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Abstract Silicon is essential for bone formation. A low-
silicon diet leads to bone defects, and numerous animal
models have demonstrated that silicon supplementation in-
creases bone mineral density (BMD) and reduces bone fragil-
ity. However, the exact mechanism of this action has not been
characterized. In this study, we aimed to determine the role of
biological silicon in the induction of osteoblast differentiation
and the possible underlying mechanism. We examined wheth-
er orthosilicic acid promotes collagen type 1 (COL-1)
and osteocalcin synthesis through the bone morphoge-
netic protein-2 (BMP-2)/Smad1/5/runt-related transcrip-
tion factor 2 (RUNX2) signaling pathway by investigat-
ing its effect in vitro at several concentrations on COL-
1 and osteocalcin synthesis in human osteosarcoma cell
lines (MG-63 and U2-OS). The expression of relevant
proteins was detected by Western blotting following ex-
posure to noggin, an inhibitor of BMP-2. In MG-63
cells, immunofluorescence methods were applied to de-
tect changes in the expression of BMP-2, phosphorylat-
ed Smadl/5 (P-Smadl1/5), and RUNX2. Furthermore, rat
bone mesenchymal stem cells (BMSCs) were used to deter-
mine the effect of orthosilicic acid on osteogenic differentia-
tion. Exposure to 10 uM orthosilicic acid markedly increased
the expression of BMP-2, P-Smad1/5, RUNX2, COL-1, and
osteocalcin in osteosarcoma cell lines. Enhanced ALP activity
and the formation of mineralized nodules were also observed
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under these conditions. Furthermore, preconditioning with
noggin inhibited the silicon-induced upregulation of P-
Smad1/5, RUNX2, and COL-1 expression. In conclusion,
the BMP-2/Smad1/5/RUNX2 signaling pathway participates
in the silicon-mediated induction of COL-1 and osteocalcin
synthesis, and orthosilicic acid promotes the osteogenic dif-
ferentiation of rat BMSCs.

Keywords Orthosilicic acid - Bone morphogenetic protein-2
(BMP-2) - Phosphorylated Smad1/5 (P-Smad1/5) - Smad1/5 -
Runt-related transcription factor 2 (RUNX2) - Osteoporosis

Introduction

Osteoporosis is a common metabolic bone disease character-
ized by low BMD, the deterioration of bone microarchitecture,
and increased fracture risk. Osteoporosis is most prevalent in
postmenopausal women. Recently, it was estimated that the
cost of all osteoporotic fractures amounted to approximately
$20 billion in the USA and $30 billion in the European Union
[1], and these costs continue to rise.

Silicon is an element that is increasingly appreciated for its
potential important roles in improving bone matrix quality and
facilitating bone mineralization [2, 3]. In addition, silicon in-
creases BMD and improves bone strength [4—6]. Silicon is
abundant in nature, but it can only be absorbed by humans
and animals in the form of orthosilicic acid [Si(OH)4]. As the
soluble and absorbable form of silica, orthosilicic acid is pres-
ent in plasma at concentrations ranging from 5 to 20 puM.
Silicon is derived mainly from plant-based foods such as ce-
real grains, and products made from these are also high in
silicon, e.g., beer [7, 8].

In animal experiments, BMD, mineral content, and colla-
gen synthesis are significantly decreased in rats with a low-
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silicon diet [9—11]. Conversely, physiological doses of silicon
can promote calcium deposition in bone tissue. Carlisle con-
cluded that silicon associates with calcium during the early
stage of bone calcification [12]. In 2008, Spector et al. found
that the combination of choline-stabilized orthosilicic acid
(ch-OSA) and Ca/Vit D3 has a beneficial effect on bone col-
lagen compared with Ca/Vit D3 alone, thereby suggest-
ing a potential treatment for osteoporosis [13]. Calomme
et al. showed that ch-OSA supplementation ameliorates
femoral bone loss in the aged ovariectomized (OVX) rat
model [14], whereas a study of the effect of sodium
silicate on the growth and bone strength of broiler
chickens revealed that increased silicon intake can in-
crease BMD and mechanical strength [4]. Researchers
reported that supplemental silicon increased plasma and
milk silicon concentrations as well as BMD in the third
metacarpal in horses [15, 16], implying that silicon has
beneficial effects on bone growth and BMD.

Studies have shown that intramuscular injections of
silicon in the form of monomethyl! trisilanol in postmen-
opausal women with osteoporosis resulted in significant
improvements in femoral BMD and trabecular bone vol-
ume compared with a control group [17, 18]. Recent
research has confirmed that orthosilicic acid stimulates
collagen type 1 (COL-1) synthesis in human osteoblast-
like cells at physiological concentrations and enhances
osteoblastic differentiation [19].

Runt-related transcription factor 2 (RUNX2) is a transcrip-
tion factor belonging to the Runx family, which contains three
members: RUNX1, RUNX2, and RUNX3. Genetic anal-
ysis has revealed that RUNX2, a major target of the
bone morphogenetic protein (BMP) pathway, is degrad-
ed through a Smurf-mediated ubiquitination pathway.
RUNX2 plays an important role in the regulation of
bone metabolism and patterning. It has been demonstrat-
ed that RUNX2 is the earliest and the most specific
marker gene involved in the process of bone formation
and is also a key regulator of chondroblast and osteo-
blast differentiation [20-22].

BMPs are members of the transforming growth factor-(3
(TGF-p) superfamily. They activate Smad 1/5, and the
BMP/Smad signaling pathways play important roles in regu-
lating stem cell differentiation, renewal, apoptosis, mi-
gration, proliferation, and the control of embryonic de-
velopment and postnatal tissue homeostasis. Human and
mouse genetic studies have demonstrated that BMPs are
of vital importance during osteoblast proliferation, dif-
ferentiation, and bone formation [23, 24] and are also
closely related to tumorigenesis [25]. A deficiency in
the BMP/Smad signaling pathways can result in bone-
related diseases such as osteoporosis [23].

Taken together, these results suggest the utility of silicon in
the treatment of osteoporosis. However, the participation of

the BMP-2/Smadl/5/RUNX2 signaling pathway in the
silicon-induced regulation of COL-1 and osteocalcin
synthesis has not yet been demonstrated. In this study,
we aimed to clarify the role of biological silicon in the
induction of osteoblast differentiation as well as its
mechanism of action.

Materials and Methods
Cell Culture

The osteoblast-like cell lines MG-63 and U2-OS are recognized
as models of osteoblasts. They were derived from human osteo-
sarcomas [19, 26-29]. MG-63 and U2-OS cells were grown in
DMEM (GIBCO BRL Co. Ltd., USA) supplemented with 10 %
fetal bovine serum (FBS, GIBCO BRL Co. Ltd., USA), penicil-
lin (100 IU/ml, Beyotime Biotechnology, Jiangsu, China), and
streptomycin (100 pg/ml, Beyotime Biotechnology, Jiangsu,
China) in cell culture flasks at 37 °C in a humidified 5 % CO,
incubator. The cells were seeded at a density of 5 x 10* cells/cm?
and grown to confluence.

Rat bone marrow mesenchymal stem cells (BMSCs) were
grown in Mesenchymal Stem Cell Medium (MSCM,
ScienCell, CA, USA) in cell culture flasks. The cell suspen-
sions were plated on MSCM at a density of 1 x 10* cells/cm?
in 6-well plates with poly-1-lysine and were placed for at least
I hin a 37 °C incubator. The cells were then incubated at
37 °C in a 5 % CO, humidified incubator for 1-2 days.
When the cells reached 100 % confluence, MSCM
was carefully replaced with orthosilicic acid at 0 or
10 uM diluted in Mesenchymal Stem Cell Osteogenic
Differentiation Medium (MODM, ScienCell, CA, USA).
This medium change was considered differentiation day
1. The medium was replaced with fresh osteogenic dif-
ferentiation medium every 4-5 days.

All cell lines were purchased from CHI Scientific
(Shanghai, China). All plastic ware was obtained from
Corning Costar Corp.

Addition and Measurement of Silicon

A 1.0-mM stock solution of orthosilicic acid was prepared
from sodium silicate (Sigma-Aldrich Company Ltd.,
Gillingham, UK) using ultra highly purified water. The Si
concentration of the sodium silicate solution was 175 mg/ml.
The pH of the 1.0 mM solution was 9.37 + 0.12. Then, the
stock solution was filtered with a strainer (SLGPO33RB,
EMD Millipore, USA). Aliquots of the sterile stock solution
were added to the culture medium at concentrations of 10, 20,
and 50 uM. The final concentrations of silicon in the media
were measured in duplicate wells by inductively coupled plas-
ma optical emission spectrometry (ICP-OES, Perkin Elmer
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Inc., USA). At confluence, the two cell lines were washed
twice with phosphate-buffered saline (PBS) and changed to
serum-free DMEM with either vehicle or soluble Si (10, 20,
and 50 uM) [19].

Cell Counting Kit-8 Assays

To evaluate cytotoxicity, the two cell lines were seeded in 96-
well cell culture cluster plates (Corning Inc., Corning NY,
USA) at a concentration of 1 x 10* cells/well in volumes of
100 pl and grown overnight. The cells were incubated with
different concentrations of orthosilicic acid (0, 10, 20, 30, 40,
50, and 60 uM). After 72 h, Cell Counting Kit-8 reagents
(BestBio, Shanghai, China) were added to each well and then
incubated for another 2 h at 37 °C in the dark. The absorbency
was measured at 450 nm using an xMark Microplate
Absorbance Spectrophotometer (Bio-Rad, CA, USA). The
cell survival rate was then calculated according to the instruc-
tions. There were three wells per silicate treatment and the
experiment was repeated three times.

Western Blot Assays

Standard Western blotting methods were performed. Briefly,
MG-63 and U2-OS cells were cultivated in 6-well plates and
stimulated with different concentrations of orthosilicic acid (0,
10, 20, and 50 uM). After 72 h [19], the cells were harvested
and pooled in RIPA Lysis Buffer (Beyotime Biotechnology,
Jiangsu, China). The cell lysates were centrifuged at 14,
000 rpm for 20 min at 4 °C, and the supernatants were col-
lected. Corresponding amounts of cell lysate were separated
by SDS polyacrylamide gel electrophoresis (Bio-Rad, CA,
USA) after determining protein concentration (BCA Protein
Assay Kit, Beyotime Biotechnology, Jiangsu, China). The
separated proteins were electrotransferred to PVDF mem-
branes (EMD Millipore, USA) and blocked in 5 % skim milk
in TBST;, then, the membranes were incubated overnight at
4 °C with primary antibodies against BMP-2 (1:1000),
RUNX2 (1:1000), COL-1 (1:1000), and osteocalcin (1:500)
(Abcam, UK), respectively. Next, the membranes were incu-
bated with peroxidase-conjugated AffiniPure goat anti-mouse
or rabbit IgG (H+ L) (1:5000, ZSGB-BIO, Beijing, China) for
1 h at room temperature. The membranes were scanned, and
the results were normalized for 3-actin (1:1000, ZSGB-BIO,
Beijing, China) as a control. The results for P-Smad1/5
(1:1000, Cell Signaling Technology, Boston, MA, USA) were
normalized by Smadl1/5 (1:1000, Abcam, UK). The signal
intensities were recorded and quantified using a ChemiDoc
Touch Gel Imaging System and Image Lab Touch Software
(Bio-Rad, CA, USA). The experiments were performed on
three separate occasions.
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Alkaline Phosphatase Assay

MG-63 cells were grown in 6-well plates and incubated with
orthosilicic acid (0, 10, 20, and 50 uM) for 7 days.
Intracellular alkaline phosphatase (ALP) activity was mea-
sured using an ALP assay kit (Jiancheng Bioengineering
Institute, Nanjing, China). The cells were washed twice with
PBS and were then lysed using 1 % Triton X-100. A total of
30 ul of each cell lysate was added to the reaction buffers in
96-well plates and incubated for 15 min at 37 °C; then, the
samples were mixed with 150 ul of the color development
reagent. The absorbance was measured at 520 nm using an
xMark Microplate Absorbance Spectrophotometer (Bio-Rad,
CA, USA). There were three wells per silicate treatment and
the experiment was repeated three times.

Immunofluorescence Assay

For immunofluorescence assay, MG-63 cells were grown on
coverslips and incubated with orthosilicic acid (0 and 10 uM)
for 72 h. The cells were then incubated with primary antibod-
ies against BMP-2 (1:200, Abcam, UK), P-Smad1/5 (1:50,
Cell Signaling Technology, Boston, MA, USA), and
RUNX2 (1:100, Abcam, UK) overnight at 4 °C. The cells
were washed thrice with PBS and then reacted with anti-
rabbit IgG conjugated with DyLight 488 (1:200, Abcam,
UK) for 1 h at room temperature. After washing with PBS,
the cells were imaged via immunofluorescence microscopy
(OLYMPUS, Tokyo, Japan). The experiments were per-
formed on three separate occasions.

Induction of Osteogenic Differentiation

Rat BMSCs cells (passages 3—5) were seeded in 6-well culture
cluster plate (Corning Inc., Corning NY, USA) at a concentra-
tion of 2 x 10° cells/well. After stimulation with different
concentrations of orthosilicic acid (0 and 10 uM) for 3 weeks,
calcium deposition was evaluated by alizarin red S staining
(Genmed Scientifics Inc., USA, Shanghai, China). Take three
samples from each group. One microscopic field of each sam-
ple was selected at random and imaged via invented micro-
scope (OLYMPUS, Tokyo, Japan). The alizarin red S amount
was determined by absorbance measurement at 570 nm using
an ELISA reader (Bio-Rad, CA, USA). The differences of the
two groups were quantified and compared.

Statistical Analyses

All statistical analyses were performed using SPSS 19.0 soft-
ware package (SPSS Inc., Chicago, IL, USA). Mean values
were calculated and presented with an error bar representing
the values + SD. The data were analyzed by one-way ANOVA
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with Tukey’s multiple comparison test, and P < 0.05 was
considered significant.

Results
Silicon Concentration in the Culture Medium

The baseline silicon concentration in the serum-free DMEM
in the plastic containers was 1.43 £ 0.5 uM. Following the
addition of 10, 20, 30, 40, 50, and 60 uM orthosilicic acid, the
final concentrations measured in triplicate were 10.7 £+ 2.1,
19.6 + 2.2, 30.5 £+ 1.7, 39.4 £ 1.9, 50.2 + 1.8, and
61.1 + 2.1 uM silicon, respectively. The baseline silicon con-
centration in the MODM in the plastic containers was
1.78 £0.8 uM. Following addition of 10 uM orthosilicic acid,
the final concentration measured in triplicate was
12.1 = 1.4 uM silicon. After incubated at 37 °Cina 5 %
CO; humidified incubator for 72 h, the final concentrations
measured in triplicate were as follows. The serum-free
DMEM was 1.54 £ 0 uM. Following the addition of 10, 20,
30, 40, 50, and 60 uM orthosilicic acid, measured in triplicate
were 13.4+1.8,23.6£1.7,345+2.4,43.4+22,552+2.6,
and 66.1 £2.9 uM silicon. The MODM was 1.97 = 1.1 uM.
Following addition of 10 uM orthosilicic acid, measured in
triplicate was 15.4 + 1.7 uM silicon.

The Effect of Soluble Silicon on BMP-2/Smad1/5/RUNX2
Protein Expression in MG-63 and U2-OS Cells

As shown in Fig. 1, the expression of BMP-2, P-Smad1/5, and
RUNX2 generally increased in the two cell lines investigated
following treatment with orthosilicic acid at 10 pM compared
with those in the control group. The expression of BMP-2
(Fig. la, f) and P-Smadl/5 (Fig. 1g) increased following
orthosilicic acid treatment at 10 or 20 pM compared with
the control group (“P < 0.01 vs. control; *P < 0.01 vs.
Si20 + Si50). A significant increase in the expression of P-
Smad1/5 (Fig. 1b) and RUNX2 (Fig. 1 c, h) protein was ob-
served only for the 10 uM treatment (“P < 0.01 vs. control;
*P < 0.01 vs. Si20 + Si50). However, the addition of
orthosilicic acid at a supraphysiological concentration
(50 uM) did not significantly increase the expression of any
of the assessed proteins. The percentage increase following
orthosilicic acid treatment refers to Table 1.

The Effect of Soluble Silicon on COL-1 and Osteocalcin
Synthesis in MG-63 and U2-OS Cells

As shown in Fig. 1, the protein expression of COL-1 and
osteocalcin increased in the two cell lines investigated follow-
ing treatment with orthosilicic acid at 10 uM compared with
the control group (*P < 0.01 vs. control; *P < 0.01 vs. Si20 +

Si50). The expression of COL-1 (Fig. 1i) was increased under
orthosilicic acid treatment at 10 and 20 uM. Osteocalcin ex-
pression (Fig. 1j) was increased following the 10, 20, and
50 uM treatments compared with the control group
(*P < 0.01 vs. control; *P < 0.01 vs. Si20 + Si50). The in-
creased osteocalcin expression with higher concentrations of
orthosilicic acid was only seen in the U2-OS cells. The per-
centage increase following orthosilicic acid treatment refers to
Table 1.

The Influence of Noggin, a BMP-2 Antagonist,
on the Expression of the BMP-2/Smad1/5/RUNX2
Signaling Pathway

As shown in Fig. 2, after 10 uM orthosilicic acid treat-
ment, the expression of P-Smadl/5 in the two cell lines
increased significantly compared with that in the control
group. We first confirmed that treatment with 500 ng/ml
noggin for 2 h could significantly block the silicon-
induced upregulation of P-Smad1/5. Similar effects were
observed for RUNX2 and COL-1 in the two cell lines.
This phenomenon suggests that BMP-2 is located up-
stream of Smadl/5 in mediating the silicon-induced ac-
tivation of Smadl/5 (*P < 0.01 vs. control; ¥P < 0.01
vs. the Si group).

The Effect of Soluble Silicon on Cell Survival

As shown in Fig. 3a, b, after being incubated with dif-
ferent concentrations of orthosilicic acid for 72 h, the
cell survival rate did not significantly decline compared
to that of the control group, indicating that orthosilicic
acid has no toxicity to the cells (*P > 0.05 vs. control;
#P > 0.05 vs. control).

The Effect of Soluble Silicon
on the BMP-2/Smad1/5/RUNX2 Signaling Pathway,
as Determined by Immunofluorescence

To further investigate whether orthosilicic acid is capa-
ble of stimulating COL-1 and osteocalcin synthesis
through the aforementioned signaling pathway, BMP-2,
P-Smadl/5, and RUNX2 were examined by immunoflu-
orescence. As shown in Fig. 3¢, treatment with 10 uM
orthosilicic acid resulted in an increase in the number of
BMP-2, P-Smad1/5, and RUNX2 fluorescent cells com-
pared with the control cells.

The Effect of Soluble Silicon on ALP Activity
Colorimetric methods showed that silicon promoted ALP ex-

pression in MG-63 cells. The activity of ALP in the experi-
mental groups (with the exception of Si50) was
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Fig. 1 Exposure to 10 uM
orthosilicic acid for 72 h
markedly increased the
expression of BMP-2, P-Smad1/
5, RUNX2, COL-1, and
osteocalcin compared with the
control group in both MG-63 and
U2-08 cells (P < 0.01 vs.
control; *P < 0.01 vs. Si20 +
Si50)
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Table 1  The percentage increase versus control in the different outcomes following orthosilicic acid treatment

MG-63

U2-08

Orthosilicic acid concentration, uM

Orthosilicic acid concentration, uM

Si10 Si 20 Si 50 Si10 Si20 Si 50
BMP-2 1.64 +0.12% 1.33 £ 0.12% 0.71 + 0.16 1.61 + 0.02% 1.39 +0.01% 1.12 £ 0.02
P-Smadl/5 1.88 + 0.27% 1.16 £ 0.17 1.18 £ 0.29 2.04 + 021" 1.67 £ 0.07* 1.05 £ 0.11
RUNX2 1.63 + 0.06" 1.01 + 0.03 0.85 + 0.05 1.38 + 0.02" 1.04 + 0.07 1.09 + 0.07
COL-1 1.51 + 0.09" 1.06 + 0.05 0.74 + 0.03 1.87 +0.15" 1.46 + 0.02" 0.90 £ 0.04
Osteocalcin 237 +0.24% 1.19 £ 0.16 1.05 £ 0.20 235+ 0.26" 2.14 + 027" 1.83 + 0.27"
ALP 2.50 + 0.07" 1.59 + 0.14" 1.09 £ 0.17 - - -
Mineralized nodules 235+0.11% - - - - -

Means + S.D.
#P <0.01 vs. control; # P < 0.05 vs. control

markedly higher than that of the control group. Orthosilicic
acid at 10 pM had the most significant effect (Fig. 4a;
#P < 0.01 vs. control; *P < 0.01 vs. Si20 + Si50). The per-
centage increase following orthosilicic acid treatment refers to
Table 1.

The Effect of Soluble Silicon on Osteogenic Differentiation

Rat BMSCs were cultured for 3 weeks with 0 or 10 pM
orthosilicic acid, and osteogenic differentiation was then
assessed by alizarin red S staining. As shown in Fig.
4b, ¢, differentiated BMSCs and osteoblasts treated with
10 uM orthosilicic acid formed more bone nodules than
the control cells (P < 0.05 vs. control). The percentage
increase following orthosilicic acid treatment refers to
Table 1.

Discussion

Nutrition, exercise, and lifestyle, which benefit the manage-
ment of osteoporosis, greatly affect bone health and its main-
tenance [30, 31]. In addition, several molecules have been
found to aid in the prevention and treatment of osteo-
porosis, such as calcium and vitamin D. Silicon has
recently received attention in this context due to its
essential role in bone formation and maintenance. With
varying amounts of bioavailability, silicon is available in
some nutritional supplements [32]. Choline-stabilized
orthosilicic acid is an intermediate absorbable form of
silicon while supplemental monomethyl silanetriol is ad-
vanced. Generally, the smaller molecules, or monomeric
forms, are better absorbed than the larger, highly poly-
merized, or oligomeric forms [32]. For European and
North American populations, the average daily dietary

intake of silicon is 20-50 mg [33]. Compared to all
other regions of the world, China and India have the
lowest prevalence of hip fractures and the highest aver-
age daily dietary intakes of silicon, 140-200 mg [34,
35].

Recent studies have shown that supplementation with bio-
available silicon increases BMD in animals and humans [5,
17, 18]. Silicon interacts closely with glycosaminoglycan and
plays an important role in the formation of cross-links be-
tween collagen and proteoglycans [2, 36, 37]. Because silicon
crystal has a piezoresistive effect when subjected to stress, it is
commonly used in microscopic pressure transducers. The col-
lagen matrix of immature bone thus has the ability to generate
an electrical potential because it exhibits piezoelectric proper-
ties. When subjected to strain, compression is generated in
electronegative areas in which bone mineralization occurs.
These findings suggest a role for silicon in the electrochemical
process of mineralization. Hampson reported that the cellular
mechanism by which silicon affects COL-1 synthesis may be
related to a possible role in the regulation of prolyl hydroxy-
lase activity [19].

The BMP-2/Smad signaling pathway plays an important
role in the differentiation of BMSCs into osteoblasts. In addi-
tion, the function of this signaling pathway in the process of
bone extracellular matrix synthesis and secretion is of vital
importance. After BMP recognition by cell surface receptors,
intracellular Smad1 and Smad5 are activated. The phosphor-
ylated forms of Smad1/5 then combine with Smad4 to form
complexes and connect with nexin DNA sequences, resulting
in downstream gene transcription to direct cell differentiation
[38].

The experiments here have revealed that the proliferation
of the osteosarcoma cells can be significantly inhibited by
exogenous noggin proteins in vitro, and the proliferation of
the osteosarcoma cells was inhibited in a dose- and time-
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Fig. 2 Noggin (500 ng/ml) preconditioning inhibited the silicon-induced overexpression of P-Smad1/5, RUNX2, and COL-1 in MG-63 and U2-OS

cells (*P < 0.01 vs. control; P < 0.01 vs. Si group)

dependent fashion. The regulation of BMPs is influenced by a
variety of cytokines, including noggin, which is the first
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confirmed BMP antagonist. After combination with BMPs,
a ring-like structure is formed that prevents BMPs from



Biological silicon

313

a 100 b
M 150
Hl MG-63
& 80 - 03 U2-0s
= ) #
S 604 — 100 *
a 40 -+ MG-63 g
= -+ U2-0S 2 50
O 204 8
0 T T L] T ] 1 0_
0 o tr1]0 " .20 .d30 4(t) " 50 60 c 10 20 50
rthosilicic acid concentration, \M Orthosilicic acid concentration, uM
c BMP-2 P-Smad1/5 RUNX2
Control  Si 10uM Control  Si 10uM
. & . .
[ 4
& A2
Merge .

Fig. 3 a, b After incubated with different concentrations of orthosilicic
acid for 72 h, the cell survival rate did not significantly decline compared
to that of the control group (*P >0.05 vs. control; “P> 0.05 vs. control). ¢

combining with other receptors [39, 40]. Noggin inhibits BMP
signaling by blocking the binding sites of both types of recep-
tors (type I and type II), mimicking their modes of binding [41].

Although recent research has confirmed that orthosilicic
acid stimulates COL-1 synthesis in human osteoblast-like
cells at physiological concentrations and enhances osteoblas-
tic differentiation [19], the exact mechanism underlying this
process has not been identified. Whether the BMP-2/Smad1/
5/RUNX2 signaling pathway participates in the Si-induced
regulation of COL-1 and osteocalcin synthesis remains to be
demonstrated.

After the MG-63 cells were treated with 10 uM orthosilicic acid for 72 h,
the numbers of BMP-2, P-Smad1/5, and RUNX2 fluorescent cells in-
creased compared to those of the control cells

Our results suggested that during COL-1 synthesis in MG-
63 and U2-0OS cells, silicon increases the expression of BMP-
2, RUNX2, and osteocalcin as well as the phosphorylation of
Smad1/5. Noggin inhibits the increase in phosphorylated
Smad1/5, and a similar effect was observed for RUNX2 and
COL-1 in the two cell lines, which suggests that BMP-2 is
located upstream of Smad1/5 in mediating the silicon-induced
activation of Smad1/5. In our experiments, we also found the
optimal concentration of orthosilicic acid is 10 uM. Exposure
at this condition of orthosilicic acid, the number of P-Smad1/
5, RUNX2, and COL-1 fluorescent positive cells was
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Fig. 4 a Exposure to 10 uM orthosilicic acid for 7 days markedly
increased ALP activity in MG-63 cells (“P < 0.01 vs. control; *P < 0.
01 vs. Si20 + Si50). b, ¢ Rat BMSCs were incubated in osteogenic

significantly increased. The enhanced ALP activity and the
formation of mineralized nodules indicated that orthosilicic
acid in this concentration indeed promote osteogenic expres-
sion and differentiation. With silicon supplementation, serum
measurements of bone turnover are inconsistent, but markers
of bone matrix formation are consistently increased. This may
indicate that silicon improves mineralization without affecting
the rate of bone formation or bone loss. There may also be an
effect on collagen that improved bone strength independent of
BMD [13]. The exact mechanism for this action has not been
identified. Two experimental studies in rats reported that when
excessively high and prolonged levels of dietary silicon were
added to the diet, it resulted in a small reduction in bone
strength [6, 42]. In our studies, the addition of orthosilicic acid
at a supraphysiological concentration (50 M) did not signif-
icantly increase the expression of any of the assessed proteins,
which is consistent with the former studies. Excessive silicon
may decrease intestinal absorption of calcium and magnesium
[42].

In conclusion, we consider that silicon stimulates COL-1
and osteocalcin synthesis in human osteoblast-like cells

@ Springer

differentiation medium for 3 weeks. Alizarin red staining indicates that
more calcium deposits were observed throughout the culture (10 uM Si)
compared with the control cells (“P < 0.05 vs. control)

through the BMP-2/Smadl/5/RUNX2 signaling pathway.
Our in vitro experiments suggest that a similar mechanism
may exist in vivo. The impact of orthosilicic acid on bone
metabolism in humans also needs to be studied further, as it
could yield strategies for the treatment of osteogenic bone
disorders.
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