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Salidroside promotes human periodontal ligament
cell proliferation and osteocalcin secretion via
ERK1/2 and PI3K/AKkt signaling pathways
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Abstract. Salidroside modulates cell proliferation and
serves as an anti-inflammatory and anti-apoptotic agent
with efficacy against various diseases. The objective of the
present study was to investigate the efficacy of salidroside in
enhancing the proliferation of human periodontal ligament
cells (hPDLCs). hPDLCs were isolated and the effects of
salidroside on cell viability, soluble osteocalcin levels and
activation of proliferation-associated signaling pathways
were determined using a CCK-8 assay, ELISA and Western
blotting, respectively. The results indicated that salidroside
induced proliferation of hPDLCs, increased secretion of
soluble osteocalcin and enhanced activation of extracellular
signal-regulated kinase (ERK)1/2 and phosphoinositide-3
kinase (PI3K)/Akt signaling pathways. These factors were
upregulated by salidroside in a dose-dependent manner. The
results of the present study suggested that salidroside mediated
hPDLC proliferation via the ERK1/2 and PI3K/Akt signaling
pathways, as well as osteocalcin secretion. Salidroside may
therefore be used as a novel therapeutic agent in the treat-
ment of the tooth-supporting apparatus, progressive tooth
destruction or periodontitis.

Introduction

Salidroside is an active constituent and the major active
component extracted from the root of Rhodiola rosea L., which
has a variety of pharmacological properties (1). Salidroside
serves as an anti-inflammatory and anti-apoptotic agent for the
treatment of various diseases (2-5).

Salidroside modulates cell proliferation, angiogenic
differentiation and apoptosis via signaling pathways including
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nuclear factor-kB (NF-kB), mitogen-activated protein
kinases (MAPKSs) including extracellular signal-regulated
kinase (ERK)1/2 (6), as well as Akt and mammalian target
of rapamycin (mTOR) (4,7). For instance, salidroside inhibits
the development of lipopolysaccharide (LPS)-induced
mastitis in mice by attenuating the LPS-triggered activation
of NF-xB and MAPKSs (6). Owing to its protective effects
against oxidative stress, salidroside has exhibited activity
against gastric ulcers (8), hydrogen peroxide-induced
apoptosis (3), f-amyloid-induced cognitive deficits (9,10),
bone loss (1,11) and various cancer types, including bladder
cancer (12) and lung cancer (13), demonstrating the potential
use of salidroside in inhibiting the development of these
diseases.

Based on its pharmacological anti-hypoxic and
pro-angiogenic effects, salidroside has anti-osteoporotic
activity (1,11). Hypoxia or oxidative stress induced osteo-
blast apoptosis, decreased osteoblast activity, thus leading
to a reduction of osteoblastic bone formation and bone loss,
which was abrogated by salidroside treatment by enhancing
angiogenesis and osteogenesis (1,11). Periodontitis is a
chronic multifactorial inflammatory disease character-
ized by progressive destruction of the tooth supporting
apparatus, enhanced cell apoptosis and tooth loss, or rather
periodontal bone loss (14-16). To the best of our knowledge,
no previous study has assessed the protective effects of
salidroside against periodontal bone loss and the mechanism
of action.

Since salidroside has protective effect against oxidative
stress-associated inhibition of cell proliferation, the present
study investigated whether salidroside enhances the prolifera-
tion of human periodontal ligament cells (hPDLCs). HPDLCs
are the most common cell type in the periodontal membrane
and are widely used to investigate processes associated with
periodontitis (17). In addition, HPDLCs have stem cell proper-
ties and have the capacity to regenerate periodontal ligament
tissues (18,19). In the present study, HPDLCs were isolated
and treated with salidroside. Cell viability, soluble osteocalcin
levels and the expression of proliferation-associated proteins
were determined using appropriate methods. Differences
between treatments were analyzed to assess the protective
effect of salidroside on hPDLC proliferation and the potential
of employing salidroside as an effective drug for the treatment
of osteoporosis.
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Materials and methods

Cell line and culture conditions. According to previ-
ously published methods (20), hPDLCs were scraped from
teeth extracted from 10 young healthy volunteers, aged
14-20 years, with a median age of 18 for orthodontic purposes
at the Stomatology Department of Taizhou Central Hospital
(Taizhou, China) from July 2015 to December 2015. The study
was approved by the Institutional Review Board of Taizhou
Central Hospital and informed consent was provided by the
patients' guardians (Taizhou, China). Scraped periodontal
ligament tissue was minced into small pieces and kept in
Dulbecco's modified Eagle's medium (DMEM, Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing 10%
fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and 1% penicillin/streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C in a
humidified incubator with 5% CO,. All cell extractions were
immediately performed and the cells were cultured indi-
vidually. In all experiments, we used at least 3 cell sources
to conduct the tests respectively, and all experiments were
conducted in triplicate. But for any 1 comparison showed in
the study, only 1 cell source was used. Confluent cells were
detached with standard trypsin (Sigma-Aldrich; Merck KGaA)
and serially subcultured in fresh DMEM with 10% FBS and
1% penicillin/streptomycin under the above conditions. Cells
were cultured to the third passage, followed by identification
by immunocytochemical staining and use in the experiments
of the present study.

Immunocytochemical staining. For the identification of
hPDLCs,cellsatpassage 3 were immunocytochemically stained
with specific antibodies to vimentin and cytokeratin (21).
Cells were fixed with 4% paraformaldehyde (Biyuntian Co.,
Shanghai, China) for 30 min, permeabilized with 0.1% Triton
X-100 (Amresco, Solon, OH, USA) for 20 min and then blocked
with 1% bovine serum albumin (Sigma-Aldrich; Merck KGaA).
Next, hPDLCs were incubated with primary antibodies against
vimentin (ab8978, 1/1000; Abcam Inc, Cambridge, MA, USA)
and cytokeratin (1:200; cat. no. ab9377; Abcam, Cambridge,
MA, USA) at 4°C for 12 h, and subsequently incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody
(1:200; cat. no. ab191866; Abcam) for 1 h at room temperature.
DAPI was used for counterstaining to label the nuclei. For
visualization of the antibodies, the polymer detection system
(PV-9000 kit; Beijing Zhongshan Goldenbridge Biotechnology,
Co., Ltd., Beijing, China) with diaminobenzidine (Beijing
Zhongshan Goldenbridge Biotechnology, Co., Ltd.) was used
according to the manufacturer's instruction.

Cell treatments. Identified hPDLCs at the third passage were
cultured in 24-well plates (at a density of 5x10*/ml) in DMEM
with 10% FBS at 37°C with 5% CO,. To investigate the influence
of salidroside, cells were treated with various concentrations
of salidroside (0, 10, 20 and 50 xM) for 48 h and cell viability
was determined using a Cell Counting kit-8 (CCK-8) assay at
time points of 0, 6, 12, 24 and 48 h. hPDLCs cells were treated
with Cell Counting Kit-8 (CCK-8) stain (Sigma-Aldrich;
Merck KGaA) for 2 h. The maximum absorbance at 450 nm
was recorded using a microplate spectrophotometer (Bio-Rad
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Laboratories, Inc., Hercules, CA, USA). Three individual
experiments were performed for each treatment condition and
the averaged value was calculated. All results were normal-
ized to optical density values measured from an identically
conditioned well that did not contain medium.

ELISA. Soluble osteocalcin levels in the hPDLCs cultured in
DMEM were detected using an ELISA kit (Nordic Biosciences
Diagnostic, Herlev, Denmark) (22). Three separate experiments
were performed for each experimental condition.

Western blotting analysis. Cellular proteins were extracted
using radioimmunoprecipitation assay lysis buffer (Solarbio,
Beijing, China). Total protein was measured using a micro
bicinchoninic acid protein determination kit (Thermo
Fisher Scientific Inc.). Cellular protein (20 pg/lane) was
then separated by 10% SDS-PAGE (Solarbio), followed by
electro-transfer onto polyvinylidene difluoride membranes
(Invitrogen; Thermo Fisher Scientific Inc.). Membranes were
then blocked with 5% non-fat dry milk (BD Biosciences,
Franklin Lakes, NJ, USA) in TBS and 0.1% Tween 20 for 1 h
at room temperature and probed with the following specific
primary antibodies supplied by Abcam: Phosphorylated
(p)-ERK1/2 (1:1,000; cat. no. ab214362), ERK1/2 (1:1,000;
cat. no. ab54230), p-Akt (1:500; cat. no. ab8933), Akt (1:500;
cat. no. ab8805), p-phosphoinositide-3 kinase (PI3K) (1:1,000;
cat. no. ab182651), PI3K (1:1,000; cat. no. ab86714) and
GAPDH (ab9485, 1/2500). Following incubation overnight at
4°C, cells were probed with the HRP-conjugated secondary
antibody (1:1,000; cat. no. ab131368; Abcam) for 60 min at
room temperature. Immunoblot procedures were performed as
previously described (23).

Statistical analysis. Values are expressed as the
mean + standard deviation of three separate experiments.
Differences between groups were analyzed using one-way
analysis of variance followed by a post-hoc Tukey's test using
SPSS software, version 17.0 (SPSS Inc, Chicago, IL, USA).
Graphs were drawn using GraphPad Prism 6.0 (GraphPad
Software Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Identification of hPDLCs. For the identification of hPDLCs,
immunocytochemical staining for vimentin and keratin was
performed. hPDLCs at the third passage stained positively
for vimentin (brown; Fig. 1A) and negatively for cytokeratin
(counterstained with the nuclear stain DAPI, blue; Fig. 1B).
This suggested that the separated hPDLCs came from the
mesoderm (23).

Salidroside promotes hPDLC proliferation. Previous studies
indicated that salidroside promotes angiogenesis, exerts cyto-
protective effects human bone marrow-derived endothelial
progenitor cells (BM-EPCs) (7) and blocked the proliferation of
cancer cells (13,24), suggesting an anti-cancer effect of salidro-
side. To investigate the effect of salidroside on the proliferation
and viability of hPDLCs, a CCK-8 assay was performed. As
indicated in Fig. 2, salidroside induced a significant increase
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Figure 1. Human periodontal ligament cells at passage three stained (A) posi-
tive for vimentin and (B) negative for cytokeratin. Blue indicates DAPI
staining of nuclei (magnification x200).
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Figure 2. Salidroside promotes hPDLC proliferation. A Cell Counting Kit-8
assay was performed on hPDLCs cells treated with 1, 10, 20 and 50 yuM
salidroside for 48 h. All data from three separate experiments were normal-
ized to optical density values measured from an identically conditioned well
that did not contain medium. “P<0.05; “P<0.01 vs. control. hPDLCs, human
periodontal ligament cells; OD, optical density.

in the amount of viable cells in comparison with those in the
control group. In the group treated with salidroside, significant
increases in the amount of viable cells compared with those
in the control group were noted, confirming that salidroside
enhanced hPDLC proliferation.

Salidroside enhances osteocalcin secretion by hPDLCs. To
evaluate the influence of salidroside on osteocalcin levels
in hPDLCs, the soluble osteocalcin levels in the culture
media of hPDLCs were determined using ELISA. HPDLCs
were treated with various concentrations of salidroside (0,
10, 20 and 50 xM) for 24 h and the culture supernatant was
collected for osteocalcin determination. The results indicated
a significant increase in osteocalcin levels in the supernatant
of salidroside-treated cells, which was dependent on the sali-
droside concentration (Fig. 3). These results demonstrated that
salidroside promoted the secretion of osteocalcin by hPDLCs
in vitro.

Salidroside induces activation of ERKI/2 and PI3K/Akt
signaling pathways. The ERK1/2 and PI3K/Akt signaling
pathways are essential for cell proliferation (25,26). Sustained
activation of the ERK1/2 MAPK signaling pathway enhances
cell growth (27) and activation of the PI3K/Akt signaling
pathway promotes cell proliferation (26,28). Based on this, it
was speculated that the enhancement of cell proliferation by
salidroside may be associated with the ERK1/2 and PI3K/Akt
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Figure 3. Sal promotes secretion of osteocalcin. Human periodontal ligament
cells were treated with Sal (0, 10,20 or 50 M) for 48 h and osteocalcin levels
were determined using ELISA. "P<0.05; “P<0.01 vs. control. Sal, salidroside.

signaling pathways. Thus, it was determined whether the
expression as well as the activation/phosphorylation status of
ERK1/2, PI3K and Akt were upregulated in salidroside-treated
cells compared with that of control cells. The results indicated
that in cells treated with salidroside, the levels of p-ERK1/2,
p-PI3K and p-Akt were increased in a dose-dependent manner
as compared with those in the control group (Fig. 4). It was
therefore revealed that salidroside enhances the proliferation
of hPDLCs through activation of the ERK1/2 and PI3K/Akt
signaling pathways.

Discussion

In the present study, the protective effect of salidroside on
hPDLC proliferation was determined. Cells treated with sali-
droside exhibited an increase in cell viability and secretion
of soluble osteocalcin. In addition, the salidroside-mediated
proliferation of hPDLCs was associated with activation of the
ERK1/2 and PI3K/Akt signaling pathways, which are associated
with proliferation.

PI3K and Akt are known to regulate a large variety of
critical cellular functions, including proliferation, metabo-
lism, size, survival, migration and angiogenesis (29). ERK
is involved in numerous aspects of cell physiology (30) and
ERK1/2 signaling is a key factor regulating cell prolifera-
tion (30,31). Salidroside treatment was previously reported to
promote cell proliferation via several signaling pathways,
including NF-kB, MAPKs, ERK1/2 and mTOR (6,7).
Tang et al (7) demonstrated that treatment of BM-EPCs
with salidroside promoted cellular proliferation and angio-
genic differentiation. They further demonstrated that the
proliferative effect of salidroside on BM-EPCs was associ-
ated with phosphorylation/activation of Akt, ERK1/2 and
mTOR signaling pathways. The present study confirmed
the enhancement of cell proliferation with simultaneous
upregulation of p-ERK1/2, p-PI3K and p-Akt protein levels
in salidroside-treated hPDLCs, indicating that the cell
growth-stimulatory effects of salidroside on hPDLCs are
mediated via the ERK1/2 and PI3K/Akt signaling pathways.
It was considered that the activation of Akt and ERK1/2 with
increased phosphorylation was associated with the promo-
tion of human periodontal ligament cell proliferation (32,33),
which was in consistent with the current study.
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Figure 4. Sal induces activation of ERK1/2 and PI3K/Akt signaling pathways. (A and B) Human periodontal ligament cells were treated with Sal (0, 10, 20 or
50 uM) for 48 h and expression levels and phosphorylation status of ERK1/2, PI3K and Akt were determined using western blot analysis. "P<0.05; “P<0.01 vs.
control. Sal, salidroside; ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide-3 kinase.

As previously reported, osteocalcin level are associated
with glucose metabolism (34) and B-cell proliferation (35,36).
Specifically, increased osteocalcin promotes [-cell prolifera-
tion, insulin secretion and glucose tolerance (37). Expansion of
the p-cell mass by stimulation of their proliferation is consid-
ered to be a potential therapeutic remedy for treating diabetic
B-cell failure (35), suggesting the therapeutic potential of
osteocalcin in diabetes. A previous study reported that sali-
droside enhanced the expression of osteocalcin and reversed
H,0,-induced bone loss in overiectomized rats (1). In addition,
the osteocalcin-associated cell proliferation is associated with
PI3K/Akt and ERK1/2 signaling pathways (38,39). Osteocalcin
is an osteogenic marker (40) and activation of the ERK1/2
signaling pathway induces osteocalcin expression (39,40).
Accordingly, in the present study, it was speculated that sali-
droside treatment induces the secretion of osteocalcin via the
PI3K/Akt and ERK1/2 pathways. Indeed, the present results
indicated that salidroside promotes the secretion of osteo-
calcin, as well as the upregulation of PI3K/Akt and ERK1/2 in
hPDLCs in a dose-dependent manner, suggesting that supple-
mentation with salidroside may provide a benefit in enhancing
bone formation, at least in part via activation of the PI3K/Akt
and ERK1/2 signaling pathways. These effects may finally
contribute to inhibiting the progressive destruction of the tooth
supporting apparatus or the development of periodontitis.

The limitations of the present study include the lack of
pre-clinical in vivo data. Furthermore, it is lacking further
evaluation of the role of salidroside supplementation on cell
apoptosis and other proliferation-associated signaling path-
ways, including NF-kB and mTOR (6,7). However, the results
of the present study demonstrated the effect of salidroside to
enhance the proliferation of hPDLCs.

In conclusion, the present study suggested that salidroside
induced the proliferation of hPDLCs. Furthermore,

salidroside-mediated cell proliferation was associated with
activation of the ERK1/2 and PI3K/Akt signaling pathways, as
well as osteocalcin secretion. Based on these results, it may be
suggested that salidroside is a potential novel therapeutic agent
for the treatment of osteoporosis, progressive destruction of the
tooth supporting apparatus and development of periodontitis.
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