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Salidroside suppresses solar ultraviolet-induced
inflammation by targeting cyclooxygenase-2

skin
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ABSTRACT
Solar ultraviolet (SUV) irradiation causes skin disorders such as inflammation,
photoaging, and carcinogenesis. Cyclooxygenase-2 (COX-2) plays a key role in SUVinduced skin inflammation, and targeting COX-2 may be a strategy to prevent skin
disorders. In this study, we found that the expression of COX-2, phosphorylation of
p38 or JNKs were increased in human solar dermatitis tissues and SUV-irradiated
human skin keratinocyte HaCaT cells and mouse epidermal JB6 Cl41 cells. Knocking
down COX-2 inhibited the production of prostaglandin E2 (PGE2), the phosphorylation
of p38 or JNKs in SUV-irradiated cells, which indicated that COX-2 is not only the
key enzyme for PGs synthesis, but also an upstream regulator of p38 or JNKs after
SUV irradiation. The virtual ligand screening assay was used to search for natural
drugs in the Chinese Medicine Database, and indicated that salidroside might be
a COX-2 inhibitor. Molecule modeling indicated that salidroside can directly bind
with COX-2, which was proved by in vitro pull-down binding assay. Ex vivo studies
showed that salidroside has no toxicity to cells, and inhibits the production of PGE2,
phosphorylation of p38 or JNKs, and secretion of interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-α) caused by SUV irradiation. In vivo studies demonstrated
that salidroside attenuates the skin inflammation induced by SUV. In brief, our data
provided the evidences for the protective role of salidroside against SUV-induced
inflammation by targeting COX-2, and salidroside might be a promising drug for the
treatment of SUV-induced skin inflammation.

UVB [5, 6]. Consequently, these kinases activate their
downstream transcription factors, such as nuclear factorkappa B (NF-κB) and (AP-1). Finally, pro-inflammatory
factors, such as cyclooxygenase 2 (COX-2), interleukins
(IL-1, IL-6, et al), tumor necrosis factor-alpha (TNF-α),
are produced. The skin inflammation also precedes
photoaging and carcinogenesis. Thus anti-inflammation is
an important strategy in SUV induced skin disorders.
Cyclooxygenase (COX) is the rate-limiting
enzyme in the production of prostaglandins (PGs) from

INTRODUCTION
Excessive exposure to solar UV (SUV) is
associated with numerous human skin disorders, such
as skin inflammation, photoaging, and carcinogenesis
[1–3]. SUV comprises approximately 95% UVA and 5%
UVB. Exposure to UV is known to induce clustering of
some kinds of cell-surface receptors and to transducer
intracellular signals [4]. UVA activates p38 and JNKs,
while p38 is the primary signaling pathway activated by
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arachidonic acid (AA) [2]. There are two major isoforms
of COX, COX-1 and COX-2. COX-1 is normally
constitutively expressed, but COX-2 is inducible by many
stimuli including SUV [7]. Increased level of COX-2
induced by SUV irradiation causes inflammation, cell
proliferation, tumor promotion and angiogenesis [8, 9].
COX-2 inhibition prevents skin inflammation, aging
and carcinogenesis, representing a potential strategy for
preventing solar UV related skin disorders. Nonsteroidal
anti-inflammatory drugs have been widely used to reduce
PGs and COX-2 expression. Previous studies showed
that COX-2 inhibitors such as celecoxib suppress UVBinduced skin inflammation and tumor formation [10].
A number of COX-2 inhibitors have been developed,
but most of them are restricted due to the different risk
factors [11–13]. For example, nonselective nonsteroidal
anti-inflammatory drugs (ns-NSAIDs) inhibit both COX1 and COX-2, which exhibit significant gastric-intestinal
(GI) toxicity, such as development of gastric ulcers and
gastrointestinal bleeding. Large clinical studies identified
an increased risk of developing cardiovascular conditions,
including myocardial infarction and stroke, with the use
of selective COX-2 inhibitors. Therefore, it is necessary to
identify novel and nontoxic COX-2 inhibitors.
Salidroside, p-hydroxyphenethyl-b-D-glucoside,
a phenylpropanoid glycoside is one of the major
components extracted from Rhodiola rosea, a plant with
extensive history as a traditional medicine, particularly
in cultures in the northern latitudes of Europe, Asia,
and North America [14, 15]. In this study, we identified
that salidroside is a novel COX-2 inhibitor by structurebased virtual screening assay, and it exerts potent antiinflammatory effect on SUV-induced skin inflammation
ex vivo and in vivo.

accompanied with elevated COX-2 and activation of
cell signal pathways, such as p38, JNKs [17]. Ki67 was
detected as cell proliferation marker, and CD45 was
detected as an inflammation marker. The results indicated
that the expression of COX-2, phosphorylation of p38 or
JNKs, Ki67 and CD45 were remarkably increased in solar
dermatitis (Figure 1B-1G).

SUV irradiation induces the expression of
COX-2, the phosphorylation of p38 or JNKs in
HaCaT and JB6 Cl41 cells
Human keratinocyte HaCaT cell line and Mouse
epidermal JB6 Cl41 cell line were used as cellular
models to research SUV induced skin inflammation [9].
The levels of COX-2, phosphorylated p38 or JNKs were
examined after SUV irradiation with different doses or
time points. The expression of COX-2 was increased at
15 min after 40 KJ /m2 SUV irradiation in HaCaT cells,
or 60 min after similar SUV irradiation in JB6 Cl41 cells,
respectively (Figure 2A, 2B). In both HaCaT and JB6
Cl41 cells, phosphorylated p38 or JNKs was increased
by SUV irradiation in a dose-dependent manner, and the
increasing effect was up to peak at 5 min after 40 KJ/m2
SUV irradiation (Figure 2C, 2D). These data indicated
that SUV irradiation induced the expression of COX-2,
the phosphorylation of p38 or JNKs in HaCaT or JB6 Cl41
cells, and 40 KJ/m2 SUV was determined for the following
research.

Knocking down COX-2 inhibits SUV-induced
phosphorylation of p38 or JNKs in HaCaT cells
COX-2 is closely related to SUV induced skin
disorders [8, 9]. We detected the effect caused by COX2 in SUV irradiated HaCaT cells by knocking down it.
We set up shMock or shCOX-2(#1-#5) stable cell lines
in HaCaT cells. Compared with control (shMock), the
COX-2 expression and PGE2 production were decreased
dramatically in shCOX-2 #1 and #3 cells (Figure 3A,
3B), which were used for the following study. The
phosphorylation of p38 or JNKs was detected in cells
at 5 min after SUV irradiation. Compared with shMock
cells, the phosphorylated p38, or JNKs was remarkably
decreased in COX-2 knocking down cells. In previous
researches, COX-2 was regarded as the downstream
effectors regulated by p38 or JNKs signal pathways
[2, 9]. Our data suggested that COX-2 might be an
upstream molecule for the activation of p38 or JNKs
signal pathways in the response of SUV irradiation.

RESULTS
The expression of COX-2, phosphorylation of
p38 or JNKs, Ki67 and CD45 are increased in
human solar dermatitis
Previous studies have reported that COX-2 is closely
associated with the SUV induced skin inflammation[8],
p38 activation is the dominant SUV-induced signaling
transduction pathway, and JNKs were activated by both
UVA and UVB[5, 6] . The solar dermatitis, also known
as sunburn, is caused by exposing in SUV. In order to
know pathological changes in solar dermatitis, the cases
of solar dermatitis and normal skin samples were detected.
The pathological features were shown by H&E staining.
Epidermal hyperkeratosis, hyperplasia of epidermis,
furcella extension, the multifocal intercellular edema,
dermal shallow vasodilation, priority with lymphocytes
of inflammatory cells infiltration around the blood
vessels were observed in solar dermatitis samples (Figure
1A). The skin inflammation caused by SUV always
www.impactjournals.com/oncotarget
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Salidroside inhibits the activity of COX-2 and
decreases the inflammatory process induced by
SUV-irradiation

always used for screening natural and nontoxic drugs.
In this study, structure-based virtual screening was
performed to identify novel COX-2 inhibitors in the
Chinese Medicine Database. We identified salidroside
(Figure 4A), isolated from Rhodiola rosea, as a potential
COX-2 inhibitor based on its high docking score against
COX-2. Molecule modeling indicated that the glycosyl of
salidroside formed hydrogen bonds with COX-2 at amino
acid residues ARG106 and TYR341 (Figure 4B). To
validate the computational prediction, in vitro pull-down
assay was performed, COX-2 was detected in sample
eluted from sepharose 4B beads coupled with salidroside,
but not in eluent from Sepharose 4B beads alone, which
indicated salidroside could directly binds with COX-2
(Figure 4C).
To determine the cytotoxicity of salidroside,
HaCaT and JB6 Cl41 cells were treated with various
concentrations of salidroside (0, 500, 1000, 2000 μM),
and measured by MTS assay at 24, 48, 72 h. The results
indicated that salidroside had no significant cytotoxicity
on HaCaT and JB6 Cl41 cells (Figure 4D). In summary,
salidroside can bind with COX-2 and has no cytotoxicity
to cells.

Since salidroside directly binded with COX-2,
next, we tested how it impacted on the intracellular
COX-2. Firstly, the COX-2 level in salidroside pretreated HaCaT cells or JB6 Cl41 cells was detected.
The result showed that salidroside pre-treatment
(400 μM) for 12 h decreased the COX-2 level at 15
min (for HaCaT cells) or 60 min (for JB6 Cl41 cells)
after irradiated by 40 KJ/m2 SUV (Figure 5A), which
indicated that salidroside could inhibit the SUVinduced COX-2 expression. Secondly, the production
of PGE2 was detected to represent the activity of COX2. Celecoxib, a well-known COX-2 inhibitor, was used
as a positive control. The SUV irradiation-stimulated
PGE2 production was decreased in both HaCaT cells
and JB6 Cl41 cells by salidroside pre-treatment in a
dose- and time-dependent manner (Figure 5B), the
COX-2 specific inhibitor Celecoxib treatment showed
the similar reducing effect. Thus, we next investigated
the effect of salidroside on cell signals activated by

Figure 1: The levels of COX-2, phosphorylation of p38 or JNKs, Ki67 and CD45 are increased in human solar
dermatitis. A. The pathological features were shown in solar dermatitis compared with the normal skin from H&E staining. B–F.
Immunohistochemistry analysis was used to determine the levels of COX-2, phospho-p38 or phospho-JNKs, Ki67 and CD45 in human
solar dermatitis and normal skin tissues. G. Quantification of COX-2 expression, phosphorylation levels of P38, JNKs, Ki67 and CD45
were analyzed and data were shown as the average optical density (AOD). Data were presented as means ± SEM of values. Significant
difference were indicated (*p<0.05; **p<0.01; ***P<0.001).
www.impactjournals.com/oncotarget
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SUV. The western blot results indicated that the
phosphorylated of p38 or JNKs was substantially
attenuated in dose- and time-dependent manners after
pre-treatment of salidroside in HaCaT cells (Figure
5C) or JB6 Cl41 cells at 5 min after SUV irradiation
(Figure 5D). The levels of COX-2 has not been
changed at 5 min after SUV exposure, combined with
the previous result that COX-2 might be an upstream
regulator of p38 or JNKs, we concluded that salidroside
inhibited the activity of COX-2 rather than changing its
expression. To confirm whether salidroside suppressed
the inflammation process, the secretion of IL-6 or
TNF-α was measured in HaCaT and JB6 Cl41 cells.
The result indicated that salidroside significantly
inhibited the SUV induced IL-6 or TNF-α releasing
from these cells (Figure 5E). Compared with effect

on the expression of COX-2, salidroside showed more
effective inhibition on the activity of COX-2. Overall,
salidroside pre-treatment inhibited SUV-induced COX2 activation, and in turn inhibited the activation of p38
or JNKs signaling pathway, and prevented the release
of inflammatory factors such as IL-6 or TNF-α.

Salidroside inhibits inflammation induced by
SUV irradiation in vivo
To further investigate anti-inflammatory activity
of salidroside in vivo, it was used for treatment of SUVinduced skin inflammation in mouse model. The H&E
staining results showed that the epidermal thickness
increased significantly with the edema and epithelial cell
proliferation, and infiltration of immunocytes in 100 KJ/

Figure 2: SUV irradiation induces COX-2 expression, the phosphorylation of p38 or JNKs in HaCaT and JB6 Cl41
cells. A and B. COX-2 expression was increased by SUV irradiation in HaCaT and JB6 Cl41 cell models. The cell lysates (30 μg) were

subjected to 10% SDS-PAGE. Protein bands were detected by Western blot according to Materials and Methods. C and D. Phosphorylation
of p38 or JNKs in HaCaT or JB6 Cl41 cells was dramatically activated by SUV as indicated in a dose- or time-dependent manner. Data
were representative of three independent experiments that gave similar results.
www.impactjournals.com/oncotarget
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DISCUSSION

m2 SUV irradiated mice (Figure 6A upper panel: middle
column versus left column). While, epidermal thickness
and inflammation caused by SUV irradiation were
suppressed by 50 mg/kg salidroside treatment (Figure
6A upper panel: right column versus middle column).
Since salidroside inhibited the activation of p38 or
JNKs and production of inflammatory factors ex vivo,
the levels of COX-2, phosphorylated of p38 or JNKs
were detected by IHC, and the data indicated that SUV
irradiation dramatically increased the levels of COX-2,
phosphorylated p38 or JNKs, and salidroside treatment
significantly reduced these effects caused by SUV (Figure
6A, 6B). Next, we tested the effect of salidroside on
PGE2, IL-6 or TNF-α produced in mouse skin tissues.
The production of these factors was remarkably increased
in SUV irradiation group, and the increasing effect was
significantly reduced by salidroside treatment (Figure 6B,
C). Taken together, our findings provided evidences that
salidroside suppressed skin inflammation by inhibiting
COX-2 in vivo.

SUV exposure leads to skin inflammation, which
precedes photoaging and carcinogenesis [3]. UVA can
promote photoaging and wrinkling of the skin and have
potent carcinogenic effect [18], While UVB is the major
risk factor for skin diseases including melanoma and
nonmelanoma skin cancers, it can trigger the initiation,
promotion, and progression phases of skin cancer [19, 20].
Both UVA and UVB causes skin inflammation by activating
intracellular signal pathways. COX-2 is induced by p38
or JNKs signaling pathways after SUV irradiation, and
catalyzes the synthesis of prostaglandins which not only
promotes the process of inflammation, but also participate
the carcinogenesis of skin [21–23]. So that COX-2 becomes
a therapeutic target of interest for skin disorders. There
are a lot of COX-2 inhibitors used in clinical. However
the side effects of these drugs has been reported [24–27].
For example, a well-known COX-2 specific inhibitor,
celecoxib, has been reported for multiple side effects,

Figure 3: Knocking down COX-2 inhibites SUV-induced the phosphorylation of p38 or JNKs in HaCaT cells. A.

Expression of COX-2 in HaCaT cells was analyzed by Western blot. HaCaT cells were transfected with shMock or shCOX-2 (#1-#5), cell
lysates were analyzed by western blot. B. Production of PGE2 in shMock or shCOX-2 (#1-#5) cells were measured by ELISA as described
in Materials and Methods. COX-2 was dramatically decreased in shCOX-2 #1 and #3 cells, which were selected for further experiments.
Data are presented as means ± SEM (n=3), *P< 0.05, ***P< 0.001, representing significant decrease compared with shMock cells. C.
Knockdown of COX-2 inhibited SUV-induced phosphorylation of p38 or JNKs. HaCaT shMock cells and shCOX-2 #1 and #3 cells were
stimulated with SUV (40 KJ/m2) and then harvested at 5 min. Proteins were analyzed by western blot. Data were representative of triplicate
experiments.
www.impactjournals.com/oncotarget
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such as cardiovascular risk, acute kidney injury, and acute
pancreatitis[24,28,29]. Beside the efficiency of such COX
inhibitors, people are forced to pay more attention to the
safety of COX-2 inhibitors.
In human solar dermatitis tissue and SUV-irradiated
HaCaT and JB6 Cl41 cells, COX-2 is highly expressed
accompanied with increasing of phosphorylated p38,
or JNKs. After knocking down COX-2, not only
the production of PGE2 in SUV-irradiated cells was
decreased, but also the phosphorylated p38, or JNKs
was attenuated, which indicated the crucial role of
COX-2 in the inflammatory signals caused by SUV,
and COX-2 might be an upstream activator of p38 or

JNKs. COX-2 is regarded as an enzyme and its biological
significance is mainly mediated by the production of
prostaglandins [2]. These inflammatory lipids influence
cellular physiology by different manners, which include
(1) activation of G-protein coupled receptors, (2) inhibition
of inflammation by activating corticosteroid-like receptors,
(3) participation in receptor protein tyrosine kinase signal
transduction [30]. These events might activate p38 or
JNKs directly or indirectly. On the other hand, since the
phosphorylated p38 or JNKs was detected as soon as 5
min after SUV exposure, the intracellular PGs has not
been changes remarkably, we considered that COX-2
might be a upstream signal transductor and regulate the

Figure 4: Salidroside can directly bind with COX-2 and has no toxicity to HaCaT and JB6 Cl41 cells. A. The chemical

structure of salidroside. B. Proposed molecular model of salidroside binding with COX-2. Salidroside binds to the active site of COX-2 by
forming hydrogen bonds with protein amino acid residues ARG106 and TYR341. C. A pull-down assay was performed to detect the binding
of salidroside with COX-2 in vitro. Lane 1 was input control (COX-2 protein standard); Lane 2 was the negative control, indicating no
binding between COX-2 and Sepharose 4B beads; lane 3 indicated that COX-2 binds with Salidroside-Sepharose 4B beads. D. Salidroside
had no cytotoxity on HaCaT and JB6 Cl41 cells. The cell viability was determined by MTS assay according to Materials and Methods. Data
are shown as means ± standard deviation from triplicate experiments.
www.impactjournals.com/oncotarget
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L for its multiple functions, such as anti-aging, anticancer, anti-inflammation, anti-oxidative stress,
hepatoprotective properties and neuroprotective effect
[31–36]. But the specific molecular target of salidroside
has not been reported. In this study, structure-based
virtual ligand screening was performed to screen a
selective COX-2 inhibitor from Chinese Medicine
Database and identified salidroside might be a COX-2
inhibitor. Molecule modeling indicated that the glycosyl
of salidroside forms hydrogen bonds with COX-2, in
vitro pull-down assay was performed and indicated that
cellular derived COX-2 binds with salidroside directly.
The MTS study determined that salidorside has no
cytotoxicity even the concentration up to 2000 μM and
the incubation time up to 72 h, which indicated that the
safety of salidroside for further utilization in therapy.

activation of p38 or JNKs by itself. How does it regulate
the activation of p38 or JNKs? It is still unknown and
needs to be proved by supportive experimental evidences.
Since the side effects of existing COX2 inhibitors, it is necessary to develop new drugs
targeting COX-2. Traditional Chinese herbal medicines
have great therapeutic effects and pharmaceutical
values, and gain more and more interests to search
for natural drugs with high efficacy and low toxicity.
Salidroside, a natural compound extracted Rhodiola
rosea L, which has long been used as a traditional
Tibetan medicine to relieve altitude sickness, other
effects on neuro-protection, cardio-protection, antidepression, anti-fatigue, and anti-tumor have been
reported [14, 15]. Salidroside is thought to be one of
the most effective compounds from Rhodiola rosea

Figure 5: Salidroside inhibits the activity of COX-2, decreases the activation of p38 or JNKs signaling pathway and
production of inflammatory factors in SUV-irradiated cells. A. Salidroside inhibited the expression of COX-2 in a time-dependent

manner, the obvious inhibition was observed at 12 h after SUV exposure. The cell lysates (30 μg) were subjected to 10% SDS-PAGE gel.
B. Salidroside inhibited COX-2 activity and then markedly reduced PGE2 production in HaCaT and JB6 Cl41 cells. The PGE2 released in
medium was measured by PGE2 assay kit according to the instructions described in Materials and Methods. C and D. Phosphorylation of
p38 or JNKs was substantially attenuated in a dose- and time-dependent manner after SUV irradiation with salidroside treatment in HaCaT
and JB6 Cl41 cells. Cells were pre-treated with salidroside and stimulated with SUV as indicated. The whole cell lysates were analyzed by
western blot. E. Salidroside inhibited the secretion of IL-6 and TNF-α induced by SUV. Significant differences compared with the group
treated with SUV alone (*P<0.05; **P<0.01; ***P<0.001).
www.impactjournals.com/oncotarget
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In order to study the effect of salidroside on COX2, we detected how the expression and activity of COX2 in SUV-induced skin inflammation are regulated by
salidroside. In ex vivo studies, salidroside pretreatment
reduced the SUV-induced COX-2 expression in a timedependent manner, the obvious inhibition was observed
at 12 h after SUV exposure in HaCaT cells. But the PGE2
production was reduced as early as 3 h after SUV exposure
in both HaCaT cells and JB6 C141 cells. In SUV-induced
inflammation, the production of PGE2 is increased earlier

than the expression of COX-2, because of the activation
of existing COX-2 by SUV irradiation. We also found
that salidroside pretreatment significantly inhibited the
phosphorylated p38 or JNKs after SUV exposure only for
5 minutes. In that condition, the expression of COX-2 had
not be changed. So we determined that salidroside exerts
its anti-inflammation role by inhibiting the activity of
COX-2 rather than its expression, and the expression of
COX-2 was reduced by salidroside due to the attenuated
p38 or JNKs signals, like the reduced production of IL-6

Figure 6: Salidroside inhibits inflammation induced by SUV irradiation in vivo. A. Salidroside inhibited inflammation

induced by SUV and down-regulated COX-2 level, phosphorylationof P38 and JNKs in mouse skin. Adult Babl/c mice were irradiated
with one dose of solar UV light (100 KJ/m2) after pre-treatment of Salidroside or acetone in the dorsal skin for 3 h, and dorsal trunk skin
samples for H&E staining and IHC were harvested at 24 h after irradiation. The levels of COX-2, phosphorylation of P38 or JNKs were
shown mainly in epidermas of mice skin. B. Quantification of COX-2 expression, phosphorylation levels of p38, or JNKs were analyzed by
the Medicine Image Analysis System (MIAS) and data are shown as the average optical density (AOD). Data were presented as means ±
SEM of values from ten samples. The magnification of representative photos for H&E and the immunohistochemical staining was 20 ×. C.
and D. The secretion of PGE2, IL-6 and TNF-α were significantly reduced by salidroside treatment in mouse skin tissues. Data were shown
as mean ± SEM and asterisks indicated a significant inhibition by salidroside compared with the group treated with SUV alone (*P<0.05;
***P<0.001).
www.impactjournals.com/oncotarget

25978

Oncotarget

MTS assay

and TNF-α. The in vivo study also proved that salidroside
protects skin against the SUV-induced inflammation.
Our study indicated that salidroside inhibited SUVinduced skin inflammation by directly targeting COX-2 in
vitro and in vivo. And we found that COX-2 is not only the
key enzyme for the production of prostaglandins, but also
works as an upstream regulator for p38 or JNKs. However,
the interaction between COX-2 and p38 or JNKs is still
unclear. It is worth noting that salidroside is a naturally
occurring compound with high safety evidenced by the
experimental data [37]. Besides the multiple effects, due to
the good water solubility and low molecular weight (MW:
300.3), salidroside is well speculated that the compound
may penetrate easily from the epidermis to the dermis with
a proper preparation [15]. Overall, Salidroside showed great
potential anti-inflammatory effect and might be a promising
drug for the treatment of SUV-induced skin inflammation.

To estimate cell viability, cells (1000/well) were
seeded in 96-well plates for 24 h, then treated with various
concentrations of salidroside (0, 500, 1000, 2000 μM) for
additional 24, 48, or 72 h. After incubation for various
times, cell viability was measured by an MTS assay kit
(Promega, Madison, WI) according to the manufacturer’s
instructions.

Docking & homology modeling
Chinese Medicine Database was used in the virtual
ligand screening, and salidroside was identified as a
novel COX-2 inhibitor based on its docking score against
COX-2. In order to explore the accurate binding model
for the salidroside binding pocket of COX-2, we carried
out molecular docking analysis using the AutoDock
Vina software based on the modeling protein structure.
Homology modeling on COX-2 was performed by
Swiss-Model. Chain A of 3NT1 (PDB ID) was selected
as the template protein from the PDB database. Prior
to docking, a short protein structure optimization was
added to the modeled receptor using AMBER ff99SB
force filed. In docking, hydrogen atoms and charges of
the receptor were added by using AutoDock Tools. The
three-dimensional structure of salidroside was downloaded
from ZINC database. The format of compound structure
was converted to pdbqt format through Applied Chemistry
Software Openbabel. Docking grid was proposed to
enclose the substrate binding site of the protein. Finally,
9 docked poses of the ligand were produced for further
analysis.

MATERIALS AND METHODS
SUV, reagents and antibodies
The SUV resource was purchased from Q-Lab
Corporation (Cleveland, OH). The percentage of UVA and
UVB of SUV lamps was measured by a UV meter and
was 92.5% and 7.5% respectively. The dose of SUV was
substituted by UVA and UVB in the following description,
and 40 KJ/m2 SUV included 40 KJ/m2 UVA and 3.2 KJ/
m2 UVB. Salidroside (with the purity>99%) was purchased
from Shanghai Biyi Chemical Science and Technology Co.
Ltd (Shanghai, China). Eagle’s minimum essential medium
(MEM), Dulbecco’s Modified Eagle medium (DMEM),
Fetal bovine serum (FBS) were purchased from Gibco
(USA). The primary antibodies for COX-2, phosphorylated
p38(Thr180/Tyr182), total p38, phosphorylated JNKs
(Thr183/Tyr185), total JNKs were purchased from Cell
Signaling Technology (USA), the primary antibody for
β-actin and horseradish peroxidase (HRP) conjugated
secondary antibody were obtained from Santa Cruz (USA)
and Earth Ox life sciences company (San Francisco US).
The prostaglandin E2 (PGE2) EIA Kit was purchased from
Cayman Chemical Company (USA), the IL-6 and TNF-α
ELISA kit were purchased from Dakewe Biotech Co. Ltd
(Beijing, China). All antibodies were used following the
instructions of the respective manufacturers.

In vitro pull-down binding assay
Salidroside-conjugated sepharose 4B beads or
sepharose 4B beads were prepared as reported earlier [16].
For in vitro pull-down assay, cell lysates from HaCaT cells
(1mg) were incubated with salidroside-Sepharose 4B or
Sepharose 4B alone (as a control) in the reaction buffer
[50 mM Tris-HCl (pH7.5), 5 mM EDTA, 150 mM NaCl,
1 mM dithiothreitol (DTT), 0.01% NP-40, 2 μg/ml bovine
serum albumin, 0.02 mM phenylmethylsulfonyl fluoride
(PMSF) and 1 μg/ml protease inhibitor cocktail (Roche)].
After incubation with gentle rocking at 4°C overnight,
the beads were washed five times with washing buffer
[50 mM Tris-HCl (pH7.5), 5 mM EDTA, 150 mM NaCl,
1 mM DTT, 0.01% NP-40, and 0.02 mM PMSF], and
then the proteins bound to the beads were collected and
analyzed by Western blot using COX-2 antibody.

Cell culture
The human skin keratinocyte HaCaT cell line and
mouse epidermal JB6 Cl41 cell line were obtained from
American Type Culture Collection (ATCC, USA), cultured
following the procedures provided by ATCC and were
used within 6 months of resuscitation. The HaCaT were
cultured in DMEM supplemented with 10 % FBS. JB6
Cl41 cells were cultured in MEM supplemented with
5% FBS. All the cells were cultured 37°C in humidified
atmosphere containing 5% CO2.
www.impactjournals.com/oncotarget
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HaCaT or JB6 Cl41 cells (2 × 105) was plated in
six-well dishes. When growing to 80% confluence, the
cells were starved in serum-free medium for 12 h, then
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pre-treated with 400 μM salidroside for 3, 6, 12 h, or pretreated with various concentrations of salidroside (0, 100,
200, 400 μM) or celecoxib (1 μM) for 12 h before exposed
to 40 kJ/m2 SUV and further cultured for 18 h. Finally, the
supernatant was collected for detection. PGE2 released into
the medium was measured by the PGE2 EIA kit following
the supplier’s instructions. The released IL-6 or TNF-α
in medium was determined by ELISA kit according to
the manufacturer’s instructions. PGE2, TNF-α, and IL-6
released in the mouse skin tissues were collected by
homogenization and centrifugation, the supernatant was
measured by EIA kit or ELISA kit as described above.

and for hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC). The other samples were
frozen and used for ELISA analysis. All animal studies
were conducted according to the guidelines approved by
the Laboratory Animal Center of Huazhong University of
Science and Technology.

Immunohistochemistry
The human and mouse skin tissue sections (5μm)
were performed antigen retrieval by microwave after
deparaffinization and rehydration for 10 min in sodium
citrate buffer. Then the sections were treated with 3%
H2O2 for 10 min and blocked with 5% goat serum for
1 h at room temperature, then were incubated at 4°C
overnight with primary antibodies as follows: 1:100 anti
COX-2 raised in rabbit, 1:200 anti p-p38 (Thr180/Tyr182)
raised in rabbit (Cell Signaling Technology) and 1:200
anti p-JNKs (Thr183/Tyr185). Then the primary antibody
staining, detection and amplification using a biotinylatedstreptavidin-HRP and DAB system, hematoxylin
counterstaining. Slides were dehydrated through gradient
alcohols to xylene and coverslipped with Permount TM
Mounting Medium. All the slides were analyzed by
Medicine Image Analysis System (MIAS).

Western blot
HaCaT cells (1 × 106) or JB6 Cl41 (2 × 106) were
seeded in 10-cm dishes, cultured for 24 h, and starved for
12 h before SUV irradiation. For studying the effect of
salidroside, the cells were pretreated with salidroside (400
μM) for further 3, 6, 12 h before SUV irradiation. After that
the cells were harvested and disrupted in lysis buffer (150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mg/mL aprotinin,
10 mg/mL leupeptin, 5 mM phenylmethanesulfonyluoride
(PMSF), 1 mM dithiolthreitol (DTT) containing 1% Triton
X-100, pH7.4) followed by disruption by sonication and
centrifugation at 12,000 rpm for 10 min. The quantity of
protein was determined by the Bradford method. The
samples with 5× SDS loading buffer were heated at 95°C
for 10 minutes, and then cooled on ice. After that, the
samples were subjected to 10% SDS-PAGE and transferred
to a PVDF membrane (Millipore, Billerica, MA, USA).
After blocking with 5% non-fat milk or 5% BSA, the
membrane was incubated with a specific primary antibody
at 4°C overnight. After incubated with HRP-conjugated
secondary antibody, the protein bands were visualized by
the ECL system (BIO-RAD, USA). All experiments were
repeated at least three times.

Statistical analysis
All quantitative data are expressed as mean ± SEM
as indicated. The t test or one-way ANOVA was used for
statistical analysis. A probability of P< 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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Animal study
Adult Balb/c mice (6-8 weeks old) were purchased
from the Center for Disease Control and Prevention
(Hubei, China) and kept on a 12 h light/dark cycle at a
controlled temperature with free access to food and tap
water. The mice were divided into three groups: vehicle
group (n=10), vehicle/SUV group (n=10), 50mg/kg
salidroside /SUV group (n=10). The mice were shaved
24 h before experiment. In the vehicle group, the dorsal
skin of mice was smeared with acetone for 3 h. In the
vehicle/SUV group, the dorsal skin of mice was smeared
with acetone for 3 h and then exposed to 100 KJ/m2
SUV. In the 50 mg/kg salidroside /SUV group, 50 mg/
kg salidroside in acetone was smeared to the dorsal skin
for 3 h and mice were exposed to 100 KJ/m2 SUV. The
mice were euthanized and dorsal trunk skin samples were
harvested at 24 h after SUV irradiation. One-half of the
samples were immediately fixed in 4% paraformaldehyde
www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST
The authors declare no conflict of interest.

REFERENCES
1. Svobodova A, Walterova D, Vostalova J. Ultraviolet might
induced alteration to the skin. Biomed Pap Med Fac Univ
Palacky Olomouc Czech Repub 2006; 150: 25-38.
2. Anna Nicolaoua, Suzanne M. Pilkingtonb, Lesley E.
Rhodes. Ultraviolet-radiation induced skin inflammation:
dissecting the role of bioactive lipids. Chemistry and
Physics of Lipids 2011; 164: 535-543.
25980

Oncotarget

3. M. Ichihashi, M. Ueda, A. Budiyanto, T. Bito, M. Oka,
M. Fukunaga, K. Tsuru, T. Horikawa. UV-induced skin
damage. Toxicology 2003; 189: 21-39.

16. Jung SK, Lee KW, Byun S, Kang NJ, Lim SH, Heo YS,
et al. Myricetin suppresses UVB-induced skin cancer by
targeting Fyn. Cancer Res 2008; 68: 6021-6219.

4. César López-Camarillo, Elena Aréchaga Ocampo, Mavil
López Casamichana, Carlos Pérez-Plasencia, Elizbeth
Álvarez-SÁnchez, Laurence A. Marchat. Protein kinases and
transcription factors activation in response to UV-radiation of
skin: Implications for carcinogenesis. International Journal of
Molecular Sciences 2012; 13: 142-172.

17. Shengqing Li, Feng Zhu, Tatyana Zykova, Myoung Ok
Kim, Yong Yeon Cho, Ann M. Bode, Cong Peng, Weiya
Ma, Andria Carper, Alyssa Langfald, Zigang Dong. T-LAK
cell-originated protein kinase (TOPK) phosphorylation of
MKP1 protein prevents solar ultraviolet light-induced
inflammation through inhibition of the p38 protein signaling
pathway. J Biol Chem 2011; 26, 286: 29601-29609.

5. Bachelor MA, Bowden GT. UVA-mediated activation of
signaling pathways involved in skin tumor promotion and
progression. Semin Cancer Biol 2004; 14: 131-138.

18. Nichols JA, Katiyar SK. Skin photoprotection by natural
polyphenols: anti-inflammatory, antioxidant and DNA
repair mechanisms. Arch Dermatol Res 2010; 302: 71-83.

6. Shuko Terazawa, Shingo Mori, Hiroaki Nakajima,
Michitaka Yasuda, Genji Imokawa. The UVB-stimulated
expression of transglutaminase 1 is mediated predominantly
via the NFκB signaling pathway: new evidence of its
significant attenuation through the specific interruption of
the p38/MSK1/NFκBp65 Ser276 Axis. PLoS One 2015; 10:
e0136311.

19. Bode AM, Dong Z. Mitogen-activated protein kinase
activation in UV-induced signal transduction. Science’s
STKE 2003; 2003: RE2.
20. Matsumura Y, Ananthaswamy HN. Toxic effects of
ultraviolet radiation on the skin. Toxicol Appl Pharmacol
2004; 195: 298-308.

7. Katz JA. COX-2 inhibition: What we learned—A
controversial update on safety data. Pain Med 2013;
14:S29-34.

21. Prasad R, Katiyar SK. Ultraviolet radiation-induced
inflammation activates β-catenin signaling in mouse skin
and skin tumors. International Journal of Oncology 2014;
44: 1199-1206.

8. Misra S., Sharma K. COX-2 signaling and cancer: New
players in old arena. Curr. Drug Targets 2014; 15: 347-359.

22. Rundhaug JE1, Fischer SM. Cyclo-oxygenase-2 plays a
critical role in UV-induced skin carcinogenesis. Photochem
Photobiol 2008; 84: 322-329.

9. Jong-Eun Kim, Ki Won Lee. Silkworm Thorn Stem Extract
Targets RSK2 and Solar UV-Induced Cyclooxygenase-2
Expression. International Journal of Molecular Sciences
2015; 16: 25096-25107.

23. Zhan H, Zheng H. The role of topical cyclo-oxygenase-2
inhibitors in skin cancer: treatment and prevention. Am J
Clin Dermatol 2007; 8: 195-200.

10. Traci A. Wilgus, Alane T. Koki, Ben S. Zweifel, Donna
F. Kusewitt, Patricia A. Rubal, Tatiana M. Oberyszyn.
Inhibition of cutaneous ultraviolet light B-mediated
inflammation and tumor formation with topical celecoxib
treatment. Molecular carcinogenesis 2003; 38: 49-58.

24. Patrono C. Cardiovascular Effects of Nonsteroidal Antiinflammatory Drugs. Curr Cardiol Rep 2016; 18: 25.
25. Kanbayashi Y, Konishi H. Predictive Factors for NSAIDsrelated Gastrointestinal Toxicity: Can COX-2 Selective
Inhibtor Prevent it?. Hepatogastroenterology 2015; 62:
787-789.

11. Scott D. Solomon, John J.V. McMurray, Marc A.
Pfeffer, Janet Wittes, Robert Fowler, M.S., Peter Finn,
William F. Anderson, M.P.H., Ann Zauber, Ernest Hawk,
Monica Bertagnolli,. Cardiovascular risk associated
with celecoxib in a clinical trial for colorectal adenoma
prevention. The New England Journal of Medicine 2005;
352: 1071-1080

26. Ungprasert P, Srivali N, Thongprayoon C. Nonsteroidal
Anti-inflammatory Drugs and Risk of Incident Heart
Failure: A Systematic Review and Meta-analysis of
Observational Studies. Clin Cardiol 2016; 39: 111-118.
27. Ungprasert P, Cheungpasitporn W, Crowson CS, Matteson
EL. Individual non-steroidal anti-inflammatory drugs and risk
of acute kidney injury: A systematic review and meta-analysis
of observational studies. Eur J Intern Med 2015; 26: 285-291.

12. Carlo Patrono. Cardiovascular Effects of Nonsteroidal Antiinflammatory Drugs. Curr Cardiol Rep 2016; 18: 25.
13. Patrignani P, Patrono C. Cyclooxygenase inhibitors: from
pharmacology to clinical read-outs. Biochim Biophys Acta
2015; 1851: 422-432.

28. Warth LC, Noiseux NO, Hogue MH, Klaassen AL, Liu SS,
Callaghan JJ. Risk of Acute Kidney Injury After Primary
and Revision Total Hip Arthroplasty and Total Knee
Arthroplasty Using a Multimodal Approach to Perioperative
Pain Control Including Ketorolac and Celecoxib. J
Arthroplasty 2016; 31: 253-255.

14. Panossian A, Wikman G, Sarris J. Rosenroot (Rhodiola
rosea): traditional use, chemical composition, pharmacology
and clinical efficacy. Phytomedicine 2010; 17: 481-493.
15. GX Mao, WM Xing , XL Wen , BB Jia , ZX Yang , YZ
Wang, XQ Jin, GF Wang, J Yan. Salidroside protects
against premature senescence induced by ultraviolet B
irradiation in human dermal fibroblasts. International
Journal of Cosmetic Science 2015; 37: 321-328.

www.impactjournals.com/oncotarget

29. Hung SC, Hung SR, Lin CL, Lai SW, Hung HC. Use
of celecoxib correlates with increased relative risk of
acute pancreatitis: a case-control study in Taiwan. Am J
Gastroenterol 2015; 110: 1490-1466.

25981

Oncotarget

30. Henri H. Versteeg, Paul M.P. van Bergen en Henegouwenb,
Sander J.H. van Deventera, Maikel P. Peppelenboscha.
Cyclooxygenase-dependent signalling: molecular events
and consequence. FEBS Letters 1999; 445: 1-5

imbricataagainst tert-butyl hydroperoxide induced oxidative
injury in U-937 human macrophages. Mol. Cell. Biochem
2005; 275: 1-6.
35. Jin Gao, Rui Zhou, Xintong You, Fen Luo, He He,
Xiayun Chang, Lingpeng Zhu, Xuansheng Ding ,
Tianhua Yan. Salidroside suppresses inflammation in a
D-galactose-induced rat model of Alzheimer’s disease
via SIRT1/NF-κB pathway Neurosci Lett 2016; 618:
19-24.

31. Kucinskaite A, Briedis V, Savickas A. Experimental
analysis of therapeutic properties of Rhodiola roseaL. and
its possible application in medicine. Medicina (Kaunas)
2004; 40: 614-619.
32. Iaremii IN, Grigor’eva NF. Hepatoprotective properties
of liquid extract of Rhodiola rosea. Eksp. Klin. Farmakol
2002; 65: 57-59.

36. Jing Han, Qing Xiao, Yan-hua Lin, Zhen-zhu Zheng,
Zhao-dong He, Juan Hu, , Li-dian Chen. Neuroprotective
effects of salidroside on focal cerebral ischemia/
reperfusion injury involve the nuclear erythroid
2-related factor 2 pathway. Neural Regen Res 2015; 10:
1989-1996.

33. Zhu L, Wei T, Gao J, Chang X, He H, Luo F, Zhou R, Ma
C, Liu Y, Yan T. The cardioprotective effect of salidroside
against myocardial ischemia reperfusion injury in rats by
inhibiting apoptosis and inflammation. Apoptosis 2015; 20:
1433-1443.

37. Jiangbo Zhua, Xuying Wana, Yuping Zhua, Xili
Maa,Yiwen Zhenga & Tianbao Zhang. Evaluation of
salidroside in vitro and in vivo genotoxicity. Drug Chem
Toxicol 2010; 33: 220-226.

34. Kanupriya D, Prasad, Sai Ram M, Kumar R, Sawhney
RC, Sharma SK, Ilavazhagan G, Kumar D, Banerjee
PK. Cytoprotective and antioxidant activity ofRhodiola

www.impactjournals.com/oncotarget

25982

Oncotarget

