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Abstract

Rosa davurica is widely used to treat various kinds of diseases because of its high antioxidant, antiviral and anti-inflamma-
tory activities. This use of plant-based materials as medicine is called phytomedicine and has been widely practiced since
time immemorial. However, the pharmacological mechanism of R. davurica in skin photoaging is not yet fully understood.
Therefore, this study was carried out to evaluate the recovery effects of R. davurica leaf extracts (RDE) in UVB-irradiated
human skin keratinocytes (HaCaTs) and investigate whether RDE is a potential therapeutic agent against skin photoaging. The
expression of aging-related markers including mitogen-activated protein kinases/activator protein 1 (MAPK/AP-1), nuclear
factor-kB (NF-kB), and nuclear factor E2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) was evaluated using Western blot
analysis. The reactive oxygen species (ROS) was also used by FACS in HaCaTs. Findings indicated that RDE is efficient in
scavenging free radicals and dose-dependently reducing ROS generation. Furthermore, RDE notably decreased UVB-induced
matrix metalloproteinase-1 (MMP-1) expression through inhibition of MAPK/AP-1 and NF-kB signaling pathways as well
as induced blocking of extracellular matrix (ECM) degradation in UVB-irradiated HaCaTs. In addition, RDE improved Nrf2/
HO-1 signaling that increases oxidative defense capacity and enhances transforming growth factor-beta (TGF-p) signaling
activation to promote procollagen type I synthesis, relieving UVB-induced skin cell damage. In conclusion, the protective
effects of RDE on skin cellular components suggest that it has a high biological potential for skin protection from UVB-
induced skin photoaging and is a good candidate for drug and cosmetic application.
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1 Introduction

Skin aging is characterized by loss of structure, wrinkles,
pigmentation, drying, and degradation of collagen, and
physiological functions [1]. It occurs due to two biochemi-
cal processes, intrinsic and extrinsic (photoaging) aging.
Intrinsic aging is an inevitable process that occurs over
time and is highly correlated with genetic factors. In con-
trast, extrinsic aging is caused by several hazardous envi-
ronmental factors [2]. Therefore, the skin serves as the
first line of defense protecting the body against extrinsic
factors and is continuously in contact with toxic chemicals,
infectious agents, and ultraviolet radiation [3].

UVB exposure evokes complex and multifaceted signal
networks that promote the intracellular formation of ROS,
which in turn damages lipids, proteins, and nucleic acids
in keratinocytes. In addition, UV exposure increases epi-
dermal thickness, reduces collagen synthesis, and facili-
tates collagenolysis by upregulating the expression of
matrix metalloproteases (MMPs) [4]. UVB-induced ROS
activates mitogen-activated protein kinase (MAPK) sign-
aling that further induces MMPs and eventually promotes
collagen degradation [5, 6].
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In the skin, impairment of type I procollagen is depend-
ent on the expression of MMP-1, which is a zinc-dependent
endopeptidase that degrades type I collagen specifically. It
is mainly regulated by the upper signaling cascades, such as
MAPKSs, extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38 [7]. After activation of
the MAPKs by UV, transcription factor (AP-1) expression
increases, leading to collagen fragmentation, inflammatory
response, and cell death [8, 9]. In addition, NF-xB, another
critical transcription factor of MMP in the dermis, is trans-
located under photodamaged conditions into the nucleus by
degradation of IxB and elevates MMP and pro-inflamma-
tory cytokines such as TNF-a, IL-1f, and IL-6 [10, 11].
Interestingly, UVB alters not only the collagen degradation
pathway but also the synthesis pathway, TGFp/Smad. The
TGFp/Smad pathway involves reduction of TPRII level,
and phosphorylation of Smad3 the downstream signaling
is significantly decreased in photoaged human skin [12,
13]. Impairment of the TGFp/Smad pathway is also one of
the mechanisms causing the loss of collagen. Due to com-
plicated changes in various pathways, the ECM collapses,
resulting in wrinkle formation.

Several studies on skin damage by UVB have been done
focusing on anti-photoaging. Currently, research is focusing
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on identifying natural products and organic compounds. with
anti-photoaging effects. Rosa davurica is a herbal plant
occuring in Korea, China, and Japan [14]. It has long been
used as a traditional Chinese herbal therapy for diseases
because of its antioxidant activities, anti-HIV, anti-viral,
anti-biotic, and hypoglycemic activities [15, 16]. In addi-
tion, R. davurica improves DNCB-induced atopic dermatitis
[17]. Although R. davurica is known for various efficacies,
it’s anti-photoaging effect is not yet well understood. There-
fore, we investigate R. davurica’s anti-photoaging effects
and its molecular mechanism through regulating MAPK/
AP-1, NF-xB, and Nrf2/HO-1 Signaling on UVB-irradiated
human keratinocytes (HaCaTs).

2 Materials and methods
2.1 Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), and penicillin—streptomycin were supplied by
Gibco RBL (Grand Island, NY, USA). Standard apigenin,
positive control ascorbic acid, dexamethasone, and 5-diphe-
nyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Human Total MMP-1 and
Human Total MMP-3 ELISA kits were purchased from R&D
Systems (Minneapolis, MN, USA). Organic solvents were
purchased from Samchun Chemical (Seoul, Korea) and
Daejung Chemical & Metal (Siheung, Korea). Inorganic
salts were purchased from Sigma-Aldrich. Silica gel was
purchased from Merck (Kenilworth, NJ, USA). The primary
and secondary antibodies were obtained from Cell Signaling
Technology (Beverly, MA, USA), Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA), and Bio-Rad Laboratories, Inc.
(Hercules, CA, USA).

2.2 Sample preparations

The leaf of R. davurica was provided from Wonsamrosehip
Co., Ltd. (Gyeonggi-do, Korea) and was confirmed geneti-
cally by DNA analysis. The voucher specimen is kept in the
Snowwhitefactory Co, Ltd. laboratory. The dried leaf of R.
davurica was etracted using 30% (v/v) aqueous ethanol for
24 h at room temperature. After being filtered through 5 pm
filters, the extract was concentrated and lyophilized. The
yield of extract was 20.9%.

2.3 Total phenolic content and total flavonoid
content

The total phenolic content (TPC) of RDE, was quantified
based on Folin—Ciocalteau colorimetric method [18]. Also,
the total flavonoid content (TFC) of RDE was evaluated

based on the aluminum chloride (AICl;) colorimetric
method [19].

2.4 HPLC anaysis

The phytochemical characteristics of RDE and the standard
compounds ethyl gallate and ellagic acid were identified
by high performance liquid chromatography (HPLC). The
HPLC analysis was performed on Waters €2695 system with
2998 PDA detector (Millford, MA, USA) with an Atlantis
T3 column (4.6 mm X 250 mm, 5 pm, Waters, Millford,
MA, USA). The mobile phase consisted of (A) water and (B)
acetonitrile both containing 0.1% formic acid with gradient
elution: 8% B (0—10 min), 8-30% B (10-35 min), 30% B
(35-40 min), 30-60% B (40-45 min), 60% B (45-50 min),
60-100% (50-60 min); then keeping 100% B for 5 min to
clean the column, and the re-equilibrating step of the column
was 8% B isocratic for 5 min. The flow rate was 1.0 mL/min,
and the injection volume was 10 pl. The samples were ana-
lyzed at a wavelength of 280 nm and the column temperature
was maintained at 40 C.

2.5 DPPH radical scavenging activity

The 2,2-diphenyl- 1-picrylhydrazyl (DPPH, PubChem CID:
2,375,032) assay was used for scavenging activity against
free radical. The absorbance of 0.1 mM DPPH solution in
80% (v/v) methanol was set at 0.650+0.02 at 517 nm. The
reaction of the mixture of DPPH solution and diluted sample
with different concentrations (satisfied the standard curve)
were processed at 37 °C for 30 min. The descent of absorb-
ance resulting of radical scavenging capacity and were read
using microplate reader at 595 nm. The DPPH radical scav-
enging activity of the sample was evaluated using the fol-
lowing formula:

DPPH radical scavenging activity (%) = 100

ODo — ODx
- X

(0)
whereas: ODo negative control, ODx various tested RDE
and ascorbic acid concentrations.

2.6 ABTS radical scavenging activity

The 2,2-azino-bis-(3-ethylbenzothiazoline)-6-sulfonic acid
(ABTS, PubChem CID: 5,464,076) assay was determined
using reagent. The protocol was followed from the previous
study with a slight modification. The reaction of the mixture
of ABTS solution and diluted sample with different concen-
trations (satisfied the standard curve) were processed at 37 °C
for 10 min. The reduction of blue green ABTS™ resulting of
hydrogen-donating antioxidant and were read using microplate
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reader at 405 nm. The ABTS radical scavenging activity of the
sample was evaluated using the following formula:
OD, — OD

i X %100
0

ABTS radical scavenging activity (%) =

whereas: ODo negative control, ODx various tested RDE
and ascorbic acid concentrations.

2.7 Cell culture

HaCaT cells, originating from human keratinocytes, were
obtained from Sciencell (Carlsbad, CA, USA). Cells were
cultured with DMEM medium supplemented with 10% heat-
inactivated FBS and 1% penicillin—streptomycin (Gibco BRL,
Grand Island, NY, USA) at 37 °C in the atmosphere containing
5% CO,. When the population reached 90-95% confluency,
the cells were seeded in 6/96-well plates and 35 mm/100 mm
dishes.

2.8 Cell viability

The effects of RDE on the viabilities of HaCaT cells were
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, Sigma-Aldrich, St-Louis, MO, USA)
assay. MTT is a colorimetric assay for evaluating cell viability.
The cell survival was initiated through measuring the absorb-
ance of the colored solution at a certain wavelength. After 48 h
treatment supernatant of each well was removed entirely and a
total of 100 uL MTT solution (0.1 mg/mL) was added to each
well. After 4 h of incubation, the supernatants were aspirated
and 150 pLL dimethyl sulfoxides were added to each well. The
absorbance at 570 nm was measured by a microplate reader
(Molecular Devices FilterMax F5; San Francisco, CA, USA).

2.9 UVB irradiation and samples treatment

For UVB irradiation, the cells were rinsed twice with phos-
phate buffered saline (PBS) and then were exposed to UVB
light with a dose of 125 mJ/cm? generated from a UVB radia-
tion machine (Bio-Link BLLX-312; Vilber Lourmat GmbH,
France). After UVB irradiation, the cells were washed twice
with PBS and immediately treated with or without samples
in serum-free medium conditions. The normal/control group
was kept in the same culture conditions without samples and
undergo UVB irradiation. 10 pM ascorbic acid (positive con-
trol) or three doses of RDE, fraction and isolation component
were added to each plate for incubation.

2.10 Measurement of ROS production
The 2,7-dichlorofluorescein diacetate (DCFH-DA) was

used to detect intracellular ROS levels. After 24 h samples
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treatment, the cells were stained with 30 uM 2,7-dichloroflu-
orescein diacetate (DCF-DA) (Sigma-Aldrich) for 30 min at
37 °C in a CO, incubator. The cells were collected and then
analyzed by flow cytometry (FACSCalibur™; Becton—Dick-
inson, San Jose, CA, USA).

2.11 Enzyme-linked immunosorbent assay

After 24 h samples treatment, the supernatants were har-
vested. The secretion of MMP-1, MMP-3 and IL-6 were
detected with commercially available ELISA kits (R&D Sys-
tems, Inc., Minneapolis, MN, USA) following the manufac-
turer’s instruction.

2.12 Reverse transcriptase (RT)-PCR

After 24 h of incubation treatments total RNA was isolated
from HaCaT cells according to the manufacturer’s instruc-
tions by TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA). The RNA (3 ug) was reverse transcribed
with 200 units of reverse transcriptase and 0.5 pg/uL oligo-
(dT),5 primer (Bioneer Co., Daejeon, Korea). This reaction
was performed at 70 °C for 5 min, 42 °C for 60 min, and
was terminated at 94 °C for 5 min. Amplified products were
observed by gel electrophoresis and detected by nucleic acid
staining (NobleBio Inc., Korea) under UV illumination.
GAPDH was used for normalization.

2.13 Western blot analysis

For western blot analysis, the total proteins were lysed using
ice-cold lysis buffer (50 mM Tris—HCI, 150 mM NaCl, 1.0%
Triton X-100, 1.0% sodiumdexycholate, 0.1% SDS and so
on) for 1 h and centrifuged at 12,000 g for 20 min. After
centrifugation, the proteins were quantified with Bradford
reagent (Bio-Rad, Hercules, CA, USA). 50 pg of proteins
were separated on 10-15% sodium dodecyl sulfate—poly-
acrylamide gels (SDS-PAGE) and then transferred onto a
nitrocellulose membrane (Amersham Pharmacia Biotech,
Buckinghamshire, UK). Subsequently, the membrane that
contained the transferred proteins was blocked in 5% non-
fat dry milk in TBST (50 mM Tris—HCL, 150 mM NaCl
and 0.1% Tween 20, PH 7.4) for 1 h at room temperature
and then incubated with appropriate primary antibody in
TBST overnight at 4 °C. After incubation with the primary
antibody, the membrane was washed three times by TBST
buffer and then incubated with the corresponding secondary
antibody for 1 h at room temperature. Protein bands were
detected using chemiluminescence detection electrochemi-
luminescence (ECL) reagents (Fujifilm, LAS-4000, Tokyo,
Japan). Densitometric measurements of bands were analyzed
by ImageMasterTM 17 2D Elite software version 3.1 (Amer-
sham Pharmacia Biotech, Piscataway, NJ, USA).
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Fig. 1 HPLC chromatogram of standard and R. davurica extract

2.14 Statistical analysis

The data were analyzed using Statistical Analysis System
(GraphPad Prism 5). All the quantitative data are repre-
sented as the means +SD. The significant differences were
determined using a one-way analysis of variance (ANOVA)
with the Student—-Newman—Keuls test for the multiple com-
parisons. p <0.05, p<0.01 and p <0.001 were considered
statistically significant for ¢ test. All experiments were per-
formed independently three times.

3 Results
3.1 Analysis of chemical contents of RDE

RDE had high contents of total phenols, and flavonoid
of 176.0+0.6 mg gallic acid/g extract, 173.7+1.2 mg
catechin/g extract, respectively. And the HPLC analysis
was performed as described in the Materials and Methods.
Ethyl gallate and ellagic acid were used as authentic stand-
ards, and their contents in the RDE were determined to be
25.20+0.19 and 8.79 +0.2 (mg/g extract), respectively
Fig. 1.

3.2 Antioxidative activities of RDE

To evaluate the antioxidant potential of RDE, DPPH, and
ABTS assays were performed. Ascorbic acid was used as a
positive control because it has free radical scavenging activ-
ity. Findings revealed that RDE at different concentrations
(1, 10, 50, 100 and 250 pg/mL) has free radical scaveng-
ing activities on DPPH (IC50 of 22.8 ug/mL) and ABTS
(IC50 of 19.2 pug/mL), which congruently increases in a
dose-dependent manner. The presence of RDE free radical

rrrrrrr

scavenging activity is consistent with its high antioxidant
activity. The antioxidant acts as a preventive agent or delays
the mechanism of some types of cell damage.

3.3 Effect of RDE on cell viability

Results of cytoprotective effects of UVB-irradiated cells
treated with RDE (0.1-50 pg/mL) indicated that UVB
irradiation at 125 mJ/cm2 has slight cytotoxicity (Fig. 2).
Furthermore, cells treated with RDE had lower cytotox-
icity than UVB radiation group. Based on these results, a
range of RDE of 1-50 pg/mL was used for the subsequent
experiments.

3.4 Effect of RDE on intracellular ROS production
by FACS

ROS generation plays an essential role in UVB-irradiated
cellular signaling [20]. The intracellular ROS production
was measured using flow cytometry and ROS scavenging
activities of RDE were assessed by the fluorescence dye,
DCFH-DA assay. DCFH-DA is hydrolyzed by intracellular
esterase and is changed to nonfluorescent DCFH, which is
oxidized to highly fluorescent DCF in the presence of ROS.
The fluorescent signal increased after UVB radiation (84.1%
of UVB-irradiated group). However, treatment with RDE
significantly reduced UVB-induced upregulation of fluores-
cent intensity to 41.7%.

@ Springer
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Fig. 3 Effect of RDE on cell viability of HaCaT cells. Data are pre-
sented as the mean+SD. * and * indicate significant differences
between the non-treated cells and induced groups, respectively.
#p <0.05 vs. the non-treated group. *p <0.05 vs. the induced

3.5 Effect of RDE on MMP-1, MMP-3 and IL-6
production measured by ELISA

The secretion of MMP-1, MMP-3, and IL-6 was measured
to confirm the effects of RDE on cells anti-aging activity.
Cells were exposed to UVB 125 mJ/cm?2 radiation prior to
treatment with indicated concentrations of RDE at 1, 10,
and 50 pg/mL. After 24 h, supernatants were collected and
measured using ELISA kits. UVB irradiation significantly
increased MMP-1, MMP-3, and IL-6 secretion by 33.6, 32.9
and 1005.9%, respectively (Fig. 3). However, the presence
of RDE significantly reversed these trends. Compared with
UVB-irradiated cells, RDE inhibited MMP-1 secretion by
31.7% at 50 pg/mL. Also, RDE downregulated the levels of
MMP-3 and IL-6 in a dose-dependent manner, leading to a
decrease in release of MMP-3 and IL-6 by 46.5 and 44.7%
at 50 pg/mL, respectively.
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3.6 Effect of RDE on mRNA expression of MMP-1
and Type | procollagen analyzed by RT-PCR

An increase in MMPs and a decrease in procollagen are
the primary causes of skin photoaging [21]. To make the
photoprotective effects of RDE clear, the mRNA levels of
MMP-1 and procollagen type Iwere further measured by
RT-PCR. In agreement with ELISA test results, the mRNA
level of MMP-1 in UVB-irradiated HaCaTs was also mark-
edly elevated, compared with that of non-irradiated cells,
whereas RDE decreased UVB-induced MMP-1 by 66.5%,
compared with the UVB-irradiated group (Fig. 4A). In con-
trast, UVB irradiation inhibited type I procollagen mRNA
expression, compared with that of the normal group. Inter-
estingly, RDE reversed UVB-induced type I procollagen
reduction in a dose-dependent manner (Fig. 4B). Based on
the above findings, RDE showed the best effect on UVB-
induced photodamage. Therefore, RDE were used to further
explored their biological potential.

3.7 Effect of RDE on UV-B induced AP-1 signaling
pathway

AP-1 as a transcription factor could regulate MMPs gene
expression in response to UVB radiation [22]. To explore
the inhibitory mechanism of RDE on MMP-1 expression,
the expression of the major components of AP-1 (c-fos
and c-jun, as well as their phosphorylation) were quanti-
fied. For the cells subjected to UVB radiation, the expres-
sion of p—c-fos and p—c-jun were significantly higher than
that of the normal group. The elevated p—c-fos and p—c-jun
expression caused by UVB were significantly decreased
using RDE treatment. RDE at 10 and 50 pg/mL suppressed
UVB-induced p—c-fos by 10.4 and 49.8%, and p—c-jun by
23.7 and 56.4%, respectively (Fig. 5) as compared to the
UVB-irradiated group. These significant findings suggested
that RDE inhibited MMP-1 expression through regulation of
AP-1 transcriptional factor.
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3.8 Effect of RDE on UV-B induced MAPK signaling
pathway

The MAPK is a ROS-sensitive signal pathway, which plays a
key role in activation of AP-1 transcription factor and MMPs
expression [23]. The expression of the phosphorylated forms
of the MAPKSs family, including p-JNK, p-p38, and p-ERK
were explored to investigate the effects of RDE on UVB-
induced photoaging. As shown in Fig. 6, UVB irradiation
significantly increased the expression of p-JNK, p-p38, and
p-ERK in HaCaTs, whereas RDE significantly reduced the
activation of the MAPK signaling pathway. Compared with
UVB-induced HaCaTs, RDE dose-dependently decreased
the phosphorylation of ERK, JNK, and p38. Furthermore,
at 50 ug/mL, RDE were able to reduce the expression of
p-ERK, p-JNK and p-p38 by 37.7, 53.7 and 61.0%, respec-
tively Fig. 7.

RD 100 ug/mL
€1 81
7 7

Count

3.9 Effect of RDE on UV-B induced NF-kB signaling
pathway

The NF-xB pathway is another key intermediary in UVB-
induced MMPs expression [24]. Effects of RDE on p-NF-xB
in UVB-irradiated HaCaTs were explored. Results indicated
that RDE effectively inhibited UVB-induced phospho-
rylation of NF-xB. As shown in Fig. 5, RDE (10 pg/mL)
decreased the p-NF-kB expression by 53.8%.

3.10 Effect of RDE on UV-B induced TGF-f signaling
pathway

To determine if RDE promoted type I procollagen syn-
thesis by activation of TGF-f signaling pathway, the
effects of RDE on the levels of TGF-B1, procollagen type
I and MMP-1 were further investigated in UVB-irradiated
HaCaTs. Results show that UVB irradiation significantly
decreased TGF-p1 and procollagen type I but increased
MMP-1 expression. The RDE dose-dependently enhanced
UVB-induced TGF-f1 and procollagen type I, attenuated
MMP-1 through downregulation. As shown in Fig. 10,
50 pg/mL RDE significantly increased the expression of
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Fig.5 MMP-1, -3 and IL-6 secretion on UVB-irradiated HaCaT
cells from RDE. Following UVB irradiation (125 mJ/cm?), HaCaTs
were treated with or without the indicated concentration of RDE (1,
10, and 50 pg/mL) for 24 h. MMP-1 secretion (A), MMP-3 secretion
(B), IL-6 secretion (C) in UVB-irradiated HaCaTs were measured by
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Fig.6 MMP-1 and Procollagen type I mRNA expression on UVB-
irradiated HaCaT cells from RDE. HaCaTs were irradiated with UVB
(125 mJ/cm?), followed by treatment with RDE (1, 10 and 50 pg/mL)
for 24 h. MMP-1 and procollagen type I mRNA levels were deter-
mined by RT-PCR (A). The band intensities were quantified by den-

TGF-B1 and procollagen type I proteins by 16.7 and 55.3%,
respectively. On the other hand, it decreased the expres-
sion of MMP-1 proteins by 50.4%, compared with the UVB
group. These results suggest that RDE protected procollagen
reduction by activation of the TGF-f} signaling pathway.

3.11 Effect of RDE on UV-B induced Nrf2/ARE
signaling pathway

Another possible mechanism of anti-photoaging effects
of RDE can be the regulation of the endogenous antioxi-
dant system. Nrf2 is an important cellular defense system
that induces numerous antioxidant-related gene expression
such as HO-1 and NQO-1 [25]. Here, the effects of RDE
on the protein levels of Nrf2, HO-1 and NQO-1 were eval-
uated in UVB-irradiated HaCaTs. The results indicate that
exposure of cells to UVB radiation significantly increased
the expression of Nrf2 and promoted the levels of HO-1
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ELISA kits. The results were shown as the mean+SD of three inde-
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sitometry and normalized to the non-irradiated group (B). The results
were shown as the mean+SD of three independent experiments.
#»<0.05, ®p<0.01, #p<0.001 compared with non-irradiated
group, *p<0.05, *¥p <0.01, ***¥p <0.001 compared with only UVB-
irradiated group

and NQO-1, which could be attributed to physiological
self-protection. UVB-induced Nrf2 was further elevated
by RDE treatment. As shown in Fig. 11, 50 ug/mL RDE
could increase Nrf2 expression by 53.8% in UVB-irradi-
ated HaCaTs, compared with the UVB group. The levels
of HO-1 and NQO-1 were also enhanced when cells were
treated with RDE. A concentration of 50 ug/mL RDE sig-
nificantly promoted the expression of HO-1 and NQO-1
by 111.7 and 136.7%, respectively.

4 Discussion

Phytochemicals have been used by mankind in a wide vari-
ety of ways since time immemorial. As stated by Yadav
and Agarwala, the World Health Organization claimed that
medicinal plants are an ideal source of drugs [26]. Around
80% of individuals in developed countries use traditional
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Fig.7 AP-1 signaling pathway on UVB-irradiated HaCaT cells from
RDE. HaCaTs were irradiated with UVB (125 ml/cm?), followed
by treatment with RDE (10 and 50 pg/mL) for 4 h. Phosphorylated
and non-phosphorylated forms of c-Fos and c-Jun were detected by
Western blot (A). The band intensities were quantified by densitom-
etry, normalized to the level of c-Jun (B) and c-fos (C), and calcu-

medicines based on compounds derived from medicinal
plants. One of the widely used plants for medicinal pur-
poses is the R. davurica. The genus R. davurica, with
about 100 species, occurs in the north of China, Japan, and
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Fig.8 MAPK signaling pathway on UVB-irradiated HaCaT cells
from RDE. HaCaTs were irradiated with UVB (125 ml/cm?), fol-
lowed by treatment with RDE (10 and 50 pg/mL) for 1 h. Phospho-
rylated and non-phosphorylated forms of ERK, JNK and P38 were
detected by Western blot (A). The band intensities were quantified by
densitometry, normalized to the level of ERK, JNK and P38, and cal-
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*p <0.05, ¥*p<0.01, ¥***p <0.001 compared with only UVB-irradi-
ated group

Korea, many of which exhibit numerous pharmacologi-
cal properties [15, 27]. As a traditional or folk medicine,
R. davurica has long been used to treat various diseases,
such as dyspepsia, gastroenterology, arteriosclerosis,
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group, *p<0.05, **p <0.01, ***p <0.001 compared with only UVB-
irradiated group
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pulmonary tuberculosis, frostbite, and menoxenia. Modern
pharmacological research has revealed that R. davurica
exhibits antioxidant, anti-inflammatory, anti-angiogenic,
anti-allergy, anti-nociceptive activities, anti-lipid peroxi-
dation effect, and inhibitory activity against neutrophil
migration [28]. However, there has been no study on the
skin anti-photoaging effects of the R. davurica. Thus, this
study was done determine if RDE inhibited UVB-induced
photoaging via inhibition of the MAPK/AP-1, NF-kB, and
Nrf2/HO-1 pathway.

Oxidative stress caused by the factors considered in
this study leads to increased ROS generation and reduced
antioxidant capacity, resulting in aging and visible dete-
rioration in skin condition [29, 30]. Our results indicate
that the inhibitory activity of DPPH and ABTS free scav-
enging radicals was detectable at ICs, values of 22.8 ug/
mL and 19.2 pg/mL, respectively (Fig. 9). After treatment
with RDE, the level of ROS significantly dose-dependently
decreased (Fig. 10). The ability of RDE to scavenge DPPH
radicals was similar to that of ascorbic acid, a well-known
skin brightener that was used as a positive control.

Also, UV radiation-induced ROS triggers an increase
in MMPs, degrades ECM proteins such as collagen and
elastin, and leads to skin photoaging and wrinkle forma-
tion [31]. To evaluate the effect of pre-and post-enzyme-
treated RDE on UVB-induced photoaging, we investigated
the mRNA expression of MMP-1 and procollagen type I
in UVB-irradiated HaCaT cells using RT-PCR. Our results
demonstrated that RDE recovered the expression of procol-
lagen type I (Fig. 4) and significantly decreased MMP-1
expression in UVB-irradiated HaCaTs. These findings sug-
gest that RDE prevents collagen loss through the inhibition
of UVB-induced MMP-1 expression and the enhancement
of procollagen type I expression.

The main factors that defend skin cells from oxida-
tive stress are Nrf2 and several of its target genes, such as
NQOI1 and HO-1 [32]. Kannan and Jaiswal [33] found that
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R. davurica (ng/mL) - - - 10 50

L T T T

P-actin | s—————

Fig.9 NF-kB signaling pathway on UVB-irradiated HaCaT cells
from RDE. HaCaTs were irradiated with UVB (125 mJ/cm?), fol-
lowed by treatment with RDE (10 and 50 pg/mL) for 4 h. NF-xB pro-
tein expression were detected by Western blot (A). The band inten-
sities were quantified by densitometry, normalized to the level of
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Nrf2 upregulated ARE-mediated gene expression in UVB
exposed fibroblasts. Our results also show that activation of
both Nrf2 and its target genes, such as NQO1 and HO-1, is
due to UVB-triggered ROS signaling. In skin subjected to
extrinsic aging by UVB irradiation, RDE led to decreased
oxidative stress by regulating the Nrf2/ARE signaling path-
way via the expression of antioxidant enzymes such as
NQO1 and HO-1 (Fig. 8).

Keratinocytes, the predominant cell type in the epidermis,
absorb the majority of UVB irradiation, leading to dryness,
loosing, and inflammation [34]. The UVB irradiation of the
epidermis results in ROS generation, which increased MMP-
1, MMP-3, and IL-6 secretion. In this study, RDE treatment
in HaCaTs while undergoing UVB irradiation resulted in
decreases in MMP-1, MMP-3, and IL-6 secretion. Hwang
et al. [17] reported low cytokine levels in groups treated
for atopic dermatitis with leaf extracts of R. davurica. IL-6
plays a key role in the inflammatory responses of HaCaTs
following UVB exposure, and as shown in our data, treat-
ment with RDE can regulate IL-6 production. After UVB
irradiation, RDE-treated cells showed TGF-f1 and type I
procollagen (Fig. 3, 7).

The MAPK signaling pathway plays a key role in regu-
lating MMPs expression, cell proliferation, differentiation,
and death [35]. The major function of MAPK is transfer-
ring extracellular signals to the nucleus, thereby activating
transcription factors and inducing target gene expression.
AP-1, as a MAPK downstream activator, is a well-known
transcription factor that stimulates gene transcription of
MMPs [36]. To explore the underlying mechanism of RDE,
we performed further studies on the MAPK/AP-1 signal-
ing pathway in HaCaTs (Fig. 5, 6). RDE showed that the
deglycosylated products exhibited stronger activity than
their respective counterparts in inhibiting UVB radiation-
induced phosphorylation of ERK, JNK, p-38, as well as
p—c-fos, and p—c-jun expression in HaCaT cells. Lu Li et al.
[37] and Choi HJ et al. [38] reported UVB-induced MAPK/
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Fig. 10 TGF-f1 signaling pathway on UVB-irradiated HaCaT cells
from RDE. HaCaTs were irradiated with UVB (125 mJ/cm?), fol-
lowed by treatment with RDE (10 and 50 pg/mL) for 1.5 h. TGF-f1,
procollagen type I and MMP-1 protein expression was detected by
Western blot (A). The band intensities were quantified by densitom-

AP-1 expression in HaCaTs, similarly our results indicate
that RDE regulates MAPK and AP-1 signaling pathways.

Aside from reducing collagen production in the skin,
UVB-irradiated keratinocytes also overexpressed certain
inflammatory cytokines [39]. NF-xB is responsible for acti-
vating the transcription of inflammatory cytokines. When
combined with its inhibitory protein IxkB-o, NF-xB com-
monly exists in an inactivated state in the cytoplasm. Once
stimulated, degraded IxB-a leads to the nuclear localization
of NF-kB, inducing the expression of a variety of inflam-
matory factors like IL-6 [40]. Moreover, inflammatory
cytokine-mediated inflammation increases ROS genera-
tion and further amplifies UV-induced skin damage [41].
Thus, the NF-xB pathway plays a central role in skin aging
and the inflammatory generation. We further measured the
expression of NF-kB and IkB-a by Western blot to verify
the mechanisms of RDE. Hwang E et al. [42] and Zhang M
et al. [43] reported that UVB-induced damage is controlled
through the regulation of the NF-kB pathways. Similar to
the findings of the above studies, we found that the RDE
inhibited the UVB-induced promoter activity of NF-kB and
degradation of IkB-a to varying degrees (Fig. 11).

Overall, we found that RDE exhibited a superior ability to
inhibit MMPs and IL-6 production by regulating the MAPK/
AP-1, NF-xB/IxB-a pathways in UVB-irradiated HaCaTs.
Moreover, RDE increases cytoprotective antioxidants such
as HO-1 and NQ-O1 expression by facilitating the nuclear
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etry, normalized to the level of $-actin, and calculated as the percent-
age of the non-irradiated group (B, C). The results were shown as the
mean+SD of three independent experiments. *p <0.05, #p <0.01,
##p <0.001 compared with non-irradiated group, *p<0.05,
**p <0.01, #**p <0.001 compared with only UVB-irradiated group

accumulation of Nrf2. Therefore, we conclude that the RDE
have great potential for use against skin photoaging.

5 Conclusions

In summary, we demonstrated that RDE effectively pro-
tected HaCaTs against UVB-induced photodamage by
decreasing ROS generation, MMPs, and IL-6. The rela-
tive protection mechanism involved inhibition of the
MAPK/AP-1 and NF-kB pathways. Moreover, RDE
extract improved Nrf2/HO-1 signaling that procollagen
type I synthesis by increasing the level of TGF-p1. All
these results suggest that RDE on skin cellular compo-
nents suggest that it has a high biological potential for
skin protection from UVB-induced skin photoaging and
is a good candidate for drug and cosmetic application.
However, evaluation of the biological effect of RDE and
its active compounds on in vivo models and clinical trials
should be further clarified.

Supplementary Materials: Table S1: Oligonucleotide
primers used for RT-PCR.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-022-00290-4.
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Fig. 11 Nrf2/ARE signaling pathway on UVB-irradiated HaCaT
cells from RDE. HaCaTs were irradiated with UVB (125 mJ/cm?),
followed by treatment with RDE (10 and 50 pg/mL) for 3 h. Total
HO-1 and NQO-1 (A) and nucleus Nrf2 (B) expression were detected
by Western blot. The band intensities of total HO-1 and NQO-1 (C),
nucleus Nrf2 (D) were quantified by densitometry, normalized to
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