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Preface to ”"Nutraceuticals and the Skin: Roles in
Health and Disease”

Natural products have a long history of use for skin ailments, including traditional medicines
that date back hundreds or even thousands of years. In recent decades, some of these natural
products, well recognized as sources for drugs in several human ailments, have undergone more
rigorous testing, resulting in the identification of phytochemical compounds, natural plant-derived
pharmaceuticals, extracts and other preparations that can suitably be termed “nutraceuticals”. The
current volume seeks to provide a snapshot of research into such natural dietary compounds,
pharmaceuticals, extracts, and other preparations as of late 2017, with an emphasis on the transition
from folk medicine or anecdotal case reports to an evidence-based approach for the prevention or
treatment of skin disorders. The book is organized in three sections and contains 13 chapters, with
contributions from Australia, China, Germany, Japan, Korea, Italy, Poland, Romania, Spain, Taiwan
and the U.S.A. There are nine original research contributions and four reviews regarding research
involving humans and rodent models, conducted in the laboratory and in the field.

The first section of this book focuses on the use of two dimensional in vitro cell culture or in vivo
preclinical murine models to study exposure to agents that can lead to premature aging or cancer
in the skin. This section contains five peer-reviewed articles that examine the ability of specific
nutraceuticals, both of plant and animal origin, to exert preventative or therapeutic effects in skin.
Tokudome et al. document how orally administered glucosylceramides from beets protect hairless
mice from UVB-induced skin barrier damage. De la Vega et al. studied skin barrier function and
photoprotection, focusing on the protective actions of bixin (a New World spice component) mediated
via activation of the NRF2 transcription factor. Song et al. examine the effect of collagen peptides
to slow skin aging in mice. The last two studies in this section deal with skin cancer. Georgescu
et al. review the literature describing pathways involved in the pro- and anti-carcinogenic effects
of the pungent spice capsaicin, while Jabtoriska-Trypu¢ et al. describe how cichoric acid present in
many edible fruits and vegetables including chicory or Echinacea, can ameliorate the side effects of
the common cancer chemotherapy drug doxorubicin. What all of these studies have in common, is
the use of objectively measured parameters of skin function, gene expression or enzyme activity to
validate the impact of the nutraceutical in question on skin functional properties. Such approaches
and the validation they provide are vital to set the stage for real clinical testing of nutraceuticals for
disease prevention and/or treatment.

The second section deals with skin inflammation, again using skin cell cultures or mouse models.
One study focuses on psoriasis (Karrys et al.) and another on atopic dermatitis (Jegal et al.). A third
study (Chuang et al.) examines anti-inflammatory actions of flavonoids, including structure/function
considerations of how these compounds are absorbed after application to nude mice skin. As in
section one, all three of these studies examine objective parameters such as gene/protein expression
of key disease markers, or direct measurements of anti-inflammatory actions, to validate any claims
of therapeutic potential.

The final section of this Special Issue deals with the ultimate goal of all of these studies, namely
the application of nutraceuticals or their derivatives to the improvement of human health.
Ashton et al. seek to establish skin coloration as an index of diet quality in young (Australian
adults); Irrera et al. review clinical studies testing the ability of genistein to promote healthy skin
aging in post-menopausal women; Meinke et al. report a random controlled trial in which a

carotenoid-rich



diet (curly kale) was found to be associated with improvement in skin aging parameters;
Martini et al. describe how new European regulations set guidelines for how any claims for
nutraceuticals to improve skin health or treat disease must be substantiated; and finally, Pérez-S
dnchez provide an up-to-date review of clinical trials of nutraceuticals for skin care and challenges in
establishing a cause-and-effect relationship for health benefits in the absence of animal testing, now
banned by the European Union for cosmetic products.

This Special Issue not only takes stock of the current state of research in the field of nutraceuticals
and skin health and disease, but also provides an exciting glimpse of the future of nutraceuticals and
their promise for improving health by utilizing nature’s cornucopia of dietary compounds whose
beneficial effects are only just beginning to be understood. While hoping that these articles will
provide readers with useful updates in this research field, we acknowledge the superb contributions
of the authors, appreciate the reviewers for contributing their time and effort in reviewing each article,

and the MDPI editorial staff for their assistance in making this volume a reality.

Jean Christopher Chamcheu, Deeba Nadeem Syed, G. Kerr Whitfield
Special Issue Editors
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Abstract: Purified glucosylceramide from beet extract (beet GlcCer) and beet extract containing
an equal amount of GlcCer were administered orally to ultra violet B (UVB)-irradiated mice, and
differences in the protective effects against skin barrier dysfunction caused by UVB irradiation were
compared. In the beet GlcCer group, epidermal thickening and the decrease in stratum corneum (SC)
ceramide content caused by UVB irradiation were reduced. In the group that was orally administered
beet extract containing glucosylceramide, effects similar to those in the beet GlcCer group were
observed. Oral administration of beet GlcCer had no obvious effects against an increase in TEWL
or decrease in SC water content after UVB irradiation, but there was improvement in the beet
extract group. Oral administration of beet GlcCer is effective in improving skin barrier function in
UVB-irradiated mice. Beet extract contains constituents other than GlcCer that are also effective in
improving skin barrier function.

Keywords: beet; oral administration; glucosylceramide; skin barrier; ultra violet

1. Introduction

The stratum corneum of skin plays a barrier function that protects organisms from external
stimuli and prevents water loss. Intercellular lipids in the stratum corneum, including ceramides,
cholesterol and fatty acids, are important for maintaining skin barrier function. Ceramides are the most
abundant, accounting for about 40% of all intercellular lipids [1]. The number of ceramides in skin is
decreased in patients with atopic dermatitis and senile xerosis, and increasing the number of ceramides
is important to maintaining healthy skin [2,3]. Oral administration of plant extracts from maize [4],
rice [4], konjac [5] and sugar beet [6] that contain glucosylceramide (GlcCer), a ceramide precursor, or
purified GlcCer has recently been reported to be effective in improving skin barrier function not only
in a hairless mouse model [5,7,8], but also in humans [5,9].

The mechanism by which administered GlcCer improves skin barrier function is not entirely
clear. However, sphingoid bases, as in vivo metabolites of GlcCer, have recently been reported to
activate ceramide synthesis [7,10] promoting the formation of a cornified envelope [8], and increasing
tight-junction function by induction of claudin-1 [11] in human keratinocytes. With regard to species
of shingoid base, rice and maize GlcCer consist primarily of 8-cis-unsaturated bonds, such as d18:2%,
8t 418:18¢ [12], while beet GlcCer consists primarily of 8-trans-unsaturated bonds, such as d18:24 8¢
d18:18, and t18:18 [13].

While there is no doubt about the effectiveness of GlcCer, it is not clear whether the potency of
such plant extracts depends on GlcCer alone. In many cases, evaluated plant extracts have very low
GlcCer contents and higher contents of other constituents. Furthermore, lipid constituents other than
GlcCer present in plant extracts presumably differ considerably between plant species, plant parts

Nutrients 2017, 9, 1178; d0i:10.3390/nu9111178 1 www.mdpi.com/journal /nutrients
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(e.g., root, seeds), and method of extraction and purification. Therefore, improvement of skin barrier
function by plant extracts may be related to the effects of other lipid constituents.

The present study aims to identify any differences between purified beet GlcCer and beet extract
containing GlcCer and in terms of improving skin barrier function. Sugar beet is a raw material
used for sugar production. The fibrous component remaining after extraction of water soluble sugar
from the root is sugar beet fiber. By ethanol extraction of sugar beet fibers, beet extracts containing
lipid mixtures including glucosylceramides, fatty acids and sterols can be produced as functional
food materials.

This study compared differences in the effectiveness between purified GlcCer from beet extract
(beet GlcCer) and beet extract containing equal amounts of GlcCer (beet extract) in preventing skin
barrier dysfunction, namely, epidermal thickening, decreased stratum corneum ceramide content,
increased transepidermal water loss (TEWL), and decreased stratum corneum water content, caused
by UVB irradiation in hairless mice.

2. Materials and Methods

2.1. Materials

Purified glucosylceramide from beet extract (certified > 99% purity) was purchased from Nagara
Science Co., Ltd. (Gifu, Japan). Beet extract was provided by Nippon Beet Sugar Manufacturing Co., Ltd.
(Tokyo, Japan), and was a powdered product derived from a mixture of the ethanol extract of sugar
beet fiber and modified starch, containing 1.0% glucosylceramide. Beet extract also contained free
sterols, sterylglycosides and free fatty acids. The analytical data on the beet extract used in this study
were as follows: 0.39% schottenol, 0.37% «-spinasterol, 0.23% (3-sitosterol, and 0.08% stigmastenol on
HPLC; 1.3% sterylglycosides on TLC; and 0.12% palmitic acid, 0.11% linoleic acid, 0.08% oleic acid
on GC (as reported by Nippon Beet Sugar Manufacturing Co., Ltd.). Ceramide NS and AS standards
were purchased from Matreya LLC (Pleasant Gap, PA, USA). Ceramide NP and AP standards were
obtained from Evonik Goldschmidt GmbH (Goldschmidtstrasse, Essen, Germany). Pentobarbital
sodium salt was obtained from Kyoritsu Seiyaku Co. (Tokyo, Japan). Cyanoacrylate adhesives and
O.C.T. compound were purchased from Daiichi Sankyo Co., Ltd. (Tokyo, Japan) and Sakura Finetek
Japan Co., Ltd. (Tokyo, Japan). Phosphate-buffered saline (PBS) powder was obtained from Sigma
(St. Louis, MO, USA). Silica gel 60 (Merck, Darmstadt, Germany) was used for the HPTLC plate.
All other reagents were obtained commercially and used without further purification.

2.2. Animals

Seven-week-old male HR-1 hairless mice were purchased from Japan SLC Inc., (Hamamatsu,
Shizuoka, Japan). Mice were maintained in a light- (12-h light/dark cycle) and temperature-controlled
(25 £ 2 °C) barrier facility throughout the study. Mice were allowed free access to feed (Labo MR
Stock; Nosan Corporation, Yokohama, Japan) and water. All animal experiments and maintenance
were performed under conditions approved by the Animal Research Committee of Josai University.
Mice were randomly assigned to four groups (1 = 6, Table 1).

Table 1. Experimental groups and test samples.

Composition of Test Sample (mg/Mouse/Day)

Group UVB Irradiation (m]J/cm?)
GlcCer Beet Ethanol Extract Processed Starch
Normal None 0 0 22
Control 200 0 0 22
Beet GlcCer 200 0.3 0 22
Beet Extract 200 0.3)1 8.0 22

1 8.0 mg of beet ethanol extract contains 0.3 mg of beet GlcCer.
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2.3. Test Sample and Schedule

Test samples were suspended in purified water containing processed starch (starch sodium octenyl
succinate) as emulsifier and 0.3 mL was orally administered to each mouse using a sonde every day
for 14 days. All of the glucosylceramide samples were prepared on the day of administration.

A single dose of UVB (200 mJ/cm?) irradiation was applied to the back skin of each mouse using
a Philips UVB lamp (TL20W /12 RS; Philips, Amsterdam, The Netherlands) at day 7 after the first
administration (only one time irradiation of UVB). Collection of stratum corneum and dorsal skin
sections from half of the mice was performed under anesthesia at day 3 after UVB irradiation. Table 2
shows the experimental schedule of this manuscript.

Table 2. Experimental schedule (d: day).

Events/Day —-7d —6d —5d —4d —3d —2d —1d 0d 1d 2d 3d 4d 5d 6d 7d
Sample administration O (@] o (@] o O (@] (@] @] @] @] @] O O

UV irradiation o

Body weight O O o o (e} (@] (e} (e} (e} (e} O O

Water content, TEWL O O O
Ceramide content (@]
HE staining O

2.4. Measurement of Water Contents of Stratum Corneum, and TEWL

Water contents of stratum corneum and TEWL in the back skin of mice were measured
daily for 14 days. Water contents of the stratum corneum were measured with a Corneometer
(Courage & Khazaka, Cologne, Germany) and TEWL was assessed using a VAPO SCAN AS-VT100
RS (Asahi Techno Lab., Ltd., Yokohama, Kanagawa, Japan). Corneometer and VAPO SCAN data are
given in terms of indicated arbitrary units (AU) and g/m? /h, respectively.

2.5. Collection of Mouse Stratum Corneum

After application of anesthesia, cyanoacrylate adhesive was dropped onto slide glass, and this
was adhered to the murine back skin for one minute. Slide glass was removed to collect stratum
corneum sample [2].

2.6. Extraction Method and Lipid Analysis by HPTLC

The slide glass used to collect stratum corneum was soaked in hexane and ethanol (95:5), and was
sonicated at 37 °C for 20 min. After filtering the solution, it was dried under nitrogen gas. The residue
was added to 100 puL of chloroform:methanol (2:1). Briefly, stratum corneum samples were soaked
in 4 mL of chloroform:methanol (2:1 v/v) and sonicated (70 W, 10 min) with a probe-type sonicator
(Sonifire B-12; Branson Ultrasonics, Danbury, CT, USA). The ceramide extracted solution was dried
under nitrogen gas, and was resolved in 0.4 mL of chloroform:methanol (2:1 v/v). Various ceramide
extracts were separated using an HPTLC plate (Silica Gel 60; Merck, Darmstadt, Germany). HPTLC was
developed twice with chloroform:methanol:acetic acid = 190:9:1 (v/v). Ceramide molecules were
visualized by treatment with 10% CuSQOy, 8% H3PO4 aqueous solution, and heating to 180 °C for
10 min. The amounts of various types of ceramide (ceramide NS, NP, AS and AP) were quantitatively
determined using a densitometer.

2.7. Measurement of Stratum Corneum Mass

The slide glass used to collect the stratum corneum was soaked in N, N, dimethylformamide,
and was sonicated for 15 min. The sonicated solution was passed through a filter that was weighed
beforehand. The filter was dried for one week under vacuum. After dryness, the filter weighed again,
and difference between the before and after measurements was taken as the stratum corneum mass.
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2.8. Hematoxylin and Eosin Staining

The dorsal skin of animals was detached, cut into 0.7 cm X 0.2 cm strips with a scalpel, and
embedded in OCT compound under rapid chilling on dry ice in order to prepare frozen sections.
Frozen sections were cut at 0.1 um using the Leica CM 3050 S microtome (Welzlar, Germany).
Sections were subsequently stained with hematoxylin and eosin, as follows. Sections were first
immersed for 30 min in a 10% formalin solution for fixation. Sections were then rinsed with water
and sequentially immersed in ethanol in order to achieve dehydration. Next, sections were rinsed
with water and immersed in hematoxylin solution for 10 min. Sections were again rinsed with water
and immersed in an eosin solution containing acetic acid. Finally, sections were immersed in and
penetrated with xylene 3 times, embedded, and observed under a microscope. Epidermal thickness
was defined as the distance from the top of the stratum granulosum to the bottom of the stratum basale.
Thickness of stratum corneum was measured from the top of the stratum corneum to the bottom.

2.9. Measurement of Epidermis Thickness

Thickness of the epidermis was measured at the horizontal midpoint of each visual field.
Approximately 50 individual measurements were made along the wound margin for each histological
section, and mean thickness was evaluated.

2.10. Data and Statistical Analysis

All results are expressed as means + standard deviation. Statistical analysis was performed using
Tukey’s post-hoc test (using SAS software version 9.2, SAS Institute, Cary, NC, USA).

3. Results

3.1. Body Weight Change after Oral Administration of Beet GlcCer or Beet Extract in UV B-Irradiated Mice

Figure 1 shows the body weight changes in UVB-irradiated mice. Body weight did not change in
any groups after oral administration of beet GlcCer or beet extract.

Body weight (g)

Time (day)

Figure 1. Body weight changes in UVB-irradiated mice after oral administration of beet GlcCer or beet
extract. Symbols and bars represent means and standard deviation (1 = 6 from day —7to day 3,and n =3
from day 4 to day 7), respectively. Symbols: Closed circles, Normal group (without UVB irradiation,
vehicle administration); Open circles, Control group (200 mJ/ cm? UVB, vehicle administration); closed
triangles, beet GlcCer group (200 mJ/cm? UVB, beet GlcCer oral administration); closed squares,
beet extract group (200 mJ/cm? UVB, beet extract oral administration).
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3.2. Epidermal Hyperplasia Following UVB Irradiation

Frozen sections of murine dorsal skin at day 3 after UVB irradiation were prepared, and
hematoxylin and eosin staining of the sections was performed (Figure 2). Skin layers were thickened
by UVB irradiation (normal group, 28 & 4 pm; control group, 119 + 9 um; p < 0.01). Interestingly, beet
GlcCer reduced skin thickening induced by UVB irradiation, and a similar effect was also observed
in the beet extract group (beet GlcCer group, 68 & 11 um; beet extract group, 69 = 5 um; p < 0.01 vs.
control group).

(8) ®
) 1 Tt 1t
(D) ,
i wNormaIControI Beet Beet
GlcCer Extract

Figure 2. Hematoxylin and eosin staining, and thickness of epidermis in mouse skin. (A) Normal
(without UVB irradiation, vehicle administration); (B) Control (200 mJ/cm? UVB irradiation, vehicle
administration); (C) Beet GlcCer (200 mJ/cm? UVB irradiation, beet GlcCer oral administration);
(D) Beet extract (200 mJ/cm? UVB irradiation, beet extract oral administration); and (E) Epidermal
thickness in UVB irradiated mice (1 = 3). Scale bar indicates 50 um. ** p < 0.01 vs. normal group,
tt p < 0.01 vs. control group, Tukey’s post-hoc multiple comparison test.

Thickness of epidermis (um)

3.3. Comparison of Ceramide Contents in Stratum Corneum among Mouse Groups

Quantitative analysis of ceramide contents in stratum corneum removed from the murine back
skin at day 3 after UVB treatment was performed (Figure 3). UVB irradiation significantly decreased
ceramide contents in stratum corneum. Remarkably, ceramide contents in UVB-irradiated mice orally
given beet GlcCer were similar to those in the normal group. Similar results were observed between
the beet extract group and the normal group.
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Figure 3. Ceramide contents in stratum corneum in UVB-irradiated (200 mJ/cm?) mice after oral
administration of beet GlcCer or beet extract. Ceramide NS (A); NP (B); AS (C) and AP (D); respectively.
Values are given as means and standard deviation (n = 3). * p < 0.05, ** p < 0.01 vs. control group,
Tukey’s post-hoc multiple comparison test.

3.4. TEWL and Water Contents in Stratum Corneum

Figure 4 shows the TEWL and water contents in stratum corneum at days 0, 3 and 6 after UVB
irradiation in each group. TEWL in UVB-irradiated groups temporarily increased at day 3 after UVB
treatment, as compared with non-UVB-irradiated mice. Mice administered beet GlcCer showed slightly
lower TEWL, but the difference was not significant, when compared with the control group at day 3.
Increases in TEWL in the beet extract group after UVB irradiation were significantly lower than in the
control group at days 3 and 6. UVB irradiation also decreased the water content in stratum corneum in
each mouse group. Although the water content in stratum corneum from the control group remained
low at day 6 when compared with the normal group, early recovery of the loss of water content in the
stratum corneum was observed in the beet extract group.
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Figure 4. Effects of oral administration of beet GlcCer or beet extract on TEWL and stratum corneum
after UVB irradiation. (A) Transepidermal water loss (TEWL); (B) water contents in stratum corneum.
Values are shown as means + standard deviation (17 = 6 at day 0 and 3, n = 3 at day 6). * p < 0.05,
** p < 0.01 vs. normal group, t p < 0.05 vs. control group, 1 p < 0.01 vs. control group, { p < 0.05 vs.
beet GlcCer group, Tukey’s post-hoc multiple comparison test.

4. Discussion

This study showed that oral administration of purified GlcCer from beets was effective in
preventing epidermal thickening and decreased stratum corneum ceramide content caused by UVB
irradiation in hairless mice. In addition, administration of beet extract containing an equal amount of
glucosyl ceramides was more effective than beet GlcCer in improving increased TEWL and decreased
stratum corneum water content.

Initially, examination of skin sections on day 3 after UVB irradiation showed epidermal
hyperplasia in controls. Epidermal thickness increased 4-fold when compared to the normal group.
However, in the beet GlcCer group, epidermal thickness decreased to 50% when compared with
controls. In the beet extract group, epidermal thickness decreased to the same degree as in the beet
GlcCer group. These findings strongly suggest that inhibition of epidermal hyperplasia was due to
the effects of orally administered GlcCer. Inhibition of epidermal hyperplasia by beet extract [6] and
purified GlcCer from corn extract has previously been reported in a hairless mouse model of skin
barrier impairment induced by an Mg-deficient HR-AD diet [7]. Our study found that beet GlcCer
was also effective in preventing epidermal hyperplasia induced by UVB irradiation.

Ceramides, which account for about 40% of intercellular lipids in the stratum corneum,
are important in skin barrier function [1-3]. A recent study found that UVB irradiation decreased skin
ceramide content and increased ceramidase gene expression [14]. With oral administration of purified
GlcCer from plant extracts to hairless mice fed an HR-AD diet, a 2-fold increase in epidermal ceramide
synthase gene expression has also been reported [7]. Because of these previous findings, we decided
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to focus on stratum corneum ceramide content. In our study, we analyzed stratum corneum content
of ceramides NS, NP, AS and AP, for which ceramide standards were available. The results showed
a decrease in all measured ceramides at 3 days after UVB irradiation, but with oral administration
of beet GlcCer, all of these decreases were reduced. Moreover, similar levels of stratum corneum
ceramide content were seen in both the beet GlcCer group and the beet extract group, thus strongly
suggesting that GlcCer in the beet extract contributed to these observed effects.

Haratake et al. reported epidermal cell hyperplasia followed by increased TEWL in
UVB-irradiated hairless mice [15]. The increase in TEWL was reduced by DNA synthesis inhibitors,
and they concluded that epidermal hyperproliferation was associated with the epidermal barrier
disturbance [15]. TEWL reflects water loss from the body and is commonly used a parameter of skin
barrier function. In our study, epidermal hyperplasia and increased TEWL were observed in the control
group at 3 days after UVB irradiation. The effectiveness of purified GlcCer from plants in preventing
TEWL has previously been reported in a hairless mouse model with barrier perturbation induced by
single-dose UVB irradiation [8], in a hairless mouse model with sodium dodecyl sulfate-induced skin
roughness [5], in a Mg-deficient diet-induced atopic dermatitis-like model [7], and in a tape-stripped
injured skin mouse model with regard to GlcCer from konjac and maize [7]. However, there are few
reports on GlcCer from beet. Haruta-Ono et al. reported on orally administered of sphingomyelin to the
improvement of epidermal function in hairless mice [16]. TEWL and stratum corneum water content
of sphingomyelin-administered mice showed better values than the control group. Ceramide also
increased. From these results, oral application of GlcCer and sphingomyelin may have a good effect
on epidermal function.

In our study, although TEWL was slightly lower in the beet GlcCer group when compared
with the control group, the difference was not statistically significant. Interestingly, however, oral
administration of beet extract containing an equal amount of GlcCer, when compared to the control
group, significantly reduced the increase in TEWL caused by UVB irradiation. In addition, there was
earlier recovery of decreased stratum corneum water content. These results strongly suggest that
constituents other than GlcCer in beet extract help protect against or restore UVB irradiation-induced
skin barrier dysfunction.

For example, beet-derived steryl glycosides, phytosterols and free fatty acids are present
in beet extracts (described in Materials and Methods). Recent studies have reported that steryl
glycosides and phytosterols inhibit UVB irradiation-induced inflammatory reactions (cytokines, matrix
metalloproteinase production) in skin cells [17,18]. In UVB-irradiated skin tissue, inflammatory
cytokines and chemokines such as IL-1&, TNF«x and IL-8 are released from keratinocytes [19-21].
This is followed by activated lymphocyte infiltration into skin tissue, leading to an inflammatory
reaction. Oral administration of beet extract may reduce skin barrier dysfunction after UVB irradiation
more so than administration of GlcCer alone because phytosterols in beet extract prevent expansion of
the inflammatory reaction in skin tissue after UVB irradiation. Confirmation of this hypothesis will
require further studies.

5. Conclusions

Oral administration of beet GlcCer prevented epidermal hyperplasia and decreased stratum
corneum ceramide content caused by UVB irradiation. In addition, our findings suggest that beet
extract contains constituents other than GlcCer that are also effective in improving skin barrier function.
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Abstract: The transcription factor NRF2 (nuclear factor-E2-related factor 2) orchestrates major
cellular defense mechanisms including phase-II detoxification, inflammatory signaling, DNA repair,
and antioxidant response. Recent studies strongly suggest a protective role of NRF2-mediated
gene expression in the suppression of cutaneous photodamage induced by solar UV (ultraviolet)
radiation. The apocarotenoid bixin, a Food and Drug Administration (FDA)-approved natural
food colorant (referred to as ‘annatto’) originates from the seeds of the achiote tree native
to tropical America, consumed by humans since ancient times. Use of achiote preparations
for skin protection against environmental insult and for enhanced wound healing has long
been documented. We have recently reported that (i) bixin is a potent canonical activator of
the NRF2-dependent cytoprotective response in human skin keratinocytes; that (ii) systemic
administration of bixin activates NRF2 with protective effects against solar UV-induced skin damage;
and that (iii) bixin-induced suppression of photodamage is observable in Nrf2*/* but not in Nrf2~/~
SKH-1 mice confirming the NRF2-dependence of bixin-induced antioxidant and anti-inflammatory
effects. In addition, bixin displays molecular activities as sacrificial antioxidant, excited state quencher,
PPAR (peroxisome proliferator-activated receptor) ot/y agonist, and TLR (Toll-like receptor) 4/NF«B
(nuclear factor kappa-light-chain-enhancer of activated B cells) antagonist, all of which might be
relevant to the enhancement of skin barrier function and environmental stress protection. Potential
skin photoprotection and photochemoprevention benefits provided by topical application or dietary
consumption of this ethno-pharmacologically validated phytochemical originating from the Americas
deserves further preclinical and clinical examination.

Keywords: skin photodamage; skin barrier function; solar ultraviolet (UV); NRF2; PPAR«; bixin; achiote

1. Introduction: Solar Radiation, Photodamage, Photoaging, and Skin Photocarcinogenesis

Exposure to solar ultraviolet (UV) radiation is a causative factor in acute skin photodamage,
chronic photoaging, and photocarcinogenesis [1-4]. More recently, a causative role of solar photons in
the visible and infrared spectral range contributing to skin photodamage has been substantiated [5-8].
Moreover, cutaneous exposure to other environmental stressors including combustion pollutants,
heavy metals, metalloids, and ozone has been shown to contribute to skin damage and carcinogenesis.
Remarkably, nonmelanoma skin cancer (NMSC; also referred to as keratinocyte cancers (KC)) is the
most common malignancy in the United States, and skin cancer incidence is increasing rapidly,
presenting a public health burden of considerable magnitude [9]. Even though sunscreen-based
photoprotection is an effective component of a sun-safe strategy to reduce cumulative lifetime exposure
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to UV light, much effort has been directed towards the development of more effective molecular
strategies acting through mechanisms different from (or synergistic with) photon absorption [9-14].

2. NRF2: A Master Regulator of Skin Barrier Function, Cellular Defense Mechanisms against
Environmental Stress, and Solar Radiation Response

The redox-sensitive transcription factor NRF2 (nuclear factor-E2-related factor 2) orchestrates
major cellular defense mechanisms including phase-II detoxification, inflammatory signaling,
DNA repair, and antioxidant response, and recent experimental evidence supports an important role
of NRF2 in skin barrier function. NRF2 has therefore emerged as a promising molecular target for the
pharmacological prevention of human pathologies resulting from exposure to environmental toxicants
including solar UV-induced damage and carcinogenesis [15-18]. Moreover, the potential of NRF2
for modulation of skin chronological and photodamage-associated aging has attracted considerable
attention [9,19,20].

3. NRF2: Molecular Biology and Pharmacological Modulation

NREF?2 is ubiquitously expressed in all tissues, including the skin, but its protein levels and
consequently its activity are tightly regulated (Figure 1). Under basal (homeostatic) conditions,
NREF?2 resides in the cytosol, where it binds to its negative regulator Kelch-ECH associated protein 1
(KEAP1), a substrate adaptor for a cullin 3-RING box protein 1 (CUL3-RBX1) E3 ubiquitin ligase
complex [21]. Thus, NRF2 is ubiquitylated and degraded by the 26 S proteasome [22]. However,
upon exposure to reactive oxygen species (ROS) or to electrophilic compounds, key sensor cysteine
residues in KEAP1 (cysteine 151 in particular) are chemically modified, causing a conformational
change in KEAP1 that prevents degradation of NRF2, which remains complexed to KEAP1 [23,24].
This allows newly synthesized NRF2 to accumulate and translocate to the nucleus, where it
heterodimerizes with small MAF (musculoaponeurotic fibrosarcoma) proteins and binds to the
antioxidant response elements (AREs) in the regulatory regions of its downstream genes [25].
This mode of canonical NRF2 regulation has been extensively studied in the context of skin protection
and pathogenesis. In addition, other modes of NRF2 regulation, such as the p62-dependent
non-canonical pathway that activates NRF2 in an autophagy-dependent manner [26,27] or the
GSK3-BTrCP (glycogen synthase kinase 3/p-transducin repeat containing protein) degradation
pathway [28,29], have been described. However, the involvement of these other modes of NRF2
regulation in skin barrier function and environmental stress protection remain to be determined.

Many natural chemopreventive compounds that have antioxidant properties exert their
cytoprotective function through NREF2 activation. Classic examples of NRF2 inducers are
sulforaphane (from cruciferous vegetables) [16], curcumin (from Curcuma longa) [30], cinnamaldehyde
(from cinnamon) [31,32], and tanshinones (from Salvia miltiorrhiza) [33], among many others. These
compounds are promiscuous electrophilic molecules that also react with cysteine 151 of KEAPI,
induce NRF2, and confer protection against a number of chemical insults or radiation damage
(including UV) observable in vitro and in vivo [34-36]. Recently, a synthetic triterpenoid NRF2
modulator and bardoxolone-derivative, RTA 408, has been tested for topical NRF2 activation in rat,
murine, and human skin [37,38], but limited data on skin protection properties are available. Taken
together, a significant opportunity for the development of cutaneous NRF2-dependent skin protection
strategies using nutrient-derived molecular entities remains to be explored.
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Figure 1. The nuclear factor-E2-related factor 2 (NRF2) pathway with a focus on skin barrier function
and environmental stress protection. The transcription factor NRF2 binds to Kelch-ECH associated
protein 1 (KEAP1), the substrate adaptor protein for the cullin 3-RING box protein 1 (CUL3-RBX1)
E3 ubiquitin ligase complex. Under basal conditions, NRF2 is ubiquitylated and degraded by the 26S
proteasome. Upon modification of reactive cysteines in KEAP1 by reactive oxygen species (ROS) and
electrophiles (including bixin), NRF2 is no longer ubiquitylated. This allows for newly synthesized
NREF?2 to accumulate, translocate to the nucleus, and activate the transcription of antioxidant response
element (ARE)-containing target genes by dimerizing with small MAF (sMAF) proteins. Select
skin-relevant NRF2 target genes are displayed according to the cellular function they perform. GPXs,
glutathione peroxidases; PRDXs, peroxiredoxins; SRXN1, sulfiredoxin 1; TXN, thioredoxin; TXNR1,
thioredoxin reductase 1; GCLC, glutamate cysteine ligase, catalytic subunit; GCLM, glutamate cysteine
ligase, modifier subunit; SLC7A11, glutamate/cystine antiporter (xCT); AKRs, aldoketoreductases;
NQO1, NAD(P)H:quinone oxidoreductase 1; GST5, glutathione S-transferases; ABCs, ATP-binding
cassette family proteins; MRPs, multidrug resistance-associated proteins; LCEs, late cornified envelope
family members; KRT5, keratins; SPRR, small proline rich proteins; OGG1, 8-oxo-guanine glycosylase;
TP53BP1, p53 binding protein 1; RAD51, DNA repair protein RAD51 homolog 1; ME1, malic enzyme;
IDH1, isocitrate dehydrogenase 1; G6PDH, glucose-6-phosphate dehydrogenase; COX2, cytochrome
¢ oxidase subunit 2; PSM, proteasome subunit proteins; SQSTM1, sequestosome 1 (p62); ATG5,
autophagy-related gene 5 NOTCH1, Notch homolog 1, translocation-associated; EPGN, epigen; IGF,
insulin-like growth factor; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor;
BCL2, B cell lymphoma 2; CDKN1A, cyclin dependent kinase inhibitor 1A (p21); MiR, microRNAs.

OH

4. NRF2 Control of Skin Barrier Structure and Function

Recently, it has been shown that numerous genes encoding skin barrier structural and functional
components are under NRF2 transcriptional control, including late cornified envelope 1 (LCE1)
family members (LCE1B, LCE1C, LCE1E, LCE1G, LCE1H, LCE1M), keratins (KRT6A, KRT16, KRT17),
small proline rich proteins (SPRR2D, SPRR2H), secretory leukocyte protease inhibitor (SLPI), and the
EGF family member epigen (EPGN), some of which contain a validated ARE [39-43]. Moreover,
a novel role of NRF2 in skin barrier and desmosome function has been attributed to transcriptional
control of MiR-encoding genes (MIR29AB1 and MIR29B2C) in keratinocytes, substantiating a
novel NRF2-miR29-DSC2 (desmocollin-2) axis in control of desmosome function and cutaneous
homeostasis [44]. In addition, much research has substantiated a role of NRF2 in epidermal redox
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control, stress response regulation, terminal differentiation, and barrier homeostasis, and a crucial role
of NRF2 in the control of a cytoprotective glutathione gradient throughout the epidermis has been
demonstrated [13,35,40,41,45].

Additional functional implications of NRF2 relevant to skin barrier maintenance, repair,
and rejuvenation have recently emerged, including a role in metabolic control and mitochondrial
homeostasis, proteasomal function and autophagy, and stem cell renewal and pluripotency [46-48].

Moreover, abundant functional crosstalk exists between NRF2 and other cutaneous stress
response pathways including AhR (arylhydrocarbon receptor) and NF«kB [49-51]. For example,
the co-occurrence of ARE- and xenobiotic response element- (XRE-)sequences in the promoter region
of several AhR-controlled genes (including NQO1 (NAD(P)H quinone oxidoreductase 1) and GST
(glutathione-S-transferase) indicates mechanistic crosstalk between NRF2 and AhR at the gene
expression level [52]. Likewise, direct AhR binding to XREs located in the NRF2 promoter region has
been confirmed by immunoprecipitation analysis, enabling AhR agonists to induce NRF2 expression at
the mRNA and protein levels. It has also been demonstrated that protease-activated receptor-2 (PAR-2),
an important mediator of inflammation and immune responses by serine proteinases, activates NQO1
via NRF2 stabilization in keratinocytes, suggesting that in addition to induction of inflammation,
PAR-2 can play a cytoprotective role that depends on NRF2 [53].

5. NRF2 in Skin Pathology

A substantial body of experimental evidence indicates that NRF2 dysregulation, either due
to insufficient adaptive activation in response to environmental stressors or due to constitutive
hyperactivation as a result of genetic alterations that may also involve KEAP1, has detrimental
effects compromising skin barrier function and stress responses. Seminal research has documented
that constitutive epidermal NRF2 overactivation through permanent genetic deletion of KEAP1-caused
hyperkeratosis in murine skin [54]. It has also been demonstrated that forced constitutive NRF2
overactivation causes chloracne-like skin disease characterized by acanthosis, hyperkeratosis, and cyst
formation in mice [43]. Likewise, oncogenic NRF2 mutations have been detected in squamous
cell carcinomas of the esophagus and skin [55-57]. In contrast to compromised skin structure and
function that may originate from both impaired NRF2 activation as well as forced hyperactivation,
NRF2 activation in healthy skin is transient and subject to extensive feedback regulation and
modulatory crosstalk. Pharmacological modulation of NRF2 in skin aiming at a therapeutic, preventive,
or regenerative benefit must therefore be performed without causing prolonged hyperactivation of the
pathway as has been discussed before [56,58].

Wound healing. Recent research indicates that a glutathione-NRF2-thioredoxin cross-talk enables
keratinocyte survival and wound repair through modulation of inflammation, apoptosis, and oxidative
stress [59]. Importantly, substantial research has identified an essential role of NRF2 in diabetic
wound healing, amenable to therapeutic intervention using small molecule NRF2 activators such as
sulforaphane and cinnamaldehyde [32,60].

Psoriasis. In psoriasis, NRF2 is an important driver of keratinocyte proliferation with
up-regulation of Keratin 6, Keratin 16, and Keratin 17 [61]. However, NRF2-directed intervention in
psoriasis is efficacious since the anti-psoriatic drug monomethylfumarate increases NRE2 levels and
induces aquaporin-3 mRNA and protein expression, important for keratinocyte differentiation [62].

Allergic dermatitis. NRF2 activation has been identified as a key event triggered by common
skin sensitizers known be cysteine-directed electrophiles [63-66]. However, pharmacological NRF2
activation using ginger-derived 6-shogaol has shown efficacy in allergic dermatitis-like skin lesions
through anti-inflammatory redox modulation [67].

Atopic dermatitis. Redox dysregulation is an emerging causative factor contributing to
compromised skin barrier function in atopic dermatitis, and pharmacological intervention targeting
NREF2 has shown promise targeting atopic dermatitis-like skin lesions in 2,4-dinitrochlorobenzene
(DNCB)-sensitized and challenged mice [68,69].
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Melanocytic dysfunction. It is now understood that NRF2 also plays an essential role in
the maintenance of melanocyte responses to environmental stressors. NRF2 has been implicated
in cutaneous pigmentation disorders resulting from redox alterations relevant to vitiligo and
stress-induced and chronological hair greying [70-73]. Interestingly, recent evidence suggests that
NRE?2 plays a role in facilitating glutathione-dependent chemoresistance of malignant melanoma
cells [74].

Chronological aging and progeria. Increasing evidence indicates a role of NRF2 in the control of
chronological cellular aging [75-77]. Recently, an unanticipated mechanistic role of NRF2 dysfunction
as a key contributor to premature aging has been proposed in the genetic premature aging disorder
Hutchinson-Gilford progeria syndrome (HGPS), attributed to increased chronic oxidative stress [78,79].
In HGPS, a de novo LMNA (lamin A/C) gene mutation encodes for progerin, a dysfunctional
nuclear architectural protein variant of lamin A lacking 50 amino acids. Progerin formation is
also observed during normal cellular aging, and chronic UVA exposure has been shown to induce
progerin in cultured human dermal fibroblasts [80]. Recent experimental evidence suggests that
progerin sequesters NRF2 and thereby causes its subnuclear mislocalization, resulting in impaired
NREF2 transcriptional activity and consequently increased chronic oxidative stress. Importantly,
reactivation of NRF2 activity in HGPS patient cells reverses progerin-associated nuclear aging defects,
suggesting that progerin-dependent repression of NRF2-mediated antioxidant responses is a key
factor underlying HGPS-type premature aging with potential relevance to chronological aging and
UVA-induced photoaging.

NREF2 in skin photodamage. Recent studies strongly suggest a protective role of NRF2-mediated
gene expression in the suppression of cutaneous photodamage induced by solar UV radiation
(as evidenced by suppression of UV-induced apoptosis and inflammatory signaling), and NRF2
activation has been shown to protect cutaneous keratinocytes and fibroblasts against the cytotoxic
effects of UVA and UVB [16,18,19,31,33,81-88]. Importantly, research performed in SKH-1
mice documents that genetic NRF2 activation protects mice against acute photodamage and
photocarcinogenesis [36,89]. Therefore, pharmacological modulation of NRF2 has now attracted
considerable attention as a novel approach to skin photoprotection, cancer photochemoprevention,
and suppression of skin photoaging [13,33,34,86]. Indeed, protection of primary human keratinocytes
from UVB-induced cell death by novel drug-like NREF2 activators has been reported, a photoprotective
effect attributed in part to NRF2-dependent elevation of cellular glutathione levels [40,87,90].

Our own studies have demonstrated the photoprotective effects of pharmacological NRF2
activation in cultured human skin cells and reconstructed epidermal skin models [13,31,33]. Topical
application of NRF2 inducers, e.g., the synthetic NRF2-activator TBE-31, has shown pronounced
photoprotective and photochemopreventive activity in murine skin, and suppression of solar
UV-induced human skin erythema was achieved by topical application of a standardized broccoli
extract delivering the NRF2 inducer sulforaphane [36]. However, little research has explored
the concept of cutaneous photoprotection and photochemoprevention achievable by systemic
administration of NRF2 inducers [13,91].

6. Systemic Photoprotection by Dietary NRF2 Activators: Focus on the Apocarotenoid Bixin,
an FDA-Approved Food Colorant and Spice Native to Tropical America

The dietary origin of numerous photochemopreventive factors suggests the possibility of
achieving efficient skin delivery through oral systemic administration, an emerging concept referred
to as ‘nutritional” or ‘systemic photoprotection’ [9]. Indeed, clinical studies document feasibility of
human skin photoprotection by dietary intake of lycopene from processed tomato and flavonoid-rich
cocoa [10,92-94]. In an attempt to test for the first time the feasibility of NRF2-dependent systemic
photoprotection by dietary constituents, we focused our photoprotection studies on the apocarotenoid
bixin (Figures 1 and 2), an FDA-approved natural food colorant from the seeds of the achiote tree
(Bixa orellana) native to tropical America [13,95,96]. A native spice derived from the Americas, annatto
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is an orange-red condiment and food coloring used to impart a yellow or orange color to signature
foods of Latin America and the Caribbean.

Consumed by human populations in the Americas since ancient times, this apocarotenoid,
derived from lycopene through oxidative cleavage, is now used worldwide as a spice, food colorant,
and cosmetic and pharmaceutical ingredient (referred to as ‘annatto’; E160b). Due to its unusual
(linear/noncyclic) chemical structure, the apocarotenoid bixin displays characteristics different from
all other carotenoids. Specifically, bixin is water soluble, does not display provitamin A activity,
and is distinguished by an excellent safety record as well as established systemic bioavailability
and pharmacokinetic profile upon oral administration as documented extensively in mice and
humans [97-99]. Indeed, bixin is now one of the most consumed food colorants in the world
distinguished by a long record of dietary and ethno-pharmacological use [95,96,100]. Chemical
activities of bixin as sacrificial antioxidant, free radical scavenger, and efficient physical quencher
of photoexcited states including singlet oxygen (surpassed only by lycopene) are documented [101].
Topical preparations of annatto extract have been in ethno-pharmacological use showing therapeutic
efficacy for wound healing, mouth ulcers, and other pathologies associated with impaired epithelial
barrier function [100,102]. It is also interesting that translational research documents the efficacy
of bixin-loaded polycaprolactone nanofibers as an innovative delivery system accelerating wound
healing and reducing scar tissue formation in diabetic mice [103]. Moreover, bixin-based systemic
protection against environmental toxicants including methylmercury and carbon tetrachloride has
been documented in vivo [104,105].
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Figure 2. Bixin for improved skin barrier function and photoprotection. Based on pleiotropic
activities including direct chemical and NRF2-dependent antioxidant modulation, cis-bixin and its
physiologically relevant derivatives trans-bixin and nor-bixin enhance skin barrier structure and
function with photoprotective and potentially photochemopreventive efficacy; thioredoxin (TRX),
thioredoxin reductase 1 (TXNRD1).

In prior studies, bixin has demonstrated antigenotoxic and antioxidant cytoprotective activities,
and systemic availability of oral bixin and its demethylated metabolite norbixin has been documented
in rodent studies and healthy human subjects [97,98,106,107]. In long term murine feeding experiments,
supplementation levels up to 5% (w/w food) were well tolerated. Importantly, acceptable daily
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intake (ADI) over a lifetime without an appreciable health risk (http://apps.who.int/food-additives-
contaminants-jecfa-database/search.aspx) surpasses that of any other carotenoid approved as a food
additive [ADI (bixin): 12 mg/kg body weight/day] [108].

7. Bixin for NRF2-Dependent Systemic Skin Photoprotection

Bixin was identified as the result of a screen for diet-derived small molecule NRF2 activators
targeting oxidative stress and redox dysregulation in epithelial cells [13,109]. Using activity guided
fractionation and bio-analytical tools for the quantitative detection of bixin and other small molecule
constituents in annatto extracts, we were able to demonstrate that bixin is the active molecular entity
in annatto total organic extracts responsible for NRF2 activation. Recently, we have reported for
the first time that (i) bixin is a potent activator of the NRF2-dependent cytoprotective response in
cultured human skin keratinocytes; (ii) systemic administration of bixin activates cutaneous NRF2 with
potent protective effects against solar UV-induced skin damage in SKH-1 mice; and (iii) bixin-induced
suppression of photodamage is observable in Nrf2*/* but not in Nrf2~/~ SKH-1 mice confirming
the NRF2-dependence of bixin-based antioxidant and anti-inflammatory cutaneous effects [13].
Based on its unique status as a FDA-approved food additive with an established safety profile and
potent NRF2-inducing activity, we also have investigated and established efficacy of systemic NRF2
activation using intraperitoneal administration of bixin for lung protection against ventilation-induced
oxidative stress [110]. Importantly, dietary carotenoids (including [-carotene, lycopene, lutein,
3,3'-dihydroxyisorenieratene, zeaxanthin, astaxanthin) and their biosynthetic precursor molecules
(such as phytoene) have been under investigation for epithelial chemoprevention and cutaneous
photoprotection before [10,92,111-113], and the systemic photoprotective activity of carotenoids,
displayed only after dietary uptake and cutaneous accumulation, has largely been attributed
to their activity as photon absorbers, sacrificial antioxidants, and excited state/singlet oxygen
quenchers [101,113,114].

Interestingly, it has been shown that astaxanthin and its analogs (such as adonixanthin) activate
NRE2, preventing light-induced ocular photoreceptor degeneration [115]. Moreover, fucoxanthin,
another marine carotenoid from seaweed, has been shown to enhance the level of reduced
glutathione via NRF2 in human keratinocytes [116]. Indeed, prior research has examined the
specific mechanism of NRF2 activation by carotenoids, and oxidative metabolism leading to the
generation of electrophilic unsaturated mono- and dialdehydes (such 10,10’-diapocarotene-10,10’-dial)
has been identified as the mechanistic basis underlying upregulated antioxidant responses [117-119].
The specific structure-activity relationship of NRF2 upregulation by carotenoid-derived electrophilic
metabolites has been explored before, and it is therefore likely that bixin-dependent NRF2 activation
requires similar oxidative transformation to electrophilic intermediates, a subject of ongoing
investigation. However, even though the concept of cutaneous photoprotection achieved by
systemic administration of specific carotenoids and other phytochemicals has been explored in
the past [10,92,111,112,120-122], prior to our own investigations, no research had investigated the
NRF2-dependence of carotenoid-based systemic photoprotection [13]. However, the biological
effects of prolonged cutaneous NRF2 activation as a consequence of oral/systemic delivery of a
pharmacological molecular agent that may also affect NRF2 regulation in non-cutaneous tissue remain
to be elucidated.

8. Other Molecular Targets of Bixin with Relevance to Skin Barrier Function and Protection

Beyond NRF2-directed activities, bixin has been demonstrated to cause specific modulation of
the following molecular targets potentially relevant to skin barrier function and environmental stress
responses (Figure 2).
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8.1. PPAR« and PPARy

Interestingly, peroxisome proliferator-activated receptors (PPARs) have now been recognized as
important determinants of keratinocyte responses to skin injury regulating skin homeostasis, epithelial
repair, and morphogenesis [123,124]. Specifically, PPAR« is a ligand-activated transcription factor that
regulates the expression of genes involved in fatty acid oxidation.

Recently, it has been demonstrated that oral administration of bixin improves obesity-induced
abnormalities of carbohydrate and lipid metabolism in mice, an affect attributed to PPAR« activation
confirmed by luciferase reporter assays [125]. Specifically, treatment with bixin- and norbixin-induced
PPAR« target gene expression upstream of fatty acid oxidation in PPAR«-expressing HepG2
hepatocytes. Likewise, in obese KK-Ay mice, chronic nutritional supplementation using bixin
suppressed the development of hyperlipidemia and hepatic lipid accumulation with improvement
of hyperglycemia, hyperinsulinemia, and hypoadiponectinemia. This effect is consistent with
upregulated mRNA expression levels of adiponectin (ADIPOQ), an adipocyte-derived adipokine with
multiple beneficial effects such as anti-obesity and anti-insulin resistance roles as well as anti-apoptotic,
anti-oxidative, and anti-inflammatory activities in skin [124]. Likewise, experimental evidence suggests
that bixin also enhances adipocyte insulin sensitivity downstream of PPARY activation [126]. It is
therefore tempting to speculate that the documented beneficial effects of bixin on cutaneous barrier
function and wound healing may be in part attributable to PPAR«/y-directed agonism operative in
addition to NRF2 activation as discussed above. However, the effects of prolonged pharmacological
PPAR«- or y-directed agonism on skin barrier function remain to be explored.

8.2. Thioredoxin/Thioredoxin Reductase

One of the key cellular antioxidant systems is regulated by the selenoproteins thioredoxin
(TRX) and thioredoxin reductase (TXNRD1), which use NADPH as an electron donor to reduce
oxidized substrates. TXNRD1 contains a very reactive selenocysteine in its active site that is prone
to electrophilic or oxidative attack, making it another important sensor of the cellular redox state
in addition to KEAP1 [127]. Thus, electrophilic compounds that typically activate NRF2 by KEAP1
cysteine modifications will also inhibit TXNRD1 [127]. The TRX/TXNRDI1 system is essential for
keratinocyte survival, UV protection, and wound healing [59]. Interestingly, one report indicates that
at high (200 uM) concentrations bixin generates ROS, inhibiting both TRX and TXNRD1 with induction
of cell death [128]. This could be due to an exacerbated redox imbalance caused by the inability of
TRX/TXNRDI1 to reduce their substrates, such as peroxiredoxins (PRX), as well as de-repression of
proapoptotic proteins, such as apoptosis signaling kinase 1 (ASK1), apoptosis inducing factor (AIF),
and caspase 3. Other important substrates of the TRX/TXNRD1 system are PTEN (phosphatase
and tensin homolog), NF-kB, AP1 (activator protein 1), and p53 (tumor protein 53), with important
implications for regulation of cell survival in response to TRX/TXNRD1 dysruption [129]. Interestingly,
it has been proposed that the TRX/TXNRD1 system might reduce the oxidized cysteine residues in
KEAP1 to restore its functionality [130]. Dual inactivation of these reactive proteins (KEAP1 and
TRX/TXNRD1) could contribute to pronounced NRF2 activation achieved by bixin. However, since
TRX and TXNRD1 are NRF2 target genes, reduced proteins might be restored by de novo synthesis
and GSH synthesis.

8.3. TLR4/NFxB

It has been observed that nutrional bixin attenuates cardiac injury progression through inhibition
of fibrosis, inflammation, and redox dysregulation, cytoprotective effects that were attributed to
Toll-like receptor 4/nuclear factor kappa B (TLR4/NF-«B) antagonism in mice [131]. Likewise,
bixin antagonized lipopolysaccharide (LPS)-induced pro-inflammatory cytokine over-expression in
cultured cardiac muscle cells. Given the emerging importance of TLR4 signaling in skin inflammation
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and UV-induced photodamage, it is therefore tempting to speculate that nutritional bixin regimens
may benefit human skin through TLR4 antagonism operative in addition to NRF2 activation [132,133].

9. Conclusions

The promising concept of achieving cutaneous solar protection through dietary intake of NRF2
activators remains largely unexplored, representing an innovative molecular strategy that deserves
further exploration. Building on its excellent safety record as an FDA-approved natural food colorant
and additive, its systemic availability upon oral administration in humans, and ability to activate
NREF2 in skin, dietary consumption of bixin, an ethno-pharmacologically validated phytochemical
originating from the Americas, warrants future preclinical and clinical evaluation for improved skin
barrier function and photoprotection.
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Abstract: Collagen peptides (CPs) have demonstrated to exert beneficial effects on skin photoaging.
However, little has been done to evaluate their effects on chronologically aged skin. Here, the effects
of CPs from bovine bone on skin aging were investigated in chronologically aged mice. 13-month-old
female Kunming mice were administered with CPs from bovine bone (200, 400 and 800 mg/kg
body weight/day) or proline (400 mg/kg body weight/day) for 8 weeks. Mice body weight,
spleen index (SI) and thymus index (TI), degree of skin laxity (DSL), skin components, skin
histology and antioxidant indicators were analyzed. Ingestion of CPs or proline had no effect
on mice skin moisture and hyaluronic acid content, but it significantly improved the skin laxity,
repaired collagen fibers, increased collagen content and normalized the ratio of type I to type III
collagen in chronologically aged skin. CPs prepared by Alcalase performed better than CPs prepared
by collagenase. Furthermore, CPs intake also significantly improved the antioxidative enzyme
activities in skin. These results indicate that oral administration of CPs from bovine bone or proline
can improve the laxity of chronologically aged skin by changing skin collagen quantitatively and
qualitatively, and highlight their potential application as functional foods to combat skin aging in
chronologically aged process.

Keywords: collagen peptides; bovine bone; proline; skin aging; chronologically aged mice;
antioxidative enzymes

1. Introduction

The impact of aging on the appearance and function of skin has received increasing attention
in recent decades. It is widely accepted that skin aging is distinguished into chronological skin
aging and skin photoaging [1]. Skin photoaging is caused by solar radiation and it is common in
sunlight-exposed skin, especially in the face [2]. Therefore, skin photoaging could be prevented or
decreased by photo-protection. The common clinical signs of photoaged skin include deep and coarse
wrinkles, dryness, sallowness and laxity [2,3]. In contrast, chronological skin aging is caused by passage
of time and it takes place all the time in whole-body skin, including facial skin. Chronologically aged
skin is characterized by fine wrinkling and laxity [3]. Chronological skin aging accounts for a great
part of skin aging and it is more common than skin photoaging in dark skinned individuals and
females [2]. A youthful appearance is considered to play an important role in keeping self-esteem and
social relations [4]. Therefore, there is increasing demand for anti-aging interventions to delay or even
reverse signs of skin aging.

The use of diet supplements to improve the appearance and function of aged skin has received
growing attention. Many dietary components, such as polyphenols [5], vitamins [6], fatty acids [7],
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trace minerals [8] and proteins [9], have reported to exert beneficial effects on aged skin and have been
used as nutraceuticals or functional foods in many counties and regions. Recently, researchers have
paid much attention to protein hydrolysates as potential dietary supplements. Collagen is the main
structural protein of the different connective tissues, such as skin, bone, cartilage and tendons,
and has been widely used in the medicine and food industries. Collagen peptides (CPs) are the
enzymolysis product of collagen or gelatin and they are used as important active components because
of their various bioactivities, high bioavailability and good biocompatibility [10-12]. Several studies
have demonstrated the beneficial effects of CPs ingestion on skin photoaging. Oral administration
of CPs from fish skin had obvious protective effects on photoaging skin, including improving
moisture retention ability, repairing the endogenous collagen and elastin protein fibers [13-15].
In addition, clinical trials have also demonstrated that the beneficial effects of CPs intake on facial skin,
including improving facial skin elasticity, reduce skin dryness and wrinkles, and increase the collagen
content of the skin dermis [16,17]. However, little work was performed to evaluate the effects of CPs
intake on chronologically aged skin.

Bovine bone is the main by-products in the bovine processing industry and has been widely
used as raw material to obtain high-quality gelatin [18]. Although there are some concerns with
mad cow disease in Europe and the United States, bovine bone is still one of the most abundant
sources of gelatin and accounts for 23.1% of the gelatin production [19]. Therefore, bovine bone is
an abundant and high-quality raw material used to prepare CPs. The biological effect of CPs from
bovine bone is mainly concentrated on its beneficial effect on bone metabolism, including inhibition
of bone loss and improvement of osteoarthritis [20,21]. However, there is limited knowledge about
the effect of CPs from bovine bone on skin aging. Therefore, preparing CPs from bovine bone and
further evaluating its effect on skin aging is a good way to utilize the by-products for an economical
and environmental advantage.

The functional activities of protein-derived hydrolysates or peptides are greatly impacted by
their molecular structure and weight, which are highly affected by their processing conditions and
especially enzyme specificity [15,22]. Alcalase is a common protease and widely used to prepare
protein hydrolysate or peptides. It is a typical endoprotease and preferentially cleaves sites containing
hydrophobic residues, such as Ala, Leu, Val and Phe. Bacterial collagenase is a protease that
hydrolysates collagen. It has a preference for X-Gly (X is usually a neutral amino acid) bond of
the -Gly-Pro-X-Gly-Pro-X- repeating sequence in the collagen molecule [23,24]. Collagenase has a great
promise in collagen processing industry. Considering enzyme specificity, the molecular structure or
sequences of peptides produced by these two enzymes may be different, which may greatly impact
their effects on chronologically aged skin.

The objective of the present study is to investigate the effects of CPs from bovine bone on skin
aging based on the chronologically aged model. Bovine bone was employed as a raw material to
prepare different CPs using Alcalase and collagenase. Then, the effects of CPs from bovine bone
on chronologically aged skin were investigated in chronologically aged mice by analyzing the skin
histology, skin components and antioxidative indicators. The results showed that oral administration
of CPs from bovine bone has beneficial effects on chronologically aged skin by improving the skin
laxity, but it had no on moisture retention of skin. CPs prepared by Alcalase performed better than
CPs prepared by collagenase.

2. Materials and Methods

2.1. Materials and Chemicals

Alcalase was purchased from Novozymes (Beijing, China). Proline (food grade) and bacterial
collagenase were purchased from Sigma-Aldrich (St. Louis, MO, USA). The bicinchoninic acid
(BCA) protein assay kit was purchased from Beijing Solarbio Science and Technology Co., Ltd.
(Beijing, China). Commercial kits used for determining hydroxyproline (Hyp), type I and type III
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collagen, hyaluronic acid (HA), superoxide dismutase (SOD), catalase (CAT), and malondialdehyde
(MDA) were purchased from Jiancheng Inst. of Biotechnology (Nanjing, China). All other chemicals
used in the study were of analytical grade or better.

2.2. Collagen Peptides (CPs) Preparation

Gelatin was extracted from bovine bone with hot water. Briefly, the bovine bone was treated
in boiling water for 6 h, followed by removing bone using gauze filter. The filtrate was cooled,
defatted and centrifuged at 4500 x g for 15 min with a refrigerated centrifuge (TGL-185, Pingfan Co.,
Ltd., Changsha, China). After centrifugation, the upper soluble fractions were collected and
freeze-dried to obtain the gelatin. The gelatin was enzymatically hydrolyzed by the Alcalase at
pH 8.0 for 4.0 h to obtain collagen peptides (named ACP), and the collagenase at pH 7.5 for 3.0 h to
obtain collagen peptides (named CCP). Finally, the hydrolysates were dialyzed to discard salt and free
amino acids, freeze-dried and stored at —80 °C until use.

2.3. Molecular Weight Distribution

The molecular weight distribution of CPs was measured using a Shimadzu LC-15C high
performance liquid chromatography (HPLC) system (Shimadzu, Tokyo, Japan) equipped with a
TSK gel G2000 SWXL column (7.8 x 300 mm, Tosoh, Tokyo, Japan). Samples were loaded onto the
column and eluted with 45% (v/v) acetonitrile containing 0.1% (v/v) trifluoroacetic acid at a flow
rate of 0.5 mL/min and monitored at 214 nm at room temperature. A molecular weight calibration
curve (y = —0.1881x + 6.5867, y: log MW, x: time, R? = 0.9954) was obtained from the average retention
times of the following standards: Gly—Ser (146 Da), Asn—Cys—Ser (322 Da), Trp-Pro-Trp-Trp (674 Da),
bacitracin (1423 Da) and aprotinin (6512 Da) [15].

2.4. Amino Acid Composition

The samples were hydrolyzed in 6.0 M HCI at 110 °C for 24 h. After phenylisothiocyanate
(PITC) derivatization reaction, the amino acid composition was analyzed by a Shimadzu LC-15C
high performance liquid chromatography (HPLC) system (Shimadzu, Tokyo, Japan) equipped with
a reverse Zorbax SB-C18 column (4.6 x 250 mm, Agilent, Santa Clara, CA, USA). The mobile phase
consisted of (A) 10 mM phosphate buffer solution (pH 6.9) and (B) 100% acetonitrile and the flow rate
was 1.0 mL/min. The gradient was programmed as follows: 0-5 min, 5-10% B; 5-25 min, 10-17% B;
25-45 min, 17-35% B; 45-48 min, 35-100% B; 48-50 min, 100% B; 50-58 min, 100-5% B; and 58-60 min,
5% B. The detection wavelength was set at 254 nm [15].

2.5. Animals, Diets, and Treatments

Animal experiments were carried out under the protocols approved by the Committee for Animal
Research of Peking University and followed the Guide for the Care and Use of Laboratory Animals
(NIH publication No. 86-23, revised 1996). The present experiment was approved by the Animal
Experimental Welfare & Ethical Inspection Committee, the Supervision, Inspection and Testing Center
of Genetically Modified Organisms, Ministry of Agriculture (Beijing, China), and was performed in
the Experimental Animal Center, Supervision and Testing Center for GMOs Food Safety, Ministry of
Agriculture (SPF grade, Beijing, China).

Two-month-old (young mice, 28 + 2 g, specific pathogen free (SPF) grade) and thirteen-month-old
(old mice, 45 + 5 g, SPF grade) female Kunming mice were purchased from Sibeifu (Beijing) Laboratory
Animal Science and Technology Co., Ltd. (Beijing, China). The two-month-old mice were set as young
controls (n = 10) and were given 0.2 mL normal saline. The thirteen-month-old mice were divided,
based on body weight, into 6 groups (1 = 10/group), including the model group and CPs treatment
groups. The model group was given 0.2 mL normal saline; whereas the CPs treatment groups were
given 0.2 mL ACP at doses of 200 (ACP-200), 400 (ACP-400) and 800 mg/kg body weight (ACP-800),
respectively, and 0.2 mL CCP at a dose of 400 mg/kg body weight (ACP-400). In addition to free
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access to normal AIN-93M purified diet and water, each group was intragastrically administrated with
0.2 mL of normal saline or CPs once a day for eight weeks. After eight weeks, mice were sacrificed and
samples were collected for further treatment and analysis.

2.6. Measurement of Degree of Skin Laxity (DSL)

During the period of this study, mice backs were epilated with 6% (w/w) sodium sulfide 2 days
before measuring degree of skin laxity each time. Briefly, the dorsal skin, about 1 cm away from the
tail root, was gently stretched by left hand with mice hind limbs off the table top slightly. Right hand
controls mouse movement by pulling tail. The stretch length was measured immediately when mice
were immobile. The DSL was defined as the following equation: DSL (mm) = stretch length of
dorsal skin.

2.7. Measurement of Spleen Index (SI) and Thymus Index (TI)

The mice were weighed and sacrificed. Spleen and thymus were excised from the mice and
weighed immediately. The spleen index (SI) and thymus index (TI) were calculated according to the
following equation: SI or TI (mg/g) = (weight of spleen or thymus)/body weight.

2.8. Histological Analysis

After eight weeks, mice were sacrificed and dorsal skin samples were dissected out immediately.
4 skin samples (About 1 cm?) in each group were fixed in 4% buffered neutral formalin solution for
24 h, and embedded in paraffin. Serial sections (7 um) were put onto silane-coated slides and stained
with haematoxylin—eosin (HE). The stained sections were further analyzed using an optical microscope.
1 representative image of HE-stained dorsal skin section in each group was presented in part of results.

2.9. Measurement of Moisture Content

Mice backs were epilated with 6% (w/w) sodium sulfide 2 days before sacrificing mice.
Dorsal skins were collected after mice were sacrifice and skin moisture was measured immediately.
The moisture content of skin sample was determined according to GB/T5009.3-2010, a national
standard of China for measuring moisture content. This method was employed to measure moisture
content of skin in several previous reports [13,14]. Briefly, about 0.1 g of powdered skin sample was
put into weighing bottle and dried in an oven at 105 °C for 4 h. The moisture content was calculated
according to the following equation:

Moisture content = (11 — my)/(my — mz) x 100 1)

my, my and m3 is the weight of weighing bottle plus skin sample, weighting bottle plus dry
finished skin sample and weighing bottle, respectively.

2.10. Determination of Hyaluronic Acid (HA) Content

About 0.1 g skin tissue was powdered in a liquid nitrogen bath and homogenized in
pre-cooling saline. After centrifugation at 14,000 x g for 15 min at 4 °C with a refrigerated centrifuge
(TGL-185, Pingfan Co., Ltd., Changsha, China), the supernatant was collected to analyze the
hyaluronic acid (HA) content using a commercial HA measurement kit (Nanjing Jiancheng Bio Inst.,
Nanjing, China).

2.11. Determination of Collagen Content

A commercial hydroxyproline assay kit (Nanjing Jiancheng Bio Inst., Nanjing, China) was used
to analyze the Hyp content. Briefly, about 0.05 g skin tissue was totally hydrolyzed, oxidized and
reacted with dimethyl-amino-benzaldehyde. The end product has a maximal absorption at 550 nm.
The Hyp content in the skin was finally determined by comparison with the absorbance of the Hyp
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standard. The collagen content was calculated according to the Hyp content using a conversion factor
of 8.00 [25].

2.12. Ratio of Type I to Type III Collagen

Commercial type I and type III collagen assay kits (Nanjing Jiancheng Bio Inst., Nanjing, China)
were used to analyze the relative content of type I and type III collagen. The ratio of type I to type III
collagen was calculated according to the following equation: ratio of type I to type III collagen = content
of type I collagen/content of type I collagen.

2.13. Antioxidant Indicators Analysis

Skin tissue were powdered in a liquid nitrogen bath and homogenized with 9 weights
of pre-cooling saline. Homogenate was centrifuged at 14,000x g for 15 min at 4 °C with a
refrigerated centrifuge (TGL-185, Pingfan Co., Ltd., Changsha, China) to collect the supernatants.
Total protein concentration was determined using a bicinchoninic acid (BCA) assay kit (Solarbio, Beijing,
China). The SOD activity, CAT activity and malondialdehyde MDA content (expressed as MDA
equivalents) were analyzed using the corresponding enzyme-linked immunosorbent assay (ELISA) kit
(Nanjing Jiancheng Bio Inst., Nanjing, China) according to the manufacturer’s instructions and the
results were expressed in U/mg protein or nmol/mg protein.

2.14. Statistical Analysis

Results are expressed by the means + standard deviation (SDs). Comparisons between two groups
were analyzed by Student’s t-test. Differences between the means of the individual groups were
analyzed using the analysis of variance (ANOVA) with Duncan’s multiple range tests. A difference
was considered statistically significant when p < 0.05. All computations were performed with SPSS
Statistics 19 (IBM, Chicago, IL, USA).

3. Results

3.1. Characterization of Collagen Peptides

Alcalase and collagenase (two optimized enzymes in our prior study) were used for producing
different collagen peptides (named ACP and CCP, respectively). The molecular weight distributions
of ACP and CCP are shown in Figure 1. ACP and CCP had a similar molecular weight distribution.
Both ACP and CCP mainly consisted of peptides in molecular weight ranges of <500 Da (more than
50%), and the peptides of <1000 Da accounted for approximately 70% and 74%, respectively.

The amino acid compositions of ACP and CCP are shown in Table 1. ACP and CCP had similar
amino acid compositions. Gly is the most dominant amino acid in ACP and CCP, which is consistent
with the Gly-X-Y repeating sequence in the collagen macromolecule. In addition, ACP and CCP are
also rich in Pro, Glu, Phe, Arg and Thr.
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Figure 1. The molecular weight distributions of collagen peptides.

Table 1. Amino acid compositions of collagen peptides.

Relative Content (g/100 g) P

Amino Acid
ACP ccrp
Asp 5.68 5.17
Glu 10.51 11.53
Ser 3.38 3.17
Gly 19.84 21.28
His 3.27 297
Thr 7.90 8.51
Ala 4.09 4.68
Pro 12.47 12.18
Arg 8.61 8.47
Tyr 2.28 1.79
Val 3.06 2.90
Met 1.79 1.27
Cys 2.39 2.08
Tle 411 3.93
Leu 0.70 0.08
Phe 9.31 9.36
Lys 0.61 0.62
Total 100.00 100.00

2 Expressed as g/100 g total amino acids; ® ACP, collagen peptides prepared by Alcalase; CCP, collagen peptides
prepared by collagenase.

3.2. Degree of Skin Laxity

As summarized in Table 2, degree of skin laxity (DSL) of young (Y) group was increased during
the experiment period but significantly lower than that of model group (old mice), which indicated
that skin laxity was increased in an age-dependent manner. During the 8 weeks, the DSL of mice
in CPs-treated groups (ACP and CCP groups) decreased over time compared with that in week 0.
Significant differences in DSL were seen between ACP-400 group and time-matched model group
at week 6 (p < 0.05), and the DSL of ACP-400 had no significant difference with that of young
group. Furthermore, when the time of oral intake of ACP was as long as 8 weeks, the DSL of all
ACP-fed groups decreased to the level of young group (p > 0.05), and some of groups (ACP-800 and
CCP-400) were even better than the young group. Similarly, oral administration of proline at a dose of
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400 mg/kg body weight also reduced the DSL with a significant difference observed compared with
the time-matched model group at week 8 (p < 0.05).

Table 2. Degree of skin laxity (DSL) of chronologically aged mice after the administration of collagen

peptides for 8 weeks.
Degree of Skin Laxity (DSL, mm)
Group
Week 0 Week 2 Week 4 Week 6 Week 8
Y 1490 £2.32* 19.15+157* 19.754+1.03* 19.60 £091* 20.40+1.48*
M 22.25 + 2.40 22.40 £+ 1.67 23.80 4+ 2.25 22.50 £+ 1.30 23.00 £+ 1.26

ACP-200 23.05 £ 0.56 23.50 + 1.64 2311+ 1.26 22.00 £1.31 2122 +147*%
ACP-400 22.45 4+ 1.88 21.55 £ 1.78 21.65 £1.57  20.15+£1.34* 20254 1.47*
ACP-800 22.30 4+ 1.81 22.72 +2.06 22.05 £ 2.26 21.60 £1.78  19.80 £0.90 *
CCP-400 22.40 £ 1.57 22.35 4+ 141 21.254+2.03 2210 £1.92 1995+ 1.65*
Pro-400 21.65 +£1.23 21.30 £ 2.28 22.80 & 0.81 21.70 £1.00  19.75+£1.44*

2, young group; M, model group (old group); ACP, administrated by collagen peptides which was prepared by
Alcalase; CCP, administrated by collagen peptides which was prepared by collagenase; Pro, proline group. 200, 400
and 800 represent administration doses of 200, 400 and 800 mg/kg body weight, respectively. The values are shown
as the means + SDs (1 = 10 mice/group). A significant difference was observed at * p < 0.05 compared to the
time-matched model group.

3.3. Body Weight, Spleen Index (SI) and Thymus Index (TI)

The body weight of young group was increased during the experiment period, whereas that of
model group remained stable (Table 3). Treatment with ACP (200, 400 and 800 mg/kg body weight),
CCP and proline (400 mg/kg body weight) for 8 weeks caused no statistically significant differences
in the body weight compared with the untreated model group. Furthermore, the SI and TI of ACP
groups, CCP and proline groups also had no significant difference compared to that of the model group.
The body weight and organ indices could be measured to preliminarily determine whether a sample
or sample dose had obvious toxicological effects on the animal subjects [26]. There was no obvious
atrophy, hyperplasia or swelling of spleen and thymus after CPs and proline intake. Based on these
results, it was concluded that oral administration of CPs from bovine bone at doses of 200-800 mg/kg
body weight, or proline at 400 mg/kg body weight for 8 weeks, had no obvious toxicological effects.

Table 3. Body weight, spleen index (SI) and thymus index (TI) of chronologically aged mice after the
administration of collagen peptides for 8 weeks.

Group ? Body Weight (g) Spleen Index?  Thymus Index ®
Week 0 Week 2 Week 4 Week 6 Week 8 (mg/g) (mg/g)

Y 28.284+0.73 3027 £1.62 3171 £130 3263+181 3270+ 152 3.48 £ 0.69 1.82 4+ 0.39

M 4714 +£539 4555 +£4.67 4555+4.69 46524340 46.33 £3.81 3.83 £1.14 1.55 +0.53
ACP-200 47.41+547 4628 +6.07 4644 +441 4741+413 46.83+3.34 3.72 £ 0.06 1.71 £ 0.65
ACP-400 4750 £557 4632 4+4.91 4690 £4.48 46.64 490  46.35+4.90 324 +124 2.06 + 0.80
ACP-800 47.75+£5.67 4688 £4.68 48.36+742 4940+6.63 47.39 +6.57 3.86 + 1.39 1.55 £ 0.62
CCP-400 4792 +£573 46.82+4.61 48134655 48.84+488 4738 +494 3.87 £0.94 1.62 & 0.66
Pro-400 4724 £539 4696 £6.14 46324586 47.65+£590 47.44 £5.69 3.64 £1.04 2.02 £ 0.86

2, young group; M, model group (old group); ACP, administrated by collagen peptides which was prepared
by Alcalase; CCP, administrated by collagen peptides which was prepared by collagenase; Pro, proline group.
200, 400 and 800 represent administration doses of 200, 400 and 800 mg/kg body weight, respectively. The values
are shown as the means + SDs (1 = 10 mice/group). No significant difference between each administration group
and time-matched model group was observed (p > 0.05). b Indicates values at week 8.

3.4. Skin Histology

The results of morphological examination of mice dorsal skin are illustrated in Figure 2.
Skin collagen fibers in dermis were stained a light red with haematoxylin—eosin (HE). In the model
group (old mice), lighter red and more space (green arrow) were observed in the dermis tissue than
were those of the young group. There were thinner dermis and less sebaceous gland (red arrow) in the
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model group compared with the young group. After ACP and CCP intake, the space in the dermis
tissue was decreased and the fibers appeared to be denser and more organized compared with the
model group. Besides, the number of sebaceous gland was increased when treated by ACP, especially at
dose of 800 mg/kg body weight. These results indicated that ACP improved the aged collagen fibers
in skin dermis in a dose-dependent manner. Similarly, the sparse, fragmented, and disorganized fibers
were also obviously improved and the number of sebaceous gland was greatly increased by the oral
administration of proline at a dose of 400 mg/kg body weight for 8 weeks.

oy
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Figure 2. Representative images of haematoxylin-eosin (HE)-stained dorsal skin section from all
groups, Y, young group; M, model group (old group); ACP, administrated by collagen peptides which
was prepared by Alcalase; CCP, administrated by collagen peptides which was prepared by collagenase;
Pro, proline group. 200, 400 and 800 represent administration doses of 200, 400 and 800 mg/kg body
weight, respectively. Sebaceous glands and space in dermis tissue are shown as red arrows and green
arrows, respectively. Scale bars, 100 pum.

3.5. Skin Components

The results of skin moisture, hyaluronic acid (HA), collagen content and ratio of type I to type
III collagen are shown in Figure 3A-D. Skin moisture content and ratio of type I to type III collagen
in the model group (old mice) were significantly lower than that in the young group (all p < 0.05),
indicating that skin moisture content and ratio of type I to type III collagen were decreased with age.
Skin HA and collagen contents were also lower than that in the young group, although there was
no significant difference observed compared with the model group. Ingestion of CPs (both ACP and
CCP) and proline had no significant effect on skin moisture and HA contents compared with the
model group. In contrast, oral administration of ACP (200, 400 and 800 mg/kg body weight) caused a
dose-dependent increase in the collagen content, and there was a significant difference in the collagen
content between the group receiving 800 mg/kg of ACP and the model group (p < 0.05). Ingestion of
CCP at a dose of 400 mg/kg body weight also increased the collagen content in skin (p < 0.05 vs. the
model group). However, proline intake at a dose of 400 mg/kg body weight had no significant effect
on collagen content compared with the model group. A dose-dependent increase was also observed for
ratio of type I to type Il collagen in the ACP-fed groups, and there were significant differences between
the groups receiving 400 and 800 mg/kg of ACP and the model group (all p < 0.05); whereas CCP
ingestion at a dose of 400 mg/kg body weight had no significant effect on ratio of type I to type III
collagen compared to the model group. Oral administration of proline also significantly increased
ratio of type I to type III collagen in skin (p < 0.05 vs. the model group).
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Figure 3. Moisture content (A), hyaluronic acid content (B), hydroxyproline content (C) and ratio of
type I to type III collagen (D) of chronologically aged mice after the administration of collagen peptides
for 8 weeks. Y, young group; M, model group (old group); ACP, administrated by collagen peptides
which was prepared by Alcalase; CCP, administrated by collagen peptides which was prepared by
collagenase; Pro, proline group. 200, 400 and 800 represent administration doses of 200, 400 and
800 mg/kg body weight, respectively. The values are shown as the means += SDs (1 = 10 mice/group).
A significant difference was observed at * p < 0.05 compared to the time-matched model group.

3.6. Antioxidant Indicators

The superoxide dismutase (SOD), catalase (CAT) and malondialdehyde (MDA) content in skin
are shown in Table 4. The SOD and CAT activities in the M group were significantly lower in the skin
compared to the Y group (p < 0.05); whereas the MDA level in the model group was higher than that
in the young group (p < 0.05). Oral administration of CPs (both ACP and CCP) significantly increased
the SOD and CAT activities and reduced the MDA level (all p < 0.05 vs. the model group). Besides,
the increase of SOD and CAT activities and the decrease of MDA level in ACP-fed groups showed a
dose-dependent manner. In contrast, proline ingestion had no obvious significant effect on these three
antioxidant indicators.

Table 4. SOD and CAT activities and MDA content in dorsal skin of chronologically aged mice after
administration of collagen peptides for 8 weeks.

Group SOD (U/mg Protein)  CAT (U/mg Protein) MDA Equivalents (nmol/mg Protein)
Y 36.594 4 1.142 % 10.412 +1.143 * 2.209 +0.278 *
M 26.877 4 3.880 4.650 £ 1.582 3.135 £ 0.302

ACP-200 38.746 + 0.753 * 8.324 £ 0.890 * 2.347 £ 0.209 *

ACP-400 39.823 + 3.410 * 11.327 £ 1.096 * 2261 £0.107 *

ACP-800 40.036 + 4.820 * 12.012 £0.752 * 2.154 £0.325*%

CCP-400 39.796 + 1.211* 9.354 £ 1.856 * 2.204 £0.201 *

Pro-400 32.646 + 1.691 3.318 £ 0.665 2.456 + 0.316

2, young group; M, model group (old group); ACP, administrated by collagen peptides which was prepared by
Alcalase; CCP, administrated by collagen peptides which was prepared by collagenase.; Pro, proline group. 200, 400
and 800 represent administration doses of 200, 400 and 800 mg/kg body weight, respectively. The values are shown
as the means =+ SDs (1 = 10 mice/group). A significant difference was observed at * p < 0.05 compared to the
time-matched model group.
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4. Discussion

Skin aging is consisted of chronological aging and photoaging. There are some difference in
clinical signs and underlying mechanisms for these two processes [27,28]. Collagen peptides (CPs)
have been widely reported to exert beneficial effects on photoaging skin, but few studies was carried
out to evaluate their effect on chronologically aged skin. In present study, 13-month-old Kunming
mice, equivalent to 45 years old of human life [29], were employed to investigate the effect of CPs on
chronologically aged skin. In several previous clinical trials, a daily dose of 2.5 g or 5 g of CPs has been
employed in adult subjects, and these doses were considered to be safe [16,17,30]. According to the
conversion of animal doses to human equivalent dose (HED) based on the body surface area (BSA) [31],
about daily dose of 500 or 1000 mg/kg body weight could be used in mice. In addition, daily doses
of 50-200 mg/kg body weight have also been used in several animal experiments [13-15]. Therefore,
doses of 200, 400 and 800 mg/kg body weight/day were employed in the present study.

Skin laxity is a main feature of natural skin aging and is increased with age [32]. Therefore,
skin laxity was dynamically evaluated by measuring the degree of skin laxity (DSL) to observe the
effect of CPs intake on chronologically aged skin. An obvious beneficial effect was observed after
8 weeks of CPs intake. Therefore, mice were sacrificed and samples were collected for further treatment
and analysis after 8 weeks. Unexpectedly, proline (abundant in collagen) ingestion also significantly
improved skin laxity. These results provided guidance for the application of CPs or proline against
chronological skin aging. The 8-week duration of CPs ingestion might be equivalent to several years
old of human life in terms of life span. But it does not mean that the beneficial effects of CPs could be
observed only after several years duration of CPs intake, because several studies have reported that
significant beneficial effects of CPs on aging skin could be observed after 6 to 12 weeks in both clinical
trials and animal experiments [13-17].

As the main component of the skin dermis, collagen has been reported to be beneficial in
improving skin laxity and decreasing the appearance of wrinkles and its reduction in the quantity
and quality is a major cause of laxity and wrinkles [33,34]. In the chronologically aged skin, dermal
collagen fiber became sparse, fragmented and disorganized [35,36]. However, intake of CPs (both ACP
and CCP) repaired collagen fibers and the fibers appeared to be denser and more organized compared
to the aged skin. Collagen in skin mainly consists of type I and type III collagen. Collagen production
and the ratio of type I to type III collagen is decreased gradually with age [14,28,37,38]. Type I collagen
tend to form broader bundles of fibers, while type III collagen forms narrow bundles. A decrease in
the diameter and number of the collagen bundles is correlated with the decrease in load and tensile
strength reported in aging skin [38]. Oral administration of CPs increased the collagen content and
ratio of type I to type III collagen in a dose-dependent manner, which suggested that CPs improved
skin laxity by changing skin collagen quantitatively and qualitatively. In contrast, the skin moisture
and hyaluronic acid (HA) were not affected by CPs ingestion. HA is a key molecule involved in skin
moisture, because it has a unique capacity to bind and retain water molecules [39]. Taken together with
the results of the current study, it was concluded that oral administration of CPs had beneficial effect
on chronologically aged skin by improving skin laxity, but it had no influence on moisture retention
of skin.

Interestedly, ingestion of proline also had beneficial effect on chronologically aged skin in terms
of skin laxity, collagen content and ratio of type I to type III collagen. This result of in vivo study
was consistent with that of a previous in vitro experiment which demonstrated that proline could
increase the collagen synthesis of confluent fibroblasts, but it did not stimulate the proliferation of
fibroblasts [40,41]. Watanabe-Kamiyama and coworkers have reported that proline could reach the
skin after proline intake [42]. Therefore, we speculated that proline intake exerted beneficial effect on
chronologically aged skin by increasing the collagen synthesis of skin fibroblasts.

It has been widely accepted that oxidative stress plays a critical role in initiating and driving
the signaling events that result in skin aging. Study has reported that the production of reactive
oxygen species (ROS) was increased in photoaged and chronologically aged skin [43]. In addition to
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directly attacking macromolecules, such as proteins, lipids, DNA and RNA, the excessive ROS also
initiate several signaling pathways, including mitogen-activated protein kinases (MAPKSs) and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B), and further activate transcription factor
activator protein-1 (AP-1) [44]. AP-1 induces collagen degradation by upregulating collagen-degraded
enzymes such as matrix metalloprotease (MMP)-1, MMP-3 and MMP-9 and downregulating the
biosynthesis of collagen. These changes in the skin lead to the phenotype of aged skin [45]. Therefore,
antioxidants or free radical scavengers, such as ascorbic acid and polyphenols were reported to
improve skin aging by scavenging excessive ROS. Normally, endogenous antioxidant enzymes are able
to scavenge the excessive ROS to protect skin tissues from oxidative injuries. SOD and CAT are two
antioxidant enzymes that inactivate superoxide anions and hydrogen peroxide, respectively. MDA is
a product of lipid peroxidation and is usually quantified to estimate the lipid peroxidation extent
induced by ROS. The SOD and CAT activities were decreased and MDA content was increased with
age. However, CPs (ACP and CCP) intake could increase SOD and CAT activities and decrease MDA
content, indicating that ingestion of collagen peptides from bovine bone had the ability to decrease ROS
in skin. The decreased ROS in skin might help to increase the biosynthesis of collagen and decrease
the collagen degradation by reducing the MMPs production. Indeed, several previous studies have
reported that collagen hydrolysate ingestion could increases skin collagen expression and suppresses
MMP-1 and MMP-2 [46,47]. In vitro study had demonstrated that ACP and CCP had high antioxidant
capacity base on the hydroxyl radicals and ABTS + scavenging assays (data not shown). In addition, it
has been widely reported that nuclear factor E2-related factor 2 (Nrf2)-antioxidant response element
(ARE) pathway plays a central role in regulating antioxidant enzymes against oxidative stress [48,49].
Therefore, we speculate that CPs exerted their antioxidant effect in a direct and/or indirect manner.
It is also possible that CPs exerted their beneficial effects on chronological aged skin in other ways,
as previous studies have reported that Pro-Hyp in human blood after oral ingestion of CPs stimulates
fibroblast growth [41,50]. It should be noted that proline intake did not have an obvious effect on
skin antioxidant capacity. These results suggested that CPs had more complex action mechanisms
underlying anti-aging effect than proline.

Bovine bone is an abundant source of gelatin. The CPs from bovine bone is mainly concentrated
on its beneficial effect on bone metabolism. However, the current study found that the CPs from
bovine bone also had beneficial effect on skin aging. The CPs prepared in this study mainly consist of
oligopeptides (<1000 Da). It was reported that small peptides, especially the di-and tripeptides, are
more easily absorbed in the intestinal tract than larger molecules, and oligopeptides are more bioactive
than proteins, polypeptides and free amino acids [51,52]. Therefore, we speculated that ACP and CCP
are readily absorbed and might exhibit potential biological effects once they are orally administered.
Another purpose of this study is to preliminary investigate whether different CPs prepared by Alcalase
and collagenase have different effects on chronologically aged skin. Based on the present results, it can
be drawn that the beneficial effects of ACP were slightly better than those of CCP. Therefore, Alcalase is
a favorable enzyme to produce CPs with beneficial effects on skin aging in food and medical industries.
The present result of molecular weight distribution provides a guide for testing and controlling the
quality of CPs. Besides, CPs should be protected from oxygen and light because of its easy oxidation.

5. Conclusions

In summary, the present study demonstrated oral administration of collagen peptides from bovine
bone could improve the laxity of chronologically aged skin by increasing skin collagen content and
ratio of type I to type III collagen, but it had no effect on moisture retention of skin. The beneficial
effects of collagen peptides prepared by Alcalase (ACP) were slightly better than those of collagen
peptides prepared by collagenase (CCP). Another action mechanism underlying the beneficial effects
on aged skin of collagen peptides may be involved in increasing the antioxidant properties in the
body. Proline intake also improved the laxity of chronologically aged skin but it did not affect the skin
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antioxidant capacity. These results suggest that collagen peptides from bovine bone and proline are
potential dietary supplements for use against skin aging in chronologically aged process.
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Abstract: Capsaicin is the main pungent in chili peppers, one of the most commonly used spices in
the world; its analgesic and anti-inflammatory properties have been proven in various cultures for
centuries. It is a lipophilic substance belonging to the class of vanilloids and an agonist of the transient
receptor potential vanilloid 1 receptor. Taking into consideration the complex neuro-immune impact
of capsaicin and the potential link between inflammation and carcinogenesis, the effect of capsaicin on
muco-cutaneous cancer has aroused a growing interest. The aim of this review is to look over the most
recent data regarding the connection between capsaicin and muco-cutaneous cancers, with emphasis
on melanoma and muco-cutaneous squamous cell carcinoma.

Keywords: capsaicin; skin; neurogenic inflammation; cancer; carcinogenesis; squamous cell
carcinoma; melanoma

1. Introduction

Chili peppers belong to the genus Capsicum of the Solanaceae family and are some of the most
used condiments in the world being consumed on daily basis by almost 25% of the population [1-6].
The chili extract has been long used in traditional medicine. Alcoholic hot pepper extract was used as
a counterirritant analgesic and helped treat burning sensations and pruritus. In tropical countries it
was administrated to induce vasodilatation and to increase heat loss [7].

The main pungent component in chili peppers is capsaicin and this plant component is probably
produced as a defense mechanism against herbivores and fungi [6]. Capsaicin, an alkylamide,
is the most abundant capsaicinoid found in chili peppers (69%) but dihydrocapsaicin (22%),
nordihydrocapsaicin (7%), homocapsaicin (1%) and homodihydrocapsaicin (1%) are also present [1].
The history of capsaicin goes back to the 19thcentury. In 1816, Bucholtz managed for the first time the
extraction as a solution of the pungent component from the chili pepper [8]. In 1846, Thresh named this
component capsaicin and achieved for the first time its isolation in pure, crystalline form [9]. Another
important moment is the identification of the exact structure of capsaicin, which was communicated in
1919 by Nelson [10]. There are still recent studies that try to improve the isolation and purification
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of capsaicin from the capsaicinoid extract [11] reinforced by studies that reveal that there are clear
regulations of the composition during fruit ripening [12]. In 1930, Spéth and Darling synthesized
capsaicin for the first time [13]. The 20th century has thus established capsaicin as a compound with
various actions besides being a natural food additive [14,15].

2. Capsaicin and Neurogenic Inflammation

Capsaicin (frans-8-methyl-N-vanillyl-6-noneamide) is a lipophilic substance, belonging to the
class of vanilloids [16]; its molecular formula is C1gHyyNOj3 and its molecular weight is 305.4 Da.
Capsaicin is an agonist of the transient receptor potential vanilloid 1 receptor (TRPV1) which is a
member of the transient receptor potential (TRP) family of cation channels [17].

Besides capsaicin, TRPV1 can be activated by temperatures of 43 °C or higher, by acidity
(pH<6), endocanabinoids such as anandamide, metabolites of polyunsaturated fatty acids or other
vanilloids [18]. Its function can also be modulated by inflammatory mediators, such as bradykinin and
prostaglandin E2 with a facilitatory effect induced probably by protein kinases (PKC or PKA) -mediated
receptor phosphorylation [19-21]. Other agents like nerve growth factor (NGF), catecholamines,
histamine can also increase TRPV1 responses [22-24].

TRPV1 receptors are expressed in the central nervous system and in sensory neurons of the dorsal
root ganglion, but also in non-neuronal tissues [25]. In the skin, TRPV1 is present in the unmyelinated
type C and thin myelinated A-delta sensory nerve fibres, keratinocytes, mast cells, dermal blood vessels,
fibroblasts, hair follicles, vascular smooth muscle cells, sebocytes and eccrine sweat glands [26-28].
TRPV1 might therefore play the role of extraneuronal receptor [29]. To date, it has been suggested
that TRPV1 might play a role in mastocyte activation [30], release of proinflammatory mediators from
keratinocytes [31] and modulation of proliferation, differentiation and apoptosis of keratinocytes from
the outer root sheath [32].

Applied on the skin or oral mucosa, capsaicin induces initially a local burning sensation [26],
followed by allodynia and hyperesthesia to mechanical and heat stimulation [33]. These nociceptive
effects are associated with a transient local wheal and flare response known as neurogenic
inflammation, triggered by the release of neuropeptides from the cutaneous sensory nerve endings
(see Figure 1) [34,35]. Substance P (SP) and calcitonin-gene related peptide (CGRP) are recognized
as the most important neuropeptides within neurogenic inflammation [36]. SP acts upon micro
vascularization through its neurokinin-1 receptor (NK-1R) and has vasodilatory effects, increases
vascular permeability and favors the release of pro-inflammatory cytokines [37], whilst CGRP
induces microvascular dilatation resulting in increased blood flow [38]. Besides the neuropeptides
release from nerve fibers, activation of mast cells has an important role in the capsaicin-induced
inflammatory reaction [39]. Neuropeptides, with SP having the most significant effects, induce mast
cell degranulation and synthesis of pro-inflammatory cytokines [40,41]. Mast cell mediators in turn
activate nociceptors and further amplify the release of neuropeptides from the sensory nerves [39].

On the other hand, capsaicin blocks the axoplasmic transport of substance P and somatostatin in
sensory neurons, thus depleting the neuropeptides [6,42,43] and progressively reducing the initial local
inflammatory effect, explaining the potential use of capsaicin in the treatment of chronic inflammatory
skin diseases [28].

Moreover, subsequent applications of capsaicin lead to desensitization which is responsible for
the analgesic effect of topical capsaicin [6,44] and its wide use in the treatment of neuropathic pain [45],
post-herpetic neuralgia, diabetic neuropathy, post-surgical neuralgia, post-traumatic neuropathy and
musculoskeletal pain [6,46].

Capsaicin can also have neurotoxic effects and can induce a gradual degeneration of cutaneous
nerve fibers when used in high concentrations or for a long period of time [47-49].

Thus, capsaicin, depending on the duration and intensity of stimulation, can induce opposite
effects, and the study of capsaicin-induced reactions has aroused the interest of both researchers and
clinicians from a broad range of specialties.
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Figure 1. Capsaicin-induced inflammatory response is initiated by activation of transient receptor
potential vanilloid 1 receptor(TRPV1) followed by the release of pro-inflammatory neuropeptides
from nerve endings. Substance P(SP)and calcitonin-gene related peptide(CGRP), by activation of
neurokinin-1 receptor (NK-1) and CGRP receptors, induce vasodilation, increased vascular permeability
and release of pro-inflammatory cytokines. The released neuropeptides can induce degranulation of
mast cells that play an important role in amplification of capsaicin-induced neurogenic inflammation.
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3. Capsaicin and Cancer

Various studies have suggested a potential pro-carcinogenic role of capsaicin use [3] further
supported by the potential connection between inflammation and tumorigenesis. In some cases,
pro-inflammatory cytokines/chemokines can trigger malignant transformation and tumor associated
inflammation in turn can promote proliferation and survival of malignant cells [50,51].

However, other recent studies indicate more to a protective effect against various types of cancer
via different pathways, mostly unrelated to TRPV1 [3,52-60]. Thus, we will elaborate further on
the capsaicin involvement in muco-cutaneous squamous cell carcinoma and melanoma, as the main
malignancies where capsaicin has proven its involvement (see Table 1).

Table 1. Summarizing the carcinogenic and anti-carcinogenic effects of capsaicin, the primary pathway
through which the effect is occurring, and the experimental model used to demonstrate the effect.

. Primary Pathway through Which Model Used to Demonstrate the
Effect of Capsaicin the Effect Is Occurring Effect References
Mitochondrial pathway-dependent human pharyngeal SCC cells Leetal. [61]
apoptosis: |Bcl-2 1Bax, 1Bad (FaDu) € :

Induction of reactive oxygen species;
apoptosis independent oftransient oral squamous cell carcinoma

receptor potential vanilloid 1 receptor (OSCC) cell lines Gonzales etal. [62]

(TRPV1)
Anticarcinogenic R
Nuclear factor kappaB (NF-kB), hICR mouse mlo del,. 1
activator protein 1 (AP-1) umanpromyelocytic Han et al. [63]
leukemiaHL-60 cells
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Table 1. Cont.

Primary Pathway through Which

Effect of Capsaicin the Effect Is Occurring

Model Used to Demonstrate the

Effect

References

Inhibition of the cytochrome P-450
1IE1 isoform

ICR mouse model

Surh et al. [64]

Jnicotinamide adenine dinucleotide
(NADH) oxidase activity; Tapoptosis

A375, SK-MEL-28 human
melanoma cell lines; B16 murine
melanoma cell line

Morré et al. [65]

Jnicotinamide adenine dinucleotide
phosphate-reduced(NAD(P)H):
quinone oxidoreductase ; |NF-«B

CRL 1585 and CRL 1619 human
melanoma cell lines

Brar et al. [66]

Jactivation of constitutive and
IL-1beta-induced NF-«B

Human melanoma cells

Patel et al. [67]

1p53, induces apoptosis via Bcl-2, Bax,
caspases 3,8,9

A375 human melanoma cell line

Kim [68]

Down-regulation of PI3-K/ Akt
pathway

B16-F10 mouse melanoma cells

Shin et al. [69]

Downregulation of Bcl-2; induction of
apoptosis

B16-F10 mouse melanoma cells

Jun et al. [60]

Jcaspase-activated DNase
inhibitor(ICAD)expression; induction
of apoptosis

human melanoma A375-S2 cell
line

Gong et al. [70]

Induction of apoptosis

melanocytes and HBL, A3755M,
C8161 melanoma cell lines

Marques et al. [71]

Delays tumor growth

melanoma B16-F10; mouse model

Schwartz et al. [72]

Epidermal growth factor

Cocarcinogenic

receptor(EGFR) pathway DMBA /TPA mouse model Bode et al. [73]
EGER pathway; fcyclo-oxygenase-2 DMBA /TPA mouse model Hwang et al. [25]
(COX-2)
EGFR/Akt/mTOR signaling pathway DMBA /TPA mouse model Lietal. [74]
Erk/p38 signaling pathway DMBA /TPA mouse model Liuetal. [75]

3.1. The Impact of Capsaicin on Muco-Cutaneous Squamous Cell Carcinoma

Muco-cutaneous squamous cell carcinoma is one of the most frequent malignancies among
Caucasians and its incidence has increased in the last decades, probably due to lifestyle changes and
the increased proportion of aged populations [76-79]. Muco-cutaneous squamous cell carcinoma
is responsible for most deaths associated with non-melanoma muco-cutaneous cancer. It may
generate major defects both aesthetically and functionally and require a complex therapeutic approach,
depending on the stage of the disease and the general status of the patient [76-81]. For that reason,
muco-cutaneous squamous cell carcinoma is an important public health problem and new therapeutic
approaches are necessary [82-90].

The most important risk factors for the development of muco-cutaneous squamous cell carcinoma
are fair skin type, chronic exposure to ultraviolet radiation (UVR), exposure to ionizing radiation,
smoking, exposure to chemical carcinogens, human papillomavirus (HPV) infections and genetic
predisposition [80,81,87-89,91-93].

Moreover, various studies have shown that neuroendocrine factors might play a role in the
development of muco-cutaneous squamous cell carcinoma [94]. The release of CGRP and substance P,
as well as other neuropeptides, from unmyelinated c-fibres and myelinated A delta-fibres of sensory
nerves, a well-known effect triggered by capsaicin is also induced by UVR exposure and may contribute
to induction of carcinogenesis [94,95]. CGRP has important vasodilatory effects on small and large
vessels, potentiates microvascular permeability and edema caused by SP, enhances in vitro keratinocyte
and melanocyte proliferation and is a potent immunomodulator [94-97]. By impairing the function of
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cutaneous macrophages and Langerhans cells, CGRP is a potent inhibitor of acute and delayed type
hypersensitivity reactions [95] but also interferes with anti-tumoral immune response initiation [94].

SP is a member of the tachykinin family which has vasodilatory effects, induces protein
extravasation, lymphocyte proliferation, chemotaxis, activates macrophages and promotes the secretion
of interleukin 1 (IL-1), IL-6and TNF-« [94,95,98]. It has been associated with stress induced mast cell
activation [41]. The effects of SP are mediated through NK-1R, which is widely expressed in the brain,
skin, intestine, lung and immune cells [94,95]. There is some evidence that SP and NK1-R might
be involved in the development and progression of cancer. Thus, SP has been associated with cell
proliferation and migration in esophageal squamous cell carcinoma (SCC) [99], melanoma [100,101],
retinoblastoma [102], neuroblastoma and glioma [103]. Brener et al. investigated the presence of SP
and NK-1R in 93 oral SCC from 73 patients and concluded that the SP/NK-1R system might have a role
in tumor development and progression [104]. Other authors studied the distribution of SP and NK-1R
in esophageal SCC and found a higher density of SP positive nerve fibres and NK-1R expression in
carcinoma cells, thus concluding that SP and NK-1R promote growth and migration of esophageal
SCC cells [99]. Considering the evidence regarding the role of SP in the development of the disease
some authors suggested that NK-1R antagonists might be useful in the treatment of oral cancer [104].

Taking into consideration the complex neuro-immune impact of capsaicin and the potential
link between inflammation and carcinogenesis, the effect of capsaicin on muco-cutaneous cancer has
aroused a growing interest. Since several reports indicated that the consumption of chili peppers
might be associated with an increased risk of cancer [105], some authors studied the effect of
long term capsaicin treatment. Toth and Gannett found that, after a lifelong diet with capsaicin,
22% of female mice and 14% of male mice had tumors of the cecum. In the control group only
8% of mice had cecum tumors [106]. Chanda et al. assessed the oncogenic potential of topical
trans-capsaicin applied for 26 weeks in Tg.AC mice. The Tg.AC mice received trans-capsaicin
dissolved in diethylene glycol monoethyl ether (DGME). Mice from the positive control group
received tetradecanoylphorbol-13-acetate (TPA) dissolved in DGME and controls received lidocaine.
The authors found that topical capsaicin was not associated with an increased incidence of
preneoplastic and neoplastic lesions as compared to the concurrent vehicle or lidocaine while the
TPA treated mice had multiple skin papillomas. The authors therefore concluded that trans-capsaicin,
lidocaine and DGME should be considered non-oncogenic [107].

Le et al. studied the effect of capsaicin on human pharyngeal SCC cells (FaDu) and found that
capsaicin inhibits growth and proliferation in a time and dose dependent manner and induces apoptosis
via mitochondrial pathways [61]. The authors also analyzed the expression of the anti-apoptotic Bcl-2
gene and the pro-apoptotic Bax and Bad genes and found a reduction of Bcl-2 gene and enhanced
expression of Bax and Bad genes [61]. Gonzales et al. studied the anti-tumor effect of capsaicin,
a TRPV1 agonist, and capsazepine, a TRPV1 antagonist, on oral squamous cell carcinoma (OSCC) cell
lines; the authors found that capsaicin alone reduced cell viability [62]. The association of capsazepine
and capsaicin not only did not reverse the effect of capsaicin but capsazepine alone was also cytotoxic
to tumor cells; the authors therefore concluded that the antiapoptotic effect of vanilloids is independent
of TRPV1 and suggested that the induction of reactive oxygen species is responsible for apoptosis [62].

Han et al. showed in a study published in 2002 that topical application of capsaicin on the skin of
female ICR mice suppresses phorbol ester-induced activation of nuclear factor kappaB (NF-kB) and
activator protein 1 (AP-1) and concluded that this might be responsible for the chemopreventive effects
of capsaicin [63]. These results are congruent with findings previously reported by another group of
authors [108-111]. Surh et al. studied the chemoprotective effect of capsaicin against tumorigenesis
and mutagenesis produced by vinyl carbamate (VC) and N-nitrosodimethylamine(NDMA) also
on female ICR mice [64]. The authors found that topical capsaicin pre-treatment lowered the
number of VC-induced tumors by 60% and hypothesized that capsaicin suppresses tumorigenesis and
mutagenesis by inhibiting cytochrome P-450 IIE1 isoform [64].
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3.2. The Effect of Capsaicin on Melanoma

Melanoma is a malignant tumor that arises from melanocytes; melanocytes are melanin-producing
cells situated in the basal layer of epidermis, in uveal structures of the eye and in the meninges; of all
possible sites, skin is the most frequent location of melanoma [87,88]. Even though melanoma is less
frequent than most malignant cutaneous tumors (i.e., basal cell carcinoma, squamous cell carcinoma),
it has the most aggressive course, accounting for more than 75% of all skin cancer deaths. Melanoma
can occur at any age but it is more frequent between 30 and 70 years; females are more frequently
affected than males (male:female ratio 1:1.5) [88,89]. The incidence of melanoma has been on the
rise worldwide in the last decades. Excessive ultraviolet radiation exposure (from both sun and
artificial sources—e.g., tanning beds) especially under the age of 20, skin phototypes I and II (light
skin pigmentation), genetic predisposition, increased number of melanocytic nevi and the presence
of atypical nevi are the main risk factors for developing melanoma. Most melanomas occur de
novo [90,112,113].

The treatment of melanoma varies depending on the stage of the disease. Surgical excision is the
mainstay treatment for primary melanoma. Metastatic melanomas however require chemotherapy,
immunotherapy or palliative treatment. These are usually associated with severe adverse reactions
and low response rates [87,88]. Therefore, new drugs as well as new ways of investigating their efficacy
have been elaborated [114]. The prognosis of patients with metastatic melanoma was improved after
the introduction of BRAF(B-Rafenzyme) inhibitors (vemurafenib, dabrafenib), mitogen-activated
protein/extracellular signal-regulated kinase kinase(MEK) inhibitors (trametinib) and immune
checkpoint inhibitors (nivolumab, ipilimumab) [113,115].These therapies however are very expensive
and are not available for all the patients [113,115].

Under these circumstances, there is a real need to identify new therapeutic targets in order to
develop cheaper, but efficient, treatment options. Hence, the mechanisms behind the development
and progression of melanoma were intensely studied and recent reports showed that neuro-endocrine
factors might be involved [100,101,116,117]. Several studies have investigated the potential role of
NK-1R and SP, one of the main neuropeptides involved in capsaicin-induced inflammatory reaction.
A recent study performed on canine melanoma tissues and cell lines found that 11 of 15 tumors
revealed NK-1R immunoreactivity [118]. The expression of SP in malignant melanoma and melanoma
precursors was also studied and the authors showed that 68% of primary invasive melanomas,
40% of metastatic melanomas, 60% of in situ melanomas and 58% of dysplastic nevi express the
neuropeptide [119]. SP and NK-IR are also involved in melanogenesis [120]. B16-F10 melanoma
cells treatment with SP results in activation of NK-1R, phosphorylation of p70 S6K1, inhibition of
p38mitogen-activated protein kinase(MAPK), down-regulation in tyrosinase activity and suppression
of melanogenesis [121]. There is increasing evidence regarding the involvement of SP and NK-1R in
melanoma cells proliferation [100,101,122,123]. For that reason, NK-1R is now regarded as a target in
melanoma treatment and NK-1R antagonists are being intensely studied [100,101,122,123].

The direct role of capsaicin in the treatment of melanoma was investigated in several studies,
as explained further [65-72,124-129]. Morré et al. studied the effect of capsaicin on nicotinamide
adenine dinucleotide(NADH) oxidase activity of plasma membranes and cell growth of human primary
melanocytes and melanoma cells (A-375 and SK-MEL-28 cell cultures) [65]. The authors found that
capsaicin inhibits plasma membrane NADH oxidase activity preferentially in melanoma cells thus
inhibiting growth and increasing apoptosis [65]. Brar et al. also showed in a study performed on human
melanoma cell lines that reactive oxygen species produced endogenously from nicotinamide adenine
dinucleotide phosphate-reduced(NAD(P)H):quinone oxidoreductase activate NF-«kB in melanoma cells
in an autocrine fashion and that capsaicin significantly reduces proliferation of melanoma cells [66].

Patel et al. showed in a study published in 2002 that the NF-«B activation regulates the expression
of IL-8 in melanoma cells and that the addition of capsaicin determines the inhibition of constitutive and
IL1-beta and TNF-« induced IL-8 expression in melanoma cells [67]. In melanoma, IL-8 over-expression
is associated with the transition from radial growth phase to vertical growth phase and with the
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development of metastases [124,125]. Capsaicin is a potent inhibitor of NF-kB. It suppresses the
activation of NF-«B by inhibiting IkBx (nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor, alpha) degradation and blocking the translocation of p65 in human promyelocytic
leukaemia HL-60 cells [63,126].

In a study published in 2012, Kim aimed to explain the mechanism by which capsaicin induces
apoptosis in melanoma cells [68]. The author therefore studied the role of nitric oxide (NO) during
apoptosis induced by capsaicin and resveratrol on A375 human melanoma cells and found that NO
stimulates p53 and induces conformational changes in Bax and Bcl-2 and activates caspases 3, 8 and 9.
The authors concluded that capsaicin and resveratrol activate the mitochondrial and death receptor
pathways [68].

In a study published in 2008, Shin et al. evaluated the effects of capsaicin on highly metastatic
B16-F10 mouse melanoma cells and found that capsaicin inhibits migration of melanoma cells in a
dose-dependent manner [69]. The authors also found that capsaicin decreases the phosphorylation
of the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3-K) and Akt and concluded that
capsaicin down-regulates the PI3-K/Akt pathway. Furthermore, the authors found that capsaicin
inhibits the Racl activity [69]. The PI3-K/Akt pathway is one of the main signaling networks in
cancer and plays an important role in melanoma initiation and in therapeutic resistance [127,128]. Racl
is involved in cell migration and metastasis [129]. Jun et al. also studied the effect of capsaicin on
B16-F10 murine melanoma cells. The authors found that capsaicin determines release of mitochondrial
cytochrome ¢, activation of caspase-3 and cleavage of poly (ADP-ribose) polymerase and finally
induces apoptosis of melanoma cells through down regulation of Bcl-2 [60]. Other studies have
observed induction of apoptosis by capsaicin in melanoma cells, as well: Gong et al. showed, in a
study performed on human melanoma A375-5S2 cells, that capsaicin induces melanoma cell death
in a time and dose dependent manner by reducing the expression of inhibitor of caspase activated
DNase (ICAD); ICAD expression was decreased over the lapse of time, as cell treated with capsaicin
progressed into apoptotic stages [70]. Some authors studied the combined effect of capsaicin and other
agents on melanoma cells [71,72]. Marques et al. investigated the apoptotic effect of capsaicin and
HA14-1, a small molecular compound that inhibits the anti-apoptotic effect of Bcl-2, on melanoma cells,
melanocytes and fibroblasts [71]. The authors found that capsaicin induces apoptosis in melanocytes
and HBL, A3755M and C8161 melanoma cell lines at lower concentrations than in fibroblasts and that
the capsaicin and HA14-1 combination shows additive inhibitory effect on melanoma and melanocyte
viability, inducing apoptosis in two of the three studied melanoma cell lines [71]. The authors concluded
that capsaicin can be associated with other organic compounds as a pro-apoptotic agent to reduce
toxicity and adverse reactions [71]. Schwartz et al. studied the combined effect of hydroxycitrate,
lipoic acid and capsaicin on lung cancer cells, bladder cancer cells and melanoma cells and found that
the association of these drugs is effective in inducing tumor regression and lacks toxicity [72].

Taking into account the increasing evidence regarding its anti-carcinogenic role, expanding the
research on capsaicin actions may lead to identification of potential new therapeutic pathways.

3.3. Capsaicin’s Involvement in Carcinogenesis

A potential co-carcinogenic role of capsaicin has aroused the interest of various researchers.
A study published in 2009, showed that TRPV1 interacts with the epidermal growth factor receptor
(EGFR) and determines its degradation though the lysosomal pathway [73]. EGFR is a receptor
tyrosine kinase with an important role in the development of the epidermis, which is overexpressed
in many epithelial cancers. Using a skin carcinogenesis model with 7,12-dimethyl benz(a)anthracene
(DMBA) and TPA in TRPV1~/~ (knockout) and TRPV1*/* (wild type) mice, authors have shown
that TRPV1~/~ mice developed significantly more skin tumors than TRPV1*/* mice [73]. Moreover,
to assess to role of EGFR in skin carcinogenesis, the authors performed the same experiment, except that
some of the mice received an EGFR inhibitor; the scientists discovered that carcinogenesis was
substantially more suppressed in TRPV1~/~ mice, after EGFR inhibitor was administered [73].
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Another study published in 2010 showed that topical application of capsaicin on the skin of TRPV1
wildtype mice and TRPV1 knockout mice, which were previously subjected to the two-stage skin
carcinogenesis experiment with DMBA (9,10-Dimethyl-1,2-benzanthracene) and TPA, was associated
with significantly more and larger tumors than TPA treatment alone [25]. TRPV1 knockout mice
were more affected than TRPV1 wildtype mice. Mice treated with capsaicin alone however have
not developed any tumors. These findings suggest that carcinogenesis has a TRPV1 independent
mechanism. Further research revealed higher levels of COX-2(cyclo-oxygenase-2) in mice treated
with capsaicin and TPA than in mice treated with TPA alone thus suggesting that capsaicin induces
an increased COX-2 expression in the presence of TPA. COX-2 expression was increased in EGFR
wildtype cells but not in EGFR knockout cells. The authors therefore suggest that capsaicin acts as a
co-carcinogen through EGFR dependent mechanisms/pathways [25].

The link between capsaicin receptor and skin tumorigenesis was the subject of an
experimental invivo research which found that topical application of TRPV1-antagonist
AMGY810[(E)-3-(4-t-Butylphenyl)-N-(2,3-dihydrobenzo[b][1,4]  dioxin-6-yl)acrylamide]promotes
tumor development in mice previously treated with DMBA. The levels of EGFR were also higher
in these mice as compared to the control group. Moreover, the phosphorylation level of EGFR
was significantly increased in AMG9810 treated mice compared to the control groups. EGFR
phosphorylation activates the Akt/mTOR-signaling pathway which has an important role in
tumorigenesis. It was therefore concluded that the TRPV1 antagonist induces carcinogenesis by
activating the EGFR/Akt/mTOR signaling pathway [74].

Liu et al. also studied the effect of topical applications of capsaicin on the dorsal skin of mice
in which carcinogenesis was induced by DMBA/TPA. The authors showed that capsaicin led to
the appearance of more numerous and larger skin tumors as compared to the control group and
suggested that Erk, p38 and inflammation may play an important role in the cancer-promoting effect
of capsaicin [75].

All these findings suggest that, even though capsaicin itself is not a carcinogen, long-term
application of capsaicin for pain relief might increase the risk of carcinogenesis when it is associated
with a tumor promoter [73].

4. Conclusions

Capsaicin is one of the most commonly used spices in the world and its analgesic and
anti-inflammatory properties have been known for centuries. Short term administration of capsaicin
has the ability to trigger the release of neuropeptides like SP and CGRP which might play a role
in tumorigenesis. However, chronic administration of capsaicin progressively reduces the initial
inflammatory reaction, leading to desensitization or even to neurotoxic effects, depending on the
duration and intensity of applications.

In recent years various studies have focused on the potential impact of capsaicin on tumorigenesis,
investigating both the anti-carcinogenic and carcinogenic actions of capsaicin. Data available so
far regarding the effect of capsaicin on various types of skin cancers suggests that capsaicin has a
chemopreventive role. Sinceseveral authors showed that under certain circumstances capsaicin can
have a pro-tumorgenic potential, caution is mandatory when capsaicin is administered in conditions
that favor tumorigenesis as it might have a co-carcinogenic effect.
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Abstract: Skin is the largest organ in the human body, and which protects organism against
unfavorable external factors e.g., chemicals, environment pollutants, allergens, microorganisms,
and it plays a crucial role in maintaining general homeostasis. It is also an important target of
oxidative stress due to the activity of oxygen reactive species (ROS), which are constantly generated
in the fibroblasts in response to exogenous or endogenous prooxidant agents. An example of such
compound with proved prooxidant activity is Doxorubicin (DOX), which is an effective anticancer
agent belongs in anthracycline antibiotic group. Increasingly frequent implementation of various
strategies to reduce undesirable DOX side effects was observed. Very promising results come
from the combination of DOX with dietary antioxidants from the polyphenol group of compounds,
such as cichoric acid (CA) in order to lower oxidative stress level. The aim of this work was to
evaluate the influence of CA combined with DOX on the oxidative stress parameters in fibroblasts,
which constitute the main cells in human skin. We also wanted to examine anti-apoptotic activity of
CA in fibroblasts treated with selected concentrations of DOX. Results obtained from the combination
of DOX with CA revealed that CA exhibits cytoprotective activity against DOX-induced damage by
lowering oxidative stress level and by inhibiting apoptosis. The present finding may indicate that CA
may serve as antioxidative and anti-apoptotic agent, active against DOX-induced damage.

Keywords: cichoric acid; doxorubicin; fibroblasts; skin; oxidative stress

1. Introduction

Skin is the largest organ in the human body. It protects the organism against unfavorable external
factors e.g., chemicals, environment pollutants, allergens, microorganisms, and it plays a crucial role
in maintaining general homeostasis [1]. Therefore, it is also an important target of oxidative stress
due to the activity of reactive oxygen species (ROS), which are constantly generated in the fibroblasts
and keratinocytes in response to exogenous or endogenous prooxidant agents [2]. Furthermore,
ROS produced during normal skin metabolism, constitute a part of proper skin functionality and
usually cause a little damage due to the activity of intracellular mechanisms, which reduce their
harmful properties. It is worth noting that intensive or prolonged oxidative stress may overwhelm
antioxidant defense mechanisms of the human skin and contribute to the skin disorders development,
e.g.,: skin aging, dermatitis, allergic reactions or even skin neoplasms [3]. Main constituents of skin
are fibroblasts, which arise during embryogenesis from embryonic mesenchyme. A certain amount of
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spindle-shaped mesenchymal cells differentiate into supporting cells—fibroblasts. They are usually
elongated, spindle-shaped, with several projections lying in one plane. They have one cell nucleus,
round or oval with distinct nucleoli. Sometimes several nucleoli within the nucleus can be observed.
Fibroblasts are the main cells that build up the dermis. Skin consists of three layers: epidermis, dermis
and subcutaneous tissue. The epidermis forms a surface layer that stays in contact with the external
environment and is built principally of keratinocytes that synthesize keratin—a component of the
stratum corneum of the epidermis. The skin is composed of two layers: papillary and reticular [4,5].

Free radicals as atoms or compounds, which have at least one unpaired electron in the outer orbit,
are mainly produced in the mitochondria during electron flow through the mitochondrial respiratory
chain, and they increase their reactivity through oxidation-reduction mechanisms. About 2% of oxygen
consumed by the respiratory chain undergoes simultaneous reduction causing the formation of ROS.
As a result of these processes, superoxide anion radicals are formed, that initiate a whole cascade of
reactive oxygen species, such as hydroxyl radical, hydrogen peroxide and singlet oxygen. ROS are
generated in cells in different ways, but their main source are mitochondria, which consume about
90% of the oxygen needed by the cells. Mitochondria are also most often damaged by ROS, and with
age they degenerate fairly quickly. Under normal conditions ROS are permanently removed by a
complex antioxidant system, but in pathological conditions there is an imbalance between prooxidants
and antioxidants. This imbalance can lead to oxidative stress and subsequently overproduction of
ROS, which modify cellular components such as DNA, proteins and lipids [6,7]. Oxidative stress
largely affects the skin, which occupies the largest area of the human body and is a protective coating
for the internal organs. The skin structure allows it to perform physical and biochemical protection
functions. Due to its functions and localization in the human body, skin is the most exposed for
oxidative stress tissue. It is most susceptible to oxidative damage, which results from the presence of
potential biological targets for free radical reactions in its components.

Air pollution, naturally occurring airborne gases such as ozone or high concentrations of oxygen,
ionizing and non-ionizing radiation, bacteria, viruses and various exogenous toxins and chemicals can
be considered as exogenous sources of factors that promote oxidative stress in the skin. Oxidative stress
can also be caused by physical damage to the skin, such as burns or injuries [8,9]. On the other hand,
endogenous sources of oxidative damage are generated by enzymes involved in the autoxidation of
endo- and exogenous compounds, as well as by lipoxygenases and cyclooxygenases during eicosanoid
metabolism. Nitric oxide synthase is an example of an enzyme that produces NO (nitric oxide) radicals
directly in the skin. The source of ROS may also be neutrophils activated by a bacterial invasion in
which a respiratory burst is observed.

One of the classes of compounds, which activity in the human organism is based on the generation
of oxidative stress, mainly in cancer cells, are anticancer drugs. An example of such compound
with proved prooxidant activity is Doxorubicin (DOX). DOX is an effective anticancer agent from
anthracycline antibiotic group, which has a large spectrum of activity and it is being used alone or in
combination to treat a variety of tumors, both haematological and solid, such as breast cancer [10,11].
It inhibits cell proliferation, induces oxidative stress, inhibits topoisomerase II, and finally leads to
the cell death mainly through apoptosis [12-14]. DOX tends to accumulate in mitochondria, causing
changes in their structure and function. However, the main cause of DOX side effects observed in
human is an extremely high level of oxidative stress within the cell, eventually causing apoptotic cell
death [15,16]. A generation of free radicals caused by DOX can be described in two ways. The first one
is an enzymatic mechanism consisting of the formation of semiquinone free radicals by the activity of
NADPH-dependent reductases, which cause a one—electron reduction of DOX to DOX-semiquinone.
Redox transformations of DOX-derived quinone/semiquinone provide superoxide radicals in the
presence of oxygen [17,18]. The second mechanism has non-enzymatic background and it involves
reaction with an iron (Fe3*), which produces Fe?*-doxorubicin free radical complex. This Fe-DOX
complex is able to reduce oxygen to hydrogen peroxide and other free radicals. In our previous
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experiment regarding DOX influence on breast cancer cells we revealed that DOX-metal complexes are
even more efficient than a parent drug [10,17].

Increasingly frequent implementation of various strategies to reduce undesirable DOX side
effects was observed. Besides dose regulation, combined therapies with antioxidants, especially plant
origin substances, are being used. Very promising results come from the combination of DOX with
dietary antioxidants from the polyphenol group of compounds in order to lower oxidative stress
level [19]. One of the antioxidative agents with promising properties is cichoric acid. Cichoric acid
(CA), a dicaffeyltartaric acid, was identified in a variety of edible plants and vegetables, such as: iceberg
lettuce, basil, Cichorium intybus L., dandelion, Echinacea purpurea and Orthosiphon stamineus. Many of
above-mentioned plants are being used in folk medicine. CA exhibits many biological properties
including anti-hyaluronidase activity, protection of collagen from possible free radical damage, antiviral
activity, promoting phagocyte activity and free radical scavenger properties [20,21]. According to the
literature, CA also inhibits HIV (human immunodeficiency virus) integrase, which is responsible for
the HIV DNA copy integration with the DNA of the host cell [22]. It should be also mentioned that
CA has the ability to influence an immune response in chronically stressed mice, causing a significant
decrease in stress level [23,24]. In addition recent research revealed that CA enhances glucose uptake in
muscle cells and subsequently stimulates Langerhans islets to the secretion of the insulin [25]. Despite
so many beneficial activities of CA described in literature, no studies exist regarding its antioxidative
properties against DOX-induced oxidative stress in normal human fibroblasts.

Several studies have shown that CA reveals its general antioxidative properties, which may
counteract doxorubicin-induced cytotoxicity, but they were conducted on cancer cell lines and they
have not clarified the mechanisms of its action. Therefore, with our study, we wanted to determine if
CA acts as an antioxidant against doxorubicin—induced oxidative stress and if it acts via antioxidative
and/or antiapoptotic pathway. We tested it in human normal fibroblasts cell line, because fibroblasts
are very responsive to chemical signals and changes made to this signals can affect other cells.
Fibroblasts constitute also main cell type of the skin, which is exposed for anticancer drugs side
effects. Therefore strategies to attenuate the toxic effects of doxorubicin, such as combined therapy
with dietary antioxidants (e.g., CA) are implemented.

2. Materials and Methods

2.1. Reagents

Dulbecco’s modified Eagle’s medium (DMEM), containing glucose at 4.5 mg/mL (25 mM),
penicillin, streptomycin, trypsin-EDTA (ethylenediaminetetraacetic acid), FBS (Fetal Bovine Serum)
and PBS (Phosphate-buffered saline) (without Ca and Mg) were provided by Gibco (San Diego,
CA, USA), GSH/GSSG-Glo™ Assay kit, Caspase-Glo® 3/7 Assay kit, Caspase-Glo® 9 Assay kit
were provided by Promega, Madison, WI, USA. MTT reagent was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acridine orange and ethidium bromide were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Dichlorodihydrofluorescein diacetate assay (DCFH-DA) was provided by
Sigma-Aldrich, St. Louis, MO, USA. SDS (Sodium dodecyl sulfate), TCA (Trichloroacetic acid),
TBA (Thiobarbituric acid), Folin-Ciocalteu reagent were provided by Sigma-Aldrich and DTNB
(Ellman’s Reagent) (5,5-dithio-bis-(2-nitrobenzoic acid)) by Serva. Cichoric acid, chlorogenic acid,
caffeic acid, quercetin, DPPH (2,2-diphenyl-1-picrylhydrazyl), trolox, HyO», horseradish peroxidase,
phosphate buffer pH = 7 were purchased from Sigma-Aldrich Co. and used without purification.
Methanol was purchased from Merck (Darmstadt, Germany).

2.2. Anti-/Pro-Oxidant Activity

Antiradical activity was determined according to the DPPH assay described by [26].
The methanolic solutions of cichoric, chlorogenic and caffeic acids, quercetin and DPPH were prepared
just before analysis. 1 mL of tested compound and 2 mL of DPPH was added to each tube, vortexed
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and incubated in the darkness for 1 h at 23 °C. The final concentrations of phenolic compounds were 8,
5,1 and 0.5 uM, and DPPH was 40 uM. The absorbance of solutions was measured at 516 nm against
methanol as the blank using Agilent Carry 5000 spectrophotometer (Agilent, Santa Clara, CA, USA).
The control sample consisted of 2 mL of DPPH solution and 1 mL of methanol. The antiradical activity
of phenolic compounds was calculated as the percent of DPPH inhibition according to the equation:

516 - 516 1
o/ 7 __ . contro sample
Yol = ——= X 100%
control
where: %I—% inhibition of DPPH radical, Ag(l)gml—absorbance of the control, AS16  _ absorbance of

sample
the sample.

The pro-oxidant activity of tested compounds was determined as the rate of oxidation of trolox
according to the procedure described by Zeraik et al. [27]. 100 uM trolox, 50 uM HyO,, 0.01 uM
horseradish peroxidase in phosphate buffer (pH = 7) and 0.25 uM tested substances were incubated at
25 °C. The measurement was conducted at 272 nm using Agilent Carry 5000 spectrophotometer.

2.3. Cell Culture

The effect of CA, DOX and CA-DOX was examined in normal human skin fibroblast cell line
(CRL1474), which was obtained from American Type Culture Collection (ATCC). Cells were maintained
in DMEM (Gibco) supplemented with 10% FBS (Gibco), penicillin (100 U/mL), and streptomycin
(100 pug/mL) at 37 °C in a humidified atmosphere of 5% CO; in air. The viability of cells was estimated
at CA concentrations of: 0.5 uM, 1 uM, 10 uM, 50 uM, 100 uM, 200 uM and 300 uM; DOX concentrations
of: 0.09 uM, 0.18 uM, 0.38 uM, 0.75 uM, 1.5 uM, 3 uM and 6 uM; mix of CA and DOX in concentrations:
0.5 uM CA + 3 uM DOX, 1 uM CA + 3 uM DOX, 10 uM CA + 3 uM DOX, 50 uM CA + 3 uM DOX,
100 uM CA + 3 uM DOX, 200 uM CA + 3 uM DOX and 300 uM CA + 3 uM DOX. Caspases 3/7 activity,
caspase 9 activity, SH (thiol) group content, TBARS (Thiobarbituric acid reactive substances) content,
GSH/GSSG (Glutathione/Oxidized Glutathione) ratio, ROS content and apoptosis were examined at
CA concentrations of 300 uM, DOX concentration of 3 uM and the mixture of these two compounds
(CA + DOX, concentrations: 300 uM + 3 M, respectively). Fibroblasts were seeded in 96-well plates at
a density 2 x 10* cells/well. The cells were cultured for 24 h and 48 h and were treated with DOX in a
concentration of 3 uM, CA in a concentration of 300 uM and with a mixture of DOX and CA (3 uM
+ 300 uM, respectively). Cells were seeded in: (a) transparent plates for cytotoxicity tests; (b) white
plates for determination of caspase 3/7 and 9 activity, determination of GSH/GSSG ratio; (c) black
plates for intracellular ROS detection.

2.4. Chemical Treatment of Cells

CA was stored in a refrigerator at temperature 4 °C. CA was dissolved in TrisHCI buffer.
The compound was added to the cultured cells for a final concentration in the range of 0.5 M
to 300 pM. DOX was stored in a freezer at temperature —20 °C. The compound was added to the
culture cells for a final concentration in the range of 0.09 uM to 6 uM. CA and DOX were both
added to the cultured cells in selected concentrations. The control cells were incubated without the
tested compounds.

2.5. CA, DOX and CA-DOX Cytotoxicity

CA, DOX and CA-DOX cytotoxicity were measured according to the method of Carmichael using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) [28]. The cells cultured for 24 h
and 48 h were treated with: 1st—CA in the concentration range from 0.5 uM to 300 uM; 2nd—DOX in
the concentration range from 0.09 utM to 6 uM; 3rd—CA combined with DOX: CA in the concentration
range from 0.5 uM to 300 uM combined with DOX in the 3 uM concentration. After 24 h and 48 h cells
were washed 3 times with PBS and subsequently incubated with 10 pL of MTT solution (5 mg/mL in
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PBS) for 2 h at 37 °C in 5% CO; in an incubator. Subsequently, 100 uL. of DMSO was added and cells
were incubated in the dark for the next 2 h. The absorbance was measured at 570 nm in a microplate
reader GloMax®-Multi Microplate Multimode Reader (Promega Corporation, Madison, WI, USA).
The viability of fibroblast cells was calculated as a percentage of control cells, incubated without tested
compounds. All the experiments were done in triplicates.

2.6. Determination of Caspase 3/7 Activity

After intended time of incubation medium was removed and Assay reagents were added to the
wells. The activity of caspases 3/7 was measured using luminescent assay based on the substrate which
contains the tetrapeptide sequence DEVD in a reagent optimized for caspase activity, luciferase activity
and cell lysis. The cell lysis was followed by the caspase cleavage of the substrate and generation of
the luminescent signal. The luminescence is proportional to the amount of caspase activity present in
the sample. Assay is based on the thermostable luciferase activity, which generates stable, “glow-type”
luminescent signal. The luminescence was measured in a microplate reader GloMax®-Multi Microplate
Multimode Reader. All the experiments were done in triplicates.

2.7. Determination of Caspase 9 Activity

After intended time of incubation medium was removed and Assay reagents were added to the
wells. The activity of caspase 9 was measured by using luminescent assay based on a luminogenic
caspase-9 substrate in a buffer system provided for caspase activity, luciferase activity and cell lysis.
The addition of a special Caspase-Glo® 9 Reagent results in cell lysis, followed by caspase cleavage of
the substrate, and generation of a “glow-type” luminescent signal. The signal generated is proportional
to the amount of caspase activity present in the sample. The assay is based on thermostable luciferase,
which generates the stable “glow-type” luminescent signal. The luminescence was measured in a
microplate reader GloMax®-Multi Microplate Multimode Reader (Promega Corporation, Madison, WI,
USA). All the experiments were done in triplicates.

2.8. Total Protein Content in Cells

Fibroblasts (1 x 10° cells/mL) were incubated in 2 mL of culture medium with tested
compounds in tissue culture 6-well plates. The determination of protein concentration was performed
spectrophotometrically as per Lowry et al. (1951) as described previously [29]. All the experiments
were done in triplicates.

2.9. Determination of SH Groups

SH-groups were measured using the method of Rice-Evans (1991) as described previously [29].
Fibroblasts (1 x 10° cells/ mL) were incubated in 2 mL of culture medium with tested compounds in
tissue culture 6-well plates. All the experiments were done in triplicates.

2.10. Determination of TBA Reactive Species (TBARS) Levels

The method of Rice-Evans (1991) was applied in order to measure the level of membrane
lipid-peroxidation products (TBARS), as described previously [29]. Fibroblasts (1 x 10° cells/mL)
were incubated in 2 mL of culture medium with test compounds in tissue culture 6-well plates. All the
experiments were done in triplicates.

2.11. Determination of GSH/GSSG

Total glutathione and GSH/GSSG ratio were each assayed in triplicate via GSH/GSSG-Glo™
kit (Promega, Madison, WI, USA) following manufacturer’s instructions. Prior to the assay growth
media were removed and cells washed with PBS. Assay is based on a luminescence measurement
and detects and quantifies total glutathione (GSH + GSSG), GSSG and GSH/GSSG ratios in cultured
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cells. Stable luminescent signals are correlated with either the GSH or GSSG concentration of a
sample. In this method GSH-dependent conversion of a GSH probe, Luciferin-NT, to luciferin by
a glutathione S-transferase enzyme is coupled to a firefly luciferase reaction. Light from luciferase
depends on the amount of luciferin formed, which in turn depends on the amount of GSH present.
Thus, the luminescent signal is proportional to the amount of GSH. GSH/GSSG ratios are calculated
directly from luminescence measurements.

2.12. Intracellular ROS Detection

The intracellular ROS level was measured according to Kretowski R. et al. [30]. After diffusion
through the cell membrane, DCFH-DA is deacetylated by cellular esterases to a non-fluorescent
compound, which is later oxidized by intracellular ROS into a fluorescent 2/ 7'—dichlorofluorescein
(DCEF). After 24 h, the medium was removed, the cells were stained with 10 uM of DCFH-DA in
200 uL PBS at 37 °C, 5% CO, incubator, for 45 min. Next, the dye was removed and replaced with
DOX in a concentration of 3 uM, CA in a concentration of 300 uM and with a mixture of DOX + CA
(3 uM + 300 uM, respectively) and incubated for 24 h and 48 h. Then, the DCF fluorescence intensity
was measured using the GloMax®-Multi Detection System (Promega Corporation, Madison, WI, USA)
at the excitation wavelength of 485 nm and the emission wavelength of 535 nm. The intracellular
ROS generation in fibroblasts cells was shown as the intensity of fluorescence of the DCE. All the
experiments were done in triplicates.

2.13. Intracellular ROS Detection by Flow Cytometry

The level of intracellular reactive oxygen species (ROS) was determined using
dichlorodihydrofluorescein diacetate (DCFH-DA), (Sigma, St. Louis, MO, USA). After diffusion
through the cell membrane, DCFH-DA is deacetylated by cellular esterases to a non-fluorescent
compound, which is later oxidized by intracellular ROS into a fluorescent 2/ 7'—dichlorofluorescein
(DCF). The cells (2.5 x 10°) were seeded in 2 mL of growth medium in 6-well plates. After 24 h,
the medium was removed, the cells were stained with 10 uM of DCFH-DA in 2 mL PBS at 37 °C,
5% CO, incubator, for 30 min. Next, the dye was removed and replaced with DOX in a concentration
of 3 uM, CA in a concentration of 300 tM and with a mixture of DOX and CA (3 uM + 300 uM,
respectively) and incubated for 24 h and 48 h. Then, the cells were trypsinized, resuspended in DMEM
and then in PBS. The DCF fluorescence intensity was measured according to flow cytometry method,
by using FACSCanto II cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Data were analysed
using FACSDiva software (version 6, Becton Dickinson, Franklin Lakes, NJ, USA). The intracellular
ROS generation in fibroblasts was depicted as the % of DCF positive cells.

2.14. Fluorescent Microscopy Assay

For apoptotic and necrotic cells nuclear morphology evaluation fluorescent dyes, such as ethidium
bromide (10 uM) and acridine orange (10 uM) were used. The MCE-7 cells were seeded on cell imaging
dishes with coverglass bottom with DOX in a concentration of 3 tM, CA in a concentration of 300 M
and with a mixture of DOX and CA (3 uM + 300 uM, respectively) and without tested compound as a
control, for 24 h and 48 h. After incubation the cells were washed twice with PBS and then stained
with dyes solution in the dark in room temperature, for 10 min. After incubation, staining mixture
was removed and the cells were washed with PBS in order to analyze under fluorescent microscope
(200 x magnification). Ethidium bromide stains only cells that have lost their membrane integrity,
while acridine orange stains live and dead cells. The cells were analyzed and photographed via using
Leica DM IL fluorescent microscope (Leica Microsystems, Wetzlar, Germany). The following criteria
were used: living cells—have regularly distributed green chromatin nucleus, early apoptotic cells
characterized by bright green nucleus with condensed or often fragmented chromatin, late apoptotic
cells—orange nuclei with chromatin condensation or fragmentation, while necrotic cells showed
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orange-stained cell nuclei. The cells were counted and percentage of apoptotic cells was the sum of
early apoptotic and late apoptotic cells percent.

2.15. Statistical Analysis

For parametric data one-way analysis of variance (ANOVA) followed Tukey’s test was applied.
Results from five independent experiments were expressed as mean + standard deviation (SD) of
mean for parametric data. Significance was considered when p < 0.05. Statistica 13.0 was used.

3. Results

3.1. Antioxidant (DPPH Assays) and Pro-Oxidant (Trolox Assay) Activity

The anti- and pro-oxidant activity of cichoric acid (CA) was determined and compared with the
activity of caffeic acid (CFA), chlorogenic acid (CGA) and quercetin (Q). In Figure 1 the antioxidant
properties of selected polyphenolics (determined as antiradical properties against DPPH® radical) are
shown. The percent of DPPH® radical inhibition (%I) was the highest for cichoric acid for four out
of six studied concentrations and it was equal: 88.44 + 0.53, 82.37 + 0.70, 52.52 + 0.99, 31.81 £ 1.46,
13.60 £ 1.45 and 6.67 £ 0.91%, for the concentrations 8, 5, 3, 2, 1 and 0.5 uM, respectively. Caffeic
acid shows slightly lower antioxidant properties than cichoric acid, %I = 85.37 & 0.41, 80.11 £ 1.67,
42.57 £ 0.48, 9.66 £ 0.76 and 5.45 + 1.37 for 8, 5, 1 and 0.5 uM, respectively. Quercetin possess
similar antioxidant activity as cichoric and caffeic acid, except the 5 and 3 uM concentrations
where the %I =65.96 £ 2.53 and 62.77 £ 0.98, respectively. Chlorogenic acid shows the lowest
antioxidant properties among studied compounds, for all studied concentrations (the %I = 49.78
=+ 0.14, 36.00 &= 1.98, 26.93 £ 0.38, 21.18 £ 0.59, 5.73 £ 0.63 and 3.01 £ 1.08, respectively; Figure 1).
Therefore, taking into account the increasing value of %I as a measure of the antioxidant activity,
the studied compounds may be ordered as follows: cichoric acid > caffeic acid~quercetin > chlorogenic
acid (for the concentrations 8, 5,2, 1 and 0.5 uM).
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Figure 1. DPPH radical scavenging activity (%) of cichoric acid (CA), caffeic acid (CFA), chlorogenic
acid (CGA) and quercetin (Q) for the concentrations 8, 5, 2, 1 and 0.5 uM. The same letter near the
means indicate no significant difference (Tukey test, p < 0.05).
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The pro-oxidant property of phenolic compounds was studied for the concentration 0.25 uM
(Figure 2). The rate of oxidation of trolox depends on the type of compounds. For the first 20 min.
of measurement chlorogenic acid shows the highest pro-oxidant properties whereas cichoric acid is
the lowest (the pro-oxidant activity increases in the series: cichoric acid < quercetin < caffeic acid <
chlorogenic acid). For the next 30 min. the pro-oxidant capacity increases as follows: quercetin <
cichoric acid < caffeic acid < chlorogenic acid), and after 60 min. all tested compounds reveal similar
pro-oxidant properties.
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Figure 2. The effect of selected phenolic compounds (0.25 uM) on the oxidation of trolox. CA: cichoric
acid, CFA: caffeic acid, CGA: chlorogenic acid, Q: quercetin. The same letters for particular compounds
indicate no significant difference (Tukey test, p < 0.05).

3.2. CA, DOX and CA-DOX Cytotoxicity

Cell viability was determined using MTT assay. CA significantly increased cell proliferation
especially after 24 h of exposure (Figure 3A-C). None of the tested CA concentration resulted in a
decrease below the control level. The concentration of 1 tM of CA increased the viability of cells by
46% after 24 h and by about 50% after 48 h treatment. Treatment with 100 uM of CA also increased
fibroblast cells proliferation by about 40% in both tested incubation times (Figure 3A). DOX treatment
caused decrease in fibroblast viability (Figure 3B). The most significant decrease by about 53% was
observed under the influence of 3 pM DOX after 48 h treatment. We didn’t observe any increases
above the control level in viability of cells under the influence of DOX. Therefore we selected one
concentration of DOX, which is 3 uM and combined it with all of the tested concentrations of CA
(ranged from 0.5 uM to 300 uM). We observed significant increase in viability of cells after 24 h and 48 h
treatment with 200 and 300 uM CA combined with 3 uM DOX (Figure 3C). Simultaneous treatment
with 300 uM CA and 3 uM DOX for 48 h increased cell proliferation by about 200% as compared to
untreated controls. Based on that experiment we chose one combination of DOX and CA, which was
300 uM of CA and 3 uM of DOX for studying oxidative stress and apoptosis.
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Figure 3. The effect of CA, DOX and CA + DOX on cell viability of fibroblasts. The cells were incubated
with 0.5 uM, 1 uM, 10 uM, 50 uM, 100 1M, 200 uM and 300 uM CA for 24 h and 48 h (A); 0.09 uM,
0.18 uM, 0.38 uM, 0.75 uM, 1.5 uM, 3 uM and 6 uM DOX for 24 h and 48 h (B); mix of CA and DOX in
concentrations: 0.5 uM CA + 3 uM DOX, 1 uM CA + 3 uM DOX, 10 uM CA + 3 uM DOX, 50 uM CA +
3 uM DOX, 100 uM CA + 3 uM DOX, 200 uM CA+3 uM DOX and 300 uM CA + 3 uM DOX for 24 h
and 48 h (C). Mean values from three independent experiments + SD are shown. Significant alterations
are expressed relative to control, untreated cells, and marked with asterisks. Statistical significance was
considered if * p < 0.05. CA: cichoric acid, DOX: doxorubicin.

3.3. Determination of Caspase 3/7 Activity

Caspase-Glo® 3/7 Assay was used to assess apoptosis level under the influence of the tested
substances on fibroblast cell line. The cells were subjected to 3 uM DOX, 300 uM CA and DOX
combined with CA in the above-mentioned concentrations for 24 h and 48 h (Figure 4). 300 uM of
CA was added to the cell culture 2 h before adding 3 pM DOX. An increased level of apoptosis was
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observed in the presence of 3 uM DOX and in case of simultaneous treatment with DOX and CA,
however when CA was added to the DOX-treated culture the level of apoptosis was decreased as
compared to DOX—treated cells. Exposure of fibroblast cells to 300 uM CA significantly decreased
caspase 3/7 activity and therefore apoptosis.
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Figure 4. The effect of DOX, CA and CA + DOX on caspase 3/7 activity in fibroblast cells. The cells
were incubated with 3 uM DOX, 300 uM CA and DOX (3 uM) combined with CA (300 uM) for 24 h
and 48 h Mean values from three independent experiments + SD are shown. Different letters (a, b)
indicate statistical differences (p < 0.05) between control, 3 tM DOX, 300 uM CA and DOX combined
with CA estimated by Tukey’s test.

3.4. Determination of Caspase 9 Activity

For the measurement of the caspase 9 activity Caspase-Glo® 9 Assay was applied. Similarly as
in case of caspase 3/7 activity results, a significant increase in caspase 9 activity was observed under
the influence of 3 uM DOX (Figure 5). CA in 300 uM concentration caused a significant decrease
in caspase 9 activity. However, the most interesting and significant result is statistically significant
decrease in studied caspase activity under the influence of 300 uM CA combined with 3 uM DOX.
The level of apoptosis in this case is even lower than in control, untreated cells, which may mean the
CA is effective in counteracting the effect of DOX on healthy cell apoptosis.
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Figure 5. The effect of DOX, CA and CA+DOX on caspase 9 activity in fibroblast cells. The cells were
incubated with 3 uM DOX, 300 uM CA and DOX (3 uM) combined with CA (300 uM) for 24 h and
48 h Mean values from three independent experiments + SD are shown. Different letters (a, b) indicate
statistical differences (p < 0.05) between control, 3 tM DOX, 300 uM CA and DOX combined with CA
estimated by Tukey’s test.
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3.5. Determination of SH Groups

The effect of DOX and CA on SH group content is shown in Figure 6. To determine the oxidation
of the SH group, a spectrophotometric assay with Ellman’s reagent was used. Thiol group content
was evaluated as a marker of protein oxidation. A significant decrease in thiol group content of ~25%
compared to the control was observed especially after 48 h of treatment at a concentration of 3 uM
DOX. Exposure to CA resulted in ~50% increase in the total cellular content of the thiol groups after
48 h of treatment. Obtained results revealed that 300 tM concentration of CA eliminated pro-oxidative
effect of DOX on fibroblasts, because we observed a significant increase in thiol group content under
the influence of 3 uM DOX in culture pretreated with 300 uM CA. An observed SH group level after
48 h treatment with DOX combined with CA was even higher than it was in control untreated cells.
These data indicate that CA is an effective agent in elimination of the oxidative stress, mainly oxidative
damage of proteins, caused by DOX.
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Figure 6. The effect of DOX, CA and CA+DOX on SH group content in fibroblasts. The cells were
incubated with 3 uM DOX, 300 uM CA and DOX (3 uM) combined with CA (300 uM) for 24 h and
48 h Mean values from three independent experiments + SD are shown. Different letters (a, b) indicate
statistical differences (p < 0.05) between control, 3 uM DOX, 300 pM CA and DOX combined with CA
estimated by Tukey’s test.

3.6. Determination of TBA Reactive Species (TBARS) Levels

Lipid peroxidation is a process connected with a variety of cellular dysfunctions, which result
from the inappropriate modifications of lipid-protein complexes. TBARS content was measured as
an index of lipid peroxidation. The results showed significant differences between TBARS levels in
the control, DOX, CA and DOX-CA—treated cells (Figure 7). The addition of 3 uM DOX to the cells
induced a significant increase in TBARS content of ~95% compared to the control after 24 h treatment.
CA at a concentration of 300 tM induced a decrease of ~14% compared to the control observed after
24 h of incubation. CA in 300 uM concentration caused a reduction in TBARS content, which was
raised because of DOX influence. The obtained results suggest that CA demonstrates protective
properties against TBARS production caused by DOX, and as a consequence it decreases membrane
phospholipid peroxidation.
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Figure 7. The effect of DOX, CA and CA + DOX on TBARS content in fibroblast cells. The cells were
incubated with 3 uM DOX, 300 uM CA and DOX (3 uM) combined with CA (300 uM) for 24 h and
48 h Mean values from three independent experiments + SD are shown. Different letters (a, b) indicate
statistical differences (p < 0.05) between control, 3 tM DOX, 300 uM CA and DOX combined with CA
estimated by Tukey’s test.

3.7. Determination of GSH/GSSG

Reduced glutathione is one of the most important low mass antioxidants, therefore the estimation
of GSH/GSSG ratio constitute an essential study in oxidative stress parameters research. DOX in
3 uM concentration treatment caused a significant decreases in GSH/GSSG ratio after 24 h and 48 h of
incubation, while 300 M of CA treatment resulted in significant increases in both incubation times as
compared to the control, untreated cells. Cell culture pre-treatment with CA in 300 uM concentration
resulted in an elevated ration of GSH/GSSG after 24 h and 48 h of incubation even after addition of
DOX. After 24 h of incubation with the addition of DOX and CA mixture the level of GSH was elevated
even as compared to control untreated cells. The effect of DOX, CA and DOX combined with CA on
GSH/GSSG ratio is shown in Figure 8. Obtained results revealed an inhibitory influence of DOX and
stimulatory effect of CA on GSH amount in fibroblast cell line.
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Figure 8. The effect of DOX, CA and CA + DOX on GSH/GSSG ratio in fibroblasts. The cells were
incubated with 3 uM DOX, 300 uM CA and DOX (3 uM) combined with CA (300 uM) for 24 h and
48 h Mean values from three independent experiments + SD are shown. Different letters (a, b) indicate
statistical differences (p < 0.05) between control, 3 tM DOX, 300 uM CA and DOX combined with CA
estimated by Tukey’s test.
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3.8. Intracellular ROS Detection

Figure 9 shows the relative fluorescence intensity of 2/,7’-dichlorofluorescein (DCF) as a percent of
control in fibroblast cells incubated with 3 uM of DOX or 300 uM of CA or 3 uM of DOX and 300 uM
of CA for 24 and 48 h. An increase in the intracellular ROS production resulted in higher intensity
of DCF fluorescence and it was dependent on the concentration of studied compounds. After 24 h
incubation of fibroblast cells with 3 uM DOX, the intracellular ROS generation was about 50% higher
in comparison to control, untreated cells. The 48 h incubation with DOX resulted in 35% increase
in ROS production. CA treatment caused non-significant decrease in intracellular ROS production.
Pre-treatment with 300 uM CA significantly reduced ROS content in DOX treated cell culture. These
data show inhibitory and protective effect of CA on ROS formation.
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Figure 9. The effect of DOX, CA and CA + DOX on the level of intracellular ROS in fibroblasts. The cells
were incubated with 3 uM DOX, 300 uM CA and DOX (3 uM) combined with CA (300 uM) for 24 h
and 48 h Mean values from three independent experiments + SD are shown. Different letters (a, b)
indicate statistical differences (p < 0.05) between control, 3 uM DOX, 300 uM CA and DOX combined
with CA estimated by Tukey’s test.

Obtained results were confirmed by using flow cytometry analysis. Figure 10 indicates the effect
of DOX, CA and DOX combined with CA on intracellular ROS generation in fibroblasts. It shows
the % of DCF positive fibroblast cells incubated with 3 uM of DOX, 300 uM of CA and the mixture of
two tested compounds for 24 h and 48 h. Obtained results indicate that DOX in 3 uM concentration
is efficient in enhancing oxidative stress level in fibroblasts. The amount of ROS under the influence
of DOX was significantly elevated by about 20% after 24 h of incubation and by about 45% after 48 h
of incubation as compared to control, non-treated cells. Presented results are statistically significant.
Pretreatment with 300 M of CA caused a significant reduction in ROS content in DOX-treated culture.
The difference in ROS formation in cultures treated with CA mixed with DOX and cultures treated with
DOX only amounted approximately 40% after 48 h of incubation. This results confirmed protective
properties of CA against ROS generation in DOX-treated fibroblasts.
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Figure 10. The effect of DOX, CA and CA + DOX on the level of intracellular ROS examined by
flow cytometry in fibroblast cells. This Figure shows representative histograms of fibroblasts FACS
analysis and the percentage of fibroblast cells generating intracellular ROS. The cells were incubated
with 3 uM DOX, 300 pM CA and DOX (3 M) combined with CA (300 uM) for 24 h and 48 h Mean
values from three independent experiments 4 SD are shown. Different letters (a, b) indicate statistical
differences (p < 0.05) between control, 3 uM DOX, 300 uM CA and DOX combined with CA estimated

by Tukey’s test

3.9. Fluorescent Microscopy Assay

In order to evaluate the apoptotic and necrotic cells morphology and for the confirmation of the
apoptosis process measured in above described methods, fluorescent staining was used (Figure 11).
Similar to luminescence analysis we observed changes between the control, DOX and CA—treated
cells. In control cells lack of chromatin condensation and a few to over a dozen of bright green stained
nucleoli were observed. At a 3 uM concentration of DOX, numerous of apoptotic cells with visible
chromatin condensation and apoptotic bodies especially after 48 h treatment were seen. DOX treatment
also caused chromatin marginalization. However, CA treated cells did not reveal any significant
apoptotic changes and CA pretreatment in cells before addition of DOX caused a significant reduction

in apoptosis level.
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Figure 11. The effect of DOX, CA and CA + DOX on apoptosis and necrosis in the fibroblasts evaluated
by fluorescence microscope assay. The cells were incubated in 3 uM DOX, 300 uM CA and DOX (3 uM)
combined with CA (300 uM) for 24, and 48 h and stained with acridine orange and ethidium bromide.
The cells were photographed under a fluorescence microscope at 200 x magnification. We presented
representative images from one of three independent experiments and the percentage of apoptotic cells
on the graph. Different letters (a, b) indicate statistical differences (p < 0.05) between control, 3 uM
DOX, 300 uM CA and DOX combined with CA estimated by Tukey’s test

4. Discussion

The selected natural phenolic compounds are common components of human diet and their
antioxidant and as well as anti-inflammatory and anticancer properties are widely described, e.g.,
CA could be beneficial for preventing dermal injury in the setting of DOX treatment [31-34]. Cichoric
acid is a compound with many potentially beneficial properties. It can be obtained from isolated and
purified plant and vegetables and it has been described as a one daily nutraceutical which enhances
antioxidant activity [35]. The consumption of CA, its derivatives and CA containing plants may
significantly influence redox balance in human organism and provide excellent health benefits. CA has
been reported as potential anti-diabetic and anti-obesity compound [36]. However, what is important
in the context of nutrition in pathological conditions, its oral intake alleviates severe side effects of an
excessive alcohol consumption, which was studied in case of acute alcohol-induced hepatic steatosis
in mice. Mechanism of CA action in above described study resulted from oxidative stress inhibition
and CA anti-inflammation properties [37].
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The anti- and pro-oxidant activity of cichoric acid was determined and compared with the activity
of caffeic acid, chlorogenic acid and quercetin. Cichoric acid is the derivative of caffeic acid and
tartaric acid. The presence of the two caffeic acid moieties in the cichoric acid molecule determines
its high antioxidant properties. Therefore the caffeic acid was chosen in this comparative study.
Chlorogenic acid is another chosen phenolic compound which is an ester of caffeic and quinic acids.
It was selected in this study in order to estimate whether the number of caffeic acid moieties or the
present of additional structure (e.g., quinic acid fragment) affect the anti-/pro-oxidant properties of
molecules. Quercetin was chosen as one of the most intensively studied antioxidants. Obtained results
indicate that according to the increasing antioxidant activity the studied compounds may be ordered
as follows: cichoric acid > caffeic acid~quercetin > chlorogenic acid. The selected compounds were
studied for their pro-oxidative effect on trolox oxidation. In this assay the radicals of polyphenolics
are produced in their reaction with H,O; catalysed by horseradish peroxidase. Then the phenoxyl
radicals react with trolox and cause its oxidation to trolox radicals and trolox quinones. In the same
time the phenoxyl radicals are transformed to phenolic compounds. The maximum absorption for
trolox quinone is 272 nm. This is a general procedure for study the pro-oxidant activity of phenolic
compounds [27]. Obtained results showed that the pro-oxidant activity increases in the series: cichoric
acid < quercetin < caffeic acid < chlorogenic acid. Cichoric acid was selected for this study because
of its high antioxidant properties and relatively lower pro-oxidant activity compared to compounds
which display structural similarities.

An increasing interest in the evaluation of clinical effectiveness of natural extracts, dietary
supplements, plant origin antioxidants, especially from the polyphenol group of compounds is
being observed. The understanding of the molecular mechanisms underlying dietary antioxidants
action in diseases prevention and treatment is important to effectively complete these improvements
with healthy lifestyle changes. The aim of this actions is mainly to improve human health, prevent
diseases and eliminate some severe side effects of the commonly used chemotherapeutics, especially
in the cancer treatment. An example of such chemotherapeutic, widely used in the treatment of a
variety of cancers, both hematological malignancies and solid tumors is DOX. However, the clinical
application of DOX is limited, which results from its high, cumulative dose-dependent toxicity,
especially cardiotoxicity, leading to cardiomyopathy. An observed DOX-induced toxicity may be a
result of DOX-induced mitochondrial dysfunction and accumulation of oxidative stress products, such
as lipid peroxidation products and/or protein oxidation products [17,38].

In order to study possible protective properties of CA on DOX-treated normal human fibroblasts
we decided to choose, based on prior experiments, a range of DOX [39] and CA [40] concentrations
and estimate the most effective concentrations for both tested compounds. MTT assay revealed
that in normal conditions, without any stress factors, CA is efficient in the stimulation of fibroblasts
proliferation especially in 0.5 uM, 1 uM, 50 uM and 100 uM concentration. On the other hand,
DOX inhibits fibroblasts viability most effectively at the concentration of 3 uM. Therefore, this DOX
concentration was chosen for further analysis. The third part of MTT assay showed that pretreatment
of fibroblasts with CA (0.5-300 uM) for 2 h before stimulate with DOX was the most effective at 300 uM
of CA. Because of that reason, this combination of DOX with CA was applied for the evaluation
of the anti-apoptotic and antioxidative effect. Literature data indicate the fact that CA has positive
influence on normal cells, e.g., human dermal fibroblasts, where it induces Hepatocyte Growth Factor
production on hepatocytes and where it may act as an anti-viral agent [41,42].

Reactive oxygen species (ROS) occurring due to too high level of oxidative stress are chemically
reactive molecules that may damage main cellular macromolecules, such as DNA, lipids and proteins,
subsequently causing genetic mutations. An excessive exposure to ROS may be seriously deleterious
because of oxidative damage to important molecules in cell [43]. To assess the effect of CA on proteins
in this work we used one of the most widely studied markers of protein oxidation—protein thiol groups
content. We observed the oxidative action of DOX, which conforms that DOX exhibits pro-oxidant
properties against proteins and this action is connected with its cytotoxic activity. On the other hand
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stimulation with CA caused a significant increase in thiol group content, which means that tested
compound act as an antioxidant. Especially after 48 h of treatment we can observe that prooxidative
activity of DOX was effectively reversed by CA treatment. Study by Tsai KL et al. confirmed that
pretreatment with CA may inhibit oxidative stress caused by external factors [44].

Many natural compounds from the polyphenol group, which also include CA, are characterized
by high antioxidant capacities and have been considered as a potential protectors against DOX-induced
toxicity. This protective effect may be also connected with the reduction of lipid peroxidation
process [19]. In support of this report, we observed that CA does not cause oxidative alterations
of membrane lipids and protects against DOX-induced TBARS production, which is probably related
with antioxidant properties of CA. Already after 24 h we noticed significant increase in TBARS content
in DOX-treated cells and a decrease in cells pretreated with 300 uM of CA. CA activity as a compound
that prevents lipid peroxidation process was confirmed by several studies [45-47]. Polyphenols exhibit
antioxidative properties at several levels, among others they prevent the lipid peroxidation of biological
membranes and inhibit the oxidation of lipoproteins and polyunsaturated fatty acids, which is in
consistence with our results [48].

Low ROS concentration within the cell is essential for keeping redox balance and for the
stimulation of cell proliferation rate. However, an excessive level of accumulated in cell ROS may
cause serious damage in protein, lipid and DNA structures through their oxidation and subsequently
apoptosis and cell death [49,50]. According to the literature CA, which belongs to the polyphenols
group of compounds, may provoke ROS generation in cancer cells and also in preadipocytes, but in
normal cells CA was a potent ROS scavenger, reducing ROS accumulation under basal as well as
oxidative stress conditions [51]. It is in accordance with our results regarding ROS generation in
fibroblast cells. We observed a significant increase in ROS production under the influence of DOX
and a decrease in ROS content caused by CA. Pretreatment of fibroblast cells with CA (300 uM) for
2 h before stimulate with DOX significantly inhibited the formation of ROS. Flow cytometry results
confirm that intervention with CA mitigated DOX-caused oxidative stress and reduced ROS formation
in fibroblasts stimulated with DOX. Therefore we presume that the primary mechanism through which
CA alleviates DOX-facilitated cell death of fibroblast cells is its antioxidant function. An observed,
DOX-induced significant increase in ROS content was accompanied by a decrease in GSH/GSSG
ratio, especially after 48 h of treatment. Similarly as in other tested oxidative stress parameters,
GSH/GSSG ratio was significantly reduced after exposure to DOX and these results were effectively
reversed by CA treatment. Our results are in accordance with literature data indicating positive
influence of selected polyphenols on GSH content. One of the main phenolic compounds of curry spice
turmeric is curcumin, the consumption of which brings beneficial effects. It was shown that curcumin
plays a protective role against adriamycin-induced toxicity through three main mechanisms: first—it
inhibits lipid peroxidation, second — it stabilizes cell membranes and third—it raises glutathione
level [52]. Therefore we presume that CA likewise influences GSH level in fibroblast cells. According
to Fauser JK et al. a reduced level of the main GSH antioxidant may result in apoptosis and it also
may be connected with a reduction of G0/G1 and arrest of the S and M cell cycle phases, together
with increased ROS generation [53]. Apoptosis is a programmed cell death that is extremely important
for human organism homeostasis maintaining, for tissue development and malignancies treatment.
Regulation of this process is main target for anticancer drugs, however chemotherapeutics, such as
anthracycline antibiotics, e.g., DOX, may also induce apoptosis in normal, non-cancerous cells. At least
two pathways have been described by which an apoptosis occurs: first is an extrinsic death-receptor
dependent apoptosis and the second—intrinsic mitochondrial dependent apoptosis. In both pathways
selected caspases activation occurs, which means activation of initiator caspases (e.g., caspase-8 and
-9) and effector caspases (e.g., caspase-3, -6, and -7) [54,55]. A variety of evidence support also the
role of reactive oxygen species in apoptotic cell death. It has been shown that oxygen free radicals are
directly involved in the pathogenesis of apoptosis. Caspase 3/7 assay, caspase 9 assay and fluorescent
microscopy assay showed that at 3 uM of DOX concentration, numerous apoptotic cells were seen,
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while pretreatment with 300 uM of CA reduced the number of positive fluorescent cells and decreased
the activity of studied caspases significantly. We observed an increase in caspase 3, 7 and 9 activity
under the influence of DOX as compared to control non-treated cells, which was accompanied by
a decrease in GSH/GSSG ratio and a significant increase in ROS content. Apoptosis is particularly
related to the cascade of caspases. Literature data indicated that the release of cytochrome c from the
mitochondria into the cytosol, may result in the caspase-9 activation, which subsequently activates
effector caspase, such as caspase-3, which causes DNA fragmentation and eventually—cell death [56].
In our study, we found that CA significantly prevented DOX-induced activation of caspase 3 and 7,
which is in accordance with literature data that confirms such CA activity. It may thus be hypothesized
that this anti-apoptotic effect of CA might be attributed to observed increase in the levels of antioxidant
glutathione (reduced GSH) and subsequently to a decrease in oxidative stress level. Tsai KL et al.
revealed that CA precluded the activation of caspase 3 and subsequent DNA strand breaks, through
the inhibition of the translocation of NF-«B from the cytosol to the nucleus, suppression of Bax and
promotion the Bcl-2 expression [44]. In our experiment pretreatment with CA was associated with the
inhibition of the downstream apoptotic signaling pathways, finally preventing activation of caspase-3,
caspase-7 and caspase -9 induced by DOX. It is suggested that CA is a natural food-derived compound
that inhibits apoptosis [57]. Our findings confirm this hypothesis, because under the influence of CA
we showed a significant increase in cells proliferation and an decrease in caspase 3/7 and 9 level, which
is accompanied by an increase in GSH content and a decrease in ROS content. Anti-apoptotic effect of
CA in DOX-treated fibroblasts was confirmed by fluorescence microscopy assay, which indicated that
tested compound was efficient both in time and dose-dependent manner.

5. Conclusions

In conclusion, our findings suggest that CA mitigates DOX-induced oxidative stress and inhibits
DOX-facilitated ROS formation. Chicoric acid treatment also inhibited DOX-facilitated apoptosis.
It is likely that these beneficial effects contribute to the overall antioxidative and anti-apoptotic
function of chicoric acid. However, only in vitro investigations were used to test the cytoprotective
effects of chicoric acid from DOX-caused fibroblasts dysfunction. Above results may be the first
step in explaining important mechanisms underlying the protective effects of CA observed in DOX
cytotoxicity. However, additional studies are indispensable to evaluate long-term effect of CA on
dermal injuries caused by DOX treatment. Further analysis must also be conducted on the other skin
cell types, such as keratinocytes and melanocytes. Further analysis must also be conducted on the
molecular level of the anti-oxidative and anti-apoptotic effects of CA, which may be considered as
lead compounds for the development of functional food.
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Abstract: Dioscorea quinqueloba has been used for food substances, as well as in herbal medicines
for allergic diseases such as asthma. This study aimed to investigate the anti-atopic dermatitis
(AD) effects of the total extract of D. quinqueloba rhizomes and active fractionson murine oxazolone-
and 2,4-dinitrochlorobenzene-induced models of AD. Specific AD symptoms, such as erythema,
ear swelling, and epidermis thickening, were significantly reduced in the oxazolone-mediated AD
BALB/c mice upon topical application of D. quinqueloba rhizomes 95% EtOH extract (DQ). DQEA
(D. quinqueloba rhizomes EtOAc fraction) was beneficial for protecting the skin barrier against AD in
DNCB-sensitized SKH-1 hairless mice. Decreased total serum IgE and IL-4 levels could be observed
in atopic dorsal skin samples of the DQEA-treated group. On the basis of the phytochemical analysis,
DQEA was found to contain dioscin and gracillin as its main compounds. Therapeutic applications
with D. quingueloba might be useful in the treatment of AD and related inflammatory skin diseases.

Keywords: Dioscorea quinqueloba; atopic dermatitis; transepidermal water loss; skin hydration;
interleukin 4; immunoglobulin E

1. Introduction

Atopic dermatitis (AD) is a pruritic chronic inflammatory skin disease [1]. Worldwide, AD occurs
with a prevalence of 2-10% in adults, and up to 15-30% in children [2,3]. Atopic disease is triggered
by a variety of allergic factors, including irritants, food, and stress factors [4]. The symptoms of AD
include atopic eczema, itching, and dryskin [5]. Intense pruritus is the most common dermatologic
feature of AD, thus negatively impacting the health-related quality of life in patients suffering from
AD [5,6].

Atopic dermatitis can be categorized into two types, including an extrinsic type (environmental
or allergic AD) and an intrinsic type (genetic or non-allergic AD) [7]. Extrinsic AD is the classical
type of AD, while the incidence of intrinsic AD is approximately 20% of patients [7,8]. Extrinsic
or environmental triggers enhance IgE-mediated sensitization and allergic reaction, thus further
contributing to severe forms of skin inflammation in AD [9]. Diverse inflammatory cytokines
orchestrate atopic skin inflammation, and the concomitant activation of IL-4 is thought to play a critical
role in the pathogenesis of AD [10]. An impaired epidermal skin barrier is also a characteristic feature
and causative factor of AD [10]. Skin barrier damage contributes to the high serum IgE level, reduced
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skin surface hydration, and enhanced transepidermal water loss in patients with extrinsic AD [8,11,12].
Therefore, improvements in skin barrier function with natural moisturizing agents show great potential
as a pharmacological target in atopic diseases.

Dioscorea quinqueloba Thunb. belongs to the Dioscoreaceae family, and has been cultivated in
China, Japan, and Korea as a food. The rhizomes of D. quinqueloba have been used in traditional
Korean medicine as an alternative therapy for cardiovascular disease, as well as various medical
conditions, mainly for arthrosclerosis, myocardial infarction, and asthma [12-14]. Analysis of the
chemical composition of Dioscorea species indicates that the main metabolites are steroidal saponins
such as diosin and diosgenin, which have convulsive, local anesthetic and antidiuretic effects [15,16].
Recent reports have shown that the genus Dioscorea exhibits various biological properties, including
anti-inflammatory, antitumor, and anti-adipogenic activities [17-19]. However, studies on the
D. quinqueloba are comparatively few in number, and furthermore, there have not been any attempts
to reveal its anti-atopic effect. This study aimed to investigate the potential therapeutic effects of
D. quinqueloba on oxazolone- and 2,4-dinitrochlorobenzene (DNCB)-induced murine AD models.
Histopathological examination and blood serum analysis, including total IL-4 and IgE levels, were
performed to observe anti-atopic properties of D. quinqueloba.

2. Material and Methods

2.1. Plant Material and Extraction

Dried rhizomes of D. quinqueloba were purchased from JirisanHanbang Food® (Sancheong,
Gyeongnam, South Korea) and identified by Eun Ju Jeong of Department of Agronomy and Medicinal
Plant Resources, Gyeongnam National University of Science and Technology. A voucher specimen
(PNU-0023) has been deposited in the Medicinal Herb Garden, Pusan National University. Dioscorea
quinqueloba sample (20 kg) was extracted with 95% EtOH and evaporated under reduced pressure to
yield D. quinqueloba EtOH extract (DQ) (670 g). The DQ was suspended in distilled water (2 L) and
partitioned with EtOAc (4 L) and n-BuOH (4 L) to yield D. quinqueloba EtOAc fraction (DQEA) (150 g)
and n-BuOH fraction (DQB) (300 g).

2.2. Animals

Six-week-old female BALB/c and SKH-1 hairless mice were purchased from the animal facility
of Orient Bio Inc. (Seongnam, Republic of Korea) and housed in an air-conditioned animal room at
a temperature of 25 + 5 °C and 55 & 5% humidity. Mice were given access to a standard laboratory
diet and water ad libitum. All animal experiments were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH publication
No. 85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee of
the KIST (Certification No. KIST-2016-011).

2.3. Induction of Topical AD-Like Skin Dermatitis in Mice by Oxazolone and Treatment with DQ

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone) (1%) dissolved in vehicle (propylene
glycol:EtOH = 7:3) was used as sensitizer to induce AD in BALB/c mouse ears according to the
previously described method [20]. In brief, the ears of BALB/c mice were sensitized with 20 uL of 1%
oxazolone on the first day. After the first challenge, 20 uL of 0.1% oxazolone was repeatedly applied
to ears for an additional 3 weeks at 2-day intervals. At the same time, the ears of the BALB/c mice
were exposed to 20 pL of 1% DQ daily in the oxazolone-DQ-group for 3 weeks, and the application
of 1% DQ was separated by 4 h from that of oxazolone. The normal control animals (CON) were
treated with distilled water alone. No substances were applied to the skin surface on the last day of
the experiment. On the last day, measurements of skin inflammation signs, including ear swelling and
erythema, were carried out.
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2.4. Induction of AD-Like Skin Lesions in Mice by DNCB and Treatment with DQEA

2,4-dinitrochlorobenzenedissolved in acetone was used to induce AD in SKH-1 hairless mice as
previously described with small modification [21,22]. Briefly, the dorsal skin of hairless mice was
sensitized by painting 100 pL of 1% DNCB daily for 7 days. After the first challenge, the mice were
challenged with 100 puL of 0.1% DNCB for an additional 2 weeks at 3-day intervals. The DNCB-DQEA
group animals were painted with 100 pL of 1% DQEA for 2 weeks, and the application of DQEA was
separated by 4 h from that of DNCB. The normal control animals (CON) were treated with distilled
water alone. No substances were applied to the skin surface on the last day of the experiment. On the
last day, mice were sacrificed, and dorsal skin and blood samples were collected for further analysis.

2.5. Histology

For histologic examination, the ear or dorsal skin from mice were fixed in 10% formalin and
processed for paraffin embedding. Tissue sections (2-3 mm) were then stained with hematoxylin and
eosin. Histopathological changes were examined by light microscopy (Olympus CX31/BX51, Olympus
Optical Co., Tokyo, Japan) and photographed (TE-2000U, Nikon Instruments Inc., Melville, NY, USA).

2.6. Measurement of Transepidermal Water Loss, Skin Hydration, and Skin Surface pH

Skin barrier repair was monitored by estimating transepidermal water loss (TEWL), skin hydration,
and skin surface pH. Tewameter TM210 device (Courage and Khazaka, Cologne, Germany) and
SKIN-O-MAT (Cosmomed, Ruhr, Germany) were used to evaluate the skin surface of the hairless
mice according to the manufacturer’s instructions. TEWL, skin hydration, and skin surface pH were
measured once per week after the twice-daily application of DQEA or vehicle.

2.7. Measurement of Serum IgE and IL-4 Levels

Blood samples were centrifuged at 10,000 rpm for 15 min at 4 °C, and then serum was collected
and stored at —80 °C for further investigations. Total IgE and IL-4 concentration in mouse serum were
measured via enzyme-linked immunosorbent assay (eBioscience, San Diego, CA, USA) according to
the manufacturer’s instructions.

2.8. Measurement of IL-4 mRNA Expression in RBL-2H3 Cells

The rat basophilic leukemia cell line, RBL-2H3, was obtained from the American Type Culture
Collection (CRL-2256, Bethesda, MD, USA) and grown in minimum essential medium with Eagle’s
salt, supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin,
and 100 pug/mL streptomycin at 37 °C in a humidified incubator with a 5% CO,/95% air atmosphere.
The RBL-2H3 cells were treated with dimethylsulfoxide (DMSO), DQ, DQEA, and DQB (10 ug/mL)
30 min before the induction of inflammation with phorbol 12-myristate 13-acetate/ionomycin (PI),
which induced a state similar to AD. Controls were treated with DMSO without PMA /ionomycin (PI).
After 16 h of treatment, cells were harvested to synthesize cDNA, and mRNA of IL-4 was measured
with quantitative real-time PCR (qPCR). Total RNA from the treated cells was prepared with RNAiso
Reagent (TaKaRa, Shiga, Japan) according to the manufacturer’s protocol and stored at —80°C until
use. Accumulated PCR products were detected directly by monitoring the increase in the reporter
dye (SYBR). The expression levels of cytokines in the exposed cells were compared to the expression
levels in control cells at each collection time point using the comparative cycle threshold (Ct) method.
The sequences of the primers used in this study were: IL-4 forward: 5'-ACC TTG CTG TCA CCC TGT
TC-3'; IL-4 reverse: 5'-TTG TGA GCG TGG ACTCAT TC-3'; B-actin forward: 5-TCA TCA CCA TCG
GCA ACG-3/, B-actin reverse: 5'-TTC CT GAT GTC CAC GTC GC-3'. The quantity of each transcript
was calculated as described in the instrument manual and normalized to the amount of 3-actin.
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2.9. Chromatographic Conditions

The DQEA sample was analyzed using an Agilent 6530 Accurate-Mass Q-TOF LC/MS system
(Agilent Technologies, Palo Alto, CA, USA) for phytochemical characterization. A Poroshell 120
EC-C18 column (3.0 x 100 mm, 2.7 um, Agilent, Palo Alto, CA, USA) was used for analysis at a flow
rate of 0.3 mL/min. The mobile phase consisted of acetonitrile (solvent A) and water (solvent B), using
a linear gradient elution: 5-95% A (0-20 min); 10% A (20-30 min). All acquisitions were performed
under positive ionization mode. Mass spectra were recorded across the range n1/z = 100-1500 with
accurate mass measurement of all mass peaks.

2.10. Statistical Analysis

Data are expressed as the mean + standard deviation (S.D.). The values were expressed as
percent changes from the mean value of the control experiment. Statistical analyses were performed
by a one-way analysis of variance (ANOVA) using Statistical Package (SPSS, Inc., Chicago, IL, USA).
p-values less than 0.05 were considered statistically significant.

3. Results

3.1. Effects of DQ on AD Symptoms Induced by Oxazolone in BALB/c Mouse Ears

Pathological reactions of AD such as increased ear thickness, erythema, and dryness were
observed in the ears of oxazolone-challenged BALB/c mice (Figure 1a). According to the phenotypic
observation, ear swelling and erythematic intensity caused by oxazolone were significantly reduced
when ears were exposed to 1% DQ for 21 days (Figure 1b). Histologic evaluation also showed
that the DQ was efficient at improving AD-like skin lesions in the oxazolone-sensitized mouse ears.
Skin thickening and the number of infiltrating lymphocytes were significantly increased in AD mice
compared with those in normal mice, and these changes were attenuated by DQ treatment (Figure 1c).

a)

1week 1week 3 weeks
1 Il 1
A I | 1
Acclimatization I I I I I I I I I I t Sacrifice
I sampling
Sensitization 1% Oxazolone Sensitization 0.1% Oxazolone (three times a week)

[ 1
1% Dioscorea quinqueloba EtOH extract (DQ)
topical application (twice a day)

ox-DQ

SC: Stratum corneum, SG : Stratum granulosum, SS : Stratum spinosum, SB : Stratum basale

Figure 1. Effects of DQ on the development of oxazolone-induced AD-like symptoms in BALB/c
mouse ears and histopathological analysis. CON: control group, OX: oxazolone-treated group, OX-DQ:
oxazolone and 1% D. quinqueloba EtOH extract-treated group. (a) Schematic representation of the
experiment; (b) Clinical features of AD-like skin lesions; (c) Histopathological features of skin lesions.
Tissues were excised, fixed in 10% formaldehyde, embedded in paraffin, and sectioned. The sections
were stained with hematoxylin and eosin (H&E) (magnification, 100x g).
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3.2. Effects of DQ on Ear Thickness and Serum IgE and IL-4 Levels in Oxazolone-Induced AD BALB/c
Mouse Ears

Increased ear thickness (2.3-fold) and epidermis thickness (2.5-fold) were observed after
application of 1% oxazolone to the ears of mice, but these were reversed by treatment with DQ.
The ear and epidermal thickness were reduced by 25% and 79%, respectively, on day 28 compared
with the oxazolone-treated group (Figure 2a,b). Serum levels of IL-4 and Ig-E were markedly lower in
mice of OX-DQ group as compared to the OX group. The 1% DQ application noticeably attenuated
total IgE concentration (CON: 52.1 ng/mL, OX: 190.9 ng/mL, and OX-DQ: 118.5 ng/mL) (Figure 2c)
and IL-4 concentration (CON: 12.6 pg/mL, OX: 28.6 pg/mL, and OX-DQ: 16.9 pg/mL) (Figure 2d).
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Figure 2. Effects of DQ on the ear thickness and serum IgE and IL-4 levels in oxazolone-induced AD-like
symptoms in BALB/c mouse ears. CON: control group, DNCB: DNCB-treated group, DNCB-DQ:
oxazolone and 1% D. quinqueloba EtOH extract-treated group. (a) Ear thickness; (b) epidermal thickness;
(c) Serum total IgE levels; (d) Serum total IL-4 levels (D). Results are expressed as the mean - SEM
(standard error of the mean) (1 = 7). The means + SEM of two independent experiments are shown.
#p < 0.05 vs. control; * p < 0.05 vs. oxazolone-treated group.

3.3. Effects of DQEA on AD Symptoms Induced by DNCB in Hairless Mice

Out of two fractions from DQ (DQEA and DQB), the DQEA exhibited a dramatic drop in mRNA
expression of IL-4 genes in RBL-2H3 cells stimulated by PMA /ionomycin (PI) A further experiment
was performed to investigate anti-atopic properties of DQEA on AD skin lesions induced by DNCB.
For DNCB sensitization, mice were given paintings of 1% DNCB for 3 weeks (Figure 3a). Treatment
of 1% DQEA for 2 weeks markedly alleviated DNCB-induced atopy-like dermatitis such as definite
erythema, papula, and vesiculation in SKH-1 hairless mice (Figure 3b). Histopathological features
of the dorsal skin lesions from DQEA-treated AD hairless mice were shown in Figure 3c. Epidermal
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thickening by cell hyperplasia, slight spongiosis, and lymphocyte infiltration in the dermis were
observed in DNCB-treated control mice, but these were reversed by treatment with DQEA.

a)
1 week 1 week 2 weeks
Aullmatuzanon Sacrifice
I I I I I I II I ' I I I I sampling
-Sensitization 1% DNCB / once a day -Boosting (0.1% DNCB / three times a week)
1% Dioscorea quinqueloba Ethyl Acetate fraction (DQEA)
topical application (twice a day)
b)
CON
DNCB
DNCB-DQEA
0 7 14 21
Days
<)
CON (o) 4 OX-DQEA

SC: Stratum corneum, SG : Stratum granulosum, SS : Stratum spinosum, SB : Stratum basale

Figure 3. Effects of DQEA on the development of DNCB-induced AD-like symptoms in hairless mice
and histopathological analysis. CON: control group, DNCB: DNCB-treated group, DNCB-DQEA:
DNCB and 1% D. quinqueloba EtOAc fraction-treated group. (a) Schematic representation of the
experiment; (b) Clinical features of AD-like skin lesions; (c) Histopathological features of skin lesions.
Tissues were excised, fixed in 10% formaldehyde, embedded in paraffin, and sectioned. The sections
were stained with hematoxylin and eosin (H&E) (magnification, 100x g).

3.4. Effects of DQEA on Ear Thickness and Serum IgE and IL-4 Levels in DNCB-Induced AD Hairless Mice

DNCB-sensitized mice showed a dramatic increase in epidermis thickness, which was significantly
reduced in mice treated with DQEA (Figure 4a). DQEA inhibited the DNCB-induced epidermal
hyperplasia by 67% in AD hairless mice. The results of serum testing showed that the levels of
IgE and IL-4 were increased in the DNCB-stimulated group. The 1% DQEA application noticeably
decreased the DNCB-induced serum IgE levels by 65% and IL-4 levels by 57% of DNCB-treated
controls (Figure 4b,c).
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Figure 4. Effects of DQEA on the epidermal thickness, serum IgE and IL-4 levels, and skin barrier

function in DNCB-induced AD-like symptoms in hairless mice.

CON: control group, DNCB:

DNCB-treated group, DNCB-DQEA: DNCB and 1% D. quinqueloba EtOAc fraction-treated group.
(a) Epidermal thickness; (b) Serum total IgE levels (c) Serum total IL-4 levels; (d) TWEL; (e) Skin
hydration; (f) Skin surface pH. Results are expressed as the mean = SEM (1 = 7). The means + SEM of
two independent experiments are shown. # p < 0.05 vs. control; * p < 0.05 vs. DNCB-treated group.

3.5. Effects of DQEA on Skin Barrier Function in DNCB-Induced AD Hairless Mice

Severe skin barrier damage, such as increased TEWL and skin surface PH, and decreased
epidermal hydration, was detected in the DNCB-treated control group. This AD-like skin barrier
dysfuction was reversed by treatment with 1% DQEA. After 21 days of treatment, DNCB greatly
increased TEWL to 79.8 J (g/ (m2h)), whereas it was markedly reduced to 59.5 ] (g/ (mZh)) by the
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transdermal application of DQEA (Figure 4d). Consistent with this finding, skin hydration level was
decreased in the DNCB-induced group (65.8% decrease) compared with the control group, whereas
DQEA increased the hydration level to 68% (Figure 4e). Skin surface pH value was significantly
increased in lesional skin, but not in non-lesional skin of AD. Figure 4f revealed that DQEA treatment
normalized the altered pH of DNCB-sensitized hairless mouse skin.

3.6. The Standardization of DQEA Using the High-Performance Liquid Chromatography/Mass Spectrometry
(HPLC/MS)

For the simultaneous determination of the major constituents of DQEA, the optimized
chromatographic condition was investigated. The optimal mobile phase, which consisted of
acetonitrile/water, was subsequently employed for the analysis of DQEA, and led to a good resolution
and satisfactory peak shape. The presence of two compounds, 1: dioscin (1m/z 868.08 at tg 18.66 min) and
2: gracillin (1m/z 884.08 at fg 19.78 min) in DQEA was verified by comparing each retention time and UV
spectrum with those of each standard compound and spiking with authentic standards (Figure 5a,b).
DQEA was found to contain dioscin (319 mg/g) and gracillin (91.6 mg/g) as major compounds.

a) 1

X106 |

] \Z

N

b)

Figure 5. (a) HPLC chromatogram of DQEA (a) and chemical structures of major components (b).
Fingerprint analysis of D. quinqueloba EtOAc fraction was performed in positive ion mode using
HPLC/MS (high-performance liquid chromatography/mass spectrometry). 1: dioscin, 2: gracillin.

4. Discussion

Skin barrier dysfunction is one of the primary causes of allergic disorders, and is crucially
involved in the pathogenesis of AD [23]. The skin barrier function is mainly disturbed in contact and
extrinsic AD, the classical type of AD, which has high prevalence [24]. Impaired permeability barrier
function of skin in AD patients enhances penetration of environmental allergens into the skin, thus
triggering immunological reactions and inflammation [24,25]. Use of proper moisturizers/emollients
to enhance skin hydration is likely to play a key part in management of AD [26]. Natural products
are a rich source of medicinal agents, and natural product-related drugs account for over 50% of
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the most-prescribed drugs in the USA [27]. Substances of natural origin have been widely used
for treatment of skin problems due to their therapeutic efficacies in dermatology, which include
anti-inflammatory, antimicrobial, and cell-stimulating properties [28]. In addition, plants—including
extracts, pure compounds, and phytochemical combinations—are commonly added to moisturizers to
improve dry skin conditions in AD patients [28,29]. For this reason, naturally occurring moisturizing
agents can be useful in the treatment of at allergic and atopic diseases through improvement skin
barrier function [30].

In our preliminary research to find anti-inflammatory materials from plant extracts, the 95% EtOH
extract of D. quinqueloba (DQ) showed strong IL-4 inhibition in RBL-2H3 cells. The anti-atopic property
of DQ was studied using an experimental animal model of AD induced by oxazolone. BALB/c mouse
ears were sensitized with oxazolone and treated with DQ subcutaneously for 2 weeks. The results
indicated that the topical application of DQ could improve atopic damage in oxazolone-induced
BALB/c mouse ears. This finding strongly suggested that the specific fraction from total extract of
D. quinqueloba is responsible for the anti-atopic effect. For this reason, the DQ was fractionated in
order to find the most active principles. Out of two fractions of DQ, the production of IL-4 in RBL-2H3
was only affected by the EtOAc fraction of DQ (DQEA). IL-4 has been considered one of the key
proximal cytokines of type 2 inflammation in atopic disease. Impaired barrier function induced by
skin sensitizers develops into a pruritic inflammatory skin disease characterized by hyperactivated
cytokines of helper T cells [22]. The hyperproduction of IL-4, a key regulatory cytokine for IgE synthesis,
is generally detected in various experimental animal models to study AD [31]. In addition, transgenic
mice expressing epidermal IL-4 have been reported to develop skin inflammation reproducing all
key features of human AD [27,32]. Broad application of DQEA to dorsal skins of DNCB-sensitized
SKH-1 hairless mice attenuated severe atopic symptoms such as erythema and lichenification. Taken
together, it was concluded that D. quinqueloba improves severe AD symptoms in both oxazolone- and
DNCB-induced AD mice as a potent IL-4 inhibitor.

Stratum corneum hydration and transepidermal water loss are considered as a marker of the
inside-outside skin barrier [33]. The water-holding capacity of the D. quinqueloba sample in atopic skin
was evaluated by measuring both epidermal hydration and TEWL. Barrier repair was delayed and
skin hydration was impaired in DNCB-sensitized mice. Treatment with DQEA significantly increased
skin hydration and decreased TWEL and skin surface pH in DNCB-induced AD hairless mice. Atopic
skin normally shows a defective skin barrier function, both in rough and in clinically healthy skin [34].
Emollient enhancement of the skin barrier from DQEA-applied AD animals was observed after 3 weeks
of treatment. Therefore, DQEA might be an appropriate material for improving barrier function and
dry skin as a skin therapeutic agent for AD. An elevated serum level of IgE is a main feature of AD
and IL-4 acts as a key cytokine in the process of atopic inflammation [35] DQEA also attenuated IgE
hyperproduction and epidermal overexpression of IL-4, resulting in the prevention and treatment of
Th2-dominated inflammation in AD-like skin lesions. Based on the results, we propose that DQEA
corrects skin barrier dysfunction and early inflammation in murine AD models.

Standardization of D. quinqueloba is necessary to provide information on quality standards of
natural product-derived drug development. Phytochemical screening, using steroidal saponins as
bioactive marker compounds, was performed to standardize the DQEA sample. Steroidal saponins have
long attracted scientific attention, due to their structural diversity and significant biological activities [36].
Dioscin and disogenin, steroidal saponins obtained from Dioscorea species, are currently being considered
as an important starting material for the industrial production of steroid drugs [37]. Phytochemical
analysis of the DQEA resulted in the presence of dioscin and gracillin as major components.

5. Conclusions

In conclusion, topical treatment with D. quinqueloba total extract was protective against
oxazolone-induced AD-like lesions in mice ears. Bioassay-guided fractionation of the DQ led
to the finding of the most biologically active fraction, DQEA. Clinical symptoms of AD, such as
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pruritus, erythema, fissuring, and lichenification (skin thickening), were significantly reduced in the
DQEA-treated mice. The DQEA improved skin barrier dysfunction and suppressed the overproduction
of serum IgE and IL-4 in murine DNCB-sensitized atopic models. Based on the fingerprint analysis,
dioscin, and gracillin were confirmed to be the major active constituents of DQEA. Further study is
warranted to identify the therapeutic effects of DQEA against AD symptoms in human skin.
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Abstract: Treatment with 1,25-dihydroxyvitamin D3 (1,25D) improves psoriasis symptoms, possibly
by inducing the expression of late cornified envelope (LCE)3 genes involved in skin repair.
In psoriasis patients, the majority of whom harbor genomic deletion of LCE3B and LCE3C
(LCE3C_LCE3B-del), we propose that certain dietary analogues of 1,25D activate the expression
of residual LCE3A/LCE3D/LCE3E genes to compensate for the loss of LCE3B/LCE3C in the deletant
genotype. Herein, human keratinocytes (HEKn) homozygous for LCE3C_LCE3B-del were treated
with docosahexaenoic acid (DHA) and curcumin, two low-affinity, nutrient ligands for the vitamin
D receptor (VDR). DHA and curcumin induce the expression of LCE3A/LCE3D/LCE3E mRNAs at
concentrations corresponding to their affinity for VDR. Moreover, immunohistochemical quantitation
revealed that the treatment of keratinocytes with DHA or curcumin stimulates LCE3 protein
expression, while simultaneously opposing the tumor necrosis factor-alpha (TNFo)-signaled
phosphorylation of mitogen activated protein (MAP) kinases, p38 and Jun amino-terminal kinase
(JNK), thereby overcoming inflammation biomarkers elicited by TNF« challenge. Finally, DHA and
curcumin modulate two transcription factors relevant to psoriatic inflammation, the activator
protein-1 factor Jun B and the nuclear receptor NR4A2/NURRI, that is implicated as a mediator
of VDR ligand-triggered gene control. These findings provide insights into the mechanism(s) whereby
dietary VDR ligands alter inflammatory and barrier functions relevant to skin repair, and may provide
a molecular basis for improved treatments for mild/moderate psoriasis.

Keywords: vitamin D receptor; late cornified envelope genes; docosahexaenoic acid; curcumin;
epidermis; keratinocytes; psoriasis treatment; nutraceuticals; differentiation; activator protein-1
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1. Introduction

Psoriasis is a skin disease of largely unknown etiology with an estimated prevalence of over
three percent in the United States [1]. Prominent features include overproliferation and incomplete
differentiation of epidermal keratinocytes, as well as epidermal inflammation. Chemical analogs
of 1,25 dihydroxyvitamin D3 (1,25D), the hormonal metabolite of vitamin D, are routinely used as
topical agents to treat mild/moderate psoriasis. The success of 1,25D-based agents is presumably
related to the reported role of vitamin D in skin biology, in particular its role in regulating keratinocyte
proliferation and differentiation, but also its known ability to regulate components of the immune
system in skin (reviewed in [2]). In support of the role of vitamin D (or lack thereof) in psoriasis
pathogenesis, several studies have associated low vitamin D status with psoriasis (e.g., [3,4]). However,
1,25D analog therapy, even when combined with an anti-inflammatory drug (e.g., betamethasone),
is not effective in approximately 40% of patients with mild to moderate psoriasis [5]. Severe cases
of psoriasis can be treated effectively with injectable anti-inflammatory agents such as etanercept,
adalimumab, infliximab, or secukinumab [6]; however, these agents are not approved for patients
with mild/moderate cases [7]. Thus, developing improved topical agents for mild /moderate psoriasis
remains an important goal.

The currently accepted paradigm of 1,25D action is that 1,25D, or an analog thereof, binds with
high affinity to the nuclear vitamin D receptor (VDR), which then forms a heterodimer with a retinoid X
receptor (RXR) isoform on vitamin D-responsive elements (VDREs) in chromosomal DNA, modulating
the expression of nearby target genes [8]. Although 1,25D and its analogs are known to improve
psoriasis symptoms in many patients, presumably by serving as VDR ligands, the key epidermal
genes that are regulated to ameliorate psoriasis are poorly characterized. One approach to enhancing
topical therapies for psoriasis is therefore to identify key genes affected by treatment as well as VDR
analogs or other ligands that may optimize these effects. Our approach has been to examine those
genes for which genetic variations have been shown to confer risk for psoriasis as potential targets for
VDR-mediated regulation.

Psoriasis susceptibility loci (PSORS) include the PSORS4 locus, which is contained within the
epidermal differentiation complex (EDC), a large assemblage of over 60 genes expressed during
the process of epithelial differentiation (Figure 1). Five closely related late cornified envelope genes
(LCE3A-E) exist in a cluster within the EDC and have been reported to play a role in skin repair [9].
The PSORS4 risk allele is a deletion of two of these genes, LCE3C_LCE3B-del, leading to the hypothesis
that the loss of two (of five) LCE3 genes might reduce the ability of psoriatic lesions to heal [9].
This deletion is very common and studies have indicated that the frequency of LCE3C_LCE3B-del is
over 50% in many human populations, and is significantly overrepresented in patients with psoriasis,
where its frequency increases to 65-75% of the patient population [10].

The endocrine VDR ligand (1,25D), as well as novel VDR ligands delphinidin and cyanidin, have
previously been shown to upregulate LCE3 gene expression to some extent [11,12]. Further, a VDRE
has been identified adjacent to the LCE3A gene [11] and is not affected by the LCE3C_LCE3B deletion
(Figure 1). We have proposed that activation by liganded VDR from this VDRE could coordinately
upregulate the expression of the LCE3A/LCE3D/LCE3E genes to compensate for the LCE3C_LCE3B
deletion under the assumption that the highly homologous LCE3 genes have overlapping functions [13].
We have additionally suggested that delphindin and cyanidin represent candidate lead compounds that
could be developed into agents to treat mild to moderate psoriasis in a similar manner to how 1,25D
was utilized as a lead compound to create therapeutically effective analogs such as calcipotriol [14].

For the current study, we analyzed the ability of two additional bioactive lipids of nutritional
origin, namely docosahexaenoic acid (DHA) and curcumin, to upregulate LCE3 mRNAs as well
as proteins. These two compounds were chosen not only for their demonstrated affinity for the
vitamin D receptor [15], but also for their reported beneficial effects in skin. Curcumin has been used
since ancient times to treat skin inflammation and other ailments, and its anti-inflammatory actions
have been studied in the context of various skin conditions, including pruritus, facial photoaging,
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radiodermatitis, and diabetic microangiopathy (reviewed in [16]). DHA and other omega-3 fatty acids
have also been studied for their anti-inflammatory effects, mediated via a variety of mechanisms
(reviewed in [17]), including serving as the precursor for the anti-inflammatory molecule resolvin
D1 that was recently shown to improve inflammatory symptoms in a mouse imiquimod-induced
model of psoriasis [18]. Both DHA [19,20] and curcumin [21,22] have been examined as treatments
for psoriasis, but corresponding studies enrolled only a relatively small number of patients and the
molecular mechanism(s) accounting for the positive effects observed in a subset of patients were
not investigated.

Human Chromosome 1 Epidermal Differentiation Complex

NURR1 binding sequence
ca|GGGTGAtggAGGTCA| LCE3 Cluster

VDIRE

CTC!: . ) 1 i " CTC_F
Insulator [LCE3AJLCE3B| [LCE3C| |LCE3D|LCE3E| mnsulator

Figure 1. Location of the LCE3 gene cluster (exact location of each gene indicated by a tiny bars
above the boxed LCE3 designation) and the common PSORS4 gene deletion within the epidermal
differentiation complex on human chromosome 1 that also contains other skin genes such as filaggrin,
loricrin, involucrin, and S100A (not shown). The PSORS4 deletion eliminates two LCE3 genes
(LCE3C_LCE3B-del), but leaves LCE3A/LCE3D/LCE3E intact. A putative vitamin D-responsive element
(VDRE) is located adjacent to the LCE3A gene, but within the boundaries established on either side of
the LCE3 gene cluster by sites for the CCCTC-binding factor (CTCF) that may serve to insulate this
gene cluster from other nearby genes. This VDRE has been shown to confer responsiveness to both
1,25D and delphinidin in transfection experiments using a heterologous reporter gene construct [11].
Shown above the VDRE sequence is the location of an overlapping recognition sequence for the nuclear
receptor subfamily 4 group A member 2 (NR4A2), also known as NURRI (see text for explanation).

We also examined the ability of 1,25D, curcumin, and DHA to upregulate the expression
of two other disease biomarkers, the activator protein-1 factor Jun B and the nuclear receptor
NR4A2, to illuminate additional pathways by which 1,25D, curcumin, and/or DHA might improve
psoriasis symptoms. Jun B was selected since the Jun B gene is localized in psoriasis susceptibility
locus 6 (PSORS6). Additionally, an inducible epidermal knockout of Jun B in adult mice was reported to
yield a phenotype possessing the histological and molecular hallmarks of psoriasis [23]. Further, Jun B
expression, similar to LCE3 gene expression, is associated with skin repair [24]. NR4A2, also known as
NURR1, nuclear receptor of T cells (NOT), or transcriptionally inducible nuclear receptor (TINUR),
was selected for study because a putative VDRE located near the LCE3 gene cluster overlaps with
a consensus NR4A2 binding site (Figure 1, caGGGTGA). An additional reason why NR4A2 was of
interest is our previously published hypothesis that part of the actions of liganded VDR might be
mediated via the upregulation of NR4A2 [25]. Based on the current study, we conclude that both
Jun B and NR4A2 may play a role in the action of 1,25D and DHA, and to some extent of curcumin,
on skin, but higher doses of ligands are required to demonstrate a statistically significant effect on
mRNA levels.

Finally, several literature reports have implied that the effects of DHA in the skin are mediated,
not by VDR as we have hypothesized, but rather via peroxisome proliferator-activated receptor (PPAR)
isoforms, with PPARS being the dominant isoform in human skin [26]. To assess whether PPARS is a
major regulator of LCE genes, we probed GW501516, a selective ligand for PPARS, for its ability to
upregulate LCE3 genes in keratinocytes.
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2. Materials and Methods

2.1. Source of Ligands and Reagents

Crystalline 1,25D was obtained from Roche Diagnostics (Indianapolis, IN, USA). Docosahexaenoic
acid was purchased from Sigma Aldrich Corporation (St. Louis, MO, USA). GW510516 was secured
from Santa Cruz Biotechnology (Dallas, TX, USA). GW501516 and 1,25D were dissolved in ethanol
at 1000 times the concentrations needed for cell culture experiments (1000x) and stored at —20 °C.
Curcumin was obtained from Cayman Chemical Co. (Ann Arbor, MI, USA), dissolved in dimethyl
sulfoxide (DMSO) at 1000 %, and stored at —20 °C. Figure 2A depicts the structures of these ligands.
An antibody against NR4A2/NURRI (LS-C99204) was purchased from LifeSpan BioSciences, Inc.
(LSBio, Seattle, WA, USA). Antibodies to LCE3B-E (clone C-14, sc-138974), Jun B (clone N-17X,
sc-46X), p-INK (clone G-7, sc-6254), p-p38 (clone D-8, sc-7973), and filaggrin (clone AKHI, sc-66192)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Additional antibodies to
LCE3B-E proteins were a kind gift from M. Narita in the laboratory of J. Shalkwijk [27]. Alexa Fluor
488-conjugated goat anti-rabbit IgG and Texas Red-conjugated goat anti-mouse IgG secondary
antibodies were purchased from Invitrogen Molecular Probes (Eugene, OR, USA). Horseradish
peroxidase (HRP) conjugated to anti-mouse IgG and anti-rabbit IgG secondary antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA). The Pierce BCA Protein Assay Kit
was from Thermo Scientific (Waltham, MA, USA), and Novex precast Tris-Glycine gels were purchased
from Invitrogen (Carlsbad, CA, USA) or Bio-Rad Laboratories (Hercules, CA, USA). Recombinant
human Tumor Necrosis Factor-alpha (thTNF«x) was purchased from R & D Systems (Minneapolis, MN,
USA). ProLong® Gold Anti-fade Reagent containing 4,6-diamidino-2-phenylindole (DAPI) for nuclear
staining was obtained from Invitrogen (Carlsbad, CA, USA) and Life Technologies (Grand Island,
NY, USA).
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Figure 2. (A) Ligands used in the current study. 1,25D is the natural high affinity ligand for vitamin D
receptor (VDR). Curcumin and docosahexaenoic acid (DHA) are natural, low-affinity ligands for VDR,
and GW501516 is a specific synthetic ligand for peroxisome proliferator-activated receptor (PPAR)?,
with the latter nuclear receptor also having a reported affinity for DHA. (B) Morphology of normal
human epidermal keratinocytes (NHEKS) treated without ligand (control) or with various ligands at
the indicated concentrations and time of incubation. Magnification = 300x.

2.2. Cell Culture and Treatment

Human primary neonatal keratinocytes (HEKn) from single donors were purchased from
Invitrogen Corp. (Carlsbad, CA, USA) and cultured in low calcium serum-free EpiLife medium
supplemented with the Human Keratinocytes Growth Supplement Kit (HKGS Kit; Cat# S-001-K,
Thermo Fisher Scientific, Rockford, IL, USA) along with gentamicin and amphotericin from GIBCO
(Carlsbad, CA, USA). Cells were re-fed every 2—4 days and split as necessary. Cells were plated at
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550,000 cells per 60-mm dish and treated with 1000 x stocks of calcium chloride (dissolved in water)
and/or the ligands of interest (Figure 2A). Rat osteosarcoma cells (UMR-106) were obtained from the
American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagles
Medium (Hyclone, GE Healthcare, Logan, UT, USA) supplemented with gentamicin/amphotericin in
a humidified atmosphere at 37 °C and 5% carbon dioxide. For immunofluorescence and Western blot
analyses, cells were treated with different concentrations of agents at different time points (2448 h)
prior to harvest and analysis. In some experiments, cells were first pre-incubated or pre-treated for
48 h with respective ligands/agents and then treated with or without TNF« (15 ng/mL) for 30 min
prior to harvest.

2.3. Morphology, Immunocytochemistry, and Immunofluorescence Analysis

Keratinocytes were seeded in four-chamber tissue culture glass slides and pre-treated with
concentrations of each ligand as follows: curcumin (10-20 uM), 1,25D (0.1 uM), DHA (10-20 uM),
and GW501516 (100-200 nM), for 24-48 h and processed as earlier described [28]. Briefly, after treatment
with (or without) VDR ligands for 48 h, the cells were stimulated for 30 min before harvest with or
without 15 ng/mL TNF« prior to being washed twice with 1x phosphate-buffered saline (PBS)
(Ca%* /Mg?*-free). Subsequently, cells were fixed in 2% paraformaldehyde in a 1:1 mix of cold
acetone/methanol in PBS for 20 min at room temperature, followed by 15 min at 4 °C, followed
by three washes in 1x PBS. Cells were then permeabilized for 5 min at room temperature with Triton
stabilization buffer (0.5% Triton X-100, 100 mM piperazine-N,N’-bis(2-ethanesulfonic acid (PIPES)
buffer (K*-free), 4% PEG, and 1 mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid (EGTA)) and
washed three times in 1x PBS. Nonspecific epitopes were blocked with blocking solution (10% normal
goat serum, 2.5% bovine serum albumin) in PBS for 20 min. Samples were blotted and subsequently
incubated overnight at 4 °C with one of the following monoclonal or polyclonal primary antibodies
diluted in blocking buffer: NR4A2/NURR1 (1:100 dilution), LCE3B-E (cross-reacts with four of the
five LCE3 protein isoforms [27]) (1:100 dilution), Jun B (1:100 dilution), p-JNK (1:40 dilution), p-p38
(1:100 dilution), or filaggrin (1:50 dilution). Hereafter, the cells were washed three times and incubated
with goat anti-rabbit IgG Alexa Fluor 488 or goat anti-mouse IgG-Texas Red secondary antibodies
conjugated to HRP, all at 1:600 dilution in blocking buffer, for 45 min at 37 °C. Slides were washed
twice in PBS for 10 min each followed by washing once in double-distilled water, and the cover slips
were mounted on glass slides using ProLong® Gold Anti-fade Reagent containing DAPI from Thermo
Fisher Scientific (Cat# P36941, Rockford, IL, USA) for nuclear counter-staining. The mounted slides
were allowed to cure overnight in the dark at room temperature. Automated images were acquired
using the Nuance Imaging system with a camera equipped on a light microscope as described below.

2.4. Nuance Multispectral Imaging System FX—Software

Automated immunofluorescence images were acquired using an Olympus BX43 light microscope
(Olympus America Inc., Center Valley, PA, USA) equipped with a CRI camera on a Nuance™ Imaging
FX system version 3.0.2 (Perkin Elmer, Inc., Waltham, MA, USA) using 20x /0.5 or 40x /0.75 objectives
connected to a computer and an X-Cite® Series 120 Q Sport light source. Data acquisition and image
analysis using Nuance software technology plate-form were conducted as previously described [29,30].
Briefly, a spectral library was created using image cubes to define distinctive spectral curves for each
fluorophore, and counterstained to adjust for background effects and to accurately quantify the positive
staining of biomarkers using InForm version 1.4.0 software (Perkin Elmer Inc., Waltham, MA, USA),
which allows for an objective analysis of biomarkers with increased accuracy. Isotype controls were
used for immunostaining (proportion of green/red pixels for antigen staining) with values averaged
from at least five fields for each slide sample.
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2.5. PSORS4 Genotyping of HEKn Cell Lots

Genomic DNA was isolated from cells using a DNAeasy kit (Qiagen Corp., Valencia, CA, USA)
according to the manufacturer’s protocol. A triple primer set was utilized to genotype cells: LCE3CF
5'-TCACCCTGGAACTAGACCTCA-3'; LCE3CR 5'-CTCCAACCACTTGTTCTTCTCA-3'; LCE3CR2D
5'-CATCCCAGGGATGCTGCATG-3 [31]. PCR reactions contained approximately 130 ng/pL of HEKn
genomic DNA from a single lot of cells, 0.5 uL of an 18 uM stock of the above three primers (0.9 uM
final concentration of each primer), and 5 uL of Fast Start Universal SYBR Green Master Mix from
Roche Applied Science (Indianapolis, IN, USA) in a total volume of 10 uL. An Applied Biosystems
2400 machine was programmed for 35 cycles: 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min,
followed by a 72 °C step for 10 min. PCR products were resolved on 3% agarose gels. A single band at
199 bp indicates that cells harbor a homozygous LCE3C_LCE3B deletion (LCE3C_LCE3B-del), a single
band at the position 240 bp indicates a homozygous intact locus, and the presence of both bands
signifies a heterozygote.

2.6. Transient Transfection and Treatment of UMR-106 Cells

UMR-106 cells were plated at 650,000 cells/well in a 6-well plate. After 24 h of incubation, the cells
were transfected with PolyJet reagent (SignaGen Laboratories, Gaithersburg, MD, USA) according
to the manufacturer’s protocol. Briefly, each well received 20 uL/well PolyJet and 500 ng/well of
pSG5-VDR M4, an expression plasmid containing the human VDR cDNA with translation starting at
codon 4 (one of the common polymorphic variants of VDR [32]). After 24 h of incubation, the cells were
treated with ethanol vehicle or 1, 10, or 100 nM 1,25D. RNA was harvested after 22-24 h of incubation.

2.7. Cell Harvesting and Total RNA Preparation

Cultured cells were harvested by trypsinization using standard techniques and cell pellets were
washed with sterile phosphate-buffered saline. RNA isolation was performed using an Aurum Total
RNA Mini Kit (Bio-Rad Corp., Hercules, CA, USA) from HEKn cells seeded at 550,000 cells per 60-mm
plate and grown to a final confluency of approximately 65-70%. The quantity and purity of prepared
RNAs were assessed by UV absorbance at 260 vs. 280 nm. Similar procedures were employed for the
UMR-106 cells.

2.8. Primer Design and Testing

The UC Santa Cruz Genome Browser [33] was utilized to determine the coding sequence
of the genes to be investigated. Unless otherwise referenced, Primer3Plus [34] was used to
design primers that spanned an intro-exon junction. For the detection of human LCE3 transcripts,
the following primers were used: LCE3A forward primer 5-CTGAGTCACCACAGATGCCG-3'
and reverse primer 5-CTTGCTGACCACTTCCCCTG-3’; LCE3B forward primer 5-CTC
CTGCTGTGCTCCAAGAC-3' and reverse primer 5-ATCTTGCTGACCACTGCCTC-3; LCE3C
forward primer 5-GGTCTG AGGGTTCTGTGCTC-3' and reverse primer 5-ACACTTGGGT
GAGGGACAAC-3'; LCE3D forward primer 5'-CCCCAAAGAGCCCAGTACAG-3’ and reverse primer
5-CTGTGGTGGTTCAGGAAGCA-3'; LCE3E forward primer 5'-CCCAAGTGTCCCCCAAAGAA-3’
and reverse primer 5-CTGTGGTGGTTCAGGAAGCA-3'. For the detection of human Jun B
and NR4A2 transcripts, the following primers were used: human Jun B forward primer
5'-CGGCAGCTACTTTTCTGGTC-3" and reverse primer 5-GAAGAGGCGAGCTTGAGAGA-3/;
human NR4A2 (NURR1) forward primer 5'-CTACGACGTCAAGCCACCTT-3’ and reverse primer
5'-TCATCTCCTCAGACTGGGGG-3'. Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA was amplified using forward primer 5'-TGACAACTTTGGTATCGTGGAAGG-3' and reverse
primer 5-AGGGATGATGTTCTGGAGAGCC-3'. For the detection of rat transcripts, the following
primers were used: rat Nr4a2 forward primer 5-CTACGCTTAGCATACAGGTC-3" and reverse
primer 5-TTCCTTGAGCCCGTGTCT-3' [35]. Rat GAPDH was amplified using forward primer
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5'-AGGTCGGTGTGAACGGATTTG-3' and reverse primer 5-CATTCTCAGCCTTGACTGTGC-3'.
All primer pairs were prepared as 18 uM stocks and stored at —20 °C.

2.9. Real-Time PCR

First strand cDNA was synthesized using a Bio-Rad iScript kit from total RNA isolated from
HEKn cells. Quantitative real-time PCR was performed with Fast Start Universal SYBR Green Master
Mix (Roche Applied Science) in an ABI 7500 Fast thermal cycler, or a BioRad CFX96 thermal cycler for
data in Figure 7B only. Each GAPDH PCR well contained 0.5 pL of primers, 0.25 uL. cDNA, and 5 uLL
of SYBR Green reagent mixed in a total volume of 10 uL. Wells for the detection of other gene products
contained 0.5 pL of primers, 0.75 uL of cDNA, and 5 uL of SYBR Green. The temperature profile
included 40 cycles with a melting step of 15 s at 95 °C and an annealing/elongation step of 1 min at
60 °C. Real-time PCR data were analyzed via the comparative C; method and normalized to GAPDH.
Fold effects for ligand treatments were calculated in relation to the samples treated with ethanol or
DMSO vehicle.

2.10. Protein Extraction and Immunoblotting

After treatment with different concentrations of ligands at different time points, normal human
keratinocyte cells were harvested and whole cell lysates were prepared for Western blot analysis.
Briefly, cells were homogenized by sonication in ice-cold 1x RIPA lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM NaF, 100 mM NazVO4, 0.5% NP-40, 1% Triton
X-100, 1 mM PMSF) with freshly added protease inhibitor cocktail (Protease Inhibitor Cocktail Set
III, Calbiochem, La Jolla, CA, USA). The homogenate was then centrifuged at 14,000 x g for 25 min
at 4 °C, and the supernatant was collected, aliquoted, and stored at —80 °C. For immunoblotting,
10-20 pg of protein was resolved on 8-12% SDS polyacrylamide (SDS-PAGE) gels and transferred
onto nitrocellulose membranes. Blots were incubated in blocking buffer (5% non-fat dry milk/1%
Tween 20; in 20 mM Tris-buffered saline (TBS), pH 7.6) for 45 min at room temperature, followed
by incubation with a primary antibody directed against either LCE3B-E, Jun B, or NR4A2/NURR1
in blocking buffer overnight at 4 °C. Following several washes, membranes were incubated with
the appropriate HRP-conjugated secondary antibody and detected by enhanced chemiluminescence
(ECL) and autoradiography using a Bio-Rad Gel-Doc System (Bio-Rad Laboratories Inc., Hercules, CA,
USA). Densitometric measurements of the bands were performed with image analysis software using
the Biorad ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA). To ensure equal protein
loading, membranes were re-probed with antibodies to appropriate house-keeping proteins (GAPDH
or vinculin) and processed as above. GAPDH or vinculin data were then used as normalization factors.

3. Results

To examine the effects of DHA and curcumin on human neonatal epidermal keratinocytes,
we initially monitored the morphology of HEKn cells treated with different concentrations of
ligands or vehicle control over time using phase contrast microscopy. As depicted in Figure 2B,
we observed that these ligands differentially induced changes in cellular morphology reminiscent of
keratinocyte differentiation.

We hypothesized that many of the effects of both DHA and curcumin on keratinocytes
are mediated via the vitamin D receptor (VDR) acting to upregulate the expression of the
LCE3A/LCE3D/LCESE genes. First, we determined if the single-patient sample of HEKn cells harbored
the PSORS4 deletion and, if so, whether the deletion was homozygous or heterozygous, using a PCR
protocol that incorporated a triple set of primers (see Methods Section 2.5). This reaction yielded a
single PCR product at 199 bp (data not shown), indicative of a homozygous LCE3C_LCE3B deletion
(LCE3C_LCE3B-del). Utilizing a homozygous deletant allowed for a direct test of the hypothesis
that DHA and/or curcumin upregulate LCE3A/LCE3D/LCE3E mRNA expression without interfering
background from PCR primers annealing to the similar LCE3B and/or LCE3C mRNAs.
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The first experiment was performed by treating HEKn cells homozygous for LCE3C_LCE3B-del
with two concentrations of DHA. The selection of concentrations was based on a previously published
competition binding assay [15] which indicated that DHA competes with radioactively labeled
1,25D for VDR binding with an IC5) of approximately 10 uM. As shown in Figure 3A, DHA indeed
upregulates LCE3 mRNA expression in a dose-dependent manner, with 20 uM DHA eliciting 11-fold,
5.5-fold, and 7-fold increases in mRNAs for LCE3A, LCE3D, and LCE3E, respectively. These mRNA
effects are superior to the respective 3.6-fold, 4.5-fold, and 4.7-fold increases in mRNAs for LCE3A,
LCE3D, and LCE3E reported previously by our group for HEKn cells treated with 100 nM 1,25D [11],
which serves as a published positive control (employing the hormonal VDR ligand) for the present
experiments. To confirm this effect of DHA at the protein level, cells were treated in the presence or
absence of single doses of DHA (10 uM) with or without activation by recombinant human TNF«.
Protein expression of LCE3 gene products was monitored by double immunofluorescent microscopy
as described in the Methods section; the antibody for LCE3 expression recognizes LCE3B, LCE3C,
LCE3D, and LCE3E. As shown in Figure 3B, treatment with 10 pM DHA alone for 48 h strongly
induced the expression of LCE3 proteins compared to vehicle control cells (see LCE3B-E column,
comparing top two panels), with no discernible effect on the levels of phosphorylated p38 MAP
kinase (p-p38). Phospho-p38 was included in the study because it is a pro-inflammatory factor that
is activated in psoriasis [36]. Because the pro-inflammatory cytokine TNF« is critically involved in
the early phase of psoriasis [37], we next examined the effect of TNFa activation on the response to
DHA ligands. As shown in Figure 3B, treatment with TNF«x did not discernibly modulate LCE3B-E
protein expression, whether in the presence or absence of DHA (LCE3B-E column, compare bottom
two panels with top two panels), but strongly induced the phosphorylation of p38 (see p-p38 column,
second panel from the bottom). Additionally, the pre-treatment of keratinocytes with DHA for 48 h,
prior to activation with TNFa for 30 min, appeared to block the effect of TNFa on p38 phosphorylation
(Figure 3B; p-p38 column, bottom panel). A subset of these results was further corroborated by Western
blot analyses (see last section of Results below).

A second dietary agent, namely curcumin, a turmeric derivative and bioactive polyphenol,
was similarly evaluated in cultured keratinocytes. Because curcumin exhibits a comparable VDR
competition profile to DHA (an ICsp of approximately 5-10 uM [15]), and has been reported to
be a bona fide VDR ligand [38] with beneficial effects on skin repair [24], we treated HEKn cells
with concentrations of curcumin similar to those used for DHA, namely 6.7 and 10 pM for mRNA
studies and 5, 10, and 20 uM for immunocytochemistry. Also, DMSO rather than ethanol was
employed as the solvent vehicle for curcumin. The results in Figure 4A reveal that curcumin is
capable of upregulating LCE3A, LCE3D, and LCE3E mRNAs 3- to 4-fold in a dose-dependent manner
at concentrations corresponding closely to the concentrations capable of competing with 1,25D for
binding to the VDR. This magnitude of induction of LCE3 genes is quite comparable to that of
3.6- to 4.7-fold achieved by 100 nM 1,25D as previously published [12]. Immunostaining for protein
expression in human keratinocytes confirmed that curcumin treatment alone strongly induced the
protein expression of LCE3B-E (Figure 4B; LCE3B-E column, compare top two panels). Analogous to
the DHA study shown in Figure 3B, a 30-min treatment with TNF« (&curcumin) was also included
(lower two rows of Figure 4B), and there is a suggestion that the combination of curcumin and
TNF« yields a higher induction of LCE3B-E protein expression than curcumin alone (Figure 3B,
LCE3D-E column, compare second and fourth panels). Finally, the phosphorylation of MAPK p38
in response to the various treatments was also included, with curcumin showing effects similar to
DHA, namely an ability to block p38 phosphorylation in response to TNFa (Figure 4B, p-p38 column,
compare third and fourth panels). A subset of these results was further corroborated by Western blot
analyses (see last section of Results).
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Figure 3. (A) Regulation by docosahexaenoic acid (DHA) of the LCE3A, LCE3D and LCE3E genes
spared by the PSORS4 deletion. Human primary neonatal keratinocytes (HEKn) cells homozygous for
the deletion were treated with ethanol vehicle (negative control) or DHA (10 or 20 uM), and total RNA
was prepared and analyzed for the expression of mRNA using specific primers for each LCE3 isoform.
Bar graphs represent the average of three independent experiments 4+ STDEV. Asterisks denote results
with ligands that are significantly different from ethanol controls as determined by the Student’s
two-tailed t-test: * p < 0.05; ** p < 0.01. p-Values approaching 0.05 are given above the corresponding
bar. (B) Regulation of LCE3 proteins (and p-p38) by DHA and tumor necrosis factor-alpha (TNF«) as
monitored by immunohistochemistry using an antibody that cross-reacts with LCE3B, LCE3C, LCE3D,
and LCES3E proteins. Cells were cultured in four chamber tissue culture glass slides and treated for 48 h
with (10 uM) or without DHA as indicated. Treatment with TNF« (15 ng/mL) occurred 30 min prior to
fixing and binding of permeabilized cells to the indicated antibodies. Image acquisition is described in
Methods and representative images are shown. Images in right-hand column represent a merging of all
three signals (LCE3B-3E antibody (green), 4',6-diamidino-2-phenyl (DAPI) (blue), and p-p38 antibody
(red)) at a magnification of x200.
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Figure 4. (A) Regulation of LCE3A, LCE3D, and LCE3E mRNA by curcumin (Crc). HEKn cells were
treated with ETOH vehicle (negative control) or curcumin (at 6.7 or 10 uM concentration). Bar graphs
show real-time PCR results, which are the average of four independent experiments 4+ STDEV.
An asterisk denotes ligand-treated averages that are significantly different from ethanol controls

Fold increase with Ligand

as determined by two-tailed Student’s t-test, * p < 0.05. One of the four replicates of this experiment was
performed with HEKn cells heterozygous for the PSORS4 deletion, which yielded results very similar
to the three replicates from homozygous cells. (B) Regulation of LCE3 and p-p38 proteins by curcumin
and TNF« as monitored by immunohistochemistry. Cells were cultured in four chamber tissue culture
glass slides and treated for 48 h with (15 uM) or without curcumin as indicated. Treatment with
TNFa (15 ng/mL) occurred 30 min prior to fixing and binding of permeabilized cells to the indicated
antibodies. Image acquisition is described in Methods and representative images are shown. Images in
right-hand column represent a merging of all three signals (LCE3B-3E (green), DAPI (blue), and p-p38
antibody (red)) at a magnification of x200. Insets in red boxes indicate a higher power magnification
(x400) of the selected section.

96



Nutrients 2018, 10, 174

Although the present data are consistent with the conclusion that DHA is acting as a VDR
ligand, literature reports indicate that DHA effects in skin may be mediated by a peroxisome
proliferator-activated receptor (PPAR), presumably PPARS, which is the predominant isoform
expressed in skin [26]. We and others have recently shown that PPARS is overexpressed in human
psoriatic as well as in murine psoriasis-like skin lesions [39], and that treatment with delphinidin,
another VDR ligand, normalized the expression in a preclinical mouse model of psoriasis [30].
To determine whether PPARS is capable of upregulating LCE3 mRNAs in human keratinocytes,
a selective ligand for PPARS (GW501516) was examined at a single 100 nM concentration which,
according to published reports, represents a saturating dose for activating PPARS [40]. The results
(data not shown) indicated a nonsignificant trend toward a very slight (<1.5-fold) upregulation of
LCE3A, LCE3D, and LCE3E mRNA expression. Moreover, Western blot data from keratinocytes treated
for 24 to 48 h with two doses of GW501516 (100 and 200 nM) yielded no significant increase in the
expression of LCE3 proteins (see last section of Results). In this same experiment, 10-20 uM DHA or
curcumin elicited a statistically significant enhancement in LCE3 protein levels, providing a positive
control and indicating that liganded PPARS is not an inducer of LCE3 protein in HEKn cells. Based on
these data, we conclude that liganded PPARS plays little or no role in LCE3 gene expression, and this
result allows us to distinguish the relative contributions of VDR and PPARS in mediating the actions
of DHA with respect to LCE3 maintenance. The conclusion is that VDR alone executes the function
of DHA to induce LCE3 gene and protein expression. This does not eliminate potential cross-talk
between the signaling of the VDR and PPAR systems in skin, at least with regard to the regulation
of genes other than those of the LCE3 class. For example, GW501516 is a strong inducer of NR4A2
protein in HEKn cells, as are 1,25D and curcumin (see last part of Results).

We next assessed whether DHA upregulates Jun B, for which depressed expression or gene
deletion has been noted to be associated with psoriasis. Quantitative real-time PCR results (Figure 5A)
indicate that DHA significantly upregulates Jun B mRNA expression, but the effect is minimal
(2-fold) after 24 h of treatment, and is not evident until DHA is present at the higher 20 uM
concentration. Nevertheless, we previously demonstrated Jun B induction by 1,25D in KERTr
human keratinocytes, utilizing microarray technology to quantitate mRNA [8]. In the present report,
utilizing immunofluorescence to determine the effects of 48 h of DHA treatment, we observed
an increase in Jun B protein expression (Figure 5B) in both the presence and absence of TNFx
treatment. The immunofluorescence experiment also included the monitoring of JNK phosphorylation
using a specific phospho-JNK antibody (see p-JNK column in Figure 5B). As expected, JNK is
phosphorylated in response to 30 min of treatment with TNFw, an effect that is largely abolished when
TNFo-treated cells are pretreated with DHA (Figure 5B, p-JNK column, compare bottom two panels).
The upregulation of Jun B by DHA was confirmed by Western blot analysis (see last section of Results),
exhibiting a significant, dose-dependent upregulation of Jun B protein at both 24 and 48 h, approaching
the dramatic action of 100 nM 1,25D to enhance Jun B protein levels.

The ability of curcumin 4= TNF« to upregulate Jun B expression was also investigated, and Figure 6
illustrates the immunofluorescence results using an anti-Jun B antibody. Treatment with curcumin
increased levels of Jun B (Figure 6, Jun B column, compare top two panels), an effect that was confirmed
with Western blotting (Figure 8B), which demonstrated a significant and dose-dependent increase
in Jun B protein after both 24 and 48 h of treatment using doses of 5, 10, and 20 uM. Curcumin also
appears to dampen the Jun B-induced phosphorylation of p-JNK by TNF« (Figure 6, p-JNK column,
compare bottom two panels). Thus, two low-affinity VDR ligands (DHA and curcumin) evaluated in
the present study are able to induce Jun B, as well as to oppose TNFa-induced p-JNK phosphorylation.

Finally, we explored the possibility that VDR ligands, including 1,25D, DHA, and curcumin,
regulate the expression of the nuclear receptor NURR1, also known as NR4A2, pursuing a notion
previously derived conceptually from the recent demonstration that some VDR actions follow a
secondary induction mechanism, whereby liganded VDR first induces NURR1, which in turn activates
the expression of the gene(s) of interest [25]. Moreover, as noted above, the LCE3 VDRE shown in
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Figure 1 contains within its 5" half-element a consensus binding sequence for the NR4A2 monomer,
caGGGTGA. For these reasons, we examined the level of NURR1 transcripts in DHA-, 1,25D-,
and vehicle-treated HEKn cells. The results (Figure 7A) demonstrate that both 1,25D and DHA
upregulate NURRI mRNA in HEKn cells, although there exists no indication of a classic dose-response
relationship for DHA, and the results are variable for treatment with 1,25D and 10 uM DHA.
To definitively demonstrate that NURRI can be induced in a VDR and ligand dose-dependent fashion,
UMR-106 osteoblast-like cells were transfected with human VDR and treated with concentrations of
1,25D from 1 to 100 nM. Data for NURRI mRNA levels compared with vehicle controls, as displayed
in Figure 7B, exhibit clear 1,25D dose-dependency for a 3- to 4-fold induction of NURRI by the
hormonal vitamin D. We followed up these mRNA studies by investigating the effect of a single
dose of DHA or curcumin treatment using both immunofluorescence as well as Western blotting
on the protein expression of NURR1 as well as filaggrin, another biomarker of skin inflammatory
disease. Immunofluorescence after 48 h of treatment with ligands reveals a striking ability of both
DHA alone and curcumin alone to upregulate both NURR1 and filaggrin (see NURR1 and filaggrin
columns in Figure 7C, comparing second and fourth panels to top control panel). These results were
confirmed by Western blotting (Figure 8C). Although the DHA effects pictured in Figure 8C are
statistically significant only at the higher (20 uM) dose, effects with both DHA and curcumin displayed
a dose-response at both time points. Importantly, 1,25D exerts a dramatic positive induction of NURR1
protein in HEKn cells (Figure 8C). Taken together, these results are consistent with the intermediary
function of NURRI as a secondary mediator of at least part of the action of VDR ligands in osteoblasts
and skin, with putative occupation of the NURRT1 site embedded within the VDRE identified in the
LCE gene region being of potential mechanistic significance.
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Figure 5. (A) Regulation of Jun B mRNA by DHA. HEKn cells were treated with ethanol vehicle
(control), or with either 10 uM DHA or 20 uM DHA. RNA isolation, synthesis of first strand DNA,
and real-time PCR are described in Methods. Results are means from three independent experiments
=+ STDEV. The double asterisk (**) denotes an average that is statistically significant by Student’s t-test
from the ethanol control, p < 0.01. (B) Regulation of Jun B and p-JNK proteins by DHA and TNFa as
monitored by immunohistochemistry. Cells were cultured in four chamber tissue culture glass slides
and treated for 48 h with (10 uM) or without DHA as indicated. Treatment with TNF«x (15 ng/mL)
occurred 30 min prior to fixing and binding of immobilized proteins to the indicated antibodies. Image
acquisition is described in Methods and representative images are shown. Images in the right-hand
column represent a merging of all three signals (Jun B antibody, DAPI, and p-JNK antibody), measured
using Nuance software as described in Methods. (Magnification x200). Insets in red boxes indicate a
higher power magnification (x400) of the selected section. The yellow color indicates co-localization of
both markers.
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Control

Curcumin
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Figure 6. Regulation of Jun B and p-JNK proteins by curcumin and TNF«x as monitored by
immunohistochemistry. Cells were cultured in four chamber tissue culture glass slides and treated
for 48 h with or without curcumin (15 uM) as indicated. Treatment with TNF« (15 ng/mL) occurred
30 min prior to fixing in 2% paraformaldehyde and binding of immobilized proteins to the indicated
antibodies. Image acquisition is described in Methods and representative images are shown. Images in
right-hand column represent a merging of all three signals (Jun B antibody, DAPI and p-JNK antibody),
measured using Nuance software as described in Methods. (Magnification x200). Insets in red boxes
indicate a higher power magnification (x400) of the selected section.
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Figure 7. Regulation of NURRI (NR4A2) mRNA by 1,25D. (A) Response of NURRI mRNA to
1,25D and DHA in HEKn cells. Cells were plated as described in Methods and dosed with the
indicated concentrations of 1,25D or DHA for 22-24 h. Total RNA and first strand cDNA were then
prepared, and real-time gqPCR was performed using primers to human NURRI as described in Methods.
Error bars represent STDEV of triplicate real-time PCR wells from each of two independent experiments.
(B) A similar experiment to (A), but performed using increasing doses of 1,25D in rat UMR-106 cultures.
Results are means of three independent experiments & STDEV, * p < 0.05, ** p < 0.01 compared to
control by Student’s t-test. (C) Regulation of NURR1 and filaggrin proteins by DHA and TNFo as
monitored by immunohistochemistry. Cells were cultured in tissue culture glass slides and treated
for 48 h with (10 uM) or without DHA as indicated. Treatment with TNFa« (15 ng/mL) occurred
30 min prior to fixing in 2% paraformaldehyde and binding of immobilized proteins to the indicated
antibodies. Image acquisition is described in Methods and representative images are shown. Images
in right-hand column represent a merging of all three signals (NURR1 antibody, DAPI and filaggrin
antibody), measured using Nuance software as described in Methods. (Magnification x200). Insets in
red boxes indicate a high power magnification (x400) of the highlighted section.
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Figure 8. Dose-dependency of protein expression in response to 1,25D, curcumin (Curc) (ligand for
the vitamin D receptor), GW501516 (GW; ligand for PPARS), and DHA (ligand for both receptors).
(A) Protein expression for LCE3 proteins as monitored by an antibody that recognizes four LCE3
isoforms (LCE3B/LCE3C/LCE3D/LCE3E), using Vinculin expression as an unregulated control to
normalize for protein loading. (B) Protein expression of Jun B, using GAPDH as an unregulated control.
(C) Protein expression of NR4A2 (NURR1), using Vinculin as an unregulated control. All bars represent
an average of at least five fields for each sample (blots were normalized using Chemidoc quantification
analysis software as described in Methods) £STDEV. * p < 0.5, ** p < 0.01, *** p < 0.001.

4. Discussion and Conclusions

Analogs of 1,25D are used routinely for psoriasis treatment, often in combination with an
anti-inflammatory steroid [41]. Previous studies from our laboratory have pursued the hypothesis
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that 1,25D and other VDR ligands improve symptoms of psoriasis by upregulating skin repair genes,
and in two recent publications by our group, we reported that the VDR ligands 1,25D, delphinidin,
and cyanidin upregulate LCE3A/LCE3D/LCE3E gene expression, potentially to compensate for the
common genomic deletion of LCE3B and LCE3C [11,12].

The dietary lipids DHA (an omega-3 fatty acid) and curcumin (a bioactive component of turmeric
spice) were selected for investigation as both have been subjects of clinical trials for the treatment
of psoriasis (NCT01351805 and NCT00235625). In addition to these clinical trials, dietary studies
have concluded that psoriatic patients typically consume diets low in omega-3 fatty acids, including
DHA [42], and conversely, that a diet low in calories but high in omega-3 fatty acids appears to
confer a better response to immunomodulatory drugs in a cohort of obese patients with plaque-type
psoriasis [43]. Another dietary study found that adherence to a Mediterranean diet was inversely
related to psoriasis area severity index (PASI) score, and that high consumption of fish (which contain
omega-3 fatty acids including DHA) was independently negatively associated with a high PASI
score [44]. Although it is difficult to separate the potential effects of DHA from those of other dietary
components, these studies, taken together, suggest that consumption of omega-3 fatty acids, including
DHA, may represent a useful adjuvant to other psoriasis therapies.

In addition to other modes of action, the current study pursues the notion that DHA and curcumin
may act as VDR ligands to regulate genes involved in psoriasis pathology. Both DHA and curcumin
have been shown, like other alternative, low-affinity VDR ligands such as delphinidin and cyanidin,
to compete with 1,25D for direct, low-affinity binding to VDR [15]. The data shown in Figure 3 indicate
that DHA significantly upregulates LCE3 gene expression in cells homozygous for LCE3C_LCE3B-del.
We propose that this induction of LCE3 gene products compensates for the loss of LCE3B and LCE3C
in skin repair, under the assumption that the highly similar LCE3 gene products are functionally
redundant [27]. Curcumin was also demonstrated to be capable of upregulating LCE3A, LCE3D,
and LCE3E genes (Figure 4). Given that the effective concentrations of DHA and curcumin employed
in these experiments coincide with those that competitively bind to VDR, we postulate that these
ligands upregulate LCE3 gene expression, at least in part, by binding to, and activating the VDR-RXR
heterodimer. Our previous work identified a VDRE adjacent to the LCE3A gene (Figure 1) that is
capable of conferring regulation onto a heterologous reporter gene by 1,25D, delphinidin, or cyanidin
in transfected CCD-1106 KERTr human keratinocyte cells [11], lending further support to the notion
that liganded VDR may induce the expression of these genes in vivo.

Recent reports reveal that the presence of LCE3C_LCE3B-del within the LCE3 gene cluster has
a lengthy evolutionary history in the hominid lineage. The deletion appears to have arisen in the
common ancestor to modern humans and Denisovans [45,46]. Based on an analysis of genomic
DNA from ancient hominins as well as modern humans, including a haplotype analysis of the
deletion as well as flanking regions in the LCE3 locus, the authors of these studies conclude that
the 32 kb LCE3C_LCE3B deletion has been maintained under balancing selection in the human
lineage. In considering the potential reasons as to why both LCE3 haplotypes are currently found
in all tested human populations, including those from Eurasia, Africa, and the Americas [46,47],
these authors quoted Bergboer et al. [48], who hypothesized that LCE3C_LCE3B-del, by delaying skin
repair, could allow for greater penetration of microbial antigens, which then serve as a natural “vaccine”
against future infections (while also posing an increased risk for an autoimmune response). Further,
the hypothesis explaining the retention of the intact LCE3 cluster is that the full complement of five
LCE3 genes confers a superior ability to support skin repair. Whatever the exact explanation, it appears
that an interplay between these two sets of advantages/disadvantages has led to the preservation of
both alleles in a state of balance over hundreds of thousands of years.

The extent to which DHA upregulates LCE3 mRNA expression exceeds 10-fold in the case of
LCE3A, which is noticeably greater than the approximate 4-fold achieved by 1078 M 1,25D in prior
studies [11,12]. This comparison suggests that, at least for the upregulation of LCE3 gene expression,
DHA may be superior to the currently used therapeutic agent 1,25D (or analogs thereof), taking into
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account that higher concentrations of DHA are required [19] to achieve this effect due to the lower
affinity of DHA for the receptor. This result positions both DHA and the previously tested cyanidin
compound [11] as two dietary, non-toxic nutrients that are each capable of upregulating the expression
of LCE3 skin repair genes in a fashion superior to that of 1,25D, the currently used anti-psoriatic
agent. Moreover, curcumin is yet another candidate alternative to 1,25D chemical analogs for psoriasis
treatment, as its 3- to 4-fold action to induce LCE3A mRNA (Figures 4A and 8A) is equivalent in
magnitude to the effect of 100 nM 1,25D, but curcumin is less prone than 1,25D to induce toxic
hypercalcemia and likely is endowed with beneficial influences not intrinsic to 1,25D.

The results presented herein (Figures 3-5) do not rule out the possibility that DHA, curcumin,
or other VDR ligands may act on LCE3 gene transcription via additional mechanisms. Indeed,
literature reports have suggested that DHA effects in the skin are mediated, not by VDR, but rather
via peroxisome proliferator-activated receptor (PPAR) isoforms such as PPAR®S [26]. Furthermore,
the doses of DHA that are capable of activating PPAR? are similar to doses necessary for the activation
of VDR [49]. By observing that treatment with a saturating concentration of the PPARS ligand
GW501516 only modestly (and not statistically significantly) upregulated LCE3A, LCE3D, and LCE3E
mRNAs (data not shown), and did not significantly enhance LCE3 protein expression (Figure 8A),
we conclude that the effect of DHA on LCE3 gene expression is exerted predominantly via the activation
of VDR. Thus, DHA appears to function via a mechanism involving the association of liganded VDR
with VDRESs in target genes. To prove conclusively that liganded VDR docks on the postulated LCE3
gene region VDRE (Figure 1) will require in vivo ChIP-seq experiments in skin, a technical challenge
which is beyond the scope of the current investigation, but is warranted for future studies.

The involvement of TNF« in the pathogenesis of psoriasis is well documented [50] and is the
target of biological therapies that have proven effectiveness in severe cases [51]. The involvement of the
MAP kinase p38 in the pathogenesis of psoriasis and its activation by the TNF« pathway are also well
established [52]. We therefore investigated whether the VDR ligands DHA and curcumin could impact
P38 phosphorylation in response to TNF« treatment of keratinocytes. Our finding that both ligands
inhibit TNFx-induced p38 phosphorylation (Figures 3B and 4B) suggests that these VDR ligands have
anti-psoriatic actions besides the induction of skin repair involving LCE3 gene products. The effects of
both ligands on TNF« signaling are similar to those observed in the imiquimod-induced mouse models
of psoriasis by curcumin [53], and in other tissues, such as rat endothelial cells, by DHA [54]. In the
case of DHA, the involvement of PPAR receptors such as PPARYy in these effects cannot be excluded
(see [55]). Similarly, the effect of TNFx on JNK phosphorylation is also relevant to psoriasis [56].
Again, the pretreatment of keratinocytes with either DHA or curcumin inhibited the TNFx-induced
phosphorylation of JNK (Figures 5B and 6), another indication that the anti-psoriatic mechanisms of
these ligands extend to the TNF« pathway, which is successfully targeted by biologic treatments for
moderate to severe psoriasis.

As a concluding experiment in this study, we evaluated whether VDR ligands, including
DHA, 1,25D, and curcumin, regulate the expression of the nuclear receptor NURRI, also known
as NR4A2, based on recent insight that specific VDR actions appear to involve a secondary mechanism
whereby liganded VDR upregulates NURR1 expression, which in turn activates the expression the
gene(s) of interest [25]. Moreover, increased expression of NURRI mRNA and protein occurs in
involved psoriasis skin compared with uninvolved and normal skin [57], which is consistent with
another recent report showing that NURR1 expression is crucial for the development of mature,
fully functional Th17 cells [58] that have, in turn, been shown to play an important role in psoriasis
pathogenesis via the production of IL-17 and IL-23 cytokines [59]. For these reasons, it was of
interest to investigate the potential ability of DHA, curcumin, and 1,25D to control NURR1 expression.
The results (Figures 7 and 8C) revealed that DHA, curcumin, and 1,25D induce, rather than repress,
NURR1 expression, consistent with the hypothesis that NURRI acts as a secondary mediator of at least
part of the function of VDR ligands to induce skin repair genes such as the LCEs. However, because
NURRLI is apparently a pro-psoriatic transcription factor in human skin [57], its induction by VDR
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ligands complicates our understanding of the mechanism whereby vitamin D analogs are effective in
suppressing mild to moderate psoriasis symptoms. In other words, by inducing NURR1, VDR ligands
could conceivably aggravate inflammation and proliferation as collateral effects to inducing skin repair
genes, although one could argue that NURRI is actually a trigger for normal skin remodeling in place
of psoriatic pathology. It is also possible that the relative timing of NURR1 upregulation might be
important with respect to its effects on inflammation and/or proliferation versus skin repair, an issue
that could be addressed in future studies. In conclusion, identified herein is a secondary induction
mechanism whereby VDR ligands increase the expression of NURR1, which in turn may function as
the primary inducer of skin repair genes such as the LCE3 ensemble. Again, proof of this concept will
require in vivo ChIP-seq experiments in skin, determining whether NURRI is the transcription factor
actually docked on the composite response element for VDR and NURR1 identified in the LCE3 gene
region (Figure 1).

Given the lack of understanding of how 1,25D analogs improve symptoms of psoriasis, the effect of
these compounds, as well as low-affinity VDR ligands such as DHA, curcumin, cyanidin, delphinidin,
and others, could be examined on the expression of genes harbored in different loci. One of many
possible examples is secreted mammalian Ly6/urokinase plasminogen activator receptor-related
protein (SLURP-2), a gene that is strongly induced in psoriatic skin lesions [60]. Finally, since
14,21-dihydroxy-DHA has been shown to be a dramatic wound healing lipid in murine models [61], itis
tempting to speculate that cellular metabolites of DHA, and possibly other low-affinity VDR ligands,
could be discovered as high-affinity nuclear receptor ligands. These novel super-bioactive metabolites,
if identified, could prove vastly more efficacious than their low-affinity VDR ligand precursors or even
than 1,25D itself. In conclusion, the present investigation reveals the ability of nutrient or diet-derived
VDR ligands to upregulate specific skin-expressed genes and proteins with relevance for psoriasis,
and sets the stage for future studies examining the regulation of psoriasis-related skin-expressed genes
by novel metabolites of low-affinity VDR ligands such as DHA and curcumin, potentially leading
to drug discovery of new molecular-based treatments for mild /moderate psoriasis. Further studies
beyond the scope of the current manuscript are warranted to critically examine these observations and
to decipher their detailed molecular mechanisms.
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Abstract: Flavonoids are bioactive phytochemicals that exhibit protective potential against cutaneous
inflammation and photoaging. We selected eight flavonoid aglycones or glycosides to elucidate
the chemistry behind their skin absorption capability through experimental and computational
approaches. The skin delivery was conducted using nude mouse and pig skins mounted on an in vitro
Franz cell assembly. The anti-inflammatory activity was examined using the O,°~ and elastase
inhibition in activated human neutrophils. In the equivalent dose (6 mM) application on nude mouse
skin, the skin deposition of naringenin and kaempferol was 0.37 and 0.11 nM/mg, respectively,
which was higher than that of the other flavonoids. Both penetrants were beneficial for targeted
cutaneous therapy due to their minimal diffusion across the skin. The absorption was generally
greater for topically applied aglycones than glycosides. Although naringenin could be classified
as a hydrophilic flavonoid, the flexibility of the chiral center in the C ring of this flavanone could
lead to better skin transport than the flavonols and flavones with a planar structure. An optimized
hydrophilic and lipophilic balance of the flavonoid structure was important for governing the
cutaneous delivery. The hydrogen bond acceptor and stratum corneum lipid docking estimated
by molecular modeling showed some relationships with the skin deposition. The interaction with
cholesteryl sulfate could be a factor for predicting the cutaneous absorption of aglycone flavonoids
(correlation coefficient = 0.97). Baicalin (3 pM) showed the highest activity against oxidative burst
with an O,°~ inhibition percentage of 77%. Although naringenin displayed an inhibition efficiency of
only 20%, this compound still demonstrated an impressive therapeutic index because of the high
absorption. Our data are advantageous to providing the information on the structure-permeation
relationship for topically applied flavonoids.

Nutrients 2017, 9, 1304; doi:10.3390/nu9121304 108 www.mdpi.com/journal /nutrients
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1. Introduction

Strong evidence links oxidative stress with several pathologies [1]. The skin, the largest organ
in the body, is a main target of oxidative stress because of its size [2]. Reactive oxygen species (ROS)
play a key role in some cutaneous diseases, including photoaging, psoriasis, dermatitis, acne, rosacea,
alopecia, and skin cancer [3]. Flavonoids are antioxidants ubiquitously found in vegetables and fruits.
The structure of flavonoids is associated with the derivatives of chalcone. They can prevent or treat
cutaneous inflammation and malignancy by maintaining the skin’s homeostasis [4]. Some flavonoids,
such as naringenin and quercetin, have been reported to exhibit anti-aging activity that slows down the
skin’s natural senescence [5]. Flavonoids have been largely used in dermatology and cosmeceuticals in
the form of crude extracts.

Topical application provides an efficient method for facilitating the local action of drugs on
the skin [6]. For an active ingredient to exhibit bioactivity, its delivery into the targeted skin must
be successful. It is evidenced that the absorption rate and scavenging activity of some flavonoids
depend on their chemical structure [7]. The exploration of the structure—permeation relationship
(SPR) offers insights into the understanding of how the physicochemical properties of chemicals
influence cutaneous absorption or targeting. The establishment of SPR is useful for predicting
the skin delivery of the compounds and for facilitating the development of new topically applied
actives. In addition to the aglycone form, flavonoids are present in the form of glycoside in nature.
Some aglycones and glycosides, such as quercetin/rutin and baicalein/baicalin, are paired. Glycosides
also show potent bioactivity in many cases. For example, baicalin is proven to protect the skin from
UV radiation, burning, and aging [8]. Although many reports have dealt with the biological effect
of glycoside flavonoids, investigation of how the sugar moiety affects cutaneous absorption is still
lacking. In a continuing attempt to elucidate SPR, the objective of this study was to evaluate the
physicochemical characteristics and the skin absorption of a series of aglycone flavonoids and their
corresponding glycosides. These included myricetin, naringenin, quercetin, baicalein, kaempferol,
naringin, rutin, and baicalin (Figure 1).
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Figure 1. The chemical structures of flavonoids tested in this study.

109



Nutrients 2017, 9, 1304

In the present study, the in vitro Franz cell model was utilized to assess the skin absorption of
flavonoids. Both nude mouse skin and baby pig skin were employed as the permeation barriers.
In inspecting the permeation behavior of a penetrant, it is important to identify the possible transport
pathways [9]. We examined flavonoid permeation via the skin after removal of the stratum corneum
(SC), lipid, sebum, and protein in order to understand the delivery routes. Data collected for the
capacity factor (log K’), the partition coefficient (log P), and the aqueous solubility allowed us to
distinguish the relative contribution to cutaneous absorption. The anti-inflammatory activity of these
compounds was determined by the capacity of inhibiting superoxide anion (O,°") and elastase of
formyl-methionyl-leucyl phenylalanine (fMLF)-activated human neutrophils. A wealth of information
on the hydrogen bond acceptor, the hydrogen bond donor, the total polarity surface, and the molecular
volume was obtained by the computation of molecular modeling. We also investigated the predicted
interaction between flavonoids and SC lipid components to explain the skin permeation trend.
The present study sheds light on the effect of the flavonoid structure on skin absorption and targeting,
broadening the comprehension of SPR in natural antioxidants.

2. Materials and Methods

2.1. Materials

All flavonoids tested in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All other chemicals and solvents were of reagent grade without further purification.

2.2. Capacity Factor (Log K’)

The HPLC setup for the calculation of log K’ was an HPLC system (7-series, Hitachi, Tokyo,
Japan) with a LiChrospher® C18 column (200 x 4.6 mm, Merck, Darmstadt, Germany). The mobile
phase consisted of a mixture of methanol and pH 2 phosphate buffer solution (1:1). The flow rate
and wavelength for determination were 1 mL/min (L-7110 pump) and 256 nm (L-7455 diode array
detector), respectively. The retention times of flavonoids were detected, and the log K’ was computed
as log [(tr — tp)/to], where t; and ty) were the retention time of the flavonoid and the nonretained
solvent peak, respectively.

2.3. Partition Coefficient (Log P)

Flavonoids in methanol (0.5 mg/mL) were pipetted into a tube at a volume of 1 mL. Methanol was
then evaporated under vacuum. In the amount of 1 mL of each, n-Octanol and water were incorporated
into the tube. After being shaken for 24 h at 37 °C, the tube was centrifugated at 10,000 x g for 10 min.
The flavonoid content in both phases was analyzed by HPLC. The log P was calculated as log (flavonoid
content in n-octanol/flavonoid content in water).

2.4. Saturated Solubility in 20% PEG400 Aqueous Solution

The saturated solubility of flavonoids in 20% PEG400/pH 7.4 buffer was measured by loading
20 mM compounds in the vehicle and shaking them at 37 °C for 2 h. The suspension was then
centrifuged at 10,000 x g for 10 min. The supernatant was filtered across the polyvinylidene fluoride
membrane with a pore size of 0.45 um. The resulting supernatant was analyzed by HPLC to record the
solubility (mM).

2.5. Animals

Eight-week-old female nude mice were provided by the National Laboratory Animal Center
(Taipei, Taiwan). One-week-old specific-pathogen-free pigs were obtained from the Animal
Technology Institute Taiwan (Miaoli, Taiwan). All animals were treated in strict accordance with
the recommendations set forth in the Guidelines for the Institutional Animal Care and Use Committee
of Chang Gung University (CGU15-083).
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2.6. Preparation of SC-Disrupted Skin

The full-thickness dorsal skin of the nude mouse was excised after sacrifice. The SC-stripped skin
was obtained by stripping the skin surface 20 times with adhesive tape (Scotch®, 3M, Maplewood, MN,
USA). The delipidized skin was achieved by incubating the skin surface onto a chloroform/methanol
solution (2:1) for 2 h [10]. To prepare the desebumed skin, the SC side of the skin was washed with
cold hexane (4 °C) five times, based on the procedure of the previous study [11]. The skin’s surface
was then treated with a 40% ethanol /water solution for 2 h, a process that successfully denatured the
skin’s proteins.

2.7. In Vitro Franz Cell Assembly

The cutaneous absorption of flavonoids was assessed using a Franz diffusion cell system.
The excised animal skin or cellulose membrane was mounted between the donor and receptor
compartments with the SC facing up toward the donor. The receptor was filled with 30%
ethanol/pH 7.4 buffer and placed on a magnetic stirring plate. The effective permeation area of the cell
was 0.785 cm?. The stirring rate and temperature of the receptor were 600 rpm and 37 °C, respectively.
Saturated solution or a 6 mM flavonoid suspension was prepared in 20% PEG400/pH 7.4 buffer to
be loaded into the donor compartment. A 300-uL aliquot in the receptor was collected at determined
durations, followed by an immediate replacement with fresh receptor medium. The amount of
flavonoid in the receptor was determined by HPLC. The skin was removed from the cell after a 24-h
application. After being washed with water, the skin sample was weighed and positioned in a vial
with 1 mL methanol. MagNA Lyser (Roche) was used to homogenize the skin. The homogenate was
centrifuged at 10,000 g for 10 min. The supernatant was analyzed by HPLC to quantify the flavonoid
deposition in the skin reservoir.

2.8. Inhibition of Neutrophilic Inflammation by Flavonoids

The protocol was approved by the Institutional Review Board at Chang Gung Memorial Hospital,
and written informed consent was obtained from all volunteers (201600500B0C101). Whole blood
was withdrawn from healthy volunteers between 20 and 30 years of age. Human neutrophils were
isolated using a typical method of dextran sedimentation prior to centrifugation in a Ficoll-Hypaque
gradient and hypotonic lysis of erythrocytes [12]. The granulocyte layer was harvested and suspended
in calcium-free HBSS at pH 7.4, which was maintained at 4 °C until use.

The reduction of ferricytochrome ¢ was utilized for measuring the superoxide anion (O,°")
release from the neutrophils [13]. The human neutrophils (6 x 10° cells/mL) were incubated with
0.5 mg/mL ferricytochrome ¢ and 1 mM CaCl, at 37 °C, and were then treated with flavonoids (3 M)
in DMSO for 10 min. Neutrophils were stimulated by adding 0.1 uM fMLF with cytochalasin B
(1 ug/mL). The reduction of ferricytochrome c was monitored by the absorbance at 550 nm using
a U3010 ultraviolet/visible spectrophotometer (Hitachi, Tokyo, Japan). The human neutrophils were
equilibrated with an elastase substrate (MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide, 100 uM) at 37 °C for
2 min. Flavonoids at a concentration of 3 tM were added into the neutrophil suspension for 10 min.
The cells were activated by fMLF and cytochalasin B for a further 10 min. Elastase release was detected
by measuring the change of absorbance at 405 nm.

2.9. Molecular Modeling

The structures of the flavonoids were sketched using Discovery Studio® version 4.1 workstation
(Accelrys, San Diego, CA, USA). The hydrogen bond acceptor or donor number, total polarity surface,
and molecular volume of the flavonoids were estimated. The superimposition of flavonoids with
ceramides, palmitic acid, cholesteryl sulfate, and cholesterol was computed to observe the conformation
and ligand-binding activity. The negative CDOCKER energy was calculated after conducting the
molecular docking simulation of the flavonoids with these SC lipids.
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2.10. In Vivo Cutaneous Tolerance of Flavonoids

The 20% PEG400/pH 7.4 buffer loaded with flavonoids at 6 mM was topically applied daily
(0.6 mL) on the nude mouse back for 7 days. The flavonoid-containing vehicle was replaced with
anew one each day. After removal of the vehicle, the treated skin region was evaluated by Tewameter
TM300 (Courage and Khazaka, Kéln, Germany) to determine the transepidermal water loss (TEWL).
Stained by hematoxylin and eosin (H&E), the treated skin was excised for histological examination
after a 7-day flavonoid application.

2.11. Data Analysis

In the cutaneous absorption experiment, flavonoid deposition in the skin was estimated as the
molar amount per mg of skin (nM/mg). In the case of the skin deposition from the saturated solution,
the calibrated skin deposition (CSD) was measured as flavonoid deposition divided by the applied dose
(saturated solubility). The flux (nM/ cm? /h) was estimated by the slope of the penetrated amount-time
curve. The permeability coefficient (PC) was calculated from the flux divided by the saturated solubility
of the flavonoids. The dermal/transdermal selectivity index (S value) was calculated using an equation
of skin deposition/flux (for equivalent dose application) or CSD/PC (for saturated dose application).

The data in the present study were presented as mean and standard deviation (S.D.). The statistical
difference in the data of different experimental groups was evaluated using the Kruskal-Wallis test.
The post hoc test for checking individual differences was Dunn’s test. A 0.05 level of probability was
taken as the statistical significance. The software used for statistical comparison was WINKS (Texasoft,
Cedar Hill, TX, USA).

3. Results

3.1. Physicochemical Properties of Flavonoids

To understand the relationship between skin permeation and physicochemical properties,
the molecular weight (MW), lipophilicity (log K" and log P), and aqueous solubility of flavonoids were
considered as presented in Table 1. Figure 1 demonstrates that the aglycone flavonoids tested in this
study have different hydroxyl groups from 3 to 6, with myricetin showing the most abundant hydroxyl
moieties and the highest MW. The structures of most aglycones belong to flavonols, with the exception
of the flavanone naringenin and flavone baicalein. Naringin, rutin, and baicalin are the glycosides with
sugar residue in the structures of naringenin, quercetin, and baicalein, respectively. The glycosides had
a higher MW than their corresponding aglycones. Both log K" and log P are the indicators of lipophilicity.
The capacity factor was increased following the decrease of hydroxyl moieties for flavonols and
flavones. The trend of log P correlated well with that of log K’. Although kaempferol exhibited a higher
partition coefficient compared to baicalein (3.71 versus 3.59), no statistically significant difference was
found (p > 0.05). Naringenin, a flavanone, revealed a lower lipophilicity than baicalein, though both
compounds possessed the same hydroxyl group number (3). The lipophilicity of glycosides was less
than that of aglycones because of the presence of sugar. As expected, the compounds with lower
lipophilicity displayed higher solubility in PEG400/pH 7.4 buffer solution. The flavanone showed
much higher solubility compared to the flavonols and flavones. Naringenin was 470-fold more soluble
than baicalein. The same result was achieved with naringin, which showed an aqueous solubility
of >20 mM.
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Table 1. Physicochemical properties of aglycone and glycoside flavonoids.

Category Compound MW (Da) logK’ log P Solubility in 20% PEG400 (mM)
Myricetin 318.24 0.34 3.18 +£0.07 0.53 £ 0.01
Naringenin 272.25 0.51 3.21 +0.04 3.62£0.28
Aglycone  Quercetin 302.24 0.51 3.32 £0.09 0.38 + 0.0025
Kaempferol 286.24 0.65 3.71+0.57 0.19 £ 0.0047
Baicalein 270.24 0.73 3.59 £0.08 0.0077 & 0.0019
Naringin 580.54 0.19 0.15 £ 0.04 >20
Glycoside Rutin 610.52 0.24 0.76 £ 0.22 1.84 £0.04
Baicalin 446.36 0.42 0.89 +0.02 5.32+£0.15

MW, molecular weight; log P, partition coefficient measured by n-octanol/water partitioning; log K’, logarithm of
(tr — t9)/to, t; is the retention time of compound peak, tj is the retention time of solvent peak. Each value represents
the mean and S.D (n = 4).

3.2. Cutaneous Absorption of Flavonoids

The cutaneous absorption of the penetrants was compared using a Franz cell assembly.
Nude mouse and baby pig dorsal skins were used in this experiment due to their close similarity
to human skin. The donor dose was first set at an equivalent concentration (6 mM). This dose
surpassed the saturated solubility. This led to a condition of suspension in the donor except for
naringin, which showed a solution type because of the extremely high solubility in the aqueous
vehicle. Both flavonoid deposition within the skin and the flux across the skin were examined in this
study. Dermal delivery should be addressed in the skin deposition that is carried out with the aim of
cutaneous targeting with minimizing systemic absorption. Flux is a factor to use in predicting how
well the penetrant will reach the systemic circulation. Figure 2A,B depicts the skin permeation profiles
of flavonoids via nude mouse skin and pig skin, respectively. Both animal skins demonstrated similar
trends of cutaneous absorption. Among the aglycones tested, naringenin and kaempferol showed
the greatest skin deposition. Our results showed that myricetin, which had the lowest lipophilicity
among the flavonoids examined, was the aglycone with the least deposition. The glycosides may
be susceptible to enzymatic hydrolysis in skin tissue with aglycone release. After HPLC analysis,
we found no aglycone in the skin deposition and receptor after topical application of glycosides.
This indicated that the glycosides were not metabolized in this case. The skin deposition of the
glycosides was minor compared to that of the corresponding aglycones.

Naringenin revealed a high cutaneous delivery not only in skin deposition but also in flux.
The highest flux of aglycones was observed with naringenin, followed by baicalein. Myricetin and
quercetin levels in the receptor were negligible or even below the HPLC detection limit, giving a flux
of near zero. Contrary to the result with skin deposition, glycosylation generally increased the flux,
except in the case of naringin diffusion across nude mouse skin. The flux of naringin and baicalin
was comparable and significantly higher than that of rutin. Cutaneous targeting is a strategy for local
skin prevention or therapy with reduced systemic effects. As shown in Figure 2, we calculated S
value as an index of selectivity between cutaneous targeting and transdermal delivery. Kaempferol
demonstrated the highest S value (2.7 and 1.5 for nude mouse skin and pig skin); Myricetin and
quercetin were absorbed into the skin reservoir without reaching the receptor, leading to the infinity of
S value (c0). Rutin was the compound with the highest S value (1.3 and 0.4 for nude mouse skin and
pig skin, respectively) among the glycosides.
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The flavonoids in the donor were also dosed with saturated solubility to achieve the maximum
thermodynamic equivalents for all penetrants. Naringin was excluded in this experiment because we
could not determine the saturated solubility of this compound (>20 mM). The extremely high solubility
would lead to skin damage, complicating the discussion of SPR. The trend of the cutaneous absorption
profiles was similar for nude mouse skin and pig skin after topical application of saturated solution,
as shown in Figure 3A,B, respectively. Equivalent doses of naringenin and kaempferol showed the
highest skin deposition in saturated solubility. The CSD of baicalein was below the quantification
limit, which may have been due to the negligible solubility (0.0077 mM). Among the topically applied
aglycones, only naringenin and baicalein could penetrate across the skin to the receptor. The neglected
PC of myricetin, quercetin, and kaempferol led to the infinity of S value. The S value of baicalein
was 0. The S value of baicalin was greater than that of rutin. This result was opposite to the S value of
glycosides vehiculated at the equivalent dose.

3.3. Flavonoid Permeation via SC-Disrupted Skin

The SC is the outermost layer of the skin, consisting of the main barrier of most penetrants.
Effective permeation through the SC is necessary to obtain successful skin targeting. The SC-disrupted
skin was prepared to explore the possible permeation pathways of flavonoids. These included
SC-stripped, delipidized, desebumed, and deproteinized nude mouse skins. The penetrants at the
equimolar dose (6 mM) were used as the donor in this experiment. Figure 4A demonstrates the
released percentage of flavonoids that penetrated the cellulose membrane at 24 h. The release rate was
related to the penetrant escape from the vehicle. The release was a delivery stage before penetrant
entrance into the SC. The glycosides showed a higher release percentage compared to the aglycones.
Naringenin and kaempferol were the two penetrants with greater release than the other aglycones.
Figure 4B-1 summarizes the cutaneous deposition of eight flavonoids in different SC-disrupted skins.
The deposition in SC-stripped skin and delipidized skin was comparable for all flavonoids tested,
indicating that intercellular lipid bilayers are an important route for flavonoid transport. The removal
of the SC could evoke skin deposition of myricetin and quercetin by >30 fold compared to the intact skin.
Myricetin deposition in desebumed skin was 140-fold higher than that in untreated skin. The other
flavonoids showed a 2-6-fold increase in skin deposition after sebum removal. The enhancement of skin
deposition by protein denaturation was lower than that by lipid removal. The deproteinization process
even failed to change the skin deposition of quercetin and its corresponding glycoside. The result of
protein removal suggests the minor role of the intracellular route compared to the intercellular route
for flavonoid diffusion across the SC.
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3.4. Inhibition of Neutrophil Inflammation by Flavonoids

The O,°*” production and elastase release in stimulated neutrophils are indicators reflecting
a massive neutrophil infiltration into the inflamed skin. The flavonoids were rated for the inhibition
percentage of O,°~ and elastase in response to fMLF, as shown in Table 2. Incubation of fMLF-activated
neutrophils in the presence of flavonoids resulted in an inhibition on superoxide anion, with baicalein
and baicalin exhibiting the greatest activity (77% and 76%). The O,°" inhibition effect was comparable
for the aglycones and the corresponding glycosides. The flavonoids generated less inhibition on
elastase than superoxide. Quercetin was among the most potent flavonoids to repress elastase (29%).
The elastase inhibition ranged between 10% and 20% for most of the flavonoids. The glycosides had
a lower effect on elastase inhibition than the corresponding aglycones. Baicalin did not change the
elastase release of fMLF-stimulated neutrophils. To estimate the possible bioactivity after topical
delivery, we calculated TI based on multiplying the nude mouse skin deposition and the inflammatory
inhibition percentage as shown in Table 2. Although the O,°” inhibition of naringenin was weak,
this flavanone showed the highest TI because of the preferred delivery into the skin reservoir.
The potent activity of baicalein on O,° inhibition had led to a TI of 2.60, which approximated
the TT level of kaempferol. The compound with the highest TI for elastase inhibition was also found to
be naringenin, followed by kaempferol. Naringin was the penetrant with a higher TI than the other
glycosides. Naringin demonstrated less TI value compared to naringenin.

Table 2. The inhibition percentage (%) of superoxide anion (O,°7) and elastase and the therapeutic
index (TI) of aglycone and glycoside flavonoids at 3 uM.

Category  Compound 0,°" Inhibition Tlsuperoxide Elastase Inhibition  Tlgjstase

Myricetin 42.07 + 6.22 0.58 16.81 +4.76 0.23

Naringenin 19.72 +8.23 7.36 17.97 + 6.62 6.71

Aglycone Quercetin 26.44 £ 8.07 0.89 28.67 £ 8.51 0.96
Kaempferol 26.49 £ 8.41 297 18.11 £ 9.01 2.03

Baicalein 7748 £5.27 2.60 12.25+2.15 0.41

Naringin 21.51 +£2.53 1.59 13.89 + 9.67 1.02

Glycoside Rutin 33.87 £ 8.67 0.39 13.16 + 3.39 0.15

Baicalin 75.73 £6.21 0.53 0 0

Tl is calculated by the multiplication of inhibition percentage at 3 uM and nude mouse skin deposition at equivalent
dose (6 mM). Each value represents the mean and S.D (1 = 3).

3.5. Molecular Modeling

The informative explanation of the effect of molecular structure on cutaneous delivery is based
on the hydrogen bond number, the total polarity surface, and the molecular volume. The parameters
for flavonoids are computed by Discovery Studio® 4.1 as presented in Table 3. The number of
hydrogen bond acceptors and donors increased following the increase of hydroxyl groups in the
structure. The hydrogen bond number of glycosides was much higher than that of aglycones due to
the presence of hydroxyl moieties in the sugar. Rutin exhibited the highest hydrogen bond numbers
among all flavonoids examined. The total polarity surface correlated well with the hydrogen bond
number, with the glycosides showing a greater polarity surface than aglycones. This indicates more
polar interactions of the glycosides in aqueous medium. The molecular volume is a reflection
of MW. We found a high positive correlation between molecular volume and MW (correlation
coefficient = 0.9979).

To study the cutaneous transport characteristics of the flavonoids in greater detail, we applied
computational molecular docking to analyze the possible interaction of the penetrants to SC lipids.
The three-dimensional lipid model was generated for their posterior use as the target structure in the
in silico calculation. Table 4 summarizes the best docking score (negative CDOCKER) of the flavonoids
interacting with SC lipids, including ceramides II, III, and VI, palmitic acid, cholesteryl sulfate,
and cholesterol. The flavonoids were docked into conformationally minimized SC lipids. The cooperativity
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of the interaction included van der Waals, hydrogen bonding, and lipophilic and electrostatic forces.
The greater negative energy dictated a stronger binding interaction. The glycosides revealed greater
interaction to ceramides than aglycones, with rutin showing the highest interaction. The discrepancy
of the negative CDOCKER between ceramides and different aglycones was not large (—24 to —18).

Table 3. The hydrogen bond number, total polarity surface and molecular volume of aglycone and
glycoside flavonoids determined by molecular modeling.

Category Compound Hydrogen Bond Hydrogen Bond  Total Polarity = Molecular

Acceptor Number Donor Number Surface Volume

Myricetin 8 6 147.68 225.35

Naringenin 5 3 86.99 204.42

Aglycone Quercetin 7 5 127.45 217.11
Kaempferol 6 4 107.22 203.74

Baicalein 5 3 86.99 195.85

Naringin 14 8 225.05 437.66

Glycoside Rutin 16 10 265.52 44418
Baicalin 11 6 183.21 316.93

Table 4. The negative CDOCKER energy of aglycone and glycoside flavonoids to interact with the
stratum corneum components determined by molecular modeling.

Compound  Ceramide II  Ceramide III Ceramide VI Palmitic Acid  Cholesteryl Sulfate  Cholesterol

Myricetin —19.454 —25.852 —22.285 —19.048 —117.792 -
Naringenin —19.143 —25.670 —24.231 —18.155 —121.188 -
Quercetin —18.928 —21.850 —22.063 —18.032 —118.533 -
Kaempferol —21.053 —20.831 —19.639 —17.399 —119.485 -
Baicalein —18.841 —20.637 —20.427 —18.073 —118.632 -
Naringin —27.144 —28.937 —37.266 —17.326 —109.196 -
Rutin —33.007 —35.341 —38.940 —23.502 —109.365 —47.1637
Baicalin —24.573 —30.721 —28.555 —19.751 —112.425 —53.8485

- Means no interaction.

Rutin showed the highest negative CDOCKER level with palmitic acid among the flavonoids
detected. A relatively higher negative CDOCKER energy was found for cholesteryl sulfate than for the
other lipids. It appears that the flavonoids preferentially interacted with cholesteryl sulfate. In the case
of cholesteryl sulfate, the negative CDOCKER of aglycones was higher compared to the corresponding
glycosides. Naringenin (—121) and kaempferol (—119) exhibited a more potent interaction with
cholesteryl sulfate than the other penetrants. No interaction was detected between cholesterol and the
compounds except with rutin and baicalin. Figure 5 illustrates the best docking poses of the flavonoids
interacting with cholesteryl sulfate. The flavonoids displayed the ligand binding activity to cholesteryl
sulfate but in different conformations.

w & oy

Myricetin Naringenin Quercetin Kaempferol
Baicalein Naringin Rutin Baicalin

Figure 5. Superimposition of the computed poses for flavonoids with cholesteryl sulfate.
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3.6. In Vivo Cutaneous Tolerance of Flavonoids

The tolerance at the equivalent dose to the skin was determined by in vivo topical exposure for
seven days. We examined ATEWL, as shown in Figure 6A. ATEWL was calculated by the TEWL
value of the treated skin area minus the value of the aqueous vehicle control. Most of the flavonoids
exhibited a near-zero point ATEWL profile. This suggests that these compounds did not induce
a barrier defect of SC. Naringenin and kaempferol even reduced TEWL as compared to the vehicle
control. This may imply a protective capability of both compounds on barrier function. Figure 6B-K
reveals the histology of flavonoid-treated skin after a seven-day administration. We could see a decrease
in the SC layers of the vehicle control compared to the sham group (Figure 6B versus Figure 6C),
indicating an interruption of barrier position. The SC layers could be recovered through the application
of naringenin, kaempferol, and naringin. The flavonoid treatment did not alter the viable skin
morphology, expressing a negligible irritation.

(B) Sham (C) Medium control

ATEWL (g/m?/h)

Time (day)

(D) Myricetin (E) Naringenin (F) Quercetin

Figure 6. The invivo safety of topically applied flavonoids on skin after a 7-day exposure:
(A) ATEWL-time curves; (B) the histology of sham control skin; (C) the histology of aqueous
medium-treated skin; (D) the histology of myricetin-treated skin; (E) the histology of naringenin-treated
skin; (F) the histology of quercetin-treated skin; (G) the histology of kaempferol-treated skin; (H) the
histology of baicalein-treated skin; (I) the histology of naringin-treated skin; (J) the histology of
rutin-treated skin; and (K) the histology of baicalin-treated skin. The TEWL data are presented as the
mean of six experiments £ S.D.
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4. Discussion

Sustained inflammation contributes to the pathogenesis of some skin disorders, including
photoaging, psoriasis, and atopic dermatitis. Flavonoids exert potent anti-inflammatory effects on
the skin. Nevertheless, whether the cutaneous absorption of flavonoids is sufficient to trigger the
bioactivity is questionable. An ideal topical administration has a much higher absorption accomplished
in the cutaneous reservoir compared to that in the systemic circulation to achieve efficient targeting
and escape systemic toxicity [14]. We examined the skin delivery and anti-inflammatory activity of
aglycone and glycoside flavonoids to select the potential candidates for topical application with the aim
of prevention or therapy. The aqueous vehicle was used as the flavonoid donor since most attempts
for modeling SPR had been based on the data of aqueous solution application [15]. Naringenin and
kaempferol were efficacious for topical application with respect to targeting into the skin and possible
treatment capability based on the data of S value and TI, respectively. The cutaneous permeation
of flavonoids exhibited a similar trend either at an equivalent dose or at the saturated solubility.
Both aglycones also produced a protective effect on skin-barrier function. The glycosides generally
showed lower absorption than the corresponding aglycones. Previous study [16] also suggests a low
skin bioavailability of flavonoid glycosides such as baicalin.

The physicochemical properties of flavonoids from the experimental data and molecular modeling
prediction were beneficial to discussing the SPR. The aglycone lipophilicity was decreased following
the increase of the hydroxyl group number. An exception was naringenin, which had only 3 hydroxyl
groups but low lipophilicity. Different from the flavonols and flavones, naringenin is a flavanone
with fewer double bonds in the C ring. The flavonols were more lipophilic and assumed a planar
structure [17]. The flexibility of the chiral center in the C ring of naringenin could fold to form
a three-dimensional structure. The approximation of the B ring to the A and C rings increased the
possibility of the production of intramolecular hydrogen bonds, leading to the decrease of lipophilicity
and enhancement of aqueous solubility. This effect did not occur with flavonols and flavones due to
the rigidity of the structure.

Some physicochemical factors of penetrants can influence the skin permeation. These include
lipophilicity, solubility, release rate, MW, and hydrogen bonding. The penetrants with higher
lipophilicity can increase the skin-absorption capacity due to the facile partitioning and entrance
into the SC lipids [18]. Both log K" and log P are the parameters of lipophilicity. Another parameter
for anticipating the skin absorption is the total polarity surface, which correlates inversely with
lipophilicity and biomembrane absorption [19]. The correlation coefficient between log P and the
total polarity surface for the flavonoids was 0.9003. The polar surface area is defined as the total sum
of the surface of the polar atoms [20]. The highest total polarity surface of myricetin could explain
the low skin absorption of this compound. However, the lipophilicity could not explain the high
skin deposition of naringenin and kaempferol. There was no correlation between lipophilicity and
skin absorption of the flavonoids. The penetrants should first partition into the SC before diffusion
across the SC. The sebum spread on the SC surface contributes to a capacity-governing penetrant
partitioning from the vehicle to the SC [21]. Theoretically, this partitioning is highly dependent
on the lipophilicity [22]. Our results showed that the skin deposition enhancement after sebum
removal was less for naringenin and kaempferol than for the other flavonoids. This suggests an ease
in the partitioning of naringenin and kaempferol to the SC layer, and sebum was a barrier for the
permeation of the other flavonoids. From these data, it can be concluded that the cutaneous absorption
of flavonoids cannot be solely ascribed to their lipophilicity. The skin more facilely absorbed the
flavonoids with moderate hydrophilicity and aqueous solubility.

Although a lipophilic nature is required for transport across the SC, a hydrophilic property is
also needed for entry into the viable skin [23]. The penetrants with the log P > 3 show a decrease
of viable-skin diffusion following the increase of lipophilicity [24]. Both the SC and the viable
epidermis/dermis are the permeation barriers. The role of viable skin in flavonoid absorption could be
understood by the permeation via SC-stripped skin. Myricetin and quercetin were the flavonoids with

122



Nutrients 2017, 9, 1304

low skin absorption. The SC removal largely promoted the deposition of both flavonoids by >30 fold.
This indicates a significant barrier function of the SC for the two penetrants. The skin deposition of
myricetin and quercetin was 0.4 and 1.2 nM/mg after the SC’s removal, respectively. This value was still
lower than the naringenin deposition after stripping. Baicalein was a lipophilic flavonoid with facile
entrance into the SC because of the limited enhancement of skin deposition after stripping. However,
the baicalein deposition in the stripped skin was only 0.2 nM/mg. These results demonstrate that the
viable skin could be a barrier to the flavonoid permeation. The cellulose membrane is like viable skin
due to its hydrophilic property. We found that the released percentage across the cellulose membrane
was lower for myricetin, quercetin, and baicalein than for naringenin and kaempferol, confirming the
diffusion barrier of viable skin. Naringenin and kaempferol could conquer the viable-skin barrier,
resulting in the effortless absorption. The much higher aqueous solubility of naringenin compared to
the other penetrants was the reason for the easy diffusion into the viable skin. Although kaempferol
exerted a comparable lipophilicity to baicalein, the considerable solubility of kaempferol had led
to greater absorption than with baicalein. Because of the existence of sugar moiety, the glycoside
flavonoids had good solubility in the aqueous vehicle. Although the glycosides might easily permeate
into viable skin according to the high percentage of release, the absorption of glycosides was less
compared to that of the aglycones. The SC was the main barrier to retard glycoside delivery since SC
removal could greatly enhance their deposition.

The SC layer contains lipids and corneocytes cross-linked by keratin. The SC lipids and keratin
contribute to the nonpolar and polar pathways for permeation. Similar absorption should be observed
for the permeation into SC-stripped skin and delipidized skin if the penetrants predominantly transport
via the nonpolar route [25]. Our data supported the lipid pathway being the main diffusion mechanism
for the flavonoids. Although proteins occupy 80% of the SC constituents, the polar pathway is not
the major route for flavonoids because of the limited skin deposition enhancement after protein
denaturation. A high affinity of the penetrants to the SC lipids can generate a reservoir in the skin for
plentiful absorption [26]. To obtain detailed information on the absorption of flavonoids, we established
the possible flavonoid-lipid interaction employing molecular docking. The lipid content of the SC
basically comprises ceramides, fatty acids, cholesteryl sulfate, and cholesterol [27]. There are nine
classes of ceramide identified in the SC [28]. We chose ceramides II, III, and VI for docking because of
their abundance in human SC [29]. Palmitic acid was used as the model fatty acid. Cholesteryl sulfate
presented much stronger interaction with the flavonoids than the other SC lipids. Naringenin and
kaempferol showed the highest negative CDOCKER for interacting with cholesteryl sulfate. This result
coincided with the highest skin deposition of both compounds. The correlation coefficient between
nude mouse skin deposition and CDOCKER of aglycones was 0.9673. The negative CDOCKER
of glycosides was inferior to that of aglycones with respect to interacting with cholesteryl sulfate.
A contrary result was detected for the other lipids. The aglycones even showed no interaction with
cholesterol. Thus, cholesteryl sulfate could offer the most suitable flavonoid-lipid interaction for
predicting flavonoid absorption. The CDOCKER of other lipids such as ceramides are infeasible to
be the indicator of flavonoid absorption because of the low correlation between the energy and skin
deposition. For example, rutin had the highest negative CDOCKER with ceramides and fatty acid but
a low skin delivery capability.

The hydrogen bond acceptor is another factor that inversely correlates with cutaneous absorption.
Since the SC is the hydrogen bond acceptor [30], an increase in the number of hydrogen bonds reduces
the permeation across the SC [31]. Myricetin is the compound with a higher hydrogen bond acceptor
number than the other aglycones. The hydrogen bond acceptor number of glycosides was much higher
than that of aglycones. Myricetin and glycosides were inferred to have less interaction with the SC
according to hydrogen bonding and cholesteryl sulfate docking. Molecular size rather than lipophilicity
would impact skin absorption if less interaction was detected between the penetrants and the SC
components [32]. The skin diffusion is size-dependent, with the larger penetrants demonstrating
lower skin delivery. Both MW and molecular volume illustrated a larger size of myricetin and
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glycoside structures. The consequence was the low absorption of these compounds. The molecules
partially associated with the solvent cage when they traversed the skin from the aqueous vehicle.
The permeation rate involved not only the molecule itself but also the entire solvated complex [33].
Myricetin and the glycosides with a higher hydrogen bond number might attract more water molecules
to produce a large solvation complex, causing a detrimental effect on skin transport. Although the MW
and molecular volume of naringenin were not the lowest, the folding character of this flavanone might
generate a smaller size than the flavonols and flavones with a planar structure. The small molecular
size after bending favored the diffusion into the skin reservoir.

The aim of topically applied flavonoids was to offer better targeting to the skin with minimal
systemic absorption. The S value is a parameter for judging the skin-targeting efficacy. With respect to
aglycones, naringenin and kaempferol showed efficient targeting to the skin tissue. The high S value
of myricetin and quercetin was due to there being no or negligible flux. The low cutaneous deposition
of myricetin and quercetin might not elicit significant bioactivity on the skin. Rutin presented a high
S value in the case of the equivalent dose, which could favor the cutaneous efficacy. In the case of
a saturated dose, baicalin had the highest S value among the glycosides. As with myricetin, the low
deposition has limited the topical application of glycosides for therapeutic use.

Neutrophils act as the predominant phagocytic cells for the first line of defense. Although the
activation of neutrophils enhances immunity to retard xenobiotic invasion, the overwhelming
stimulation contributes to inflammatory disorders and adaptive immune responses [34]. Chronic
inflammatory skin diseases such as psoriasis and photoaging can be characterized by neutrophil
infiltration [35]. The activated neutrophils damage the skin by the production of reactive oxygen
species (ROS). A respiratory burst of neutrophils is an oxygen-dependent process leading to the
formation of ROS. The protective effect of flavonoids on the skin is directly linked to the antiradical
potency [7]. Our results revealed a flavonoid-driven mitigation of O°*~ in fMLEF-stimulated neutrophils.
The O,°" inhibition was the highest for baicalein. Although baicalein reduced O,°~ more effectively,
it only exerted moderate TI due to the low efficiency of cutaneous absorption. The lowest superoxide
inhibition was found for naringenin. However, this flavanone still exhibited the highest TI because of
the efficacious skin targeting. The intramolecular hydrogen bond can suppress antioxidant activity [36].
This is the reason for the low O,°" inhibition by the flavanone.

The number of hydroxyl groups in the structure of the antioxidants is a factor influencing the
antiradical effect, with the presence of more hydroxyl groups resulting in stronger activity [37].
This was not the case in our study since no correlation was observed between the hydroxyl
moiety number and the scavenging capacity. The O,°~ inhibition of glycosides was similar to their
corresponding aglycones. The lower skin deposition of glycosides had resulted in the lower TI of
0,°” compared to the aglycones. Both neutrophil trafficking and elastase release are elevated in skin
photoaging. Elastase plays a role in wrinkling after photoaging [38]. The experimental data provided
evidence that the flavonoids showed less inhibition on elastase than O,°". The glycosylation decreased
the inhibitory activity on elastase. The same as O,°", the greatest TI of elastase proved to be topically
applied naringenin.

The ATEWL data demonstrated that the flavonoids did not damage the skin barrier as compared
to the aqueous vehicle control. No SC disruption was observed for naringenin and kaempferol,
though the skin deposition was very high. It is surprising that naringenin and kaempferol even
alleviated ATEWL. Water contact with the SC in high content can disturb the barrier’s nature [39].
The aqueous vehicle used in this study could increase TEWL. The skin histology demonstrated fewer
SC layers of the aqueous medium control than the sham group. Naringenin and kaempferol with
high cutaneous absorption might protect the skin to reduce the impairment generated by the water.
Further work is needed to elucidate the protection mechanism. Naringenin, extensively contained
in lemons, oranges, and grapes, is reported to be a potent active of attenuating skin inflammation
and oncogenesis [4,40]. Kaempferol has been demonstrated to restrain photoaging and UV-induced
carcinogenesis [41]. The synthetic drugs such as indomethacin and celecoxib provide protection
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against photoaging and skin cancers but have severe adverse effects. Topically applied naringenin and
kaempferol can be promising candidates as alternatives for skin-inflammation treatment.

5. Conclusions

This study examined the cutaneous absorption and anti-inflammatory activity of flavonoids with
the goal of choosing the optimal candidates for topical delivery. The results revealed that the glycosides
showed less absorption and targeting than the aglycones. The low lipophilicity and large molecular
size of glycosides contributed to the unsatisfied absorption. Naringenin and kaempferol were the
compounds with the greatest deposition in the skin. They also protected the skin from the barrier
disruption induced by the aqueous medium. Both flavonoids are potential candidates for topical
application to treat skin inflammation. Both the SC and viable skin were the permeation barriers for
flavonoid transport. The SPR demonstrated the importance of the hydrophilic and lipophilic balance
of the flavonoid structure in order to achieve feasible skin delivery. The hydrogen bond acceptor
and docking calculated from molecular modeling described the cutaneous absorption trend. We had
utilized the aqueous vehicle as the flavonoid formulation. It is expected that the different compositions
of vehicle may largely affect the skin permeation of the penetrants. The flavonoids may exhibit different
permeation trend in other vehicles such as oil and nanoparticles. Further study is needed to elucidate
the impact of different vehicles on flavonoid absorption. Our results offer essential information for the
development of a topically applied flavonoid formulation. The experimental profiles in this study also
provide the direction to design or synthesize new compounds for facilitating skin delivery.
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Abstract: The current study examines associations between the dietary intakes of nutrient-dense
foods, measured using brief indices and skin coloration, measured using reflectance spectroscopy
in young adults. This is a cross-sectional analysis of 148 young Australian males and females
(55% female) aged 18 to 25 years. Dietary intake was assessed using a validated food frequency
questionnaire, with responses used to calculate two dietary indices: (i) the Australian Recommended
Food Score (ARFS); and (ii) the Fruit And Vegetable VAriety Score (FAVVA). Skin yellowness was
measured at three body locations using reflectance spectroscopy. Associations were assessed using
Spearman’s correlation coefficients, regression analysis, and agreement using weighted kappa (Ky).
Significant, moderate correlations were found between skin yellowness and diet index scores for
the ARFS (p = 0.30, p < 0.001) and FAVVA score (p = 0.39, p < 0.001). These remained significant
after adjustment for confounders (total fat intake, sex, skin lightness) and for agreement based on
categorical rankings. Results suggest that measurement of skin coloration by reflectance spectroscopy
can be used as an indicator of overall dietary quality and variety in young adults. Further exploration
in diverse populations is required.

Keywords: cross-sectional study; carotenoids; skin color; diet quality

1. Introduction

Carotenoids are fat-soluble, yellow, orange, and red pigments found primarily in fruit and
vegetables [1]. Small amounts of dietary carotenoids are also found in animal food sources, including
fish, eggs and dairy products [1]. Carotenoids have been classified as antioxidants due to their ability
to neutralize free radicals [2]. Human skin is directly exposed to ultraviolet (UV) radiation, tobacco
smoke and ozone, which contribute to the production of free radicals [2]. Carotenoids accumulate
in all layers of the skin, where they serve a protective role through neutralizing free radicals via the
protective antioxidant chain in tissues [2].

Dietary sources of carotenoids are absorbed via the intestinal epithelial cells and enter the blood
stream to be delivered to target tissues and organs, including all layers of human skin in particular the
stratum corneum [3,4]. Carotenoids can be assayed using biochemical methods in blood samples or by
non-invasive optical methods in human skin, such as reflectance spectroscopy or resonance raman
spectroscopy to quantify the carotenoids present [5]. Both of these methods have been validated against
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plasma carotenoid concentrations [4,6,7]. Resonance raman spectroscopy detects skin carotenoids
using a laser spectroscopy which probes the vibrational energy levels of a molecule [5]. Several
studies have found positive correlations between diet (in particular fruit and vegetables) and skin
carotenoids using this method [6,8,9]. Reflectance spectroscopy measures skin color using Commission
Internationale de 1'Eclairage (CIE) L*a*b* color space (where L* represents skin lightness and positive
values of a* and b* represent degrees of redness and yellowness, respectively) [3]. The accumulation of
dietary carotenoids in the skin contributes to the appearance of skin yellowness (b*) specifically [3].
Several studies have shown positive associations between skin yellowness (b*) and fruit and vegetable
intake using reflectance spectroscopy [10-12]. A recent Randomized Controlled Trial (RCT) reported
significant correlations between skin yellowness (b*), plasma carotenoid concentrations and the
reported intake of high-carotenoid fruit and vegetables over a four-week period [13]. The findings
from this study suggested that reflectance spectroscopy can be utilized as a quick non-invasive method
for measuring dietary carotenoid intake and/or identifying low fruit and vegetable intake [13].

Diet quality scoring indices are commonly used as a method to identify both healthful and
unhealthy dietary patterns. They have been designed to compare the nutritional adequacy of an
individual’s dietary intake and how closely it aligns with the current guidelines [14]. The relationship
between diet quality indices and nutrition-related health outcomes has been reviewed, which indicates
that diet quality can predict biomarkers of disease and the risk of health outcomes including
cardiovascular disease, some cancers, and all-cause and disease-specific mortality [14]. The validity of
using dietary indices has been compared with objective measures, such as plasma carotenoids [15].
Plasma carotenoids are a biological marker of recent fruit and vegetable intake [16]. Plasma carotenoid
concentrations have been shown to have positive correlations with sub-scale scores for fruit and
vegetables within the Australian Recommend Food Score (AFRS) [15]. However, evaluation of plasma
carotenoids as a biomarker of dietary intake is burdensome, expensive and invasive [15]. Reflectance
spectroscopy offers an alternative objective measure of carotenoid intake that is non-invasive, rapid
and less burdensome. However, this method has not been assessed or validated relative to brief dietary
indices. Therefore, the aim of the current study was to evaluate the association between dietary intakes
of nutrient dense foods, measured using brief indices and skin coloration, measured using reflectance
spectroscopy in Australian adults aged 18 to 25 years.

2. Materials and Methods

2.1. Study Design

This secondary analysis uses cross-sectional data sets from two separate studies in young adults.
Study one was a cross-sectional sample of 98 young men and women (n = 91, 93% female) [10],
and study two was the baseline data from 50 young men who were recruited into a RCT targeting
improved diet, physical activity and wellbeing [17]. The methods and primary analyses of both
studies are published in detail elsewhere [10,17]. Study protocols for study one (H-2012-0217)
and two (H-2015-0445) were approved by the University of Newcastle Human Research Ethics
committee with the RCT also registered on the Australian New Zealand Clinical Trials Registry
(ACTRN12616000350426). Written informed consent was obtained from all participants. Data from the
two studies were combined in order to achieve a study population of young adults that was inclusive
of both sexes. Data collection methods for the key outcome variables used in the current analysis were
identical in both studies [10,17].

2.2. Participants

Complete participant demographics are published in detail elsewhere [10,17]. Briefly, the
population samples in the current analysis were adults aged 18-25 years, recruited from the Hunter
region of New South Wales, Australia and had completed both the Australian Eating Survey (AES) and
reflectance spectroscopy measurement of skin coloration. Data were collected from October 2012 to
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June 2013 in study one and from March 2016 to May 2016 in study two. Eligibility criteria for study one
were young adults that were non-smokers, and for study two were adults over 18 years old [10]. Key
eligibility criteria for study two were being a young male (18-25 years), partaking in <300 min/week
of combined moderate to vigorous physical activity, and consuming less than the age- and sex-specific
national recommendations for fruit and vegetables intake [17]. However, as 97% of young Australian
adults aged 18 to 24 years fail to meet national recommendations of two serves fruit/day and five-six
serves of vegetable/day [18], only a very small proportion of men were excluded based on this.

2.3. Skin Coloration Measurement Using Reflectance Spectroscopy

The decision to use the reflectance spectroscopy method was due to its advantageous properties
for skin carotenoid measurement including; its ability for quick and non-invasive assessments,
high signal levels and its self-calibrating properties [5]. Despite previous concerns of reflectance
spectroscopy having lower sensitivity in detecting carotenoids [5], recent research has found
carotenoids characteristically absorb light in the 400-540 nm region of the spectrum and reflect
back longer (yellow) wavelengths [10]. Therefore, wavelengths were set accordingly, to ensure greater
specificity to various carotenoids and distinction from melanin and blood. In-person measurement of
skin coloration was conducted using a handheld spectrophotometer at the University of Newcastle
by researchers trained in standardized operating procedures for all measurements. KP undertook
measurements in study one and trained LA, who undertook measurements in study two. Participants
were advised prior to assessment not to wear make-up. All skin sites for reflectance spectroscopy
assessment were cleaned using alcohol wipes with time allowed for the skin to dry. Skin coloration
was measured using a hand-held CM700D spectrophotometer (Konica Minolta, Osaka, Japan) with an
8 mm diameter aperture, 2-degree observer angle and illuminant D65. The spectrophotometer was
white point calibrated at each measurement session. Skin color (CIE L*a*b values) was recorded for
each participant at three body locations on the left-hand side of the body unless stated otherwise. The
three body locations included the inner arm (radiale), outer arm (medial humeral epicondyle) and palm
(thenar muscle). The measurements were repeated three times at each site and the average recorded.
Body locations were selected according to anatomical landmarks as specified in the ISAK International
standards for anthropometric assessment [19]. Dietary carotenoids influence skin yellowness (b*)
values and change in skin color [3]. As skin a* (redness) values are associated with skin blood
perfusion [20] participants were asked to refrain from all physical activity for two hours prior to data
collection. Since melanin affects both skin yellowness (b*) and lightness (L*) [21], this was adjusted for
in the current analyses.

2.4. Dietary Indices

Data from the Australian Eating Survey food frequency questionnaire (AES FFQ) [22] were used
to calculate two brief dietary indices: (i) The Australian Recommended Food Score (ARFS), previously
shown to be a reliable and valid indicator of overall diet quality and variety [23]; and (ii) the Fruit
And Vegetable VAriety Score (FAVVA), which assesses variety and frequency of fruit and vegetable
intake. The AES FFQ is a self-administered 120 item semi-quantitative FFQ which assesses usual
dietary intake over the past 6 months [22], previously shown to be valid and reliable in adults for
assessing usual dietary intake [22].

Australian Recommended Food Score (ARFS): uses a sub-set of 70 questions from AES FFQ
related to core nutrient-dense foods. The total ARFS score is calculated by summing points within
eight sub-scales (Supplementary file 1), based on usual weekly intake of specific foods and beverages
whose consumption aligns with the Australian Guide to Healthy Eating (AGHE) within the Australian
Dietary Guidelines [24]. There are 20 questions related directly to vegetable intake, 12 to fruit, 13 to
protein foods (seven to meat and six to vegetarian sources of protein), 12 to breads/cereals, 10 to
dairy foods, one to water, and two to spreads/sauces. The total score ranges from zero to a maximum
of 73 points. Briefly, most items in the AES FFQ frequency response options are collapsed into two
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categories ‘once per week or more’ or ‘less than once per week or never’. For most foods, respondents
were awarded one point for a reported consumption of ‘once per week or more’, but differed for some
items depending on national dietary guideline recommendations with consideration of the AGHE [24].
A higher total score is indicative of more optimal nutrient intakes, greater variety within the core
food groups and alignment with Australian Dietary Guidelines [23,25]. Some of the food items for
meat (i.e., beef, lamb) and dairy (i.e., ice-cream, frozen yoghurt) had a limit placed on their score for
higher intakes, due to higher intakes being associated with potentially higher saturated fat or disease
risk. Additional points were awarded for greater consumption of vegetables with evening meals, and
healthier choices for bread and milk. Table S1 summarizes the detailed scoring method for items in
the ARFS.

Fruit and Vegetable VAriety Score: uses a sub-set of 35 questions from AES FFQ related to usual
intake frequency of a variety of vegetables and fruits across a comprehensive range of those consumed
by the general Australian population. The FAVVA score was developed and modeled based on a
previous fruit and vegetable index [26]. This total FAVVA score is calculated by summing points
awarded from the fruit and vegetable sub-scales with 23 questions related directly to usual intake
frequency of vegetables and legumes, and 12 questions about fruit intake. The FAVVA score uses all
the fruit and vegetable questions from the AES FFQ except for the two vegetable questions relating to
intake of ‘hot chips’. The total score ranges from 0 to a maximum of 190 points. Table S2 summarizes
the detailed scoring method for items in the FAVVA. Briefly, for most items, 0 points were awarded for
a report of ‘Never’ consumed, and then points were awarded incrementally for more frequent intake,
with 1 point for ‘<once per month’, 2 points for “1-3 times per month’, 3 points for ‘once per week’,
4 points for ‘2—4 times per week’ and 5 points for those reporting ‘>5 times per week’. A number
of frequently consumed fruit (apples, bananas and oranges) and vegetable (peas, broccoli, carrots
and lettuce) items had a scoring range to reflect more frequent consumption to account for this, with
6 points awarded for ‘once per day’ and 7 points for ‘2 or more times per day’.

Total energy intake (kJ/day) and total fat intake (g/day) was calculated from the AES FFQ. Total
servings of fruit and vegetables/day were calculated by summing the weight of relevant food items
estimated by the AES FFQ, divided by the standard serving size dictated by the Australian Guide to
Healthy Eating (fruit serving 150 g, vegetable serving 75 g) [24]. Height was measured using a portable
BSM370 stadiometer correct to 0.1 cm using the stretch stature method and weight was measured
using the Inbody720 Body Composition Analyzer (Biospace Co., Ltd., Seoul, Korea). Body mass index
(BMI) was calculated using the standard equation (weight kg /height m?). Age and sex were recorded
by questionnaire.

2.5. Statistical Analysis

Data were analyzed using Stata Version 12 (StataCorp. 2011. Stata Statistical Software: StataCorp
LP, College Station, TX, USA) using an alpha level of 0.05. The relationship between skin yellowness
due to dietary carotenoid (overall b* value calculated as the average across the three body sites at the
radiale, medial humeral epicondyle and palmar thenar muscle) and the two dietary indices (ARFS
and FAVVA) were evaluated in three ways. Firstly, Spearman’s correlation coefficients, due to the
non-normal distribution of dietary intake, were used to compare the strength of the linear relationship
between overall b* and diet index scores. Correlation strength was described as poor <0.20, moderate
0.2-0.6, or strong >0.6, as previously identified within dietary validation studies [27,28]. Secondly,
linear regression models were used to examine how much of the variation in skin yellowness (overall
b* value) was explained by scores for each diet index. This included an unadjusted model and an
adjusted model. The unadjusted model did not account for any confounders, while the adjusted model
included the following potential confounders in the model; sex, skin lightness (L*)—as melanin affects
both skin yellowness (b*) and lightness (L*) [21]—and total fat intake (g/day)—as carotenoids are fat
soluble and bioavailability is affected by dietary fat [29]. The regression models were bootstrapped [30]
to obtain estimates of the standard errors of the coefficients with replications in the order of 100 [31].
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R? values and regression coefficients (95% Confidence Intervals) are also reported. Lastly, the precision
of agreement between categorical ranking of skin yellowness (b*) and diet index score by tertiles was
tested using weighted Kappa (Kyy) statistics.

3. Results

3.1. Study Population

A total of 148 adults completed the AES FFQ and had their skin coloration measured. The key
characteristics of these participants are summarized in Table 1.

Table 1. Characteristics of participants (1 = 148).

Characteristic Mean = SD or 1 (%)
Age (years) 21.7 £22
Female 82 (55.4%)
Weight (kg) 70.9 + 15.8
Height (cm) 171.7 £ 9.6
BMI (kg/m?) 239 +4.1
Energy intake (kJ/day) 9238.0 £ 3004.9
Fat intake (g/day) 78.4 +28.6
Fruit serves/day 18+15
Vegetable serves/day 44424
AREFS (total possible score)
Total Score (73) 325+98
Vegetables (21) 11.7 £5.0
Fruit (12) 51432
Protein-Meat (7) 23+14
Protein—Vegetarian sources (6) 20+£14
Breads/cereals—Grains (13) 55+22
Dairy (11) 42418
Spreads/Sauces (2) 1.0+ 0.8
FAVVA (total possible score)
Total Score (190) 85.1 £254
Vegetables (122) 56.3 £17.2
Fruit (68) 28.8 +11.6
Skin coloration reflectance spectroscopy
Overall L* 643 £ 3.6
Overall a* 8.6+15
Overall b* 16.7 +£24

L* values represent skin lightness, a* values represent skin redness and b* values represent skin yellowness.
Overall values represent average skin color across the three body sites (radiale, medial humeral epicondyle and
palmar thenar muscle). Abbreviations: SD = Standard Deviation, BMI = Body Mass Index, ARFS = Australian
Recommended Food Score, FAVVA= Fruit And Vegetable VAriety Score.

3.2. Association between Skin Coloration Overall b* (Skin Yellowness) and Diet Indices

Table 2 summarizes the spearman’s correlations and linear regression analyses (unadjusted and
adjusted) for all associations. Table 3 summarizes the extent of agreement between tertiles of skin
yellowness (b*), and each dietary index and sub-scale variable using weighted Kappa statistics.
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(i) Spearman’s Correlation

ARFS: There was a statistically significant moderate positive correlation between total ARFS
and skin yellowness b* (p = 0.30, p < 0.001), and for the ARFS sub-scales of fruit (p = 0.30, p < 0.001),
and vegetarian alternatives (p = 0.35, p < 0.001). Although the vegetable sub-scale was significantly
correlated (p < 0.05) with skin yellowness b*, this association was classified as poor (p < 0.2). No other
associations with sub-scales reached statistical significance.

FAVVA: For the total FAVVA score there were statistically significant, moderate positive
correlations with skin yellowness b* (p = 0.39, p < 0.001), and the sub-scales of fruit (p = 0.37, p < 0.001)
and vegetables (p = 0.30, p < 0.001) (Table 2).

(ii) Linear Regression Analysis

AREFS: In the unadjusted regression model, there were statistically significant positive associations
between total ARFS and skin yellowness b* (3 = 0.07, p < 0.001), and for the ARFS sub-scales of fruit
(B =0.20, p < 0.01) vegetables (3 = 0.08, p < 0.05), and vegetarian alternatives (3 = 0.60, p < 0.001). The
significant associations between skin yellowness (b*) and total ARFS (3 = 0.04, p < 0.05) and vegetarian
alternatives ( = 0.38, p < 0.001) remained statistically significant in the fully adjusted regression
model. In this fully adjusted model, the spreads/sauces sub-scale was negatively associated with skin
yellowness b* (3 = —0.50, p < 0.05).

FAVVA: In the unadjusted regression model, there were statistically significant positive
associations between total FAVVA and skin yellowness b* (3 = 0.03, p < 0.001), and for the FAVVA
sub-scales of fruit (3 = 0.08, p < 0.001) and vegetables (3 = 0.04, p < 0.001), all of which remained
significant in the fully adjusted regression analyses (Table 2).

(iii) Agreement Using Weighted Kappa (Kyy) Statistics

ARFS: Level of agreement based on categorical rankings indicated significant agreement by tertile
of total ARFS and skin yellowness b* (K, = 0.21, p < 0.001), and also for the sub-scales of vegetables
(Kw = 0.14, p < 0.05), fruit (Ky, = 0.20, p < 0.001), vegetarian alternatives (K,, = 0.23, p < 0.001) and
grains (K,, = 0.16, p < 0.01) (Table 3).

FAVVA: Level of agreement based on categorical rankings was significant for total FAVVA score
(Kw =0.22, p < 0.001), FAVVA fruit sub-scale (K,, = 0.24, p < 0.001) and FAVVA vegetable sub-scale
(Kw =0.19, p < 0.01) when compared to tertiles of skin yellowness (b*) (Table 3).

4. Discussion

This is the first study to explore the associations between brief dietary indices reflecting intakes
of nutrient-dense, healthy foods and skin coloration, measured objectively using skin reflectance
spectroscopy. Results indicate that in young adults aged 18 to 25 years, a higher diet quality score
and a high fruit and vegetable variety scores, as assessed using the ARFS and the FAVVA indices, was
related to higher skin yellowness (b*). This was demonstrated through statistically significant positive
correlations between dietary index scores and skin yellowness (b*), and also by agreement (Kappa)
across quantiles, which remained significant in linear regression analyses adjusted for sex, total fat
intake (g/day), and skin lightness (L*). The total ARFS score and sub-scales for fruit and vegetarian
alternatives were moderately correlated with skin yellowness (b*). While the total FAVVA score and
sub-scales for fruit and vegetables were also moderately correlated with skin yellowness (b*). This
suggests that measurement of skin yellowness using reflectance spectroscopy could potentially be used
as an efficient and objective way of predicting overall dietary quality and intakes of carotenoid-rich
foods. However, the moderate correlations in the current study may not be considered large enough
to have confidence in using the reflectance spectroscopy as a diagnostic tool and further research is
required to explore these associations in larger and more diverse populations.

For ARFS, the association with vegetarian alternative foods was not expected, but may be due to
the high carotenoid content of foods in this category, specifically lutein, zeaxanthin and 3-carotene,
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found in legumes such as lentils, beans and chickpeas [32]. Previous research has consistently found
higher intakes of foods containing dietary carotenoids are associated with higher skin yellowness (b*).
For example a cross-sectional study in young men and women in the UK found significant positive
correlations between skin yellowness and dietary 3-carotene intake (p = 0.29, p = 0.013) after controlling
for exercise [11]. A recent RCT in young Australian women that examined the impact of consuming
foods high versus low in dietary carotenoids found significant positive correlations between the
change in skin yellowness (b*) and change in plasma carotenoid concentrations of x-carotene (p = 0.29,
p <0.05), B-carotene (p = 0.35, p < 0.001) and total carotenoids (p = 0.27, p < 0.05) [13].

The negative relationship between ARFS spreads/sauces sub-scale with skin yellowness was
not expected, and may have reduced the association with the total ARFS score. For each additional
point scored for spreads/sauces sub-scale, there was a decrease in 0.50 units in overall skin yellowness.
This sub-scale was included in the diet quality score because yeast extract spread and tomato
ketchup /barbecue sauce contain a large amount of B-group vitamins and (3-carotene (respectively) [33],
which have been shown to be associated with skin color [11,13]. This suggested that higher scores
in this population potentially reflect co-consumption of foods low in dietary carotenoids that may
displace nutrient-dense foods. An example of this would be tomato sauce with a meat pie, but without
vegetables. Further research into the dietary patterns in this specific age group is warranted. In
addition, the fat-soluble nature of dietary carotenoids may help explain the negative relationship with
spreads/sauces sub-scale [29].

Total FAVVA score and sub-scales for fruit and vegetables were all significantly associated with
skin yellowness (b*). The FAVVA score reflects frequency and variety of fruit and vegetables consumed,
and therefore these results were expected, given that previous studies have also reported higher fruit
and vegetable consumption to be associated with higher skin yellowness (b*) [11-13]. The correlation
coefficients in the current analysis are comparable to a cross-sectional study in 82 young men and
women in the UK, which demonstrated a significant correlation (p = 0.25, p = 0.03) between usual
fruit and vegetable intakes and skin yellowness after controlling for exercise [11]. Another study
that examined change in fruit and vegetable intakes in 35 young men and women over a six-week
period [12] found a modest increase in intake was associated with a significant increase in skin
yellowness (b = 0.31, p = 0.05). These significant relationships highlight the sensitivity of reflectance
spectroscopy in detecting carotenoids in skin, which is important, given young adults generally have
low fruit and vegetables intakes [18]. In Australia; the most recent National Health Survey reported
that 97% of young Australian adults aged 18 to 24 years fail to meet national recommendations of two
serves fruit/day and 5-6 serves of vegetable/day [18]. Reported intakes of vegetables and fruit were
higher in the current study and although some of the differences could be explained by the different
dietary methods used to quantify intake, the majority of young adults still failed to achieve national
recommendations (n = 124/148, 84%). An important insight from the current analysis is the potential
for reflectance spectroscopy to predict diet intake of individuals across a range of differing intakes,
and the ability to identify those who consume a greater variety of vegetables and fruit more frequently.

4.1. Implications for Research

Traditional methods of dietary assessment can be burdensome and resource intensive [34]. Results
from the current study highlight that a rapid, non-invasive assessment of skin coloration, measured
objectively using reflectance spectroscopy at three body sites may be sufficient to estimate overall diet
quality and frequency and variety of usual dietary intake, particularly for fruit and vegetables. This
is important for population groups where recall of dietary intake is challenging, or where resources
mean that only a brief assessment of diet is warranted.

Diet quality has consistently been shown to have an inverse relationship with all-cause morbidity
and mortality [14,35], while consuming a greater variety of fruit and vegetables is associated with
lower odds of developing metabolic syndrome, obesity, hypercholesterolemia and hypertension [36,37].
As such, the associations between skin yellowness measured using reflectance spectroscopy and the
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dietary indices evaluated in the current study may therefore be indicative of disease risk. Future
research should examine whether skin coloration, measured using reflectance spectroscopy, can predict
health status and disease risk in diverse populations.

4.2. Strengths and Limitations

A key limitation of the current study is the cross-sectional design, and hence only associations
between intake and skin yellowness could be evaluated. In addition, the diversity of the samples of
dietary intakes across the two datasets due to differences in eligibility criteria may have affected the
ability to identify stronger associations. In addition, responses from the AES FFQ were self-reported
and therefore subject to reporting bias [38]. While other studies have explored relationships between
carotenoids and skin redness [12,39], this was not assessed in the current study, due to the greater
contribution of dietary carotenoids in the skin on the appearance of skin yellowness (b*) [3]. Strengths
include use of an objective measure of skin color using reflectance spectroscopy with assessments
taken at standardized anthropometric sites and operating procedure. In addition, to the best of the
authors’ knowledge, this is the first evaluation of skin coloration in relation to brief dietary indices in a
relatively large number of adults.

5. Conclusions

The present study indicates that overall diet quality and fruit and vegetable variety, assessed
using two brief dietary indices (ARFS and FAVVA), were significantly associated with skin yellowness
(b*), although those associations were weaker after adjustment for skin lightness (L*), sex, and total
fat intake. This suggests that measurement of skin coloration using reflectance spectroscopy could
potentially be used as a predictor of overall dietary quality and variety. Future research should examine
these associations in more diverse populations and also examine whether skin coloration can predict
health status and disease risk.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/1/11/s1,
Table S1: Scoring method for items in the ARFS, Table S2: Scoring method for items in the FAVVA index.
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Abstract: In women, aging and declining estrogen levels are associated with several cutaneous
changes, many of which can be reversed or improved by estrogen supplementation. Two estrogen
receptors—« and 3—have been cloned and found in various tissue types. Epidermal thinning,
declining dermal collagen content, diminished skin moisture, decreased laxity, and impaired wound
healing have been reported in postmenopausal women. Experimental and clinical studies in
postmenopausal conditions indicate that estrogen deprivation is associated with dryness, atrophy,
fine wrinkling, and poor wound healing. The isoflavone genistein binds to estrogen receptor 3 and
has been reported to improve skin changes. This review article will focus on the effects of genistein
on skin health.

Keywords: genistein; skin; estrogen receptor beta

1. Introduction

Aging is associated with a reduction in skin thickness and in the number of epithelial cells,
with a concurrent decrease in stromal collagen [1]. The skin ageing process may intensify after
menopause, and estrogen deficiency seems to have a direct effect on the epidermis. It seems that
estrogen stimulation could encourage the proliferation of keratinocytes, leading to thickening of
the epidermis, preventing its atrophy [2]. In the dermis, blood vessels would be stimulated again,
and fibroblast production would also be stepped up, thus preserving the components that they secrete
(e.g., collagen, elastic fibres, and glycosaminoglycans) [2,3]. Estrogen exerts its actions through two
different receptors (estrogen receptors, ERs), also found in the skin. Both ERs are distinct proteins
encoded by separate genes on different chromosomes. ERp is located on human chromosome 14,
whereas ER« is found on chromosome 6. Ligand binding activates the receptors that act as transcription
factors by binding conserved estrogen response elements in the regulatory regions of target genes.
Interestingly, many genes that are induced by estrogens lack estrogen response elements, including
epidermal growth factor, epidermal growth factor receptor, and the cell cycle-associated cyclin D1.
These genes belong to the group of secondary estrogen responsive genes, and estrogen affects their
transcription/expression through activation of cytoplasmic signaling pathways such as Src/Shc/ERK.
These secondary messengers are known to be activated by many transmembrane tyrosine kinase
growth factor receptors, suggesting that estrogen effect may sometimes augment growth factor receptor
activation [4]. In some cells, ER counteracts ER«, in some cases acting as an ERa heterodimer to
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inhibit the transactivating function of ER«, and in other cases acting as a homodimer to regulate specific
genes, many of which are anti-proliferative [5]. The binding of estrogens to the ERs triggers specific
responses in terms of proliferation activation and apoptosis arrest; nonetheless, some estrogen actions
require the intervention of other hormones, such as progesterone and androgens. The variation in the
distribution of receptors within the skin suggests that each has a different, cell-specific role. ERp is the
predominant estrogen receptor in adult human skin; it is strongly expressed in the stratum basale and
stratum spinosum of the epidermis [6,7]. The same receptor is also found activated in fibroblasts from
female skin, suggesting a strong involvement of ER3 in maintaining skin homeostasis [7]. Furthermore,
estrogens prolong the anagen phase of scalp hair growth by increasing cell proliferation rates and
postponing their transition to the telogen phase. ERox expression is limited to the dermal papilla cells of
the hair follicle, whereas ERf is found in the outer root sheath cells, epithelial matrix cells, dermal papilla
cells, and the cells of the specialized bulge region of the outer root sheath [8]. It has been collectively
demonstrated that ERot expression is quite low in the epidermis, while ERf is abundantly represented.

Considering the presence and distribution of estrogen receptors within the skin and its
annexes, it is not difficult to understand that hormone replacement therapy (HRT) can improve
the menopause-related alterations. However, given the serious side effects of HRT (e.g., an increased
risk of blood clots and certain types of cancer), a number of alternatives have been explored during
the last decades, and the most intriguing seems to be the use of phytoestrogens. Isoflavones and
lignans are the two main groups of phytoestrogens; their activity is generally weaker than endogenous
estrogens, and they are not stored within the tissues [9]. Many phytoestrogens possess both agonist
and antagonist estrogen properties, and their estrogenic activity is demonstrated through interaction
with both ERx and ER [10]. Genistein (5,7 4’-trihydroxyisoflavone) is an isoflavone abundantly found
in soy and other legumes, and acts as a selective estrogen receptor modulator (SERM), mainly binding
to ERp [11]. Genistein has a ~30-fold higher affinity for ER than ERa; when genistein is bound to
ERB, helix 12 does not adopt an agonist conformation, but instead has a position more similar to
that seen with an antagonist. This result is unexpected because the molecular shape and volume of
genistein and estradiol are very similar, and because genistein is a partial (60-70% of E2) agonist of
ERp. The conformation of helix 12 in the ER3-genistein structure may account for the different effects
exerted by genistein compared to estradiol.

Besides the specific estrogen receptor-related effects, genistein also acts as an antioxidant and as
a specific inhibitor of tyrosine kinases, affecting many signaling pathways [12]. Genistein—as with
all the other isoflavones—exists in two different forms: the glycosylated (genistin) and the aglycone
(genistein). The aglycone genistein is absorbed from the intestine and conjugated with glucuronic
acid during transport across the intestinal epithelial cells. After transport to the liver, the glucuronide
may be excreted in the bile, whereafter it could re-enter the small intestine, allowing genistein to be
deconjugated, absorbed, and metabolized for the second time [13]. In vivo bioavailability of genistein
and its glycoside genistin indicates that genistein is readily bioavailable, while the glycoside derivative
is poorly absorbed in the small intestine due to the higher molecular weight and hydrophilicity [14].
For this reason, the most studied form of genistein is the aglycone, which so far has been used in
preclinical and clinical studies. Genistein supplementation in postmenopausal women is quite popular;
in fact, several nutraceutical preparations have been launched in the market with very different
amounts of genistein alone or combined with other isoflavones. However, the beneficial effects of
genistein on menopausal features can be achieved at very specific dosage (54 mg/day), and only few
preparations fulfill this requirement. In this review article are summarized the main effects of genistein
on skin health from preclinical and clinical observations. This is a narrative review focusing on studies
performed using genistein in vitro or in vivo to demonstrate an effect on skin. As search terms on
Pubmed, we used “genistein and skin”, “genistein and fibroblast”, “genistein and wound healing”,
and we selected all those articles with available full text. As a further criterion, articles using mixes of
isoflavones without clear indications of genistein’s dose were not included.
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2. In Vitro Evidence

2.1. Genistein Effects on Fibroblasts

Wound healing and scar formation are dynamic biological processes involving numerous cell—cell
and cell-matrix interactions in a complex milieu of both local and systemic influences. In abnormal
hyper-proliferating fibroblasts from hypertrophic scars, an important role is played by altered
growth factors expression, dysfunctional receptors, and tyrosine kinase signaling dysregulation [15].
Fibroblasts obtained from hypertrophic burn scars were cultured with genistein at different
concentrations (25, 50, 100 umol/L) to inhibit their growth and proliferation through the blockade
of the RAS (Rat sarcoma), Raf, ERK, and p38 proteins [16]. Genistein inhibited cell proliferation and
activity by affecting nuclear translocation of phosphorylated ERK molecules; ERK mainly regulates
cell proliferation, growth, and differentiation, while p38 is mainly related to stress and inflammatory
reactions. These pathways are interconnected, and genistein may exert its suppressing effects on cells’
proliferation by interfering with them [16].

Abnormal scarring can also result in keloid formation, characterized by an imbalanced extracellular
matrix (ECM) synthesis and degradation, a CTGF (connective tissue growth factor)-dependent fibroblast
proliferation, and resistance to apoptosis. Normal human dermal fibroblasts (NHDF, Adult) and keloid
fibroblasts (KEL FIB) were tested with different concentrations of genistein; the keloid fibroblast culture
revealed an increase of CTGF mRNA and an increase of CTGF protein expression compared to normal
fibroblast, confirming the contribution of CTGF in keloid fibroblast pathology [17]. Genistein decreased
mRNA and protein expression of CTGF in keloid fibroblast in a concentration-dependent manner.
Moreover, genistein decreases TGFf31, 32, and 33 gene expression in keloid fibroblast, but its potential
application as an antifibrotic factor in keloids treatment requires further research. Genistein did not induce
P53 and p21 expression, and therefore it seems that it does not induce apoptosis in monoculture of keloids
fibroblast. However, it revealed a cytoprotective effect, stimulating BCL-2 gene expression [17]. In another
study, normal human epidermal keratinocytes (NHEK), NHDF, and KEL FIB were tested to investigate
genistein as a potential regulator of C-JUN, C-FOS, and FOS-B of AP-1 subunits expression. C-JUN
and C-FOS expression was lower in keloid fibroblast compared to normal fibroblasts cultured in control
conditions. The study demonstrated that genistein modulated C-JUN expression in dermal keratinocytes
and fibroblasts in a dose-dependent manner. The expression of C-JUN was significantly higher in
keratinocytes treated with genistein compared to control cells [18]. These data further corroborate the
potential efficacy of genistein for treating keloid scars.

Collagen synthesis by fibroblast is also crucial for maintaining skin homeostasis and healing
of wounds. Genistein effects on collagen biosynthesis and the signaling pathways involved in its
regulation were investigated in human dermal fibroblasts [19] under the oxidative stress conditions
evoked by t-BHP (t-butylhydroperoxide). Genistein exerts biphasic effects on collagen biosynthesis;
at 1 uM, it counteracted collagen biosynthesis inhibition evoked by t-BHP in fibroblasts. At 10 uM,
it exerted a significantly diminished protective effect on collagen biosynthesis, whereas at 100 uM,
it potentiated the inhibitory action of t-BHP. The study suggested that at nutritionally attainable
concentrations (1 uM), genistein protects human dermal fibroblasts from oxidative stress-induced
collagen biosynthesis inhibition. The mechanism of the protective effect of genistein on collagen
biosynthesis in t-BHP-treated fibroblasts may be due to the prevention of disturbances in the IGF-I
receptor-mediated, ERK1/ERK2-associated signaling pathway evoked by the oxidant [19].

2.2. Genistein Affects Glycosaminoglycan Synthesis

Aside from the tyrosine kinase inhibitory effect of genistein, another modulating activity
was identified on glycosaminoglycan (GAG) synthesis by blocking the tyrosine kinase activity
of the epidermal growth factor receptor [20] in fibroblasts from patients with mucolipidosis II
(a mucopolysaccharidosis caused by deficiencies in enzymes involved in degradation of GAG).
In this experimental condition, genistein—despite causing a significant reduction in GAG synthesis
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rate—ensures the maintenance of sufficient amounts of GAG, which is necessary for the proper
functioning of cells and tissues [21]. In another mucopolysaccharidosis, the Sanfilippo disease,
genistein was tested and compared to other flavonoids to reduce GAG synthesis and accumulation
in fibroblasts obtained by affected subjects [22]. An inhibition of GAG synthesis was found in the
presence of all tested compounds, though the most pronounced impairment of production of GAGs
was observed in the presence of kaempferol, daidzein, and genistein; thus, the authors concluded
by suggesting that these flavonoids alone or in combination might be a safe treatment option for
mucopolysaccharidosis [22].

2.3. Genistein Effects on ultraviolet (UV)-Protection

Genistein was also tested for protection against UV-light exposure and prevented the UV
radiation-dependent expression of cyclooxygenase-2 (COX-2) in HaCaT cells cultures suppressing
both the basal and stimulated expression of cyclooxygenase-2, which suggests that it exerts
anti-inflammatory activity [23]. In UVB-irradiated BJ-5ta cells are human skin fibroblast cells
immortalized with hTERT, and besides reducing COX-2 expression, genistein also induced Gadd45
gene expression, thereby activating the DNA repair system [24]. The protective effect of genistein
against senescence-like characteristics was also tested on human dermal fibroblasts (HDFs) following
repeated subcytotoxic exposures to UVB to cause senescence. Genistein reversed the senescence
process in HDFs, acting as an antioxidant through the down-regulation of p66Shc protein that involves
forkhead protein suppression [25]. These data further suggest that genistein could be a good candidate
ingredient for protective agents against UV-induced photodamage.

The effects reported by these in vitro studies have been summarized in Table 1.

Table 1. Genistein effects on in vitro experimental models.

In Vitro Experimental Models Genistein Effects

| RAS, RAF, ERK, p38
| CTGF, TGFp1, B2 and B3

Fibroblasts from hypertrophic burn scars, normal human dermal fibroblasts (NHDF) keloid
fibroblasts (KEL FIB), normal human epidermal keratinocytes (NHEK), NHDF stimulated with

X R . 1 BCL-2
t-BHP (t-butylhydroperoxide) [16-19] +CJUN
Fibroblasts from patients with mucolipidosis Il and Sanfilippo disease [21,22] 1 GAG
1 COX-2
HaCaT, BJ-5ta, and human dermal fibroblasts exposed to UV radiation [23-25] 1 Gadd45 gene expression

| p66Shc protein

1 and | respectively indicate an increase or a reduction of the expression of the molecules. RAS, Rat Sarcoma; RAF,
Rapidly Accelerated Fibrosarcoma; ERK, Extracellular signal-regulated Kinase; CTGF, Connective Tissue Growth
Factor; TGFp, Transforming Growth Factor beta, BCL-2, B cell leukemia 2.

3. In Vivo Studies

3.1. Genistein Effect on Photodamage

Most of the invivo studies carried out in rodents evaluated the effect of genistein alone
or combined with other flavonoids in reducing the damages associated with UV-light exposure.
In a long-term (8 weeks) dietary supplementation study with isoflavone-rich fermented soybean
(0.2083 ug genistein/mg of soybean), hairless albino mice exposed to UVB demonstrated a markedly
reduced skin inflammation [26]. Topically applied genistein was shown to reduce the incidence
and multiplicity of skin tumors in the dimethylbenz(a)anthracene initiated and 12-O-tetradecanoyl
phorbol-13-acetate promoted mouse models [27,28]. In the UVB light-induced complete carcinogenesis
model, topical pretreatment of mice with 10 umol genistein significantly reduced the formation of
H,0, and 8-hydroxy-2-deoxyguanosine [27,28]. Because these are the precursors for free radicals, their
attenuation is a significant step for chemoprevention.

The possible anti-nitrosative effect of genistein (10 mg/kg or 15 mg/kg, i.p.) in the prevention of
skin injury and in the modulation of cell proliferation were tested in Hairless HRS/] mice following
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24 h of UVB irradiation [29]. The most effective dose (10 mg/kg) demonstrated a reduction in lipid
peroxides and nitrotyrosine, accompanied by upregulation of both PCNA and Ki67, which indicated
that prevention of nitrosative skin injury promoted cell proliferation and DNA repair [29]. In another
study, genistein potently inhibited the UVB-induced skin carcinogenesis and photodamage in hairless
mice. The possible mechanisms of the anticarcinogenic action hypothesized by the authors include
scavenging of reactive oxygen species, blocking of oxidative and photodynamic damage to DNA,
inhibition of tyrosine protein kinase, downregulation of EGF-receptor phosphorylation and MAPK
activation, and suppression of oncoprotein expression [30].

3.2. Genistein Effect on Wound Healing

In wound healing models, genistein was tested in excisional and incisional wound models. ICR
mice receiving a genistein-enriched diet (0.025% and 0.1% genistein) for 2 weeks before wounding
demonstrated a faster wound repair, likely stimulated by a modulated production of reactive oxygen
species (ROS), which in turn downregulated the activity of NF- kB and TNF-« within the first 72 h
following wounding. In ovariectomized 10-week-old C57/Bl6 mice, full thickness skin incisional
wounds were systemically treated with 17-estradiol (0.05 mg, 21-day, slow-release 17-estradiol pellet,
subcutaneously implanted) or genistein (50 mg/kg/day). Genistein substantially accelerated wound
repair, associated with a dampened inflammatory response. Unexpectedly, co-treatment with the
ER antagonist ICI had little impact on the anti-inflammatory and healing promoting effects of
genistein [31,32]. Thus, the authors speculated that genistein’s actions are only partially mediated via
classical estrogen receptor-dependent signaling pathways.

In ovariectomized rats chronically (6 months) treated with genistein (1 and 10 mg/kg/day,
subcutaneously), full thickness incisional wounds were made and analyzed after 7 and 14 days [33].
Genistein was able to counteract the delayed wound healing, improving extracellular matrix
remodeling and turn-over in OVX rats. Moreover, genistein (1 mg/kg) was more effective than estradiol
or raloxifene on all skin parameters tested at days 7 and 14 after wounding [33]. The same authors
also evaluated skin aging in 9-month-old OVX rats chronically treated with genistein, raloxifene, and
estradiol [34]. OVX rats showed a decrease in TGF-b1l, VEGF, MMP-2, MMP-9, tissue inhibitor of
metalloproteinase (TIMP)-1 and TIMP-2 compared with sham OVX rats. All the treatments significantly
restored this depressed molecular profile, but genistein (1 mg/kg) also significantly increased collagen
thickness and skin breaking strength [34].

Collectively (Table 2), these data suggest that dosages as low as 1 mg/kg could be beneficial
for treating skin disorders during estrogen deprivation, while higher dosages (up to 50 mg/kg) are
needed where a normal estrogenic milieu is present.

Table 2. Genistein effects on in vivo experimental models.

In Vivo Model Dose Outcomes Genistein Effects

| skin inflammation

L HOp
Anti-inflammatory effectin | 8-hydroxy-2-deoxyguanosine
Dietary supplementation 0.2083 pg/mg of }‘a‘rkl‘ess :lmce with i hﬁldtpcm?“dcs
UVB-irradiation and fermented soy beans P Ot(? amfage. lt“ To .yroslni in ki
carcinogenesis models [2627,29] 1,5, 10,20 umol genistein topically applied Reduction of skin j Ey(f‘;s‘r:el;rtzre;o:‘;f;ylaﬁon
Int it 1 injecti 10-15 ki UMOrigenesis i mice al-] S
niraperiioneal injections me/kg Anti-nitrosative effect in | MAPK activation
hairless mice J oncoprotein expression
1 PCNA
1 Ki67
T wound repair
L ROS
Improving wound healing in + NE-«B
Dietary supplementation 0.25-1 g/kg P '8 ¢ healing J TNF-a
. Subcutaneous injections 50 mg/kg hmtla.ct mice X mi 1T TGF-p1
Wound healing models [31-34] Subcutaneous injections 1-10 mg/kg Wound healing in OVX mice + VEGF

Wound healing in OVX rats

Subcutaneous injections 1-10 mg/kg Skin aging in OVX rats

1+ MMP-2 and MMP-9
1 TIMP-1 and TIMP-2
1 collagen thickness

1 skin breaking strength
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4. Human Studies

In addition to all of the aforementioned preclinical evidence, it was also reported that the use of
soy isoflavones may induce proliferation of the epidermis and increase dermal collagen [35].

In a double-blind placebo-controlled trial, 26 women in their late 30s and early 40s were
randomly assigned to receive either an oral intake of 40 mg soy isoflavone aglycones per day or
placebo for 12 weeks. It was observed that the isoflavones improved fine wrinkles and malar skin
elasticity at the end of the study period [36]. Based on this observation, a randomized, double-blind,
estrogen-controlled trial evaluated in 36 postmenopausal women the effect of a topical gel applied on
the face, containing either isoflavone (4% genistein) or estrogen for 24 weeks [37]. Facial skin biopsies
were taken from the preauricular area before and after the 24-week gel treatment; the cutaneous effects
of isoflavone gel at six months were limited to an increase in dermal thickness and in the number
of blood vessels, but the increments were smaller than those in the estradiol group. Furthermore,
no change in hormonal vaginal cytology at 3 and 6 months was observed in comparison to baseline,
suggesting the absence of a significant systemic effect [37]. Genistein was also tested in UVB-induced
erythema (sunburn) in the dorsal skin of six men with skin type II to skin type IV. Genistein 5 pmol /cm?
was topically applied 60 min before and 5 min after UVB irradiation. The skin was photographed and
quantitated for erythema, and genistein effectively blocked UVB-induced skin burns, suggesting its
use as UV-protective agent [30].

Genistein was also used in an open-label study, where a group of 19 children with different
subtypes of mucopolysaccharidosis type III, Sanfilippo syndrome, and different degrees of disability
received genistein supplementation (5 mg/kg/day) for 1 year [38]. Treatment with genistein produced
improvement in skin texture and hair morphology, reduced CoQ10, but did not modify GAG urinary
excretion or the severity of the underlying disease. The treatment was generally well-tolerated and
no secondary effects were observed. This study is of great importance because it demonstrates that
genistein can also be safely administered to young subjects [38].

5. The Problem of Delivery

Topical delivery should help overcome the discrepancies associated with the relative
bioavailability of genistein after oral administration, which has been observed in certain studies [39,40],
but not in others [41]. However, genistein use in creams and topical applications may be affected by
a low permeability rate, as reported by some authors [42]. To overcome this problem, drug delivery
systems based on lipid nanoparticles have been employed. The most widely studied lipid nanoparticles
are solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC). Both have a solid lipid
matrix, but NLC are prepared with a mixture of solid lipid and oil, which can increase drug loading and
stability [43]. An experimental study compared SLN and NLC nanoparticles combined with genistein
for controlled release in skin, and increased penetration in deeper skin layers. The genistein-NLC
formulation was the most effective in favoring the penetration in to the deeper skin layers, suggesting
that NLC could be a promising nanocarrier for the topical delivery of genistein [44].

Another well-studied approach exploited the use of polymeric gels—in particular, polyethylene
glycol 400 (PEG 400). The formulation was tested for skin permeation from a saturated solution of dry
soy extract [45]. Genistein flux increased significantly when pure genistein was used as a suspension
in PEG 400, and resulted in significant skin retention. To further investigate the transdermal delivery
of genistein, studies were conducted using pH 6 and pH 10.8 buffers and soybean oil as vehicles [46].
Of these, the calibrated deposition of genistein into nude mice and pig skin for a saturated solution
in pH 6 buffer was higher than the other vehicles. Pretreatment of skin for 2 h with either oleic acid
or a-terpineol as penetration enhancers did not increase the permeation of genistein at pH 6. It was
reported that topical delivery was promising for genistein use against photoaging and photodamage,
providing a possible application of these gels as skin protection agents for UV-induced damage and
chemoprevention of melanoma [47].
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Another approach exploited to improve isoflavone delivery into the skin was tried with
microemulsions. The effects accumulation as well as the solubility of genistein were tested on pig
skin using a water/oil-type microemulsion, and a significant protection against UV-induced oxidative
damage was observed [48]. Genistein inhibited lipid peroxidation in guinea pig dorsal skin, as well as
UV-B-induced erythema formation.

6. Conclusions

During menopause, as estrogen levels decrease, testosterone stimulates sebaceous glands to
secrete thicker sebum, giving the appearance of oily skin; in addition, some women may develop facial
hair, particularly in the chin area. As estrogen levels drop during menopause, fat deposits tend to
redistribute over the abdomen and/or on the thighs and buttocks. The result is a loss of supportive
fat below the skin of the face, neck, hands, and arms; this allows sagging wrinkles to appear, and the
skin over these areas is less easily compressed as it loses its mobility. The lowered estrogen levels
also result in less production and repair of collagen and elastin in the dermis (particularly if the skin
is exposed to UV rays), resulting in elastosis. Estrogens also temper melanin production; their lack
can result in brown “age spots” appearing on the face, hands, neck, arms, and chest of many women.
All these changes lead to a faster aging of skin. Estrogen replacement prevents and ameliorates these
features, but too many side effects have been related to their use. Over the past decades, genistein has
been used as an alternative treatment for menopausal symptoms [49-53], and in light of the effects
reported on skin aging (Figure 1), it could be considered as an effective alternative treatment for
menopause. In conclusion, genistein might be a new potential therapy for the management of skin
disorders as well as age- and menopause-related skin changes commonly observed in postmenopausal
women. Considering the bioavailability following oral assumption and the permeability after topical
application, it seems that oral administration of at least 50 mg/day of pure genistein without other
isoflavones could be the best dosing strategy to obtain clinical efficacy.
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Figure 1. Mechanism of action of genistein in fibroblasts.
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Abstract: Two differently designed, spatially resolved reflectance spectroscopy-based scanners and
two-photon tomography were used for noninvasive in vivo determination of cutaneous carotenoids,
and collagen I/elastin aging index of dermis, respectively, in the skin of 29 healthy female
volunteers between 40 and 56 years of age. The volunteers received a supplement in the form of
a carotenoid-rich natural curly kale extract containing 1650 g of carotenoids in total (three capsules
of 550 ug), once a day. Measurements were taken before, after 5 months and after 10 months of daily
supplementation. The results showed significantly increased values for the cutaneous carotenoids
and the collagen I/ elastin aging index of dermis 5 and 10 months after the beginning of the study.
The obtained results show that a natural carotenoid-rich extract could prevent the aging-related
collagen I degradation in the dermis and improve the extracellular matrix.

Keywords: skin aging; two photon tomography; reflectance spectroscopy; noninvasive methods;
auto fluorescence; second harmonic generation; nutrition

1. Introduction

Nutrition rich in fruit and vegetables is beneficial to human health and wellbeing [1-4].
Secondary plant components, such as antioxidants [5], protect the cells and connective tissue
against the development of oxidative stress, which is related to several pathological consequences,
e.g., neurological [6], cardio-vascular [7], dermatological diseases [8] or aging [9]. Oxidative stress is
induced by various factors, inter alia, solar radiation, smoking, alcohol consumption, lack of sleep,
intensive physical activities and psychological stress [10-20], and therefore cannot be avoided in daily
life. Oxidative stress is characterized by the generation of large amounts of reactive oxygen species
(ROS), whose action is responsible for the development of premature skin aging and photo aging [7,21].
To counteract this effect, antioxidants should be available in sufficient concentration and composition
to keep the balance and avoid tissue damage [22]. The majority of the essential antioxidants, including
carotenoids, have to be consumed via dietary sources. The uptake and bioavailability of carotenoids can
be measured in vivo by resonance Raman and reflectance spectroscopy [23,24]. Furthermore, it could
be demonstrated that skin with a high amount of the carotenoid lycopene is less rough and therefore
looks younger [21]. The physiologically relevant composition and concentration of antioxidants is
important, as at very high concentrations, antioxidants might reverse their properties and become
pro-oxidant [25,26]. This process is intricate and depends on many factors including oxygen tension and

Nutrients 2017, 9, 775; d0i:10.3390 /nu9070775 149 www.mdpi.com/journal /nutrients



Nutrients 2017, 9, 775

further antioxidants such as «-tocopherol in the tissue [27,28]. Taking this into account, a promising
anti-aging strategy could be the physiologically relevant enhancement of carotenoids and other
antioxidants in the tissue by nutrition and/or supplements [22].

The beneficial effects of such application on the skin status were studied based on skin parameters
such as furrows and wrinkles, elasticity and skin hydration [29]. To understand such effects, more than
roughness and wrinkle volume should be measured. The dermal proteins collagen I and elastin are
related to the skin age and could serve as reliable parameters of the anti-aging effect of nutrition
or a supplement [30,31]. Various studies have shown that the collagen I/elastin ratio, as well as the
collagen I and elastin structures, change with age [32-35]. The elasticity of the skin increases with
atrophy of the collagen I fiber bundles, the related flattening of the rete ridges, and the thickening of
the dermal elastic fibers. Previously, biopsies had to be taken, but nowadays, noninvasive two-photon
tomography is available to measure the collagen I by second harmonic generation (SHG) and the
elastin by auto fluorescence (AF) signals in vivo in the dermis [36,37]. The SHG to AF aging index
of dermis (SAAID) is a noninvasive objective parameter for determining the collagen I status in the
dermis, which can be used for the description of the intrinsic and extrinsic aging on various skin areas
in vivo [38,39], effect of skin protection [40], as well as efficacy of wound healing [41] and identification
of disease affected skin [42,43]. The collagen I/elastin index can be quantified with the SAAID, which is
defined according to [42]:

SAAID = (SHG — AF)/(SHG + AF) (1)

SAAID-scoring is a powerful method for analyzing the dermis dependent on AF and SHG signal
intensities [43]. Other dermal collagens of types IV, VII and XVII are also known to reduce with age [44],
but it is impossible to determine their concentrations in vivo in the skin. This can only be done by
applying special algorithms [45].

The hypothesis is that systemically administered carotenoids will increase the collagen I synthesis
or at least prevent its decrease, which usually occurs due to oxidative stress during our life, and results
in skin aging. In the presented in vivo study, two different cutaneous carotenoid sensors, which were
recently developed based on spatially resolved reflectance spectroscopy (SRRS), were applied to
monitor the skin carotenoids noninvasively [46]. To increase the skin carotenoids, a vegetable curly
kale extract rich in carotenoids, in comparison to a placebo, was systemically administered over
a time period of 10 months. The curly kale extract was selected because previous studies had shown
its positive effects on the skin in terms of bioavailability and radical scavenging activity [47,48].
The SAAID was measured as an objective skin aging parameter. The measurements were performed
before, after 5, and after 10 months of intake of the carotenoid-rich curly kale supplement.

2. Material and Methods

2.1. Subjects

29 healthy female volunteers (10 smokers, 19 non-smokers) aged between 40 and 56 years
(mean 49.2 years) of skin type II according to the Fitzpatrick classification [49] were enrolled in
the study.

Exclusion criteria were subjects with skin diseases, admission to an institution due to
an administrative or judicial order (according to § 29 MPG), known drug addiction or alcoholism,
and expectant or lactating women. The investigations were carried out in accordance with the ethical
guidelines of the Declaration of Helsinki and had been approved by the local Ethics Committee prior
to starting the study (EA1/229/14). All volunteers gave their informed written consent.

2.2. Supplements

During the uptake study, the volunteers ingested three capsules of a curly kale extract, hereinafter
called verum, once a day (provided by BioActive Food, Bad Segeberg, Germany). One capsule
contained the following substances: 430 pg lutein, 70 ug beta-carotene, 30 pg lycopene, 20 ug
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zeaxanthin, i.e., 550 ug carotenoids, analyzed independently by Bioanalyt GmbH (Potsdam, Germany).
As a control, a placebo capsule containing an olive oil without carotenoids was given. The content of
the capsules was measured with resonance Raman spectroscopy and the placebo did not show any
carotenoid values.

2.3. Study Protocol

The volunteers were randomly divided into placebo (N = 15) and verum groups (N = 14).

The measurements were performed on the palm, the inner forearm and the cheek. Carotenoids
can be sensitively determined only at the palm as the stratum corneum is sufficiently thick there and
the measurements are not influenced by blood and melanin. The SAAID was measured on the cheek
and the inner forearm to have one sun exposed and one sun protected area.

2.4. Carotenoid Determination

For the investigations, two different sensors were applied. One optical sensor was based on
multiple spatially resolved reflectance spectroscopy (MSRRS). This sensor is commercially available
under the tradename biozoom (model Biozoom Portable, Kassel, Germany). It uses several differently
positioned light sources and light detectors, exhibiting different distances between light source
and detector and different angles for irradiation and detection, and has been described in detail
elsewhere [23,46]. Briefly, the LED light sources cover a spectral range from approximately 350 nm to
1000 nm in wavelength in 16 steps, providing 118 light emitters. The sensor picks up the backscattered
light at a total number of 152 light sensitive areas. This combination results in almost 18,000 raw data
values, which are picked up several times during one measurement at a sensor surface area of 20 mm
by 20 mm.

The second carotenoid sensor was a CaroLED sensor (Laser-und Medizin-Technologie Berlin,
LMTB, Germany). The underlying measuring principle of CaroLED is based on SRRS, and was recently
described by Meinke et al. [46]. Briefly, five light emitting diodes (LED) of different wavelengths in
the visible and near infrared region illuminate the skin through a measurement window. While light
propagates through the individual skin layers, and the spectral signature of carotenoids and of other
skin constituents is obtained [50]. Four photodiodes, each of which is placed at a different lateral
distance to the illumination site, measure the spectral signature at different depth sensitivities.

The measurements using both sensors were performed five times on the same palm area
(thenar eminence) of the right hand for all subjects, and mean values were calculated for each subject
and measurement method before the statistical analysis was applied. Because of the different initial
values, the data were normalized to the initial values, dividing the values from visit after 5 and
10 months by the initial values.

Both sensors were calibrated before starting the study using resonance Raman spectroscopy on
the palm of healthy volunteers in vivo using a resonant excitation at 488 nm [46].

2.5. Collagen I/Elastin Index SAAID

The collagen I and elastin structure of the skin can be characterized by the second harmonic
generation (SHG) to autofluorescence (AF) aging index of dermis (SAAID). The SAAID can be
determined in vivo using two-photon microscopy by calculation of the corresponding AF and SHG
image intensities [51,52]. The SAAID is defined as described in Equation (1). In the dermis, the AF
is mainly determined by the elastin concentration, while the SHG is determined by the collagen
I concentration. In this nomenclature, the SAAID decreases with photo aging, approaching its minimal
value-1 when the collagen is completely replaced by elastic fibers.

The investigations were carried out using a two-photon tomograph (JenLab GmbH, Jena, Germany)
equipped with a femtosecond titanium sapphire laser (Mai Tai XF, Spectra-Physics, Santa Clara,
CA, USA). The laser was operated at 760 nm and generated 100 fs pulses at a repetition rate of 80 MHz.
For studying the structure of the dermis at different depths of the skin, sensitive photo multipliers
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were applied. The radiation collected from different depths was averaged over slices of 200 x 200 pm?.
The acquisition time was equal to 7 s for one slice, thus ensuring a satisfactory measurement stability
and picture quality [41].

During the measurements, the laser focus was moved from the skin surface into deeper parts
of the skin at 10 um increments. The maximum measuring depth into the skin was 120 um. For the
whole depth, the SAAID was calculated and the profiles were normalized to the onset of the SHG
signal. Four values after the SHG’s onset were considered within the mean values to ensure data from
the upper part of papillary dermis below the basal layer. The utilized two-photon tomograph has been
described in detail elsewhere [40].

The measurements were performed in vivo at the lower inner arm and the cheek. For all subjects,
the area at the forearm was selected at 30 cm from the middle finger tip. The cheek area was selected,
as it had the best coupling possibility with the optical measuring head on the line between nose and ear.

2.6. Statistics

The data were statically analyzed using SPSS for Windows (IBM® SPSS® Statistics, version 19, Inc.,
Chicago, IL, USA). The data were analyzed to a normal distribution using explorative data analysis.
An unpaired t-test was applied to determine differences in the mean values between the groups,
and a paired ¢-test for changes within one group. For the correlation, the Pearson correlation coefficient
was calculated. Values of p < 0.05 were considered to indicate a significant difference.

3. Results

Although 34 volunteers were enrolled, only 29 completed the study successfully. 5 dropouts
occurred, 3 in the verum group and 2 in the placebo group. 2 volunteers quit the study due to problems
with the stomach, and 3 did not come to the investigation after the 3rd visit and therefore were not
replaced. All 29 volunteers underwent the carotenoid measurements and the two-photon tomography.

3.1. Carotenoids

The group-averaged cutaneous carotenoid concentrations measured using both carotenoid sensors
are shown in Figure 1. The data are presented normalized to the initial value because the individual
values show a high variation. The carotenoid values of the verum group measured with both devices
increased significantly within the first 5 months, in which the volunteers ingested the carotenoid-rich
extract, and decreased again over the next 5 months. But the values of the verum group after 10 months
were still significantly higher than the initial value. The placebo values measured by CaroLED also
increased and decreased, but the changes were not significant. The carotenoid concentration in the
placebo group remained unchanged for the first 5 months and showed an insignificant decrease after
10 months of supplementation.

3.2. SAAID

The SAAID was measured at the inner forearm and at the cheek. The differences from the initial
values are shown in Figure 2. After 5 months, all SAAID values had increased significantly (p < 0.05
for placebo and p < 0.01 for verum), but after 10 months, the increase had remained significant only
for the verum group. The verum group consistently showed higher values than the placebo group,
and the difference between the two groups was significant for the cheek after 10 months (p < 0.05).
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Figure 1. Carotenoid values relative to the initial values measured by two different carotenoid sensors
obtained in the palm (mean £ SEM). + p < 0.05 between placebo and verum; (*) p < 0.1, * p < 0.05,
**p <0.01 to initial value. N = 15 for placebo and N = 14 for verum.
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Figure 2. Box plot of the differences of SAAID to the initial values measured at the cheek and inner
forearm. + p < 0.05 between placebo and verum; * p < 0.05, ** p < 0.01 to initial value. The box presents
50% of the data. The bottom and top of the box are always the first and third quartiles and the solid
line box is always the second quartile, the median.

3.3. Correlations

If the hypothesis is correct that the SAAID increases during the intake of carotenoids, a correlation
of these two values is possible. Therefore, the Pearson correlation coefficient of the SAAID values
and the carotenoid values was calculated (Table 1) for all subjects from whom at least one SAAID
value (cheek or arm) was obtained for all visits (max. 7gpjects = 27, maximum measured values
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N =81). As a positive check, the correlation between the two carotenoid values was determined,
as well. As expected, the two carotenoid values have a highly significant positive correlation.
Furthermore, the two SAAID values show a moderately positive correlation, which is highly significant.
The correlations between the carotenoid and the SAAID values are between slightly and moderately
positive with an r of about 0.3, and are significant.

Table 1. Pearson correlation coefficient r with p-values and number of the SAAID and carotenoid
values (N); * p <0.05, ** p < 0.01.

SAAID Carotenoids

SAAID Cheek
Forearm CaroLED
SAAID forearm
Correlation according to Pearson 0.504 ** 1
Significance <0.001
N 76 77
Carotenoids CaroLED
Correlation according to Pearson 0.279 * 0.295 ** 1
Significance 0.014 0.008
N 77 80 81
Carotenoids MSRRS
Correlation according to Pearson 0.328 ** 0.225* 0.853 **
Significance 0.004 0.023 <0.001
N 77 80 81

4. Discussion

Human nutrition is subject to seasonal variations, and the intake of secondary plant substances
such as carotenoids and other antioxidants is related to it. From former investigations, it is known that
the carotenoid status in humans is enhanced in the summer and autumn months due to the availability
of regional fresh and ripe fruits and vegetables. This has been referred to as “seasonal increase” [53].
In the current study, the first measurements were performed in autumn and the second ones in the
springtime. The last visit took place at the end of summer and mainly in autumn. This could explain
the observed changes in the placebo group. Furthermore, infections, which occur very often in the
wintertime, additionally decreased the carotenoid values in the skin [53].

As expected, the skin carotenoid values increased by 10 to 20% in the group that received the
carotenoid-rich curly kale extract. This increase is below the data obtained in former studies because the
dose of carotenoids in this long-term study was lower compared to former studies [47,48]. Nevertheless,
the obtained enhancement was significantly higher than that of the placebo.

The investigations performed using two-photon tomography have shown that the SAAID also
increased at the forearm and cheek in the placebo group. However, the enhancement of the SAAID of
the verum group was always higher than the placebo. This indicates new collagen I production or
a reduced thickening of the dermal elastic fibers. So far, it has not been observed in vivo that nutrition
or supplementation results in such an effect. The more pronounced differences at the solar-exposed
cheek compared to the protected inner forearm indicate not only a protection by the antioxidants and
less degradation in the verum group, but also an improvement of the extracellular matrix compared to
the first visit. Exposure to solar radiation induces free radicals, which interact with the extracellular
matrix determinants once a critical threshold is reached [40]. This effect is called photo aging or
premature skin aging [54-56]. The radical scavenging activity of the utilized curly kale extract has
already been shown in a former in vivo study using electron paramagnetic resonance spectroscopy [48].
The verum group showed a higher radical scavenging activity in the skin and, as a result, an enhanced
protection against VIS/NIR irradiation.
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Interestingly, a correlation between the carotenoids and the SAAID values was obtained.
These findings also suggest that the significant increase of SAAID values after 10 months could
be due to the intake of the carotenoid-rich extract. The tendency towards correlation between SAAID
and carotenoids has previously been reported [40], but such a supplementation-induced effect has not
been observed so far.

The long-term study indicates that anti-aging effects are not easy to observe because many other
factors could also influence the values. The measurements are only snapshots during this long-term
investigation. Nevertheless, the SAAID could serve as a reliable parameter for the determination of
the skin aging status, which is not so sensitive to short-term changes.

The above-mentioned skin parameters were measured noninvasively and in vivo, and do not
interfere with each other.

5. Conclusions

In the performed placebo-controlled in vivo study, it was demonstrated with two different optical
scanners that oral supplementation of the carotenoid-rich natural curly kale extract (1650 pug of total
carotenoids) once a day had caused a statistically significant increase of carotenoids in the skin 5 and
10 months after the beginning of the study. In the cheek and forearm skin areas, the collagen I/elastin
ratio (SAAID value) increased significantly in both the verum and placebo groups, although it was
higher in the verum group. After 10 months of supplementation, the SAAID value in the verum group
had remained significantly higher. Thus, the results show that a natural extract containing a mixture of
carotenoids at physiological concentrations could prevent skin aging and improve the extracellular
matrix. Therefore, a healthy lifestyle including a diet rich in carotenoids is the best prevention strategy
against premature skin aging.
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Abstract: Evidence suggests a protective role for several nutrients and foods in the maintenance of
skin function. Nevertheless, all the requests for authorization to use health claims under Article 13(5)
in the framework of maintenance of skin function presented to the European Food Safety Authority
(EFSA) have received a negative opinion. Reasons for such failures are mainly due to an insufficient
substantiation of the claimed effects, including the choice of inappropriate outcome variables (OVs)
and methods of measurement (MMs). The present paper reports the results of an investigation aimed
at collecting, collating and critically analyzing the information with relation to claimed effects (CEs),
OVs and MMs related to skin health compliance with Regulation 1924 /2006. CEs, OVs and MMs
were collected from both the EFSA Guidance document and from the authorization requests of health
claims under Article 13(5). The critical analysis of OVs and MMs was based on a literature review,
and was aimed at defining their appropriateness (alone or in combination with others) in the context
of a specific CE. The results highlight the importance of an adequate choice of OVs and MMs for
an effective substantiation of the claims.

Keywords: health claim; outcome variable; method of measurement; skin health
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1. Introduction

Skin represents the most external layer of the organism, and forms an effective barrier between
the body and the environment [1]. Skin functions are extremely important and fall in several different
categories: resistance to chemical and physical insults, defense from parasites and general poisons,
regulation of body water, body temperature, oxygen absorption, and excretion of potentially toxic
compounds (i.e., urea) [2,3]. All these functions are possible because of the particular structure of the
skin, which consists of at least three main layers: (i) The epidermis, the most external layer, in direct
contact with the environment, is formed by a stratum germinativum that constantly produces melanin
and renews keratinocytes, and a stratum corneum consisting of dead cells, where keratin is stored,
and which protects the layers underneath; (ii) The dermis, formed by epithelial tissue containing
hair follicles, lymph and blood vessels; (iii) The subcutis, where blood vessels, nerves, glands and
muscle fibers reside [1]. The cells in the structure are strictly connected by junctions (tight, gap,
desmosomes, etc.), which allow the crosslinking of layers, thereby creating a strict and resistant mesh
with selective permeability to nutrients and other compounds.

A wide range of diseases, including psoriasis, dermatitis, burns, ulcers, autoimmune disorders
and cancer, can originate from alterations of the skin barrier induced by physical or chemical insults,
by microorganisms, and by inflammatory processes that activate the immune system [4].

It has been estimated that at least 20% of the world population is affected by some sort of skin
disorder requiring medical attention, i.e., viral or bacterial eczema, acne and infections [5]. Hay et al.
highlighted that skin disorders are the fourth leading cause of non-fatal burden diseases in terms
of years lost in disability [6], and statistics evidenced an 8.5% increase of death from skin disorders,
and a 58.4% increase from malignant skin melanoma during the period 1990-2010 [7].

Lifestyle has been recognized as a relevant factor influencing the onset and the development of
skin disorders. A major focus has been given to the relationship of body weight and lipid-related skin
disease development. Randomized clinical trials (RCTs) have shown that physical activity and diet are
strictly related to a decrease of psoriasis severity [8], as well as an improvement in the “dermatology life
quality index” [9]. Dietary patterns, i.e., low glycemic load diets, enhanced the reduction of follicular
sebum overflow and skin surface triglycerides, and increased the ratio of saturated/monounsaturated
fatty acids [10]. However, as authors have concluded that it was not possible to attribute these
effects to diet composition or weight loss, the role of the diet on sebum composition needs to be
further investigated.

Some investigations have focused on the role of individual components of food, such as bioactive
compounds, in skin health RCTs that have considered a lycopene-enriched tomato paste [11],
a high flavanol-3-ols drink [12], or a green tea polyphenol beverage [13], showing significant reductions
of erythema formation in healthy volunteers. Nevertheless, evidence of a direct effect of both single
components and the whole diet in affecting skin-related outcomes is still extremely weak.

The current scientific evidence has convinced stakeholders to submit requests for authorization
of health claims to the European Food Safety Authority (EFSA). Some health claims pertinent to
Article 13(1) of the Regulation 1924/2006 have been approved (ec.europa.eu/nuhclaims/), whereas all
the requests related to Article 13(5) regarding skin function have received a negative opinion. The main
reasons for the negative opinions concern the insufficient characterization of the food item and its
constituents, the choice of an inappropriate (e.g., vague) claimed effect and/or target population,
and most of all the inadequate substantiation of the claim through well-designed and well-performed
RCTs [14,15]. Many parameters may affect the quality of an RCT, such as the use of a placebo-controlled
approach, the calculation of the sample size, the statistical analysis, and the choice of outcome variables
(OVs) and/or their methods of measurements (MMs). For these reasons, the present work aims to
collect, collate and critically analyze the information in relation to claimed effects (CEs), OVs and MMs,
in the context of maintenance of normal skin function.
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2. Search Strategy

This manuscript refers to the critical analysis of OVs and MMs collected from the EFSA Guidance
on the scientific requirements for health claims related to bone, joints, skin, and oral health (EFSA 2011),
from the requests for authorization of health claims under Articles 13(5) and 14 of Regulation
1924 /2006 related to skin health (ec.europa.eu/nuhclaims/), and from comments received during
public consultations. Adopting the decision tree described in Martini et al. (2016) [14], 3 claimed
effects with 21 OVs were evaluated under Article 13(5). No disease risk reduction claims and no
health claims referring to children’s development had been proposed under the Article 14. For each
OV, a database of references was created on PubMed based on the keywords defined by each OV,
allowing a specific critical analysis of the OVs and the MMs (Table 1). The literature databases were
reviewed and used for the critical evaluation of each OV and MM. The critical evaluation of OVs and
MMs was performed taking into account their relevance in the framework of randomized controlled
trials. For MM, the two main parameters that were considered were (i) being a gold standard method;
and (ii) the field acceptance. Moreover, we considered the following parameters in agreement with
Fitzpatrick et al. [16].

e  Appropriateness
e Reliability
Validity
Responsiveness
Precision
Interpretability
Acceptability

Feasibility

Each OV and related MM was ranked in one of the following categories: (i) appropriate
alone; (ii) appropriate only in combination with other OVs or MMs; (iii) not appropriate per
se; (iv) not appropriate in relation to the specific claimed effect proposed by the applicant(s);
(v) not appropriate alone, but useful as supportive evidence for the scientific substantiation of the
claimed effect. The index at the beginning of this paper lists the OVs and the respective MMs
from the most to the least appropriate, if a ranking was applicable. The flow chart of the project is
shown in Figure 1.

CRITICAL

COLLECTION ) o ANALYSIS

E.G.PROTECTION
CLAIMED OF THE SKIN
EFFECTS AGAINST
DEHYDRATION

- ) APPROPRIATE ITSELF
J'r\PPROPRIATE IN COMBINATION WITH
) OTHERS
OUTCOME E.G.SKIN \
AR HYDRATION ) ONLY SUPPORTIVE
METANALYSES S:fg\fl"éws'c NOT APPROPRIATE FOR THAT
CLAIMED EFFECT
METHODS OF EG.
MEASUREMENT CORNEOMETRY NARRATIVE VALIDATION
REVIEWS STUDIES NOT APPROPRIATE

Figure 1. Collection, collation and critical evaluation of information in relation to claimed effects,
outcome variables and methods of measurement in the framework of maintenance of skin function:
flow chart of the project.
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3. Critical Evaluation for Function Claims 13(5)

3.1. Protection of the Skin Against Dehydration

Skin is the largest organ of our body, and represents a physical barrier capable of holding water,
as well as limiting the penetration of chemical substances, microorganisms and radiation from the
environment. The ability of the skin to prevent the loss of body fluids is mainly attributed to the
role of the stratum corneum (SC), an outer layer of the epidermis, formed by several deposits of
dead keratinocytes, which acts as a physical barrier, limiting the loss of water and avoiding skin
dehydration [1,17]. In particular, the presence of keratine and ceramides allows the formation of
a compact layer that prevents the entrance of external particles and at the same time retains the body
fluids under the epidermal layer [17].

Nevertheless, the use of aggressive products, such as detergents and surfactants, or exposure to
environmental agents (e.g., sun, wind, cold) may compromise the structure and the function of SC,
leading to a visible onset of the appearance of dehydration, e.g., dry and rough skin, desquamation.
For these reasons, a compromised skin barrier may enhance the penetration of a wide range of
substances/pathogens leading to pathological processes. Consequently, the maintenance of its
permeability is essential and highly beneficial.

3.1.1. Transepidermal Water Loss

Transepidermal water loss (TEWL) has been recognized for over half a century as an in vivo
parameter for assessing the skin barrier function. TEWL can be defined as the outward permeation of
condensed water across the SC via diffusion, excluding other forms of water loss, such as perspiration [17].
It is expressed as grams of water per unit area of skin per unit of time (g/m?/h).

To evaluate the appropriateness of TEWL as an OV for the protection of skin against dehydration,
database 1 was generated (see Table 1).

TEWL is one of the most important parameters for evaluating the permeability function of the
skin. A low TEWL is generally a characteristic feature of an intact skin function and a high hydration
of the SC. Conversely, an elevated TEWL value is typically correlated with low hydration of the SC,
and with an impaired epidermal barrier. This can be associated to several skin diseases, such as atopic
dermatitis, or to contact with aggressive substances, such as solvents and detergents [18].

Based on these considerations, TEWL is an appropriate outcome measure to use for the
substantiation of health claims in the context of protection of the skin against dehydration.

Tewameter®

Being the flux of condensed water diffusing through the skin, there are no direct methods
for measuring TEWL. Nevertheless, there are two different indirect methods of measurement:
open-chamber and closed-chamber methods [19]. Open chambers are open to the surrounding
atmosphere. The closed-chamber method is a more recent methodology /procedure, developed to
avoid the effect of external air convection and turbulence but, compared to the open chambers, have the
disadvantage of requiring a purge after each measurement because of the accumulation of humidity
and water vapor.

TEWL assessment can be performed using different instruments and, among them,
the Tewameter® (Courage-Khazaka Electronic, Cologne, Germany), an open-chamber instrument,
is one of the most widely accepted and employed methods for the measurement of TEWL.
Therefore, most of the scientific literature on TEWL refers to this apparatus.

Open-chamber methods are preferable for the evaluation of skin barrier function, but must occur in
a room with standardized conditions (i.e., with standardized temperature and relative humidity) [19].

In these open-chamber methods, TEWL is calculated by measuring the water vapor pressure (VP)
gradient immediately above the surface of the skin, calculated as the difference in VP between two
distinct points aligned perpendicularly to the skin surface.
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The measuring principle of the instrument is that the vapor pressure gradient above the skin
surface is proportional to the difference between the vapor pressures measured at two different heights
located perpendicularly above the skin surface. With this aim, a probe, consisting of an open cylinder,
is placed on the skin. The probe indirectly measures the density gradient of the water evaporation
from the skin by two pairs of sensors inside the hollow cylinder. A microprocessor analyzes the values,
and expresses the evaporation rate in g/h/m?.

TEWL is one of the most measured parameters used in cosmetology to assess the efficacy of
moisturizing cosmetics. It can be evaluated in combination with the use of irritants like sodium lauryl
sulphate, sodium hydroxide or dimethylsulfoxide, to identify irritant reactions.

It is also worth noting that several and various conditions can influence the value of TEWL,
such as ambient temperature, relative humidity, topical products, skin damage or diseases,
probe position, sweating, smoking, age, sex, and skin sites [17,18]. Nevertheless, many of these
factors can be controlled or minimized by using a well-developed study design. The Tewameter®
allows an accurate and quick measurement of the TEWL. Limitations of the Tewameter® include the
slight overestimation of the resulting values in comparison to other methods [17], and the variations of
results among different instruments of the same type. Despite these limitations, the Tewameter® is one
of the most used instruments in RCT.

In conclusion, the Tewameter® is an appropriate method to use for the measurement of TEWL.

3.1.2. Skin Hydration

Skin hydration is defined as the water content of the epidermis and the dermis. An adequate
skin hydration is considered a very important factor in skin health. The epithelium remains flexible
when it contains 10-20% water, and several substances may contribute to maintaining a balance in the
skin homeostasis, such as natural moisturizing factor and some intercellular lipids of the SC [20,21].
All these factors synergize to preserve the adequate skin hydration and the barrier function of the
epidermis as well as to prevent TEWL.

Superficial lipids create a filter for interaction with the external environment, and have been
found to serve as water modulators in the SC.

The correct amount of water in the SC plays an important role on softness, smoothness and
elasticity of the skin and allows maintenance of the typical barrier function of the skin, thus avoiding
penetration of substances and microbes. Conversely, dry skin is generally linked to a reduced water
content of the SC, and is associated with a rough surface, modifications of the lipid content or profile
and of the permeability of the skin [21].

To evaluate the appropriateness of skin hydration as an OV for the protection of skin against
dehydration, database 2 was generated (see Table 1).

An appropriate amount of water in the skin is important for the maintenance of its
normal structure and properties, including adequate hydration and elasticity of the skin [22].
Moreover, skin hydration has been used extensively as an index of skin barrier function. An altered
skin barrier function may modify the permeability function of the skin and facilitate the loss of body
fluids and the penetration of chemicals and allergens.

Several diseases are associated to an impaired epidermal barrier, including atopic dermatitis,
psoriasis, eczema, ichthyosis, and sensitive skin/rosacea [21]. Skin hydration can also decrease after
the contact with aggressive cosmetics or professional substances leading to desiccation of SC with
alteration of the normal epidermal barrier.

In conclusion, skin hydration is an appropriate outcome variable to use for the substantiation of
health claims in the context of protection of the skin against dehydration. However, the simultaneous
measure of TEWL is preferable, and provides a more complete and accurate measure of the hydration
state of the skin.
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Corneometry

Parameters related to skin hydration may be measured by considering the electrical properties
that are dependent on the water content of the SC. Many commercially available instruments, based on
principles of measuring skin capacitance, conductance, or impedance, have been widely used for this
purpose [18,23].

Corneometry is one of the most commonly used techniques for measuring skin hydration,
as well as water-holding capacity, as a surrogate measure of skin hydration.

The Corneometer® (Courage-Khazaka Electronic, Cologne, Germany) measures skin hydration
by determining the skin capacitance with the use of probes [23]. The measurement is based on the
difference between the dielectric constant of water and other substances by measuring the capacitance
of a dielectric medium. The Corneometer® measures the change in the dielectric constant due to skin
surface hydration by modulating the capacitance of a precision capacitor. The depth of measurement
is quite low, as it reaches the first 10-20 pm of the SC.

One of the techniques that can be used is the water sorption-desorption test, which consists of the
hydration of the skin with water followed by the observation of the subsequent dehydration activity
by means of serial recording with electrical instruments.

The instrument delivers values expressed in arbitrary units (AU) varying from 0 to 120,
where a higher value indicates a more hydrated skin with values >40 indicating adequate
skin hydration [24].

Similar to other electrical measurements, corneometry has become very popular because of the
relative low cost and ease of use; in fact, corneometry measurements are very rapid, and the modern
probes enable temperature stability. In addition, the technique minimizes the subjectivity typical of
visual scoring methods, and therefore allows greater accuracy and reproducibility [25,26].

Moreover, although several experimental and instrumentation-related factors also influence
measurements (e.g., skin temperature, sweating, ambient temperature and humidity), many of
these factors can be controlled or minimized by using a well-developed study design and specific
standardized-condition rooms.

In conclusion, corneometry is an appropriate non-invasive method that can be used for the
measurement of skin hydration and water-holding capacity, especially if in association with other skin
parameter measurements, e.g., TEWL. In fact, as these are all indirect parameters, their association can
lead to more meaningful results.

3.1.3. Skin Dryness

Skin dryness is a common condition in which skin loses its homeostasis, and there is an impaired
epidermal barrier. Many causes can contribute to this condition, such as exposure to aggressive
solvents, frequent hand washing, specific occupational activities, or skin diseases (allergic or atopic
dermatitis). Aging and hormonal changes can determine skin dryness, too.

Skin dryness is often called “xerosis”, a term used in dermatology to indicate any condition of
abnormal dry skin [27].

Pruritus is the most important symptom of skin dryness.

To evaluate the appropriateness of evaluation of skin dryness by an expert evaluator as an OV for
the protection of skin against dehydration, database 2 was generated (see Table 1).

Daily insults from the environment can lower the water content of the stratum corneum,
which impairs the enzymatic function required for normal desquamation, leading to a dry and
flaky skin. Therefore, skin dryness can be considered to be an indirect measure of skin hydration.

However, dry skin is associated with major signs such as scaling, roughness, cracks and redness,
and thus the evaluation of skin dryness cannot disregard the evaluation of these signs to obtain the
overall dry skin score (ODS), a scoring scale combining all these major and minor signs of dry skin [28].

In conclusion, the skin dryness score is an appropriate outcome measure to be used for the
substantiation of health claims in the context of protection of the skin against dehydration.
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However, the combination with additional outcome measures such as TEWL is essential to obtain
a more reliable and objective result.

Evaluation of Skin Dryness by an Expert Evaluator

The evaluation of skin dryness can be self-assessed by the subject or performed by an expert
evaluator. In the first case, the evaluation can be influenced by subjective feelings, such as itching,
while the evaluation by experts is based on objective criteria.

Usually, as recommended in the guidance published by The European Group on Efficacy
Measurement of Cosmetics and other Topical Products, the expert evaluator can use a scoring
scale combining all the effects of dry skin and judging it from 0 (absent) to 4 (advanced roughness,
redness and cracks) [28]. If necessary, a specified symptom sum score can be used, using an evaluation
of the main signs of xerosis (scaling, roughness, redness and cracks) in selected anatomical regions.
Finally, an evaluation of the whole skin, as well as specifically at different sites (e.g., head/neck,
upper and lower extremities, trunk), can be performed.

Moreover, dryness is a condition often associated with several dermatological diseases,
in particular atopic dermatitis (also known as atopic eczema). Different scores have been developed
to evaluate and classify disease grade: Eczema Area and Severity Index, Scoring Atopic Dermatitis,
Objective Component of Score, Investigator Global Assessment, Atopic Dermatitis Severity Index
and Body Surface Area [29]. Simultaneous use of two or more scores is a reliable assessment of
disease severity.

The evaluation of dry skin by an expert evaluator is preferable compared to self-evaluation,
because it is not influenced by subjective feelings such as itching and thus is more reproducible.
Nevertheless, most of these scores consider patient’s symptoms (as pruritus) and the effect of the
disease on quality of life.

In conclusion, the evaluation of dry skin by an expert evaluator is an appropriate method to use
for the measurement of skin dryness.

3.1.4. Skin Elasticity

Skin elasticity represents the ability of the skin to resume its original shape once it is stretched [30].
This property is determined by elastic and collagen fibers, arranged as a mesh in the dermis, which are
responsible for the elastic and mechanical properties of the skin, respectively. Specifically, collagen
fibers determine the mechanical stability of the tissue and its resistance to deformation; meanwhile,
elastic fibers restore deformed collagen bundles to a more relaxed state. As with all organs, skin health
is affected by aging, but in two ways: chrono-aging (the physiological aging of the skin genetically
determined) and photo-aging (due to ultraviolet (UV) exposure). These processes are also influenced
by many other factors (e.g., smoke, alcohol, pollution), which lead to degradation of collagen and
elastin with a more stiffness of the skin [31]. The resulting loss of elasticity, with consequent reduction
in moisture and formation of wrinkles, typically occurs in sun-exposed areas, such as facial skin.

To evaluate the appropriateness of skin elasticity as an OV for the protection of skin against
dehydration, database 3 was generated (see Table 1).

The measurement of the viscoelastic properties of the skin can be an indicator for the biological
age of the skin. Being an elastic material, skin is subject to the mechanical laws defining its properties,
which are modified by some factors. One of the most important is the process of skin aging (i.e., intrinsic
and extrinsic). In fact, tensile functions of the skin and subcutaneous tissues contribute to the
appearance of the aged and photo-damaged skin, and to the effects of various other pathophysiological
processes [32]. Moreover, the depth of skin wrinkles can appear deeper in less moisturized skin.

Therefore, skin elasticity is not an appropriate outcome variable to be used alone for the
substantiation of health claims in the context of protection of the skin against dehydration.
However, it can be used in combination with more significant skin measures, such as TEWL, in order
to provide significant and descriptive information about the hydration of the skin.
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Cutometer®

To date, several methods based on different principles have been proposed for evaluating
skin elasticity.

Among these, the Cutometer® (Courage-Khazaka Electronic, Cologne, Germany) is probably
the most commonly used instrument, and is considered the tool against which innovative or pilot
instruments are to be compared. It is a handle device able to measure the viscoelastic properties of
human skin using the suction/elongation method [33]. In detail, it can determine the elasticity of
the upper skin layer using negative pressure, which is created in the device, and which mechanically
deforms the skin. Skin is drawn into the aperture of the probe, and is released after a defined time.
The depth of penetration of the skin inside the probe is determined using a non-contact optical
measuring system.

The elasticity, i.e., the skin’s ability to return to its original position when deformed, is displayed
as a strain-time curve that can be analyzed by software. The many parameters that can be measured
include the ability to return to the original state, the overall elasticity, and the net elasticity of the
skin [34]. In addition, F- and Q-parameters can be measured, giving additional indications on skin age
and elasticity [35].

These parameters have been widely used in studies both on normal skin (including cosmetological
applications) and in skin disease (e.g., psoriasis and scleroderma), reflecting both the state of the skin
and the change in the skin structure.

Because of significant regional variations in the viscoelastic properties of the skin, skin elasticity
should be measured in the same area within a RCT [36].

In conclusion, the Cutometer is an appropriate method for the measurement of skin elasticity.

3.1.5. Corneocyte Adhesion

The major purpose of epidermal differentiation is generating the stratum corneum (the superficial
skin layer), whose primary function is to protect the internal organs from desiccation and from
external injuries.

Moreover, stratum corneum functions as a protective barrier against the outside, because of
its well-organized structure. The structural integrity of the stratum corneum is guaranteed by
corneocytes—dead differentiated keratinocytes, in which the cytoplasm is constituted by specialized
proteins (keratins, filaggrin)—while the interstices between the corneocytes are enriched by lipids [37].

Stratum corneum lipids are nearly devoid of phospholipids, and are selectively enriched in
sphingolipids (ceramides), free sterols and not-esterified fatty acids, with lesser quantities of nonpolar
lipids and cholesterol sulphate. Ceramides are hydrophobic, and are ideal for preventing excess
water loss. Corneocyte adhesion is possible because they are bridged together through particularly
modified desmosomes, named corneodesmosomes, which ensure the stability and integrity of
the stratum corneum. As corneocytes migrate towards the upper layer of the stratum corneum,
corneodesmosomes weaken their adhesive function, allowing cells to be disrupted, and promoting
the physiological desquamation process for the renewal of the stratum corneum layer. Accelerated
corneodesmosome degradation leads to an enhanced desquamation process, leaving the outer
layer exposed to the environment, xerosis, desquamation, and possible penetration by microbes
or allergens [38]. Abnormality of the normal corneodesmosome structure is also related to common
skin disease (e.g., psoriasis, atopic dermatitis, lichen planus).

To evaluate the appropriateness of corneocyte adhesion as an OV for the protection of skin against
dehydration, database 4 was generated (see Table 1).

Ultraviolet, the outermost epidermal layer, plays a critical role in the physical protection of
the body. To maintain a constant SC thickness, as observed in normal epidermis, the continuous
generation of corneocytes is balanced by cell shedding at the external surface in the tightly regulated
process of desquamation. Cohesion of the SC is largely dependent on modified desmosomes or
corneodesmosomes. Corneodesmosome degradation is of major importance in the desquamation
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process [39]. Several skin conditions are related to an altered skin scaling. In xerosis and various
hyperkeratotic states, including psoriasis, accumulation of scales is observed, and the number of
corneodesmosomes persisting over the corneocyte surface in the upper SC is greatly increased [40].
Moreover, some of the disorders of cornification, such as congenital ichthyosiform erythroderma,
shows other alterations of the epidermal features, such as increased TEWL. Perturbed barrier function,
abnormal desquamation, and hyperproliferation appear to be intimately linked.

In conclusion, corneocyte adhesion is not appropriate to be used alone for the substantiation of
health claims in the context of protection of the skin against dehydration. Nevertheless, it can be used
as supportive evidence when combined with other appropriate outcome measures (e.g., TEWL).

Squamometry

The assessment of scaling and dryness is difficult to standardize. Nowadays, several methods
based on different principles have been proposed for the evaluation of skin scaling. The most
common technique is based on the sampling of the superficial scaling portion of the stratum corneum
using various kinds of adhesive tapes (for example D-Squame® , CuDerm, Dallas, TX, USA) [41].
The quantification of scales or squames is made by using low-power imaging techniques [42],
which allow the calculation of the squame size, number, optical density, and heterogeneity in relation
to different aspects of the desquamation process. Image analysis can be performed using appropriate
video-cameras such as the Visioscan® (Courage-Khazaka Electronic, Cologne, Germany), an ultraviolet
A (UVA)-light video camera with high resolution. The images show the skin structure and the level of
dryness, but it can also be used on spots of hair and scalp. The camera can be connected to the computer,
and several skin surface parameters can be determined, including desquamation, sebum production,
scaliness, smoothness and roughness [43]. The technique is repeatable and reproducible.

In conclusion, squamometry is an appropriate method to use for the evaluation of
corneocyte adhesion.

3.1.6. Ceramide Concentration of the Stratum Corneum

In the stratum corneum, the matrix between corneocytes is composed of lipids arranged in
numerous lamellar sheets, creating an impermeable barrier against external pathogens, and preventing
water loss. More than 50% of the lipids of the intercellular space is represented by ceramides,
which chemically belong to the sphingolipid class, as they are produced following the hydrolysis
of sphingomyelin. Ceramides allow the formation of a barrier against cell permeability, and play
a role in signal transduction, cell regulation, cell differentiation and immune response [44]. In human
cells and tissues, there are commonly three ceramide classes, and human stratum corneum is known
to contain even more complex ceramides. At least nine classes of ceramides have been classified on
the basis of the characteristic fatty acid chain: non-hydroxy, x-hydroxy, ester-linked w-hydroxy fatty
acids, etc. [45] A lower level of ceramides, due to fatty acid hydrolysis, has been related to a loss in
permeability of the skin surface, enhancing the skin inflammation by external agents. In fact, the loss
of ceramides allows the pauperization of the intercellular lipid content, triggering water loss, as well as
inflammation due to parasites and the grime accumulation between corneocytes. Although the causes
of the decreased concentration of the ceramides in the stratum corneum due to skin lesions have been
established, there is still a debate on the causes of the loss in non-lesioned skin, such as dermatitis,
psoriasis or xerosis. However, it is widely recognized that skin disorders involving diminished barrier
function show also a decrease in total ceramide content with some differences in the ceramide pattern.

To evaluate the appropriateness of ceramide concentration of the SC as an OV for the protection
of skin against dehydration, database 4 was generated (see Table 1).

SC lipids are selectively enriched in sphingolipids (ceramides), free sterols, and free fatty acids,
with lower quantities of non-polar lipids and cholesterol sulphate. Ceramide critical components
of the barrier are hydrophobic, and are ideal for preventing excessive water loss. For this reason,
SC water retention is improved by the addition of ceramides to damaged skin and a loss of these

169



Nutrients 2018, 10, 7

lipids causes profound barrier damage with a TEWL increase [44]. However, damage is also due to
other mechanisms, such as a simultaneous, passive loss of extracellular calcium and potassium ions,
and other lipids, including cholesterol and fatty acids, are also implicated.

In conclusion, ceramide concentration of the SC cannot be used alone as an outcome variable
for the substantiation of health claims in the context of protection of the skin against dehydration.
However, it can be used as supporting evidence when appropriate outcome measures (e.g., TEWL)
are also considered. In fact, all of these values are indirect values, so it is better to combine different
measurements for a more reliable and sensitive result.

HPLC (High Performance Liquid Chromatography)

The most common method for detection and quantification of the different classes of ceramides is
based on liquid chromatography techniques [46].

Biological samples that can be used for the analyses include epidermis collected by tape-stripping
method, as well as blood or tissue samples (e.g., liver or adipose). Ceramides are chemically derivatized
with benzoyl chloride or anhydride, depending on the fatty acid chain bound to sphingosine [47].
This step leads to the production of the N-acyl derivatives, which strongly absorb in the range
230-280 nm, depending on the ceramide type. Then, direct-phase HPLC is performed by using silica
gels resins, while the mobile phase for the elution is based on organic solvents, such as hexane, pentane
or ethyl acetate. The method is simple, sensitive and accurate. However, due to the instability of
the derivatization product, samples should not be stored for prolonged periods, and analysis must
be performed just after derivatization. Another limit of the HPLC method is that ceramide classes
targeted for quantification are restricted to only few types.

In conclusion, HPLC is an appropriate method to be used for the measurement of the ceramide
concentration of the stratum corneum.

3.1.7. Pruritus

Pruritus, or itching, can be defined as an unpleasant sensation of the skin causing the desire to
scratch the affected area. The mechanisms of pruritus have not yet been totally understood. It may
be both localized and generalized and can occur as an acute or chronic condition. Itching can be the
result of a dermatological disease (such as atopic dermatitis, eczema or urticaria), but can also be the
result of several systemic diseases (e.g., thyroid or liver dysfunctions, important hormonal changes,
hematological diseases, and nerve or psychiatric disorders) [48]. Nevertheless, itching can also be
quite a common sign of simple skin conditions, such as dehydrated skin, and it can be exacerbated by
cold and dry weather or increase with age. Moreover, if severe, itching can affect the quality of life of
individuals and it has also important psychological implications [49,50]. Evaluating pruritus is very
difficult due to the absolute subjectivity of the symptoms.

To evaluate the appropriateness of pruritus as an OV for the protection of skin against dehydration,
database 6 was generated (see Table 1).

Pruritus is the most common symptom in dermatology. As mentioned above, pruritus can be
related to several pathological conditions, but it can also indicate a lack of the normal skin integrity
and correct hydration. For this reason, it is a frequent symptom in aged people [50]. Due to the
large amount of pruritus-associated conditions, to the difficulties in identifying symptoms and the
psychological components, and to the difficult quantification for its subjectivity, pruritus cannot be
used alone as an outcome variable for the substantiation of health claims in the context of protection
of the skin against dehydration. However, it can be used as supporting evidence when appropriate
outcome measures (e.g., TEWL) are also considered.

Questionnaires

Itching is a subjective condition difficult to quantify. Moreover, its multifactorial etiology is
difficult to characterize.
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Several scales and scores have been proposed, both monodimensional and multidimensional.
The former, including the visual analogue scale, numerical rating scale, and verbal rating scale,
report information about intensity of itching in a specific moment. Conversely, multidimensional
scales can provide different information including affected areas, progression of itch throughout the day
and its evolution during the time, disability induced by the pruritus, improvement during treatment.
This is why multidimensional scales can also be used as an instrument for evaluating treatment.

One of the most used methods are the visual analog scales (VAS), both vertical and horizontal [51].
Different authors have proposed different categorizations of VAS, such as: 0 = no pruritus,
>0—<4 points = mild pruritus, >4-<7 points = moderate pruritus, 7-8.9 points = severe pruritus,
and >9 points = very severe pruritus. The VAS is a valuable, easy and rapid method for estimating
pruritus, and has shown good reproducibility and reliability [52]. In addition, VAS results have
proven to be reproducible even in different populations and ethnic groups. However, similar to
other monodimensional methodologies, VAS has some drawbacks. For example, it only measures
intensity, without considering the impact on quality of life, or other parameters such as duration and
distribution of itching. For this reason, a 5-D itch scale has been developed as a multidimensional
questionnaire [53,54]. The five dimensions are degree, duration, direction, disability and distribution,
with a scale specifically designed to facilitate the use of pruritus as an outcome variable in RCTs and
clinical trials.

In conclusion, questionnaires are an appropriate method to be used for the measurement of
pruritus. The use of VAS is appropriate, although the use of multidimensional methods is preferable,
allowing a thorough comprehension of the pruritus condition.

3.1.8. Water-Holding Capacity

The water in the skin is present as both free and bound (to macromolecules) water.

The ability of the skin to hold water is primarily related to the SC, which acts as a barrier to water
loss. Although the SC is a thin biological membrane, it is an essential part of the body, allowing it to
survive even in a dry atmosphere by protecting our body from desiccation. The barrier function and
the water-holding capacity of the SC depend on the presence of well-differentiated corneocytes with
cornified envelope-associated proteins. These proteins bind the ceramide containing intercellular lipids
and large amounts of moisturizing factors mainly consisting of water-soluble amino acids produced
by enzymatic degradation of filaggrin [55].

Lipids and keratins play a key role in the formation of the permeability barrier, and are responsible
for the water-holding capacity, which can be defined as the ability of the SC to retain water.

Because the SC is the interface between the fully hydrated viable epidermis and the dry
atmosphere, there is a gradient of water in this thin biological membrane [56]. However, when the
uppermost portion of the SC loses water, even normal individuals develop dry skin. This condition
leads to a fine cracking in the SC, which deteriorates its barrier function focally, allowing permeation
of external substances as well as TEWL.

To evaluate the appropriateness of water-holding capacity as an OV for the protection of skin
against dehydration, database 6 was generated (see Table 1).

Skin hydration can depend on the water-holding capacities of the SC, but it is not a unique
parameter for correctly assessing skin hydration. That is why the combination with other variables is
important for a more accurate assessment of skin conditions and of potential alterations and changes.
In conclusion, the water-holding capacity is not appropriate to be used alone for the substantiation of
health claims in the context of protection of the skin against dehydration. However, it can be used as
supporting evidence when other appropriate outcome measures (e.g., TEWL) are considered.

Corneometry

See “Corneometry” in Section 3.1.2.
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3.1.9. Skin Smoothness and Roughness

Due to the three-dimensional organization of cutis and subcutaneous tissue, skin surface is
not perfectly smooth and is characterized by folds, furrows, orifices, and crests. In particular,
some morphological characteristics of the epidermis (thickness of the cornified layer) and dermis
(collagen content) can determine skin surface. However, pathological issues such as dermatitis, eczema,
and other conditions, such as chronic light exposure, pollution and aggressive substances, may change
the balance between skin smoothness and roughness, and may enhance the hardening process of the
skin, leading to the coarsening of the skin surface structure with an increase of the wrinkle number
and depth and, in general, of the roughness.

Skin smoothness and roughness, together with skin scaling and wrinkles, are considered to be the
qualitative and quantitative parameters of skin physiological conditions, and represent the four clinical
parameters that, if considered together, allow the Surface Evaluation of the Living Skin (SELS) [57].

To evaluate the appropriateness of skin smoothness and roughness as an OV for the protection of
skin against dehydration, database 7 was generated (see Table 1).

With aging, skin texture undergoes several changes. Epidermal thickness decreases with
a flattening of dermal-epidermal junction, while wrinkles increase due to loss of collagen content.
This process is typical of aging, and it is more evident in photo-exposed areas. As the skin ages,
changes in the texture and roughness or smoothness of the skin become apparent [58]. This is the
result of loss of barrier integrity, which leads to increased water loss, but it is also due to changes
in the collagen-supporting matrices showing visibly on the skin surface [59]. In fact, skin aging
is a multifactorial process involving different mechanisms with a modification of different skin
parameters, such as an increase in epidermal water loss.

In conclusion, skin smoothness and roughness are not appropriate to be used alone for
the substantiation of health claims in the context of protection of the skin against dehydration.
However, they can be used as supporting evidence when other appropriate outcome measures are
considered (e.g., TEWL). In addition, the simultaneous evaluation of all 4 parameters, allowing the
SELS (e.g., skin wrinkles and scaling), is preferable, in order to have a more reliable value.

UV Camera

Skin topography can be directly evaluated by using appropriate video-cameras. Among these,
Visioscan®—a UVA-light video camera with high resolution—has been widely and successfully used
as an alternative to the conventional color video cameras.

Visioscan® consists of a black and white video sensor chip, an objective and an UVA-light,
and is equipped with two special halogenide lights that illuminate the skin.

Visioscan® can be used to measure the SELS, which has been proposed as a qualitative and
quantitative measure of the skin surface. SELS includes evaluation of skin smoothness and roughness,
skin scaling and wrinkles [57]. Other parameters can be analyzed with Visioscan®, such as skin
desquamation and scalp and sebum production. With this method, skin can be optically monitored
using an image-digitalization process. The grey level distribution is analyzed, making it possible to
calculate the four SELS parameters, both quantitatively and qualitatively. This is useful to describe the
skin surface as an index [60].

Visioscan® is small, easy-to-handle, and economical, and makes it possible to have multi-frame
pictures of the skin and to store these images for subsequent evaluation; it is therefore useful in
elaborating different parameters throughout the time.

In conclusion, UV cameras such as Visioscan® are an appropriate method for measuring skin
smoothness and roughness, wrinkles and scaling. However, it is worth noting that none of these
outcome measures is appropriate to be used alone for the substantiation of health claims in the context
of maintenance of skin function.

172



Nutrients 2018, 10, 7

3.1.10. Skin Wrinkles

Skin surface is not flat, but is characterized by several grooves, classified according to their depth.
For this reason, the skin surface exhibits a network called microrelief or texture. This microrelief
is very important for the mechanical properties of the skin, as it forms a complex system of small
lines intersecting each other. On fingers and toes, these lines assume a characteristic disposition,
and determine the fingerprint. As a result of age and UV exposure, skin microrelief changes, and some
lines become more marked—being defined as wrinkles [58]. An example of wrinkles are so called
“crow’s-feet”, which are localized on the forehead or around the eye circles, and may vary in amplitude
and marking severity.

Age, diseases (including psoriasis or atopic dermatitis) and the loss of hydration of the skin may
alter the physiological desquamation of the skin, giving some roughness to the touch.

As already mentioned, skin wrinkles, together with skin scaling, roughness and smoothness,
are considered to be qualitative and quantitative parameters of skin physiological conditions,
and represent the four clinical parameters that, if considered together, allow the SELS [57].

To evaluate the appropriateness of skin wrinkles as an OV for the protection of skin against
dehydration, database 8 was generated (see Table 1).

Wrinkle formation is a genetically-determined process (a process called “chrono-aging”
or intrinsic aging). Several environmental factors contribute to wrinkle formation and/or
worsening, such as smoking, UV-exposure, age, pollution (“photo-aging” or extrinsic aging) [58].
These mechanisms lead to a loss of elasticity that contributes to the worsening of wrinkles through
decreased skin hydration.

Even if skin wrinkles are a reliable parameter of skin structure, they are an indirect parameter
of skin hydration [61]. For this reason, skin wrinkles are not appropriate to be used alone for
the substantiation of health claims in the context of protection of the skin against dehydration.
However, they can be used as supportive evidence when appropriate outcome measures are also
considered (e.g., TEWL).

In addition, the simultaneous evaluation of all 4 parameters that allow the SELS
(e.g., skin smoothness, roughness and scaling) is preferable, in order to obtain more accurate results.

UV Camera

See “UV Camera” In Section 3.1.9.

3.1.11. Skin Scaling

Skin scaling, also known as skin peeling or desquamation, is the loss of the outer layer of the
epidermis (stratum corneum) in large flakes. This layer consists of 18-20 layers of flattened dead
keratinocytes with no nuclei and cell organelles, which have a defensive role against pathogens and
environmental insults [62]. Skin scaling is a physiological process occurring when keratinocytes
shed in an inappreciable way because of the new ones located in the underneath layer. In contrast,
it is considered pathological when induced by disease or pathological causes, such as atopic dermatitis,
contact dermatitis/eczema, or extreme cases of severe drug reactions, which can lead to a real
exfoliation with loss of several layers of epidermis [63]. In these cases, keratinocytes scale down,
leaving the outer layer of the skin unprotected. For these reasons, the pathological peeling of the
epidermis may be accompanied by itch, dryness or irritating phenomena, which enhance the loss of
the keratinocytes.

As already mentioned, skin scaling, together with skin wrinkles, roughness, and smoothness
are considered to be qualitative and quantitative parameters of the skin physiological conditions,
and represent the four clinical parameters that, if considered together, allow the SELS [57].

To evaluate the appropriateness of skin scaling as an OV for the protection of skin against
dehydration, database 9 was generated (see Table 1).
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Skin scaling is a sign frequently observed on the skin surface. It usually suggests an alteration in
skin homeostasis and an alteration of the stratum corneum. During their transit through the epidermal
layers toward the skin surface, keratinocytes follow a well predetermined differentiation program in
order to originate the stratum corneum. Several conditions can lead to skin scaling. As cited above,
some dermatological diseases are characterized by scaling. However, scaling can be also determined
by a transient state of skin dehydration or other particular conditions. For example, being elderly is
accompanied by an epidermal barrier impaired with TEWL increase, xerosis and skin scaling [64].

In conclusion, skin scaling is not appropriate to be used alone for the substantiation of health
claims in the context of protection of the skin against dehydration. However, it can be used as
supporting evidence when appropriate outcome measures are also considered (e.g., TEWL).

In addition, the simultaneous evaluation of all 4 parameters allowing the SELS
(e.g., skin smoothness, roughness and wrinkles) is preferable.

UV Camera

See “UV Camera” in Section 3.1.9.

3.1.12. Skin Tightness and Softness

Tightness and softness are skin conditions mainly dependent on skin compactness and elasticity,
which may be influenced by several factors: diet; exposure to chemicals such as soaps or detergents;
and atmospheric conditions, i.e., sun or wind. Pathological conditions, such as scleroderma, or diseases
of collagen and subcutaneous tissue can modify skin tightness and softness [65].

To evaluate the appropriateness of skin tightness and softness as an OV for the protection of skin
against dehydration, database 10 was generated (see Table 1).

Skin tightness and softness are features more typical of the deep tissue of the cutis (connective
tissue) than the epidermis. They are determined by changes of deep components of the dermis,
in particular, collagen and elastic fibers. Intrinsic and extrinsic aging leads to a degradation of collagen
and elastic fibers with a consequent intensification of skin wrinkles, dryness and scaling.

However, skin texture can also be modified by pathological conditions of the connective tissue,
which is characterized by changes in composition and/or tridimensional organization of collagen.
In particular, systemic sclerosis (also known as scleroderma) or morphea (a localized form of sclerosis)
are the result of an excessive activation of the repair process known as fibrosis leading to a severe skin
tightening [66]. On the other hand, an increased softness is the main feature of elastic fiber disease,
such as cutis laxa, in which the skin becomes inelastic and hangs loosely in folds. Patients develop
a prematurely aged appearance. Nevertheless, a loss of skin elasticity is often associated with changes
in other skin features, such as a decreased water content of the skin.

In conclusion, skin tightness and softness are not appropriate to be used alone for the
substantiation of health claims in the context of protection of the skin against dehydration.
However, they can be used as supporting evidence when appropriate outcome measures are also
considered (e.g., TEWL).

Self-Assessment

Skin tightness or softness is evaluated by using the Modified Rodnan Score [67]. This score
consists of an evaluation of skin thickness rated by clinical palpation using a 0-3 scale (0 = normal skin;
1 = mild thickness; 2 = moderate thickness; 3 = severe thickness with inability to pinch the skin
into a fold) for each of the 17 surface anatomic areas of the body: face, anterior chest, abdomen,
(right and left separately) fingers, forearms, upper arms, tights, lower legs, dorsum of hands and feet.
These individual values are added, and the sum is defined as the total skin score, ranging from 0 to 51.

Modified Rodnan score is frequently utilized to evaluate the systemic sclerosis (or scleroderma),
characterized by a progressive increase in skin tightness [68], and to monitor the efficacy of treatments.
Skin thickness is used as a surrogate measure of disease activity, severity and mortality in patients
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with diffuse cutaneous systemic sclerosis, and higher skin thickness progression rates are predictive
of internal organ involvement and mortality. This score can be used by physicians, but can also be
self-assessed by the subjects, due to the high level of correlation between subject self-assessment and
physician-assessment. In conclusion, the self-assessment with Modified Rodnan Score is an appropriate
method to be used for the measurement of the skin tightness and softness.

3.1.13. Skin Reddening and Erythema Formation

Erythema is a skin condition characterized by redness and is typically caused by vasodilation of
superficial capillaries in the dermis [69]. It is a major feature of inflammatory skin reactions elicited
by irritants or allergens. Erythema is often associated with an impaired barrier function, such as in
the case of “sensitive skin” and rosacea, atopic dermatitis, psoriasis, allergic reactions, autoimmune
disease [70]. Erythema is one of the most frequent signs of a pathological skin, with or without an
impaired epidermal barrier function.

To evaluate the appropriateness of skin reddening and erythema formation as an OV for the
protection of skin against dehydration, database 11 was generated (see Table 1).

If severe, reddening and erythema may lead to the loss of the barrier function of the skin. Moreover,
an impaired epidermal barrier (as measured by an increase in TEWL) can be associated with clinical
symptoms like redness and erythema.

Nevertheless, erythema is not directly and unequivocally related to an impaired structure or
hydration or permeability function of the skin.

Therefore, skin reddening and erythema formation are not appropriate to be used for the
substantiation of health claims in the context of protection of the skin against dehydration.

3.1.14. Capillary Blood Flow

The total blood flow within the systemic circulation is about 5 L/min. Most of the cardiac output
is received by the gastrointestinal system and the skeletal muscle, while only ~5% goes to the skin.
Cutaneous microcirculation is organized into two horizontal plexuses: one more superficial, situated
in the upper dermis (1 + 1.5 mm below the skin surface) and one deeper, at the dermal-subcutaneous
junction [71]. Several factors can induce an alteration of cutaneous microcirculation with a vasodilation
such as drugs or chemicals, UV, cutaneous inflammatory disease (e.g., psoriasis, eczema, allergic
reactions, rosacea), and vascular disorders (i.e., Raynaud’s phenomenon or peripheral circulating
disorders) [72]. A preserved microcirculation is essential for the proper delivery of oxygen and
nutritive substances to the biological tissue as well as for the removal of toxins.

To evaluate the appropriateness of capillary blood flow as an OV for the protection of skin against
dehydration, database 12 was generated (see Table 1).

A normal blood flow allows an appropriate delivery of nutrients and a simultaneous removal of
products of metabolism. This is why an inappropriate removal of these waste products, which may
occur in cases of reduced blood flow, could have negative effects on both the body and the skin.

Therefore, the measurement of blood flow might provide useful information on skin health.
For instance, blood flow in the capillaries can be directly associated with wrinkle formation by
a reduction of the flow and of the delivery of nutritional compounds to the cells [73].

However, there is no strong scientific evidence suggesting that a reduced capillary blood flow is
unequivocally related to an impaired structure/hydration or elasticity of the skin. There are several
other mechanisms that contribute to unhealthy skin. Erythema and altered blood flow are also not
always associated with either an impaired of barrier or with a decrease in hydration.

In conclusion, capillary blood flow is not an appropriate outcome variable to be used for the
substantiation of health claims in the context of protection of the skin against dehydration.
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3.2. Protection of the Skin against Oxidative (Including UV-Induced) Damage

In physiological conditions, the skin cellular redox processes constantly produce free radicals,
such as reactive oxygen species (ROS) and reactive nitrogen species (RNS), which are finely
counteracted by endogenous and exogenous systems. When these antioxidant defenses are inadequate
to fully inactivate the ROS (because of excessive production of ROS and/or because of inadequate
antioxidant defenses), a condition of oxidative stress can occur. Oxidative stress has been widely
associated with an increased risk of many acute and chronic diseases, mainly because of its role in
altering the molecular structure and function of DNA, proteins and lipids. In addition, these oxidative
products may accumulate over the time.

As skin is the most exposed organ to environmental sunlight and pathogens, it represents the
major protective interface between the body and the environment. Therefore, it is exposed to many
sources of oxidative stress including pollutants, infrared irradiation, xenobiotics and most of all UV
radiation. Many mechanisms are involved in UV-induced damage, including up-regulation of gene
expression through intracellular signal transduction pathways, suppression of immune reaction and
induction of tolerance to antigens. Moreover, UV radiation seems to form a complex interaction with
mitochondria, where it may contribute to a vicious circle of increasing damage.

3.2.1. Oxidative Damage to DNA

Exposure to UVA and ultraviolet B (UVB) radiation may lead to the oxidation of DNA, proteins
and lipids. As a result, several products of oxidation may originate. The main classes of products
directly deriving from DNA oxidation are cis-syn cyclobutane pyrimidine dimers (CPDs), followed by
pyrimidine-pyrimidone photoproducts [74].

Regarding the DNA products of oxidative DNA damage due to ROS, these mainly consist
of a large group of compounds deriving from the DNA bases such as the guanine. One of the
main products of DNA oxidation is the 8-hydroxydeoxyguanosine (8-OHdG), a pre-mutagenic
lesion in mammalian cells that is considered a ubiquitous marker of oxidative stress. 8-OHdG is
generated by hydroxyl radical, singlet oxygen, or direct electron transfer which does not involve
any ROS. 8-OHdG may cause mutation (G:C to T:A) at DNA replication. In addition to 8-OHdG,
UV radiation may produce many other products of DNA damage, such as protein-DNA crosslinks
and single-strand breaks.

To evaluate the appropriateness of oxidative damage to DNA as an outcome variable for the
protection of the skin against oxidative damage, database 13 was generated (see Table 1).

Solar UV radiation is one of the most important causes of skin lesions and related
diseases. In fact, UV radiation induces a variety of photoproducts in DNA, including
CPDs, pyrimidine-pyrimidone photoproducts, thymine glycols, cytosine damage, purine damage,
DNA strand breaks, and DNA-protein crosslinks. If unrepaired damage occurs to regulatory genes
(e.g., tumor suppressor genes), this may promote the process of carcinogenesis. In this context,
gene mutation and activation may be important [75]. Other responses resulting from UV ray exposure
of cells include increased cellular proliferation, which could have a tumor-promoting effect on
genetically altered cells, as well as changes in components of the immune system present in the skin.

It is well documented that, in contrast to UVB radiation, the less energetic UVA photons may
indirectly affect membranes, proteins, and DNA, by producing ROS. Among the most representative
DNA oxidation products, 8-OHdG is commonly used as an indirect biomarker of oxidative DNA
stress, although several factors (e.g., artifacts during isolation of DNA and its preparation for analysis)
should be carefully considered, as they can affect its measurement [76].

To gain a better understanding of the mutagenic and carcinogenic features of UVA radiation,
the identification of other products of oxidatively-generated DNA damage requires further
investigations. These products include DN A-protein crosslinks and adducts, which may be issued
from the covalent binding of reactive aldehydes arising from the decomposition of lipid hydroperoxides
to nucleobases.
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In conclusion, direct measures of oxidative damage to DNA, such as CPDs, are appropriate to be
used for the substantiation of health claims in the context of protection of the skin against oxidative
(including UV-induced) damage. Conversely, indirect products of DNA oxidation such as 8-OHdG are
not appropriate for the substantiation of health claims in the context of protection against oxidative
damage to DNA when measured alone, but they could be used as supporting evidence.

Skin Biopsy and High Performance Liquid Chromatography

The in vivo evaluation of direct markers of oxidative damage to DNA must be assessed directly
on the target tissue, which should be correctly harvested, treated and stored, prior to being analyzed.
Skin biopsy is the procedure used to sample the outer layer of the derma, and may be performed
using different techniques, according to the type of analysis, the size and the location of the part which
should be sampled. Shave biopsy, performed with a scalpel or a razor blade, allows the harvest of
a tangential part of the skin across the target place. Punch biopsy, performed with a circular blade,
allows the harvest of a round or ellipsoidal part of the epidermis, dermis and subcutaneous fat close
to the target place of the skin. Excisional biopsy is an incisional biopsy where the harvested sample
includes the target place with the lesion or the mutation [77]. A particular skin collection may be
performed by using stripes that allow the sampling of the lonely dead keratinocytes on the outer layer,
or by using cotton pads to collect sebum or skin lipids.

Skin samples collected by biopsy can be used for the evaluation of products of oxidative
damage to DNA, such as CPDs, detected by using several methods, including high performance
liquid chromatography with electrospray ionization-tandem mass spectrometry, which represents the
reference method. In vitro UVR radiation of standard nucleosides is performed to obtain a calibration
curve useful for quantifying the products of oxidation, such as cis-syn and trans-syn CPDs, cyclobutane
thymine dimers, as well as oxidized nucleosides, i.e., 1,3 dimethyluracile [78].

In conclusion, skin biopsy followed by high performance liquid chromatography is an appropriate
method for the measurement of direct markers of oxidative DNA damage like CPDs.

Skin Biopsy and Immunohistochemical Techniques

The in vivo evaluation of direct marker of oxidative damage to lipids must be assessed directly
on the target tissue, and skin biopsy is the most accurate procedure, as described in “Skin Biopsy and
High Performance Liquid Chromatography” in Section 3.2.1.

In alternative to chromatographic techniques, oxidative damage to DNA can be measured by
semiquantitative immunohistochemical ones.

After the biopsy is assessed, skin samples are washed in saline solutions and fixed in opportune
buffers (i.e., formalin, formaldehyde, paraformaldehyde) and included in paraffin. Samples are then
sectioned and stained with non-human primary monoclonal or polyclonal antibodies anti-CPD by
using a direct or a sandwich enzyme-linked immunosorbent assay (ELISA) technique. In this last case,
a secondary antibody, which may be bound to a biotin-streptavidin complex, is required to increase
the signal of CPD detection. Alternatively, primary cells harvested from the biopsy samples may
be cultured and allowed to grow in vitro. In this way;, it is possible to harvest cells from the culture
medium, and process them for immunohistochemical analysis with primary or secondary antibodies
anti-CPD [79]. It has been demonstrated that cells containing CPDs have a shorter survival and tend
to die quicker than non-damaged cells.

Indirect products of oxidation, such as 8-OHdG, are also assayed with immunohistochemical
techniques. As described previously, the included skin cells are processed for staining with
anti-8-OHdG antibodies. Further washing allows the elimination of the remaining sample, and then
a secondary anti-primary antibody is added to the well. An enzyme catalyzing the production of
a colored substrate is bound to the same secondary antibody. The quantification of the analyte is
carried out by measuring the intensity of the immunostaining, and by subtracting the value of the
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background at a cell-free area of the slice. Immunostaining is measured by using microscopes or
cameras equipped with computer presenting image analysis software [80].

The method results are more sensitive to both CPD and 8-OHdG than the chromatographic ones,
because even very small amounts of antigen are stained with the antibodies. Nevertheless, its results
are less specific, particularly when polyclonal antibodies are used, as cross-link phenomena may occur
between molecules having similar structure.

In conclusion, based on these considerations, skin biopsy followed by immunohistochemical
detection of CPD and 8-OHdG is an appropriate method for measurement of markers of oxidative
DNA damage at skin level.

3.2.2. Oxidative Damage to Lipids

Lipids are fundamental components of the skin surface and are present as both sebaceous and
epidermal lipids. Although the lipid profile is characterized by a large inter-individual variation,
squalene, sebaleic acid, linoleic acid, and cholesterol are the most represented.

Skin lipids are susceptible to oxidation through three different mechanisms: free radical chain
oxidation, enzymatic oxidation, and non-radical, non-enzymatic oxidation [81].

Skin photo-oxidation, which is a consequence of exposure to UVA and UVB, may result
in the production of many oxidation products, including squalene monohydroperoxyde and
hydroperoxycholesterol. In addition, lipid peroxidation products such as hydroxyeicosatetraenoic
acids (HETEs) and isoprostanes have been found to increase in human skin following UV exposure.

Lipid peroxidation (LPO) products tend to accumulate in the cellular membranes proportionally
with the cumulative oxidative stress of the skin. High concentrations of LPO products perturb the
integrity of the membranes, and thus of the cells involved. Lipid peroxides can be further decomposed
to many reactive aldehydic species, such as malondialdehyde, 4-hydroxynonenal, hexanal, as well as
other saturated and unsaturated aldehydes and ketones [82].

To evaluate the appropriateness of oxidative damage to lipids as an outcome variable for the
protection of the skin against oxidative damage, database 13 was generated (see Table 1).

UV radiation induces many indirect photo-chemical effects in the skin. In this context, LPO is one
of the major pathways by which photo-oxidative stress disturbs cell signaling, and promotes
photo-carcinogenesis and photo-aging. Studies have shown a significant linear relation between
UVB exposure recorded by the dosimeters and colorimetry parameters of the skin reaction.

An established marker of oxidative damage to cell membranes, which is reliably measured by
immunohistochemistry, is represented by F2-isoprostanes. F2-isoprostanes are a series of prostaglandin
F2-like compounds produced invivo independently of cyclo-oxygenase as products of radical
catalyzed LPO. Among these F2-isoprostanes, 8-epi-prostaglandin 2a (8-isoprostane) is the most
representative. A linear relation was found between the generation of 8-isoprostane in the skin and the
dosimeter readouts [83]. 8-Isoprostane has been validated as a marker for oxidative stress in various
conditions and in the skin.

In conclusion, products of oxidative damage to lipids, such as isoprostanes, are appropriate
outcome variables to be used for the substantiation of health claims in the context of protection of the
skin against oxidative (including UV-induced) damage.

Skin Biopsy and Liquid or Gas Chromatography-Mass Technique

The in vivo evaluation of direct markers of oxidative damage to lipids must be assessed directly
on the target tissue, and skin biopsy is the most accurate procedure, as described in “Skin Biopsy and
High Performance Liquid Chromatography” in Section 3.2.1.

The most common method for detecting and quantifying hydroxyperoxides, such as squalene
monohydroperoxide and cholesterol, is based on the liquid or gas chromatography technique [84].
After the collection of the skin, samples are extracted with organic solvents, e.g., acetone or 1-butanol,
and prepared for the injection into chromatographic instruments. Chromatographic detection and
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quantification of target compounds may be performed by analyzing their mass, and/or that of
their main fragments. Gas chromatography is more frequently used than liquid chromatography,
as the mobile phase is cheaper, and because of the volatility of the sampling compounds.

Liquid chromatography techniques can be also used for the detection and quantification of
isoprostanes (i.e., 8-Isoprostaglandin F2«), leukotrienes (i.e., HETE), hydroperoxyeicosatetraenoic acid
(HpETESs) and lipoxin (i.e., lipoxin A4 (LXA4) and B4 (LXB4)) [85]. This is the preferred method, as it is
simple, cheap, and very sensitive, as the concentration of these analytes in tissues are very scarce.

In conclusion, liquid or gas chromatography-mass techniques following skin biopsy are
appropriate methods to be used for the measurement of markers of lipid oxidation like isoprostanes at
skin level.

Skin Biopsy and Immunohistochemical Techniques

The in vivo evaluation of direct markers of oxidative damage to lipids must be assessed directly
on the target tissue, and skin biopsy is the most accurate procedure, as described in “Skin Biopsy and
High Performance Liquid Chromatography” in Section 3.2.1.

The detection and quantification of isoprostanes (i.e., 8-Isoprostaglandin F2«), leukotrienes
(i.e, HETE, HpETEs and lipoxin (i.e., LXA4 and LXB4) can be performed by using
immunohistochemical techniques, such as ELISA assays [83]. After the biopsy is assessed,
skin samples are washed in saline solutions and fixed in opportune buffers and included in paraffin.
Subsequently, samples are sectioned and stained with non-human primary antibodies specific
for the marker (i.e., polyclonal goat anti-8-epiPGF-2c antibody). As described in “Skin Biopsy
and Immunohistochemical Techniques”in Section 3.2.1, further washing allows the elimination
of the remaining sample before a secondary anti-primary antibody is added in the well and an
enzyme catalyzing the production of a colored substrates is bound to the same secondary antibody.
The quantification of the analyte is carried out by measuring the intensity of immunostaining by
subtracting the value of the background at a cell-free area of the slice. Immunostaining is measured by
using microscopes or cameras equipped with a computer running image analysis software.

The principal limitation of immunohistochemistry is the need for high-resolution image analysis
to obtain reliable results. Furthermore, the technique is more specific when monoclonal antibodies
are used for the precise marker compared to polyclonal ones, which may recognize similar epitopes
of different isoprostanes. However, monoclonal antibodies are expensive and request long times
of production.

In conclusion, skin biopsy, followed by immunohistochemical detection of lipids, is an appropriate
method for the measurement of markers of oxidative damage to lipid like isoprostanes in the skin.

3.2.3. Oxidative Damage to Proteins

UV radiation can interact with cellular photosensitizers to generate ROS and ROS-mediated
oxidative damage to DNA, proteins and lipids. It is well known that UVB rays induce a direct
formation of DNA-photoproducts that are generally removed by the nucleotide excision repair system.
UVA represents more than 95% of the incident solar radiation. The effects of UVA reflect the induction
of oxidative stress that causes extensive protein oxidation.

Moreover, sustained UV-exposure can lead to a high extent of protein oxidation, which is generally
increased in aged tissue [86]. ROS-induced oxidative damage to the structural dermal proteins collagen
and elastin can result in changes in the protein conformation and unfolding, leading to modifications
in the mechanical properties of skin. Collagen degradation and abnormal elastin accumulation are
visible in photo-aged skin. Proteins undergo modifications and subsequent conformational changes
when certain amino acids are converted to their oxidized forms.

Several biomarkers have been used to assess the extent of oxidative damage to protein in the skin.
Reactive oxygen species (ROS) can lead to protein modifications occurring at the backbone, at amino
acid side chains, as well as by the formation of protein carbonyls. Oxidative damage to proteins results
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in a multitude of products, arising from modification of a wide range of amino acids [87]. The various
amino acid residues do not have the same susceptibility to oxidative modifications. For instance,
histidine, leucine, methionine, and cysteine, as well as phenylalanine, tyrosine, and tryptophan,
are more susceptible than others to the presence of thiols or hydroxyl moieties, which are more
sensitive to oxidation processes [75].

Conversely, oxidation of proteins containing proline, arginine, lysine and threonine results in
the formation of irreversible carbonyl groups. If compared to the deeper layers of the epidermis,
these carbonyls have been found to be more concentrated in the SC.

To evaluate the appropriateness of oxidative damage to proteins as an outcome variable for the
protection of the skin against oxidative damage, database 13 was generated (see Table 1).

Despite the presence of antioxidant defensive-systems, UV radiations cause extensive protein
modification, which seems to be involved in aging processes and disease development [88].

ROS generated from UV exposure is the most important triggering agent of protein oxidation.
Hydroxyl-, peroxyl-, nitro-, etc. radicals are able to modify both the carbon skeleton and the R
group of the protein in order to create more unstable products. In detail, cysteine or methionine
sulfenic/sulfonic acids, hydroxytyrosine, nitrotryptophan are produced inside the cell, causing the
loss of the function of the relative proteins which they constitute. Due to their instability, the next
step is the generation of protein carbonyl groups which are usually the resulting marker of protein
oxidation, as they represent an irreversible form of protein modification [75].

In conclusion, products of oxidative damage to proteins such as oxidative changes in amino acids
are appropriate outcome variables to be used for the substantiation of health claims in the context of
protection of the skin against oxidative (including UV-induced) damage.

Conversely, protein carbonyls should be used in combination with direct markers of oxidative
damage to proteins in vivo.

Skin Biopsy and Liquid Chromatography-Mass Technique

The in vivo evaluation of direct markers of oxidative damage to proteins must be assessed directly
on the target tissue, and skin biopsy is the most accurate procedure, as described in “Skin Biopsy and
High Performance Liquid Chromatography” in Section 3.2.1.

A sensitive and specific method for detection of the direct products of protein oxidation is based
on the liquid chromatography technique [89]. After the collection of the SC samples by using strips,
they are washed and treated to avoid contaminations. Then, the sample is treated to avoid artefacts,
and is digested with proteases, i.e., pepsin, trypsin and chymotrypsin, in acid conditions in order to
avoid the formation of polymers. Samples are injected into chromatography instruments, and the
detection and quantification of target compounds may be performed by analyzing the mass of the
target compounds and/or their main fragments.

In conclusion, based on these considerations, skin biopsy followed by liquid or gas
chromatography techniques is an appropriate method for the measurement of markers of oxidative
damage to proteins at skin level.

3.3. Protection of the Skin from UV-Induced (Other Than Oxidative) Damage

3.3.1. DNA Damage after UV Radiation Exposure

Exposure of skin to UV radiation has been shown to have a number of deleterious effects, including
photo-aging, photo-immunosuppression and photo-induced DNA damage, which can lead to the
development of skin cancer [90]. DNA has been shown to be a skin chromophore, and absorption of
UV radiation by DNA can result in the formation of thymine dimers.

To evaluate the appropriateness of DNA damage after UV radiation exposure as OV for the
protection of the skin from UV-induced damage, database 14 was generated (see Table 1).
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DNA, invitro and in vivo, is susceptible to being damaged when exposed to high-energy
radiation. This damage can be a breaking of one or both of the strands in the DNA helix, a fusing
of the two strands to each other, to themselves (dimers), or other types of molecular damage to the
nucleotides. Usually, the majority of DNA damage is repaired. However, incomplete or deficient repair
may lead to skin cancer, which is a multistep process involving tumor initiation, tumor promotion,
and tumor progression, ultimately resulting in visible skin cancer [91]. Based on these considerations,
the measurement of DNA damage after UV radiation exposure is an appropriate outcome variable to
be used for the substantiation of health claims in the context of protection of skin from UV-induced
(other than oxidative) damage.

Immunohistochemical Techniques

Methods for quantifying photoproducts in human skin include DNA extraction analysis and
immunohistochemical analysis. In vitro fragmented DNA can be observed directly using conventional
techniques such as capillary electrophoresis and the comet assay. The measurement of internal damage
typically requires analysis such as high performance liquid chromatographic-mass spectrometry,
hydrolysis of DNA followed by chromatographic separation, electrochemical measurements,
or the enzymatic conversion of photoproducts into strand breaks [92]. However, in vivo quantification
is more appropriate for evaluating UV-induced DNA damage in humans. There are some advantages
to using immunohistochemical quantification, compared to DNA extraction. Histology is able
to identify the skin compartment in which DNA damage has occurred, to which depth cells are
affected, and which subpopulations of cells are damaged. Immunohistochemistry is based on the
quantification of the thymine cyclobutane dimer (TT-CPD), the main DNA lesion induced by both
UVB and UVA radiations. The level of TT-CPD in DNA may be determined by, immunohistochemical
staining of photoproduct positive nuclei of keratinocytes in the epidermis. Manual counting of
photoproduct-positive immunohistochemically stained nuclei in the epidermis is a frequently used
method for quantification of DNA damage [93].

In conclusion, immunohistochemical analysis is an appropriate method for the measurement of
DNA damage after UV radiation exposure.

3.3.2. Depletion of Langerhans Cells after UV Light Exposure

Langerhans cells (LCs) are effective antigen-presenting cells that function as “custodians” of
the skin, altering the immune system to pathogen entry, but also the tolerance to self-antigen and
commensal microbes [94]. LCs are also recognized to play a key role in the induction and maintenance
of the immune response against skin cancer. Exposure of human skin to solar UV light induces local
and systemic immune suppression. It is known that alterations of numbers and immune functions of
LCs mediate this phenomenon [95]. The effect of UV on epidermal LCs has been studied for many
years, since the first reports in the 1980s focusing on the deleterious effects of UV on epidermal LCs
in humans. Exposure to UV induces a decrease in LCs within the human skin, and this depletion is
probably due to both cell death and enhanced migration to regional lymph nodes.

To evaluate the appropriateness of depletion of Langerhans cells after UV-light exposure as OV
for the protection of the skin from UV-induced damage, database 15 was generated (see Table 1).

It has been shown that UV radiation induces epidermal LCs to emigrate to draining lymph nodes
starting a few hours or a few days after UV exposure. This leads to a decrease in the number of
Langerhans cells, which can persist for up to four weeks before recovery of a normal epidermal pool.
The consequence is direct damage to the immunological function of the skin. Therefore, decreasing the
depletion of Langerhans cells after UV light exposure is beneficial. It has been shown that the protection
afforded by sunscreens against photo-immunosuppression must be broad-spectrum with an adequate
UVA protection. Based on these considerations, the evaluation of depletion of Langerhans cells after
UV light exposure, measured with appropriate techniques, is appropriate for the substantiation of
health claims in the context of protection of skin from UV-induced (other than oxidative) damage.
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Histochemical and Immunological Techniques

The measurement of the number of LCs necessarily requires skin samples. The simplest way to
obtain a skin sample is a punch skin biopsy, which is generally performed in UV-unexposed skin such
as buttock skin or the inner forearm after local anesthesia. This is an easy, minimally invasive and
low-cost procedure, which provides the substratum for the subsequent measurement [77].

Langerhans cells cannot be identified in routinely prepared histologic testing, but they
can be visualized at the light microscope by histochemical and immunological techniques.
Appropriate methods for LC detection in the human skin include histo-enzymatic methods
of adenosintriphosphatases, acid phosphatase, alpha-naphthylacetate esterase and the
peroxidase-antiperoxidase immunochemistry method with S-100 protein antibody [96]. Based on
these considerations, skin biopsy, if followed by a histochemical or immunological technique,
is an appropriate method for the measurement of the number of LCs after UV-light exposure.

3.3.3. UV-Induced Erythema and Erythema Grade (Reddening)

Erythema or skin reddening is an inflammatory response of the skin to UV-induced molecular
and cellular damage [97]. If severe, i.e., sunburn, it may lead to blisters and loss of the several skin
functions. Erythema and subsequent pigmentation are immediate responses of normal human skin
exposure to UV radiation. Even if it is an indicator of direct UV-induced skin damage, there is no direct
evidence of correlation with skin cancer and photo aging [98].

To evaluate the appropriateness of UV-induced erythema as OV for the protection of the skin
from UV-induced damage, database 16 was generated (see Table 1).

A reduction in UV-induced erythema (e.g., measured as change in minimal erythema dose (MED)
or erythema grade (reddening)) may indicate less UV-induced damage to the skin. However, it can also
reflect a reduction in the capacity of the skin to react to molecular and cellular damage, so it does
not represent a univocal measure of UV-induced damage at skin level. Moreover, erythema is a poor
indicator of immunosuppression [99]. On the basis of these considerations, UV-induced erythema
cannot be used alone as an outcome measure for the substantiation of health claims on protection of
the skin from UV-induced damage. However, it can be used as supporting evidence when appropriate
outcome variables are also used.

Minimal Erythemal Dose Test

The MED test allows the determination of the amount of UV radiation producing minimal
erythema (sunburn or redness caused by engorgement of capillaries) of the skin within a few hours
following exposure. The individual MED is determined by irradiating small areas of skin (usually sun
un-exposed skin) with increasing UV doses. Results are read at 24 h post-exposure and the lowest
dose in the series that only just produced erythema is considered to be the MED [100]. The increasing
UV doses are determined in consideration of the specific skin phototype, since this strictly influences
the intensity of the resulting erythema. This procedure is simple to perform, and requires only a few
minutes. The only possible drawback is that an appropriate evaluation of phototype is fundamental to
avoid excessive UV exposure time with consequent burning.

In conclusion, the MED test is an appropriate, simple and low-cost procedure for the measurement
of UV-erythema.

3.3.4. Delayed-Type Hypersensitivity Immune Response to Recall Antigens in the Skin

The delayed-type hypersensitivity (DTH) reaction is a cell-mediated reaction to several antigens
injected in the skin. The DTH skin test is used to evaluate whether prior exposure to an antigen
has occurred, and reflects the cell-mediated immunity that provides the main mechanism against
fungi, viruses and other hosts. Following the injection of small amounts of antigen, a typical response
occurs, including induration, swelling and monocytic infiltration into the site of the lesion within 24
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to 72 h. This reaction has been considered a surrogate for immune response to tumor antigens [101].
Three types of DTH reactions have been described: contact hypersensitivity (e.g., caused by metal
ions), tuberculin-type reaction and granulomatous hypersensitivity.

To evaluate the appropriateness of DTH immune response as an outcome variable for the
protection of the skin from UV-induced damage, database 17 was generated (see Table 1).

Solar UV radiation has been demonstrated to have suppressive effects on the immune system.
UV radiation inhibits antigen presentation and induces the release of immunosuppressive cytokines.
This specific immunosuppression is mediated by antigen specific suppressor/regulatory T cells,
which mediates UV-induced inhibition of DTH response in human skin.

However, DTH immune responses to recall antigens in the skin is more a marker of systemic
UV-induced damage on the immune system rather than a marker of UV-damage at skin level.

Therefore, based on these considerations, DTH immune responses to recall antigens in the skin
cannot be used alone as an outcome measure for the substantiation of health claims on protection of
the skin from UV-induced damage. However, it can be used as supporting evidence in combination
with appropriate outcome variables.

Multitest Kit Merieux and Mantoux Testing

Most of the methods for determining the UV-induced immunosuppression are sunburn protection
factor-based measures of UVB induced erythema response. The main drawback is the inability of these
methods to provide an accurate evaluation of the immune protection. In this scenario, inhibition of
DTH response has been suggested as a test for evaluating UV-induced immunosuppression, but the
lack of appropriate techniques for evaluating immunosuppression still remains a challenge.

The DTH skin test is used to test if prior exposure to an antigen has occurred.
So far, two procedures have been used successfully: Multitest Kit Merieux and Mantoux testing [102].
The Multitest Kit Merieux is a DTH to seven antigens (e.g., Candida albicans, Streptococcus antigens)
and provides comprehensive information on the immune status of the human volunteers. Mantoux
testing with tuberculin purified protein derivatives provides a possible alternative model of DTH to
recall antigen.

Overall, the DTH response is not easy to assess; it requires several weeks, and it is invasive.
However, it represents an interesting tool for evaluating photoimmunosuppression in subjects
within RCTs.

In conclusion, Multitest Kit Merieux and Mantoux testing are appropriate methods for the
measurement of DTH immune response to recall antigens in the skin.

4. Conclusions

Insufficient scientific substantiation for a health claim represents the most common reason for
a negative response to a request for the authorization of a health claim. In this context, RCTs should be
well-designed and well-performed, taking into account many parameters affecting the quality of a RCT,
such as adequate sample size, proper study design (including an adequate duration of the intervention),
adequate statistical analysis, and choice of appropriate OVs and related MMs. The present report
provides a critical analysis of all the OVs and MMs that have been proposed so far in the context of
maintenance of skin function, compliant with the European Regulation. This critical analysis could
represent a useful tool for applicants during the design or selection of human intervention studies
aimed to substantiate health claims related to skin function. Moreover, this information could serve as
a basis for EFSA to develop and update the Guidance on the scientific requirements for health claims
related to skin health.
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Abbreviations

CPDs cyclobutane pyrimidine dimers
DTH delayed type hypersensitivity
EFSA european food safety authority
ELISA enzyme-linked immunosorbent assay
HETE hydroxyeicosatetraenoic acids
HpETEs hydroperoxyeicosatetraenoic acid
HPLC high performance liquid chromatography
LCs langerhans cells

LPO lipid peroxidation

LXA4 lipoxin a4

LXB4 lipoxin b4

MED minimal erythemal dose

MM method of measurement

ov outcome variable

RCT randomized controlled trial

ROS reactive oxygen species

SC stratum corneum

SELS surface evaluation of the living skin
TEWL transepidermal water loss

TT-CPD thymine cyclobutane dimer

uv ultraviolet

UVA ultraviolet A

UVB ultraviolet B

VAS visual analog scales

VP vapor pressure

8-OHAG 8-hydroxydeoxyguanosine
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Abstract: The skin is the body’s largest organ, it participates in sensitivity and offers protection
against microorganisms, chemicals and ultraviolet (UV) radiation. Consequently, the skin may suffer
alterations such as photo-ageing, immune dysfunction and inflammation which may significantly
affect human health. Nutraceuticals represent a promising strategy for preventing, delaying,
or minimising premature ageing of the skin and also to alleviate certain skin disorders. Among
them, bioactive peptides and oligosaccharides, plant polyphenols, carotenoids, vitamins and
polyunsaturated fatty acids are the most widely used ingredients. Supplementation with these
products has shown evidence of having an effect on the signs of ageing and protection against
UV radiation ageing in several human trials. In this review, the most relevant human studies on
skin nutraceuticals are evaluated and the statistical resolution, biological relevance of their results,
and, the trial protocols are discussed. In conclusion, quality and rigorousness of the trials must be
improved to build credible scientific evidence for skin nutraceuticals and to establish a cause-effect
relationship between the ingredients the beneficial effects for the skin.

Keywords: nutraceutical; skin; natural compound; polyphenols

1. Introduction

The skin is the body’s largest organ, representing one sixth of the total body weight, and its
main role is to act as a chemical and physical barrier to protect the body against harmful external
environmental agents such as pathogen, ultraviolet (UV) radiation exposure, chemical threats,
temperature changes and even dehydration [1-3]. The skin is composed of three main layers with
different underlying structures: (a) the epidermis, (b) the dermis and (c) hypodermis or subcutaneous
tissue [4] (Figure 1).

The epidermis, of ectodermal origin, is the major protective outer layer and serves as the body’s
point of contact with the environment. The stratum corneum is the outermost layer of the epidermis,
consisting of dead cells or corneocytes and has a thickness between 10 pum and 30 pm. Underneath the
stratum corneum, are living keratinocytes, melanocytes and Langerhans cells [2,3,5]. Keratinocytes are
the predominant cell type in the epidermis producing keratin, a protein that makes the skin waterproof.
Another significant cell group in the epidermis is that composed of the melanocytes. These cells
form a heterogeneous group of cells in the human body and are present in the epidermis—dermal
junction and hair follicles. Melanocytes produce melanin, a pigment responsible for skin pigmentation
and photoprotection. Melanin may have other important physiological effects, including regulatory
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influence of epidermal homeostasis, free radical scavenging to protect against oxidative stress and
even antimicrobial activity [6-12]. Langerhans cells are immune dendritic cells protecting against
external substances and microorganisms [13-15].

The dermis, of mesoderm origin, is the layer that provides strength and elasticity to the skin.
It includes the vascular, lymphatic and neuronal systems. It also contains sweat pores and hair follicles
(Figure 1). The dermis is primarily composed of complex extracellular matrix (ECM) proteins, specially
collagen fibres. ECM proteins can be categorised as either structural such as collagen and elastin or
non-structural (glycoproteins), depending on their function. Integrins are essential compounds of the
ECM, in addition to a group of matrix metalloproteinases (MMPs) and growth factors (GFs) [16,17].
Dermal collagen represents the most abundant ECM protein constituting 90% dry weight of the
skin. Dermal connective tissue collagen is responsible for the skin’s tensile strength and mechanical
properties [18]. The dermis also contains abundant immune cells and fibroblasts (the major cell type
present in this layer), which are involved in the synthesis of many of the ECM components. Blood
vessels which provide nutrients to the skin and help regulate body temperature are also present in
the dermis.

The hypodermis or subcutaneous tissue helps insulate the body from heat and cold, provides
protective padding and serves as an energy storage area.

Merkel’s disks Free nerves endings

(touch, pressure) (pain, heat, cold) g one pore

Meissner’s corpuscles
(sensitive touch) Hair shaft
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(touch, pressure)
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(cold) .
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(pressure)
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Figure 1. Human skin anatomy. There are three mechanoreceptor categories: tactile, proprioceptors
and baroreceptors. The four major types of tactile mechanoreceptors are Merkel’s disks, Meissner’s
corpuscles, Ruffini’s endings, and Pacinian corpuscles. The fifth type of mechanoreceptor, Krause’s end
bulbs, is found only in specialised regions to detect cold. Free nerve endings are sensitive to painful
stimuli, to hot and cold, and to light touch. This figure was created using Servier Medical Art [19],
licensed under the Creative Commons Attribution 3.0 Unported License (www.creativecommons.org/
licenses/by/3.0/).

UV exposure is a major causative factor for age-related changes including inflammation,
degenerative ageing, ECM degeneration and cancer. UV radiation is divided into long wave UVA
(320-400 nm), medium wave UVB (280-320 nm), and shortwave UVC (100-280 nm), which is absorbed
by the ozone layer. UVB represents only 0.3% of the sun’s emission reaching the ground, and UVA
radiation reaches Earth surface almost entirely. UV penetrates the skin in a wavelength-dependent
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manner. UVA (longer wavelength) reaching the dermis and UVB is almost entirely absorbed by the
epidermis [20] (Figure 2).

<«4+—————————— SOLAR RADIATION ————

UVA UVB uvce

r T
400 nm 320 nm

+— Epidermis

— Dermis

— Hypodermis

Figure 2. UV penetration into the layers of the skin. The figure was created using Servier
Medical Art [19], licensed under the Creative Commons Attribution 3.0 Unported License (www.
creativecommons.org/licenses /by /3.0/).

Solar UV radiation can interact with many molecules (chromophores) in different layers of the skin.
These interactions may have both positive and negative biological effects, depending on wavelength,
radiation exposure and UV sources. The positive effects mainly include vitamin D synthesis and
treatment of different skin disorders (Figure 3). It is well known that solar radiation promotes the
synthesis of vitamin D precursors at the skin. Most people can synthesise enough vitamin D from being
out in the sun daily for short periods with their forearms, hands or lower legs uncovered. However,
some populations as Africans, African/black Americans, or those from low sun-exposed areas, cannot
synthesise it from limited sun exposure. In these situations, dermatologists recommend to get vitamin
D from diet or vitamin supplements rather than from extra-exposure to UV.

The UVB photons enter the skin and photolyse 7-dehydrocholesterol to previtamin D3, which in
turn, is isomerized by body’s thermal energy to vitamin D3. Deficiency of vitamin D causes growth
retardation in children and can precipitate and aggravate osteoporosis and osteopenia in adults.
However, this is only associated with extremely low sun exposure lifestyles (northern Native people
or some Asian populations). In addition, phototherapy is also an option in the treatment of many skin
pathologies such as psoriatic and nonpsoriatic (e.g., morphea, scleroderma, vitiligo, atopic dermatitis)
disorders [21-23].

The adverse effects of UV-radiation include inflammation, immunosuppression and/or allergy
disorders, UV-increased sensitivity by drugs (corticoids), photo-aging, DNA damage, oxidative stress
and carcinogenesis (Figure 3). UV-mediated skin inflammation is externally characterised by sunburn
or erythema. This situation can be visually identified by skin redness or erythema, which is due
to blood flow increase caused by dilation of the superficial blood vessels in the dermis. High UV
doses can result in oedema, blistering, peeling and pain after exposure and UVB radiation, which
is more erythmogenic than UVA radiation [24]. UVB induces a cytokine cascade, neuroactive and
vasoactive mediators in the skin, resulting in inflammatory responses. If the dose of UV exceeds a
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certain threshold, affected keratinocytes respond by activating an apoptotic pathway. Such cells can be
identified by their pyknotic nuclei and are known as “sunburn cells” [25-29]. From a molecular point
of view, damage signals such as p53 activation significantly alter keratinocyte physiology mediating
cell cycle arrest and activating DNA repair. NF-«B nuclear transcription factor is also activated by UV
radiation, leading to the initial steps in the inflammatory process of sunburn reactions that increases
the expression of proinflammatory cytokines interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-«
and vascular endothelial growth factor (VEGF) [30].

UV-induced immunosuppression does not affect only an irradiated area but also influences
the whole immune system as skin includes all the cell types also present in secondary lymphoid
organ such as the spleen, lymph nodes and tonsils [31]. The main cells affected by UV radiation are
Langerhans cells and T lymphocytes. Langerhans cells are dendritic cells critical for the presentation of
antigens to the immune system. Langerhans cells are located in the epidermis and are responsible for
T-lymphocyte activation in response to foreign antigens. Several studies have demonstrated that UVB
radiation alters the number of Langerhans cells (decrease density), morphology and immunological
function. Also, UVB radiation has been shown to induce T cell tolerance via modulation of the function
of antigen-presenting cells like dendritic cells, leading to immunosuppression [32].

Skin ageing is a complex biological process resulting from two synergistic mechanisms: intrinsic
and extrinsic factors. On the one hand, intrinsic or endogenous ageing, is an unavoidable phenomenon
that includes several factors such as cellular metabolism, genetics, hormone and the passage of time.
It is clinically associated with increased fragility and loss of elasticity. On the other hand, extrinsic or
exogenous ageing can be avoided and is caused by repetitive exposure of the skin or body to harmful
agents, especially UV light (photo-aging), inappropriate diet, pollution, chemicals and toxins [33,34].
UV radiation increases matrix metalloproteinases (MMPs) expression in human skin. MMPs are
responsible for degrading ECM proteins such as collagen, fibronectin, proteoglycans and elastin
(functional support). In addition, MMPs play an important role in carcinogenesis affecting several
processes related to tumour progression such as growth, angiogenesis and metastasis [35-37]. Therefore,
photo-aging is characterised by a disturbed equilibrium in the accumulation and degradation of ECM,
losing elasticity, irregular pigmentation, dryness and wrinkling [38-46]. Wrinkling and pigmentation
are also directly associated with premature photo-aging and are considered the most critical skin
events [47].

UV radiation overexposure causes generation of reactive oxygen species (ROS), leading to an
oxidative stress status [48,49]. This prooxidative situation has relevant consequences in cell homeostasis
such as lipid and protein oxidation, loss of mitochondrial potential and DNA damage. In addition,
ROS increase other UV effects such as DNA damage, inflammation and ageing, as they can activate
inflammatory responses and up-regulate matrix metalloproteinase (MMP) production and activity,
resulting in collagen breakdown. Skin spontaneously responds to high ROS levels by activating
detoxifying enzymes such as superoxide dismutase (SOD), catalase (CAT), thioredoxin reductase
(TrxRs) and using other antioxidant molecules such as glutathione (GSH), a-tocopherol (vitamin E)
and ascorbic acid (vitamin C). However, this response may not be effective enough to prevent oxidative
damage of cutaneous cells after exposure to carcinogenic agents [50,51] (Figure 3).

UV radiation is only a fraction of the solar radiation; however, it is responsible for most of its
carcinogenic activity as UV photons can affect the DNA integrity, homeostasis and induce mutations of
genes including oncogenes and tumour suppressor genes. Although UVB represents a minority part of
the whole radiation that reaches to the ground, it is the most dangerous and genotoxic component of
sunlight, affecting nucleic acids in the epidermis [52,53]. UVB results in the formation of cyclobutane
pyrimidine dimers (CPDs) and pyramidine-pyrimidone photodimers that may lead to DNA mutations
and cancer [38,39,54]. However, UVA direct effect over nucleic acids is scarce, being its genotoxic effect
mainly mediated by ROS as described above.

Skin complexion is among the most critical factors of UV sensitivity and skin cancer risk. The
“Fitzpatrick Scale”, developed in the 1970s by Dr. T.B. Fitzpatrick, is a semi-quantitative scale made
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up of six pigmentation categories (phototype) that describe skin colour by skin pigmentation and
sensitivity to UV radiation. Minimal Erythematous Dose (MED) is a quantitative method to report
the amount of UV, particularly UVB, needed to induce sunburn in the skin 2448 h after exposure
by determining erythema (redness) and oedema (swelling) as endpoints. Low Fitzpatrick phototype
correlates with both MED and with melanoma and other skin cancer risk [55,56] (Figure 4).
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Figure 4. Influence of pigmentation and phototype on skin cancer risk.

Besides biological skin function, the skin plays a role in physical attractiveness. Skin appearance
is determined by its texture, colour, and different characteristics such us elasticity, sweat and sebum
production. Itis accepted that nutritional status concerning both macro and micronutrients is important
for skin health and appearance [57]. For example, dermatological signs of vitamin C deficiency include
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skin fragility, alterations in hair texture as corkscrew hairs and bleeding gums as well as impaired
wound healing [58-64].

Food and cosmetic industries are developing new strategies to establish the relation between
nutrients consumption and skin health. Consequently, the use of food ingredients and supplements
that claim to reduce the risk of skin disorders or alleviate skin ageing is increasing [65]. Dietary
supplementation with vitamins, minerals or essential fatty acids is proposed to improve skin
conditions [65]. Most of the bioactive food compounds responsible for the positive effects on health
are predominantly derived from plants while a few are derived from animal sources [66].

The term “nutraceutical” is derived from the combination of “nutrition” and “pharmaceutical”
and was established by Stephen DeFelice in 1989, founder and chairman of the Foundation for
Innovation in Medicine (FIM), Cranford, New Jersey [67,68]. According to DeFelice, nutraceutical can
be defined as “a food (or a part of it) that provides medical or health benefits, including the prevention
and/or treatment of a disease”. Nutraceuticals may be used to improve health, delay the ageing
process, prevent chronic diseases such as obesity, increase life expectancy, or support the structure or
function of the body.

Nowadays, nutraceuticals have received considerable interest due to their nutritional potential,
safety and therapeutic effects. Nevertheless, although nutraceuticals have shown promising results in
various complications, their uncontrolled use may not be devoid of secondary effects so they should
be strictly regulated as prescription drugs.

The nutraceutical industry’s main segments include dietary supplements, herbal /natural products
and functional foods [69]. Nutritional supplements and herbal/nature products are the most rapidly
growing segments. A recent market research (Variant Market Research, Pune, India), proposed that
the global nutraceuticals market is expanding and would reach $340 billion by 2024, growing at a
Compound Annual Growth Rate (CAGR) of 7.2% from 2016 to 2024. Several market factors have been
related to the significant growth of this sector: increasing healthcare, growing popularity for nutrition
and rising demand for nutraceuticals [70].

Nutraceuticals can be classified by several criteria: food source, mechanism of action, chemical
nature and specific benefit for health. They may be macronutrients (nutrients salts/chemicals elements
required in large ammounts, e.g., potassium, magnesium, calcium and omega 3 acids), micronutrients
(nutrients salts/chemicals elements required in small quantities, e.g., vitamins and minerals) and
phytochemicals. Food sources used as nutraceuticals are all natural and can be categorised as:
dietary fiber, prebiotics, probiotics, polyunsaturated fatty acids, minerals, amino acids and peptides,
carotenoids, vitamins, phytochemicals and spices [69,71].

In this review, published data on the effects of nutrients on human skin are summarised.
The design of the studies and the results of the different human trials that use prototype or commercial
nutraceutical products are discussed to establish a cause-effect relationship between the consumption
of the ingredient and the skin effects. The studies are organized according to the different families of
ingredients used in the dietary supplements.

2. Bioactive Peptides

Peptides are short polypeptidic chains formed by few amino acids and with a low molecular
weight, usually under 3 kDa. Since some of them carry out critical biological activities, these are
generally known as bioactive peptides. Peptides used for cosmetic purposes are typically derived
from collagen with improved bioavailability and solubility compared to the whole protein. Bioactive
peptides have been used in several nutraceutical formulations claiming antiageing and skin reaffirming
properties as described below.

In a double-blind placebo-controlled study, 114 subjects received 2.5 g of bioactive collagen peptide
(BCP) VERISOL® or placebo per day for 8 weeks, 57 subjects in each treatment group. Skin wrinkles
were measured before the treatment and after 4 and 8 weeks. The intake of BCP promoted a statistically
significant reduction of eye wrinkle volume compared to placebo group after 4 and 8 weeks of
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treatment. In addition, BCP intake showed a statistically significant higher content of procollagen type
I and elastin. Moreover, an increased fibrilin content was detected after BCP treatment, however this
increase was not statistically significant. Authors concluded that oral intake of VERISOL® significantly
reduced skin wrinkles and had positive effects on skin matrix synthesis (p < 0.05) [72].

In a placebo-controlled clinical trial, 60 women were screened, 33 subjects received a placebo or
one of two treatments: a specific mixture of collagen peptides of fish origin (Peptan®F) or porcine
origin (Peptan®P). Subjects took a formulated drink that contain either 10 g Peptan® or 10 g placebo
for 56 days. Facial skin parameters were measured after 4, 8 and 12 weeks of treatment. Oral intake
of Peptan®F after 8 weeks of treatment showed a significant increase of skin moisture (12%), while
Peptan®P increased skin moisture by 28% after 4 weeks of treatment and minimised skin micro-relief.
In another double-blind placebo-controlled study, 106 women were randomly allocated to either a
placebo or Peptan®F group. This supplement was shown to reduce collagen fragmentation by 31% after
12 weeks of oral treatment, contributing to an anti-ageing effect [73]. The two fore-mentioned studies
included a high number of subjects that provided enough statistical potency to observe statistically
significant differences (p < 0.05).

In a recent clinical-laboratory study, 41 subjects received CELERGEN®, a nutraceutical product
containing 570 mg marine collagen peptides (MCPs) derived from deep sea fish, 10 mg grape skin
extract, 10 mg Coenzyme Q10 (CoQ10) (Figure 5), 10 mg luteolin and 0.05 mg Se of plant origin
for 2 months of pre-treatment followed by 2 months of treatment. Supplementation improved skin
elasticity, dermal ultrasonic markers and sebum production but no change was observed in several
oxidative stress markers. Although the number of subjects was small, differences were statistically
significant (p < 0.05). Authors concluded that a combination of MCPs with plant-derived antioxidants
could be an effective and safe supplement to improve skin properties without risk of oxidative
damage [74].
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Figure 5. Representative structure compounds of different supplementation products.
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3. Bioactive Polysaccharides

Polysaccharides are sugar polymers with both structural and energy storage functions. They are
present in plants, animals, fungi and procariota organisms with different structures, monosaccharide
compositions and physicochemical properties. As occurred with bioactive peptides, a similar qualifier
is used for those polysaccharides that exert biological activities, but in this case, with the peculiarity
that it is reserved for those acting in a different organism than in which they were synthetised.
Glycosaminocans, especially from marine origin, are the most used for nutraceutical formulations.
They are based on an unbranched repeating disaccharide unit of an amino-sugar (N-acetylglucosamine
or N-acetylgalactosamine) and an uronic acid (glucuronic or iduronic acid). The most relevant human
trials are explained below.

Imedeen® Derm One® is a dietary supplement for skin care containing protein fractions and some
glycosaminoglycans extracted from marine fish. In addition, this supplement contained vitamin C
and zinc gluconate, both relevant ingredients for skin health. This product was used in a trial where
10 women were treated with 500 mg per day of Imedeen® for 90 days. Evaluated parameters included
wrinkles, mottles, dryness and brittleness of hair and nails. After 90 days of treatment, all signs were
improved, and clinical observations were confirmed by changes in skin elasticity and thickness [75].

On the other hand, Vivida® is a commercially available product containing different active
polysaccharides derived from marine fish cartilage. The efficacy and safety of Vivida® and Imedeen®
were compared in a double-blind study, in which 15 women were treated with 500 mg of Vivida®
per day, and 15 women received 380 mg of Imedeen® per day for 90 days. Both treatments showed
statistically significant improvements in skin conditions (epidermal and dermal thickness, elasticity and
erythemal index) but Vivida® was more effective than Imedeen® for all parameters [76]. Nevertheless,
the low number of subjects in the two previous studies compromise the consistency of the results.
In another study with 144 healthy Caucasian subjects that provided significant statistical power,
the subjects received Imedeen® tablets containing 105 mg proteoglycan, 30 mg vitamin C and 15 mg
zinc gluconate for 12 months. After treatment, Imedeen® showed significant improvement in reduction
of fine lines and overall photo-aging, in self-evaluation of skin condition, density, trans-epidermal
water loss and skin smoothness. However, the long duration of the intervention study, i.e., 12 months,
can raise several concerns. For marketing purposes, the consumer needs to denote positive effects
within a reasonable period that may be around 30-60 days, otherwise, the consumer will stop taking
the supplement. On the other hand, such a long period of consumption may elicit some safety
concerns [77].

Another randomised, double-blind, placebo-controlled clinical study was performed with the
ingredient Imedeen®. The protocol was well-designed and also provided enough statistical power
(p < 0.05). 90 healthy women received 2 tablets of Imedeen® or placebo daily. Total daily dose contained
210 mg Imedeen® marine complex, 57 mg tomato and grape seed extracts and 60 mg vitamin C for
4 months. The clinical grading of overall facial appearance improved for both treatment groups,
however, the degree of improvement was significantly higher for subjects treated with the anti-ageing
skin supplement. Results showed a positive effect on the appearance of skin, decreasing periocular
wrinkling, visual and tactile roughness and mottled pigmentation [78].

In a quasi-experimental clinical study lacking a placebo group, 47 male subjects received two
tablets of Imedeen® Man.Age.Ment containing per tablet: 105 mg marine protein, 27 mg vitamin C,
13.7 grape seed extract, 2 mg zinc, and 14.38 tomato extract for 6 months. Results showed significant
improvements from baseline in skin hydration, dermal ultrasound density and reduction of skin
pH (p <0.05). The photographic assessment showed an improvement in the overall appearance
and objective measurements correlated subject’s satisfaction by an increase of collagen and elastic
fibers [79].

In a double-blind, randomised, placebo-controlled study, 84 Asiatic healthy subjects were
divided into two groups receiving control and galacto-oligosaccharides (GOS) respectively. Subjects
received GOS (1 g in a capsule) twice a day for 12 weeks. Results showed that the increase in
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corneometer values from baseline to week 12 was significantly higher in the GOS treated group and
the transepidermal water loss (TEWL) was reduced significantly (p < 0.05). In addition, the differences
in total and percentage of wrinkle areas between the two groups were significant after 12 weeks of GOS
treatment [80]. The evidence derived from the study supports a substantial improvement of the skin
condition (hydration and skin barrier function) in individuals 50 years of age. However, the rationale
and the mechanistic aspects of how oligosaccharides exert that action need to be further explored, at
least in cell models.

4. Bioactive Botanical Extracts

Botanical extracts are complex mixtures of natural compounds with different structures and
origins. Their use in cosmetics and skin care is well known since ancient times and have been
extensively reviewed before [81,82]. Polyphenols are the main natural compounds with cosmetic
applications and include a large variability of different structures and families (Figure 6). Composition
and proportion of polyphenols may greatly vary depending on plant family and extraction procedure.
The following are the most relevant studies of nutraceutical products based on botanical extracts that
have been tested in humans.

Pycnogenol® is a standardised extract of bark of the French maritime Pine bark (Pinus pinaster)
rich in flavonoids, such as catechins and procyanidins (B1, B2, B3, B7 C1 and C2), and phenolic acids
such as caffeic, ferulic, and p-hydroxybenzoic acids. Pycnogenol® and it has been demonstrated to
have various biological and health effects such as cardiovascular and cholesterol lowering benefits
and antioxidant, antidiabetic and anti-inflammatory activity [83-86]. Studies have proposed that
Pycnogenol® is highly bioavailable and the mixture is more effective than individual components
(synergistic effect). However, due to low procyanidins absorption in the small intestine and its
conversion into smaller flavan-3-ols derivatives by microbiota, the bioavailability in humans is still
an unresolved issue. Pycnogenol® oral supplements have been used in 21 Caucasian volunteers
(1.1 mg/kg body weight). Results showed the photoprotective effect of this formulation against
UV-light induced skin damages [87]. In other study, 20 healthy women were supplemented with three
25 mg tables of Pycnogenol® (75 mg total) for 12 weeks. Pycnogenol® intake showed a significant
increase in the mRNA expression of hyaluronic acid synthase (HAS-1) and in gene expression involved
in collagen de novo synthesis. Externally, Pycnogenol® supplementation significantly improved
hydration and elasticity of skin (p < 0.05) [88]. Nevertheless, the low number of subjects in the two
previous studies raise doubts about the consistency of the results.

In a double-blind and placebo-controlled study, 62 women were treated with two Evelle® tablets
twice a day for 6 weeks. One Evelle® tablet contains 10 mg Pycnogenol®, 30 mg vitamin C, 50 mg
vitamin E, 75 ug biotin, 25 ug selenium, 7.5 mg zinc as gluconate, 50 mg bio-marine complex, 40 mg
horsetail herb extract, 15 mg blueberry extract and 34 mg tomato extract. At the end of study,
skin elasticity was found to be statistically significantly increased compared with placebo group.
Skin roughness also was shown to be statistically significantly lower compared with the control group
after 12 weeks of supplementation [89]. Further, 30 women with melasma were treated with one 25 mg
tablet of Pycnogenol® three times a day for 1 month (75 mg per day). The subjects were evaluated
and clinically parameters such as melasma area index and skin pigmentation at the end of treatment,
the melasma area and the average pigmentary intensity of the subjects showed a statistically significant
decrease. The study conclude that Pycnogenol® is therapeutically effective and safe in patients with
melasma [90]. The differences observed were statistically significant (p < 0.001) but the number of
patients was moderate and no placebo group was included.
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Figure 6. Main classes of polyphenols by structural classification. This image has been created and
previously used by author in [91] and is under Creative Commons by Attribution (CC-BY) license
(http:/ /creativecommons.org/licenses /by /4.0/).

Oral administration of a different French maritime pine bark extract called Flavangenol®,
improved the clinical symptoms in photoaged facial skin. This oral supplement was administered to
112 healthy women under 60 years with age spots and multiple symptoms of photo-damaged skin
(mottled pigmentation, roughness, wrinkles and swelling). 24 women were treated with 100 mg per
day for 12 weeks while 88 women were treated with 40 mg per day for 24 weeks. At the end of the
low-dose study, 24 subjects (out of 88) were treated with 40 mg per day for an additional 24 weeks to
evaluate the long-term efficacy and safety of pine bark extract. In both time courses of 100 mg and
40 mg per day, a significant decrease in clinical grading of skin photo-aging scores such as reduction in
the pigmentation of age spots was observed [92].

A randomised, double-blind, placebo-controlled study was performed to evaluate the effect of
Aloe sterol supplementation on skin parameters such as elasticity, hydration and the collagen score.
64 healthy women were randomly divided to receive either a placebo or an Aloe sterol supplemented
yogurt for 12 weeks. Results showed significance differences in skin moisture, TEWL, elasticity and
collagen score between treatment and placebo groups. At the end of supplementation, elasticity and
collagen content increased significantly with Aloe sterol intake [93]. In a similar study, 48 healthy
men received Aloe sterol for 12 weeks. Results showed that treatment increased melanin index and
elasticity while skin moisture decreased [94]. The two previous studies showed statistically significant
differences (p < 0.05) and had a moderate number of subjects.

NutroxSun®, is a standardised formulation of citrus extract, obtained from immature grapefruit
(Citus paradisi, enriched in citrus bioflavonoids as naringenin, Figure 5) and rosemary extract
(Rosmarinus officinalis, enriched in phenolic compounds and diterpenes such as carnosic acid, Figure 5).
To test the photoprotective efficacy of the combined extract, a human intervention study was performed
by oral administration to volunteers for whom the minimal erythema dose (MED) was determined after
exposure to UV radiation. At the 85th day of treatment, a significant increase in MED was observed
(56%), indicating that more extended oral treatments can improve UV protection effects [95]. This study
provided statistically significant differences in MED between placebo and intervention groups (p < 0.05)
but the number of subjects was low. In addition, NutroxSun® orally supplement has been used in
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90 Caucasian female subjects to investigate the anti-inflammatory, photoprotective and anti-ageing
effects of this combination. After 2 weeks of product consumption, results showed decreasing wrinkle
depth and increasing elasticity at 100 and 250 mg extracts dose regimens. At 2 weeks of product use,
results showed decreasing wrinkle depth and increasing elasticity at 100 and 250 mg extracts dose
regimen [96]. In this second study, number of subjects was high and statistically significant differences
were confirmed in MED and also in wrinkle depth, elasticity and skin lipoperoxides between placebo
and intervention groups.

The skin photo-protective and anti-ageing effects of a powder extract of red orange fruit
(Red Orange Complex®) were also reported in humans. The dietary supplement contained 2.8-3.2%
w/w anthocyanins, 1.8-2.2% w/w hydroxycinnamic acids, 8.5-9.5% w/w flavone glycosides and
5.5-6.5% w/w ascorbic acid (see Figure 5 for representative structures). A moderate number of
Caucasian subjects (20) received 100 mg of extract per day for 15 days. In the evaluation of skin
erythema induced by UV irradiation the results showed that red orange extract intake significantly
decreased UV-induced skin erythema (p < 0.05). In the evaluation of skin appearance homogeneity,
subjects were exposed to solar lamp, and age spot pigmentation decreased 20%. The authors postulate
that red-orange extract supplementation can present antioxidant activity and improves skin appearance
and pigmentation [97].

Another study compared the effect of Polypodium leucotomos /Pomegranate combination (PPmix®)
versus Polypodium leucotomos alone (Fernblock®) on skin biophysical parameters. Both extracts
contained different polyphenols specifically ellagitannins such as punicalagin. 40 subjects (20 males
and 20 females) received 480 mg PPmix® or Fernblock® per day for 3 months. Six skin parameters
were measured: skin sebum, hydration, transepidermal water loss (TEWL), melanin index, erythema
index and elasticity. After treatment, elasticity and hydration were improved and TEWL was reduced
in both groups. Both treatments reduced erythema index but PPmix® was more effective. Melanin
index and skin sebum were decreased only by PPmix®. Melanin index and skin sebum were reduced
only by PPmix® [98]. A similar P. leucotomos extract was also utilized alone in Heliocare® formulation.
A randomised, double blind, placebo-controlled study was developed. Subjects from both sexes and
with Fitzpatrick skin types I to IV were randomised to receive 240 mg of P. leucotomos extract (N = 20)
or placebo (N = 20) twice a day for two months. The results confirmed P. leucotomos extract safety and
showed that extract increased MED and reduced ultraviolet-induced erythema intensity (p < 0.05) [99].

5. Carotenoid Supplementation

Carotenoids are naturally occurring pigments with a lineal tretraterpenoid structure. They can
be found in algae, photosynthetic bacteria and plants [100] providing red, orange and yellow
colouration. Humans incorporate them from fruits and vegetables sources, with x-carotene, 3-carotene,
-cryptoxanthin, lutein, zeaxanthin, and lycopene being the most common dietary carotenoids [100]
(Figure 5). Their main biological activities are related to cardiovascular diseases risk reduction and
mentaining optimal visual function maintaining [101]. However, besides these systemic effects, their
consumption has been considered beneficious for skin health, especially for photoprotection purposes
shown by most of the following human studjies.

Several studies have demonstrated the capacity of carotenoids’ supplements to prevent
UV-induced skin damage in human volunteers. One study demonstrated the effects of the consumption
for 6 weeks of a specific probiotic (Skin-Probiotic™) and carotenoids in decreasing early UV-induced
skin damage as well as in modulating early skin biomarkers of UV effects [102]. Three different
studies using a total of 139 subjects and exposing subjects to UVA, solar radiation and natural sunlight
exhibited statistically significant differences (p < 0.05) in MED, skin damage biomarkers and skin
colour by comparing subjects before and after treatment [102].

Lee et al. investigated the photoprotective effects of a 30 mg carotenoid mixture (29.4 mg
[3-carotene, 0.36 mg x-carotene, 0.054 mg lutein) per day in a limited number of subjects (11 men and
11 women) for 8 weeks, but no placebo group was used. The concentration of carotenoid supplement
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was enhanced at 30 mg increments to a final dose of 90 mg per day. The results showed a modest,
but significant dose-dependent increase in MED with 60 and 90 mg carotenoid per day (p < 0.05).
In addition, serum {3-carotene concentrations increased after each intake, and serum lipid peroxidation
was reduced, although no 3-carotene was found in the skin [103].

In a study by Gollnick et al., 20 healthy young female students received a moderate dose of
[3-carotene, 30 mg per day for 10 weeks. After the supplementation period, supplementation continued
with exposure to natural sunlight for 13 days. An increased yellow pigmentation of skin surfaces and
a reduction of erythema in subjects that had taken -carotene was observed. The study concluded
that pre-supplementation with moderate dose of 3-carotene before and during sun exposure protects
against sunburn by significantly decreasing erythema and increasing Langerhans cells (p < 0.01).
Results also showed that the combination of systemic and topical photoprotection by sunscreens offers
a synergistic effect, effect but the number of subjects was limited and no placebo group was used [104].

Postaire et al. also investigated the beneficial effects of a combination of (3-carotene and other
antioxidants. In this study, a limited number of subjects (10) received a supplement providing 13 mg
[-carotene, 2 mg lycopene, 5 mg tocopherol and 30 mg ascorbic acid per day for 8 weeks. Although
photoprotection was not directly measured in the study, authors suggest that carotenoids may be
photoprotective because of a melanogenesis stimulation [105].

In another study, 20 subjects received 25 mg of carotenoid mix (23.8 mg -carotene, 0.75 mg
a-carotene, 0.18 mg cryptoxanthin, 0.15 mg zeaxanthin and 0.12 mg lutein) per day and another group
received this mix and 335 mg «-tocopherol for 12 weeks. After this period, both groups showed a
yellowing of the skin and elevated concentrations of B-carotene in serum and skin. The degree of
erythema was highest in the group that received the carotenoids mix only (p < 0.01), so, the authors
concluded that vitamin E might increases carotenoid protection against UV irradiation [106].

The effect of a mixture of the three main dietary carotenoids, beta-carotene, lutein and lycopene
(8 mg/day each), compared to beta-carotene (24 mg/day from an algal source) was evaluated in the
erythema-protective effect. Thirty-six subjects were randomly assigned to three groups of 12 subjects in
a placebo-controlled, parallel study design. The first group of treatment received 24 mg of 3-carotene
per day for 12 weeks, the second group received the carotenoid mix and the third group received
placebo. Although the number of subjects was low, the results showed that the intensity of erythema
24 h after irradiation was significantly decreased in both groups treated with carotenoids after 12 weeks
of treatment, in correlation with the increase of serum carotenoids (p < 0.001). An increase of serum and
skin concentration of carotenoids was determined in groups 1 and 2 throughout the study. Therefore,
both carotenoid based treatments ameliorated UV-induced erythema in humans in a similar way [107].

6. Vitamin Supplementation

Vitamins are organic compounds which are essential nutrients for humans. They are required
in limited amounts from diet and belong to different structural families. Vitamins also play a
significant role in skin health [108], exerting different actions including antioxidant activity, sebum and
keratinisation regulation, collagen synthesis, ECM homeostasis and photoprotection [108]. Several
nutraceutical products containing vitamins as their main ingredient have been tested in humans as
detailed below.

A mixture of vitamins derived from fermented papaya (Carica papaya L.) and an antioxidant
cocktail was tested in 60 healthy subjects. Subjects received 4.5 g per day of fermented papaya
preparation (FPP, final composition per 100 g: 90.7 g carbohydrates, 17 ug vitamin B6, 2 pg folic
acid, 2.5 mg calcium, 16.9 mg potassium, 240 ug niacin, 4.6 mg magnesium, 14 ug copper, 75 ug zinc,
16 mg arginine, 6 mg lysine, 5 mg histidine, 11 mg phenylalanine, 9 mg tyrosine, 18 mg leucine, 9 mg
isoleucine, 5 mg methionine, 13 mg valine, 11 mg glycine, 8 mg proline, 37 mg glutamic acid, 11 mg
serine, 8 mg threonine, 27 mg aspartic acid, and 2 mg tryptophan) and an antioxidant cocktail (10 mg
trans-resveratrol, 60 ug selenium, 10 mg vitamin E and 50 mg vitamin C) for 90 days. Results showed
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a significant improvement in skin elasticity, moisture and antioxidant capacity (p < 0.05) with both the
papaya preparation and the antioxidant cocktail [109].

In another study, 33 subjects received 100 or 180 mg per day of vitamin C or placebo for 4 weeks.
After treatment, results showed that 100 mg of orally administered vitamin C increased radical
scavenging activity of the skin in 22% while 180 mg dose increased antioxidant activity by 37%,
compared to baseline [110].

In a double-blind trial, 16 healthy subjects received vitamins and trace elements to investigate the
photoprotective effects of these compounds. The first group received 200 ug selenium, 16 mg copper
sulfate, 14 mg «-tocopherol and 2700 ug retinol; the second group only received trace elements (200 pug
selenium and 16 mg copper sulfate); the third group received only vitamins (14 mg x-tocopherol and
2700 pg retinol) and the last group received placebo for 3 weeks. Supplementation in all treatments
with active elements showed protection against sunburn cells at a low UV irradiation dose compared
with the placebo group, but total number of subjects was very limited for three groups. However,
treatment with both trace elements and vitamins showed an additional reduction in the number of
sunburn cells [111].

The photoprotective effects of vitamins E and C have been intensely studied. A combination
of vitamins E and C showed a protective effect in a double-blind, placebo-controlled study with
20 subjects. Ten subjects received 2 g of vitamin C and 1000 IU of vitamin E per day or placebo for
8 days. The sunburn reaction before and after 8 days of the treatment was assessed by MED and by
measuring the cutaneous blood flow of irradiated skin. Combined vitamin C and E reduce the sunburn
reaction, UV-induced skin damage and cutaneous blood flow, whereas it increased in the placebo
group [112]. However, the low number of subjects provided a low statistical resolution.

Fuchs and Kern also demonstrated a photoprotective effect of a combination of vitamins E
and [113]. In this study, 40 healthy subjects received 2 g vitamin E per day, 3 g vitamin C per day,
a combination of both vitamins and placebo for 50 days, so only 10 subjects were used per group. MED
increased after intake slightly in subjects who received either vitamin alone or placebo. Nevertheless,
the combination of both vitamins showed more pronounced photoprotective effect. Authors suggest
that vitamin E and C act synergistically in suppression of sunburn reaction [113].

Placzek et al. investigated the effect of long-term oral administration of a combination of vitamin
C and vitamin E in subjects on UVB-induced epidermal damage. Eighteen volunteers (12 males and
6 females) received supplementation with 2 g vitamin C and 1000 IU vitamin E per day for 3 months.
Blood vitamin concentrations were measured at the beginning and every 30 days during the study.
After 3 months of treatment, the intake of vitamin C and vitamin E significantly reduced sunburn
reaction to UVB irradiation. In addition, thymine dimers induced by UVB irradiation present in the
skin was significantly reduced [114]. Again, the low number of subjects per group provided low
statistical resolution.

7. Coenzyme Q10 (CoQ10)

CoQ10 is a natural compound of food and is often used in both functional foods and supplements.
It is an endogenous lipophilic compound, essential component of mitochondrial energy metabolism,
an effective antioxidant and presents a range of putative benefits for human health [115-118].
In a double-blind, placebo-controlled study, 33 healthy subjects received 50 mg or 150 mg CoQ10
(Q10Vital®), or placebo for 12 weeks. Results did not show significant changes in the MED. However,
supplementation with CoQ10 limited deterioration of viscoelasticity (p < 0.05) and decreased
some visible signs of ageing such as wrinkles and micro-relief lines (p < 0.05) and improved skin
smoothness [119].

8. Polyunsaturated Fatty Acids (PUFAs)

PUFAs have been traditionally considered beneficious for human health [120,121] and many
health agencies and institutions have recommended their consumption. Structurally, PUFAs are
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divided into an omega-3 and an omega-6 series, depending on the position of their double bonds [122].
Their biological activity is especially relevant to cardiovascular and other inflammatory diseases,
but also over skin heath [123-126]. Some studies have been developed in humans using PUFAs-based
nutraceutical formulations as described below. However, most studies used a low-to-moderate number
of subjects that result in low statistical resolution.

To test the photoprotective capacity of fish oil, ten subjects supplemented their diets with
ten capsules per day of fish oil containing each 280 mg eicosapentaenoic acid (EPA) and 120 mg
docosahexaenoic acid (DHA), and 10 subjects received ten placebo capsules per day. After 2 weeks,
no significant effect of fish oil supplementation was observed in the measured parameters. However,
after 4 weeks a small statistically significant increase of MED was seen in the fish oil treated group.
These authors conclude that a low dose of fish oil (EPA and DHA) in a short period may be
photoprotective [127]. In a study by Rhodes et al., 15 female Caucasian subjects supplemented
their diets with 10 g of fish oil per day (18% EPA and 12% DHA) for 6 months. After 6 weeks of
treatment, an increase in MED was observed but at 10 weeks MED decreased again. Although fish-oil
intake reduced UV-induced erythema, the lipid peroxidation of skin increased due to the unstable
nature of 1n-3 fatty acids [128]. In another study, the protective effect of EPA supplementation was
investigated. For that purpose, 28 subjects received 4 g EPA (98%) or oleic acid (98%) per day for
3 months. UVB irradiation-induced erythema and p53 induction decreased in the EPA-treated group
while no significant changes were found in the oleic acid group [129].

SemoSqualene®, is an oral supplement rich in squalene (Figure 5), a polyunsaturated aliphatic
hydrocarbon, and has been used in 40 healthy female subjects (>50 years of age). A high dose of
squalene (13.5-27 g per day) for 90 days reduced facial wrinkles, decreased skin reactivity to UV as
shown by increased MED, increased type I procollagen gene expression and reduced UV-induced
DNA damage and apoptosis. These effects may be attributed to its antioxidant capacity [130].

Several human studies have been performed to test the capacity of fish oil to alleviate eczema
or psoriatic lesions. Ziboh et al. determined the benefits of fish oil supplementation in 13 psoriasis
patients receiving a supplement ranging from 60 to 75 mg (18% EPA and 12% DHA per gram) for
8 weeks. At the end of treatment, results showed that 8 patients demonstrated mild-to-moderate
improvement in their psoriatic lesions which correlated with a high EPA-DHA ratio into the sera,
epidermal and neutrophil lipids. Results suggested that increase in the ratio of leukotriene Bs (LTBs)
was responsible for the reduction in inflammation [126]. In a similar study, ten patients with severe
chronic psoriasis received 12 g EPA per day for 6 weeks. After treatment, a reduction in erythema
was observed in 80% of patients [131]. A much lower dose of fish oil extract which provided 1.8 g
EPA (MaxEPA®) was administered daily to 28 psoriasis patients for 12 weeks. After 8 and 12 weeks,
itching, erythema, and scaling decreased in the active treatment group, with a trend towards an overall
decrease in body surface area affected, while no changes occurred in the placebo group [132].

Only two studies performed on patients with psoriasis or atopic eczema used a large number
of subjects. First, 80 patients with chronic and stable psoriasis were supplemented with 1122 mg
EPA and 756 mg DHA for 8 weeks. Results showed an improvement in the overall skin condition
and individual disease such as pruritis, scaling, induration and erythema [133]. Second, 99 subjects
(60 adults and 39 children) with atopic eczema received primrose seed oil (EPO) for 12 weeks. Adults
were supplemented with 1440 mg linolenic acid and 190 mg y-linolenic acid per day. Children received
720 mg linolenic acid and 90 mg y-linolenic per day. Results showed a moderate improvement in
clinical signs of atopic eczema after treatment [134].

9. Discussion

The nutraceuticals market focused on skin health is increasing driven by consumer demand but
strong scientific evidence for the products is still scarce. On the one hand, the increasing demand
of naturally based products points to a promising future and plenty of opportunities for companies.
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On the other hand, scientific evidence about these products must increase considerably to improve
products credibility.

First, although some studies include plasmatic measurements of the main compounds and
metabolites derived from the administered formulations, most of the studies did not provide this
information. The correlation between plasmatic concentrations of the metabolites and the observed
biological effects would allow for the establishment of a cause-and-effect relationship and would
improve claim substantiation. Bioavailability studies are deficient for different reasons. In some cases,
either the bioavailability of a single pure compound is studied and not that of the same compound in
the presence of the total formulation. In other cases, only in vitro absorption studies are performed,
which are difficult to extrapolate in vivo. Besides bioavailability studies, mechanistic studies in skin
cell models must also be performed to provide with a rationale of the observed biological effects.

Another difficulty when trying to compare different studies is related to the big differences in
doses, additives and galenic formulations for the same active ingredient that prevents appropriate
comparisons. Formulations are optimised by authors to improve solubility, absorption or bioavailability
and to be technologically feasible. Therefore, even when similar doses of the same ingredient are used,
a large variability is obtained between studies due to the formulation, besides the different baseline
skin characteristics of the subjects.

However, the most important issue of the human trials using nutraceuticals for skin purposes
is the low statistical resolution for some of these studies and, therefore, the low significance of the
results. In most cases, as shown in this review, differences between treated and placebo groups are
statistically significant, but their clinical significance is quite low due to the low number of subjects.
In other cases, the biological significance is poor due to measurements based on questionnaires or
personal perceptions. Some studies even lack a placebo group, which makes it difficult to counteract
other effects such as diet, season or lifestyle. It might be the time for standardisation and including a
minimum number of subjects and skin measurements in order to provide adequate statistical resolution
when a human trial protocol is submitted to an Ethics committee.

This review tries to compile the most relevant human trials based on nutraceutical products related
to skin and cosmetic issues. The human trials reviewed here cover many different ingredients: proteins,
oligosaccharides, lipids, vitamins, polyphenols, and also pure ingredients or complex formulations.
In any case, the strengths and weaknesses of the reviewed studies must be highlighted in order to be
improved in the future.

Some human trials with collagen peptides did not use a placebo group or used a complex mixture
into the dietary supplement [74], hence, establishing a cause-effect relationship for the ingredient was
difficult. Regarding bioactive polysaccharides, despite statistically significant differences observed in
some of the studies performed with Imedeen® ingredient, the small number of subjects utilised and
the absence of a placebo group may cause doubts about the results obtained [75,76]. The authors also
reported that five patients in the Vivida® group developed transient, mild pimples during the first
weeks of treatment. However, trials made with galacto-oligosaccharides seemed to show consistent
results on the improvement of hydration and skin barrier function [80].

French maritime Pine bark extract, Pycnogenol®, has been studied in at least five different human
trials. However, the low to moderate number of subjects provides low statistical resolution, the lack
of placebo group in some cases and the inclusion of Pycnogenol® into complex mixtures prevent
establishing a cause-effect relationship, suggesting that some of the results on Pycnogenol® ingredient
for skin health [87-89] must be taken with caution and further research is required. Other studies
based on procyanidin-based polyphenolic extracts provided conclusive results on the inhibition of
UV-induced age spots due to the high number of subjects utilised [92]. The efficacy of rosemary
and citrus polyphenols to reduce skin redness and MED and to improve skin elasticity and decrease
wrinkle depth in correlation to a decrease in skin lipid oxidation was also consistently proven [96],
and a mechanistic rationale was also provided in skin cell model [95]. A red orange extract enriched in
anthocyanins [97] and Polypodium leucotomos extract [98,99] also exhibited evidence of improvement in

204



Nutrients 2018, 10, 403

several skin signs related to photo-aging (erythema, hydration, elasticity and pigmentation), but with
a much lower number of subjects, which compromises the consistency of the results.

Available studies on nutraceuticals containing carotenoids have shown a modest increase of MED
with doses of 30-90 mg/day, but again, too small a number of subjects was used in most studies to
be conclusive [103-107]. Human studies on vitamins, especially vitamin E and vitamin C, exhibited
photoprotective properties through the increase of skin elasticity, moisture and antioxidant capacity
in correlation with a MED increase [109-114]. Finally, studies that used PUFAs-based nutraceuticals
showed inconsistent results [127-129]. Nevertheless, a reduction of erythema and inflammation was
noticed in patients with psoriatic lesions or eczema taking omega-3 based nutraceuticals [126,131-133].

10. Conclusions

A number of natural ingredients have been shown to be potentially effective to alleviate the
signs of skin ageing and some skin diseases. The rationale for the putative beneficial effects of an
ingredient must be primarily demonstrated in skin cell models to elucidate the possible mechanism of
action. Although nutraceuticals are under food regulation, the EU cosmetic legislation (2013/674/EU:
Commission Implementing Decision of 25 November 2013) banned in the marketing of cosmetic
ingredients or products which have been tested on animals. Therefore, the only options to verify
the efficacy of a cosmetic ingredient are either in vitro skin cell models or human trials. To date,
available human trials are far from conclusive in many cases for different reasons. In some cases,
the ingredient tested is poorly characterised or it is part of a complex mixture that prevents establishing
a cause-effect relationship between the ingredient and the biological effects. In other cases, clinical
trials show poor statistical power due to insufficient number of subjects or the lack of a placebo group.
Moreover, human trials only determine macroscopic skin characteristics (redness, spots, elasticity,
wrinkles, etc.) and do not measure skin molecular markers (oxidative stress, enzymatic activity, gene
expression or metabolites) that provide a mechanistic base. Therefore, in vitro and human trials on skin
nutraceuticals must be designed to overcome all these limitations. Skin nutraceuticals are expected
to shortly become a very profitable market. Nevertheless, more and better human trials must be
performed in order improve the scientific basis of skin nutraceuticals and their credibility.
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