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Background: A wide range of environmental factors, such as diseases, nutritional deficiencies, ageing,
hormonal imbalances, stress, and ultraviolet (UV) radiation, may affect the structure and function of the
skin that covers the entire surface of the human body. In this study, we investigated roles of red ginseng
oil (RGO) in enhancing skin functions, including hair growth and skin protection, using mouse models.
Methods: For hair growth experiment, shaved dorsal skins of C57BL/6 mice were topically applied with
vehicle, RGO, RGO's major compounds, or minoxidil for consecutive 21 days and skin tissues were
examined the hair growth promoting capacity. For skin protection experiment, SKH-1 hairless mice were
topically applied with vehicle or RGO twice a day for three days prior to exposure to UVC radiation at 20
kJ/cm2. Skin tissues were collected to evaluate skin protective effects of RGO.
Results: Topical application of RGO to C57BL/6 mice effectively promoted hair regeneration by inducing
early telogen-to-anagen transition and significantly increasing the density and bulb diameter of hair
follicles. Major compounds, including linoleic acids and b-sitosterol, contributed to RGO-promoted hair
growth. Treatment with RGO as well as its major components upregulated expression of hair growth
erelated proteins. Furthermore, in SKH-1 hairless mice, RGO had a protective effect against UVC-
induced skin damage by inhibiting inflammation and apoptosis, as well as inducing cytoprotective
systems.
Conclusion: These data suggest that RGO may be a potent agent for improving skin health and thereby
preventing and/or treating hair loss and protecting skin against UV radiation.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The skin is the largest organ of the body that functions as a
protective barrier from diverse environmental hazards such as ul-
traviolet (UV) radiation, microorganisms, and toxicants. It also
contributes to the formation of several appendages, including hair,
nails, and sebaceous and sweat glands [1]. Many internal and
external factors, such as diseases, nutritional deficiencies, ageing,
hormonal imbalances, stress, and UV radiation, may disturb the
condition of healthy skin. In addition, impaired skin functions may
l of Food Science & Biotech-
ngpook National University,

lishing services by Elsevier B.V. Th

. Keum and W.-S. Jeong, Re
s://doi.org/10.1016/j.jgr.2020.
affect the structure as well as the development of skin appendages,
including hair.

Because of their many positive physiological benefits, plant oils
have recently been attracting great interest for cosmetic and
medical purposes related to the skin. Plant oils may improve skin
health, enhance hair growth, fight against pathogens, and protect
skin from sun damage. Additionally, topically applied plant oils
penetrate well into the skin, and have a localised rather than sys-
temic effect [2]. Red ginseng oil (RGO), extracted from red ginseng,
one of the most popular folk medicines in East Asia, has been
demonstrated to prevent the pathogenesis of various diseases and
other chronic conditions. Our previous studies have shown that the
antioxidant and hepatoprotective activities of RGO are associated
with the upregulation of cellular antioxidant defence systems [3,4].
RGO reduces inflammation by inhibiting the production of pro-
inflammatory mediators and cytokines [5]. Through the
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suppression of cell proliferation and induction of cytoprotective
mechanisms, RGO exhibits an inhibitory effect on 12-O-tetradeca-
noylphorbol-13-acetate (TPA) induced neoplastic transformation of
mouse epidermal cells [6]. Besides protecting against TPA-induced
skin cancer, topical application of RGO was able to restore hair
regeneration in an androgenic alopecia mouse model [7]. Our
previous study indicated that supercritical CO2 fluideextracted
RGO is safe and nontoxic acutely [8]. These properties are espe-
cially present in RGO obtained by supercritical CO2 fluid extraction.
Compared to conventional methods that use organic solvents, su-
percritical CO2 fluid extraction, which uses CO2 as a solvent, has the
following advantages: minimisation of thermal degradation of
valuable constituents; decreased contamination by solvent resi-
dues; and reduced formation of undesirable byproducts [9]. This
method is also cheap, safe, and environmental friendly because CO2
is recyclable, nontoxic, and nonflammable [10]. We previously
identified the presence of linoleic acid and b-sitosterol as major
bioactive components [4]. Consistently, another study reported
fatty acid composition of RGO extracted by supercritical CO2 fluid
extraction with high content of linoleic acid [11]. Lipophilic frac-
tions of red ginseng isolated by solvent extractions have also been
indicated the presence of linoleic acid as well as b-sitosterol [12,13].

Although several studies on the bioactivities of RGO have been
performed, potentials of RGO in maintaining skin functions have
not been fully investigated. In addition, previous findings have the
important implication that RGO might be a potential candidate for
enhancing skin health. Therefore, the present study aimed to pro-
vide advanced results regarding the hair-promoting and photo-
protective effects of RGO as well as the underlying mechanism.

2. Methods

2.1. Materials

Formalin, hematoxylin, eosin, linoleic acid, and b-sitosterol were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary anti-
bodies against b-catenin, Lef-1, Shh, Smo, patched, cyclin E, VEGF,
IGF-1, SOD-2, GPx, 8-OHdG, b-actin, and peroxidase-conjugated
secondary antigoat were acquired from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Catalase, cyclin D1, p-GSK3b, p-ERK, p-Akt,
Bcl-2, Bax, cleaved caspase-3, cleaved caspase-9, cleaved-PARP, and
peroxidase-conjugated secondary anti-rabbit antibodies were
procured from Cell Signaling Technology (Boston, MA, USA). Anti-
Gli1, 4HNE, and HO-1 antibodies were purchased from Abcam
(Cambridge, UK). All other reagents were of the highest grade
commercially available.

2.2. Preparation of RGO

Dried ginseng powder was loaded into the extractor of a pilot-
scale supercritical CO2 fluid extraction system (Ilshin Autoclave
Co., Ltd., Daejeon, Korea). The extraction systemwas set at 6,500 psi
(relative to 450 bar) at a temperature of 65� C. Red ginseng oil was
collected in an amber vial and stored at �20 ºC. The chemical
compositions of RGO were analysed using GC/MS as previously
described [4].

2.3. Animal experiments

For the hair growth experiment, six-week-old male C57BL/6
mice (18e20 g), purchased from Hyochang Science (Deagu, South
Korea), were maintained under controlled humidity (50 ± 5%), 12 h
lightedark cyclewith free access to food andwater. The experiment
was performed according to protocols of the Institutional Animal
Care and Use Committee (2014-08 and 2015-05) of Inje University
2

(Gimhae, South Korea). At sevenweeks of age, when all of their hair
follicles were in the telogen phase, all animals were shaved with
hair clippers and hair removal cream (Veet, Oxy Reckitt Benckiser,
Chartres, France). The mice received topical applications of vehicle
(polyethylene glycol (PEG):Ethanol:H2O ¼ 50:20:30), 50% RGO, or
5% minoxidil (MNX, Hyundai Pharm. Co. Ltd, Chungnam, South
Korea) once a day for 21 days. The back skin of the mice was
photographed at days 0, 7, 10, 14, and 21, and the lengths of
randomly plucked hairs weremeasured at days 14 and 21. At days 0,
7, 14, and 21, mice in each group were sacrificed to obtain skin
tissues that were snap-frozen in liquid nitrogen and stored at �80
ºC for further experiments. To investigate the hair
growthepromoting activity of major components of RGO, shaved
C57BL/6 mice received topical applications of vehicle, 50% RGO, 5%
LA, 5% SITOS, or 5% MNX once a day for 21 days. The dorsal skins
were taken at days 0, 7, 10, 14, 17, and 21, and mice in each group
were sacrificed to collect skin tissues at day 14.

For the skin protection experiment, six-week-old SKH-1 hairless
mice (male, 18e20 g), purchased from Daehan Biolink (Eumseong,
South Korea), were maintained according to protocols of the
Institutional Animal Care and Use Committee (IACUC-2015-066) of
Dongguk University (Seoul, South Korea). After a week of accli-
mation, dorsal skins of mice were treated with topical applications
of vehicle or 1% RGO twice a day for three days. After that, mice
were exposed to UVC radiation at 20 kJ/cm2. After 1 h, all mice were
sacrificed to obtain dorsal skins that were stored at �80 ºC for
further experiments.

2.4. Histological analysis

The treated dorsal skins were collected and fixed in 10%
formalin and embedded in OTC compound. Sections were stained
with hematoxylin and eosin (H&E), and digital photomicrographs
were taken from representative areas using a digital camera (Pax-
cam, Iowa, USA).

2.5. Immunohistochemical analysis

Mouse dorsal skins were embedded in OTC compound,
sectioned and attached onto slide glass. Sections were blocked and
hybridised with primary antibodies overnight at 4 ºC. After
washing, the sections were incubated with fluorescein isothiocya-
nate (FITC) conjugated secondary antibodies (Jackson Immunor-
esearch, West Grove, PA, USA). The fluorescent images were
captured using a C2 confocal microscope (Nikon, Seoul, South
Korea).

2.6. Alkaline phosphatase (ALP) activity

ALP activity assay was performed using an Alkaline Phosphatase
Assay kit according to the instructions of BioAssay Systems (Vienna,
Austria).

2.7. Western blotting

Dorsal skin tissues were homogenised in radio-
immunoprecipitation assay (RIPA) buffer. After centrifugation, su-
pernatants were collected and total protein concentration was
measured using BCA Protein Assay Kits (Thermo Scientific, Wal-
tham, MA, USA). An equal amount of proteins was resolved in
10e12% SDS-PAGE and then transferred onto polyvinylidene fluo-
ride membranes using a semidry transfer system (Bio-Rad, Her-
cules, CA, USA). Membranes were blocked with 5% non-fat milk in
0.1% Tween 20 in phosphate buffered saline and hybridised with
appropriate primary antibodies overnight. The membranes were



Fig. 1. Hair growthepromoting effect of RGO in C57BL/6 mice. The dorsal skins of male C57BL/6 mice were shaved and treated with a topical application of RGO or MNX once a
day for 21 days. (A) The back skin was photographed at 0, 7, 10, 14, and 21 days. (B) Hair growth efficacy was scored as 0, 2, 3, 4, and 5 in correspondence to hair growth of 0%, 0e20%,
20e40%, 40e60%, 60e80%, and 80e100%. (C) The lengths of randomly plucked hairs were measured after 14 and 21 days of depilation. (D) Representative photomicrographs of H&E
staining at days 0, 7, and 14. (E) Histological analysis: (E-a) density of hair follicle, (E-b) skin thickness, and (E-c) diameter of hair bulb. Data are presented as the mean ± SD of at
least three independent experiments. *P < 0.05 significantly different when compared with the control.
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then incubated with horseradish peroxidaseeconjugated second-
ary antibodies for 3 h. Finally, protein bands were detected using
enhanced chemiluminescence western blotting reagents (Santa
Cruz Biotechnology, Santa Cruz, CA, USA).

2.8. Statistical analysis

Results are presented as means ± standard deviation (SD). Sta-
tistical analysis was done using one-way analysis of variance and
Tukey's post hoc test. P values less than 0.05 were considered sta-
tistically significant.

3. Results

3.1. RGO promotes hair growth in C57BL/6 mouse model

To evaluate the role of RGO in promoting hair growth, vehicle,
RGO, or MNX (minoxidil, positive control) were topically applied,
for 21 consecutive days, to shaved skins of C57BL/6 mice. Results
showed that the RGO andMNX groups exhibited grey skin at day 10
and visible hair shafts after 14 days of depilation (Fig. 1A and B).
Mice treatedwith vehicle retained pink skin at day 10 and had large
areas without pigmentation by day 14. RGO or MNX treatment also
increased hair shaft length at days 14 and 21, when compared to
vehicle-treated control (Fig. 1C). In addition, histological analysis
revealed that RGO treatment promoted telogen-to-anagen transi-
tion of hair follicles in mouse skin (Fig. 1D). Hair follicles in the RGO
group entered anagen prematurely compared with those in the
vehicle-treated group, even in the MNX-treated mice. Hair follicles
that were treated with RGO saw progression from telogen to early/
middle anagen after 7 days of treatment. Specifically, some of the
hair follicles entered anagen III/IV by day 7 and part of the hair
follicles exhibited anagen V/VI by day 14, with hair shafts erupting
out of the epidermis. However, hair follicles in the vehicle-treated
group appeared to be in anagen I/II by day 7 and anagen III/IV by
day 14. Furthermore, RGO treatment resulted in a significant gain in
the density of hair follicles, diameter of hair bulbs, and skin thick-
ness when compared with vehicle treatment (Fig. Ea-c). Similar
results were observed in the MNX-treated group, a positive control
in this experiment. Overall, these results suggest that RGO can
stimulate early progression of hair follicles into the anagen phase of
the hair cycle and promote development of hair follicles, thereby
enhancing hair regeneration.

3.2. RGO upregulates hair growth-related genes in C57BL/6 mouse
skins

To better understand the possible hair regeneration mecha-
nisms of RGO, we analysed the expression of hair
promotioneassociated genes in the skin tissues. Treatment with
RGO significantly upregulated protein levels of b-catenin, and
phospho-glycogen synthase kinase 3 beta (p-GSK3b) by day 7, and
the expression of these proteins continuously increased at days 14
and 21, when compared to vehicle-treated mice (Fig. 2A). At day 14,
the RGO-treated group exhibited greater protein expression of b-
catenin, p-GSK3b, and lymphoid enhancer-binding factor 1 (Lef-1)
than the control group, and was comparable to the MNX-treated
group, suggesting the necessity of the Wnt/b-catenin pathway for
RGO-mediated activity (Fig. 2B). Similarly, RGO induced early
Fig. 2. RGO induces the expression of hair growtheassociated genes in mouse skin. (A) T
b-catenin, p-GSK3b, and Lef-1 at day 14. (C) Time-dependent protein expression of Smo and
protein expression of cyclin D1 and cyclin E. (F) Protein expression of cyclin D1 and cyclin E
VEGF at day 14. (I) The expression levels of p-ERK and p-Akt proteins at day 14. Data ar
significantly different when compared with the control at the same indicated time.
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expression of Gli-1 and smoothened (Smo) at day 7, and the
increased tendency for expression was sustained after 14 and 21
days (Fig. 2C). At day 7, topical application of RGO significantly
increased the protein levels of Gli-1 and Smo but failed to induce
patched expression, implying an enhanced sonic hedgehog (Shh)/
Gli-1 pathway in mice treated with RGO (Fig. 2D). Consequently,
the cyclin E and cyclin D1, Wnt/b-catenin and Shh/Gli-1
pathwayetargeted genes were also upregulated by treatment
with RGO or MNX (Fig. 2E and F). In addition, levels of dermal
alkaline phosphatase (ALP), a biomarker of hair growth, signifi-
cantly increased in the mice treated with RGO when compared
with the mice treated with vehicle only (Fig. 2G). ALP activity in the
RGO-treated group was even greater than that of the MNX-treated
group. Also, RGO treatment resulted in a significant rise in the
protein levels of growth factors, such as vascular endothelial
growth factor (VEGF) and insulin-like growth factor 1 (IGF-1), in
skin tissues comparedwith vehicle treatment only (Fig. 2H). Topical
application of RGO activated a downstream kinase by enhancing
the phosphorylation level of extracellular-signal-regulated kinase
(ERK) but failed to induce Akt kinase (Fig. 2I). These results suggest
that topical application of RGO could promote hair growth by
upregulating the expression of hair growtherelated genes inmouse
skin tissues.

3.3. Hair growthepromoting activity of major components of RGO
in C57BL/6 mouse models

To examine the hair growthepromoting role of major compo-
nents in RGO, C57BL/6 mice were topically treated with RGO,
linoleic acid (LA) or b-sitosterol (SITOS) for 21 days. As shown in
Fig. 3A and B, LA or SITOS treatment produced effective hair
growthepromoting activity when compared with vehicle treat-
ment. Both the LA- and SITOS-treated groups exhibited light grey
skin by day 10 and dark grey skinwith small hair shafts by day 14 of
treatment, whereas the control group had large areas of back skin
without pigmentation at day 14. Dorsal skins of mice in the LA and
SITOS groups had visible hair shafts at day 17 and were fully coated
with long hair shafts after 21 days of treatment. Histological anal-
ysis indicated a premature telogen-to-anagen transition of hair
follicles in the mice treated with RGO, LA, SITOS or MNX compared
to themice treatedwith vehicle (Fig. 3C). The LA- and SITOS-treated
groups had hair follicles in deep subcutis at anagen V/VI of the hair
cycle with hair shafts erupting out of the epidermis. In addition, LA
and SITOS treatment activated the Wnt/b-catenin and Shh/Gli
pathways, as evident from enhanced expression of hair growth
inductionerelated genes, such as b-catenin, Lef-1, p-GSK3b, Shh,
Smo, Gli-1, cyclin D1, and cyclin E, in mouse skin tissues after 14
days of depilation (Fig. 3D, E and 3F). More interestingly, topical
application of RGO seemed to possess greater hair
growthepromoting potential than treatment with its single major
components. These data suggest that RGO has great hair growth
efficacy, possibly through the synergistic induction of its major
components, including LA and SITOS.

3.4. RGO suppresses UVC-induced apoptosis in mice

Both acute and chronic exposure to UV radiation are believed to
have serious effects on the structure and function of skin, such as
sunburn, inflammation, sustained immunosuppression, and
ime-dependent protein expression of b-catenin and p-GSK3b. (B) Protein expression of
Gli-1. (D) Protein expression of patched, Smo, and Gli-1 at day 14. (E) Time-dependent
at day 14. (G) ALP activity at day 14. (H) Protein expression of growth factors IGF-1 and
e presented as the mean ± SD of at least three independent experiments. *P < 0.05



Fig. 3. Effect of major compounds in RGO on hair growth in a C57BL/6 mouse model. The dorsal skins of male C57/BL mice were shaved and treated with topical applications of
RGO, LA, SITOS or MNX once a day for 21 days. (A) The back skin was photographed at 0, 7, 10, 14, and 21 days. (B) Hair growth efficacy was scored as 0, 2, 3, 4, and 5 in cor-
respondence to hair growth of 0%, 0e20%, 20e40%, 40e60%, 60e80%, and 80e100%. (C) Representative photomicrographs of H&E staining at day 14. Protein expression of (D) b-
catenin, p-GSK3b and Lef-1, (E) Shh, Smo, and Gli-1, and (F) cyclin D1 and cyclin E at day 14. Data are presented as the mean ± SD of at least three independent experiments.
*P < 0.05 significantly different when compared with the control.
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Fig. 4. Inhibitory effect of RGO on UVC-induced apoptosis in SKH-1 hairless mice. The mice were treated with topical applications of vehicle or 1% RGO for three days prior to
irradiating with 20 kJ/cm2 UVC. Dorsal skin tissues were collected and subjected to western blotting and immunofluorescence. Representative immunohistochemical staining of (A)
cleaved-caspase-3, (B) cleaved-caspase 9, and (C) cleaved-PARP in mouse skins. (D) Protein expression of Bcl-2 and Bax. (E) Ratio of Bax/Bcl-2. Data are presented as the mean ± SD
of at least three independent experiments. #P < 0.05 significantly different when compared to the UVC-treated group. *P < 0.05 significantly different when compared with the
control group.
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carcinogenesis of the skin [14,15]. Therefore, we investigated
whether RGO has a protective effect against UVC-induced
apoptosis. Immunohistochemical analysis revealed that UVC
exposure activated the intrinsic apoptotic pathway by enhancing
levels of cleaved-caspase-3 and cleaved-caspase-9 in the mouse
skin tissues. However, the RGO-treated group exhibited a signifi-
cant reduction in the level of UVC-induced, active forms of caspase-
3 and caspase-9 (Fig. 4A and B). UVC also stimulated the formation
of poly-ADP ribose polymerase (PARP) proteolytic cleavage frag-
ments, which was inhibited in the mice that received topical ap-
plications of RGO (Fig. 4C). In addition, anti-apoptotic Bcl-2 and
pro-apoptotic Bax proteins appear to act as regulators of the
7

mitochondria-mediated apoptosis process. UVC irradiation
decreased Bcl-2 expression and increased Bax expression, leading
to a substantial elevation of the Bax/Bcl-2 ratio in the UVC-treated
groupwhen comparedwith the control group (Fig. 4D and E). These
results suggest that alterations in the Bax/Bcl-2 ratio caused by UVC
are involved in mitochondrial dysfunction. However, RGO topical
application diminished the Bax/Bcl-2 ratio by increasing Bcl-2
expression and decreasing Bax expression. Overall, these data
suggest that, in addition to hair growth promotion, RGO has a
protective effect against UVC-induced apoptosis.



Fig. 5. Effect of RGO on COX-2, MAPK and AP-1 pathways in UVC-exposed SKH-1 hairless mice. COX-2 expression in UVC-exposed SKH-1 hairless mice. The mice were treated
with topical applications of vehicle or 1% RGO for three days prior to irradiating with 20 kJ/cm2 UVC. Dorsal skin tissues were collected and subjected to western blotting and
immunofluorescence. (A) Protein expression of COX-2. (B) Representative immunohistochemical staining of COX-2 in mouse skins. (C) Phosphorylation levels of ERK, JNK, and p-
p38. (D) Protein expression of p-c-Jun/AP-1. Data are presented as the mean ± SD of at least three independent experiments. #P < 0.05 significantly different when compared to the
UVC-treated group. *P < 0.05 significantly different when compared with the control group.
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3.5. RGO inhibits COX-2, AP-1 and MAPK signalling pathways in
UVC-irradiated mice

To assess the anti-inflammatory property of RGO, COX-2
expression was examined in UVC-irradiated mouse skin. As illus-
trated in Fig. 5A, exposure of mice to UVC radiation (20 kJ/cm2)
markedly induced COX-2 expression in skin tissues. However, UVC-
induced COX-2 expression was significantly reduced in the pres-
ence of RGO. Immunohistological analysis also confirmed UVC-
enhanced COX-2 expression in skin tissues, which was obviously
suppressed by topical application of RGO (Fig. 5B). Also, we eval-
uated effects of RGO on mitogen-activated protein kinase (MAPK)
and activator protein 1 (AP-1) signalling pathways in UVC-
8

irradiated mice. Results showed that RGO pretreatment signifi-
cantly attenuated UVC-induced phosphorylation of ERK, c-Jun N-
terminal kinase (JNK), and p38 MAPK in mouse skin tissues
(Fig. 5C). Similar to MAPK signalling pathways, transcription factor
AP-1 was provoked by UVC radiation by inducing the phosphory-
lation of c-Jun/AP-1, which was suppressed in the RGO-pretreated
mice (Fig. 5D).
3.6. RGO protects skin from UVC-induced oxidative damage through
the upregulation of cytoprotective enzymes

To further investigate whether the protective effect of RGO was
associated with the upregulation of cytoprotective systems, we



Fig. 6. Induction of cytoprotective proteins by RGO prevents UVC-induced oxidative damage in SKH-1 hairless mice. The mice were treated with topical applications of vehicle
or 1% RGO for three days prior to irradiating with 20 KJ/cm2 UVC. Dorsal skin tissues were collected and subjected to western blotting and immunofluorescence. (A) Protein
expression of primary antioxidant enzymes CAT, GPx, and SOD-2 in mouse skin tissues. (B) Protein expression of phase antioxidant enzyme HO-1 in mouse skin tissues. Repre-
sentative images of (C) 8-OHdG and (D) 4HNE staining in mouse skin tissues. Data are presented as the mean ± SD of at least three independent experiments. #P < 0.05 significantly
different when compared to the UVC-treated group. *P < 0.05 significantly different when compared with the control group.
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inspected the expression of antioxidant enzymes in the mouse skin
tissues. UVC exposure resulted in decreased expression levels of
primary antioxidant enzymes, including catalase (CAT), glutathione
peroxidase (GPx), and superoxide dismutase 2 (SOD-2), implying
enhanced oxidative stress in UVC-irradiated mouse skin (Fig. 6A).
However, RGO restored the levels of these antioxidant enzymes in
the UVC-exposed mice. In addition, RGO considerably catalysed the
expression of phase II antioxidant heme oxygenase 1 (HO-1)
enzyme in skin tissues when compared to the control and UVC-
treated groups (Fig. 6B). Consequently, enhanced antioxidant
defence systems are able to contribute to the protection of skin
cells/skin tissues against DNA damage and lipid oxidation caused
by UVC exposure. In this study, RGO exhibited protective effects
against UVC-induced DNA and lipid oxidation in mouse skin tis-
sues, as demonstrated by reduced 8-OHdG and 4HNE levels (Fig. 6C
and D).
4. Discussion

Impaired skin health may cause decreased skin barrier function,
enhanced susceptibility to irritation, and disturbances to the
development of skin appendages; the need to seek novel skin care
agents is thus emphasised. Currently, the use of botanical agents as
9

skin care products has been attracting great attention for main-
taining skin functions. Improving skin conditions contribute not
only to preventing injury caused by harmful factors but also to
supporting normal development of skin appendages. In this study,
we provided evidence that supercritical CO2-extracted RGOmay be
a strong candidate for recovery of skin functions, such as hair
growth and skin protection. RGO induced the expression of proteins
related to the promotion of hair growth, resulting in a premature
telogen-to-anagen transition in hair follicles, and effectively
enhanced hair growth. Furthermore, we found that topical appli-
cation of RGO, through the inhibition of apoptosis and inflamma-
tion, and induction of cytoprotective systems, had protective effects
against UVC-caused skin damage.

Hair is an important part of the body that originates from the
ectoderm of the skin. Hair shafts are synthesised by hair follicles,
which undergo repetitive phases of growth (anagen), regression
(catagen), and resting (telogen) [16,17]. Regulation of hair growth is
a complicated process that involves a variety of signalling pathways
in the skin. Of them, the Wnt/b-catenin pathway is one of the most
important signalling pathways triggering hair follicle formation
and hair growth. Previous studies have demonstrated that ablation
of b-catenin results in a significant decrease in its target genes,
thereby leading to the lessening of cell proliferation, rapid
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regression of anagen hair follicles and, finally, hair loss [18,19]. In
addition, Wnt10b overexpression has been reported to activate the
Wnt/b-catenin signalling pathway to promote hair regeneration,
whereas suppression of b-catenin by siRNA abolishes hair follicle
regeneration, evenwhenWnt10b is overexpressed [20]. In contrast,
epidermal overexpression of b-catenin in transgenic mice induces
de novo hair follicle formation in adults [21,22]. Mice lacking Lef-1,
a co-transcription factor of b-catenin in the Wnt signalling
pathway, also exhibit arrested follicle development as well as a lack
of vibrissae and body hair [23]. Reduced levels of Wnt10a and Lef-1
have been observed in balding hair follicles from the frontal scalp,
and b-catenin expression in balding dermal papilla cells is lower
than that in non-balding dermal papilla cells [24]. In addition to
inducing telogen-to-anagen transition, the Wnt/b-catenin signal-
ling pathway also plays a critical role in maintaining the anagen
phase and regulating the behaviour of keratinocytes in hair follicles
during hair cycling [25]. In the present study, a significant upre-
gulation of Wnt/b-catenin pathwayerelated proteins was observed
in skin tissues of mice treated with RGO or its major compounds
when compared to the control group.

Along with the Wnt/b-catenin pathway, several additional sig-
nalling pathways, such as growth factor, bone morphogenetic
protein, Notch and Shh pathways are involved in hair follicle for-
mation, morphogenesis and development [26]. The Shh pathway
makes an important contribution to follicle morphogenesis and
development [27]. In a model of chemotherapy-induced alopecia,
mice with overexpression of Shh, which was mediated by an
adenovirus (AdShh) vector, showed accelerated initiation of the
anagen phase of hair follicle development and hair regrowth when
compared with naïvemice or AdNull-treatedmice [28]. Blockade of
the Shh signal leads to the reduced expression of its target genes,
thereby inhibiting ingrowth of hair follicles and consequent hair
morphogenesis at many stages, indicating that the Shh pathway is
essential for the growth and morphogenesis of hair follicles
throughout the growth cycle [27,29,30]. Moreover, several growth
factors such as IGF-1 and VEGF have been documented to
contribute to the growth and development of hair follicles [31,32].
VEGF has been demonstrated to elevate hair follicle progression
into the anagen phase and promote hair growth through the in-
duction of angiogenesis, which is essential to the increased nutri-
tion and oxygen required for rapid cell division during the anagen
phase [33]. IGF-1 is involved in hair development via regulating
cellular survival and proliferation, tissue remodelling, the hair cycle
and follicular differentiation [34,35]. The production of IGF-1 in
dermal papilla cells acquired from balding scalp is lower than that
from non-balding scalp [36,37]. In this study, RGO along with its
major components activated the Shh/Gli-1 pathway as well as
growth factor in a mouse model, consequently triggering the ana-
gen phase and hair growth.

In addition to its hair growthepromoting effect, we evaluated
the role of RGO in protecting skin from environmental hazards. In
this study, we used UVC-exposed SKH-1 hairless mice as a model to
investigate the protective effects of RGO since UVC causes more
serious biological injuries due to its higher energy compared to UVB
and UVA. Our studies revealed that topical application of RGO
significantly decreased inflammation, inhibited apoptosis, and
enhanced the cytoprotective system, leading to a lessening of UVC-
caused damage. The mice pre-treated with RGO prior to UVC
exposure had diminished skin inflammation, as evident from their
reduced COX-2 expression. UV-induced COX-2 expression results in
erythema, cutaneous inflammation, enhanced production of pro-
inflammatory cytokines, and infiltration of inflammatory cells
into damaged skin tissues [38,39]. COX-2-deficient mice exhibited a
significant attenuation in UV-induced skin tumorigenesis, whereas
COX-2 overexpression in transgenic mice enhanced tumorigenesis
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[40]. In animal models, suppression of COX-2 expression has been
demonstrated to minimise cutaneous inflammation as well as UV-
induced skin tumour [41,42]. Therefore, inhibition of COX-2 in skin
treated with RGO could contribute to the prevention of skin dis-
orders caused by UV radiation.

Apoptosis is the process of programmed cell death through the
activation of intrinsic and extrinsic apoptotic pathways [43]. UV
irradiation can trigger the apoptotic process through various
pathways, such as DNA damage, death receptor activation, and
reactive oxygen species (ROS) accumulation in an independent
and/or synergistic manner [42,43]. The Bcl-2 family that regulates
the intrinsic apoptotic pathway consists of several homologous
proteins, such as anti-apoptotic Bcl-2 and pro-apoptotic Bax pro-
tein [44,45]. Typically, the Bax/Bcl-2 ratio, which is related to the
regulation of mitochondrial function, has been considered an index
for determining sensitivity to apoptosis [46]. In extrinsic pathways,
caspase cascades, including initiator (caspase-8 and caspase-9) and
effector caspases (caspase-3, and caspase-7), play an important role
in the transduction of apoptotic signals [47]. Caspase-3 is the most
common executioner of apoptosis in both intrinsic and extrinsic
pathways and plays a central role in the process of UV-induced
apoptosis [48,49]. This study indicated that UVC-induced
apoptosis via caspase cascades was suppressed by RGO pretreat-
ment as evident from reduced levels of cleaved-caspase-3, cleaved-
caspase-9, and PARP. In addition, in UVC-exposed mice, RGO
decreased the Bax/Bcl-2 ratio, whereby the Bcl-2 level was restored
close to baseline and Bax expression was mitigated.

TheMAPK signalling pathway plays a crucial role in transmitting
extracellular stimuli into intracellular responses, which trigger a
variety of cellular events, such as cell survival, proliferation, dif-
ferentiation, and apoptosis [46]. Accumulating evidence has shown
that UVCmay stimulate all threeMAPK signalling pathways [50,51].
Both JNK and p38 MAPK have been shown to take part in UVC-
induced, mitochondria-mediated apoptosis [51,52]. Moreover, the
activation of signal transduction pathways by UVC irradiation also
results in the induction of the transcription factor AP-1, which itself
regulates the processes of cell proliferation, inflammation, trans-
formation and tumorigenesis [53,54]. In this study, we found that
RGO suppressed the phosphorylation of all three MAPKs in skin
tissues of UVC-exposed mice. Inhibition of UVC-induced AP-1 by
RGO was observed in the form of decreased phosphorylation of c-
Jun. These results suggest that RGO could attenuate UVC-induced
acute inflammation and apoptosis by mitigating the activation of
the MAPK and AP-1 signalling pathways.

UV radiation brought about the intracellular generation of large
quantities of reactive oxygen species (ROS), such as singlet oxygen,
superoxide radicals, hydroxyl radicals, and hydrogen peroxide,
which subsequently cause damage to cellular components, such as
proteins, nucleic acids, lipid membranes and mitochondria [46,55].
UV-induced oxidative damage contributes to inflammation, gene
mutations and immunosuppression, resulting in a range of skin
disorders, such as photoaging, skin wrinkling, and skin cancer [55].
The skin is equipped with a complex defence system including
enzymatic and non-enzymatic components involved in UV absor-
bance, DNA repair, ROS neutralisation, and carcinogen detoxifica-
tion and elimination [49]. Nevertheless, endogenous protective
systems may be depleted by prolonged UV exposure and/or high
energy UV radiation; thus, it is essential to develop additional types
of photoprotection. One approach to protecting human skin from
the harmful influence of UV radiation is the enhancement of
cellular antioxidant defence systems, whichmaintain cellular redox
homeostasis [56]. Additionally, the phase II antioxidant enzyme
HO-1 plays an important role in the protection of cells from
oxidative damage through the neutralisation of ROS [57]. As ex-
pected, our results showed that, in UVC-irradiated mice, topical
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application of RGO increased the level of both primary antioxidant
enzymes, such as CAT, GPx, and SOD-2, and the phase II antioxidant
HO-1. Consequently, RGO reduced UVC-induced oxidative damage
to lipids and DNA, as evident in the decreased levels of 4HNE and 8-
OHdG, respectively.

In summary, the data in our study demonstrate the role of su-
percritical CO2-extracted RGO in improving skin function and
plausible underlying mechanisms for RGO-mediated activities. Our
results reveal that RGO stimulates the biological progression of hair
follicles from telogen to anagen and promotes hair growth through
activation of the Wnt/b-catenin and Shh/Gli-1 signalling pathways
as well as induction of growth factors. RGO also exhibits pharma-
cological action through its anti-apoptotic, anti-inflammatory and
antioxidant properties that protect the skin from the adverse ef-
fects of UV irradiation. Therefore, RGO may be a promising candi-
date for dermatological formulations that promote hair growth and
provide skin photoprotection against UVC irradiation.
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