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Abstract: Formation of tertiary dentin to maintain pulp vitality is a major odontoblastic response to dental pulp in-
jury. Human bone morphogenetic protein 2 (hBMP2) can promote proliferation and differentiation of odontoblasts. 
Current study is interested in evaluating if the hBMP2 can promote the regeneration of tertiary dentin and cure den-
tal pulp injury using the adenoviral vector to deliver hBMP2 cDNA into the pulp. Primary culture of dental pulp cells 
of exfoliated deciduous teeth (hDPCs) was established. Human serotype 5 adenoviral vector, AdCMV-hBMP2, was 
created. AdCMV-hBMP2 was used to transduce hDPCs in vitro and dental pulp cells in animal model in vivo. Data 
clearly demonstrated that hBMP2 increased ALP and mineralization. Reverse transcription-real time quantitative 
PCR (RT-QPCR) data showed that hBMP2 dramatically increased gene expressions of Runx2 (Runt-related transcrip-
tion factor 2), ALP, Col Iα (Collagen 1a1), SP7 (Osterix), DMP1 (dentin matrix acidic phosphoprotein 1), DSPP (den-
tin sialophosphoprotein), and BSP (bonesialoprotein), which are normally involved in osteogenesis/odontogenesis. 
Data from in vivo assays demonstrated that hBMP2 promoted pulp cell proliferation and increased formation of 
tertiary dentin in dental pulp. Our in vitro and in vivo data suggest that hBMP2 gene can efficiently be delivered into 
the dental pulp cells by adenovirus, and show potential clinical application for the treatment of dental pulp damage.
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Introduction

Enamel, dentin, cementum, and pulp are four 
major components of a tooth. The rigid dentin 
provides powerful protection for dental pulp 
and support for enamel. Untreated dental car-
ies can break down the integrity of the normal 
dentin safe-shield leading to pulp exposure and 
subsequent inflammation/infection [1]. More 
than 0.5 mm of residual dentin thickness (RDT) 
is necessary to avoid causing any evidence of 
pulp injury in human teeth [2, 3]. Repair of 
defective dentin tissue remains a great chal-
lenge in clinical practice. Previous studies have 
shown that odontoblastic processes in human 
teeth can extend to the enamel-dentinal junc-
tion [4-6], and can be detected on the dentinal 

surface in the cusp region of both rats and 
monkeys after the age of 2 years old [7]. In rat 
molars, diameters of dentinal tubules are 1.3-
2.7 µm at the pulp-dentinal junction and 0.5-
1.3 µm at the enamel-dentinal junction [8]. It 
was reported that microspheres with diameters 
of 0.02-0.1 µm could reach the inner third 
region of the coronal dentin in rat molars after 
the coronal enamels of the first and the second 
molars were carefully removed from the occlu-
sal surface (0.2-0.3 mm thick) [9]. Therefore, 
an ideal regenerative process is to induce 
odontoblastic differentiation, and reintegrate 
the dentin shield to protect the pulp.

Bone morphogenetic protein 2 (BMP2), belongs 
to the TGF-β superfamily of proteins and plays a 
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critical role in the development of bone and 
cartilage [10]. BMP2 is an autocrine protein 
[10-14]. Previous studies have also demonstra- 
ted that BMP2 can promote odontoblastic dif-
ferentiation and tertiary dentin formation [11-
13]. Interestingly, odontoblasts can produce 
and secrete BMP2 which directly affects the 
secreting of the adjacent odontoblasts and sti- 
mulates their proliferation and differentiation, 
resulting in dentin formation [14-16]. 

Actually, recombinant hBMP2 can be used 
locally. However, repeated injections may be 
required which makes it inconvenient for local 
application. Also, the space of the pulp cham-
ber is highly limited. Therefore, tissue engineer-
ing, plus gene transfer/gene therapy, is an at- 
tractive method to promote odontoblastic dif-
ferentiation and proliferation to repair or repla- 
ce damaged cells and tissue. In order to devel-

pelleted by spin at 1000 rpm for 5 min. The cell 
pellet was cultured with H-DMEM containing 
20% fetal bovine serum (FBS, Invitrogen), 100 
units/ml penicillin, and 100 µg/ml streptomy-
cin. After the first passage (~10-15 days), the 
FBS was reduced to 10%. Cells of passage 3 
were used for all further experiments in this 
study. 

Adipogenic induction assay in vitro

The hDPCs were plated at 105 cells/well in H- 
DMEM in 6-well plates and incubated at 37°C 
in a humidified 5% CO2 atmosphere. After 36 h, 
the culture medium was replaced with H-DMEM 
containing 0.5 mM isobutylmethylxanthine, 1 
µM dexamethasone, 10 mg/L insulin, and 200 
µM indomethacin. The medium was changed 
every 3 days. On day 35, cells were fixed with 
70% ethanol for 1 h, washed with phosphate-

Figure 1. Characteristics of hDPCs and evidence of successful transduction. 
A. hDPCs were cultured for 10 days. B. hDPCs were stained with Oil Red O af-
ter culturing in adipogenic medium for 5 weeks. C. hDPCs were cultured for 3 
days after transduction with AdCMV-EGFP at 1000 particles/cells. D. hDPCs 
were cultured for 28 days after transduction with AdCMV-EGFP at 1000 par-
ticles/cells. E. The expression of BMP2 by RT-PCR assay 3 days after hDPCs 
were transduced with AdCMV-hBMP2 at 1000 particles/cell.

op novel methods to repair 
damaged or defective dentin, 
we delivered hBMP2 into the 
pulp by gene transduction to 
evaluate if BMP2 can be us- 
ed as a bioactive molecule to 
regenerate teritary dentin in 
an in vivo rat model. 

Materials and methods

Cell culture

Normal human exfoliated de- 
ciduous incisors were obta- 
ined from children aged from 
6 to 8 years old. The protocol 
was approved by Jilin Univer- 
sity under the guidelines of 
China’s bioethics law. The 
pulp was extracted and wa- 
shed with H-DMEM (Invitro- 
gen, Carlsbad, CA, USA) con-
taining 1000 units/ml penicil-
lin and 1000 µg/ml strepto-
mycin (Invitrogen), then cut 
into ~0.5×0.5×0.5 mm mass 
using sterilized eye scissors  
in a 1.5 ml Eppendorf tube 
and immersed in a digestive 
solution with 3 mg/ml of col-
lagenase type I (Invitrogen) 
and 4 mg/ml of dispase (In- 
vitrogen) for 15 min at 37°C  
in 5% CO2. The hDPCs were 
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buffered saline (PBS) once, then stained with 
Oil Red O for 1 h at 37°C, washed with distill- 
ed water for three times, and observed under 
microscope.

Adenoviral vector preparation

For this study, we constructed two E1 dele- 
ted replication deficient adenovirus serotype  
5 vectors, AdCMV-EGFP and AdCMV-hBMP2. 
They were both propagated in 293 cell line  
and purified using CsCl gradient centrifugation. 
The titers of vectors were determined by real-
time QPCR using transgene-specific primers. 

BMP2 expression by RT-PCR

The hDPCs were plated at 5×104 cells/well  
in 12-well plates and cultured for 36 h. Then, 

at 103 cells/well in 96-well plates and cultured 
for 36 h, then transduced using AdCMV-EGFP 
or AdCMV-hBMP2 at 1000 particles/cell. One 
day post-transduction, the culture medium was 
replaced with H-DMEM containing 10 mM/L 
sodium β-glycerol phosphate (Sigma-Aldrich, 
St. Louis, MO, USA), 50 mg/L L-ascorbic acid 
(Sigma-Aldrich), and 10-8 M/L dexamethasone 
(Sigma-Aldrich) to induce mineralization. 

The hDPCs in 96-well plates were used to mea-
sure cell ALP activity by alkaline phosphatase 
substrate (Sigma-Aldrich) on days 3, 7, 14, and 
21 using a BioTek Microplate Reader under 
520 nm, according to the manufacturer’s ins- 
tructions. On days 14 and 28, cells in 6-well 
plates were washed with PBS, fixed in 95%  
ethanol at 4°C for 30 min, and stained with 

Figure 2. ALP activity and Alizarin Red S staining. A. ALP activity from hDPCs 
transduced with AdCMV-EGFP or AdCMV-hBMP2. B. Quantification of absor-
bance at 560 nm. C-F. Alizarin Red S staining. C. 14 days after transduction 
with AdCMV-EGFP. D. 14 days after transduction with AdCMV-hBMP2. E. 28 
days after transduction with AdCMV-EGFP. F. 28 days after transduction with 
AdCMV-hBMP2. Data shown are means ± SEM. These assays were repeated 
three times.

the cultured hDPCs were 
transduced with AdCMV-EGFP 
with different particles/cell. 
Finally, 1000 particles/cell 
was confirmed as the most 
appropriate concentration for 
transduction. The hDPCs were 
plated at 105 cells/well in 6- 
well plates and cultured for 
36 h, then transduced with 
AdCMV-EGFP or AdCMV-hB- 
MP2 at 1000 particles/cell. 
After 3 days, total RNA was 
extracted using Trizol (Invitro- 
gen). One µg of RNA was used 
for reverse transcription reac-
tion using PrimerScript® RT 
Reagent Kit (Takara, Dalian, 
China) to synthesize cDNA. 
Primers hBMP2F1 (5’-AGTT- 
TTGATGTCACCCCCGC-3’) and 
hBMP2B1 (5’-GATAGCACTGA- 
GTTCTGTCGGGAC-3’) were us- 
ed for PCR reaction. The PCR 
products were examined by 
2% agarose gel electrophore-
sis, and imaged with Mole- 
cular Imager® Gel DocTM XR 
System (BIO-RAD, Hercules, 
CA, USA).

Alizarin Red S staining and 
alkaline phosphatase (ALP) 
activity assays in vitro

The hDPCs were plated at 105 
cells/well in 6-well plates or  
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0.1% Alizarin Red S (Sigma-Aldrich) at 37°C for 
30 min. The stained cells were incubated in 
10% cetylpyridinium chloride for 1 h to extract 
the stain and the absorbance was measured  
at 560 nm.

Real time quantitative PCR (RT-QPCR) in vitro

The same cultures as mentioned above were 
used to extract total RNA with Trizol. Six µg of 
total RNA was used for reverse transcription 
reaction with PrimerScript® RT Reagent Kit 
(Takara). One µl of RT reaction was used for 
QPCR using the MX3005P system (Agilent, 
Santa Clara, CA, USA) with TaqMan® Universal 
PCR Master Mix (Applied Biosystems, Grand 
Island, NY, USA) under the conditions as fol-
lows: 50°C for 2 min, 95°C for 10 min, then 
95°C for 15 s, and 60°C 1 min for 40 cycles. 
β-actin was used as the internal control. Pri- 
mers and probes for BMP2, Runx2, ALP, Col Iα, 

SP7, DMP1, DSPP, BSP, and OCN were obtained 
from Life Technologies (Grand Island, NY, USA). 

In vivo animal assays 

The animal experimental protocol was appro- 
ved by the Institutional Animal Care and Use 
Committee and the Ethics Committee of the 
Faculty of Dentistry, Jilin University. Twenty 
Wistar rats (~200 g, 2 months old) were used  
in this study. Animals were anesthetized using 
ketamine (60 mg/kg) and xylazine (8 mg/kg).
The cavities were prepared as follows: the co- 
ronal enamel and partial dentin of the first 
molars was carefully removed from the occlu-
sal surface (~0.5 mm thick). The smear layer 
was removed with Gluma Etch 20 gel (Heraeus 
Kulzer GmbH, Hanau, Germany). After washing 
with saline for 20 s, a gelatin sponge contain- 
ing AdCMV-EGFP or AdCMV-hBMP2 at 1.25× 
106 particles/0.25 µL was put on the prepared 

Figure 3. Gene expression profiles of hDPCs transduced with AdCMV-EGFP or AdCMV-hBMP2 3, 7, or 14 days post-
transduction. A. BMP2 gene expression. B. ALP gene expression. C. Col Iα gene expression. D. SP7 gene expression. 
E. DMP1 gene expression. F. DSPP gene expression. G. Runx2 gene expression. H. BSP gene expression. I. OCN 
gene expression. Data shown are means ± SEM. These assays were repeated three times.
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dentin surface for 5 min. Then, the occlusal 
cavities were sealed with GC Fuji IX GP (Fuji, 
Tokyo, Japan). On day 3, dental pulp tissues, 
which were from 3 rats treated only with a gela-
tin sponge (as background control) or with a 
gelatin sponge containing AdCMV-EGFP, were 
separated and prepared for frozen section. 
Slides were observed under an inverted fluo-
rescence microscope in order to evaluate if the 
adenoviral vector can efficiently transduce the 
cells in the dental pulp. On days 3, 7, 14, and 
28 post-surgery, rats were anesthetized and 
euthanized by intracardiac perfusion with 
saline and 4% paraformaldehyde. The upper 
molars were extracted and fixed with 4% para-
formaldehyde for two days, decalcified in 10% 
EDTA for three months at room temperature, 
rinsed in water, dehydrated in a series of in- 
creasing concentrations of alcohol, embedded 
in paraffin, cut into 3 μm sections, and stained 
with H&E and immunohistochemistry staining 
using anti-DMP1-C-8G 10.3 monoclonal anti-
body and anti-DSP-2C12.3 monoclonal anti-
body (gifts from Dr. Chunlin Qin, university of 
texas) at 1:1000 dilution and anti-BMP2 (ab- 
14933, Abcam, Cambridge, MA, USA ) at 1:200 
dilution.

Statistical analysis

Data were presented as mean ± standard error 
of the mean (SEM) herein. Pair t test was appli- 

ed to evaluate the statistical significance of  
differences between control and BMP-treated 
groups. P < 0.05 was considered to be signifi-
cant difference.

Results 

Characteristics of hDPCs

In this study, hDPCs culture was a full-pulp cell 
culture [17]. Figure 1A shows general morphol-
ogy of hDPCs on day 10. The hDPCs proliferat-
ed rapidly with spindle shape morphology. The 
hDPCs were cultured for 10-15 days, and then 
sub-cultured for three passages (5 days/pas-
sage). The hDPCs of passage 3 were used to 
perform all assays for this study. Oil Red O 
staining demonstrated that there were positive 
red cells in our culture condition (Figure 1B), 
which indicates that adipogenic differentiation 
occurred. This data was coincide with previous 
study [18]. They also found that ~5% of cultured 
stem cells from human exfoliated deciduous 
teeth (SHED) differentiated to Oil red O-posi- 
tive lipid-laden fat cells after 5 weeks of cul- 
ture with an adipogenic inductive mixture. Data 
from transduction efficiency assay showed that 
about 70% of hDPCs were EGFP-positive on day 
3 (Figure 1C) and the positive cells could be 
retained till day 28 (Figure 1D) after transduced 
with AdCMV-EGFP at 1000 particles/cell.

Figure 4. Evaluation of transduction efficiency of AdCMV-EGFP in the dental pulp in vivo. A. No viral control group. 
B. AdCMV-EGFP transduced group.
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Effects of hBMP2 on hDPCs differentiation 

Real time quantitative PCR (RT-PCR) assay de- 
monstrated that human serotype 5 adenoviral 
vector (AdCMV-hBMP2) could efficiently trans-
duce hDPCs and increase BMP2 expression in 
hDPCs without mineralization induction on day 
3 (Figure 1E). 

Alkaline phosphatase activity and Alizarin Red 
S staining were two indicators to monitor if hD- 
PCs differentiated in our culture system. Data 

the AdCMV-hBMP2 treated group on days 7 
and 14 (P < 0.01) (Figure 3C, 3G). Gene ex- 
pressions of SP7, DMP1, and DSPP were also 
significantly increased in the AdCMV-hBMP2 
treated hDPCs compared to the AdCMV-EGFP 
group on day 7 (P < 0.05), and especially on day 
14 (P < 0.01) (Figure 3D-F). Gene expressions 
of BSP and OCN, however, were dramatically 
decreased in the AdCMV-hBMP2 treated hD- 
PCs compared to the AdCMV-EGFP group on 
days 3 (P < 0.01), and 7 (P < 0.05) (Figure 3H, 

Figure 5. Effects of hBMP2 on tertiary dentin formation in vivo by H&E stain-
ing. A. 3 days AdCMV-EGFP group. B. 3 days AdCMV-hBMP2 group. C. 7 days 
AdCMV-EGFP group. D. 7 days AdCMV-hBMP2 group. E. 14 days AdCMV-EGFP 
group. F. 14 days AdCMV-hBMP2 group. G. 28 days AdCMV-EGFP group. H. 
28 days AdCMV-hBMP2 group. PD, primary dentin; TD, tertiary dentin; black 
arrow indicates TD; red arrow indicates blood vessel; blue arrow indicates 
pore structure. Bar = 50 µm.

from ALP activity assay show- 
ed that ALP activity of AdCMV-
hBMP2 treated hDPCs was 
slightly, but significantly incre- 
ased 7 days post-culture (Fig- 
ure 2A). Alizarin Red S stain-
ing demonstrated that calci-
um deposition occurred in the 
hDPCs, whereas the AdCMV-
hBMP2 treated group had sig-
nificantly more Alizarin Red S 
positive cells or mineralized 
nodule on days 14 and 28 
compared to the AdCMV-EG- 
FP control group (Figure 2B- 
F). Quantification of alizarin 
red S staining is statistically 
significant between the two 
groups (P < 0.01). These re- 
sults from both assays indi-
cate that BMP2 can promote 
hDPCs differentiation and mi- 
neralization. 

Effects of hBMP2 on gene 
expressions of hDPCs

In this study, we used RT-QP- 
CR assays to evaluate how 
hBMP affects some osteo- 
genic/dentinogenic gene ex- 
pressions, such as Runx2, 
ALP, Col Iα, SP7, DMP1, DSPP, 
BMP2, BSP, and OCN. Figure 
3A shows that hBMP2 gene 
expression was markedly in- 
creased at all three time 
points. Gene expression of 
ALP was obviously increased 
on days 7 and 14 (P < 0.05) 
(Figure 3B). Runx2 and Col  
1α gene expressions were 
more distinctly increased in 
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3I). Interestingly, gene expression of BSP was 
significantly increased in the AdCMV-hBMP2 
treated hDPCs compared to the AdCMV-EGFP 
group on day 14 (P < 0.01), while gene expres-
sion of OCN in the AdCMV-hBMP2 treated 
hDPCs was not different from the AdCMV-EG- 
FP group (Figure 3H, 3I). These data indicate 
that the hBMP2 can influence differentiation  
of osteoblast/odontoblast. 

Effects of hBMP2 on tertiary dentin formation 
in vivo

Our in vitro data indicate that hBMP2 can pro-
mote differentiation and mineralization of den-
tal pulp cells. Next, in vivo evaluation became 
necessary to confirm if we could reliably use 
BMP2 as a therapeutic biomolecule in further 
clinical application. First, we used the AdCMV-
EGFP to evaluate if the adenoviral vector can 
efficiently transduce dental pulp cells in vivo. 

cal practice. BMP2 is osteoinductive bone mor-
phogenetic protein which has been demonstra- 
ted to potently induce osteoblast/odontogenic 
differentiation [1]. BMP2, in an autocrine fash-
ion, produced by odontoblasts, directly signal- 
ed themselves and adjacent odontoblasts to 
stimulate odontoblast differentiation and den-
tin formation [14]. In tooth development, BMP2 
continued to express during the whole process 
of odontoblast differentiation and maturation 
[14, 19]. Our study herein demonstrates that 
hBMP2 can indeed promote differentiation of 
hDPCs in vitro and formation of tertiary dentin 
in vivo.

First generation serotype 5 adenoviral vector 
can efficiently transduce many kinds of cells. 
Our data indeed demonstrated that AdCMV-
hBMP2 could efficiently transduce hDPCs and 
express a much higher level of human BMP2 in 
vitro (Figures 1 and 3), and also enter the den-

Figure 6. In vivo immunohistochemistry staining for DSP, DMP1 and hBMP2 
on day 3. A. DMP1 staining for AdCMV-EGFP treated group. B. DMP1 staining 
for AdCMV-hBMP2 treated group. C. DSP staining for AdCMV-EGFP treated 
group. D. DSP staining for AdCMV-hBMP2 treated group. E. hBMP2 staining 
for AdCMV-EGFP treated group. F. hBMP2 staining for AdCMV-hBMP2 treated 
group.

Figure 4 clearly showed that 
the AdCMV-EGFP was succe- 
ssfully transduced to dental 
pulp cells 3 days after injec-
tion in vivo compared to the 
control group. Indeed, in vivo 
data demonstrated that hBM- 
P2 could markedly increase 
the thickness of tertiary den-
tin compared to the AdCMV-
EGFP treated groups on days 
3, 7, and 14 (Figure 5A-F). On 
day 28, the AdCMV-hBMP2 
treated groups clearly had 
more well-organized dentin 
tubules in the newly form- 
ed dentin compared to the 
AdCMV-EGFP treated group, 
while more porous conditions 
was observed in the AdCMV-
EGFP treated group (Figure 
5G, 5H). On day 3, the posi-
tive expression of DMP1, DSP 
and BMP2 in the AdCMV-
hBMP2 treated groups were 
clearly higher than that of  
the AdCMV-EGFP treated gro- 
up (Figure 6A-F).

Discussion

Repair of defective dentin tis-
sue is a challenge issue to 
maintain pulp vitality in clini-
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tinal tubules and transduce dental pulp cells in 
vivo (Figure 4). ALP is a necessary requirement 
for the differentiation of dental pulp cells. Our 
results clearly showed that hBMP2 increased 
ALP activity on days 14 and 21 (Figure 2). 
Furthermore, Alizarin Red S staining suggested 
that hBMP2 could promote differentiation of 
hDPCs (Figure 2).

Runx-2 is one of several important proteins 
necessary in the early and middle stages of 
osteoblast differentiation during bone forma-
tion, whereas BSP and OCN proteins play criti-
cal roles in the late stages of osteoblast differ-
entiation [20]. Runx2 acts as an essential tran-
scription factor for bone and tooth development 
and controls the expression of mineralization-
associated genes, including Dspp [21]. Col 1α 
is a major protein for dentin formation and 
repair. SP7 is a transcription factor that is in- 
volved in bone cell differentiation. DSPP gene 
transcripts and translates two major noncollag-
enous dentin proteins: dentin sialoprotein and 
dentin phosphoprotein [22], which are neces-
sary for dentin mineralization [22, 23]. DMP-1 
expresses in odontoblast and plays a role  
in dentinogenesis imperfecta [24]. Our gene 
expression data demonstrated that hBMP2 
could stimulate differentiation of hDPCs (Fig- 
ure 3) and significantly increase gene expres-
sions of Runx2, ALP, Col 1α, SP7, DMP1, and 
DSPP in pulp cells in vitro at an early time point, 
whereas gene expression of BSP and OCN in- 
creased at a late time point (Figure 3). Our in 
vivo data demonstrated that the expression of 
hBMP2 was much higher in the AdCMV-hBMP2 
treated groups on day 3, which indicates that 
adenoviral vector can efficiently penetrate the 
dental pulp through dentinal tubules and trans-
duce local cells (Figures 3 and 5). Interestingly, 
hBMP2 could promote differentiation and pro-
liferation of dental pulp cells resulting in forma-
tion of tertiary dentin in the dental pulp (Figures 
4, 5). 

Conclusion 

This study clearly demonstrates that the hBM- 
P2 gene can efficiently be delivered into dental 
pulp cells by first generation serotype 5 adeno-
viral vectors, and effectively influences prolif-
eration and differentiation of dental pulp cells, 
as well as mineralization and formation of ter-
tiary dentin in vitro and in vivo. Our study sug-
gests that a gene therapy scheme can be used 

to treat dental pulp diseases. Therefore, cur-
rent study approves potential therapeutic appli-
cation of hBMP2 to form tertiary dentin in den-
tal pulp and to help to cure caries. 
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