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FTY720 enhances osteogenic differentiation of bone
marrow mesenchymal stem cells in ovariectomized rats
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Abstract. Sphingosine-1-phosphate and its structural analog
FTY720 (fingolimod) are important in the inhibition of osteo-
clast differentiation and bone resorption, however, it remains
unknown whether they enhance osteogenic differentiation
of the bone marrow mesenchymal stem cells (BM-MSCs).
The present study investigated the effect of FTY720 on the
osteogenic differentiation of BM-MSCs from the femurs of
the ovariectomized (OVX) rats. Three different concentra-
tions (1, 10 and 100 nM) of FTY720 were demonstrated to
markedly upregulate mRNA expression levels of Runt-related
transcription factor 2 (Runx2) and Sp7 transcription factor
(Sp7) at 2 weeks, and alkaline phosphatase (ALP) at 3 weeks.
The osteocalcin (OCN) expression was similar at weeks 2
and 3. The protein expression levels of Runx2, Sp7, OCN and
ALP induced by three different concentrations of FTY720
were higher than those in the control groups at 3 weeks in
the OVX and sham groups. The findings of the current study
suggested a beneficial effect of FTY720 on bone formation
in OVX rats, and provided a potential therapeutic method of
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FTY720 to prevent alveolar bone resorption in patients with
post-menopausal osteoporosis.

Introduction

Estrogen deficiency commonly occurs in post-menopausal
women and results in systemic osteoporosis. Osteoporosis is
characterized by decreased bone mineral density (BMD) and
microarchitectural deterioration of bone, due to increased
bone resorption compared with formation. Thus, osteoporosis
has become one of the most prevalent and complex skeletal
disorders for post-menopausal women, the aged and those with
other associated medical conditions, or those who develop the
condition as a result of certain therapeutic interventions (1,2).
A positive association has also been observed
between post-menopausal osteoporosis (PMO) and peri-
odontitis. The treatment of osteoporosis, particularly of
osteoporosis with loss of alveolar crestal height, remains
key (3). Sphingosine-1-phosphate (S1P) is formed by phosphor-
ylation of sphingosine catalyzed by sphingosine kinases (two
isozymes designated sphingosine kinase 1 and sphingosine
kinase 2), and it has previously been recognized as an impor-
tant coupling molecule of osteoclast and osteoblast activity
that results in osteoanabolic effects (4-6). SIP is pleiotropic,
autocrine- and paracrine-signaling sphingolipid released into
the blood upon platelet activation. It binds to a family of five
high affinity G-coupled receptors [sphingosine 1 phosphate
receptor (S1P); S1P,-S1P,] and results in a wide range of
biological processes, including the stimulation of osteoblast
migration and promotion of mature cell survival during
endogenous bone wound healing (7). S1P inhibits the differen-
tiation of osteoclast precursors to mature osteoclasts (5), and
regulates osteoclast-osteoblast coupling (7). S1P also enhances
the survival and migration of osteoblasts (7). Thus, SIP may
be a potential strategy to support bone formation in PMO and
in fracture repair. FTY720 (fingolimod) is isolated from a
Chinese herb and exerts immunomodulating activity (8). It has
been demonstrated to be a SIP receptor agonist (for S1P, and
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S1P; 5 receptors). Compared with native SIP (half life =2 h) (9)
and BMP-2 ligand (half life =16 min) (10), FTY720 has a
longer systemic half-life (20 h) (11) and increased physiological
stability for clinical applications. SIP and FTY720 are impor-
tant role in numerous tissue-repairing processes, including
bone regeneration, improvement of microvascular remodeling,
and osseous tissue growth in vivo (12-14). However, whether
S1P and FTY720 could enhance osteogenic differentiation of
bone marrow mesenchymal stem cells (BM-MSCs) remains to
be elucidated.

The ovariectomized (OVX) rat exhibits the majority of the
characteristics of human PMO, and this animal model has been
ratified by the United States Food and Drug Administration
as the primary model to evaluate the prevention and treat-
ment of PMO (15,16). In the present study, BM-MSCs were
collected from femurs of the OVX rats. Following induction
of osteogenic differentiation with different concentrations of
FTY720, the stimulating effects of FTY720 on the BM-MSCs
were evaluated. The results of the present study demonstrated
that FTY720 may enhance the bone-forming ability of the
BM-MSCs derived from OVX and sham rats. In addition,
the impaired bone-forming ability of the BM-MSCs derived
from OV X rats, due to estrogen deficiency, was partly repaired
following administration of FTY720.

Materials and methods

Animals and surgical procedures. Female Sprague-Dawley
rats (n=40; age, 12 weeks; weight, 240+20 g) were purchased
from the Laboratory Animal Research Center of the Fourth
Military Medical University (Xi'an, China) and all interven-
tions were performed in full accordance with the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals (17). The rats were housed one per cage
in a room exposed to artificial 12/12-h light-dark cycles at
24+2°C with 60+20% relative humidity. All animals were fed
15 g of a rodent diet containing 0.3% calcium and deionized
water ad libitum per day to prevent weight gain in OVX rats
as recommended by Sims et al (18). The study was approved
by the ethics committee of the Fourth Military Medical
University.

Following one week for acclimatizing to the new laboratory
surroundings, the rats were randomly divided into experimental
OVX and sham surgery control groups (n=20/group). All the
animals were anesthetized with an intraperitoneal injection of
8% chloral hydrate solution (6 ml/kg body weight). Bilateral
ovariectomy was performed in 20 rats in the OVX group under
sterile conditions as previously described (19). The remaining
20 rats had their ovaries surgically exteriorized and replaced
in sham surgery control group.

Micro-computed tomography (CT) measurement. Retrieved
femoral samples of the animals in the OVX and sham groups
were scanned with a micro-CT scanner (SCANCO Medical AG,
Briittisellen, Switzerland) 12 weeks after the surgery to ensure
that the PMO animal model was established successfully (20).
The scanner was operated at 70 kV, 145 uA, 300 msec integra-
tion time, 500 projections on 360°, 1024 CCD detector array and
8.6 um/pixel for scan resolution. Trabecular bone parameters
were calculated using the SCANCO Medical microCT systems
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for scanning, 3D analysis, visualization, image management
and data import/export (SCANCO Medical AG). Morphometric
indices of the trabecular bone region were determined from
microtomographic data sets using direct three-dimensional
morphometry. The microarchitecture parameters of BMD,
trabecular thickness (Tb.Th) and bone volume/total volume
ratio (BV/TV, bone volume fraction) were assessed.

Isolation and culture of rat BM-MSCs (rBM-MSCs).
Following ovariectomy (after 12 weeks), the OVX and control
rats were sacrificed using sodium pentobarbital at a dose of
>60 mg/kg (Sigma-Aldrich St. Louis, MO, USA). Bilateral
femurs were harvested under aseptic conditions and all soft
tissues were removed. Metaphysis from the two ends of the
femurs were removed. The marrow was flushed out with
10 ml Dulbecco's modified Eagle's medium (DMEM, Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
supplemented with 10% fetal bovine serum (FBS, Gibco;
Thermo Fisher Scientific, Inc.) and penicillin 100 U/ml and
streptomycin 100 yg/ml (Invitrogen; Thermo Fisher Scientific,
Inc.). The cells were cultured at 37°C in a 5% CO, incubator
for ~2 weeks, washed with phosphate buffered saline (PBS)
and passaged with 0.25% trypsin/ethylenediaminetetraacetic
acid (Gibco; Thermo Fisher Scientific, Inc.). The rBM-MSCs
from passage 2 were used for treatment with different concen-
trations of FTY720 (Sigma-Aldrich).

Flow cytometry analysis. The surface markers of mesenchymal
and non-mesenchymal stem cells are identifying charac-
teristics of the immunophenotype of ex vivo-expanded
rBM-MSCs. The expression levels of these markers were
measured by flow cytometric analysis at passage 2. Briefly,
~1x10° liberated adherent cells were harvested and washed
with PBS containing 3% FBS in different Eppendorf tubes.
The single-cell suspension was then resuspended and incu-
bated with phycoerythrin-conjugated anti-rat antibodies as
follows: Monoclonal armenian hamster cluster of differentia-
tion (CD)29 (1:100; #562154); and monoclonal mouse CD45
(1:100; #554878); CD90 (1:100; #551401); and CD106 (1:100;
#559229) obtained from BD Biosciences (Franklin Lakes, NJ,
USA); and mouse monoclonal CD34 (1:50; #ab187284) and
CD44 (1:200; #ab23396) from Abcam (Cambridge, UK), at
4°C in the dark. Cell suspension without antibodies served as a
control to determine background fluorescence. The cells were
washed three times after 1 h with PBS containing 3% FBS and
300 ul suspension was added to the testing tubes. Finally, the
samples were measured by flow cytometric analysis using a
Accuri C6 flow cytometer (BD Biosciences).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay. The MTT assay was performed to
evaluate the proliferation of the OVX and sham passage 2
BM-MSCs separately incubated in basic medium (DMEM
supplemented with 10% FBS). Briefly, cells were seeded in
96-well plates at 5x10° cells/well and cultured in a humidified
atmosphere of 5% CO, at 37°C for 16 h. The medium was then
discarded and MTT (Amresco, LLC, Solon, OH, USA) solution
was added. After 4 h incubation at 37°C in a 5% CO,, 200 ul
dimethyl sulfoxide (Sigma-Aldrich) was added and agitated
for 15 min to dissolve the formazan crystals. The optical
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Table I. Primers used in the present study.

Gene Forward primer (5' to 3') Reverse primer (5' to 3') GenBank accession Size (bp)
Runx2 CCTCTGACTTCTGCCTCTGG GATGAAATGCCTGGGAACTG NM_001278483 106
Sp7 TTCACCTGTCTGCTCTGCTC GCTGATTGGCTTCTTCTTCC NM_181374 154
OCN ACAAGTCCCACACAGCAACTC CCAGGTCAGAGAGGCAGAAT NM_013414 103
ALP GGCTGGAGATGGACAAGTTC ACGCCACACAAGTAGGCAGT J03572 106
GAPDH ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT BC059110 105

Runx?2, Runt-related transcription factor 2; Sp7, Sp7 transcription factor; OCN, osteocalcin; ALP, alkaline phosphatase.

density (OD) of the solution was measured at a wavelength
570 nm by ELx808 Absorbance Microplate Reader (BioTek
Instruments, Inc., Winooski, VT, USA). The MTT assay, as
described above, was performed once a day for 10 days.

Osteogenic differentiation induced by different concentrations
of FTY720. To determine the effects of FTY720 at different
concentrations, 0, 1, 10 and 100 nM were selected in prelimi-
nary experiments and 0 nM served as a control. rBM-MSCs
from the OVX and sham groups were seeded in 24-well tissue
culture plates at a density of 1x10° cells/ml/well and divided
into 8 groups: i) OVX rBM-MSCs without FTY720 (0 nM,
blank control); ii) sham rBM-MSCs without FTY720 (0 nM,
control); iii) OVX rBM-MSCs with 1 nM FTY720; iv) sham
rBM-MSCs with 1 nM FTY720; v) OVX rBM-MSCs with
10 nM FTY720; vi) sham rBM-MSCs with 10 nM FTY720;
vii) OVX rBM-MSCs with 100 nM FTY720; and viii) sham
rBM-MSCs with 100 nM FTY720.

Following grouping, FTY720 was added to the osteo-
genic differentiation medium [10% v/v FBS, DMEM,
10 nM dexamethasone, 10 mM sodium [-glycerophosphate
(Sigma-Aldrich), 50 pg/ml vitamin C (Gibco; Thermo Fisher
Scientific, Inc.), 100 U/I penicillin and 100 U/1 streptomycin].
The cells were allowed to reach 80% confluency, and then
osteogenesis was initiated with osteogenic differentiation
medium containing 0, 1, 10 or 100 nM FTY720. The medium
was changed every 3 days.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). The cells were incubated at 37°C in 5% CO,
and harvested to assess mRNA expression levels at 1, 2 and
3 weeks. The relative gene expression levels of Runt-related
transcription factor 2 (Runx2), Sp7 transcription factor (Sp7,
also termed osterix), osteocalcin (OCN) and alkaline phospha-
tase (ALP) in rBM-MSCs were compared among the 8 groups
to detect the extracellular matrix and genes of the osteogenesis
marker. Total RNA was purified from the cells using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocols. For reverse transcription of
mRNA and the PCR reaction system, conditions and analysis
method were used as described previously (20). The first-strand
cDNAs were synthesized from 5 ug total RNA using ReverTra
Ace qPCR RT Master Mix with gDNA Remover (Toyobo Co.,
Ltd., Osaka, Japan) as follows: Genomic DNA removal (degra-
dation), 37°C for 5 min; cDNA synthesis, 37°C for 15 min;
reverse transcriptase inactivation reaction, 98°C for 5 min; total

time, ~30 min. A DNase step was performed to dissociate the
irrelevant DNA prior to qPCR. DNase I from the RT kit was
used in the present experiment. RT-qPCR was performed using
a SYBR Green PCR Master Mix (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and a GeneAmp 9700 thermal cycler
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
following PCR conditions were used: 95°C for 10 sec; 40 cycles
of 95°C for 5 sec and 60°C for 30 sec; and dissociation program
of 95°C for 15 sec, 60°C for 30 sec, and 95°C for 15 sec. GAPDH
served as an internal control. The expression levels of the target
genes were calculated from AACq values (21). Primers for the
RT-qPCR were synthesized by Shanghai Shenggong Biology
Engineering Technology Service, Ltd. (Shanghai, China) based
on the GenBank database (www.ncbi.nlm.nih.gov/genbank).
The primer sequences are listed in Table 1.

Western blot analysis. Protein expression levels of Runx2,
Sp7, OCN and ALP were detected by western blot analysis
3 weeks after induction of osteogenic differentiation. Cells
were washed with cold PBS (pH 7.0) and the whole cell-aggre-
gate lysates were extracted by radioimmunoprecipitation
assay buffer (Beyotime Institute of Biotechnology, Haimen,
China) containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate and 0.1% sodium
dodecyl sulfate (SDS) with a protease inhibitor cocktail
(Sigma-Aldrich). The concentration of total protein was deter-
mined with a bicinchoninic acid assay (Beyotime Institute of
Biotechnology) following the manufacturer's protocol. Briefly,
the protein samples were loaded on 12% SDS-PAGE gels and,
following electrophoresis, transferred onto polyvinylidene
difluoride membranes (EMD Millipore, Billerica, MA, USA)
at 100 V for 1.5 h. Following blocking with 5% bovine serum
albumin (Gibco; Thermo Fisher Scientific, Inc.) at room
temperature for 2 h, the membranes were incubated with
primary antibodies purchased from Abcam overnight at 4°C as
follows: Rabbit polyclonal Runx2 (1:1,000; #ab23981); rabbit
monoclonal Sp7 (1:2,000; #ab187158); mouse monoclonal OCN
(1:500; #ab13418); rabbit polyclonal ALP (1:1,000; #ab95462);
and rabbit polyclonal GAPDH (1:2,500; ab9485), followed by
incubation with corresponding secondary antibodies from
Abcam as follows: Horseradish peroxidase-conjugated goat
polyclonal anti-rabbit (1:20,000; #ab97051) and anti-mouse
(1:10,000; #ab6789) IgGs. The bands were visualized using the
eEcl Western Blot kit (CWBIO, Ltd., Beijing, China) and were
quantified using ImageQuant TL 7.0 Image Analysis Software
(GE Healthcare Life Sciences, Pittsburgh, PA, USA).


https://www.spandidos-publications.com/10.3892/mmr.2016.5342

930

e @
o,

BVITV ratio
o
[ %]

o
—
1

0.0<
ovX

SHAM

HUANG et al: FTY720 ENHANCES OSTEOGENIC DIFFERENTIATION

600

5w
S o©
. O

BMD (mgHA/cm)
w
3
*

100

SHAM

ovX

SHAM

Figure 1. Micro-computed tomography evaluation of the proximal tibiae 12 weeks after surgery. (A) The features of normal bone observed in sham rats
were markedly changed in OVX rats. Morphometric analysis demonstrated that (B) the local BMD, (C) BV/TV and (D) Tb.Th in the proximal tibia were
significantly decreased in OVX-group. “P<0.01 vs. the sham group. OVX, ovariectomized; BMD, bone mineral density; BV, bone volume; TV, total volume;

Tb.Th, trabecular thickness.

Statistical analysis. Results are expressed as the mean + stan-
dard error of the mean. Differences between values were
analyzed statistically using Student's t-test, one-way analysis of
variance with Student-Newman-Keuls post-hoc test (GraphPad
Prism 5.0; GraphPad Software, Inc., La Jolla, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

The animal model was successfully generated. All rats
remained healthy 3 months after surgery. Micro-CT vali-
dation of all rats demonstrated essential structures of the
normal tibiae in the rats from the sham group, while the
proximal tibiae were observed to be thinner and sparser in
OVX rats (Fig. 1A). The micromorphology of the tibiae in
the sham group rats was characterized by significantly higher
BMD (466.0+8.90 mgHA/cm) compared with that in OVX
rats (160.1+30.08 mgHA/cm; P<0.01; Fig. 1B). Increased
BV/TV was also observed in the sham group (43.69+1.7%)
compared with the OVX group (21.98+0.6%; P<0.01; Fig. 1C).
Furthermore, the Tb.Th in the rats from the sham group
(0.467+0.009 mm) was significantly higher than the OV X rats
(0.164+0.028 mm; P<0.01; Fig. 1D).

rBM-MSCs from the OVX and sham groups were determined
to be similar. The -BM-MSCs derived from OVX and sham
group rats demonstrated similar expression of surface markers.

The cells were positive for CD29, CD44, CD90 and CD106, as
demonstrated by the detection of 79.2% CD29-, CD44-, CD90-
and CD106-positive BM-MSCs. However, 4.62% CD34- and
CD45-positive -BM-MSCs were observed, suggesting the cells
are negative for CD34 and CD45 (Fig. 2A). These results were
compatible with the characteristics of stem cells proposed in
previous studies (22,23).

In vitro self-renewal potential of rBM-MSCs increased in the
OVX rBM-MSCs. The MTT assay indicated a higher prolif-
erating ability of rBM-MSCs in the OVX group compared
with the sham group (Fig. 2B). rBM-MSCs cultured in basic
medium were predominantly fusiform, asteroid, triangle or
polygonal with abundant cytoplasm and large, round or ovoid
nucleoli. For the first 3 days, there was no significant differ-
ence in the OD values of rBM-MSCs in basic medium from
the OVX group compared with the sham group (P>0.05),
however, after day 4, the OD values of cultured rBM-MSCs
significantly increased in OVX group compared with those in
sham group in a time-dependent manner (P<0.05). Notably,
rBM-MSCs from the OVX group are more proliferative than
rBM-MSCs from the sham group.

FTY720 alters osteogenic gene expression in rBM-MSCs. The
primer sequences were based on data from GenBank (Table I).
The mRNA expression levels of osteogenesis-associated genes,
including Runx2, Sp7, OCN and ALP were examined at 1,2 and
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Figure 2. Characterization of rBM-MSCs and analysis of proliferation. (A) rBM-MSCs harvested from the OVX and sham groups were positive for mesen-
chymal stem cell-like markers, including CD29 (OVX=82.3%; sham=85.9%), CD44 (OVX=79.2%; sham=80.6%), CD90 (OVX=94.2%; sham=94.6%) and
CD106 (OVX=83.2%; sham=80.9%), while these cells were negative for hematopoietic markers, including CD34 (OVX=3.71%; sham=4.62%) and CD45
(OVX=0.151%; sham=0.046%). (B) For the first 3 days, no significant difference was detected in the OD values of IBM-MSCs between the OVX and sham
groups. From the 4th day, the OD values of rBM-MSCs increased and increased cell proliferation was observed in the OVX group. ‘P<0.05, “P<0.01 vs. the
sham group. rBM-MSCs, rat bone marrow mesenchymal stem cells; OVX, ovariectomized; CD, cluster of differentiation; OD, optical density.

3 weeks (Fig. 3). Compared with the control groups cultured in
media containing 0 nM FTY720, the cells cultured in 1, 10 or
100 nM FTY720 demonstrated significantly increased expres-
sion levels (P<0.01) of Runx2 and Sp7 at 2 weeks, and ALP
at 3 weeks. The expression levels of OCN cultured in 1, 10 or
100 nM was significantly increased (P<0.01) at 2 and 3 weeks
compared with the results observed at 1 week. Furthermore,
among the three concentrations, experimental groups treated
with 10 nM FTY720 exhibited significantly higher expression
levels of Runx2 and Sp7 at 2 weeks, while ALP in the sham
group was highest at 3 weeks. There was no significant differ-
ence (P>0.05) in expression of OCN at 2 and 3 weeks. The
increased gene expression suggested an improved promotion
of osteogenesis (24).

Notably, in contrast to OCN and ALP, the expression
levels of Runx2 and Sp7 in the OVX groups were significantly
increased (P<0.05) compared with the sham group at 2 weeks,
while ALP expression in sham groups increased to a higher
level (P<0.05) than that in OVX group at 3 weeks. For the
10 nM OV X sub-group, the highest expression levels of Runx2
and Sp7 were observed at 2 weeks (P<0.01) while the highest
expression level of ALP was detected at 3 week (P<0.01).
The expression levels of OCN were similar (P>0.05) at 2 and
3 weeks.

FTY720 alters osteogenic differentiation-associated protein
expression in rBM-MSCs. The osteogenesis-associated
protein expression levels of Runx2, Sp7, OCN and ALP with
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Figure 3. Osteogenic differentiation associated gene expression levels in rBM-MSCs treated with three different concentrations of FTY720 at 1,2 and 3 weeks
in OVX and sham Groups. (A and B) Runx2 and Sp7 mRNA expression levels increased with administration of 1, 10 or 100 nM FTY720 at 2 weeks, the
highest expression levels were observed in the 10 nM group at 2 weeks. The expression levels in the OVX groups were higher comapared with the sham groups
at 2 weeks. (C) OCN mRNA expression levels significantly increased with 1, 10 and 100 nM FTY720 at 2 and 3 weeks. (D) ALP mRNA expression levels
significantly increased with 1, 10 or 100 nM FTY720 at 3 weeks. The highest expression was observed in the 10 nM group at 3 weeks. The mRNA expression
levels of ALP in the OVX group were lower than those in the sham groups at 3 weeks. The mRNA expression levels were calculated as the fold expression
relative to the control levels at the indicated time points. "P<0.05, “P<0.01 vs. the control in the OVX group.”P<0.05, *P<0.01 vs. the control in the sham group.
rBM-MSCs, rat bone marrow-mesenchymal stem cells; OVX, ovariectomized; RunX2, Runt-related transcription factor 2; Sp7, Sp7 transcription factor; OCN,
osteocalcin; ALP, alkaline phosphatase.
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Figure 4. The expression profile of key proteins obtained from rBM-MSCs in the OVX and sham groups. The protein expression levels of (A) Runx2, (B) Sp7,
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marrow-mesenchymal stem cells; OVX, ovariectomized; RunX2, Runt-related transcription factor 2; Sp7, Sp7 transcription factor; OCN, osteocalcin; ALP,

alkaline phosphatase.

3 different concentrations of FTY720 in the osteogenic differ-
entiation medium were significantly higher (P<0.01) than those
with no FTY720 treatment (O nM control groups) at 3 weeks in
the OVX and sham groups (Fig. 4). The experimental groups
treated with 10 nM FTY720 exhibited the highest protein
expression levels of Runx2, Sp7, OCN and ALP (P<0.01),
suggesting that 10 nM FTY720 exerts the largest effect to
promote osteogenesis (Fig. 4).

Discussion

Previous studies have demonstrated that S1P may resultin osteo-
anabolic effects (4-6), and improve bone defect healing (12).
The present study demonstrated that the S1P analog FTY720
promoted the expression of osteogenesis-associated genes
and proteins, thus, inducing the osteogenic differentiation of
rBM-MSCs from either OVX or sham rats. It was observed
that FTY720 increased expression of markers for osteoblast
differentiation, including ALP, OCN, Runx2 and Sp7 in
rBM-MSCs from the OVX group. However, osteogenesis of
rBM-MSCs from OVX rats was not induced without FTY720.

Thus, to the best of our knowledge, the current study is the
first to demonstrate FTY720 induces osteoblast differentiation
and mineralization by altering expression levels of osteogen-
esis-associated genes or proteins and osteoblast differentiation
in r BM-MSCs from the OVX group.

Itwasrecently reported that S1P modulates the differentiation
of MSCs into cardiomyocytes and smooth muscle cells (25,26).
However, the effects of SIP or its analog FTY720 on osteo-
blast differentiation of BM-MSCs had not been elucidated.
Furthermore, whether the osteogenic capability of BM-MSCs
in osteoporosis could be recovered remained unknown. To
increase understanding of the recovery of impaired bone
healing ability in OV X rats, the evaluation of expression levels
of genes and proteins associated with osteoblast differentiation,
including ALP, OCN, Runx2 and Sp7, was performed. Runx2
is essential to osteoblast differentiation and osteogenesis, and
regulates the expression of numerous extracellular matrix
protein genes during differentiation (27). Similarly, ALP is
an important marker of early osteoblast differentiation and
the bone mineralization process (27). Furthermore, Sp7 is
an osteoblast-specific transcription factor that activates a
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variety of genes during differentiation of preosteoblasts into
mature osteoblasts and osteocytes (28). OCN, a 49 amino acid
non-collagenous matrix protein of calcified tissue, is synthe-
sized by osteoblasts. It has been hypothesized to be involved in
bone resorption and mineralization, and is currently described
as the most specific marker of mature osteoblasts (29). Thus,
the present study aimed to elucidate the role of FTY720 on
osteoblast differentiation in normal BM-MSCs (sham group)
and BM-MSCs with osteoporosis (OVX group).

Previous studies have demonstrated that S1P or FTY720
induce differentiation of osteoblast-like cells, including the
Sa0S-2 (30), MC3T3-El (30), C2C12 (4), and C3HI0T1/2 (31)
cell lines into osteoblasts. Although these results are encour-
aging, clinical application requires further research. The
findings of the present study regarding the effects of FTY720
for BM-MSC osteoblast differentiation suggest further
research into clinical application should be conducted.

Notably, an abnormal result was detected in the present
study. The gene expression levels of Runx2 and Sp7 in the
OVX group were higher than those in sham group, however,
the expression levels of ALP and OCN in the OVX group were
lower than those in the sham group. Although the mechanism
underlying this result remains unknown, it may be predicted
that FTY720 is key in the process. It is well known that Runx2
and Sp7 are essential upstream transcription factors during the
early processes of osteoblast differentiation (32). Kido ez al (33)
recently comparatively evaluated the process of bone repair in
healthy and ovariectomized rats 14 days after tibial bone defect.
It was hypothesized that ovariectomy-induced bone loss would
suppress tissue healing, predominantly due to the decreased
expression of genes and proteins associated with bone cell
differentiation, and result in reduced formation of new bone.
The RT-qPCR findings in the present study suggested that
FTY720 may repair osteogenesis-associated gene expression,
particularly the upstream transcription factors, such as Runx2
and Sp7, and thus promote bone regeneration.

It was also demonstrated that FTY720 increased
gene and protein expression levels of ALP and OCN, the
osteoblastic-specific phenotype markers secreted by mature
osteoblasts. It has been reported that SIP is important in a
number of tissue repairing processes, including bone regenera-
tion. SIP or FTY720 improves microvascular remodeling and
osseous tissue growth in vivo (12,13). Thus, the present study
hypothesized that FTY720 may be a potential therapeutic
target for the promotion of bone regeneration.

In conclusion, all different concentrations of FTY720
administered to rBM-MSCs enhances osteogenic differen-
tiation from either OVX or sham rats, and 10 nM FTY720
induced the highest level of bone-associated gene expression
in the present study. These findings suggested a beneficial
effect of FTY720 on the impaired osteogenesis in BM-MSCs
derived from the OVX rats. Furthermore, the results of the
present study may also provide a potential therapeutic method
for the improvement of bone loss in osteoporosis and alveolar
bone resorption in patients with PMO.
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