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In this study, the effects of forsterite and clinoenstatite powder extracts on the proliferation and osteogenic differentiation of rat 
adipose-derived stem cells (ASCs) were investigated and compared with the β-tricalcium phosphate (β-TCP) powder extracts. 
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay and live-dead staining were performed to evaluate the viability and 
proliferation of rat ASCs. Osteogenic differentiation of rat ASCs were assayed by alkaline phosphatase (ALP) staining and ALP 
activity test. The expression of osteogenic marker genes (alkaline phosphatase (ALP), runt related transcription factor 2 (Runx2), 
collagen type Iα1 (Col1α1), secreted phosphoprotein1 (Spp1, osteopontin), integrin binding sialoprotein (Ibsp), bone gla protein 
(Bglap)) were detected by real-time polymerase chain reaction (PCR). The MTT assay and the live-dead staining showed that all 
the three ceramics possessed good cytocompatibility with rat ASCs. Furthermore, forsterite and clinoenstatite promoted the pro-
liferation of rat ASCs compared with β-TCP. The results of the ALP activity test and the real-time PCR demonstrated that forster-
ite and clinoenstatite promoted the osteogenic differentiation of rat ASCs. These results suggested that forsterite and clinoenstatite 
are bioactive ceramics that may be used for preparation of bone tissue engineering (BTE) scaffolds. 
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β-Tricalcium phosphate (β-TCP) has been extensively in-
vestigated and clinically used as bone substitute materials 
because of its similar chemical composition to human bone, 
good cytocompatibility and osteoconductivity [1,2]. How-
ever, some disadvantages of β-TCP such as low compres-
sive strength, inappropriate resorption rate [3], low bioac-
tivity and lack of the ability in promoting osteogenic dif-
ferentiation [4] have also been reported impeding its wide 
applications in bone regeneration and bone tissue engineer-
ing (BTE). 

Recently, MgO-SiO2-based ceramics have attracted in-
creasing interest in BTE [5], because of their ability of re-
leasing soluble ionic products to stimulate proliferation and 
osteoblastic differentiation of osteoblasts [6], bone marrow 
stromal cells (BMSCs) [7] and human adipose-derived stem 
cells (HASCs) [8]. In addition, improved mechanical prop-
erties such as fracture toughness, bending strength and 
Young’s modulus of these ceramics have also been ob-
served when compared with β-TCP. It has been reported 
that akermanite ceramic, a new MgO-SiO2-based ceramic 
can enhance the expression of osteogenic marker genes in 
vitro, and promote bone regeneration in rabbit femur defect 
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models with a faster new bone formation rate than β-TCP [9].  
Ni et al. [10] and Xie et al. [11] reported a new magne-

sium-silicate ceramic, forsterite (Mg2SiO4, M2S), then 
demonstrated its good biocompatibility and mechanical 
properties. Our previous work reported another new magne-
sium-silicate ceramic, clinoenstatite (MgSiO3, MS), and 
revealed that the ionic products of the MS powder extracts 
can promote the proliferation of mouse fibroblasts (L929 
cell); and the murine embryonic mesenchymal stem cells 
adhered well; higher proliferation capacities on the clinoen-
statite ceramics were also observed than that on the tradi-
tional hydroxyapatite ceramics [12]. These studies suggest-
ed that forsterite and clinoenstatite may be the potential and 
attractive bioactive ceramics for BTE.  

As the seed cells for tissue engineering applications, 
BMSCs have been the subject of considerable researches in 
BTE over the past 30 years [13,14]. While BMSCs are still 
a viable option as a stem cell source, however, drawbacks of 
BMSCs such as painful procedure with possible donor site 
morbidity, low yield of cell numbers, and difficulties in 
culture expansion have raising more attentions [15,16]. Re-
cently, adipose-derived stem cells (ASCs) have become an 
attractive stem cell source with therapeutic applicability in 
diverse fields for tissues repairment and regeneration 
[15,17,18]. Combined with a variety of scaffolds, HASCs 
can form bone in immunodeficient rodent entopic bone 
models [17,19]. However, similar studies remains rare in rat 
ASCs [20]. 

Given the excellent bioactivity of forsterite and clinoen-
statite, and the great potential applicability of ASCs for tis-
sue engineering, the purpose of this study was to determine 
whether forsterite and clinoenstatite can promote the prolif-
eration and osteogenic differentiation of rat ASCs compared 
with β-TCP. The effects of the three ceramics were evalu-
ated either by culturing cells in ceramic extracts, or by cul-
turing cells on the ceramics disc surface. 

1  Materials and methods 

1.1  Rat ASCs isolation and culture 

All the experiments followed protocols approved by the 
Animal Care and Use Committee of Academy of Military 
Medical Science (Beijing, China) and are in compliance 
with the “Guide for the Care and Use of Laboratory Ani-
mals” (National Academy Press, NIH Publication No. 85-23, 
revised 1996). Male Sprague-Dawley(SD) rats weighing 
about 100110 g were purchased from the Experimental 
Animal Center, Academy of Military Medical Science (Bei-
jing, China). 

The adipose tissues were isolated from the subcutaneous 
inguinal groove of rats and the rat ASCs were isolated ac-
cording to previous reports [21,22]. Briefly, the adipose 
tissues were finely minced in phosphate buffered saline 
(PBS) and digested with 0.1% collagenase IV (Sigma, St. 

Louis, USA), 0.1% dispase II (Roche Diagnostics, Mann-
heim, Germany) and 0.05% trypsin (Sigma) in minimum 
essential medium alpha medium (α-MEM, Gibco, USA) at 
37°C for 45 min with gentle agitation. Digestion was neu-
tralized by α-MEM with 10% fetal bovine serum (FBS, 
Gibco). Neutralized cells were filtered through a 75-µm 
mesh filter and were centrifuged at 800 × g for 6 min. The 
pelleted stromal cells were resuspended with α-MEM/10% 
FBS and placed in a 100-mm dish. Adherent cells were cul-
tured in the growth medium (GM, α-MEM/10% FBS) in a 
humidified 37°C, 5% CO2 incubator [23]. The primary cells 
were cultured for 3–5 d until they reached 90% confluence 
and were passaged at a ratio of 1:3. The cells used in the 
experiments were between passage 3 and 5. Identification of 
the rat ASCs was performed by flow cytometry analysis 
(FCA) with AntiCD90 (Biolegend, San Diego, USA), an-
tiCD29 (Biolegend), antiCD45 (Biolegend), and anti-CD34 
(Santa Cruz Biotechnology, Santa Cruz, USA) antibodies. 

1.2  Preparation of ceramic extracts  

The ceramic extracts were prepared according to previous 
studies [9]. Briefly, 2 g each of β-TCP, M2S and MS  
powder was soaked in 10 mL serum-free α-MEM and incu-
bated in a humidified 37°C, 5% CO2 incubator for 24 h. The 
mixture was then centrifuged at 1200 × g for 5 min at room 
temperature, and then the supernatant was sterilized through 
a filter (Millipore, 0.22 m) and stored at 4°C (ISO10993-1). 

1.3  Preparation of ceramic discs and cell seeding 

β-TCP, M2S and MS ceramic discs with dimensions of    
8 mm×0.8 mm were prepared as described previously 
[8,11,12]. The ceramic discs were sonicated for 5 min, 
rinsed with distilled water and radiosterilized. Each disc 
was set in 48-well plate, and was preincubated in the GM 
for 24 h. The cell suspension was adjusted to a density of 
1×104 cells/mL, and 1 mL cell suspension was added to 
each well of 48-well plate and incubated for 12 h.  

1.4  Cell proliferation assay 

The potential cytotoxicity of the material was assessed by 
using Methylthiazolyldiphenyl-tetrazolium bromide (MTT) 
assay (Sigma). To determine the proper concentration of the 
extracts, a gradient of dilutions was used (200, 100, 50, 25, 
12.5, 6.25, 1.25 mg/mL). The rat ASCs were plated (200 
μL/well) into 96-well plates at 3×103 cells/well and cultured 
in the GM. After 24 h, the culture medium was replaced by 
the previously prepared material extracts, using GM without 
diluted extracts as a negative control. The positive control 
was prepared with α-MEM/10% FBS supplemented with 
10% isolution of oxybenzene. Then cells were cultured for 
24, 48, 72, 96, and 144 h. The MTT assay was performed as 
per the manufacturer’s instructions. The optical density (OD) 
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of each well at 492 nm wavelengths was determined with a 
microplate reader (Spectra max386plus, Molecular Devices, 
Sunnyvale, USA). Five specimens for each material were 
tested for each incubation time. 

1.5  Cell viability and proliferation 

Cell viability of the rat ASCs cultured in the ceramic ex-
tracts was examined after 2 and 4 d in culture, while for 
cells on the ceramic discs it was tested after 1 and 4 d in 
culture. Viability was analyzed with a Live-dead Viability 
Assay Kit (Invitrogen, Paisley, United Kingdom). The cell 
suspension was adjusted to a density of 1.5×104 cells/mL, 
and 1 mL cell suspension was added to each well of 4-well 
plate and incubated for 12 h. The culture medium was re-
placed by GM containing ceramic extracts (20 mg/mL). At 
each time point, rat ASCs were washed in PBS, then stained 
concurrently with 4 μmol/L Ethidium homodimer-1 
(EthD-1) and 1 μmol/L calcein AM diluted in Dulbecco’s 
Phosphate-Buffered Saline (D-PBS) for 45 min followed by 
two D-PBS washes to remove excess dye. Live (calceint+) 
and dead (ETH+) cells were visualized by means of fluo-
rescence microscope. 

1.6  Alkaline phosphatase activity assay 

Rat ASCs were seeded onto coverslips in 12-well culture 
dishes (2×104 cells/well) and incubated either in GM or os-
teogenic medium (OM) [9] containing ceramic extracts (20 
mg/mL) for 3, 8, and 15 d. ALP staining was performed at 
each time point using ALP staining kit (Sigma). The co-
verslips were fixed in citrate buffered acetone (60% acetone 
and 40% citrate) for 60 s, and rinsed in deionized water for 
60 s. Then, they were moved into an alkaline-dye mixture 
(naphthol AS-MX phosphate alkaline solution-diluted dia-
zonium salt) and incubated at 18–26°C for 60 min in dark. 
After incubation, the coverslips were rinsed in deionized 
water for 4 min, and then immersed in hematoxylin solution 
for 10 min. ALP-positive cells were stained purple. 

ALP quantification was also performed as described pre-
viously [24]. Cells were seeded onto 24-well culture dishes 
(1.5×104 cells/well) and incubated either in GM or OM for 3, 
8, and 15 d. At each time point, cells were treated with 0.2 
mL of 0.1% Triton X-100 aqueous solution. The cells then 
were lysed by freeze-thawing three times. The resulting 
mixture was then centrifuged at 15000 r/min for 10 min at 
4°C. The supernatant was collected, and the activity of ALP 
was quantified with Wako Lab Assay ALP Kit (Wako Pure 
Chemical Industries Ltd, Osaka, Japan). Based on the 
transformation of p-nitrophenylphosphate to p-nitrophenol 
(PNP), OD was spectrophotometrically measured at 405 nm 
as per the manufacturer’s instruction. The ALP activity was 
normalized to the total protein content determined with  

bicinchonininc acid (BCA) protein assay kit (Solabio, Da-
lian, China) and expressed as nmol converted PNP/min/mg 
total protein. 

1.7  Quantitative real-time reverse transcription-  
polymerase chain reaction (RT-PCR) analysis  

Total RNA was extracted from cells incubated either in GM 
or OM containing ceramic extracts (20 mg/mL) on days 3, 8, 
and 15 by Trizol method. The amount and purity of the 
RNA samples were determined by optical densitometry at 
260 and 280 nm. RNA integrity was confirmed by agarose 
gel electrophoresis. Complementary DNA (cDNA) was 
synthesized using cDNA kit (M-MLV, Promega, Madison, 
USA). Quantitative real-time PCR was performed on 
Line-Gene Real-Time PCR system (Bori, Hangzhou, China), 
and SybrGreen PCR MasterMix (Sunbio, Beijing, China) 
was used in each reaction. Reactions were performed with 
40 cycles as follows: 95°C for 20 s, 60°C for 25 s, and 72°C 
for 30 s. The cDNA was analyzed for the following osteo-
genic genes: alkaline phosphatase (ALP), runt related tran-
scription factor 2 (Runx2), collagen typeIα1 (Col1α1), se-
creted phosphoprotein1 (Spp1, osteopontin), integrin bind-
ing sialoprotein (Ibsp), bone gla protein (Bglap). Relative 
expression levels for each gene were normalized to the 
house keeping gene β-actin. Primers for the selected genes 
are listed in Table 1. Each biological sample was run in 
technical triplicates for each gene. Blank controls that did 
not contain cDNA were run in parallel.  

1.8  Data analysis 

A one-way variance (ANOVA) was conducted to determine 
whether differences existed among testing groups followed 
by post hoc analysis. Numerical values were reported as 
means±SD from three individuals unless otherwise noted, 
all the analyses were performed by using Chiss 6.0 software. 
A P-value of less than 0.05 was considered statistically sig-
nificant. 

2  Results 

2.1  Rat ASCs identification and osteogenic  
differentiation 

Rat ASCs expanded easily in the GM in vitro and exhibited 
a fibroblast-like morphology. Rat ASCs entered a prolifera-
tive phase 3–4 d after isolation, and then reached confluence 
within 48 h (Figure 1(A)). After 21 d of osteogenic induc-
tion, microscopic observations showed that the cells ap-
peared polygon and became bigger than the negative control. 
Von kossa staining and alizarin red S staining was positive 
for rat ASCs cultured in the OM. Mineral deposition were  
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Table 1  Sequences of primers  

Gene Primers GenBank Amplicon size (bp) 

β-actin F: GGAGATTACTGCCCTGGCTCCTA NM_031144.2 150 

 R: GACTCATCGTACTCCTGCTTGCTG   

ALP F: CACGTTGACTGTGGTTACTGCTGA NM_013059.1 158 

 R: CCTTGTAACCAGGCCCGTTG   

Runx2 F: CAAGTGGCCAGGTTCAACGA NM_053470.1 141 

 R: GGGACCGTCCACTGTCACTTTAATA   

Col1α1 F: GACATGTTCAGCTTTGTGGACCTC NM_053304.1 137 

 R: AGGGACCCTTAGGCCATTGTG   

Ibsp F: ATCCGTGCCACTCACTCACTTG NM_012587.2 191 

 R: AGTAGCGTGGCCGGTACTTAAAGA   

Spp1 F: GCCGAGGTGATAGCTTGGCTTA NM_012881.2 136 

 R: GATAGCCTCATCGGACTCCTG   

Bglap F: TGCAAAGCCCAGCGACTCT NM_013414.1 159 

 R: TTGAGCTCACACACCTCCCTGT   

 

 

Figure 1  (A) The morphology of cells obtained from adipose tissue in the subcutaneous inguinal groove of SD rats. Primary rat ASCs cultured for 2 d (a) 
and 5 d (c); passage 3 rat ASCs cultured for 2 d (b) and 5 d (d). Bar scales: 100 μm. (B) Osteogenic differentiation of rat ASCs in vitro. alizarin red S stain-
ing of the rat ASCs after 21 d osteogenic induction. The red staining represents calcium deposits in the terminal differentiated cells (e); Von Kossa stain of 
the rat ASCs on day 21 after osteogenic differentiation. The productions of the calcified extracellular matrix strongly suggest mineral deposition around the 
rat ASCs, forming nodular aggregates (f). Bar scales: 200 μm. (C) Cell-surface marker expression (CD29, CD90, D34 and CD45) in rat ASCs. 

observed around the cells forming nodular aggregates under 
phase contrast microscopy (Figure 1(B)). The flow cy-
tometric surface marker expression analysis of passage 3 
cells showed that almost all of the cells were CD29 and 
CD90 positive but CD34 and CD45 negative (Figure 1(C)). 

2.2  Proliferation of rat ASCs cultured with various 
ceramics extracts 

The rat ASCs continually proliferated with culture time in 
all groups within a certain concentration range (1.25–200 
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mg/mL) (Figure 2(a) and (b)). The optimal concentrations 
of the ceramic extracts for cell proliferation are 12.5 mg/mL 
for MS, and 6.25 mg/mL for β-TCP and M2S at the time of 
96 h after culture (Figure 2(c)). Significantly higher prolif-
eration rates of the cells were observed in the MS and M2S 

than that of the cells in β-TCP; the proliferation rates for 
MS and M2S groups are 1.68±0.40 and 1.63±0.31 respec-
tively, while that for β-TCP group was 1.30±0.29 (P<0.05) 
when cells cultured for 96 h with 12.5 mg/mL ceramic ex-
tracts (Figure 2(d)). 

 

 

Figure 2  Proliferation of rat ASCs cultured in GM with different concentrations of β-TCP, M2S and MS extracts at different incubation timepoints (a), in 
the different concentrations of three ceramic extracts on day 4 after seeding ((b), (c)), and in the concentration (12.5 mg/mL) of the three ceramic extracts at 
different incubation timepoints (d). The plate in (a) and (d), the Ctr in (c) all represent the rat ASCs cultured in the GM without any ceramic extracts; Ctr+: 
positive control (oxybenzene). Results were represented with the means±SD. * means significantly different from the β-TCP group (*P < 0.05). 



3038 Leng B, et al.   Chin Sci Bull   August (2013) Vol.58 No.24 

2.3  Cell viability and proliferation 

Less dead cells were observed in M2S and MS extracts than 
that in β-TCP on days 2 and 4 after seeding (Figure 3). The 
cells increased significantly with time, and the proliferation 
trend of the rat ASCs was consistent with the MTT assay 
data. Rat ASCs attached and spread well on day 1, and pro-
liferated continually with culture time on all three ceramic 
discs, especially on the M2S discs surface (Figure 4). 

2.4  ALP activity of rat ASCs cultured in ceramics  
extracts 

Both ALP staining intensities of rat ASCs in ceramics ex-
tracts increased gradually with time either in OM or GM, 
which was consistent with the quantitative assay of ALP. 
However, no significant difference was found among the 
three groups at each time point either in OM or GM except 
for on day 3 in GM (Figure 5).  

Quantitative analysis showed that the ALP activity of rat 
ASCs cultured in all ceramic extracts increased gradually 
with time either in OM or GM, and the OM enhanced ALP 
activity compared with the GM at each time point. No sig-
nificant difference of ALP activity was detected among the 
three groups in GM on day 3, while significantly different 
ALP activities were found between M2S and β-TCP in OM 
at that time. On day 15 after seeding, significant difference 

 

 

Figure 3  Live-dead staining of the rat ASCs cultured in GM with the 
concentration (20 mg/mL) of β-TCP, M2S, and MS extracts on days 2 and 
4 after seeding. The viable cells (green fluorescence) and necrotic cells (red 
fluorescence) were examined by using a fluorescence microscope. Bar 
scales: 200 μm. 

 

Figure 4  Adhesion and viability assay of rat ASCs cultured on β-TCP, 
M2S, and MS ceramic discs. The rat ASCs cultured in 48-well plates at the 
same seeding density were set as the control. Live-dead staining were 
performed on days 1 and 4 after seeding. Live cells stained green, while 
dead cells stained red. Bar scales: 200 μm.  

of ALP activity among rat ASCs cultured in three ceramic 
extracts were detected in either GM or OM. The ALP activ-
ity of the rat ASCs in MS and M2S extracts were considera-
bly higher than that in the β-TCP both in the GM (MS: 
109%, M2S: 124%) and OM (MS: 118%, M2S: 138%)  
(Figure 6). 

2.5  Osteospecific genes expression of rat ASCs  
cultured in ceramic extracts 

Six osteospecific genes were detected on days 3, 8, 15 after 
the rat ASCs were cultured in ceramic extracts (20 mg/mL) 
contained α-MEM. The real-time PCR showed that all the 
osteospecific genes were unregulated during the culture 
time. The maximum expression folds of six genes on day15 
compared with that of the GM groups on day 3 were as fol-
lows: ALP (31.7), Runx2 (24.7), Col1α1 (8.33), Spp1 (24.9), 
Ibsp (40.1), Bglap (18.8). No significant differences of most 
gene expression were observed among the three ceramic 
groups on day 3. After 8 d of culture, the difference of os-
teogenic gene expression was gradually evident among dif-
ferent groups. After 15 d culture, the expression of ALP, 
Ibsp and Bglap was significantly higher in M2S extracts 
than that in MS extracts. However, the expression of the 
other three genes such as Col1α1, Runx2, Spp1 were higher 
in MS extracts than that in M2S extracts. It was noteworthy  
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Figure 5  ALP staining of rat ASCs cultured either in OM (a) or GM (b) 
with ceramic extracts (20 mg/mL) was performed on days 3, 8 and 15 after 
seeding. ALP-positive cells are shown in purple. Bar scales: 200 μm.  

 

Figure 6  Quantitative ALP activity of rat ASCs cultured in GM or OM 
with ceramic extracts (20 mg/mL) on days 3, 8 and 15 after seeding. #, 
P<0.05 in GM compared with the β-TCP. *, P<0.05 in OM compared with 
the β-TCP.  

that the expression of six osteospecific genes were also de-
tected in the rat ASCs cultured in GM without any ceramic 
extracts at most of the time points examined in this study 
(Figure 7).  

3  Discussion 

The basic strategy of BTE involves the utilization of artifi-
cial scaffolds in combination with specific types of cells to 
repair bone defects structurally and functionally. As an ap-
pealing alternative to BMSCs for cell-based BTE, ASCs are 
been widely using for their abundance, easy accessibility, 
less invasive operation, easy to amplification and immune- 
privileged [25,26]. HASCs have rapidly entered into clinical 
trials for treatment of a broad range of conditions [27–29]. 
A case undergoing reconstruction of the calvarial defect 
utilizing ASCs with own cancellous bone and autologous 
fibrin glue has been reported by Lendeckel [27], while 
Mesimaki et al. [28] described the first clinical case whose 
entopic bone was produced using auto ASCs with β-TCP in 
microvascular reconstruction surgery. However, the reports 
about rat ASCs as stem cell in BTE is notably less than 
HASCs [20], so rat ASCs was chosen as stem cell in this 
study. 

Previous studies have showed that magnesium-silicate 
ceramics could stimulate proliferation and osteoblastic dif-
ferentiation of osteoblasts, BMSCs and HASCs; in addition, 
improved mechanical properties of these ceramics were also 
reported [5–8,30], which suggested that these material may 
be a potential and attractive bioactive scaffold for BTE. In 
this study, the effects of two novel magnesium-silicate ce-
ramics (forsterite, clinoenstatite) on the proliferation and 
osteogenic differentiation of rat ASCs were firstly investi-
gated and compared with that of β-TCP, a ceramic which 
has been commonly used as bone implant and scaffold in 
BTE [8].  

A suitable scaffold for bone regeneration must be of mi-
nor cytotoxicity to allow the survival and proliferation of 
seeded cells. The present study indicates that both the M2S 
and MS posses good cytocompatibility and can even stimu-
late cell proliferation as compared with β-TCP. Live-dead 
staining also confirmed that rat ASCs grew well in presence 
of the three ceramic extracts (20 mg/mL), and less necrotic 
cells were found in MS and M2S ceramic extracts than in 
that of β-TCP (Figure 3). Furthermore, it seems that rat 
ASCs proliferated more actively in the low concentrations 
of ceramic extracts than that in the high concentrations. The 
optimal concentration to promote proliferation of rat ASCs 
were 12.5 mg/mL for MS, 6.25 mg/mL for M2S and β-TCP 
respectively on day 4 post seeding (Figure 2). The results 
are consistent with that from Kharaziha et al.’s study [31], 
in which G292 cells were used.  

It was reported that akermanite can promote proliferation 
of HASCs as compared to β-TCP in vitro [8]. The Mg and 
Si ions at certain concentrations dissolved from akermanite 
ceramics were suggested to be contributive to the enhanced 
proliferation of HASCs, since Si and Mg have been found 
in the dissolution of akermanite ceramics, but not in that of 
β-TCP [6]. Previous studies have shown that, after 1 d  
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Figure 7  Real-time PCR for 6 osteospecific genes of rat ASCs in GM or OM on days 3, 8, 15. Rat ASCs in GM or OM without ceramic extracts are as 
control. (a) ALP, (b) Runx2, (c) Col1α1, (d) Spp1, (e) Ibsp, (f) Bglap. #, P<0.05 in GM compared with the β-TCP; *, P<0.05 in OM compared with the 
β-TCP. 

culture, Mg and Si in the culture medium released from MS 
and M2S extracts were 1.67 mmol/L (Mg), 1.97 mmol/L (Si) 
and 0.65 mmol/L (Mg), 0.23 mmol/L (Si), respectively 
[11,30]. In this study, the reason of different proliferation 
rates of rat ASCs in the three ceramics extracts might also 
be the different ionic concentration of Si and Mg dissolved 
from the ceramic extracts. 

Cellular adhesion to bone substitution materials was con-
sidered to play a critical role in the osteointegration and 
osteoconduction when biomaterials were applied for bone 
defect repair [32]. In our study, rat ASCs attached well on 
the three ceramic discs on day 1 after seeding and more 
cells on M2S disc were also observed than those on the 
β-TCP and MS discs on day 4 after seeding, which may 
indicate the superior ability of M2S in promoting the prolif-
eration of rat ASCs than β-TCP. 

The osteogenic differentiation process of MSCs is char-
acterized by the expression of the osteospecific genes and is 
typified by extracellular matrix (ECM) mineralization 
[33,34]. ALP and Runx2 have been considered to be im-
portant markers in early stage of osteogenic differentiation 
[35,36], and Ibsp and Bglap are marker for the late stage of 
osteoblast maturation [39,40]; Type I collagen are the most 
abundant structural proteins forming the ECM of bone 

[37,38], and Spp1 is expressed by pre-osteoblastic cells 
early in bone formation. In this study, we found that expres-
sions of all these genes were significantly enhanced by the 
three ceramics; in addition, significantly higher expressions 
of osteogenic genes were also observed when cells cultured 
in MS and M2S compared with β-TCP, which indicated that 
MS and M2S may possess a superior capability in promot-
ing osteogenic differentiation of rat ASCs. 

Si is an essential trace element involving metabolic pro-
cesses, which were associated with the development of bone 
and connective tissues; lots of the silicate-containing ce-
ramics have been proved to be biocompatible and can 
chemically bond with bone tissue [41]. Mg is closely asso-
ciated with mineralization of calcined tissues and can indi-
rectly affect mineral metabolism [42,43]. It has been sug-
gested that Mg and Si ions from ceramics contributed to the 
enhanced proliferation and osteogenic differentiation of 
MSCs [6,8]. In this study, both MS and M2S are Si and Mg 
containing ceramics. Previous studies have showed different 
concentrations of Mg and Si released from MS and M2S 
extracts in the medium[11,30], while no Si or Mg was found 
in the extracts from β-TCP [6], which may contribute to the 
different proliferation and osteogenic differentiation rates of 
rat ASCs with three ceramics extracts in our study. Our 
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study also revealed that different osteogenic genes were 
influenced by MS and M2S extracts as shown in Figure 7, 
which might be due to their different osteoconductive abili-
ties, different concentrations and Si/Mg ratio in these two 
ceramics can not be neglected. 

The identification of mechanisms that direct adult MSC 
to osteogenic differentiation is of prime interest for devel-
oping therapeutic strategies to promote bone formation and 
regeneration [44]. Keeting et al. [45] found that Si can en-
hance osteoblast proliferation, differentiation and collagen 
production through up-regulation of transforming growth 
factor beta (TGF-β). Zreiqat et al. [46] found that the cells 
grown on Mg-riched substrate showed a significantly in-
creased expression of a5β1 integrin receptor and collagen I 
extracellular matrix proteins. It has been reported that 
β-TCP scaffold exerts their osteoconductive effects on hu-
man osteoblasts through the modulation of a2β1 integrin 
and mitogen-activated protein kinase (MAPKs)/extracel- 
lular regulated kinases (ERK) signaling pathway [47]. Gu et 
al. [48] found that Ca, Mg and Si ions extracted from aker-
manite could facilitate the osteogenic differentiation of 
HASCs via an ERK pathway. In this study, the proliferation 
and osteogenic differentiation of rat ASCs can be enhanced 
by MS and M2S. However, how the ions (Mg and Si) stim-
ulate proliferation and osteogenic differentiation of rat 
ASCs, and whether Integrins/MAPK/ERK signaling path-
way is involved deserved in-depth research. 

4  Conclusion 

MTT assay found that the proliferation of rat ASCs was 
enhanced in MS, M2S powder extracts compared with 
β-TCP. Live-dead staining confirmed that rat ASCs attached 
and proliferated well on the M2S and MS discs as those on 
β-TCP discs. The real time PCR showed that six osteospe-
cific genes of cells cultured in three ceramic extracts re-
spectively (20 mg/mL) were all upregulated during the cul-
ture time. However, the temporal expression patterns were 
different among the three ceramics. These results suggested 
that the osteogenic differentiation of rat ASCs could be en-
hanced when cultured in the MS and M2S extracts either in 
GM or OM. Specific environment around the cells caused 
by the Mg and Si ions released from the ceramics may con-
tribute to these differences among three ceramics in pro-
moting osteogenic differentiation. All the results indicated 
that forsterite and clinoenstatite ceramics possess good cyto-
compatibility and osteo-stimulatory activity in vitro and may 
serve as a potential scaffold for BTE applications. 
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