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1. Introduction
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The effect of silicate ions on proliferation, osteogenic
differentiation and cell signalling pathways (WNT and
SHH) of bone marrow stromal cellst
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Silicon (Si) is a trace element, which plays an important role in human bone growth. Si has been incorpo-
rated into biomaterials for bone regeneration in order to improve their osteogenic potential, both
in vitro and in vivo. Little is known, however, as to how Si ions elicit their biological response on bone-
forming cells. The aim of this study was to investigate the effect of Si ions on the proliferation, differen-
tiation, bone-related gene expression and cell signalling pathways of bone marrow stromal cells (BMSCs)
by comparing the BMSC responses to different concentrations of NaCl and Na,SiOs, while taking into
account and excluding the effect of Na ions. Our study showed that Si ions at a concentration of
0.625 mM significantly enhanced the proliferation, mineralization nodule formation, bone-related gene
expression (OCN, OPN and ALP) and bone matrix proteins (ALP and OPN) of BMSCs. Furthermore, Si ions
at 0.625 mM could counteract the effect of the WNT inhibitor (W.l.) cardamonin on the osteogenic
genes expression, (OPN, OCN and ALP), WNT and SHH signalling pathway-related genes in BMSCs. These
results suggest that Si ions by themselves play an important role in regulating the proliferation and osteo-
genic differentiation of BMSCs, with the involvement of WNT and SHH signalling pathways. Our study
provides evidence to explain possible molecular mechanisms whereby Si ions released from Si-containing
biomaterials can acquire enhanced bioactivity at desired concentration.

pure Ca-P ceramics.*? " Silicate-based bioactive glasses and
ceramics have also been widely studied for bone regeneration

For the past thirty years, significant attention has been paid to
silicon (Si), due to the studies of Carlisle and Schwarz, who
showed that Si is an important factor in skeletal development
and repair."”? Si has been found to be an important trace
element in human body. Si is located at active calcification
sites in the bones and is directly involved in the mineralization
process of bone growth." Due to this significant function of Si
in human bone, Si has been widely incorporated into Ca-P
bioceramics in order to enhance their bioactivity.> ® Typically,
Si-doped hydroxyapatite and tricalcium phosphate ceramics
have been prepared. It has been found that Si-doped Ca-P bio-
ceramics have improved biological performance compared to

“Institute of Health and Biomedical Innovation, Queensland University of
Technology, Brishane, Queensland 4059, Australia. E-mail: yin.xiao@qut.edu.au;
Tel: +61-7-31386240; Fax: +61-7-31386030

bState Key Laboratory of High Performance Ceramics and Superfine Microstructure,
Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050,
People’s Republic of China. E-mail: chengtiewu@mail.sic.ac.cn;

Tel: +86-21-52412249; Fax: +86-21-52413903

TElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢2bm00108j

This journal is © The Royal Society of Chemistry 2013

applications."™® The significant advantages of this family of
materials are that Si-containing ionic products from these bio-
materials significantly enhance the proliferation and osteo-
genic differentiation of a series of stem cells, including bone
marrow stromal cells, human dental pulp cells, periodontal
ligament cells, and adipose-derived stem cells."””>* Our recent
study found that silicate ceramics have significantly enhanced
in vivo bone formation in a form of lactide-co-glycolide micro-
spheres.>® Some silicate ceramics, CaSiO; and Ca,MgSi,0-,
have significantly improved in vivo osteogenesis compared
to conventional p-tricalcium phosphate ceramics.>>2® These
in vitro and in vivo studies seem to indicate that Si may play an
important role in stimulating the biological response of bone-
forming cells and further enhancing the osteogenic bioactivity
of biomaterials. However, as reported by Bohner in his leading
opinion paper, until now there has been no obvious and direct
evidence linking the improved biological performance of
Si-substituted calcium phosphates to Si release.”” Similarly, for
silicate bioactive glasses and ceramics, their ionic products
contain not only Si, but also other important biological ions,
such as Na, Mg, Zn, Ca, etc.”>*%?° 1t is difficult to claim that
silicate-based bioactive glasses and ceramics have improved
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in vitro and in vivo bioactivity due to the Si ions. It is therefore
of great importance to investigate the role of Si ions them-
selves on the biological response of bone-forming cells. Pre-
viously, Zou et al. applied sodium silicate (Na,SiO;) to study
the effect of Si ions on human osteoblast adhesion, prolifer-
ation and alkaline phosphatase (ALP) activity and found that
30 mM of Si ions could enhance the metabolic activity of
osteoblasts.*® However, in their study, Na ions were also incor-
porated into cell culture medium, which may also influence
cell response.®® The study has, therefore, not evaluated inde-
pendently the effect of Si ions on cell response. Although
Reffitt and Duivenvoorden found that orthosilicic acid
(H4S10,) could stimulate collagen type 1 synthesis and osteo-
blastic differentiation of human osteoblasts, it was still
unclear how Si ions themselves influence cell response.*'”** To
the best of our knowledge, there are few studies concerning
the influence of Si ions on bone-related gene expression and
cell signalling pathways of bone-forming cells. The aim of this
study was therefore to systematically investigate the effects of
Si ions on the proliferation, differentiation, nodule formation,
bone-related gene expression and signalling pathways of
BMSCs by comparing the response of BMSCs to various con-
centrations of NaCl and Na,SiO; in order to exclude the effect
of Na ions. Here we provide some evidence of the important
role of Si ions in Si-containing biomaterials in influencing the
cell response during osteogenic differentiation.

2. Experimental section

2.1 Preparation of cell culture medium containing different
concentrations of Na,SiO; and NaCl

In order to investigate the effect of Si ions on the proliferation,
differentiation, bone-related gene expression and signalling
pathways of BMSCs, two groups of studies were carried out
with the same concentration of Na ions. Cells in group A were
cultured with different concentrations of NaCl (A group: NaCl),
while cells in group B were treated with a range of concen-
trations of Na,SiO; (B group: Na,Si0O3), as shown in Table 1. As
group A and group B have the same concentration of Na ions
in each corresponding concentration pair (Table 1), the effect
of Si ions on cell response could be studied through the fold
change by comparing group A and group B (fold change > 1: Si
ions stimulating cell response; fold change < 1: Si ions down-
regulating cell response). To prepare the stock solutions of
Na,SiO; and NacCl, Na,SiO; and NaCl powders were dissolved
into low glucose Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen Pty Ltd., Australia) at concentrations of 50 mM and
100 mM, respectively. After sufficient dissolution, serial

Table 1 Corresponding concentrations of Na and Si ions in two groups
(A: NaCl; B: Na5SiOs) (mM)

Group A Na 10 5 2.5 1.25 0.125 0.0125
Si 0 0 0 0 0 0

Group B Na 10 5 2.5 1.25 0.125 0.0125
Si 5 2.5 1.25 0.625 0.0625 0.00625
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concentrations of NaCl and Na,SiO; were prepared using
DMEM medium. Subsequently, the original and diluted solu-
tions were sterilized using 0.2 pm filter and supplemented
with fetal calf serum (FCS, 10% by volume; InVitro Technology,
Australia) and penicillin/streptomycin (P/S, 1% by volume;
Invitrogen Pty Ltd., Australia) for further cell -culture
experiments.

2.2 Isolation and culture of BMSCs

Isolation and culture of BMSCs was performed as described
before.”*** BMSCs were isolated from bone marrow aspirates
from patients (mean age: 65 years) undergoing elective knee
and hip replacement surgery, with consent by all patients
involved and ethical approval by the Human Ethics Commit-
tees of Queensland University of Technology and The Prince
Charles Hospital. In brief, to prevent coagulation, 2 mL of
heparin was mixed with 10 mL of bone marrow aspirate and
then diluted with 12 mL of PBS. Then, using a serological
pipette, 12 mL of a density gradient solution (Lymphoprep;
Axis-Shield PoC AS, Oslo, Norway) was carefully placed under-
neath the bone marrow solution and centrifuged at 800 rpm
for 10 min. The resulting supernatants were cultured in
DMEM supplemented with 10% v/v fetal bovine serum, 1% v/v
P/S at 37 °C in a humidified 5% CO, incubator. The medium
was then changed after five days to remove non-adherent cells.
The cells were passaged at approximately 80% confluence and
expanded through two passages to obtain a sufficient number
of cells for the in vitro assays.

2.3 The effect of Si on the cell proliferation of BMSCs

The proliferation of BMSCs in two groups was carried out with
a colorimetric 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) assay as described before.>*** Briefly,
BMSCs were cultured in 96-well plates at an initial density of
5000 cells per well. On days 1 and 7, 10 uL of 5 mg mL ™" of
MTT solution (Sigma-Aldrich, Australia) were added to each
well and incubated at 37 °C to form formazan crystals. After
4 h, the medium was removed and dimethyl sulfoxide (DMSO)
was added to dissolve the MTT-formazan product. The absor-
bance for the MTT-formazan was measured at 4 495 nm with a
microplate reader (SpectraMax, Plus 384, Molecular Devices,
Inc., USA).

2.4 The effect of Si on alkaline phosphatase (ALP) activity of
BMSCs

BMSCs were cultured in 24-well culture plates with a seeding
density of 1 x 10° cells per well. ALP activity was assessed at
day 7 and 14 in BMSCs cultured in different concentrations of
NaCl and Na,SiO; using the method as published before.***?
Briefly, the cells were lysed in 200 pL of 0.2% Triton® X-100
and then centrifuged at 14 000 rpm for 15 min at 4 °C. 50 pL
supernatants were mixed with 150 pL working solution accord-
ing to the manufacturer’s protocol (QuantiChrom™ Alkaline
Phosphatase Assay Kit, BioAssay Systems, USA). The total
protein content was measured by the bicinchoninic acid
protein assay kit (Sigma-Aldrich, Australia). The relative ALP
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activity was then obtained as the changed optical density (OD)
values divided by the reaction time and total protein content.

2.5 The effect of Si on nodule formation of BMSCs

In order to identify mineralization-like nodule formation,
Alizarin Red S staining was performed on day 14 after the
BMSCs were cultured in different concentrations of NaCl and
Na,SiO;. The cells were fixed in cold 100% methanol for
10 min, then stained in a solution of 1% Alizarin Red S at pH
4.1 for 10 min and then washed with H,0. The samples were
air dried and photos were taken under a light microscope.

2.6 The effect of Si on bone-related gene expression of
BMSCs

To investigate the effect of Si on the gene expression of Alkaline
Phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN), the
total RNA was extracted from BMSCs cultured in different con-
centrations of NaCl and Na,SiO; using Trizol reagent (Invitro-
gen Pty Ltd., Australia) and complementary DNA was
synthesized using Superscript III reverse transcriptase (Invitro-
gen Pty Ltd., Australia) from 1 pg of the total RNA, following
the manufacturer’s instructions. RT-qPCR primers (Table 2)
were designed based on cDNA sequences from the NCBI
Sequence database using the Primer Express® software, and
the primer specificity was confirmed by BLASTN searches.
RT-gPCR was performed on an ABI Prism 7300 Thermal Cycler
(Applied Biosystems, Australia) with SYBR Green detection
reagent following the protocol published previously.>** The
relative mRNA expressions of ALP, OPN and OCN were assayed
and normalized against the house keeping gene 18s. Each
sample was performed in triplicate. The mean cycle threshold
(Ct) value of each target gene was normalized against the
Ct value of housekeeping gene 18s ribosomal RNA and the

relative expression calculated using the following formula:
2—(norma]ized average Cts) o 104

2.7 The effect of Si on WNT and SHH signalling pathways of
BMSCs

To investigate the effect of different concentrations of Si on
the expression of WNT and SHH signalling related genes of
BMSCs, measurements of the gene expression of axins inhi-
bition protein 2 (AXIN2), beta-catenin (f- CATENIN or CTNNB),
sonic hedgehog homolog (SHH) and protein patched homolog
(PTCH1) were carried out. Cells were collected at two time

Table 2 Primer pairs used in gqRT-PCR analysis
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points (day 7 and 14) and RT-PCR was carried out using the
same method as described in Section 2.6.

To further investigate the effect of Si ions on cell prolifer-
ation in relation to the WNT signalling pathway, cardamonin,
an effective W.I., was added at a concentration of 10 pM
directly to the culture medium containing a specific concen-
tration of Si ions. After 1, 3 and 7 days, cells were collected and
MTT assays were performed using the same method described
in Section 2.3. When indicated, the effect of Si ions on cell
response was displayed using the fold changes by comparing
corresponding concentration of group A and group B (fold
change > 1: Si ions stimulating cell response; fold change < 1:
Si ions down-regulating cell response).

The effect of Si ions on osteogenic differentiation and
WNT/SHH cell signalling pathways in the present of a W.I. was
also investigated. Cells were cultured in the presence of 10 pM
of cardamonin in culture media containing NaCl and Na,SiO;.
After 3 and 7 days, cells were collected and the expression of
osteogenic genes (ALP, OCN, OPN), AXIN2, CTNNB, SHH and
PTCH1 was performed with RT-PCR using the same method
described in Section 2.6. When indicated, the effect of Si ions
on cell response was measured using the same method
described in Section 2.1.

2.8 The effect of Si on bone-related protein of human BMSCs
(hBMSCs) by western blotting analysis

Western blotting analysis was performed for the direct detec-
tion of the ALP, OPN and OCN protein expression. In brief,
whole cell lysates were obtained from cells cultured with
0.625 mM Na,SiO; and 1.25 mM NaCl for one week. 10 pg pro-
teins from each sample were separated on SDS-PAGE gels and
then transferred onto a nitrocellulose membrane (Pall Corpo-
ration, East Hills, NY, USA) and blocked in 5% non-fat milk.
The membranes were incubated with primary antibodies
against ALP (1: 1000, rabbit anti-human; Abcam, Sapphire Bio-
science Pty. Ltd., Australia), OPN (1:1000, rabbit anti-human;
Thermo Fisher Scientific, USA), OCN (1:1000, rabbit anti-
human; Thermo Fisher Scientific, USA) and GAPDH (1 :1000,
mouse anti-human; Abcam, Sapphire Bioscience Pty. Ltd.,
Australia) overnight at 4 °C. The membranes were washed
three times in TBS-Tween buffer, and then incubated with
anti-mouse/rabbit HRP conjugated secondary antibodies at
1:4000 dilutions for 1 h at room temperature. The protein
bands were visualized using the SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific,

Gene Forward primer Reverse primer

OCN 5" GCAAAGGTGCAGCCTTTGTG 3’ 5" GGCTCCCAGCCATTGATACAG 3'
OPN 5" TCACCTGTGCCATACCAGTTAA 3’ 5" TGAGATGGGTCAGGGTTTAGC 3’
ALP 5" TCAGAAGCTAACACCAACG 3' 5" TTGTACGTCTTGGAGAGGGC 3'
AXIN2 5" CCCCAAAGCAGCGGTGC 3’ 5" GCGTGGACACCTGCCAG 3'

B-CATENIN

PTCH1
18s 5" TTCGGAACTGAGGCCATGAT 3’

This journal is © The Royal Society of Chemistry 2013

5" GCTACTGTTGGATTGATTCGAAATC 3’
SHH 5" CGCCAGCGGAAG GTATGAAG 3’
5" GAGTCCCTTTCGTCATGCTAGGTC 3’

5" CCCTGCTCACGCAAAGGT 3'

5" CAACTTGTCCTTACACCTCTGAGTCA 3’
5" GCC CCTATGCCAAAGGTGACC 3’

5" CGAACCTCCGACTTCGTTC 3’
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Australia) and exposed on X-ray films (Fujifilm, Australia). The
relative intensity of protein bands was quantified using Image]J
software.

2.9 Statistical analysis

The experiments were carried out in triplicate. Analysis was
performed using SPSS software (SPSS Inc., Chicago, IL, USA).
All the data were expressed as mean + standard deviation (SD)
and were analysed using one-way ANOVA with a Post Hoc test.
A p-value < 0.05 was considered statistically significant.

3. Results

3.1 The effect of Si on cell proliferation

An MTT proliferation assay showed that NaCl at high concen-
tration (2.5-10 mM) decreased the cell number and prolifer-
ation of BMSCs at both day 1 and day 7; whereas there was no
significant difference in the BMSC proliferation in other NaCl
concentrations in comparison with that in normal culture
media (blank control) (Fig. 1a). The concentrations of Na,SiOs,
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on the other hand, had an obvious effect on cell proliferation
(Fig. 1b). The cell viability at the low end of the Na,SiO; con-
centration ranges (0.00625 to 2.5 mM) was much higher than
at high concentrations (5 mM) and there was a trend of stimu-
lation of cell proliferation with increased concentrations of Si
(0.00625 to 2.5 mM) (Fig. 1b). By comparing the viability and
proliferation of BMSCs between NaCl and Na,SiO3, it is clear
that concentrations of Si of 1.25 mM and 2.5 mM had the
effect of increasing cell viability at day 1 and proliferation at
day 7 (fold change > 1), while Si at 5 mM inhibited cell pro-
liferation of BMSCs (Fig. 1c).

3.2 The effect of Si on ALP activity and mineralization nodule
formation of BMSCs

The NaCl concentration had no significant effect on the ALP
activity of BMSCs (Fig. 2a). At the lower NaCl concentration of
0.0125 mM, ALP activity showed an increase over time
(Fig. 2a). The ALP activity of BMSCs cultured in low concen-
trations of Na,SiO; (0.00625-1.25 mM) showed no difference
and was decreased at high concentrations (2.5 and 5 mM) at
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Fig. 1 BMSCs viability at day 1 and proliferation at day 7 in medium containing different concentrations of NaCl (a) and Na,SiOs (b) and the fold change of cell pro-

liferation with different Si concentrations (c) after comparing the groups of NaCl and Na,SiOs. At both day 1 and 7, Si ions at the concentration of 2.5 and 1.25 mM
significantly enhanced cell viability and proliferation (fold change > 1) (c). The dotted line shows a fold change of 1 in cell proliferation between NaCl and Na,SiO3

groups, indicating there is no difference between these two groups.

382 | Biomater. Sci., 2013, 1, 379-392

This journal is © The Royal Society of Chemistry 2013


https://doi.org/10.1039/c2bm00108j

Published on 12 December 2012. Downloaded on 2/18/2026 11:12:06 PM.

Biomaterials Science

View Article Online

Paper

0.354 = 14d) ()
0.304
0.254
0.20
0.15

0.10+

0.05+

Relative ALP activity(OD450/min/ug)

2

=3

o
I

5 25 1.25 0.625  0.0625
Na,SiO3 concentration (mM)

0.00625

D 35 [EETd
0.35
,E: ‘”-14.1 (a)
E 030
(=3
n
<
0 0.25
e
20.20
2
°
® 0.15
o
|
< 0.10
[
2
® 0.05-
©
(4
0.00-
10 5 25 125  0.125 0.0125
NaCl concentration (mM)
2.0
I 7d
18{Em14d| (¢)
o 1.6
>
G 14-
S
o 121
(=]
S p—_———r———
o
208
2
S 0.6-
[
Q. 0.4
0.2

5 25

1.25 0.625 0.0625

0.00625

Si concentration (mM)

Fig. 2 The relative ALP activity of BMSCs observed in culture with different concentrations of NaCl (a) and Na,SiOs (b) and the independent Si effect shown by the
fold change of ALP activity between the treatment groups of NaCl and Na,SiO3 (c). At days 7 and 14, a concentration of Si ions of 0.00625 mM significantly
increased the ALP activity of BMSCs (~1.7 and 1.1 fold change, respectively); in contrast, ALP activity of BMSCs decreased at other concentrations of Si (fold change <
1) (c). The dotted line indicates a fold change of ALP activity of 1 between NaCl and Na,SiO3 groups.

both 7 and 14 days (Fig. 2b). A comparison of ALP activities
between cells cultured in NaCl and Na,SiO; revealed that the
relative ALP activity increased significantly at an Si concen-
tration of 0.00625 mM on day 7 (fold change = 1.7) and day 14
(fold change = 1.1) (Fig. 2c). There were no stimulatory effects
at other Si concentrations; in contrast, ALP activity was
reduced (Fig. 2c).

Alizarin Red S staining showed evidence of nodule for-
mation and calcium deposition. It was noted that mineralized
nodules were seen at all concentrations of Na,SiO; (Fig. 3) and
the nodules became more distinct with increased concen-
tration of Na,SiO; (Fig. 3 right column). There was no obvious
effect on Ca mineralization seen in the NaCl groups (Fig. 3 left
column).

3.3 The effect of Si on bone-related gene expression of
BMSCs

At day 7, the mRNA expression of OPN in BMSCs increased as
NaCl concentration decreased. At day 14, OPN expression was
increased in NaCl concentrations of 0.0125 and 5 mM com-
pared to the other concentrations and also had increased over

This journal is © The Royal Society of Chemistry 2013

time (Fig. 4a). OPN expression increased over time with most
Na,SiO; concentrations. A comparison of OPN expression
between the NaCl and Na,SiO; groups showed that, at day 7,
Si significantly enhanced OPN expression across the concen-
tration range (fold change > 1) and 0.625 mM Si in particular
stood out with a 25 fold increase of OPN expression (Fig. 4c). At
day 14, OPN expression was reduced at high Si concentrations
(2.5 and 5 mM) and expression was highest at 0.625 mM Si
(~5 fold change) compared to the other concentrations (Fig. 4c).

The relative mRNA expression of OCN in BMSCs at day 7 was
higher at 1.25 mM NacCl than at the other concentrations and,
at day 14, OCN expression was significantly increased at 0.0125
and 5 mM of NaCl (Fig. 4d). The OCN expression level of cells
treated with 0.625 mM of Na,SiO; was significantly higher than
in other concentrations at both days 7 and 14 (Fig. 4e). Compar-
ing the OCN expression of the NaCl and Na,SiO; groups
revealed a reduced expression of OCN at day 7 in 0.0625, 1.25
and 2.5 mM of Si (fold change < 1); at the other Si concen-
trations OCN expression increased (fold change > 1). At day 14,
OCN expression increased strongly at 0.625 mM of Si by an 8
fold change compared to the other concentrations (Fig. 4f).

Biomater. Sci., 2013, 1,379-392 | 383
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Fig. 3 Alizarin Red S staining of BMSCs treated with different concentrations
of NacCl (left column) and Na,SiOs (right column). There is no obvious nodule
formation and calcium deposition in NaCl group, however, Na,SiOs increased
nodule formation and slightly enhanced the calcium deposition in BMSC
cultures.

The relative mRNA expression of ALP rose gradually and
peaked at 2.5 mM of NaCl at day 7. 5 mM of NaCl caused a sig-
nificant increase in ALP expression at day 14 (Fig. 4g). ALP
expression increased at 0.625 mM of Na,SiOj; at both days 7 and
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14 (Fig. 4h). The effect of Si ions alone showed that, at day 7,
5 mM of Si had the greatest effect of increasing ALP expression
in BMSCs (fold change > 1). Other Si concentrations had the
effect of decreasing ALP expression (fold change < 1). At day 14,
Si concentrations at 0.625 and 5 mM significantly enhanced
ALP expression (fold change > 1), but other concentrations led
to decreased expression (fold change < 1) (Fig. 4i).

3.4 The effect of Si on WNT and SHH signalling pathway-
related genes expression of BMSCs

Quantitative RT-PCR analysis indicated that relative AXIN2
mRNA expression peaked at 2.5 and 5 mM of NaCl at days 7
and 14, respectively (Fig. 5a). Na,SiO; dramatically enhanced
AXIN2 expression across the range of concentrations over time
(Fig. 5b). The effect on AXIN2 expression of Si ions alone was
deduced by comparing the NaCl and Na,SiO; groups. At day 7,
Si concentration of 1.25 and 2.5 mM slightly decreased AXIN2
expression (fold change < 1), whereas the other Si concen-
trations enhanced AXIN2 expression (fold change > 1). At day
14, AXIN2 expression rose across the Si concentration range
(fold change > 1), especially so at 0.625 mM, which had a 32
fold expression change (Fig. 5c¢).

The expression of -CATENIN (CTNNB) rose significantly at
day 7 in 0.0125 and 2.5 mM of NaCl compared to the other
concentrations (Fig. 5d). Na,SiO; at 5 mM increased CTNNB
gene expression of BMSCs (Fig. 5e¢) and the fold change of
CTNNB expression as the result of Si alone confirmed that Si at
5 mM had the greatest influence on CTNNB expression of
BMSCs over time. At days 7 and 14, the Si concentration of
0.625 mM also induced a distinct increase in CTNNB
expression (Fig. 5f).

The relative mRNA expression of sonic hedgehog (SHH) in
BMSCs gradually decreased with decreasing concentrations of
NacCl from 10 mM to 1.25 mM at day 7, but expression of SHH
was increased by NaCl at the concentrations of 0.125 and
0.0125 mM (Fig. 6a). The relative SHH expression increased
across the whole Na,SiO; concentration range over time
(Fig. 6b). The effect of Si alone when comparing the NaCl and
Na,SiO; groups showed that Si at 0.625 mM dramatically
enhanced SHH gene expression 38 and 93 fold at days 7 and
14, respectively (Fig. 6c¢).

At day 7, the mRNA expression of patched-1 (PTCHI)
increased as NaCl concentrations decreased. PTCH1 expression
reached a maximum at day 14 at a concentration of 5 mM
NaCl (Fig. 6d). Na,SiO; at 5 mM induced the highest PTCH1
expression at both day 7 and 14 (Fig. 6e). Allowing for the
effect of Na' ions, Si ions at 5 mM increased PTCH1 gene
expression 200 and 20 fold at days 7 and 14, respectively. Si at
0.625 mM also enhanced PTCH1 expression at both day 7 and
14 by a ~4 and 17 fold change, respectively (Fig. 6f).

3.5 The effect of Si on BMSCs proliferation, osteogenic gene
expression, and signalling pathway-related genes in the
presence of W.I.

The effect of cardamonin (W.L.) at a concentration of 10 pM on
the BMSC proliferation (A) and WNT-related gene expression

This journal is © The Royal Society of Chemistry 2013
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(B) was evaluated (ESI, Fig. S1f). The cell proliferation of
BMSCs was significantly decreased in the presence of carda-
monin (A). The fold change of WNT related genes of AXIN2
and CTNNB was also significantly inhibited by the W.I. carda-
monin (B) (fold change < 1).

Interestingly, it was noted that when the culture media con-
tained Si ions at a concentration of 0.625 mM, the number of
BMSCs cultured with the W.I. was higher than that without
W.I. (Fig. 7a). However, at both day 3 and 7, the fold change of
mRNA expression of OPN, OCN and ALP was significantly
enhanced by 0.625 mM of Si ions in the presence of cardamo-
nin at 10 uM (fold change > 1) (Fig. 7b-d). Furthermore, when
the culture media contained both W.I. and Si ions, the mRNA
expression of AXIN2, CTNNB, SHH, and PTCH1 was signifi-
cantly enhanced at day 3 (fold > 1), then decreased at day 7
(Fig. 7e-h).

3.6 The effect of Si on bone-related protein expression of
hBMSCs by western blotting analysis

Western blotting analysis showed that ALP and OPN were ele-
vated when hBMSCs were cultured with 0.625 mM Na,SiO;

This journal is © The Royal Society of Chemistry 2013

compared to those cultured with 1.25 mM Nacl (Fig. 8a). The
relative intensity analysis demonstrated that the expression of
ALP and OPN for hBMSCs cultured with 0.625 mM Na,SiO;
was higher than that in the 1.25 mM NaCl group (Fig. 8b
and c). OCN protein expression for hBMSCs cultured with
0.625 mM Na,SiO; is comparable to that of 1.25 mM NacCl
(Fig. 8d).

4. Discussion

In this study we have explored the effect of Si ions on the pro-
liferation, differentiation and mineralization, as well as the
gene expression of bone, WNT and SHH-related pathways, of
BMSCs cultured in two groups with defined concentrations of
either NaCl or Na,SiO;. Given that both salts contain Na®, it
was therefore possible to account for the effect of Si ions alone
by comparing the results from both groups. It was found that
Si ions showed a mixed effect on BMSC osteogenic gene
expression and that, at certain concentrations, they signifi-
cantly enhanced the proliferation, mineralization nodule for-
mation, bone-related gene expression, and WNT and SHH
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signalling pathways in BMSCs. These results demonstrate that
Si ions play an important role in regulating cellular responses,
including WNT and SHH signalling pathways, in BMSCs. Our
study may therefore provide direct evidence to explain the
stimulatory effect on osteogenesis of Si-containing biomater-
ials and may potentially provide a guide for the design of Si-
containing biomaterials with desirable Si ion release in order
to achieve osteogenesis.

There has been longstanding interest in the osteogenically
stimulatory effects of Si-containing biomaterials on bone-
derived cell types,”** but until now the mechanism of the

386 | Biomater. Sci., 2013, 1, 379-392

biological role of Si ions on bone-forming cells has been
unclear. Recent studies have sought to investigate the effect of
Si ions on cell functions by two separate means. In one
method, human osteoblastic cell lines were treated with
different concentrations of orthosilicic acid (H,SiO,) and it
was found that H,SiO, could enhance osteogenic differen-
tiation.*"*> The other method investigated the effect of silicate
ions on the proliferation, adhesion and differentiation of
osteoblast or osteoblast-like cells by culturing these in a range
of concentrations of Na,SiO;.?**> Both approaches have disad-
vantages for exploring the effect of Si ions themselves on cell

This journal is © The Royal Society of Chemistry 2013
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proliferation and differentiation. For example, the effect on the
cell response of the low pH caused by the release of H' ions
from H,SiO, was not taken into account in that approach®
and, in the approach using Na,SiO;, the effect of Na ions has
not been factored in.*® As a result, the actual cellular effect of
Si ions on their own remains unclear from either of these two
methods. In addition, the cell molecular effect of Si ions on
the bone-related gene expression and cell signaling pathways
is largely unknown. In the present study, we have investigated
the effect of Si ions on cell proliferation, differentiation and
the bone-related gene expression and signalling pathways of

This journal is © The Royal Society of Chemistry 2013

BMSCs by implementing two treatment groups which were
both exposed to the same relative concentrations of Na ions,
therefore accounting for the effect of Na ions. The fold change
attributable to Si ions alone could thus be estimated. This
approach gave a more accurate picture of the real impact of Si
ions on cell responses than those methods used previously.
Previous studies have shown that cellular responses are
influenced by several factors (e.g. ionic compositions, ionic
concentrations and pH values).**° We have previously found
that ionic products with graded concentrations from silicate
bioceramics, such as akermanite (Ca,MgSi,0,),*® bredigite

Biomater. Sci., 2013, 1, 379-392 | 387
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(Ca,MgSi,046)"° and nagelschmidtite (Ca,P,Si,0,6)"" play an the released silicate-based ionic products stimulate cell pro-
important role in influencing the proliferation and differen- liferation and differentiation. However, if the ionic concen-
tiation. Generally, at a certain concentration of ionic products, trations are too high, this will result in a cytotoxic effect on
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cell growth. For this reason, in this study, we chose a wide
ionic concentration range (from 0.00625 to 5 mM) to investi-
gate the effect of Si ions on BMSC response. Our results
showed that high concentrations of Si ions at 5 mM sup-
pressed cell proliferation. One potential reason may be that
high concentrations of Si ions themselves caused cytotoxicity.
Another reason is that high concentrations of Si ions may
influence pH and extracellular ionic environment and further
inhibit cellular response. Our results demonstrate that

This journal is © The Royal Society of Chemistry 2013

Na,SiO; affects cell proliferation, differentiation and minerali-
zation nodule formation in hBMSCs. Treatment with Na,SiO;
enhanced osteogenic differentiation of BMSCs via up-regu-
lation of the bone-related genes OPN, OCN and ALP, as well as
the expression of WNT and SHH signaling-related genes.
Besides the effect of Si ions, we were also able to demonstrate
that Na ions play an important role in regulating cell prolifer-
ation and differentiation. By allowing for the effect of Na ions
in our study, the effect of Si ions themselves could be
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effectively revealed in terms of the fold change after comparing
the two groups. Interestingly, comparing Si ions at different
concentrations, Si ions alone at certain concentrations (par-
ticularly 0.625 mM) significantly stimulated the proliferation,
differentiation, Ca-mineralization, bone-related gene/protein
expression and signaling pathways of the BMSCs. These
results provide an insight into the importance of Si ions for
differentiation and bone-related gene expression, as well as
WNT and SHH signaling pathways, in BMSCs. This knowledge
will make it easier to understand the biological role of Si, both
in vitro and in vivo. Many earlier studies have shown that Si-
containing biomaterials improve in vitro and in vivo
osteogenesis,'”’>>** but the underlying mechanisms and the
role of Si in biomaterials have remained unclear. The present
study confirms the osteogenic effects of Si and offers some evi-
dence to explain the molecular mechanisms responsible for
the bioactivity of Si-containing biomaterials. It has been
reported that Si ions at 4 mM can activate the MAPK-ERK
pathway in osteoblast-like cells®®> and Ca and Si ions in
Ca,SiO, coatings enhanced cellular differentiation and col-
lagen production via the TGF pathway by TGF-1 binding to its
cognate receptors.*” To date there are no reports as to whether
WNT and SHH signalling pathways are involved in the effect of
Si ions on BMSC differentiation. The WNT canonical signal-
ling pathway is known to play an important role in regulating
cellular events, such as cell proliferation, differentiation and
morphogenesis.”®** AXIN2, a member of the WNT pathway, is
recognized as a reporter gene of canonical WNT signalling
pathway activity, since it is a direct target gene of the canonical
WNT signalling pathway."**® f-Catenin is also a ecritical
member of THE WNT/B-catenin signalling pathway involved in
cell proliferation and differentiation.”®*” The Hedgehog-Gli
signalling pathway also plays an important role in cell prolifer-
ation and differentiation.*®>° SHH is one of the ligands of this
pathway and its cognate receptor, Patched-1 (Ptch1), is one of
the target genes of the SHH-GIi signalling pathway.’" In this
study, Si ions at 0.625 mM significantly stimulated these sig-
nalling pathway of BMSCs, as shown by upregulation of AXIN2,
p-catenin, SHH and PTCH1 gene expression. Furthermore, at a
concentration of 0.625 mM, Si ions also stimulated bone-
related gene expression (OCN, OPN and ALP) of BMSCs. Carda-
monin has been identified as an inhibitor of the WNT signal-
ling pathway by inactivating p-catenin, thereby blocking WNT/
B-catenin signalling.’® Further experiments confirmed that the
corresponding protein levels of ALP and OPN were increased
by 0.625 mM Na,SiO; compared to those with 1.25 mM NacCl.
Our results demonstrated that Si ions at a concentration of
0.625 mM enhanced OPN, OCN, ALP and WNT and SHH-related
gene expression, even when W.I. was added in the culture
media, indicating that Si ions can rescue to a certain degree the
effect induced by W.I. However, this counteracting effect of Si
ions and cardamonin on BMSCs needs further investigation.
Our results showed that soluble SiO;>~ ions may stimulate cell
proliferation and osteogenic differentiation of BMSCs through
activation of WNT and SHH-related gene expression. The po-
ssible mechanisms have been summarized in Fig. 9. In brief, after
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travelling across the plasma membrane via ion channels, Si05>~
ions may play a role in stabilization of p-catenin and in leading its
translocation into the nucleus. SiO;>~ ions may also be associated
with the LEF/TCF family to induce expression of the target gene
AXIN2. On the other hand, SiO;>~ ions could also induce SHH
ligands binding with the receptors and subsequently promote the
SHH target gene (PTCHED1) expression. Activation of WNT
and SHH-related genes leads to the upregulation of cell pro-
liferation and osteogenic differentiation of BMSCs.

5. Conclusions

In the present study, the effect of Si ions on the proliferation,
differentiation, mineralization and WNT and SHH-related gene
expression of BMSCs has been systematically investigated by
comparing the biological effects of NaCl and Na,SiO;. Si ions
at a given concentration significantly enhanced the prolifer-
ation, mineralization nodule formation, bone-related gene
expression and WNT and SHH signalling pathway of BMSCs.
These results suggest that Si ions alone play an important role
in regulating the cellular response of BMSCs and that the
WNT and SHH signalling pathways are both involved in these
cellular responses. Therefore, our results provide evidence for
possible mechanisms whereby Si ions released from Si-con-
taining biomaterials can exert their bioactivity.
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