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Abstract

In clinic, strontium ranelate (SrR) is a useful drug to treat osteoporosis by orally taken method, but
some side effect appeared in recent years. The aim of this study is to evaluate the effectiveness and
safety of SrR on cells by direct application, to study the possibility of local application of this drug.
Qualitative ALP staining, quantitative ALP activity assay, alizarin red staining, realtime PCR and
westernblot assay were used to evaluate the osteogenesis ability of SrR under normal or
osteogenic induction environment of ovariectomy bone marrow mesenchymal stem cells
(OVX-BMSCs). The angiogenesis ability of SrR was studied by immunofluorescence staining of
CD31 and vWF of OVX-BMSCs under angiogenesis induction environment, transwell,
tubeformation and realtime PCR assay of HUVECs. Signaling pathway of PI3K/AKT/mTOR was
also studied. The result demonstrated that SrR could enhance proliferation and
osteogenic differentiation of OVX-BMSCs. The osteogenesis effect of SrR has been proved by the
better performed of ALP activity, alizarin red staining and the remarkable up-regulation of ALP,
Col-1, Runx2, OCN, BMP-2, BSP, OPG of the OVX-BMSCs, and reduction of RANKL. In addition,
SrR promotes angiogenesis differentiation of both OVX-BMSCs and HUVECs. Higher intensity of
immunostaining of CD31 and vWF, better result of transwell and tubeformation assay could be
observed in SrR treated group, and increasing mRNA levels of VEGF and Ang-1 in the
OVX-BMSCs, VEGF in HUVECs were learnt. Signaling pathway assay showed that
PI3K/AKT/mTOR signaling pathway was involved in this SrR triggered angiogenesis procedure.
The thrombosis marker ET-1, PAI-1 and t-PA were up-regulated, but no significant differences for
low concentration (<0.5mM). The concentration between 0.25-0.5mM may be more appropriate
for local application, and locally application of SrR could be considered as a promising way for bone
regeneration.
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Introduction

Osteoporosis is a metabolic bone disorder increased risk of bone fragility and fractures[1]. In
characterized by a high bone turnover, low bone  patients with osteoporosis, osteogenesis regression
mass, destruction of bone microstructure, and and osteoclasts enhancement occurs, also weakening
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angiogenesis exists, resulting in deteriorated bone
microstructure[2].

Strontium ranelate (SrR) is an anti-osteoporosis
drug used for postmenopausal osteoporosis women
and man for more than 10 years[3]. Randomized
controlled clinical trials showed that SrR significantly
improved bone mineral density and bone quality of
the patients, and markedly reduce risk of spine or hip
fractures[4-8]. In the patients with osteoporosis
especially postmenopausal women with osteoporosis,
a follow-up study for 10 years showed that SrR
brought a long-term clinical benefit with a high level
of safety[2,9].

The molecular structure of SrR contains two
non-radioactive strontium and a ranelate acid,
displaying a dual regulatory effect of bone formation
promotion and bone resorption inhibition[10]. For
bone formation, SrR promotes proliferation and
osteogenic differentiation of mesenchymal stem cells
(MSCs) or osteoblast cells, including up-regulated the
protein expression levels of early and middle stage
osteogenic marker such as ALP, Col-I, Runx2, OCN,
and BSP, thereby accelerating matrix mineralization
and nodule formation[11]. The underlying
mechanism of SrR osteogenesis is complicated. It has
been confirmed that several signal pathways are
involved in this event. For the similar atomic and
ionic properties of Sr?* to Ca?*, SrR can bind with
calcium-sensing receptor (CaSR), and promote
osteogenesis via MAPK/Erk 1/2 signaling
pathways[12,13], PI3K/AKT signaling pathways[14].
Besides CaSR, other sensing receptors also react to
SrR. The study of Olivia demonstrated that
Calcineurin/NFATcl pathway, and canonical or
non-canonical Wnt pathway are involved in
SrR-induced osteoblast differentiation[15]. Moreover,
Ras/MAPK[16], MAPK/p38[17], BMP-2/Smad and
hedgehog  signaling  pathways[18] governing
osteoblast differentiation are also activated. In
addition, SrR has some other functions that have been
proved, such as its positive effect on Ca?* permeable
nonselective cation channel to elevate Ca?* level in
cells[12], and up-regulate sclerostin which plays an
essential role in bone remolding[19]. On the other
hand, SrR decreases bone resorption by inhibiting
differentiation and increasing apoptosis of osteoclast
progenitors[9], in which RANK/RANKL/OPG
system is involved as the key mechanism. Further,
this effect was only produced by SrR and could not be
replaced by strontium chloride or sodium ranelate,
those used as replacement of SrR to gain a higher
solution[20].

However, orally taken SrR will waste the
ranelate due to the barrier of gastrointestinal
mucosa[4], but it still used as the standard route of

administration in clinical application. Orally taken
method can reach a serum level of 0.12mM after 3
years of regular taken of SrR 2g per day[21], that is
lower than the effective dosage reported
previously[9,11,22]. Though Sr?* level is higher in
bone tissue than in serum, no data could be approved.
Moreover, the side effect of SrR including
gastrointestinal dysfunction, headache, dermatitis,
eczema etc. may directly relate to the orally taken
method and the serum drug level. Recently, an
increased risk of venous thromboembolism or
myocardial infarction in patients treated with SrR has
been officially warned by the European Medicines
Agency European Medicine Agency (EMA). While, no
experimental evidence has been found, and some
retrospective studies demonstrated that the casual
relation between SrR treatment and cardiovascular
event is still remained uncertain [2,23,24]. For the
thrombosis effect of SrR has been observed in clinical
application, a safer and more effective way of SrR
application is needed.

Local administration of SrR on bone tissue
regeneration may have some  advantages
theoretically. First, it avoids the gastrointestinal
mucosa that the whole molecular of SrR could goes
into the target area, that may perform more
effectively; Second, the high attraction of bone tissue
will reduce the disassociated SrR to go into
cardiovascular system which may reduce the risk of
cardiovascular event, and keep a relatively high
concentration of SrR in bone tissue. Third, some side
effects could be avoided, such as discomfort of
gastrointestinal system. Fourth, the lower successful
rate of oral implant treatment for osteoporosis
patients may attribute to the delayed bone
integration, but it still can reach the final goal of
sufficient osseointegration[25]. Locally application
drug could accelerate this procedure to reach the
sufficient osseointegration earlier, which is more time
saving and effective than osteoporosis treatment. Tian
and Nair uploaded SrR on some biomaterial to
achieve the local delivery of SrR, and all got a good
result of bone regeneration[26,27]. Nevertheless,
questions about the effectiveness and safety of SrR
local delivery have been raised.

The aim of present study is to evaluate the
effectiveness and safety of SrR on cells directly. An
intact compound of SrR was used, and quite large
ranges of concentration were studied to get more
detailed information. OVX-BMSCs were used as a
cellar model with insufficient osteogenic ability, and
HUVECs to study the drug effect on vascular tissue.
The osteogenesis ability and angiogenesis ability of
OVX-BMSCs or HUVECs were tested by different
methods, and also the gene expressions related to
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thrombosis effect were analyzed.

Materials and methods

Isolation and culture of rat-derived
OVX-BMSCs

All of the animal experiments were performed in
accordance of NIH guidelines, and approved by the
Animal Research Committee of the Shanghai Jiao
Tong University Affiliated Sixth People’s Hospital
(Shanghai, China). Female healthy Sprague-Dawley
(SD) rats of 3-month-old were housed in individual
cages in an animal room maintained at 22°C with a
12h-light/dark cycle. The rats were given free access
to water and food. All of the animals received an
ovariectomy surgery through two dorsal incisions
[28]. Three months after the surgery, the rats were
sacrificed by an overdose of pentobarbital sodium.
Bilateral femurs were collected and all soft tissues
were removed wunder an aseptic condition.
Metaphyses from both ends of the femur were cut off
and the marrow was flushed out with 10 ml of
Dulbecco’s Modified Eagle’s medium (DMEM)
(Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and antibiotics containing
100U/ml penicillin and 100U/ml streptomycin. The
cells were seeded in 10 cm-diameter plates and
cultured at 37°C in a 5% CO; incubator. The culture
medium was replaced every 2-3 days. The cells were
passaged when they reached a confluence of 80%.
OVX-BMSCs in passage 2-4 were used in this study.

OVX-BMSGC:s identification

Immunofluorescence staining was used for
OVX-BMSCs identification, according to the minimal
criteria to define MSC released by the Mesenchymal
and Tissu Stem Cell Committee of the International
Society for Cell Therapy[29]. For OVX-BMSCs share
the same surface marker of normal BMSCs, CD44,
CD90, and CD105 were chosen as positive markers,
while CD34 and CD45 as negative markers.
OVX-BMSCs were seeded in 24-well plate at a density
of 8 x104/well, and incubated with anti-bodies after
fixed with formalin. CD44(1:40, R&D Systems, USA),
CD90(1:200, abcam, UK), CD105(1:40, R&D Systems,
USA), CD34(1:100, abcam, UK) and CD45(1:200,
NOVUS, USA) antibodies were used as primary
anti-bodies, and Alexa Fluor® 488 Donkey
Anti-goat/rat/mouse  IgG(Invitrogen, USA)were
used as secondary anti-bodies. Cell nuclei were
stained with 4¢ 6-diamidino-2-phenylindole (DAPL
Vector Labs, USA). Microscope (Leica, DMI 3000B,
Germany) of 100 magnifications was used for
photograph.

Preparation of SrR

51.35 mg of SrR (Sigma-Aldrich, USA) were
dissolved in 50 ml of high-glucose DMEM
supplemented with 10% FBS, 100U/ ml penicillin, and
100U/ ml streptomycin at 37°C for 5-10 min until it
totally dissolved, then filtered by a sheet of 0.22pm
filter membrane (Millipore, Germany). SrR was
prepared to a solution to reach a final concentration of
2.0mM, and then diluted into various concentrations
of 1.0, 0.5, 0.25 and 0.125mM.

Cell proliferation assay of OVX-BMSCs

The cell proliferation of OVX-BMSCs in response
to different concentrations of SrR was measured by
MTT assay. OVX-BMSCs were seeded in 96-well
plates (3x103cells/well), and then treated with
different concentrations of SrR (0, 0.125, 0.25, 0.5, 1.0,
2.0 and 4.0mM, while 4.0mM were turbid liquid)
respectively for 1, 3, 5, 7d. 10pl of MTT solution
(bmg/ml) was added in the wells and co-incubated in
dark at 37°C, 5%CO; for 4h. Then, 100ul of DMSO
solution was added to dissolve the formazana. The
cell viability was assessed by measuring the optical
density (OD) at 570nm in a full spectrum microplate
spectrophotometer (Bio-Tek, USA). The control wells
also served. Data from triplicate samples were
averaged.

ALP activity assay of OVX-BMSCs

To determine the early differentiation of the
OVX-BMSCs stimulated by SrR, ALP staining and
ALP activity were assayed. For ALP staining, the cells
were cultured in a 24-well plate (4x10%/well) with
different concentrations of SrR (0, 0.125, 0.25, 0.5, 1.0,
and 2.0mM). An ALP staining kit (Beyotime, China)
was used 7 days after the culture. Briefly, after
formalin fixation for 10min, BCIP/NBT working
solution were added into each well and incubated in
dark room temperature for 30min. Then rinsed with
distilled water twice and counterstained by Neutral
red (Beyotime, China) for 5min, photographed by
microscope.

ALP activity was determined in 6-well plates
(density of 1x105/well) treated with different
concentrations of SrR, and an alkaline phosphatase
assay kit (Nanjing Jian Cheng, China) was used at day
4, 7 and 10. Cells were rinsed with cold PBS for three
times, and lysed by RIPA (Sigma, USA) on ice. Total
protein concentration was determined by BCA
protein assay kit (Beyotime, China). The optical
density (OD) of ALP protein was measured at 520nm
in accordance with the instructions of the
manufacturer’s instruction. ALP activity was
calculated by ALP level normalized to the total
protein.
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Osteogenesis assay of OVX-BMSCs under
osteogenic induction

To fully understand the drug effect, the
osteogenesis ability of OVX-BMSCs using osteogenic
induction cultural medium was tested. The osteogenic
induction medium contained dexamethasone,
B-glycerophosphate and ascorbic acid, and the
cultural medium was changed every 3 days.

Qualitative ALP staining was performed at day
7, while quantitative ALP activity assay at day 4, 7
and 10. Alzarin red staining (Cyagen Biosciences,
USA) was conducted following the manufacturer’s
instruction at day 21. Briefly, cells were stained by
Alizarin red S for 5min after fixed by formalin,
washed by PBS for two times and photograph by
microscope. Then quantitative data were got by
dissolving the staining with 500pl cetylpyridinum and
absorbance of the liquid was measured at 578nm.
Realtime-PCR assay at day 4 and 7 were also studied.

Angiogenesis ability assay of OVX-BMSCs
under angiogenesis induction

VEGF at 10ng/ml and bFGF at 2ng/ml were
added into the cultural medium for vessel endothelial
cells induction, in addition with the supplying of
different concentrations of SrR (0.25, 0.5 and 1.0mM).
Cultural medium was changed every two days.

After 14 days of induction, the differentiation
degrees of OVX-BMSCs were evaluated by LDL
uptake assay and immunofluorescence staining. For
LDL uptake assay, OVX-BMSCs or HUVECs (as
positive control) were seeded in 24-well plate at a
density of 8 X 10*/well, and incubated in cultural
medium added with 20pg/ml Acetylated Low
Density Lipoprotein labeled with 1,1'-dioctadecyl -
3,3,3',3'-tetramethyl-indocarbocyanine perchlorate
(Dli-Ac-LDL, Luwen Biotechnology, China) for 4h at
37°C.Then, washed by PBS for three times, and
visualized by fluorescence microscopy.

For immunofluorescence staining, OVX-BMSCs
or HUVECs were seeded in 24-well plate at a density
of 8 x104/well, and incubated with anti-bodies after
fixed with formalin. Rabbit/Goat anti rat CD 31(1:100,
proteintech, USA) and vWF (1:100, abcam, UK) were
used as primary antibodies, Alexa Fluor® 488 Donkey
Anti-Rabbit IgG (Invitrogen, USA) and Alexa Fluor®
555 Donkey Anti-Goat IgG (Invitrogen, USA) were
used as secondary anti-bodies. Cell nuclei were
stained by DAPI (Vector Labs, USA). Microscope
(Leica, DMI 3000B, Germany) of 100 magnifications
was used for photographing.

HUVECG:s culture and treatments

HUVECs were purchased from the cell bank of
Chinese Academy of Sciences (Shanghai, China). SrR

treatments were performed as described previously.

Angiogenesis assay of HUVECs

The in-vitro angiogenesis assay was carried out
by using transewell test and tube formation assay.
The HUVECs (1x105cells/ml) were treated with
serum-free culture containing different concentrations
of SrR for 24 hours, and seeded 200pl of cell solution
at the upper chamber, and 500pl of culture medium
supplemented with 10%FBS and different
concentrations of SrR at the lower chamber. After
incubation for 24 hours, the cells were washed with
PBS and fixed with formalin. The migrated cells were
stained with 0.1% crystal violet and photographed by
an optical microscope. After that, the chambers were
washed by 500pl of 33% acetic acid to dissolve the
crystal violet. The absorbance was measured by using
a microplate reader at 570nm.

The Matrigel (BD, USA) were used for tube
formation test according to the manufacture’s
instructions. HUVECs (1x10°cells/well) in 6-well
plates were treated with culture medium containing
different concentrations of SrR for 48 h. 96-well plates
were coated with 100pl Matrigel for 30min, and then
the different treated HUVECs (2x105cells/well) were
cultured on the Matrigel for 4-12h. The cells were
photographed at five random microscopic fields using
an inverted light microscope (Leica DMI 3000B,
Germany). Quantitative analyses were performed in
accordance with the manufacturer’s instructions.
Tubes, loops and branching points were calculated.

Western Blotting assay

OVX-BMSCs or HUVECs were seeded in 6-well
plates (2x105 cells/well). OVX-BMSCs were cultured
in medium supplemented with 100pM CoCl, and
different concentrations of SrR (0, 0.125, 0.25, 0.5, 1.0
and 2.0mM) for 48h. HUVECs were cultured in
medium with SrR at 0.25mM for 0, 15, 30, 60 and 90
min. Then cells were washed by cold PBS, and lysed
with RIPA for protein extraction. Total protein
concentration was measured by a BCA protein assay
kit.

Equal amount of protein samples were separated
by 12% SDS-PAGE, and transferred to a
polyvinylidene fluoride membrane. After blocking
with 5% skim milk for 1h, the membrane was
incubated with mouse anti-rat HIF-1a (1:1000, CST,
USA), SDF-1(1:200, Abcam, UK), VEGF (1:1000,
Abcam, UK) and -actin (1:5000, Sigma, USA) for
OVX-BMSCs, rabbit anti human AKT,
phosphorylated-AKT (p-AKT), mTOR,
phosphorylated -mTOR (p-mTOR) (1:1000, CST, USA)
for HUVECs at 4 °C overnight. Then followed by a 2h
incubation with HRP-conjugated goat anti-rabbit or
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rabbit anti mouse IgG (1:3000, Beyotime, China) at
room temperature and washed by PBST for 3 times.
Immunoreactive bands were detected by enhanced
chemiluminescence (ECL) reagent (Pierce, USA),
visualized by autoradiography and quantified by the
Quantity One analysis system (Bio-Rad, USA). B-actin
served as the internal control.

Signaling pathway inhibition assay of HUVECs

HUVECs were cultured in the medium with or
without PI3K/AKT signaling pathway inhibitor
LY294002 for 30min, then treated with SrR(0 or
0.25mM) for 90min. The protein expressions of
p-AKT, AKT, p-mTOR, mTOR were detected by
western blot assay. Moreover, tube formation assay
was conducted after HUVECs treated with or without
LY294002 for 30min, and incubated with SrR (0 or
0.25mM) for 6h. Microscope (Leica, DMI 3000B,
Germany) of 100 magnifications was used for
photograph.

Quantitative Real-time PCR assay

The OVX-BMSCs or HUVECs were cultured in
6-well plates (1x105 cells/well) and treated with
different concentrations of SrR (0, 0.125, 0.25, 0.5, 1.0
and 2.0mM). Total RNA was extracted from the cells
at different timing by using the TRIzol reagent
(Ambion, USA) and used as template (2ug) for reverse
transcription with PrimeScript RT reagent kit
(TAKARA, Japan). The resultant cDNA (2ul) was
amplified in a 20pl reaction system consisting of 10pl
of SYBR Premix Ex Taq, 0.4pl ROX dye 1II, 0.8pul of
forward and reverse primers (10pM each), and 6.8pl
of ddH>O. Primer sequences are listed in Table 1 and
Table 2. Triplicate reactions were performed and the
relative fold-change of gene expression was
determined by normalizing to GAPDH and
calculating the 2-AACT (7500 system SDS software,
version 1.2.3; Applied Biosystems, USA).

Statistical Analysis

Data were expressed as mean *= SD. The
differences among groups were compared by
one-way analysis of variance (ANOVA), using SPSS
21.0 software (SPSS Inc., USA). A p value of less than
0.05 was thought to be significant.

Results

OVX-BMSGC:s identification

OVX-BMSCs were isolated from the OVX
rat-derived bone marrow, and identified by
Immunofluorescence assay. As shown in Figure 1, the
cultured cells were positively immunostained with
CD44, CD90 and CD105, while negatively stained
with CD45 and CD34 (Figure 1).

1515
Table 1. Primer sequences used for the OVX-BMSCs.
Gene Target Primers sequence (5'-3) Product
size (bp)
Col-I Forward: GGTCCCAAAGGTGCTGATGG 182
Reverse: GACCAGGCTCACCACGGTCT
ALP Forward: GTCCCACAAGAGCCCACAAT 172

Reverse: CAACGGCAGAGCCAGGAAT

Runx2 Forward: ATCCAGCCACCTTCACTTACACC 199
Reverse: GGGACCATTGGGAACTGATAGG

OCN Forward: CAGTAAGGTGGTGAATAGACTCCG 172
Reverse: GGTGCCATAGATGCGCTTG

BMP-2 Forward: GAAGCCAGGTGTCTCCAAGAG 122
Reverse: GTGGATGTCCTTTACCGTCGT

OPG Forward: GTCCCTTGCCCTGACTACTCT 250
Reverse: GACATCTTTTGCAAACCGTGT

RANKL Forward: CCCATCGGGTTCCCATAAAGTC 146
Reverse: GCCTGAAGCAAATGTTGGCGTA

BSP Forward: AGAAAGAGCAGCACGGTTGAGT 175
Reverse: GACCCTCGTAGCCTTCATAGCC

VEGF Forward: GGCTCTGAAACCATGAACTTTCT 165
Reverse: GCAGTAGCTGCGCTGGTAGAC

ANG-1 Forward: GGACAGCAGGCAAACAGAGCAGC 130
Reverse: CCACAGGCATCAAACCACCAACC

GAPDH Forward: GGCAAGTTCAACGGCACAGT 76

Reverse: GCCAGTAGACTCCACGACAT

Table 2. Primer sequences used for the HUVECs.

Gene Primers sequence (5'-3") Product size (bp)
Target
ET-1 Forward: CAGAGGCGATCACAGCAACCA 296
Reverse: CAAGGAGCAGGAGCAACG
VEGF Forward: 193

GAGTACCCTGATGAGATCGAGT
Reverse: ATTTGTTGTGCTGTAGGAAGCT

PAI-1 Forward: TGCCCTCTACTTCAACGG 307
Reverse: GTCGGTCATTCCCAGGTT

t-PA Forward: CCAGATCGAGACTCAAAGCC 119
Reverse: GACCCATTCCCAAAGTAGCA

GAPDH Forward: CGTATTGGGCGCCTGGTCAC 248

Reverse: ACGTACTCAGCGCCAGCATCG

Figure 1. Immunofluorescence assay of the isolated OVX-BMSCs
(*100). The cells were positively stained with CD44, CD90 and CD105, while
negative stained with CD34 and CD45. The cell nucleus was stained with DAPI.

Cell proliferation assay of OVX-BMSCs

The MTT assay showed that there was no
significant difference for the proliferation of the
OVX-BMSCs between control group and SrR-treated
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at low concentration (0.125, 0.25, 0.5 mM) at day 1, 3,
and 5. At day 7, the concentration of 0.125mM and
0.25mM could significantly enhance the cell
proliferation, while 0.5mM had no difference with the
control group. However, the high concentration of
SrR (1.0, 2.0 and 4.0mM) could significantly suppress
the cell proliferation at day 3, 5 and 7 (p<0.05) (Figure
2).

MTT Assay
—-e- control
0.8+ = 0.125mM
== 0.25mM
= 05mM
0.6+
@
2
g o044
[=)
o
0.24
0.0 T T T T
1d 3d 5d Td
Time(Days)

Figure 2. MTT assay for OVX-BMSCs treated with different
concentrations of SrR. The experiment was repeated for at least 3 times,
and the data were expressed as mean  SD. The OD 570 values were measured
at the specific time points to draw curves.

Osteogenesis assay of OVX-BMSCs without
osteogenic induction

To test the osteogenic ability of OVX-BMSCs
with SrR, cultural medium without osteogenic

0.125mM

Contorl

ALP activity

Relahe axpreaion (Feld charge]

44 ™ 10d

Time (days)

h: 2
B -
c
Time: (deys)

0.25mM

induction supplements were used, and qualitative
ALP staining, quantitative ALP activity assay and
realtime-PCR were performed.

The result of ALP assay showed that intensity of
staining was stronger in 0.25 mM SrR-treated than
those in other groups (Figure 3A). Quantitative ALP
assay showed that SrR (0.125-2.0mM) significantly
enhanced ALP activity at day 7 and 10 compared to
the control group, and the ALP activity was strongest
after treated with SrR at a concentration of 0.25mM at
day 7 and 10 (Figure 3B).

The results of realtime-PCR demonstrated that
SrR significantly up-regulated mRNA levels of Col-I,
ALP, Runx2, OCN, OPG, and BSP genes those play a
key role in osteogenesis process, also VEGF and
ANG-1 for angiogenesis. For most of the timing and
genes, 0.25, 0.5 and 1.0mM groups seemed get higher
fold changes than other groups, but these three
groups showed a significant decrease than control
group for RANKL gene (Figure 3C).

Osteogenesis assay of OVX-BMSCs under
osteogenic induction

To fully understand the osteogenic ability of
OVX-BMSCs with SrR, osteogenic induction medium
were also used in present study. Same as previous
assay, qualitative ALP staining, quantitative ALP
activity assay and Realtime-PCR were performed.
What's more, alizarin red staining was conducted to
analyze the mineralization ability.

Relotie cupression (Fold thange)

[T —————

‘Time (daye)

Figure 3. Osteogenesis assay of OVX-BMSCs without osteogenic induction. A, the ALP staining assay of OVX-BMSCs treated with SrR (0.125-2.0mM) for
7 days (*100); B, Quantitative assay of ALP activity at day 4, 7 and 10. C, mRNA levels of osteogenesis- and angiogenesis-related genes in the OVX-BMSCs treated
with SrR(0.125-1.0mM) at day 1, 4 and 7. The experiment was repeated for at least 3 times, and the data were expressed as mean * SD *p<0.05 versus Control.
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Figure 4. Osteogenesis assay of OVX-BMSCs under osteogenic induction. A, the ALP staining assay of OVX-BMSCs treated with SrR (0.125-2.0mM) in
osteogenic induction cultural medium for 7 days (x100); B, Alizarin Red staining assay of OVX-BMSCs treated with SrR (0.125-2.0mM) in osteogenic induction
cultural medium for 21 days (x100); C, Quantitative assay of ALP activity at day 4, 7 and 10. D, Quantitative assay of Alizarin Red Staining. E, mRNA levels of
osteogenesis- and angiogenesis-related genes in the OVX-BMSCs treated with SrR(0.125-1.0mM) in osteogenic induction cultural medium at day 4, 7. The experiment
was repeated for at least 3 times, and the data are expressed as mean + SD *p<0.05 versus Control.

The intensity of ALP staining was stronger in
0.125, 0.25 and 0.5mM SrR-treated group than other
groups (Figure 4A) and the same for alizarin red
staining (Figure 4B and 4D). Quantitative ALP assay
showed that the ALP activity at 0.25 and 0.5mM
concentration of SrR were significantly higher than
control group at all time points, and the whole level of
ALP activity reached a peak at day 7, which was
earlier than those without osteogenic induction
(Figure 4C).

The results of realtime-PCR demonstrated that
SrR significantly up-regulated mRNA levels of ALP,
Col-1, Runx2, BMP-2, OPG and VEGF. For most of the
timing and genes, SrR at 0.25- 2.0mM all showed a
higher trend of fold changes than control groups, and
a reduction of RANKL expression (Figure 4E).

Angiogenesis assay of OVX-BMSCs under
angiogenesis induction

OVX-BMSCs under angiogenesis induction
showed a behavior of tube forming after 3 days of
induction (data not shown). OVX-BMSCs treated with
normal cultural medium without induction or any
drug performed totally lack of LDL engulfs and
absence of CD31, but a low fluorescence intensity
level of vWF could be observed. Those treated with
induction cultural medium added with SrR showed a
higher level of LDL engulf than group without SrR,
and also stronger fluorescence intensity for both CD31

and vWEF. While, no significant differences could be
observed among the groups with 0.25, 0.5 or 1.0mM
SrR (Figure 5).

Western blotting assay of OVX-BMSCs

HIF-1a is one of the master regulators that react
to hypoxia situation, which plays a crucial role in
angiogenesis. The rising of HIF-la leads to
up-regulation of VEGF and SDF-1, which act as
vascular growth factors and promote cell migration
for tissue injury recovery[30].

The result revealed that the protein level of
HIF-1a was highest in the OVX-BMSCs treated with
SrR at a concentration of 0.25mM compared to the
control, as well as VEGF and SDF-1 proteins (Figure
6).

HUVECs angiogenesis assay

The angiogenesis and thrombosis trend were
evaluated by tube formation, transwell and real-time
PCR assay. Obvious angiogenesis was present 6h after
the incubation on Matrigel, and the HUVECs formed
more branching points and loops after treated with
SrR at a concentration between 0.125 and 0.5mM.
Also, the transwell assay showed that the more
HUVECs immigrated and crossed through the gel
after treated with SrR at a concentration between
0.125 and 0.5mM (Figure 7A,B,C and D).
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Figure 5. Angiogenesis assay of OVX-BMSCs under angiogenesis induction. The left two rows of pictures showed the Dli-acLDL uptake assay (%100), and
the right three rows were the immunofluorescence staining of VWF and CD 31, DAPI showed the position of nuclei (%X100).
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Figure 6. Western blotting assay of HIF-1a, VEGF and SDF-1 proteins in the OVX-BMSCs treated with SrR (0.125-2.0 mM). All experiments were
performed in triplicates, and the data were expressed as mean * SD. *p<0.05 versus control.
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Figure 7. HUVECs angiogenesis assay. A, Tube formation assay of the HUVECs treated with SrR (0.125-2.0mM)(x100); B, Transwell assay of the HUVECs
treated with SrR (0.125-2.0mM)(%100). All the cells passed through the transwell plates were stained in purple; C, Quantitative assay of tube formation assay, and data
were expressed as mean * SD. *p<0.05 versus Control; D, Quantitative assay of transwell. The OD value of stained crystal violet were tested and expressed as mean
+ SD. *p<0.05 versus Control. E, Real-time PCR analysis of angiogenesis- and thrombosis-related genes expression in the HUVECs treated with SrR (0.125-2.0mM)

at day 4, 7 and 10. Data were presented as mean * SD. *p<0.05 versus Control.

The real-time PCR results demonstrated that SrR
could significantly promote the mRNA expression of
VEGF, but not ET-1 in the HUVECs at different time
points. SrR (0.5-2.0mM) markedly increased PAI-1
mRNA level in the cells at day 4 and 7, and
up-regulated t-PA mRNA level at day 7 (Figure 7E).

Signaling Pathway assay of HUVECs

PI3K/AKT/mTOR  signaling pathway was
analyzed by western blot and tubeformation assay.
Western blot assay showed that AKT and mTOR were
phosphorylated from as early as 15min and continued
to rise (Figure 8A). To further confirm the role of
PI3K/ AKT/mTOR signaling pathway in SrR induced
angiogenesis, PI3K/AKT inhibitor LY294002 were
used. As the western blot assay shown, after inhibited
by LY294002, phosphorylated AKT and p-mTOR
were totally absence, while only a dim of p-mTOR
could be observed if treated with SrR as well (Figure
8B). The tube forming ability of HUVECs was
abolished by LY294002 (Figure 8C) that almost no
loops were formed (Figure 8D).

Discussion

To the best of our knowledge, this is first time to
investigate the effectiveness and safety of SrR in direct

application, especially the angiogenesis ability. The
role of SrR on osteogenesis and angiogenesis of
OVX-BMSCs and HUVECs were studied.

In present study, it has shown that SrR had no
significant effect on the proliferation of the
OVX-BMSCs at a low concentration (<1.0mM), while
it markedly inhibits the cell proliferation at a high
concentration (21.0mM). Our finding is coherent to a
previous study that a low dose of SrR induces the cell
replication[31], but the data above 1.0mM were lack
before present study.

The osteogenesis influences of SrR on
OVX-BMSCs were evaluated in two ways. To clearly
understand the effect of SrR, normal cultural medium
was used. The result showed that SrR could directly
promote osteogenic differentiation without other
supplement, and the concentration between
0.25-1.0mM were high-efficiency with 0.25mM
performed better. For the second assay, the osteogenic
induction cultural medium was also used to learn its
effect under osteogenic environment. Results were
similar, 0.125-1.0mM were effective but 0.5mM were
higher than 0.25mM for most of the assays. These
results indicated that the concentration between
0.25-1.0mM were appropriate for direct applications
and 0.25-0.5mM achieved the best effectiveness.
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Figure 8. Signaling Pathway assay of HUVECs. A, Western Blot assay showed the protein level of AKT, p-AKT, mTOR and p-mTOR after treated with SrR
at 0.25mM. A rising level of phosphorylated protein could be observed. B, Western blot assay of protein level of AKT, p-AKT, mTOR and p-mTOR with or without
inhibitor LY294002 and SrR. C, Tube formation assay (a)without LY294002 or SrR; (b)without LY294002, with SrR; (c)with LY294002, without SrR; (d)with
LY294002 and SrR. Magnificationx100. D, The qualitative result of tube formation assay.

While, this concentration was lower than some other
studies[9,11,22,31], those demonstrated that the best
effect of SrR were around 1.0mM. This difference may
owe to two reasons. Firstly, the method of drug
treatment used in present study is different from most
of the previous studies. SrR is used as a drug directly,
but not the replacement of SrCl, and NaR. For the
intact compound is different from those free ions, for
example, the most obvious difference is that the intact
SrR  compound can only reach the highest
concentration of 2.0mM in cultural medium. In
addition, there is unique function for the intact SrR.
SrR can antagonize NF-xB activation for osteoblast
purpose, and this function can not be replaced by
SrCl or NaR[20], that can explain the difference
results of present study with previous ones. Secondly,
different cellular models or target genes may response
differently to a same drug, for example, osteoblast
from Calvaria cultured in osteogenic induced
medium and SrClx plus NaR showed a best oetogenic
trend at the concentration of 1.0mM][9]; MC3T3-E1
cells cultured with SrCl, plus NaR performed best at
the concentration of 3.0mM][15]; PA20-h5 cell line
showed the best ALP activity at the concentration of
400pM[32]. The concentrations used in the previous
studies also varied. Querido et al. had performed
some studies using the same drug treatment method
as ours, and the results were still
variable[9,11,22,31,33-35]. It's  reasonable that
different cells with different cultural environments
respond differently, so the point should not be

focused on the exact concentration, but the effective
range.

The angiogenesis influences of SrR were studied
by two kinds of cells. The study on OVX-BMSCs
revealed that the direct application of SrR could
trigger the angiogenesis induction, no matter under
osteogenic induction, angiogenesis induction or
normal environment. The mRNA expression of VEGF
and ANG-1 were boosted after SrR treatment.
Western blot assay of OVX-BMSCs showed that SrR
could promote the expression of HIF-la under
hypoxia environment, which played a critical role in
angiogenesis, and sequencing protein levels of VEGF
and SDF-1 those vital for cell migration and
revascularization were up regulated[36]. OVX-BMSCs
under angiogenesis induction (cultural medium
added with VEGF and bFGF) showed a significant
differentiation to endothelial cells, which was more
obvious with SrR treatment. Though we only
performed qualitative examinations, the results gave
us strong hints of its angiogenesis induction efficacy.
HUVECs were standard cellar model used for
learning vascular cells reaction to drugs. As can be
seen from the result, SrR also has a dose-dependent
effect on angiogenesis of HUVECs. The significant
effects of SR on HUVECs migration and tube
formation showed its high potential of angiogenesis
effect. And the PCR result of VEGF showed its
angiogenesis effect on RNA level, while for another
marker ET-1, this drug seemed not have clear effects.
As we known, there are extensive cross-talk existing
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between endothelial cells and osteoblasts[37,38]. For
instance, ET-1 secreted by the endothelial cells can
stimulate the differentiation of osteoblast, while
osteoblasts also secrete VEGF to promote the
proliferation of endothelial cells conversely[39,40].
Our result showed a significant enhance of secreting
VEGF of BMSCs, but no response of ET-1 from
HUVECs. But things may not be true in-vivo, for we
conducted this experiment by culturing cells
individually, which cut down the cross talk between
different cells.

The signaling pathway of PI3K/AKT/mTOR
was studied on HUVECs, to understand the
angiogenesis induction effects of SrR. PI3K/AKT
pathway is involved in several cellular processes
including cell proliferation, migration and survival,
which also contribute to blood vessel formation[40].
mTOR is a key kinase downstream of this pathway,
and plays a key role in angiogenesis[41]. The
presenting findings demonstrated that SrR activated
the phosphorylation of AKT and mTOR from 15min
and continued. Combined with the result of signaling
inhibits assay, it can be concluded that SrR triggered
angiogenesis through PI3K/AKT/mTOR signaling
pathway.

The safety of SrR direct application was
evaluated by three markers related to the thrombosis
effect. ET-1 is one of the most enduring and strongest
endogenous vasoconstrictor peptides and a marker of
endothelial dysfunction[42,43]. And combined with
the result of PAI-1 and t-PA, another two markers of
thrombosis, we may say that SrR at a low
concentration (lower than 0.5mM) is safer for
thrombosis effect. However, these results cannot be
seen from single direction. Thrombosis effect will
contribute to the first step of would healing, that
marked by platelet accumulation, coagulation, and
leukocytes migration, to clean the infection and
release growth factors[44]. This is critical procedure
for tissue regeneration, so it is impossible for us to
conclude that the thrombosis effect of SrR on three
markers is true or dangerous for cardiovascular
events. Further in-vitro or in-vivo study is needed.

Above all, the dosage between 0.25-0.5mM is
more appropriate for direct application on local.
While, this dosage is higher than the plasma
concentration of the drug (0.12mM) that patients
taking 2g SrR everyday orally after three years[21].
Our result may give some hints that locally delivery of
SrR can get better benefit for local bone regeneration
than orally taken method. While, further studies are
necessary to evaluate the safety of local application
and acquire the novel control-release of SrR.

In conclusion, SrR could promote osteogenesis
and angiogenesis of OVX-BMSCs in a dose-dependent

way with 0.25-0.5mM to be more effectively. It could
also enhance the angiogenesis promotion of the
HUVECs, and low concentrations (<0.5mM) will not
influence the gene expression of thrombosis effect.
Locally application of SrR could be considered as a
promising way for bone regeneration.
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