the treatment of AD by inhibiting the oxidative
stress which is involved in the pathophysiology of the acute exacerbation of AD [21]. However,
the antioxidant activity of COFE was lower than that reported by Hwang and co-workers [4]. This may
be due to the concentration of bioactive compounds in the plant, which could be influenced by
photoperiodic, temperature, and geographical differences [22].

Macrophages play crucial roles in acute inflammation and persistence of proinflammatory
cytokines, which lead to chronic inflammation conditions including AD [23]. We found that COFE
significantly inhibits LPS-induced NO production, iNOS mRNA expression (Figure 1B,C), and iNOS
protein expression in RAW 264.7 cells (Figure S3). Besides, COFE consistently suppresses the expression
of IL-1B, IL-6, and TNF-«, suggesting that the upstream signaling molecules (such as NF-kB) could be
the determining step in the anti-inflammatory response induced by COFE (Figure 4). Further studies
are needed to confirm the use of COFE as a therapeutic agent for AD and various inflammatory
diseases through the reduction of pro-inflammatory cytokines. Several plant extracts with potential
anti-inflammatory activity may be suitable for the treatment of immune disorders like AD [24].
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Figure 4. Illustration of the mechanism of action of COFE through NF-«kB suppression in RAW
264.7 cells treated with LPS. TLR4: Toll-like receptor 4; IRAK2: Interleukin 1 Receptor Associated
Kinase 2; TRAF6: Tumor necrosis factor receptor (TNFR)-associated factor 6; TAK1: Transforming
growth factor B-activated kinase 1; MyD88: Myeloid differentiation primary response 88; NEMO:
nuclear factor kappa-B essential modulator; IKKa/f: inhibitor of nuclear factor kappa-B kinase subunit
o/P; IKBa: nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha; p65/p50:
nuclear factor NF-kappa-B p65/p50 subunit.

COFE significantly inhibited TNF-a-induced apoptosis in HaCaT cells. TNF-« and pro-inflammatory
cytokines are secreted by macrophages and mast cells and promote apoptosis in HaCaT cells by binding
to the TNF-receptor 1 [25]. Considering the deterioration of skin lesions by inflammatory mediators
that are released from various skin cells during the inflammatory process, COFE could be useful for the
management of AD without acute oral toxicity.

Oxidative stress is associated with chronic skin inflammation and plays a role in the pathogenesis
of AD [26]. Reactive oxygen species (ROS) can modify DNA, lipids, and proteins [26]. NO production
is one of the biomarkers of lipid peroxidation resulting from oxidative stress [27]. A previous report
stated that the increase in oxidative stress in AD was due to an increase in lipid peroxidation and
a decrease in antioxidant levels [21]. The antioxidant properties of COFE (Figure S2) could reduce
oxidative stress and thus disrupt the pro-inflammatory microenvironment through ROS-mediated
signaling events.

Loganin, the main bioactive constituent in COFE, synergistically contributes to the inhibition of
oxidative stress, inflammation, and metabolic disorders [28]. It may directly promote the differentiation
of MC3T3-E1 cells and inhibit their apoptosis [29]. Cornuside attenuates LPS-induced inflammatory
cytokines through the inhibition of NF-«B activation in RAW 264.7 cells [30]. Moreover, cornuside
shows remarkable antioxidant activity and inhibits isoproterenol-induced myocardial cell necrosis [31].
Interestingly, naringenin 7-O-f3-D-glucoside (identified and isolated from Marrubium globosum Montbr.
et Auch. ex Benth. ssp. libanoticum Boiss. (Lamiaceae), a medicinal plant used to treat inflammatory
diseases and asthma), shows antibacterial activity in several bacterial strains [32]. Besides, naringenin
7-O-B-D-glucoside has been reported for its antioxidant activity [33]. These compounds may act
synergistically to confer various bioactivities to COFE. Molecular docking analysis was carried out
to elucidate the interaction between the FceR1-IgE complex and the bioactive compounds identified
in COFE.

The best poses of FceR1-IgE docked with loganin, cornuside, and naringenin 7-O-3-D-glucoside
were determined. Interestingly, the docking analysis showed that loganin, being the major component
found in this extract, binds to IgE through hydrogen bonds with ARG334, VAL336, ASP362, LEU363,
and ALA364 (Figure 3E). It is noteworthy that, in humans, the disruption of the glycosylation site
at asparagine-394 (ASN394) in the Ce3 domain nullifies the binding of IgE to FceR1 [34]. From our
simulation analysis, the binding site of loganin to the complex was the nearest to ASN394, which might
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indirectly disrupt the formation of the FceR1-IgE complex. Conversely, cornuside possessed the lowest
binding energy (—141.1 Kcal) among the compounds tested (Table 2). A lower energy value represents
a higher receptor-ligand binding affinity. In other words, cornuside forms a more stable receptor-ligand
complex with FceR1-IgE compared to loganin and naringenin 7-O-f3-D-glucoside. The region where
naringenin 7-O-fB-D-glucoside interacts with IgE was further analyzed by the protein sequences
in ChimeraX. The protein sequences were then searched against the conserved domain database
(CDD) [35]. We found that naringenin 7-O-f3-D-glucoside binds to the CH2 domain (second constant
Ig domain of the heavy chain) of IgE, cd05847. Therefore, the binding of naringenin 7-O-f3-D-glucoside
could prevent the conformation change of IgE, subsequently disrupt the engagement of the second
Ce3 domain to FceR1, and lead to a reduction of skin inflammation.

Our findings suggest diverse potential dermatologic and cosmetic applications for COFE. In silico
findings suggest that the bioactive compounds found in COFE impede skin inflammation by disrupting
the binding of IgE to the human high-affinity IgE receptors (FceRlI). Since our study relies only on
in vitro assays, further studies using animal models or artificial skin models would confirm the
therapeutic effects and mechanisms of action of COFE.

5. Conclusions

Our results show that COFE might exert inhibitory effects on oxidative stress, allergic responses,
and inflammatory responses. Additionally, loganin, cornuside, and naringenin 7-O-f3-D-glucoside
were identified as compounds potentially responsible for these effects. COFE showed antioxidant,
anti-allergic, and anti-inflammatory effects that could potentially be leveraged to treat AD, yet did
not exert cytotoxicity or acute oral toxicity. Our findings suggest that COFE could be used in the
development of preventative and treatment therapies for AD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/11/3317/s1,
Supplementary Figure S1: The experimental timeline for 3-Hexosaminidase release assay using RBL-2H3 cells (A);
NO assay and isolation of iNOS protein (B) and isolation of IkBx and p-p65 protein for Western blot analysis (C)
in RAW264.7 cells; flow cytometric analysis for apoptosis assay using HaCaT cells (D). Supplementary Figure S2:
Evaluation of the extracts’ 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity (left). After the
incubation of the samples and the DPPH solution at 37 °C for 30 min, the absorbance at 517 nm was measured;
ascorbic acid was used as a positive control. For the ferric reducing antioxidant power (FRAP) assay (middle),
after the incubation of the samples and FRAP reagent at 37 °C for 30 min, the absorbance at 595 nm was measured.
For the ABTS assay (right), after mixing the ABTS solution and the samples, the absorbance at 734 nm was
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significantly different values (p < 0.05), as determined by Duncan’s multiple comparison test. Supplementary
Figure S3: Cells were treated with COFE (0-0.3 mg/mL) for 30 min and then treated with LPS (1 pg/mL) for
18 h. The levels of iNOS were determined by Western blotting of the total protein of cell lysates. [-actin
was used as a loading control. Values are expressed as the mean + SD of three independent experiments.
Letters (a—d) indicate significantly different values (p < 0.05), as determined by Duncan’s multiple comparison test.
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Abstract: Skin layers serve as a barrier against unexpected critical changes in the body due to
environmental factors. Excessive ultraviolet (UV) B exposure increases the levels of age-related
factors, leading to senescent cells and damaged skin tissues. Widely used as a dietary supplement,
konjac (Amorphophallus konjac) glucomannan (KGM) has shown skin regeneration potential in
patch or sheet form with anti-inflammatory or immunosuppressive effects. However, the ability
of KGM to reconstitute senescent/damaged skin following UV radiation has not been explored.
Here, we demonstrate that KGM alleviates skin damage by increasing the proportion of young
cell populations in UVB-exposed senescent human epidermal primary melanocytes. Young cell
numbers increased depending on KGM dosage, but the senescent cells were not removed. Real-time
quantitative polymerase chain reaction (RT-qPCR) and Western blot analysis showed that mRNA and
protein levels of age- and pigmentation-related factors decreased in a manner dependent on the rate
at which new cells were generated. Moreover, an analysis of mRNA and protein levels indicated
that KGM facilitated youth by increasing cell proliferation in UVB-damaged human fibroblasts.
Thus, KGM is a highly effective natural agent for maintaining skin homeostasis by promoting the
reconstitution of the dermal environment against UVB-induced acute senescence or skin damage.

Keywords: konjac glucomannan; ultraviolet B; human epidermal primary melanocytes; human
embryonic fibroblasts; senescence

1. Introduction

The human skin, comprising almost 16% of the body, maintains a certain level of physiological
and biological function (homeostasis) to ensure that the various skin cells beyond the dermis layer
are preserved to form a solid barrier [1-3]. In particular, the epidermis layer of the skin is a critical
component for maintaining the physiological functions of the body in the face of various external
environmental changes as well as internal factors [4-7].

Among the diverse external factors that cause changes in the skin, ultraviolet radiation (UVR) is a
well-known major contributor to human skin aging acceleration by inducing DNA damage (photo-
aging) or oncogene activation [8-10]. UVR is classified according to wavelength as UVA (315-400 nm),
UVB (280-315 nm), and UVC (<280 nm) rays, each of which has distinctive skin penetration depth
due to their respective retention energies [11,12]. A recent study demonstrated that exposure to
UVR, especially UVB, led to pigment accumulation and senescence in human epidermal primary
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melanocytes (HEMns) [13]. In addition, UVB-induced changes in p53 gene expression were identified
as a major contributor to pigmentation [13]. Skin aging caused by long-term UVB exposure cannot be
easily reverted to normal homeostatic conditions, and the accumulated damage can easily activate
aging-related factors even upon exposure to weak stimuli. Thus, accelerated aging-related factors can
increase the chance of forming abnormal cell clusters, leading to critical pathological conditions such
as melanoma [14-16].

Konjac (Amorphophallus konjac) is a perennial plant that grows in the subtropical regions of South
East Asia and Africa [17]. Konjac glucomannan (KGM), a heteropolysaccharide produced from the
tubers of A. konjac, is widely used in various foods and medicines owing to its unique physical
and chemical properties [18-21]. KGM is composed of 3-1,4-linked p-glucose and p-mannose at
a 1:1.6 molar ratio and has a characteristic randomly acetylated structure at the C-6 position per
approximately every 19 sugar units [22-24]. Due to its water absorptivity, safety, and stability, KGM
has recently been demonstrated to be a valuable source of hydrocolloidal dietary fiber and has been
proposed as a useful nutritional supplement for the treatment and prevention of obesity, diabetes,
and related symptoms [25-27]. In addition to its broad use in food and medicine, the applications
and popularity of KGM have been increasing with recognition of its inherent biocompatibility,
biodegradability, renewability, and nontoxicity [28-31]. Moreover, studies regarding KGM in patch
form have demonstrated its strong cell regeneration capabilities, suggesting its potential in the treatment
of various dermatological conditions, including wound healing [32,33].

However, the ability of KGM to reconstitute the dermal environment against UVR-induced
senescence/damage and the underlying mechanism of action remain unclear. Therefore, the aim of the
present study was to investigate the effect of KGM on HEMns and human embryonic fibroblasts (HEFs)
after UVB exposure. We focused on the changes in the extent of UVB-induced senescence/damage to
the skin cells, after two weeks of culture in KGM. Moreover, we explored whether hyperpigmentation
is regulated by KGM in UVB-induced acute senescence in HEMns. Furthermore, we evaluated the
relationship between physiological changes and related factors by measuring mRNA and protein
expression levels. Our results highlight KGM as a novel natural anti- aging agent in addition to its
currently well-known health and nutritional benefits.

2. Materials and Methods

2.1. Chemicals

Purified konjac glucomannan (KGM) powder (95% content) was purchased from Konson Konjac Co.
(Wuhan, Hubei, China).

2.2. Cell Culture and UVB Irradiation

Neonatal foreskin-derived HEMns and HEFs were purchased from Life Technologies
(Carlsbad, CA, USA). HEMns were cultured with Medium 254 (M254; Life Technologies) supplemented
with human melanocyte growth supplement (Life Technologies), and HEFs were cultured in Dulbecco’s
modified Eagle medium (Thermo Fisher Scientific, Waltham, MA, USA) with 5% fetal bovine serum
(Thermo Fisher Scientific) in a humidified incubator under 5% CO, conditions. Cells at passages 2-5
were used in subsequent experiments.

To accelerate the senescence or damage of HEMns and HEFs, UVB irradiation was applied as
previously described [13]. Briefly, plated cells were rinsed twice with phosphate-buffered saline (PBS)
containing calcium and magnesium (Corning Life Science, Glendale, AZ, USA), and 1 mL of PBS was
added to the cells to prevent them from drying out during UV exposure. Cells were irradiated with
UVB (20 mJ/cm?) twice at 24-h intervals using a Bio-Sun irradiator (Vilber Lourmat, Marne-la-Vallée,
France). Then, the PBS was removed immediately and replaced every 2 days with growth medium
with or without KGM. The cells were then cultured for 2 more weeks. Control cells were sustained in
the same culture conditions without UVB exposure.
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2.3. Cell Viability Assay

The viability of HEMns after KGM treatment was measured using the EZ-Cytox assay kit (Daeil
Lab Service, Seoul, Korea) according to the manufacturer’s instructions. HEMns were cultured for 1 day
in 96-well plates and treated with various concentrations (0.01-100 pg/mL) of KGM for 24 h and 72 h,
respectively. EZ-Cytox solution (10 uL) was then added to each well, followed by incubation at 37 °C
for 2h. Absorbance at 450 nm was measured with a spectrophotometer (Synergy H2; BioTek, VT, USA).
The experiments were performed in triplicate, and the data were presented as the percentage of
absorbance values.

2.4. SA-B-Galactosidase Assay and Staining

The degree of senescence was determined using the mammalian 3-Gal assay kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Following 2 weeks
of cultivation, cells were washed twice with cold PBS and collected for protein extraction using
M-PER mammalian extraction reagent (Thermo Fisher Scientific, Waltham, MA, USA). An equivalent
amount of 3-Gal assay reagent was added to 50 pL of the supernatant obtained after centrifugation at
15,000 rpm for 15 min. Following incubation for 30 min at 37 °C, absorbance was measured at 405 nm
using a Synergy H2 microplate reader (BioTek, Winoosk, VT, USA). The experiment was performed in
triplicate, and the data are presented as the percentage of absorbance values.

Microscopy images of cells were stained using the senescence cell histochemical staining kit
(#CS0030; Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. Following
1 week of cultivation, cells were washed twice with cold PBS, fixed with 1 mL 4% formaldehyde
solution (Wako, Kyoto, Japan) and incubated for 2 h at room temperature. To visualize the physiological
changes, images and number of 3 SA-(3-Gal stained cells in a given area were obtained using an optical
microscope, IX-75 (Olympus, Tokyo, Japan).

2.5. RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-gPCR)

Total RNA was extracted using the ReliaPrep™ RNA Cell Miniprep System (Promega,
Madison, WI, USA) according to the manufacturer’s instructions, and cDNA was synthesized from
approximately 1 pg total RNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The cDNA was used as a template for RT-qPCR analysis on a 7500 Fast
Real-Time PCR System (Life Technologies) using the following TagMan probes: Tyrosinase-related
protein 1 (TRP1; Hs00167051_m1), tyrosinase-related protein 2 (DCT; Hs01098278_m1), tyrosinase (TYR;
Hs00165976_m1), interleukin 1 beta (IL-1; Hs01555410_m1), cyclin dependent kinase inhibitor 2A
(p16™K44; Hs00923894_m1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; #4352339E).
Data were obtained from three independent experiments and are presented as the fold change relative
to GAPDH level in the sample.

2.6. Western Blot Analysis

Proteins were extracted from each sample, at 5 days and 2 weeks after UVB exposure. Total protein
(15 ug) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted
with anti-H2A histone family member X (H2AX), anti-y-H2AX, anti-p53, anti-phospho-p53 (Ser15),
anti-acetyl-p53 (Lys382), and anti-p21CIP1 antibodies (Cell Signaling Technology, Danvers, MA, USA),
and with anti-TYR, anti-TYRP1, anti-TYRP2, and anti-GAPDH antibodies (Santa Cruz Biotechnology,
Dallas, TX, USA), respectively.

2.7. Statistical Analysis

All data are presented as the mean + SD. Two-tailed Student’s ¢-tests were used to analyze the
differences between pairs of groups, and differences among multiple groups were analyzed using
one-way ANOVA. The threshold for statistical significance was set at p < 0.05.
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3. Results

3.1. UVB-Induced Senescence in Human Epidermal Melanocytes Is Alleviated by KGM Treatment

KGM used in these experiments was extracted from the roots of A. konjac (Figure 1).
The specifications of KGM as supplied by the manufacturer are presented in Table 1. Since these
specifications indicated the presence of minimal levels of ash or heavy metals such as lead and
arsenic (Table 1), we performed cell viability assays to obtain the appropriate KGM concentrations for
culturing HEMns. The results indicated that KGM had no notable changes in cell survival at 1, 2, 5, 10,
and 20 ug/mL (Figure S1A), and these concentrations were therefore used in subsequent experiments.

‘ HO-. Konjac glucomannan
OH

Figure 1. The shape and main composition of konjac plants. (A) Image of a konjac plant and the starchy
root, which is known as the corm. (B) The structure of 3-1,4-linked p-glucose and p-mannose repeating
units in konjac glucomannan (KGM).

Table 1. Specifications of the konjac glucomannan (KGM) used in this study.

Catego Viscosity ~ Glucomannan pH Water  Ash Lead (Pb) Sulfate Arsenic Aflatoxin B1
8T (mPa.s) (%) > (1%inDW) (%)< (%)< (mgkg <  (ghg <  (As)(mgkg <  (ugkg) <
Purified
KGM 36,000 95 5.0~7.0 8 2 0.8 0.004 2 5
DW, distilled water.

To induce senescence, cells were exposed to UVB (20 mJ/cm?) twice and cultured with KGM
containing media for two weeks (Figure 2A) as described previously [13]. Microscopy analysis of
morphological changes in confluent cells revealed densely packed and healthy cells in unexposed normal
control (CTL) cells (Figure 2B, upper left panel). In contrast, the UVB group exhibited spatial separation
marked by cell death, and surviving cells displayed morphological abnormalities characterized by
enlarged sizes and numerous dendrites (Figure 2B, upper right panel). These morphological changes
were consistent with melanocyte senescence reported in a previous study [13]. Notably, culturing
of HEMns with 20 ug/mL KGM for two weeks compensated for the cell death-mediated spacing
(Figure 2B, lower right panel). Specifically, the population of the UVB- exposed HEMns gradually
increased in the presence of KGM in a dose-dependent manner (Figure 2B, lower panel), suggesting
that KGM induces cell proliferation in UVB-exposed HEMn.
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Figure 2. Effects of KGM treatment on UVB-induced senescence in human epidermal primary
melanocytes (HEMns). (A) Schematic illustration showing the induction of senescence in HEMns
by UVB irradiation. The asterisks (*) indicate cell harvesting times for the analysis of senescence
after 2 weeks of culture. (B) Morphological changes in HEMns (n = 3) after UVB irradiation and
cultivation with various concentrations of KGM were visualized by microscopy. Senescent HEMns
displayed abnormal morphologies following UVB exposure, including flat shapes, darkening, numerous
dendrites and enlarged bodies (arrows). Scale bar = 50 um. CTL, control; UVB, ultraviolet (UV) B;
KGM, konjac glucomannan.

3.2. KGM Promotes the Growth of UVB-Induced Senescent Human Melanocytes in a Dose-Dependent Manner,
but Does Not Eliminate Dead Cells

To verify whether KGM restored proliferation of cells affected by UVB exposure or induced
the growth of new and healthy cells that had not been affected, UVB-irradiated HEMns were
cultured for one week with varying concentrations of KGM and stained using senescence-associated
[-galactosidase (SA-3-Gal), a common aging marker [34,35], for microscopy visualization (Figure 3A).
SA-B-Gal-positive cells were absent in the CTL group but were clearly observed in UVB-exposed cells
(Figure 3A, upper panel). In the UVB exposed KGM-treated group, the intercellular spaces created by
cell death were gradually filled with newly proliferated non-stained cells (Figure 3A, lower panel).
The growth of the new cell population was dependent on KGM concentration (Figure 3A, lower panel).

To quantitatively assess these results, total cell counts were measured on the 14th day following
UVB irradiation. The number of the UVB-exposed KGM untreated cells decreased to about 57% of
the number of cells in the CTL group (Figure 3B). However, total cell counts gradually increased
with increasing KGM concentrations in the UVB-exposed KGM-treated group. Moreover, there were
no significant differences in cell numbers between HEMns treated with 20 pug/mL KGM following
UVB exposure and UVB-unexposed CTL cells. In addition, UVB exposure induced the expression
of the senescence marker, SA-3-Gal (Figure 3C), whose activity gradually reduced in the presence of
KGM in a dose-dependent manner, as the total cell count increased (Figure 3C). The number of cells
that stained positive for SA-p-Gal-reached a maximum after UVB exposure and remained constant
despite the increase in the KGM concentration, suggesting that KGM had no effect on the removal of
SA-3-Gal-stained senescent cells (Figure 3D). As shown in Figure 3E, the change in the proportion of
SA-B-Gal-positive cells following KGM treatment after UVB exposure reflected an anti-aging effect of
KGM under UVB-induced acute senescence, likely caused by promoting the proliferation of young
cells without removing senescent cells.
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Figure 3. UVB-induced senescence in HEMns indicated by an increase the number of SA-3-Gal-positive
cells, and reduced proportion of senescent cells in the presence of KGM. After UVB irradiation, HEMns
(n = 3) were cultured with various concentrations of KGM for 1 week. (A) Senescent HEMns were
visualized by microscopy using SA-3-Gal staining (arrow). Scale bar = 500 um. (B) Total numbers of
HEMns (1 = 3) were measured by cell counting. (C) Senescence activity (1 = 3) was determined using
the SA-B3-Gal assay. The data are presented as the percentage of absorbance values. (D) The number of
senescent HEMns (1 = 3) was measured by counting SA- 3- Gal- positive cells. The data are presented as
mean + SD (** p < 0.01; unpaired Student’s t-test). (E) Cellular state in SA-p-Gal-stained and unstained
HEMns (n = 3).

3.3. KGM Treatment Suppresses Hyperpigmentation in UVB-Induced Senescent Human Melanocytes

A previous study reported that UVB irradiation induced senescence and hyperpigmentation
in HEMns through the activation of p53-dependent melanogenic-related factors [13].
Therefore, we sought to verify whether hyperpigmentation is regulated by KGM in UVB-induced
acute senescence in HEMns.

KGM-dependent physiological changes in senescence were evaluated by measuring melanin
accumulation and content level using image analysis and absorbance measurements, respectively
(Figure 4A). The pigmentation changes of dissolved melanin strongly increased following UVB
exposure compared to CTL, but gradually decreased in a dose-dependent manner in the presence of
KGM (Figure 4A, upper panel). Similarly, the melanin content also significantly increased after UVB
exposure and decreased upon KGM treatment (Figure 4A, lower panel).
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Figure 4. The acceleration of hyperpigmentation in UVB-induced senescent HEMns was regulated by
KGM in a dose-dependent manner. The senescence of HEMns was induced by UVB irradiation twice
followed by cell culturing with various concentrations of KGM. Proteins and melanins were extracted
by lysis from each group of HEMns. (A) The melanin content was visualized (upper) or quantified by
measuring the absorbance (O.D, optical density) at 450 nm and normalized by total cell count numbers
(lower) (1 = 3). (B) mRNA expression levels were determined by Real-time quantitative polymerase
chain reaction (RT-qPCR) using specific Tagman probes for tyrosinase (TYR), (C) tyrosinase- related
protein 1 (TRP1), and TRP2. The data are presented as mean + SD (* p < 0.05, ** p < 0.01 compared to
CTL (n = 3): ¥ p < 0.05, "4 p < 0.01 compared to 0 group (1 = 3) [untreated after UVB exposure] for
each gene; unpaired Student’s t-test). (D,E) Protein expression levels were analyzed by Western blotting
using specific antibodies for aging-related factors, p53 and p21CIP, and pigmentation-related factors,
TYR, TRP1, and TRP2 and DNA damage marker, gamma-H2A histone family member X (y-H2AX).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control (1 = 3).

To determine the relationship between the physiological changes and pigmentation-related factors,
mRNA expression levels of melanogenesis-related factors, tyrosinase (TYR), tyrosinase- related protein
1 (TRP1), and TRP2 [36], were analyzed after 48 h of cultivation using RT-qPCR (Figure 4B,C). Results
showed that the expression levels of pigmentation-related genes were significantly increased by UVB
exposure in the untreated group compared to the CTL group, and were gradually suppressed following
KGM treatment in a dose-dependent manner (Figure 4B,C). Subsequently, the changes in pigmentation,
aging-related factors and degree of DNA damage at day 5 of cultivation with KGM after UVB exposure
were analyzed by Western blotting. Specifically, we focused on the expression levels of pigmentation
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related factors, TYR, TYRP1, and TYRP2, and aging-related factors, p53 together with cyclin dependent
kinase inhibitor 1A (CDKN1A; p21 cell cycle-inhibitory protein, p21CIP), and gamma H2AX (y-H2AX),
a DNA damage marker confirmed in a previous study [13]. Overall, the UVB-induced senescent
group showed strongly increased expression of aging, pigmentation-related factors, and DNA damage
markers compared to the CTL group (Figure 4D,E). Furthermore, the expression of each protein
decreased gradually depending on the concentration of KGM, suggesting that UVB-induced senescence
and hyperpigmentation improved as cell population increased. Additionally, KGM-treated HEMns
promoted the expression of Ki-67, a cell growth marker, inhibited one of senescence associated secretory
phenotype (SASP), interleukin 1 beta (IL-1B), and senescence marker, p16™NK4A also the known
cyclin-dependent kinase inhibitor 2A (CDKN2A), respectively (Figure S2A—C). Notably, an evaluation
of changes in pigmentation and melanin content by image comparison and quantitative analysis
revealed that KGM had no effect on unexposed normal HEMns (Figure S2D). Additionally, there were
no changes in the mRNA expression levels of pigmentation-related genes, TYR, TRP1, and TRP2
(Figure S2E).

Taken together, these results suggest that KGM might have the positive effect of anti- pigmentation
on skin homeostasis by promoting the cell proliferation in UVB-induced acute senescent HEMns rather
than by suppressing pigmentation in normal HEMns.

3.4. KGM Reconstitutes UVB-Damaged Human Primary Fibroblasts

After confirming that KGM-dependent cell growth promotion induced anti-pigmentation in
UVB-induced accelerated senescence in HEMns, we then investigated whether this restorative
function of KGM was universally applicable to human skin cells using HEFs, a key model for UV
irradiation-induced cell damage [37,38].

As previously described in the Methods, physiological and biological changes in UVB-irradiated
HEFs cultured in KGM-containing media for two weeks were evaluated by analyzing morphological
changes using microscopy (Figure 5A, upper panel). UVB-damaged HEFs displayed serious phenotypic
changes, including intercellular spaces due to cell elimination. The remaining cells also had abnormal
shapes and sizes distinct from those of unaffected cells. Cultivation with media containing KGM
refilled the empty spaces with new HEFs depending on KGM concentration (Figure 5A, lower
panel). Notably, the effect of KGM on UVB-damaged HEFs mirrored that of KGM on HEMns in the
previous experiment.

Quantitative analysis showed that the number of HEFs was reduced by UVB exposure,
but gradually increased in a concentration-dependent manner in the presence of KGM (Figure 5B).
Additionally, whereas the number of SA-f-Gal-positive cells increased following UVB exposure,
the number of cells staining positive for SA-3-Gal remained constant regardless of the increase in
KGM concentration (Figure 5C). Moreover, unexposed HEFs cultured with KGM were relatively less
damaged than after UVB exposure, likely due to KGM-mediated increase in the total number of cells,
even as the number of SA-p-Gal-positive cells was maintained (Figure 5D).
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Figure 5. UVB-induced damage in human embryonic fibroblasts (HEFs) displaying abnormal shapes,
and improvement of the overall cellular state by KGM. After UVB irradiation twice, HEFs were
cultured with various concentrations of KGM for an additional 2 weeks. (A) Morphological changes
of UVB-exposed HEFs (1 = 3) were visualized using microscopy. Arrows indicate the abnormal cell
shape. Scale bar = 200 um. (B) The change in total number of HEFs and (C) SA-3-Gal-positive HEFs
was measured by cell counting. The data are presented as mean + SD (* p < 0.05, ** p < 0.01; unpaired
Student’s t-test) (n = 3). (D) The cellular state was analyzed by comparing SA-3-Gal-stained HEFs
(n = 3) and unstained HEFs (n = 3).

4. Discussion

Previous studies have shown that the aging of the human skin is not only inherently caused by
internal factors, but also by drastic environmental changes and external factors such as UVB exposure,
which strongly impede skin homeostasis [4-7]. The main challenge of UV-induced skin damage is that
the injury is thought to be irreversible. Thus, it is difficult to restore the skin to its previous state. Due to
widespread social and health problems caused by UV exposure, there have been various attempts at
commercial product development and pre-emptive requirements for regulation [8-11]. The present
study suggests the possibility of KGM to overcome the sudden disruption of skin homeostasis caused
by UV irradiation in HEMns and HEFs, which are particularly sensitive components of the skin to
environmental changes.

Despite the various applications of KGM [18-20,28-31], many studies related to the effects of
KGM on the human skin have only focused on a sheet- or patch-type polymer of KGM rather than on
the properties of the material itself [19-21]. There are two main reasons for this. The first is that the
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unique characteristics of KGM with respect to water absorption or clustering may pose a challenge
to elucidating its functions as an individual material. The second reason is that the various effects
of KGM, including its therapeutic potential, have already been generally demonstrated in studies
using a patch or cluster form. In particular, the clinical applications of KGM polymers in improving
inflammation after skin damage or acne have been reported [32,33]. Given this background, in the
present study, we focused on the biological effectiveness of non-clustered KGM, rather than on physical
approaches using conventional patches or sheet polymers.

First, we established the appropriate KGM concentrations for evaluating its effect as a solution
rather than as the commercially-available patch or sheet forms. We confirmed that a wide range
of KGM concentrations (1-20 pg/mL) was harmless to cell viability, suggesting that KGM could be
considered a safe natural material for HEMns. However, as KGM is not readily dissolved in water at
concentrations of 3% or higher [22,23], determining the suitable concentrations for manufacturing is
necessary since the concentrations used in this study are set in vitro.

The changes in cell morphology and related factors after the exposure of HEMns to UVB were
consistent with those of a previous report [13]. In addition, microscopy image analysis showed that
the induction of cell growth was dependent on KGM concentration. Consistent with these results,
analysis of SA-B-Gal staining and degree of senescence revealed that the number of stained cells was
not affected by KGM treatment, even though the cell morphology had been altered. Furthermore,
the inability of KGM to clear cells damaged by UVB exposure was a typical challenge that could
not be overcome. In previous studies, anti-aging researchers have argued that the elimination of
individual aging cells took precedence over the inhibition of aging-related factors. However, our
results suggest that culturing UV-exposed cells with KGM results in significant cell regrowth, so that
the population appears to recover to the levels prior to UVB exposure, even though in the absence of
direct improvement in aging-related factors. Therefore, the overall increase in the cell count could be
due to the inhibition of senescence or damage during UVB-induced acute injury. In other words, KGM
helps overcome UVB-induced damage by increasing the cell count (without the removal of aging cells)
in a concentration-dependent manner.

Acute changes in primary melanocytes due to UVB exposure cause not only external physiological
changes such as melanin accumulation but also disrupt the inherent production of melanin by
melanocytes [13]. Our results confirmed that UVB exposure caused an increment of melanin synthesis
and gene and protein expression of pigmentation-related factors. These changes suggested that KGM
inhibits pigmentation after UVB exposure. In this study, the efficacy of KGM in HEMns was validated
only under harsh UVB exposure conditions. However, we also confirmed that KGM itself has no direct
anti-pigmentation effect under normal conditions. That is, KGM slightly induced the growth of normal
HEMns in a concentration-dependent manner (data not shown). Moreover, the normalized cell counts
showed that KGM had no effect on the pigmentation-related factors. These results suggest that KGM
itself likely does not suppress pigmentation, but could lead to changes in the cellular environment by
inducing cell regrowth in UVB-induced acute senescence.

Many previous studies on UVB-mediated senescence or aging-like damage with accompanying
physiological changes in the skin have used keratinocytes or dermal fibroblasts rather than
melanocytes [8,37,38]. Because UVR-induced physiological changes depend on wavelength, skin
penetration depth, and the outermost position of the skin layer, we focused on HEMns, which are
located near the basal layer in the innermost layer of the skin [11-13]. In addition, there is a lack of
clear criteria for skin senescence or aging in keratinocytes or fibroblasts. Therefore, these results must
be interpreted carefully since the detailed mechanism of human skin aging after UV exposure remains
to be fully elucidated.

As with HEMns, we found that KGM also somewhat improved the overall physiological changes
to HEFs caused by UVB exposure, and improved the SA-B-Gal staining ratio. However, SA-f3-Gal
activity by itself is not a sufficient marker of aging. Therefore, although it has been applied in several
studies on aging and aging-related factors, the interpretations and contexts are limited and need
careful considerations [13,39] even though the mRNA expression level of another senescence marker,
IL-1B was investigated. The lack of change in the number of SA-f-Gal-stained cells in addition to a
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change in the ratio of stained cells suggested that KGM has a general positive effect on the cellular
environment. Although whether UVR induces overall senescence or the aging of HEFs remains to
be elucidated, the increase in the proportion of stained cells strongly suggests that UVB promoted a
senescence-like environment such as aging acceleration, and that KGM might have a reconstitution
effect in a concentration-dependent manner.

Taken together, the present results presumably suggest that KGM could transform the skin
environment from a UVR-induced acute senescence/damaged cellular state to a normal cellular
condition via the promotion of cell growth. However, further detailed experiments are required
to investigate the reconstitution effects of KGM on the dermal environment and the underlying
mechanism, including identification of a KGM receptor and Sry-related HMG-Box 10 (Sox10),
the proliferation-associated gene in HEMns thought to mediate the observed effects [40-42]. Unlike
conventional anti-aging materials, which are typically designed to inhibit or eliminate aging-related
factors in individual cells, KGM appears to have a different mechanism of action by improving the
overall cell environment to overcome UVR-induced changes. Combining KGM with other functional
substances that downregulate non-functional proteins deposited in skin, such as denatured elastin on
the upper dermis of solar elastosis [43,44] might enhance the effectiveness of this material. In conclusion,
KGM is an attractive natural material with potential as an anti-aging product, which further expands
the industrial value of this beneficial nutrient.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/9/2779/s1,
Figure S1: The KGM has no significant effect on cell viability, Figure S2. The mRNA expression levels of cell
growth, senescence were investigated in UVB-induced senescent HEMns and melanogenesis-related factors were
investigated in normal HEMns after KGM treatment.
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Abstract: Black cumin (Nigella sativa) seed extract has been shown to improve dermatological
conditions, yet its beneficial effects for skin are not fully elucidated. Herein, Thymocid®, a chemically
standardized black cumin seed extract, was investigated for its cosmeceutical potential including
anti-aging properties associated with modulation of glycation, collagen cross-linking, and collagenase
and elastase activities, as well as antimelanogenic effect in murine melanoma B16F10 cells. Thymocid®
(50, 100, and 300 pg/mL) inhibited the formation of advanced glycation end-products (by 16.7-70.7%),
collagen cross-linking (by 45.1-93.3%), collagenase activity (by 10.4-92.4%), and elastases activities
(type I and IIT by 25.3-75.4% and 36.0-91.1%, respectively). In addition, Thymocid® (2.5-20 pg/mL)
decreased melanin content in B16F10 cells by 42.5-61.6% and reduced cellular tyrosinase activity by
20.9% (at 20 ug/mL). Furthermore, Thymocid® (20 pg/mL for 72 h) markedly suppressed the mRNA
expression levels of melanogenesis-related genes including microphthalmia-associated transcription
factor (MITF), tyrosinase-related protein 1 (TYRP1), and TYRP2 to 78.9%, 0.3%, and 0.2%, respectively.
Thymocid® (10 pg/mL) also suppressed the protein expression levels of MITF (by 15.2%) and TYRP1
(by 97.7%). Findings from this study support the anti-aging and antimelanogenic potential of
Thymocid® as a bioactive cosmeceutical ingredient for skin care products.

Keywords: black cumin; Nigella sativa; Thymocid®; skin aging; glycation; collagen; collagenase;
elastase; melanogenesis; cosmeceutical

1. Introduction

Nigella sativa Linn. (family Ranunculaceae), commonly known as black seed, black cumin, or
cumin noir, originated in regions of Eastern Europe, the Middle East, northern Africa, the Indian
subcontinent, and the west and middle of Asia [1]. In these regions, it has a long history of use for
culinary purpose as a spice, natural seasoning, or flavoring, as well as for medicinal purposes in
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traditional folk medicine systems to treat a variety of ailments [2]. Black cumin seeds are recognized for
their great nutritional value as a source of nutrients including iron, copper, zinc, phosphorus, calcium,
thiamin, niacin, pyridoxine, and folic acid [3]. In addition, black cumin seeds are a good source of
plant-based proteins as they have been reported to have a high index of net protein utilization, protein
efficiency ratio, and net dietary protein energy percent [3]. Moreover, phytochemical investigations of
black cumin seeds revealed that thymoquinone (TQ) and its derivatives including thymohydroquinone,
dithymoquinone, thymol, and carvacrol are the major chemicals in black cumin seed oil [4]. In
addition, other phytochemicals, such as alkaloids including nigellicine, nigellimine, nigellidine,
17-O-(p-p-glucopyranosyl)-4-O-methylnigellidine, 4-O-methylnigellidine, nigelanoid, nigeglanine, and
4-O-methylnigeglanine have been identified as minor constituents of black cumin seed oil [4-6]. Apart
from their nutritional values, black cumin seed extracts (BCSEs) have been reported to display diverse
biological and pharmacological activities including antioxidant, anti-inflammatory, anticarcinogenic
and antimutagenic, antidiabetic, antimicrobial, and immunological effects [7-10]. Moreover, pre-clinical
and clinical studies have reported efficacious activities of BCSEs on dermatological conditions. Several
in vitro studies demonstrated that protective effects of a BCSE on cutaneous disorders could be
attributed to its antimicrobial effects including antibacterial, antiviral, antifungal, and antiparasitic
activity [11]. BCSE’s antimicrobial effects have also been studied in a clinical trial, where a treatment
with 10% oil lotion of BCSE for 2 months exerted an anti-acne effect via reduction in the mean
lesion count of papules and pustules [12]. However, only limited number of studies have reported
BCSEs’ cosmeceutical applications, such as its modulatory effects on the production of melanin in the
melanophores from wall lizard (Podarcis muralis), which was attributed to the stimulation of cholinergic
receptors [13]. However, to date, the cosmeceutical effects of BCSE as an antiwrinkle/-aging agent,
have not yet been reported.

Skin wrinkling is a natural and observable index of the process of aging. It can be exacerbated
by a combination of external oxidative stress (e.g., ultraviolet light radiation and pollutants) and
endogenous factors (e.g., protein glycation and degradation). Skin wrinkles are formed when the
physiological structure of skin tissue is impaired. Skin structure is collectively maintained by a group
of connective and supportive proteins including collagen, elastin, claudin, laminin, nidogen, occludin,
zonula occludens, and junctional adhesion molecule [14-18]. Amongst these proteins, collagen and
elastin are major supportive molecules for the structure of skin tissue, and their structural damage and
degradation are directly associated with the formation of skin wrinkles [16]. Collagen is a long-lasting
protein with a half-life of over a decade and is subject to chronic internal stress such as glycation. The
formation of advanced glycation end-products (AGEs) leads to the alteration of protein structure and
the generation of free radicals, which further results in the impairment of the protein’s physiological
functions including its ability of maintaining the structure of skin tissue. Protein degradation is
another crucial contributing factor to the formation of skin wrinkles [14]. Elastin, an elastic protein
that maintains skin structure following stretching or contraction, can be degraded by a protease
enzyme known as elastase [19]. Therefore, antiglycation agents and inhibitors of collagenase and
elastase from dietary natural products have attracted immense research interest for the management of
skin aging [20]. However, the protective effects of BCSEs against collagen and elastin degradation
remain unclear.

Over the past decade, our laboratory has conducted phytochemical and biological investigations
of dietary natural products including extracts of medicinal plants and functional foods. During
the course of our studies, several botanical extracts exhibited promising anti-aging and beneficial
effects for skin [21-23]. Among these herbal extracts, a BCSE was investigated for its phytochemical
constituents and biological effects. This led to the identification of TQ (as the major phytochemical of
this BCSE) and other bioactive compounds such as indazole-type alkaloids with antihyperglycemic
effects [6]. A proprietary BCSE, namely, Thymocid®, is commercially produced by a cold compressed
method without the use of extraction solvents. It contains omega-6 fatty acids such as linoleic acid
and is chemically standardized to TQ content. As part of our group’s continuing research efforts to
study the beneficial effects to skin of bioactive dietary ingredients, the current study was designed to
evaluate the cosmeceutical properties of Thymocid® with in vitro enzymatic and cell-based assays for

132



Nutrients 2020, 12, 2146

(1) effects on glycation of bovine serum albumin and collagen cross-linking; (2) anticollagenase and
anti-elastase activities; (3) effects on melanogenesis in murine melanoma B16F10 cells; and, (4) effects
on the expressions of melanogenesis-related genes and proteins in B16F10 cells.

2. Materials and Methods

2.1. Chemicals

Thymoquinone (TQ), 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfenyl)-
2-H-tetrazolium salt (MTS), methanol (analytical grade), trifluoroacetic acid, Tris-HCI
buffer (pH 10), phosphate buffer saline (PBS, pH 7.4), kojic acid, aminoguanidine
(AG), epigallocatechin gallate (EGCG), L-tyrosine, L-3,4-dihydroxyphenylalanine (L-DOPA),
N-succinyl-Ala-Ala-ala-p-nitroanilide (AAAPVN), mushroom tyrosinase, elastase enzymes (type I
and III) from porcine pancreas, bovine serum albumin (BSA), methylglyoxal (MGO),
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
reagent, Triton X-100 agent, and sodium azide were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Bovine type I collagen was obtained from Advanced BioMatrix Inc. (PureCol®, Catalog #5005;
Carlsbad, CA, USA). A commercially available black cumin seed extract (Thymocid®) was kindly
provided by Verdure Sciences (Noblesville, IN, USA).

2.2. Quantification of Thymoquinone (TQ) in Thymocid®

The level of TQ in Thymocid® was quantified by using the high-performance liquid
chromatography (HPLC) method with an Hitachi HPLC instrument (Hitachi Instruments, Inc.,
San Jose, CA, USA), an Alltima Cyg column (250 x 4.6 mm i.d., 5 pm), and a solvent system consisting of
0.1% trifluoroacetic acid in water (A) and methanol (B). A linear gradient eluting method was used as
follows: 0-20 min, 50-100% B; 20-21 min, 100-50% B; 20-28 min, 50 % B with a total run time of 28 min,
a flow rate of 0.75 mL/min, and an injection volume of 10 uL. Thymocid® was dissolved in dimethyl
sulfoxide (DMSO) at various concentrations (0.1-4 mg/mL) and monitored at a range of wavelengths
from 200 to 400 nm with a photodiode array detector (see Supplementary Materials Figure S1). A
standard curve of TQ at various concentrations (1-200 ug/mL) monitored at the wavelength of 254 nm,
which is the characteristic wavelength for TQ, was constructed for its quantification in Thymocid®
(see Supplementary Materials Figure S2).

2.3. Bovine Serum Albumin (BSA)—Fructose Glycation Assay

The antiglycation assay was performed according to previously reported methods using a
BSA—fructose model [24]. Briefly, a BSA—fructose reaction mixture containing BSA (10 mg/mL) and
D-fructose (100 mM) was prepared in phosphate buffer saline (PBS; 0.2 M, pH 7.2). Next, different
concentrations of Thymocid® (50, 100, and 300 pg/mL) were added to the BSA—fructose mixture and
incubated at 37 °C on a shaking rack for a duration of 14 days. Aminoguanidine (AG) was used as a
positive control. The formation of AGEs was monitored by the measurement of intrinsic fluorescence
at excitation and emission wavelengths of 340 and 435 nm, respectively, using a plate reader.

2.4. Collagen Cross-Linking Assay

A reaction mixture consisting of bovine type I collagen (1.5 mg/mL), Thymocid® (at 50, 100,
and 300 pg/mL), methylglyoxal (MGO; 5 mM), and sodium azide (10 mM) in PBS was incubated at
37 °C for 30 days. The reaction mixture of each sample (200 uL) was then transferred to a 96-well
black fluorescence reading plate. The level of cross-linked collagen was monitored by measuring
the fluorescent intensity of each well with excitation and emission wavelengths at 340 and 435 nm,
respectively, using a plate reader.
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2.5. Collagenase Inhibition Assay

A collagenase inhibition assay was conducted using a collagenase activity assay kit (Abcam
Inc., Cambridge, MA, USA) following the manufacturer’s instructions. Briefly, assay buffer (180 uL)
and a mixture of test sample at various concentrations or a positive control, 1,10-phenanthroline
(10 uL), and collagenase solution (10 pL) were incubated in a 96-well plate at 37 °C for 15 min. The
substrate N-(3-[2-furyl]-acryloyl)-Leu-Gly-Pro-Ala (FALGPA) solution (100 uL) was then added to
each well. The absorbance of each well was recorded at a wavelength of 345 nm with a kinetic
mode for 30 min using a plate reader. The activity of collagenase was calculated as follow:
collagenase activity = (AODc/AT) x 0.2/(0.53 x V), where AODc = difference of optical density
(OD) reading from sample at different time points, 0.2 = reaction volume (mL), 0.53 = millimolar
extinction coefficient of FALGPA, V = sample volume added into the reaction well (mL). The inhibition
rate was calculated as inhibition% = 100 X (Activitygnzyme — ActivVitysample)/ActiVitygnzyme%-

2.6. Elastase Inhibition Assay

An elastase inhibition assay was conducted using previously reported methods with minor
modifications [25]. Briefly, a mixture of test samples (10 uL), elastase solution (20 pL; 0.5 U/mL), and
Tris-HCl buffer (140 uL; 2 mM; pH 8.0) were incubated in a 96-well plate at room temperature for
15 min. Then, substrate AAAPVN solution (50 uL; 1 mg/mL) in Tris-HCL buffer was added to each well,
and the reaction mixtures were allowed to incubate at room temperature for 1 min. The absorbance of
each well was recorded at a wavelength of 410 nm using a plate reader.

2.7. Tyrosinase Inhibition Assay

A tyrosinase inhibition assay was conducted as per previously reported methods with slight
modifications [26]. In brief, a mixture of test samples (40 pL) and mushroom tyrosinase solution
(100 U/mL) in PBS (0.1 M; 120 uL) was incubated in wells of a 96-well plate at room temperature for
15 min. Following incubation, L-tyrosine solution (2.5 mM; 40 uL) or L-DOPA solution (2.5 mM; 40 uL)
in PBS was added to each well, and the reaction mixtures were incubated at 37 °C for 30 min. The
absorbance of each well was recorded at a wavelength of 490 nm using a plate reader.

2.8. Cell Culture

Murine melanoma B16F10 cells obtained from American Type Culture Collection (ATCC, Rockville,
MD, USA) were cultured as recommended by ATCC. Briefly, B16F10 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM,; Life Technologies, Gaithersburg, MD, USA) supplemented with 10%
fetal bovine serum (Life Technologies) and 1% antibiotic solution (Sigma-Aldrich Co., St. Louis, MO,
USA). Cells were maintained at 37 °C in the presence of 5% CO, and constant humidified atmosphere.
Test samples were dissolved in DMSO as stock solution and then diluted with cell culture medium to
the desired concentrations (DMSO < 0.1%).

2.9. Cell Viability Assay

The viability of B16F10 cells was determined by the MTS assay as described previously with minor
modifications [27]. Briefly, cells were seeded in 96-well plates at a density of 5 x 10 cells per well and
allowed to attach overnight. Next, the culture medium was replaced with fresh medium supplemented
with various concentrations of Thymocid® (2.5, 5,10, 20, and 40 pg/mL) for 72 h. After the incubation,
freshly prepared MTS reagent (20 uL) was added to each well and incubated at 37 °C for 30 min, and
optical density of each well was measured at a wavelength of 490 nm using a plate reader.

2.10. Melanogenesis Assay

The antimelanogenic effect of Thymocid® was evaluated by the measurement of melanin content
in B16F10 cells following previously reported method with modifications [27]. Briefly, cells were
seeded in 96-well plates at a density of 5 x 10° cells per well and allowed to attach for 24 h. Cells were
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then treated with Thymocid® at concentrations of 2.5, 5, 10, and 20 pug/mL for 72 h. Then cells were
lysed by adding sodium hydroxide solution (0.1 M; 1 mL), and lysed cells were centrifuged (3000 g for
5 min). The supernatant was decanted, and the cell pellet was exposed to sodium hydroxide (200 pL),
followed by placing in a water bath at 80 °C for 1 h. Samples were then briefly mixed by vortex, and
melanin content was transferred to a 96-well plate. The absorbance of each well was measured at a
wavelength of 405 nm using a plate reader.

2.11. Cellular Tyrosinase Activity Assay

The cell-based tyrosinase assay was performed using a previously reported method with
modifications [28]. Briefly, B16F10 cells were seeded at 4 x 10* cells per well in a 24-well plate
and allowed to grow for 24 h prior to being treated with Thymocid® (2.5, 5, 10, and 20 pg/mL) for
72 h. Next, cells were harvested and washed twice with ice-cold PBS followed by centrifugation at
12,000x g for 10 min, and cells pellets were re-suspended in PBS containing Triton X-100 (1%). The cells
were lysed by a freeze-and-thaw cycle to release tyrosinase from the melanosome membrane. Cellular
tyrosinase was collected by centrifugation at 10,000x g at 4 °C for 30 min. A reaction mixture consisting
of cellular tyrosinase (20 ug in 200 pL of PBS) and L-DOPA solution (1.25 mM) was incubated at
37 °C for 30 min. The formation of dopachrome was quantified by measuring the optical density at a
wavelength of 495 nm using a plate reader.

2.12. Real-Time Polymerase Chain Reaction (RT-PCR)

The mRNA expression level of melanin-synthesis-related genes including microphthalmia-
associated transcription factor (MITF), tyrosinase (TYR), tyrosinase-related protein-1 (TYRP1), and
tyrosinase-related protein-2 (TYRP2) were measured by a real-time polymerase chain reaction (RT-PCR)
assay with a previously reported method [27]. Briefly, B16F10 cells were seeded in 6-well plates at a
density of 1 x 10° cells per well and allowed to grow for 24 h. Then cells were treated with Thymocid®
(2.5 or 10 pug/mL) for 24, 48, or 72 h. Total RNA was isolated from cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The extracted genes were quantified
by using a SYBR Green kit (Thermo Fisher Scientific, Grand Island, NY, USA) and compared to levels
of b2m rRNA as a reference housekeeping gene.

2.13. Preparation of Cellular Protein Lysates and Western Blot Assay

B16F10 cells were seeded in 6-well plates at a density of 1.0 x 10° cells per well and allowed to
grow for 24 h and were then treated with Thymocid® (2.5 and 10 ug/mL) and cultured for 72 h. After
washing with PBS, B16F10 cells were harvested, whole-cell lysates were prepared and quantified, and
the protein expressions of MITF, TYR, TYRP1, and TYRP2 were quantified by Western blot assay, as
described previously [27]. Antibodies including anti-MITF (ab3201), anti-TYRP1 (ab178676), anti-TYRP2
(ab103463), and anti--Actin antibody (ab8227) were obtained from Abcam, Cambridge, MA, USA.
The western blot (WB) bands were detected on X-ray films using an enhanced chemiluminescence
(ECL) detection kit (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer’s protocol.

2.14. Statistical Analyses

Data are presented as mean + standard deviation (S.D.) of at least three replicated experiments.
Two-tailed unpaired Student’s ¢ test or ANOVA with Tukey post-test was used for statistical analysis
of the data using the GraphPad Prism software 6.0 or Office Excel 2010 software. Significance for all
tests was defined as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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3. Results

3.1. Thymocid® Inhibits the Formation of Advanced Glycation End-Products (AGEs) and
Collagen Cross-Linking

First, a commercially available BCSE, Thymocid®, was standardized to thymoquinone (TQ), as its
major phytochemical marker. The level of TQ in Thymocid® was quantified using a standard curve
based on the HPLC analysis (see Supplementary Materials Figure S2) and was determined to be 5.12%
(Figure 1).
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Figure 1. Chemical structure of thymoquinone (TQ) and HPLC profile of a black cumin seed extract
(Thymocid®) standardized to TQ content.

Next, Thymocid® was assessed for the anti-skin-aging effects by measuring its inhibitory effects on
the formation of advanced glycation end-products (AGEs) using a BSA model and protein cross-linking
using a type I collagen model. Thymocid® (at 50, 100, and 300 ug/mL) reduced the fructose-induced
formation of AGEs by 16.7%, 32.5%, and 70.7%, respectively (Figure 2A), in a concentration-dependent
manner. Aminoguanidine (AG; employed as a positive control) had an inhibition rate of 59.6% at
100 pg/mL. In addition, Thymocid® (at 50,100, and 300 pg/mL) inhibited methylglyoxal (MGO)-induced
collagen cross-linking by 45.1%, 92.6%, and 93.3%, respectively (Figure 2B), whereas, AG (at 100 pg/mL)
was less active with an inhibition rate of 12.5%.
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Figure 2. Effects of Thymocid® on the formation of advanced glycation end-products (AGEs) in two
glycation models including bovine serum albumin (BSA)—fructose (A) and type I collagen cross-linking
(B). The inhibitory effects of Thymocid® (50, 100, and 300 pg/mL) and aminoguanidine (AG) (a positive
control) on the formation of AGEs and level of protein cross-linking were determined by fluorescent
assays. Values are expressed in means + standard deviation (S.D.) from three experiment replicates.
Significance was defined as ** p < 0.01 and *** p < 0.001 when compared to the control group.
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3.2. Thymocid® Inhibits Collagenase Activity

The effect of Thymocid® on collagen degradation was evaluated by assessing the inhibitory effects
on collagenase enzyme activity. The OD345 values of enzymes treated with 1,10-phenanthroine (phen),
a known inhibitor ( employed as a positive control), was observed to decrease over 30 min, while
Thymocid® (at 62.5-1000 pg/mL) decreased the ODsy5 values within 10-30 min, suggesting that both
1,10-phenanthroine and Thymocid® reduced the activity of collagenase (Figure 3A). Thymocid® (at
62.5-1000 pg/mL) reduced collagenase activity by 10.4-92.4%, respectively (Figure 3B), while phen (at
10 mM) showed an inhibition rate of 98.4%.
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Figure 3. The optical density at a wavelength of 345 nm (OD3y5) values of collagenase enzyme treated
with Thymocid® or a positive control phen (1,10-phenanthroine), over 30 min in a kinetic mode (A).
The inhibitory effect of Thymocid® (62.5-1000 pg/mL) and phen (10 mM) on collagenase activity was
measured by a colorimetric assay (B). The inhibition rates are expressed as mean + S.D. from three
replicated experiments. Significance was defined as ** p < 0.001 and *** p < 0.0001 when compared to
the control group.

3.3. Thymocid® Inhibits Elastase Activity

Thymocid® was further evaluated for its antiwrinkle property by measuring its inhibitory effects
on the activity of elastases (type I and III). Thymocid® (at concentrations of 62.5-1000 pg/mL) inhibited
elastase activities in a concentration-dependent manner as it reduced the activity of type I and Ill elastase
by 25.3-75.4% and 36.0-91.1%, respectively (Table 1). Epigallocatechin gallate (EGCG; 92 pg/mL),
used as a positive control, provided an inhibition rate of 73.0% and 75.2% on type I and III elastase,
respectively. It should be noted that TQ, the major phytochemical in Thymocid®, also reduced the
activities of collagenase and elastases (type I and III) by 18.0-30.0%, 16.1-30.2%, and 12.9-45.3%, at
concentrations of 62.5, 125, 250, 500, and 1000 ug/mL, respectively (see Supplementary Materials
Tables S1 and S2).

Table 1. Inhibitory activity of Thymocid® on elastase enzyme.

Inhibition Rate (%) ?

Sample Concentration (ug/mL)
Type-1 Type-III
Thymocid® 1000 754 +4.5 91.1+12
500 692+13 88.6+2.3
250 562 +3.2 784 +3.2
125 354 +6.9 613 +2.1
62.5 253 +5.9 36.0+27
EGCGP 92 73018 752+ 4.0

2 Values are expressed as mean + S.D. from three replicated experiments. ® Epigallocatechin gallate; positive control.
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3.4. Thymocid® Increases Tyrosinase Activity

We further evaluated the effects of Thymocid® in melanin-biosynthesis-related bioassays. First,
Thymocid® was evaluated for its modulatory effect on tyrosinase activity using two enzyme substrates
including L-tyrosine and L-DOPA. As shown in Table 2, when tested with the different substrates,
Thymocid® (62.5-1000 pg/mL) dose-dependently increased the activity of tyrosinase to 153.3-228.7%
for L-tyrosine as substrate, and 113.7-146.3% for L-DOPA as substrate, respectively (Table 2). Kojic acid
(at 10 pg/mL), a known tyrosinase inhibitor, was included as a positive control and it reduced tyrosinase
activity to 49.5% and 66.1%, respectively. In addition, TQ (at 62.5, 125, 250, 500, and 1000 pg/mL) also
increased the activity of tyrosinase to 120.7-110.8% and 100.8-117.7%, respectively, when assayed with
substrates L-tyrosine and L-DOPA (see Supplementary Materials Table S3).

Table 2. Modulatory effect of Thymocid® on the activity of tyrosinase enzyme. Thymocid® was
evaluated with mushroom tyrosinase with two substrates including L-tyrosine and L-DOPA.

Enzyme Activity (%) 2

Sample Concentration (ug/mL)
L-Tyrosine L-DOPA
Thymocid® 1000 2287 +£9.6 146.3 £ 18.6
500 1920 £12.3 133.1+6.1
250 170.0 £ 6.8 1339 £ 15.4
125 1625+7.3 116.1 £ 6.7
62.5 1533 £ 6.6 113.7 £ 3.0
Kojic acid P 10 495 +3.0 66.2 +13.2

2 Values are expressed as mean + S.D. from three replicated experiments. ° Positive control.

3.5. Thymocid® Reduces the Melanin Content in B16F10 Melanoma Cells

To further evaluate whether Thymocid® can modulate the production of melanin, cell-based
assays were conducted in murine melanoma B16F10 cells. The cytotoxicity of Thymocid® (2.5, 5,
10, 20, and 40 pg/mL) on B16F10 cells was evaluated by measuring cell viability using the MTS
assay. Thymocid® was nontoxic to B16F10 cells at concentrations ranging from 2.5 to 20 pg/mL,
as it maintained the viability of B16F10 cells greater than 95.7% (Figure 4A), and these nontoxic
concentrations were selected for further bioassays. Next, the antimelanogenic effect of Thymocid® in
B16F10 cells was evaluated. We observed that Thymocid® (2.5, 5, 10, and 20 pig/mL) suppressed the
production of melanin (Figure 4B) to 57.5%, 56.1%, 52.9%, and 38.4%, respectively, as compared to the
control group without treatment of Thymocid® (Figure 4C). Furthermore, we assessed the effect of
Thymocid® on cellular tyrosinase activity in B16F10 cells. Compared to the control group, Thymocid®
reduced cellular tyrosinase activity by 20.9% at the highest tested concentration (20 pg/mL) (Figure 4D).

3.6. Thymocid® Suppresses the mRNA and Protein Expression Levels of Melanogenesis-Related Markers in
B16F10 Cells

To further investigate the mechanism of Thymocid®’s suppression of melanogenesis (i.e., melanin
production) in B16F10 cells, its effects on the expression of melanogenesis-related genes including
MITF, TYR, TYRP1, and TYRP2 were evaluated. As shown in Figure 5A, treatment of B16F10 cells
with Thymocid® (at 20 ug/mL) for 24, 48, or 72 h, suppressed the mRNA expression of MITF, TYR,
TYRP1, and TYRP2 in a time-dependent manner. At 48 and 72 h, treatment with Thymocid® had
a suppressive effect on the expression of MITF, TYR, TYRP1, and TYRP? as it reduced their mRNA
expression to 42.0%, 76.5%, 62.2%, and 61.2%, and 3.3%, 83.6%, 0.3%, and 0.2%, respectively, whereas
it only reduced expression of MITF to 78.9% within 24 h (Figure 5A). Moreover, we observed that
treatment with Thymocid®, at 2.5 and 10 ug/mL, resulted in a concentration-dependent modulation of
mRNA expression of MITF, TYR, TYRP1, and TYRP2 to 80.1%, 98.6%, 93.4%, and 93.7%, and 73.0%,
104.9%, 76.6%, and 86.6%, respectively (Figure 5B).
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Figure 4. Effects of Thymocid® (2.5, 5, 10, and 20 pug/mL) on the cell viability of murine melanoma
B16F10 cells (A), melanin content (B), and its quantification (C) in B16F10 cells cultured with Thymocid®
for 72 h, and cellular tyrosinase activity in B16F10 cells treated with Thymocid® for 72 h (D). Significance
was defined as ** p < 0.01 and ** p < 0.001 when compared to the control group and values are
presented as the means + S.D. from three experiment replicates.
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Figure 5. Effects of Thymocid® on the expression of melanogenesis-related genes and proteins in
melanoma B16F10 cells. Cells were treated with Thymocid® (20 pg/mL) for 24, 48, and 72 h and the
expression of genes including MITF, TYR, TYRP1, and TYRP2 were determined by real-time qPCR assay
(A). B16F10 cells were treated with Thymocid® (2.5 and 10 pg/mL) for 72 h, and the expression of genes
including MITF, TYR, TYRP1, and TYRP2 were determined by real-time qPCR (B). B2M was used as an
internal control in real-time qPCR assay. Significance was defined as * p < 0.05, ** p < 0.01, *** p < 0.005,
***% p < 0.001 when compared to the control group. Values are presented as the means =+ S.D. from three
experimental replicates.

Next, we evaluated the effect of Thymocid® on the expression levels of proteins related to
melanogenesis in B16F10 cells by Western blotting assay. The densitometric data showed that
treatment with Thymocid® reduced the expression of TYRP1 and TYRP2 in B16F10 cells (Figure 6A).
Quantitative analysis of data from Western blotting assay revealed that Thymocid® (2.5 and 10 pg/mL)
reduced suppressed the protein expression levels of TYRP1 (by 69.1-97.7%) and TYRP2 (by 9.4-9.3%),
respectively (Figure 6B), whilst the expression of MITF was only slightly decreased by the treatment
with Thymocid® by 18.8-15.2% at 2.5 and 10 ug/mL, respectively) (Figure 6B).
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Figure 6. Effects of Thymocid® on the expression of the melanogenesis-related proteins in B16F10
cells. Cells were treated with Thymocid® (2.5 and 10 pg/mL) for 72 h and the expression of proteins
including MITE, TYRP1, and TYRP2 were determined by Western blotting assay (densitometric data; A).
Equal protein loading was confirmed by using protein 3-actin as an internal household protein. The
protein expression in B16F10 cells treated with Thymocid® (2.5 and 10 pg/mL) for 72 h were compared
to the control group (B). Values are presented as the means + S.D. from three experimental replicates.
Significance was defined as: * p < 0.05 and *** p < 0.001 when compared to the control group.

4. Discussion

Thymoquinone (TQ), a major bioactive compound in BCSE [29], was used to standardize
Thymocid®. TQ has been reported to show several skin beneficial effects such as chemoprevention of
skin tumorigenesis [30] and anti-inflammatory effects against chemical-toxin-induced ear edema [30].
Although TQ may contribute to the overall skin beneficial effects of Thymocid®, other phytochemicals
present in Thymocid® may also exert biological effects in an additive, complementary, and/or synergistic
manner. In fact, TQ showed effects similar to those of Thymocid® in some bioassays, including
anti-elastase and antityrosinase conducted in this study (Supplementary Materials Tables S1-S3);
however, TQ at similar concentrations was less active than Thymocid®, suggesting that other
phytochemicals present in Thymocid® also contributed to its overall biological effects. In addition,
although only one major peak appeared in the HPLC chromatogram of Thymocid® monitored at the
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wavelength of 254 nm (retention time at 16.5 min; Figure 1), it is possible that other phytochemicals,
including non-aromatic molecules, such as aliphatic compounds, may also be present in Thymocid®
without being detectable by HPLC analysis. Future studies to identify these aliphatic compounds using
proper analytical tools (e.g., gas chromatography—mass spectrometry) and evaluate their biological
activities are warranted. Moreover, the presence of other TQ derivatives including thymol, carvacrol,
thymohydroquinone, and dithymoquinone, as well as alkaloids including nigellicine, nigellimine,
nigellidine, and nigelanoid are also reported in published studies on the chemical composition of
BCSEs [4,6]. Although compounds including carvacrol and thymol were not identified and quantified in
Thymocid® in the current study, it has been reported that carvacrol and thymol exhibited skin-protective
effects including inhibitory effects on collagenase and elastase [31]. Therefore, it is possible that several
phytochemicals including aliphatic compounds and alkaloids in Thymocid® may also exert biological
effects that contribute to the overall skin beneficial effects of BCSE. Therefore, a “whole-food” approach
was used to evaluate the biological effects of Thymocid®, rather than testing its individual compounds.
Thymocid® showed anti-aging effects by maintaining protein structure against glycation (Figure 2).
The inhibitory effect of Thymocid® on the formation of AGEs in a BSA-fructose model (Figure 2A) was
in agreement with a published study showing that TQ reduced the formation of AGEs in a model with
human serum albumin and glucose [32]. In addition, a BCSE has been reported to show preventive
effects against glycation-induced DNA damage [33]. Furthermore, Thymocid® protected the structure
of bovine type I collagen from glycation-induced cross-linking (Figure 2B). Given that the formation of
AGEs is an oxidative process, it is possible that the antiglycation effect of Thymocid® may attribute to
its antioxidant effects [34]. The protective effects of Thymocid® on the structure of skin’s connective
proteins were supported by its anti-collagenase (Figure 3) and anti-elastase activities (Table 1). This is
in agreement with a published study showing that a BCSE was able to inhibit the activity of human
neutrophil elastase [35]. However, due to the structural and functional difference between porcine
pancreatic elastase and human neutrophil elastase [36], further studies on Thymocid®’s effects on
elastase in human skin fibroblast cells are warranted to support its antiwrinkle effects.

Melanin, the end-product of melanogenesis, is produced in melanocytes within melanosomes.
It is a critical factor for the color of various organs and tissues including eyes, hair, and skin [37-39].
Melanin’s main role is related to skin protection against ultraviolet rays; however, excessive production
and accumulation of melanin lead to cutaneous hyperpigmentation disorders, including freckles, skin
discoloration, and pigmented age spots [38,40]. Over the years, this can lead to the enhancement of the
degradation of cutaneous extracellular matrix proteins as observed in biological processes including
skin aging, discoloration, and solar elastosis [41]. The process of melanogenesis is catalyzed by three
major melanocyte-specific enzymes, namely, TYR, TYRP1, and TYRP2 (also known as dopachrome
tautomerase) [40], with TYR being the rate-limiting enzyme for melanin biosynthesis [42-44]. These
enzymes are appropriate targets for the improvement of skin conditions including skin tone, aging,
whitening, or discoloration with plant-based nutrients [42,45]. Thymocid® promoted the activity of
tyrosinase, which corroborates a previously reported study showing that BCSE was able to increase
melanin production in melanophores isolated from wall lizard (Podarcis muralis) [29]. However, further
evaluations on the melanin content in murine melanoma B16F10 cells indicated that Thymocid®,
at nontoxic concentrations, suppressed the production of melanin (Figure 4B,C) while it decreased
cellular tyrosinase activity (Figure 4D). This is similar to a previously reported study, in which a BCSE
was able to reduce melanin production in B16F10 cells stimulated with alpha-melanocyte-stimulating
hormone [46]. The BCSE’s antimelanogenic effect (observed in this study and a study from another
group) is contradictory with its melanogenic effect reported in a model of melanophores from wall
lizard [30]. Several factors may account for this contradiction. First, BCSE’s effects on melanogenesis
were assessed with different models (murine melanoma cells vs. wall lizard melanophores), which may
have distinct response to the treatment with BCSE. Next, levels of TQ in BCSE used in the wall lizard
melanophores study and in Thymocid® are different (0.0356% vs. 5.12%). Therefore, further studies
with more physiological relevant models including human melanocytes are warranted to confirm
the modulatory effects of Thymocid® on melanogenesis. Mechanistically, our studies showed that
Thymocid® inhibited cellular tyrosinase activity (Figure 4D) and suppressed the gene and protein

142



Nutrients 2020, 12, 2146

expressions of melanogenesis-related markers in B16F10 cells (Figures 5 and 6), which may collectively
contribute to its overall antimelanogenic effects. We noted that Thymocid® was able to downregulate
both gene and protein expression of TYRP1 in B16F10 cells. TYRP1 is an enzyme catalyzing the
oxidation of dihydroxyindole carboxylic acid during the process of melanin biosynthesis in murine
melanoma cells [47]. In addition, TYRP1 is involved in maintaining the protein structure of tyrosinase
and modulating its oxidative activity, which was in agreement with the observation of decreased
cellular tyrosinase activity in B1I6F10 cells. Therefore, TYRP1 may be a valid molecular target for the
antimelanogenic effects of Thymocid®. However, further studies with human melanocytes as well as
in skin tissue architecture that simulate human skin are warranted to confirm this. In addition, further
studies on Thymocid®’s cosmeceutical characterizations including skin permeability, bioavailability,
and proper formulations are warranted.

5. Conclusions

In summary, Thymocid®, a chemically standardized and commercially available BCSE, protected
the structure of BSA and type I collagen by inhibition of protein glycation and collagen cross-linking,
respectively. Thymocid® also inhibited the activity of skin-wrinkle-related enzymes including
collagenase and elastase. The inhibitory effects of Thymocid® on collagenase and elastase may
contribute to its overall anti-aging effects. In addition, Thymocid® showed inhibitory effects on the
production of melanin content in B16F10 cells. This antimelanogenic effect was associated with its
modulation of cellular tyrosinase activity and expressions of melanogenesis-related genes and proteins
including MITF, TYR, TYRP1, and TYRP2. Our findings highlight the potential of Thymocid® as a
bioactive ingredient for cosmeceutical applications.
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Abbreviations

AG aminoguanidine

AGEs advanced glycation end-products

AAAPVN N-succinyl-Ala-Ala-Ala-p-nitroanilide

BCSEs black cumin seed extracts

BSA bovine serum albumin

EGCG epigallocatechin gallate

FALGPA N-(3-[2-furyl]-acryloyl)-Leu-Gly-Pro-Ala

L-DOPA L-3,4-dihydroxyphenylalanine

MGO methylglyoxal

MITF microphthalmia-associated transcription factor

phen 1,10-phenanthroine

TQ thymoquinone

TYR tyrosinase

TYRP1 tyrosinase-related protein-1

TYRP2 tyrosinase-related protein-2
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Abstract: Whey obtained from milk fermented by the Lactobacillus helveticus CM4 strain (LHMW) has
been shown to improve skin barrier function and increase skin-moisturizing factors. In this study,
we investigated the effects of LHMW on melanin production to explore the additional impacts of
LHMW on the skin. We treated mouse B16 melanoma cells with «-melanocyte-stimulating hormone
(x-MSH) alone or simultaneously with LHMW and measured the amount of melanin. The amount
of melanin in B16 cells treated with a-MSH significantly increased by 2-fold compared with that in
control cells, and tyrosinase activity was also elevated. Moreover, treatment with LHMW significantly
suppressed the increase in melanin content and elevation of tyrosinase activity due to x-MSH.
LHMW also suppressed the x-MSH-induced increased expression of tyrosinase, tyrosinase-related
protein 1 (TRP1), and dopachrome tautomerase (DCT) at the protein and mRNA levels. Furthermore,
the mRNA and protein microphthalmia-associated transcription factor (MITF) expression levels
were significantly increased with treatment with x-MSH alone, which were also suppressed by
LHMW addition. LHMW suppression of melanin production is suggested to involve inhibition of
the expression of the tyrosinase gene family by lowering the MITF expression level. LHMW may
have promise as a material for cosmetics with expected clinical application in humans.

Keywords: whey; Lactobacillus helveticus; melanin; «-melanocyte-stimulating hormone;
tyrosinase; tyrosinase-related protein 1; dopachrome tautomerase; microphthalmia-associated
transcription factor; cosmetics

1. Introduction

Melanin, which is the end product of melanogenesis, is generated in the melanosomes of
melanocytes and is an important factor determining the color of human skin, hair, and eyes [1,2].
Melanin is associated with protection of the skin from ultraviolet rays; however, excess melanin
production and accumulation on the skin cause pigmentation disorders, such as freckles, skin
discoloration, and pigmented age spots [3].

In addition to ultraviolet irradiation, melanin production is induced by various hormones,
including o-melanocyte-stimulating hormone (x-MSH) and estrogen [4,5], as well as by environmental
stimulation from chemical substances such as theophylline [6,7] and extracellular stimuli, such as
cytokines [8]. Melanogenesis is catalyzed by three types of melanocyte-specific enzymes: tyrosinase,
tyrosinase-related protein 1 (TRP1), and dopachrome tautomerase (DCT) [9]. Tyrosinase is a
rate-limiting enzyme of the melanin production pathway, in which I-tyrosine is converted to
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1-3,4-dihydroxyphenylalanine (I-DOPA) via hydroxylation. 1-DOPA is in turn oxidized to become
DOPA quinone [10]. DCT, which is also called TRP2, catalyzes the tautomerization of dopachrome to
produce 5,6-dihydroxyindole-2-carboxylic acid (DHICA) [11]. TRP1 also oxidizes DHICA to produce
carboxylate indole-quinone [12]. TRP1 and DCT function downstream from tyrosinase in the melanin
biosynthesis pathway [2]. Therefore, these enzymes are suitable targets for the development of
cosmetics aimed at skin whitening, and such novel materials have been actively explored [13,14].
Milk fermented by the Lactobacillus helveticus CM4 strain (LH-fermented milk), a lactic acid
bacterium, has been reported to have a hypotensive effect [15,16] and a learning—-memory improvement
effect [17]. LH-fermented milk cofermented with yeast has been shown to have life-extension [18] and
antitumor effects [19]. Moreover, whey obtained from LH-fermented milk (LH-fermented milk whey
(LHMW)) was shown to strengthen epidermal barrier function when taken orally and was effective in
the prevention of dermatitis [20]. Furthermore, the expression of profilaggrin, which is an important
factor for skin moisturizing, was reported to increase when LHMW was added to normal human
epidermal keratinocytes [21]. As such, it has been clarified that LHMW has useful effects on the skin,
and its application has been gaining attention. To expand the effects of LHMW on the skin, in this study,
we investigated the effect of LHMW on melanin production. Specifically, we treated B16 cells, a mouse
melanocyte cell line, with «-MSH with and without LHMW to investigate the suppressive effect of
LHMW upon induction of melanin production and to explore the underlying molecular mechanism.

2. Materials and Methods

2.1. Materials

Dulbecco's modified Eagle medium (DMEM) and 2-amino-2-hydroxymethyl-1,3-propanediol (Tris)
were purchased from Fujifilm Wako Pure Chemical Co., Ltd. (Osaka, Japan). The cell proliferation
reagent water-soluble tetrazolium salt (WST-1) was purchased from Roche (Mannheim, Germany). Bovine
serum albumin (BSA) and TRI reagent were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA).
Mouse antihuman tyrosinase (T311) antibody, mouse antihuman TRP1 (G-9) antibody, mouse antihuman
TRP2/DCT (C-9) antibody, and mouse antihuman microphthalmia-associated transcription factor (MITE;
D-9) antibody were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Rabbit
anti-B-actin antibody was purchased from BioLegend (San Diego, CA, USA). Donkey antimouse IgG-HRP
antibody, donkey antirabbit IgG-HRP antibody, and enhanced chemiluminescence (ECL) prime Western
blotting detection reagents were purchased from GE Healthcare (Waukesha, WI, USA). A high-capacity
cDNA synthesis kit was purchased from Applied Biosystems (Foster City, CA, USA). SsoAdvanced
Universal SYBR Green Supermix was purchased from Bio-Rad Laboratories (Hercules, CA, USA).

2.2. Preparation of Fermented Milk Whey

Fermented milk was prepared as reported previously [21]. In brief, reconstituted, pasteurized 9%
(w/w) skim milk solution was fermented with the L. helveticus CM4 strain at 35 °C for 24 h. This sample
was separated into the whey fraction by ultrafiltration (MW < 5 kDa).

2.3. Cell Culture

B16 mouse melanoma (Riken Cell Bank, Ibaraki, Japan) cells were maintained in DMEM containing
100 U/mL penicillin G potassium, 100 pug/mL streptomycin, and 10% FBS. B16 cells were seeded in a
plate at a density of 2.5 x 10* cells/cm? and incubated in a CO, incubator for 2 days. a-MSH (final
concentration: 50 nM) alone or simultaneously with LHMW (final concentration: 1-5%) was added to
B16 cells and cultured.

2.4. WST-1 Assay

B16 cells seeded in a 96-well plate were treated with LHMW and cultured for 48 h. After removing
the medium and washing the cells with phosphate-buffered saline (PBS), WST-1 reagent was added

148



Nutrients 2020, 12, 2082

to the cells. After incubation for 4 h, the absorbance at 450 nm and 620 nm was measured using a
microplate reader (MTP-450 microplate reader, Corona Electric Co., Ltd., Ibaraki, Japan).

2.5. Measurement of Melanin Content

The amount of melanin was measured according to a previously described method, with slight
modifications [22,23]. Briefly, x-MSH alone or simultaneously with LHMW was added to B16 cells
seeded in a 6-well plate and cultured for 48 h. After B16 cells were washed with PBS, 500 uL of a
1 M NaOH solution was added to each well. The cells were collected and then incubated at 80 °C
for 60 min. Absorbance at 415 nm was measured using a microplate reader. Melanin content was
normalized by protein content and expressed as a percentage of the control.

2.6. Measurement of Tyrosinase Activity

Tyrosinase activity was measured according to a previously described method, with slight
modifications [24,25]. «-MSH alone or simultaneously with LHMW was added to B16 cells seeded in a
6-well plate and cultured for 24 h. After B16 cells were washed with PBS, 200 pL of PBS containing 1%
Triton X-100 was added to each well. The cells were collected and homogenized with an ultrasonic
homogenizer (Handy Sonic, TOMY SEIKO Co., Ltd., Tokyo, Japan) on ice and then centrifuged
(11,000% g, 20 min, 4 °C). Then, 100 uL of PBS containing 0.1% L-DOPA was added to 30 uL of the
supernatant, and the mixture was incubated at 37 °C for 30 min. Absorbance at 492 nm was measured
using a microplate reader. Tyrosinase activity was normalized by protein content and expressed as a
percentage of the control.

2.7. Real-Time PCR

«-MSH alone or simultaneously with LHMW was added to B16 cells seeded in a 6-well plate and
cultured for 3 h or 24 h. After washing B16 cells with PBS, total RNA was extracted using TRI reagent.
Total RNA was used to calculate the RNA concentration and confirm the purity by measuring the
absorbance at 260 nm and 280 nm with a microspectrophotometer (NanoDrop Lite Spectrophotometer,
Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized from RNA using a high-capacity
cDNA synthesis kit. Real-time PCR was performed to detect the expression of each gene using the
specific primers shown in Table 1. The mRNA expression level was normalized using the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Table 1. Primer sequences used for real-time PCR.

Gene Forward Reverse
Tyrosinase CAAAGGGGTGGATGACCGTG  AACTTACAGTTTCCGCAGTTGA
Trpl ATGAAATCTTACAACGTCCTCCC GCACACTCTCGTGGAAACTGA
Dct TTCAACCGGACATGCAAATGC GCTTCTTCCGATTACAGTCGGG
MITF CAAATGGCAAATACGTTACCCG CAATGCTCTTGCTTCAGACTCT
GAPDH GGCAAATTCAACGGCACAGT AGATGGTGATGGGCTTCCC

2.8. Real-Time PCR Preparation of Samples for Western Blotting

«-MSH alone or simultaneously with LHMW was added to B16 cells seeded in a 6-well plate and
cultured for 3 h or 24 h. After washing B16 cells with PBS, 500 uL of RIPA buffer was added, and the
cells were collected using a cell scraper. The cell suspension solution was placed on ice for 30 min,
homogenized by an ultrasonic homogenizer (Handy Sonic, TOMY SEIKO Co., Ltd.), and centrifuged
(15,000 g, 15 min, 4 °C). The obtained supernatant was used as a sample solution for Western blotting.

2.9. Western Blotting

The protein concentration was measured by the bicinchoninic acid (BCA) method. After the addition
of an equal volume of loading buffer (100 mM Tris, 20% glycerol, 0.004% bromophenol blue, 4% sodium
dodecyl sulfate, and 10% 2-mercaptoethanol; pH 6.8) to the sample solution, the samples were separated
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using SDS-PAGE. The protein was transferred to a polyvinylidene difluoride membrane and blocked with
skim milk solution. The membrane was reacted with the following primary antibodies: mouse antihuman
tyrosinase antibody, mouse antihuman TRP1 antibody, mouse antihuman TRP2/DCT antibody, mouse
antihuman MITF antibody, or rabbit anti-f-actin antibody. After washing, the membrane was incubated
with a secondary antibody, donkey antimouse IgG-HRP antibody or donkey antirabbit IgG-HRP antibody.
The antibodies were detected with ECL prime Western blotting detection reagent. The protein signal was
visualized using a CCD camera (ImageQuant LAS500, GE Healthcare).

2.10. Statistical Analyses

The experimental values are shown as the mean + standard deviation (SD). Dunnett’s test and
Tukey’s test were used for the statistical analyses.

3. Results

3.1. Effect of LHMW on Melanin Production Stimulated by a-MSH

We investigated the effect of LHMW on melanin production stimulated by «-MSH.

When B16 cells were treated with x-MSH and the condition of the cells was observed under
a microscope, it was confirmed that melanin production was enhanced. In contrast, cotreatment
with LHMW suppressed the amount of melanin stimulated by a-MSH in a concentration-dependent
manner. In particular, treatment with 3% LHMW suppressed melanin production induced by «-MSH
to approximately the same level as that in the control (Figure 1). The WST-1 assay further showed that
treatment with up to 5% LHMW did not affect the cell survival rate of B16 cells (Figure S1).

These results confirmed that LHMW suppressed melanin production stimulated by «-MSH.
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Figure 1. Effect of Lactobacillus helveticus-fermented milk whey (LHMW) on melanin production stimulated
by «-melanocyte-stimulating hormone (x-MSH). x-MSH alone or simultaneously with LHMW was added
to B16 cells and cultured for 48 h (A), and the intracellular melanin was eluted (B). The amount of
melanin was calculated by measuring the absorbance, and the average value of the control was expressed
as 100% (C) (mean =+ SD, n = 6, ***; p < 0.001 vs. control, ### p < 0.001 vs. vehicle).

3.2. Effect of LHMW on Tyrosinase Activity

Tyrosinase is a rate-limiting enzyme of melanogenesis, which is important in the determination of
melanin content [13,14]. Therefore, we further investigated whether the suppressive effect of LHMW
on melanin production was caused by inhibitory activity on tyrosinase.
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B16 cells treated with a«-MSH showed approximately 2-fold higher tyrosinase activity than the
control cells, and LHMW suppressed the increase in tyrosinase activity stimulated by «-MSH in
a concentration-dependent manner. Specifically, treatment with 3% LHMW resulted in tyrosinase
activity similar to that of the control condition (Figure 2).

300
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150
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Tyrosinase activity
(% of Control)

50
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Control 0% 1% 3%
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Figure 2. Effect of LHMW on tyrosinase activity. a-MSH alone or simultaneously with LHMW was
added to B16 cells and cultured for 24 h. The tyrosinase activity was measured, and the average
value of the control was expressed as 100% (mean + SD, n = 6, ***; p < 0.001 vs. control, ## p < 0.01,
##H; p < 0.001 vs. vehicle).

Therefore, the suppression of melanin production by LHMW was considered to be caused by its
inhibitory activity against tyrosinase.

3.3. Effects of LHMW on the Protein Expression of Tyrosinase, TRP1, and DCT

We investigated whether the inhibitory effect of LHMW on tyrosinase activity was due to
suppression of tyrosinase protein expression. We also analyzed the effect of LHMW on other important
proteins for melanin production, including TRP1 and DCT.

The tyrosinase expression level in the x-MSH-treated B16 cells was significantly higher than that
in the control cells, and cotreatment with LHMW reduced the protein expression of tyrosinase to
approximately the same level as that in the control cells. Similarly, the protein expression levels of
TRP1 and DCT increased upon treatment with «-MSH, which were suppressed by LHMW cotreatment
to the same level as that in the control cells (Figure 3).

These results indicated that suppressed tyrosinase protein expression was associated with the
inhibitory effect of LHMW on tyrosinase activity. LHMW also reduced the levels of TRP1 and DCT
expression to suppress melanin production.

3.4. Effects of LHMW on Tyrosinase, Trp1, and Dct mRNA Levels

We investigated whether the effect of LHMW in reducing the protein expression levels of tyrosinase,
TRP1, and DCT occurred via transcriptional repression.

The expression of tyrosinase mRNA in B16 cells treated with «-MSH was higher than that in the
control cells, and LHMW cotreatment reduced tyrosinase mRNA expression to the same level as that
in the control cells. The same effects were observed for Trpl and Dct mRNA levels (Figure 4).

These results clearly demonstrated that LHMW suppressed the transcription of the tyrosinase
gene family induced by «-MSH to reduce the protein and mRNA expression levels of tyrosinase, Trp1,
and Dct.
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Figure 3. Effects of LHMW on the protein expression of tyrosinase, TRP1, and DCT. a-MSH alone or
simultaneously with LHMW was added to B16 cells and cultured for 24 h. The protein expression
levels of tyrosinase, TRP1, and DCT were analyzed by Western blotting and normalized to that of
B-actin. The average value of the control was expressed as 100% (mean + SD, n = 6, *; p < 0.05,
**: p <0.01 vs. control, # p < 0.05, ##; p < 0.01 vs. vehicle).
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Figure 4. Effects of LHMW on the mRNA expression of tyrosinase, Trp1, and Dct. x-MSH alone or
simultaneously with LHMW was added to B16 cells and cultured for 24 h. The mRNA expression
levels of tyrosinase, Trpl, and Dct were analyzed by real-time PCR and normalized to that of
GAPDH. The average value of the control was expressed as 100% (mean + SD, n = 6, **; p < 0.01,
***; p < 0.001 vs. control, ##; p < 0.01, ###; p < 0.001 vs. vehicle).

3.5. Effect of LHMW on MITF Expression

MITF has been shown to regulate the transcription of tyrosinase, Trp1, and Dct [26,27]. Therefore,
we investigated whether the reduction in the expression levels of these genes by LHMW was caused

by decreasing MITF expression.

B16 cells treated with «-MSH showed significantly increased mRNA and protein levels of MITF
compared with those of the control cells. However, upon the addition of LHMW, MITF expression was

significantly decreased at both the protein and mRNA levels (Figure 5).

These results suggested that LHMW may have suppressed the transcription of the tyrosinase gene

family by suppressing increased MITF expression.

152



Nutrients 2020, 12, 2082

MITF |-. o - - |60kDa
300 4 i B-aCHN | sem———— | 40 (q

= Control  Vehicle LHMW
S 2501 A A
é i a-MSH
& 200 4 M b
e w300
[0 [
8 150 1 & 250 |
8 83
o 2 € 200 ]
I B a
£ 1004 £o
3 g% 150
2 2E
% 50 | % 100
14 14 50 4

0 - 04

Cont Veh  LHMW Cont Veh  LHMW
a-MSH a-MSH

Figure 5. Effect of LHMW on MITF expression. «-MSH alone or simultaneously with LHMW was
added to B16 cells and cultured for 3 h. The mRNA (A) and protein (B) expression levels of MITF
were analyzed by real-time PCR and Western blotting and normalized to those of 3-actin and GAPDH,
respectively. The average value of the control was expressed as 100% (mean + SD, nn = 6, ***; p < 0.001
vs. control, ##; p < 0.01, ###; p < 0.001 vs. vehicle).

4. Discussion

Several recent reports have demonstrated the beneficial effects of probiotics such as lactic acid
bacteria and bifidobacteria [28-32]. In addition, many findings on the beneficial effects of whey derived
from fermented milk have attracted attention [33-36]. In this study, we examined the effects of LHMW
on melanogenesis with the aim of exploring a potential novel function of LHMW on the skin.

We used mouse melanoma B16 cells, which have been widely applied in studies of melanogenesis.
B16 cells are known to show enhanced melanin production under stimulation with a-MSH [37,38].
In this study, we confirmed that under x-MSH stimulation, the amount of intracellular melanin
increased by approximately 2-fold of that in the control condition. In contrast, cotreatment with LHMW
at a dose that did not induce cytotoxicity significantly suppressed the increase in melanin production
stimulated by «-MSH in a concentration-dependent manner. Specifically, treatment with 3% LHMW
reduced the intracellular melanin content to almost the same level as that of the control (Figure 1).
These findings suggest that LHMW could be a useful cosmetic material for the development of a
skin-whitening agent.

Melanogenesis is controlled by genes in the tyrosinase family, including tyrosinase, TRP1,
and DCT [9]. Among them, melanin production in melanocytes is controlled mainly by activation and
expression of the rate-limiting enzyme tyrosinase [39]. Upon addition of a-MSH to B16 cells, tyrosinase
activity increased, which was suppressed by cotreatment with LHMW in a concentration-dependent
manner (Figure 2). In addition, LHMW decreased the protein expression level of tyrosinase while
simultaneously suppressing the increased protein levels of TRP1 and DCT under «-MSH stimulation
(Figure 3). Based on these findings, the suppressive effect of LHMW on melanin production could
have been caused by its ability to suppress the expression and activity of tyrosinase and reduce the
protein expression levels of TRP1 and DCT.

The tyrosinase gene family, including tyrosinase, TRP1, and DCT, is associated with pigmentation,
proliferation, and survival, and these effects are strictly controlled by MITF [26,27]. Specifically, MITF
binds to the M box in the promoter region to control the expression of these tyrosinase genes [40].
Thus, MITF is a transcription factor that plays a very important role in melanogenesis [41,42]. In this
study, LHMW suppressed the increase in mRNA expression levels of the tyrosinase, Trp1, and Dct
genes stimulated by a-MSH in mouse B16 melanocytes (Figure 4). Therefore, suppression of the
transcription of these genes appears to be associated with a reduction in the protein expression levels of
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the tyrosinase gene family by LHMW. We further investigated the effect of LHMW on MITF expression
in B16 cells under x-MSH stimulation, which demonstrated that LHMW significantly suppressed MITF
expression at both the mRNA and protein levels (Figure 5). Given these findings, the suppression of
transcription and protein expression of the tyrosinase gene family by LHMW could have been caused
by LHMW's ability to decrease MITF expression.

How can LHMW suppress the expression of MITF? It has been reported that x-MSH increases the
expression level of MITF, as explained below [43,44]. First, when x-MSH binds to the melanocortin-1
receptor (MclR), adenylate cyclase is activated to increase the intracellular cyclic 3',5'-adenosine
monophosphate (CAMP) level. The increase in cAMP content in turn activates protein kinase A (PKA)
and accelerates phosphorylation of the cAMP-response element-binding protein (CREB) to ultimately
induce MITF expression. That is, phosphorylated CREB upregulates the transcription of MITF to
ultimately increase the MITF protein expression level. To date, a material with an anti-melanin effect
that targets these processes has been identified [45]. Therefore, LHMW may reduce MITF expression
by suppressing adenylate cyclase, PKA, or phosphorylated CREB. We also found that LHMW reduced
the mRNA level of Mc1R compared to that in cells treated with «-MSH alone (data not shown). Similar
to the tyrosinase gene family, McIR expression is also controlled by MITF [46]. In other words, MITF
controls the expression of both melanogenesis-related enzymes and their receptors. Therefore, LHMW
can reduce the responsiveness to x-MSH stimulation by suppressing MITF in addition to decreasing
the expression of the tyrosinase gene family.

As described above, ultraviolet irradiation enhances melanin synthesis, which is considered to be
one of the causes of oxidative stress [47]. Therefore, it has been suggested that antioxidants exhibit
anti-melanogenesis effects, and, in fact, the usefulness of various antioxidants as whitening agents
has been clarified [48,49]. Relatedly, whey protein has been found to exhibit an antioxidant effect [50].
Based on these facts, there is a possibility that antioxidant effects may be one of the mechanisms
involved in the anti-melanogenesis action of LHMW.

Although this study clarified that LHMW has a suppressive effect on melanin production, its active
ingredient remains unclear. In general, whey is rich in peptides and proteins [51]. The L. helveticus
CM4 strain used in this study has strong proteolytic activity and decomposes milk proteins to produce
many peptides during fermentation [15,52]. In this study, the components contained in LHMW that
reduced the expression of MITF could not be identified. Although it is still a matter of speculation, it is
thought that the peptides exerted the action. In the future, it will be possible to clarify the usefulness of
LHMW by searching for active ingredients and comparing with regular milk whey and other lactic
acid bacteria-fermented milk whey.

In summary, our results show that LHMW suppresses melanin production, which is suggested to
involve inhibition of the expression of the tyrosinase gene family by lowering the MITF expression level.
LHMW may have promise as a material for cosmetics with expected clinical application in humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/7/2082/s1,
Figure S1: Cell viability.
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Abstract: Sea cucumber body wall contains several naturally occurring bioactive components that
possess health-promoting properties. Isostichopus badionotus from Yucatan, Mexico is heavily fished,
but little is known about its bioactive constituents. We previously established that I. badionotus meal
had potent anti-inflammatory properties in vivo. We have now screened some of its constituents for
anti-inflammatory activity in vitro. Glycosaminoglycan and soluble protein preparations reduced
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflammatory responses in HaCaT cells while
an ethanol extract had a limited effect. The primary glycosaminoglycan (fucosylated chondroitin
sulfate; FCS) was purified and tested for anti-inflammatory activity in vivo. FCS modulated the
expression of critical genes, including NF-kB, TNF«, iNOS, and COX-2, and attenuated inflammation
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and tissue damage caused by TPA in a mouse ear inflammation model. It also mitigated colonic
colitis caused in mice by dextran sodium sulfate. FCS from I. badionotus of the Yucatan Peninsula thus
had strong anti-inflammatory properties in vivo.

Keywords: holothuroids; glycosaminoglycans; inflammation; ear-inflammation

1. Introduction

Sea cucumbers are used as food supplements or traditional medicines in many parts of the
world. In Asia, they are ascribed a wide range of health-promoting actions, including antimicrobial,
anti-thrombotic, anti-coagulant, neuroprotective, wound healing, antioxidant, anti-hypertensive,
anti-tumor, anti-inflammatory, and immune-stimulating properties [1,2]. Harvested species belong to
genera including Apostichopus, Atinopyga, Cucumaria, Holothuria, Isostichopus, Parastichopus and Stichopus.
These are known to contain many potential therapeutic compounds, such as triterpene glycosides
(saponins), fucosylated chondroitin sulfates, fucoidans, glycosaminoglycans, sulfated polysaccharides,
sterols, phenolics, cerebrosides, lectins and proteins/peptides [1,2]. However, it remains unclear
exactly which compounds or combinations thereof are required to reliably treat or manage specific
diseases. Further, the profile and concentrations of the naturally occurring bioactive components in
sea cucumbers is species-, locality-, and growth environment-dependent. Recent work has therefore
concentrated on isolation and characterization of individual constituent bioactive compounds from sea
cucumber and assessment of their specific health-modulating properties in vitro and in vivo [1-3].

Isostichopus badionotus is distributed along the coast of the Caribbean Sea and Western Atlantic
Ocean. In recent years, the species has been intensively harvested in Mexican waters, particularly
around the Yucatan Peninsula [4,5]. Remarkably, despite the high demand for this sea cucumber
species, little is known of its nutritional, medicinal, or therapeutic properties in vivo. Two studies
have established that I. badionotus from the Yucatan Peninsula has potential health-promoting effects.
Diets containing the I. badionotus body wall were hypo-cholesterolaemic for rats [6]. In addition,
they substantially altered gene expression in the rat intestine by down-regulating pro-inflammatory
genes and up-regulating genes essential for gut barrier integrity and repair [7]. Further, studies in
other in vitro and in vivo models confirmed the anti-inflammatory properties of I. badionotus body wall
meal [7].

The present research aimed to identify anti-inflammatory factors from the body wall of I. badionotus
from the Yucatan Peninsula and assess their efficacy in vivo.

2. Materials and Methods

2.1. Sea Cucumber Collection and Processing

Adult Isostichopus badionotus (Selenka, 1867) were collected from the seafloor off the coast of Sisal,
Yucatan, Mexico (SAGARPA permit No. DGOPA/1009/210809/08761) and processed as before to obtain
desalted, lyophilized sea cucumber meal [6].

2.2. Preliminary Extractions

A crude ethanol extract was obtained from desalted and lyophilized sea cucumber meal following
Guo et al. [8], a soluble protein extract was prepared according to Ridzwan et al. [9] and a crude
glycosaminoglycan preparation (GAGs) prepared using the basic technique of Vieira et al. [10].
The compositions of these preliminary extracts were monitored by thin-layer chromatography or
polyacrylamide gel electrophoresis.
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2.3. Large-Scale Extraction and Characterization of Glycosaminoglycans (GAGs)

GAGs were isolated essentially according to Vieira et al. [10]. Ten grams (10 g) desalted and
lyophilized meal was added to 300 mL 0.1 M sodium acetate buffer (pH 6) containing 5mM EDTA, 5mM
L-cysteine and 1 g papain. The mixture was incubated at 60 °C for 24 h, and the resulting enzymatic
liquor centrifuged (2000 g 10 min at 10 °C). The supernatant was mixed with two volumes 95% ethanol,
stored overnight at —10 °C and the precipitate recovered by centrifugation. This was resuspended
and dialyzed against distilled water in a 12-14 kDa cut-off membrane (Spectra/Por). The preparation
was further fractionated by preparative anion exchange chromatography on a QXL Hitrap column
(GE Healthcare) fitted to an Akta Pryme plus (GE Healthcare). Elution was done with NaCl (up to 1.2 M
made up in 20 mM Tris-HCI, pH 8.0) and absorbance (280 nm) and conductivity monitored.

2.4. Chemical Characterization of GAGs Fraction

Total carbohydrates were determined by UV spectrophotometry based on a method using sulfuric
acid to form furfural derivatives [11]. Uronic acids were quantified using meta-hydroxy diphenyl with
galacturonic acid as a standard [12]. Sulfates were measured using potassium sulfate as a standard [13].
Total proteins were determined with the bicinchoninic acid assay using a commercial kit (BCA Protein
Assay kit, Thermo Scientific). Fucose was quantified using deoxy sugar and L-fucose as standards [14].

Gram-negative and Gram-positive bacteria, fungi and yeasts were screened for by culturing the
GAGs preparations on appropriate agar plates or liquid media. Assessment of lipopolysaccharides
(LPS) content was done using a commercial kit (Pierce LAL Chromogenic Endotoxin Quantitation,
Thermo Scientific; detection limit <1 EU/mL) following manufacturer instructions. No viable microbes
or LPS were detected in the GAGs samples.

2.5. Infrared Spectroscopy

Spectra were recorded on an Agilent Cary 630 FTIR spectrometer within the wavenumber range
between 4000-600 cm ™!, using the Attenuated total reflection (ATR) technique. The standards employed
for the IR analysis were L-fucose, D-glucuronic acid, D (+) galacturonic acid, and chondroitin sulfate
from shark.

2.6. NMR Spectroscopy

The 1H NMR spectra of crude GAGs samples were measured at 25 °C and 600 MHz using an
Agilent spectrometer. For the purified GAGs the spectra were measured at 400 MHz using a Bruker
Advance 400 Ultrashield apparatus. Spectra processing was done with the MestReNova software
(Mestrelab Research, Santiago de Compostela, Spain).

2.7. Polyacrylamide Gel Electrophoresis

PAGE was performed in a 6% polyacrylamide gel (37.5% acrylamide/1% bisacrylamide) using a
mini-protean system (Bio-Rad, Mexico City, Mexico). Briefly, GAGs in Tris-HCL buffer (pH 6.8) were
mixed with non-reducing sample buffer, boiled for 5 min, loaded onto the gel and electrophoresed at
100V for 110 min. The gel was stained with 0.5% Alcian Blue solution in 3% acetic acid/25% isopropanol
for two hours and de-stained with a 10% acetic acid/40% ethanol solution overnight. Finally, the gel
was digitized. A broad range molecular weight standard (Bio-Rad, Mexico City, Mexico) was used.

2.8. Action of GAGs on TPA-Stimulated HaCaT (Human Keratinocyte) Cells and Mouse Splenocytes In Vitro

Spontaneously immortalized human keratinocytes (HaCaT) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 3 x 10° HaCat cells were
seeded in 96-well plates (Corning Costar Sigma Mexico) and cultured overnight until 80% confluence.
Media was replaced and cells were stimulated with 3.2 mg/mL GAGs sample in the presence of
2.5 ng/mL TPA [15]. After 24 h media were collected, and the cells were re-stimulated with 2.5 ng/mL
12-O-tetradecanoylphorbol-13-acetate (TPA) and 5 ug/mL brefeldin for 3 h. The cells were harvested
with 0.25% trypsin/1 mM EDTA and stained for flow cytometry analysis.
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Isolated HaCaT/splenocyte cells were resuspended in phosphate buffered saline (PBS) containing
5% FBS. Unspecific staining was blocked with PBS-10% FBS for 15 min at 4 °C. Cells were permeabilized
using fixation/permeabilization buffer (eBioscience) for 15 min. Samples were then stained at 4 °C for
30 min with AlexaFluor 647-labeled IFNYy antibodies, then washed two times in permeabilization/wash
buffer. An amount of 3 x 10° events were acquired on a CytoFlex (Beckman Coulter, Brea, CA, USA)
flow cytometer, and analyzed using the CytExpert software (Beckman Coulter) [16].

2.9. Action of GAGs on the Viability of Fibroblasts In Vitro

A thiazolyl blue tetrazolium blue (MTT) assay with human fibroblast cell line (hFB) was used to
evaluate the viability of GAGs activity [17]. Cells were cultivated routinely in DMEM/F-12 medium
without phenol red and supplemented with 10% FBS at 37 °C in a 5% CO? and humidified atmosphere.
Cells were seeded at 2 x 10* cells/well in 100 uL medium into 96-well microplates and incubated
for 24 h. Fresh culture medium (100 uL) containing GAGs was then added to the wells to final
concentrations of 0.039, 0.078, 0.156, 0.313, 0.625 and 1.25 mg/mL. Cells exposed only to culture medium
were used as a control, and cells exposed only to medium without cells were used as a background.
Cells with dimethyl sulfoxide (DMSO) were used as a toxicity control, and cells with recombinant
human fibroblast growth factor (rFGF) were used as a proliferation control. After 48 h incubation,
100 uL MTT (5 mg/mL) were added to each well and left for 4 h. The medium was then removed and
200 uL DMSO was added to resuspend the formazan crystals. Optical density (OD) was measured at
570 nm by a spectrophotometric plate reader (Multiskan FC Thermo Scientific). The percentage of
relative cell viability was calculated as:

[(OD treated — OD background)/(OD control — OD background)] x 100%

Data were expressed as the mean + standard deviation and analysed with a one-way analysis of
variance (ANOVA) test followed by Tukey’s post hoc test (p < 0.05). Analysis was run on the GraphPad
Prism 7 statistical program.

2.10. Experimental Animals

Male CD1 and C57Bl/6 mice were obtained from the Centre for Research and Advanced Studies
of the National Polytechnic Institute (CIVNESTAV-IPN) at Zacatenco, Mexico. Animal experiments
were performed at CINVESTAV-IPN Meérida. Animals were kept under standard conditions
(12 h light/dark cycle, 23 + 2 °C, 65% humidity). Food and water were freely available. Animals were
acclimatized for seven days prior to the experiment. All experimental protocols were approved by the
Institutional Animal Care and Use Committee of CINVESTAV-IPN (No. 0126-15) and complied with
the applicable Mexican Official Norm (NOM-062-ZO0-1999), “Technical Specifications for the Care
and Use of Laboratory Animals”, as well as all applicable federal and institutional regulations.

2.11. Mouse Ear Anti-Inflammatory Activity

Anti-inflammatory activity was evaluated using the mouse ear model, as described previously [7,18].
Under anesthesia (pentobarbital 25 mg/kg animal weight), acute inflammation was induced by topical
application of 12-O-tetradecanoylphorbol-13-acetate (TPA; phorbol myristate acetate; Sigma Cat. P8139;
2.5 ug in 10 pL acetone) to both surfaces of the right ear of CD1 mice. Ten microliters (10 uL) vehicle
were topically applied to each surface of the left ear. GAGs extract (125 ug/20 uL water/per ear, each
surface) or the anti-inflammatory dexamethasone (DXA) were applied (250 pg/10 pL water/per ear,
each surface) 15 min after treatment with TPA. Six hours later, the mice were re-anesthetized, and an
electronic micrometer used to assess ear edema and thickness. The animals were then euthanized by
cervical dislocation, and each ear removed and weighed (total ear weight). A sterile biopsy punch
(Integra Miltex®, Integra LifeSciences Corp, PA.USA.) was used to remove two representative samples
(5 mm diameter discs) from each ear, and the discs weighed. Inflammation was quantified as the
difference between the average weight of the right ear discs (TPA alone or TPA+dexamethasone or
TPA+extract) and that of the left ear discs (vehicle: acetone). Samples were taken from the ear discs for
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analysis of gene expression (immersed in 400 uL RNAlater [Ambion] and stored at —80 °C) and for
histological evaluation (fixed in 10% formalin).

2.12. Histological Analysis of Ear Samples

Fixed samples were mounted in paraffin blocks (Richard-Allan Scientific Paraffin Type 6®,
ThermoFisher Scientific, Mexico City, Mexico, cut into sections (2 um thickness) with a ThermoScientific
Microm HM 325® rotary microtome (Mexico City, Mexico) and processed using an AutotechniconDuo®
2A System(Technicon Instruments Corp, New York, NY, USA). Sections were stained simultaneously
with haematoxylin-eosin (H&E), examined with a conventional optical microscope and images taken
with a digital camera (Evolution™ LC Color; Olympus, Mexico City, Mexico). A representative area
was selected for qualitative light microscopic analysis. Histology scores for ear samples were generated
by two independent pathologists and averaged for analysis. Briefly, samples were evaluated for the
presence of neutrophil infiltration and edema, and each factor deemed to be either null, slight, moderate
or intense [6,7]. Numerical values were assigned to each intensity: null (0); slight (1); moderate (2);
and intense (3). A sample’s total score was calculated by adding the values assigned each factor.

2.13. Dextran Sodium Sulfate (DSS)-Colitis

Sixteen C57Bl/6 mice (8 weeks old, 25 g) were given free access to water containing Dextran
Sodium Sulfate (MP Biomedicals, USA, DSS, 36-50 kDa) [25 g/liter] for 4 days and water for a further
2 days. In addition, half of the mice were dosed orally with GAGs solution (2 mg/mouse/d; ~80 mg/kg
body weight (BW)/d) on days —1, 0, and +1 to +5 while the remainder were daily administered a
vehicle substance. The mice were euthanized by cervical dislocation on day 6 and dissected. The small
intestine and colon were removed, their length measured, and representative samples of colon collected
for analysis. Untreated control mice had free access to water throughout the study.

2.14. Gene Expression

RNA was isolated from tissue using the Animal Tissue RNA Purification Kit (Norgen), following
manufacturer instructions. Genomic DNA (gDNA) was removed using the TURBO DNA-free™ Kit
(Ambion). cDNA was obtained using the RevertAid H Minus First Strand cDNA kit (Thermo Scientific),
according to manufacturer instructions. Single-strand DNA (ssDNA) was diluted at a 1:20 ratio for
further use in real-time PCR (qRT-PCR). Quantitative real-time PCR (qQRT-PCR) assays were run using
specific oligos in a Rotor Gene Q (2-plex) real-time PCR detection system with QuantiNova SYBR Green
PCR master mix (Qiagen). Reactions (including non-template as negative controls) were performed in
quadruplicate. Thermo-cycling conditions were 5 min at 95 °C, followed by 40 cycles of 15 s at 94 °C,
and 45 s at 62 °C (annealing-extension). 3-actin (ACTB) [ear assay] and elongation factor 2 (EEF2)
[DSS-colitis] were used as housekeeping genes. Relative expression was calculated using the 2744Ct
method, as previously described [19], and results expressed relative to the controls.

2.15. Statistical Analysis

Statistical analysis was applied using generalized linear modelling (GLM) to estimate the effect of
the factor levels (i.e., ear-weight results), as well as the variable of gene expression (fold change) for
genes. Over-dispersion was detected (from residual Poisson regression model) and corrected using
Poisson GLM. The standard errors were multiplied by the square root of the dispersion parameter using
a quasi-Poisson GLM model. The variance; Var [Yi] = ¢, where p is the mean and ¢ the dispersion
parameter, was calculated with the GLM model. Significant difference was set at p-value < 0.05.
A customized R (www.r-project.org) function and GraphPad Prism were used for statistical analyses.
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3. Results

3.1. Extracts from the Body-Wall of I. badionotus Inhibit TPA-Induced Proliferation of Keratinocyte and
Splenocyte Cells in Culture

Previous data from our group indicated that sea cucumber I. badionotus meal had potent
anti-inflammatory activity in vitro and in vivo [7]. To ascertain the general nature of the naturally
occurring bioactive components in I. badionotus responsible for this ameliorative action, an initial study
was conducted in which three extracts of desalted and lyophilized sea cucumber meal (an ethanolic
extract [8], a soluble protein extract [9] and a crude glycosaminoglycan (GAGs) preparation [10]) were
prepared and assayed for their effects on TPA-stimulated human keratinocyte (HaCaT) cells and mouse
splenocytes in vitro.

The GAGs and soluble protein fractions prepared from I. badionotus body wall inhibited
TPA-mediated proliferation of HaCat cells (Figure 1a) and of mouse splenocytes (Supplemental
Figure Sla). In contrast, while the ethanol extract, expected to contain saponins, partially reduced
TPA-induced proliferation of HaCaT cells (Figure 1a), it had limited activity against TPA-stimulated
splenocytes (Supplemental Figure Sla). Analysis of the preliminary extracts revealed that the GAGs
fraction was comprised of primarily one major component whereas both the protein and ethanol
extracts were complex mixtures (data not shown). The present studies therefore concentrated on the
GAGs fraction.

a0 70 e

35 =
= £ w0
LT -
= =
i=] 25 b g 2
=}
2 20 .g ® <
£ o g ®
- o

10 2 o

5 a E 10

04 0 2

TPA TPA & TPA & TPA & Control TPA TPA &
GAGS Protein Ethanol pure GAGs
(a) (b)

Figure 1. Extracts (crude GAGs, soluble proteins, ethanol soluble) from the body wall of
I. badionotus inhibit 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced proliferation of HaCat [human
keratinocyte] cells in culture (a). Purified GAGs (3 pg/mL) limit TPA-mediated production of Interferon
gamma (IFNy)-positive HaCaT cells (b). N > 4 per group and values with distinct superscripts differ
significantly from each other (p < 0.05).

3.2. Large-Scale Preparation and Characterization of GAGs

The preliminary GAGs fraction prepared using the basic method of Vieira et al. [10] was
comprised mainly of fucosylated chondroitin sulfate (FCS) but also contained small amounts of
impurities, including fucoidan. An additional ion-exchange chromatography was applied to the
isolation procedure. This method produced a glycosaminoglycan preparation comprised of fucose,
N-acetyl-galactosamine, uronic acid and sulfates (Table 1). Polyacrylamide gel electrophoresis
(Figure 2a), 1H NMR (Figure 2b; Supplemental Figure S2a) and infrared spectral analysis (Figure 2c,d,
Supplemental Figure S2b) indicated the GAGS preparation to be fucosylated chondroitin sulfate (FCS).
The sample appeared to be free of fucoidan and other contaminants. However, their presence in trace
amounts in the GAGs preparation cannot be completely discounted.
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Table 1. Chemical composition (w/w, %) of GAGs extracted from Isostichopus badionotus from the
Yucatan Peninsula compared to a non-fucosylated chondroitin sulfate from shark cartilage (CSS).

GAGs CSs
Total CHO 2477 £2.5 25.36 + 0.06
Fucose 6.40 + 0.54 ND
Uronic acid 8.55 £ 0.48 20.6 +0.04
Sulfates 11.12 + 0.60 15.06 + 0.001
Soluble proteins 4.15+0.01 5.01 +0.001

Results are the average of three independent determinations + SD. CHO = carbohydrates; ND = not detected.
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Figure 2. GAGs preparation isolated from I. badionotus body wall. (a) Alcian Blue-stained polyacrylamide
gel electrophoretogram of initial and purified GAGs from sea cucumber (I. badionotus). (b) 1H NMR
spectra at 600 MHz of fucosylated chondroitin sulfate of sea cucumber (I. badionatus). (c) Infrared spectra
of GAGs from sea cucumber (I. badionotus). (d) Overlay comparing GAGs to standards.

The bioactivity in vitro of the purified FCS was confirmed since it was found to inhibit a
TPA-mediated expansion in Interferon gamma (IFNy)-positive HaCaT cells at levels of around 3 ug
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FCS/mL (Figure 1b). At much higher concentrations, FCS was cytotoxic (IC50, 80 pg/mL) in a human
breast-derived fibroblast cell line (Supplemental Figure S1b).

3.3. FCS Exerts Anti-Inflammatory Activity In Vivo

Given their potent anti-inflammatory activity against keratinocytes in vitro we evaluated
the biological activity of the purified FCS in a mouse ear inflammation model. As reported
previously [7], topical administration of 12-O-tetradecanoylphorbol-13-acetate [TPA] to mouse ear
triggered inflammatory cell infiltration, edema and major histological disruption within six hours
(Figure 3a—c). Co-treatment of the ear with FCS attenuated these inflammatory responses, as did
dexamethasone (Figure 3a—c). In contrast, chondroitin sulfate from shark cartilage had little or no
effect on TPA-induced inflammation (Figure 3d).

TPA
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DXA  GAGs
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Figure 3. GAGs from sea cucumber (I. badionotus) body wall exert anti-inflammatory effects in a
mouse ear inflammation model. Mouse ears exposed to vehicle (control, left ear), or inflammatory
agent TPA alone, or TPA followed by dexamethasone (DXA) or GAGs (right ear). (a) Representative
photomicrographs of transverse section of mouse ears sensitized with TPA or TPA and test substance,
stained with haematoxylin-eosin (magnification 10X). Images are representative of five mice with similar
results. (b) Differences in ear weights (right-left) after treatment with TPA or TPA and test substance;
n > 5 per group. (c) Histological score for ear micrographs in (a); values are the mean + SEM, n = 3 per
group. (d) Differences in ear weights (right-left) after treatment with TPA or TPA and shark cartilage
(CSS); n > 3 per group. Values with distinct superscripts differ significantly from each other (p < 0.05).

Expression of the TNF«, IL-6, NF-kB, iNOS, IL-10, IL-11, COX-2and STAT3 genes in mouse ear
tissue increased following application of TPA (Figure 4). Co-administration of FCS suppressed these
TPA-mediated responses, except for IL-6, which was increased further, and IL-10, which was unaffected
(Figure 4). By contrast, TPA-mediated expression of all these genes was inhibited by co-treatment with
dexamethasone (Figure 4). FCS alone had little or no effect on expression of inflammation-associated
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genes, except for NF-kB, which was slightly up-regulated and IL-6, which was marginally suppressed
(Figure 4).
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Figure 4. GAGs from sea cucumber (I. badionotus) target principal inflammation-related genes. Mouse
ears were exposed to vehicle alone (left ear), GAGs, inflammatory agent TPA followed by GAGs, or TPA
followed by dexamethasone (DXA) as an anti-inflammatory control (right ear). Genes NF kappa B
(NF-kB), IL-6, TNF alpha (TNF«), iNOS, IL-10, IL-11, COX-2 and STAT3 were evaluated by qRT-PCR.
Values (fold change) are the mean + SD. Values with distinct superscripts differ significantly from each
other (p < 0.05).

3.4. FCS from I. badionotus with Sulfate Levels of 4.5% or Above Have Similar Anti-Inflammatory Properties

During our studies we noted that sulfation of the purified FCS from I. badionotus steadily reduced
when the preparation was repeatedly reconstituted and lyophilized (Figure 5a). Freshly prepared GAGs
were tested alongside a sulfate-depleted sample in the mouse ear inflammation assay. Surprisingly,
we found that the sulfate-depleted GAGs samples exhibited the same potent anti-inflammatory activity
as did the freshly prepared ones (Figure 5b). This may indicate that sulfate levels of approximately
4.5% (w/w) may be adequate to maximize the anti-inflammatory actions of FCS from I. badionotus.
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Figure 5. GAGs from sea cucumber (I. badionotus) with sulfate levels of 4.5% or above have similar
anti-inflammatory properties. (a) The sulfate content of freshly-isolated GAGs used in analyses was quantified.
The GAGs—LS were derived from the same sample but were reconstituted and lyophilized at least 3 times
prior to sulfate analysis. (b) Differences in ear weights (right-left) in mouse ears exposed to vehicle alone
(left ear), or inflammatory agent TPA followed by GAGs or GAGs—LS [low sulfate] (right ear). For each
figure, n > 4 per group and values with distinct superscripts differ significantly from each other (p < 0.05).

3.5. Orally-Administered FCS from I. badionotus Ameliorate DSS-Colitis in Mice

Having established that FCS was anti-inflammatory in the ear inflammation model, we then did
a pilot study evaluating its ability to protect against acute intestinal inflammation in a DSS-colitis
mouse model [20,21]. As expected, mice administered 2.5% DSS in their drinking water for four days
followed by water alone for two days lost body weight (Figure 6a), the expression of TNFx gene in
their colonic tissue was greatly up-regulated (Figure 6b) and their colons were significantly shortened
(Figure 6¢, Supplemental Figure S2). The actions of DSS on the intestine were confined to the lower
bowel, meaning the small intestine was unaffected by this treatment (Figure 6d).
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Figure 6. Orally-administered GAGs from sea cucumber (I. badionotus) body wall exert anti-inflammatory
effects on Dextran sodium Sulfate (DSS)-colitis in mice. DSS (25 g/L in drinking water) was offered mice
for four days, followed by water alone for two days. A proportion of the mice were dosed daily with
GAGS (80 mg/kg body weight (BW)/d) for one day prior to and during the experimental period. (a) Weight
change in mice dosed with DSS + co-treatment with GAGs. (b) Colonic TNFx gene expression in mice
dosed with DSS + co-treatment with GAGs. (c) Colon lengths in mice dosed with DSS =+ co-treatment
with GAGs. (d) Small intestine lengths in mice dosed with DSS + co-treatment with GAGs. For each
figure, n > 4 per group and values with distinct superscripts differ significantly from each other (p < 0.05).
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Oral administration of FCS immediately prior to and during the experimental period counteracted
the effects of DSS on mice (Figure 6a—c; Supplemental Figure S3). In other words, co-treatment with FCS
attenuated the body weight loss, expression of colonic TNF« gene and colon shortening caused by DSS.

4. Discussion

Previous studies established that lyophilized sea cucumber (Isostichopus badionotus) from
the Yucatan Peninsula have potent anti-inflammatory actions when tested in various animal
models [7]. We have now shown that these protective effects are multi-factorial, and are largely
mediated by fucosylated chondroitin sulfate (FCS), a principal component of the body wall.
This natural occurring bioactive component limited the responses of HaCat (keratinocyte) cells
to 12-O-tetradecanoylphorbol-13-acetate (TPA), modulated expression of critical genes and attenuated
inflammation and tissue damage caused by TPA in mouse ear and mitigated colonic colitis caused by
dextran sodium sulfate (DSS) in a pilot study in mice.

FCS from I. badionotus ameliorates hyperlipidaemia and metabolic syndromes in mice [22,23].
Given our original finding that I. badionotus meal was both hypolipidemic and anti-inflammatory in
animal models [6,7], the present observations that I. badionotus FCS suppressed skin and intestinal
inflammation is not inconsistent with the findings of Li et al. [22,23], and indicates that I. badionotus
FCS has a broad spectrum of health-promoting actions in vivo.

Fucoidans from sea cucumber, including those of I. badionotus, are also known to have
anti-inflammatory, hypolipidemic and health-promoting properties in vivo [24-26]. As we found in
our preliminary studies, small amounts of fucoidan can co-extract with glycosaminoglycans in the
Vieira et al. [10] isolation procedure. However, introduction of an ion exchange chromatography
step in the purification process significantly reduced the residual amounts of fucoidan in the final
FCS preparation. The fucoidan doses necessary to ameliorate experimental hyperlipidaemia and
metabolic syndrome in vivo are similar [24-26] to those required for FCS to treat the same experimental
disorders [22,23]. Given that our FCS preparation contained at most only trace amounts of fucoidan,
it is unlikely that fucoidan made a significant contribution to the potent anti-inflammatory actions of
our I. badionotus FCS preparation.

The cytotoxicity of I. badionotus FCS for cells in culture was higher (IC50, 80 p1g/mL) than previously
reported [27]. However, only low levels (3 ug/mL) of FCS were needed to suppress TPA-induced
responses in HaCaT cells, and mouse splenocytes in vitro; indeed these were at least thirteen-to
fifteen-fold less than needed to cause any significant adverse effects on human fibroblast viability
in vitro. Therefore, cytotoxicity did not influence the anti-inflammatory properties of I. badionotus FCS.

Sulfation levels, sulfate pattern (2,4-O-di-sulphation) and alpha-L-fucosyl branched units are
considered essential factors in FCS bioactivity, particularly its anticoagulative and anti-thrombotic
activities [28-31]. However, we found that sulfate concentrations over 4.5% were of no apparent
advantage for the anti-inflammatory actions of I. badionotus FCS. This level of sulfation may therefore
be the threshold required for maximal bioactivity.

The composition, structure and bioactivity of sea cucumber FCS vary considerably between
species and even within the same species depending on the exact location and environment of the
capture site [27,28,32]. It is, therefore, essential to establish that FCS derived from a new source has the
required therapeutic properties for practical clinical use. The results of this study demonstrate that
FCS from I. badionotus captured off the Yucatan Peninsula has excellent potential for use in clinical
treatment or management of inflammatory disorders.

TPA activates the nuclear factor-B molecular signaling pathway. This, in turn, initiates the
expression of pro-inflammatory genes, such as TNFax and COX-2, as well as a range of cell survival
factors essential for the preservation of cellular integrity and subsequent down-regulation of acute
inflammatory responses [28,33-35]. FCS limited inflammation and tissue damage in TPA-treated mouse
ears by down-regulation of NF-kB and down-stream genes such as COX-2 and TNF«. I. badionotus
FCS’s mode of action is unknown, but reports for some sea cucumbers indicate that their constituent
glycosaminoglycans can act on the NF-kB-pathway by blocking the translocation of active NF-kB
[RelA(p65)/p50] from the cytoplasm to the nucleus, thereby preventing activation of downstream
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genes [36,37]. This action would be consistent with the gene changes observed in TPA/FCS-treated
ear samples except for the slight upregulation of NF-kB caused by FCS alone. However, if FCS
prevented even basal levels of active NF-kB from reaching the nucleus, the small FCS-linked increase in
NEF-kB expression may have been a compensatory response aimed at overcoming the loss of molecular
signaling. IL-6 expression is highly dependent on NF-kB [38] so the reduced expression of IL-6 in
FCS-treated ear may also be a result of the failure of active NF-kB to reach or accumulate in the nucleus.

DSS activates NF-kB in colonic epithelium and up-regulates an array of pro-inflammatory genes.
These actions cause chronic colonic inflammation, tissue disruption, a characteristic shortening of the
colon and rapid loss of body weight [20,39]. Oral administration of I. badionotus FCS (80 mg/kg BW/d)
attenuated the harmful effects of DSS on the colon and limited the loss of body weight caused by DSS.
As in the ear inflammation assay, this amelioration of DSS colitis may have been due to the direct
inhibitory effects of FCS upon NF-kB in epithelial cells leading to a diminution in colonic inflammation.

FCS may also have had indirect protective actions. DSS disrupts the intestine microbiota, leading
to loss of protective and short-chain fatty acid (SCFA)-producing bacteria and a concomitant expansion
in the populations of opportunistic pathobionts [40-42]. In previous studies, FCS partially ameliorated
intestinal dysbiosis associated with experimental metabolic syndromes [22,41]. I. badionotus FCS could
therefore have similar effects on DSS-induced dysbiosis. It may reduce the levels of opportunistic
pathogens and promote an expansion in the numbers of SCFA-producers or protective bacteria which
produce compounds that inhibit activation, release, or translocation of NF-kB [20,39,41,43]. These
actions would limit the severity of epithelial inflammation and gut damage caused by DSS.

L. badionotus body wall has potent anti-inflammatory actions in vivo [6,7]. Here we show that
these properties are due, at least in part, to FCS, one of its major extractable components. However,
in agreement with reports for other species [1,2], our in vitro data also indicates that other body wall
constituents have anti-inflammatory properties. It remains to be established whether the naturally
occurring bioactive components in I. badionotus body wall act additively or synergistically to provide
its overall anti-inflammatory effect.

5. Conclusions

I badionotus body wall contains several components with anti-inflammatory properties. They may
act additively or synergistically to give maximal activity. Nonetheless, the present pre-clinical studies
have established that I. badionotus FCS has pharmacologically promising anti-inflammatory activity on
its own. Given the immense need for novel anti-inflammatory products of a known and predictable
mode of action, robust clinical trials are needed to establish if I. badionotus FCS has similar demonstrable
and repeatable health benefits for humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/6/1698/s1,
Figure S1: (a) Crude GAGs from the body wall of I. badionotus inhibit 12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced proliferation of mouse splenocytes. (b) High concentrations of purified GAGs reduce the viability
of a human breast-derived fibroblast cell line. N > 4 per group and values with distinct superscripts differ
significantly from each other (p < 0.05). Figure 52: (a) 1H NMR spectra at 600 MHz of fucosylated chondroitin
sulfate of sea cucumber (I. badionatus). (b) Infrared spectra of GAGs from sea cucumber (I. badionotus). Figure S3:
Representative colons from mice treated with DSS and I. badionotus GAGs (a), or DSS (b) and untreated controls (c).
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Abstract: More recently, we have proposed a safe non-vector approach to modifying the biochemical
profiles of the microalga Planktochlorella nurekis and obtained twelve clones with improved content
of lipids and selected pigments and B vitamins and antioxidant activity compared to unaffected
cells. In the present study, the biological activity of water and ethanolic extracts of modified clones is
investigated in the context of their applications in the cosmetic industry and regenerative medicine.
Extract-mediated effects on cell cycle progression, proliferation, migration, mitogenic response,
apoptosis induction, and oxidative and nitrosative stress promotion were analyzed in normal human
fibroblasts and keratinocytes in vitro. Microalgal extracts did not promote cell proliferation and were
relatively non-cytotoxic when short-term treatment was considered. Long-term stimulation with
selected microalgal extracts attenuated the development of oxidative stress-induced senescence in
skin cells that, at least in part, was correlated with nitric oxide signaling and increased niacin and
biotin levels compared to an unmodified microalgal clone. We postulate that selected microalgal
extracts of Planktochlorella nurekis can be considered to be used in skin anti-aging therapy.

Keywords: microalgae; Planktochlorella nurekis; skin cells; proliferation; senescence

1. Introduction

The skin is a natural barrier that protects the human body against a number of environmental
stressors, such as physical, chemical, or biological agents. Environmental factors such as sun
radiation (ultraviolet radiation, visible light, and infra-red radiation), air pollutants (polycyclic
aromatic hydrocarbons (PAH), volatile organic compounds (VOCs), particulate matters (PMs), and
ozone) and tobacco smoke may affect and/or promote the progression of inflammatory skin diseases
such as atopic dermatitis (AD), acne and psoriasis, skin aging, and cancerogenesis (e.g., photo-aging and
photo-carcinogenesis) [1,2]. Moreover, the skin may be subjected to photo-pollution stress (combined
action of UV radiation and air pollutants, such as PAH and PMs) that may result in synergistic
photo-toxic damage [2,3].

Skin aging, a complex biological process that can be modulated by several intrinsic (chronological or
intrinsic skin aging) and environmental factors (e.g., UV radiation, extrinsic skin aging), is accompanied
by both phenotypic changes in cutaneous cells and structural and functional changes of extracellular
matrix (ECM) components, namely collagens, elastin and proteoglycans that are needed to maintain
the tensile strength, elasticity and hydration of the skin [4,5]. Mitochondrial DNA damage, increased
reactive oxygen species (ROS) production, and telomere shortening are considered to be major players
during intrinsic skin aging [4,5]. Moreover, the accumulation of replicative old senescent skin cells may
also promote the pathological remodeling of ECM [4]. Cumulative exposure to UV radiation can result
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in the damage of chromophore-rich cutaneous biomolecules and oxidative stress, affecting skin cells and
matrix components, and stimulate the expression of ECM proteases (e.g., matrix metalloproteinases,
MMPs) via transcription factor activator protein-1 (AP-1) signaling, leading to collagen degradation
and wrinkle formation [4].

Macroalgae (multicellular algae) and microalgae (unicellular algae) are a rich source of natural
bioactive compounds and secondary metabolites with antioxidant, anti-inflammatory, anti-microbial
and anticancer activities that may have some beneficial effects during skin anti-aging therapies,
de-pigmentation, and acne, and chronic wound and melanoma treatments [6-8]. As algae are
exposed to UV-radiation-mediated oxidative stress in their natural environments and adapted to
cope with oxidative biomolecule damage by the means of elevated production of antioxidants and
UV-absorbing compounds, algal extracts and isolated chemicals may provide similar UV protection as
sunscreens currently used in the market [8]. Photo-protective activity of selected algal compounds,
namely, shinorine, porphyra-334, palythene, eckstolonol, eckol, mycosporine-glycine, mycosporine
methylamine-serine, sargachromenol, fucoxanthin, tetraprenyltoluquinol chromane meroterpenoid,
scytonemin, and sargaquinoic acid, has been previously reported [7,9-12]. A number of algal bioactive
compounds may protect against photo-aging by decreasing the levels of MMPs and maintaining the
pools of skin collagen [6-8]. Extracts of the green microalga Chlorella vulgaris may also promote collagen
synthesis in the skin, stimulate tissue regeneration and limit wrinkle formation, and thus, may have
applications in skin anti-aging therapies [6,8].

Although algae and related groups are widely studied, only a limited number of microalgal and
cyanobacterial species have been comprehensively characterized and commercially used, namely,
Spirulina, Chlorella, Haematococcus, Dunaliella, Botryococcus, Phaeodactylum, and Porphyridium [8,13,14].
In 2014, a new microalgal species was reported, namely, Planktochlorella nurekis [15]. More recently,
we provided a comprehensive biochemical characterization of the microalga Planktochlorella nurekis
and selected twelve clones with elevated levels of lipids and several pigments and B vitamins, and
increased antioxidant activity [16]. However, Planktochlorella nurekis-mediated effects in cellular models
in vitro have never been addressed, e.g., the ability to stimulate cell proliferation and migration and to
promote some anti-aging effects. In the present study, we use human fibroblasts and keratinocytes
to investigate mitogenic, promigratory and anti-senescence activity of water and ethanolic extracts
obtained from twelve modified clones of Planktochlorella nurekis and their corresponding unaffected
cells. Extract-mediated ability to block the development of oxidative stress-induced senescence in
human skin cells is documented and discussed.

2. Materials and Methods

2.1. Cell Culture and Extract Preparation and Treatment

Human foreskin fibroblasts BJ (lot 62341989, catalog number ATCC® CRL-2522"™) were obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA) and human epidermal
keratinocytes HEK (lot 3057, catalog number 102-05F and lot 1831898, catalog number C0015C)
were obtained from Cell Application Inc. (San Diego, CA, USA) and Thermo Fisher Scientific (Waltham,
MA, USA), respectively. Population doubling levels were monitored as described previously [17] and
only replicative young cells with high proliferative potential were used. Cells were cultured at 37 °C in
a cell culture incubator in the presence of 5% CO,. BJ fibroblasts were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS), 100 U/mL penicillin, 0.1 mg/mL
streptomycin, and 0.25 pg/mL amphotericin B (Corning, Tewksbury, MA, USA). HEK cells were
cultured in EpiLife™ basal medium with the Human Keratinocyte Growth Supplement Kit (HKGS
Kit, Thermo Fisher Scientific, Waltham, MA, USA) containing bovine pituitary extract (BPE, 0.2% v/v),
recombinant human insulin-like growth factor-I (0.01 pg/mL), hydrocortisone (0.18 ug/mL), bovine
transferrin (5 pg/mL), human epidermal growth factor (0.2 ng/mL) and gentamicin/amphotericin.
BJ cells were passaged using 0.25% trypsin/2.21 mM EDTA (Corning, Tewksbury, MA, USA) and
HEK cells were passaged using 0.025% trypsin/0.01% EDTA (Thermo Fisher Scientific, Waltham, MA,
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USA) and trypsin was then inactivated using Trypsin Neutralizer Solution (Thermo Fisher Scientific,
Waltham, MA, USA). Typically, cells were seeded at 10 cells per cm? of a culture flask.

Twelve clones of the microalga Planktochlorella nurekis with improved biochemical features were
used [16]. A detailed description of biochemical profiles of modified microalgal clones can be found
elsewhere [16]. To prepare microalgal extracts of twelve clones of the microalga Planktochlorella nurekis
and one control clone, two solvents were considered, namely, water and 80% ethanol. To obtain
water extracts (WE), 100 mg of microalgal dry weight were added to sterile ultra pure water to
give the stock concentration of 100 mg/mL. The samples were then boiled at 100 °C for 10 min and
centrifuged (13,000 rpm, RT, 10 min). Supernatants were collected and stored until use at —20 °C.
To obtain ethanolic extracts (EE), 100 mg of microalgal dry weight were added to 80% ethanol to
give the stock concentration of 100 mg/mL. The samples were then incubated at 37 °C for 24 h with
shaking (1000 rpm) and centrifuged (13,000 rpm, RT, 10 min). Supernatants were collected and stored
until use at —20 °C. Fibroblasts and keratinocytes were treated with microalgal extracts for 24 h (the
majority of experiments), up to 72 h (wound healing assay) or up to 7 days (senescence-associated
beta-galactosidase activity). The solvent action (water, 80% ethanol) alone was also considered and the
solvents used had no effect on cells.

2.2. MTT Assay

To study the extract-mediated changes in metabolic activity (thiazolyl blue tetrazolium bromide
(MTT) assay), B] and HEK cells were seeded at the concentration of 5000 cells per a well of a 96-well
plate and cultured overnight. Microalgal extracts were then added (water extracts at the concentrations
ranging from 1 ng/mL to 1000 ug/mL and ethanolic extracts at the concentrations ranging from 1 ng/mL
to 500 ug/mL) for 24 h. After the removal of microalgal extracts, cells were incubated with MTT
solution (0.5 mg/mL, 4 h). After incubation, the MTT solution was removed, and 200 uL. DMSO was
added to dissolve the formazan crystals. Absorbance was read at 570 and 630 nm using a microplate
reader. Metabolic activity was calculated as a AA (A570-A630). Metabolic activity at control conditions
(untreated cells) was considered as 100%. According to MTT results, the concentrations of 100 pg/mL
water and 100 pug/mL ethanolic extracts and the concentrations of 100 pg/mL water and 1 pg/mL
ethanolic extracts were selected for further analysis (B] and HEK cells, respectively).

2.3. Cell Cycle

Extract-mediated changes in the phases of the cell cycle were analyzed using a Muse® Cell
Analyzer and a Muse® Cell Cycle Assay Kit according to the manufacturer’s instructions (Merck
KGaA, Darmstadt, Germany). Briefly, B] and HEK cells were treated with microalgal extracts for 24 h
and then fixed using ice-cold 70% ethanol at =20 °C. Cells were then stained using kit reagent and
G0/G1 (gap 1), S (synthesis), and G2 (gap 2)/M (mitosis) phases were analyzed [%]. Representative
histograms are also shown.

2.4. Cell Proliferation

Extract-mediated changes in cell proliferation were investigated as cell number analysis and Ki67
(proliferation marker) immunostaining. The cell number was automatically calculated using TC10™
Automated Cell Counter (Bio-Rad, Hercules, CA, USA). The subpopulations of Ki67-positive and
Ki67-negative cells (%) were analyzed using a Muse® Cell Analyzer and a Muse® Ki67 Proliferation
Kit (Merck KGaA, Darmstadt, Germany). Briefly, B] and HEK cells were treated with microalgal
extracts for 24 h and then fixed and permeabilized using kit reagents for fixation and permeabilization
and then incubated with the Ki67 antibody. Control Ki67-non-specific antibody was used to calculate
the subpopulation of Ki67-negative cells (grey histogram). Representative histograms are also shown.

2.5. Mitogenic Activity

Extract-induced mitogenic activity was revealed using a Muse® Cell Analyzer and a Muse®
MAPK Activation Dual Detection Kit. Briefly, B] and HEK cells were treated with microalgal extracts for
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24 h, fixed, permeabilized and extracellular signal-regulated kinase 1/2 (ERK1/2) activity was measured
using two directly conjugated antibodies, a phospho-specific anti-phospho-ERK1/2 (Thr202/Tyr204,
Thr185/Tyr187)-phycoerythrin, and anti-ERK1/2-PECy5 conjugated antibody (Merck KGaA, Darmstadt,
Germany) according to the manufacturer’s instructions. Three subpopulations were considered,
namely, ERK1/2-positive (inactivated fraction), phospho-ERK1/2-positive (activated fraction), and
ERK1/2-negative (non-expressing fraction). Representative dot-plots are also shown.

2.6. Wound Healing Assay

Extract-mediated cell migration was evaluated using a wound healing assay [18]. Briefly, B] and
HEK cells were cultured until almost 100% confluency was achieved, and a fresh medium containing
100 pug/mL water extracts was added. A sterile pipette tip was applied to make a cross-shaped wound
by streaking across a monolayer of B] and HEK cells. The migration of cells into the wound was
documented at time 0, 24, 48, and 72 h after wounding using an inverted microscope. Every 24 h, a
fresh medium containing 100 pug/mL water extract was added.

2.7. Apoptosis versus Necrosis

Extract-induced apoptosis was evaluated using a Muse® Cell Analyzer and a Muse® Annexin
V and Dead Cell Assay Kit (Merck KGaA, Darmstadt, Germany). Briefly, B] and HEK cells were
stained according to manufacturer’s instructions and four-cell subpopulations were revealed, namely,
(1) non-apoptotic cells (live cells): Annexin V (=) and 7-AAD (-), (2) early apoptotic cells: Annexin V
(+) and 7-AAD (-), (3) late apoptotic and dead cells: Annexin V (+) and 7-AAD (+), and (4) mostly
nuclear debris (necrotic cells): Annexin V (=) and 7-AAD (+) (%). Representative dot-plots are also
shown. Necrosis was also evaluated using a trypan blue exclusion assay. BJ and HEK cells were
incubated with 0.4% trypan blue, and then dead cells with porous cell membranes (blue-stained
cells) were automatically calculated (%) using a TC10™ Automated Cell Counter (Bio-Rad, Hercules,
CA, USA).

2.8. Superoxide and Nitric Oxide Levels

Extract-mediated changes in the levels of superoxide and nitric oxide were evaluated using a
Muse® Cell Analyzer and a Muse® Oxidative Stress Kit and Muse® Nitric Oxide Kit, respectively,
according to the manufacturer’s instructions. Briefly, for evaluation of oxidative stress, B] and HEK
cells were incubated with superoxide specific fluorogenic probe dihydroethidium, and, for evaluation
of nitrosative stress, human fibroblasts and keratinocytes were incubated with nitric oxide specific
fluorogenic probe DAX-]2™ Orange and a death marker, 7-AAD. Two subpopulations were revealed,
namely, superoxide-positive and superoxide-negative and four subpopulations were documented,
namely, (1) nitric oxide-negative, 7-AAD-negative, (2) nitric oxide-positive, 7-AAD-negative,
(3) nitric oxide-positive, 7-AAD-positive, and (4) nitric oxide-negative, 7-AAD-positive, respectively.
Representative histograms or dot-plots are also shown.

2.9. Senescence-Associated Beta-Galactosidase Activity

A cellular model of hydrogen peroxide-induced senescence was considered, as described
previously [17,19]. Briefly, B] and HEK cells were treated with 100 uM hydrogen peroxide for
2 h, and then water and ethanolic extracts were added for up to 7 days to analyze their protective
effects. Every 48 h, a fresh medium containing microalgal extracts was added. After 7 days of hydrogen
peroxide removal, senescence-associated beta-galactosidase (SA-beta-gal) activity was assayed as
described previously [17,19]. The effect of water and ethanolic extracts alone (pro-senescence activity)
was also investigated. B] and HEK cells were treated with water and ethanolic extracts for 24 h, and,
7 days after microalgal extracts removal, SA-beta-gal activity was analyzed. SA-beta-gal-positive and
SA-beta-gal-negative cells were scored (%).
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2.10. Preliminary Analysis of Anticancer Activity

Water and ethanolic extracts were also initially analyzed in terms of their anticancer activity.
Extract-mediated changes in metabolic activity (MTT assay) of normal human fibroblasts (B] cells)
were compared with extract-induced changes in metabolic activity of selected human cancer cells,
namely, MDA-MB-231 breast cancer cells (ATCC® HTB-26™, ATCC, Manassas, VA, USA), U-2 OS
osteosarcoma cells (92022711, ECACC, Porton Down, Salisbury, UK), and U-251 MG glioblastoma
cells (09063001, ECACC, Porton Down, Salisbury, UK). Briefly, cells were seeded at 5000 cells per well
of a 96-well plate and cultured overnight. Cells were then treated with water and ethanolic extracts
(100 pg/mL) for 24 h, and, after microalgal extracts removal, cells were incubated with MTT reagent as
described above.

2.11. Statistical Analysis

The results represent the mean + standard deviation (SD) from at least three independent
experiments. Statistical significance was assessed by 1-way analysis of variance (ANOVA) using
GraphPad Prism 5 and with Dunnett’s multiple comparison test.

3. Results and Discussion

3.1. The Effect of Water and Ethanolic Extracts of the Microalga Planktochlorella Nurekis on Cell Cycle
Progression and Proliferation of Human Skin Cells

In 2014, a new species of microalgae was reported, namely, Planktochlorella nurekis [15]. More
recently, we comprehensively characterized its biochemical features and also selected twelve microalgal
clones with improved biochemical profiles based on colchicine and cytochalasin B-mediated changes
in ploidy state and DNA content [16]. However, the biological activity of water and ethanolic extracts
of the microalga Planktochlorella nurekis has not been addressed. In the present study, we focus on
the evaluation of extract-mediated effects on cell proliferation, migration, mitogenic activity, overall
cytotoxicity and the ability to attenuate the development of oxidative stress-induced senescence in
human skin cells that may have potential applications in the cosmetic industry and regenerative
medicine. We also asked if the modified and improved clones of the microalga Planktochlorella nurekis
may have some advantages over control unaffected microalgal cells.

Two types of skin cells were selected for the analysis, namely, normal human fibroblasts (BJ cells)
and normal human keratinocytes (HEK cells). As extracts of different Chlorella species may act on
human and rodent cells at a wide range of concentrations and the effects may also rely on solvents
used [20-24], we decided to study both water and ethanolic extracts and the concentrations ranging
from 1 to 1000 ug/mL (Figure 1).

We noticed that 100 pg/mL water extracts of seven modified clones (WE1, WE2, WE3, WES5, WE,
WES, WE12) promoted metabolic activity (MTT assay) of BJ cells compared to control conditions
(Figure 1a, red arrows). Control water extract (CWE) also caused a slight increase in metabolic activity
(Figure 1a, a red arrow). A similar effect was not observed when BJ cells were treated with ethanolic
extracts (Figure 1b). Moreover, we have established that ethanolic extracts can be applied at the
concentrations up to 100 ug/mL without promoting adverse changes in metabolic activity (Figure 1b).
At the concentration of 500 ng/mL, all ethanolic extracts, both modified and control, caused a statistically
significant decrease in metabolic activity of B] cells (Figure 1b, p < 0.001).

More recently, it has been observed that a hot water extract of Chlorella vulgaris at the concentrations
of 400 and 600 pg/mL increased the number of viable cells of young human dermal fibroblasts
(HDFs) [24]. Interestingly, the extract-mediated effect depended on replicative age of HDFs, namely,
stimulatory effects in pre-senescent and senescent HDFs were noticed when 200 and 100 ug/mL water
extract was used, respectively, and the concentrations ranging from 500 to 800 pg/mL decreased cell
viability of senescent HDFs [24]. Water and 80% ethanolic extracts of Chlorella sorokiniana did not affect
the cell viability of Chinese hamster lung fibroblasts (V79 cells) when used at the concentrations up to
80 and 20 pug/mL, respectively [23]. However, treatment with 12.5, 25, and 50 pug/mL hot water extract
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of Chlorella vulgaris increased cell viability by 124%, 135.4%, and 155.0% in IEC-6 rat small intestine
epithelial cells compared to untreated cells [21]. A slight cytotoxic effect of 50 and 100 pg/mL ethanolic

extract of Chlorella vulgaris was also reported using 3T3-L1 mouse preadipocytes as a cellular model
in vitro [22].
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Figure 1. Extract-mediated changes in metabolic activity (MTT assay) of normal human fibroblasts (B]).
Metabolic activity at standard growth conditions (control, a black bar) is considered as 100%. (a) The
effects of water extracts (WE, twelve modified clones from WE1 to WE12) are shown. Control clone
water extract is denoted as CWE. (b) The effects of ethanolic extracts (EE, twelve modified clones from
EE1 to EE12) are shown. Control clone ethanolic extract is denoted as CEE. To emphasize extract action,
a red horizontal line is added. The effect of 80% ethanol (a solvent of ethanolic extracts, a violet bar) is
also shown. White bars indicate the extract concentrations in ng/mL, whereas grey bars indicate the
extract concentrations in pg/mL. Red arrows indicate the concentration of water extract (100 p1g/mL)
that was selected for further analysis based on the stimulatory effect on the metabolic activity of the
majority of modified clone water extracts used. Bars indicate SD, n = 5, *** p < 0.001, ** p < 0.01,
*p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test).

Three selected concentrations (0.1, 1, and 100 pg/mL) were also considered when studying
extract-mediated changes in the metabolic activity of human keratinocytes (Figure 2). In general, HEK
cells were found to be more sensitive to microalgal extract treatment than BJ cells, especially in terms
of ethanolic extract at the concentration of 100 ug/mL (Figures 1 and 2b). Moreover, a pro-stimulatory
effect on the metabolic activity of HEK cells was limited to 100 pg/mL WE2 (Figure 2a, a red arrow).
There are no literature data on the effects of Chlorella sp. extracts on normal keratinocytes in vitro. The
effect of two extracts obtained from two different microalgal species derived from the Blue Lagoon,
namely coccoid and filamentous algae, on the vitality of primary human epidermal keratinocytes was
studied [25]. Coccoid algae extract (157 pg/mL, p < 0.05) promoted cell viability, whereas filamentous
algae extract, when used from the concentration of 12 ug/mlL, stimulated cytotoxic effect (p < 0.05) [25].
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However, the authors did not provide information about the microalgal species used [25]. It has also
been reported that 0.1% (1 mg/mL) aqueous crude extract of the cyanobacterium Spirulina platensis
caused a 2-fold increase in cell viability of the HS2 human keratinocyte cell line [26].
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Figure 2. Extract-mediated changes in metabolic activity (MTT assay) of normal human keratinocytes
(HEK). Metabolic activity at standard growth conditions (control, a black bar) is considered as 100%.
(a) The effects of water extracts (WE, twelve modified clones from WE1 to WE12, white bars) are shown.
Control clone water extract is denoted as CWE. (b) The effects of ethanolic extracts (EE, twelve modified
clones from EE1 to EE12, white bars) are shown. Control clone ethanolic extract is denoted as CEE. To
emphasize extract action, a red horizontal line is added. The effect of water (a blue bar) and 80% ethanol
(a violet bar) (solvents used) is also shown. Red arrow indicates the concentration of water extract
(100 pg/mL) that was selected for further analysis based on the stimulatory effect on the metabolic
activity of BJ cells of the majority of modified clone water extracts used. Bars indicate SD, n = 5,
***p <0.001, ** p < 0.01, * p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test).

Based on obtained results, 100 ug/mL water extracts (from WE1 to WE12 and control CWE) and
100 pg/mL ethanolic extracts (from EE1 to EE12 and control CEE) were selected for further analysis
using BJ cells, and 100 pg/mL water extracts (from WE1 to WE12 and control CWE) and 1 ug/mL
ethanolic extract (from EE1 to EE12 and control CEE) were selected for further analysis using HEK
cells. As the MTT test measures direct change in metabolic activity (the activity of mitochondrial
dehydrogenases), one cannot discriminate between extract-mediated changes in cell proliferation, cell
number, or cytostatic or cytotoxic effects.
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Thus, we then decided to study extract-mediated pro-stimulatory effects more comprehensively
(Figures 3-5). Firstly, we analyzed extract-mediated changes in the phases of cell cycle of both BJ cells
and HEK cells (Figure 3). No significant changes in the cell cycle progression were revealed upon
stimulation of B] and HEK cells with water and ethanolic extracts (Figure 3). It has been previously
reported that the hot water extract of Chlorella vulgaris promoted the accumulation of cells at S and
G2/M phases of the cell cycle in young human dermal fibroblasts [27]. However, the authors considered
a four-times higher extract concentration (400 pg/mL) than used in the present study (100 pg/mL) [27].
Secondly, two cell proliferation parameters were considered, namely, Ki67 immunostaining (Figure 4)
and cell number count (Figure 5a). In general, no significant changes in the levels of Ki67-positive
cells were revealed after treatments with water and ethanolic extracts in HEK cells (Figure 4c,d).
Ethanolic extracts EE1, EE5, and EE6 caused a slight decrease in the levels of Ki67-positive cells in BJ
cells (Figure 4b, p < 0.05). Microalgal extracts also did not affect the cell number of B] and HEK cells
(Figure 5a).

Thus, one can conclude that extract-mediated stimulatory effects on metabolic activity (MTT
assay) in B] and HEK cells were not associated with increased cell proliferation (this study). In contrast,
stimulation of IEC-6 rat small intestine epithelial cells with hot water extract of Chlorella vulgaris (up to
50 pg/mL) resulted in both an increase in metabolic activity and cell proliferation that was mediated
by the activation of MAPK (ERK1/2) and PI3K/Akt pathways, pivotal regulators of cell survival,
proliferation and growth [21]. Moreover, Spirulina crude protein also promoted the proliferation and
migration of IEC-6 cells by activating the EGFR/MAPK signaling pathway [28]. Thus, we have then
asked a question of whether microalgal extracts may modulate mitogenic response and cell migration
of BJ cells and HEK cells. The mitogenic response was studied by analyzing the changes in the
phosphorylation status of two mitogen-activated protein kinases, namely ERK1/2 (Figure S1). However,
no ERK1/2 activation was revealed upon microalgal extract stimulation both in BJ cells and HEK cells
(Figure S1). Finally, we have studied the effect of microalgal extracts on cell migration using wound
healing assay (Figure S2). No extract-mediated stimulatory effects were observed in BJ cells (Figure S2a).
In contrast, water extracts WE2, WE6, WE7, WE8, WE9, WE10, and WE11 promoted cell migration upon
48 h treatment after wounding in HEK cells (Figure S2b). There is a limited number of studies reporting
the promigratory and wound healing effects of Chlorella sp. extracts in vitro and in vivo [29-31].
Chlorella vulgaris dressing promoted wound closure and minimized the formation of scar tissue during
the healing process compared to the control wounds created on the dorsal surface of rats [29]. Moreover,
oral (500 mg/kg) and topical (10%) administration of ROQUETTE Chlorella sp. had beneficial effects on
skin lesions in mice [30]. The wound healing potential of Arthrospira (Spirulina) platensis extract has
also been compared to the wound healing potential of Chlorella vulgaris extract using human fibroblasts
as a cellular model [31]. It has been concluded that Arthrospira extract stimulated wound closure more
efficiently than Chlorella extract [31]. The effect of solvent used has been also analyzed [32]. Treatment
with 50 pg/mL water extract of Spirulina platensis promoted cell proliferation and migration of human
fibroblasts in vitro, whereas the effects of methanolic and ethanolic extracts, when used at the same
concentration, were mild to moderate [32]. The authors claimed that the promigratory and wound
healing effects of water extracts were achieved by the presence of cinnamic acid, naringenin, kaempferol,
temsirolimus, phosphatidylserine isomeric derivatives, and sulphoquinovosyl diacylglycerol [32].
Moreover, skin cream containing 1.125% Spirulina platensis crude extract showed an enhanced wound
healing effect compared to control formulation using HS2 human keratinocytes as a cellular model [26].
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Figure 3. Extract-mediated changes in the cell cycle of BJ cells ((a), 100 pg/mL water extracts;
(b), 100 ug/mL ethanolic extracts) and HEK cells ((c), 100 pug/mL water extracts; (d), 1 pg/mL ethanolic
extracts). (a,c) The effects of water extracts (WE, twelve modified clones from WE1 to WE12) are shown.
Control clone water extract is denoted as CWE. (b,d) The effects of ethanolic extracts (EE, twelve
modified clones from EE1 to EE12) are shown. Control clone ethanolic extract is denoted as CEE. The
percentage of cells in the G0/G1, S, and G2/M phases of the cell cycle was assessed using a Muse® Cell
Analyzer and a Muse® Cell Cycle Kit. Representative histograms are shown (BJ cells). Bars indicate
SD, n =3.
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Figure 4. Extract-mediated changes in cell proliferation of BJ cells ((a), 100 pg/mL water extracts;
(b), 100 ug/mL ethanolic extracts) and HEK cells ((c), 100 pug/mL water extracts; (d), 1 pg/mL ethanolic
extracts). (a,c) The effects of water extracts (WE, twelve modified clones from WE1 to WE12) are
shown. Control clone water extract is denoted as CWE. (b,d) The effects of ethanolic extracts (EE,
twelve modified clones from EE1 to EE12) are shown. Control clone ethanolic extract is denoted as
CEE. Cell proliferation was assayed using a Muse® Cell Analyzer and a Muse® Ki67 Proliferation Kit.
Representative histograms are presented (B] cells). A negative control without incubation with Ki67
specific antibody is denoted as a grey histogram in each analyzed sample. Bars indicate SD, n = 3.
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Figure 5. Extract-mediated changes in B] and HEK cell numbers (a) and the levels of necrotic cells
(trypan blue exclusion assay) (b). (a) Cell number was analyzed using TC10™ automated cell counter.
To emphasize extract action, a red horizontal line is added. Black bars indicate control conditions, white
bars indicate treatments with control extracts (CWE or CEE) and grey bars indicate treatments with
modified water or ethanolic extracts. (b) B] and HEK cells were incubated with 0.4% trypan blue and
dead cells with porous cell membranes (blue-stained cells) were automatically calculated (%) using
TC10™ automated cell counter. (a,b) Upper panel: BJ cells; lower panel: HEK cells. The effects of water
extracts (WE, twelve modified clones from WE1 to WE12) and ethanolic extracts (EE, twelve modified
clones from EE1 to EE12) are shown. Control clone water extract is denoted as CWE and control clone
ethanolic extract is denoted as CEE. Bars indicate SD, n = 3.

3.2. Extract-Mediated Cytotoxicity, Oxidative and Nitrosative Stress

We have then considered if water and ethanolic extracts may also exert some adverse
effects, namely, extract-mediated cytotoxicity, oxidative, and nitrosative stress were investigated
(Figures 5b, 6, 7 and 8).
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Figure 6. Extract-induced apoptosis in BJ cells ((a) 100 ug/mL water extracts) and HEK cells ((b) 1 ug/mL
ethanolic extracts). (a) The effects of water extracts (WE, twelve modified clones from WE1 to WE12)
are shown. Control clone water extract is denoted as CWE. (b) The effects of ethanolic extracts (EE,
twelve modified clones from EE1 to EE12) are shown. Control clone ethanolic extract is denoted as CEE.
Phosphatidylserine externalization was analyzed using a Muse® Cell Analyzer and a Muse® Annexin
V and Dead Cell Assay Kit. Representative dot-plots are shown. Bars indicate SD, n = 3. ** p < 0.01
compared to the control (ANOVA and Dunnett’s a posteriori test).
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Figure 7. Extract-mediated changes in the levels of superoxide in BJ cells ((a) 100 pug/mL water extracts)
and HEK cells ((b) 100 pg/mL water extracts). (a,b) The effects of water extracts (WE, twelve modified
clones from WE1 to WE12) are shown. Control clone water extract is denoted as CWE. Superoxide
levels were measured using a Muse® Cell Analyzer and a Muse® Oxidative Stress Kit. Representative
histograms are presented. The control sample is denoted as a grey histogram in each sample analyzed.
Bars indicate SD, n = 3.
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Figure 8. Extract-mediated changes in the levels of nitric oxide in BJ cells (100 pg/mL water extracts).
The effects of water extracts (WE, twelve modified clones from WE1 to WE12) are shown. Control clone
water extract is denoted as CWE. Nitric oxide levels were measured using a Muse® Cell Analyzer and
a Muse® Nitric Oxide Kit. Representative dot-plots are presented. Bars indicate SD, 1 = 3. *** p < 0.001
compared to the control (ANOVA and Dunnett’s a posteriori test).

No significant increase in the levels of necrotic cells was noticed upon microalgal extract stimulation
in BJ cells and HEK cells, as judged by trypan blue exclusion assay (Figure 5b). However, a very slight
increase in necrotic cell fraction in HEK cells was observed after treatment with ethanolic extract EE9,
as revealed using a 7-AAD death marker (Figure 6b, p < 0.01). In contrast, no signs of an apoptotic
mode of cell death were documented after treatment with both water and ethanolic extracts in BJ and
HEK cells (Figure 6).

Thus, one can conclude that selected and analyzed concentrations of microalgal extracts were
relatively non-cytotoxic when short-term treatment (24 h) was considered (this study). It has also been
reported that a water extract of Chlorella vulgaris (400 ug/mL) lowered the levels of early apoptotic
cells compared to control conditions in young human fibroblasts [27]. However, the levels of apoptotic
cells at standard growth conditions were established to be more than 35%, which suggest the effect
of some stress stimuli [27]. The solvent used and type of cells considered may also account for the
cytotoxicity results. Briefly, 100 and 250 pg/mL methanolic extract of Chlorella elevated the levels of
late apoptotic cells to 60.25% and 82.66% compared to untreated 3T3-L1 preadipocytes (25.88% of late
apoptotic cells), respectively [20].

It is widely accepted that oxidative stress and nitrosative stress-promoting conditions can be
detrimental to the cellular components causing, e.g., DNA and protein oxidative damage [33]. However,
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slight to moderate changes in the levels of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) may also have regulatory roles in the cell being a part of signal transduction pathways [33-36].
Thus, we then decided to analyze the effect of microalgal extracts on the levels of superoxide (Figure 7)
and nitric oxide (Figure 8).

Microalgal extracts did not induce oxidative stress in BJ cells (Figure 7a). In HEK cells, a minor
increase in the levels of superoxide was observed after treatment with water extracts WE4 and WE9
(Figure 7b). However, these effects were of no statistical significance (Figure 7b). Except for a statistically
significant increase in the levels of nitric oxide of about 20% in WE7-treated B]J cells compared to control
conditions (Figure 8, p < 0.001), microalgal extracts did not stimulate the production of nitric oxide in BJ
cells (Figure 8) and HEK cells (data not shown). This moderate increase in the levels of nitric oxide after
WEY? treatment may have a regulatory and signal transduction role. Indeed, the protective function of
nitric oxide against UVB radiation-mediated oxidative stress and copper toxicity has been established
in different Chlorella species [37,38]. The addition of nitric oxide to Chlorella pyrenoidosa suspensions
irradiated by UVB promoted the activity of catalase and superoxide dismutase [37]. Moreover,
exogenous nitric oxide limited copper-induced oxidative burst in Chlorella vulgaris [38]. Thus, nitric
oxide may have an antioxidative role, at least in part, during oxidative stress conditions [37,38].

3.3. Attenuation of the Development of Stress-Induced Senescence in Skin Cells by Microalgal Extracts

Cellular senescence may be due to telomere shortening-based limited proliferative ability of human
cells in vitro (replicative senescence) or may be promoted by diverse stress stimuli, namely, physical,
chemical, or biological factors (stress-induced premature senescence, SIPS) [39]. As cellular senescence
may contribute to aging and age-related diseases, it has been postulated that interventions based
on the suppression of induction of cellular senescence, delay the onset of cellular senescence and/or
removal of senescent cells from the body may be therapeutically important [40,41]. We then analyzed
if microalgal extract may promote protective effects against oxidative stress-mediated stimulation of
senescence in fibroblasts and keratinocytes (Figure 9).

We used a cellular model of stress-induced premature senescence that is based on the
incubation of cells with 100 uM hydrogen peroxide for 2 h, followed by a 7-day culture without an
oxidant [17,19]. After treatment, about 90% population of BJ cells and 95% population of HEK
cells were characterized by senescence-associated beta-galactosidase (SA-beta-gal) activity (Figure 9).
We have then tested if microalgal extracts may affect the levels of SA-beta-gal-positive cells when
added after hydrogen peroxide treatment (Figure 9). Interestingly, selected microalgal extracts
were found to be protective against the development of oxidative stress-induced senescence in
fibroblasts and keratinocytes (Figure 9). The following ranking of extract-mediated anti-senescence
activity was established, namely, for the effects of water extracts in hydrogen peroxide-treated BJ
and HEK cells: WE7 (2% of SA-beta-gal-positive cells) > WE9 (15% of SA-beta-gal-positive cells)
> WE10 (36% of SA-beta-gal-positive cells) > WE5 (40% of SA-beta-gal-positive cells) > WE11
(78% of SA-beta-gal-positive cells) > WE4 (79% of SA-beta-gal-positive cells) and WE9 (62% of
SA-beta-gal-positive cells) > WE7 (70% of SA-beta-gal-positive cells), respectively (Figure 9). Ethanolic
extracts were less effective, but post-treatment with selected extracts also resulted in a decrease in
the levels of SA-beta-gal-positive cells, namely EE9 (49% of SA-beta-gal-positive cells), EE4 (52% of
SA-beta-gal-positive cells), and EE2 (57% of SA-beta-gal-positive cells) in hydrogen peroxide-treated
BJ cells and EES8 (31% of SA-beta-gal-positive cells) in hydrogen peroxide-treated HEK cells (Figure 9).
To conclude, WE7 and WE9 promoted the most pronounced anti-senescence activity in both cell lines
(Figure 9). In the case of WE7, the protective effect may rely on WE7-mediated nitric oxide signaling, at
least in BJ cells (Figure 8) and increased pools of niacin and biotin compared to unmodified control
microalgal clone (CWE) [16]. A plethora of biological processes can be modulated by niacin-derived
nucleotides (e.g., nicotinamide adenine dinucleotide, NADH, and its phosphorylated form NADPH),
namely, redox reactions, antioxidative protection, DNA repair, and the activity of signaling pathways,
which may stimulate some protective effects during stress conditions [42]. However, more studies
are needed to establish the molecular mechanism of microalgal extract-mediated attenuation of the
development of oxidative stress-induced senescence in fibroblasts and keratinocytes.
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Figure 9. Extract-mediated changes in the levels of hydrogen peroxide-induced senescent BJ cells
((a), 100 pg/mL water extracts and 100 pg/mL ethanolic extracts) and HEK cells ((b), 100 ug/mL water
extracts and 1 pg/mL ethanolic extracts). The effects of water extracts (WE, twelve modified clones
from WE1 to WE12) and ethanolic extracts (EE, twelve modified clones from EE1 to EE12) are shown.
Control clone water extract is denoted as CWE and control clone ethanolic extract is denoted as CEE.
Senescence-associated B-galactosidase activity. Representative microphotographs are shown. Scale
bars 100 pum, objective 20x. To emphasize extract action, a red horizontal line is added. Bars indicate
SD, n=3,**p <0.001, * p < 0.01, * p < 0.05 compared to hydrogen peroxide treatment (ANOVA and
Dunnett’s a posteriori test).

Of course, we have also tested if the treatments with microalgal extracts alone may stimulate
some pro-senescence effects (Figure S3). The pro-senescence activity of microalgal extracts was
limited (Figure S3). In HEK cells, only water extract WE3 promoted an increase in the levels of
SA-beta-gal-positive cells compared to untreated cells, whereas treatment with ethanolic extract EE10
resulted in the most pronounced pro-senescence activity compared to other microalgal extracts in BJ
cells (Figure S3).

We also observed that treatment with selected microalgal extracts for 7 days after 2 h pre-treatment
with hydrogen peroxide (long-term stimulation) may result in cell loss, as judged by the analysis
of microphotographs (Figure 9). As we did not reveal any signs of cytotoxicity after short-term
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treatments (24 h, majority of assays when cells were plated at the concentration of 10,000 cells per cm?)
and after stimulation with microalgal extracts for 3 days (wound healing assay based on high cell
density protocol; Figure S2), one can conclude that perhaps the observed decrease in cell numbers
(SA-B-gal assay when cells are typically seeded at the density of 2000 cells per cm? to avoid cell culture
overcrowding when the test is terminated after 7 days; Figure 9) may be due to extract-mediated
cytostatic effects and various cell responses based on the number of cells plated into the culture vessel.
Moreover, prolonged antiproliferative effects of selected microalgal extracts after 24 h stimulation and
7 days of the removal of microalgal extracts were also noticed (Figure S3). Thus, we then decided
to investigate this phenomenon more comprehensively, namely, the analysis of absolute numbers of
senescent and non-senescent cells (cell count test) was performed after 2 h stimulation with hydrogen
peroxide and subsequent cell culture with microalgal extracts for 7 days or 24 h treatment with
microalgal extracts and subsequent cell culture without microalgal extracts for 7 days (Figure S4).
In the case of 2 h pre-treatment with hydrogen peroxide followed by long-term stimulation with
microalgal extracts for 7 days (Figure S4a,b), we analyzed the action of microalgal extracts compared
to hydrogen peroxide treatment (Figure S4a,b) as we expected that hydrogen peroxide would promote
the cytostatic effect itself. Thus, hydrogen peroxide treatment is assumed as a reference (Figure 4a,b).
Cytostatic effects of microalgal extracts were limited to BJ cells treated with WE7 (a decrease in cell
count of about 46% compared to hydrogen peroxide treatment, p < 0.001; Figure S4a). WE7-treated cells
were non-senescent cells (non-stained cells; Figure 9a; WE7 treatment). In contrast, pro-stimulatory
effects were observed in the case of HEK cells treated with WE9, EE7, and EE8 (an increase in cell
number of about 30% compared to hydrogen peroxide treatment, p < 0.05, Figure S4b). These cells
were also non-senescent cells (non-stained cells; Figure 9b; WE9, EE7, and EES8 treatments). More
pronounced cytostatic effects of microalgal extracts were noticed when BJ cells were treated with
selected ethanolic extracts for 24 h and then cultured for up to 7 days without the extracts (Figure S4c).
In this case, control conditions were considered as a reference (100%; Figure S4c,d). EE1, EE3, and EE4
decreased the number of BJ cells by about 50% compared to standard growth conditions (p < 0.001,
Figure S4c). According to microphotographs, these cells were mainly non-senescent cells (non-stained
cells; Figure S3a; EE1, EE3, and EE4 treatments). Similar effects were not observed in the case of HEK
cells treated with ethanolic extracts (Figure S4d). Minor to moderate cytostatic action of microalgal
extracts was also noticed in the case of BJ cells treated with WE11, EE2, and EE11, and HEK cells treated
with WE4 (a decrease in cell count ranging from 20% to 30% compared to the control; p < 0.001, p < 0.01
and p < 0.05; Figure S4c,d). Thus, one can conclude that the cytostatic action of microalgal extracts is
limited, and, in some cases, extract-mediated pro-stimulatory effects are also observed (Figure S4b).
Data on Chlorella extract-associated anti-aging action are limited to selected models of
replicative senescence, namely, human fibroblasts and myocytes at different passage numbers (young,
pre-senescent, and senescent cells) [24,27,43-45] and UV-induced cytotoxicity and senescence [46,47].
Hot water extract of Chlorella vulgaris lowered the levels of DNA damage in young, pre-senescent,
and senescent fibroblasts in control conditions [27] and during oxidative stress [43]. However, the
antioxidant activity of hot water extract of Chlorella vulgaris was limited to pre-senescent fibroblasts
as judged by the extract-mediated increase in catalase (CAT), superoxide dismutase (SOD), and
glutathione peroxidase (GPx) activity [44]. More recently, Chlorella extract-mediated modulation
of the expression of genes involved in oxidative stress response and DNA damage response and
insulin/insulin-like growth factor-1 signaling, cell differentiation, and cell proliferation pathways was
analyzed using young, pre-senescent, and senescent fibroblasts [24]. The authors concluded that
Chlorella extract decreased the expression of SOD1, CAT, and copper chaperone CCS in young fibroblasts
and increased the expression of SOD2 in young, pre-senescent, and senescent fibroblasts [24]. Moreover,
Chlorella extract promoted a decrease in mRNA levels of two regulators of cell cycle progression,
namely, TP53 (p53) and CDKN2A (p16) in replicative old fibroblasts that may suggest some anti-aging
effects. Indeed, Chlorella-derived peptide (CDP) inhibited UVB-induced matrix metalloproteinase-1
(MMP-1) expression in skin fibroblasts by suppressing the expression of transcription factor AP-1 and
cysteine-rich 61 (CYR61) and monocyte chemoattractant protein-1 (MCP-1) production [46]. Thus, CDP
may attenuate MMP-1-stimulated UV-associated premature skin aging [46]. Similar protective effects
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and related mechanisms were observed against UV-induced photo-damage in Arthrospira platensis
extract-treated human dermal fibroblasts [48].

3.4. Preliminary Analysis of Extract-Mediated Anticancer Activity

As Chlorella sp. water and ethanolic extracts have been repeatedly reported to possess pro-apoptotic
and growth inhibitory activity against cancer cells of different origin both in vitro and in vivo [49-51],
we also initially evaluated the anticancer activity of Planktochlorella nurekis water and ethanolic extracts
(100 pg/mL) against selected cellular models of cancer in vitro, namely, MDA-MB-231 breast cancer
cells, U-2 OS osteosarcoma cells, and U-251 MG glioblastoma cells (Figure S5). An MTT assay was used,
and extract-mediated changes in metabolic activity of cancer cells were compared to extract-mediated
changes in metabolic activity of normal human fibroblasts (BJ cells; Figure S5). Water extracts at the
concentration of 100 pg/mL did not affect metabolic activity of U-2 OS and U-251 MG cells, whereas
water extracts WE2, WE3, and WES5 stimulated metabolic activity of about 25% to 30% in MDA-MB-231
cells (Figure S5a; p < 0.05). Thus, Planktochlorella nurekis water extracts cannot be considered to be
used in anticancer therapies, at least not those involving osteosarcoma, glioblastoma, or breast cancers
(Figure S5a). In contrast, selected ethanolic extracts acted against cancer cells, especially U-2 OS and
U-251 MG cells (Figure S5b). The most pronounced anticancer effects were observed when U-2 OS
and U-251 MG cells were treated with EE8, EE7, EE6, and EE2 compared to similar treatments of BJ
fibroblasts (Figure S5b, p < 0.001). However, the anticancer activity of Planktochlorella nurekis ethanolic
extracts requires further comprehensive studies.

4. Conclusions

We analyzed for the first time the biological activity of twelve clones of the microalga
Planktochlorella nurekis cells with improved biochemical features compared to their unmodified
counterpart using human skin cells, namely, fibroblasts and keratinocytes, as two cellular models
in vitro. Asselected microalgal extracts blocked the development of oxidative stress-induced senescence
in human skin cells, we strongly believe that this approach may have potential applications in such
clinical contexts where protection against the occurrence of old damaged cells has great importance,
e.g., in skin anti-aging therapies. Perhaps microalgal extracts may also be active against stress-induced
senescence in cells derived from tissues and organs other than skin. More studies involving other cell
types are needed to confirm such assumptions and reveal the underlying mechanism(s).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/4/1005/s1.
Figure S1: Extract-mediated ERK1/2 activity in BJ cells ((a), 100 pug/mL water extracts) and HEK cells ((b), 100 pg/mL
water extracts); Figure S2: Extract-mediated effects on cell migration. Scratch wound healing assay; Figure S3:
Pro-senescence activity of microalgal extracts in BJ cells ((a), 100 pug/mL water extracts and 100 pg/mL ethanolic
extracts) and HEK cells ((b), 100 pg/mL water extracts and 1 pug/mL ethanolic extracts); Figure S4: Extract-mediated
changes in BJ (a) and HEK cell number (b) after 2 h stimulation with hydrogen peroxide and subsequent cell
culture for 7 days in the presence of water (left) and ethanolic extracts (right), and the effect of 24 h treatment
with water (left) and ethanolic (right) extracts on BJ (c) and HEK cell number (d) after subsequent cell culture for
7 days without microalgal extracts; Figure S5: Preliminary analysis of anticancer activity of water ((a), 100 ug/mL)
and ethanolic ((b), 100 pug/mL) extracts against MDA-MB-231 breast cancer, U-2 OS osteosarcoma and U-251 MG
glioblastoma cells.
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Abstract: The skin barrier defect in cutaneous T-cell lymphomas (CTCL) was recently confirmed to
be similar to the one observed in atopic dermatitis (AD). We have examined the expression level of
cornified envelope (CE) proteins in CTCL, AD and healthy skin, to search for the differences and their
relation to the courses of both diseases. The levels of FLG, FLG2, RPTN, HRNR, SPRR1A, SPRR1B,
SPRR3 and LELP-1 mRNA were determined by qRT-PCR, while protein levels were examined using
the ELISA method in skin samples. We have found that mRNA levels of FLG, FLG2, LOR, CRNN
and SPRR3v1 were decreased (p < 0.04), whereas mRNA levels of RPTN, HRNR and SPRR1Av1
were increased in lesional and nonlesional AD skin compared to the healthy control group (p < 0.04).
The levels of FLG, FLG2, CRNN, SPRR3v1 mRNA increased (p < 0.02) and RPTN, HRNR and SPRR1Av1
mRNA decreased (p < 0.005) in CTCL skin compared to the lesional AD skin. There was a strong
correlation between the stage of CTCL and increased SPRR1IAv1 gene expression at both mRNA
(R =0.89; p <0.05) and protein levels (R = 0.94; p < 0.05). FLG, FLG2, RPTN, HRNR and SPRR1A
seem to play a key role in skin barrier dysfunction in CTCL and could be considered a biomarker for
differential diagnosis of AD and CTCL. SPRR1Av]1 transcript levels seem to be a possible marker of
CTCL stage, however, further studies on a larger study group are needed to confirm our findings.

Keywords: mycosis fungoides; atopic dermatitis; cutaneous lymphomas; cornified envelope
proteins; FLG

1. Introduction

Cutaneous T-cell lymphomas (CTCLs) represent a rare heterogeneous group of extranodal
non-Hodgkin lymphomas. CTCLs are characterized by an infiltration of the skin with neoplastic
CD4 + CD45RO + skin-homing T-cells [1,2]. The pathogenesis of CTCL remains unexplained.
There are a few hypotheses, including chronic antigen stimulation, viral or bacterial, leading
to a loss of immune-surveillance and, therefore, the proliferation of neoplastic T-cells. Moreover,
chromosomal instability and abnormal expression of genes involved in the cell cycle and a complex
series of interactions between different cells in skin microenvironment have been suggested [3-6].
The inflammatory microenvironment of the skin seems to play a crucial role in CTCL pathogenesis,
as the predominance of Th2 over Th1 cells in inflammatory microenvironment seems to be responsible
for the suppression of antitumor response, proliferation of malignant cells and escape from
immunosurveillance [7-9]. The clinical spectrum of CTCL varies widely; the predominant subtype is
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mycosis fungoides (MF), accounting for 60% [1]. The clinical presentation of MF follows some clinical
stages, ranging from patch-like lesions in the early stage, through plaque stage, erythroderma and
tumors; usually, all stages are accompanied by severe pruritus [1]. MF is also a significant diagnostic
challenge in histopathological examination as it may mimic many benign dermatoses such as atopic
dermatitis (AD) [1,2]. CTCL shares many clinical and histological characteristics with AD. Not only
the clinical presentation but also immunological features are overlapping. Both MF and AD show
infiltration of the skin by skin-homing T-cells [10,11]. The skin of MF patients similar to AD shows
an impaired skin barrier with decreased expression of filaggrin, loricrin and antimicrobial peptides
in the skin, which results in increased susceptibility towards Staphylococcus aureus colonization and
infections [11,12]. The malignant T-cells were reported to be responsible for changes in the epidermis in
CTCL and impaired epidermal barrier function [13]. Therefore, skin infections have been a significant
clinical problem both in AD and in CTCL as a result of compromised skin barrier and a progressive
immunodeficiency in CTCL. In fact, patients with progressive CTCL die more frequently from infection
rather than from the disease itself [14]. Changes in the expression of cornified envelope proteins in
the skin were shown to impact the development and course of AD [15-17]. In the face of so many
similarities between CTCL and AD, evaluation of expression of genes encoding the cornified envelope
(CE) proteins such as the late cornified envelope-like proline-rich protein-1 (LELP-1), small proline-rich
proteins (SPRR1A, SPRR1B, SPRR3), repetin (RPTN), cornulin (CRNN), hornerin (HRNR), loricrin
(LOR) and filaggrin (FLG, FLG2) might provide accurate information and findings to differentiate
those diseases and determine their relation to the course and development of both diseases.

2. Materials and Methods

2.1. Patients and Samples

The study group included: 11 patients with AD (seven males, four females, median age 30,
age range 14-59) and nine CTCL patients (eight males 8, females 1, median age 65, age range 26-75)
treated at the Department of Dermatology, Venerology and Allergology of the Medical University of
Gdarisk. CTCL patients were diagnosed according to the International Society of Cutaneous Lymphoma
(ISCL) and the European Organization of Research and Treatment of Cancer (EORTC) criteria [18],
while the diagnosis of AD was based on Hanifin and Rajka criteria [19]. The control group comprised
11 healthy volunteers (one male, 10 females, median age 34, age range 20-54), without a medical
history of immunological diseases, allergies or malignancies. Punch biopsies for gene expression
and protein level analysis were obtained from CTCL patients (nine from lesional skin), AD patients
(11 from lesional skin and 11 from nonlesional skin) and healthy controls (11 from healthy skin).

The study was approved by the Ethics Committee of the Medical University of Gdarisk
(NKBBN/317/2018) and was conducted according to the principles of the Declaration of Helsinki.
All participants signed an informed consent prior to any study procedure.

2.2. Isolation of Total RNA from Skin Fragments

Isolation of total RNA was carried out in accordance with the Chomczynski procedure, with our
own modifications [20]. The skin fragments (4-mm punch biopsies) were homogenized in a sterile
tube with 1 mL of TRI reagent (Sigma-Aldrich, Poznan, Poland). Next, chloroform (250 uL) was added,
and the samples were vigorously shaken, incubated at 4 °C for 15 min and centrifuged (10,000x g for
15 min at 4 °C). The upper aqueous phase was removed into a new Eppendorf tube where an equal
volume of isopropanol was added, and RNA was precipitated by overnight incubation at —20 °C,
followed by centrifugation (10,000x g for 15 min at 4 °C). RNA pellets were washed first with 96% and
then with 75% (v/v) ethanol, air-dried, resolved in diethyl-pyrocarbonate-treated thermo-sterilized
water (30 uL) and stored at —20 °C until further analysis.

2.3. Relative Quantitative Real-Time RT-PCR Analysis

FLG, FLG2, RPTN, HRNR, LELP-1, SPRR 1A, SPRR1B, SPRR3, LOR and HRNR mRNA levels were
analyzed by real-time PCR (RT-PCR) with TagMan primer—probe sets using the Path-ID Multiplex
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One-Step RT-PCR kit (Path-ID Multiplex One-Step RT-PCR Kit, Applied Biosystems, Foster City, CA,
USA). The reference transcript (ACTB or TBP or G6PD) was used as an internal standard and was
amplified together with each target gene transcript in the same way using primers and probes (Table 1).
Data analysis was performed using LightCycler 480 II software (Roche Diagnostics International Ltd.,
Rotkreuz, Switzerland).

Table 1. Gene transcript, primers and TagMan probes used for real-time polymerase chain reaction

(RT-PCR).

Gene Transcript

Primers

TaqMan Probe

Transcript of Reference Gene

Universal ProbeLibrary

FLG (F) ggactctgagaggcgatctg Universal ProbeLibrary
NM_002016.1 (R) tgctcccgagaagatecat Probe #38 (Roche) Relfle:(::;i ?;I;eé:;s:xiz;he,
FLG2 (F) tgactatggcctgcaacaa Universal ProbeLibrary Universal ProbeLibrary

NM_001014342.2

(R) ctttgaccctgaagctttge

Probe #73 (Roche)

Reference Gene Assay Roche,
Human G6PD Gene Assay

LELP1
NM_001010857.1

(F) cccaagtgtgaacaaaagtg
(R) ttcgaaacagcgttgcag

Universal ProbeLibrary
Probe #26

Universal ProbeLibrary
Reference Gene Assay Roche,
Human ACTB Gene Assay

SPRR1Avar.1
NM_001199828.1

(F) tcgggtgeatttgaggat
(R) aaggaagactagggatggttca

Universal ProbeLibrary
Probe #60 (Roche)

Universal ProbeLibrary
Reference Gene Assay Roche,
Human ACTB Gene Assay

Universal ProbeLibrary

SPRR1B (F) gagagacttaagatgaaagcaatga ~ Universal ProbeLibrary
NM_003125.2 (R) tgaaagtgaatttaatgggggta Probe #24 (Roche) Rgﬁiﬁz;eﬁ;}; é:;aey ARs (;Z};e’
SPRR3var.1 (F) tcaggagcttagaggattcttca Universal ProbeLibrary Reg?;Z:;séLEzoAsz;brnghe
NM_005416.2 (R) ttctgctggtaagaactcatge Probe #89 (Roche) Human ACTB Geney Assay ’
RPTN (F) getcttggctgagtttggag Universal ProbeLibrary Universal ProbeLibrary

NM_001122965.1

(R) aggttcaagatggtttccaca

Probe #65 (Roche)

Reference Gene Assay Roche,
Human TBP Gene

HRNR
NM_001009931.2

(F) caggggcaagatgggtattc
(R) ccagaacttcccectcat

Universal ProbeLibrary
Probe #69 (Roche)

Universal ProbeLibrary
Reference Gene Assay Roche,
Human TBP Gene Assay

Universal ProbeLibrary

CRNN (F) tggtcaaagatggatgcaag Universal ProbeLibrary
NM_016190.2 (R) cctgtecteccggtactgt Probe #51 (Roche) RefeﬁiiiieEZ?SséZiOChe’
LOR (F) ctcacccttectggtgett Universal ProbeLibrary Ref[i?el::;séleﬁzo,zg;albr;zhe
NM_000427.2 (R) gaggtcttcacgcagtcca Probe #12 (Roche) Y ’

Human ACTB Gene Assay

2.4. Protein Level Determination

Protein levels of FLG, FLG2, LELP-1, SPRR1A and SPRR1B were determined using
an enzyme-linked immunoabsorbent assay (ELISA) standard kit (Antibody-Protein ELISA kit,
MyBioSource Inc., San Diego, CA, USA). We analyzed 4 CTCL, 6 AD and 11 control group samples
with ELISA. Skin specimens were weighed, rinsed with cold phosphate-buffered saline (PBS) and
homogenized in PBS containing 0.5% Igepol CA-630 (1:2) on ice. The homogenates were subjected to
three freeze—thaw cycles to break the cell membranes, and the homogenates were centrifuged for 5 min
at 5000x g. The supernatants obtained were used for protein determination by ELISA kit according to
the manufacturer’s protocol. The quantity of investigated protein in the sample was interpolated from
the standard curve and corrected for dilution.

2.5. Statistical Analysis

Statistical analysis was carried out using the Mann-Whitney U test. A comparison between
lesional and nonlesional skin from the same patient was performed with the Wilcoxon matched-pairs
test (marked in figures by dashed line). Associations between the two variables were assessed based
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on Spearman’s rank correlation. The results were considered statistically significant when p < 0.05.
Statistical analyses were performed using Statistica 13.3.

3. Results

3.1. mRNA Level of Cornified Envelop Proteins

Expression levels of almost all genes encoding the CE proteins differed significantly between the
AD and control groups, except for SPRR1B and LELP1. We have found significantly lower levels of FLG,
FLG2, LOR and CRNN mRNA in lesional and nonlesional AD skin compared to the healthy control
group (p < 0.02). mRNA level of SPRR3v1 was also decreased in AD samples, however, only in lesional
skin (p < 0.00008). Moreover, mRNA levels of those genes were significantly decreased in lesional skin
in comparison to the nonlesional skin of AD patients (p < 0.04), except for CRNN. On the other hand,
mRNA levels of LELP1, RPTN, HRNR and SPRR1Av1 were significantly higher in AD skin than healthy
controls (p < 0.05). The lesional skin of AD patients demonstrated significantly higher expression of
HRNR and SPRR1AvI mRNA in comparison to nonlesional AD skin samples (p < 0.04).

Differences in expression levels of genes encoding the CE proteins between CTCL skin and control
group were observed only in a few genes. The mRNA levels of FLG and FLG2 were significantly lower
in CTCL skin compared to control skin (p < 0.02), whereas RPTN and SPRR1AvI mRNA expression
were significantly higher (p < 0.04). All CE genes mRNA levels in skin of CTCL, AD and healthy
subjects are demonstrated in detail in Figure 1.

Except for LELP1, SPRR1B and SPRR3, all other CE genes showed significant differences in mRNA
expression between CTCL and both lesional and nonlesional AD skin samples. We observed that the
levels of LOR and CRNN mRNA were significantly increased and HRNR mRNA was decreased in CTCL
skin compared to both lesional and nonlesional AD skin. The levels of FLG, FLG2 and SPRR3v1 mRNA
were significantly higher in CTCL than lesional AD skin. Moreover, RPTN, HRNR and SPRR1Av1
mRNA expression were significantly lower in CTCL skin compared to the lesional AD skin.

3.2. Cornified Envelope Proteins Levels

The levels of FLG and FLG2 proteins were significantly lower in CTCL and both lesional and
nonlesional AD skin compared to healthy controls skin. Both FLG and FLG2 levels were significantly
lower in lesional than nonlesional AD skin samples. The level of FLG2 protein was increased in CTCL
compared to AD skin samples (p < 0.02). SPRR1A protein level both in CTCL (p < 0.01) and AD skin
(p < 0.001) was significantly increased in comparison with healthy skin. Moreover, the level of SPRR1A
in CTCL was lower than in lesional (p < 0.02) and nonlesional AD skin (p < 0.025). On the other hand,
the level of SPRR1B was distinctly higher in AD lesional and nonlesional skin samples compared
with the skin of healthy subjects. Levels of FLG, FLG2, LELP1, SPRR1A and SPRR1B proteins in skin
of CTCL, AD and healthy subjects are demonstrated in Figure 2. We have also found a significant
correlation between increased SPRR1Av1 gene expression at both mRNA (R = 0.89; p < 0.05) and
protein levels (R = 0.94; p < 0.05) and stage of disease (Figure 3).
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Figure 1. Levels of LELPI (A), RPTN (B), FLG2 (C), FLG (D), HRNR (E), CRNN (F), LOR (G), SPRR1Av1
(H), SPRR1B (I) and SPRR3v1 (J) transcripts in skin of healthy subjects (CS), cutaneous T-cell lymphomas
(CTCL), lesional atopic dermatitis (LS AD) and nonlesional AD (NLS AD).
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Figure 2. Levels of FLG (A), FLG2 (B), LELP1 (C), SPRR1A (D) and SPRR1B (E) proteins in skin of
healthy subjects (CS) and patients with CTCL, lesional AD (LS AD) and nonlesional AD (NLS AD).
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Figure 3. Correlation of SPRR1Av1 gene expression at both mRNA (A) and protein levels (B) with

stage of disease.

4. Limitations of This Study

We found some discrepancies between our finding and those of and other studies [11] that might
be related to our relatively small study group with only a few cases of advanced-stage CTCL, which is
a limitation of our study. Moreover, the major limitation is the disparity in the number of samples
from female and male volunteers between the control, CTCL and AD groups. Therefore, it would be
beneficial to perform further studies that would include a larger study group and a suitable number of
female and male patients.

5. Discussion

Factors such as cornified envelope proteins that contribute to skin barrier dysfunction have
been extensively studied, and their role in AD skin barrier defects has been proven [15-17,21-24].
However, reports concerning their role in CTCL are rather scarce. There is only one study, by Suga et
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al., that has analyzed skin barrier dysfunction in CTCL [11]. Decreased levels of FLG and LOR mRNA
have already been demonstrated in the skin of CTCL and psoriasis patients, which confirms that skin
barrier dysfunction is not specific to AD pathogenesis [11]. Due to some similarities between CTCL
and AD, CE proteins appear to be a promising target for markers helpful in differential diagnosis of
those diseases.

Our study has revealed decreased mRNA expression of FLG, FLG2, LOR, CRNN and SPRR3v1
concomitant with increased LELP1, RPTN, HRNR and SPRR1Av1 mRNA levels in AD compared to
healthy controls, which is in line with previous findings [15-17,21-24]. Moreover, the majority of
examined CE proteins were decreased in comparison to healthy skin, which confirms that pathological
changes also occur in nonlesional AD skin. We have noticed similar upward and downward tendencies
in the expression of genes encoding some of the CE proteins in AD and CTCL skin in comparison to
healthy controls. However, alterations in HRNR, SPRR3v1, LOR and CRNN mRNA levels in skin are
more specific for AD than CTCL. Despite similarities in CE protein expression, the same significant
differences between CTCL and AD have also been demonstrated.

We observed that trends of mRNA expression of LELP1, HRNR, CRNN, LOR, SPRR1B and SPRR3
in CTCL were consistent with expression in the control group rather than the AD group, indicating that
those CE proteins do not participate in the CTCL skin barrier defect. It seems that FLG, FLG2, RPTN and
SPRR1A are the true key players in CTCL skin barrier deficiency, as levels of their transcripts differed
significantly in comparison to healthy controls. Moreover, mentioned levels of mRNA expression in
skin and levels of FLG2 and SPRR1A proteins differed significantly between both AD and healthy
subjects. FLG, FLG2, RPTN and SPRR1A together might be considered potential candidate biomarkers
for differential diagnosis in AD and CTCL using either PCR or ELISA method.

Our findings concerning CTCL are partially in line with previous study results [11]. Filaggrin
mRNA expression levels in skin of CTCL patients were significantly lower than in the control group,
which is in accordance with the findings of Suga et al. [11]. However, LOR mRNA expression did not
differ between CTCL and healthy skin, which is contrary to the previous report [11].

Recently, Kim et al. demonstrated that Th2 cytokines such as IL-4 and IL-13 inhibit expression
of filaggrin and loricrin by primary human keratinocytes [25]. It seems that the immunity against
infections is downregulated not only by a predominance of Th2 cytokine pattern in CTCL skin
microenvironment but also by the skin barrier dysfunction. It would be worth examining whether
expression of other CE proteins is also downregulated by Th2 cytokines. Furthermore, the hypothesis
of CTCL pathogenesis, concerning chronic antigen stimulation with bacterial superantigens such as
S. aureus leading to the development and clonal proliferation of malignant T-cells seems to be up to
date [4,26-29]. In the resent study, Lindahl and coworkers reported inhibition of malignant T-cells and
clinical improvement in patients with advanced-stage CTCL after antibiotic treatment [29]. It appears
that CTCL progression is powered by bacteria. Therefore, the skin barrier seems to be essential in
disease activity.

SPRR proteins were demonstrated to have protective functions, and their overexpression
was associated with exposure to factors such as ultraviolet radiation [30]. Moreover, SPRR1 was
demonstrated to be overexpressed in severe rather than moderate AD, suggesting compensation of
other CE protein deficiencies [15,21]. We have noted a positive correlation between SPRR1Av] mRNA
expression and the stage of disease, which is in line with previous findings indicating its remedial
functions [15]. We have also observed significantly higher expression of RP'TN mRNA in CTCL than in
the control group. It could be speculated that overexpression of RPTN as of SPRR1Av1 compensates
filaggrin deficiency; however, this needs further study.

According to the presented results, it seems that certain cornified envelope proteins play a key
role in skin barrier dysfunction both in CTCL and AD. Moreover, differences in protein expression
indicate that cornified envelope proteins might be considered biomarkers for differential diagnosis
of AD and CTCL, especially in early-stage MF, when the differentiation even in histopathological
examination is challenging. Skin barrier dysfunction is a well-known reason for AD development
and exacerbation of the disease. Our results provide evidence that the skin barrier is also essential
in the course of CTCL, probably contributing to the progression of the disease. The basic treatment
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for atopic dermatitis is the restoration of the skin barrier with emollients, which not only decreases
transepidermal water loss and repairs the epidermal barrier but also prevents AD exacerbation, skin
infections and AD development in infant AD risk groups [31,32]. Moreover, restoration of skin barrier
functions indirectly decreases inflammation [33]. Based on our results, it seems that the approach to
the CTCL treatment should be revised and complemented with the restoration of epidermal barrier
functions by the usage of emollients.

In conclusion, we have demonstrated that skin barrier deficiency is not unique to AD, but it is
also present in CTCL. Skin barrier dysfunction underlines AD development and course of disease,
whereas in CTCL it rather contributes to the exacerbation of immunological processes due to skin
infections. Only FLG, FLG2, RPTN, HRNR and SPRR1A proteins appear to be significant in skin
barrier dysfunction. Moreover, they might be considered potential markers in difficult differential
diagnosis of AD and CTCL.
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Abbreviations

CTCL cutaneous T-cell lymphomas

AD atopic dermatitis

CE cornified envelope

mRNA messenger ribonucleic acid

LELP-1 late cornified envelope-like proline-rich protein-1
SPRR1A small proline-rich proteins 1A

SPRR1B small proline-rich proteins 1B

SPRR3 small proline-rich proteins 3

RPTN repetin

CRNN cornulin

HRNR hornerin

LOR loricrin

FLG filaggrin

FLG2 filaggrin 2

RT-PCR real-time polymerase chain reaction
ELISA enzyme-linked immunoabsorbent assay
PBS phosphate buffered saline

References

1.  Willemze, R.; Cerroni, L.; Kempf, W.; Berti, E.; Facchetti, F.; Swerdlow, S.H.; Jaffe, E.S. The 2018 update of
the WHO-EORTC classification for primary cutaneous lymphomas. Blood 2019, 133, 1703-1714. [CrossRef]
[PubMed]

2. Wong, HK,; Mishra, A; Hake, T.; Porcu, P. Evolving Insights in the pathogenesis and therapy of Cutaneous
T-cell lymphoma (Mycosis Fungoides and Sézary Syndrome). Br. J. Haematol. 2011, 155, 150-166. [CrossRef]
[PubMed]

3. Siakantari, M. Classification and molecular pathogenesis of CTCL. Melanoma Res. 2010, 20, e20—e21. [CrossRef]

4. Vonderheid, E.C; Bigler, R.D.; Hou, ].S. On the possible relationship between staphylococcal superantigens
and in- creased Vbeta5.1 usage in cutaneous T-cell lymphoma. Br. J. Haematol. 2005, 152, 825-826.

204



Nutrients 2020, 12, 862

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

McGirt, L.Y,; Jia, P.; Baerenwald, D.A.; Duszynski, R.J.; Dahlman, K.B.; Zic, J.A.; Zwerner, ].P.; Hucks, N.;
Dave, U.; Zhao, Z.; et al. Whole-genome sequencing reveals oncogenic mutations in mycosis fungoides.
Blood 2015, 126, 508-519. [CrossRef]

Almeida, A.C.D.S.; Abate, F.; Khiabanian, H.; Martinez-Escala, E.; Guitart, J.; Tensen, C.P.; Vermeer, M.H.;
Rabadan, R.; Ferrando, A.; Palomero, T. The mutational landscape of cutaneous T cell lymphoma and Sézary
syndrome. Nat. Genet. 2015, 47, 1465-1470. [CrossRef]

Hoppe, R.T.; Medeiros, L.; A Warnke, R.; Wood, G.S. CD8-positive tumor-infiltrating lymphocytes influence
the long-term survival of patients with mycosis fungoides. J. Am. Acad. Dermatol. 1995, 32, 448-453.
[CrossRef]

Guenova, E.; Watanabe, R.; Teague, J.E.; DeSimone, J.A; Jiang, Y.; Dowlatshahi, M.; Schlapbach, C.;
Schaekel, K.; Rook, A.H.; Tawa, M.; et al. TH2 cytokines from malignant cells suppress TH1 responses and
enforce a global TH2 bias in leukemic cutaneous T-cell lymphoma. Clin. Cancer Res. 2013, 19, 3755-3763.
[CrossRef]

Chong, B.E; Wilson, A J.; Gibson, H.M.; Hafner, M.S.; Luo, Y.; Hedgcock, C.J.; Wong, H.K. Immune function
abnormalities in peripheral blood mononuclear cell cytokine expression differentiates stages of cutaneous
T-cell lymphoma/mycosis fungoides. Clin. Cancer Res. 2008, 14, 646-653. [CrossRef]

Miyagaki, T.; Sugaya, M. Erythrodermic cutaneous T-cell lymphoma: How to differentiate this rare disease
from atopic dermatitis. J. Dermatol. Sci. 2011, 64, 1-6. [CrossRef]

Suga, H.; Sugaya, M.; Miyagaki, T.; Ohmatsu, H.; Kawaguchi, M.; Takahashi, N.; Fujita, H.; Asano, Y.; Tada, Y.;
Kadono, T.; et al. Skin Barrier Dysfunction and Low Antimicrobial Peptide Expression in Cutaneous T-cell
Lymphoma. Clin. Cancer Res. 2014, 20, 4339-4348. [CrossRef] [PubMed]

Talpur, R.; Bassett, R.; Duvic, M. Prevalence and treatment of Staphylococcus aureus colonization in patients
with mycosis fungoides and Sézary syndrome. Br. ]. Dermatol. 2008, 159, 105-112. [CrossRef] [PubMed]
Thode, C.; Woetmann, A.; Wandall, H.-H.; Carlsson, M.C.; Qvortrup, K.; Kauczok, C.S.; Wobser, M.;
Printzlau, A.; @dum, N.; Dabelsteen, S. Malignant T cells secrete galectins and induce epidermal
hyperproliferation and disorga-nized stratification in a skin model of cutane- ous T-cell lymphoma.
J. Investig. Dermatol. 2015, 135, 238-246. [CrossRef] [PubMed]

Mirvish, E.D.; Pomerantz, R.G.; Geskin, L.J. Infectious agents in cutaneous T-cell lymphoma. J. Am. Acad.
Dermatol. 2010, 64, 423-431. [CrossRef]

Trzeciak, M.; Sakowicz-Burkiewicz, M.; Wesserling, M.; Dobaczewska, D.; Glen, J.; Nowicki, R.; Pawelczyk, T.
Expression of Cornified Envelope Proteins in Skin and Its Relationship with Atopic Dermatitis Phenotype.
Acta Derm. Venereol. 2017, 97, 36—41. [CrossRef]

Trzeciak, M.; Wesserling, M.; Bandurski, T.; Glen, J.; Nowicki, R.; Pawelczyk, T. Association of a Single
Nucleotide Polymorphism in a Late Cornified Envelope-like Proline-rich 1 Gene with Atopic Dermatitis.
Acta Derm. Venereol. 2016, 96, 459-463. [CrossRef]

Trzeciak, M.; Sakowicz-Burkiewicz, M.; Wesserling, M.; Dobaczewska, D.; Bandurski, T.; Nowicki, R.;
Pawelczyk, T.; Gler, J. Altered Expression of Genes Encoding Cornulin and Repetin in Atopic Dermatitis.
Int. Arch. Allergy Immunol. 2017, 172, 11-19. [CrossRef]

Olsen, E.A.; Vonderheid, E.; Pimpinelli, N.; Willemze, R.; Kim, Y.; Knobler, R.; Zackheim, H.; Duvic, M.;
Estrach, T.; Lamberg, S.; et al. Revisions to the staging and classification of mycosis fungoides and Sézary
syndrome: A proposal of the International Society for Cutaneous Lymphomas (ISCL) and the cutaneous
lymphoma task force of the European Organization of Research and Treatment of Cancer (EORTC). Blood
2007, 110, 1713-1722.

Hanifin, ].M.; Rajka, G. Diagnostic features of atopic dermatitis. Acta Derm Venereol 1980, 59, 44-47.
Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal. Biochem. 1987, 162, 156-159. [CrossRef]

Sugiura, H.; Ebise, H.; Tazawa, T.; Tanaka, K.; Sugiura, Y.; Uehara, M.; Kikuchi, K.; Kimura, T. Large-scale
DNA microarray analysis of atopic skin lesions shows overexpression of an epidermal differentiation
gene cluster in the alternative pathway and lack of protective gene expression in the cornified envelope.
Br. J. Dermatol. 2005, 152, 146-149. [CrossRef] [PubMed]

Pellerin, L.; Henry, J.; Hsu, C.-Y.; Balica, S.; Jean-Decoster, C.; Méchin, M.-C.; Hansmann, B.; Rodriguez, E.;
Weindinger, S.; Schmitt, A.-M.; et al. Defects of filaggrin-like proteins in both lesional and nonlesional atopic
skin. J. Allergy Clin. Immunol. 2013, 131, 1094-1102. [CrossRef] [PubMed]

205



Nutrients 2020, 12, 862

23.

24.

25.

26.

27.

28.

29.

30.
31

32.

33.

Batista, D.LS.; Perez, L.; Orfali, R.L.; Zaniboni, M.C.; Samorano, L.P.; Pereira, N.V.; Sotto, M.N.; Ishizaki, A.S.;
Oliveira, L.M.S.; Sato, M.N.; et al. Profile of skin barrier proteins (filaggrin, claudins 1 and 4) and Th1/Th2/Th17
cytokines in adults with atopic dermatitis. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 1091-1095. [CrossRef]
[PubMed]

De Benedetto, A.; Rafaels, N.M.; McGirt, L.Y.; Ivanov, A.L; Georas, S.N.; Cheadle, C.; Berger, A.E.; Zhang, K ;
Vidyasagar, S.; Yoshida, T.; et al. Tight junction defects in patients with atopic dermatitis. J. Allergy Clin.
Immunol. 2010, 127, 773-786. [CrossRef]

Kim, B.; Leung, D.; Boguniewicz, M.; Howell, M. Loricrin and Involucrin Expression is Down-Regulated by
Th2 Cytokines through STAT-6. |. Allergy Clin. Immunol. 2008, 121, S272. [CrossRef]

Jackow, C.M.; Cather, J.C.; Hearne, V.; Asano, A.T.; Musser, ].M.; Duvic, M. Association of erythrodermic
cutaneous T-cell lymphoma, superantigen-positive Staphylococcus aureus, and oligoclonal T-cell receptor V
beta gene expansion. Blood 1997, 89, 32-40. [CrossRef]

Fanok, M.H.; Sun, A_; Fogli, L.K.; Narendran, V.; Eckstein, M.; Kannan, K.; Dolgalev, I.; Lazaris, C.; Heguy, A.;
Laird, MLE; et al. Role of Dysregulated Cytokine Signaling and Bacterial Triggers in the Pathogenesis of
Cutaneous T-Cell Lymphoma. J. Investig. Dermatol. 2018, 138, 1116-1125. [CrossRef]

Willerslew-Olsen, A.; Krejsgaard, T.; Lindahl, L.M.; Bonefeld, C.M.; A Wasik, M.; Koralov, S.B.; Geisler, C.;
Kilian, M.; Iversen, L.; Woetmann, A.; et al. Bacterial Toxins Fuel Disease Progression in Cutaneous T-Cell
Lymphoma. Toxins 2013, 5, 1402-1421. [CrossRef]

Lindahl, L.M.; Willerslev-Olsen, A.; Gjerdrum, L. M.R.; Nielsen, PR.; Bliimel, E.; Rittig, A.-H.; Celis, P.;
Herpers, B.; Becker, J.C.; Stausbel-Gren, B.; et al. Antibiotics inhibit tumor and disease activity in cutaneous
T-cell lymphoma. Blood 2019, 134, 1072-1083. [CrossRef]

Kelsell, D.; Byrne, C. SNPing at the Epidermal Barrier. J. Investig. Dermatol. 2011, 131, 1593-1595. [CrossRef]
Simpson, E.L.; Chalmers, J.; Hanifin, ].M.; Thomas, K.S.; Cork, M.; McLean, W.I; Brown, S.; Chen, Z.; Chen, Y.;
Williams, H.C. Emollient enhancement of the skin barrier from birth offers effective atopic dermatitis
prevention. J. Allergy Clin. Immunol. 2014, 134, 818-823. [CrossRef] [PubMed]

Narbutt, J.; Lesiak, A. I-modulia®w badaniach klinicznych-zastosowanie emolientéw u chorych na atopowe
zapalenie skéry. Forum Dermatol. 2016, 2, 139-143.

Elias, PM. Barrier-repair therapy for atopic dermatitis: Corrective lipid biochemical therapy. Expert Rev.
Dermatol. 2008, 3, 441-452. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

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

206



SNd utrients MBPY

Atrticle

Anti-Melanogenic Effect of Ethanolic Extract of
Sorghum bicolor on IBMX-Induced Melanogenesis in
B16/F10 Melanoma Cells

Hye Ju Han, Seon Kyeong Park, Jin Yong Kang, Jong Min Kim, Seul Ki Yoo and Ho Jin Heo *
Division of Applied Life Science (BK21 plus), Institute of Agriculture and Life Science Gyeongsang National
University, Jinju 52828, Korea; gksgpwn2527@naver.com (H.J.H); tjsrud2510@naver.com (S.K.P.);
kangjy2132@naver.com (J.Y.K.); myrock201@naver.com (J.M.K.); ysyk9412@naver.com (S.K.Y.)

* Correspondence: hjher@gnu.ac.kr; Tel.: +82-55-772-1907

Received: 19 February 2020; Accepted: 18 March 2020; Published: 20 March 2020

Abstract: To evaluate possibility as a skin whitening agent of Sorghum bicolor (S. bicolor), its antioxidant
activity and anti-melanogenic effect on 3-isobutyl-1-methylxanthine (IBMX)-induced melanogenesis
in B16/F10 melanoma cells were investigated. The result of total phenolic contents (TPC) indicated that
60% ethanol extract of S. bicolor (ESB) has the highest contents than other ethanol extracts. Antioxidant
activity was evaluated using the 2,2’-azino-bis-(3-ethylbenzothiazolin-6-sulfonic acid) diammonium
salt (ABTS)/1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activities and malondialdehyde
(MDA) inhibitory effect. These results showed ESB has significant antioxidant activities. Inhibitory
effect against tyrosinase was also assessed using L-tyrosine (ICsy value = 89.25 pg/mL) and
3,4-dihydroxy-L-phenylalanine (L-DOPA) as substrates. In addition, ESB treatment effectively
inhibited melanin production in IBMX-induced B16/F10 melanoma cells. To confirm the mechanism
on anti-melanogenic effect of ESB, we examined melanogenesis-related proteins. ESB downregulated
melanogenesis by decreasing expression of microphthalmia-associated transcription factor (MITF),
tyrosinase and tyrosinase-related protein (TRP)-1. Finally, 9-hydroxyoctadecadienoic acid (9-HODE),
1,3-O-dicaffeoylglycerol and tricin as the main compounds of ESB were analyzed using the
ultra-performance liquid chromatography-ion mobility separation-quadrupole time of flight/tandem
mass spectrometry (UPLC-IMS-QTOF/MS?). These findings suggest that ESB may have physiological
potential to be used skin whitening material.

Keywords: anti-melanogenesis; B16/F10 melanoma cell; hydroxyoctadecadienoic acid; Sorghum
bicolor; 3-isobutyl-1-methylxanthine

1. Introduction

Melanin is generated through a process, called as melanogenesis within the intracellular
melanosomes of melanocytes, and the production and distribution of melanin determines the skin,
eyes and hair color. In addition, melanin plays a vital role in protecting skin from various molecules and
stimuli such as ultraviolet (UV) radiation, reactive oxygen species (ROS), a-melanocyte-stimulating
hormone (x-MSH) and cyclic adenosine monophosphate (cAMP) elevating agents including forskolin
and IBMX [1]. In particular, UV radiation directly and indirectly damages skin cells via ROS generation
such as hydroxyl radicals, superoxide anions, and hydrogen peroxide [2]. The generated ROS causes
single- and double-strand DNA breaks, and attacks important cellular structural molecules such
as proteins and lipids [2]. Thus, melanin and antioxidant enzymes such as glutathione peroxidase,
superoxide dismutase and catalase maintain a constant level by removing the ROS produced. However,
excessive ROS production as a result of various factors activates melanogenesis in skin, and the
abnormal melanin accumulation induces negative hyperpigmentation effects, causing age or liver spots,
blotches and freckles [3,4]. Currently, natural compounds such as kojic acid, hydroquinone, arbutin and
ascorbic acid, which are known as melanin synthesis inhibitors, are being utilized as skin whitening
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agent additives. However, these ingredients not only have poor penetration into skin, but also cause
cytotoxicity and inflammation with long-term administration [5]. In this regard, it is necessary to
develop a nonirritating and effective whitening agent to treat human skin hyperpigmentation, as well
as to study natural resource materials for this.

Human skin cells commonly generate melanin as a photoprotection reaction. Melanogenesis is
a complex process that is regulated via a variety of signaling pathways, and all signals ultimately
upregulate MITF. As activated MITF promotes the tyrosinase gene family (tyrosinase and TRPs)
expression, melanogenesis begins in earnest [6]. Generally, the first step in melanogenesis is
that tyrosinase catalyzes the oxidation of L-tyrosine to 3,4-dihydroxy-L-phenylalanine (L-DOPA),
and subsequently oxidizes L-DOPA into DOPA quinone. And then TRP-2 converts DOPA chrome to
5,6-dihydroxyindole-2-carboxylic acid (DHICA) or 5,6-dihydroxyindole (DHI). Finally, DHICA and
DHI are oxidized by TRP-1, eventually leading to melanin production [6].

IBMX and other methylxanthines stimulate melanogenesis by inhibiting phosphodiesterase
and thereby increasing levels of cAMP [7]. cAMP activated by IBMX phosphorylates extracellular-
signal-regulated kinase (ERK) and phosphoinositide 3-kinases/protein kinase B (PI3K/Akt) signaling
pathways, and ultimately leads to the activation of MITF in melanogenesis processes [7]. Therefore,
the downregulation of these proteins can be regarded as an important factor for the anti-whitening effect.

Sorghum bicolor (S. bicolor), which belongs to the family Poaceae, is considered an important crop in
tropical regions, including Africa, Central America, and arid regions, and is the fourth most important
cereal crop of the world after wheat, rice and maize [8]. Recent studies have shown that S. bicolor
is beneficial to humans because it contains phytochemicals such as phenolic compounds, tannins
and anthocyanins [9]. These phytochemicals have gained increased attention due to its antioxidant,
anti-obesity, anti-diabetes and anti-inflammatory effects [10-14]. While there are various research
results, studies on the skin whitening effect of S. bicolor have not yet been conducted. Therefore,
the present study aimed to investigate the antioxidant activity and anti-melanogenic effects of S. bicolor,
and to examine their effects on IBMX-induced melanogenesis in B16/F10 melanoma cells.

2. Materials and Methods

2.1. Chemicals

Folin-Ciocalteu’s reagent, L-DOPA, L-tyrosine, L-ascorbic acid, arbutin, acarbose, dimethyl
sulfoxide (DMSO), bovine serum albumin, x-glucosidase, mushroom tyrosinase, bovine serum albumin,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) and IBMX were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). MITF (bsm-51339M) and tyrosinase (bs-0819R)
were purchased from Bioss (Beijing, China). TRP-1 (sc-166857) and (3-actin (sc-69879) were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Secondary antibodies (anti-rabbit and anti-mouse)
were obtained from Cell Signaling Technology (Danvers, MA, USA).

2.2. Sample Preparation

S. bicolor (20 g) was extracted with various ethanol concentration (0, 20, 40, 60, 80 and 95%; 1L)
at 40°C for 2 h using a reflux condenser. The extracts were filtered using a filter paper (Whatman
International Limited, Kent, UK), and concentrated using a vacuum evaporator (N-1000; EYELA Co.,
Tokyo, Japan). After, the extracts were lyophilized using a vacuum freeze dryer (Il Shin Lab Co., Ltd.,
Yangju, Korea), and the dried extracts were stored at -20°C until used.

2.3. In Vitro Antioxidant Activity

2.3.1. Total Phenolic Contents (TPC)

Total phenolic contents were examined based on the principle that Folin-Ciocalteu’s reagent
is reduced to blue reaction product under alkaline conditions. A sample (1 mL) mixed with
Folin—-Ciocalteu’s reagent and 7% sodium carbonate. The mixture was activated for 2 h, and then
the absorbance was measured at 760 nm using a spectrophotometer (UV-1201; Shimadzu, Kyoto,
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Japan). TPC was calculated from the standard curve of gallic acid and the results were expressed as
mg GAE g71.

2.3.2. Radical Scavenging Activity

ABTS radical cation solution was produced by mixing 2.45 mM potassium persulfate and 7 mM
ABTS with 100 mM potassium phosphate buffer (pH 7.4) containing 150 mM and allowing them to
react for 24 h at room temperature. The ABTS solution was then diluted with distilled water to obtain
an absorbance of 0.700 + 0.020 at 734 nm. The sample was allowed to react with 980 uL the ABTS
solution for 10 min at 37°C and then absorbance at 734 nm was measured using a spectrophotometer
(UV-1201; Shimadzu, Kyoto, Japan).

DPPH radical solution was prepared by dissolving 0.1 mM DPPH in 80% methanol. The DPPH
solution was diluted to an absorbance of 1.000 + 0.020 at 517 nm. 50 uL of the sample was mixed with
1.45 mL of the DPPH solution and reacted for 30 min in the dark. After reacting, the mixture was
determined at 517 nm.

2.3.3. Inhibitory Effect on Lipid Peroxidation

To measure the inhibitory effect on lipid peroxidation in brains tissue, the thiobarbituric acid (TBA)
reactive substance method was used. Brain tissue was homogenated in 20 mM Tris-HCl buffer (pH
7.4), and centrifuged at 6000x g for 20 min. The supernatant was added to 0.1 mM L-ascorbic acid and
10 uM ferrous sulfate 37°C for 1 h incubation. Next, 30% trichloroacetic acid and 1% TBA were added
to the mixture, which was then incubated in a water bath at 80°C for 20 min. Then, the TBA-MDA
complex was measured using a spectrophotometer (UV-1201; Shimadzu, Kyoto, Japan) at 532 nm.

2.4. Tyrosinase Inhibitory Effect

The tyrosinase inhibitory effect was determined using L-tyrosine as a substrate. A sample was
added to a 96-well plate and mixed with 0.1 M sodium phosphate buffer, tyrosinase and 0.1 mM
L-tyrosine substrate to react at 37°C. After incubating, enzyme activity was measured using a microplate
reader (EPOCH2; BioTek, Winooski, VT, USA) at 490 nm. Also, L-DOPA was used as a substrate
to measure tyrosinase inhibitory activity. 67 mM sodium phosphate buffer, tyrosinase and 10 mM
L-DOPA substrate were added to the sample to react at 37°C for 10 min. Tyrosinase activity was
measured at 415 nm.

2.5. a-Glucosidase Inhibitory Effect

The o-glucosidase inhibitory effect was measured by mixing 0.1 M sodium phosphate
buffer and «-glucosidase at 37°Cfor 10 min. After activating, the mixture was added to 5 mM
4-nitrophenyl-a-D-glucopyranoside in buffer at 37°C for 5 min, and then the absorbance was measured
at 405 nm using a microplate reader (EPOCH2; BioTek, Winooski, VT, USA).

2.6. Cell Viability Assay

The cytotoxicity of the sample was estimated using an MTT assay. B16/F10 melanoma cells were
cultured at 1x10* cells/well in a 96-well plate for 24 h. Thereafter, samples were treated to 1, 2, 5
and 10 pug/mL concentrations. Samples were treated for 48 h, after which the cells were treated with
10 pg/mL of MTT stock solution for 3 h. Finally, media was removed, and DMSO was added to
solubilize the formazan. The amount of formazan was quantified using a microplate reader (EPOCH2;
BioTek, Winooski, VT, USA) at 570 nm (excitation wavelength) and 655 nm (emission wavelength).

2.7. Measurement of Cellular Melanin Contents

To measure the amount of melanin, B16/F10 melanoma cells were cultured in a 24-well plate at a
density of 4x10* cells/well above for 24 h. Then, the cells were treated with 100 mM IBMX and ESB or
positive control (arbutin) for an additional 48 h. After treatment, the cells were washed and harvested
using phosphate buffer saline (PBS). The harvested cells were then centrifuged at 16,000x g for 10 min,
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and the obtained pellet was dissolved with 1 N sodium hydroxide containing 10% DMSO at 90 °C for
20 min. The melanin contents were measured at 490 nm using a microplate reader (EPOCH2; BioTek,
Winooski, VT, USA).

2.8. Western Blot Analysis

Pretreated B16/F10 melanoma cells were washed with PBS and lysed using RIPA buffer containing
1% protease inhibitors on ice. Protein concentrations were determined by Bradford protein assay,
and the equal proteins were denatured with a Laemmli buffer for 10 min at 95°C. The denatured
proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
and then were transferred onto a polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). Next, membranes were blocked with 5% skim milk in Tris-buffered saline with 0.1% Tween
20 (TBST) for 1 h, and then reacted with primary antibodies overnight at 4°C. The membranes were
reacted with the secondary antibodies for 1 h and the immune complexes were visualized using an
enhanced chemiluminescence reagent (Bionote, Hwaseong, Korea). The band images were detected
and analyzed by Chemi-doc (iBright Imager, Thermo-Fisher Scientific, Waltham, MA, USA).

2.9. UPLC-IMS-QTOF/MS? Analysis

The main compounds in the 60% ethanolic extracts of S. bicolor were analyzed by UPLC-IMS-
QTOF/MS? (Vion, Waters Corp., Milford, MA, USA). Chromatographic separation was carried out
using an Acquity UPLC BEH C18 column (2.1 X 100 mm, 1.7 um particle size; Waters Corp.) at a flow
rate of 0.35 mL/min. The mobile phases consisted of solvent A (0.1% formic acid in distilled water) and
B (acetonitrile), and analysis conditions included the following time gradient: 1% B at 0-1 min, 1-100%
B at 1-7 min, 100% B at 7-8 min, 100-1% B at 8-8.2 min, 1% B at 8.2-10 min. Mass spectrometry was
performed in the electrospray ionization (ESI) negative mode under the following conditions: source
temperature, 100 °C; desolvation line temperature, 400 °C; ramp collision energy, 10-30 V; capillary
voltage, 2.5 kV. Phenolic compounds were detected by a full scan ranging from my/z 50 to 1500.

2.10. Statistical Analysis

All results were presented as the means + standard deviation (SD). The statistically difference
between groups were determined by A one-way analysis of variance (ANOVA) using Duncan’s
new multiple-range test (p < 0.05) with SAS software version 9.4 (SAS Institute, Cary, NC, USA).
And the interrelationship between the antioxidant effects (ABTS/DPPH radical scavenging activity and
MDA inhibitory effect) and the inhibitory effect of melanogenesis-mediated enzymes (tyrosinase and
a-glucosidase) was evaluated Pearson correlation analysis.

3. Results

3.1. Total Phenolic Contents

To compare antioxidant activity of each ethanolic extract from S. bicolor, TPC was investigated.
As shown in Figure 1, TPC were different among the ethanolic extracts; the 60% ethanolic extract
(150.08 + 1.13 mg GAE/g) was significantly higher than the other extractions (0%; 70.83 + 1.18, 20%;
100.42 + 0.72, 40%; 114.67 + 1.46, 80%; 118.33 + 3.17 and 95%; 73.67 + 1.46 mg GAE/g). Therefore,
the 60% ethanolic extract was used for further experimental analyses.
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Figure 1. Total phenolic contents of various ethanolic extracts from Sorghum bicolor. Data were expressed
as the means + SD (n = 3). Each small letter represented statistical difference, and was statistically
considered at p < 0.05.

3.2. Radical Scavenging Activity

The antioxidant activity of the 60% ethanolic extract from S. bicolor (ESB) was measured using
the ABTS/DPPH assay and MDA assay, and the results were shown in Figure 2. The ABTS radical
scavenging activity of ESB was exhibited 97.98% at 1000 ug/mL concentration, and vitamin C (99.82%),
which is used as the positive control, and also had similar radical scavenging activity at same
concentration (Figure 2A). And, ESB showed a 50% inhibition effects (ICsy value) of the ABTS radical
at 409.71 ug/mL concentration. As shown in Figure 2B, the DPPH radical scavenging activity of ESB
was showed 79.44% at 1000 ug/mL concentration, and the ICs, value was indicated at 612.53 pug/mL.
The inhibitory effect of MDA production of ESB showed an inhibitory effect of 89.54% at 50 pug/mL
concentration, and showed a higher inhibitory effect than the catechin (71.03%), which is the positive
control, at the same concentration (Figure 2C). In addition, IC5 value of MDA was observed at
16.56 pg/mL concentrations of ESB.
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Figure 2. 2,2’-azino-bis-(3-ethylbenzothiazolin-6-sulfonic acid) diammonium salt (ABTS) radical
scavenging activity (A), 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activity (B) and
malondialdehyde (MDA) inhibitory effect (C) of the 60% ethanolic extract from Sorghum bicolor (ESB).
Data were expressed as the means + SD (n = 3). Each small letter represented statistical difference,
and was statistically considered at p < 0.05.

3.3. Inhibitory Effect of Melanogenesis-Mediated Enzymes

The inhibitory effect of melanogenesis-mediated enzymes was evaluated using tyrosinase and
a-glucosidase (Figure 3). To measure inhibitory activity of tyrosinase against melanin synthesis,
experiments were performed using L-tyrosine and L-DOPA as a substrate under cell-free conditions.
As a result, the IC5p value was 89.25 ug/mL when L-tyrosine was used as a substrate (Figure 3A),
but L-DOPA could not that more than 50% of inhibitory effect was observed (Figure 3B). At this time,
the ICs value of the positive control (arbutin) for L-tyrosine was 74.35 ug/mL, which was higher
than ESB. ESB was found to have a better inhibitory effect on tyrosinase using L-tyrosine than using
L-DOPA as a substrate. Therefore, based on the results of assay using two substrates, the tyrosinase
inhibitory effect of ESB is considered to be related to the oxidation of L-tyrosine to L-DOPA rather
than the oxidation of L-DOPA to DOPA quinone in melanogenesis. Tyrosinase inhibitory effect using
L-DOPA as substrate and radical scavenging activity (ABTS; 0.943, p < 0.05, DPPH; 0.952, p < 0.05)
indicated the positive strong correlations in Table 1.

To measure the inhibitory effect of melanogenesis-mediated enzyme, the inhibitory activity against
a-glucosidase of ESB was measured. As shown in Figure 3C, ESB inhibited «-glucosidase by 33.72% at
200 pg/mL concentration. And the ICsy of ESB was 46.29 ug/mL, which is about five times higher than
acarbose (216.05 pug/mL). These results indicate that ESB has better x-glucosidase inhibitory activity
than acarbose as a positive control. And «-glucosidase inhibitory effect revealed strong positive
correlations with MDA inhibitory effect (0.966, p < 0.05) in Table 1.

Table 1. Correlation between antioxidant activity and inhibitory effect of melanogenesis- mediated enzyme

Pearson Correlation

Tyrosinase Inhibitory Effect o-Glucosidase

Inhibitory Effect
L-tyrosine L-DOPA
ABTS radical 0.900 0.943" 0.792
scavenging activity
DPPH radical 0.718 0.952" 0.937
scavenging activity
MDA inhibitory effect 0.988 0.995 0.966"

*Correlation is significant (p < 0.05).
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Figure 3. Inhibitory effect of the 60% ethanolic extract of Sorghum bicolor (ESB) on melanogenesis-
mediated enzymes. Tyrosinase inhibitory effect using L-tyrosine (A) and L-DOPA (B) as substrates,
and a-glucosidase inhibitory effect (C). Data were expressed as the means + SD (1 = 5). Each small
letter represented statistical difference, and was statistically considered at p < 0.05.

3.4. Cell Viability and Cellular Melanin Synthesis

To confirm the cytotoxicity of ESB, B16/F10 melanoma cells were treated with ESB for 24 h at
1,2, 5,10 and 20 pg/mL concentrations. The results showed that ESB did not affect cell viability at
the indicated concentrations when compared to the control (Figure 4A). Therefore, experiments were
carried out by selecting 2, 5 and 10 pug/mL concentrations. Subsequently, B16/F10 melanoma cells
were treated with IBMX to analyze the effect of ESB on melanin production. As shown in Figure 4B,
the level of melanin content increased to 316.85% when treated with IBMX. On the other hand, the ESB
treated group (108.60%) at 10 pg/mL concentration showed significantly decreased melanin contents
compared to the IBMX treated group, and similar melanin contents compared to the arbutin group
(101.79%) as a positive control.

3.5. Melanogenesis Pathway in B16/F10 Melanoma Cells

Melanogenesis is an essential process to protect human skin from external stimuli, and this
process is regulated by various mechanisms. In this study, we measured the expression level
of melanogenesis-regulating molecules to confirm the potential inhibitory mechanism of ESB on
IBMX-induced melanin production in B16/F10 melanoma cells (Figure 5). The results showed that ESB
effectively decreased IBMX-induced MITF expression (Figure 5A,B). Thus, the expression of tyrosinase
(Figure 5A,C) and TRP-1 (Figure 5A,D) was downregulated by reduced MITF with ESB treatment. As a
result, ESB treatment downregulated the expression of related proteins in IBMX-induced melanogenesis
in B16/F10 melanoma cells.
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3.6. UPLC-IMS-QTOE/MS? Analysis

A profile of the main compounds of ESB was scanned by LC/MS in a range of m/z 50-1500,
and the base peak chromatograms are shown in Figure 6. Further identification and characterization
of the compounds was performed in comparison with literature data using MS? fragmentation
data (Table 2). Based on the fragments in previous literature, peak 2 was 1-O-caffeoylglycerol
(m/z 253.07, 179.03, 161.02 and 135.04) [15]; peak 3, dicaffeoylglycerides (m/z 415.10, 253.07, 179.03
and 135.04) [16]; peak 4, 1,3-O-dicaffeoylglycerol (m/z 415.10, 253.07, 179.03, 161.02 and 135.04) [16];
peak 5, p-coumaroyl-caffeoylglycerol (m/z 399.10, 253.07, 179.03, 161.02 and 135.04) [17]; peak 6,
feruloyl-caffeoylglycerol (m/z 429.12, 253.07, 193.05, 161.02 and 134.03) [18]; peak 7, tricin (m/z 329.23,
314.04, 299.01 and 271.02) [19]; and peak 9, 9-hydroxyoctadecadienoic acid (9-HODE) (m/z 295.22, 277.21
and 171.10) [20], respectively. Among them, 1,3-O-dicaffeoylglycerol (Figure 6B), tricin (Figure 6C) and
9-HODE (Figure 6D) were identified as major compounds.
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Figure 6. UPLC IMS-QTOF/MS spectra in negative ion mode (A) and MSs? spectra and chemical
structure of 1,3-O-dicaffeoylglycerol (B), Tricin (C) and 9-hydroxyoctadecadienoic acid (9-HODE) (D)
from the 60% ethanolic extract of Sorghum bicolor (ESB).
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Table 2. Identification of main compounds in the 60% ethanolic extract of Sorghum bicolor (ESB).

No. RT (min) [M-HI (m/z) MS? Fragments (m/z) Proposed Compound

1 2.38 625.19 407.11, 383.11, 221.06, 125.02, 89.02  Unknown

2 2.98 253.07 179.03, 161.02, 135.04 1-O-caffeoylglycerol

3 3.68 415.10 253.07,179.03, 135.04 Dicaffeoylglycerides

4 3.72 415.10 253.07,179.03, 161.02, 135.04 1,3-O-dicaffeoylglycerol

5 3.91 399.10 253.07,179.03, 161.02, 135.04 p-coumaroyl-caffeoylglycerol

6 3.97 429.12 253.07,193.05, 161.02, 134.03 Feruloyl-caffeoylglycerol

7 4.29 329.23 314.04, 299.01, 271.02 Tricin

8 5.55 315.25 297.24,279.23 Unknown

9 5.77 295.22 277.21,171.10 9-hydroxyoctadecadienoic acid (9-HODE)

4. Discussion

Melanogenesis is reported to be caused by increased oxidative stress from external stimuli.
Oxidative stress causes oxidation of DNA and proteins, lipid peroxidation, and increased unsaturated
fatty acids. This stress also leads to increase unnecessarily melanin synthesis in melanocytes on the
skin. Thus, excessive melanin generated can cause pigmentation, and it can lead to skin cancer. IBMX
stimulate melanogenesis by inhibiting phosphodiesterase and thereby increasing levels of cAMP [7].
As the level of cAMP in cells increases, it causes activation of the ERK and PI3K/Akt signaling pathways
that promote the generation of proteins associated with melanogenesis. Therefore, we investigated the
whitening effect of ESB on IBMX-induced melanogenesis in B16/F10 melanoma cells.

Phenolic compounds as the secondary metabolites of plants have the property of being stabilized
by a resonance structure when they react with radicals [21]. Also, phenolic compounds act as
important factors for the antioxidant activity such as ABTS/DPPH radical scavenging activity, and act
as inhibitors of pigment formation because they have a chemical structure like that of L-tyrosine [22,23].
An ABTS/DPPH assay is the most common and simplest method for estimating in vitro antioxidant
activity. In this study, ESB shown a high TPC (Figure 1) and ABTS/DPPH radical scavenging activity
(Figure 2A,B). Especially, ESB was higher in the ABTS radicals scavenging activity than the DPPH
radical scavenging activity. The DPPH assay is used to measure the radical scavenging activity of
hydrophobic compounds, whereas the ABTS assay makes it possible to measure the radical scavenging
activity against hydrophobic as well as hydrophilic compounds [24]. Therefore, it was confirmed that
the radical scavenging activity of ESB was more affected by the hydrophilic compound.

UV radiation exposure causes ROS production and has direct and indirect effects on the skin.
In particular, ROS induces lipid peroxidation by attacking unsaturated fatty acids, which are components
of cell membranes [2]. The accumulation of lipid peroxides leads to the destruction of the antioxidant
system of skin, causing pigmentation, inflammation and aging [25]. In this study, ESB showed an
excellent inhibit lipid peroxidation (Figure 2C). The phenolic compounds contained in natural plants
were reported to be associated with radical scavenging activity [26]. Also, Maresca et al. [27] reported
that removal of ROS with antioxidants is effective in inhibiting melanin biosynthesis. A recent study
reported that the ethyl acetate and aglycone fractions of Dendropanax morbifera leaf can act as skin cell
protectants and natural antioxidants by protecting HaCaT cells against oxidative stress [28]. Moreover,
treatment with the same fractions showed a better anti-melanogenic effect than arbutin, used as a
positive control, against «-MSH-induced excessive melanin generation in B16/F10 melanoma cells [28].

Several mechanisms are associated with melanogenesis, and the common goal for skin whitening
agents is the regulation of tyrosinase, which is an important enzyme in melanogenesis. Tyrosinase,
a copper-containing enzyme, catalyzes two reactions in this pathway: the hydroxylation of L-tyrosine to
L-DOPA and the oxidation of L-DOPA to DOPA quinone [6]. When exposed to large amounts of UV or
ROS, the activity of tyrosinase is increased and melanin synthesis is also increased. Therefore, the results
of measuring the inhibitory effect of tyrosinase in relation to melanin synthesis showed that ESB was
found to have a better inhibitory effect on tyrosinase using L-tyrosine than using L-DOPA as a substrate
(Figure 3A,B). A recent study reported the correlation between TPC and tyrosinase inhibition because
phenolic compounds have a chemical structure similar to that of L-tyrosine, a substrate of tyrosinase.
According to Choi et al. [29], it was observed that the efficiency of free radical scavenging activity
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and tyrosinase inhibitory effect increased in proportion to the fermentation time of Cheonggukjang,
which was due to the amount of TPC increasing with fermentation time. Im & Lee [30] observed
that the ethyl acetate fraction of 75% ethanolic extract from Taraxacum coreanum had abundant TPC
and antioxidant activity, and the tyrosinase inhibitory effect was superior to other fractions (hexane,
chloroform, butanol and aqueous).

Tyrosinase, one of the glycoproteins, is glycosylated when polypeptide chains translocate into the
endoplasmic reticulum. Various enzymes are involved in this process, and among them, inhibition
of x-glucosidase could inhibit the folding of tyrosinase to form an inactive structure without copper.
As a result, tyrosinase is unable to be transported to the melanosome and inhibit melanin production.
The polyphenol present in plants is capable not only of reducing oxidative stress, but also inhibits
carbohydrate hydrolyzing enzymes such as x-glucosidase by binding to proteins [31]. A previous
study indicated that B16/F10 melanoma cells in the presence of glycosylation inhibitors results in the
reduction of melanogenesis by decreasing the total content of tyrosinase [32]. And Choi et al. [33]
reported that deoxynojirimycin, one of the x-glucosidase inhibitors, blocked glycosylation of tyrosinase
and inhibited tyrosinase migration to melanosomes. Ando et al. [34] have shown that it is possible
to inhibit the melanin synthesis in melanoma cells by controlling the glycosylation of tyrosinase by
a-glucosidase inhibitors such glutathione, ferritin and feldamycin. Kim et al. [35] reported the good
correlations for Bee Pollen as natural antioxidant between TPC and tyrosinase inhibitory effect (0.973,
p < 0.05), and also TPC gave the positive correlation with DPPH radical scavenging activity (0.897,
p < 0.05). And the results suggest that polyphenols as natural antioxidants could be potential effective
skin whitening based on their excellent antioxidant activity. In our study, antioxidant effect of ESB
in the process of inhibiting the action of tyrosinase was indicated to be highly correlated through
inhibition the oxidation of L-DOPA to DOPA quinone and the glycosylation of tyrosinase (Table 1).
For this reason, the antioxidant effect of ESB has an effect on skin whitening effect by affecting the
inhibition of melanogenesis-mediated enzyme.

The PKA signaling pathway is the main process involved in melanogenesis, and this is activated by
IBMX, which is a cAMP elevating agent. The PKA signaling pathway can regulate transcription factors
such as MITF and cAMP-responsive element-binding protein, which are involved in the expression
of melanogenesis regulators such as tyrosinase, TRP-1 and TRP-2. Consequently, IBMX treatment
increases the expression of MITF and the tyrosinase gene family (tyrosinase and TRP-1) through
cAMP activation [7]. Park et al. [36] showed that the amount of melanin synthesis from Papenfusiella
kuromo ethanolic extract (65.17 + 13.40%) at a concentration of 40 pug/mL was similar to kojic acid
(72.30 + 3.92%) as a positive control, and reported that it showed potential as a natural whitening
material. In this study, ESB showed an effective inhibitory effect on melanin synthesis similar to that of
the positive control at low concentrations (Figure 4). After that, to assesses detailed anti-melanogenic
effect of ESB, western blot analysis was performed on melanogenesis-mediated protein using B16/F10
melanoma cell.

Akt, which is involved in various mechanisms, plays a key role in multiple cellular processes such
as apoptosis, glucose and skin metabolism. In particular, the increase of cAMP by IBMX treatment
decreases Akt phosphorylation and its activation. Also, inactivated Akt induces the activation
of GSK-33, which means that phosphorylation is not achieved, that is, the level of p-GSK-3f is
reduced [7]. According to previous literature, the aerial part of Pueraria thunbergiana downgrades
MITEF by activating the Akt/GSK-3f3 signaling pathway in B16/F10 melanoma cells [37]. Also, Huang et
al. [38] showed that [6]-shogaol promoted p-Akt expression and inhibited melanogenesis signaling in
B16/F10 melanoma cells. Activated GSK-3f3 upregulates the tyrosinase gene family by phosphorylating
Ser289 of MITF, consequently promoting melanogenesis. MITF is a major transcription factor that
binds to a tyrosinase gene promoter, and it subsequently increases the expression of enzymes related
to melanocyte proliferation and melanogenesis [7]. When the expression of tyrosinase is promoted
by MITE, it subsequently leads to an increase in the levels of TRP-1 and TRP-2, and as a result,
these melanogenic enzymes produce melanin [6]. Oxidative stress caused by UV light stimulates
melanin pigmentation in the skin. Therefore, the scavenging activity of radicals or ROS is effective to
suppress melanin production, and polyphenols with antioxidant activity may have excellent whitening
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effects [38]. Choi et al. [39] showed that Korean bamboo stems (Phyllostachys nigra variety henosis)
downregulated PKA/CREB-mediated MITF via scavenging of ABTS/DPPH radicals. And a 70%
ethanolic extract of Nelumbo nucifera G. Leaf inhibited the expression of MITEF, tyrosinase and TRPs with
antioxidant activities such as electron donation ability and inhibition of xanthine oxidase [40]. In this
experiment, it was shown that ESB treatment decreased the expression of MITF and tyrosinase gene
family (tyrosinase and TRP-1), which promote the oxidation of DHICA to DHI in the melanogenesis
pathway (Figure 5). Based on these results, ESB has been shown to downregulate IBMX-mediated
melanogenesis based on its superior antioxidant effects.

Based on the previous literature, the main phenolic compounds in ESB were identified that
1,3-O-dicaffeoylglycerol (Figure 6B), tricin (Figure 6C) and 9-HODE (Figure 6D) [16,19,20]. Among
them, 9-HODE, which is the most abundant compound in ESB, is one of the metabolites of linoleic
acid, and shows a whitening effect on irritated skin by inhibiting tyrosinase [41]. Also, unlike
other aliphatic compounds, 9-HODE is reported to be stable in all oxidation experiments and to
have a whitening effect on ROS damage [41]. Meanwhile, tricin (5,7-dihydroxy- 2-(4-hydroxy-3,5-
di-methoxyphenyl)-4H-chromen-4-one) has long been recognized for its beneficial health effects,
such as antioxidant, antiviral, and antitumor/anticancer activities [42—44]. Mu et al. [45] reported that
tricin exhibited a better inhibitory effect on tyrosinase activity compared with arbutin as a positive
control. Moreover, Meng et al. [46] reported that tricin isolated from the methanol extract of young
green barley (Hordeum vulgare L.) inhibited melanin biosynthesis and tyrosinase activity in B16/F10
melanoma cells through the hydroxyl group at the C-4’ position and methoxy groups at the C-3’,5
positions of the tricin skeleton. Phenylpropanoids such as 1-O-caffeoylglycerol, dicaffeoylglycerides,
and 1,3-O-dicaffeoylglycerol are organic compounds that are synthesized by plants from phenylalanine
and tyrosine. Phenylpropanoid and their glycosylated forms were reported to be potent antioxidants
either by directly scavenging ROS, or by acting as chain-breaking peroxyl radical scavengers [47].

p-Coumaric acid, which has a chemical structure similar to L-tyrosine, competes with L-tyrosine
for active sites on tyrosinase [48]. It is known as a strong tyrosinase inhibitor, and it was reported
that its anti-melanogenesis effect is stronger than structurally similar compounds such as cinnamic
acid [48]. In addition, An et al. [48] reported that p-coumaric acid, a constituent of Sasa quelpaertensis
Nakai, inhibited tyrosinase activity using L-DOPA as a substrate, and reduced melanin production
in B16/F10 melanoma cells. Therefore, ESB may be considered to have an excellent whitening effect
through p-coumaric acid. Furthermore, the MS spectra of 1-O-caffeoylglycerol and 1-3-O-dicaffeoyl
glycerol showed similar fragmentation patterns at m/z 179, 161 and 135, and these fragments were
reported as caffeic acid residue. They have a UV spectrum similar to that of a caffeic acid derivative
with a Amax at about 326 nm, and so are considered to be a caffeic acid derivative [48]. It was reported
that caffeic acid, a derivative of various compounds, is a potent antioxidant in vitro/in vivo, and reduces
tyrosinase activity and melanogenesis in B16/F10 melanoma cells. Consequently, the anti-melanogenic
effect of ESB might be considered to be due to antioxidants and skin whitening substances such as
aliphatic and phenolic compounds.

5. Conclusions

To evaluate possibility as a skin whitening agent of Sorghum bicolor, antioxidant, and anti-
melanogenic effects of ESB on IBMX-induced melanogenesis were evaluated in B16/F10 melanoma
cells. ESB exhibited significant antioxidant activities in ABTS/DPPH radical scavenging activity and
MDA inhibitory effect. ESB prevented the first step of melanogenesis by inhibiting x-glucosidase
and tyrosinase using L-tyrosine and L-DOPA as substrates. The anti-melanogenic effects of ESB on
IBMX-induced melanogenesis were evaluated in B16/F10 melanoma cells, and the results showed that
ESB inhibited IBMX-induced melanogenesis in B16/F10 melanoma cells. Melanin accumulation was
inhibited by downregulation of the expression of MITF and the tyrosinase gene family (tyrosinase
and TRP-1) in IBMX-induced melanogenesis. The major compounds of ESB were analyzed as
1,3-O-dicaffeoylglycerol, tricin and 9-HODE. Consequently, ESB showed in vitro antioxidant activity
and an anti-melanogenic effect in B16/F10 melanoma cells, and thus, could be used as a skin whitening
agent in the cosmetics market.
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Abstract: Triacylglycerol (TAG) metabolism is related to the acyl-ceramide (Cer) synthesis and
corneocyte lipid envelope (CLE) formation involved in maintaining the epidermal barrier. Prompted by
the recovery of a disrupted epidermal barrier with dietary borage oil (BO: 40.9% linoleic acid (LNA)
and 24.0% y-linolenic acid (GLA)) in essential fatty acid (EFA) deficiency, lipidomic and transcriptome
analyses and subsequent quantitative RT-PCR were performed to determine the effects of borage
oil (BO) on TAG content and species, and the gene expression related to overall lipid metabolism.
Dietary BO for 2 weeks in EFA-deficient guinea pigs increased the total TAG content, including the
TAG species esterified LNA, GLA, and their C20 metabolized fatty acids. Moreover, the expression
levels of genes in the monoacylglycerol and glycerol-3-phosphate pathways, two major pathways of
TAG synthesis, increased, along with those of TAG lipase, acyl-Cer synthesis, and CLE formation.
Dietary BO enhanced TAG content, the gene expression of TAG metabolism, acyl-Cer synthesis, and
CLE formation.

Keywords: borage oil; triacylglycerol metabolism; acyl-ceramide; corneocyte lipid envelope; epidermis

1. Introduction

Triacylglycerol (TAG) is one of the most abundant lipids in the epidermis, and TAG synthesis and
hydrolysis are reported to be related to acyl-ceramide (Cer) synthesis and corneocyte lipid envelope
(CLE) formation [1-3]. The systemic lack of diacylglycerol O-acyltransferase 2 (Dgat2), the gene for
TAG synthesis, leads to an impaired permeability barrier in the epidermis [4]. In addition, mutation
of CGI-58, the gene that facilitates TAG hydrolysis, has been reported to induce severe ichthyosis
along with impaired CLE formation [3]. In parallel, the epidermal levels of linoleic acid (LNA; 18:2n-6)
esterified acyl-Cer, a key lipid involved in CLE formation, were decreased in cases of both impaired
permeability barriers and ichthyosis [2,3], suggesting that LNA, which is hydrolyzed from TAG,
could be required for acyl-Cer synthesis and CLE formation in the differentiated epidermis.

In Dgat2-deficient mice, the level of LNA esterified to TAG is reduced, and a skin phenotype
is exhibited similar to that seen in essential fatty acid (EFA) deficiency, which is characterized by a
scaly skin condition and increased trans-epidermal water loss (TEWL) [4]. Interestingly, levels of TAG
are reduced in the epidermis of EFA-deficient mice [5]. In addition, y-linolenic acid (GLA; 18:3n-6),
another w-6 EFA, has been reported to exert greater efficacy than LNA in recovering EFA deficiency
in the epidermis [6]. Furthermore, our recent studies demonstrated that GLA is also esterified

Nutrients 2019, 11, 2818; d0i:10.3390/nu11112818 223 www.mdpi.com/journal/nutrients



Nutrients 2019, 11, 2818

to acyl-Cer in the epidermis [7]. Therefore, we hypothesized that there is a relationship among
LNA or GLA esterified TAG, CLE formation, and epidermal barrier homeostasis. To test this
hypothesis, we performed lipidomic and transcriptome analyses to determine the effect of dietary BO
containing high concentrations of GLA and LNA on TAG content and TAG metabolism related gene
expression levels.

2. Materials and Methods

2.1. Animals

Male albino Hartley guinea pigs at 3 weeks of age were purchased from the Samtako Laboratory
(Osan, Republic of Korea) and housed as described previously [8]. After 1 week adaptation period,
EFA deficiency was induced by a diet containing 40 g/kg hydrogenated coconut oil (HCO) (400950; Dyets,
Bethlehem, PA, USA) supplemented with 20 g/kg triolein (T7752) (Sigma-Aldrich, St Louis, MO, USA) for
8 weeks. Subsequently, EFA deficient guinea pigs were fed a diet containing 60 g/kg BO (Midlands Seed,
Ashburton, New Zealand) (group HCO + BO; n = 5) or continued on the HCO diet (group HCO: EFA
deficient control; 1 = 5) for 2 weeks. Animal care and handling was approved by the Animal Care and Use
Review Committee of Kyung Hee University, Yongin, Republic of Korea (KHUAGC-17-020).

2.2. Lipidomic Analysis

The epidermal lipid was extracted using Folch solution (chloroform/methanol, 2:1, V/V) and
high-performance thin-layer chromatography (HPTLC) was used for analysis of the total epidermal
TAG content as described previously [9]. Lipidomic analysis was performed using direct infusion
electrospray mass spectrometry (ES-MS) as described previously [10]. Specifically, epidermal lipid
samples with chloroform/methanol (1:9, V/V) containing 7.5 mM ammonium acetate were infused into
a Thermo LTQ XL ion trap mass spectrometer (Thermo Fisher Scientific, West Palm Beach, FL, USA)
through a nanoelectrospray infusion system (TriVersa NanoMate, Advion Biosciences, Ithaca, NY,
USA). The spectral data were recorded using the Thermo Xcalibur software (version 2.1, Thermo Fisher
Scientific) and loaded into the Genedata Expressionist MSX module (Genedata AG, Basel, Switzerland)
for data processing. After subtracting background noise, spectral data below an intensity of 300 were
removed, and data alignment was performed using nonlinear transformation to map the original m/z
data onto the common universal data. After spectrum peak detection, isotopic clustering of individual
detected peaks was conducted using spectrum isotope clustering activity. After normalizing the
spectral data, each compound was identified using commercially available standards or the Lipidomics
Gateway of the LIPID MAPS (http://www.lipidmaps.org).

2.3. Transcriptome Analysis

The total RNA was extracted using TRIzol reagent (Gibco, New York, NY, USA) from the epidermis
of a randomly selected subpopulation of 3 guinea pigs from each group, HCO and HCO + BO. The RNA
was amplified, labelled with Cyanine 3 using the Quick AMP Labeling Kit (Agilent Technologies,
Santa Clara, CA, USA), and purified. The labeled complementary RNA was hybridized to an Agilent
4 x 180K Custom Gene Expression Microarray. After washing, microarrays were scanned, and data
were extracted with Feature Extraction 9.1 Software (Agilent Technologies, Santa Clara, CA, USA).
Subsequently, the gene expression data were quantile-normalized and log2-transformed.
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To identify the alteration of epidermal transcriptomes between groups HCO and HCO + BO,
we extracted gene ontology (GO) terms from the genes (1 = 1243) whose expression in group HCO
+ BO was 1.5-fold higher than that in group HCO, using a web-based gene set analysis toolkit
(www.webgestalt.org) [11]. Next, to identify the alteration of TAG metabolism, we screened genes
associated with the TAG biosynthetic process with a 2-fold change (FC) threshold. The expression
levels of the selected genes were confirmed by quantitative reverse transcription polymerase chain
reaction (QRT-PCR) using specific primers (Table 1) as described previously [8]. Lastly, we screened
genes associated with TAG hydrolysis, acyl-Cer synthesis, and CLE formation to gain insight into the
meaning of the altered TAG species.

Table 1. qRT-PCR primer sequences.

Gene ! Forward Reverse
Gapdh 5-AGAACATCATCCCCGCATCC-3’ 5-TCCACAACCGACACATTAGGT-3’
Mogat2 5 -TGCTCTACCTTTTGCTTATGGG-3’ 5-TGGCTTGTCTCGGTCCA-3’
Agpatd 5 -GCTGATTGTTATGTTAGGCGGA-3’ 5 -GACTTTGGGGGTTTCTGGGA-3’
Elovl7 5-GGACAGAGTTCCAGCGAGTA-3’ 5-ACAAGTGAGAGTCAAAAGCCTG-3'
Dgat?2 5-CTCCTCTGTCAAATCTCAGGC-3’ 5-TTACTCCAACAACACGCAGG-3

1 Gapdh: glyceraldehyde 3-phosphate dehydrogenase (NCBI Accession: NM_001172951), Mogat2: monoacylglycerol
O-acyltransferase 2 (NCBI Accession: XM_003468553), Agpat4: 1-acylglycerol-3-phosphate O-acyltransferase 4 (NCBI
Accession: XM_003466380), Elovl7: elongation of very long-chain fatty acids 7 (NCBI Accession: XM_003470212)
and Dgat2: diacylglycerol O-acyltransferase 2 (NCBI Accession: XM_003468552).

2.4. General Statistical Analysis

All data are expressed as means + standard deviation, and differences between groups HCO and
HCO+BO were tested by unpaired Student’s t-test. p-values < 0.05 were considered significant.

3. Results and Discussion

3.1. Altered TAG Content and Species

First, we assessed the total TAG content in the epidermis of groups HCO and HCO + BO using
HPTLC analysis (Figure 1a). The total TAG content was significantly increased in group HCO + BO
compared with group HCO (Figure 1b), as reported previously [5]. To identify which TAG species
were altered between groups HCO and HCO + BO, we used a lipidomic analysis approach (Figure 1c
and Table S1). TAG 52:4 and TAG 54:6 containing LNA, TAG 54:4 and TAG 56:7 containing GLA and
dihomo-y-linolenic acid (DGLA; 20:3n-6), and TAG 54:5 and TAG 56:6 containing arachidonic acid
(ARA; 20:4n-6) were significantly increased in group HCO + BO compared with group HCO. Other TAG
species were not altered in either group (data not shown). These results indicate that the increased total
TAG content in group HCO + BO may have resulted from an increase in TAG species containing EFA
(i.e., LNA and GLA and their C20 metabolized fatty acids (FA) such as DGLA and ARA).
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Figure 1. Triacylglycerol (TAG) content in the epidermis of guinea pigs fed a hydrogenated coconut
oil (HCO) diet for 10 weeks (group HCO) or 8 weeks followed by 2 weeks of borage oil (BO) diet
(group HCO + BO). Total TAG content was analyzed by high-performance thin-layer chromatography
(HPTLC). (a) Representative band and (b) densitometric analysis. (c) Analysis of TAG species was
performed by direct-infusion electrospray mass spectrometry (ES-MS). Values are means + SD (n = 5).
**p <0.01, *** p < 0.001 vs. group HCO by the unpaired Student’s t test.

3.2. Altered Expression of Genes Related to TAG Synthesis

To identify the genes related to altered TAG content, we compared epidermal transcriptomes
between groups HCO and HCO+BO using microarray analysis. First, we evaluated the overall
meaning of up-regulated genes (FC > 1.5, n = 1243) in group HCO + BO (Table S2) by GO enrichment
analysis (Figure 2a and Table S3). The up-regulated genes in group HCO + BO were involved in
biological processes involved in the lipid metabolic process, keratinocyte differentiation, and epidermis
development. Among the up-regulated genes associated with the lipid metabolic process (Table S4),
we further checked genes related to TAG metabolism, especially with the two major pathways
of TAG synthesis, the glycerophosphate pathway and monoacylglycerol (MAG) pathway [12].
As shown in Figure 2b, gene expression levels of monoacylglycerol O-acyltransferase 2 (Mogat2),
1-acylglycerol-3-phosphate O-acyltransferase 4 (Agpat4) and the elongation of very long-chain fatty
acids 7 (Elovl7) and Dgat2 increased over two to thirteen-fold in group HCO + BO compared with group
HCO; these results were confirmed by qRT-PCR (Figure 2c). Although there is little information about
the MAG pathway in the epidermis, our results suggest that the MAG pathway seems to play a role in
TAG synthesis in the epidermis, at least in guinea pigs. In the glycerophosphate pathway, Agpat4 seems
to play a control step in TAG synthesis in the guinea pig epidermis. Because Agpat4, an acyltransferase
that transfers an acyl-CoA onto the sn-2 position of glycerol [1], has been reported to have a preference
for a long-chain polyunsaturated fatty acyl-CoA (including 18:2 and 20:4-CoA) [13], the increase of the
TAG species esterified LNA and ARA at the sn-2 position in group HCO + BO seems to be largely
attributed to Agpat4. In addition, the increase in the TAG species esterified DGLA (the elongated
C20 metabolized FA of GLA) in group HCO + BO might be attributed to the increased expression of
Elovl7, which is known to have the highest activity toward 18:3-CoA [14]. Dgat2, which is responsible
for the last step of TAG synthesis, is known to play a crucial role in skin barrier homeostasis [15].
Overexpression of Dgat2 causes acyl-Cer synthesis [16], while Dgat2-deficient mice show decreased
content of acyl-Cer [4], suggesting that the decreased CLE content in EFA-deficient epidermis [17]
could be related to decreased Dgat2 expression.
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Figure 2. Gene expression levels in the epidermis of guinea pigs fed a hydrogenated coconut oil (HCO)
diet for 0 weeks (group HCO) or 8 weeks followed by 2 weeks of borage oil (BO) diet (group HCO +
BO). Transcriptomes were obtained by microarray analysis (1 = 3). (a) The gene ontology enrichment
analysis of up-regulated genes in group HCO + BO (Fold change; FC > 1.5) was performed using a
web-based gene set analysis toolkit. Results are listed by false discovery rate (FDR) and the adjusted
p-value is corrected for multiple comparisons. (b) Among genes related to triacylglycerol synthesis,
up-regulated genes in group HCO + BO were selected (FC > 2). (c) The gene expression levels of
monoacylglycerol O-acyltransferase 2 (Mogat2), 1-acylglycerol-3-phosphate O-acyltransferase 4 (Agpat4),
and the elongation of very long-chain fatty acids 7 (Elovl7) and diacylglycerol O-acyltransferase 2 (Dgat2)
were validated by a quantitative reverse transcription polymerase chain reaction (QRT-PCR, n = 5).
Values are FC or means + SD. ** p < 0.01, *** p < 0.001 vs. group HCO by the unpaired Student’s f test.

3.3. Altered Expression of Genes Related to TAG Hydrolysis and CLE Formation

To understand the implication of altered TAG content and gene expression related to TAG
metabolism such as Dgat2, we further evaluated the genes involved in TAG hydrolysis, acyl-Cer
synthesis, and CLE formation (Table 2). Among the various candidate genes that could hydrolyze
TAG [15], the expression levels of lipase family member N (Lipn, FC = 3.66) and K (Lipk, FC = 3.65) and
the patatin-like phospholipase domain containing 5 (Pnpla5, FC = 2.35) were increased in group HCO
+ BO. In addition, the expression levels of genes that induce the hydroxylation of ultra-long-chain FA
(Cyp4f22), acylation of FA into sphingoid bases (Cers3), transportation of lamellar granules (Abcal2),
and oxidation of LNA for CLE formation (Alox12b and Aloxe3) [18] were also increased approximately
1.5-3-fold (Table 2). Collectively, these results suggest that the EFA esterified into TAG is likely to
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be hydrolyzed by these lipases and esterified for acyl-Cer synthesis, which is subsequently utilized
for CLE formation by these genes. Furthermore, because Alox12b, the dioxygenase required for the
formation of covalent bond between acyl-Cer and corneocytes, has been reported to have a preference
for GLA as well as LNA [19], it could be speculated that GLA-esterified acyl-Cer, which was reported
in our previous studies, might be involved in maintaining the integrity of CLE. Therefore, the genes
listed in Table 2 seem to be related to restoring the impaired skin barrier in EFA-deficient guinea pigs
by BO supplementation [6].

Table 2. Up-regulated genes associated with epidermal lipase, acyl-Cer synthesis and CLE formation
in group HCO +BO -

Gene 2 FC3 Function
Lipn 3.66 Lipases
Lipk 3.65 Lipases
Pnpla5 2.35 Lipases
Elovl4 1.72 Elongation of fatty acids
Cyp4f22 1.57 Omega-hydroxylation of ultra-long-chain fatty acids
Cers3 1.61 Ceramide synthesis
Ugeg 1.53 Glucosylation of ceramide
Abcal2 3.07 Transport via lamellar granules
Alox12b 2.13 Oxidation of linoleic acid in ceramide
Aloxe3 1.65 Oxidation of linoleic acid in ceramide

! Cer: ceramide, CLE: corneocyte lipid envelope, group HCO+BO: hydrogenated coconut oil (HCO) diet for 8
weeks followed by borage oil (BO) diet for 2 weeks. 2 Lipn: lipase family member N, Lipk: lipase family member K,
Pnpla5: patatin-like phospholipase domain containing 5, Elovl4: elongation of very long-chain fatty acids 4, Cyp4/22:
cytochrome P450 family 4 subfamily F member 22, Cers3: ceramide synthase 3, Ugcg: UDP-glucose ceramide
glucosyltransferase, Abcal2: ATP binding cassette subfamily A, Alox12b: arachidonate 12-lipoxygenase 12R type,
Aloxe3: arachidonate lipoxygenase 3. 3 3-fold change (FC) of group HCO + BO with respect to group HCO (HCO
diet for 10 weeks).

4. Conclusions

Dietary BO induced the increase of TAG content and TAG species esterified LNA, GLA, DGLA,
and ARA in parallel with the up-regulation of the expression of genes involved in TAG synthesis
including Mogat2, Agpat4, Elovl7, and Dgat2 as well as TAG hydrolysis, acyl-Cer synthesis, and CLE
formation in the epidermis of EFA-deficient guinea pigs. These results suggest that TAG could serve as
an important EFA-donor required for acyl-Cer synthesis.
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HCO + BO, Table 54: Up-regulated genes in HCO + BO related to GO: 0006629: lipid metabolic process.
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Abstract: The combination of ascorbic acid and rutin, often used in oral preparations, due to
antioxidant and anti-inflammatory properties, can be used to protect skin cells against the effects of
UV radiation from sunlight. Therefore, the aim of this study was to investigate the synergistic effect of
rutin and ascorbic acid on the proteomic profile of UVA and UVB irradiated keratinocytes cultured in a
three-dimensional (3D) system. Results showed that the combination of rutin and ascorbic acid protects
skin cells against UV-induced changes. In particular, alterations were observed in the expression of
proteins involved in the antioxidant response, DNA repairing, inflammation, apoptosis, and protein
biosynthesis. The combination of rutin and ascorbic acid also showed a stronger cytoprotective effect
than when using either compound alone. Significant differences were visible between rutin and
ascorbic acid single treatments in the case of protein carboxymethylation/carboxyethylation. Ascorbic
acid prevented UV or rutin-induced protein modifications. Therefore, the synergistic effect of rutin
and ascorbic acid creates a potentially effective protective system against skin damages caused by
UVA and UVB radiation.

Keywords: keratinocytes; rutin; ascorbic acid; UV radiation; proteomics; 3D cell culture

1. Introduction

Maintaining the appropriate skin proteomic profile is a critical parameter for proper cell function
and maintenance of healthy skin. For this reason, skin cells are characterized by the well-developed
cytoprotective system, comprised of antioxidant, anti-inflammatory, and anti-apoptotic proteins.
This protection system also involves active cytoprotective transcription factors which are responsible
for protein biosynthesis [1]. However, despite these cytoprotective mechanisms, frequent exposure of
skin cells to ultraviolet radiation (UV), mainly UVB (electromagnetic radiation with wavelength from
280 nm to 315 nm) and UVA (from 315 nm to 380 nm) contained in sunlight, stimulates pro-oxidant
enzyme activity and impairs the action of antioxidants, resulting in oxidative stress [2,3]. As a
consequence, UV enhances ROS-dependent modifications in skin cells covering all cellular components
including nucleic acids, proteins, and lipids. This is particularly seen in lipid modification which
causes an increase in the level of lipid peroxidation products, including 4-hydroxynonenal (4-HNE),
which functions as an important signaling molecule [4]. In addition, the resulting highly reactive
electrophilic aldehydes can interact with proteins and significantly modify their structure [5]. Also,
UV-induced DNA damage activate proteins responsible for nucleic acids repairing [6]. On the other
hand, in the case of keratinocytes, UVB radiation also enhances protein modifications such as
advanced glycation end products (AGEs), including lysine carboxymethylation (CML) [7]. Generation
of CML leads to dysfunction of the proteins biological functions, their translocation into the cell
membrane, and activation of G-protein [8]. As a result, the expression of G-protein coupled receptors
is often increased.
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As a result, changes in the proteomic profile, including modifications of protein activity,
are observed [9,10]. Previous studies have shown that skin cells exposure to UVA and UVB radiation
leads to the activation of many factors involved in mitogen-activated protein (MAP)-dependent
signaling kinases, including ERK1/2 and transcription factors dependent on redox potential, e.g.,
Nrf2 [11,12]. As a consequence, the described action of UV radiation leads to metabolic disorders in
the skin which can significantly deteriorate the condition of the skin [13].

Due to the hazards of UV exposure, there is a constant need for natural, effective, daily use skin
protection compounds. Examples of such compounds are rutin and ascorbic acid, not only due to
their potent antioxidant properties resulting from their chemical structure (Figure 1), but also due to
their synergistic cytoprotective activity [14]. It has been shown that rutin affects cellular metabolism
not only via its antioxidant activity, but also by affecting the biological activity of proteins in varying
signaling pathways. Rutin activates cytoprotective transcription factor Nrf2, and also inhibits the
activity of cyclooxygenases and lipoxygenases, thereby reducing pro-inflammatory processes [15,16].
Additionally, rutin exerts cytoprotective effects on cells exposed to different types of radiation by
substantially increasing their viability [17]. The use of rutin in in vitro cultures may be limited by its
toxicity in a high concentration, however, different literature data provide different results regarding
the range of its toxicity. In addition, this value depends on the type of cells as well as the length of
treatment; long-term rutin treatment of cancer cells shows that the toxic concentration of rutin is already
in the range 125-250 uM [18,19]. However, in the case of HaCaT keratinocytes, rutin toxicity is visible
only above a concentration of 1 mM [20]. However, the action of rutin is limited by cell membrane
permeability, which is significantly increased by UV radiation as a result of activation of membrane
transporter, bilitranslocase [10]. Ascorbic acid also enhances rutin membrane permeability [21].
On the other hand, ascorbic acid applied to the skin exhibits a number of cytoprotective activities,
such as supporting the antioxidant effect of vitamin E [22] and normalizing respiratory chain action
by stabilizing mitochondrial membrane polarization in UV-irradiated human skin fibroblasts [23],
as well as providing significant protection against inflammation and sunburn [24]. Treatment with
ascorbic acid induces well-organized multilayers in 3D keratinocyte cultures, however, exceeding a
concentration of 1 mM promotes too fast and uncontrolled cell differentiation [25,26].

OH OH OH HO OH

Rutin Ascorbic acid
Figure 1. The comparison of chemical structure of rutin and ascorbic acid.

To date, the interaction of orally-administered rutin with ascorbic acid has been demonstrated in
terms of anti-inflammatory and vascular sealing actions [27]. Moreover, recent work has shown that
combining rutin with ascorbic acid results in a synergistic, cytoprotective effect from UV radiation
in vitro [14]. The aim of this study was to examine the combined effect of rutin and ascorbic acid on
the proteomic profile in UVA and UVB irradiated keratinocytes grown in a three-dimensional (3D)
epidermal-like system.

2. Materials and Methods

2.1. Cell Culture and Treatment

Human cell keratinocytes line CDD 1102 KERTr were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in a humidified atmosphere of 5% CO, at 37 °C.
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According to the cell culture protocol provided by ATCC, the growth medium for keratinocytes was
keratinocyte-SFM medium supplemented with 1% bovine pituitary extract (BPE), human recombinant
epidermal growth factor (hEGF), 50 pg/mL streptomycin, and 50 U/mL penicillin. Sterile and cell
culture reagents were obtained from Gibco (Grand Island, NY, USA). 3D culture was carried out in
AlgiMatrix plates (Life Technologies, Carlsbad, CA, USA).

Keratinocytes, following four days of 3D gel culturing, were irradiated with the following UV
doses: UVA (365 nm)—30 J/cm? and UVB (312 nm)—60 mJ/cm? (Bio-Link Crosslinker BLX 312/365;
Vilber Lourmat, Germany). To observe the effect of ascorbic acid and rutin on UV radiated cells
following exposure to UV radiation, cells were incubated for 24 h under standard conditions in
medium containing 100 uM ascorbic acid (19.81 mg/L) or/and 25 uM rutin (15.25 mg/L) in 0.1% DMSO.
The concentration of ascorbic acid was selected according to the suggested concentration of this
compound obtained in the body through a balanced diet, while the rutin concentration was chosen as
the highest non-cytotoxic dose [14,28]. In parallel, cells were cultured without irradiation in medium
containing the above supplements. In order to maintain the same conditions for all experimental and
control groups, all media contained 0.1% DMSO.

Following incubation, keratinocytes were collected from 3D gel with AlgiMatrix™ dissolving
buffer (Life Technologies, Carlsbad, CA, USA), lysed by sonification on ice, and centrifuged (15 min,
12,000x g). The total protein content in supernatant was measured using a Bradford assay [29]. Figure 2
shows the diagram of the experiment scheme.

Adiavs No radiation > No chemical treatment
2D culture = 3D culture 4 TREATMENT < UVA 30 J/cm?] > Ascorbic acid [100 pM]

> Rutin [25 uM]

( -7 i »” i i i
I S hours Iincuba(ion UVB [60 mJ/cm?] Ascorbic acid + Rutin
Keratinocytes

CCD-1106 500 000 cells/well dissolution

sonification
PROTEOMIC ANALYSIS

1 gl over-night nanoHPLC -
B ———————— " .
il bt ingel digestion QExactive HF === ProteomeDiscoverer
118] || mass spectrometer l

Electrophoretic separation

Proteins identification
& lebel-free quantification

/ N\

Statistical analysis Protein modifications
T-test, PCA Lysine/Cysteine
Heat map & Clustering carboxyethylation/methylation

l I

SIGNIFICANT CHANGES IN PROTEOMIC PROFILE

Figure 2. The scheme of the experiment including cells treatment, sample processing, and data
statistical analysis.

2.2. Proteomic Analysis

The supernatant was mixed 1:1 with Laemmle buffer (supplemented with 5% 2-mercaptoethanol)
and heated at 95 °C for 10 min for protein denaturation. Samples were separated on 10% Tris-Glycine
SDS-PAGE gels and stained with Coomassie brilliant blue R-250. Complete lanes were cut out of
the gel, sliced into 12 sections and in-gel digested overnight with trypsin (Promega, Madison, WI,
USA). The resulting peptide mixture was extracted from the gel, dried, and dissolved in 5% ACN
+ 0.1% formic acid (FA) and separated using an Ultimate 3000 (Dionex, Idstein, Germany) onto a
150 mm x 75 mm PepMap RSLC capillary analytical C18 column (Dionex, LC Packings). The peptides
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eluted from the column were analyzed using a QExactive HF mass spectrometer with an electrospray
ionization source (ESI) (Thermo Fisher Scientific, Bremen, Germany).

2.3. Protein Identification, Grouping, and Label-Free Quantification

Processing of the raw data generated from LC-MS/MS analysis was carried out using Proteome
Discoverer 2.0 (Thermo Fisher Scientific, Bremen, Germany) and Sequest HT (SEQUEST HT algorithm,
license Thermo Scientific, registered trademark University of Washington, USA). Input data were
searched against the UniProtKB-SwissProt database (taxonomy: Homo sapiens, release 04/2018).
For protein identification the following search parameters were used: peptide mass tolerance set
to 10 ppm, MS/MS mass tolerance set to 0.02 Da, up to two missed cleavages allowed. Dynamic
modifications of lysine or cysteine carboxyethylation (CEL/CEC) and carboxymethylation (CML/CMC)
were set [30].

2.4. Statistical Analysis

Analysis of each sample were performed in three independent experiments. Results from
individual protein label-free quantification were normalized by the sample sum, log transformed
and analyzed using the standard statistical analysis methods, including T-test, principal component
analysis (PCA), heat map and dendrogram creation with free available MetaboAnalyst 4.0 software
(http://www.metaboanalyst.ca).

3. Results

The results of this study showed that rutin and ascorbic acid treatments lead to significant
changes in protein expression in UVA or UVB irradiated keratinocytes. For all samples 862 proteins
with at least two unique peptides were identified and measured (Table S1). As is shown in
Figure 3, there was a strong differentiation between all treatment conditions following principal
component analysis (PCA) (component 1-42.8%; component 2-8.9%). The top 20 proteins from PCA
component 1, along with their VIP scores, are presented in Figure 2. Moreover, these results were
confirmed by the hierarchical clustering of the top 100 proteins with a significant p-value (Figure 4).
Comparing the p-values allowed us to identify which proteins had the highest differences in expression
following rutin and ascorbic acid treatment (Figure 5). The main changes observed were in the
case of proteins involved in antioxidant response, including peroxiredoxin 1, glutathione reductase,
glutathione S-transferase, protein disulfide-isomerase, superoxide dismutase (Cu-Zn), thioredoxin
reductase 1, thioredoxin-dependent peroxide reductase, and the cytoprotective transcription factor,
Nrf2. The expression of these proteins changed following rutin and ascorbic acid treatment, which
counteracted UV-induced alterations. In addition, the UV induced increase in DNA repairing
proteins level, such as PARP-1 and FEN1 (Poly(ADP-ribose) polymerase 1, Flap endonuclease 1),
was partially decreased by the protective rutin and ascorbic acid action. Simultaneously, rutin and
ascorbic acid decreased the expression of some proinflammatory (NFkB, TNF«) and proapoptotic (p53,
cell cycle/apoptosis regulator protein 2, caspase 3) proteins. In all, cases rutin treatment, following UV
radiation, showed slightly stronger cytoprotective effects than ascorbic acid, however, the use of these
two antioxidants in the cases of proapoptotic and proinflammatory proteins allowed the UV irradiated
cells to restore the level of mentioned proteins following cell stress.
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Figure 3. Principal component analysis (PCA) (A) and top 20 of component 1 VIP scores
(B) for proteins from the 3D cultured keratinocytes exposed to UVA (30 J/em?) or UVB
irradiation (60 mJ/cm?) and treated with rutin (25 uM) or/and ascorbic acid (100 uM). Proteins:
E7EQR6—T-complex protein 1 subunit «; QOVGD6—heterogeneous nuclear ribonucleoprotein R
protein; P52789—hexokinase-2; E9PM13—heat shock cognate 71 kDa protein; Q96KP4—cytosolic
non-specific dipeptidase; C9J9C1—serine/threonine-protein phosphatase 2A; Q8NBS9—thioredoxin
domain-containing protein 5; D6RA11—ubiquitin-conjugating enzyme E2 D3; Q96 AY3—peptidyl-prolyl
cis-trans isomerase; HOYHA7, QOQEW?2, F8VYV2, A0A075B7A0, G3V203, Q07020—ribosomal proteins;
QI9Y3E8—CGI-150 protein; 131.3Q4, Q9HC38, F6TLX2—glyoxalase domain-containing proteins.
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Figure 4. Heat map and clustering for the top 100 proteins from the 3D cultured keratinocytes exposed
to UVA (30 J/em?) or UVB irradiation (60 mJ/cm?) and treated with treated with rutin (25 uM) or/and
ascorbic acid (100 uM). Protein expression levels (log transformed) were scaled to the row mean.
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Figure 5. The expression of antioxidant (A), DNA repairing (B), proinflammatory (C), and pro/anti-
apoptotic (D) proteins of which levels were changed in 3D cultured keratinocytes exposed to UVA
(30 J/em?) or UVB irradiation (60 mJ/cm?) and treated with treated with rutin (25 uM) or/and ascorbic
acid (100 uM). Data obtained from label-free analysis. Mean values + SD of three independent
experiments are presented. * statistically significant differences vs. non-treated group, p < 0.05;
Y statistically significant differences vs. respectively group without chemical treatment, p < 0.05;
2 statistically significant differences vs. ascorbic acid treated group, p < 0.05;  statistically significant
differences vs. rutin treated group, p < 0.05.

UV-induced oxidative stress also significantly increased post-translational protein modifications
(PTMs), including lysine/cysteine carboxyethylation and carboxymethylation (Figure 6). While ascorbic
acid significantly reduced the level of these modifications, rutin favored their creation under both
standard conditions and following UV-induced stress. However, combined use of rutin and ascorbic
acid decreased the level of analyzed PTMs in keratinocytes exposed to UV radiations.
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Figure 6. The comparison of the lysine or cysteine modifications (carboxyethylation (CEL/CEC) and
carboxymethylation (CML/CMC)) level in 3D cultured keratinocytes exposed to UVA (30 J/em?) or
UVB irradiation (60 mJ/cm?) and treated with treated with rutin (25 uM) or/and ascorbic acid (100 uM).
Data obtained from label-free analysis.

4. Discussion

Permanent exposure of skin cells to solar radiation induces disturbances in cell metabolism via
UV radiation. This creates the need for research and development of natural methods of protection
against harmful effects of UV radiation. UV-induced modifications of both bioactive and structural
proteins are some of the most dangerous changes in the cellular proteome. In order to maximize the
effective protection of skin cells, single treatment therapies are now being replaced by combination
therapies [14]. In addition, the testing of harmful effects of UV radiation and cytoprotection of selected
compounds in the traditional two-dimensional (2D) culture system does not allow full understanding
of the cellular phenotype and cell-cell interaction [31]. Therefore, we assessed the combined effect of
ascorbic acid and rutin on the proteomic profile in keratinocytes grown in a three-dimensional (3D)
system in an attempt to replicate the skin microenvironment.

This study combined the use of rutin and ascorbic acid, widely known as oral pharmacological
agents for the prevention of flu and colds. However, such formulations, despite cytoprotective
properties, are not commonly used together in preparations for skin care and protection. While ascorbic
acid is frequently added to topical ointments, its interaction with rutin is still unknown apart from the
fact that ascorbic acid enhances membranes penetration by rutin [21]. Moreover, water soluble ascorbic
acid, as well as high molecular rutin have low absorption into the skin, which can be additionally
compensated by oral supplementation. Literature data shows that oral supplementation of rutin in a
standard dose 500 mg/day induces a 100 mg/L concentration of this molecule in the plasma following
5 h after ingestion, and decreases in the next five hours to 10 mg/L [32], which are comparable to the
conditions used in this study.

Both of the compounds used in this study, have exhibited in previous studies selective
anti-inflammatory effects in UV-irradiated cells. It has been shown that ascorbic acid is able to
downregulate IL-13 mRNA expression in UVA-irradiated and IL-8 mRNA in UVB-irradiated
keratinocytes [33,34]. Additionally, rutin may influence UV-induced proinflammatory signaling
via inhibition of the enzymes responsible for metabolism of fatty acids and reducing the generation of
proinflammatory signaling molecules [10,16]. However, the combined action of rutin and ascorbic
acid, as observed in this study and previous data from 2D culture keratinocytes [14], led to a reduction
in the biological activity of NF«B, resulting in a significant reduction in TNF« levels. Therefore,
the functional activity of rutin and ascorbic acid in UV irradiated keratinocytes leads to inhibition
of inflammatory processes. Presented proteomic data are consistent with previous data obtained by
Western blot analysis for 2D cultured keratinocytes [14].

UV radiation induced inflammation was partially reduced by the combined action of rutin
and ascorbic acid. Both rutin and ascorbic acid support the cellular antioxidant system, not only
as scavengers of free radicals, but also by stimulating the biosynthesis of antioxidant proteins.
Data obtained in this study showed that the most UV-sensitive proteins were combined with a
glutathione-based system (GSH) (glutathione reductase, glutathione S-transferase) or thioredoxin-based
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system (thioredoxin reductase, peroxiredoxin, thioredoxin-dependent peroxide reductase, protein
disulfide-isomerase). GSH is a cofactor for GSH peroxidase, which is also responsible for protecting
lipids from peroxidation [35]. Therefore, the appropriate level of GSH, delivered by the high activity of
glutathione reductase and glutathione S-transferase, supports the antioxidant system of keratinocytes
during oxidative stress. Alternatively, the thioredoxin-dependent antioxidant system can be activated
under oxidative conditions, which is particularly important in the repair of UV-induced protein
modifications [36]. However, it has also been shown that many antioxidant compounds with the
ability to thioredoxin associated activate enzymes can act as cytoprotectors against UV radiation in
keratinocytes [37-39].

The reaction of keratinocytes to UV-induced oxidative stress is also associated with the activation
of intracellular and extracellular signaling pathways. These modifications can lead to changes in
Nrf2 transcription factor activity. Nrf2 is a transcription factor bound to the cytoplasm by Keap1 that
is responsible for the expression of genes encoding antioxidant and anti-apoptotic proteins [40,41].
This reaction was further intensified by rutin and ascorbic acid, especially when used in combination,
which prepared the cells for oxidative stress [42]. Similar data have been presented previously for
the 2D cultured keratinocytes, where rutin and ascorbic acid additionally increased Nrf2 level also by
enhancing its activator KAP1 and decreasing nuclear inhibitor Bach1 [14]. On the other hand, rutin,
by forming adducts with Keap1, changes the conformation of this molecule and additionally leads to
dissociation of the Keap1-Nrf2 complex [15].

The mentioned antioxidant activity of ascorbic acid and rutin may also be an explanation for the
reduction in DNA repairing protein expression following cells exposure to UVA and UVB radiation.
It is known that UV irradiation causes direct nucleic acid damage or leads to indirect genetic material
destruction also by ROS dependent DNA oxidation [43]. These disturbances induce the DNA repairing
system that also includes an increase in the expression of protein involved in DNA repair [6]. Examples
of such proteins are PARP-1 and FEN1, of which increased expression following cell UV irradiation
has been found previously [44,45]. However, because of the activation of the antioxidant system and
reduction of the oxidative UV radiation potential, ascorbic acid and rutin partially prevented the
UV-induced increase in the expression of these proteins.

UV radiation induced apoptosis also reduces cell viability [46]. This has been confirmed as
associated with increased levels of pro-apoptotic proteins, such as cytochrome c or caspase 3 [47].
As shown in this study, combination of rutin and ascorbic acid protects keratinocytes from UV-induced
increased expression of caspase 3, which was previously confirmed by Western blot analysis for
2D cultured keratinocytes [14]. As of now, ascorbic acid has been shown to modify the process of
apoptosis. It also has been shown to stimulate apoptosis in cancer cells [48] and prevent apoptosis of
unchanged cancer cells subjected to a single stress signal [49]. In the case of keratinocytes, ascorbic
acid is important for the initiation of keratinization, and thus is also required for cell survival and
differentiation [50]. However, rutin is known as an inhibitor of caspase 9, and may be linked to a lack
of caspase 3 activation [51]. This was observed in the present study as a decreased expression of the
protein. Similar effects of rutin have been previously observed in the case of protein p53 in the mouse
kidney [52]. However, in the case of UV irradiated keratinocytes, decreased levels of p53 and cell
cycle/apoptosis proteins prevented cell cycle arrest and promoted proper keratinization and natural
keratosis of the epidermis that previously was not visible in the case of cells cultured in monolayer [14].

Asis shown in the PCA analysis, the proteins most sensitive to UV radiation and rutin/ascorbic acid
treatment were also the molecules involved in the protein biosynthesis, including ribonucleoproteins
and ribosomal proteins, as well as molecules involved in protein folding and maturation (heat shock
proteins, chaperon: T-complex protein (1)). The data presented here show that rutin alone was
able to restore the level of these proteins after stress more than ascorbic acid alone, in agreement
with previous work [53]. Another important cell metabolism protein affected by UV radiation,
and protected by use of antioxidants, is serine/threonine-protein phosphatase 2A (PP2A), a major
phosphatase for microtubule-associated proteins [54]. PP2A modulates the activity of a number
of kinases (mitogen-stimulated S6 kinase, MAP-2 kinase, casein kinase 2, or Rafl) and provides
cells with fluent signal transmission [55]. Moreover, the combined effect of rutin and ascorbic acid,
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restores PP2A levels in UV irradiated keratinocytes and may protect cells against apoptosis via PP2A
dependent de-phosphorylation of p53 [56]. Further, UV induced changes in expression of glyoxalase
domain-containing proteins may lead to disturbances in intracellular cadherin binding and inhibition
of cell growth [57]. Therefore, the rutin and ascorbic acid induced decrease in protein levels contributed
to the protection of UV-irradiated keratinocytes against apoptosis.

Alternatively, rutin and ascorbic acid can also influence glucose metabolism by modifying
hexokinase 2 levels. While ascorbic acid restored the UV-enhanced level of this enzyme, rutin
significantly increased hexokinase 2 levels in both control and UV irradiated keratinocytes. Hexokinase
phosphorylates glucose to produce glucose-6-phosphate (G6P), which is the first step in energetic
metabolism [58]. Flavonoids, including rutin are known to stimulate this process [59]. As a result
of increased sugar metabolism, the enhanced levels of AGEs are observed [60]. On the other hand,
medium supplemented with rutin was characterized by enhanced pH that additionally favors protein
carboxymethylation/carboxyethylation [61]. Therefore, rutin may be a stimulator of this process.
Such modifications lead to interruption of protein—protein interactions, polysaccharide—protein
complex formation that are considered markers of arteriosclerosis, diabetes mellitus, and aging [62],
and also have been shown to operate as a potent antitumor factors [63]. As a consequence, rutin may
affect intracellular signaling pathways. However, rutin combined with ascorbic acid partially reduced
this effect.

The results shown here indicate that rutin and ascorbic acid, could modify UV induced
dysregulation of cellular metabolism. However, the combination of rutin and ascorbic acid showed a
stronger cytoprotective effect than when using either of compound alone. These results suggest that
this synergistic effect may result from mutual support of penetration through biological membranes.
Therefore, the cooperation of rutin and ascorbic acid in the cytoprotective effect on keratinocytes
exposed to UVA and UVB radiation makes them a potentially effective protective system against skin
damage caused by UV radiation.
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Abstract: Human skin acts as a physical barrier; however, sometimes the skin gets infected by fungi,
which becomes more severe if the infection occurs on the third layer of the skin. Azole derivative-
based antifungal creams, liquids, or sprays are available to treat fungal infections; however, these
formulations show various side effects on the application site. Over the past few years, herbal extracts
and various essential oils have shown effective antifungal activity. Additionally, autoxidation and
epimerization are significant problems with the direct use of herbal extracts. Hence, to overcome
these obstacles, polysaccharide-based nanohydrogels embedded with natural plant extracts and oils
have become the primary choice of pharmaceutical scientists. These gels protect plant-based bioactive
compounds and are effective delivery agents because they release multiple bioactive compounds
in the targeted area. Nanohydrogels can be applied to infected areas, and due to their contagious
nature and penetration power, they get directly absorbed through the skin, quickly reaching the
skin’s third layer and effectively reducing the fungal infection. In this review, we explain various skin
fungal infections, possible treatments, and the effective utilization of plant extract and oil-embedded
polysaccharide-based nanohydrogels.

Keywords: fungal infections; nanohydrogel; skin; polysaccharide; essential oils

1. Introduction

Skin acts as a protector of the internal organs by shielding against external agents,
sunburn, and by regulating body temperature; however, sometimes pathogens invade the
body and disturb the skin protective properties, leading to skin diseases or infections [1].
Bacteria, viruses, parasites, and fungi can cause skin diseases. Fungal infections are more
severe because they occur on the third layer of the skin [2]. Fungi act on keratin tissue such
as skin, nails, and hair [3]. In the skin, fungi lead to subcutaneous infections, and over the
past years, the cases of fungal skin infections have been increasing rapidly, especially in
immune-compromised individuals [4]. Several well-known severe skin infections (Table 1)
such as Tinea corporis (ringworm), Tinea pedis, Tinea faciei, Tinea manuum, Tinea cruris
(Jock-itch), and Tinea barbae are caused mainly by Trichophyton species [5,6].
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Table 1. The occurrence of Tinea infection in various body parts.

Tinea Infection Affected Locations References
Tinea capitis Scalp [7]
Tinea corporis Trunk [8]
Tinea faciei Face [9]
Tinea manuum Hands [10]
Tinea pedis Feet [11]
Tinea unguium Nails [12]

Fungal infections are typically recognized by symptoms such as itchy red color patches,
hair loss, and crusted patches [13]. Some common conditions leading to fungal infection
are wearing tight-fitting clothes or sharing a locker room, clothes, or furniture with an
infected person [14]. Antifungal drugs, primarily topical, oral, and intravenous, are used
to treat various types of fungal infections; however, oral antifungal drugs are more toxic
to the human body as compared to topical antifungal drugs. Additionally, commonly
used antifungal drugs contain different types of broad categories of components such
as azole, echinocandin, and polyenes [15]. Azoles inhibit the oxidative enzymes present
in the fungal cell membrane, which prevents the cell wall of the fungus from forming
sterol (ergosterol), and due to incomplete synthesis, cells become permeable. On the other
hand, echinocandins inhibit the synthesis of important polysaccharides (1,3-p-glucan)
responsible for developing the cell wall, whereas polyenes directly bind to the ergosterol
and move inside the cell through the cell membrane by creating pores, and through these
pores, cellular organelles come out that cause the death of the cell [16]. While the topical
antifungal drugs act on the different sites to target the molecules for the treatment of fungal
infections, they show various side effects (Figure 1) on the application site, such as burning,
redness, and some allergic reactions [17].

Due to the immediate release of the drug, treatments for an extended period are
sometimes needed due to low penetration. Additionally, these drugs may not reach the
target location, which could lead to incomplete clearance of the infection. To overcome this
problem, the use of natural plant extracts and oils as antifungal agents could be a practical
approach [18]. Several plants such as Bucida buceras (black olive tree), Breonadia salicina,
Harpephyllum caffrum, Olinia ventosa, Vangueria infausta, and Xylotheca kraussiana have been
explored for their antifungal efficacy [19]. On the other hand, due to effective antifungal
activity, cinnamon, anise, clove, citronella, peppermint, pepper, camphor essential oils
have been used in the formulation of antimycotic drugs [20]. However, the synthesis of an
antimycotic drug involves a variety of processes, including high-heat and high-temperature
treatments, and as a result of these treatments, the structure of the phytochemicals in the
herbal extract is disrupted, leading to the epimerization process. Several studies have
found that combining high temperatures and an alkaline state causes structural changes in
polyphenolic components. [21-23]. As drug carriers, various approaches such as liposomes,
ethosomes, trans-ferosomes, niosomes, spanlistics, nanoemulsions, and nanohydrogels
are used to overcome this problem. Among all, polysaccharide-based nanohydrogel is an
emerging technology, as it shows the same flexibility as natural tissue, with the lowest
chance of rejection, minimal side effects, and maximum advantages; for instance, it can
target the desired site with controlled release of the antifungal component inside the tissue
due to its high penetration power [24]. It can be defined as a three-dimensional nano-
sized porous structure with several unique properties, such as high stability, solubility,
biodegradability, and biocompatibility with bioactive compounds [5,25]. These gels are
macromolecules that can hold a large amount of water and swell up without dissolving
due to crosslinking between polymers, which increases their surface area [26]. Therefore,
polysaccharide-based nanohydrogels embedded with natural plant extracts and oils have
become the primary choice of pharma scientists. These gels protect plant-based bioactive
compounds and are effective delivery agents, as they release multiple bioactive compounds
in the targeted area. Nanohydrogels can be applied to infected areas, and due to their
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spreadable nature and penetration power, they get directly absorbed through the skin
and reach up to the third layer quickly, thereby effectively reducing the fungal infection.
Therefore, in this review, we explain in detail various skin fungal infections, possible
treatments, and the effective utilization of plant extract and oil-embedded polysaccharide-
based nanohydrogels.

Diarrhea {8t Joint pain
Pttt /qj /
ominal {ah
Pain
AL Itching or burning
T at application site
oA Side effects of

<«— | topical and oral |[—>
antifungal drugs

Headache l
Rashes or redness

at the application
site

Q-

Figure 1. Side effects of synthetic antifungal drugs. These side effects are due to uncontrolled drug
release and can lead to prolonged treatment due to low penetration; consequently, these drugs may
not reach the target location and could lead to the incomplete clearance of infection.

2. Skin Fungal Infections and Causative Agents

Fungal exposure causes tissue necrosis of epidermal layers and can lead to superficial,
systemic, and subcutaneous mycosis [27]. Except for the production of protease enzymes
by yeast and non-dermatophytes, dermatophytes, yeast, and non-dermatophytes share the
same pathologic pathway. They always act upon the skin, nails, and hair keratin of human
beings and animals, as they utilize keratin as a nutrient source, which ultimately leads to
tissue necrosis [28]. According to the natural epidemiological standpoint, dermatophytes
can be classified into three major categories: anthropophilic, zoophillic, and geophilic
(Table 2).

Table 2. Most relevant species of fungal infection according to their natural habitat.

Fungal Species

Dermatop-hytes !Sased Belonging to Different Infection Site References
on Their Habitat
Dermatophyte Group
Microsporum audouinii Scalp
Trichophyton concenricum Body
Microsporum ferrugineum Scalp
Trichophyton interdigitale Foot, groin, nails
s Trichophyton megninii Scalp, beard
Anthropophillic TrichoF;)hyyton ru(gmm Foot, r?ails, body (291
Trichophyton schoenleinii Scalp
Trichophyton soudanense Scalp
Trichophyton tonsurans Scalp, body
Trichophyton violaceum Scalp, body, nails
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Table 2. Cont.

Fungal Species

Dermatop'hytes Fased Belonging to Different Infection Site References
on Their Habitat
Dermatophyte Group
Microsporum canis Scalp, body
Microsporum distortum Scalp
Zoophillic Trichophyton equinum Scalp [29,30]
Microsporum nanum Scalp, body
Trichophyton verrucosum Exposed areas
s Microsporum fulvum Scalp, body
Geophilic Microsporum gypseum Scalp, body (291

According to etiology, these can be classified into three genera, viz. Epidermophyton,
Microsporum, and Trichophyton [29,31].

Anthropophillicorganisms are a group of dermatophytes predominantly parasitic
to humans; they are transmitted from animals and cause dermatophytosis. Zoophilic
organisms are parasites to lower animals and are transmitted to humans through direct or
indirect contact, whereas geophilic organisms are dermatophytes that are mainly present in
the soil as saprophytes; exposure can lead to skin infection or, if severe, can cause systematic
infections [27]. Epidermophyton is the species whose microscopic analysis shows between
1 and 9 thin to thick smooth-walled septa; known species are Epidermophyton floccosum
and Epidermophyton stockdaleae. Microsporum can cause skin and hair fungal infection;
however, it cannot cause nail fungal infection. Due to the presence of keratin tissue,
Trichophyton can cause infection in all three areas: nails, hair, and skin. [30]. Moreover,
genus Candida can cause severe fungal infections such as candidiasis [32]. Twenty species
of Candida are responsible for human skin infections, and the most common species is
Candida albicans [33]. These species can cause superficial and systematic types of fungal
infections, while dermatophytes can cause superficial types of fungal infections. Primarily,
they are found alive on the human skin surface; however, overgrowth of these species can
cause severe oral thrush and genital yeast infection [34]. Furthermore, several Candida
species implicated in human infections are classified as standard, less common, and rare
species. Candida albicans, Candida glabrata, Candida tropicalis, Candida parapsilosis, Candida
krusei, Candida guilliermondii, Candida lusitaniae, and Candida kefyr are the examples of
common species of Candida that are associated with infections in humans. Hyperkeratosis
and epidermal hypertrophy persistent with inflammation are diagnostic symptoms for the
fungal infection caused by candida species [35].

Sporotrichosis is a fungal infection caused by the fungus Sporothrix, which is also
known as “Rose Garden Disease” [36]. This fungus takes growth in soil, plant matter, and
skin. Minor cuts or wounds that come in contact with fungus-enriched soil and plant
matter can lead to severe infection. Domestic animal bites such as bites from cats and
dogs are also the cause of infection [37]. This type of fungus can cause three types of
sporotrichosis, such as lymphocutaneous, fixed, and multifocal or disseminated cutaneous
sporotrichosis on the mammal’s skin. Lymphocutaneous sporotrichosis is a common type of
cutaneous sporotrichosis in which a small nodule is present at the infectious site; after that,
a string of this nodule passes towards the proximal lymphatics with different morphology
and surfaces such as with a smooth, watery surface like ulcers [38]. In lymphocutaneous
sporotrichosis, fixed cutaneous sporotrichosis is uncommon. In this type of fungal infection,
nodule formation at injury sites is common but cannot spread; it remains and develops
at the origin. On the other hand, dermatophytes can cause several and severe types of
fungal infections because they can cause infection on the innermost layer of human skin
(Figure 2).
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Figure 2. A possible mechanism for dermatophytosis. Dermatophytes are the fungi that need keratin
for their growth; therefore, when a fungus cell invades the skin, it produces keratinase, an enzyme
that feeds on the skin layer keratin, due to which keratin tissue degradation occurs and causes skin
inflammation.

Tinea capitis, a fungal infection commonly found in preadolescent children, is caused
by the dermatophyte species of Microsporum and Trichophyton [39]. Epidermophyton floccosum
and Trichophyton concentricum are two species that are unable to cause this fungal infection.
Tinea capitis born due to direct contact with an infectious person or by sharing utensils
with infected people [40]. When sebum production is low, it reduces fatty acids and
increases the pH of the scalp, which enhances colonization and results in fungal disease by
dermatophytes (tinea capitis koreon) [41]. It is characterized by primary symptoms such as
blemishes, blisters, or nodules on the scalp. If not treated well at this stage, it can lead to
secondary infections such as superficial reddening of the skin and scaling (dry skin). Fungi
enter the hair shaft through the outer root sheath of the hair follicle [42]. The hair shaft
comprises three layers, the cuticle (which is the outermost layer of hair that protects the
inner structure of hair), the cortex (which is the middle layer that provides color, strength,
and texture to the hairs), and the medulla (which is the innermost layer, also known as
the marrow of the hair) [43]. When the fungus invades the hair shaft, all these above
activities are inhibited and result in Tinea capitis infection; however, sometimes it is non-
inflammatory (not permanent hair loss), while sometimes infection is inflammatory (painful
nodules with pus and permanent hair loss). It typically affects children of 3 to 7 years
of age [44]. Treatment of Tinea capitis uses griseofulvin, terbinafine, itraconazole, and
fluconazole. Penicillium produces griseofulvin, which can be divided into two micronized
and ultra-micronized antifungal drugs for better absorption. The FDA approved intake
for the 2-year-old children is 10/mg/kg/day, its micronized type is 20-25 mg/kg/day
and ultra-micronized is 10-15 mg/kg/day for 6-12 weeks [45]. It is very effective against
Microsporum species and shows resistance to Trichophyton tonsurans. Griseofulvin reaches
the infectious site through sweat glands, and it shows some side effects such as headaches
and gastrointestinal upset. Furthermore, terbinafine is an allylamine derivative with
fungicidal properties, and it inhibits the enzyme epoxidase, which produces ergosterol. [46].
It is lipophilic; therefore, it can reach the hair follicle, skin, and nails. When taken orally, it
binds to the plasma protein and takes 2 h to attain peak plasma value [47]. Itraconazole
belongs to the azole class, having 3 nitrogens and one cyclic, heterocyclic ring, which
shows fungicidal properties by inhibiting the production of ergosterol; it interferes with
the 14-a-demethylase enzyme that converts lanosterol to 14-dimethyl lanosterol [48]. It
is a lipophilic drug and can reach the keratinous tissue; however, the time taken to reach
the tissue depends upon the dosage, and the optimum time is 4 h. The recommended
dose varies in a period for different species; for instance, it is 5 mg/kg/day for 2—4 weeks
for Trichophyton tonsurans and 4-6 weeks for Microsporum canis, and infants use this dose
for 3-6 weeks. Stomach pain, diarrhea, and rashes are the side effects of this drug [49].
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Fluconazole is an antifungal drug with low molecular weight and high solubility in water
that does not require plasma protein to travel to the plasma, which it reaches within
1-2 h after oral consumption. Fluconazole’s efficiency in treating disease is the same as
griseofulvin. Gastrointestinal distress and headache are the side effects of it [50].

Tinea corporis is commonly known as ringworm, and the responsible species for
this infection are Trichophyton rubrum, Trichophyton tonsurans, and Trichophyton mentagro-
phytes [51]. In this infection, dermatophytes penetrate the hair follicle and produce scaly
ring-shaped itchy rashes on the skin. These ring vesicles are brown in the center and red
around the edges, and they mostly appear on the exposed skin. If not treated in its initial
stage, kerion-like secondary lesions appear in which infected rings merge and multiply
and puss-filled scars develop near the rings. It is spread by conidia, which are spread
through hair loss or direct contact with an infected person [52]. Tinea pedis, which is also
known as athlete’s foot, occurs by the growth of fungus on the feet in warm and moist
conditions. Tinea pedis forms a fluid-rich layer and cause more severe infections if the
fluid releases. In moist areas, the fungus spreads by direct contact with infected skin.
Tinea pedis is mainly found in people who wear shoes for an extended time and among
those who live in industrial areas [53]. Trichophyton interdigitale, Trichophyton tonsurans,
Trichophyton rubrum, and Epidermophyton floccosum are the main causative agents of tinea
pedis which is the fungal infection that occurs in interdigital form and mainly consists of
pain-causing scales and ulcers, found between the third and fourth toes [54,55]. Antifungal
creams are used for four weeks to treat this fungal infection. However, interdigital tinea
pedis requires only one week. Topical antifungals used to treat are azoles, allylamines,
butenafine, coclopirox, tolnaflate, and econazole nitrate [56]. At the same time, terbinafine
or neftifine(allylamines) show a more effective peak than the azoles. For Trichophyton
species treatment, a luliconazole formulation is used twice a day for 1-2 weeks [57]. Tinea
barbae, also known as barber’s itch and can affect the face’s beard area in two ways: deep
and superficial. Zoophile dermatophytes, Trichophyton mentagrophytes, and Trichophyton
verrucosum are the main causative agents of the deep type of this fungal infection which
is more severe than the superficial type that is primarily found in farmers. In contrast,
crusted patches caused by Trichophyton rubrum and Trichophyton violaceum species are used
to diagnose superficial infection [58]. Tinea faciei is a fungal infection that causes pustules
and scales in the non-beard region of the face, causing itching and rashes when exposed
to sunlight. Zoophilic dermatophytes such as Microsporum canis can cause more severe
infection than anthropophilic dermatophytes by causing a reaction under the stratum
corneum by producing keratinases, or keratin-degrading enzymes [59]. Tinea manuum is
somehow similar to tinea pedis and is diagnosed by dry, scaly patches on the palms and in
interdigital areas of the hand. Mainly, Trichophyton rubrum, Trichophyton mentagrophytes, and
Epidermophytes can cause this fungal infection [60]. Tinea cruris, also known as jock-itch,
is characterized by the patches produced by Trichopyton rubrum species that infect hair
follicles of the inguinal and perineal area by causing irritation and burning [61]. Treatment
of tinea cruris usually lasts 2—4 weeks; however, treatment length can vary depending on
the severity of the condition [62]. Tinea versicolor, a superficial infection of the skin, causes
hyperpigmentation of the neck, also known as pityriasis versicolor, which is caused by the
fungus Malassezia species, commonly found on human skin [63]. There are fourteen species
found, with Malassezia furfur and Malassezia globasa being the main causatives [64]. Both
topical and oral medications containing specific and nonspecific antifungal agents are used
for treatment, with topical treatment serving as first-line therapy and oral treatment serving
as second-line therapy for severe infections [65]. Nonspecific agents including sulfur plus
salicylic acid, selenium sulfide 2.5%, and zinc pyrithone help remove the dead tissue of
fungi from the skin to stop the further invasion of the fungus [66]. In contrast, antifungal
agents such as imidazole and allylamine are used to stop the fungus’ mechanism and cure
the infection. Ketoconazole is the most effective imidazole topical form of treatment and is
available as a cream or a foaming solution [67]. Itraconazole and fluconazole are also used;
however, terbinafine is not a viable treatment option for pityriasis versicolor [68].
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3. Fungal Infections of Nails (Onychomycosis)

Onychomycosis is known as tinea unguium and is a fungal infection of nails in which
foot toenails are more affected than fingernails. Onychomycosismainly occurs after tinea
pedis, through which the transmission of the fungus takes place [69]. The microbiology of
onychomycosis (Table 3) is that dermatophytes, yeast, and non-dermatophytes can cause
nail fungal infection; however, dermatophytes participate more and cause nail dysfunction
and pain [70].

Table 3. Most common fungal agents for the treatment of onychomycosis.

Onychomycosis Microbiology Name of Species Cause Onychomycosis

Epidermophyton floccosum

Microsporum species

Dermatophytes Trichophyton interdigital

Trichophyton mentagrophytes

Trichophyton rubrum

Trichophyton tonsurans

Acremonium species

Alternaria species

Aspergillus species

Cladosporium carrionii

Fusarium species

Nondermatophyte Geotrichum cadidum

Lasiodiplodia theobromae

Onychocola species

Scopulariopsiss pecies

Scytalidium species

Candida albicans

Yeast ; S
Candida parapsilosis

Patients suffering from peripheral vascular immunologic disorder and diabetes are
more prone to onychomycosis. On the other hand, others such as smokers and persons
sharing bathing facilities can also face this infection [71].

4. Oral and Topical Antifungals and Their Use

According to Table 4, oral or topical antifungal drugs or a combination of both can be
used to treat fungal infections caused by dermatophytes [72]. All are aimed at degrading
the cell wall of the fungus to inhibit its mechanism of infection and to cause cell death.
Topical antifungals are commonly thought of as a first-line treatment for dermatomycosis
because as creams, liquids, or sprays they are treatments that can be directly applied to
the skin, nails, hair, or even to the mouth. Topical antifungals are more effective than
systemic treatment, and their method of administration gives them the advantage of curing
skin diseases by their direct application at the site of infection [73]. Candida infections,
pityriasis versicolor, tinea barbae, tinea capitis, tinea corporis, tinea cruris, tinea faciei, tinea
manuum, tinea nigra, and tinea pedis are examples of fungal infections that are treated
with both first- and second-line topical antifungal drugs, depending on the severity of the
infection [74,75].
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Table 4. Classification of antifungal components and their effectiveness against various fungal infections.
Class of Antifungal Chemical Structure of Desired
Antifungal 8 Different Antifungal Fungal Infections Treatment References
Agents .
Agents Agents Duration
L o
/=N Tinea corporis
Clotrimazole (1%) Q N \) Tinea cruris 4-6 weeks [10]
l Tinea pedis
cl :
) N % Tinea corporis
Econazole (1%) cl \=y Tinea cruris 4-6 weeks [11]
Tinea pedis
Cl
Cl
Cl
Tinea corporis
Miconazole (1%) . 5 Tinea cruris 4-6 weeks [73]
Hfl_ P z Tinea pedis
Cl
0 .
b Tinea corporis
. Oxiconazole (2%) a Tinea cruris 4 weeks [57]
Imidazoles c . .
° Tinea pedis
cl
/
Tinea corporis
Sertaconazole (2%) Tinea cruris 4 weeks [11]
Tinea pedis
N
pAY
Cl
[
\
N )
Tinea corporis
Luliconazole (1%) <_ \\M Tinea cruris 2 weeks [54]
) Tinea pedis
Cl cl
£
\
N > Tinea corporis
Eberconazole (1%) Tinea cruris 2-4 weeks [10]

Tinea pedis
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Table 4. Cont.

Class of Antifungal Chemical Structure of Desired
Antifungal 8 Different Antifungal Fungal Infections Treatment References
Agents .
Agents Agents Duration

Efinaconazole

Triazoles (10%) Tinea pedis 52 weeks [12]
X
| Tinea corporis 2 weeks
Terbinafine ‘Tmea cruris 2 weeks [76]
_N Tinea manuum 4 weeks
Tinea pedis 4 weeks
Allylamines
,cm Tinea corporis Used 2 weeks
=
Naftifine (1%) Tinea cruris beyong the [77]
- . resolution of
Oe e Tinea pedis
symptoms
I J@X Tinea corporis
Butenafine (1%) ) Tinea cruris 2-4 weeks [78]
OO Tinea pedis
CJ
Amorolfine . .
(0.25%) Tinea corporis 4 weeks [79]
Others
Amphotericin B Tinea corporis 4 weeks [80]

(0.1%)

The primary class includes azoles, polyenes, and benzylamine. On the other hand,
in addition to drugs in the primary class—such as clotrimazole, econazole, ketoconazole,
miconazole, and trioconazole—the drugs terbinafine and amorolfine are also used for the
treatment of fungal infection. Ketoconazole shampoo is used to treat fungal infections on
the scalp [81]. Antifungal injections are also available, such as amphotericin, flucytosine,
itraconazole, voriconazole, anidulafungin, caspofungin, and micafungin, which are also
used depending on the type of fungal infection. Antifungals are different from antibiotics
because antibiotics can only kill bacteria [82].

Imidazoles and triazoles are the two types of azole antifungals. Both work with
the same mechanism, which is by stopping the conversion of lanosterol to ergosterol by
inhibiting the work of enzyme lanosterol 14-alpha-demethylase, thus causing porousness
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in the fungal cell wall [74]. However, both categories show their activity at the different
points of the spectrum and have structural differences in the number of nitrogen atoms:
in imidazole, it is two, whereas triazole has three nitrogen atoms in it [83]. The polyene
antifungals are nystatin, natamycin, and amphotericin B; they are effective against common
fungal infections such as candidiasis, aspergillosis, mucormycosis, and cryptococcosis.
Polyene antifungals bind to ergosterol, which is the main sterol present in the cell mem-
brane, and they form a polyene—ergosterol complex that creates pores that increase cell
permeability [84,85]. On the other hand, amphotericin B shows fungicidal activity for
Candida species, Histoplasma capsulatum, Cryptococcus neoformans, Blastomyces, and coccid-
ioides immitis, although effective treatment depends on parameters such as drug amount
and pH (6.0 to 7.5) [86]. Nystatin belongs to the polyene antifungal group and is effective
against the mucosal and cutaneous infections caused by candida species, although it is less
effective against dermatophytes [87]. Butenafine and allylamines are types of benzylamine
drugs and are used topically for the treatment of dermatophytosis. They disturb the cycle
of ergosterol synthesis by inhibiting squalene epoxidase enzyme synthesis. Allylamines
are considered less effective antifungal agents; however, they have an advantage in the
treatment of tinea pedis [88]. When the infection reaches a more severe level, second-line
treatment with oral antifungal drugs such as griseofulvin, itraconazole, fluconazole, and
terbinafine are among the medications mainly used, with allitraconazole being the most
effective [89,90].

5. Candidiasis Treatment by Both Oral and Topical Antifungal Treatments

Antifungal medications such as polyenes, azoles, and echinocandins are used to
treat candidiasis in both topical and oral forms, depending on the severity of the infec-
tion. Nystatin and amphotericin B from polyene; miconazole, clotrimazole, itraconazole,
ketoconazole, fluconazole, voriconazole, and econazole from azoles; and caspofungin, mica-
fungin, and anidulafungin from echinocandins are used [91]. These are cyclic hexapeptides
with an N-acyl aliphatic or aryl side chain that aid in the treatment of fungal infections
caused by Candida and Aspergillus species by disrupting the fungus’ cell wall struc-
ture [92]. Echinocandins named caspofungin, micafungin, and anidulafungin are mainly
used and these are lipopeptides that act as an inhibitor of the 3-d-glucan enzyme (the main
component of cell walls) [93]. Therefore, the inhibition leads to cell death and helps to
prevent the infection. The pathogenicity of candidiasis depends upon the host strength or
factors by which yeast can multiply [94]. Upon candida infection, most microorganisms
gather and form a three-dimensional structure on the surface, which is called biofilm [95].
These biofilms are resistant to amphotericin B and fluconazole antifungal drugs. However,
the biofilm of Candida albicans is more pathogenic than all other species. For a long time,
contaminations caused by Candida species were treated with azoles, the most common class
of antifungal medications. As of late, protection from azoles has expanded in Candida
species, both in clinical settings and in vitro. Azoles can treat infection by interfering with
the catalyst lanosterol 14-x-demethylase [96]. This catalyst engages with the biosynthesis
of a critical component, ergosterol [97]. Azoles mainly target components such as chitin
and glucan, which are not present in human skin due to the structural difference between
ergosterol and cholesterol [98]. Previously azoles and echinocandins were considered
effective drugs against Candida species. However, nowadays, these species have become
resistant to these drugs [99].

6. Resistance to Antifungal Drugs

Fungi have developed a variety of adaptation mechanisms, including cell reactions,
drug resistance, and stress reactions. [100]. They can cause a change in osmolarity and
drug exposure, interfere with the cell wall, and interrupt the drug-acting pathway. Due to
these mechanisms, antifungal drugs show resistance to some fungal species and cannot
cure the disease [101]. To withstand cellular pressures such as those generated by drug
exposure, fungi must be able to detect and respond to changes in the environment. They
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have evolved a variety of adaption processes, including complicated circuitries involving
cellular responses, such as signaling molecules’ interactions, stress responses, and drug
resistance. In this context, Michaelides et al. (1961) considered griseofulvin resistant
against dermatophytes. In the 1980s, azoles were reported as antifungal drugs resistant
to candidiasis. Mukherjee et al. (2003) demonstrated the resistance of Trichophyton rubrum
species to terbinafine in onychomycosis-infected patients [102].

6.1. Mechanism of Drug Resistance
Drug Efflux

Efflux cell membrane transporters are proteins that attach to a variety of substances,
including antifungal medicines, and then expel them from the cell. Treatment failure
is linked to the development of these molecular pumps, which operate as a protective
mechanism against the drug’s cytotoxic effects by limiting the accumulation of hazardous
chemicals [103]. By reducing the expected effect in vivo, efflux cell activity causes a grad-
ual and non-specific rise in drug resistance. As a result, increased drug export is one
of the most important strategies employed by fungi to develop resistance to antifungal
treatments. The pathogenicity of fungal resistance is aided by the mutation of efflux trans-
porters, which favors the emergence of dermatophytosis instances by giving the fungus
a colonization advantage [104]. MDR is caused in part by the overexpression of genes
from the ATP-binding cassette superfamily (ABC), which has been found in both prokary-
otes and eukaryotes throughout evolution. These proteins have two different regions: a
nucleotide-binding domain that is extremely conserved and a transmembrane domain
that is extremely changeable. ATP-binding cassette transporters actively convey a wide
variety of structurally and chemically unrelated substances across membranes by binding
and hydrolyzing ATP, decreasing drug accumulation even in cancer cells [105]. MDR,
MDR-associated protein (MRP), and the pleiotropic drug resistance (PDR) families are
three well-studied families involved in the efflux of hazardous chemicals. The genome se-
quences of many dermatophytes have revealed a homogeneous group of these transporters
with very little genetic variability and only a few distinctive genes in each species studied.
Martinez-Rossi et al. (2018) studied about seven species; despite the morphological and
adaptive diversity of each species, these dermatophyte genomes discovered a substantial
number of encoded ABC transporter domains, with many of the related genes having
analogs in all analyzed species, implying that ABC transporter genes work similarly. In
the Trichopyton interdigitale H6 strain, evidence implicating drug efflux as a mechanism of
resistance has been thoroughly examined (previously identified as Trichophyton rubrum).
Due to reported resistance to both GRS and tioconazole in vitro, the occurrence of a drug
efflux phenomenon was initially suggested. Following that, the mdr1 and mdr2 genes were
discovered to have elevated transcription levels after exposure to several antifungal drugs.
The deletion of the mdr2 gene made a mutant more susceptible to terbinafine (TRB) but not
to other medications tested, ruling out the possibility of the mdr2 gene playing a modula-
tory role in drug sensitivity. When challenged with antifungal medicines, a gene expression
study revealed that the mdr4 gene is somewhat dependent on the MDR2 transporter,
implying the existence of network connection about MDR activity as well as the reliance
of distinct ABC transporters in drug efflux. Different ABC transporters with overlapping
substrate profiles may have a wide range of substrate affinity and transport capacity, as
well as behave differentially to cellular drug concentrations, affecting the substrates” actual
fate. For example, transcriptional profiling of the pdrl, mdr2, and mdr4 genes in four
Trichophyton species—Trichophyton equinum, Trichophyton interdigitale, Trichophyton rubrum,
and Trichophyton tonsurans—did not reflect the intrinsic phylogenetic relationship among
these fungi, nor did it reveal a functional correlation between species and efflux modulation
under the tested conditions. The evaluated genes, on the other hand, appear to work in
concert, leading to the conclusion that one mdr gene may be compensated by others in
terms of extrusion activity [106].
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6.2. Mutations Affecting Drug Target Genes

In this context, Robbin et al. (2017) demonstrate that mutations in the drug target
gene that impairs drug binding and efficacy are one of the most common methods by
which microorganisms evolve resistance to drugs. This is a common method by which
azole resistance emerges in Candida albicans. In clinical isolates of Candida albicans, many
mutations in the azole target gene ERG11 have been discovered, and they are frequently
found in hot-spot regions near the enzyme active site. As Candida albicans is a diploid
organism, mutations in ERG11 frequently result in the loss of heterozygosity, conferring
higher levels of azole resistance via increased dosage of the resistance allele. Mutations in
the drug target gene are frequently linked to azole resistance in Candida neoformans and
Aspergillus fumigatus. Resistance to echinocandins is generally caused by mutations in the
drug target gene, which are frequently concentrated in two different areas. In Candida
albicans, changes in FKS1 are frequently followed by a loss of heterozygosity, resulting in
two mutant alleles with reduced affinity for the antifungal agent [107]. On the other hand,
Khurana et al. (2019) studied Ergl1, a gene that codes for 14-lanosterol demethylase. In
yeasts, overexpression of gene products and mutations in Ergl1 have been documented
as mechanisms of azole resistance, but these have yet to be described in dermatophytes.
As a result, some mutations affect the hydrogen bond between the medication and the
target protein, lowering the affinity of short-tailed triazoles but not long-tailed triazoles,
according to a recent study [108].

6.2.1. Decreased Concentration of Drug within Fungi

Increasing the drug efflux mechanism helps to reduce drug buildup within the fungal
cell. Membrane proteins called multidrug efflux transporters are found in all living species.
These proteins bind to a wide range of structurally and chemically different substances and
actively expel them from cells. The medication accumulates less in the cell when the genes
encoding these efflux pumps are mutated (upregulated or overexpressed). Antifungal
medicines are affected by a variety of efflux mechanisms. The ATP-binding cassette (ABC)
superfamily and the main facilitator superfamily are two drug efflux mechanisms that
modulate azole resistance. In the Trichopyton rubrum, the genes TruMDR1 and TruMDR2
are overexpressed [105,109].

6.2.2. Drug Detoxification

When fungi are exposed to cytotoxic medicines at sub-inhibitory doses, a large number
of genes involved in cellular detoxification are activated, contributing to increased drug
tolerance. RNA-sequencing (RNA-Seq) examination of the effect of acriflavine (ACR) on
Trichophyton rubrum revealed that genes involved in cellular detoxification, such as those
encoding catalases that protect cells from oxidative stress and reactive oxygen species, were
considerably upregulated. Increased production of catalase genes could be a compensatory
mechanism to keep the intracellular level of this enzyme stable, sparing cells from the
drug’s apoptotic effects. Acriflavine, on the other hand, inhibits catalase activity in vitro.
Furthermore, the RNASeq study of the differential gene expression of T. rubrum challenged
with UDA indicated that several antioxidant enzyme genes were upregulated. In addition
to catalases, UDA stimulates superoxide dismutase, peroxidases, glutathione transferases,
and glutathione peroxidases, resulting in enzymatic oxidative detoxification of the body. A
previous report showed that Candida resistance to amphotericin B (AMB) could be linked
to these findings. Increased catalase activity is also a factor.

Several azole-resistant species have overexpression of target enzymes, which is a
compensation mechanism for ergosterol depletion. In Candida albicans, overexpression of
ergll is caused by the duplication of the left arm of chromosome 5, which contains the
ergll gene. The development of chromosome 1 disomies allows Crypfococcus neoformans
to adapt to high FLC concentrations. This resistance is caused by the duplication of two
genes on this chromosome: ERG11, which is the target of FLC, and AFR1, which is an azole
transporter in Cryptococcus neoformans. Extra copies of the Aspergillus fumigatus squalene
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epoxidase gene also give terbinafine resistance. The resistant phenotype was reversed
after the strain was cultivated for several generations without terbinafine, resulting in the
loss of plasmids encoding the salA gene, confirming that extra copies of this gene caused
resistance. Furthermore, the original strain without any plasmid increased the expression
of the native salA gene in response to the terbinafine challenge. Unlike bacteria, which
can develop antibiotic resistance by the breakdown of these substances, fungi can develop
resistance to antifungal drugs by inactivation or destruction [107]. Given that fungi secrete
a vast number of enzymes; similar pathways leading to antifungal resistance or tolerance
are likely common. Enzymes that fulfill this role in fungi have been discovered, which as a
result might be beneficial in the production of enzyme inhibitors and these inhibitors can
be used alone or in combination with traditional therapeutic methods.

6.2.3. Changes in Metabolism to Counteract the Drug’s Effect on De Novo Synthesis
of Pyrimidines

The antifungal medicine 5FCcompetes with typical pyrimidine intermediate metabo-
lites for nucleic acid incorporation. Candida glabrata has developed 5FC resistance as a
result of a de novo increase in pyrimidine synthesis [110].

6.2.4. Variation in Plasma Membrane Composition

A decrease or complete absence of ergosterol in the plasma membrane caused by
mutations in non-essential ergosterol genes is a rare mechanism of resistance among
polyene drugs, such as the ERG3 mutation in clinical isolates of Candida albicans and the
ERG6 mutation in Candida glabrata.

6.2.5. Biofilms

Biofilms are sessile microbial populations encased in extracellular polymeric com-
pounds that are resistant to antimicrobials and host defenses. Biofilms can be produced by
both Trichophyton rubrum and Trichophyton mentagrophytes.

6.2.6. Modifications in the Biosynthesis of Ergosterol

Azole medicines” antifungal efficacy is based on the removal of ergosterol from the
fungal membrane and the formation of the toxic result 14-methyl-3,6-diol, which causes
growth arrest. Inactivation of the ERG3 gene in the late stages of the ergosterol biosynthetic
pathway can result in the entire inactivation of C5 sterol desaturase, as well as cross-
resistance to a variety of ergosterols.

7. Nanohydrogels

Hydrogels are a polymeric network that has a functional group to absorb water, swell
up, and not dissolve again into the water due to the presence of binders or crosslinkers.
Capillary, osmotic, and hydration forces are responsible for the collaboration between the
polymeric chain system and organic liquids, which contribute to the chain network’s bal-
ance and expansion [111]. Nanohydrogels are an application that reaches into wide areas,
such as drug delivery systems, 3D networking systems, tissue engineering, and biosen-
sors. Historically, hydrogels have been classified into three generations: first-generation,
second-generation, and third-generation [112]. Nanohydrogels’ use in drug delivery is
very effective due to their extracellular material, which is somehow similar to the extracel-
lular material of human beings. Nanohydrogels can be synthesized in a variety of ways,
including one-step and multi-step procedures. They are classified either as copolymers,
homopolymers, interpenetrating networks, and semi-interpenetrating networks based on
the method of their synthesis. [113]. The copolymer type requires two types of monomers
to bind with the crosslinkers. Monomers such as methacrylic acid, PEG-PEGMA, car-
boxymethyl cellulose, and polyvinylpyrrolidone with crosslinker tetradimethacrylate are
used for the synthesis of copolymer hydrogel by following the free radical photopolymer-
ization mechanism that is used for drug delivery and wound dressing material [114-116].
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In a homopolymer, one type of monomer is used, wherein the choice of crosslinker de-
pends upon the monomer and the nature of the polymerization reaction. Their use also
depends upon the nature of the crosslinker, as (Cretu et al. 2004; Das in 2013) showed that
the synthesis of hydrogels from monomers such as poly(2-hydroxyethyl methacrylate),
2-hydroxyethyl methacrylate, and polyethylene glycol with crosslinker polyethylene glycol
dimethacrylate for drug delivery systems, contact lenses, scaffolds for protein recombina-
tion and gels having crosslinker Triethylene glycol dimethacrylate can be used in wound
healing and the production of functional tissues [114,117]. Interpenetrating network hy-
drogels have a pre-prepared hydrogel in which monomers and initiators are dissolved
in a solution and are primarily used for drug delivery due to advantages such as pore
size and surface properties that can be modified to control the drug release mechanism.
On the other hand, semi-interpenetrating network hydrogels have slow drug-releasing
properties with advantages similar to interpenetrating network hydrogels, and they also
deliver drugs effectively [113]. Polymerization is an essential step in the synthesis of hy-
drogels and can be accomplished in a single step or multiple steps involving different
mechanisms, such as in the presence of benzoin isobutyl ether as the UV-sensitive initiator,
template copolymerization, or free-radical photopolymerization. Their products are also
classified based on the materials used in their manufacture, the types of crosslinkers used,
how they appear physically, the net electrical charge, and how they are affected by both
physical and chemical changes. [118]. Physical nanohydrogels are referred to as reversible
nanohydrogels due to conformational changes, whereas chemically crosslinked hydrogels
are referred to as irreversible hydrogels due to configurational changes. [119]. Reversible
and irreversible hydrogels can be created using bulk polymerization, which involves dis-
solving one or more types of monomers and a solvent such as water, a water-ethanol
mixture, or benzyl alcohol to form a transparent polymeric network that swells up in the
water and acquires flexibility [26]. Crosslinking polymerization is a thermal process that
involves the use of ionic and neutral monomers as well as crosslinking agents. A grafting
technique is used to strengthen the weak bulk of the polymerized structure. Sometimes
unsaturated compounds such as gamma rays and electron beams are used as initiators for
nanohydrogel synthesis [120]. In these types of nanohydrogels, first, macro radicals are
produced, which further combine with other polymer chains by covalent bonding, and a
crosslinked network structure is formed [26]. Stimuli-sensitive hydrogels are hydrogels
that are sensitive to certain environmental changes and respond by changing their form or
volume when exposed to certain conditions. The physical stimuli to which they respond
include light, pressure, temperature, electric field, magnetic field, and ultrasound; chemical
stimuli include pH, redox, ionic strength, CO2, glucose; and biological stimuli include
enzymes, antigens, glutathione, and DNA. Based on their source at the time of application
to the hydrogels in vivo, these stimuli can also be classified as internal or exterior stimuli.
Except for the temperature, which can be considered an external or an internal stimulus,
chemical, and biological stimuli fall into the first group, whereas physical stimuli fall into
the second. These hydrogels have been termed “smart” or “intelligent” in the sense that
they perceive a stimulus and respond by changing their physical and /or chemical behavior,
allowing the contained medication to be released.

7.1. Mechanisms of Different Stimuli-Responsive Hydrogels
(a) Physical stimuli

1.  Temperature Temperature changes fluctuate the polymer-polymer and polymer—
water interactions that are responsible for swelling and drug release.

2. Pressure Increased pressure causes swelling, and vice versa. This is because the
lower critical solution temperature (LCST) of hydrogels rises with pressure. The
temperature below which negative thermoresponsive hydrogels swell is known
as the LCST.

3. Light The hydrogel is reversibly changed from a flowable to a non-flowable state
when exposed to light (UV and visible light).
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(b)

(©

Electric field Swelling—deswelling is caused by changes in the electrical charge
distribution within the hydrogel matrix when an electric field is applied, and
this is responsible for on-demand drug release.

Magnetic field The application of a magnetic field causes pores in the gel to
expand, resulting in drug release.

Ultrasound irradiation The drug is released when the ionic crosslinks in the
hydrogels are briefly broken by ultrasound waves, but the crosslinks are repaired
when the ultrasound waves are turned off. This allows for on-demand medicine
delivery.

Chemical stimuli
1.

pH The charge on the polymer chains changes when the pH changes, causing
swelling and drug release.

Ionic strength Change in ion concentration also causes swelling and drug release
CO, A pH-sensitive hydrogel disc comes into touch with a bicarbonate solution
in CO2 sensors. When exposed to CO2, the pH of the solution changes, causing
the hydrogel to swell or de-swell, causing a change in pressure, which is a
measure of CO2 partial pressure.

Glucose In reaction to an increase in glucose concentration, hydrogels swell. The
combination generated by glucose and phenylboronic acid causes the hydrogels
to enlarge, resulting in insulin release.

Redox In a reductive environment (high glutathione concentration = 0.5-10 mM),
disulfide links in reduction-sensitive hydrogels cleave in the intracellular matrix,
releasing bioactive molecules/drugs.

Biological stimuli
1.

Enzymes Enzymes are responsible for hydrogel decomposition and, as a result,
drug release. This is termed a chemically regulated drug release mechanism.
Antigen When hydrogels detect free antigens, they swell and release the molecule.
DNA In the presence of ssDNA, single-stranded (ss) DNA grafted hydrogel
probes swell.

Hydrogels show unique physical properties, such as high porosity that allows a gel

to be loaded or released with highly active components. As a result, the application of
hydrogels in drug delivery systems is of great interest [121] (Table 5).

Table 5. Clinical trials of hydrogels in the treatment of skin disorders.

Type of Hydrogel

Clinical Study Agent Skin Disorder References

Clindamycin/ Tretinoin

Clindamycin/Tretinoin

Combination Of

Clindamycin (1%) and Acne vulgaris [79]
Hydrogel Hydrogel Tretinoin (0.025%)
Randomized and
comparative study of
Liposomal Methylene Blue 35 patients (21 men and Methylene Blue Acne vulgaris [50]

Hydrogel

14 women) with varying

(Truncal)

degrees of acne vulgaris on

the back

Carboxymethylcellulosebased
Hydrogel

Single-blind study on
20 patients (12 men and Resveratrol

Acne vulgaris

(Facial) [122]

8 women)

Hydrogel Patch

Men and women with

plaque-type psoriasislesions

Mometasone Furoate Psoriasis [123]

Hydrogel Micropatch

100 psoriatic patients
(75 men and 25 women) and Mometasone Furoate Psoriasis [124]
100 healthy volunteers
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However, sometimes chemically synthesized or drug-loaded nanohydrogels show
some side effects such as itching or rashes at the site of application. As a result, antifungal
drug-loaded gels based on polysaccharides can be a more highly effective combination
of natural and chemical antifungal compounds over chemically synthesized nanohydro-
gels [125]. Several polysaccharide-based nanohydrogels containing a wide range of active
compound formulations have been reported in various studies, and all the developed
formulations revealed potential against various types of skin fungal infection-causing
strains (Table 6).

Table 6. Existing antifungal drug-loaded polysaccharide-based formulations.

Polysaccharide Active Compounds References
Galan gum/cyclodextrin Fluconazole [126]
Galan gum Terbinafine HCL [127]
Chitosan/carbopol /natrosol Terbinafine HCL [128]
Galan gum/carrageenan Econazole [129]

Galan gum/carbopol934P hydroxyl .

propyl methyl cellulose E50LV Clotrimazole [130]
Galan gum/glycerol Fluconazole [131]
Galan gum Natamycin [132]

Various reports revealed that some strains of Aspergillus species are becoming resistant
to azoles and nanohydrogels consisting of azole components that showed less activity
against the fungal strains. Therefore, to overcome this problem, various plant-based
extracts and essential oils have shown promising results against such pathogenic strains of
skin fungal infection. However, environmental stress, high temperature, and oxygen are
significant factors that lead to detrimental effects on plant-based extracts and essential oils.
Therefore, to overcome this problem, scientists have turned to nanohydrogels as their first
choice for transporting and protecting bioactive constituents (Table 7).

Table 7. Natural extract entrenched antifungal formulations.

Active Ingredients of the

Formulation Natural Extract Natural Extract Effective against References
. C . citronellal (50%), citronellol Cqe .
Methylcellulose hydrogel Melissa officinalis (10%), and geraniol (14%) Candidiasis [133]
Polyherbal gel Iillfi; ;Zﬁ;tluel:fneig;r:j methanolic hydro extracts Candida albicans [134]
Copper chitosan . p-cymene, thymol, and . )
nanocomposite hydrogel Thymus vulgaris 1 8-cineole Aspergillus flavus [134]
Hydroxypr}?}}t; zirongeet{lylcellulose MEIL(IITZ ;czrzletegﬁ;folm terpinene-4-ol Oral candidiasis [135]
Cymbopogon citratus geraniol, geranylacetate, and . .

Carbopol hydrogel (Lemongrass oil) monoterpene olefins Candida albicans [136]

Plants have been utilized therapeutically for thousands of years everywhere in the
world. Medicinal plants incorporate herbs, herbal materials, and items that contain various
pieces of plants or other plant materials that have traditionally been used to combat health
disorders [137]. Essential oils and herbal extracts have antifungal properties because their
phenolic groups act as the primary antimicrobial bioactive compound [138-142]. Phenolic
groups are complex, volatile, aromatic compounds with different chemical structures and
are stored in various parts of the plant, in particular tissue such as glandular hairs, oil cells,
and oil ducts [143]. They are now well known due to their antimicrobial, germ-killing, anti-
inflammatory, and antioxidant properties [144]. Many essential oils and their components,
such as eucalyptus oil, clove oil, thyme oil, bitter almond oil, cinnamon oil, tea tree oil,
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and lemongrass oil, are commonly used and have antifungal activity. However, on the
other hand, Tabassum and Hamdani (2014) observed that several plants can be used to
treat skin diseases, such as aloe vera (Barbadosaloe), the gel of which has properties that act
against bacteria and fungi (Table 8). In addition, Bauhinia variegates, Beta vulgaris, Brassica
oleraceae, Calendula officinalis, Camellia sinesis, Cannabis sativus can aid in the treatment of
viral, bacterial, and fungal infections.

Table 8. Plant extracts having antifungal properties.

Antifungal Plant Extracts Effective against References

Trichophyton rubrum, Trichophyton

Leaves of Piperregnellii mentagrophytes, Microsporum canis [143]

Roots of Rubiatinctorum Asye?'egllus niger, Alternaria Iternaria, [146]
Penicillium verrucosum, Mucor mucedo

Tithoniadiversifolia Microbotryum violaceum, Chlorella fusca [147]

Daturametel Candida albicans, Candida tropicalis [148]

Alliumcepa and Alliumsatioum Malassezia furfur, Candida albicans, and 18]

other Candida species

Phytochemical compounds are responsible for the antifungal activity of essential oils.
Other factors, such as concentration, dosage, length of treatment, and the primary type of
fungal species, have an impact on an oil’s antifungal action [149]. The vulnerability of vari-
ous pathogens to essential oil dosage is determined by the morphological and physiological
characteristics of the hyphae. Sometimes fungal species produce enzymes that oxidize and
inactivate oils, and when oils come in contact with high temperatures that heat the phyto-
chemicals, epimerization [22] may occur. As a result, to inhibit these types of problems,
their use in nanohydrogel formulations allows them to reach an infectious site, such as
the third layer of skin, due to their high penetration power, which is why they are gaining
more attention in pharmaceutical medical science. Natural polymeric nanohydrogels have
numerous advantages due to the popularity of natural materials in the therapeutic area.
In addition, natural polymeric nanohydrogels have various applications—such as use as
sensors or in drug delivery—because of their ability to concentrate on controlled change
during the delivery of bioactive compounds, even when environmental conditions change.
Moreover, natural polymeric nanohydrogels gained a preferred position as compared to
engineered materials because they show biodegradability, biocompatibility, inexhaustibility,
nontoxicity, low-cost, and expanding application [150]. Hosseini and Nabid studied a basil
seed mucilage-based hydrogel for drug delivery in 2020. Active compounds used in disease
treatment can be incorporated into nanohydrogels using various methods such as (1) phys-
ical entrapment; (2) covalent conjugation; and (3) controlled self-assembly. Nowadays, the
controlled self-assembly method is widely known for encapsulating active components or
drugs inside the gel [151,152].

7.2. Physical Entrapment Method for Incorporation

Noncovalent interactions such as ionic, lipophilic, and hydrogen bonding can be used
to entrap drugs within nanohydrogels [153]. The self-assembly of cholesterol-containing
hyaluronic acid into nanohydrogel for protein delivery is one example. Injection of this
gel containing recombinant human growth hormone (rhGH) into rats resulted in a week
of sustained release [154]. Hydrogen bonding is demonstrated in the encapsulation of
curcumin into chitin nanohydrogels for skin cancer treatment. Chitin is commonly used
in nanohydrogel synthesis due to its high biocompatibility, biodegradability, skin non-
irritability, ease of availability, and cost-effectiveness. The cationic charge of chitin and the
lipophilic nature of both chitin and curcumin help in skin penetration. On the other hand,
nanohydrogels are hydrophilic, so the hydrophilic-lipophilic balance of chitin—curcumin
nanohydrogels is advantageous. Curcumin interacts through its terminal-OH group with-
NHCOCHj3 of chitin [155].
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7.3. Covalent Conjugation Method for Incorporation

Nanosystems offer a convenient drug delivery platform. This is because their inherent
functional groups play a role in determining the structure and properties of nanoparticles.
The drug is covalently conjugated to the crosslinked nanohydrogels, which gives the
encapsulated drug additional stability [156]. Polysaccharides contain hydroxyl groups
that easily interact with hydroxyl groups formed by forming ester bonds with the drug’s
carboxyl groups. Such a drug would be released prematurely in this case due to the
cleavage of functional groups by enzymes such as esterase.

7.4. Controlled Self-Assembly Method for Incorporation

The term “self-assembly” refers to the autonomous organization of components that
results in a good structure. Many molecules self-assemble, which is characterized by
diffusion, and the subsequent precise binding of molecules occurs by non-covalent interac-
tions, hydrophobic associations, or by including electrostatic interactions. Due to these a
lot of interactions show weaknesses and dominates the assembly’s structure and confor-
mational behavior. In the presence of oppositely charged solutes, polyelectrolyte-based
nanohydrogels tend to self-assemble. In an aqueous environment, amphoteric molecules
self-assemble into nanoparticles, allowing for improved drug interaction and release from
the nanohydrogels. The hydrophilic part of the drug molecule should be exposed to polar
or aqueous media, while the hydrophobic part should be fixed in the component’s core.
The concentration of polymer above which chains aggregate is referred to as critical micelle
concentration or critical aggregate concentration [156,157].

8. Antifungal Mechanism of Essential Oil and Plant Extract-Based Nanohydrogel

Essential oils and plant extracts exhibit effective antifungal activity; however, sev-
eral limitations inhibit the utilization of essential oils and plant extracts [100]. Scientists
already revealed that nanohydrogels could pass through the three tissue layers of skin
and could thus reach the dermis layer because of their properties (Figure 3). The pH of
nanohydrogels is similar to that of human skin; however, when infection occurs, it causes
changes at the infectious site. As a result of these changes—and according to the nature,
concentration, and hydrophilicity of the polymer used to synthesize the nanohydrogel—a
swollen nanohydrogel can receive stimuli to release its antifungal agent through three
mechanisms: (1) a diffusion-controlled mechanism; (2) a chemical-controlled mechanism;
and (3) a swelling-controlled mechanism [121].

Mainly the nanosized gels release active compounds with the help of diffusion. In a
diffusion-controlled mechanism, the gel comes in contact with a high temperature, which
leads to an increase in the hydrophobicity of the structure and causes a slow and con-
trolled release of the antifungal agent from the gel, which moves across the concentration
gradient, such as from high to low concentration, as calculated by the Fick’s first law of
diffusion [158]:

dQ/dt = ADK4(Co — C)/h (1)

where dQ/dt is the rate of mass transfer, A is the surface area of film, Kd is the partition
coefficient, h is the thickness of the hydrogel, and Co and C both are the concentrations of
the drug or active compound at nanohydrogel and infectious site [125]. If the molecular
dimensions of the drug molecules are significantly smaller than the pore size of the porous
hydrogels, the porosity of the hydrogels is related to the diffusion coefficient of the hydro-
gels. The release of the drug molecules is hampered by the crosslinked polymer chains
when the pore size in the hydrogels and the size of the drug molecules are comparable.
The diffusion coefficient decreases as a result. If the rate of drug release exceeds the rate of
swelling, the release of the drug is regulated by the swelling-controlled mechanism. In a
chemical-controlled mechanism, the active component is released via matrix reactions; this
can be an enzymatic, hydrolytic, reversible, or irreversible reaction between the releasing
component and the matrix; the releasing action is determined by the rate of crosslinking
structure degradation. On the other hand, in the swelling-controlled mechanism, the
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nanohydrogel starts to swell more when solvent molecules attract towards it, and after this
interaction temperature decreases and it leads to the release of the desired component from
the polymeric structure. This swelling-controlled mechanism is mainly the function of
temperature, in which the transition from swelling to shrinkage occurs [159]. It is also clas-
sified as a (1) kinetically controlled release mechanism and (2) reaction diffusion-controlled
release mechanism. After the release of the active component, the active component acts
against the fungal infection by following different mechanisms, such as an oil that in-
hibits the growth of a fungus by inserting emulsions in the fungus cell wall where the
oil emulsions can cause respiration inhibition and can destroy the cell wall of the fungus
hyphae, resulting in cell death, while the oil helps to cure the infection [160]. On the other
hand, volatile essential oils inhibit spore formation, such as in a study by Fajinmi et al.
(2019) showed the effect of 40 uL Agathosma betulina essential oil against the Trichophyton
rubrum species. These species can produce hyphae that can penetrate the host’s skin and
cause an infection inside the skin. The research team subcultured the essential oil-treated
fungus on a separate petri plate and observed no fungus growth during and after seven
days of an incubation period [143]. Orange oil also acts as an essential oil because of the
high content of limonene, myrcene, linalool, and citral components; these show fungicidal
effects against a broad spectrum of organisms, such as Candida albicans, Candida krusei,
Candida tropical, Aspergillus niger, Aspergillus fumigatus, and Penicillium chrysogenum [161].
Eucalyptus oil acts as both an antibacterial and an antifungal oil [8]. Monoterpenes are the
active compounds in eucalyptus oil and work against dermatophytes such as Microsporum
canis and Microsporum gypseum [9].

j\\ Polymerization Mt / "(L’ (\’ \ Fungal cell wall synthesis

Monomers and
Crosslinker

Antifungal agent loaded
swollen nanohydrogel

Antifungal agent
release from swollen
nanohydrogel

/ AL . . | Squalene I
. Insert essential - Squalene
. oud Antifungal "

NP NS
{

oil and plant Epoxidase !

extract nanohydrogel
Squalene Epoxide

Lanosterol

—

Figure 3. Mechanism action of nanohydrogel and antifungal components. A: Swollen nanohydrogel contacts stimuli in the
environment and releases antifungal agents by following three mechanisms; B: antifungal agent binds to a vital component

of the fungus cell wall, create spores, and leads to the death of the cell or causes respiration inhibition of the fungus cell; C:

antifungal agent interferes with the catalyst and inhibits the ergosterol synthesis from lanosterol, causing cell death.
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In this context, Wang and Vonrecum (2011) stated that sometimes nanohydrogels
show minimal drug loading efficiency [162]. On the other hand, Vinogradov et al. (2002)
revealed that the hydrophilicity of nanohydrogels decreases due to the strong interaction
between drug and polymer and causes structural changes, also showing adverse effects
due to the presence of surfactant or monomers [67,163]. Hydrogels show significantly less
potential for the delivery of hydrophobic drugs. Some of the main disadvantages of the
hydrogel are their low mechanical strength, fast dissolution, and low tensile strength [6].

9. Conclusions and Future Perspective

Several types of fungal skin infections and their impact on human skin were discussed
in detail. The various advantages and applications of antifungal nanocarriers outlined
above definitely hold the promise that nanocarriers could potentially revolutionize the
pharmaceutical and food sectors. Among all nanocarriers, the scope of nanohydrogels
is broad, and formulating functional nanohydrogels for antifungal applications from
nature-derived polymers is widely conceived as a sustainable approach that is safer for
humans. An array of plant-based biopolymers and essential oils can be incorporated into
nanohydrogels for practical components for various skin fungal diseases. A potential
mechanism, as well as examples of the successful use of nanohydrogels in the treatment of
fungal skin infections, was presented and discussed. Moreover, in the future, concerns over
the safety of the polysaccharide-based nanohydrogels will be directly affected by public
acceptance of such emerging technologies. In the case of biopolymeric nanohydrogels, the
assurance of acceptance comes from the fact that all of the materials discussed here are
polymers that, unlike allopathic products, can be quickly degraded in the body. Hence,
toxicological studies with nanoformulations are necessary to ensure the effective utilization
of nanohydrogels.
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Abstract: Human skin is continually changing. The condition of the skin largely depends on the
individual’s overall state of health. A balanced diet plays an important role in the proper functioning
of the human body, including the skin. The present study draws attention to bioactive substances,
i.e., vitamins, minerals, fatty acids, polyphenols, and carotenoids, with a particular focus on their
effects on the condition of the skin. The aim of the study was to review the literature on the effects
of bioactive substances on skin parameters such as elasticity, firmness, wrinkles, senile dryness,
hydration and color, and to define their role in the process of skin ageing.

Keywords: skin care; skin health; bioactive substances; phytonutrients; antioxidants; nutraceuticals

1. Introduction

The skin is the largest organ of the human body. It is composed of the epidermis,
which consists of epithelial tissue, and the dermis, which consists of connective tissue.
Under the dermis, there is a layer of subcutaneous tissue called the hypodermis (Figure 1).
The epidermis comprises a horny layer (stratum corneum), a clear layer (stratum lucidum),
a granular layer (stratum granulosum), a spinous layer (stratum spinosum) and a basal
layer (stratum basale). Apart from keratinocytes—cells involved in keratinization—the
five-layer epidermis also contains pigment cells and melanocytes, as well as Langerhans
cells, mastocytes, and Merkel cells. It is closely connected to the dermis underneath
by the basement membrane. The dermis, which comprises a papillary layer (primarily
loose connective tissue) and a reticular layer (dense connective tissue), contains fibroblasts
responsible for the production of collagen, elastin, and glycosaminoglycans (GAGs), as
well as numerous blood vessels, nerve endings, and appendages, such as hair follicles and
sweat and sebaceous glands. The subcutaneous tissue consists of loose connective tissue
containing fat cells (adipocytes) forming fat lobules [1-3].

The skin performs a wide variety of complex functions. It provides an optimal envi-
ronment for deeper tissues by separating them from the external environment and, at the
same time, ensures contact with it through the exchange of substances and reception of
stimuli. The skin protects against biological agents (potentially pathogenic microbes), chem-
ical agents (corrosive, irritating and allergenic substances) and physical factors (sunlight,
ionizing radiation, infrared radiation, and mechanical and thermal factors). It performs
important functions in water and electrolyte balance (epidermal barrier and sweat glands),
thermoregulation (thermoreceptors) and the immune response (skin-associated lymphoid
tissues (SALT)). It is also an important sensory organ (with free nerve endings, Pacinian
corpuscles, Meissner corpuscles, Ruffini corpuscles, Krause end bulbs and Merkel cells). In
addition, it is involved in metabolism and homeostasis and is responsible for the elimina-
tion, selective absorption and storage of substances [1,4].
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One of the most common dermatological and cosmetic concerns is skin ageing: a
natural, complex process influenced by two mechanisms—intrinsic (genetic, chronological)
ageing resulting from the passage of time, and extrinsic ageing (photoaging), caused by
environmental factors (including UV radiation, environmental pollution and cigarette
smoke) [5-8]. The two processes overlap and are closely linked to increased reactive
oxygen species (ROS) and oxidative stress in the skin [9]. Both the intrinsic and extrinsic
processes are associated with biochemical disturbances (e.g., the excessive formation of
oxygen radicals, leading to protein and DNA damage, amino acid racemization, and non-
enzymatic glycosylation, leading to the abnormal cross-linking of collagen fibers and other
structural proteins), as well as changes in the physical, morphological and physiological
properties of the epidermis and dermis. These include disturbances in the function of
the epidermal barrier, the flattening of the dermal-epidermal junction, a reduced number
and activity of fibroblasts, the accumulation of abnormal elastin fibers (elastosis), and the
impaired functioning of Langerhans cells [6,10-13]. Features characteristic of mature skin
include wrinkles, a loss of elasticity, changes in color, uneven pigmentation and discoloring,
dryness, foci of abnormal epidermal keratosis, telangiectasias, susceptibility to irritation,
and slower skin regeneration and healing [5,8]. With age, the degradation of blood vessels
leads to insufficient blood supply and, thus, the inadequate oxygenation and nourishment
of the skin [8].
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Figure 1. Skin structure (own work, photo: Department of Clinical and Experimental Pathology, Medical College, Jan

Kochanowski University).

Many authors stress the relationship between a suitably balanced diet and the con-
dition of the human body, including the appearance and functioning of the skin [14-17]
(Table 1). The intake of essential nutrients in the daily diet is extremely important for the
biological processes taking place in both young and ageing skin [15,18]. The skin is a tissue
with high proliferative potential, which is why an adequate intake of proteins, carbohy-
drates and fats, which are essential for cellular generation, is so important [18-20]. The over-
all condition of the skin—its surface texture, color, and physiological properties—results
from factors such as hydration, i.e., the presence of an adequate amount of water in the
stratum corneum, sebum content and surface acidity. Natural moisturizing factor (NMEF),
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consisting mainly of amino acids, plays an important role in hydration and acidity [15,21].
Specific fatty acids are also important for maintaining the function of the skin barrier and the
integrity of the stratum corneum [22]. Research increasingly suggests that a well-balanced
diet significantly affects the skin ageing process. Functional anti-ageing ingredients in
food include substances involved in the synthesis and metabolism of skin components
(e.g., protein peptides and essential fatty acids) and those that inhibit the degradation
of skin components and maintain its structural integrity (e.g., substances regulating the
expression of enzymes such as matrix metalloproteinases (MMPs) and activating protein 1
(AP-1)) [18]. Due to their ability to protect the skin from harmful UV-induced effects
through their antimutagenic, antioxidant and free-radical-scavenging properties, some
dietary botanicals could be useful supplements for mature skin care [23,24]. These include
carotenoids and polyphenols, such as apigenin (a flavonoid occurring in numerous herbs,
fruits and vegetables), quercetin (a flavonol found in onion skin and apple peel), curcumin
(obtained from the turmeric rhizome), silymarin (a standardized extract of flavonolignans
from milk thistle), genistein (an isoflavone from soybeans), proanthocyanidins (from the
seeds of grapes), and resveratrol (a polyphenol found in grapes, peanuts, fruits, red wine
and mulberries). Other key elements of an anti-ageing diet are vitamins and minerals with
antioxidant properties [15,25].

The present study is a review of the literature on the effects of nutrition on the
condition of the skin, as well as an attempt to establish whether a healthy diet supplemented
with vitamins and minerals has photoprotective and anti-ageing effects. The aim of the
study was to present the effects of bioactives on skin parameters such as a wrinkled
appearance, elasticity, firmness, senile dryness, hydration, and color, as well as their role in
the skin ageing process.

2. Selected Substances of Importance for Skin Function

The present study focused on substances that combat skin ageing and contribute to
a younger-looking face with a healthy appearance; nutrients and dietary supplements
reported to have the potential to prevent skin ageing are discussed. Particular focus is
placed on substances that protect the skin against oxidative and UV-induced damage,
dehydration and a loss of elasticity: vitamins A, C and E; selenium; zinc; copper; silicon;
polyphenols; carotenoids; and essential polyunsaturated omega-3 and omega-6 fatty acids.

2.1. Vitamins

Vitamins are a group of compounds with diverse chemical structures that are essential
for the normal functioning of the human body. They do not play an active role in supplying
energy and are not building blocks for tissues, but they are essential for normal growth
and development. They are biological catalysts and building blocks for the prosthetic
groups of various enzymes, and thus, they enable numerous biochemical reactions at
various levels [26].

2.1.1. Vitamin A

Vitamin A is one of the fat-soluble vitamins. The name refers to polyene compounds
comprising a beta-ionone ring and a polyene side chain containing a functional group: an
alcohol group, retinol; an aldehyde group, retinal; an acid group, retinoic acid; or an ester
group, retinyl ester. Derivatives of vitamin A, called retinoids, include both natural and many
synthetic retinol derivatives with activity similar to that of vitamin A [27-31] (Figure 2).
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Figure 2. Basic structure of retinoids (own work based on [32]).

Vitamin A is obtained from the diet. Retinol and its various chemical forms are
derived from foods of animal and plant origin (Table 1). Vitamin A from animal sources is
mainly acquired in the form of retinyl esters (palmitate, propionate and acetate). Plants
contain provitamin A (f3-carotene), which is converted to vitamin A in the skin. Beta-
carotene, one of the most important carotenoids, is a precursor of vitamin A in the human
body [27,29,31,33,34] (Scheme 1).
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Scheme 1. Metabolism of retinoids (own work based on [34,35]).

Beta-carotene is metabolized in the small intestine, leading to the formation of the
aldehyde retinal, which can be reduced to retinol through enzymatic conversion. This
process is reversible, and the alcohol can be converted as needed into retinal in an oxidation
process catalyzed by retinol dehydrogenase. Further oxidation is irreversible and produces
tretinoin. Tretinoin is thus the main metabolite of retinol, but it can be synthesized in certain
tissues (e.g., the epidermal cells) without retinol, from retinal generated via the degradation
of B-carotene. Retinyl esters in the enterocytes are converted to retinol, after which they
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are modified again and stored as retinyl esters in chylomicrons, before being released
into the blood and supplied to cells and tissues associated with their carrier protein. The
transport and activity of retinoids require specific proteins occurring in both the plasma
(RBP—retinoid-binding proteins) and the cytoplasm (CRBP—cellular retinoid-binding
proteins). In cell nuclei, retinoic acid receptors (RARs) and retinoid X receptors (RXRs,
for all retinoids) have been detected [27,29,31,33,34]. In the blood and tissues, the two
dominant endogenous retinoids are retinol and its esters. Retinol and retinyl esters account
for more than 99% of all the retinoids present in the skin [36].

Vitamin A and all of its derivatives, applied systemically or topically, have a significant
influence on skin health. Retinoids are a group of chemical compounds that inhibit cell
division during excessive proliferation and activate it when the process is too slow. They
play an active role in protein production, cellular metabolism and cell division [28,34,37].
Retinoids also affect the thickness and color of the skin, regulate the function of the
sebaceous glands, and limit sebum production, as well as being responsible for hair and
nail growth, and also influencing the distribution of melanin in the skin [27,30,35].

The anti-ageing effects of retinoids are mediated by three major types of skin cells:
epidermal keratinocytes, dermal endothelial cells and fibroblasts [38]. Topically applied
retinoids penetrate the keratinized epidermis and, to a lesser extent, the dermis and sub-
cutaneous tissue [27,30,35]. A study in mice by Torma et al. showed that retinol esters
accounted for 90% of the vitamin A in the epidermis, with retinol making up the remaining
10% [39]. After penetrating the epidermis, retinoids play a role in the release of transcrip-
tion and growth factors. They are responsible for the renewal of the epidermis through
their active role in the exfoliation of dead cells in the stratum corneum and the prolifer-
ation of live cells in the epidermal layers [28,34,35]. Moreover, vitamin A promotes the
compaction of the stratum corneum and deposition of GAGs in the stratum corneum and
intercellular spaces in the epidermis [40]. A study conducted by Kang et al. showed that
the application of all-trans-retinol on normal human skin induced epidermal thickening
and increased the mRNA expression of cellular retinoic acid binding protein and cellular
retinol binding protein [41]. Retinoids also reduce transepidermal water loss (TEWL) by
strengthening the epidermal barrier [28,34,35]. After penetrating the dermis, retinoids
increase the synthesis of elastin and collagen by stimulating the fibroblasts [42]. Topical
retinol improves the dermal extracellular matrix (ECM) microenvironment (type I colla-
gen, fibronectin, and elastin) and activates ECM-producing cells in aged skin [32,38]. The
activation of fibroblast production is stimulated through the TGF-f /CTGF pathway, the
major regulator of ECM homeostasis [38]. Retinoids and all biologically active forms of
vitamin A also promote the remodeling of reticulin fibers and synthesis of a new capillary
network in the dermis. This process influences the condition of the connective tissue of
the dermis, improving its firmness, hydration and elasticity [35,42]. Retinoids protect
collagen against the destruction induced by MMPs, as well as enhancing the synthesis of
tissue inhibitors of metalloproteinases (TIMPs) [32,42]. Varani et al. observed that topical
vitamin A (retinol) reduced MMP expression and increased fibroblast growth and collagen
synthesis in naturally aged, as it did in photoaged, skin [42]. Pierard-Franchimont et al.
showed that a retinol formulation improved the physical properties of ageing facial skin,
including tensile properties and contours, after 12 weeks of treatment [43].

Retinol and retinyl esters exhibit a strong capacity to absorb ultraviolet radiation in
the range of 300-350 nm [39]. Antille et al. conducted a study to assess the ability of retinyl
palmitate to protect the skin, prevent DNA damage and protect against the induction of
erythema by a single exposure to strong UVB radiation. The results clearly indicate that
retinyl esters present in the epidermis have strong antiphotocarcinogenic properties and
protect DNA against damage by UV radiation [44].

Topically applied retinoids reduce the discoloration of the skin and its pigmentation
by about 60%. Retinoids influence the function of melanocytes and the distribution of
melanin in the skin, as well as blocking the transport of melanin to epidermal cells. A
decrease in the number of melanocytes is related to the inhibition of melanogenesis [32].
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Retinoids have been shown to improve the clinical features of aged appearance by a
reduction in fine wrinkling, increased smoothness and decreased hyperpigmentation [45].
Vitamin A and its biologically active forms, retinoids, are used in the care of ageing skin
and to eliminate signs of photoaging, but also in the treatment of numerous dermato-
logical conditions, which may be seborrheic (e.g., acne vulgaris and rosacea), viral (flat
warts, molluscum contagiosum or genital warts induced by the human papilloma virus
(HPV)), proliferative, cancerous or precancerous (keratoacanthoma, cutaneous T-cell lym-
phoma, leukoplakia of the oral mucosa, actinic keratosis and xeroderma pigmentosum),
autoimmune (lupus or lichen sclerosus), or papulosquamous dermatoses (psoriasis, pityri-
asis rubra pilaris, or lichen planus), as well as genodermatoses with keratosis disorders
(congenital and hereditary ichthyosis or Darier disease) [27,28,44].

2.1.2. Vitamin C

Vitamin C (L-ascorbic acid) is a highly water-soluble, sugar-like alpha-ketolactone
produced from D-glucose (Figure 3).

OH
HO 0. .6

HO OH

Figure 3. Chemical structure of ascorbic acid (own work).

As humans lack L-gulonolactone oxidase, the enzyme enabling its production, this
vitamin must be supplied in the diet (Table 1). About 70-80% of it is absorbed in the
duodenum and the proximal part of the small intestine. The absorption and bioavailability
of vitamin C are affected by the current metabolic state of the body, as well as by age and sex.
Digestive and absorption disorders, vomiting, diarrhea, smoking, and certain medicines,
such as aspirin, significantly affect its concentration in the body [46-48]. Reserves of
vitamin C are stored in organs with high metabolic activity, such as the liver, pancreas,
lungs, brain and adrenal glands [49]. The vitamin C concentration in the skin is higher than
in other human tissues, at 6-64 mg/100 g wet weight in the epidermis and 3-13 mg/100 g in
the dermis [50-52]. There are two transport mechanisms for ascorbic acid, and these depend
on the sodium-ascorbate cotransporters (SVCTs) present in various tissues and organs.
In the skin, sodium-ascorbate cotransporter-1 (SVCT1) is responsible for the transport of
epidermal vitamin C to the keratinocytes, while sodium-ascorbate cotransporter-2 (SVCT2)
is responsible for intradermal transport [53,54].

Vitamin C promotes the formation of the epidermal barrier and collagen in the dermis,
protects against skin oxidation, helps to counteract skin ageing, and plays a role in the
signaling pathways of cell growth and differentiation, which are linked to the occurrence
of various skin diseases [55,56].

The role of vitamin C in differentiating keratinocytes is being researched. The vi-
tamin has been shown to enhance keratinocyte differentiation, reduce differentiation-
dependent oxidative stress and maintain the integrity of the skin barrier, which in turn
helps to prevent water loss from the skin [55,57]. Pasonen-Seppanen et al. showed that
vitamin C enhanced the differentiation of rat epidermal keratinocytes cell line in an organ-
otypic culture model, resulting in a stronger stratum corneum, which indicates that it has a
skin-protective function [58]. Savini et al., in an in vitro study on normal human epidermal
keratinocytes, showed that ascorbate improves the barrier functions of the epidermis and
promotes the formation of the cornified cell envelope, a specialized structure that protects
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the body against harmful chemical and physical factors [57]. Research by Cosgrove et al. in-
dicates that a higher vitamin C intake is associated with a reduced likelihood of a wrinkled
appearance and senile dryness [59].

The biological function of vitamin C in the skin is its active role in collagen synthesis. It
is responsible for the biosynthesis of collagen through its role in the hydroxylation of proline
and lysine residues to hydroxyproline and hydroxylysine. It donates electrons to enzymes
involved in hydroxylation, resulting in the conversion of procollagen to collagen [46,49]. It
functions as a cofactor of proline and lysine hydroxylases, which are responsible for the
tertiary structure of collagen; promotes the expression of collagen genes; and activates the
production of collagen mRNA by fibroblasts [50]. Vitamin C exhibits anti-wrinkle activity.
There is scientific evidence that ascorbic acid plays an active role in the proliferation and
migration of skin fibroblasts and stimulates the production of collagen and elastin in
cultures of fibroblasts [46,49]. Supplementation with vitamin C enhances the production
of GAGs, promotes the expression of genes coding for antioxidant enzymes and enzymes
involved in DNA repair, and inhibits the production of pro-inflammatory cytokines and
apoptosis induced by UV radiation or other harmful environmental factors [49].

The antioxidant properties of vitamin C protect the skin, especially the epidermis,
against oxidants generated by ultraviolet radiation and other environmental factors. Al-
though the direct antioxidant protection provided by vitamin C is limited to aqueous
compartments, vitamin C significantly curtails lipid oxidation by regenerating fat-soluble
vitamin E; it regenerates a-tocopherol from «-tocopherol radicals found in cell membranes
and lipoproteins [60]. Topical vitamin C supplementation can also counteract UVA-induced
oxidative stress [61]; Offord et al. assessed the photoprotective potential of vitamin C and
other antioxidants, confirming that vitamin C plays a significant role in protecting the
skin against UVA radiation [62]. The photoprotective efficacy of vitamin C is enhanced by
combining it with vitamin E [63]. Placzek et al., in a study with human volunteers, showed
that the oral administration of ascorbic acid and D-alpha-tocopherol for three months
significantly reduced the sunburn reaction to UVB irradiation. The results of that study
also suggest that supplementation with a combination of the two antioxidants protects
against DNA damage [64]. Eberlein-Koénig and Ring have also shown that vitamin C used in
combination with vitamin E and, to a lesser extent, with other photoprotective compounds
dramatically increases their photoprotective effects as compared to monotherapies [65].

Vitamin C is also thought to be involved in inhibiting melanogenesis. Melanin, a
natural skin pigment resulting from complex biochemical conversions in melanocytes
catalysed by tyrosinase, plays an important role in photoprotection. The overproduction of
melanin, however, may contribute to hyperpigmented diseases as well as the initiation of
melanomas [66,67]. A review of the literature indicates that vitamin C inhibits melanogene-
sis with low cytotoxicity, although some studies suggest that the role of vitamin C in inhibit-
ing melanogenesis is very minor [67-69]. Furthermore, a combination of vitamin C and
other vitamins, including vitamin E, is more effective at reducing melanin than vitamin C
alone and can be used for treating skin discoloration, e.g., age spots or melasma [50,68].

Numerous scientific papers emphasize the potential of vitamin C for the treatment
of such diseases as porphyria cutanea tarda, atopic dermatitis, malignant melanoma,
herpes zoster and postherpetic neuralgia, as well as the clinical application of this vita-
min in the treatment of other skin conditions, such as acne, acne scars, allergic contact
dermatitis, psoriatic progressive pigmented purpuric dermatosis (PPPD), genital herpes
and vitiligo [56,70-75].

2.1.3. Vitamin E

Vitamin E is a group of lipophilic compounds that includes four tocopherols (x-, 3-, -
and &-tocopherol) and four tocotrienols («-, 3-, y- and &-tocotrienol) [76,77]. The chemical
structures of all the compounds referred to as vitamin E have a two-ring 6-hydroxychroman
skeleton and a side chain composed of three isoprenoid units. Tocopherols have a chro-

275



Nutrients 2021, 14, 203

manol ring and a saturated phytyl tail, while the chemical structures of tocotrienols have
an unsaturated tail [76-78] (Figure 4).

HO Ry

(b)
Figure 4. Basic structure of (a) tocopherols and (b) tocotrienols (own work).

Vitamin E is exclusively synthesized by plants [76], and all forms are supplied to the
human body by food (Table 1). Alpha-tocopherol is the most important form, showing
an affinity for the specialized protein alpha-TTP, which binds and transports this form of
the vitamin only. The remaining dietary forms are metabolized in the liver and eliminated
from the body with bile [79,80].

Vitamin E plays an important role in maintaining skin health, and it has been used
for over 50 years in dermatology. The most probable physiologic function of epidermal
vitamin E is contributing to the antioxidant defences of the skin and protecting the epider-
mis and dermis against oxidative stress induced by environmental factors. Vitamin E is
the major lipid-soluble antioxidant in humans [40]. Owing to the antioxidant properties
of vitamin E and its ability to scavenge free radicals and become part of lipid structures,
it protects against lipid peroxidation and slows skin ageing [80]. Alpha-tocopherol has
been shown to decrease the amount of 8-hydroxydeoxyguanosine produced indirectly by
reactive oxygen species, so it may reduce ROS-induced DNA damage and thereby help to
retard the development of skin cancer [81].

Alpha-tocopherol supplementation has been shown to improve facial hyperpigmenta-
tion. Ichihashi et al., in an in vitro study using cultured human melanoma cells and normal
human melanocytes, showed that alpha-tocopherol inhibits tyrosine hydroxylase activity
and suppresses melanogenesis [81]. Thus, vitamin E may be a candidate whitening agent
for the treatment of hyperpigmentation, including age-related conditions or those arising
from sun exposure.

Some research also indicates that vitamin E displays strong photoprotective, firming,
hydrating and anti-ageing properties, as well as improving the elasticity, structure and
softness of the epidermis and dermis [40,82]. It is thought that vitamin E, incorporated
into the intercellular cement and lipid structures, protects the skin against solar UVB
radiation and, thus, against redness and swelling. Although the topical application of
alpha-tocopherol shows promising photoprotective effects, especially when combined with
systemic and topical antioxidant substances such as vitamin C or carotenoids, controlled
studies in humans are needed before vitamin E can be recommended as an effective
cosmeceutical anti-ageing agent [40,83].
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The available literature concerning the efficacy of the systemic and topical use of vita-
min E is extensive, but the results are often contradictory and range from an improvement
in skin appearance to no effect at all [40]. Vitamin E plays a role in the healing of wounds
of varying aetiology; in the treatment of dermatological conditions such as subcorneal
pustular dermatoses, cutaneous amyloidosis, atopic dermatitis, epidermolysis bullosa,
psoriasis, acne vulgaris and scleroderma; in skin cancer prevention; and in the treatment of
Hailey-Hailey disease [82]. Tsoureli-Nikita et al. conducted a study to evaluate the effect
of oral vitamin E supplementation on the improvement and remission of atopic dermatitis.
The results, which indicated relationships between vitamin E, the IgE level and the clinical
symptoms of atopy, suggest that vitamin E can be used to treat atopic dermatitis [84]. Butt
et al. evaluated the usefulness of vitamin E in protecting skin against thermal trauma.
The results suggest that the clinical transplantation of keratinocytes preconditioned with
vitamin E, alone or in combination with skin fibroblasts in skin substitutes, could be used
to treat thermally damaged skin [85]. There are conditions for which vitamin E has no
confirmed effects, including keratosis follicularis, chronic cutaneous lupus erythematosus,
pseudoxanthoma elasticum, and porphyria cutanea tarda [82]. Other studies have also
failed to confirm that the topical application of vitamin E improves the cosmetic appearance
of scars [86].

2.2. Minerals

Minerals, alongside vitamins, are essential micronutrients that cannot be synthesized
in humans and therefore must be obtained via the diet. A healthy diet should ensure
an adequate intake of both macroelements (calcium, phosphorus, potassium, sodium
and magnesium) and microelements (iodine, sulphur, zinc, iron, chlorine, cobalt, copper,
manganese, molybdenum and selenium). Minerals are responsible for the functioning of
the skeletal, circulatory, nervous and endocrine systems. They also have numerous health
benefits as cofactors and coenzymes in various enzyme systems, aiding the regulation and
coordination of biochemical and physiological functions. A deficiency of microelements
has an adverse effect on human development and health, including the functioning and
appearance of the skin [26,87]. In the context of skin ageing, attention is also paid to the
role of minerals such as selenium, zinc, copper and silicon.

2.2.1. Selenium

Selenium (Se) is one of the most important trace elements without which the body can-
not function properly. In terms of its chemical structure, selenium is one of the chalcogens.
It occurs in two forms: inorganic (selenates and selenites) and organic (selenomethionine
and selenocysteine) [88]. Selenium should be supplied to the human body with foods of
plant and animal origin [26,88] (Table 1).

Selenium plays a role as part of the structure of enzymatic proteins. Itis also an element
of three families of enzymes: glutathione peroxidases (GPx), thioredoxin reductases (TrxR)
and iodothyronionic deionidases (DIOs). Twelve single selenoproteins occur in the human
body, including selenoprotein P, responsible for controlling redox potential in cells and the
transport of selenium to peripheral tissues. Selenium exhibits strong antioxidant properties
and protects against DNA damage [88,89].

The mineral is also important for skin function, having a protective effect and the
ability to scavenge free radicals [89]. By stimulating the activity of selenium-dependent
antioxidant enzymes, such as glutathione peroxidase and thioredoxin reductase, selenium
protects the skin against the oxidative stress induced by UV radiation [87]. Zhu et al. draw
attention to the role of selenium in protecting skin cells against the ageing induced by UVB
radiation [90]. This was confirmed in a study by Jobeili et al., which showed that selenium
delays skin ageing by protecting keratinocyte stem cells [91]. Favrot et al. showed that low
doses of Se (30 nM) provide potent protection against UVA-induced cytotoxicity in young
keratinocytes (from 20-30-year-old donors), while higher concentrations (240 nM) were
required for protective efficacy in old keratinocytes (from donors 60-70 years old) [92].
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Selenium supplementation is an important strategy for inhibiting wrinkles, because
it can reverse ultraviolet light damage and play an anti-ageing role in the skin [89,92].
Kim et al. showed that a selenium-rich tuna heart extract enhanced collagen synthesis and
promoted the proliferation of skin fibroblasts, thus having anti-ageing and anti-wrinkle
effects [93]. These studies indicate that Se supplementation could be a new strategy for
combating skin ageing and photoaging.

Due to the anti-inflammatory and antioxidant properties of selenium, some research
has focused on its role in skin cancer prevention. Whether selenium can prevent skin cancer
or not is controversial. Research by Pols et al. indicates that a high serum concentration
of selenium is associated with an approximately 60% decrease in the incidence of basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the skin [94]. However, some
researchers have demonstrated that supplementation with Se does not significantly affect
the incidence of BCC or is ineffective in preventing it [95,96].

2.2.2. Zinc

Zinc (Zn) is an essential microelement with an important role in many physiologi-
cal processes [97]. A deficiency can cause a number of health problems, so it is essential
to ensure an adequate intake, mainly through a balanced diet containing both animal
and plant products, but also by addressing factors that can impede the absorption of
this element. Zinc can be supplied in food products (Table 1) or in the form of dietary
supplements [26,97,98]. The element has been shown to be present in all human tissues
and body fluids. The average content of this element in an adult is 2-3 g [97,99]. Zinc
is present in the muscles, bones, skin and liver, as well as in the brain, kidneys, spleen
and pancreas [97,99-101]. The skin is the third most Zn-abundant tissue in the body, with
greater amounts in the epidermis than in the dermis [99,102]. In the epidermis, zinc is more
abundant in the stratum spinosum than in the other layers of keratinocytes, while in the der-
mis, the zinc concentration is higher in the upper parts than in the deeper areas [102,103].

Zinc performs catalytic, structural and regulatory functions [97,98], being important
for the regulation of lipid, protein and nucleic acid metabolism, as well as gene transcrip-
tion [98]. The molecular mechanisms of action of zinc are linked to its involvement in
the structure and function of over 300 enzymes, including oxidoreductases, transferases,
hydrolases, lyases, isomerases and ligases [97,104]. Zinc is also a component of numerous
DNA transcription factors (zinc fingers) [100,105].

Zinc ions are involved in maintaining the balance between oxidation and reduction.
As an antioxidant, zinc protects the cells of the body against the harmful effects of free
radicals. An adequate level of this element is required for the activity of antioxidant
enzymes, including cooper zinc superoxide dismutase (Cu/Zn-SOD), which is responsible
for neutralizing the superoxide radical [97].

Zn is essential for the division and differentiation of new cells, and it plays a role
in apoptosis and the ageing of the body [99,100]. The element influences the structure
and proper functioning of the skin and mucous membranes [98,100]. It stabilizes skin
cell membranes and participates in basal cell mitosis and differentiation [106], while also
playing crucial roles in the survival of keratinocytes. The ZIP2 protein, a zinc transporter,
is essential for the differentiation of keratinocytes [103].

Zinc also affects the immune function of the skin, modulating macrophage and neu-
trophil functions, phagocytic activity and various inflammatory cytokines [98,99]. It plays
an important role in preventing the damage induced by UV radiation, influences collagen
metabolism, exhibits antiandrogen properties by modulating the activity of type 1 and 2 5a-
reductase, and also promotes lipogenesis and glucose transport through insulin-like effects
on 3T3-L1 fibroblasts and adipocytes [98,107,108]. The oral and/or topical administration
of Zn has long been used for its effect on skin regeneration and healing [99,109]. Topical
preparations such as calamine or zinc pyrithione have been used as soothing agents or
active ingredients in anti-dandruff shampoos [98]. Zinc preparations in the form of pastes
or ointments cleanse the skin of excess sebum, restore its natural pH, and have astringent,
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anti-inflammatory and anti-acne effects. Zinc oxide, due to its ability to reflect and disperse
UV rays, is used as a physical filter in sunscreens [97-99,107,110].

Zinc is used to treat numerous dermatological conditions, such as infections (e.g.,
warts), inflammatory dermatoses (acne vulgaris, rosacea, atopic dermatitis and alopecia
areata) and pigmentary disorders (melasma) [97-99,107,110]. Zinc administered orally or
topically has been shown to have therapeutic applications in skin ageing (a 0.1% copper—
zinc malonate cream applied topically for 6 weeks significantly reduced wrinkles) [111];
melasma (a 10% zinc sulphate solution applied topically twice daily for 2 months signifi-
cantly reduced MASI scores) [112]; actinic keratoses (a 25% zinc sulphate solution applied
topically twice daily for 12 weeks was safe and effective, especially in patients with multiple
actinic keratosis lesions) [113]; xeroderma pigmentosum (a 20% topical application of a zinc
sulphate solution for 4 months to 2 years improved all types of skin lesions, softened the
skin, lightened the skin color, and cleared the skin of solar keratosis and small malignan-
cies) [114]; eczema (a 0.05% Clobetasol + 2.5% zinc sulphate cream applied topically was
effective in hand eczemas) [115]; rosacea (100 mg of oral zinc sulphate three times per day
was effective after 3 months of therapy) [116]; and alopecia areata (5 mg/kg/day, in three
divided doses, of oral zinc sulphate induced significant hair growth after 6 months) [117].

2.2.3. Copper

Copper (Cu) is naturally found in many food sources [26,118] (Table 1). Dietary cupric
copper (Cu?") is reduced by several reductases to cuprous copper (Cu*) and taken up by
copper transporter 1 (CTR1) at the plasma membrane [119]. In the human body, copper
has been found in the bones, muscles, skin, bone marrow, liver and brain [120]. More than
30 proteins essential for living organisms (e.g., lysyl oxidase, dopamine 3-hydroxylase,
cytochrome c oxidase, superoxide dismutase and tyrosinase) contain copper [121], so Cu is
involved in numerous physiological and metabolic processes important for the functioning
of the human body [122].

Copper also exhibits a wide range of antimicrobial activity, including that against
Gram-positive (e.g., Staphylococcus aureus, Enterococcus faecalis, Clostridium difficile and
Listeria monocytogenes) and Gram-negative (e.g., Escherichia coli, Pseudomonas aeruginosa
and Klebsiella pneumoniae) bacteria, fungi (Candida albicans and Aspergillus brasiliensis) and
viruses (adenovirus, norovirus and poliovirus) [123-125]. Copper and copper compounds
have been used for centuries by many civilizations for general hygiene and to treat various
conditions, such as headaches, burns, intestinal worms, and ear infections, as well as
skin diseases [118,126]. Pulverized malachite (basic cupric carbonate) was used by the
Sumerians for generic medical purposes and by the ancient Egyptians to prevent and
cure eye infections. The ancient Chinese and ancient Romans also used various copper
compounds to treat eye and skin diseases [118]. Preparations containing copper have
been used throughout history in cases of chronic inflammation, skin eczemas, tuberculosis,
syphilis and lupus [126]. Copper sulphate is widely used in Africa to heal wounds. Copper
ions reduce the risk of the fungal and bacterial infection of minor wounds and cuts, as well
as enhancing wound healing [118].

Copper is also important for the overall condition of the skin. Cu stimulates the prolif-
eration of dermal fibroblasts and is involved in the synthesis and stabilization of extracellu-
lar matrix skin proteins and angiogenesis. It is a cofactor of superoxide dismutase (SOD), an
enzyme involved in protecting the skin against the harmful effects of free radicals, and also
prevents oxidative damage to cell membranes and lipid peroxidation [118,126]. Copper
deficiency reduces the activity of the enzyme Cu/Zn-SOD and ceruloplasmin, as well
as copper-independent enzymes, including catalase and glutathione peroxidase. Copper
also promotes the function of free radical scavengers such as metallothionein and glu-
tathione. A deficiency of copper ions in the plasma, liver, erythrocytes and heart increases
the concentration of the lipid peroxidation product malondialdehyde (MDA) [127].

Furthermore, Cu is a cofactor of tyrosinase, the main enzyme involved in synthesis of
the skin pigment melanin [128]. In the active center of the enzyme, in the N-terminal do-
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main, there are two copper atoms, which are coordinated by three histidine residues. Three
types of tyrosinase are involved in melanogenesis: oxytyrosinase (Eoxy), mettyrosinase
(Emet) and deoxytyrosinase (Edeoxy) [129].

Copper ions are commonly included in cosmetics. Cu is used as an active component
of face creams, including those for the care of mature, tired, dull or oily skin [118,130]. The
effectiveness of the active ingredients is known to depend on their ability to penetrate
the skin [130,131]. A study by Mazurowka and Mojski showed that the peptides glycyl-
histydyl-lysine (GHK) and y-glutamyl-cysteinyl-glycine (GSH) influence the permeation of
copper ions through the horny layer of the epidermis [131]. The copper tripeptide complex
(GHK-Cu and GSH-Cu) plays an important role in the protection and regeneration of skin
tissue, increases the synthesis of collagen and elastin, and improves the condition of ageing
skin. For this reason, copper peptides are often used as cosmetic ingredients [130]. In
comparison with other metal compounds, copper has a low allergenic potential, and the
risk of adverse side effects due to skin contact with the metal is small [132,133].

2.2.4. Silicon

Silicon (Si) is the second most abundant element on Earth, present in water, plants
and animals [134] and it has semi-metallic properties. In nature, it is not normally found
in free form but is usually present as a chemical compound of silicon dioxide, a complex
compound, or silicon silicate [135,136]. The silicon present in food is solubilized in the
acidic environment of the stomach, becoming easily absorbed orthosilicic acid (OSA) [134].
Si is mainly absorbed from the diet [135,137] (Table 1). Another important source of silicon
used in dietary supplements is horsetail (Equisetum arvense) [134].

Silicon is present in all healthy tissues of the human body, including the connective
tissues, bones, liver, heart, muscle, kidneys and lungs [137]. Si is also present in the skin,
hair and nails [138]. The amount of silicon in tissues decreases with age, most likely because
the organ responsible for silicon absorption is the thymus, which atrophies with age [137].

Organic silicon plays an important role in skin structure, promotes neocollagenesis,
strengthens connective tissue, and reduces the risk of alopecia [139]. Orthosilicic acid
(OSA) stimulates fibroblasts to secrete collagen type I [140]. Si also promotes the synthesis
of elastin and GAGs, helps to preserve blood vessel elasticity, and increases the resistance
and thickness of nail and hair fibers [135]. Barel et al. demonstrated that the oral intake
of choline-stabilized orthosilicic acid for 20 weeks had a significant positive effect on
the surface and mechanical properties of skin. Treatment with silicon may also improve
keratin structure in the hair and nails and reduce brittleness [138]. Supplementation with
silicon in a highly bioavailable form can be used for skin rejuvenation [141]. Kalil et al.
described the positive effect of orthosilicic acid stabilized with hydrolyzed marine collagen
at 600 mg/day on skin texture, firmness and hydration [141]. Ferreira et al. investigated
the oral intake of two forms of Si—maltodextrin-stabilized orthosilicic acid (M-OSA) and
monomethylsilanetriol (MMST)—and their effects on the nails, skin and hair. They were
found to improve skin parameters, increase eyelash length, reduce facial wrinkles and
UV spots, and act as aluminum detoxification agents [135]. Barel et al. studied the effect
of supplements containing choline-stabilized orthosilicic acid (ch-OSA) on the skin, hair
and nails. In a group of 50 women with photodamaged facial skin taking 10 mg of Si/day
orally for 20 weeks, significant improvements were observed in the surface characteristics
and mechanical properties of the skin, as was a positive effect on the brittleness of the hair
and nails [138].

Silicones are included in cosmetic formulations such as hair conditioners and sham-
poos to give hair a silky appearance and shine, as well as in facial creams to protect and
improve the skin’s strength and elasticity [134,136]. Silicone products applied to the skin
impart a pleasant smoothing sensation. Silicone elastomeric particles can absorb various
liquids, including emollients and sebum, and can thus be used as an agent to carry active
ingredients to the skin or to control sebum deposition in the skin [136,142].
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2.3. Fatty Acids

Unsaturated fatty acids include omega-9 (w-9; n-9) monounsaturated fatty acids and
omega-3 (w-3; n-3) and omega-6 (w-6; n-6) polyunsaturated fatty acids (PUFAs) [151].
Omega-3 and omega-6 fatty acids, including alpha-linolenic (ALA), linoleic (LA) and
gamma-linolenic (GLA) acids, included among the essential fatty acids (EFAs), are of
significant dietary and cosmetic importance (Figure 5) [152].

PUFAs

| ]
®-3 ®-6
—= ALA, C18:3n-3 LA, C18:2n-6 <
— DHA, C22:6n-3 GLA, C18:3n-6 <
— EPA, C20:5n-3 AA C20:4n-6 <—

N

- are an importantcell membrane component, essential for the function of the epidermal
- are a component of intercellularcement and thus influence the permeation of active

- are precursors of eicosanoids (PG, PGI, TX, LT), tissue hormones with a broad spectrum of

barrier
substances and the water balance of the epidermis

activity
- exhibit anti-inflammatoryand anti-allergic effects
- activate metabolicprocesses and cell division
- exert a protective effect by reducing the negative effects of UV radiation
- enhance repair processes and soothe irritation

Figure 5. Classification of polyunsaturated fatty acids and the effects of omega-3 and omega-6 fatty acids on physiological
processes in the skin; ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic
acid; GLA, gamma-linolenic acid; AA, arachidonic acid; PG, prostaglandins; PGI, prostacyclins; TXA, thromboxanes; LT,
leukotrienes (own work based on [151,153,154]).

Essential fatty acids are ascribed an important role in prophylaxis, especially of
cardiovascular disease and allergic or inflammatory conditions [155]. EFAs also play an
important role in skin structure and function.

Owing to unsaturated fatty acids, which, alongside ceramides and cholesterol, are com-
ponents of the intracellular cement, the skin can act as an effective barrier limiting TEWL,
thus ensuring adequate hydration and protecting against external factors [153,154,156].
EFAs have therapeutic properties (e.g., anti-inflammatory and anti-allergic) and exert
protective effects. The results of recent research on the beneficial effects of GLA on var-
ious dermatological conditions are promising and support the hypothesis that it is an
essential fatty acid for skin function. GLA applied topically as a cream penetrates to the
stratum corneum, while taken orally, it reaches the dermis, enhancing its cohesiveness and
preventing excessive TEWL [156,157].

The symptoms of fatty acid deficiency include dryness of the epidermis, peeling,
flabby skin, skin inflammation, an increased susceptibility to irritation and slower heal-
ing. A deficiency of LA, a component of ceramide 1, which plays an important role in
the cohesiveness of the intracellular cement, results in the dysfunction of the skin bar-
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rier and symptoms of dry skin. Research by Cosgrove et al. showed that a higher LA
intake is associated with a lower likelihood of senile dryness and skin atrophy [59]. Many
skin problems, including excessive exfoliation of the epidermis, are also caused by a de-
ficiency of GLA, which is formed from LA via an enzymatic reaction involving delta-6
desaturase [153,154,158,159]. A deficiency of essential fatty acids can also reduce the fluid-
ity of sebum, which leads to the obstruction of the sebaceous glands and the appearance of
blackheads and inflammation [152,157].

Unsaturated fatty acids are not synthesized in the human body, so they must be sup-
plied through the diet. An important source of EFAs is vegetable oils obtained from seeds,
fruit, nuts and sprouts [156]. The biological value and cosmetic suitability of oils depend
on their percentages of fatty acids, both saturated (e.g., stearic and palmitic acid) and unsat-
urated (e.g., oleic, linoleic, linolenic and arachidonic acid). Vegetable oils rich in LA include
wheat germ, soybean, sunflower seed and sesame seed oil [152,160], while oils from the
seeds of borage, evening primrose or blackcurrant are important sources of GLA [161,162].
Oils rich in EFAs improve skin hydration, have a regenerative effect on the damaged
epidermal lipid barrier, and regulate skin metabolism. Vegetable oils play an important
role in the care of dry, sensitive, oily, acne-prone and mature skin [152,157] (Table 2).

Table 2. Selected vegetable oils that are sources of fatty acids of importance for the skin.

Oil Example Source Fatty Acids Composition Reference
Dry, sensitive and atopic skin
-linolenic (26-38%), linoleic (35-38%), oleic (16-20%), palmitic
Borage oil Borago officinalis (10-11%), stearic (3.5-4.5%), eicosenoic (3.5-5.5%), erucic [163]
(1.5-3.5%) acid
Evening primrose oil Oenothera biennis linoleic (70-75%), y-linolenic (8-14%) acid [161,164]
. . . linoleic (>40%), linolenic (10-20%), y-linolenic (13-15%), ’ -
Blackcurrant seed oil Ribes nigrum stearidonic (2-3%) acid [162,165]
. . . «-linolenic (16-19%), linoleic (55-58%), oleic (11-13%),
Hemp oil Canabis satioa y-linolenic (4%), palmitic (5-6%), stearic (2.3-2.5%) acid [166,167]
Oily, combination and acne skin
Baobab oil Adansonia digitata linoleic (36%), palmitic (28.8%), oleic (25.1%) acid [168-170]
Neem oil Azadirachta indica oleic (40%), stearic (16%), palmitic (14%), linoleic (21%) acid [171,172]
L . , y-linolenic (50-60%), oleic (20%), eicosadienoic (3%), ’

Black cumin oil Nigella sativa dihomo-y-linolenic (10%), palmitic and stearic (>30%) acid [173,174]

. . capric (7%), lauric (49%), myristic (18%), palmitic (9%), oleic 5

Coconut oil Cocos nucifera (6%), stearic (2%), linoleic (2%) acid [175]

Mature skin, photoaging, UV protection
Sea buckthorn oil Hippophat thamnoides linoleic (34-40%), ac-linolenic (33—36‘/0), palmitic (26.3%), oleic [158,176,177]
(15-20%) acid
. . linoleic (44%), palmitic (34%), oleic (9%), stearic (7%),
Green coffee oil Coffea arabica arachidonic (3%), linolenic (1.5%) acid [178,179]
. . . linoleic (58.6%), «-linolenic (9.6%), oleic (11.2%), palmitic
Wheat germ oil Triticum aestioum (17.9%), stearic (1.2%), palmitoleic (0.2%) acid [180]
. P linoleic (62-49%), palmitic (10.6-12.8%), oleic (13-23.5%), stearic

Barbary fig oil Opuntia ficus-indica (3.3-5.4%) acid [181]

Argan oil Argania spinosa oleic (43-49%), linoleic (29-36%), palmitic (11-15%), stearic [182-184]

(4-7%) acid

Omega-3 acids obtained from fish oil—eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA)—also play an important role in skin function. Although these acids are not present
in the normal epidermis, their metabolites (epidermal 15-lipoxygenase transforms EPA into
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15-hydroxyeicosapentaenoic acid (15-HEPE) and DHA into 17-hydroxydocosahexaenoic acid
(17-HDoHE)) accumulate in it after the consumption of fish oil [185]. There are studies
indicating that fish oils have a protective role and can reduce the severity of erythema.
Rhodes et al., in a study with a group of 15 people given fish oil containing 1.8 g of EPA
and 1.2 g of DHA, observed a marked reduction in UVB-erythemal sensitivity after six
months of supplementation [186]. In a randomized double-blind trial in 42 healthy patients
taking 4 g/day of EPA or monounsaturated oleic acid for three months, an increase in the
UV-induced erythematous threshold was observed, as was a decrease in the expression of
the protein p53, a marker of DNA damage induced by UV radiation. The results indicate
that EPAs have a UV-filtering effect and suggest that longer-term supplementation may
reduce the risk of skin cancer in humans [187]. Furthermore, the supplementation of diets
with vegetable or fish oils may generate local cutaneous anti-inflammatory metabolites,
which could serve as adjuncts in the management of skin inflammatory disorders [185].

2.4. Polyphenols

Polyphenols are compounds widespread in the world of plants, imparting
color—ranging from red to yellow to blue—to flowers and fruits [188]. Rich sources of
polyphenols include spices and herbs, such as cloves (eugenol), star anise (anethole),
peppermint (eriocitrin), oregano (pinocembrin), sage, thyme, spearmint and rosemary
(rosmarinic acid), as well as fruits, including berries (black chokeberries, black elderber-
ries, blueberries and blackcurrants), plums, cherries, strawberries, raspberries, grapes
and drupe fruits (apples, peaches, apricots, nectarines and pears), some seeds (flaxseeds
and soybeans), nuts (chestnuts, walnuts, hazelnuts, pecans and almonds) and vegetables,
including black and green olives, artichoke heads, red and green chicory, onions, spinach,
broccoli, asparagus and lettuce [189]. Polyphenols are organic chemical compounds con-
taining two or more hydroxyl groups attached to an aromatic ring [190]. Five main groups
of phenolic compounds can be distinguished based on chemical structure: flavonoids,
phenolic acids, tannins, stilbenes and diferuloylmethane [190-192] (Figure 6).

Phenolic compounds

stilbenes phenolic acids flavonoids tanins diferuloylmethane
resveratrol | catechin polymers curcumin
‘ ‘ epicatechin polymers
| benzoic acids | | cinnamic acids | ellagitannins
gallic acid e —— proanthocyanidins
ellagic acid ferulic acid
vanilic acid sinapic acid
syringic acid chlorogenic acid
protocatechuic acid p-coumaric acid
| | | | | ‘
flavones [| flavonols || flavanones||  flavanols flavanonols ||isoflavones || anthocyanidin
apigenin quercetin naringenin catechin taxifolin genistin cyanidin
luteolin myricetin - hesperetin epicatechin daidzein peonidin
tangerin kaempferol procyanidins formononetin malvidin
nobiletin  isorhamnetin epigallocatechin delphinidin

Figure 6. Classification of polyphenols (own work based on [190-193]).
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The most thoroughly researched group of polyphenols is the flavonoids [193]. The struc-
ture of flavonoids is based on a flavan structure consisting of three rings [193,194] (Figure 7).

Figure 7. Basic structure and numbering system of flavonoids (own work).

The health-promoting effects of polyphenols taken orally are linked to their bioavail-
ability, which is largely dependent on their chemical structure. The bioavailability depends
on the amounts of nutrients that are digested, absorbed and included in metabolic pro-
cesses [195,196]. The diversity of polyphenols’ structures is reflected in their multi-faceted
biological activity [190]. They exhibit anti-inflammatory, antibacterial, antifungal, antiviral,
antiallergic, anticancer and anticoagulant properties [190-193,197]. Plant polyphenols are
considered important substances for skin function, with hydrating, smoothing, soften-
ing, soothing and astringent effects [25,190,193,197-199]. Polyphenols inhibit the activity
of enzymes present in the skin—collagenase and elastase, which catalyze the hydroly-
sis of collagen and elastin fibers, and hyaluronidase, which degrades hyaluronic acid.
Furthermore, they soothe irritation and reduce the redness of skin, accelerating the natu-
ral regeneration of the epidermis, stabilizing the capillaries, improving microcirculation
and elasticity in the skin, and protecting against harmful external factors, including UV
radiation [188,197,198,200].

The presence of antioxidants has been shown to be linked to a lower frequency of
ROS-induced photoaging [201]. The antioxidant and antiradical properties of polyphenols
result from the elimination of radicals through direct reactions, scavenging, or the reduction
of free radicals (e.g., hydroxyl, superoxide, peroxide and alcoxyl radicals) to less reactive
compounds. Polyphenols can also chelate transition metal cations (e.g., Cu?>* and Fe?*),
thus preventing Haber—Weiss and Fenton reactions (which lead to the generation of the
extremely reactive hydroxyl radical ¢OH) and also inhibiting the activity of many enzymes
involved in free radical generation (e.g., xanthine oxidase, protein kinase and lipoxygenase).
Their activity also involves the stimulation and protection of other antioxidants, such as
ascorbate in the cytosol or tocopherol in biological membranes [194,195,202].

Raw polyphenolic materials exert synergistic effects with other antioxidants in pre-
venting skin ageing. Cho et al. investigated the effect of the oral administration of an
antioxidant mixture of pycnogenol, evening primrose oil, vitamin C and vitamin E on
UVB-induced wrinkle formation. The study showed that a 10-week administration of the
antioxidants to hairless mice irradiated three times a week with UVB radiation significantly
prevented the UVB-induced expression of MMPs and mitogen-activated protein (MAP)
kinase, as well as the activation of the transcription factor AP-1. It also enhanced the expres-
sion of type I procollagen and TGF-[32). The results indicate that the oral administration
of the antioxidant mixture can inhibit wrinkle formation by preventing the expression of
MMPs and increasing collagen synthesis [203].
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Examples of polyphenolic plant materials of value in the prevention of skin ageing
and protection of skin cells against UV radiation and photoaging, present in the diet or used
as ingredients in dietary supplements, include sylimarin, a complex of the flavonolignans
silibinin, isosilibin, silychristin and sylidianin obtained from milk thistle seed coats (Sily-
bum marianum) [204]; genistein, an isoflavonoid obtained from soybeans (Glycine max) [205];
curcumin, a component of the spice turmeric (Curcuma longa) [206]; and resveratrol, a
polyphenolic phytoalexin present in grape seeds (Vitis vinifera) [207].

Another source of polyphenols (anthocyanins and hydrolysed tannins) with beneficial
effects on the condition of the skin is pomegranates (Punica granatum) [208]. Research has
confirmed the photochemoprotective, antioxidant, anti-inflammatory and antiproliferative
properties of pomegranate extract. Pomegranate fruit extract has been shown to reduce
UVB-induced oxidative stress and the oxidation of skin proteins [209], and also to improve
the color of the skin and restore the glow of skin exposed to UV radiation [210].

Another material rich in polyphenols exhibiting properties that protect skin cells is
green tea. The leaves of Camelia sinensis contain four major polyphenols: epicatechin (EC),
epicatechin gallate (ECG), epigallocatechin (EGC) and epigallocatechin gallate (EGCG), the
last of which accounts for 40% of all the polyphenols [211]. Green tea polyphenols (GTPs)
are an example of a component of plant-based dietary supplements used to prevent the
adverse biological effects of UV radiation, including immunosuppression and photocarcino-
genesis [212]. Research also indicates that GTPs can alleviate the symptoms of premature
skin ageing induced by UVB radiation [213]. Chiu et al. studied the effect of GTPs on the
symptoms of photoaging of the skin in a double-blind trial using a placebo in a group
of 40 women. In half of the subjects a 10-percent green tea cream was applied together
with 300 mg, twice-daily green tea oral supplementation, while the other half received the
placebo. Histological examination showed significant improvements in elastic tissue con-
tent, but no significant changes were demonstrated clinically. The authors concluded that a
clinically perceptible improvement might require a longer period of GTP administration.
GTPs also exhibit anti-inflammatory and antioxidant properties and the ability to scavenge
free radicals [214]. In vivo studies indicate an increase (from 2 to 15%) in plasma antioxi-
dant activity following the consumption of tea or tea polyphenols [215]. A study by Vayalil
et al. demonstrated the inhibition of oxidative stress induced by UVB radiation in the skin
of SKH-1 hairless mice that received GTPs in their drinking water (0.2%, w/v) and were
then exposed to multiple doses of UVB light (90 m]/ cm?) for two months. The inhibition
of protein oxidation was observed, as was the inhibition of the UVB-induced expression of
matrix-degrading MMPs, such as MMP-2 (67%), MMP-3 (63%), MMP-7 (62%) and MMP-9
(60%) [213]. A study in C57BL/6 mice showed that green tea extract reduced collagen
cross-linking and UVB-induced oxidative changes in the structures of proteins [216].

A particularly interesting substance of plant origin that can function as a functional
analogue of retinol is bakuchiol. This is a phenolic compound with a monoterpene side
chain, obtained from the seeds and leaves of Psoralea corylifolia. Chaudhuri and Bojanowski
showed that bakuchiol can prevent wrinkles; improve pigmentation, elasticity and firmness;
and reduce overall photodamage. The authors stress that this compound can be used as a
retinol-like anti-ageing functional compound [37].

The literature includes reports of many clinical trials evaluating the effectiveness
of polyphenol-based therapies. Polyphenols used topically and orally may be effective
in treating certain dermatological conditions, including anogenital warts, alopecia, acne
vulgaris, fungal infections, hyperpigmentation and photoaged skin [217].

2.5. Carotenoids

Carotenoids are polyene pigments, having a conjugated system of double bonds. They
can occur in the form of acyclic, monocyclic or bicyclic compounds. They include carotenes
and their oxygenated derivatives, xanthophylls [218-220] (Figure 8).
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(d)

Figure 8. Structures of the major carotenoids: (a) 3-carotene; (b) lycopene; (c) lutein; (d) zeaxanthin (own work).

Carotenoids are present in plants—imparting a yellow-to-red color to the flowers,
fruits or leaves—and in the marine environment, as a red-orange pigment common in
many aquatic animals [220-222] (Table 3).
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Table 3. Classification of carotenoids, and their sources, functions and importance in skin health [219-228].

Classification Example Source Function
beet root, apricots, cantaloupe, carrots,
pumpkin, sweet potato, pink grapefruit,
tomatoes, watermelon, mango, papaya, -conversion to retinoids (provitamin A
peaches, prunes, oranges, bilberry green carotenoids: «- and 3-carotene,
fruits and vegetables such as green beans, ~ B-cryptoxanthin)
Carot th B-carotene broccoli, brussels sprouts, cabbage, kale, -modulation of the enzymatic activity
ﬁrz enes; ¢ kiwi, lettuce, peas, spinach, acerola, nuts, ~ of lipoxygenases
y rocarlsn oil palm, buriti (Mauritia vinifera), sea -enhancement of immune system function
carotenoids buckthorn (Hippophaé rhamnoides), -antioxidant activity (ability to quench
camu-camu (Myrciaria dubia), rose hip (Rosa  singlet oxygen, free radical scavenging
canina), alga Dunaliella salina (including superoxide anions and
. . . hydroxyl radicals)
tomato and its derivatives, such as juices, ; .. e
-reduction of lipid peroxidation in
soups, sauces, and ketchup, cherry, guava, .
lycopene . human skin
watermelon, papaya, peaches, grapefruit, ion of ion of -
hi -promotion of secretion of transcription
asparagus, rose up factors and growth factors
reen and dark green leafy vegetables, like -suppression of UVA-mediated induction of
8 3 yveg pp
broccoli, brussels sprouts, spinach, parsley, MMP-1, MMP-3, and MMP-10
lutein pumpkin, acerola, rose hip, Tropaeolum -protection of dermal collagen against
majus, caja (Spondias lutea), camu-camu UV-induced oxidation of proline
(Myrciaria dubia), microalgae Chlorella -promotion of synthesis of
vulgaris, eggs procollagen type I
Xanthophylls—the : : -anti-inflammatory properties
d broccoli, brussels sprouts, spinach, parsley, . .
oxygenate : : : : -protection of cell membranes and tissues
id zeaxanthin maize, pequi (Caryocar villosum), A X
carotenoids . ; against effects of UV light
microalgae Chlorella saccharophila . . : .
-protection of skin against UVB-induced
aquatic animals, such as lobster, crab, photoaging and photocarcinogenesis
salmon, trout, krill, shrimp, crayfish and -reduction of sensitivity to UV
astaxanthin crustacea, microalgae Phaffia rhodozyma, radiation-induced erythema
Chlorella vulgaris, Haematococcus -protection from sunburn
pluvialis, yeast -skin-lightening effects
antheraxanthin  many plants, especially maize -improvement of skin condition (hydration,
skin texture, radiance, elasticity, reduction
o-, B- many colored plants as maize and papaya,  in furrows and wrinkles)
cryptoxanthin  sea buckthorn
capsanthin peppers, paprika

Among 800 recognized carotenoids, about 40 are present in the typical human diet,
while only 14 have been identified in the blood and tissues [220,224]. In the human body,
carotenoids mainly accumulate in lipid tissue cells and the liver. They are also present in
the horny layer of the epidermis, as confirmed by Raman spectroscopy. The content of
carotenoids in human skin varies, with the highest levels observed in parts of the body
with high concentrations of sweat and sebaceous glands (e.g., the forehead and hands).
The total content of carotenoids in the skin is influenced by numerous factors, such as the
intake of fruits and vegetables, their bioavailability from various foods, supplementation,
exposure to UV radiation, air pollution, alcohol consumption, smoking and stress [220,229].
The external application of preparations containing carotenoids in combination with oral
supplementation has been shown to increase the concentrations of these compounds
in the skin [25,230].

Due to the coloring properties of carotenoids, they are often used in the food, pharma-
ceutical, cosmetics and feed industries [220,225].

Carotenoids prevent ageing, stimulate fibroblasts to produce collagen and elastin, inhibit
the activity of MMPs, and exhibit anti-inflammatory and UV-filtering effects [222,226,231].
They have been shown to improve the elasticity, hydration and texture of skin; reduce TEWL;
lighten the skin; reduce discoloration; and delay the signs of photoaging [222,231-233].
Yoon et al. investigated the effect of astaxanthin (2 mg/day) and collagen hydrolysate
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(3 g/day) supplementation on moderately photoaged skin in humans. The bioactives
significantly improved barrier integrity, reduced TEWL, and increased the expression of
procollagen type l mRNA. The results indicate that astaxanthin combined with collagen
hydrolysate, due to the beneficial effects of the compounds on skin elasticity and hydration,
can be used as an anti-ageing agent for photoaged skin [234]. A study by Juturu et al.
showed that supplementation with 10 mg of lutein and 2 mg of zeaxanthin isomers daily
for 12 weeks improves the appearance of skin and lightens skin tone [233]. Schwartz et al.
evaluated the effect of zeaxanthin on skin parameters such as fine and deep lines, total wrin-
kles, wrinkle severity, radiance/skin color, discoloration and skin pigment homogeneity.
The results indicate that a zeaxanthin-based dietary supplement and topical serum im-
prove hydration and reduce wrinkles in facial skin [235]. Furthermore, carotenoids support
healing processes and protect the skin against the oxidative stress resulting from exces-
sive ROS activity, thereby reducing the risk of skin cancer [220,226,232,236,237]. Research
confirms the photoprotective effects of carotenoids in the diet and in the form of dietary
supplements. Wertz et al. investigated this effect in the case of 3-carotene. This compound
was found to suppress the UVA induction of MMP-1, MMP-3 and MMP-10, the three main
metalloproteinases involved in photoaging. Moreover, (3-carotene was shown to block
the 10,-mediated induction of MMP-1 and MMP-10 in a dose-dependent manner [228].
Cesarini et al., in a group of 25 subjects, studied the effect of an orally administered antioxi-
dant complex consisting of 3-carotene, lycopene, selenium and «-tocopherol on parameters
of the protection of the epidermis against UV-induced skin damage. After 6 weeks of the
application of the antioxidants, an increase in protection against UV-induced skin damage
was observed, accompanied by a reduction in lipoperoxide levels and sunburn cells (SBCs),
as well as an increase in skin pigmentation [238]. Other research has shown a significant
reduction in UV-induced erythema and improvement in the hydration and elasticity of
skin following the oral application of lutein [237]. Heinrich et al. compared the erythema-
protective effect of 24 mg/d of beta-carotene from an algal source to that of 24 mg/d of a
carotenoid mixture (beta-carotene, lutein and lycopene, at 8 mg/d each). An increase in
carotenoid levels in the serum and skin was observed after 12 weeks of supplementation
in both groups, as was a comparable reduction in UV-induced erythema [239]. Aust et al.
evaluated the photoprotective effects of synthetic lycopene in comparison with those of a
tomato extract and a drink containing solubilized tomato extract. The subjects ingested
similar amounts of lycopene (about 10 mg/d) from all three sources. After 12 weeks of
supplementation, significant increases in serum lycopene levels and total skin carotenoids
were observed in all the groups, as was less severe erythema following exposure to UV
radiation. The protective effects were more pronounced in the groups that received the
tomato extract or a drink containing solubilized tomato extract [240]. These studies indicate
that a photoprotective effect and reduction in the severity of UV-induced erythema can be
ascribed to the entire family of carotenoids.

Researchers draw attention to role of carotenoids in the prevention and treatment of
photodermatoses, such as erythropoietic protoporphyria (EPP), porphyria cutanea tarda
(PCT) and polymorphous light eruption (PMLE) [220]. Some studies indicate that a high
dietary intake of lutein and zeaxanthin is associated with a reduced incidence of squamous
cell carcinomas (SCC) in subjects with a history of skin cancer at baseline [241]. In other
research, treatment with f3-carotene did not significantly reduce the occurrence of new skin
cancers in persons with previous non-melanoma skin cancer [242].

3. Conclusions

The skin is a sensitive indicator of nutritional deficiencies. The most effective way to
improve the condition of the skin is to supply it with essential nutrients, both externally
and—importantly—internally, through a varied diet. An increasing body of research
suggests that a well-balanced diet significantly affects the skin ageing process. It is worth
noting the substances that protect and restore the epidermal barrier, which reduces TEWL,
ensuring an appropriate level of skin hydration and protecting against external factors and
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the damage induced by inflammation (e.g., omega-3 and omega-6 fatty acids). Antioxidants
and other phytonutrients that scavenge ROS and alleviate oxidative skin damage also play
an important role in the prophylaxis and care of ageing skin, as do substances that protect
the skin against the negative effects of ultraviolet radiation (including vitamins A, C and E;
selenium; zinc; copper; silicon; polyphenols; and carotenoids). The oral administration of
antioxidants can be an effective supplement to chemical and physical UV-filtering agents
and can reduce the DNA damage leading to skin ageing and the development of skin
cancer. The inclusion of these substances in the daily diet could be a useful approach in
anti-ageing interventions. In conclusion, the promotion of healthy dietary habits can benefit
the appearance of the skin, delay ageing processes and reduce the risk of skin cancer.
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