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Salidroside blocks the proliferation of pulmonary artery smooth
muscle cells induced by platelet-derived growth factor-BB
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Abstract. The proliferation of pulmonary artery smooth
muscle cells (PASMCs) contributes to the development of
pulmonary vascular remodeling, ultimately leading to pulmo-
nary hypertension. In this study, the effects and molecular
mechanisms of salidroside on the platelet-derived growth
factor (PDGF)-BB-induced proliferation of primary cultured
rat PASMCs were investigated. The presented data demon-
strated that salidroside significantly inhibited the proliferation
and DNA synthesis of PASMCs induced by PDGF-BB in a
dose- and time-dependent manner, without cell cytotoxicity. In
accordance with these findings, salidroside blocked progression
through GO/GI1 to S phase of the cell cycle. The salidro-
side-induced inhibition of the cell cycle was associated with
the inhibition of cyclin D1, cyclin E, cyclin-dependent kinase 2
(CDK?2) and CDK4 mRNA expression, as well as an increase
in the mRNA expression of p27 in PDGF-BB-stimulated
PASMC:s. Further experiments showed that the beneficial
effect of salidroside on blocking the proliferation of PASMCs
was associated with the suppression of the AKT/glycogen
synthase kinase 3 B (GSK3p) signaling pathway, but did not
involve the extracellular signal-regulated kinase 1/2, p38 and
c-Jun-N-terminal kinase signaling pathways. These results
indicate that salidroside suppresses PDGF-BB-induced
PASMC proliferation through the AKT/GSK3f signaling
pathway and suggests that it may be a feasible therapy for
pulmonary vascular remodeling diseases.

Introduction
Pulmonary arterial hypertension (PAH) is characterized by

vascular remodeling and a progressive increase in pulmonary
vascular resistance, which ultimately leads to right ventricular
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failure and death (1). The abnormal proliferation of pulmonary
artery smooth muscle cells (PASMCs) is an important feature
of PAH that contributes to vascular remodeling and leads to
vascular occlusion (2). It is therefore important to clarify the
specific molecular mechanisms and signaling pathways that
lead to the proliferation of PASMCs. Numerous studies have
demonstrated that the pathological proliferation of PASMCs
is associated with mitogen-activated protein kinase (MAPK)
and AKT signaling pathways (3.4).

The platelet-derived growth factor (PDGF) signaling
system consists of four ligands, PDGF-A, PDGF-B, PDGF-C
and PDGF-D, and two types of receptor, PDGF a-receptor
(PDGFR-0) and B-receptor (PDGFR-f) (5). PDGF-BB induces
the proliferation of vascular smooth muscle cells (VSMCs)
and has been proposed to function in the development of
atherosclerosis, lung fibrosis, PAH and chronic thromboem-
bolic pulmonary hypertension (6-8). Furthermore, the levels of
PDGEF in the blood and lung tissues of patients with PAH are
increased, further suggesting that PDGF plays a critical role
in the development of pulmonary vascular remodeling and the
increase in pulmonary arterial pressure (9).

Rhodiola is a widely used medicinal plant that is grown
at high altitudes and has a long history of use by Tibetans to
enhance the resistance of the body to fatigue. Studies have
shown that Rhodiola has various pharmacological properties
and exerts anti-inflammatory, anti-anoxia, anti-oxidation,
anti-aging, anti-cancer and liver-protective effects (10-14).
Salidroside (2-(4-hydroxyphenyl)ethyl 3-D-glucopyranosidee)
is one of the major bioactive components extracted from
Rhodiola. In lipopolysaccharide (LPS)-induced mastitis,
salidroside has been shown to inhibit the extracellular
signal-regulated kinase (ERK), p38 and c-Jun N-terminal
kinase (JNK) signaling pathways to inhibit inflammation (15).
Salidroside can also inhibit the reactive oxygen species-protein
kinase C-ERK1/2 signaling pathway, decreasing the prolifera-
tion of HT1080 human fibrosarcoma cells (16). Furthermore,
salidroside inhibits the proliferation of mesangial cells,
induced by high glucose levels, by blocking the ERK1/2
signaling pathway (17). MCF-7 human breast cancer cells
can be arrested in GO/GI1 phase by salidroside (18). However,
the effects of salidroside on the proliferation of PASMCs
and its associated mechanisms remain unclear. This study
aimed to determine whether salidroside could inhibit the
PDGF-BB-induced proliferation of PASMCs, as well as to
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identify the molecular mechanisms that may be responsible
for the protective effects of salidroside on PAH.

Materials and methods

Materials. Salidroside (98% purity as determined by
high-performance liquid chromatography analysis) was
ordered from Shanghai Medical Technology Development
Co., Ltd. (Shanghai, China). Recombinant human PDGF-BB
was ordered from PeproTech (Rock Hill, NJ, USA). Cell
counting kit-8 (CCK-8) was obtained from Dojindo Molecular
Technologies Inc. (Kumamoto, Japan). A cell proliferation
ELISA, BrdU (colorimetric) kit was purchased from Roche
(Roche Diagnostics, Mannheim, Germany). TRIzol® was
purchased from Invitrogen Life Technologies (Carlsbad,
CA, USA). The antibodies used to recognize the total and
phosphorylated forms of ERK1/2, p38, JNK, AKT, glycogen
synthase kinase 3 f (GSK3f) and GAPDH were ordered
from Cell Signaling Technology Inc. (Danvers, MA, USA).
Sprague Dawley rats (150-200 g) were ordered from the
Wuhan University Center for Animal Experiment (Wuhan,
China). All of the animal experiments were approved by the
Institutional Animal Care and Use Committee at Renmin
Hospital, Wuhan University (Wuhan, China). For the in vitro
study, salidroside was dissolved in double-distilled water.

Collagenase I (0.2%) digestion of PASMCs and cell culture.
Sprague Dawley rats (150-200 g) received intraperitoneal
anesthesia with 50 mg/kg 1% sodium pentobarbital. The
pleura of each rat was then rapidly sectioned, and the heart
and lung were removed and placed in a petri dish filled with
phosphate-buffered saline to clean the residual blood in a
ultra-clean platform. To separate the pulmonary artery, the
outer fibrous arterial connective tissue was stripped under
a microscope using tweezers and rinsed several times in
Dulbecco's modified Eagle's medium/F12 (DMEM/F12)
containing 1% penicillin-streptomycin. The artery was
subsequently cut into 1-mm pieces and placed in a centrifuge
tube pre-filled with 0.2% collagenase I, and the tube was then
placed in a CO, incubator to help remove digestive juices.
Once every 20 to 30 min, the mixture was observed and
gently agitated. The total duration of the digestion was 2-4 h.
Following arterial fragment digestion, the cells were centri-
fuged at 195 x g for 5 min, and the supernatant was discarded.
The pellet was rinsed with DMEM/F12 containing 20% fetal
bovine serum and placed in a 37°C, 5% CO, incubator for
culturing. Four to five days later, the cells were passaged and
grown in DMEM/F12 containing 10% fetal bovine serum.
The purity of the PASMC cultures was assessed by the
immunocytochemical localization of a-smooth muscle actin.

The cells used in this study were taken between passages
four and 10. The PASMCs were grown to 70-80% confluency
and then subjected to serum starvation for 24 h before being
used for the experiments. Cells were pretreated with different
concentrations of salidroside for 1 h prior to stimulation with
PDGF-BB (20 ng/ml).

Measurement of cell proliferation and DNA synthesis. Cell
proliferation was determined by CCK-8 assay according
to the manufacturer's instructions (Dojindo Molecular
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Technologies Inc.). PASMCs (5x10°/well) were grown to
70-80% confluency in 96-well plates and their growth was
arrested by serum starvation for 24 h. Cells were subsequently
preincubated with various concentrations of salidroside for
1 h and then treated with PDGF-BB (20 ng/ml) for 12, 24
and 48 h in the presence of salidroside, prior to being loaded
with CCK-8 solution for the final 3 h. Cell proliferation was
determined by measuring the optical density at 450 nm.
BrdU labeling mixture was added to each well and incubated
for 2 h. DNA synthesis was then measured by assessing the
incorporation of BrdU using a cell proliferation ELISA Kkit.

Evaluation of cell viability. The toxicity of salidroside on
PASMCs was determined by the trypan blue exclusion
test. After 12, 24 and 48 h of incubation with salidroside
at concentrations between 12.5 and 100 uM, the PASMCs
were removed from culture and the cells that excluded
0.4% trypan blue were counted using an automated cell
counter (Invitrogen Life Technologies).

Cell cycle progression assays. Cell cycle progression was
determined using a cell cycle and apoptosis analysis kit
(Beyotime Institute of Biotechnology, Haimen, China),
in accordance with the manufacturer's instructions, and
fluorescence-activated cell sorting. Upon reaching 70-80%
confluency in the six-well plates, the PASMCs were subjected
to serum starvation for 24 h. The cells were then preincu-
bated with salidroside (100 zM) for 1 h and subsequently
treated with PDGF-BB (20 ng/ml) for 24 h prior to analysis.

Quantitative polymerase chain reaction (qPCR). Following
serum starvation for 24 h and preincubation with 100 yM
salidroside for 1 h, the cells were treated with PDGF-BB
for 24 h in the absence or presence of salidroside. Total
RNA was extracted from PASMCs using TRIZol and
reverse transcribed into DNA using oligo (dT) primers with
the LightCycler 480 SYBR Green 1 Master mix and the
LightCycler 480 qPCR system (both Roche Diagnostics).
Target gene mRNA expression was normalized to the
internal control GAPDH and was expressed relative to the
control group. The primer sequences used were as follows:
Cyclin DI, forward 5'-GAGACCATCCCCCTGACGGC-3'
and reverse 5-TCTTCCTCCTCCTCGGCGGC-3'; Cyclin E,
forward 5'-GTCCTGGCTGAATGTATACATGC-3' and
reverse 5'-CCCTATTTTGTTCAGACAACATGGC-3';
CDK2, forward 5'-GCTTTCTGCCATTCTCATCG-3" and
reverse 5'-GTCCCCAGAGTCCGAAAGAT-3"; CDK4,
forward 5'-ATGTTGTCCGGCTGATGG-3' and reverse
5'-CACCAGGGTTACCTTGATCTCC-3"; P27, forward
5'"TGCAACCGACGATTCTTCTACTCAA-3' and reverse
5'-CAAGCAGTGATGTATCTGATAAACAAGGA-3';
GAPDH, forward 5-ATTCCATGGCACCGTCAAGG-3' and
reverse S-AATTCGTTGTCATACCAGGA-3'.

Western blotting. Confluent, serum-starved PASMCs were
treated with salidroside (100 xM) for 1 h following exposure
to 20 ng/ml PDGF-BB for the indicated time. The cells were
lysed in radioimmunoprecipitation assay buffer containing a
protease and phosphatase inhibitor cocktail; the cells were
then scraped into 1.5-ml centrifuge tubes. The cell suspension
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was centrifuged at 3,362 x g for 30 min at 4°C, and the protein
concentration was assessed by the bicinchoninic acid assay.
A total of 20 ug protein extract was used for SDS-PAGE,
blotted onto Immobilon-FL transfer membranes (Millipore,
Billerica, MA, USA) and probed with the relevant antibodies.
The protein expression was quantified using the Odyssey
infrared imaging system (Li-Cor Biosciences, Lincoln, NE,
USA) and protein expression levels were normalized to the
GAPDH internal control in the total cell lysate.

Statistical analysis. The results are expressed as the
mean + standard deviation. Differences among groups
were tested by one-way analysis of variance or unpaired
two-tailed-tests. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Salidroside inhibits the proliferation and DNA synthesis of
PASMCs induced by PDGF-BB. The abnormal proliferation
of PASMCs contributes to vascular lesion formation (2).
Salidroside is a proven antitumor compound that leads to
the suppression of cancer cell growth (18); however, whether
salidroside suppresses the growth of PASMC is currently
unknown. To determine the effect of salidroside on PASMC
proliferation, the effect of different doses of salidroside
(12.5-100 M) on proliferation in 12, 24 and 48 h was inves-
tigated using the CCK-8 cell proliferation assay. Compared
with the control, PDGF-BB induced a time-dependent
proliferation of PASMCs that was blocked in a concentra-
tion-dependent manner by treatment with salidroside for
different lengths of time. The greatest level of suppression
of proliferation was induced by salidroside at a concentration
of 100 uM (Fig. 1A). The inhibitory effects of salidroside
on DNA synthesis were next investigated by measuring the
incorporation of BrdU. Treatment with PDGF-BB increased
DNA synthesis in PASMC:s in a time-dependent manner, and
salidroside significantly suppressed the increase in DNA
synthesis in a dose- and time-dependent manner (Fig. 1B).

Different concentrations of salidroside have no effect on
PASMC survival. The toxicity of salidroside on PASMCs was
determined by the trypan blue exclusion test in the absence
or presence of salidroside. As shown in Fig. 2, salidroside
concentrations between 12.5 and 100 xM did not induce
significant levels of cell necrosis in PASMCs after 12, 24 or
48 h compared with untreated cells. Regardless of whether
cells were treated with salidroside, cell viability was main-
tained at ~95%, suggesting that salidroside was not cytotoxic
at the tested concentrations.

Salidroside blocks PDGF-BB-induced cell cycle progres-
sion through GO/GI- to S-phase cell cycle arrest. The
effect of salidroside on cell cycle progression was analyzed
using flow cytometric analysis. PDGF-BB treatment alone
significantly increased the percentage of cells in S phase
whilst decreasing the GO/G1 populations (Fig. 3). By contrast,
salidroside-treated cells showed a significant suppression
of cell cycle progression. Salidroside at a dose of 100 uM
reduced the percentage of cells in S phase and increased the
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Figure 1. Effects of salidroside on PDGF-BB-induced PASMC prolifera-
tion and DNA synthesis. PASMCs were pre-cultured in serum-free medium
for 24 h and then incubated in the absence or presence of salidroside
(12.5-100 yM) with 20 ng/ml1 PDGF-BB for a further 12, 24 or 48 h. (A) Cell
proliferation was examined by the cell counting kit 8 test. (B) BrdU incorpo-
ration was determined with an ELISA-based assay. Data are expressed as the
mean OD = standard deviation. “P<0.05 versus control group; ‘P<0.05 versus
cells exposed to PDGF-BB alone; n=5. OD, optical density; PDGF-BB,
platelet-derived growth factor-BB; PASMCs, pulmonary artery smooth
muscle cells.
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Figure 2. Effect of salidroside on the viability of PASMCs. The viability of
PASMCs was evaluated by counting the number of cells that excluded trypan
blue in the absence or presence of different concentrations of salidroside for
12,24 or 48 h. P>0.05 versus control group; n=4. PASMCs, pulmonary artery
smooth muscle cells.

GO0/G1 populations among the PDGF-BB-stimulated cells.
This suggests that salidroside affects the GO/G1- to S-phase
transition rather than being involved in the S or G2/M phases
(Fig. 3).

Salidroside downregulates the nRNA expression of cyclin DI,
cyclin E, cyclin-dependent kinase 2 (CDK2) and CDK4, and
upregulates p27 mRNA expression. To explore the potential
mechanisms by which salidroside influences the cell cycle of
PASMCs, the mRNA levels of cell cycle regulatory genes,
including cyclins, the CDKs and cell cycle inhibitory genes,
were examined. PDGF induction significantly increased
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Figure 3. Effect of salidroside on PDGF-induced cell cycle progression. PASMCs were grown with salidroside (100 #M) in the absence or presence of 20 ng/ml
PDGF-BB for 24 h. (A) PI fluorescence in PASMCs as analyzed by flow cytometry. (B) Quantification of PASMCs in the GO/G1, S and G2/M phases, as
determined by flow cytometric evaluation (n=3). PDGF-BB, platelet-derived growth factor-BB; PASMCs, pulmonary artery smooth muscle cells; Ctrl, control;

Sal, salidroside; PI, propidium iodide.

5 -
g 457 _i mCtrl
® 4t
E - oSal
8 3.5 5
% 8 oPDGF
< 3 o
= i # OPDGF+Sal
E 2i5.F o
‘5 2r * : x
3 ol
K 1.5
& It ot
= : #
s 0.5r
o

0

CyclinD1 CyclinE  CDK2 CDK4 p27

Figure 4. Effect of salidroside on the expression of multiple cell cycle regula-
tory genes in PASMCs. PASMCs were pretreated with salidroside (100 xM)
for 1 h prior to 24 h of 20 ng/ml PDGF-BB treatment and were analyzed for
mRNA levels of multiple cell cycle regulatory genes. Experiments were per-
formed in triplicate and repeated a minimum of three times. “P<0.05 versus
control; "P<0.05 versus PDGF-treated cells; n=3. CDK, cyclin-dependent
kinase; PDGF-BB, platelet-derived growth factor-BB; PASMCs, pulmonary
artery smooth muscle cells; Ctrl, control; Sal, salidroside.

the mRNA levels of cyclin DI, cyclin E, CDK2 and CDK4.
Conversely, pretreatment with salidroside significantly
suppressed the PDGF-induced upregulation of the studied
genes (Fig. 4). The cyclin-CDK complexes formed in cell
cycle progression are regulated by CDK inhibitors, such
as p27, which leads to cell cycle arrest at the G1 and G1/S
boundary (23). Pretreatment with salidroside upregulated the
expression of p27.

Molecular mechanisms involved in the salidroside-induced
inhibition of the proliferation of PASMCs. To explore the
molecular mechanisms by which salidroside inhibits the
proliferation of PASMCs, the effects of salidroside on MAPK
and AKT/GSK3p signaling were examined. Significant acti-
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Figure 5. Effect of salidroside on the activation of signaling pathways in
PDGF-BB-stimulated PASMCs. PASMCs were pretreated with salidroside
(100 M) for 1 h prior to 20 ng/ml PDGF-BB treatment. The protein levels
of P-ERK1/2, ERK1/2, P-JNK, JNK, P-p38, p38, P-AKT, AKT, P-GSK3f
and GSK3p induced by PDGF-BB at 5, 10 and 15 min were determined by
western blot analysis. One representative image out of three independently
performed experiments is shown. PDGF-BB, platelet-derived growth
factor-BB; PASMCs, pulmonary artery smooth muscle cells; Sal, salidroside;
ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase;
GSK3p, glycogen synthase kinase 3 f§; P-, phosphorylated.

vation of ERK1/2, p38, INK and AKT/GSK3p was observed
5,10 and 15 min after PDGF treatment, without affecting the
total levels of these molecules (assessed by comparison with
internal controls using western blotting) (Fig. 5). Salidroside
significantly reduced the phosphorylation of AKT/GSK3p,
but did not exhibit any inhibitory effects on the phosphoryla-
tion of ERK1/2, p38 and JNK (Fig. 5).
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Discussion

The present study demonstrated that salidroside inhibits
PDGF-induced PASMC proliferation and DNA synthesis
in a dose- and time-dependent manner without cell cyto-
toxicity. It also showed that salidroside inhibits the cell
cycle at GO/GI to S phase through inhibition of the mRNA
expression of cyclin DI, cyclin E, CDK?2 and CDK4, as well
as through an increase in the mRNA expression of p27, in
PDGF-BB-stimulated PASMCs. These effects of salidroside
on the proliferation of PASMCs were associated with inhibi-
tion of the AKT/ GSK3p pathway. These results suggest that
salidroside may be a novel therapy for preventing pulmonary
vascular remodeling diseases.

Abnormal proliferation of PASMCs leads to medial
vascular lumen narrowing and vascular remodeling, which are
critical to the development of PAH (19,20). In the present study,
it was demonstrated that salidroside inhibited PDGF-induced
PASMC proliferation and DNA synthesis in a dose- and
time-dependent manner without cell cytotoxicity. Cell prolif-
eration is tightly regulated by the cell cycle, and salidroside
has been demonstrated to cause cell cycle arrest in cancer cell
lines (16,18). For this reason, the effects of salidroside on the
cell cycle in PDGF-BB-stimulated PASMCs were examined.
Flow cytometric analysis results demonstrated that 100 xM
salidroside treatment for 24 h led to a significant increase in
the number of cells in the GO/G1 phase and a reduction in the
number of cells in the S phase, without any significant effect on
the number of cells in the G2/M phase. Taken together, these
results indicate that salidroside targets a signaling transduc-
tion event evoked in the GO/G1-S boundary. Key factors of cell
cycle regulation include the CDKs, which may be activated
in a specific cell cycle phase by phosphorylation of the corre-
sponding substrates, allowing for progression through the cell
cycle. The CDKs are also dependent on cyclins, whose expres-
sion levels are associated with different cell cycle phases.
Therefore, the degree of CDK activation is different for each
stage of the cell cycle and plays a critical role in cell cycle
regulation. The activity of CDKs may be inhibited by cell
cycle inhibitory proteins (CKIs). CDK?2 and CDK4 are known
to form complexes with cyclin E and cyclin D1, which are
essential for the mediation of cell cycle progression from the
GO/Gl1 to S phases (21,22). Another regulator controlling cell
cycle progression is the CKI p27, which forms heterotrimeric
complexes with cyclins and CDKs to inhibit their activity, such
as cyclin D-CDK4 and cyclin E-CDK2 (23).

In this study, the expression of cell cycle regulatory genes
in response to PDGF-BB in PASMCs was investigated.
Salidroside reduced the PDGF-BB-induced mRNA expression
of cyclin DI, cyclin E, CDK?2 and CDK4. Consistent with these
changes, the mRNA expression of p27 was increased by sali-
droside. These observations suggest that the antiproliferative
activity of salidroside has a multifaceted effect on numerous
target molecules critically involved in growth inhibition.

MAPK families, including ERKs, p38 and JNK, as well as
the AKT pathway, play an important role in the regulation of
cell proliferation. A previous study by our group demonstrated
that PDGF-BB can stimulate the activation of ERK, JNK and
p38, as well as the AKT/GSK3p pathway in VSMCs (24). In
the present study, it was found that PDGF-BB can significantly
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stimulate the phosphorylation of ERK1/2, INK, p38 and
AKT/GSK3p in PASMCs. The PI3K/AKT signaling pathway
is implicated in multiple cellular processes, including prolif-
eration, differentiation, apoptosis and migration. AKT has
numerous downstream targets, and GSK3 is one of its critical
downstream molecules. Data from this study showed that sali-
droside inhibited the phosphorylation of AKT/GSK3f during
PDGF-BB induction. However, this result contrasts those
obtained by other studies, in which salidroside was reported
to stimulate the AKT pathway (25,26). Whether these differ-
ences are associated with different types of cells and different
salidroside concentrations used in the studies remains to be
elucidated. Cyclin DI is regulated by GSK3p, which can be
inactivated by phosphorylation (27,28). Activation of GSK3f
has been found to regulate cyclin D1 export from the nucleus to
the cytoplasm for proteolysis and thus decreases the expression
of cyclin D1 (29). Furthermore, inhibition of the phosphoryla-
tion of the AKT/GSK3p signaling pathway has been shown to
decrease the expression of cyclin DI in cultured VSMCs (30).
GSK3p inhibition has also been shown to decrease expres-
sion of the CKI p27 (31). Based on these results, it is possible
that salidroside suppresses the proliferation of PASMCs
through the AKT/GSK3p signaling pathway. The effect of
salidroside on the activation of MAPKs, including ERK1/2,
p38 and JNK, which are other important factors implicated
in the PASMC proliferation induced by PDGF-BB, was also
examined. Unlike its effect on the AKT/GSK3[ pathway,
salidroside failed to affect the PDGF-stimulated activation of
ERK1/2, p38 and JNK. However, a previous study indicated
that salidroside can inhibit the ERK, p38 and JNK signaling
pathways in LPS-induced mastitis (15). It is possible that
salidroside has different effects on the MAPK signaling
pathways in different types of cells. These results indicate that
the PDGF-BB-mediated activation of ERK, p38 and JNK may
not be involved in the inhibitory effect of salidroside on the
proliferation of PASMCs.

In conclusion, this study, to the best of our knowledge,
demonstrated for the first time that salidroside inhibits the
proliferation of PASMCs induced by PDGF-BB. Notably, this
process appears to be associated with an inhibition of cyclin D1
expression and an increase in p27 accumulation through
blockade of the AKT/GSK3p signaling pathway. The results of
this study suggest that the use of salidroside may be feasible for
therapies to treat pulmonary vascular remodeling diseases.
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