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Abstract
Silicon is one of the essential trace elements in the human body; the deficiency of which may lead to bone diseases. Numerous animal
experiments have shown that an appropriate increase in the intake of silicon is beneficial to enhancing bone density and toughness to
prevent osteoporosis. However, the molecular mechanisms of the silicon-mediated osteogenesis process have not been sufficiently
clarified. In this study, we determined the possible osteogenesis-related mechanisms of orthosilicic acid at a molecular level. We
detected the relevant pathway and osteogenic indicators by immunofluorescence (IF), Western blot, alkaline phosphatase (ALP) staining
(using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium [BCIP/NBT]), ALP enzyme labeling method, osteocalcin (OCN),
and N-terminal propeptide of type 1 procollagen (P1NP) enzyme-linked immunosorbent assay (ELISA). We found that orthosilicic acid
is capable of enhancing the expression of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), phospho-protein kinase B (P-Akt),
phospho-mammalian target of rapamycin (P-mTOR), and related osteogenic markers (runt-related transcription factor 2 [RUNX2], type
I collagen [COL1], ALP, OCN, and P1NP). However, with the addition of PI3K–Akt–mTOR pathway-specific inhibitor LY294002,
the expression of PI3K, P-Akt, P-mTOR, RUNX2, COL1, ALP, OCN, and P1NP decreased. The results indicated that the PI3K–Akt–
mTOR pathway played a positive regulatory role in the process of orthosilicic acid–mediated osteogenesis in vitro.
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target of rapamycin (mTOR) . Osteoporosis

Introduction
Osteoporosis is a systemic bone disease characterized by reduced bone tissue per unit volume and associated structural
damage, which ultimately increase the risk of brittle fractures.
In Europe, the prevalence of osteoporosis is estimated to be
5.9–7.2% in men and 19.1–23.5% in women [1]. With society
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aging rapidly, osteoporosis is becoming a primary risk factor
in the subjectively healthy elderly population, after type 2
diabetes and hypertension [2]. Therefore, it is important to
study the causes and treatment of osteoporosis.
Silicon was believed to be harmful to the human body,
particularly because the long-term inhalation of silica (SiO2)
dust causes silicosis. However, it was not until the 1970s that
silicon was understood to be a necessary element for bodily
growth and development [3, 4]. Many foods including water,
beer, coffee, and some vegetables naturally contain silicon [5,
6]. Elemental silicon, though available in nature, can be
absorbed by humans and animals only in the form of
orthosilicic acid, a substance with good water solubility [7].
It is well known that bone tissue is a hard connective tissue
made up of cells, fibers, and matrix. The activity of osteoblasts is
mainly reflected by the level of alkaline phosphatase (ALP);
their fibrous tissue is made up of collagen, and their matrix is
formed by large deposits of calcium salts. Previous studies have
repeatedly demonstrated the role of silicon in promoting the
upregulation of ALP, type I collagen (COL1), and osteocalcin
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(OCN) markers in vitro and in vivo [8–12]. N-terminal
propeptide of type 1 procollagen (P1NP) can be detected in
serum and is of great significance for guiding the treatment of
osteoporosis. Type 1 procollagen is COL1 precursor, which is
decomposed from both ends of the molecule by protease hydrolysis to form two procollagen peptides, namely P1NP and P1CP
[13]. Therefore, P1NP is used as an indicator of bone formation.
The runt-related transcription factor (RUNX2), also known as
core-binding factor subunit alpha-1 (CBFα1) or AML3, is a
transcription factor of the RUNX family. Previous studies have
found that RUNX2 plays an essential role in osteogenesis [14,
15] by regulating the expression of various bone-related genes
and is necessary for bone formation in vivo. Therefore, many
researchers regard RUNX2 as an indicator of osteogenesis [16,
17]. In particular, our team has found that orthosilicic acid can
enhance the expression of ALP, COL1, and OCN through the
bone morphogenetic protein 2 (BMP-2)/Smad/RUNX2 signaling pathway in vitro [9], demonstrating one of the osteogenic
mechanisms of orthosilicic acid at the pathway level.
The phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)–
protein kinase B (PKB/Akt)–mammalian target of rapamycin
(mTOR) pathway was first discovered in tumor cells and was
found to be associated with multiple functions of such cells. Akt
is a pivotal molecule downstream of the PI3-kinase signaling
pathway. Many cytokines and growth factors lead to the activity
of PI3-kinase, resulting in increases of PI(3,4)P2 and PI(3,4,5)P3
in cells; both of which are required for the activation of Akt. Both
PIP2 and PIP3 bind directly to the pleckstrin homology domain
of Akt to activate it. mTOR, a downstream effector of Akt, is a
serine/threonine protein kinase composed of two different complexes (mTORC1 and mTORC2). The activation of mTOR
leads to metabolism of sugar, fat, and protein by promoting
mRNA translocation. Several previous studies have explained
that the PI3K–Akt–mTOR pathway is involved in the process
of osteogenesis [16, 18, 19].
In conclusion, orthosilicic acid has been proven to have a
definite osteogenic effect. Meanwhile, the PI3K–Akt–mTOR
pathway has been proven many times to participate in the osteoblast differentiation process. However, it is not clear whether
orthosilicic acid promotes osteogenesis through other nonclassical BMP pathways, such as PI3K–Akt–mTOR. Therefore,
this study aimed to discover the relationship between orthosilicic
acid and the PI3K–Akt–mTOR pathway in terms of the promotion of osteogenesis, in order to provide a greater theoretical basis
and new targets for the treatment of osteoporosis with silicon.

from human osteosarcomas [8, 9, 20–23]. We cultured both
types of cells in Dulbecco’s Modified Eagle’s Medium
(DMEM; HyClone, South Logan, UT, USA) with 10% fetal
bovine serum (FBS; GIBCO brand, Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin
(100 mL; Beyotime Institute of Biotechnology, Nanjing,
China) in a humidified atmosphere of 5% CO2 at 37 °C.

Addition and Measurement of Silicon
We prepared 1.0-mM stock solution of orthosilicic acid from
sodium silicate (1 L; Sigma–Aldrich Company Ltd.,
Gillingham, UK) using ultra high purity water. The stock solution was filtered with a strainer (33 mm, 0.22 μm; EMD
Millipore, Billerica, MA, USA) to ensure the sterility of the
stock solution. Then, the sterile stock solution was added to
serum-free DMEM at concentrations of 10 μM. The final
concentrations of silicon in the culture medium were measured in duplicate wells by inductively coupled plasma optical
emission spectrometry (ICP-OES; PerkinElmer, Waltham,
MA, USA). Finally, the cell lines MG-63 and U2-OS were
washed twice with polybutylene succinate (PBS) and
switched to serum-free DMEM with either vehicle or soluble
Si (10 μM) [8, 9].

Cellular Immunofluorescence

Materials and Methods

For the immunofluorescence (IF) assay, we cultured MG-63
and U2-OS cells on Millicell EZ SLIDE 8-well glass slides
(EMD Millipore), then incubated them with orthosilicic acid
(0 and 10 μM for MG-63 and U2-OS, respectively) for 72 h.
The cells were then incubated with primary antibodies against
P-Akt (1:400; Cell Signaling Technology [CST], Danvers,
MA, USA) and P-mTOR (1:50; CST) overnight at 4 °C. We
washed the cells three times with PBS and then incubated
them with fluorescein isothiocyanate (FITC)–conjugated goat
anti-rabbit immunoglobulin G (IgG; 1:200; Affinity
Biosciences, Jiangsu, China) for 1 h at room temperature
(RT). Then we added 4′,6-diamidino-2-phenylindole (DAPI;
Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China), and after 5 min in the dark, we washed the DAPI away
with PBS. We then added mounting medium (Beijing
Solarbio) to the slide. Finally, we imaged the cells via IF
microscopy (Olympus Corp., Tokyo, Japan) and analyzed
the images using Image-Pro Plus software version 6.0
(Media Cybernetics, Inc., Rockville, MD, USA) to calculate
the ratio of IOD (sum)/area (sum) under the same measurement conditions.

Cell Culture

Western Blot Assays

In this study, we used osteoblast-like cell lines MG-63 and
U2-OS as models of osteoblasts. Both of them were derived

We plated MG-63 and U2-OS cells in 6-well plates and stimulated them with orthosilicic acid (0 and 10 μM, respectively)
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for 72 h and with PI3K–Akt–mTOR pathway–specific inhibitor LY294002 (20 μM; MedChemExpress, Monmouth
Junction, NJ, USA) for the last 48 h of this period. We then
washed the cells three times with cold PBS, extracted cell
protein with radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime), and centrifuged them at 15,000 rpm for
20 min at 4 °C. We measured protein concentrations using a
bicinchoninic-acid (BCA) protein assay kit (Beyotime) and an
xMark Microplate Absorbance Spectrophotometer (Bio-Rad,
Hercules, CA, USA). Then we mixed equal amounts of protein samples with 5 × sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer (Beyotime)
and heated them at 95 °C for 10 min. We separated a sample
of 20 μg protein per well on 10% SDS-PAGE gel (Beyotime)
and transferred them to polyvinylidene difluoride (PVDF)
membranes (EMD Millipore). After blocking in 5% nonfat
milk in tris-buffered saline containing 0.1% Tween20
(TBST) for at least 1 h, we probed the blots overnight at
4 °C with primary antibodies. The blots were subsequently
washed three times in TBST, incubated with appropriate secondary antibodies for 1 h at RT, and washed again prior to
signal detection with a ChemiDoc Touch Gel Imaging System
and Image Lab Touch software (Bio-Rad). Antibodies used in
this study were Akt (1:1000; CST), mTOR (1:1000; CST), PAkt (1:2000; CST), P-mTOR (1:1000; CST), PI3K (1:1000;
Abcam PLC, Cambridge, UK), RUNX2 (1:1000; Abcam),
COL1 (1:1000; Abcam), and β-actin (1:1000; ZSGB-BIO
Corp., Beijing, China).

10 μM, respectively) for 7 days and with LY294002 (20 μM)
for the last 2 days of this period. Next, we washed the cells
twice with cold PBS and lysed them with 1% Triton X-100
(Solaibao Co., Beijing, China), then measured protein concentration via BCA assay (Beyotime). We determined ALP activity in cells using the ALP assay kit (Jiancheng Bioengineering
Institute, Nanjing, China). First, we added 30 μL of cell lysate
plus reaction buffers to each hole in 96-well plates and incubated the mixture for 15 min at 37 °C. Afterward, we mixed
the samples with 150 μL chromogenic agent from the ALP
assay kit. We determined absorbance optical density (OD) of
the individual wells using an xMark Microplate Absorbance
Spectrophotometer (Bio-Rad) with wavelength modulated to
520 nm. Finally, we calculated ALP activity in each group of
cells according to the formula in the instruction manual for the
ALP assay kit.

Enzyme-Linked Immunosorbent Assay
We grew MG-63 and U2-OS cells in 6-well plates (1.5 × 106)
and stimulated them with two concentrations of orthosilicic
acid (0 and 10 μM for MG-63 and U2-OS, respectively) for
72 h and with LY294002 (20 μM) for the last 48 h of this
period. We then collected the supernatant after ending the
stimulus. We determined OCN and P1NP concentration using
Human Osteocalcin and P1NP ELISA Kit (Shanghai
Enzyme-linked Biotechnology Co., Ltd., Shanghai, China)
per manufacturer’s instructions.

Alkaline Phosphatase Staining
We plated MG-63 and U2-OS cells in 6-well plates with approximately 90% uniform cell coverage per well. The next
day, we replaced the DMEM with two concentrations of
orthosilicic acid (0 and 10 μM for MG-63 and U2-OS, respectively) for 72 h and with LY294002 (20 μM) for the last 48 h
of this period. After 72 h, we washed the cells twice with PBS
and fixed them with 4% paraformaldehyde for 30 min. Then
we removed the paraformaldehyde and rinsed the cells three
times with deionized water (5 min each time). Afterward, we
added 1 mL 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium (BCIP/NBT) color solution (BCIP/NBT Alkaline
Phosphatase Color Development Kit; Beyotime) per well for
1 h in the dark at RT. The reaction was terminated by quickly
washing the cells twice with deionized water. After acquiring
the images by microscopy (Olympus), we analyzed them with
Image-Pro Plus software to calculate the IOD of a single sample under the same measurement conditions.

Alkaline Phosphatase Assay
We grew MG-63 and U2-OS cells in 6-well plates and incubated them with two concentrations of orthosilicic acid (0 and

Statistical Analyses
The results were representative of experiments repeated at
least three times each. We determined differences by oneway analysis of variance (ANOVA) using Student’s t test as
appropriate. The software we used for our analyses was
GraphPad Prism, version 6.0c (GraphPad Software, Inc.,
San Diego, CA, USA). Results were expressed as the mean
± standard deviation (SD), and P < 0.05 was considered statistically significant.

Results
Silicon Concentration in Culture Medium
The baseline concentration of silicon in the serum-free
DMEM which was kept in the plastic containers was 1.46 ±
0.8 μM (mean ± SD). Following the addition of 10 μM
orthosilicic acid, the final silicon concentration measured in
triplicate was 10.3 ± 1.8 μM.
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The Effect of Orthosilicic Acid on P-Akt and P-mTOR
Expression in MG-63 and U2-OS Cells as Determined
by Immunofluorescence
Because it is not clear whether the PI3K–Akt–mTOR pathway
is changed when orthosilicic acid promotes osteogenesis
in vitro, we used IF to detect fluorescent P-Akt and PmTOR in MG-63 and U2-OS cells that had been exposed to
orthosilicic acid for 72 h. As shown in Fig. 1a, there was an
increase in P-Akt and P-mTOR fluorescence in MG-63 and
U2-OS cells compared with control cells. Then, using ImagePro Plus software to analyze mean fluorescence intensity in
both cell lines, we found that relative fluorescence intensity of
the Si group was significantly greater than that of the control
group (Fig. 1b; **P < 0.01 vs. control group).

Orthosilicic Acid and LY294002 Had Opposite Effects
on Osteogenesis Via the PI3K–Akt–mTOR Pathway
in MG-63 and U2-OS Cells
As shown in Fig. 2, expression of PI3K, P-Akt, P-mTOR, and
osteogenic indicators (COL1 and RUNX2) was significantly
increased by stimulation with orthosilicic acid for 72 h compared with the control group. When we added LY294002 for
the last 48 h of this period, the abovementioned expression
was significantly inhibited compared with the control and Si
groups. It is worth mentioning that expression of P-Akt and PmTOR showed significant changes, while that of Akt and

Fig. 1 IF analysis of P-Akt and P-mTOR expression in MG-63 and U2OS cells. a Number of P-Akt and P-mTOR cells increased in the Si group
compared with the control group. Scale bar, 20 μm. b Relative

mTOR did not change markedly (*P < 0.05 vs. control group;
**P < 0.01 vs. control group; ##P < 0.01 vs. Si group).

The Effect of Orthosilicic Acid and LY294002
on Alkaline Phosphatase Staining
BCIP/NBT is a common substrate for ALP. ALP catalysis hydrolyzes BCIP to produce strong reactive products, which react
with NBT to form insoluble blue-violet NBT-formazan. As
shown in Fig. 3a, this staining method showed that after stimulus
with orthosilicic acid for 72 h, the number of cells with ALP
staining increased significantly in both cell lines. After stimulus
with LY294002 for the last 48 h of this period, these numbers
decreased. Using Image-Pro Plus software to analyze the mean
intensity of ALP staining in both cell lines, we found that relative
staining intensity of the four groups was statistically significant
(Fig. 3b; **P < 0.01 vs. control group; ##P < 0.01 vs. Si group).

The Effect of Orthosilicic Acid and LY294002
on Alkaline Phosphatase Activity
ALP decomposes phenyldisodium phosphate and produces
free phenol and phosphoric acid. Phenol reacts with 4amino-aminoantipyrine in alkaline solution and oxidizes by
potassium ferrocyanide to form red-quinone derivatives.
Enzyme activity can be determined by the depth of redness.
To further investigate the effect of prolonged orthosilicic acid
exposure on ALP activity in both cell lines, we measured ALP

fluorescence intensity in the Si group was significantly greater than that
in the control group (**P < 0.01 vs. control group; n = 3)
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Fig. 2 Western blot analysis for
the expression of the PI3K–Akt–
mTOR pathway and that of
osteogenic indicators (COL1 and
RUNX2) in MG-63 and U2-OS
cells. Such expression
significantly increased after
stimulation with 10 μM
orthosilicic acid for 72 h,
compared with the control group.
After the addition of LY294002
for the last 48 h of this period, the
expression of PI3K, P-Akt, PmTOR, and osteogenic indicators
(COL1 and RUNX2) decreased
significantly when compared with
the control or Si group (*P < 0.05
vs. control group; **P < 0.01 vs.
control group; ##P < 0.01 vs. Si
group; n = 3)

activity using the standard ALP enzyme method. As shown in
Fig. 4, ALP activity obviously increased after exposure to
orthosilicic acid for 7 days and decreased after exposure to
LY294002 for the last 2 days of this period. These results,
combined with those of ALP staining, indicated that ALP
expression increased after 72 h and 7 days of orthosilicic acid
stimulation. This means that ALP is an important early- and
middle-stage indicator of osteogenesis (*P < 0.05 vs. control
group; **P < 0.01 vs. control group; ##P < 0.01 vs. Si group).

The Effect of Orthosilicic Acid and LY294002 on OCN
and P1NP
OCN and P1NP are secretory proteins produced and secreted
by osteoblasts. We collected cell supernatants and determined

OCN and P1NP expression therein via the ELISA method. As
shown in Fig. 5a, b, orthosilicic acid for 72 h promoted OCN
and P1NP expression, and LY294002 for the last 48 h of this
period reduced OCN and P1NP expression in both cell supernatants (*P < 0.05 vs. control group; **P < 0.01 vs. control
group; ##P < 0.01 vs. Si group).

Discussion
Osteoporosis is a metabolic disease that cannot only decrease
bone strength via deterioration in bone mass and quality but
can also increase the individual risk of fracture [24–26]. Bone
mass and quality are affected by many factors, such as nutrition, physical activity, smoking, drinking, and genetics.
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Fig. 3 BCIP/NBT ALP staining
method analysis for ALP
expression in MG-63 and U2-OS
cells. a Number of cells stained
positive for ALP increased
significantly after stimulation
with orthosilicic acid for 72 h and
decreased after stimulation with
LY294002 for the last 48 h of this
period. Scale bar, 500 μm. b
Relative staining intensity of ALP
increased due to the action of
orthosilicic acid and decreased
due to inhibition by LY294002
(**P < 0.01 vs. control group;
##
P < 0.01 vs. Si group; n = 3)

Osteoporosis is more common in postmenopausal women and
older men [27]. Currently, 10 million individuals are diagnosed with osteoporosis in the USA, and more than half of
the US population > 50 years is found to have low bone density [28]. Meanwhile, about 2 million people in the USA have
fractures due to osteoporosis [26]. In 2005, fragile fractures in
the USA caused a loss of $19 billion; unfortunately, the burden of osteoporosis in the USA is expected to increase by
nearly 50% by 2025, with more than 3 million related fractures at an annual cost of about US $253 billion [28, 29].
Previous studies have shown that bioactive glass [30, 31]
and ceramic [32, 33] have been proven to promote bone formation, but the components are too complicated to verify that
Fig. 4 Standard ALP enzyme
method for analyzing ALP
activity in MG-63 and U2-OS
cells. ALP activity obviously
increased after stimulation with
orthosilicic acid for 7 days and
decreased after stimulation with
LY294002 for the last 2 days of
this period (*P < 0.05 vs. control
group; **P < 0.01 vs. control
group; ##P < 0.01 vs. Si group;
n = 3)

silicon elements play a definite role in the abovementioned
process. However, bioactive glass and ceramic research has
shown that the silicate in the material can be released as
orthosilicic acid [Si(OH)4], which has been repeatedly proven
to promote osteogenesis [8, 9, 34]. Our research differs from
the abovementioned studies in that we used a solvent of
orthosilicic acid more conducive to cell absorption as a stimulus. Our results will provide a theoretical basis for the subsequent study of oral-related silicon formulations for animal
experiments.
ALP is an indicator of bone formation and can regulate
bone matrix mineralization [35]. It is often used as an early
marker of osteogenic differentiation [36, 37]. OCN is present
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Fig. 5 ELISA analysis of OCN
(a) and P1NP (b) expression in
MG-63 and U2-OS cell
supernatants. In both
supernatants, exposure to
orthosilicic acid for 72 h
promoted OCN and P1NP
expression, and exposure to
LY294002 for the last 48 h of this
period reduced OCN and P1NP
expression (*P < 0.05 vs. control
group; **P < 0.01 vs. control
group; ##P < 0.01 vs. Si group;
n = 3)

during the late stages of osteoblast differentiation as a specific
marker of osteogenic differentiation, regulating matrix mineralization [38]. RUNX2 is a key regulator of osteogenesis during osteogenic differentiation by stimulating osteoblast differentiation gene transcription [39, 40]. Meanwhile, previous
studies have found that RUNX2 is located upstream of OCN
and plays a positive role in regulating it [41, 42]. As an organic
substance in bones, collagen plays a very important role in
bone toughness and is also an important indicator in the process of osteogenesis [43, 44]. In addition, P1NP is related to
the production of COL1 [45]. Previous studies by our team
have found that orthosilicic acid has a significant osteogenic
effect on osteoblasts [8, 9, 34]. The current study also has
reached the same conclusion. Osteogenesis indicators, including RUNX2, COL1, ALP, OCN, and P1NP, all showed an
increased expression after the addition of orthosilicic acid
(Figs. 2, 3, 4, and 5).
The PI3K–Akt–mTOR pathway plays a significant role in
regulating a variety of cellular functions, including cell survival, proliferation, differentiation, and angiogenesis [46–49].
It has been found that the expression of P-Akt, P-mTOR, and
osteogenesis indicators increased in different degrees when
exposed to different stimulants and depending on which stem
cells they acted upon [16, 18, 19]. Our study showed the same

result, except that we used human osteoblast-like cells. After
adding the optimal concentration of orthosilicic acid, we detected the fluorescence density of P-Akt and P-mTOR by IF
and found that P-Akt and P-mTOR showed higher fluorescence intensity in the Si group than in the control group
(Fig. 1). The result indicated that orthosilicic acid promoted
osteogenesis and increased P-Akt and P-mTOR expression.
Therefore, we added the inhibitor LY294002 [50] to study
the relationship between the PI3K–Akt–mTOR signaling
pathway and the osteogenic effects of orthosilicic acid. We
divided cells into four groups, treated them with orthosilicic
acid and LY294002, and used Western blotting to detect the
changes in the PI3K–Akt–mTOR pathway and osteogenic
indicators (RUNX2 and COL1). We found that orthosilicic
acid increased the expression of the PI3K–Akt–mTOR pathway and that of osteogenesis indicators (RUNX2, COL1,
ALP, OCN, and P1NP), while LY294002 led to a decrease
in such expression (Figs. 2, 3, 4, and 5). The results indicated
that orthosilicic acid positively regulated the osteogenesis process by promoting the expression of the PI3K–Akt–mTOR
pathway in vitro. That is, the PI3K–Akt–mTOR pathway
plays a significant role upstream of the osteogenesis process.
In addition, we found that orthosilicic acid caused a significant
increase in P-Akt and P-mTOR, while Akt and mTOR did not
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show significant changes (Fig. 2). This is consistent with the
results of Li G et al. [18], but the difference is that we found
PI3K also showed a consistent trend with P-Akt and P-mTOR
(Fig. 2). The difference may be related to stimulators, cell
types, and experimental conditions.
In conclusion, our results indicated that orthosilicic acid
activated the PI3K–Akt–mTOR pathway to promote osteogenesis in vitro; when this pathway is inhibited, osteogenesis
caused by orthosilicic acid is significantly attenuated. The
finding suggested that the PI3K–Akt–mTOR pathway contributed to the regulation of orthosilicic acid–mediated osteogenesis in vitro. This study may provide clues to discovering
new ways to treat osteoporosis.
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