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Abstract 

Dental follicle stem cells are a group of cells possessing osteogenic, adipogenetic and neu-
rogenic differentiations, but the specific mechanism underlying the multilineage differentiation 
remains still unclear. Great attention has been paid to bone morphogenetic protein-9 (BMP-9) 
due to its potent osteogenic activity. In the present study, rat dental follicle stem cells were 
isolated and purified, and cells of passage 3 underwent adenovirus mediated BMP-9 gene 
transfection to prepare dental follicle stem cells with stable BMP-9 expression. Detection of 
alkaline phosphatase (ALP) and calcium deposition showed dental follicle stem cells trans-
fected with BMP-9 gene could significantly promote the osteogenesis. In addition, SB203580 
and PD98059 were employed to block the p38 mitogen-activated protein kinase (p38MAPK) 
and extracellular signal-regulated kinase (ERK1/2), respectively. Detection of ALP and calcium 
deposition revealed the BMP-9 induced osteogenic differentiation of dental follicle stem cells 
depended on MAPK signaling pathway. 

Key words: Dental follicle stem cells; rat recombinant adenovirus transfection; bone morphoge-
netic protein-9; osteogenic differentiation; signaling pathway. 

Introduction 
Periodontitis is a chronic infectious disease af-

fecting the tissues that surround and support the teeth 
and usually caused by the microorganism infection in 
the dental plaques. Periodontitis may cause the in-
flammation of the periodontal supporting tissues, 
formation of periodontal pocket, progressive attach-
ment loss and alveolar bone absorption, which finally 
result in loose and loss of teeth. Periodontitis is one of 
immemorial and common diseases and a major cause 
of tooth loss in adults. The final goal of periodontitis 
treatment is to repair the periodontal defect and re-
construct normal structure and function of periodon-
tal tissues. However, no effective strategy has been 

developed to promote the regeneration of periodontal 
tissues in the supragingival pocket and actual biolog-
ical repair is lacking [1]. Tooth related stem cells and 
tissue engineering technique makes biological repair 
of periodontal tissues and teeth possible. That is, bio-
logical engineering technique has been employed for 
regeneration of periodontal tissues [2, 3]. This is also a 
method to manually mimic the development of peri-
odontal tissues. It is following the principles in the 
development of periodontal tissues that tissue regen-
eration be realized.  

Dental follicle is composed of heterogeneous 
cells. Dental follicle cells serve as precursor cells of 
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periodontal tissues and have characteristics of stem 
cells: self-renewal and multilineage differentiation 
potential suggesting the presence of stem cells in the 
dental follicle cells. Luan et al [4] prepared immortal-
ized dental follicle cells from mice, suggesting that the 
dental follicle cells carrying heterogeneous cells have 
some stem cells. Morsczeck et al [5] found that in vitro 
human dental follicle cells could express Notch-1 and 
Nestin, and in vitro induction led to formation of 
membrane-like structure and calcified nodules. In 
mice with severe immunodeficiency, these cells could 
induce the formation of fibrous tissues with tough-
ness in nature. These findings demonstrate that dental 
follicle cells have the characteristics of certain stem 
cells. In 2007, Kémoun et al [6] for the first time re-
ported that human dental follicle cells could express 
Stro-1, a marker for mesenchymal stem cells (MSC). In 
2008, Yao et al [7] for the first time confirmed the ex-
istence of dental follicle stem cells (DFCs), and the rat 
dental follicle cells could be induced to differentiate 
into adipocytes and neurons in vitro, which further 
confirm that the dental follicle cells have the mesen-
chyma derived cells which possess the potent differ-
entiation potential. Thus, to isolate DFCs may be crit-
ical for the investigation of development of perio-
dontal tissues. In addition, investigations on DFCs 
may provide evidence for the dental implant, tooth 
replantation and tooth regeneration. These cells with 
potent proliferation and differentiation may serve as 
favorable seed cells for the tissue engineering of per-
iodontal tissues. 

Bone morphogenetic proteins (BMPs) are a 
group of glycoproteins playing important roles in the 
development and remodeling of the bone, and they 
can promote the chemotaxis and aggregation of cells 
into osteogenic site in different ways and facilitate the 
differentiation into osteoblasts. In addition, these 
proteins can also promote the angiogenesis, regulate 
the activity of some growth factors and affect the 
production of these growth factors, which is helpful 
for the osteogenesis. BMPs have been considered as 
the most potent growth factors that can promote the 
bone regeneration. To date, more than 20 BMPs have 
been identified and BMP-2, -4, -6 and -7 have found to 
the osteogenic potential [8-12]. BMP-9 is also known 
as growth differentiation factor 2 (GDF-2) and mainly 
expressed in the liver [13]. BMP-9 can induce and 
maintain the cholinergic differentiation of embryonic 
neurons, regulate the metabolism of glucose and fatty 
acid, modulate the dynamic balance of iron and exert 
other important biological functions [14-16]. Howev-
er, the role of BMP-9 in the osteogenesis and bone 
regeneration is poorly understood. TC HE systemi-
cally investigated the roles of 14 BMPs (BMP-2-15) in 

the oseogenesis. The results demonstrated the potent 
osteogenic activity of BMP-9 [17-18]. To date, no study 
has been conducted to investigate the effect of BMP-9 
on dental follicle cells and its role in the dental bone 
regeneration. In the present study, adenovirus served 
as a vector mediating the transfection of BMP-9 into 
DFCs. RT-PCR was employed to detect the transfec-
tion efficiency, and the early and late osteogenesis of 
these DFCs were identified. Moreover, the role of p38 
and ERK1/2 MAPK signaling pathway in the BMP-9 
induced osteogenesis of rat DFC. Our results provide 
evidence that DFCs may become promising seed cells 
for periodontal bone regeneration in tissue engineer-
ing. 

Materials and methods 
Reagent 

Dulbecco’s Modified Eagle Medium (DMEM), 
fetal bovine serum (FBS), 0.25% trypsin (GIBCO, 
USA), alkaline phosphatase (ALP) detection kit (BD, 
USA), Naphthol AS-MX Phosphate Alkaline Solution, 
Fast Blue RR salt (Sigma, USA), Oil Red O (WOLSEN), 
bovine serum albumin (BSA), vitamin C, 
β-glycerophosphate, 2% alizarin red S (pH: 4.2) (Sig-
ma, USA), 0.25% Triton X-100(mouse monoclonal IgG; 
Santa cruz, USA), rabbit anti-rat vimentin monoclonal 
antibody, rabbit anti-rat CK monoclonal antibody 
(Sigma, USA), rat SP detection kit, ultrasensitive goat 
two-step detection kit for immunohistochemistry, 
DAB kit (Beijing Zhongshan Golden Bridge Biotech), 
monoclonal antibodies against CD31, CD146 and 
STRO-1 (Invitrogen, USA), RIPA (Shanghai Biyoutime 
Biotech) protease inhibitor, phosphatase inhibitor 
(Roche, Switzerland), SB203580 (P38MAPK specific 
inhibitor; dissolved in DMSO at 20 mmol/L and 
stored at -20℃) and PD98059 (ERK1/2 specific inhib-
itor; dissolved in DMSO at 50 mmol/L and stored at 
-20℃) (Santa cruz, USA) were used in the present 
study[19].  

Experimental animals 
A total of 40 specific pathogen free SD neonatal 

rats aged 6~7 days and weighing 20-30 g (male: fe-
male = 1:1) were purchased from the Experimental 
Animal Center of Chongqing Medical University (Li-
cense No: SYXK[Yu]20040001). The procedures in the 
present study were in accordance with the National 
Institute of Health guidelines on the ethical use of 
animals[20].  

Isolation and culture of rat DFCs 
Mouse DFCs were obtained from first lower 

molars of D6 mice and cultured as described previ-
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ously [21]. Briefly, the neonatal rats were sacrificed by 
decapitation, and the first and second molar germs 
were obtained. The dental follicle tissues were added 
to the serum-free DMEM and then cut into 1-mm3 
blocks. Centrifugation was done at 800 rpm/min for 5 
min and the supernatant was removed. Then, 0.1% 
type I collagenase (3 ml) was added followed by di-
gestion at 37℃ for 1 h. Following addition of 1 ml of 
0.25% trypsin, digestion continued at 37℃ for 5 min. 
Then, DMEM containing 15% FBS was added to stop 
the digestion followed by centrifugation at 800 
rpm/min for 5 min. The supernatant was removed 
and cells were re-suspended in 3 ml of DMEM con-
taining 15% FBS, 100 U/ml penicillin and 100 μg/ml 
streptomycin and incubated in a humidified envi-
ronment with 5% CO2 at 37℃. The medium was re-
freshed every 3 days. When the primary dental follicle 
cells became monolayer-like and cell confluence 
reached about 80%, passaging was performed. Cells 
in the logarithmic growth phase were used for prep-
aration of single cell suspension and dental follicle 
cells were labeled with STRO-1 antibody, a marker of 
MSC. Following washing in buffer twice, mouse IgM 
immune breads at 2-8℃ were added followed by in-
cubation for 15 min. After washing in buffer twice, 
cells were re-suspended and these cells were added to 
the cylinder. The STRO-1 positive cells were seperated 
by using the immunomagnetic bead sorter and main-
tained in DMEM containing 15% FBS, 100 U/ml pen-
icillin and 100 μg/ml streptomycin in a humidified 
environment with 5% CO2 at 37℃.  

Adenovirus mediated transfection of DFCs 
The recombinant adenovirus carrying BMP-9 

(Ad-BMP9) and Ad-GFP were kindly provided by the 
Prof He in the Medical Center of University of Chi-
cago, USA. The medium for osteogenesis included 50 
μg/ml vitamin C (0.5 g of vitamin C in 10 ml of de-
ionized water followed by filtration and storage at 
4℃) and 100 mM glycerophosphate (2.16 g of glycer-
ophosphate in 100 ml of deionized water). The rat 
DFCs with good growth were used to prepare single 
cell suspension one day before transfection and then 
seeded into 24-well at a density of 5×103/ml/well. 
When the cell confluence reached 80% 24 h later, the 
DMEM in each well was removed. Then, 5 μl of 
Ad-rRBMP-9 with multiplicity of infection (MOI) of 
100 was mixed with 0.8 ml of medium, and this solu-
tion was added to each well. Gentle shaking was 
performed to make the solution cover the cells in each 
well. In the negative control group, 30 μl of Ad-GFP 
was added. Following addition of BMP-9, cells were 
incubated at 37℃ in a humidified environment with 
5% CO2. Four hours later, 2 ml of medium was added 

followed by incubation. At 24 h after incubation, the 
medium was refreshed and the cell growth and 
morphology were observed under an inverted phase 
contrast microscope.  

RT-PCR 
Following transfection, the fluorescence in cells 

was observed under an inverted phase contrast mi-
croscope. At 3, 6, 9 and 12 days after transfection, cells 
in the transfection group and non-transfection group 
were collected and total RNA was extracted with 
Trizol by lysis and used to reverse transcribe into 
cDNA followed by amplification of BMP-9 by PCR. 
The reaction mixture (25 μL) included 8.5 μL of water, 
12.5 μL of SYBR, 1 μL of forward primer, 1 μL of re-
verse primer and 2 μL of cDNA. The reaction condi-
tion included pre-denaturation at 95℃ for 30 s and 35 
cycles of denaturation at 95℃ for 10 s and annealing at 
64 ℃ for 30 s. In the negative control group, cDNA 
was not added and GAPDH served as an internal 
reference [22]. Then, 3 μL of products was separated 
by 1.5% agarose gel electrophoresis. The forward 
primer for BMP-9 was 5’- TGTACA ACA GGT ACA 
CGT CCG-3’ and the reverse primer was 5’- TGA 
ATG TCC TGG GAC ACC AG-3’. The anticipated size 
was 275 bp. Finally, the optical density of each band 
was determined.  

Histological staining  
Detection of ALP: 5-7 days after osteogenic in-

duction in 24-well plate, the medium was removed 
and DFCs were washed in PBS twice. Then, 500 μl of 
fast blue BB was added followed by incubation in 
dark at room temperature for 30 min. These cells were 
observed under light microscope.  

Detection of calcium deposition: The cells in each 
group were washed in PBS thrice and 200 μl of 0.5% 
glutaraldehyde was added to each well followed by 
fixation for 15 min. The medium was removed and 
cells were washed in PBS thrice. Following addition of 
200 μl of 0.1% Alizarin Red -Tris-HCl (pH: 8.3), incu-
bation was done at room temperature for 20 min. Af-
ter washing in PBS thrice, cells were observed under a 
microscope. When the red substance was present 
(about 5 min later), the staining solution was re-
moved, and ddH2O was added to stop staining and 
rinse these cells. The DFCs without transfection 
served as a control group.  

Immunohistochemistry  
DFCs in the logarithmic growth phase were used 

to prepare single cell suspension after digestion, and 
then added to 6-well plate at a density of 1×104 
cells/well. When the cell confluence reached about 
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80%, cells were fixed in 4% paraformaldehyde. Then, 
these cells were washed with PBS for 5 min and 
treated with 2.5 ml/L Triton-100 for 10 min. After 
incubation with 30% H2O2 for 30 min to block en-
dogenous peroxidase, cells were treated with normal 
goat serum for 30 min at 37℃. Then, these cells were 
incubated with rabbit anti-rat vimentin, kera-
tin.Addition of goat anti-rabbit secondary antibody 
and visualization with DAB were done according to 
the manufacturer’s instructions. Counterstaining with 
hematoxylin, dehydration in water, transparentiza-
tion in xylene and mounting with neutral gum were 
done sequentially. In the negative control, the primary 
antibody was replaced with PBS. Cells with brown 
granules in the cytoplasm were regarded to be posi-
tive for target protein.  

Flow cytometry 
When the DFC confluence reached about 100%, 

these cells were digested in 0.25% trypsin and the cell 
density was adjusted into 1×106/ml. Then, 100 μl of 
cell suspension was added to a tube followed by ad-
dition of FITC conjugated CD31, CD146 or STRO-1
 fluorescence antibody (20 μl for each). Incuba-
tion was done in dark at room temperature for 30 min. 
The cells were re-suspended in 1.4 ml of washing 
buffer followed by centrifugation at 1300 rpm for 5 
min. After washing as abovementioned, the cells were 
re-suspended in 300-500 μl of washing buffer and 
subjected to flow cytometry for the detection of sur-
face antigens.  

Detection of ALP activity 
The cells in the transfection group and 

non-transfection group were harvested. The super-
natant was collected at 3, 5, 7, and 10 days after cul-
ture (5 samples in each group). Detection of ALP ac-
tivity was done according to the manufacturer’s in-
structions. Absorbance (A) was detected at 520 nm 
and the A represents the ALP activity. The ALP ac-
tivity was adjusted with the protein concentration.  

Western blot assay  
DFCs were maintained in dishes for 36 h and the 

medium was removed. These cells were washed in 
pre-cold PBS twice. Following addition of RIPA lysis 
buffer containing protease inhibitor, phosphatase in-
hibitor and 1 mM PMSF (200 μl/100 mm dish), incu-
bation was done on ice for 30 min, and the cells and 
lysate were collected into 1.5-ml tube followed by 
centrifugation at 4℃ for 15 min at 12000 rmp. The 
supernatant was transferred into new EP tubes fol-
lowed by addition of loading buffer, which was boiled 
for 5-8 min. The total protein was extracted from cells 

in each group and stored at -20℃. After preparation of 
stack gel and separating gel and loading of samples, 
SDS-PAGE was performed followed by transferring 
proteins for further assay.  

Statistical analysis 
Experiment was repeated at least 3 times with 

favorable repeatability. Data were expressed as mean 
± standard deviation (mean±SD). Comparisons be-
tween two groups were done with t test. Statistical 
analysis was performed with SPSS version 16.0 for 
windows. A value of P<0.05 was considered statisti-
cally significant.  

Results  
Isolation of DFCs 

Cell morphology: The STRO-1 positive cells were 
separated with immune bread sorter following diges-
tion. Under an invert phase contrast microscope, the 
DFCs were adherent to the plate in a single-cell man-
ner at 10 h after culture, and began to stretch at 24 h 
after culture. At 72 h after culture, the majority of cells 
stretched. At 15-18 days after culture, the cell conflu-
ence reached about 80-90%, and these cells generated 
colonies with the colony formation rate of 1-23 /105. 
These cells were spindle-like or polygonal. The cyto-
plasm was transparent, cell body was full and about 
1-3 nucleoli could be identified in each cell. In the 
polygonal cells, the cell skeleton was clear. The DFCs 
had characteristic structures such as homogeneous 
electron-dense granules and a lot of lysosomes sug-
gesting the active differentiation and remodeling of 
tissues or organs; the cytoplasm was rich in mito-
chondria, Golgi apparatus and rough endoplasmic 
reticulum in the cytoplasm. Moreover, the extracellu-
lar matrix increased over time (Fig.1A). The cells were 
closely arranged in a swirling manner. About 7-10 
days later, the cell confluence could reach 80-90%. 
Then, these cells were harvested after passaging for 
identification (Fig. 1B).  

Immunohistochemistry and phenotype determination: 
Immunohistochemistry was performed for Vim and 
CK. Results showed the DFCs were positive for Vim 
and had brown granules in the cytoplasm. The nu-
cleus was stained dark blue. These cells were negative 
for CK, but the cytoplasm was not stained except for 
the nuclei being staining blue. These findings 
demonstrated that DFCs were derived from the ecto-
dermal mesenchyma (Fig.1C). Flow cytometry re-
vealed that the Stro-1 positive rate of DFCs was 6.7%, 
CD146 positive rate was 51.5% and CD31 positive rate 
was 7.5% (Fig.1D).  
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Figure 1. Separation and identification of DFCs. A: DFCs had characteristic structures including homogeneous electron-dense granules 
and a lot of lysosomes suggesting the active differentiation and remodeling of tissues or organs; B: DFCs formed colonies and had potent 
proliferative activity; C: immunohistochemistry and phenotyping to determine the source of cells. DFCs were labeled with Stro-1 and 
were found to be positive for Vimentin but negative for CK-14; D: Flow cytometry was done to measure the surface antigens.  

 
Multilineage differentiation potential of DFCs: Un-

der different inductions, DFCs could differentiate into 
different types of cells. These cells had the character-
istics of stem cells having the osteogenic, adipogenic 
and neurogenic potentials. Under the osteogenic in-
duction, these cells did not present with adipogenic 
and neurogenic potentials (data not shown). 

DFCs with stable BMP-9 expression following 
transfection 

After adenovirus mediated transfection of 
BMP-9, RT-PCR showed a band at 275 bp, and the 
optical density of this band increase over time. In the 
untransfection group, this band was not found, which 
suggested no mRNA expression of BMP-9 (Fig. 2A). 
At 12 h after Ad-rRBMP-9 mediated transfection, flu-
orescence was found in the DFCs, especially at the 

perinuclear area, and reached a maximal level at 48 h 
(Fig. 2B). After transfection, the quiescent phase was 
prolonged, the cell number slightly reduced, and the 
doubling time was about 72 h. The growth curve of 
DFCs was S-shaped. In the first 3 days after transfec-
tion, these cells were in the quiescent phase and then 
entered the logarithmic phase. At 8 days after trans-
fection, the cell growth was suppressed and the cell 
number remained stable (Fig. 2C). 

BMP-9 transfection significantly increases os-
teogenesis of DFCs 

Under a light microscope, the cell morphology 
remained unchanged in the transfection group and 
non-transfection group (data not shown). Detection of 
ALP activity: In the osteogenic induction group, 
BMP-9 group and osteogenic induction + BMP-9 
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group, the ALP activity was markedly increased at 3, 
5 and 7 days after Ad-rRBMP-9 mediated transfection, 
when compared with GFP group and blank control 
group (Each experiment was repeated three times, 
with the average value as the experimental results, 
P=0.0079<0.01), and the increase in ALP activity was 

the most evident on day 7 (Fig. 3A). Immunohisto-
chemistry for ALP also showed the expression of ALP 
in the BMP-9 group was significantly increased when 
compared with the GFP group and blank control 
group (Fig.3B).  

 
Figure 2. DFCs following BMP-9 transfection. A: Detection of BMP-9 mRNA expression by RT-PCR; B: Following transfection, the DFCs 
presented with fluorescence (×100) and calcified nodules. In the control group, scattered non-specific fluorescence was present; C: 
Comparisons of growth curve of DFCs between transfection group and untransfection group (DFCs of 1st and 3rd generation).  

  
Figure 3. BMP-9 promoted the osteogenesis of DFCs. A: Detection of ALP activity. B: immunohistochemistry for ALP: the ALP ex-
pression was markedly increased in the BMP-9 group when compared with the mock group and vector group.  
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At 14 d after Ad-rRBMP-9 mediated transfection, 
Alizarin Red staining showed some calcified nodules 
which were large and red, suggesting the increased 
osteogenesis of DFCs following transfection (Fig. 5). 
In the non-transfection group, the calcified nodules 
were occasionally found and lightly stained (Fig. 5). 

Regulation of osteogenic differentiation of 
BMP-9 transfected DFCs by MAPK signaling 
pathway 

Activation of MAPK signaling pathway by 
BMP-9: Cells were seeded into 100-mm dishes and 

transfection was done with Ad-BMP9 or Ad-GFP at 
an appropriate MOI (transfection efficiency of 
50-60%). At 12 h after transfection, cells were main-
tained in serum free DMEM/High Glu for 36 h. Then, 
total protein was extracted and western blot assay 
was done to detect target proteins. Results showed 
BMP-9 transfection did not change the expression of 
total p38 and total ERK1/2, but the expression of 
phosphorylated p38 was markedly increased and 
ERK1/2 decreased (Fig. 4A).  

 

 
Figure 4. MAPK signaling pathway regulated osteogenic differentiation of BMP-9 transfected DFCs. A: Western blot assay showed BMP-9 
activated MAPK signaling pathway and increased the phosphorylation of p38 and ERK1/2. p38MAPK inhibitor suppressed the early 
osteogenic differentiation of BMP-9 transfected DFCs in a concentration dependent manner; ERK1/2 inhibitor promoted the early 
osteogenic differentiation of BMP-9 transfected DFCs in a concentration dependent manner: B: ALP activity; C: ALP staining (150×); 
Findings demonstrated that the evident osteogenic effect of DFCs after transfection. 
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Figure 5. Alizarin Red staining was done to detect calcium deposition (150×). When compared with the GFP/DMSO group, the number 
of calcified nodules was markedly increased in the BMP9/DMSO group. Compared with the BMP9/DMSO group, the number of calcified 
nodules in the BMP9/SB group significantly reduced and the number of calcified nodules in the BMP9/PD was significantly higher. 
 

Effect of MAPK signaling pathway inhibition on 
early osteogenic differentiation of BMP-9 
transfected DFCs 

The BMP-9 transfected DFCs were inde-
pendently treated with 2 μmol/L, 5 μmol/L and 10 
μmol/L SB203580, an inhibitor of p38MAPK. Seven 
days later, detection of ALP activity and ALP staining 
were performed to study the osteogenesis. Results 
showed treatment with SB203580 at different concen-
trations reduced the ALP activity of BMP-9 trans-
fected cells suggested a concentration dependent 
manner. The inhibition was the most evident after 
treatment with 25 μmol/L SB203580. Significant dif-
ference in ALP activity was noted between 
BMP9/DMSO group and other groups (P<0.05) (Fig. 
4B). ALP staining revealed the staining intensity of 
ALP reduced with the increase in SB203580 concen-
tration, which was consistent with findings in detec-
tion of ALP activity (Fig. 4C).  

The BMP-9 transfected DFCs were inde-
pendently treated with 10 μmol/L, 25 μmol/L and 50 
μmol/L PD98059, an inhibitor of ERK1/2. Seven days 
later, detection of ALP activity and ALP staining were 
performed to study the osteogenesis following ad-
justment by cell count. Results showed treatment with 
PD98059 at different concentrations increased the 
ALP activity of BMP-9 transfected cells. When the 
PD98059 was at low concentrations (<50 μmol/L), this 
effect was in a concentration dependent manner (Fig. 
4B). Significant difference in ALP activity was noted 
between BMP9/DMSO group and other groups 
(P<0.05). ALP staining revealed the staining intensity 
of ALP increased with the increase in PD98059 con-
centration, which was consistent with findings in de-
tection of ALP activity (Fig. 4C).  

Effect of MAPK signaling pathway inhibition on 
late osteogenic differentiation of BMP-9 
transfected DFCs 

The BMP-9 transfected DFCs were treated with 

10 μmol/L SB203580 and 50 μmol/L PD98059. 
Twenty one days later, Alizarin Red staining was 
performed to detect the calcium deposition. Results 
showed, In the BMP9/SB group, the calcified nodules 
significantly reduced as compared to the 
BMP9/DMSO group. When compared with the 
GFP/DMSO group, the number of calcified nodules 
was markedly increased in the BMP9/DMSO group. 
In addition, the number of calcified nodules in the 
BMP9/PD was significantly higher than that in the 
BMP9/DMSO group (Fig.5). 

Discussion 
On the basis of principles in the development of 

periodontal tissues, tooth related stems and tissue 
engineering technique may realize the tissue regener-
ation. However, the selection of seed cells is a deter-
minant. The ideal seed cells have the following re-
quirements: ease collection, stable nature after trans-
plantation and potent proliferation and differentiation 
[28, 29]. The dental follicle is loose connective tissues 
between the enamel in the pre-eruptive phase and 
tissues surrounding the dental papilla and can de-
velop into periodontal tissues. Dental follicle is de-
rived from ectodermal mesenchyma. The cemento-
blasts in the inner layer of the root of the tooth can 
secret cementum, and the cells close to the alveolar 
bone can differentiate into osteoblasts which can se-
cret bone matrix. The cells in the middle layer can 
differentiate into fibroblasts which may produce the 
periodontal membrane fiber. Numerous studies have 
confirmed that dental follicle is composed of hetero-
geneous cells. The dental follicle cells are considered 
as precursor cells of periodontal tissues and have the 
characteristics of stem cells: self-renewal and multi-
lineage differentiation potential [7, 30]. In the present 
study, the rat dental follicle cells were easy to separate 
and culture and had active proliferation. The dou-
bling time was short, and cells remained stable after 
passaging. STRO-1 is a marker of stem cells from ec-
todermal mesenchyma. In this study, immune breads 
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were used to sort STRO-1 positive DFCs which were 
found to have multilineage differentiation potential. 
Under the osteogenic induction, these cells presented 
with osteogenic differentiation, but not adipogenic or 
neurogenic differentiation.  

BMP-9 is one of proteins in the BMP family and 
less investigated. BMP-9 is one of potent osteogenic 
growth factors and has been found to possess the ca-
pability to promote the osteogenesis and chondro-
genesis [32, 33]. The ability of BMP-9 to induce the 
osteogenic differentiation of stem cells was found to 
more potent than other BMPs such as BMP-2, and 
BMP-7 [34]. In the present study, adenovirus carrying 
GFP was used to mediate the BMP-9 transfection into 
DFCs. These cells were successfully transfected and 
favorable transfection efficiency was present. RT-PCR 
showed the BMP-9 transfected DFCs had stable ex-
pression of BMP-9. The growth curve of cells in the 
transfection group and untransfection group was also 
measured. Results showed Ad-rRBMP-9 had influ-
ence on the growth of DFCs. Following transfection, 
these cells were transiently in the quiescent phase and 
the doubling time was increased, but the proliferation 
of these cells was not compromised. Appropriate 
amount of cells could be obtained for therapy. The 
influence of Ad-rRBMP-9 on the DFCs may be at-
tributed to the stimulation of DFCs by the adenovirus, 
but the specific mechanism is required to be further 
studied.  

In the present study, osteogenic induction was 
performed in DFCs. Results showed, in the absence of 
virus, the cell state and growth were good. Addition 
of virus led to the death or arrest of these cells. 7 and 
10 days after osteogenic induction, the ALP activity in 
DFCs was markedly higher than that in the positive 
control group and blank control group. ALP activity is 
a marker of early differentiation of osteoblasts. These 
findings demonstrated the osteogenic capability of 
DFCs which can differentiate into osteoblasts. These 
also confirmed the important role of BMP-9 in the 
osteogenesis of DFCs.  

Previous studies [16, 35] revealed BMPs exert 
osteogenic effect which depends on the Smad de-
pendent pathway. In recent studies, increasing evi-
dence showed [9, 10] BMPs could exert effect in 
non-Smad dependent pathways (such as MAPKs and 
PI3K) in which the Smad activation is not required. 
These pathways are also known as non-canonical 
pathways, of which MAPK signaling pathway is an 
important one. BMP-2, BMP-4 and BMP-7 can exert 
effect in a MAPK dependent manner, and the MAPK 
signal transduction is also crucial for the BMPs in-
duced osteogenesis. Similar to other BMPs, BMP-9 can 
serve as a potent osteogenic factor to active the ca-

nonical Smad signaling pathway [35-38]. Whether 
BMP-9 can activate non-canonical MAPK signaling 
pathway is still unclear.  

Our results showed, following BMP-9 transfec-
tion, the phosphorylated MAPKp38 and ERK1/2 in-
creased, suggesting that BMP-9 can directly or indi-
rectly activate MAPK signaling pathway. BMP-9 ac-
tivates P38MAPK signaling pathway to promote the 
osteogenic differentiation of dental follicle cells. 
However, BMP-9 inhibits the ERK1/2, which then 
suppresses the osteogenic differentiation of dental 
follicle cells. After administration of P38MAPK inhib-
itor (SB203580) and/or ERK1/2 specific inhibitor 
(PD98059) to suppress the MAPK signaling pathway, 
the ALP activity, calcium deposition were deter-
mined. Results showed 1) Inhibition of p38MAPK 
expression reduced the ALP activity and calcium 
deposition in BMP-9 transfected cells; 2) inhibition of 
ERK1/2 activity increased the ALP activity and cal-
cium deposition in BMP-9 transfected cells.  

Taken together, our results reveal BMP-9 can be 
used as a factor to induce the osteogenesis of DFCs in 
a time dependent manner in which MAPK signaling 
pathway involves. Dental follicle cells can serve as 
seed cells in the tissue engineering of periodontal 
tissues. Our findings provide evidence for future 
studies on local application of BMP-9 aiming to con-
trol the healing of periodontal bone defect and re-
generation of periodontal tissues.  
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