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Strontium-containing a-calcium sulfate hemihydrate promotes
bone repair via the TGF-f/Smad signaling pathway
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Abstract. Calcium phosphate-based bone substitutes
have been widely used for bone repair, augmentation and
reconstruction in bone implant surgery. While some of these
substitutes have shown excellent biological efficacy, there
remains a need to improve the performance of the current
calcium phosphate-based bone substitutes. Strontium ions (Sr)
can promote new osteogenesis, inhibit osteoclast formation
and increase osteoconductivity. However, the therapeutic
effect and mechanism of strontium-containing a-calcium
sulfate hemihydrate (Sr-CaS) remains unclear. The present
study created bone injuries in rats and treated the injuries with
Sr-CaS. Then Cell Counting Kit-8, soft agar colony formation,
flow cytometry, Transwell and Alizarin Red staining assays
were performed to assess the bone cells for their proliferation,
growth, apoptosis, invasion, and osteogenic differentiation
abilities. The bone reconstructive states were measured by the
microCT method, hematoxylin and eosin staining and Masson
staining. Bone-related factors were analyzed by the reverse
transcription-quantitative PCR assay; transforming growth
factor (TGF)-p, mothers against decapentaplegic homolog
(Smad)2/3 and (-catenin expression was measured by western
blot analysis and osteocalcin (OCN) expression was assessed
by immunohistochemistry. Sr-CaS did not significantly affect
the proliferation and apoptosis of bone marrow stem cells
(BMSCs), but did accelerate the migration and osteogenic
differentiation of BMSCs in vitro. Sr-CaS promoted bone repair
and significantly increased the values for bone mineral density,
bone volume fraction, and trabecular thickness, but decreased
trabecular spacing in vivo in a concentration-dependent
manner. In addition, Sr-CaS dramatically upregulated the
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expression levels of genes associated with osteogenic differ-
entiation (Runt-related transcription factor 2, Osterix, ALP,
OCN and bone sialoprotein) both in vitro and in vivo. Sr-CaS
also increased Smad2/3, TGF-f3 and phosphorylated-f3-catenin
protein expression in vitro and in vivo. These results indicated
that materials that contain 5 or 10% Sr can improve bone
defects by regulating the TGF-f/Smad signaling pathway.

Introduction

Bone defects caused by tumor surgery, infection or congenital
bone malformation, are usually treated by bone grafting to
increase bone regeneration (1). Bone grafting is one of the
most common surgical procedures performed to increase bone
regeneration via the surgical implantation of materials and
ranks second only to blood transfusion and tissue transplan-
tation (2). According to incomplete statistics, more than two
million bone grafts are performed worldwide each year (3). At
present, the materials used for bone reconstruction are mainly
obtained from autograft and allograft materials (4,5). The use
of autologous bone for bone grafts offers several advantages,
such as superior bone conduction, inducibility and osteogen-
esis. As a result, autogenous bone grafts have become the ‘gold
standard’ for use in promoting bone regeneration. However,
the limited supply of autologous bone and the difficulties with
obtaining appropriate donors limit the use of autogenous bone
grafts in clinical practice (6).

Bone substitute materials are divided into synthetic
and biological materials, which are characterized by their
morphology, chemical composition, and crystallinity (7).
These materials have to meet specific criteria, such as having
the proper surface configuration and structure needed to simu-
late the desired effect in the body (8). As calcium sulfate (CaS)
is biodegradable and biocompatible (9,10), it is frequently used
as an insulating material for bone defects, where it serves
to inhibit the growth of fibrous tissues and promote bone
growth (11,12). CaS serves as an external fixator and can be
used in distraction osteogenesis to cure osteomyelitis and bone
tumors (13). CaS increases the time of distraction osteogenesis
in the case of synchronous biodegradation. Studies have also
suggested that CaS helps to maintain the connections between
bone and periosteum, which promotes osteogenesis (14-17);
in addition, CaS plays an essential role bone formation (18).
However, a previous study showed that CaS does not
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significantly alter CaS levels in the bone matrix and CaS
does not have good osteoconductive properties or stimulate
osteogenesis (19). Therefore, it is beneficial to add stimulatory
agents such as trace elements to orthopedic implant materials
to promote bone growth.

A growing body of evidence indicates that strontium (Sr)
promotes the differentiation of osteoblasts and inhibits the
formation and absorption of osteoclasts (20,21). A previous
study showed that Sr is beneficial for the synthesis of collagen
in vitro (22). Therefore, the implantation of a bone substitute
material followed by its continuous treatment with Sr might help
to stimulate bone growth in a specific desired location. Bone
implant materials containing SR have been extensively used in
bone tissue engineering studies. For example, SR-containing
mesoporous bioactive glass has the advantages of providing
good bone formation bioactivity, enhanced mechanical strength
and ion release regulation, and therefore can expected to be
widely used for stimulating bone regeneration (23). Sr substituted
bioactive glass is more effective at accelerating bone formation
than is bioactive glass without Sr (24,25).

In the present study, co-precipitation and hydrothermal
techniques were used to prepare a novel Sr-CaS material, and
also established a tibia bone defect model in Sprague Dawley
(SD) rats. The biocompatibility and safety of different concen-
trations of Sr-CaS in the model were investigated. the effects
and mechanisms of different Sr-CaS concentrations on bone
repair were also investigated in vitro and in vivo.

Materials and methods

Animals. Healthy male specific pathogen free SD rats
(7-weeks-old, 180-230 g) were provided by the Experimental
Animal Center of Southern Medical University (Guangzhou,
China). After the SD rats were purchased, they were raised for
7-10 days according to the national standard (freely available
food and water, 50-60% humidity, 21-25°C and a 12-h light and
dark cycle) prior to being used in experiments. All protocols
used for animal studies were approved by the Animal Ethics
Committee of Southern Medical University.

Sr-CaS extraction preparation. The method of extraction
preparation was referred to in a previous study by Li et al (26).
The original extraction of Sr-CaS material was kept at concen-
tration of 3 g/ml and 25% dilution extraction was generated by
diluting with normal saline by 1:3.

Establishment of the animal model. The bone defect models
were created as previously described (27,28). The rats received
general anesthesia by an intravenous injection of 3% pento-
barbital sodium (30 mg/kg body weight). Next, the skin over
the proximal tibia was incised and the periosteum was cleared
using a periosteal elevator. A micro-burr with a 0.8 mm tip
was used to create a defect (3 mm wide and 5 mm long) in
both tibias, starting at 10 mm below the articular surface in the
anteromedial cortex. The defects and intramedullary canals
were washed with physiological saline to remove any residual
bone and bone marrow.

Experimental groups. SD rats were assigned to four different
groups based on the materials that were used to fill their defects:

LIU et al: Sr-CaS PROMOTES BONE REPAIR VIA TGF-f3/Smad PATHWAY

i) A blank group in which no material was implanted into the
bone defects; ii) a CaS group in which CaS was implanted into
the bone defects; iii) a 5% Sr-CaS group in which 5% Sr-CaS
was implanted into the bone defects and iv) a 10% Sr-CaS
group in which 10% Sr-CaS was implanted into the bone
defects. The defects were filled flush to the anterior cortex with
the paste-form material prior to being allowed to set in situ.
After surgery, the skin was carefully sutured and the rats were
injected with an antibiotic (3% penicillin) for 2 days. All mice
recovered well from surgery and were housed separately in
plastic cages. Food and water were available ad libitum.

Sample collection. The mice were closely observed and recorded
data for the following parameters: Postoperative animal spirit,
food intake, activity, wound drainage and swelling. At 8 h
post-surgery, specimens of tibia were obtained and analyzed
by micro-computed tomography (CT) scans. Consecutive
micro-CT cross section images of regions of interest were
obtained and the values for various parameters were calculated
three-dimensional model visualization software (CT Vol ver. 2.0,
Bruker). At 8 weeks after surgery, the rats were sacrificed, the
amount of osteotylus in the bone defects was evaluated and
decalcified specimens were prepared for routine sectioning.

Cell culture and treatment. Bone marrow mesenchymal stem
cells (BMSCs) were isolated from cavities of the femurs
and tibias of SD rats as previously described (28). The
isolated BMSCs were maintained in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 2 mM
l-glutamine and penicillin (100 U/ml)/streptomycin (100 g/ml)
at 37°C in a humidified atmosphere of 5% CO,. The Sr-CaS
stock material was diluted 1:3 with DMEM. The BMSCs were
divided into the following four groups based on the different
materials used for treatment: Blank group (treated with an
equal amount of PBS), CaS group, 5% Sr-CaS group and 10%
Sr-CaS group, respectively.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR) assay. TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to extract the total RNA from the rat
tissues and treated BMSCs. A 50 ng sample of total RNA was
used to synthesize cDNA with incubation at 37°C for 15 min and
then at 85°C for 5 sec by using the reagents in a PrimeScript RT
reagent kit (Takara Bio, Inc., Otsu, Japan). The RT-qPCR assay
was carried out for 40 cycles with pre-denaturation at 95°C
for 30 sec, and then denaturation at 95°C for 5 sec, and finally
annealing/extension at 60°C for 30 sec by using Bestar™ qPCR
MasterMix (cat. no. 2043; DBI Bioscience, Shanghai, China) on
an ABI 7500 detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The primers used in the present study
are shown in Table I. GAPDH was used as internal reference
gene, and relative expression of candidate genes were calculated
using 224 methods (29). All the primers were synthesized by
Invitrogen (Thermo Fisher Scientific, Guangzhou, China).

Western blotting assay. Total proteins were extracted by using
RIPA buffer (PO013B; Beyotime Institute of Biotechnology)
containing phenylmethylsulfonyl fluoride and the protein
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Table I. The sequence of primers used in the present study.
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Product
length

1D Sequence (5'-3") (bp)
GAPDHF CCTCGTCTCATAGACAAGATGGT 169
GAPDHR GGGTAGAGTCATACTGGAACATG
ALPF TGTAGGTGCTGTGGTCAAGG 177
ALPR AGAGTGACGGTGTCGTAGCC
RUNX2F GAATGATGAGAACTACTCTGCCG 144
RUNX2 R GGATTTGTGAAGACCGTTATGG
OCNF CAACAATGGACTTGGAGCCC 133
OCNR ATAGATGCGCTTGTAGGCGT
OPGF GCTCCTGGCACCTACCTAAA 157
OPGR ACTCCTGTTTCACGGTCTGC
BSPF CTGACCAGTTATGGCACCAC 278
BSPR TAATCCTGACCCTCGTAGCC

ALP, alkaline phosphatase; OCN, osteocalcin; R, reverse; F, forward;
OPG, osteoprotein; BSP, bone sialoprotein.

concentration in each extract was measured using a bicincho-
ninic acid kit (Pierce; Thermo Fisher Scientific, Inc.). Aliquots
of total protein (~20 ug) were separated by 10% SDS-PAGE.
The separated protein bands were transferred onto nitrocellu-
lose membranes (EMD Millipore, Billerica, MA, USA), which
were subsequently blocked by incubation in 5% low fat dried
milk for 2 h at room temperature. After being washed, the
membranes were incubated overnight with primary antibodies
at 4°C; after which, they were incubated with horseradish
peroxidase conjugated donkey-anti-rabbit secondary antibodies
at room temperature for 2 h. Immunostaining was detected with
the use of enhanced chemiluminescent reagents (POO18FS,
Beyotime Institute of Biotechnology). The primary antibodies
used in the study were Smad2/3 (Cell Signaling Technology,
Inc., Danvers MA, USA; cat. no. 3102, dilution 1:1,000),
phosphorylated (p)-Smad2/3 (Cell Signaling Technology, Inc.;
cat. no. 8828, dilution 1:1,000), TGF-f (Abcam, Cambridge,
MA, USA; cat. no. ab31013, dilution 1:1,000), 3-catenin (Cell
Signaling Technology, Inc.; cat. no. 9562, dilution 1:1,000),
p-B-catenin (Cell Signaling Technology, Inc.; cat. no. 4270,
dilution 1:1,000) and GAPDH (Abcam; cat. no. ab9385, dilution
1:5,000). Then secondary anti-rabbit antibodies (Abcam; cat.
no. ab7097, dilution 1:10,000) were used. Bands were quantified
using Image-Pro Plus (ver. 6.0; Media Cybernetics, Inc., USA).

Cellproliferation assay.Cell proliferation ability was evaluated
by using a Cell Counting Kit-8 assay (CCK-8; Sigma-Aldrich;
Merck KGaA). In brief, the treated BMSCs were seeded into
96-well plates. Next, 15 ul of CCK-8 solution was added to
each well and incubated for 3 h. The optical density of each
well was measured with a microtiter plate reader (SpectraMax;
Molecular Devices, LLC, Sunnyvale, CA, USA).

Colony formation assay. The treated BMSCs were seeded into
7 cm culture dish at a density of 200 cell/well and maintained
in complete medium for 14 days at 37°C in a humidified
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atmosphere with 5% CO,. The cell colonies were fixed with
4% paraformaldehyde for 15 min at room temperature and
then stained with 0.5% crystal violet for 15 min at room
temperature. The numbers of colonies were counted under a
light microscope.

ELISA. Cells were plated into a 96-well plate at a density
of 1x10* cells/well. Next, cell lysis buffer was added to each
well; after which, the plate was centrifuged and the super-
natant fractions were collected. Alkaline phosphatase (ALP)
concentrations were then measured using an ALP assay kit
(cat. no. A059-2; Nanjing Jiancheng Bioengineering Institute).

Cell apoptosis analysis. The treated BMSCs were harvested
and washed with PBS. The BMSCs were then fixed in
70% ethanol for 2 h at room temperature and treated with
Annexin V-fluorescein isothiocyanate and PI (KeyGen Biotech
Co., Ltd.) for 10 min in the dark. The results were analyzed
by flow cytometer (BD Biosciences; Becton-Dickinson and
Company, Franklin Lakes, NJ, USA) with FlowJo software
(ver. 7.6.1, FlowJo LLC).

Transwell assay. Treated BMSCs (1x10° cells/ml) were
re-suspended in 0.2 ml of culture medium and added to the
upper chambers of a Transwell plate, while 0.8 ml of culture
medium containing 20% FBS was added to the lower cham-
bers. After incubation for 48 h in a cell incubator at 37°C with
5% CO,, the non-invading cells on the membrane surface
were removed and the migrated cells were fixed with 4%
paraformaldehyde for 15 min at room temperature and subse-
quently stained with 0.5% crystal violet (Beyotime Institute of
Biotechnology, Beijing, China) for 10 min at room tempera-
ture. The number of migrated cells was then counted under a
light microscope (OLYMPUS CX41; Olympus Corporation).

Alizarin Red staining. Treated BMSCs (5x10° cells/ml) were
seeded into 6-well plates and maintained in complete medium
for 24 h at 37°C in a 5% CO, atmosphere. Next, the cells were
washed with PBS, fixed with 95% ethanol for 15 min at room
temperature and then stained with 1% Alizarin Red for 5 min
at room temperature. After washing, the staining results were
obtained by using a light microscope (OLYMPUS CX41;
Olympus Corporation).

Hematoxylin and eosin (H&E) staining and Masson staining.
The tissues from each group were fixed in 4% paraformalde-
hyde for 24 h at room temperature and then decalcified using
Quick Decalcifying Solution (cat. no. G1107; Servicebio,
Wuhan, China). Next, the tissues were embedded with
paraffin and 5-ym sections were obtained for dehydration
with different concentrations of alcohol. For H&E staining,
5-pum sections were stained with H&E solution (hematoxylin:
5 min; eosin: 2 min) (cat. no. H8070; Beijing Solarbio Science
& Technology Co., Ltd.). For Masson staining, 5-um sections
were first treated with Ponceau solution for 5 min, then with
phosphomolybdic acid solution for 4 min and finally with
aniline blue solution for 10 min. All the procedures were
performed at room temperature. The stained sections were
analyzed by light microscopy (OLYMPUS CX41; Olympus
Corporation).
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Figure 1. Effects of Sr-CaS on BMSC proliferation and apoptosis at 7 days after treatment. (A) The proliferative ability of BMSCs treated with 0, 5 or 10%
Sr-CaS at 1, 3, and 7 days after treatment, respectively. "P<0.05 vs. Blank. (B) The soft agar colony formation assay was used to analyze the effect of 0, 5 and
10% Sr-CasS on the proliferative ability of BMSCs. (C) The number of cell colonies was counted. (D) BMSCs were treated with 0, 5 or 10% Sr-CasS for 7 days,
and their apoptosis rates were determined by flow cytometry performed with Annexin V/PI staining. (E) The percentage of apoptotic cells was calculated.
Sr, strontium; BMSCs, bone marrow stem cells; CaS, calcium sulphate; PI, propidium iodide; OD, optical density; NS, not significant.

Immunohistochemistry. Slides with 4-ym thick tissue sections
were treated with 3% H,0, for 25 min at room temperature
in the dark and then washed 3 times with PBS. The slides
were then incubated in 3% bovine serum albumin (AR1006,
Wuhan Boster Biological Technology, Ltd.) at room tempera-
ture for 30 min, followed by an overnight incubation with the
primary antibodies (ab13418, dilution: 1:100; Abcam) at 4°C.
Next, the slides were incubated with the secondary antibodies
(Abcam; cat. no. ab150113, dilution 1:1,000), followed by
treated with chromogenic agent, DAB (K5007, Dako; Agilent
Technologies, Inc.) at room temperature for 50 min and then
incubated with 3,3'-diaminobenzidine. Finally, the slides
were stained with hematoxylin for 3 min at room temperature
and dehydrated with different concentrations of alcohol. The
stained tissues were observed under a light microscope (Nikon
Eclipse TI-SR; Nikon Corporation, Tokyo, Japan).

Statistical analysis. All data in this study was presented as
mean + standard deviation. One-way analysis of variance
followed by Tukey's test was used to analyze the data. P<0.05
was considered to indicate a statistically significant difference.
All the experiments in this study were repeated in triplicate.

Results

Sr-CaS does not alter the proliferation and apoptosis
of BMSCs. To explore the effect of Sr-CaS on BMSCs,
compounds containing different levels of calcium and stron-
tium ions were prepared [0% Sr (pure CaS), 5% Sr-CaS, and
10% Sr-CaS, respectively]. These compounds were then used
to treat BMSCs for periods for 1, 3 and 7 days, respectively.
The results from the CCK-8 and soft agar colony formation
assays revealed that none of the compounds significantly

affected the proliferative ability of the BMSCs (Fig. 1A-C).
These results were further confirmed by flow cytometry assays
(Fig. 1D and E). Therefore, 5 and 10% Sr-CaS (25% dilution
ratio) had no significant cytotoxicity when administered to
BMSCs.

Sr-CaS promotes the migration and osteogenic differentiation
of BMSCs after 7 days after treatment. To further investigate
the effect of Sr-CaS on BMSC migration and osteogenic
differentiation, BMSCs that had been treated with 0, 5, or 10%
Sr-CasS for 7 days were used in Transwell and Alizarin Red
staining assays. The results showed that the migratory ability
of BMSCs in the 5 Sr-CaS and 10% Sr-CaS groups were
significantly increased when compared with BMSCs in the
blank group (P<0.05). Furthermore, the migratory ability of
BMSC:s in the 10% Sr-CaS group was significantly increased
compared with BMSCs in the 5% Sr-CaS group (P<0.01;
Fig. 2A and B). The results of Alizarin Red staining indicated
that Sr-CaS could promote the osteogenic differentiation
of BMSCs and this effect increased in conjunction with the
increase in Sr concentration. ELISA was then used to assess
the ALP levels in the treated BMSCs. The results showed that
Sr-CaS significantly increased ALP levels and those levels
gradually increased in conjunction with the increase in Sr
concentration (P<0.05; Fig. 2D).

In addition, the influence of Sr-CaS on the expression of
various genes associated with the osteogenic differentiation
of BMSCs was analyzed. The results of the present study
demonstrated that the levels of Runt-Related Transcription
Factor 2 (RUNX2), Osterix, ALP, OCN and bone sialopro-
tein (BSP) expression were significantly elevated in the 10%
Sr-CaS group when compared with those in the blank group
(P<0.05). Furthermore, those levels of gene expression were
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Figure 2. Effects of Sr-CaS on BMSC migration and osteogenic differentiation at 7 days after treatment. (A) The effects of 0, 5, and 10% Sr-CaS on the invasive
ability of BMSCs were measured by a Transwell assay at 7 days after treatment. (B) The numbers of migrated cells are shown. "P<0.05 and “P<0.01 vs. blank
group; "P<0.05 vs. 5% Sr-CaS group. (C) The osteoblastic differentiation ability of BMSCs treated with 0, 5 or 10% Sr-CaS for 7 days was assessed by Alizarin
Red staining. (D) ALP levels were detected by ELISA. "P<0.05 and “P<0.01 vs. blank group; “P<0.05 vs. 5% Sr-CaS group. (E) BMSCs were treated with 0, 5
or 10% Sr-CaS for 7 days, and their levels of RUNX2, Osterix, ALP, OCN, and BSP mRNA expression were analyzed by the reverse transcription-quantitative
PCR assay. TGF-3, Smad2/3, and B-catenin protein expression was measured by (F) western blotting and (G) densitometry analysis. "P<0.05 and “P<0.01
vs. blank group; “P<0.05, #P<0.01 vs. CaS group. ALP, alkaline phosphatase; Sr, strontium; BMSCs, bone marrow stem cells; CaS, calcium sulphate; OCN,
osteocalcin; TGF, transforming growth factor; BSP, bone sialoprotein; p-Smad, phosphorylated mothers against decapentaplegic homolog; RUNX2, runt-related

transcription factor 2.

directly associated with the Sr concentration (Fig. 2E). It
was also found that Sr-CaS upregulated TGF-3, Smad2/3
and (-catenin expression related to the Sr content (P<0.05;
Fig. 2F and G).

Sr-CasS, as bone-rebuilding material, promotes bone repair.
SD rats with shin defects were treated with 0, 5 or 10%
Sr-CaS for 2 months and their bone reconstructive states were
recorded. As shown in Fig. 3A, the tibia bone defects in the
blank treatment group continued to be severe, while the tibia
bone defects in the 0, 5 and 10% Sr-CaS treatment groups
showed improvement when compared with those in the blank
group. Moreover, the tibia bone defects showed their greatest
improvement in 10% Sr-CaS group.

The results of microCT examinations also showed obvious
tibia bone defects in the blank group. Moreover, those defects
were severely depressed, indicating their poor degree of resto-
ration. In the Sr-CaS groups, the bone-marrow cavity at the
defect site was closed, but the periosteum was still thin and
the connection between the two ends remained incomplete. In

the 5 and 10% Sr-CaS groups, the periosteum was markedly
thickened when compared with periostea in the 0% Sr-CaS
group (Fig. 3B and C).

Values were also obtained for BMD, BV/TV, Tb.Sp
and Tb.Th. Those data revealed that the values for BMD,
BV/TV, and Tb.Th were significantly increased, while
the values for Tb.Sp were significantly decreased in the 5
Sr-CaS and 10% Sr-CaS groups when compared with those
values in the blank group. Furthermore, the values for BMD
and BV/TV in the 10% Sr-CaS group were significantly
increased compared with those in the 5% Sr-CaS group
(P<0.05; Fig. 3D-G).

Sr-CasS improves the tibia bone defects. To further explore
the effect of Sr-CaS on tibia bone defects, specimens of
defective bone tissue were obtained from the SD rats that had
been implanted with 0, 5 or 10% Sr-CaS for 4 and 8 weeks,
respectively. The H&E and Masson staining results showed
poor recovery of the bone defects in the blank group, where
there were few new collagen fibers, and the bone calcium
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Figure 3. Sr-CaS, as a bone-rebuilding material, promotes bone repair. (A) After treatment of the rat shin defects with 0, 5 or 10% Sr-CaS, the bone reconstruc-
tive states were observed. (B and C) The micro-computed tomography method was used to detect the effect of 0, 5, and 10% Sr-CaS on bone rebuilding in rats
with a shin defect. (B) aerial view, (C) parallel perspective. The values for BMD (D) BV/TV (E) Tb.Sp (F) and Tb.Th (G) were calculated. "P<0.05 vs. blank
group; “P<0.05 vs. 5% Sr-CaS group. BMD, bone mineral density; BV/TV, relative bone volume; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness;
Sr, strontium; CaS, calcium sulphate; FITC, fluorescein isothiocyanate; OD, optical density.

content was low. After the implantation of Sr-CaS, the bone  of collagen fiber synthesis and the bone calcium content
remodeling process significantly improved, and the bone increased in conjunction with the increase in Sr content
defects showed signs of recovery. At the same time, the rate  (Fig. 4).
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Figure 4. Effect of Sr-CaS on the tibia bone defects. The tibia bone defects as detected by hematoxylin and eosin staining after treatment with 0, 5 or 10%
Sr-CasS for (A) 4 weeks and (B) 8 weeks. Masson staining was used to help determine the severity of the bone defects after they had been treated with 0, 5 or
10% Sr-CasS for (C) 4 weeks and (D) 8 weeks. Scale bar, 2,000 ym. Sr, strontium; Ca$S, calcium sulphate.

Sr-CaS accelerates bone repair via the TGF-f/Smad
signaling pathway. To further explore the effects of Sr-CaS
on the expression levels of bone-related factors after creation
of a tibia defect, the defective tissues from the bone defect
animal models at 8 weeks post-implantation surgery were
collected. THC assays were performed to detect the levels
of OCN expression in those tissues. The results showed that
OCN expression was increased in both the 5 Sr-CaS group
and 10% Sr-CaS group relative to its expression in the blank
group, and OCN expression was highest in 10% Sr-CaS group
(Fig. 5A). Data from RT-qPCR assays showed that RUNX2,
Osterix, ALP, OCN and BSP expression were significantly
upregulated in the 5 Sr-CaS group and 10% Sr-CaS group
relative to their expression levels in the blank group (P<0.05).
OCN expression was highest in the 10% Sr-CaS group, where
it was significantly increased compared with the 5% Sr-CaS
group (P<0.05; Fig. 5B).

A previous study has suggested involvement of the
TGF-p/Smad signaling pathway in the bone reconstruction
process (30). Therefore, whether Sr-CaS might affect the
TGF-f/Smad signaling pathway to promote bone repair was
investigated. As shown in Fig. 5C and D, the levels of Smad2/3,
p-Smad2/3, TGF-f3, B-catenin, and p-f-catenin protein expres-
sion were all upregulated in the tissues implanted with CaS
compared with tissues in the blank group. Furthermore, the
expression levels of proteins involved in the TGF-f/Smad
signaling pathway gradually increased in conjunction with the
increase in Sr content (Fig. 5C and D).

Discussion
In recent years, a number of advances in cytobiology have

been incorporated into the new discipline of bioengineering.
At the same time, tissue engineering performed with diverse
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Figure 5. Sr-CaS accelerates bone repair via the TGF-f/Smad signaling pathway. (A) The levels of OCN expression in bone defects at 8 weeks after implanta-
tion surgery were assessed by immunohistochemistry. Magnification, x100. (B) The levels of RUNX2, Osterix, ALP, OCN, and BSP mRNA expression in the
defective bone tissues implanted with 0, 5 or 10% Sr-CaS for 8 weeks were analyzed by the reverse transcription-quantitative PCR. “P<0.05 vs. blank group;
"P<0.05 vs. 5% Sr-CaS group. Smad2/3, p-Smad2/3, TGF-p, -catenin, and p--catenin expression in bone defects treated with 0,5 or 10% Sr-CaS for 8 weeks
was examined using (C) western blotting and (D) densitometric analysis. “P<0.05 and “"P<0.01 vs. blank group; “P<0.05 vs. Ca$S group. Sr, strontium; Ca$S,
calcium sulphate; TGF, transforming growth factor; ALP, alkaline phosphatase; p-Smad, phosphorylated-mothers against decapentaplegic homolog; OCN,

osteocalcin; BSP, bone sialoprotein; RUNX2, runt-related transcription factor 2.

scaffolds has been widely applied in medical science (31-33).
However, more efficient techniques are needed to accelerate
osteogenic differentiation and bone formation in clinical prac-
tice. BMSCs are a class of osteoprogenitor cells (34). Research
has suggested that BMSCs can differentiate into osteoblasts
and be used to treat diseases caused by insufficient bone
formation (35).

A previous study has shown that Sr activates the
calcium-sensing receptor of osteoblasts, stimulates the produc-
tion of osteoprotein (36,37) and then induces the production of
osteoclasts by inhibiting the expression of receptor activator of
nuclear factor-xB (38). In addition, Sr inhibits BMSC prolif-
eration and promotes bone differentiation in a dose-dependent
manner (39).

At the same time, when rat osteoclasts were co-cultured
with primary mature rabbit osteoclasts, Sr was shown to reduce
bone resorption and osteoclast formation (40). Numerous
clinical and animal studies have demonstrated that strontium
ranelate suppresses bone absorption and promotes bone
formation (41-43). At present, strontium ranelate has been used
in Europe as a prescribed treatment for senile menopausal
osteoporosis (44).

A number of studies have suggested that Sr can improve the
osteoconductive properties of CaS (44,45). Sr-CaS is a novel
bone substitute material with high levels of biocompatibility
and biological activity (26,45). Sr-enriched biomaterials have
shown good efficacy and safety when used to promote bone
formation and remodeling in animal models (46). In the present
study, BMSCs were treated with 0, 5 or 10% Sr-CaS. The
results showed that 5 and 10% Sr-CaS did not adversely affect
the proliferation and apoptosis rates of BMSCs, suggesting the
low toxicity of those formulations. However, 5 and 10% Sr-CaS
did promote BMSC migration and osteogenic differentiation.

In addition, bone defect animal models were created using a
previously described method (27,28) and filled the defects with
different materials. When used as a bone-rebuilding material,
Sr-CaS improved the bone defects in tibias by promoting
bone repair, which is consistent with results in previous
studies (27,28). The present study further confirmed that
10% Sr-CaS could effectively promote bone repair.

RUNX2 is a transcription factor that functions during
osteoblast differentiation. Previous studies showed that
silencing of RUNX?2 blocked the differentiation of osteoblasts
in mice (47,48). Patients with cleidocranial dysplasia caused
by heterozygous mutations in the RUNX2 gene are character-
ized by having an underdeveloped collarbone, short stature,
excess teeth, a patent fontanelle and other bone growth-related
defects (49). Osterix is a zinc finger transcription factor
present in osteoblasts and plays a leading role in the osteoblast
differentiation process (49). A previous study proved that
RUNX?2 can regulate the levels of Osx (osterix) (50). ALP is
widely distributed in human skeletal, kidney, liver, intestinal
and placental tissues. OCN is a vitamin k-dependent calcium
binding protein. ALP and OCN are two typical biomarkers
of osteoblasts, and are involved in osteogenic differentiation
and the mineralization of extracellular matrix during bone
formation and repair (51,52). Previous studies have shown
that RUNX?2 stimulates the differentiation of mesenchymal
stem cells into osteoblasts by regulating OCN and ALP
activity (47,53). A previous study has also indicated that BSP
significantly affects bone matrix and bone tumor growth (54).
In the present study, it was verified that Sr-CaS dramatically
upregulates RUNX?2, Osterix, ALP, OCN and BSP expression,
suggesting that it accelerates bone repair.

TGF-p plays an important role in keeping bone forma-
tion and resorption in balance, and thereby promotes the
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differentiation of BMSCs into bone tissue and inhibits
osteoclast formation (55). Smads are directly involved in the
signal transduction processes mediated by members of the
TGF-p superfamily (56). A previous study indicated that
TGF-p receptor conducted by TGF-f3 can recruit Smads, like
Smad2/3 and finally enhance the factor related to bone miner-
alization, including RUNXs and osterix (57). However, TGF-
also has been reported as a double-edged sword in mainte-
nance of articular cartilage metabolic homeostasis and the
pathogenesis of arthritis (58). Research suggests that TGF-3
participated functions with Smad2/3 (59). Li et al (60) indicate
that Smad2/3 can be activated by TGF-f3 and then osteogenesis
has demonstrated to be strengthen. Furthermore, $-catenin is
one of the most important factors in osteogenesis (61). Also, it
demonstrated to be modulated by TGF-§ (62). In the present
study, it was proved that Sr-CaS upregulated the levels of
Smad?2/3, p-Smad2/3, TGF-f, p-catenin and p-f-catenin
expression, suggesting that it promotes bone repair via the
TGF-p/Smad signaling pathway.

The present study suggest that Sr-CaS can promote
osteogenic differentiation via the TGF-f/Smad2/3 molecular
signaling pathway both in vitro and in vivo. The implanta-
tion material used in the present study, which contained
10% Sr-CaS as a new component significantly promoted the
improvement and healing of bone defects.
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