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Abstract:

Background: Recently, tooth tissue engineering has attracted more and more attention. Stem cell
based tissue engineering is thought to be a promising way to replace the missing tooth. Mesenchymal
stem cells (MSCs) are multipotent stem cells which can differentiate into a variety of cell types.

Material and Methods: We isolated stem cells from dental pulp and measured their self-renewal
capacities. Adipogenic, chondrogenic as well as odontogenic differentiation potentials were investigated,
using bone morphogenic protein 2 (BMP2) for the odontogenic differentiation.

Results: The cumulative number of the isolated cells was high. Polycomb ring finger oncogene (Bmi1)
and Signal transducer and activator of transcription 3 (Stat3) were continuously expressed suggesting
longer proliferative lifespan and self-renewal capacity of the isolated cells. Peroxisome proliferator-
activated receptor was expressed showing adipogenic conversion that was also confirmed by positive
staining of cells with Oil red O stain and chondrogenic differentiation was confirmed by positive staining
of cells with Alcian blue stain. BMP2 stimulated the expression of dentin sialophosphoprotein (DSPP)
and enamelysin, indicating successful odontogenic differentiation that was also confirmed by the
positive staining of the cells with Alizarin red stain.

Conclusion: Thus, adult pulp contains stem cells, which are useful for cell therapy with BMP2 for dentin
regeneration.
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Introduction
The dental pulp is a highly specialized

mesenchymal tissue characterized by the presence of
odontoblasts and by the fact that it is surrounded by a
rigid mineralized tissue [1]. The tooth reparative
competence is observed when superficial carious lesions
stimulate odontoblastic cells to increase their secretory
activity [2]. If suitable conditions prevail, odontoblasts
elaborate reparative (tertiary) dentin, a more poorly
organized and mineralized matrix compared to primary
and secondary dentin [3]. The new dentin serves to

protect the pulp from bacterial by-products and/or the
actual bacteria. But when teeth suffer injuries, such as
trauma, deep cavity preparation or severe caries lesions
[4] the odontoblasts may succumb, possibly leading the
dental pulp to irreversible pulpitis or necrosis [2].

Generally, conventional endodontic therapy is
indicated in such situations. Despite the positive results
observed following endodontic treatment, there are
significant drawbacks [3]. For example, the endodontic
treatment causes loss of a significant amount of dentin
leaving as life-lasting sequelae a non-vital and weakened
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tooth [5].

It is now clear that the ideal replacement of lost
tissues is definitely by the same natural healthy tissue,
to restore mechanical stability and function. The most
valuable cells for regenerative medicine are stem cells.
The postnatal dental pulp contains variety of potential
progenitor/stem cells, which participate in dental
regeneration Dental Pulp Tissue Engineering [6].
Characterization of these cells and determination of
their potentialities in terms of specificity of regenerative
response will form the foundation for development of
new clinical treatment modalities.

Materials and Methods

Sample preparation

Twenty human third molar teeth indicated for
extraction were collected from patients of age range (20
- 29). The extracted teeth were kept in Dulbecco modified
Eagle’s media (DMEM) (Biowhittaker, GIBCO, Sigma,
USA) to which penicillin/streptomycin (Invitrogen Co.,
USA) and 10% fetal bovine serum (FBS) (JRH
biosciences, Inc., Lenexa, KS, USA) were added. The
teeth were then split open and pulp tissue was gently
removed using sterile dental probe and kept in DMEM
[7].

Isolation dental pulp stem cells

All cell culture procedures were done in a sterile
environment, in a biological safety cabinet (Bio Clean
Bench, MCV-B131F, Sanyo Electric Co., Ltd, Japan)
and the surfaces were continuously sanitized using 70%
ethyl alcohol. Collected pulp tissue was washed in
phosphate buffered solution (PBS) (GIBCO, Invitrogen,
USA) two times to ensure removal of any exogenous
debris. Tissue was then carefully dissected into small
pieces using sterile scissors, 0.2% collagenase type two
(Worthington biochemical corporation, Lakwood, USA)
solution was then added to the dissected pulp tissue and
shook in a water bath shaker at 370C for 30 minutes [8].

The isolated dental pulp cells were then cultured
in endothelial cell basal medium-2 (EBM2) (Lonza, USA)
supplemented with 10% FBS, recombinant human
insulin-growth factor 1 (rhIGF-1) and recombinant human
epidermal-growth factor (rhEGF) (both Lonza, USA),
and then incubated at 370C and 5% CO

2
 (Thermo

Scientific Forma® Steri-Cycle® CO2 Incubator, Thermo
Fisher Scientific Inc, Japan) [9].

Measuring the self-renewal capability of
human dental pulp stem cells:

Cells were monitored everyday using inverted
phase contrast light microscope (Olympus corporation,
Tokyo, Japan) with digital camera and auto-aiding
imaging analysis (Nikon corporation, Tokyo, Japan).To
measure the ability of single cell of human pulp stem
cells for colony formation a suspension of 100 cells/ml
was cultured in a 3.5 cm dish in optimal culture media
(EBM2 supplemented with 10% FBS) [10]. Colony
formation was monitored using inverted light microscope,
and digital micrographs were taken. Once the cells
became 80%-90% confluent they were passaged and
counted using a hemacytometer (ERMA 3485, Tokyo,
Japan) [11].

Cumulative cell number was calculated and a
proliferation curve was drawn [12]. Real time reverse
transcriptase polymerase chain reaction (RT-PCR)
amplifications were performed using, human Signal
transducer and activator of transcription 3 (Stat3)
(Table1), polycomb ring finger oncogene (Bmi1) (Table
1), and Beta –Actin (β actin) (Table 1) primers labeled
with Light Cycler-fast start DNA master SYBR green I
(Roche Diagnostics, Pleasanton, CA) in Light Cycler
(Roche Diagnostics, co-operation, USA) [11]. The Bmi1
gene has been implicated in self renewal. Similarly,
Stat3 has been implicated in maintenance of self renewal
and pluripotency. The RT-PCR products were then
separated by electrophoreses on 2% Agarose gel for 30
minutes and visualized by ethyl ultraviolet-induced
fluorescence using ethyl bromide transilluminator with
digital printgraph (AE-6931FXCF Printgraph, ATTO
cooperation, Japan) [8].

Table 1. Human primers used for real-time reverse transcription-
polymerase chain reaction.

Induction of chondrogenic differentiation
of isolated human dental pulp stem cells

At the 3rd passage 2.5x105 of pulp stem cells
were centrifuged in 15 ml conical polypropylene tube
(BD, USA) at 10,000 rpm for 5 minutes. Pellets were
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maintained in DMEM supplemented with 10% FBS, 10
μg/ml Insulin-transferrin-selenium X (GIBCO, Invitrogen,
USA), 5.35 μg/ml Linoleic acid (Sigma-Aldrich, USA),
1.25 μg/ml Bovine serum albumin (Equitech-bio Inc,
Kerrville TX, USA), 1 μg/ml Dexamethasone, 10-μg/ml
L-Ascorbic acid 2-phosphate ( both Wako pure chemical
industries, LTD, Osaka, Japan), and 10-ng/ml
Transforming growth factor beta 3 (TGFβ-3) (Peprotech
Inc, London, UK) [8]. Pellets were incubated at 37ºC and
5% CO

2
. The medium was changed every three days for

30 days. On day 30 the cell pellets were fixed in 4% Para
formaldehyde overnight and demeneralized in 10% formic
acid for 1 day then were paraffin embedded. The paraffin
embedded sections were into 5 microns thickness. After
deparraffinization the sections were stained using Alcian
blue stain to indicate the amount of cartilage proteoglycan
[13].

Induction of adipogenic differentiation of
isolated human dental pulp stem cells

The 3rd passage culture of the human dental
pulp stem cells was grown to 80-90% confluence in non-
coated 3.5 cm dishes. Adipogenic differentiation was
induced by subjecting confluent monolayers to rounds of
adipogenic treatment, each round was done in two
steps: i. Incubation with hMSC adipogenic maintenance
medium (Lonza, USA) supplemented with MCGS, L-
Glutamine, h-Insulin (recomb) and Gentamicin sulfate
amphotericin-B (GA-1000) (both Lonza, USA) for three
days. ii. Incubation with hMSC adipogenic induction
medium (Lonza, USA) supplemented with Indomethacin,
Ibmx, rh-Insulin, Dexamethasone (both Lonza, USA),
penicillin/streptomycin (Invitrogen Co., USA), MCGS
and L-glutamine (both Lonza, USA) for three days. As a
control, cells were cultured only to maintenance medium
[8]. On day 30, cell monolayers were stained with Oil red
O to identify lipid content [14]. Total RNA was extracted
from cells of both control and experimental dishes on
day 30 using Trizol (Invitrogen Co., USA), and real time
RT-PCR was done to analyze the messenger RNA
(mRNA) level of peroxisome proliferators-activated
receptor gamma 2 (PPAR γ2) (Table 1) which is a critical
adipogenic regulator promoting stem cell adipogenesis
[15].

Differentiation of human dental pulp cells
into odontoblast-like cells using BMP2

The 3rd passage culture of the human dental
pulp cells were grown to 80%-90% confluence in non-
coated 3.5 cm dishes in optimal media. Odontogenic
differentiation was induced by incubating the confluent

monolayers with DMEM supplemented with 10% FBS
and 50 μg/ml of L-ascorbic acid 2-phosphate (Wako
Pure Chemical Industries, Ltd, Osaka, Japan) for 7 days.
The media was changed twice a week [15]. On day 7,
recombinant human bone morphogenic protein-2 (rh-
BMP2) (Yamanouchi pharmaceutical Co., Ltd, Tokyo,
Japan) was added in concentration 10 ng/ml. As a
control, cells were not supplemented with rh- BMP2.From
day 20 on, the phosphate concentration was increased
to a 10nM/ml in the rh-BMP2 supplemented dishes [8].

On day 30, the monolayers were stained using
Alizarin red stain to identify mineralization. On day 30,
the total RNA was extracted from both control and
experimental dishes and real time RT-PCR was
performed to analyze the mRNA level of odontoblastic
differentiation markers enamelysin and dentin
sialophosphoprotein (DSPP) [8]. Total RNA isolation
was done using Trizol-Iso-propanol method. First strand
cDNA was synthesized from 2 μg RNA. RNA samples
were digested with DNase I to remove contaminating
genomic DNA. DNase I was dissolved in 10 x reaction
buffer with magnesium chloride (MgCl

2
), and 1 u/μl of

DNase I was added per 2 μg of RNA and incubated for
30 minutes at 37ºC. DNase I activity was arrested
following addition of 1 μl of 25 mM EDTA and incubated
at 65ºC for 10 minutes. Standard Reverse transcription
was performed using Rever Tra Ace- alpha- kit (Toyobo,
Tokyo, Japan). According to manufacturer instructions;
0.5 μg oligo (dt18), 4 μl 5x RT buffer, 2 μl dNTPs, 0.5 μl
random primer, 1 μl RNase inhibitor and 1μl Rever tra
ace enzyme were added. Real time RT-PCR amplification
was performed using human Dentin sialophosphoprotein,
and Enamelysin primers using Light Cycler (Table 1).
Amplified DNA fragments were electrophoresed on 2%
agarose gel. The gels were stained with ethidium bromide
(10 μg/ml) and photographed on ultraviolet (UV)
transilluminator. For experimental dishes total RNA
isolation was performed the same way as for the control
dishes except for the experimental dishes were
homogenized using homogenizer (Kinematica AG, Reco,
Switzerland) to homogenize the hard calcified nodules
prior to RNA isolation [15].

Results
Human dental pulp cells were successfully

isolated from the pulp of the human teeth. Following the
isolation and culturing procedures. The cells appeared
with various morphologies, some spindle like, others
appeared satellite-shaped, and others with fibroblastic
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like appearance thus reflecting the diversity of the
morphology of pulp cells. Cells continued to proliferate
and propagate until 90 % of the dish area was covered

cumulative cell numbers of the human dental pulp cells
was high (Figure 3). The expression of Stat3 and Bmi1
was high up till the 25th generation, indicating the
stemness of the isolated pulp cells and their ability to self
renew (Figure 4)

Figure 1: Cultured human pulp cells (original magnification x10): (A)
Cells on day 1; cells have attached to the culture dish. (B) Cells on day
4; showing confluence of cells.

Measuring the self-renewal capability of
human dental pulp cells

Single cell isolated from human dental pulp
managed to form colony on day 7 (Figure 2). The

Figure 2: The growth of a cell colony derived from single primary pulp
cell: (A) On day 1. (B) On day 7.

Figure 3: Proliferation curve of human dental pulp cells showing the
increasing cumulative cell number.

Figure 4:  (A) Expression of Bmi1 and Stat3, stem cell markers were
expressed in human dental pulp cells up till the 25th generation. (B) The
relative expression (fold increases) of Stat3 and Bmi1 mRNA in Human
pulp cells.

Induction of chondrogenic differentiation
of isolated human dental pulp stem cells

Cell pellets were positively stained with Alcian
blue indicating successful chondrogenic differentiation.
Histological examination of the cell pellets indicated that
most of the cells in the central region were rounded and
separated by abundant extracellular matrix (ECM), while
the periphery was built up by several layers of spindle-
shaped cells. The blue staining of the ECM in the center
of the pellets indicated the presence of sulfated
glycosaminoglycans (GAGs), which proves subsequently
the successful chondrogenic differentiation (Figure 5).

Figure 5: Cell pellet stained with Alcian Blue (original magnification
x40):  Blue areas indicate cartilage proteoglycan content of the pellet.

with cells by day 7, indicating a highly proliferative cell
population in the dental pulp. Human dental pulp cells
maintained their fibroblastic and spindle like appearance
throughout the passages (Figure 1).

Induction of adipogenic differentiation of
isolated human dental pulp stem cells

Experimental dishes showed positive staining
results indicating a successful adipogenic differentiation,
while control dishes showed negative results (Figure 6).
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PPARγ2 expression was much higher in the induced
cells, than in un-induced cells confirming the staining
results (Figure 7).

to identify nodules of calcification. Experimental dishes
gave positive results indicating a successful odontogenic
differentiation. While, control dishes gave negative results
indicating the important role of BMP2 growth factor in the
induction of odontogenic differentiation of dental pulp
stem cells (Figure 8).  The expression of Dentin
sialophosphoprotein and Enamelysin, markers of
odontogenic differentiation was more expressed in the
BMP2 supplemented dishes than in the control dishes
confirming staining results (Figure 9).

Figure 6: Human dental pulp cells stained with Oil Red O stain (original
magnification x10): (A) Control dish showing negative result. (B)
Induced dish showing intense red staining.

Figure 7: (A) Expression of PPARγ2, marker of adipogenic differentiation
is more prominent in induced dishes than in control dishes. (B) The
relative expression (fold increases) of PPAR γ 2 mRNA in control dish
compared with that of induced dish.

Figure 8:  Human dental pulp cells on day 30 stained with Alizarin red
stain (original magnification x10): (A) Control dishes did not
spontaneously form the mineralized nodules. (B) BMP2 induced dish
showing induced mineralized nodule formation.

Figure 9: (A) Expression of Dentin sialophosphoprotein and Enamelysin,
markers of odontogenic differentiation is more prominent in BMP2
supplemented dishes than in control dishes. (B) The relative expression
(fold increases) of DSPP and enamelysin mRNA in control dish
compared with that of BMP2 induced dish.

Discussion
Regenerative endodontic methods have the

potential for regenerating both pulp and dentin tissues
therefore may offer an alternative method to save teeth
that may have compromised structural integrity [16].
Recently, the role of stem cells for hard tissue formation
has considerably increased attention of researchers as
these cells can be a possible, fascinating source of
stable differentiated cells, capable of inducing bone
formation and control hydroxyapatite crystal growth [17].
Previous work has been done to isolate different
populations of dental pulp stem cells. In one study, side
population cells (SP) had been isolated based on the
efflux of fluorescent dye Hoechst 33342 from porcine
dental pulp, and they were differentiated into adipocytes,
chondrocytes, neuronal cells, and odontoblasts. This
denoted that SP cells are highly enriched for stem cell
activity [8]. In another study, sub-fractionation of SP cells
into CD31-;CD146- and CD31+;CD146- cells
demonstrated stronger neurogenic potential in CD31-

;CD146,- while adipogenic, chondrogenic and
odontogenic differentiation potentials were similar in the
two sub-fractions of SP cells. [11]. Another study
compared the cellular characteristics of progenitor stem
cell populations present in adult dental pulp, isolated by
different methods utilizing 2 different features of stem
cell biology. Both populations expanded cultures,

Differentiation of human dental pulp stem
cells into odontoblast-like cells using
BMP2

In the first week the cells of both control and
experimental groups continued to proliferate in a
horizontal direction then in a vertical direction. After
adding rhBMP2 and increasing the phosphate level in
the experimental dishes nodule-like structures scattered
within the cultured cells started to appear that were not
seen in the control dishes. On day 30, both control and
experimental dishes were stained with Alizarin red stain
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demonstrated the ability to differentiate into osteoblasts,
adipocytes and chondrocytes [18]. Human dental pulp
stem cells even isolated from diseased but vital teeth of
various tooth types [19]. In our study, we isolated human
dental pulp cells obtained by enzymatic digestion.

Our isolated  cells has a high cumulative cell
number and long proliferative life span, as the cumulative
cell number continued to increase and cells continued to
proliferate successfully up till 25th generation.
Accumulating evidence indicates that tissue stem cells
have the potential to differentiate into other unrelated
organs. For example, the multipotency of bone marrow
stem cells to engraft into cardiac muscle, vascular
endothelium [20], liver [21], and skeletal muscle [22] has
been described. Mesenchymal stem cells of bone marrow
have potential to differentiate into adipocytes, muscle,
and bone [23]. In our study, investigations were limited
to the mesodermal differentiation capacity. Our isolated
cells gave rise to the adipogenic, chondrogenic and
odontogenic cell lineages.

Although it seems probable that several different
cell types reside in pulp tissue, adipocytes are not a
normal cellular component in dental pulp. The adipogenic
potential of dental pulp stem cells were previously
investigated in previous studies, using different methods
and different formulations of the inductive media [8, 7].
We now report that a more potent adipogenic-inductive
culture medium can induce dental pulp stem cells to form
characteristic Oil red O-positive lipid containing
adipocytes. This phenotypic conversion was also
correlated with the expression of early adipogenic master
gene PPARγ2. Previous studies used recombinant
proteins and/or adenoviral infection of MSCs with TGF-
β1 and TGF-β3, BMP-2, BMP-4 [24], BMP-6 , BMP-12
[25], BMP-13 and GDF-5 [26] to rapidly induce
chondrogenesis of MSCs from variety of mesodermal
tissue sources. Three-dimensional culture was previously
used in chondrocyte differentiation. This pellet culture
system provides three-dimensional interactions between
neighboring cells and permit synthesis of extracellular
matrix within pellets without exogenous scaffold. Cell-
cell interactions and environmental cues are critical to
maintain the phenotype of cells in pellet culture [27]. In
the current study, Alcian staining showed that the isolated
cells were able to form a structure with well organized
extracellular matrix rich in sulfated progeoglycans and
type II collagens, in three dimensional pellet culture.

The fact that dental pulp stem cells have the
ability to differentiate into dentin-forming cells has been
elucidated by many studies. The formation of mineralized

structures in vitro was evident following the addition of
differentiation chemicals such as ascorbic acid,
Dexamethasone, and β-glycerophosphate or growth
factors such as BMP-2 [28]. The isolation of dental pulp
stem cells from tissue of origin and the process of
proliferating them in vitro prior to transplanting them
have been proved to give the cells a more accessible
area to secrete extracellular matrix and initiate the
differentiation of odontoblast-like cells [29]. Previous
studies proved that BMP-2 stimulates differentiation of
the pulp cells into odontoblasts in monolayer cultures, in
3D cultures, and in organ culture. Recombinant human
BMP-7 elicited similar effects in cultured tooth slices,
while recombinant human BMP-2, BMP-4 and GDF-11,
when soaked in beads, also stimulated odontoblast
differentiation in organ cultures of mouse dental papillae
cells [30]. In the present study the odontogenic
differentiation potential of dental pulp cells was examined
as well as the important role of recombinant human
BMP-2 in the induction of odontogenic differentiation.
Previous studies used different stains in the confirmation
of the odontogenic differentiation in monolayer cultures
and in 3-dimensional cell pellets. Alizarin red [12] and
von Kossa [13] were among the most used stains to
confirm successful formation of calcified nodules in
monolayer cultures, while Masson trichrome stain was
used in 3-dimensional cell pellets. [8] In our study we
used Alizarin red stain to confirm mineralized nodule
formation. It was very clear that in the rhBMP-2
supplemented group of cells, mineralized nodules were
formed, represented by the positive red stained nodules,
while in the rhBMP-2 none supplemented group, no
mineralization was noticeable denoted by negative
staining. This agrees with the previous work done by
other authors who used Alizarin red stain to confirm the
effect of rh-BMP-2 in odontogenic differentiation of dental
pulp stem cells [8]. It was not possible to observe the
typical column-shaped morphology of an odontoblast-
like appearance. The cells would require the guidance of
a surrounding tissue or biomimetically designed scaffold.
This fact was also reported in a previous investigation
[7].

The multipotent ability of dental pulp cells was
also evaluated in many studies. One investigation
described C-kit+/CD34+/STRO-1+ cells sorted from
deciduous dental pulp cells, could be differentiated into
osteoblast-like or adipocyte-like cells. In the same
population, myotube fusion was observed when the
sorted cells were co-cultured in ATCC medium with
mouse myogenic C2C12 cells [31]. Another study proved
that the third passage of human dental pulp cells could
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differentiate toward the adipogenic and osteogenic [32],
such results corroborate our study. With regard to the
content of a pulp, it is obvious that odontoblasts and
nerve cells are the most commonly differentiated cell
types. Only occasionally adipocytes and no myoblasts
or cartilage cells are found. Adult dental pulp stem cells
appear capable to differentiate into more pathways than
their origin, such as the neuron-, odontoblast-, adipocyte-
, myoblast-, and chondrocyte-like phenotypes.

However, there is still debate regarding this
property. Some studies postulate that adult stem cells
plasticity may be due to fusion with preexisting
differentiated cells during in vivo analysis [33]. Others
suggested that the multilineage potential of adult stem
cells in muscle and fat tissue actually is the consequence
of the presence of blood vessels. Bone marrow stem
cells might reach peripheral tissue via the vascular
system. Although a dental pulp is small and bone marrow
stem cells are rare, their influence still needs to be
considered [7].

The promise of tissue engineering in dentistry is
great, but there exist major challenges that must be met
in the next fifteen to twenty years for this new field to
reach its potential application. Some of the main
challenges lie not in the scientific side, but in the
application of the technology.
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