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ABSTRACT

BACKGROUND/OBJECTIVES: The skin is the outermost organ of the human body and plays
a protective role against external environmental damages, such as sunlight and pollution,
which affect anti-oxidant defenses and skin inflammation, resulting in erythema or skin
reddening, immunosuppression, and epidermal DNA damage.

MATERIALS/METHODS: The present study aimed to investigate the potential protective
effects of red orange complex H extract (ROC) against ultraviolet (UV)-induced skin
photoaging in Skh:HR-2 mice. ROC was orally administered at doses of 20, 40, and 80 mg/
kg/day for 13 weeks, along with UV irradiation of the mice for 10 weeks.

RESULTS: ROC improved UV-induced skin barrier parameters, including erythema, melanin
production, transepidermal water loss, elasticity, and wrinkle formation. Notably, ROC
inhibited the mRNA expression of pro-inflammatory cytokines (interleukin 6 and tumor
necrosis factor a) and melanogenesis. In addition, ROC recovered the UV-induced decrease
in the hyaluronic acid and collagen levels by enhancing genes expression. Furthermore, ROC
significantly downregulated the protein and mRNA expression of matrix metalloproteinases
responsible for collagen degradation. These protective effects of ROC against photoaging
are associated with the suppression of UV-induced phosphorylation of c-Jun NH2-terminal
kinase and activator protein 1 activation.

CONCLUSIONS: Altogether, our findings suggest that the oral administration of ROC exerts
potential protective activities against photoaging in UV-irradiated hairless mice.

Keywords: Skin aging; collagen; erythema; matrix metalloproteinases; hyaluronic acid

INTRODUCTION

The skin is the first protective barrier against external environmental stressors, such as solar
ultraviolet (UV) radiation, air pollution, smoking, nutrition, and cosmetic products, which
may compromise skin integrity [1]. Skin aging can be classified into chronological aging,

a process that occurs as a result of the passage of time, and extrinsic aging or photoaging,
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which is caused by prolonged sun exposure, particularly to UV radiation (UVR), such as UVA
and UVB. The injurious effects of skin photoaging are caused by excessive exposure to UVR
and are manifested as rough, dry, and sagging skin, deep wrinkles, laxity, excessive skin
pigmentation, or skin cancers [2-5].

UVR consists of 3 wavelength regions: UVA (A = 320-400 nm), UVB (A = 280-320 nm), and
UVC (L =100-280 nm) [6]. Excessive exposure to UVR can produce physiological responses
and damage skin structures by generating reactive oxygen species. This in turn stimulates
the mitogen-activated protein kinase (MAPK) family is stimulated. MAPKs are divided

into extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun NH2-terminal kinase (JNK),
and p-38 kinases. ERK1/2 activation by mitogenic signals stimulates cell proliferation

and differentiation and is involved in tumorigenesis stimulation by oxidative stress. The
phosphorylation of JNK and p-38, activated by DNA-damaging environmental stressors, such
as UVR, inflammatory cytokines, and heat shock, participates in cellular differentiation and
inflammatory responses. The activation of 2 nuclear transcription factors, activator protein
1 (AP-1), and nuclear factor-xB (NF-«B), is related to the transcription of genes that degrade
enzymes of the dermal extracellular matrix (ECM) and inflammatory cytokines, respectively.
These transcription factors are connected to various molecular signaling pathway changes
in the dermis and epidermis, leading to disrupted anti-oxidant defenses, skin dryness,
pigmentation, breakdown of extracellularly synthesized collagen, deep wrinkling, and
apoptosis activation [7,8].

The most common approach to protect skin from photoaging is the topical application of
sunscreens, which is measured by the sun protection factor (SPF) and shows the potential
ability to prevent sunburn. Nevertheless, the relatively low SPF consisting of titanium
dioxide and zinc oxide have been reported for UV stability and toxicity to humans and the
environment [9]. Recently, there has been growing awareness of the beneficial effects of oral
photoprotection, associated with skin health, and several phytochemicals have transpired as
a positive alternative strategy to prevent and alleviate the damage caused by photoaging [10].

Citrus sinensis (L.) Osbeck (Rutaceae), known as red orange, is rich in polyphenols and
ascorbic acid, and has a strong anti-oxidant profile. In fact, the anti-oxidant activity of
red orange extract, which is highly concentrated in anthocyanins, hydroxycinnamic acids,
flavanones, and vitamin C, has been extensively studied in different target populations

of athletes, diabetics, smokers, and subjects exposed to air pollution [11-15]. The skin-
protective properties of this extract against erythema and hyperpigmentation, induced by
sunlamp exposure, have also been extensively investigated. In a previous study, red orange
complex H extract (ROC) was administered to examine its protective effect against UVA-
B-induced damage and was found to increase the scavenger activity, UVB protection, and
anti-inflammatory properties by activating tumor necrosis factor (TNF)-a, interleukin
(IL)-6, and NF-«B, and downregulating matrix metalloproteinases (MMPs) content in vitro
[16]. Furthermore, the results of several clinical studies have evidenced that ROC exerts
photoprotective and anti-aging effects [17].

Although the beneficial effects of ROC have been confirmed, the molecular mechanisms of
their protective effects during UVR in mice remain unclear. Therefore, in the present study,
we examined the effects of the oral administration of ROC on the principal skin damage

of UV-induced hairless mice. Specifically, the following potential mechanisms of ROC
protective effects were explored: (1) pro-inflammation response, including the secretion
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of proinflammatory factors such as IL-6 and TNF-o; (2) inhibition of skin pigmentation

via changes in the melanin content; (3) enhancing skin moisturizing (alterations in the
hyaluronic acid [HA] content and hyaluronic acid synthase [HAS] activities); and (4)
suppression of wrinkle formation (via changes int collagen synthesis and MMP expression).
The obtained results were expected to provide evidence of potential ROC protection
mechanisms against UVR-induced skin aging.

MATERIALS AND METHODS

Preparation of the standardized ROC

ROC (batch number 03202004-01) was obtained from the juice of 3 red-orange (C. sinensis [L.]
Osbeck) cultivars, Moro, Sanguinello, and Tarocco. Commercially available ROC® H (Bionap
S.r.1, Belpasso, Italy) was obtained according to the established and patented manufacturing
process. This complex was standardized to the content (w/w) of the following bioactive
constituents by HPLC-DAD analysis: 2.2% ferulic acid, 0.4% narirutin, 9.0% hesperidin
(9.4% total flavanones), 3.1% cyanidin 3-O-glucoside, and 6.5% ascorbic acid, except for
cyanidin-3-O-glucoside, which was quantified using UV spectroscopy [16].

Ethical statement and animals
All animal experiments were conducted in compliance with the protocols approved by the
Institutional Animal Care and Use Committee of Hallym University (Hallym 2020-20).

Five-week-old male Skh:HR-2 mice were purchased from DooYeol Biotech Co. Ltd. (Seoul,
Korea). The mice were housed at the animal research facility of Hallym University and
maintained under controlled standard conditions: 23 + 3°C, 50 + 10% relative humidity, 10-15
ventilations/h, 150-200 Ix illumination, and 12-h light/dark cycles. The mice were provided
with a commercial non-purified rodent diet (Cargil Agri Purina, Inc., Seongnam, Korea) and
drinking water ad libitum.

UVA-B irradiation

UVA-B irradiation was performed with a UV irradiator (UV1-1000; BoTeck, Gunpo, Korea), which
uses a UVA-B lamp (GL20SE; Sankyo Denki, Yokohama, Japan) as a light source that emits a 1:1
ratio of UVA at 315-400 nm (peak at 365 nm) and UVB at 280-315 nm (peak at 306 nm).

Effect of ROC administration on the minimum erythema dose (MED) of the
dorsal skin

After a one-week adaptation period, Skh:HR-2 mice were randomly assigned into 4 groups

(5 mice per group) as follows: (i) control group (vehicle-administered group, CON); (ii) 20
mg/kg body weight (BW)/day ROC-administered group (R20); (iii) 40 mg/kg BW/day ROC-
administered group (R40); and (iv) 80 mg/kg BW/day ROC-administered group (R80). All mice
were subjected to oral gavage with vehicle (distilled water) or ROC (20, 40, or 80 mg/kg BW/
day) for 13 weeks. Thereafter, UVA-B irradiation was conducted to evaluate the effect of ROC
administration on MED in the dorsal skin. The backs of the mice were divided into 6 sections
(1x1 cm?each), and series of UVA-B irradiation doses of 30, 50, 70, 90, 120, and 150 mJ/cm?
were applied. After 24-h UVA-B irradiation, the lowest dose at which erythema with clearly
defined borders at 4 edges was observed was defined as the MED. Post-MED measurement, the
mice were anesthetized with tribromoethanol diluted in tertiary amyl alcohol. Then, blood was
collected from the orbital vein, and serum was obtained by centrifugation.

https://doi.org/10.4162/nrp.2023.17.4.641 643



Protective effects of ROC against photoaging

Nutrition
[ ) Research and
Practice

https://e-nrp.org

Effect of ROC administration on UVA-B-induced photoaging

After a one-week adaptation period, Skh:HR-2 mice were randomly divided into 5 groups

(ten mice per group) as follows: (i) normal control group (without UV irradiation, vehicle-
administered group, NOR); (ii) UV-irradiated control group (UV-irradiated, vehicle-
administered group, UV + C); (iii) UV-irradiated and 20 mg/kg BW/day ROC-administered
group (UV + R20); (iv) UV-irradiated and 40 mg/kg BW/day ROC-administered group (UV +
R40); and (v) UV-irradiated and 80 mg/kg BW/day ROC-administered group (UV + R80). All
mice were subjected to oral gavage with vehicle (distilled water) or ROC (20, 40, or 80 mg/

kg BW/day) for 13 weeks. Before the initiation of UV irradiation, we measured the MED of the
dorsal skin using the aforementioned method, and 50 mJ/cm? was determined to be equal to 1
MED. After 3-week ROC administration, the mice were exposed to UVA-B irradiation 3 times
per week for ten weeks as follows: weeks 4-5 (based on the start date of ROC administration), 1
MED (50 mJ/cm?); weeks 67, 2 MED (50 mJ/cm?); and weeks 8-13, 3 MED (150 mJ/cm?). At the
end of the experimental period, mice were anesthetized with tribromoethanol diluted in tertiary
amyl alcohol, and blood and dorsal skin specimens were immediately collected for analysis.

Evaluation of the parameters employed for skin quality assessment

One day before the end of the experiment, the erythema index, melanin index,
transepidermal water loss (TEWL), elasticity index, and wrinkle index were evaluated to
determine whether ROC administration improves skin quality. Skin erythema and melanin
indices were measured using Mexameter® MX18 (Courage-Khazaka Electronic GmbH,

Koéln, Germany). The TEWL and elasticity indices were measured with a Corneometer®
CM825, Tewameter® TM300, and Cutometer® MPA580 (Courage-Khazaka Electronic GmbH,
Cologne, Germany), respectively. To evaluate wrinkle formation, skin replicas were cast on
the dorsal skin surface of mice using SILFLO (Flexico Developments Ltd., Tokyo, Japan) and
measured with a Visionmeter SV600 (Courage-Khazaka Electronic GmbH). The topography
of the skin surface was then analyzed to determine its total roughness (the distance between
the highest peak and the lowest value, R1), average roughness (the average of the 5 maximum
distances, R2), maximum roughness (the largest value of the 5 maximum distances, R3),
smoothness depth (R4), and arithmetic average roughness (R5).

Biochemical serum analyses

The levels of glucose, triglycerides, total cholesterol, blood urea nitrogen, creatinine, alanine
aminotransferase, and aspartate aminotransferase in the serum were measured using a blood
biochemistry analyzer (KoneLab 20XT; Thermo Fisher Scientific, Vantaa, Finland).

Histology and immunofluorescence (IF) staining

Dorsal skin tissues were fixed in 4% paraformaldehyde immediately after removal. The fixed
skin tissues were embedded in paraffin, sectioned into 5-pm-thick slices, deparaffinized

with xylene, and rehydrated using xylene and graded alcohol. To observe the changes in

the melanin content in the skin tissue, Fontana-Masson’s silver (Abcam, Cambridge, UK)
staining was performed following the manufacturer’s instructions. In addition, to investigate
collagen 1 expression, IF staining was conducted with a primary antibody (collagen 1; Abcam)
and fluorochrome-conjugated secondary antibody (anti-rabbit IgG-Alexa-488; Thermo Fisher
Scientific). Nuclei were counterstained with 4',6-diamidino-2-phenylindole (Sigma-Aldrich,
St. Louis, MO, USA). The stained slides were examined in a blind manner, and randomly
chosen fields were photographed under a Carl Zeiss Axio Imager microscope (Carl Zeiss,
Jena, Germany).
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Measurement of the melanin content

The melanin content in the skin was measured as described previously [18]. Briefly, skin tissues
were homogenized in lysis buffer (1 N NaOH) and heated at 80°C for 1 h. The absorbance of
the melanin extracted from the skin homogenate was then measured at 405 nm. The melanin
content in each test group was expressed as a percentage of that in the NOR group.

Enzyme-linked immunosorbent assay (ELISA)

Skin tissues were homogenized in phosphate-buffered saline and centrifuged at 5,000 rpm
for 10 min. The supernatant was collected and subjected to ELISA. The protein content of
the supernatant was measured using a bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific, Rockford, IL, USA). The levels of HA (R&D Systems, Minneapolis, MN, USA),
collagen (Abcam), IL-6 (R&D Systems), and TNF-a (R&D Systems) in skin homogenates were
measured using the relevant ELISA kits according to the manufacturer’s instructions.

Measurement of AP-1 content

Nuclear proteins from the skin tissues were extracted with a nuclear fraction kit (Abcam)
following the manufacturer’s instructions. The AP-1 content in the nuclear protein was next
measured using an AP-1 ELISA kit (MyBioSource, San Diego, CA, USA).

Western blot analysis

Skin tissues were lysed as previously described [19]. The protein content of the lysates was
measured using a BCA protein assay kit (Thermo Scientific). Western blot analyses were
performed as reported earlier [20]. The antibodies used in this study were obtained from

the following suppliers: MMP-3 and MMP-9 from Abcam and phospho-JNK (Thr183/Tyr185),
JNK, and B-actin from Cell Signaling Technology (Beverly, MA, USA). Each protein band was
visualized by an enhanced chemiluminescence method using Luminata™ Forte Western HRP
Substrate (Millipore, Billerica, MA, USA). Relative protein expression was estimated using an
ImageQuant™ LAS 500 imaging system (GE Healthcare Bio-Science AB, Uppsala, Sweden)
and normalized to B-actin levels.

Quantitative real-time reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was isolated from skin tissues, and real-time RT-PCR was performed using a
Rotor-Gene™ SYBR Green kit (Qiagen, Valencia, CA, USA) and Rotor-Gene 3000 PCR
(Corbett Research, Mortlake, Australia), as described previously [19]. Information regarding
the primer sequences used in this study is presented in Supplementary Table 1. The

results were analyzed using the Rotor-Gene 6000 series System Soft program version 6
(Corbett Research). The relative expression of the target mRNA was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase.

Statistical analysis

All results are expressed as mean + standard error of the mean (SEM). Statistical analyses were
performed using the Statistical Analysis System for Windows version 9.4 (SAS Institute, Cary,
NC, USA). The Student’s t-test was employed to test the differences between the NOR and

UV groups. Analysis of variance followed by Duncan’s multiple comparison test was used to
compare the means between the treatment groups. Statistical significance was set at P < 0.05.
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RESULTS

ROC effects on MED in UVA-B-irradiated hairless mice

Skh:HR-2 mice were subjected to ROC for 13 weeks and irradiated with UVR (30, 50, 70,

90, 120, and 150 mJ/cm?). After 24 h, the MED of UV irradiation was determined (Fig. 1).

A statistically significant increase in MED compared to CON (42.0 + 4.9) was observed

after 13 weeks of ROC administration. The means of MED were 74 + 4.0 at R20, 92.0 + 4.0

at R40, and 144.0 £ 6.0 at R80, showing a progressive enhancement of the UVR minimum
dose required for erythema induction. For 13 weeks, mice were subjected to oral gavage
with ROC 20, 40, or 80 mg/kg BW/day. Based on our previous clinical study results, 100 mg/
day of ROC was defined as the effective anti-photoaging dosage. This was converted to a
mice dose of 20, 40, or 80 mg/kg by the human equivalent dose [17,21]. Changes in BW and
serum clinical parameters were measured to determine the toxicity of ROC (Table 1). There
were no significant differences in BW or serum biochemical indicators between the groups.
Therefore, ROC did not produce any significant toxic effect in mice during the 13-week period
of the treatment.

Table 1. Effects of red orange complex H extract on the body weight and serum clinical parameters in Skh:HR-2
hairless mice

Variables CON R20 R40 R80
Initial body weight (g) 26.6 + 0.4 26.9+0.6 26.4+ 0.8 26.8+ 1.0
Final body weight (g) 32.7+1.0 32.8+1.7 32.5+1.9 32.8+2.3
Body weight gain (g) 6.1+0.1 5.9+ 0.4 6.0+ 0.2 6.0+ 0.3
Glucose (mg/dL) 2,483.1+ 8.8 242.8+ 7.6 230.1+9.5 243.4+7.9
Triglyceride (mg/dL) 89.9+8.5 90.0+ 2.6 87.1+5.5 87.2+ 2.2
Total cholesterol (mg/dL) 89.1+2.3 90.1+1.4 91.0+ 2.6 92.3+2.4
Alanine aminotransferase (U/L) 20.2 + 2.0 22.7+1.6 19.8+ 2.5 18.4+0.9
Aspartate aminotransferase (U/L) 75.7 + 4.8 72.1+3.0 74.0+3.1 71.0+ 2.4
Blood urea nitrogen (mg/dL) 0.316 + 0.005 0.329 + 0.005 0.325 +0.008 0.326 + 0.002

Data are mean = SEM.

CON, control group; R20, 20 mg/kg body weight/day red orange complex H extract-administered group; R40, 40
mg/kg body weight/day red orange complex H extract-administered group; R80, 80 mg/kg body weight/day red
orange complex H extract-administered group.

160 a
140
120
100
80 - c
60 -
40
20 -

0 -

MED (mJ/cm?)

CON R20 R40 R8O

Fig. 1. Effect of ROC administration on the MED of the dorsal skin in Skh:HR-2 mice. ROC was administered via oral
gavage for 13 weeks. The backs of mice were divided into 6 sections and irradiated with various UVA-B doses (30,
50, 70, 90, 120, and 150 mJ/cm?). After 24-h UVA-B irradiation, the MED was established. Each bar represents the
mean = SEM (n = 5).

ROC, red orange complex H extract; MED, minimum erythema dose; UV, ultraviolet; CON, control group; R20, 20
mg/kg body weight/day red orange complex H extract-administered group; R40, 40 mg/kg body weight/day red
orange complex H extract-administered group; R80, 80 mg/kg body weight/day red orange complex H extract-
administered group.

Means without the same letter differ significantly (P < 0.05).
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ROC ameliorates the photodamage on the dorsal skin of Skh:HR-2 mice
Alterations in 5 skin barrier parameters (erythema, melanin, TEWL, elasticity, and wrinkle
index) were evaluated in vehicle- or ROC-administrated mice for 13 weeks to determine
whether ROC treatment inhibits the photoaging caused by UV irradiation. The skin erythema
index in the UV + C group (144.46 + 5.4 arbitrary unit [AU]) was significantly higher than that
in the NOR group (72.2 + 6.6 AU). Conversely, the UV + R80 mice (117.3 £ 6.1 AU) showed a
significantly lower erythema index (Fig. 2A). Next, the UV + C group (205.7 + 10.0 AU) also
had a significantly higher skin melanin index than the NOR group (51.4 + 8.1 AU). However,
the ROC treatment strongly suppressed the melanin production in the UV + R40 (166.3 + 7.9
AU) and UV + R80 groups (162.1 + 9.1 AU) (Fig. 2B). Further, skin TEWL was measured to
assess the skin barrier function. The TEWL of the UV + C group was remarkably higher (15.83
+1.51 g/h/m?) than that of the NOR group (8.43 + 0.49 g/h/m?). However, the pretreatment
with ROC reduced TEWL. The UV + R40 (11.02 + 0.33 g/h/m?, P < 0.01) and UV + R80 groups
(12.16 + 0.62 g/h/m?, P < 0.05) were more effective than the UV + R20 group (13.07 +1.05 g/h/
m?) (Fig. 2C).
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Fig. 2. Effect of ROC administration on skin index in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage for 13 weeks. After 3-week ROC
administration, mice were exposed to UVA-B irradiation 3 times per week for 10 weeks. Various skin indices were estimated using an individual skin analyzer. (A)
Erythema index; (B) Melanin index; (C) TEWL; (D) Elasticity index (E2, gross elasticity; E5, net elasticity); and (E) Wrinkle index (R1, total roughness; R2, average
roughness; R3, maximum roughness; R4, smoothness depth; R5, arithmetic average roughness). Each bar represents the mean = SEM (n =10).

ROC, red orange complex H extract; UV, ultraviolet; NOR, normal control group; UV + C, ultraviolet-irradiated control group; UV + R20, ultraviolet-irradiated
and 20 mg/kg body weight/day red orange complex H extract administration group; UV + R40, ultraviolet-irradiated and 40 mg/kg body weight/day red orange
complex H extract administration group; UV + R80, ultraviolet-irradiated and 80 mg/kg body weight/day red orange complex H extract administration group;
TEWL, transepidermal water loss; AU, arbitrary unit.

"P<0.01and ""P < 0.001 indicate statistically significant differences from the NOR group.

Different letters indicate significant differences among the UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).
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The results showed that the skin elasticity (E2, gross elasticity, and E5, net elasticity) of the
UV group was lower than that of the NOR group. A significant increase in the skin elasticity
(E2) was observed in the 80 mg ROC group (Fig. 2D). The E2 values markedly improved

by 28% after 13 weeks of treatment. However, the difference in the net elasticity was not
statistically significant as compared to that observed in the UV group. Next, we measured
the effects of ROC on UV-induced wrinkle formation in hairless mice (Fig. 2E). The values
indicating skin roughness (R1) in the UV + C group increased significantly by 81.7 + 1.9 AU.
The R1 values in the UV + R40 and UV + R80 groups decreased significantly by 73.2 + 2.9 AU
and 71.1 £ 3.3 AU, respectively. The maximum roughness (R2) was 50.5 + 2.1 AU and 63.5 +
2.0 (P<0.05) in the NOR and UV + C groups, respectively. The UV + R80 group displayed
significantly lower R2 values (55.7 2.2 AU). The values of the maximum roughness (R3) in
the NOR and UV + C groups were 35.2 +1.3 AU and 45.0 + 1.6 AU, respectively. The R3 values
in the UV + R80 group were 38.1 + 1.1 AU. After 13 weeks of treatment, the R1, R2, and R3
values in the UV + R80 group were statistically significantly lower than those in the UV +

C group. The smoothness depth (R4) reflects skin roughness. The R4 values in the UV + C
group (34.3 + 0.9 AU) were significantly higher than the ones in the NOR group (28.1 £1.5
AU). R4 values were improved in the UV + R20, UV + R40, and UV + R80 groups (29.8 £ 1.0
AU, 29.3 +1.4 AU, and 29.1 £ 1.1 AU, respectively). ROC ameliorated the arithmetic average
roughness values (R5), which indicated the depth of a shallow wrinkle. RS values in the UV +
C group (14.1 + 0.5 AU) were higher than those observed in the NOR group (9.8 + 0.5 AU). R5
values decreased in a statistically significant manner in the UV + R40 and UV + R80 groups
(11.8 + 0.6 AU and 11.6 + 0.6 AU, respectively). The had improved skin roughness and wrinkle
depth were observed in the ROC treatment group compared to those in the UV + C group.

ROC inhibits the release of pro-inflammatory cytokines in hairless mice
Previous studies have reported that UV irradiation induces the production of various
inflammatory cytokines such as IL-6 and TNF-a [22]. To determine the effect of ROC on
pro-inflammatory cytokine levels, Skh:HR-2 mice were exposed to UV irradiation 3 times
per week for ten weeks. Thereafter, the levels of inflammation-associated cytokines IL-6 and
TNF-o were measured. As can be seen in Fig. 3, the IL-6 and TNF-a protein levels in the UV +
C group than were higher than those in the NOR group. However, ROC treatment inhibited
this increase. This result suggests that ROC effectively reduces the pro-inflammatory
response to UVR.

ROC inhibits skin pigmentation in the dorsal skin in UV-irradiated Skh:HR-2
mice

The inhibitory effects of ROC on skin pigmentation were also examined in hairless mice.
Mice were administered with ROC (20, 40, and 80 mg/kg) for 13 weeks along with UV
exposure. To determine the effect of ROC on skin pigmentation, Skh:HR-2 mice were
exposed to UV irradiation. The melanin content in the skin tissue was then stained with
Fontana-Masson’s silver. As visible in Fig. 4A, the melanin content in the skin of UV-
irradiated mice was increased. However, the administration of ROC on UV-irradiated skin
reduced the levels of melanin granules as compared with those in the skin of the mice in the
UV + C group. In addition, the ROC treatment led to a significantly lower melanin content
than that in the NOR group (Fig. 4B). These results suggest that ROC affects UV-induced skin
pigmentation in mice, particularly through the inhibition of melanogenesis.
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Fig. 3. Effect of ROC administration on IL-6 and TNF-a levels in the dorsal skin in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage for

13 weeks. After 3-week ROC administration, mice were exposed to UVA-B irradiation 3 times per week for ten weeks. Dorsal skin tissues were excised and
homogenized. The levels of IL-6 (A) and TNF-a (B) in the skin homogenate were measured using enzyme-linked immunosorbent assay kits. Each bar represents
the mean + SEM (n =10).

ROC, red orange complex H extract; UV, ultraviolet; NOR, normal control group; UV + C, ultraviolet-irradiated control group; UV + R20, ultraviolet-irradiated
and 20 mg/kg body weight/day red orange complex H extract administration group; UV + R40, ultraviolet-irradiated and 40 mg/kg body weight/day red orange

complex H extract administration group; UV + R80, ultraviolet-irradiated and 80 mg/kg body weight/day red orange complex H extract administration group;
IL-6, interleukin-6; TNF-a, tumor necrosis factor-o.

***P < 0.001 significantly different from the NOR group.
Different letters indicate significant differences among UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).

(A) NOR uv+C UV + R20 UV + R40 UV + R80

—~
o
~

160 -
140 a
120 4 b b

100 -

60 -
40 -
20 -
0 -

Melanin (% of control)

NOR UV+ UV+ UV+ UV+
C R20 R40 R8O

Fig. 4. Effect of ROC administration on melanin content in the dorsal skin in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage for 13 weeks.
After 3-week ROC administration, mice were exposed to UVA-B irradiation 3 times per week for ten weeks. (A) Dorsal skin sections were stained with Fontana-
Masson’s silver stain. Representative images of staining are presented. Scale bar, 50 um. (B) Melanin content in the dorsal skin. Each bar represents the mean =
SEM (n =10).

ROC, red orange complex H extract; UV, ultraviolet; NOR, normal control group; UV + C, ultraviolet-irradiated control group; UV + R20, ultraviolet-irradiated

and 20 mg/kg body weight/day red orange complex H extract administration group; UV + R40, ultraviolet-irradiated and 40 mg/kg body weight/day red orange
complex H extract administration group; UV + R80, ultraviolet-irradiated and 80 mg/kg body weight/day red orange complex H extract administration group.
**P < 0.001 indicates statistically significant differences from the NOR group.

Different letters indicate significant differences among UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).
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ROC enhances HA in UV-irradiated Skh:HR-2 mice

HA is a valuable skin component of cutaneous ECM and is used for measuring the skin-
moisturizing capacity. This study examined the regulation of HA metabolism following ROC
administration. Our results showed that the HA content in the UV + C group (41.1 + 3.5 pg/mg
protein) differed from that in the NOR group (66.5 + 4.2 pg/mg protein; P< 0.05; Fig. 5A). The
UV-induced reduction in HA production in the skin tissues was inhibited by ROC administration.
Compared with the UV + C group, the HA levels in the UV + R20 group mice were decreased

by 47.4%, whereas those in the mice in the UV + R40 and UV + R80 groups were increased

by 55.7%. Therefore, the HA rescue was enhanced by the co-administration of ROC and UV
irradiation. HAS and aquaporin 3 (AQP3), expressed in human fibroblasts and keratinocytes,

are well-known moisturizing factors. The mRNA expression of HA synthesizing (Hasl, Has2, and
Has3) and Aqp3 genes in the UV-irradiated hairless mice tissues was also significantly increased
by the ROC treatment in a dose-dependent manner in the respective different-UV dose-

treated groups (Fig. 5B and D). To clarify the specific mechanism of HA degradation, the gene
expression of hyaluronidase 1 (Hyall) in skin tissues was further analyzed. A decrease in the Hyall
mRNA expression levels was observed in the UV + R40 group (Fig. 5C). We found that ROC both
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Fig. 5. Effect of ROC administration on HA synthesis in the dorsal skin in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage for 13 weeks.
After 3-week ROC administration, mice were exposed to UVA-B irradiation 3 times per week for 10 weeks. (A) Dorsal skin tissues were excised and homogenized.
HA levels in the skin homogenate were measured using enzyme-linked immunosorbent assay kits. (B-D) Total RNA in the dorsal skin tissues was extracted and
reverse-transcribed, and real-time polymerase chain reaction was conducted. The expression of each mRNA was normalized to that of Gapdh and is represented
relative to that of the NOR group. Each bar represents the mean = SEM (n =10).

ROC, red orange complex H extract; HA, hyaluronic acid; UV, ultraviolet; NOR, normal control group; UV + C, UV-irradiated control group; UV + R20, UV-
irradiated and 20 mg/kg body weight/day red orange complex H extract administration group; UV + R40, UV-irradiated and 40 mg/kg body weight/day red
orange complex H extract administration group; UV + R80, UV-irradiated and 80 mg/kg body weight/day red orange complex H extract administration group;
Has, hyaluronic acid synthase; Hyal, hyaluronidase; Aqgp3, aquaporin 3; Gapdh, glyceraldehyde 3-phosphate dehydrogenase.

“P<0.05, ""P<0.01, and """P < 0.001 indicate statistically significant differences from the NOR group.

Different letters indicate significant differences among UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).
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promoted HA production in the skin tissues and decreased HA degradation. Therefore, ROC
may effectively prevent UV-induced reduction in the HA levels in hairless mice.

Protective effects of ROC against photoaging

ROC increases the collagen production in UV-irradiated Skh:HR-2 mice

The effect of ROC administration on collagen content was investigated in UV-exposed skin
of hairless mice. The collagen production (in relative fluorescence units) in the skin of the
UV-irradiated mice was significantly lower than that in the NOR group mice. However, the
collagen production values in the UV + R40 and UV + R80 groups were significantly higher
than those in the NOR group (Fig. 6A and B). In this study, we investigated the effect of 13-
week co-administration of ROC and UV irradiation on the expression of collagen type 1 alpha
1 chain (Collal), Col3al, Col4al, and Col7al mRNA, which is associated with collagen synthesis.
As can be observed in Fig. 6C, the gene expression of collagen types 3 and 4 was strongly
elevated in the UV + ROC-treated groups. These results suggest that the oral administration
of ROC increased the skin collagen content and mRNA expression of genes related to
collagen synthesis in our UV-induced photoaging in vivo model.

ROC suppresses MMP expression in UV-irradiated Skh:HR-2 mice
UV irradiation promotes the expression of MMPs, which play leading roles in ECM
degradation and activation of the MAPK signaling pathway during skin aging [23,24]. To
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Fig. 6. Effect of ROC administration on collagen synthesis in the dorsal skin in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage for 13
weeks. After 3-week ROC administration, mice were exposed to UVA-B irradiation 3 times per week for ten weeks. (A) Dorsal skin sections were stained with
collagen 1 antibody. Representative immunofluorescence staining images are displayed. Scale bar, 50 um. (B) Dorsal skin tissues were excised and homogenized.
The levels of collagen in skin homogenates were measured using hyaluronic acid enzyme-linked immunosorbent assay kits. (C) Total RNA in the dorsal skin
tissues was extracted, reverse-transcribed, and subjected to real-time polymerase chain reaction. The expression of each mRNA was normalized to that of
Gapdh and is represented relative to that of the NOR group. Each bar represents the mean + SEM (n = 10).

ROC, red orange complex H extract; UV, ultraviolet; NOR, normal control group; UV + C, ultraviolet-irradiated control group; UV + R20, ultraviolet-irradiated
and 20 mg/kg body weight/day red orange complex H extract administration group; UV + R40, ultraviolet-irradiated and 40 mg/kg body weight/day red orange
complex H extract administration group; UV + R80, ultraviolet-irradiated and 80 mg/kg body weight/day red orange complex H extract administration group;
Col1al, collagen type 1alpha 1 chain; Col3al, collagen type 3 alpha 1 chain; Col4al, collagen type 4 alpha 1 chain; Col7a1, collagen type 7 alpha 1 chain; Gapdh,
glyceraldehyde 3-phosphate dehydrogenase.

*P < 0.05, significantly different from the NOR group.

Different letters indicate significant differences among UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).
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investigate whether ROC influenced the expression of gelatinase and collagenase, mice were
treated with various concentrations of ROC after UV irradiation. We established the effects
of the oral administration of ROC on MAPK activation and downstream MMP-2 and MMP-13
proteins in UV-irradiated Skh:HR-2 mice skin. UV irradiation significantly increased MMP-2
and MMP-13 protein expression, whereas the induction was markedly suppressed in the ROC-
treated group as compared to the UV + C group (Fig. 7A and B). Moreover, Mmp-2 and Mmp-13
mRNA levels showed a trend toward a significant decrease in the UV + R20, UV + R40, and
UV + R80 groups as compared to that in the UV + C group (Fig. 7C).

Protective effects of ROC against photoaging

ROC suppresses UV-induced phosphorylation of JNK and AP-1 activation in
UV-irradiated Skh:HR-2 mice

We examined whether ROC could suppress the UV-induced phosphorylation of MAPK,
including JNK and AP-1. As can be seen in Fig. 8A and B, UV irradiation increased JNK
phosphorylation. ROC treatment inhibited JNK phosphorylation in the UV-treated mice

in the UV-R20 and UV + R80 groups, whereas the phosphorylation of JNK in the UV + R40
group was not significantly affected by the ROC treatment. These results suggest that orally
administered ROC suppresses MMP and inhibits activated JNK protein expression in UV-
irradiated skin tissues by regulating the MAPK signaling pathway.
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Fig. 7. Effect of ROC administration on MMP-2 and MMP-13 expression in the dorsal skin in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage
for 13 weeks. After 3-week ROC administration, mice were exposed to UVA-B irradiation 3 times per week for ten weeks. (A) Total lysates of dorsal skin tissues
were prepared and analyzed using Western blotting with the indicated antibodies. Images of Western blots representative of 3 independent experiments are
displayed. (B) Quantitative analysis of Western blot results. The protein abundance was normalized to $-actin and expressed relative to that of the NOR group.
(C) Total RNA in the dorsal skin tissues was extracted, reverse-transcribed, and subjected to real-time polymerase chain reaction. The expression of each mRNA
was normalized to that of Gapdh and is represented relative to that of the NOR group. Each bar represents the mean + SEM (n = 10).

ROC, red orange complex H extract; UV, ultraviolet; NOR, normal control group; UV + C, ultraviolet-irradiated control group; UV + R20, ultraviolet-irradiated

and 20 mg/kg body weight/day ROC administration group; UV + R40, ultraviolet-irradiated and 40 mg/kg body weight/day ROC administration group; UV +

R80, ultraviolet-irradiated and 80 mg/kg body weight/day ROC administration group; MMP, matrix metallopeptidase; Gapdh, glyceraldehyde 3-phosphate
dehydrogenase.

‘P <0.05, P <0.01, ""P < 0.001 significantly different from the NOR group.

Different letters indicate significant differences among UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).
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Fig. 8. Effect of ROC administration on JNK signaling pathway in the dorsal skin in UVA-B-irradiated Skh:HR-2 mice. ROC was administered via oral gavage for

13 weeks. After 3-week ROC administration, mice were exposed to UVA-B irradiation 3 times per week for ten weeks. (A) Total lysates of dorsal skin tissues were
prepared and analyzed using Western blotting with the indicated antibodies. Images of Western blots representative of 3 independent experiments are displayed. (B)
Quantitative analysis of Western blot results. The protein abundance was normalized to -actin and expressed relative to that of the NOR group. (C) Nuclear protein
from dorsal skin tissues was extracted, and the AP-1 content in the nuclear protein was measured. Each bar represents the mean + SEM (n =10).

ROC, red orange complex H extract; UV, ultraviolet; NOR, normal control group; UV + C, ultraviolet-irradiated control group; UV + R20, ultraviolet-irradiated

and 20 mg/kg body weight/day red orange complex H extract administration group; UV + R40, ultraviolet-irradiated and 40 mg/kg body weight/day red orange
complex H extract administration group; UV + R80, ultraviolet-irradiated and 80 mg/kg body weight/day red orange complex H extract administration group;
p-JNK, phospho c-Jun NH2-terminal kinase; JNK, c-Jun NH2-terminal kinase; AP-1, activator protein 1.

P <0.05, ""P < 0.01 statistically significant differences from the NOR group.

Different letters indicate significant differences among UV + C, UV + R20, UV + R40, and UV + R80 groups (P < 0.05).

JNK activation is crucial for c-Jun, which is involved in AP-1 activation in combination with
c-Fos. AP is a transcription factor that plays an important role in the regulation of MMP-2
and MMP-13 expression. To investigate AP-1 activity in mouse skin tissues, the nuclear protein
was separated from the skin tissues, and the AP-1 content was measured. AP-1 expression was
suppressed in a dose-dependent manner by the ROC treatment (Fig. 8C). AP-1 was higher in
the UV + C group (29.68 * 2.60 ng/mg protein) than in the NOR group (21.12 + 1.27 ng/mg
protein). ROC administration decreased the AP-1 levels in the UV + R20, UV+40, and UV +
R80 groups (24.286 + 0.98 ng/mg protein, 24.431 + 1.01 ng/mg protein, and 21.685 +1.39 ng/
mg protein, respectively).

DISCUSSION

Photoaging is caused by prolonged exposure to UVR and elicits adverse histological and
clinical damage to the skin, such as skin thickening, deeper wrinkle formation, rough and
dry skin texture, hyperpigmentation, inflammation, and cancer [25,26]. In recent years,
numerous studies have evidenced that a large number of natural constituent-derived dietary
supplements possess photoprotective efficacy against UV irradiation owing to their large
amounts of phytochemicals [27,28].
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For this reason, several reported beneficial effects of ROC have attracted scientific attention,
such as its anti-inflammatory properties, anti-oxidant activity, and cardiovascular protection
[12,16,29-33]. In this study, we evaluated the effects of 13-week oral ROC administration

on UV-irradiated skin damage in Skh:HR-2 mice. We investigated the changes in skin
parameters (erythema, melanin, TEWL, elasticity, and wrinkles), inflammatory cytokines
(IL-6 and TNF-a1), and skin composition (melanin, HA, and collagen) in response to ROC
administration. The continuous exposure to UV irradiation reduced skin moisture and
elasticity, resulting in dry and rough skin [34,35]. TEWL, which represents the amount of
water loss, is inversely proportional to skin hydration and shows damage to skin barrier
function. Herein, ROC administration significantly reduced the TEWL of the skin relative

to that of the UV-irradiated group (Fig. 2C, P < 0.05), whereas skin hydration was higher
than that in the UV-irradiated group (Fig. 5). Corresponding to this enhancement in skin
moisturizing, the highest dose group (UV + R80) showed a statistically significant decrease
in erythema, melanin index and wrinkle index, and increased elasticity index compared with
the UV-treated group. These data support the notion that the recovery effect of daily ROC
administration alleviates UV-induced skin barrier damage in the skin of hairless mice.

Skin hydration is essential for the normal functioning of the outer skin layer [36]. HA, one of
the most abundant components of the epidermis, is crucial for maintaining moisture levels.
UV irradiation disrupts HA turnover in the dermis, as well as the metabolism of 3 different
isoforms of HAS1-3, water- and glycerol-transporting protein (AQP3), and hyaluronic
acid-degrading enzyme HYAL1 [37]. Notably, the results of the current study showed that
the normal levels of the mRNA expression, associated with skin moisturizing and barrier
function (HasI, Has2, Has3, and Aqp3), were recovered to after ROC administration (Fig. 5).
However, ROC decreased the expression level of Hyall, which was lower than that of the UV
+ C group. Yun et al. [38] reported that Agastache rugosa extract possesses a skin hydration
ability, as evidenced by improving TEWL, HA levels via upregulating HAS gene expression.
In addition, Razia et al. [39] established that Aloe vera flower water extract increased AQP3
expression and HA synthesis via regulation of HAS1 and HYALI1 protein. Supplementing
photoaged mice with ROC markedly increased HA content and enhanced skin hydration

by increasing the expression of HASs and decreasing HA degradation, consequently
contributing to enhanced TEWL levels in the skin tissues. All these results reveal the
defensive skin hydration effects mediated by ROC against UV-induced conditions.

Collagen is the most common fiber-forming protein and is the main structural element in
the ECM. Collagen types I and III, encoded by COLIAI and COL3AI genes, respectively, are

the major types of fibrillar collagen produced by fibroblasts. The COL4A1 gene encodes a

type IV collagen, alpha IV collagen, a flexible protein important for the structural integrity of
many tissues and an integral component of basement membranes. COL7AI encodes a protein
called the pro-a1(VII) chain. In this study, ROC markedly elevated the mRNA expression
levels of the collagen synthesis genes Col3al, Col4al, and Col7al in the UV-induced conditions.
Specifically, at a dose of 80 mg/kg, ROC increased the type-IV procollagen content by 56%.
UV irradiation activated MAPK/AP-1 signaling. The stimulation of MAPK, consisting of c-Jun
and c-Fos, upregulates AP-1 activity, which improves MMP expression. MMPs are a large
group of zinc-dependent endopeptidases that are responsible for ECM remodeling, including
collagen fiber and elastin degradation by UV exposed skin tissues, and thus contribute to
wrinkle formation and the phenotype of photoaged human skin. AP-1 regulates several
MMPs, which are classified according to their substrate preference as follows: collagenases
(MMP-1, MMP-8, and MMP-13), gelatinases (MMP-2 and MMP-9), and stromelysins (MMP-3,
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MMP-10, and MMP-11). Pretreatment with ROC significantly reduced the UV-B-stimulated
MMP-1 and MMP-9 mRNA expression/protein and type I collagen translation levels in human

Protective effects of ROC against photoaging

skin fibroblasts [16]. Hesperidin, a flavanone glycoside, which is abundant in ROC, reportedly
downregulates MMP-9 expression. Hesperidin reduced the expression of pro-inflammatory
cytokines and decreased the TEWL, skin thickness, wrinkle formation, and collagen fiber
loss in UV-induced photoaging in hairless skin tissue [40]. In the present animal model
experiment, ROC remarkably decreased the protein and mRNA expression of MMP-2, a type
IV collagenase, and MMP-13, a collagenase 3 (Fig. 7). The effect of UV irradiation on MMP
expression differed between in vitro and in vivo models, but the harmful effect of UV exposure
on the skin was suppressed by ROC administration. ROC also downregulated the protein
levels of p-JNK and significantly reduced those of AP-1 components as compared to the ones
of the UV group (Fig. 8). These results are in agreement with those of a study carried out by
Park et al. [41] who found that the ethanol extract of Kaempferia parviflora increased collagen
type I, III, and VII, and induced a significant reduction in MMPs via the suppression of c-JNK
and c-Fos activity in UVB-induced mice. Another study was performed by Han et al. [42]

in which the oral administration of Hydrangea serrata leaves extract significantly increased

the pro-COL1A1 and HA production, but decreased the level of MMPs and inflammatory
cytokines through AP-1 and the MAPK signaling pathway in UVB-exposed mice. These results
suggest that ROC alleviates the protein and mRNA expression of MMPs by deactivating the
MAPK/AP-1 pathway, with a concurrent reduction in collagen degradation.

UV exposure induces the secretion of various pro-inflammatory cytokines, such as TNF-o,
IL-1B, IL-6, IL-8, and IL-10, from keratinocytes, which results in erythema, edema, and
influx of inflammatory cells into the epidermal keratinocytes and dermal fibroblasts. These
cytokines upregulate MMP expression, which not only degrades elastic fibers but also leads
to the formation of wrinkles. In this study, UV irradiation increased IL-6 and TNF-a levels. It
was previously reported that ROC significantly downregulated pro-inflammatory cytokines,
such as IL-6 and TNF-a, compared with the UVB-irradiated human cell lines [16]. Previous
and the present results confirm that the anti-photoaging effects of ROC are related to its
anti-inflammatory activities. Fig. 9 illustrates the proposed mechanism through which ROC
improves UV-induced photoaging in hairless mice.

In conclusions, the anti-photoaging effects of ROC were investigated in UV-irradiated
Skh:HR-2 mice treated with ROC (20, 40, and 80 mg/kg/day). ROC recovered the skin
parameters (erythema, melanin, TEWL, elasticity, and wrinkle indices) compared with
UV-irradiated mice. ROC treatment increased the mRNA levels of HA synthesis genes (Hasl,
Has2, and Has3), while suppressing the MMP-2 and MMP-13 expression and increasing the
expression of collagen synthases. ROC has strong anti-inflammatory properties exerted
through its suppressive activities against IL-6 and TNF-a secretion and accumulation and
melanin synthesis downregulation. Collectively, our data evidenced that ROC attenuates
UV-induced photoaging in hairless mice and can thus serve as a natural anti-photoaging
nutraceutical.
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Fig. 9. Summary of the effects of the ROC on the photoaging.

UV, ultraviolet; ROS, reactive oxygen species; ROC, red orange complex H extract; JNK, c-Jun NH2-terminal kinase; ERK1/2, extracellular signal-regulated kinase
1/2; AP-1, activator protein 1; MMP, matrix metalloproteinases; COL1al, collagen type 1alpha 1 chain; COL3al, collagen type 3 alpha 1 chain; COL4al, collagen
type 4 alpha 1 chain; COL7al, collagen type 7 alpha 1 chain; HYALT, hyaluronidase 1; HAS, hyaluronic acid synthase; NF-kB, nuclear factor-«B; IL-6, interleukin 6;

TNF-a, tumor necrosis factor a.
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