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ABSTRACT

Osteoporosis is a disease characterized by structural deterioration of bone tissue,
leading to skeletal fragility with increased fracture risk. Calcium phosphates (CaPs) are
widely used in bone tissue engineering strategies as they have similarities to bone apatite
except for the absence of trace elements (TEs) in the CaPs. Bioactive glasses (BGs) have
also been used successfully in clinic for craniomaxillofacial and dental applications during
the last two decades due to their excellent potential for bonding with bone and inducing
osteoblastic differentiation. In this study, we evaluated the osteogenic effects of the
ionic dissolution products of the quaternary Si-Sr-Zn-Mg-codoped CaP (TEs-CaP) or 45S5
Bioglass® (45S5 BG), both as mixtures and separately, on rat bone marrow-derived
mesenchymal stem cells (rOMSCs & rMSCs) from osteoporotic and normal animals, using
an MTT test and Alizarin Red S staining. The materials enhanced cell proliferation and
osteogenic differentiation, especially the combination of the BG and TEs-CaP. Analysis by
quantitative PCR and ELISA indicated that the expression of osteogenic-specific genes
and proteins were elevated. These investigations suggest that the TEs-CaP and 45S5 BG
operate synergistically to create an extracellular environment that promotes proliferation
and terminal osteogenic differentiation of both osteoporotic and normal rMSCs.

numerous techniques and biodegradable materials have been
tested to treat bone defects in both postmenopausal women
and estrogen depletion-induced osteoporosis in animals [1-5].

INTRODUCTION

Osteoporosis is a disease characterized by structural

deterioration of bone tissue, leading to skeletal fragility with
increased fracture risk. It is estimated that more than 88
million Chinese have osteoporosis and approximately 120
million are at risk of developing the disease. In recent years,

Calcium phosphates (CaPs) are widely used in the tissue
engineering of bone, including augmentation, replacement
and regeneration as they are biocompatible, bioactive and
osteoconductive [6—8]. Dynamic and highly vascularized
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bone tissue can be considered a composite comprising
bioceramic (CaP) and biopolymer (mainly collagen) [9].
CaP is the principal mineral component (approximately 69%)
of natural bone in the form of carbonated apatite. However,
bone apatite is similar to CaP except that bone incorporates
trace elements (TEs), for instance, zinc, strontium and
silicon. It is reported that strontium can elevate osteogenic
differentiation of preosteoblasts and mesenchymal stem cells
(MSCs) and in vivo it enhances bone formation that prevents
osteoporosis [10, 11]. Cardemil et al. have confirmed the
favorable osteogenic capacity of Sr-doped CaP (SrCaP)
in bone defects in ovariectomised rats [12]. Similarly,
Silicon is reported to readily stimulate proliferation and
differentiation in osteoblasts and osteoblast-like cells and
changes in bone metabolism in vivo [13, 14]. Moreover,
there is growing evidence that administration of zinc may
increase bone formation through stimulation of osteoblast-
like cell proliferation and inhibition of osteoclastogenesis
and therefore bone resorption [15-17]. On the contrary,
zinc-deficiency results in skeletal dysplasia and a significant
decrease in bone mineral density (BMD) contributing to
osteoporosis [18, 19]. Joshua et al. have evaluated the
therapeutic efficacy of Zn-doped tricalcium phosphate
(ZnTCP) in treating osteoporosis and found such ZnTCP was
effective in preventing and treating bone loss in osteoporotic
mice [20]. The extensive bioactive effects of TEs such as
Zn?**, Sr**, Si** are currently attracting much interest beyond
their nutritional effects in preventing osteoporosis, through
incorporation as a constituent of biomaterials [21, 22]. Some
individual TE-doped CaP (TE-CaP) has been proven to
be more suitable for stimulating bone tissue regeneration
in comparison with conventiona pure CaP bioceramics. as
demonstrated by our laboratory [23] and others [24].

On the other hand, bioactive glasses (BGs) have also
been used successfully in clinic for craniomaxillofacial
and dental applications during the last two decades due
to their excellent osteogenic potential and ability to bond
with bone [25-27]. It is reported that osteogenic cells grow
well on BGs in vitro and bone matrix production could
be improved [28]. Meanwhile, strong bone bonding is
observed following implantation of BGs in vivo. The first
commercially available BG (45Si0,-24.5Ca0-24.5Na O-
6P, 0,; 45S5 Bioglass®), developed by Hench LL. in
1970s, is a melt-derived glass and has been proved to have
good osteostimulative and bone-bonding properties [29—
31]. Recently, it has been demonstrated that the osteogenic
differentiation of rat MSCs is accelerated by exposure to
the weak basic ionic dissolution products from 45S5 BG
due to culture of the cells on the material [32].

It is well agreed that MSCs are the primary source
of osteogenic regeneration [33]. Yu et al. has reported
an injectable CaP cement/BG composite with improved
properties exhibits promising prospects for bone
regeneration [34]. In this study, we hypothesized that the
TEs-CaP and 45S5 BG can work synergistically to create an
extracellular environment which promotes the proliferation

and osteogenic differentiation of MSCs to increase bone
formation. We exposed normal rat bone marrow-derived
MSCs (rtMSCs) and ovariectomized (OVX) osteoporotic
rat bone marrow-derived MSCs (rOMSCc) to the ionic
dissolution products of the quaternary Si-Sr-Zn-Mg-
codoped CaP (TEs-CaP) and 45S5 BG both alone and in
combination to compare and evaluate the osteogenic effects
of the materials. We investigated cell proliferation and
osteogenic differentiation using an MTT test, quantitative
PCR, analysis by ELISA and Alizarin Red S staining.

RESULTS

Elemental quantification of materials

In the present study, we have conducted ICP-MS
elemental analyses of the samples to detect the concentration
of each inorganic ion. The ionic concentrations in TE4,
BG and TE4+BG leaching liquors at 24 h, 48 h and 7 d are
displayed in Figure 1A while that of the culture supernatant
of rOMSC:s cultured with TE4, BG and TE4+BG displayed
in Figure 1B. It should be mentioned the result of rMSCs
cultured with TE4, BG and TE4+BG provided results similar
to rOMSCs and are thus not shown. It can be seen that the
concentrations of zinc and strontium were higher in TE4 and
TE4+BG leaching liquor at each time due to the added Sr**
and Zn** (Figure 1A). When the material leaching liquor was
cultured with rOMSCs and rMSCs, the concentrations of
Mg?" and Sr** were higher in the TE4+BG group and Ca?*
and Si** higher in the BG group (Figure 1B). However, the
concentrations of P> and Zn*" were similar in all groups.

Proliferation of rOMSCs and rMSCs mediated
by TE4-CaP and 45SS bioactive glass

The MTT test of metabolic activity indicated the final
number of active cells in the conditioned media containing
the ionic extracts of TE4, BG and TE4+BG powders
(Supplementary Figure 1). Based on this, significantly
higher viability of both rOMSCs and rMSCs was observed
in the presence of 33% TE4+BG conditioned medium
at each time point (P<0.05). It should be noted that the
viability of rOMSCs in all conditioned media especially the
33% ratio was higher than those of rMSCs in DMEM alone,
indicating that the materials elevated the metabolic activity
of rOMSCs to equal to that of, or slightly higher than,
their normal level (Figure 2). Nevertheless, no significant
differences were observed in the other conditions (P>0.05).

ALP activity and mineralization (cell osteogenic
differentiation)

Normalized ALP activity in all groups increased
with prolonging culture time, peaking on day 21, as shown
in Supplementary Figure 2. Both rOMSCs and rMSCs
showed significantly higher ALP activity in the TE4+BG

www.impactjournals.com/oncotarget

36579

Oncotarget



group when compared with the TE4 and BG groups
(P<0.05) at every time point, and significantly higher
ALP activity in the presence of 33% conditioned medium
compared with other volume ratios. When compared
with the control group, the TE4 and BG groups were also
significantly higher ALP activity but with no significant
difference between TE4 and BG groups at each volume
ratio. The ALP activity of rOMSCs in all conditioned
media, especially the 33% ratio, was higher than that
of rMSCs in DMEM only, indicating that the materials
elevated the ALP activity of rOMSCs to that of, or slightly
greater than, their normal level (Figure 3).

Alizarin Red S staining was used to identify calcium
deposition in the cultured rOMSCs and rMSCs both in the
presence and absence of conditioned media. According
to the high magnification views of stained cells (Figure
4A), calcium mineralization was clearly seen in the cells
in all groups cultured in the presence of 33% conditioned
media, but those cultured in control medium free of
particles leaching liquor were only lightly stained. The
number of mineralized calcium nodules counted per low-
magnification field in rOMSC cultures in the control, TE4,
BG and TE4+BG groups was 1.1£0.1, 2.6+0.2, 3.5+£0.2
and 5.1+0.3 respectively, and 1.4+0.1, 3.1+0.1, 5.5+0.3
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Figure 1: Elemental analysis (ICP-MS) of ion concentration. (A) Ion concentration in TE4, BG and TE4+BG leachates at
various time periods. (B) Concentration in conditioned medium of each material group cultured with rOMSCs, changed every two days

and collected for ICP analysis.
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and 8.5+0.2 respectively in the rMSCs cultures. Thus the
number of calcium nodules in the TE4+BG groups was
significantly higher than that in the TE4 and BG groups
(P<0.05, Figure 4B). There was no significant difference
between the TE4 and BG groups (P>0.05).

Expression of specific genes and proteins
associated with osteogenesis

We selected quantitative PCR to detect expression
of the genes related to early (i.e. ALP, Runx 2) and late
(i.e. Col-1, OC) osteogenic differentiation. ALP expression
in both rOMSCs and rMSCs in the TE4+BG group was
significantly higher than that of the other groups (P<0.05,
Figure 5A) after 2 d of conditioned culture. Runx 2
expression in rOMSCs in the TE4+BG group was clearly
higher than that in the other groups at 6 d and longer,
while expression in rMSCs in the TE4+BG group was
upregulated from 2 d (P<0.05, Figure 5B). Similarly, the
expression of Col-I and OC in both cells types increased
significantly in the TE4+BG group after 6 and 10 d of
conditioned culture respectively (P<0.05, Figure 6A-6B).
The expression of all these genes was also higher in the
TE4 and BG groups than in the control group but there
was no significant difference between the TE4 and BG
groups.

0.8-
3 Control

[0 TE4-33%
B BG-33%
S TE4+BG-33%

O
()

O

OD Value
3

0.2-

2d

B VISCs in controll

Concurrent measurement of the cytoplasmic protein
concentration indicated early osteogenic differentiation.
The expression of Runx 2, Col-1, and OC in both rOMSCs
and rMSCs in the TE4+BG group, especially in the
presence of 33% conditioned medium, was clearly higher
than that in the other groups (P<0.05, Figure 7). Their
expression was also higher in the TE4 and BG groups than
that in the control group at 33% and 66% volume ratios.

DISCUSSION

Currently, the search for CaP coatings to improve
the osseointegration of implants is preferentially
focused on obtaining compositions closer to that of
the inorganic mineral phase of bone tissue. Recently,
Otsuka et al. evaluated the therapeutic efficacy of CaP
bioceramics containing magnesium, zinc and fluoride
for improving bone mineral deficiency in OVX rats and
found that CaP formulations were effective in improving
the composition of bone [24]. This finding was also
demonstrated by Tokudome et al. who evaluated the
ability of well-characterized Mg/Zn/F-CaP particles to
prevent bone mineral deficiency, with results indicating
that the compounds were effective in preventing bone
loss and having potential use for treating osteoporosis
[35]. A complete physicochemical characterization has

4d 6 d

Figure 2: Effect of ionic extraction of materials on cell proliferation activity at the 33% ratio. TE4-CaP, BG and TE4-
CaP+BG powders acting on rOMSC and rMSC proliferation at 2, 4 and 6 d, measured with MTT test. rOMSCs metabolic activity in TE4,

BG and TE4+BG groups were compared with control rMSCs.
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also been performed on Si/Sr codoped CaP coatings
and a significantly positive effect on the osteogenic
differentiation of cells was observed, confirming the
enormous potential of the approach of such coatings [36].

On the other hand, it is well known that BG has
positive effects on bone apposition in both animal studies
and clinical trials. The significant effects of 45S5 BG on
human bone marrow stromal cell growth and new bone
formation were evidenced [37]. An in vivo evaluation of
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N TE4+BG-33%
I MSCs in control

-
(6))
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2d 4d 6d

porous BGs prepared from 45S5 BG granules indicated
that BGs could be a promising material for tissue-
engineered bone repair [38]. In clinic, BG particles have
been used to contour deficient or irregular craniofacial
skeleton on seven patients and so this indicats that BGs
could be used clinically as a synthetic bone augmentation
clinically [39].

Recently, we have explored a polypeptide-assisted TE
dilute doping route to prepare the TEs co-doped octacalcium

10d 14d 21d

Figure 3: ALP activity in rOMSCs and rMSCs in the different material groups at the 33% ratio. rOMSC ALP activity in

TE4, BG and TE4+BG groups compared with control rMSCs.
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Figure 4: Alizarin Red S staining of bone nodules formed in different groups. (A) Calcified nodule formation was clearly seen
in all groups except cells in control differentiation medium which were lightly stained. (B) Number of mineralized nodules in control, TE4,
BG, and TE4+BG groups. Mineralized nodule number in the TE4+BG group was significantly higher than that in the BG and TE4 groups

(*, P<0.05).
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phosphate (OCP) mesoporous beads with tunable size,
mutlilayer structure and controllable TE contents provide
close to optimal composition and physicochemical
properties for promotion of the early stages of bone
regeneration [40]. More recently, we developed a more
versatile, facile low-heat biomimetic mineralization route
to synthesize a variety of binary to quaternary TE co-doped
CaPs in modified SBF. It was found that after injecting the
qCaP-loaded hydrogels (pH mediated by minor quantities
of commercially available 45S5 BG microparticles) into
critical-sized osteoporotic femoral defects in vivo, histology
and computed tomography scanning revealed that early-
stage new bone regeneration was significantly enhanced.
The quantity of mature bone substantially increased in
rats implanted with qCaP, 12 weeks postoperatively [41].
Therefore, we believe that the combination of TE4 and
BG and their superior biological efficacy will provide a
breakthrough in the biological repair of pathological bone
injuries in the near future.
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The aims of this study were to investigate the
capacity of the combination of TEs-CaP and 45S5 BG in
promoting the proliferation and osteogenic differentiation
of MSCs, and especially compare the osteogenic
effect of the different materials on pathological and
non-pathological rat-derived MSCs. In this regard,
it was observed that the proliferation and osteogenic
differentiation of both rOMSCs and rMSCs was promoted
when cultured in the TE4-conditioned medium in addition
to the BG group. Furthermore, the combination of TE4
and BG was found to be more effective than a single
material alone. According to the ICP-MS results, the
concentration of Mg?* and Sr** was higher in the TE4+BG
group which may indicate that these two ions play a more
important role than the others in osteogenic differentiation
(Figure 1B). Ossification was also promoted by relatively
low concentrations of Si** and Zn?>* or else high
concentrations probably lead to some negative effects in
bone formation and repairing.
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Figure 5: Effect of material powders on early osteogenic differentiation of rOMSCs and rMSCs at the gene level. Values
were normalized to the control group, set at 1. The TE4-CaP, BG and TE4+BG groups showed elevated expression at each time point. qRT-
PCR was used to detect ALP (A) and Runx 2 (B) expression responsible for osteogenic differentiation, clearly higher in the TE4+BG group
than that in TE4 and BG groups (¥, P<0.05).
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In vitro studies have demonstrated that the potential
to proliferate and undergo osteoblastic differentiation
of MSCs derived from osteoporotic rats and patients
is significantly reduced, ultimately causing reduced
regeneration capacity compared to that of normal
bones [42, 43]. In our study, the metabolism, and thus
proliferative potential of rOMSCs was shown to be
lower than that of rMSCs in control medium at each
time point according to the MTT test, which suggested
that the proliferative potential of rOMSCs was decreased
compared to rMSCs. Meanwhile, the ALP activity of
rOMSCs was also lower than that of rMSCs in control
medium indicating that the osteogenicity of rOMSCs was
also reduced. However, when exposed to the conditioned
culture media of the three groups of materials, the
proliferative and the osteoblastic differentiation potential

>

of rOMSCs were significantly elevated and the gap
between rOMSCs and rMSCs narrowed especially in the
TE4+BG group (Figure 2 and Figure 3).

In this work, we also analyzed the expression of
major genes and proteins important for bone formation.
Up-regulation of the osteogenic differentiation markers
Runx2, Col-I,ALP and OC were detected in the TE4+BG
groups indicating that TE4+BG induced a distinct
osteogenic effect at least at the gene expression level. In
fact, the present data demonstrated the similar effect of
TE4+BG at the protein expression level of Runx2, Col-I,
ALP and OC. On the other hand, our results showed that
Runx 2 expression in tOMSCs in the TE4+BG group
was clearly higher than that in the other groups at 6 d
and later, while its expression in rMSCs in the TE4+BG
group was up-regulated from 2 d (P<0.05, Figure 5A).
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The expression of Runx 2 is essential for cellular
commitment to an osteogenic differentiation [44], thus the
results suggested that the combination of TE4 and BG is
more effective for osteogenic differentiation than either
alone. However, at the protein expression level, Runx 2
expression in both rOMSCs and rMSCs in the TE4+BG
group was clearly higher than that in the other groups

A

at 2 d and later, suggesting that only a small change in
Runx 2 gene expression could cause significantly higher
protein expression of Runx2 in rOMSCs than rMSCs. The
detailed mechanism by which the materials stimulate MSC
proliferation and osteogenic differentiation in vitro, and
the exact manner by which TE functions in promoting
bone formation and repair warrant further investigation.
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Figure 7: Effect of material powders on osteogenic differentiation of rOMSCs and rMSCs at the protein level. Analysis
by ELISA was used to detect the Runx 2 (A), Col-I (B) and OC (C) cytoplasmic protein expression responsible for osteogenic differentiation.
Expression in the TE4+BG group was clearly higher than that in the TE4-CaP and BG groups (¥, P<0.05).
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Table 1: Sequence of primers and real-time PCR conditions

Gene Primer Sequence (Forward/Reverse) Amplicon Size (bp) Annealing
Temperature (°C)

p-actin 5’-TGACCCAGATCATGTTTGAGACCTT-3’ 111 62
5’-CGGAGTCCATCACAATGCCAGT-3’

ALP 5’-CAGGATTGACCACGGGCACC-3’ 326 58
5’-GCCTGGTAGTTGTTGTGAGC-3’

Runx 2 5’-ATTCAGTGACACCACCAGG-3’ 469 52
5’-AAATAGGCATCAGACAAACA-3’

Col-1 5’-TACAGCACGCTTGTGGATG-3’ 190 55
5’-TTGGGATGGAGGGAGTTTA-3’

oc 5’-TAAGGTGGTGAATAGACTCCG-3’ 281 54

5’-GTGCCGTCCATACTTTCG-3’

CONCLUSIONS

In summary, we exposed osteoporotic and normal
rat-derived MSCs to the ion dissolution products of the
TEs-CaP and 45S5 BG and a mixture of the two so as
to compare and evaluate the osteogenic effects of the
different materials. The MTT assay demonstrated that
a mixture of TEs-CaP and 45S5 BG can promote the
proliferation of MSCs. In addition, analysis of ALP
activity and Alizarin Red S staining indicate that the
synergistic stimulation of both TEs-CaP and 45S5 BG
materials provids a preferential environment for directing
rOMSC and rMSC differentiation towards osteoblasts.
The gene and protein expression profiles of osteogenic
differentiation markers demonstrated that the materials
induced rOMSC differentiation through up regulation of
Runx2, Col-I, ALP and OC expression, which is similar
to the osteogenic stimulation of rMSCs from normal rat
hind legs. Our studies demonstrated that the TEs-CaP
and 45585 BG operate together to create an expected
extracellular environment that promotes proliferation and
the osteogenic differentiation of MSCs to increase bone
formation.

MATERIALS AND METHODS

Preparation of materials

Reagent-grade inorganic salts (BBI, Canada), Tris
(Bio-Rad, USA) and poly-L-aspartic acid (PAsp, Mw
5.5 kDa; Taihe Co., Shandong) were used as received.
Deionized water was used in all experiments. Standard
simulated body fluid (SBF) containing 142.0 mM Na*,
5.0 mM K*, 1.5 mM Mg*, 2.5 mM Ca*, 0.5 mM SO,*,
1.0 mM HPO,*, 147.8 mM CI;, and 4.2 mM HCO, was
prepared and buffered to pH 7.4 at 370C according to
Kokubo’s recipe. A modified SBF solution containing

20 uM PAsp was prepared with Zn?":Ca?" and Sr*":Ca*'
molar ratios of 0.08:2.5 (3.2 at%) and 0.15:2.5 (6.0 at%)
respectively. Twenty five mM Na_SiO, solution was then
added to give an SiO,*:HPO,* ratios of 0.08:1.0 (8.0
at%). The pH of the modified SBF was adjusted to 7.4
prior to filtering and processing by hydrothermal treatment
at 1200C for 60 min. The TEs-CaP powders (denoted as
TE4 group) were harvested by filtering the suspension and
drying in a vacuum. The TEs-CaP/BG composite powders
(denoted as TE4+BG group) were prepared with 45S5 BG
(denoted as BG group) and TEs-CaP powders at a weight
ratio of 0.1:1.5 (6.7 wt%).

The elemental composition of the final samples
was measured by inductively coupled plasma-mass
spectrometry (ICP-MS) (IRIS INTREPID II XSP,
Thermo). Sterilized TE4, BG and TE4+BG were
respectively immersed in Dulbecco’s Modified Eagle
Medium (DMEM) at a density of 1.0 mg/ml. The fluid
in which ions had leached, termed leaching liquor, was
collected at 24 h, 48 h and 7 d after immersion and then
diluted using 8% HCI solution for ICP-MS analysis.

Cell isolation and cultivation

The rOMSCs and rMSCs were obtained from
marrow aspirates taken from the femurs of normal and
OVX rat hind legs, as described previously [41]. The
procedures for the use of animals were in accordance
with the animal care and use committee of Zhejiang
University. Three-month old female Sprague-Dawley rats
of weighting 22046 g were OVX to induce trabecular bone
osteoporosis, a well-accepted technique. rOMSCs were
obtained from rats four months after OVX that had been
raised on a normal diet,. Briefly, both the OVX and normal
rats were sacrificed by deep anesthesia, their femurs
harvested and washed with betadine solution and Hank’s
balanced salt solution containing 2% fetal bovine serum
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(FBS) and 1% penicillin-streptomycin. All the muscle
was cleaned from the bones and the bone marrow flushed
out using Hank’s buffer. Ultrapure water was added to the
marrow to lyze the red blood cells, then the remaining
cells spun into a pellet. The supernatant was decanted and
the cells were resuspended in culture medium. Cells were
then cultured in 25 cm? flasks in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin at 370C,
in 5%CO, within a saturated humidity. Non-adherent
cells were removed after 7 days. The culture medium
was changed three times per week, and cell experiments
performed after the second passage. Once cells had
reached confluence they were removed with 0.25%
trypsin in ImM tetrasodium EDTA (Invitrogen, USA). All
experiments were performed in accordance with relevant
guidelines and regulations of the Zhejiang Provincial
People’s Hospital. Animal experimentation protocols
were approved by the Ethics Committee of the Zhejiang
Provincial People’s Hospital.

Preparation of leaching DMEM and conditioned
media

The sterilized three groups of powders (i.e. TE4,
BG and TE4+BG) were immersed in DMEM at a density
of 1.0 mg/ml. The DMEM into which ions had leached,
known as leaching liquor, was collected at 48 h after
immersion. Conditionized medium comprised the DMEM
leaching liquor supplemented with 10% FBS and 1%
penicillin-streptomycin. It was divided into three sub-
groups by mixing fresh DMEM with conditioned media
at volume ratios of 33%, 66% and 100% respectively. The
conditioned medium of each material group was cultured
with both rOMSCs and rMSCs and was changed every
2 d, the culture supernatant collected for [CP-MS analysis
at the time the medium was changed.

Cell proliferation by MTT test

rOMSCs and rMSCs were plated at a density of
10x10* cells/cm? into 96-well plates and divided into 9
groups. Each group was cultured in a different conditioned
medium, fresh DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin used as a control. MTT
(3-(4,5-dimethyiazolyl-2)-2,5-diphenyl-tetrazolium
bromide; Sigma, Germany) is a dye which is reduced
into formazan by the metabolic activity of mitochondria
in active cells. Cell viability and proliferation rate at 2 d,
4 d and 6 d were measured using an MTT assay. Twenty
pul MTT solution (5 mg/ml) were added to each well and
the plates incubated (37°C, 5%CO,) for 4 h, after which
the medium was removed and 100 pl dimethyl sulfoxide
(DMSO; Merck, Australia) added. The plates were then
covered with tinfoil and placed on an orbital shaker for
10 min. The optical density (OD) at 490 nm was measured
by spectrophotometry.

Alkaline phosphatase (ALP) activity assay

ALP activity was determined at days 2, 4, 6, 10, 14,
21 using a LabAssay™ ALP assay kit (WAKO, Japan).
The rOMSCs and rMSCs were washed in phosphate-
buffered saline (PBS) three times and lysed with 0.1%
Triton X-100 solution. The ALP activity of the lysates
was determined using p-nitrophenyl phosphate as a
substrate. The absorbance was measured at 405 nm using
a microplate reader.

Gene expression using quantitative PCR analysis

In order to obtain more detailed information about
the osteogenic effects of the TE4, BG and TE4+BG
powders on rOMSCs and rMSCs, qRT-PCR was used to
quantify the upregulation of runt-related transcription
factor 2 (Runx 2) and other genes associated with
osteogenesis including alkaline phosphatase (ALP), type 1
collagen (Col-I) and osteocalcin (OC). After days 2, 6, 10,
14 and 21, the cell culture medium was removed and total
RNA extracted from the cells using the Trizol extraction
method. Purified RNA was then used for cDNA synthesis
using a PrimeScript™ RT reagent kit (Takara, Dalian)
following the manufacturer’s instructions. The expression
of various transcripts was analyzed using SYBR Premix
Ex Taq (Takara, Dalian) and normalized against the house
keeping gene f-actin. Primer sets used in this study are
shown in Table 1.

Protein expression using ELISA analysis

rOMSCs and rMSCs were washed in PBS three
times and lysed with 0.1% Triton X-100 solution.
Cytoplasmic protein expression was measured at days 2,
4,6, 10, 14 and 21, using a commercially available ELISA
kit (Mybiosource, USA) according to the manufacturer’s
instructions.

Osteogenic differentiation of cells and alizarin
Red S staining

To  determine  osteogenic  differentiation,
rOMSCs and rMSCs at second passage were plated at
a concentration of 4x10* cells/cm? in four groups: the
control group was osteogenic medium only, and three
leaching liquor groups containing the leachates of TE4,
BG and TE4+BG and osteogenic medium. Osteogenic
medium comprised DMEM supplemented with 0.1
uM DMSO, 50 pg.ml! ascorbic acid, 10 mM glycerol
2-phosphate and 2% FBS.

Mineralization of the cells with the different leaching
liquors was used as an indicator of differentiation of the
rOMSCs and rMSCs. Following osteogenic differentiation
for 21 d, the cell culture medium was removed from each
well and the rOMSCs and rMSCs washed in PBS twice
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prior to fixation in 95% cold ethanol for 30 min at 40C.
Alizarin Red S (Sigma) at a concentration of 0.5% in
PBS was added and the cells stained for 20 min at room
temperature. Cells were completely washed with PBS and
then imaged by light microscopy. The number of bone
nodules was counted and compared amongst groups.

Statistical analysis

Statistical significance was tested using a one-way
ANOVA with Bonferroni post-hoc test. All the tests were
performed using SPSS with a P value <0.05 taken as
statistically significant.

Authors’ contributions

Xiao-yi Chen, Hai Zou, Xiao-zhou Mou and
Zhong-ru Gou planned the article and contributed to data
collection, discussing content, writing and reviewing the
article. San-zhong Xu, Xuan-wei Wang, Xian-yan Yang,
Liang Ma, Lei Zhang, Guo-jing Yang, Fan Yang, Lin-
hong Wang, Xin-li Zhang, Kang Ting and Chang-you Gao
participated in its design, study supervision and helping to

writing the article.

ACKNOWLEDGMENTS

This work was supported by National Science
Foundation of China (No. 81301326, No. 51372218,
and No. 81271956), Funds of Science Technology
Department of Zhejiang Province (No. 2016C33055
and No. 2016C34G1360013), and Zhejiang Provincial
Natural Science Foundation of China (No. LY 15H160051,
No. LY15H180006, No. LZI14E020001, and No.
LQ14H060003).

CONFLICTS OF INTEREST

All authors: no conflicts.

REFERENCES

1. Kasperk C, Hillmeier J, Noldge G, Grafe 1A, Dafonseca
K, Raupp D, Bardenheuer H, Libicher M, Liegibel UM,
Sommer U, Hilscher U, Pyerin W, Vetter M, et al. Treatment
of painful vertebral fractures by kyphoplasty in patients
with primary osteoporosis: a prospective nonrandomized
controlled study. J Bone Miner Res. 2005; 20: 604-12. doi:
10.1359/JBMR.041203.

2. Stadelmann VA, Gauthier O, Terrier A, Bouler JM, Pioletti
DP. Implants delivering bisphosphonate locally increase
periprosthetic bone density in an osteoporotic sheep model.
A pilot study. Eur Cell Mater. 2008; 16: 10-6.

3. Verron E, Gauthier O, Janvier P, Pilet P, Lesoeur J, Bujoli
B, Guicheux J, Bouler JM. In vivo bone augmentation in

10.

11.

12.

13.

14.

15.

16.

an osteoporotic environment using bisphosphonate-loaded
calcium deficient apatite. Biomaterials. 2010; 31: 7776-84.
doi: 10.1016/j.biomaterials.2010.06.047.

Wang ML, Massie J, Perry A, Garfin SR, Kim CW. A rat
osteoporotic spine model for the evaluation of bioresorbable
bone cements. Spine J. 2007; 7: 466-74. doi: 10.1016/j.
spinee.2006.06.400.

Yang H, Zou J. Filling materials used in kyphoplasty and
vertebroplasty for vertebral compression fracture: a literature
review. Artif Cells Blood Substit Immobil Biotechnol. 2011;
39: 87-91. doi: 10.3109/10731199.2010.503319.

LeGeros RZ. Calcium phosphate-based osteoinductive
materials. Chem Rev. 2008; 108: 4742-53. doi: 10.1021/
cr800427g.

Rey C. Calcium phosphate biomaterials and bone mineral.
Differences in composition, structures and properties.
Biomaterials. 1990; 11: 13-5.

Bandyopadhyay A, Bernard S, Xue W, Bose S. Calcium
Phosphate-Based Resorbable Ceramics: Influence of MgO,
Zn0O, and SiO Dopants. Journal of the American Ceramic
Society. 2006; 89: 2675-88.

Dorozhkin SV, Epple M. Biological and medical
significance ~ of  calcium  phosphates.
Chem Int Ed Engl. 2002; 41: 3130-46.
10.1002/1521-3773(20020902)41:17<3130::AID-
ANIE3130>3.0.CO;2-1.

Marie PJ, Felsenberg D, Brandi ML. How strontium
ranelate, via opposite effects on bone resorption and
formation, prevents osteoporosis. Osteoporos Int. 2011; 22:
1659-67. doi: 10.1007/s00198-010-1369-0.

Yang F, Yang D, Tu J, Zheng Q, Cai L, Wang L. Strontium
enhances osteogenic differentiation of mesenchymal stem

Angew
doi:

cells and in vivo bone formation by activating Wnt/catenin
signaling. Stem Cells. 2011; 29: 981-91. doi: 10.1002/
stem.646.

Cardemil C, Elgali I, Xia W, Emanuelsson L, Norlindh
B, Omar O, Thomsen P. Strontium-doped calcium
phosphate and hydroxyapatite granules promote different
inflammatory and bone remodelling responses in normal
and ovariectomised rats. PLoS One. 2013; 8: €84932. doi:
10.1371/journal.pone.0084932.

Chen CC, Ho CC, David Chen CH, Wang WC, Ding SJ. In
vitro bioactivity and biocompatibility of dicalcium silicate
cements for endodontic use. J Endod. 2009; 35: 1554-7. doi:
10.1016/j.joen.2009.08.006.

Maehira F, Miyagi I, Eguchi Y. Effects of calcium sources
and soluble silicate on bone metabolism and the related
gene expression in mice. Nutrition. 2009; 25: 581-9. doi:
10.1016/j.nut.2008.10.023.

Kishi S, Yamaguchi M. Inhibitory effect of zinc compounds
on osteoclast-like cell formation in mouse marrow cultures.
Biochem Pharmacol. 1994; 48: 1225-30.

Seo HJ, Cho YE, Kim T, Shin HI, Kwun IS. Zinc
may increase bone formation through stimulating cell

www.impactjournals.com/oncotarget

36588

Oncotarget



17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

proliferation, alkaline phosphatase activity and collagen
synthesis in osteoblastic MC3T3-E1 cells. Nutr Res Pract.
2010; 4: 356-61. doi: 10.4162/nrp.2010.4.5.356.

Yamaguchi M, Uchiyama S. Receptor activator of
NF-kappaB ligand-stimulated osteoclastogenesis in mouse
marrow culture is suppressed by zinc in vitro. Int J Mol
Med. 2004; 14: 81-5.

Gur A, Colpan L, Nas K, Cevik R, Sarac J, Erdogan F,
Duz MZ. The role of trace minerals in the pathogenesis of
postmenopausal osteoporosis and a new effect of calcitonin.
J Bone Miner Metab. 2002; 20: 39-43. doi: 10.1007/
s007740200005.

Nishi Y. Zinc and growth. J Am Coll Nutr. 1996; 15: 340-4.

Chou J, Hao J, Hatoyama H, Ben-Nissan B, Milthorpe B,
Otsuka M. The therapeutic effect on bone mineral formation
from biomimetic zinc containing tricalcium phosphate
(ZnTCP) in zinc-deficient osteoporotic mice. PLoS One.
2013; 8: €71821. doi: 10.1371/journal.pone.0071821.

Boanini E, Gazzano M, Bigi A. Ionic substitutions in
calcium phosphates synthesized at low temperature.
Acta Biomater. 2010; 6: 1882-94. doi: 10.1016/.
actbio.2009.12.041.

22. Nielsen, Forrest H. Importance of making dietary
recommendations for elements designated as nutritionally
beneficial, pharmacologically beneficial, or conditionally
essential. Journal of Trace Elements in Experimental
Medicine. 2000; 13: 113-29.

Yang X, Gan Y, Gao X, Zhao L, Gao C, Zhang X, Feng Y,
Ting K, Gou Z. Preparation and characterization of trace
elements-multidoped injectable biomimetic materials for
minimally invasive treatment of osteoporotic bone trauma.
J Biomed Mater Res A. 2010; 95: 1170-81. doi: 10.1002/
jbm.a.32936.

Otsuka M, Oshinbe A, Legeros RZ, Tokudome Y, Ito A,
Otsuka K, Higuchi WI. Efficacy of the injectable calcium
phosphate ceramics suspensions containing magnesium,
zinc and fluoride on the bone mineral deficiency in
ovariectomized rats. J Pharm Sci. 2008; 97: 421-32. doi:
10.1002/jps.21131.

Aho AJ, Suominen E, Alanen A, Yli-Urpo A, Knuuti J,
Aho HJ. Remodeling of the tibia after grafting of a large
cavity with particulate bioactive glass-hydroxylapatite--
case report on treatment of fibrous dysplasia with 13 years'
follow-up. Acta Orthop Scand. 2003; 74: 766-70. doi:
10.1080/00016470310018342.

Elshahat A, Shermak MA, Inoue N, Chao EY, Manson
P. The use of Novabone and Norian in cranioplasty: a
comparative study. J Craniofac Surg. 2004; 15: 483-9.
Peltola M, Kinnunen I, Aitasalo K. Reconstruction of orbital
wall defects with bioactive glass plates. J Oral Maxillofac
Surg. 2008; 66: 639-46. doi: 10.1016/j.joms.2007.11.019.
Loty C, Sautier JM, Tan MT, Oboeuf M, Jallot E,
Boulekbache H, Greenspan D, Forest N. Bioactive glass
stimulates in vitro osteoblast differentiation and creates a

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

favorable template for bone tissue formation. ] Bone Miner
Res. 2001; 16: 231-9. doi: 10.1359/jbmr.2001.16.2.231.

Hench LL, Paschall HA. Direct chemical bond of bioactive
glass-ceramic materials to bone and muscle. J Biomed
Mater Res. 1973; 7: 25-42. doi: 10.1002/jbm.820070304.

Ducheyne P, Qiu Q. Bioactive ceramics: the effect of
surface reactivity on bone formation and bone cell function.
Biomaterials. 1999; 20: 2287-303.

Schepers EJ, Ducheyne P. Bioactive glass particles of
narrow size range for the treatment of oral bone defects: a
1-24 month experiment with several materials and particle
sizes and size ranges. J Oral Rehabil. 1997; 24: 171-81.

Reilly GC, Radin S, Chen AT, Ducheyne P. Differential
alkaline phosphatase responses of rat and human bone
marrow derived mesenchymal stem cells to 45S5 bioactive
glass. Biomaterials. 2007; 28: 4091-7. doi: 10.1016/.
biomaterials.2007.05.038.

Benisch P, Schilling T, Klein-Hitpass L, Frey SP, Seefried
L, Raaijmakers N, Krug M, Regensburger M, Zeck S,
Schinke T, Amling M, Ebert R, Jakob F. The transcriptional
profile of mesenchymal stem cell populations in primary
osteoporosis is distinct and shows overexpression of
osteogenic inhibitors. PLoS One. 2012; 7: e45142. doi:
10.1371/journal.pone.0045142.

Yu L, LiY, Zhao K, Tang Y, Cheng Z, Chen J, Zang Y, Wu
J,Kong L, Liu S, Lei W, Wu Z. A novel injectable calcium
phosphate cement-bioactive glass composite for bone
regeneration. PLoS One. 2013; 8: €62570. doi: 10.1371/
journal.pone.0062570.

Tokudome Y, Otsuka M, Ito A, LeGeros RZ. Long-term
therapeutic effect of novel calcium phosphate-based
compounds injected in ovariectomized rats. J Biomed Mater
Res B Appl Biomater. 2009; 90: 229-37. doi: 10.1002/
jbm.b.31277.

36. Rodriguez-Valencia C, Pereiro I, Pirraco RP,
Lopez-Alvarez M, Serra J, Gonzalez P, Marques AP,
Reis RL. Human mesenchymal stem cells response
to multi-doped silicon-strontium calcium phosphate
coatings. J Biomater Appl. 2014; 28: 1397-407. doi:
10.1177/0885328213510056.

Yang XB, Webb D, Blaker J, Boccaccini AR, Maquet V,
Cooper C, Oreffo RO. Evaluation of human bone marrow
stromal cell growth on biodegradable polymer/bioglass
composites. Biochem Biophys Res Commun. 2006; 342:
1098-107. doi: 10.1016/j.bbrc.2006.02.021.

Livingston T, Ducheyne P, Garino J. In vivo evaluation of
a bioactive scaffold for bone tissue engineering. J Biomed
Mater Res. 2002; 62: 1-13. doi: 10.1002/jbm.10157.

Elshahat A. Correction of Craniofacial Skeleton Contour
Defects Using Bioactive Glass Particles. Egypt J Plast
Reconstr Surg. 2005; 30.

40. Yang X, Zhang L, Chen X, Yang G, Zhang L, Gao C,
Yang H, Gou Z. Trace element-incorporating octacalcium
porous beads polypeptide-assisted

phosphate via

WWw

.impactjournals.com/oncotarget

36589

Oncotarget



41.

42.

nanocrystal self-assembly for potential applications in
osteogenesis. Acta Biomaterialia. 2012; 8: 1586-96.

Chen X, Sun X, Yang X, Zhang L, Lin M, Yang G, Gao
C, Feng Y, Yu J, Gou Z. Biomimetic preparation of trace
element-codoped calcium phosphate for promoting
osteoporotic bone defect repair. Journal of Materials
Chemistry B. 2013; 1: 1316-25. doi: 10.1039/C2TB00138A.
Guan M, Yao W, Liu R, Lam KS, Nolta J, Jia J, Panganiban
B, Meng L, Zhou P, Shahnazari M, Ritchie RO, Lane NE.
Directing mesenchymal stem cells to bone to augment bone
formation and increase bone mass. Nat Med. 2012; 18: 456-
62. doi: 10.1038/nm.2665.

43.

44,

Li DJ, Ge DX, Wu WC, Wu J, Li L. [Osteogenic potential of
bone marrow mesenchymal stem cells from ovariectomied
osteoporotic rat]. [Article in Chinese]. Sichuan Da Xue Xue
Bao Yi Xue Ban. 2005; 36: 318-21.

Valenti MT, Garbin U, Pasini A, Zanatta M, Stranieri C,
Manfro S, Zucal C, Dalle Carbonare L. Role of 0x-PAPCs
in the differentiation of mesenchymal stem cells (MSCs)
and Runx2 and PPARgamma?2 expression in MSCs-like
of osteoporotic patients. PLoS One. 2011; 6: €20363. doi:
10.1371/journal.pone.0020363.

www.impactjournals.com/oncotarget

36590

Oncotarget



