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Abstract-A robust method for inducing bone formation from cultured dental
mesenchymal cells has not been established. In the present study, an efficient method
for generating bone tissue from cultured human dental pulp- and periodontal
ligament-derived cells (DPCs and PDLCs, respectively) was designed using exogenous
bone morphogenetic protein 2 (BMP2). DPCs and PDLCs showed enhanced alkaline
phosphatase (ALP) activity and calcified nodule formation in medium containing
dexamethasone, -glycerophosphate, and ascorbic acid (osteogenic medium). However,
the addition of recombinant human (rh) BMP2 to osteogenic medium remarkably
increased ALP activity and in vitro calcification above the increases observed with
osteogenic medium alone. rhBMP2 also significantly upregulated the expression of
osteocalcin, osteopontin, and dentin matrix protein 1 mRNA in both cell types cultured
in osteogenic medium. Finally, we detected prominent bone-like tissue formation in
vivo when cells had been exposed to rhBMP2 in osteogenic medium. In contrast,
treatments with osteogenic medium or rhBMP2 alone could not induce abundant
mineralized tissue formation. We propose here that treatment with rhBMP2 in
osteogenic medium can make dental mesenchymal tissues a highly useful source of cells
for bone tissue engineering. In addition, both DPCs and PDLCs showed similar and
remarkable osteo-inducibility.
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INTRODUCTION
Bone defects due to disease or trauma that do not heal spontaneously require bone
reconstruction to restore bone function. Autografting and artificial bone substitution are
currently performed, but results are inconsistent because autografts involve donor site
morbidity and materials lack osteogenic potential. Recently, tissue engineering has
attracted considerable attention, and bone regeneration using mesenchymal stem cells
(MSCs) has been studied extensively.1,17,19,31,33 Because it requires only a small amount
of tissue from the patient, bone reconstruction by this technique is less invasive and
safer than conventional methods. To date, bone marrow or periosteum has been
frequently used as a cell source for this strategy.1,4,25 However, although it has been
shown that the MSCs in dental pulp and periodontal ligaments have similar properties
as those in bone marrow6,29, efficient methods for generating bone tissue from dental
mesenchymal cells have not been established.
Currently, dental pulp- and periodontal ligament-derived cells (DPCs and PDLCs)
are receiving attention as cellular reservoirs for bone tissue engineering, because these
cells supply mineralized dental tissues such as dentin, cementum, and alveolar bone.
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Previous studies have indicated that DPCs and PDLCs possess the potential to form
mineralized nodules in vitro and express osteoblastic characteristics.5,9,27,28 Therefore,
the use of DPCs and PDLCs is of great interest in bone tissue engineering, particularly
in the oral and maxillofacial area, because they can be easily harvested without
morbidity for dentists and expanded in culture. Nevertheless, while many previous
studies gave the rise of their osteogenic potential in vitro, their inducibility for in vivo
bone formation has not been examined well yet.
The aim of the present study is to take a step towards establishing suitable culture
conditions to realize the bone generation from dental mesenchymal cells. In this study,
the osteo-inducibility of recombinant human bone morphogenetic protein 2 (rhBMP2)
was investigated in cultured DPCs and PDLCs, and the osteogenic potential of both
dental mesenchymal cell types was compared. Recently, rhBMP2 has been shown to
enhance the effects of osteo-inductive supplements such as dexamethasone (Dex),
-glycerophosphate (-Gly), and ascorbic acid (AA) on osteogenic differentiation of
mesenchymal bone marrow cells.13,14,16 Therefore, we attempted this condition to
determine effective osteo-inductive conditions for human dental mesenchymal cells.
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MATERIALS AND METHODS
Samples and Cell Cultures
This study conformed to the tenets of the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Nagasaki University School of Dentistry. All
subjects provided written informed consent.
Normal erupted or impacted third molars (n=5) were collected from five patients
(ages 18, 19, 21, 24, and 30 years; two males and three females) after tooth extraction.
Dental pulp was gently removed from the root canal, minced with scalpels, and rinsed
with PBS. Periodontal ligament was gently separated from the surface of the root,
minced with scalpels, and rinsed with PBS. These procedures were performed within 3
hours of tooth extraction. The explants were plated into 10-cm dishes containing
-MEM (Nissui Centical Co. Ltd., Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS), glutamine (0.6 mg/ml), penicillin (100 units/ml), and streptomycin (100
mg/ml), and were cultured at 37°C in 5% CO2. The medium was replaced every 3 days.
When the cultures reached 90% confluence, cells were passaged and re-plated in
150-cm2 flasks. To ensure phenotypic uniformity, we used each cell lineage following
the second passage in the subsequent experiments.
Cell proliferation assay
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[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] (MTT) assay. In
brief, both cell types were cultured with serum-conditioned -MEM in 96-well plates at
an initial density of 1.0 × 104 cells per well. On days 1, 3, 5, 7 and 9, cells were treated
with 10 l of MTT solution (5 mg MTT per 1 ml PBS), which was added to each well
and incubated at 37°C for 4 hours. Finally, 100 l acid-isopropanol was added to each
well to solubilize the MTT-formazan product. After complete solubilization of the dye,
the absorbance was read on an Immuno reader (Immuno reader NJ-2000, Nihon Inter
Med, Tokyo, Japan) at 570 nm.
Alkaline phosphatase (ALP) activity assay
On day 0, both cell types were plated at a density of 1.0 × 105 cells/well in 6-well plates
containing serum-conditioned -MEM. On day 1, various concentrations of rhBMP2 (0,
30, 100, or 300 ng/ml) (donated by Astellas Pharma Inc., Tokyo, Japan) were added to
each well, along with serum-conditioned -MEM containing 10-8 M Dex, 10 mM -Gly,
and 100 M AA (osteogenic medium). On days 4, 7, 10, and 13, medium was replaced
with fresh medium containing identical osteo-inductive factors. On day 14, cells were
harvested and extracted with 20 mM HEPES buffer (pH 7.5) (Dojindo, Kumamoto,
Japan) containing 1% Triton X-100 (Wako, Osaka, Japan). ALP activity was assayed
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with 10mM (final) p-nitrophenyl phosphate as a subsrate in 50mM sodium carbonate
buffer, pH 10, containing 5mM MgCl2. After 15min of incubation at 37°C, the reaction
was stopped with 0.5 N NaOH and absorbance was measured at 405 nm. Protein in each
sample was determined with the Bio Rad protein assay (Bio-Rad, Tokyo, Japan). 3 ALP
activity is expressed as mol p-nitrophenol/min/g/protein.
Alizarin red staining
Both cell types were cultured in normal serum-conditioned -MEM, osteogenic
medium, or osteogenic medium with 300 ng/ml rhBMP2 for 14 days. On day 14,
mineralization was assessed by staining with Alizarin red (Sigma-Aldrich, MO, USA).
Briefly, 40 mM of Alizarin red was prepared in distilled water and adjusted to pH 6.3
with ammonium hydroxide. Cell layers were rinsed with PBS, fixed in 70% ethanol,
and air dried. Then, cell layers were stained with Alizarin red at room temperature for
30 minutes. The cells were washed with distilled water and allowed to dry.
Reverse transcription-polymerase chain reaction (RT-PCR)
On day 0, both cell types were plated in 10-cm dishes containing serum-conditioned
-MEM. Cells were treated with normal serum-conditioned -MEM, osteogenic
medium, or osteogenic medium with 300 ng/ml rhBMP2 for 13 days. Media were
replaced on days 1, 4, 7, 10, and 13. On day 14, total RNA was extracted using TRIZOL
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reagent (Invitrogen). RNA samples (1 g) were reverse-transcribed with RevetraAce
reverse-transcriptase and oligo-dT primers (Invitrogen), according to the manufacturer’s
protocol. To analyze gene expression, we used specific primers for PCR amplification
as shown in Table 1. All primers used were obtained from Sigma-Aldrich Japan K.K.
Life Science Division (Ishikari, Japan). After amplification, samples were analyzed by
2% agarose gel electrophoresis and visualized with ethidium bromide staining.
Transplantation into immunodeficient mice
For transplantation, 1 × 106 harvested cells (DPCs and PDLCs) in 1 ml of -MEM
supplemented with 10% FBS were mixed with 30 mg of hydroxylapatite (HA) granules
(APACERAM=AX; PENTAX, Tokyo, Japan), which size is from 0.6mm to 1mm with
50% porocity, in a 14-ml polypropylene tube. For the next 13 days, cells were cultured
in [normal serum-conditioned -MEM], [normal serum-conditioned -MEM with
300ng/ml rhBMP2], [osteogenic medium], or [osteogenic medium with 300 ng/ml
rhBMP2]. As a control, we used HA granules containing 300 ng/ml BMP2. The medium
was replaced with fresh identical medium on days 4, 7, 10, and 13. After culturing, each
cell mixture was transplanted into a 6-week-old female BALB/cAJcl-nu/nu mouse
(Nihoncrea, Tokyo, Japan). Under anesthesia with diethyl ether, five subcutaneous
pockets were created in the back of each mouse, and the cell-HA composites were
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transplanted. The transplants were harvested after 8 weeks. These procedures were
performed in accordance with the institutional guidelines.
Histomorphometric analysis
The transplants were fixed with 10% formalin, decalcified with a solution containing
2.9% citric acid, 1.8% tri-sodium citrate dehydrate, 10% formic acid, and 90% distilled
water, and embedded in paraffin wax. Sections (3 m) were deparaffinized and stained
with hematoxylin and eosin. The volume of newly formed bone-like tissues was
analyzed with NIH J Image software (NIH, Bethesda, MD, USA). The percentage of
surface area occupied by bone-like tissues was assessed by light microscopy under 200×
magnification using six sections from each of the five specimens. At least 10 fields per
section were counted. The bone area is expressed as the percentage of the total area.
Statistics
All experimental values are presented as the mean ± standard deviation. Means were
analyzed using one-way analysis of variance. Dunnett’s multiple comparison t-test was
used to detect any significant differences within each group for cell proliferation, ALP
activity, and percentage of bone area.
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RESULTS
Cell proliferation
DPCs and PDLCs showed similar morphology with a characteristic spindle shape, cell
size, and monolayer appearance (Figs. 1a and 1b). The proliferation rate of both cell
types was nearly identical (Fig. 1c). The number of PDLCs was similar to that of DPCs
on days 1 and 3. At days 5, 7, and 9, the number of PDLCs was slightly greater than that
of DPCs, but the difference was not statistically significant.
Alkaline phosphatase (ALP) activity
ALP activity of cultured DPCs and PDLCs was examined to determine the optimum
differentiation conditions before the in vivo study. For the culture of DPCs, treatment
with osteogenic medium significantly increased the ALP activity compared to control
(non-treated) at day 14 (p < 0.05) (Fig. 2a). However, when rhBMP2 was added to the
culture at concentrations of 100 and 300 ng/ml, ALP activity was markedly enhanced
over the effect of osteo-inductive supplements alone (p < 0.05) (Fig. 2a). rhBMP2
enhanced the ALP activity in a dose-dependent manner at concentrations of 30-300
ng/ml (Fig. 2a).
For the culture of PDLCs, osteogenic medium increased the ALP activity compared
to control (non-treated) at day 14 (p < 0.05) (Fig. 2b). Moreover, the addition of
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rhBMP2 at concentrations of 100 and 300 ng/ml to the osteo-inductive supplements
significantly enhanced the ALP activity (p < 0.05) (Fig. 2b). rhBMP2 enhanced the
effect of osteogenic medium in a dose-dependent manner at concentrations of 30-300
ng/ml (Fig. 2b).
The basal ALP activity in PDLCs was approximately 2-fold higher than that in
DPCs after 14 days of culture (p < 0.05) (Fig. 2). This tendency did not change even
after treatment with rhBMP2.
Alizarin red staining
The formation of calcified nodules in cultures of DPCs and PDLCs was examined with
Alizarin red staining for calcium, which showed vanishingly calcified nodules in both
types of control cells (non-treated) after 14 days of culture (Figs. 3a and 3d). After
treatment with osteogenic medium, calcified nodules were detectable in both cell types
(Figs. 3b and 3e). However, the addition of 300 ng/ml rhBMP2 remarkably increased
calcified nodule formation in both types of cell cultures (Figs. 3c and 3f).
Expression of osteoblastic marker genes
The expression of osteoblastic marker genes was investigated in cultured DPCs and
PDLCs in osteogenic medium with rhBMP2 (300 ng/ml). Non-treated DPCs expressed
low levels of osteopontin (opn) and dentin matrix protein-1 (dmp-1), but did not express
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osteocalcin (ocn). When rhBMP2 with osteo-inductive supplements was added to the
culture medium, DPCs upregulated their expression of opn and dmp-1, and began to
express ocn (Fig. 4). Similarly, non-treated PDLCs also expressed low levels of opn and
dmp-1, and did not express ocn. The expression of these genes was clearly observed
after treatment in culture with osteogenic medium containing rhBMP2 (Fig. 4).
Histochemistry analysis 8 weeks after transplantation
Transplantation of HA alone did not cause formation of any new mineralized tissues
(data not shown). Also, HA treated with 300 ng/ml rhBMP2 alone without cells or HA
containing non-treated cells (DPCs or PDLCs) did not form mineralized tissues (Figs.
5a, 5b, 5g and 5h). When the cells were treated with osteogenic medium, the hard
tissues with osteocyte-like cell inclusions were observed inside the pores of HA along
its structure, however the formation of such bone-like tissues was minimal (Figs. 5c and
5i). Similarly, bone-like tissue formation was observed in transplants of both cell types
that had been treated with 300 ng/ml rhBMP2 without osteo-inductive supplements
(Figs. 5d and 5j). On the other hand, abundant bone-like tissue formation was observed
in transplants of both cell types that had been treated with osteogenic medium
containing 300 ng/ml rhBMP2 (Figs. 5e, 5f, 5k and 5l).
The area occupied by bone-like tissue was compared in each specimen and
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each cell type. The areas occupied by bone-like tissue from transplants of DPCs and
PDLCs treated with osteogenic medium containing rhBMP2 were approximately 56%
and 61% of the whole area in a section, respectively (Fig. 6). Although no difference in
the ability to form bone between DPCs and PDLCs was observed, the inducibility of
both cell types following treatment with osteogenic medium containing rhBMP2 was
remarkable.

13

DISCUSSION
The results from the present study show that dental mesenchymal cells display
prominent osteo-inducibility when treated with osteogenic medium containing rhBMP2.
The DPCs and PDLCs used in this study were obtained from extracted third molars
from young patients. In the oral and maxillofacial area, there is a growing need to
regenerate alveolar bone to treat periodontitis and for implant dentistry, and cell-based
therapies are receiving increasing attention.1,7,8,10,18,32 For dentists or oral surgeons,
dental pulps and periodontal ligaments from discarded teeth, such as third molars, baby
teeth that have fallen out, and premolars removed before orthodontic treatment are
readily accessible and require an easy and minimally invasive procedure to obtain and
store these tissues for future use.9,11,21,23 Furthermore, banking a patient’s own dental
tissues is a reasonable and simple alternative to harvesting MSCs from other tissues.
Recently, cryopreservation conditions have been optimized for banking human dental
cells for future clinical use.2,30 Therefore, efficient methods for generating bone tissue
from dental mesenchymal cells need to be developed rapidly. This study revealed that
culturing DPCs and PDLCs in osteogenic medium containing rhBMP2 with HA
granules induced abundant ectopic mineralized tissue formation in mice.
In cultures of DPCs and PDLCs, when 30-300 ng/ml rhBMP2 was added to
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osteo-induction medium, ALP activity surpassed the increased ALP activity normally
produced by osteo-induction alone. ALP activity is thought to be an appropriate early
indicator of osteoblast differentiation in MSCs16,20, and our result suggests that rhBMP2
promotes the effects of osteo-inductive supplements to induce osteogenic differentiation
from dental mesenchymal cells. Consistent with this result, rhBMP2 treatment induced
remarkable calcified nodule formation in cultures of DPCs and PDLCs. Likewise,
mRNA expression of osteogenic genes, such as ocn, opn, and dmp-1 was clearly
upregulated in these cells after rhBMP2 treatment. This increased expression greatly
surpassed the expression induced by osteogenic medium alone. In particular, ocn
mRNA was markedly upregulated. Ocn is a bone-specific protein synthesized by
osteoblasts during the mineralization period22, and its expression is regulated by cbfa1,
which is a major target gene of BMP2 signaling.16,27 Thus, these in vitro data
demonstrated that rhBMP2 provides conspicuous inducibility of osteoblastic
differentiation from dental mesenchymal cells.
Furthermore, we showed that DPCs and PDLCs generated abundant bone-like
tissues in vivo when the cells were treated with rhBMP2. It was possible that rhBMP2
absorbed onto HA granules and induced ectopic bone formation. However, the
implantation of HA granules treated with rhBMP2 without cells did not influence in
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vivo bone formation, ruling out this possibility. This result strongly supports the
conclusion that rhBMP2 provides prominent osteo-inducibility of dental mesenchymal
cell differentiation. Moreover, we observed only minimal mineralized tissue formation
in samples treated only with osteogenic medium. These data suggest that the response of
dental mesenchymal cells to added rhBMP2 is critical for generating bone tissue. On the
other hand, the area occupied by bone-like tissues in specimens amounted to
approximately 60% of the whole area. Although a direct comparison between dental
mesenchymal cells and bone marrow cells used in previous studies suggests that the
osteogenic potential of dental cells is inferior to that of bone marrow9, our result
suggests that the potential of dental cells may be sufficient as a cell source when
considering the availability and accessibility. Interestingly, there were no differences in
the osteo-inducibility between DPCs and PDLCs when rhBMP2 was added to
osteogenic medium. The histological appearance of their hard tissues, which showed
bone-like tissue with osteocyte inclusions, was quite similar, though it has been reported
that DPCs induce dentin-like tissue.12,26 Our finding suggests that both cell types
contain a common osteoblast progenitor and can be used with a mixture of both cell
types to regenerate bone from limited cell sources.
There are some reports of clinical studies that show successful bone regeneration
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following direct implantation of rhBMPs.15 However, implantation of high doses of
rhBMP2 induces substantial swelling that may cause the obstruction of the airway when
applied to oral and cervical areas.24 Compared to direct implantation, the bone
engineering protocol presented in this study could be used to avoid this side effect of the
growth factor because rhBMP2 is used only in vitro in our method. Furthermore, the
amount of rhBMP2 required to induce bone formation may be less than one thousandth
of that required for direct implantation, leading to cost efficiency when utilizing
rhBMP2.
In conclusion, the present study demonstrates that rhBMP2 added to osteogenic
medium can make both dental pulps and periodontal ligaments highly useful cell
sources for alveolar bone tissue engineering. To develop bone engineering in the dental
clinic, we highlight here the need for further studies promoting osteogenesis from DPCs
or PDLCs.
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FIGURE LEGENDS
FIGURE 1. Morphological observations and cell proliferation rate of DPCs and
PDLCs. (a) Cultured DPCs in -MEM with 10% FBS (100×). (b) Cultured PDLCs
in -MEM with 10% FBS (100×). Both cell types showed similar morphology with
a characteristic spindle shape. (c) DPCs and PDLCs were cultured in 96-well plates
at initial density of 1.0 × 104 cells per well. The proliferation of each cell type was
examined with an MTT assay. DPCs are indicated by squares, and PDLCs are
indicated by circles.
FIGURE 2. Alkaline phosphatase (ALP) activity of DPCs (a) and PDLCs (b)
cultured in the various conditions. Both cell types were cultured in normal
serum-conditioned -MEM, or osteogenic medium with 0-300 ng/ml rhBMP2 for
13 days and were analyzed for ALP activity on day 14. Concentrations of 0-300
ng/ml rhBMP2 enhanced ALP activity in a dose-dependent manner. The asterisk
represents statistical significance (p < 0.05) between the group of interest and the
control or cells grown in osteogenic medium.
FIGURE 3. Alizarin red staining of cultured DPCs and PDLCs in normal
serum-conditioned -MEM, or osteogenic medium with or without 300 ng/ml
rhBMP2 for 13 days. On day 14, layers formed by both cell types were stained with
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Alizarin red to visualize mineral deposits. Alizarin red staining for calcium showed
vanishingly calcified nodules from DPCs (a) and PDLCs (d). Calcified nodules
were detectable in cultures of DPCs (b) and PDLCs (e) treated with osteogenic
medium. Osteogenic medium containing 300 ng/ml rhBMP2 remarkably increased
the formation of calcified nodules in cultures of DPCs (c) and PDLCs (f).
FIGURE 4. Expression of osteoblastic marker genes at day 14 of culture. DPCs
and PDLCs were cultured in normal serum-conditioned -MEM, or osteogenic
medium with or without 300 ng/ml rhBMP2. We detected transcripts for
osteocalcin (ocn) (231 bp), osteopontin (opn) (275 bp), dentin matrix protein-1
(dmp1) (331 bp), and glyceraldehyde phosphate dehydrogenase (gapdh) (452 bp).
Each rhBMP2-treated cell type showed clearly increased expression of ocn, opn,
and dmp1.
FIGURE 5. Histological observation of in vivo bone formation 8 weeks after
transplantation. (a) Transplants of hydroxylapatite (HA) with 300 ng/ml rhBMP2
alone without cells formed no bone (100×). (b) Transplants of hydroxylapatite (HA)
with untreated DPCs formed no bone (100×). (c) Limited bone-like tissues were
observed in transplants of HA with DPCs treated with osteogenic medium (100×).
(d) Transplants of HA with DPCs treated with 300ng/ml rhBMP2 formed bone-like
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tissues (100×). (e) Transplants of HA with DPCs treated with 300ng/ml rhBMP2 in
osteogenic medium formed abundant bone-like tissues (100×). (f) Osteocyte
inclusions were observed in the bone-like tissues (200×). (g) Transplants of HA with
300 ng/ml rhBMP2 alone without cells formed no bone (100×). (h) Transplants of
HA with untreated PDLCs formed no bone (100×). (i) Limited bone-like tissues
were observed in transplants of HA with PDLCs treated with osteogenic medium
(100×). (j) Transplants of HA with PDLCs treated with 300ng/ml rhBMP2 formed
bone-like tissues (100×). (k) Transplants of HA containing PDLCs treated with
300ng/ml rhBMP2 in osteogenic medium formed significant amounts of bone-like
tissues (100×). (l) Osteocyte inclusions were observed in the bone-like tissues
(200×).
FIGURE 6. The amount of newly formed bone-like tissues. The amount was
analyzed with NIH J Image software (NIH, Bethesda, MD, USA). The bone area is
expressed as the percentage of the total area. Transplantation of both control cell
types [Control cell transplantation] and non-cell transplantation [Non cell] formed
no mineralized tissues. Both cells types treated with osteogenic medium formed
minimal bone-like tissues [Supple], and cells treated with 300 ng/ml rhBMP2
formed bone-like tissues in approximately 20% of the whole area [300 ng/ml
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BMP2]. However, abundant bone-like tissue formation (approximately 60% of the
whole area) was observed in samples of both cell types that had been treated with
osteogenic medium containing 300 ng/ml rhBMP2 [300 ng/mlBMP2 + Supple]. The
asterisk indicates a significant difference (p < 0.05).
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