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Abstract Saikosaponin-A (SA), a class of native com-
pound with numerous biological activities, may exert pro-
tective effect against postmenopausal bone loss. However,
it remains unknown whether SA regulates the osteogenic
differentiation of bone marrow stromal cells (BMSCs) in
the treatment and prevention of osteoporosis. In this study,
BMSCs were treated with various concentrations of SA to
stimulate osteogenic differentiation over a 14-day period.
Additionally, a canonical ovariectomized (OVX) mouse
model was used to evaluate the effect of 3-month SA treat-
ment in preventing postmenopausal osteoporosis. In vitro,
we found that SA promotes alkaline phosphatase activity/
staining and Alizarin red assay, stimulated the expression
of osteogenic markers, i.e., runt-related transcription factor
2 (Runx2), osterix, osteopontin, and osteocalcin (OCN) in
BMSC:s. In vivo, the trabecular number, trabecular thick-
ness, and trabecular bone mineral density of the distal
femoral metaphysis were significantly increased in OVX
mice treated intraperitoneally with SA for 3 months com-
pared with OVX mice that not treated with SA. Moreover,
the expression of Runx2 and OCN in OVX+ SA mice was
significantly increased than that in OVX mice. Finally,
we found that SA activated the WNT/B-catenin pathway
and the expression of several downstream genes including
T-cell factor-1 and lymphoid enhancer factor-1. Inhibition
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of WNT/B-catenin pathway by Dickkopf-related protein
1 blocked the positive role of SA on osteogenesis. There-
fore, SA promoted the osteogenic differentiation of BMSCs
through WNT/B-catenin signaling.

Keywords Saikosaponin-A - Bone marrow stromal cells -
Osteoporosis - Mouse model - WNT/B-catenin pathway

Introduction

Osteoporosis is the most common metabolic bone disease,
and it affects many people such as the elderly, postmeno-
pausal women, long-term bed-ridden patients, astronauts,
and persons living sedentary lifestyles [1, 2]. Decreased
bone mass and micro-architectural deterioration of bone
tissues give rise to high risk of fractures of hip, vertebrae,
pelvis, and wrist, causing enormous costs and substantial
morbidity and mortality [3, 4]. In American, the direct frac-
ture-caused costs are expected to raise from 17 billion dol-
lar in 2005 to over 22 billion dollar by 2020 [5, 6]. There-
fore, osteoporosis is a serious health and society problem.
Mechanistically, osteoporosis is a disorder of unbal-
anced bone remodeling with the increased bone resorption
relative to bone formation, leading to the decreased bone
mineral density (BMD) and the disruption of bone micro-
architecture [6]. Bone resorption is completed by the polar-
ization and the subsequent attachment to bone surface of
osteoclasts. Meanwhile, bone formation occurs following
osteoblasts phase that is to be developed into osteocytes
[7]. Thus, correcting the imbalance between bone resorp-
tion and formation is an effective therapy for osteoporosis.
Currently, the clinical treatment for osteoporosis
mainly include five kinds of agents, such as estrogens,
bisphosphonates, calcitonin, selective estrogen receptor
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modulators, and monoclonal antibody [8]. Due to the
potential complications associated with these agents, i.e.,
breast cancer, uterine bleeding, cardiovascular events,
osteonecrosis, diarrhea, venous thromboembolism, and
serious infections of skin, their use is restricted for treat-
ing osteoporosis [2, 9]. Besides these, single-drug target
and high price of these agents also restrict their develop-
ing and applying in clinic [6, 9]. Therefore, it is urgent to
exploit efficient agents for the treatment of osteoporosis.

Radix bupleuri, one of the most important crude
drugs in the prescriptions of traditional Chinese medi-
cine, made from dried roots of Bupleurum chinese DC.
or Bupleurum scorzonerifolium Willd, has been utilized
to treat influenza, fever, chronic hepatitis, malaria, men-
strual disorders, and bone loss diseases [10-13]. Saiko-
saponin-A (SA), the major active constituent in radix
bupleuri, has been shown to exert various pharmacologi-
cal effects, including anti-inflammatory, antibacterial,
immunoregulating, antiviral, antioxidative, and antiosteo-
porosis effects [11, 14—18]. Recently, SA has been shown
to serve as a beneficial agent for prevention and treatment
of osteoporosis and cancer-induced bone loss by sup-
pressing osteoclastogenesis [10, 11]. Osteoblast differen-
tiation and osteoclastogenesis are two important phases
of bone remodeling [6, 19, 20]; however, whether SA
affects the osteogenic differentiation of BMSCs in vitro
and bone formation in vivo remains unknown.

Bone marrow stromal cells (BMSCs) are multipo-
tent stromal cells capable of self-renewal and capable
of multilineage mesenchymal differentiation [21, 22]. It
can differentiate down multiple mesenchymal lineages,
including osteogenic, chondrogenic, adipogenic, myo-
genic, and neurogenic lineages [23]. During the aging
process, BMSCs differentiation into osteoblast decreases,
whereas BMSCs differentiation into adipocytes increases,
thereby resulting in decreased osteogenesis and bone loss
[24]. When BMSCs underdo osteogenic differentiation, a
range of proteins including osteocalcin (OCN), alkaline
phosphatase (ALP), osteopontin (OPN), runt-related tran-
scription factor 2 (Runx2), osterix (OSX), osteopontin
(OPN), and fibronectin will be synthesized to enhance
the adhesion and maturation of the osteoblasts [24-26].
To date, BMSCs are considered as the most suitable cell
source for studying osteogenic differentiation.

In this article, we used a combination of in vitro and
in vivo approaches to test the hypothesis that SA stimu-
lates the osteogenic differentiation of BMSCs and clari-
fied the detailed molecular mechanisms of SA in BMSCs.
The results demonstrate that SA promotes BMSCs to
differentiate into osteoblasts by activation of WNT/B-
catenin pathway.

Methods and Materials
SA Preparation

SA was obtained from Sigma(St. Louis, MO, USA) at a
purity of more than 98%. SA was dissolved in 0.9% physi-
ological saline as a stock solution, stored at —20°C, and
diluted with medium before each experiment. Working
solutions were prepared before each experiment.

Animals and Experimental Procedures

8-week-old female C57BL/6 mice (n=30) weighting
19-21 g were obtained from Southern Medical University
(Guangzhou, People’s Republic of China).The mice were
housed at a temperature of 21°C under a 12-h light/dark
cycle. The mice were randomly divided into three groups:
Sham, ovariectomized (OVX), and OVX+SA. OVX+SA
group mice were treated with SA (4 mg/kg, every other
day) by intraperitoneal injection for 3 months after ova-
riectomy. Mice in Sham and OVX group received equal
amount of normal saline compared to OVX + SA group.

Isolation of BMSCs

The isolation and culture of BMSCs from the tibias and
femurs of 8-week-old C57BL/6 mice were performed
as described previously [2]. Briefly, the mice were killed
by cervical dislocation and sterilized using 75% ethanol
for 5 min. After dissecting the metaphyseal ends of the
bones under sterile conditions, the bone marrow stromal
cells were flushed out with Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Grand Island, NY, USA) using
a 5-ml syringe and centrifuged at 1000 rpm for 5 min. The
cells were resuspended and expanded in growth medium
(o-minimum medium, Gibco) containing 10% fatal bovine
serum (Gibco) and 1% penicillin streptomycin reagent
(Gibco) at a concentration of 5x 107 cells per 10 cm dish
(Gibco) and incubated at 37 °C underlying conditions of 5%
CO, until 80% confluence was reached. The medium was
changed every 3 days. Primary cells prior to the second
passage were used in all experiments.

Osteogenic Differentiation Protocol

BMSCs were cultured in growth medium in six-well cell
culture plates at a density of 1x10° cells/well and incu-
bated for 24 h. Subsequently, the cells were cultured in the
osteogenic induction medium (OIM), which consists of
growth medium supplemented with 50 pM ascorbic acid,
0.1 pM dexamethasone, and 10 mM f-glycero-phosphate
(Sigma). These cells were cultured continuously in OIM for
2 weeks with the medium replaced every third day. SA (10,
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20, and 40 pM) was added to the differentiation medium of
the test cultures, while controls were cultured in OIM with-
out SA. To examine the involvement of WNT/fB-catenin
signaling in SA action, BMSCs under OIM were stimulated
to differentiate by addition of 40 pM SA in the presence or
absence of 0.1 pg/ml Dickkopf-related protein 1 (DKKI1)
(Peprotech, Rocky Hill, USA), a specific inhibitor of WNT/
B-catenin pathway.

Assay of Cell Proliferation

BMSCs (1.0x 10% cells/well) were plated and cultured in
96-well plates with various concentrations of SA (10, 20,
40 pM) in growth medium for 2 weeks. At the end of the
culture time point, 10 pl of Cell Counting Kit-8 reagent
(CCK-8; Keygen Biotech, Nanjing, People’s Republic of
China) was added to the plates, followed by further incuba-
tion for 4 h at 37 °C.The absorbance (optical density, OD) at
450 nm was measured and used as an index of cell prolif-
eration and viability.

Alkaline Phophatase (ALP) Staining and ALP Activity
Assay

BMSCs (1x10° cells/well) were cultured with SA (10,
20, and 40 uM) in OIM in six-well plates for 2 weeks.
For ALP staining, cells were fixed with 4% paraformalde-
hyde for 20 min. Then cells were washed three times with
phosphate-buffered saline (PBS) and stained with the ALP
staining solution (Sigma) at 37°C for 40 min. For ALP
measurement, cells were washed three with PBS, scraped
into 500 pl of 10 mM Tris—HCI buffer (pH 7.6) containing
0.1% Triton X-100, placed on the ice, and sonicated to lyse
the cells. Protein concentrations in the lysates were deter-
mined using the Bradford protein assay. ALP activity in the
cellular fraction was measured using a fluorometric detec-
tion kit (Nanjing jiancheng Biotechnology Co Ltd. Nan-
jing, People’s Republic of China).The absorbance (OD) at
450 nm was measured using a microplate reader (ELx800,
BioTek, Winooski, VT, USA).

Alizarin Red Assay

After osteogenic induction, mineral deposition was
assessed by staining with Alizarin red solution (Sigma)
on day 14. Cells were fixed with 4% paraformaldehyde for
20 min at room temperature and then washed with distilled
water. A 1% solution of Alizarin red was added and incu-
bated for 30 min at room temperature, followed by rinsing
with PBS. The stain was desorbed with 10% cetylpyridin-
ium chloride (Sigma) for 1 h. The solution was collected
and 200 pl was plated on 96-well plates. The absorbance
(OD) at 590 nm was measured.
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Quantitative PCR (q-PCR)

After treatment with SA (10, 20, 40 pM) for 2 weeks in
OIM, total RNA was extracted using Trizol reagent (Inv-
itrogen Corp, Carlsbad, CA, USA) according to the manu-
facturer’s instruction [27].The Ct (cycle threshold) values
were normalized to the expression levels of GAPDH. The
primers used in this study are as follows: GAPDH, 5'-CAG
GGCTGCCTTCTC TTGTG-3" (Forward), 5'-GATGGT
GATGGGTTTCCCGT-3" (Reverse); Runx2, 5-AATT
AACGCCAGTCGGAGCA-3' (Forward), 5'-CACTTCTCG
GTCTGACGACG-3" (Reverse); OSX, 5-GCCTACTTA
CCCGTCTGACTTT-3" (Forward), 5'-GCCCACTATTGC
CAACTG C-3' (Reverse); OCN, 5-TCTATGACCTGC
AGAGGGCT-3' (Forward), 5'-ATAGCTCGTC ACAAGC
AGGG-3'(Reverse); OPN, 5'-CTGTTGCCCAGCTTCTGA
GCA-3' (Forward), 5'-TGTGGCTCTGATGTTCCAGGCT-
3" (Reverse).

Western Blot (WB) Assay

After treatment with SA (10, 20, 40 pM) for 2 weeks in
OIM, cells were collected by centrifugation and washed
twice with PBS. The cell pellets were resuspended in RIPA
buffer (Upstate Biotechnolog, Lake Placid, NY, USA) con-
taining 1 pg/ml each of leupeptin, aprotinin, and pepstatin,
and incubated for 30 min at 4 °C. Cell debris was removed
by microcentrifugation. The proteins in cell extracts were
resolved by 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred by electro-
phoresis to a nitrocellulose membrance (Millipore, Biller-
ica, MA, USA).The membranes were then incubated with
primary antibodies, i.e., B-actin (Cell Signaling Technol-
ogy Inc, Danvers, MA, USA), Runx2 (Abcam, Cambridge,
MA, USA), OCN (Abcam), B-catenin (Cell Signaling Tech-
nology), T-cell factor-1 (TCF-1) (Sigma), and lymphoid
enhancer factor-1 (LEF-1) (Sigma) overnight at 4 °C. Fol-
lowing washing in Tris-buffered saline containing Tween-
20 (TBST), a FITC-conjugated goat anti-rabbit (Cell Sign-
aling Technology) secondary antibody was incubated for
1 h at room temperature to detect bound antibodies. Signals
were revealed using an enhanced chemiluminescence kit
(Cell Signaling Technology). Runx2, OCN, and f-catenin
protein expressions were first corrected over p-actin expres-
sion and then as fold change from no treatment.

Micro-CT Assay

Animals were euthanized after the mice had been treated
with SA for 3 months, and the distal femurs were col-
lected. All samples were scanned for bone formation with
a high-resolution micro-CT (uCT 80, Scanco Medical,
Briittisellen, Zurich, Switzerland) with the following scan
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parameters: 89 kVp X-ray energy setting, 150 pA with a
mean 20 pm slice thickness. The reconstructed femoral cor-
onary and distal femur trabecular images were selected for
quantification of bone mass. Our analyses included various
bone parameters: trabecular number, trabecular thickness,
and trabecular bone mineral density (BMD).

Histological Assay

Following the micro-CT scan, the samples were fixed
with 4% paraformaldehyde for 24 h at room temperature,
decalcified using 10% ethylenediaminetetraacetic acid
for 2 weeks, and embedded in paraffin. Serial sections of
5 pm thickness were cut and mounted on polylysine-coated
slides. Hematoxylin and eosin (H&E) were performed fol-
lowing the product manual. For immunohistochemistry,
sections were incubated with primary antibodies which rec-
ognized Runx2 (Abcam) and OCN (Abcam) overnight at
4°C. Bound primary antibodies were detected using FITC-
conjugated goat anti-rabbit (Cell Signaling Technology)
secondary antibody, following 1 h incubation. The sections
were subsequently incubated with 3,3'-diaminobenzidine
(Sigma). Finally, all sections were dehydrated, mounted
with coverslips, and photographed on an Olympus light
microscope.

Statistical Analysis

All experiments were performed at least six times and in
triplicate. Data were analyzed with GraphPad Prism soft-
ware version 5.0. One-way analysis of variance was used
to determine statistical differences. Homogeneity of vari-
ance tests was used to evaluate figure homogeneity. If
the variances were equal, the least-significant difference
test was used. If the variances were unequal, Dunnett’s
test was employed. The final results were expressed as
mean =+ standard error.

Results

Effect of SA on Cell Proliferation

To investigate the effect of SA on cell proliferation, we
tested the viability of BMSCs using CCK8 assay. We found
that SA (10, 20, 40 pM) did not significantly affect cell
growth after treatment for 2 weeks (Fig. 1a).

SA Stimulates Osteogenesis In Vitro

In order to evaluate the effects of SA on osteogenic differ-

entiation of BMSCs, ALP activity/staining and Alizarin red
staining were tested. Additionally, we examine the mRNA

expression of Runx2, OSX, OPN and OCN, and the protein
expression of Runx2 and OCN. Compared with the control
group, ALP activity/staining (Fig. 1b, d) and Alizarin red
staining (Fig. 1c, e) significantly enhanced with the increas-
ing doses of SA. Additionally, when BMSCs were treated
with SA for 2 weeks in OIM, a significant enhancement in
cellular Runx?2 (Fig. 2a), OSX (Fig. 2b), OPN (Fig. 2¢), and
OCN (Fig. 2d) mRNA expression was detected by q-PCR.
Meanwhile, we used WB to confirm the effect of SA on
the protein expression of Runx2 and OCN. As showed in
Fig. 2e—g, SA exhibited a good promoting effect on the
expression of Runx2 and OCN. Therefore, our data dem-
onstrate that SA stimulates the osteogenic differentiation of
BMSC:s in vitro.

SA Stimulates Osteogenesis In Vivo

To investigate the effect of SA on trabecular bone micro-
architecture, SA was administered intraperitoneally to mice
by following an ovariectomy. 3 months after treatment, the
mice were sacrificed. Micro-CT results from long bones of
OVX+ SA mice revealed a clear trend in which trabecular
number (Fig. 3a—f, g) was enhanced relative to that of the
OVX group. Moreover, trabecular thickness (Fig. 3a—f, h)
and BMD (Fig. 3a—f, i) in OVX+SA bones were signifi-
cantly higher than in OVX mice. However, these parame-
ters were not significantly different between the OVX and
sham groups.

H&E staining of femoral bone sections demonstrated
that the number of trabeculae in OVX mice was signifi-
cantly decreased when compared with the OVX + SA group
(Fig. 4a).

Expression of Runx2 and OCN in vivo were performed
by immunohistochemistry. A decrease in Runx2 labeling
was observed in the OVX group compared with the sham
group, whereas in the OVX+SA group Runx2 expression
was higher than that of the OVX group after 3-months
administration (Fig. 4b, d). Similar to the expression of
Runx2, a significant reduction in OCN expression was
detected in the OVX group compared with the sham group,
while the OCN expression of the OVX+SA group was
higher than that of the OVX group after 3-months treat-
ment (Fig. 4c, e).

Taken together, our data indicate that SA stimulates the
expression of osteogenic markers in vivo and provides a
protective effect against ovariectomy-induced bone loss.

Effect of SA on WNT/B-Catenin Signaling
In order to evaluate the potential mechanism of SA on
osteogenic differentiation in BMSCs, we performed WB

analysis to examine the expression of related proteins
pretreated with an increasing dose of SA in the presence
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Fig.1 SA promotes the osteo- a
genic differentiation of BMSCs
in vitro. a CCK-8 assay was
performed on BMSCs treatment
with various concentrations

of SA. Columns represent

mean + standard error from six
well per group. *p <0.05. ALP ;
activity (b) and ALP staining S
(d) were tested on BMSCs after
2 weeks treatment with 10, 20,
and 40 pM SA. Alizarin red
absorbance (¢) and Alizarin red
staining (e) were performed
after 2 weeks on BMSCs after
2 weeks treatment with 10, 20,
and 40 pM SA. Columns repre-
sent mean + standard error from
six well per group. *p <0.05,
*#p <0.01, ***p <0.001 versus
with the group without SA.

*p <0.05 versus with the group
with 20 uM SA; #p <0.05
versus with the group with

10 uM SA

O

Concentration(uM)

or absence of DKK1 for 2 weeks. The untreated bands
were used as control group. We found the expression
of p-catenin (Fig. 5a, b) elevated gradually in a dose-
dependent manner. Moreover, SA treatment of BMSCs
increased the protein level of f-catenin and that co-treat-
ment with SA and DKXK1 significantly inhibited increases
in B-catenin (Fig. 5c, d), Runx2 (Fig. 5c, e), and OCN
(Fig. 5c, f) protein expression. We also found that SA
significantly increased the expression of WNT/B-catenin
downstream signaling molecules, such as TCF-1 (Fig. 5g,
h) and LEF-1 (Fig. 5g, i). Therefore, these results support
the view that SA stimulated osteogenic differentiation of
BMSCs by activating WNT/B-catenin signaling.
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Discussion

Traditional Chinese medicines are an alternative choice to
prevent and treat postmenopausal osteoporosis, which are
prepared from plants and have fewer side-effects [28]. Sai-
kosaponin present in medicinal plants, including Bupleu-
rum chinese DC. and Bupleurum scorzonerifolium Willd,
is used in traditional Chinese medicine for the treatment
of numerous diseases, including osteoporosis. Recently,
many natural compounds including saponins with the
therapeutic effect on bone formation and skeleton construc-
tion have been reported [29—31]. Some studies have shown
that several varieties of saponins such as ginsenoside [32],
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Fig. 2 SA promotes the expression of Runx2, OSX, OPN, and OCN.
BMSCs were cultured in OIM and exposed to SA (10, 20, 40 pM)
for 2 weeks. Total cytosolic RNA was used for q-PCR analysis of
Runx2 (a), OSX (b), OPN (c), and OCN (d). Data are expressed as
fold change versus the control group, taken as calibrator for compara-
tive quantitative analysis of GAPDH mRNA levels. Cell lysates were
prepared, subjected to western blot, and analyzed using antibodies

dioscin [6], asperosaponin VI [33], ophiopogonin [34], and
achyranthes bidentata saponins [29] are protective agents
against bone loss. So far, no study has yet investigated
the effect of SA, a saponin compound, on osteogenic dif-
ferentiation of BMSCs in vitro and in vivo. Therefore, we
assessed the effects of SA on osteogenic differentiation of
BMSC:s in both in vitro and in vivo models.

In the present study, we present evidence, for the first
time, that SA could promote BMSCs differentiation into
osteoblasts in vitro and in vivo, potentially countering the
bone loss caused by estrogen deficit. Notably, to elucidate
the potential mechanism of SA on promoting bone forma-
tion, we found that WNT/B-catenin signaling was involved
in this process.

Results obtained from our assay system indicated that
SA did not exhibit cytotoxic effect on BMSCs viability at
concentrations of 10, 20, and 40 pM. Our data were similar
to the results of that SA had no effect on the proliferation of
RAW264.7 cell and bone marrow macrophage [10].

The development of osteogenesis undergoes three stages:
the osteoprogenitor, the preosteoblast, and the mature
osteoblast stage [35]. ALP, a cell membrane-associated
enzyme, appeared early during osteoblast differentiation,
was the most widely recognized marker of osteogenic dif-
ferentiation [36]. ALP activity correlates with matrix for-
mation in osteoblasts prior to the initiation of mineraliza-
tion [37]. Previous studies have found that Runx2 and OSX
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specific for Runx2 (e, f) and OCN (e, g) as described in the meth-
ods section. Columns represent mean+standard error from three
independent experiments, each performed in triplicate, *p<0.05,
*%p <0.01, *#%p <0.001 versus with the group without SA. *p <0.05
versus with the group with 20 pM SA; *»<0.05 versus with the
group with 10 pM SA

are the primary regulators of osteogenic differentiation
and play a critical role in bone metabolism [2, 38]. OPN
and OCN were involved in controlling of the mineraliza-
tion process, appeared at late stage of osteogenic differen-
tiation and characterized by mature cells of the osteoblastic
lineage [37, 38]. In our study, ALP, Runx2, and OSX are
used as the indicator of early osteogenic differentiation of
BMSCs, while OPN and OCN are considered as the key
transcriptional factor regulating late stage of osteogenesis.
SA upregulated ALP activity under osteogenic condition in
a dose-dependent manner, indicating the protection of ear-
lier stages of osteogenesis by SA. The protection of the late
stage of osteogenesis is evidently observed by the Aliza-
rin red assay treated with SA on day 14. The protection of
osteogenesis at both early and late stages under osteogenic
differentiation condition is further supported by our results
that SA increases mRNA expression level of four mas-
ter osteogenic differentiation marker genes, Runx2, OSX,
OPN, and OCN and stimulates protein expression of Runx2
and OCN. Taken together, we discovered that SA promoted
osteogenic differentiation of BMSCs not only at the early
stage, but also at the maturation stage.

In order to confirm our in vitro data, we used the OVX
mouse model, the most popular animal model of postmen-
opausal osteoporosis, in which the acceleration of cancel-
lous bone loss and the decrease of cortical bone are closely
correlated to estrogen deficiency [39]. As expected, our
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Fig. 3 SA improves bone C OVX+SA
« -
g

micro-architecture. a—f Micro-
CT scan of the distal femur
shows the trabecular number
(g), trabecular thickness (h),
and trabecular BMD (i) in three
groups. Each group contained
ten mice. The values showed
are the mean =+ standard error
from independent experiments,
*#p <0.01, ***p <0.001 versus
with OVX group
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Fig. 5 Effect of SA on WNT/B-catenin signaling. a, b BMSCs were
treated with increasing dose SA in OIM for 2 weeks. The B-catenin
protein level was detected by western blot. Columns represent
mean =+ standard error from three independent experiments, each
performed in triplicate, *p<0.05, **p<0.01, ***p<0.001 versus
with the group without SA. *p<0.05 versus with the group with
20 uM SA; *p <0.05 versus with the group with 10 pM SA. BMSCs
were cultured in OIM or OIM containing 40 pM SA with or with-
out 0.1 pg/ml DKKI1 for 2 weeks. The expression of $-catenin (c, d),

micro-CT data showed that bone loss induced by OVX
could be effectively rescued by SA treatment. Moreo-
ver, the expression of Runx2 and OCN were significantly
upregulated, suggesting that SA stimulates osteogenic
differentiation in vivo. Although our findings indicate a
positive effect of SA on osteogenesis in vivo, we did not
examine osteoclastogenesis in vivo. In further experiments,
TRAP-positive osteoclasts should be observed in vivo, so
as to know whether SA could exhibit potent abilities treat
osteoporosis through enhancing osteogenesis and inhibiting
osteoclastogenesis.

WNT/B-catenin signaling pathway has caught attention
as a potential target for osteoporosis treatment, for it was
considered to play a critical role in bone development [40].
Growing evidence suggests that activation of this pathway
increases osteoblast differentiation and subsequent bone
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Runx2 (¢, e), and OCN (¢, f) were detected by western blot. Columns
represent mean + standard error from three independent experiments,
each performed in triplicate, *p<0.001 versus group without SA;
#p<0.01 versus with 40 pM SA. BMSCs were cultured in OIM or
OIM containing 40 pM SA for 2 weeks. The expression of TCF-1 (g,
h) and LEF-1 (g, i) were detected by western blot. Columns represent
mean =+ standard error from three independent experiments, each per-
formed in triplicate, ***p < (0.001

formation, while suppressing osteoclastogenesis [37]. The
WNT/B-catenin pathway is not only induced by extracel-
lular WNT proteins but also occurs in response to other
chemical and mechanical stimuli [37]. Although it is well
known that WNT signaling is considered as a key regulator
of bone biology, the relationship between SA and WNT/B-
catenin activation has not been broadly identified. DKK1, a
specific inhibitor of WNT/B-catenin signaling pathway, can
inhibit the stable accumulation of B-catenin by being com-
bined with LRP5/6 competitively so that the conduction
of WNT/B-catenin pathway is blocked [41]. Therefore, in
order to explore whether SA increases osteogenic differen-
tiation through WNT/B-catenin pathway activation, DKK1
was added into the OIM with the treatment of SA to block
the WNT/B-catenin pathway. We found that co-culture of
cells with DKK1 significantly blocked the positive effect of
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SA on the protein expression of osteogenic differentiation
markers. Our data further demonstrate that SA stimulates
the WNT/B-catenin pathway in BMSCs. For one thing,
SA obviously increased (-catenin protein expression. For
another, SA improved WNT/B-catenin downstream genes
TCF-1 and LEF-1 protein expression in BMSCs. However,
we have not examined how DKKI1 suppresses the effect of
SA on osteogenesis of BMSCs in this study. We thought
that SA treatment gives rise to higher concentration of
WNT proteins in the media, which in turn results in the
elevated p-catenin level in response to SA treatment. There-
fore, further studies are needed to assay the regulation of
SA on WNT proteins such as Wnt3 and Wnt3a.

In conclusion, our results demonstrate for the first time
that SA promotes osteogenesis, which is dependent on
increasing ALP, Runx2, OSX, OPN, and OCN expression,
thereby stimulating the lineage differentiation of BMSCs
toward osteoblasts in vitro and in vivo. Furthermore, WNT/
B-catenin signaling might be the specific signaling pathway
mechanism in this process. Therefore, our findings shed
light on the mechanisms of how SA potentiates BMSCs
differentiation into osteoblasts, and indicating that SA may
be a suitable candidate for the treatment of patients with
postmenopausal osteoporosis.
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