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Abstract: This clinical study was performed to evaluate the effects of continuous apple polyphenol
(AP) administration on facial skin conditions and pigmentation induced by ultraviolet (UV) irradiation
in healthy women participants. Participants (n = 65, age 20-39 years) were randomized to receive
tablets containing AP (300 or 600 mg/day) or placebo in a double-blinded, placebo-controlled clinical
trial. Continuous administration of AP for 12 weeks significantly prevented UV irradiation induced
skin pigmentation (erythema value, melanin value, L value), although a dose-dependent relationship
was not clearly observed. In contrast, no significant differences were detected between the groups
with regard to water content and trans-epidermal water loss. Our study demonstrated that APs
and their major active compounds, procyanidins, have several health benefits. Here, we report that
continuous administration of AP for 12 weeks alleviated UV irradiation induced skin pigmentation,
when compared with placebo, in healthy women.
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1. Introduction

The skin is an organ that safeguards and protects the body from harmful environmental factors
such as pathogenic microorganisms, ultraviolet (UV) radiation, and temperature changes and prevents
excessive moisture loss [1]. The skin is composed of three different structures: epidermis, dermis,
and subcutaneous tissue, which facilitate the barrier functions described above [2,3]. However, the skin
undergoes oxidative damage due to various stressors including daily UV exposure from the sun.
Particularly, solar UV radiation elicits various adverse effects on skin tissue, including erythema,
sunburned cells, inflammation, hyperplasia, hyperpigmentation, immunosuppression, photoaging,
and even skin cancer.

Impaired skin structures result in increased trans-epidermal water loss (TEWL) and decreased
water/moisture content in the skin. UV irradiation at low doses accelerates the melanogenesis
of melanocytes in skin, whereas UV irradiation at high doses and repeated UV exposure induce
carcinogenesis and photoaging of the skin. UV generates reactive oxygen species (ROS) and free radicals
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such as superoxide anion radical (O,~) and hydrogen peroxide (H,O5) [4,5]. UV irradiation and ROS
increase matrix metalloprotease (MMP) expression and activity, which are responsible for degrading
extracellular matrix proteins such as collagen and fibronectin. In addition, ROSs induce protein and
lipid oxidation, cell membrane damage, and DNA damage including 8-hydroxy-2’-deoxyguanosine
(8-OHdG) and thymine dimers [6]. Pyrimidine dimers and 8-OHdG are representative DNA base
modified products generated by ROS in the skin [7,8]. In hyperpigmentation of melanocytes, HyO,
and thymine dimers are reported to increase the mRNA level of tyrosinase, a key enzyme during
melanin biosynthesis in melanocytes [9,10]. ROSs are scavenged by protection systems, such as
superoxide dismutase (SOD), catalase, and glutathione peroxidase. However, these enzymes are
unable to completely scavenge and remove the ROSs and free radicals [11]. Therefore, prevention
and protection from UV-mediated cellular damage may be useful for preventing skin disorders.
To neutralize these ROSs, phytochemicals including polyphenols, carotenoids, and antioxidants in
foods are required [6,12].

Dietary supplementation with vitamins, carotenoids, and phytochemicals such as polyphenols
are proposed to improve skin conditions. Dietary supplementation with astaxanthin increased the
minimal erythema dose (MED) and attenuated the UV-induced moisture loss in healthy humans [13-15].
Similarly, polyphenols are botanical secondary metabolites used as the main natural compounds in
cosmetic applications [16]. Procyanidins, commonly known as polyphenols, are abundantly found
in foods including fruits, vegetables, nuts, seeds, and bark, and beverages including red wine and
cocoa [17]. Procyanidins have been suggested to have strong antioxidative activity [18,19] and various
physiological functions [20-24], as demonstrated with in vitro molecular investigations and in vivo
animal studies. Apples are widely consumed throughout the world and are an important source
of procyanidins in the human diet [17,25]. Apples contain different structural subclasses, including
phenolic acids and flavonoids, comprising six major classes: phenolcarboxylic acids (e.g., chlorogenic
acid), anthocyanins (e.g., cyanidin glycosides), flavonols (e.g., quercetin glycosides), dihydrochalcones
(e.g., phloridzin), flavan-3-ols (e.g., catechin), and procyanidins (e.g., procyanidin B2) (Figure S1).
In our previous studies, we investigated the effects of APs on tyrosinase and anti-melanogenesis in
B16 mouse melanoma cells, as well as the relationship between the procyanidin structure and its
polymerization degree and anti-melanogenesis [26]. However, there are very limited human clinical
trial data on the effects of apples and their polyphenols on skin pigmentation.

In the present study, we investigated whether orally administered AP could inhibit UV irradiation
induced skin pigmentation in a human clinical trial. We carried out a randomized, double blinded,
placebo-controlled trial to assess whether continuous administration of AP would affect the skin color
and pigmentation in healthy women participants exposed to UV irradiation. Here, we demonstrate
that AP administration for 12 weeks alleviated the pigmentation in the study participants, although a
dose-dependent relationship was not clearly observed.

2. Materials and Methods

2.1. Study Participants

Healthy women participants (age 20-39 years) with skin photo-type-II and -III, registered with
the Dermis Research Center Co. (Osaka, Japan), were recruited to the study. The trial was carried out
for 12 weeks from the end of January to April. Participants with the following criteria were excluded
from the study: (1) regular ingestion of antioxidative products and supplements including vitamin
¢, CoQ10, and polyphenol extracts such as grape seeds and green tea; (2) skin conditions including
atopic dermatitis; (3) significant disease history of heart failure, dyslipidemia, diabetes, or uncontrolled
hypertension; (4) risk of food allergy; (5) pregnant, lactating, or breastfeeding women; (6) extreme skin
condition changes due to menstruation or irregular menstruation; (7) participation in other clinical
trials at the start of this study. After receiving a full explanation of the study, all participants provided
written informed consent. The participants were randomly assigned to three groups to receive (1)
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active 300 mg of AP supplement/day, (2) active 600 mg of AP supplement/day, or (3) placebo 600 mg
starch decomposition product/day. The tablets were prepared and labeled by study staff in accordance
with the randomized participant list.

2.2. Dietary Supplements

A commercial AP (Applephenon®, Asahi Breweries Co. Ltd., Tokyo, Japan) was used from
unripe apples in the trial [27]. AP was separated from the juice using a preparative column with
aromatic synthetic adsorbents and a Diaion® HP-20 (Mitsubishi Kasei Co. Ltd., Tokyo, Japan)
column. AP samples contained 63.8% procyanidins, which comprised 11.1% dimers, 12.3% trimers,
8.7% tetramers, 5.9% pentamers, 4.9% hexamers, and 20.9% other polymers. AP also contained 12.4%
flavan-3-ols, 10.8% hydroxycinnamic acids including chlorogenic acid, and 6.5% phloretin glucosides
including phloridzin (Figure S1). The tablets were made with maltitol, agar, and sucrose esters of fatty
acids with/without AP. Participants were administered 8 tablets per day for 12 weeks.

2.3. Experimental Design

This study was a randomized, double-blind, placebo-controlled trial to evaluate the effects of AP
on skin pigmentation induced by UV. The study groups were matched based on age and the MED
values determined during the initial health check-up. The experimental design is shown in Table 1.

Table 1. Trial study design.

Intervention Period (Weeks) 0 2 3 4 5 6 8 12

;Wee!(s _since uv 0) 1) 2 (3) ) (6) (10)
rradiation)

Precheck
Visit to facility
Informed consent
MED evaluation

Evaluation of pigmentation
UV-irradiation (1.5 MED)
Erythema, melanin, L value ° ° ° ° ° ° .

Evaluation of facial skin
condition
Water content, TEWL ° ° ° .

Ingestion of test sample << >

Recording in diary << >

MED: minimal erythema dose; TEWL: trans-epidermal water loss. e: visits for the measurement.

Participants visited the Dermis Research Center, and the 6th position on the inside of their upper
arms was exposed to solar-stimulated UV using a Xenon Arc Solar Simulator with Ushio Optical
Module x of UV-A (23 mw/cm?) and UV-B (1800 pw/cm?) (Ushio Inc., Tokyo, Japan) as the solar
light source (0 weeks). At 16-24 h after UV irradiation, skin color was evaluated, and personal MED
was determined. After 2 weeks of administering the assigned tablet, skin color lightness (L value)
and pigmentation (melanin value) were measured by a spectrophotometer (Konica Minolta Inc.,
Osaka, Japan) and Mexameter® MX 16 (Courage and Khazaka Electronic GmbH, Kéln, Germany)
respectively. Then, the 3rd position on the inside of the upper arm was irradiated with 1.5 MED of
UV. Skin color lightness and melanin value were measured at 1, 2, 3, 4, 6, and 10 weeks after UV
irradiation. The pigmented positions were measured 7 times each time, top and bottom values were
deleted, and the average of 3 positions was obtained. To evaluate facial skin conditions, water content
and TEWL at the corner of the eye were measured with Skicon-200 EX® (Yayoi Co. Ltd., Tokyo, Japan)
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and Vapo Scan AS-VT100RS® (Asahi BioMed, Tokyo, Japan), respectively. Facial skin conditions were
measured 5 times in an environment testing room with a stable temperature (20 + 1 °C) and humidity
(45 £ 5%) at 0, 4, 8, and 12 weeks. The average value was used.

Strenuous exercise, dietary restrictions, and excessive drinking/eating were restricted during the
study period. In addition, ingestion of drugs other than prescribed medications and consumption
of polyphenol-rich foods, including green tea, red wine and chocolate, supplements including
anti-oxidative additives (vitamin C, CoQ10, etc.), and polyphenols additives (grape seeds, green tea,
etc.) that could potentially affect anti-oxidative activity were prohibited during the study period.

2.4. Ethics Statement

This study was conducted at the Dermis Research Center Co., Ltd. (Osaka, Japan) in accordance
with the Declaration of Helsinki. The study protocol was approved by the Human Study Ethics
Committee of Hout Schritt Co. Ltd. (Permit Number 18372). All study participants provided informed
content. This study was registered with the University Hospital Medical Information Network Clinical
Trials Registry (UMIN-CTR; Japan), number UMIN000039612.

2.5. Determination of SOD-like Activity of Apple Procyanidins

Apple procyanidins and their individual oligomeric procyanidin fractions were prepared from
Applephenon® using a preparative column as previously described [28]. SOD-like activities in the
apple procyanidins and their individual fractions were measured using the SOD assay kit WST (Dojindo
Molecular Technologies Inc., Gaithersburg, MD, USA) according to the manufacturer’s instructions.
The scavenging activity of superoxide radicals generated in the xanthine/xanthine oxidase system
was determined by spectrophotometric measurement of the reductants of water-soluble tetrazolium
salt, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazolium, and monosodium salt
(WST-1). The 50% inhibitory effective concentration (EC50) was determined as the concentration of
sample that inhibited the formation of WST-1 formazan by 50%, and EC50 percentages were given as
the mean value of four experiments. One unit of SOD activity was defined as the amount of enzyme
having a 50% inhibitory effect on WST-1.

2.6. Statistical Analysis

All data are presented as the mean + standard deviation. Statistical analysis was performed
using two-way analysis of variance (ANOVA) followed by the Bonferroni’s multiple comparisons test.
All graphs were produced using GraphPad Prism® software version 8 for Macintosh.

3. Results

3.1. Effects of AP on UV Irradiation Induced Erythema Value

To determine whether AP administration ameliorated the pigmentation caused by UV irradiation,
65 healthy women (age 34.09 + 4.41 years) were randomly allocated to the placebo and AP groups.
However, 3 participants dropped out for personal reasons and 3 participants failed to attend study
visits for the measurement, and were therefore excluded from the efficacy analysis. Consequently,
the data reported here represent 59 participants (Figure 1).



Nutrients 2020, 12, 1071 50f12

Enrollment (n = 65)

: Allocation and randomization :

y I \

Placebo group AP low-dose group AP high-dose group
Allocated to 12 weeks Allocated to 12 weeks Allocated to 12 weeks
intervention (n=21) intervention (n=22) intervention (n=22)

A 4
Lost to follow-up (n=1) Lost to follow-up (n=0) Lost to follow-up (n=1)
Excluded intervention (n=1) Excluded intervention (n=0) Excluded intervention (n=0)
A 4
Analysis at 12 weeks Analysis at 12 weeks Analysis at 12 weeks
Analyzed participants (n=18) Analyzed participants (n=21) Analyzed participants (n=20)
Excluded intervention (n=1) Excluded intervention (n=1) Excluded intervention (n=1)

Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram. AP: apple polyphenols.

The baseline characteristics for the placebo and AP groups are shown in Table 2. At baseline,
no significant differences were observed between the placebo and the AP groups with regards to any of
the skin color parameters, age, MED, water content, and TEWL. All participants had an average >95%
ingestion rate. No statistically significant differences were observed for the ingestion rate between the
groups. No adverse events related to AP administration were observed during the study period.

Table 2. Baseline (0 weeks) characteristics of study participants.

Apple Polyphenol Groups

Placebo Group
Low-Dose Group (300 mg/day)  High-Dose Group (600 mg/day)
N 21 20 18
Age (y) 34.19 +4.29 35.20 + 3.89 34.06 + 4.08
MED (m]/cm?) 5323.7 + 478.0 5471.1 +£499.7 5247.0 £ 531.7
Water content (AU) 88.56 + 18.62 80.94 + 14.33 85.32 +£20.59
TEWL (g/h m?) 15.80 + 5.85 16.12 + 5.58 14.92 +5.10

Values are means + standard deviation. None of the characteristics was different among the groups at baseline by
the Tukey’s multiple comparisons test. MED: minimal erythema dose; TEWL: trans-epidermal water loss.

To evaluate the effects of AP administration, each skin color parameter measured at the 12-week
follow-up was compared between the placebo and the AP groups (Table 3). The effect of AP on
UV-induced erythema value, which rapidly increased 2448 h after UV-irradiation, was evaluated
during the study period. In the placebo group, erythema value of pre-irradiation at week 2 significantly
increased t0 252.0 + 40.3 from 175.6 + 34.4 at 1 week after irradiation (p < 0.01) and remained significantly
higher until week 8. Similarly, in the low-dose and high-dose AP groups, pre-irradiation erythema
values (182.4 + 32.0 and 179.5 + 51.0) significantly increased to 225.5 + 34.4 and 228.7 + 43.5 after
1 week, respectively (p < 0.01). However, no significant differences were observed between the placebo
and the AP groups during the study period.
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Table 3. Effects of apple polyphenol (AP) on pigmentation induced by UV irradiation.

Intervention Period (Weeks since UV-Irradiation)
0 1 2 3 4 6 10

Placebo 175.6 + 344  252.0+403* 237.3+369* 2195+347* 2225+385* 2128+319* 187.6+354
1 Low AP 1824 +320 2255+344* 2225+31.9* 2240+£40.0* 2159+415* 196.6 + 31.8 184.0 + 26.6
value High AP 179.5+51.0 2287 +435* 225.0+525*  204.6 +40.0 206.1 + 36.6 193.4 +42.8 176.2 + 40.3

Placebo 149.0 +£33.3 1922 +36.5* 1964 +£384* 1947 +£374* 1929 +36.8* 189.9+35.8* 1757 +32.1
Low AP 163.8 £29.5 1949 +273* 1949 +£282* 193.0+272* 190.0+285* 189.2 £ 28.7 1745 +23.3
High AP 159.1 + 36.6 188.6 £33.6*  191.1 +£33.7 ** 187.4 +31.7 184.3 +33.5 181.6 +33.2 172.5 +31.0

Placebo 64.4+24 59.3 £2.7** 60.0 + 2.1 ** 60.4 +2.0** 60.6 + 2.5 ** 61.2+2.1* 625 +2.1
L value Low AP 644+19 60.8 + 2.4 ** 61.2+2.1* 61.5+1.8** 61.6 +1.8** 623+1.6* 63.2+1.9
High AP 64.4+2.7 60.4 + 2.0 ** 61.0 +2.5** 61.1 +£2.1* 61.2 +2.0** 61.9 £2.2** 62.9 +2.2 %

Parameters  Groups

Erythema

Melanin
value

Values are means + standard deviation. Significant differences within the groups were determined using
repeated-measures of two-way ANOVA followed by the Dunnett’s multiple comparisons test (** p < 0.01, * p < 0.05).

In contrast, the changes in erythema from baseline (A erythema) value of the AP groups were
significantly lower than that of the placebo group (Figure 2). Representative imaging of an irradiated
area in the placebo group (upper) and AP groups (middle and lower) at 1 week after UV irradiation
are shown in Figure 2. These results suggested that oral administration of AP inhibited erythema
formation caused by UV irradiation.

A 1 -=- Low-dose group B Flacchbo o
1004 -+ High-does group { :; g :;
-o- Placebo group
g
= -
> »
E 504 F Low-AP
S
2 £ ke '\i_ ) a8
E' e X ‘\-'I \~..l'
w 4 *
N 0O A T R
I High-AP  _
A
" 1 M 1 M 1 M 1 N 1 '/’“\‘ '\:_‘; ‘tf‘\‘
0 2 4 6 8 10 L A

Weeks since UV-irradiation

Figure 2. Apple polyphenol (AP) administration prevents increase in the erythema value. (A) Changes
in erythema value in the placebo and AP groups. (B) Representative imaging of an irradiated area in
the placebo group (upper) and AP groups (middle and lower) at 1 week after UV irradiation. Data are
shown as means =+ standard deviation. Significant differences among the groups were determined using
repeated-measures of two-way ANOVA followed by Dunnett’s multiple comparisons test (* p < 0.05,
**p <0.01).

3.2. Effects of AP on UV Irradiation Induced Melanin Value

Next, we evaluated the effect of AP administration on melanin value, which was the pigmentation
after UV irradiation. In the placebo group, the melanin value observed was 149.0 + 33.3 in the
skin of the upper arm at week 2. At week 1 to 2 after UV irradiation, the melanin values were
significantly increased to 192.2 + 36.5 and 196.4 + 38.4, respectively (Table 3). Significantly high melanin
values were ongoing at 6 weeks compared the baseline. Similarly, in the low-dose and high-dose AP
groups, pre-irradiation melanin values (163.8 + 29.5 and 159.1 + 36.6) were significantly increased
to 194.9 £ 27.3 and 188.6 + 33.6 at 1 week after the irradiation, respectively (p < 0.05). However,
no significant differences were observed between the placebo and the AP groups during the study
period. In contrast, the changes in melanin from baseline (A melanin) value of the AP groups were
significantly lower compared with the placebo group, and the AP groups were protected from the
pigmentation induced by UV irradiation (Figure 3).
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-e— Placebo group
80- - Low-dose group
T —+— High-does group

A Melanin value

Weeks since UV-irradiation

Figure 3. Apple polyphenol (AP) administration prevents increase in the melanin value. Changes in
melanin value in the placebo and AP groups. Data are shown as means + standard deviation. Significant
differences among the groups were determined using repeated-measures of two-way ANOVA followed
by the Dunnett’s multiple comparisons test (* p < 0.05, ** p < 0.01).

3.3. Effects of AP on UV Irradiation Induced L Value

The effect of AP administration on L value (skin lightness) by UV irradiation was evaluated.
In the placebo group, L value was observed 64.4 + 2.4 in the skin of the upper arm at week 0. At week
1 after UV-irradiation, L value was significantly decreased to 59.3 + 2.7 (p < 0.01) and remained
significantly lower until week 8 (Table 3). Similarly, in the low-dose and high-dose AP groups, L values
of pre-irradiation (64.4 + 1.9 and 64.7 + 2.7) were significantly decreased to 60.8 + 2.4 and 60.4 + 2.0
at 1 week after the irradiation, respectively (p < 0.05). L value reduction in the AP groups was less
than the placebo group, but there were no significant differences between the placebo and AP groups
during the study period. In contrast, the decrease in L value from the baseline (A L) of the AP groups
was significantly inhibited compared with the placebo group, and AP administration was protected
from the reduction of skin lightness induced by UV irradiation (Figure 4), although a dose-dependent
relationship was not clearly observed.

Weeks since UV-irradiation

AL value

—-e— Placebo group

-8- & Low-dose group
-+ High-does group

Figure 4. Apple polyphenol (AP) administration prevents decrease in the L value. Changes in
L value in the placebo and AP groups. Data are shown as means + standard deviation. Significant
differences among the groups were determined using repeated-measures of two-way ANOVA followed
by Dunnett’s multiple comparisons test (* p < 0.05, ** p < 0.01).
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3.4. Effect of AP on Facial Skin Condition

To evaluate the effects of AP dietary supplements, water content and TEWL in facial skin
were measured at the 12-week follow-up and compared between the placebo and the AP groups.
No significant differences were detected between the groups for water content and TEWL (Table 4).
AP intervention had no significant effect on any of the other facial skin condition parameters measured.

Table 4. Effects of apple polyphenol (AP) on water content and trans-epidermal water loss (TEWL) in
facial skin.

Intervention Period (Weeks)

Parameters Groups
0 4 8 12

Placebo 85.3 £ 20.6 89.6 + 16.6 88.0 +£16.9 92.0 £16.8

Water content (AU) Low AP 88.6 +18.6 92.8 +16.6 91.8 +225 922 +15.8
High AP 80.9 +14.3 86.7 + 14.6 88.3 +13.9 91.3+123

Placebo 149 £ 5.1 14.6 £ 5.3 151 +6.2 13.6 3.7

TEWL (g/h m2) Low AP 15.8+59 17.0+ 6.9 159+75 154+76
High AP 16.1 £ 5.6 16.2 + 4.1 145+ 43 148 + 64

Values are means + standard deviation.

3.5. Effect of Apple Procyanidins on SOD-Like Activity

Apple procyanidin and their individual apple procyanidin fractions were prepared using
normal-phase HPLC. All of the oligomer fractions strongly inhibited the generation of superoxide
radicals. The EC50 values of individual fractions from monomer to hexamer are as follows: monomer,
4.53 uM (1.32 pg/mL); dimer, 2.60 uM (1.51 ug/mL); trimer, 1.88 uM (1.63 pg/mL); tetramer, 1.82 uM
(2.10 pg/mL); pentamer, 2.25 uM (3.25 pg/mL); and hexamer, 2.33 uM (4.03 pg/mL). The superoxide
radical scavenging activities varied in the following order: tetramer > trimer > pentamer > hexamer >
dimer > monomer. EC50 value of apple procyanidins was 2.43 pg/mL.

4. Discussion

Various physiological functions of procyanidins have been reported, and the data strongly
suggest that the antioxidative properties and radical scavenging activities of procyanidins played an
important part in the mechanisms underlying their various functionalities [29]. UV exposure results
in increased ROSs and free radical generation, which cause damage to proteins, lipids, and DNA [6].
Specifically, ROSs induce DNA damage, such as DNA base damage, and DNA single- and double-strand
breaks. UV irradiation modifies DNA by directly forming cyclobutane pyrimidine dimers and
6—4 photoproducts and by indirectly producing 8-OHdG [8]. DNA damage not only induces genetic
mutations and cellular apoptosis but also melanocyte proliferation in skin tissue. Similarly, ROSs induce
pigmentation of the skin and play an important role in regulating melanogenesis in melanocytes.
8-OHdG [30] and thymine dimers [31] have been reported to stimulate melanogenesis in melanocytes.
In our previous study, we reported that apple procyanidin concentrations were significantly correlated
with hydrophilic oxygen radical absorbance capacity (H-ORAC) values (r = 0.8284, p < 0.0001) in
30 varieties of apple cultivars [25]. SOD-like activity measurement using WST-1 showed that apple
procyanidins have strong SOD-like activity, although the relationship between polymerization degree
of apple procyanidins was not clearly observed. These data suggest that the anti-oxidative activity
of AP mainly is due to procyanidins. The current study indicated that apple procyanidins protected
against the oxidative stress caused by UV irradiation and inhibited melanin synthesis in melanocytes.

Procyanidins, derived from grape seeds, pine bark, and cacao, are reported to have strong
protective effects against ROSs and free radicals [32-34]. Oral administration of French maritime
pine bark extracts, which are rich in flavonoids such as flavan-3-ols and procyanidins, protected
against UV-induced skin damage [35], decreased clinical grading of skin photo-aging scores [36],
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and clinically improved the melasma [37]. However, due to the low numbers of participants and the
lack of placebo groups in some papers, the effects of pine bark procyanidin on skin pigmentation are
not fully understood and further study is required. In the current study, we demonstrated that AP oral
administration, specifically procyanidins, was effective in inhibiting pigmentation by UV irradiation
in this human clinical study. The results suggested that the reduction in oxidative stress and the
antioxidative activity by AP resulted in the inhibition of melanogenesis induced by UV irradiation,
which is consistent with previous studies [36,37]. In our previous study, we reported that AP inhibited
mushroom tyrosinase and the generation of melanin pigments in a B16 mouse melanoma cell study
in vitro, which was a non-UV irradiation system [26]. Although we obtained limited results for skin
color values induced by UV irradiation in high-dose and low-dose AP participants, the current clinical
trial is the first study to show the effects of daily administration of AP for 12 weeks on skin pigmentation.

The bioavailability of procyanidins is a prerequisite to understanding their mechanisms in
physiological function studies. Animal and human studies suggested that after administration of
procyanidins, flavan-3-ols (-)-epicatechin and procyanidin dimers were absorbed, and the conjugated
and methylated forms metabolized by detoxification enzymes were detected in the blood [38,39].
We also reported that after the administration of apple procyanidins, up to tetramer was observed
in rat plasma using high-performance liquid chromatography/electrospray ionization tandem mass
spectrometry (HPLC-ESI/MS) [40]. However, the absorption of procyanidins by the small intestine
is very low, and most of the administered procyanidins were degraded in the large intestine by the
gut microbiota [41]. Recently, several studies demonstrated that procyanidins, including apple [42],
cranberry [43], and grape [44], were associated with a change in the gut microbiota, including a decrease
in the Firmicutes/Bacteroidetes ratio, and contributed to the prevention of obesity and diabetes in
mice fed a high-fat diet. Additionally, we reported that apple procyanidin administration suppressed
inflammation in the liver caused by endotoxic lipopolysaccharides from gram-negative bacteria,
and ameliorated the intestinal gut barrier, thereby providing anti-obesity benefits [42]. Some studies
have demonstrated how modulation of the gut microbiome can influence skin homeostasis pathways
to counteract UV damage [45]. AP administration might therefore influence the suppression of
pigmentation and oxidation through the gut microbiota.

In the present study, the 12-week intervention consisting of AP showed no significant difference
in facial skin parameters (water content and TEWL) at any dose. Facial skin parameters are greatly
affected by the sexual cycle and lifestyle. Participants did not control their UV exposure in facial skin
because they were living normally during the study. Grape seed procyanidin was reported to protect
the impaired skin structures induced by UV due to the inhibition of matrix metalloproteinase in an
animal model [46]. Human intervention studies with controlled UV exposure are required to determine
whether AP influences skin pigmentation and to evaluate the effects of chronic AP administration
on skin parameters. Since procyanidins are predominant in modern diets, including those found
in fruits, cacao, tea, and red wine to name few, it is important to further clarify their effects on skin
conditions. We anticipate that our findings may be useful for future pharmacotherapy development,
clinical practice, and the identification and characterization of functional foods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/4/1071/s1,
Figure S1: Chemical structures of major apple polyphenols.

Author Contributions: T.S. formulated and designed the project; S.M. and N.M. performed analysis; T.S. analyzed
the data; T.S. wrote and edited the paper; Y.O. and T.K. assisted with project administration and funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank the DRC Co. (Japan) for the clinical management and analysis of the results as the
practitioner of this study. We also thank Miwa Tanaka of Asahi Group Holdings Ltd. for the support.

Conflicts of Interest: Y.O. and T.K. belong to Asahi Breweries Co. Ltd., a sponsor and the funder of this study.


http://www.mdpi.com/2072-6643/12/4/1071/s1

Nutrients 2020, 12, 1071 10 of 12

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Perez-Sanchez, A.; Barrajon-Catalan, E.; Herranz-Lopez, M.; Micol, V. Nutraceuticals for skin care:
A comprehensive review of human clinical studies. Nutrients 2018, 10. [CrossRef] [PubMed]

Madison, K.C. Barrier function of the skin: "La raison d'etre" of the epidermis. J. Investig. Dermatol. 2003, 121,
231-241. [CrossRef] [PubMed]

Katiyar, S.; Elmets, C.A ; Katiyar, S.K. Green tea and skin cancer: Photoimmunology, angiogenesis and DNA
repair. J. Nutr. Biochem. 2007, 18, 287-296. [CrossRef] [PubMed]

Bickers, D.R.; Athar, M. Oxidative stress in the pathogenesis of skin disease. J. Investig. Dermatol. 2006, 126,
2565-2575. [CrossRef] [PubMed]

D’Orazio, J.; Jarrett, S.; Amaro-Ortiz, A.; Scott, T. UV radiation and the skin. Int. J. Mol. Sci. 2013, 14,
12222-12248. [CrossRef]

Dzialo, M.; Mierziak, J.; Korzun, U.; Preisner, M.; Szopa, J.; Kulma, A. The Potential of Plant Phenolics in
Prevention and Therapy of Skin Disorders. Int. J. Mol. Sci. 2016, 17, 160. [CrossRef]

Orimo, H.; Tokura, Y.; Hino, R.; Kasai, H. Formation of 8-hydroxy-2'-deoxyguanosine in the DNA of cultured
human keratinocytes by clinically used doses of narrowband and broadband ultraviolet B and psoralen plus
ultraviolet A. Cancer Sci. 2006, 97, 99-105. [CrossRef]

Premi, S.; Wallisch, S.; Mano, C.M.; Weiner, A.B.; Bacchiocchi, A.; Wakamatsu, K.; Bechara, E.J.; Halaban, R.;
Douki, T.; Brash, D.E. Photochemistry. Chemiexcitation of melanin derivatives induces DNA photoproducts
long after UV exposure. Science 2015, 347, 842-847. [CrossRef]

Karg, E.; Odh, G.; Wittbjer, A.; Rosengren, E.; Rorsman, H. Hydrogen peroxide as an inducer of elevated
tyrosinase level in melanoma cells. |. Investig. Dermatol. 1993, 100, 2095-213S. [CrossRef]

Eller, M.S.; Yaar, M; Gilchrest, B.A. DNA damage and melanogenesis. Nature 1994, 372, 413-414. [CrossRef]
F'Guyer, S.; Afaq, F.; Mukhtar, H. Photochemoprevention of skin cancer by botanical agents. Photodermatol.
Photoimmunol. Photomed. 2003, 19, 56-72. [CrossRef] [PubMed]

Solano, F. Photoprotection and Skin Pigmentation: Melanin-Related Molecules and Some Other New Agents
Obtained from Natural Sources. Molecules 2020, 25. [CrossRef]

Grether-Beck, S.; Marini, A.; Jaenicke, T.; Stahl, W.; Krutmann, J. Molecular evidence that oral supplementation
with lycopene or lutein protects human skin against ultraviolet radiation: Results from a double-blinded,
placebo-controlled, crossover study. Br. |. Dermatol. 2017, 176, 1231-1240. [CrossRef] [PubMed]

Ito, N.; Seki, S.; Ueda, F. The protective role of astaxanthin for UV-induced skin deterioration in healthy
people - a randomized, double-blind, placebo-controlled trial. Nutrients 2018, 10. [CrossRef] [PubMed]
Baswan, 5.M.; Marini, A.; Klosner, A.E; Jaenicke, T.; Leverett, J.; Murray, M.; Gellenbeck, K.W.; Krutmann, J.
Orally administered mixed carotenoids protect human skin against ultraviolet A-induced skin pigmentation:
A double-blind, placebo-controlled, randomized clinical trial. Photodermatol. Photoimmunol. Photomed. 2020.
[CrossRef] [PubMed]

Nichols, J.A.; Katiyar, S.K. Skin photoprotection by natural polyphenols: Anti-inflammatory, antioxidant
and DNA repair mechanisms. Arch. Dermatol. Res. 2010, 302, 71-83. [CrossRef] [PubMed]

Gu, L.; Kelm, M.A.; Hammerstone, J.E; Beecher, G.; Holden, ]J.; Haytowitz, D.; Gebhardt, S.; Prior, R.L.
Concentrations of proanthocyanidins in common foods and estimations of normal consumption. J. Nutr.
2004, 134, 613-617. [CrossRef]

Koga, T.; Moro, K.; Nakamori, K.; Yamakoshi, J.; Hosoyama, H.; Kataoka, S.; Ariga, T. Increase of antioxidative
potential of rat plasma by oral administration of proanthocyanidin-rich extract from grape seeds. J. Agric.
Food Chem. 1999, 47, 1892-1897. [CrossRef]

Lotito, S.B.; Actis-Goretta, L.; Renart, M.L.; Caligiuri, M.; Rein, D.; Schmitz, H.H.; Steinberg, EM.; Keen, C.L.;
Fraga, C.G. Influence of oligomer chain length on the antioxidant activity of procyanidins. Biochem Biophys
Res Commun 2000, 276, 945-951. [CrossRef]

Yamakoshi, J.; Kataoka, S.; Koga, T.; Ariga, T. Proanthocyanidin-rich extract from grape seeds attenuates the
development of aortic atherosclerosis in cholesterol-fed rabbits. Atherosclerosis 1999, 142, 139-149. [CrossRef]
Guo, Q.; Zhao, B.; Packer, L. Electron spin resonance study of free radicals formed from a procyanidin-rich
pine (Pinus maritima) bark extract, pycnogenol. Free Radic. Biol. Med. 1999, 27, 1308-1312. [CrossRef]


http://dx.doi.org/10.3390/nu10040403
http://www.ncbi.nlm.nih.gov/pubmed/29587342
http://dx.doi.org/10.1046/j.1523-1747.2003.12359.x
http://www.ncbi.nlm.nih.gov/pubmed/12880413
http://dx.doi.org/10.1016/j.jnutbio.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17049833
http://dx.doi.org/10.1038/sj.jid.5700340
http://www.ncbi.nlm.nih.gov/pubmed/17108903
http://dx.doi.org/10.3390/ijms140612222
http://dx.doi.org/10.3390/ijms17020160
http://dx.doi.org/10.1111/j.1349-7006.2006.00151.x
http://dx.doi.org/10.1126/science.1256022
http://dx.doi.org/10.1038/jid.1993.78
http://dx.doi.org/10.1038/372413a0
http://dx.doi.org/10.1034/j.1600-0781.2003.00019.x
http://www.ncbi.nlm.nih.gov/pubmed/12945805
http://dx.doi.org/10.3390/molecules25071537
http://dx.doi.org/10.1111/bjd.15080
http://www.ncbi.nlm.nih.gov/pubmed/27662341
http://dx.doi.org/10.3390/nu10070817
http://www.ncbi.nlm.nih.gov/pubmed/29941810
http://dx.doi.org/10.1111/phpp.12541
http://www.ncbi.nlm.nih.gov/pubmed/32072695
http://dx.doi.org/10.1007/s00403-009-1001-3
http://www.ncbi.nlm.nih.gov/pubmed/19898857
http://dx.doi.org/10.1093/jn/134.3.613
http://dx.doi.org/10.1021/jf9810517
http://dx.doi.org/10.1006/bbrc.2000.3571
http://dx.doi.org/10.1016/S0021-9150(98)00230-5
http://dx.doi.org/10.1016/S0891-5849(99)00168-9

Nutrients 2020, 12, 1071 11 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Akiyama, H.; Sato, Y.; Watanabe, T.; Nagaoka, M.H.; Yoshioka, Y.; Shoji, T.; Kanda, T.; Yamada, K.; Totsuka, M.;
Teshima, R.; et al. Dietary unripe apple polyphenol inhibits the development of food allergies in murine
models. FEBS Lett. 2005, 579, 4485-4491. [CrossRef] [PubMed]

Sugiyama, H.; Akazome, Y.; Shoji, T.; Yamaguchi, A.; Yasue, M.; Kanda, T.; Ohtake, Y. Oligomeric procyanidins
in apple polyphenol are main active components for inhibition of pancreatic lipase and triglyceride absorption.
J. Agric. Food Chem. 2007, 55, 4604-4609. [CrossRef] [PubMed]

Miura, T.; Chiba, M.; Kasai, K.; Nozaka, H.; Nakamura, T.; Shoji, T.; Kanda, T.; Ohtake, Y.; Sato, T.
Apple procyanidins induce tumor cell apoptosis through mitochondrial pathway activation of caspase-3.
Carcinogenesis 2008, 29, 585-593. [CrossRef]

Obara, M.; Masumoto, S.; Ono, Y.; Ozaki, Y.; Shoji, T. Procyanidin Concentrations and H-ORAC of Apples
Cultivated in Japan. Food Sci. Technol. Res. 2016, 22, 563-568. [CrossRef]

Shoji, T.; Masumoto, S.; Moriichi, N.; Kobori, M.; Kanda, T.; Shinmoto, H.; Tsushida, T. Procyanidin trimers to
pentamers fractionated from apple inhibit melanogenesis in B16 mouse melanoma cells. J. Agric. Food Chem.
2005, 53, 6105-6111. [CrossRef]

Shoji, T.; Akazome, Y.; Kanda, T.; Ikeda, M. The toxicology and safety of apple polyphenol extract.
Food Chem. Toxicol. 2004, 42, 959-967. [CrossRef]

Shoji, T.; Masumoto, S.; Moriichi, N.; Kanda, T.; Ohtake, Y. Apple (Malus pumila) procyanidins fractionated
according to the degree of polymerization using normal-phase chromatography and characterized by
HPLC-ESI/MS and MALDI-TOF/MS. |. Chromatogr. A 2006, 1102, 206-213. [CrossRef]

Ottaviani, ].I.; Heiss, C.; Spencer, J.P.E.; Kelm, M.; Schroeter, H. Recommending flavanols and procyanidins
for cardiovascular health: Revisited. Mol. Aspects Med. 2018, 61, 63-75. [CrossRef]

Yamakoshi, J.; Otsuka, F; Sano, A.; Tokutake, S.; Saito, M.; Kikuchi, M.; Kubota, Y. Lightening effect on
ultraviolet-induced pigmentation of guinea pig skin by oral administration of a proanthocyanidin-rich
extract from grape seeds. Pigment Cell Res. 2003, 16, 629-638. [CrossRef]

Eller, M.S.; Ostrom, K.; Gilchrest, B.A. DNA damage enhances melanogenesis. Proc. Natl. Acad. Sci. USA
1996, 93, 1087-1092. [CrossRef] [PubMed]

Yamaguchi, F; Yoshimura, Y.; Nakazawa, H.; Ariga, T. Free radical scavenging activity of grape seed extract
and antioxidants by electron spin resonance spectrometry in an H(2)O(2)/NaOH/DMSO system. ]. Agric.
Food Chem. 1999, 47, 2544-2548. [CrossRef] [PubMed]

Rohdewald, P. A review of the French maritime pine bark extract (Pycnogenol), a herbal medication with a
diverse clinical pharmacology. Int. |. Clin. Pharmacol. Ther. 2002, 40, 158-168. [CrossRef] [PubMed]
Heinrich, U.; Neukam, K.; Tronnier, H.; Sies, H.; Stahl, W. Long-term ingestion of high flavanol cocoa
provides photoprotection against UV-induced erythema and improves skin condition in women. J. Nutr.
2006, 136, 1565-1569. [CrossRef] [PubMed]

Saliou, C.; Rimbach, G.; Moini, H.; McLaughlin, L.; Hosseini, S.; Lee, J.; Watson, R.R.; Packer, L. Solar
ultraviolet-induced erythema in human skin and nuclear factor-kappa-B-dependent gene expression in
keratinocytes are modulated by a French maritime pine bark extract. Free Radic. Biol. Med. 2001, 30, 154-160.
[CrossRef]

Furumura, M.; Sato, N.; Kusaba, N.; Takagaki, K.; Nakayama, J. Oral administration of French maritime pine
bark extract (Flavangenol(®)) improves clinical symptoms in photoaged facial skin. Clin. Interv. Aging 2012,
7,275-286. [CrossRef]

Ni, Z.; Mu, Y.; Gulati, O. Treatment of melasma with Pycnogenol. Phytother. Res. 2002, 16, 567-571. [CrossRef]
Holt, RR.; Lazarus, S.A.; Sullards, M.C.; Zhu, Q.Y.; Schramm, D.D.; Hammerstone, ].F.; Fraga, C.G;
Schmitz, H.H.; Keen, C.L. Procyanidin dimer B2 [epicatechin-(4beta-8)-epicatechin] in human plasma after
the consumption of a flavanol-rich cocoa. Am. . Clin. Nutr. 2002, 76, 798-804. [CrossRef]

Sano, A.; Yamakoshi, J.; Tokutake, S.; Tobe, K.; Kubota, Y.; Kikuchi, M. Procyanidin B1 is detected in human
serum after intake of proanthocyanidin-rich grape seed extract. Biosci. Biotechnol. Biochem. 2003, 67,
1140-1143. [CrossRef]

Shoji, T.; Masumoto, S.; Moriichi, N.; Akiyama, H.; Kanda, T.; Ohtake, Y.; Goda, Y. Apple procyanidin
oligomers absorption in rats after oral administration: Analysis of procyanidins in plasma using the porter
method and high-performance liquid chromatography/tandem mass spectrometry. J. Agric. Food Chem. 2006,
54, 884-892. [CrossRef]


http://dx.doi.org/10.1016/j.febslet.2005.07.019
http://www.ncbi.nlm.nih.gov/pubmed/16081068
http://dx.doi.org/10.1021/jf070569k
http://www.ncbi.nlm.nih.gov/pubmed/17458979
http://dx.doi.org/10.1093/carcin/bgm198
http://dx.doi.org/10.3136/fstr.22.563
http://dx.doi.org/10.1021/jf050418m
http://dx.doi.org/10.1016/j.fct.2004.02.008
http://dx.doi.org/10.1016/j.chroma.2005.10.065
http://dx.doi.org/10.1016/j.mam.2018.02.001
http://dx.doi.org/10.1046/j.1600-0749.2003.00093.x
http://dx.doi.org/10.1073/pnas.93.3.1087
http://www.ncbi.nlm.nih.gov/pubmed/8577719
http://dx.doi.org/10.1021/jf9806762
http://www.ncbi.nlm.nih.gov/pubmed/10552524
http://dx.doi.org/10.5414/CPP40158
http://www.ncbi.nlm.nih.gov/pubmed/11996210
http://dx.doi.org/10.1093/jn/136.6.1565
http://www.ncbi.nlm.nih.gov/pubmed/16702322
http://dx.doi.org/10.1016/S0891-5849(00)00445-7
http://dx.doi.org/10.2147/CIA.S33165
http://dx.doi.org/10.1002/ptr.1085
http://dx.doi.org/10.1093/ajcn/76.4.798
http://dx.doi.org/10.1271/bbb.67.1140
http://dx.doi.org/10.1021/jf052260b

Nutrients 2020, 12, 1071 12 of 12

41.

42.

43.

44.

45.

46.

Masumoto, S.; Aoki, S.; Miura, T.; Shoji, T. Flavan-3-ol/Procyanidin Metabolomics in Rat Urine Using
HPLC-Quadrupole TOF/MS. Mol. Nutr. Food Res. 2018, 62. [CrossRef] [PubMed]

Masumoto, S.; Terao, A.; Yamamoto, Y.; Mukai, T.; Miura, T.; Shoji, T. Non-absorbable apple procyanidins
prevent obesity associated with gut microbial and metabolomic changes. Sci. Rep. 2016, 6, 31208. [CrossRef]
[PubMed]

Anhe, FF; Roy, D.; Pilon, G.; Dudonne, S.; Matamoros, S.; Varin, T.V.; Garofalo, C.; Moine, Q.; Desjardins, Y.;
Levy, E.; et al. A polyphenol-rich cranberry extract protects from diet-induced obesity, insulin resistance and
intestinal inflammation in association with increased Akkermansia spp. population in the gut microbiota of
mice. Gut 2015, 64, 872-883. [CrossRef]

Roopchand, D.E.; Carmody, R.N.; Kuhn, P.; Moskal, K.; Rojas-Silva, P.; Turnbaugh, PJ.; Raskin, I. Dietary
Polyphenols Promote Growth of the Gut Bacterium Akkermansia muciniphila and Attenuate High-Fat
Diet-Induced Metabolic Syndrome. Diabetes 2015, 64, 2847-2858. [CrossRef] [PubMed]

Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin
Axis. Front. Microbiol. 2018, 9, 1459. [CrossRef] [PubMed]

Sharma, S.D.; Meeran, S.M.; Katiyar, S.K. Dietary grape seed proanthocyanidins inhibit UVB-induced
oxidative stress and activation of mitogen-activated protein kinases and nuclear factor-kappaB signaling in
in vivo SKH-1 hairless mice. Mol. Cancer Ther. 2007, 6, 995-1005. [CrossRef]

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

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


http://dx.doi.org/10.1002/mnfr.201700867
http://www.ncbi.nlm.nih.gov/pubmed/29577618
http://dx.doi.org/10.1038/srep31208
http://www.ncbi.nlm.nih.gov/pubmed/27506289
http://dx.doi.org/10.1136/gutjnl-2014-307142
http://dx.doi.org/10.2337/db14-1916
http://www.ncbi.nlm.nih.gov/pubmed/25845659
http://dx.doi.org/10.3389/fmicb.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30042740
http://dx.doi.org/10.1158/1535-7163.MCT-06-0661
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Participants 
	Dietary Supplements 
	Experimental Design 
	Ethics Statement 
	Determination of SOD-like Activity of Apple Procyanidins 
	Statistical Analysis 

	Results 
	Effects of AP on UV Irradiation Induced Erythema Value 
	Effects of AP on UV Irradiation Induced Melanin Value 
	Effects of AP on UV Irradiation Induced L Value 
	Effect of AP on Facial Skin Condition 
	Effect of Apple Procyanidins on SOD-Like Activity 

	Discussion 
	References

