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Salidroside prevents skin carcinogenesis induced by
DMBA/TPA in a mouse model through suppression
of inflammation and promotion of apoptosis
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Abstract. Salidroside (SR) is a main component of Rhodiola
rosea L. and exhibits a variety of pharmacologic properties.
The present study was carried out to explore the potential effect
of SR against skin cancer induced by 7,12-dimethylbenz(a)
anthracene (DMBA) and 12-O-tetradecanoylphorbol-
13-acetate (TPA) in female Institute for Cancer Research (ICR)
mice and to reveal the underlying molecular targets regulated
by SR. The mice were randomly divided into 4 groups: control,
DMBA/TPA, DMBA/TPA+SR (20 mg/kg) and DMBA/
TPA+SR (40 mg/kg). SR was administered to mice five times
a week after DMBA treatments. In our study, we found that
SR dose-dependently ameliorated skin cancer incidence and
the multiplicity in the animal models by reducing the release
of inflammation-related cytokines, including tumor necrosis
factor a (TNF-a), interleukin-1p (IL-1f), interleukin-18
(IL-18), interleukin-6 (IL-6), cyclooxygenase 2 (COX2) and
transforming growth factor p-1 (TGF-31). Suppression of the
nuclear factor (NF)-«kB signaling pathway by SR was effective
to prevent skin carcinogenesis. Furthermore, TUNEL analysis
indicated that compared to the DMBA/TPA group, enhanced
apoptosis was observed in the DMBA/TPA+SR group. In
addition, p53 expression levels were increased by SR in the
DMBA/TPA-induced mice. Therefore, SR was effective for
inducing apoptosis during skin cancer progression triggered
by DMBA/TPA. Consistently, p21, p53 upregulated modulator
of apoptosis (PUMA), Bax and caspase-3 were highly induced
by SR to enhance the apoptotic response for preventing skin
cancer. Moreover, in vitro, we found that SR dramatically
reduced the inflammatory response, while enhancing the
aoptotic response by blocking NF-kB and activating caspase-3
pathways, respectively. In addition, flow cytometric analysis

Correspondence to: Dr Ying-Hui Kong, Department of Dermatology,
Huai'an First People's Hospital, Nanjing Medical University, 6 Beijing
Road West, Huai'an, Jiangsu 223300, P.R. China

E-mail: kongyinghuinmuu@foxmail.com; zou@qq.com

Key words: salidroside, skin cancer, inflammation, NF-xB, apoptosis

further confirmed the induction of apoptosis by SR in DMBA-
treated cells in vitro. Taken together, the in vivo and in vitro
studies illustrated that SR might be a promising compound to
reduce skin cancer risk.

Introduction

Non-melanoma skin cancer (NMSC) includes squamous cell
carcinoma (SCC) and basal cell carcinoma (BCC) (1,2). BCC
represents ~80%, and SCC accounts for ~20% of all diagnosed
NMSC cases worldwide (3). According to previous reports,
SCC has a higher prevalence in comparison to BCC (4). Apart
from ultraviolet radiation (UVR), other common risk factors of
NMSC include occupational and environmental exposures to
polycyclic aromatic hydrocarbons, arsenic, and ionizing radia-
tion (5). Polycyclic aromatic hydrocarbons originate during
the incomplete combustion of organic materials, including
wood, petroleum and coal, and are well known for their toxic
abilities apart from being carcinogenic and mutagenic in
nature (6,7). 7,12-Dimethylbenz(a)anthracene (DMBA) is the
most common polycyclic aromatic hydrocarbon used as an
initiating agent in chemically triggered skin cancer models,
and 12-O-tetradecanoylphorbol-13-acetate (TPA), as a tumor
promoter inducing two-stage skin cancer model, has been
illustrated to closely mimic human SCC (8-10). In general,
skin carcinogenesis is known as a multistep procedure, which
consists of initiation, acceleration, development and progres-
sion (11). Identification of effective chemoprevention agents
seems to be one of the most feasible strategies to reverse or
impede carcinogenesis (12,13).

Salidroside (SR), 2-(4-hydroxyphenyl)ethyl f-D-glucopy-
ranoside, is a phenylpropanoid glycoside, which is extracted
from the root of Rhodiola rosea L. and has been applied as a
medicinal herb to protect erythrocytes against oxidative stress
and enhance resistance to fatigue (14,15). In addition, SR was
found to inhibit the inflammatory response by regulating
the nuclear factor (NF)-kB pathway, ameliorating gastric
damage (16). Furthermore, SR was reported to modulate
the apoptotic response via altering the expression levels of
apoptosis-related signals in various diseases (17,18). In addi-
tion, the protective effects of SR are considered to be related to
its anti-inflammatory properties in different diseases (15,19).
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However, to date, the innate mechanism of skin cyto-protec-
tion is consistently diminished or is not adequate to ameliorate
cellular transformation caused by radiation and various
chemical carcinogens (20). Considering the application of
SR in various diseases, it may be an effective candidate with
which to prevent skin carcinogenesis.

Inflammation is a key molecular mechanism which
induces disorders in organisms, including skin disease (21,22).
According to previous studies, a variety of pro-inflammatory
cytokines, such as interleukins (ILs), and tumor necrosis
factor (TNF), and the anti-inflammatory factor TGF-f1, are
overexpressed in the skin under different conditions (23).
NF-xB plays an essential role in different pathologies via
regulation of chemokines, cytokines as well as cell adhesion
molecules (24,26). Liberation from IxB promotes NF-xB
to translocate into the nucleus. Then, it induces gene tran-
scription through combination with NF-xB responsive gene
promoter (26). Furthermore, apoptosis is the most common,
gene-directed form of programmed cell death, contributing to
different physiologic and pathologic processes (27). Apoptosis
has been characterized as an important molecular mecha-
nism and various drugs have been explored for preventing
apoptosis in different types of tumors (28,29). As previously
reported, apoptosis is involved in skin cancer development,
which is dependent on the expression of anti-apoptotic and
pro-apoptotic signals (30,31). Based on the effects of SR on
inflammation and apoptosis, here, in our study, we attempted
to assess the preventive role of SR in DMBA/TPA-induced
two-stage skin cancer. Parameters of body weight, tumor inci-
dence, tumor size and the number of lesions were measured to
calculate the chemo-preventive value of SR. The inflammatory
and apoptotic response were also investigated to explain the
molecular mechanisms of SR during the regulation of skin
carcinogenesis.

Materials and methods

Animals and treatments. Eighy female Institute of Cancer
Research (ICR) mice, 6-7 weeks of age, were purchased from
the Shanghai Experimental Animal Center (Shanghai, China)
and kept in climate-controlled quarters with a 12-h light and
dark cycle with food and water in cages under germ-free condi-
tions. All experimental procedures were carried out following
the Guide for the Care and Use of Laboratory Animals of
Huai'an First People's Hospital, Nanjing Medical University
(Nanjing, China) and before the animal experiments were
performed, the procedures were approved by the Research
Ethics Committee of Huai'an First People's Hospital, Nanjing
Medical University (Nanjing, China).

ICR mice were randomly divided into four groups,
20 animals per group. The experimental design of the in vivo
study is exhibited in Fig. 1A. All mice were shaved ahead
of our study. In brief, the groups receiving DMBA/TPA,
and DMBA/TPA+SR were first administered 60 ug DMBA
dissolved in 0.2 ml to the naked backs. DMBA was adminis-
tered to mice for two weeks, from week 1 to week 3. The first
two weeks after skin tumor initiation with DMBA, animals
in the DMBA/TPA and DMBA/TPA+SR groups were further
exposed to 4 ug TPA twice a week for a total of 20 weeks
ranging from week 3 to week 23. In addition, the mice treated

KONG and XU: SALIDROSIDE PREVENTS SKIN CARCINOGENESIS

with SR (20 and 40 mg/kg) were topically treated 30 min
before each DMBA/TPA treatment five times a week until the
sacrifice of the animals at week 22 (32-35). DMBA and TPA
were purchased from Sigma-Aldrich (St. Louis, MO, USA). SR
(>98% purity, molecular formula: C,,H,,0,, CAS 10338-51-9)
was purchased from Shanghai Ronghe Medicine Science and
Technology Development Co, Ltd. (Shanghai, China). Sizes
of the skin tumors >1 mm in diameter were measured every
week using calipers. The dorsal skin of mice derived from
different experiments was excised. After the fat was removed
from the dorsal skin on ice, the skin tissue samples were
placed in liquid nitrogen immediately for further research.
The eye blood was collected for pro-inflammatory cytokine
determination.

Cells and culture. Normal human epidermal keratinocytes,
HaCaT, were purchased from Combioer Biosciences Co.,
Ltd. (Nanjing, China). Human hypertrophic scar fibroblasts
(HSFs) were purchased from Bioleaf Corp. (Shanghai, China).
Human normal liver cell line L02 was obtained from the Cell
Bank of the Type Culture Collection of the Chinese Academy
of Science (Shanghai, China). All cells were cultured and
maintained in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS) (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and 1% penicillin/
streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in a
humidified 5% CO, atmosphere at 37°C. SR used for the treat-
ment of skin cancer was dissolved in DMSO (KeyGen Biotech
Co., Ltd., Nanjing, China) and stored at -20°C, and then it was
diluted in DMEM at the indicated concentrations for experi-
mental treatment. The final DMSO concentration was no more
than 0.1% (v/v) in each treatment.

MTT assay. To calculate the growth inhibitory role of SR in
different cell lines, ~1x10° cells/well were planted in 96-well
plates (Corning Inc., Corning, NY, USA) with complete
growth medium. On the following day, the cells were treated
with different concentrations of SR ranging from 0 to 160 yM
and incubated at 37°C for 24 h. Then, the cell viability was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay at 570 nm.

Flow cytometric analysis. The Annexin V-FITC/propidium
iodide (PI) apoptosis detection kit was purchased from KeyGen
Biotech Co., Ltd., to measure the apoptotic cell levels. All cells
after the different treatments as described were harvested and
washed with ice-cold PBS for twice, then incubated in a dark-
room with Annexin V-FITC and PI for 15 min. Subsequently,
the cells were analyzed by flow cytometry (BD Biosciences,
San Jose, CA, USA). The percentage of cells undergoing apop-
tosis was quantified.

ELISA methods. The eye blood was subjected to centrifugation
at 12,000 x g for 10 min to carefully collect the supernatant.
Then, TNF-a, IL-1f8, IL-18, IL-6, COX2 and TGF-f1 levels in
serum were determined using the Mouse TNF-a Quantikine
ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA),
Mouse IL-1p ELISA kit (IL-1B) (Abcam, Cambridge, UK),
Mouse IL-18 ELISA (R&D Systems, Inc.), Mouse IL-6
Quantikine ELISA kit (R&D Systems, Inc.), Mouse COX2
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ELISA kit (Abcam) and Mouse TGF-B1 ELISA kit (Abcam)
following the manufacturer's instructions.

Histochemical analysis. Fixed skin and tumor tissues
obtained from mice were embedded in paraffin blocks and
3-um thick sections were cut. Skin and tumor sections were
then deparaffinized and stained with hematoxylin and eosin
(H&E) staining. The thickness of the skin epidermis was
measured using Magnus Analytics Magnuspro software.
Epidermal thickness of H&E staining sections was further
assessed by Imagel software (National Institutes of Health,
Bethesda, MD, USA). For immunohistochemical images,
the skin tissue sections were then exposed to HCI (3.5 M)
for 20 min at room temperature and washed using PBS for
3 times. Subsequently, the skin tissue sections were treated
with peroxidase (0.3%) to diminish endogenous peroxidase
activity. Then, tissue sections were incubated with normal
goat serum (5%) for 30 min followed by incubation with
primary antibodies (anti-p53 antibody, ab131442; Abcam)
at 1:100 dilution for 2 h at room temperature. The section
was then incubated with HRP-conjugated compact polymer
systems. Diaminobenzidine (DAB; ChemService, West
Chester, PA, USA) was used as the chromogen according to
the manufacturer's instructions. Apoptosis assay of tissue
samples was determined by TUNEL using an In Situ Cell
Death Detection kit, Fluorescein (Roche Applied Science,
USA) following the manufacturer's protocol. Tumor tissue
sections were counterstained with hematoxylin. Then, the
number of TUNEL-positive cells was evaluated under a
microscope. The ratio of apoptotic cells was determined by
the ratio of the apoptotic cells to total cells.

As for the fluorescence assays, the cells were carefully
harvested after various treatments and then fixed in 4% para-
formaldehyde for 30 min. Then, the cells were incubated
with primary antibody (p-NF-«xB; Abcam) at 4°C overnight.
Fluorophore-conjugated secondary antibodies were treated for
1 h at 25°C. The skin tissue sections were dried for 10 min
at room temperature, fixed with chilled acetone for 10 min
at -20°C, and washed with PBS for three times (5 min each).
The pre-incubation was conducted with 5% normal rabbit
serum at room temperature for 1 h, and sections were incu-
bated with specific antibody: polyclonal rabbit anti-p-NF-kB
(1:50; Abcam, Cambridge, MA, USA) at 4°C overnight. The
Alexa Fluor 488 and 594 labeled anti-rabbit secondary anti-
bodies (Invitrogen) were used in this part. Sections were then
subjected to immunofluorescence staining via epifluorescence
microscopy (Sunny Co.).

Real-time quantitative (qPCR) and reverse transcription PCR
assays. Total RNA was isolated from the skin tissue samples
and HaCaT cells after various treatments using TRIzol
reagent (KeyGen Biotech Co., Ltd.). Reverse transcription
PCR was conducted using the PrimeScript RT Reagent kit
(Takara Biotechnology Co., Ltd., Dalian, China) following the
manufacturer's instructions and cDNA was then used as the
template for the subsequent reactions. gPCR was conducted
with SYBR Premix Ex Taq II obtained from Takara. The
ABI-PRISM 7500 Sequence Detection System (Applied
Biosystems Life Technologies, Foster City, CA, USA) was
used according to the manufacturer's instructions. The primer
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sequences used in our study were commercially synthesized
and are as follows. The mRNA level of GAPDH was used as
the loading control. The 27224 analyzing method was applied
to evaluate the fold changes in mRNA levels in each group.
The primers were as follows: TNF-a forward, 5'-CGA AAG
GGA GTA GAA GTG CG-3' and reverse, 5-AAA CAT ACA
GAG CCG GCT AGC C-3% IL-1p forward, 5-ACA TAG AGA
GGG AGT ACA C-3' and reverse, 5'-CAG CGT AGA TTA
CTA GTT CG-3'; IL-6 forward, 5-GAG AGA CGG AGT
GGC CAC and reverse, 5-CTC AAG TGA GAA GAG GCA
ACG GTA GT-3'; IL-18 forward, 5'-CTG ATG AGC GGT
CAC AAG AAC-3' and reverse, 5-TTC TCT AAC GCG TTA
AGA GGA C-3'; TGF-pl forward, 5-TCG TGG AGC TCG
AAG AAC AC-3' and reverse, 5-TGG CTG ACT TCA CAA
CAG CGT A-3'; GAPDH forward, 5'-AAC GGT GTC ACA
GAC AGG CTC A-3' and reverse, 5-TCC ACC TGA CAC
GAC ACA ACA-3.

Western blot analysis. The western blot analysis was
performed as previously described (36). Briefly, after
treatments under different conditions, the skin cells were
colllected and the medium was removed. Then, cells were
washed with ice-cold PBS three times and lysed in ice-cold
lysis buffer (pH 7.4, 50 mM Tris-HCI, 150 mM NaCl, 1 mM
NaF, 1 mM ethyleneglycol-bis(aminoethylether)-tetraacetic
acid, 1% NP-40, 1 mM phenylmethane-sulfonyl fluoride, and
10 pg/ml leupeptin) in the presence of fresh protease inhibitor
cocktail. Frozen dorsal skins and epidermal and tumor of
mice were obtained from the experimental mice treated under
various conditions. Approximately 100 mg tissue sample was
lysed with 1 ml lysis buffer. The cell lysates were centrifuged
at 15,000 x g for 15 min at 4°C to collect the supernatant. BSA
protein assay kit (Thermo Fisher Scientific, Inc.) was used to
calculate the protein concentrations following the manufac-
turer's instructions. Protein extracts (40 ng) were separated by
10% SDS-PAGE and were then transferred to polyvinylidene
fluoride membrane (PVDF; Millipore, Billerica, MA, USA).
The PVDF membranes with proteins were blocked with 5%
skim fat dry milk in 0.1% Tween-20 in Tris-buffered saline
(TBS) for 2 h to block the non-specific sites on the blots. The
primary antibodies dissolved in blocking buffer were used
to detect the target protein blots at 4°C overnight for incuba-
tion. The bands on the PVDF membranes were visualized
using chemiluminescence with Pierce ECL Western Blotting
Substrate reagents (Thermo Fisher Scientific, Inc.). All experi-
ments were performed in triplicate and carried out three times
independently. The primary antibodies used in our study
included: anti-p21 (1:1,000, ab86696), anti-PUMA (1:1,000,
ab9643), anti-Bax (1:1,000, ab32503), anti-p53 (1:1,000,
ab131442), anti-caspase-3 (1:1,000, ab90437), anti-IxBa
(1:1,000, ab32518), anti-p-IxBa (1:1,000, ab133462), anti-
NF-«xB (1:1,000, ab16502), anti-p-NF-«xB (1:1,000, ab86299)
and GAPDH (1:1,000, ab8245) all from Abcam.

Statistical analysis. Data are expressed as the mean + standard
error of the mean (SEM). Statistical analyses were carried
out by GraphPad Prism (version 6.0; GraphPad software) by
ANOVA with Dunnet's least significant difference post hoc
tests. P<0.05 was considered to indicate a statistically signifi-
cant result.
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Results with SR, exhibiting a reduced number of tumors per mouse

SR shows inhibitory effects on DMBA/TPA-induced mouse
skin tumorigenesis. In order to explore the chemopreventive
effect of SR, DMBA-initiated and TPA-promoted mouse skin
carcinogenesis in mice was first established in vivo. Fisrt,
the body weight of mice was measured, and no significant
difference was observed among the different groups, although
reduced body weight was exerted in the DMBA/TPA-treated
group (Fig. 1B). Compared to the Con group, DMBA/
TPA-induced mice showed a significantly high incidence of
papillomas, which was reduced by SR (Fig. 1C). In addition,
DMBA/TPA exposure triggered a higher multiplicity of skin
papilloma formation that was suppressed in the mice treated

(Fig. 1D). Furthermore, the suppressive effect of SR on tumor-
igenesis was supported by the papilloma size distribution
(Fig. 1E). Consistently, tumor area was increased by DMBA/
TPA exposure, which was reduced after SR administration
with an increase in time (Fig. 1F). Consistently, the tumor area
was elevated by DMBA/TPA treatment, which was reduced
after SR administration with the increase of time (Fig. 1F).
In addition, the histological analysis further revealed that SR
markedly ameliorated the increase in epidermal thickness
(hyperplasia) in mice with DMBA/TPA induction (Fig. 2).
In conclusion, the animal study above strongly indicated
that SR efficiently prevented skin carcinogenesis induced by
DMBA/TPA and TPA in mice.
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analysis was carried out to evaluate phosphorylated IxBa, IkBa and phosphorylated NF-«B in the skin tissue samples obtained from mice. (C) Representative
images of skin after exposure to DMBA/TPA in the absence or presence of SR. The quantification of phosphorylated NF-xB was measured using immunofiuo-
rescence analysis. Data are presented as mean + SEM (n=20). *P<0.05, **P<0.01 and ***P<0.001 vs. the Con group; “P<0.05, ""P<0.01 and *P<0.001 <0.001 vs.
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SR suppresses the secretion of pro-inflammatory cytokines
in the serum of mice following DMBA/TPA induction.
Pro-inflammatory cytokines were also determined to assess
the role of SR in DMBA/TPA-induced mice with skin cancer.
As shown in Fig. 3A, serum TNF-a was higher in the DMBA/
TPA-treated mice, which was enhanced with increasing time.
SR also significantly suppressed TNF-a expression. Next, cyto-
kines IL-1p (Fig. 3B), IL-18 (Fig. 3C), IL-6 (Fig. 3D), COX2
(Fig. 3E) and TGF-p1 (Fig. 3F) were all observed to have
elevated expression in the DMBA/TPA-treated mice, which
were suppressed by SR during the treatment procedure. Taken
together, the findings above indicated that SR has a potential
role in blocking the secretion of pro-inflammatory cytokines.

SR reduces DMBA/TPA-induced inflammation in the skin
of mice by inactivating NF-kB in vivo. Next, we attempted
to ascertain whether the NF-«B signaling pathway is also
involved in SR-ameliorated skin cancer induced by DMBA/
TPA. As shown in Fig. 4A, RT-qPCR analysis further indi-
cated that pro-inflammatory cytokines, including TNF-a,
IL-1p, IL-18, IL-6, and COX2, as well as anti-inflammatory
factor TGF-B1, were increased in the tissue samples of
DMBA/TPA-induced mice, which were all reduced by
SR administration in a dose-dependent manner. The IxB/
NF-«B signaling pathway was also explored. The data
indicated that IxBa phosphorylation was upregulated in the
DMBA/TPA-treated mice, while IkBa was downregulated.
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Figure 5. SR suppresses the inflammation response in DMBA-induced cells in vitro. (A) Normal human epidermal keratinocytes, HaCaT, human hypertrophic
scar fibroblasts (HSFs) and human normal liver cell line LO2 were treated with different concnetrations of SR (0, 5, 10, 20, 40, 80 and 160 yM) for 48 h. Then,
all cells were harvested for MTT assay. Normal human epidermal keratinocytes, HaCaT, were treated with 20 zg/ml DMBA for 48 h with or without SR treat-
ment at 40, 80 and 160 yM. Then, all cells were harvested for the following research. (B) Western blot analysis was used to determine levels in phosphorylated
(p)-IxBa, IxBa and p-NF-xB in cells treated under various conditions. (C) Cytokines of TNF-a, IL-1p, IL-18, IL-6, COX2 and TGF-f}1 were evaluated by
RT-qPCR analysis. (D) The immunofluorescence analysis was used to assess NF-kB phosphorylation. Data are presented as mean + SEM (n=10). *P<0.05,
*P<0.01 and ***P<0.001 vs. the Con group; “P<0.05, #P<0.01 and *P<0.001 <0.001 vs. the DMBA group. SR, salidroside. DMBA, 7,12-dimethylbenz(a)
anthracene. TPA, 12-O-tetradecanoylphorbol-13-acetate.

Phosphorylated NF-kB levels were also elevated due to  phosphorylated levels by DMBA/TPA were reduced after SR
DMBA/TPA induction in mice (Fig. 4B). Of note, SR exerted  administration (Fig. 4C). Together, the results above demon-
an inhibitory effect on IkBa and NF-xB phosphorylation, strated that SR inhibited skin carcinogenesis by impeding
indicating its anti-inflammatory property. Furthermore, the  inflammation, linked to the suppression of the IkBo/NF-kB
immunofluorescence analysis revealed that enhanced NF-kB  signaling pathway.
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Figure 6. SR-mediated suppression of inflammation response in cells is time-dependent. Normal human epidermal keratinocytes (HaCaT) were pre-treated
with 80 M SR for the indicated time. Then, all cells were exposed to TNF-a at 50 ng/ml for 1 h. (A) The representative images of protein bands of
phosphorylated(p)-IxkBa, IkBa and p-NF-«B in cells. The quantification of (B) p-IxkBa, (C) IxkBa and (D) p-NF-«xB is displayed. Data are presented as
mean + SEM (n=10). *P<0.05, **P<0.01 and **P<0.001 vs. the Con group; “P<0.05, #P<0.01 and **P<0.001 <0.001 vs. the TNF-a group. SR, salidroside.

SR suppresses the inflammation response in DMBA-induced
cells in vitro. As it was described above, we found that
inflammation blockage by SR might be a possible molecular
mechanism by which to prevent skin carcinogenesis progres-
sion in DMBA/TPA-induced mice in vivo. In order to further
confirm our findings above, the in vitro study was conducted.
First MTT assays were used to calculate the safety of SR to
normal cells. The results indicated that compared to the group
in the absence of any treatment, no significant difference was
observed among the various groups of treated cells as indi-
cated (Fig. 5A). Thus, we supposed that SR might be safe for
application with little cytotoxicity to normal cells. Normal
human epidermal keratinocytes, HaCaT, were treated with
20 ug/ml DMBA for 48 h in the absence or presence of SR at
40, 80 and 160 M. As shown in Fig. 5B, we found that cells
exposed to DMBA displayed accelerated IkBa phosphoryla-
tion and reduced IkBa expression, which were reversed by SR
administration. NF-xkB was also activated by DMBA expo-
sure. Significantly, SR treatment dose-dependently reduced
NF-«B activity in the cells. RT-qPCR analysis indicated that
SR suppressed high levels of pro-inflammatory cytokines,
including TNF-a, IL-1f, IL-18, IL-6, and COX2, and TGF-p1
was also found to be reduced, indicating the attenuated inflam-
matory response, which were in line with the in vivo results
(Fig. 5C). Moreover, the immunofluorescence assays also
showed that SR reduced NF-kB phosphorylation caused by
DMBA in normal human epidermal keratinocytes (Fig. 5D).
Next, to further illustrate the role of SR in suppressing inflam-
mation, the cells were pre-treated with SR (80 M) for different
times, ranging from O to 48 h. Then, they were exposed to

50 ng/ml TNF-a for another 1 h to induce inflammation. The
western blot analysis indicated that IkBa and NF-xB were
activated, which were markedly reduced by SR administration
in a time-dependent manner (Fig. 6A, B and D). Oppositely,
the downregulated level of IkBa due to TNF-a exposure was
reversed by SR treatment (Fig. 6A and C). In conclusion, the
data above indicate that SR, indeed, suppressed the inflamma-
tory response in DMBA-treated cells or skin tissue samples,
exhibiting its preventive effects on skin carcinogenesis.

SR prevents skin carcinogenesis through apoptosis induction
in mice in vivo. Immunohistochemical analysis indicated that
in the skin tissue samples of the DMBA/TPA-induced mice
reduced TUNEL levels were noted when compared to the
control group, revealing that the apoptotic response might be
disrupted following DMBA/TPA treatment. In contrast, SR
treatment significantly enhanced the percentage of TUNEL-
positive cells, suggesting cell death during skin carcinogenesis
(Fig. 7A and B). p53, an essential tumor suppressor, was found
to be downregulated by DMBA/TPA, and in agreement with
TUNEL alterations, SR administration reversed the p53
reduction (Fig. 7A and C). Additionally, western blot analysis
illustrated that DMBA/TPA reduced p53 expression, while SR
augmented p53 protein expression levels (Fig. 7D). In summary,
the data above indicated that apoptosis might be involved in
SR-regulated skin carcinogenesis caused by DMBA/TPA.

SR induces apoptosis in DMBA-induced cells in vitro. pS3 can
induce apoptosis, which is linked to Bax or other pro-apoptotic
molecules (37). Therefore, we analyzed the expression of these



ONCOLOGY REPORTS 39: 2513-2526, 2018

2521

TUNEL positive levels (%)

1.5

1.0

0.5 +

p53 protein levels
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the immunohistochemical assays. (D) Western blot analysis was used to calculate p53 expression levels in tissue samples. Data are presented as mean + SEM
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Figure 8. SR promotes apoptosis following DMBA/TPA treatment in mice. (A) The representative images of p21, PUMA, Bax and cleaved caspase-3 protein
bands. (B) The quantification of p21, PUMA, Bax and cleaved caspase-3 is shown. Data are presented as mean + SEM (n=20). *P<0.05, **P<0.01 and ***P<0.001
vs. the Con group; “P<0.05, #P<0.01 and "#P<0.001 <0.001 vs. the DMBA/TPA group. SR, salidroside. DMBA, 7,12-dimethylbenz(a)anthracene. TPA,

12-O-tetradecanoylphorbol-13-acetate.

proteins in the skin tissues of mice after various treatments.
The immunoblot analysis showed a decrease in p21, PUMA,
Bax, and cleaved caspase-3 in the DMBA/TPA-treated mice,
which were significantly reversed by SR (Fig. 8). Next, the
in vitro study was conducted to further confirm our data above.
Human normal epidermal keratinocytes, HaCaT, exposed
to DMBA were treated with or without SR at the indicated

concentrations. Then, flow cytometric analysis indicated
that DMBA caused reduced percentages of apoptotic cells,
which was in line with the TUNEL assays in vivo. Notably,
SR treatment enhanced apoptosis in the DMBA-treated cells
(Fig. 9A and B). Finally, pro-apoptotic signals of p21, PUMA,
Bax and cleaved caspase-3 protein levels were also reduced by
DMBA in vitro, which were elevated after SR administration,
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indicating the role of SR in inducing apoptosis to avoid skin
carcinogenesis in vitro (Fig. 9C).

Discussion

Non-melanoma skin cancers (NMSCs) are reported as one of
the most commonly diagnosed cancers in the world (1-3,38).
The chronic exposure to solar UR is a major etiological factor
for skin disease. Due to various changes in human life style,
the incidence of NMSC:s is increasing due to oxidative stress,
inflammatory and immunosuppressive factors induced by solar
UR exposure (3,4,39). Furthermore, patients with organ trans-
plants are at greater risk to develop skin cancer in comparison

to healthy individuals. Because of the rising risk of skin cancer,
more effective, safe, potent, and affordable anticancer thera-
peutic strategies are required to prevent this disease (40,41).
In addition, one limitation is that it is difficult to predict the
location of the initiation of human skin tumorigenesis. In the
present study, we attempted to evaluate the anti-skin cancer
effect of SR using DMBA/TPA-induced skin tumors as an
in vivo model and human skin epidermal HaCaT cells, as an
in vitro model. Following previous studies, DMBA-initiated
and TPA-enhanced mouse skin tumorigenesis is essential
for the investigation of cancer prevention. SR is the main
effective component of Rhodiola rosea L. with a variety of
pharmacologic properties, such as anti-oxidative, anti-aging,
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Figure 10. Working model of salidroside (SR) against skin cancer. SR pre-
vents the carcinogenesis of mouse skin tissue initiated by DMBA/TPA. SR
acts as a drug to suppress skin tumors in mice by inactivating the IxkBa/
NF-«xB pathway, thus reducing the secretion of pro-inflammatory cytokines.
In addition, the p53 and caspase-3 signaling pathways were enhanced by
SR, resulting in apoptosis to prevent skin carcinogenesis. SR, salidroside.
DMBA, 7,12-dimethylbenz(a)anthracene. TPA, 12-O-tetradecanoylphorbol-
13-acetate.

anti-inflammatory, anticancer, anti-fatigue and anti-depressant
activities, to protect tissues or cells from being injured under
various stresses (42,43).Here, in the present study in vivo, we
found that SR treatment reduced tumor incidence and the total
number of tumors in each mouse. In addition, SR-mediated
suppression of skin tumors in mice was related to the inactiva-
tion of the IkBa/NF-kB pathway, thus decreasing the secretion
of pro-inflammatory cytokines. In addition, p53 and caspase-3
signaling pathways were enhanced by SR, leading to apoptosis
against skin carcinogenesis. Furthermore, the MTT assay
showed little cytotoxicity of SR to normal cells, suggesting its
safety for application. Therefore, the results above indicate that
SR may be a promising candidate for inhibiting skin cancer.
Pro-inflammatory cytokines, such as IL-13, TNF-a., IL-18,
IL-6 and COX2, are suggested to play crucial roles in the
progression of diseases by inflammation response (23,44 ,45).
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NF-kB has been reported to be involved in skin damage,
and whose sustained activation has been elucidated in
numerous tumors and involved in various stages of carcino-
genesis (24,26,46). NF-kB phosphorylation is crucial for the
release of pro-inflammatory cytokines (47). Its activation leads
to the subsequent induction of pro-inflammatory cytokines
(i.e., TNF-a, IL-1f and IL-6), contributing to inflammation
response and disease progression (48). Excessive release of
TNF-a, IL-1p, IL-18, IL-6 and COX2 is associated with the
enhanced risk of various diseases, including skin carcino-
genesis (42,45). TNF-a was reported to be an inflammatory
response primarily, which is related to skin injury (49). IL-1p
is generated by macrophages activated as proteins and is
also known as catabolin. This cytokine is known as a crucial
regulator of the inflammatory response and various cellular
functions, including cell differentiation and apoptosis (50,51).
UVB,aspreviously reported,canlead to ahighrelease of COX2.
COX2 participates in the inflammatory response, cell survival
and proliferation (52). In skin damage induced under various
situations, hyper-proliferation of keratinocytes is induced,
which has a close relationship with pro-inflammatory cytokine
secretion (52,53). Therefore, suppression of the inflammation
response is a key to preventing skin tumor, which is also a
molecular mechanism for drug exploration (54). Consistently,
in our study, we first found that pro-inflammatory cytokines
were highly induced by DMBA/TPA in vivo and in vitro,
which were significantly reduced by SR administration in a
dose-dependent manner. The activated IKK kinase leads to the
phosphorylation and degradation of IkB in the proteasome, and
thereby the release of NF-«B from the NF-IKB-kB complex,
enabling the translocation of NF-«kB to the nucleus, where the
expression of genes encoding pro-inflammatory cytokines is
induced (55). Furthermore, in our study, we found that the IxB/
NF-«B signaling pathway was markedly activated by DMBA/
TPA treatment, while being inactivated by SR. The data here
indicated that the function of SR to prevent skin carcinogen-
esis might be attributed to suppression of inflammation.
Apoptosis is considered as a key molecular mechanism by
which various cancer cells are induced to death (27,40,41,56).
Apoptosis is tightly controlled by the balance between pro- and
anti-apoptotic members of the Bcl-2 protein family. Changes in
the relative expression levels of such molecules will ultimately
decide the cell fate (57). Additionally, cysteinyl aspartate
specific proteinases (caspases) play important roles during
apoptosis (58). Increase in pro-apoptotic molecules, including
Bax, helps to induce apoptosis by enhancing caspase-3 cleavage,
which has been well known to play an important role in
inducing apoptosis (59). Therefore, we subsequently evaluated
the protein levels of pro-apoptotic Bax and caspase-3 molecules
which define the cell propensity to apoptosis (60). pS3, an
important tumor suppressor, provides powerful intrinsic defense
against various cancers through its diverse function as a major
modulator of apoptosis, the cell cycle and senescence (61,62).
Abnormalities of p53 have been observed in patients suffering
from different cancers (63). Furthermore, pS3 shows transcrip-
tional activities to regulate the expression of pro-apoptotic gene:
PUMA (64). PUMA is known as the activator for Bax, and is
involved in mitochondrial-mediated apoptosis (65,66). p21 is
a downstream signal of p53, which participates in apoptosis
induction (67). SR has been confirmed to modulate apoptosis



2524

in numerous types of injuries, including brain, vascular disease
and colon cancer (68-70). SR was observed to promote an apop-
totic response to induce cell death, contributing to colon cancer
and leukemia prevention. In the present study, western blot
analysis indicated that SR upregulated p53, p21, PUMA, Bax
and caspase-3 cleavage, contributing to apoptosis development
both in in vivo and in vitro models induced by DMBA/TPA
and DMBA, respectively. Furthermore, TUNEL assay of tissue
samples and flow cytometry analysis of cells also confirmed the
role of SR in apoptosis induction during skin carcinogenesis.
Together, our study revealed that triggering apoptosis might be a
possible molecular mechanism by which SR showed preventive
effects against skin cancer.

In conclusion, we found that SR prevents the carcinogen-
esis of mouse skin tissue initiated by DMBA/TPA. SR acts as a
drug to suppress skin tumors in mice by inactivating the IxBa/
NF-«xB pathway, thus reducing the secretion of pro-inflam-
matory cytokines. In addition, p53 and caspase-3 signaling
pathways were enhanced by SR, resulting in apoptosis to
prevent skin carcinogenesis (Fig. 10). The finding supports the
proposal that SR has skin tumor-suppressive activity, which
may be a therapeutic strategy for human skin cancer treatment.
However, further study is required to confirm its function in
patients with skin tumors.
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