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 Background: The aims of the study were to comprehensively compare the morphology, immunophenotype, proliferation, mi-
gration, and regeneration potential of normal dental pulp stem cells (DPSCs) versus inflammatory dental pulp 
stem cells (iDPSCs).

 Material/Methods: Healthy pulp or inflamed pulp tissue was used to isolate and culture DPSCs and iDPSCs, respectively. These 
cell populations were characterized by flow cytometry, colony formation assay, transwell assay, and multi-di-
rectional differentiation in vitro.

 Results: No difference was observed in the morphology, cell-surface markers, or cell migration between DPSCs and 
iDPSCs. DPSCs showed a higher colony-forming capacity, proliferative viability, and osteo/dentinogenesis abil-
ity compared with iDPSCs. However, iDPSCs demonstrated enhanced neurogenesis, angiogenesis, adipogene-
sis, and chondrogenesis capacities in comparison to DPSCs.

 Conclusions: Our data revealed the differences of biological properties between DPSCs and iDPSCs. The highly angiogenic 
and neurogenic potential of iDPSCs indicate their possible use in the regeneration of the dentin-pulp complex 
and support the critical role of angiogenesis and neurogenesis in pulp regeneration.
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Background

Dental pulp, which is surrounded by dentin, is a type of mes-
enchymal soft tissue derived from cranial nerve crest cells, 
which plays an important role in the dynamic equilibrium of 
teeth. Irreversible pulpitis refers to non-healing inflammatory 
lesions of dental pulp tissue that result in spontaneous pain, 
pulp necrosis, and abscess formation [1]. In the clinic, the rou-
tine treatment of teeth with irreversible pulpitis is to remove 
the diseased pulp tissue and perform root canal therapy (RCT). 
Although the success rate of RCT can be as high as 92-98% [2], 
the treatment process itself is expensive, technically challeng-
ing, and time-consuming. In addition, removing the pulp tissue 
weakens the tooth structurally, which makes it more prone to 
fracture, and can also cause infection [3].

In an effort to preserve root pulp vitality, minimally invasive 
pulpotomy has recently gained popularity for the treatment of 
irreversible pulpitis [4]. However, some complications, such as 
crown fracture, intradental resorption, and root canal calcifi-
cation [5], still cannot be avoided completely. Adult stem cells, 
which are undifferentiated cell groups located in differentiated 
organs or tissues, have been used to repair or regenerate dam-
aged tissues or organs due to their self-renewal abilities and 
multi-differentiation potential [6]. Therefore, stem cell-based 
therapy to regenerate the dentin-pulp complex is an alterna-
tive and promising approach to restore the function of pulp 
tissue damaged by injury or inflammation [7].

Dental pulp stem cells (DPSCs), which are one of the impor-
tant sources of adult mesenchymal stem cells (MSCs), were 
first described by Gronthos et al [8]. They are a type of undif-
ferentiated cell found in the dental pulp that have the poten-
tial for self-renewal and have been induced to form mineral-
ized nodules in vitro [8]. Follow-up studies have confirmed 
that DPSCs can differentiate into osteoblast/odontoblast-like 
cells, adipocytes, chondrocytes, neurons, skeletal muscle cells, 
hepatocytes, and endothelial cells in vitro and form bone-
like structures after transplantation in vivo [9,10]. In 2010, 
Wang et al [11] isolated stem cells from dental pulp tissue 
that had irreversible pulpitis, and named them inflammatory 
dental pulp stem cells (iDPSCs). Due to ethics restrictions, it 
is difficult to acquire DPSCs from humans. Therefore, iDPSCs 
are a more readily available source for stem cell-based ther-
apy rather than simply being relegated to medical waste that 
is usually discarded.

Previous studies suggest that DPSCs and iDPSCs appear to have 
different biological properties, although the results remain con-
troversial. In some studies, researchers have concluded that 
DPSCs had a significantly higher potential of proliferation and 
osteogenic and adipogenic differentiation than iDPSCs [11,12]. 
In other studies, the investigators observed that there were no 

significant differences between the proliferation and multi-di-
rectional differentiation potential of DPSCs and iDPSCs [13-15]. 
In still other publications, iDPSCs were shown to have a stron-
ger osteogenic capacity than DPSCs [16]. This disparity might 
be due to the small sample sizes used in these studies and 
also to the heterogeneity of sex, age, and tooth position. In ad-
dition, previous studies have focused on the potential of cells 
to differentiate into hard tissue but have neglected their neu-
ronal and vascular differentiation abilities, which are another 
important potential factor involved in regenerating the den-
tin-pulp complex [17]. In fact, only one prior study mentioned 
the neurogenic potential of the DPSCs and iDPSCs [16]. Until 
now, no study has compared the potential of vascular differ-
entiation between DPSCs and iDPSCs.

The purpose of this study was to comprehensively compare 
the biological properties (including proliferation and multi-
lineage differentiation potentials) of DPSCs and iDPSCs using 
a relatively large sample size with a relatively homogeneous 
age and tooth position.

Material and Methods

Subjects and Tissue Harvest

The teeth used for the experiment were obtained from the al-
veolar surgery clinic of Tianjin Stomatological Hospital. Each 
patient signed an informed consent form and agreed to al-
low us to use their teeth in our research work. The local eth-
ics committee’s approval to conduct the study was also ob-
tained (2015013).

Patients were eligible for this study if they sought treatment 
that involved the extraction of mandibular or maxillary third 
molars and were between the ages of 18 and 30 years old. 
For each patient, only 1 tooth was requested. We collected 
healthy pulp tissues from caries-free, fully erupted third mo-
lars. The inflammatory pulp tissue was derived from carious 
wisdom teeth with irreversible pulpitis diagnosed by an end-
odontic specialist based on previously described criteria [13]. 
The pulp’s vitality was confirmed by the electronic pulp test 
on access. The only elimination criterion was teeth with com-
pletely necrotic pulps [13]. The status of the pulp tissue was 
further verified by histological examination. Between January 
2019 and August 2019, 13 patients 18-28 years of age par-
ticipated in this study. Detailed information regarding the pa-
tients included in the experiment is shown in Table 1.

After extraction (Figure 1A), the teeth were immediately placed 
in a material extraction solution, as previously described [18]. 
The teeth were photographed with cone-beam computed to-
mography within 30 min (Figure 1B) and then transferred to 
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an ultra-clean workbench. The teeth were washed repeated-
ly with phosphate-buffered saline (PBS, Solaibao) containing 
100 U/mL penicillin and 100 μg/mL streptomycin. After being 
wrapped in sterile gauze, the teeth were crushed with a ham-
mer, and the dental pulp tissues were extracted using ster-
ile instruments (Figure 1C). The dental pulp tissue located at 
the apex was cut by a sterile ophthalmology scalpel and dis-
carded. A section of the crown pulp tissue was placed in a 4% 
paraformaldehyde solution for hematoxylin-eosin (HE) stain-
ing to identify the status of the pulp (Figure 1C). The remain-
ing fresh crown pulp tissue was placed in a sterile culturing 
medium for isolation of cells.

Isolation, Culturing, and Purification of DPSCs and iDPSCs

The primary cells were cultured using the tissue attachment 
method [19]. The dental pulp was cut to a size of 0.5-1 mm3 
with a sterile blade and moistened with sterile sample collec-
tion medium in a 60-mm petri dish. The minced tissue was 
placed directly into the bottom wall of the culture flasks with-
out any collagenase treatment. The ensuing incubation, cul-
turing, and purification processes were the same as previous-
ly described [18]. After 2 to 3 weeks of culture, the cells were 
harvested for later experiments [20].

Identification of the Cellular Immunophenotype

Flow Cytometry

The third-passage cells were harvested and washed 3 times 
with PBS. Then, a single-cell suspension was obtained by di-
gestion with 0.25% trypsin. The cells were resuspended with 
PBS-1% fetal bovine serum (FBS) after centrifugation. Next, 

1×106 cells were incubated in the dark for 30 min at 4°C 
with the corresponding commercial monoclonal antibod-
ies (CD29, cloneTS2/16, BioLegend, Ref.303003, 1: 20; CD90, 
clone5E10, BD Pharmingen™, Ref.555596, 1: 20; CD166, clo-
ne3A6, Ancell Corporation, Ref.393-040, 1: 50; CD45, clone-
HI30, BD Pharmingen™, Ref.555483, 1: 5; CD34, clone581, 
BD Pharmingen™, Ref.555822, 1: 5; Isotype controls: Mouse 
IgG1, AbD Serotec, Ref.MCA928F, 1: 10; Mouse IgG1, k, BD 
Pharmingen™, Ref.555749, 1: 5). Flow cytometry was performed 
on a FACSCanto device (BD Biosciences). The data were an-
alyzed using FACSDiva (BD Biosciences) and FlowJo software 
(TreeStar, Inc, Ashland, OR).

Immunofluorescence Staining

The third-passage cells were inoculated in a confocal petri dish 
(Nest) at a density of 1×104/mL. The immunofluorescence stain-
ing was conducted as previously described [18]. The monoclo-
nal antibodies used were phycoerythrin (PE)-conjugated an-
ti-human CD90 (clone: 5E10, BD Pharmingen™, Ref.55559, 1: 
20) and fluorescein isothiocyanate (FITC)-conjugated anti-hu-
man CD166 (clone: 3A6, Ancellular Corporation, Ref.393040, 1: 
50). The fluorescently labeled cells were observed and photo-
graphed using inverted fluorescence microscopy (Nikon Ti-S).

Colony-Forming Unit (CFU) Assay

The third-passage cells were inoculated onto a 6-well plate 
(Corning) at a density of 200 cells per plate. The CFU assay 
was performed as previously described [18]. The percentage 
of clone-formation efficiency was expressed as previously de-
scribed [21].

Patient Age Gender Tooth position Diagnosis Cell culture

1 18 years Male Maxillary third molar Irreversible pulpitis Success

2 24 years Female Maxillary third molar Irreversible pulpitis Success

3 23 years Female Mandibular third molar Irreversible pulpitis Success

4 28 years Male Mandibular third molar Irreversible pulpitis Success

5 25 years Female Mandibular third molar Irreversible pulpitis Success

6 23 years Male Maxillary third molar Irreversible pulpitis Fail

7 25 years Female Mandibular third molar Irreversible pulpitis Fail

8 20 years Male Maxillary third molar Normal Success

9 22 years Female Mandibular third molar Normal Success

10 24 years Female Maxillary third molar Normal Success

11 27 years Female Mandibular third molar Normal Success

12 25 years Male Maxillary third molar Normal Success

13 18 years Male Mandibular third molar Normal Fail

Table 1. The clinical parameters of the isolated teeth.
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Figure 1.  Tissue harvesting, cell culture and morphological characteristics. (A) The extracted teeth with healthy or inflamed pulp. 
(B) The three-dimensional pulp cavity morphology photographed by cone-beam computer tomography (CBCT). Please 
note that the carious lesion is continuous with the pulp cavity. (C) The split teeth, the exposure of pulp tissue, and the 
representative images of healthy and inflamed pulp tissues (hematoxylin and eosin stain, magnification, ×20; scale bar, 
100 μm; magnification, ×40; scale bar, 50 μm). The arrow indicates a large number of round and deeply stained lymphocytes 
infiltrated in the pulp tissue. (D) DPSCs and iDPSCs showed similar morphologies at days 2 and 8 (magnification, ×4; scale 
bar, 500 μm). DPSCs, dental pulp stem cells; iDPSCs, inflammatory dental pulp stem cells. (Figure were created using Adobe 
Photoshop CS3, Adobe Systems Software Ireland, Ltd.).
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Cell Proliferation Assay

The third-passage cells were seeded in 96-well plates (Corning) 
at a density of 2×104/mL. The cell proliferation assay was per-
formed with a cell counting kit-8 (CCK-8) kit as previously de-
scribed [18].

Transwell Migration Assay

We used a transwell migration assay (Corning) to examine the 
vertical migration ability. This assay was performed as previ-
ously described [22]. The average number of migrated cells in 
5 random fields was compared between the DPSCs and iDP-
SCs [22].

In Vitro Penta-Lineage Differentiation Experiment

After the third passage, DPSCs and iDPSCs (n=5) were differ-
entiated into 5 mesenchymal cell lineages: osteoblasts, chon-
drocytes, adipocytes, neuronal cells, and endothelial cells.

Osteogenic/Odontogenic Differentiation

The third-passage cells were cultured under osteogenic condi-
tions in vitro as previously described [18]. The cells were incu-
bated at 37°C and 5% CO2, with biweekly, half-medium changes. 
Alizarin Red staining was used to detect the calcium deposition 
after induction for 14 days, as previously described [18]. The area 
ratio of calcium deposition in the 2 groups was measured with 
Image J software. Real-time quantitative polymerase chain re-
action (PCR) was used to detect the mRNA expression of osteo-
genic/odontogenic markers, such as alkaline phosphatase (ALP), 
Run-related transcription factor 2 (Runx2), type I alpha 1 collagen 
(Col1A1), dentin sialophosphoprotein (DSPP), and dentin matrix 
acidic phosphoprotein 1 (DMP1), after induction for 1 or 2 weeks.

Chondrogenic Differentiation

We used 2 different induction methods (either by petri dish or 
by pellet), for chondrogenic differentiation that corresponded 
to different experimental purposes. During induction by pe-
tri dish, the third-passage cells were inoculated into a 35-mm 
petri dish (Corning) at a density of 1×105/mL. When cell con-
fluence reached to approximately 70-80%, a cartilage induc-
tion solution (Cyagen, China, Ref.HUXMA-9004) was added af-
ter rinsing with PBS. The cells were induced for 28 days with 
biweekly, half-medium changes. The cells were then used to 
isolate the total RNA, the mRNA expressions of type II alpha 
1 collagen (Col2A1) and sex-determining region Y (SRY)-box9 
(SOX9) were detected by real-time PCR.

The induction of chondrogenic differentiation by pellet was 
performed as previously described [18]. The inducted pellets 

were fixed, cut into 4-μm-thick sections, and stained with 
Alcian blue (Sigma) or type II collagen (Solarbio) as previous-
ly described [18].

Adipogenic Differentiation

The third-passage cells were cultured in adipogenic conditions 
in vitro as previously described [18]. After 28 days of induc-
tion, the cells were stained with Oil Red O (Solarbio), and the 
area ratio of lipid droplet formation of the 2 groups was mea-
sured using Image J software. The mRNA expression of the ad-
ipogenesis marker peroxisome proliferator activated receptor 
gamma (PPAR-g) and lipoprotein lipase (LPL) were measured 
by real-time PCR after 14 days of induction.

Neuronal Cells Differentiation

Early neuronal marker nestin and mature neuronal marker tu-
bulin were selected to identify the neuronal cells differentiation 
of the DPSCs and iDPSCs. Immunohistochemistry and immu-
nofluorescence staining were also used to detect the expres-
sion of these 2 markers.

For the immunohistochemistry staining, the cells were prepared 
for cell culture with coverslips [23]. In brief, the cover glass was 
placed in a 35-mm petri dish (Corning). A cell suspension with 
a density of 1×105/mL was dripped onto the glass slides using 
a liquid transfer gun, with each drop having a volume of 2 mL. 
The inoculated cells were incubated in pre-inducing nerve induc-
tion solution (a-MEM, 20% FBS, 10 μg/L basic fibroblast growth 
factor [bFGF, Proteintech]) at 37°C and 5% CO2 for 24 h. Then, 
the medium was replaced with nerve induction solution (a-MEM 
medium supplemented with 1-μM hydrocortisone [BioRuler], 
2% dimethyl sulfoxide [DMSO, Gibco], 200 μM butylhydroxyan-
isole [BHA, BioRuler], 10-μM forsklin [BioRuler], 0.1-mM b-Sul-
foethanol [BioRuler]). After induction for 24 h, the cells climb-
ing the slides were removed from the petri dish, washed with 
PBS, and fixed in 4% paraformaldehyde for 5 min. Next, the 
immunohistochemistry of nestin (clone: 1D11H2, Proteintech, 
Ref.66259-1-Ig, 1: 200) and tubulin (clone: 1D4A4P, Proteintech, 
Ref.66240-1-Ig, 1: 200) was performed according to the manu-
facturer’s instructions. An Olympus BX51 microscope was used 
to observe the cells and take photos.

The process of immunofluorescence staining for nestin (clone: 
1D11H2, Proteintech, Ref.66259-1-Ig, 1: 100) and tubulin (clone: 
1D4A4, Proteintech, Ref.66240-1-Ig, 1: 100) was the same as 
previously described [18]. We used the second antibody Alexa 
Fluor 488-conjugated Goat Anti-Mouse IgG (Proteintech, Ref.
SA00013-1, 1: 200) or Alexa Fluor 594-conjugated Goat Anti-
Mouse IgG (Proteintech, Ref.SA00013-3, 1: 200). The fluores-
cently labeled cells were visualized and photographed using 
an inverted fluorescence microscope (Nikon Ti-S).
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The expression of the neurogenic genes nestin and tubulin 
were detected by real-time PCR following induction.

Endothelial Cells Differentiation

The third-passage cells were cultured in an angiogenic differen-
tiation medium (a-MEM medium supplemented with 10% FBS, 
100 U/mL penicillin, 100 μg/mL streptomycin, 1% L-glutamine, 
50 ng/mL vascular endothelial growth factor [VEGF], 10 ng/mL 
bFGF, and 5 ng/mL EGF [Proteintech®]) for 14 days. The cells 
were observed under an inverted microscope (NikonTi-S), and 
their morphological characterizations were recorded. A Matrigel 
angiogenesis assay was carried out to observe the lumen for-
mation as follows. The cells were diluted to 1×105/mL. The 
Matrigel (Corning), petri dish, and pipette tips were prechilled 
in a 4°C refrigerator for 1 day in advance. The Matrigel was 
mixed in serum-free medium at 1: 1 and evenly spread in a 35-
mm petri dish with 200 μL. The cells were placed in the incu-
bator at 37°C for 30 min and then inoculated into the Matrigel 
and incubated at 37°C for 4 to 6 h. The lumen formation was 
observed under inverted fluorescence microscopy (Nikon Ti-
S). After induction for 1 or 2 weeks, real-time quantitative PCR 
was used to detect the mRNA expression of several markers 
related to blood vessel formation, such as VEGF, vascular en-
dothelial growth factor receptor 2 (VEGFR2), stromal cell-de-
rived factor-1 (SDF1), von Willebrand factor (vWF), CD31, and 
CD34. After 14 days of induction, 2 markers (VEGF and CD31) 
were detected by immunofluorescence staining, as previous-
ly described [18]. The anti-mouse CD31 monoclonal antibody 
labeled with PE (SANTA, Ref.SC-376764, 1: 200) and the anti-
rabbit VEGF polyclonal antibody labeled with FITC (Beyotime, 
Ref.AF0312, 1: 200) were used. The second antibodies were 
m-IgGkBP-CFL594 (SANTA, Ref.SC-516178, 1: 200) and mouse 
anti-rabbit IgG-FITC (SANTA, Ref.SC-2359, 1: 200). The fluores-
cent-labeled cells were visualized and photographed by invert-
ed fluorescence microscopy (Nikon Ti-S).

Total RNA Extraction and Real-Time PCR

The total RNA was isolated from cells using a Mini BEST 
Universal RNA Extraction Kit (TaKaRa, Japan) according to 
the manufacturer’s instructions. cDNA was obtained using a 
synthesis kit (Promega, USA) in a 20-μL reaction system con-
taining 2 μg of the total RNA [24]. Quantitative real-time PCR 
was performed using a LightCycler 480 II instrument (Roche, 
Switzerland) and FastStart Universal SYBR Green Master (Roche, 
Ref. 04913850001). The primers are listed in Table 2. The re-
action system and PCR cycle parameters were the same as 
previously described [24]. The housekeeper glyceraldehyde-
3-dehydrogenase (GAPDH) gene was used to standardize the 
expression of the target genes. The relative expression of the 
target genes was calculated using the 2–DDct method, as previ-
ously described [24].

Statistical Analysis

For the digital data, a chi-square test was used. Next, a 
Kolmogorov-Smirnov test was carried out first to assess the 
normality of the measurement data. If the data conformed to a 
normal distribution, an independent-sample t test was used to 
explore the differences between groups. For skewed distribut-
ed data, a Mann-Whitney U test was performed to compare the 
differences between the groups. All analyses were performed 
using the SPSS, version 17.0 (SPSS, Inc., Chicago, Illinois, USA) 
for Windows. Statistical significance was defined as P<0.05.

Results

Patient Characteristics

Of the 13 total patients, wisdom teeth with healthy pulp tissue 
(the normal group) were extracted in 6 (46.2%), while the re-
maining 7 (53.8%) had irreversible pulpitis (the inflammatory 
group) (Table 1). There were no significant differences in pro-
portion regarding sex or tooth position between the 2 groups 
(Table 1). In addition, no significant difference in the means 
of age (24.3±3.01 vs 23.7±3.04 years, P=0.720) was found be-
tween the normal and inflammatory groups (Table 1). The his-
tological examination verified the status of the pulp by clini-
cal evaluation (Figure 1C).

Cell Isolation and Morphological Characterization

Cell cultures succeeded in 5 of 7 inflammatory samples (71.4%) 
and in 5 of 6 normal samples (83.3%) (Table 1). The charac-
teristic spindle-shaped or fibroblast-like cells were observed 
in both inflammatory and normal samples via the modified 
tissue mass method (Figure 1D). The tissue mass was com-
pletely attached to the plastic, and the cells climbed out and 
completely adhered to the plastic in 1 to 2 days and reached 
about 90% confluence after 8 days (Figure 1D). The cells isolat-
ed from the normal and inflammatory dental pulp tissue sam-
ples both had similar morphological characteristics.

iDPSCs Exhibited a Similar Immunophenotype as DPSCs

Both DPSCs and iDPSCs highly expressed CD166 (97.90±2.42% 
vs 99.28±0.56%, P=0.387), CD90 (99.84±0.13% vs 99.93±0.04%, 
P=0.307) and CD29 (99.79±0.09% vs 99.73±0.13%, P=0.513) 
(Figure 2A, 2B). In addition, the immunofluorescence analy-
sis confirmed the co-expression of CD166 and CD90 for DPSCs 
and iDPSCs at the single-cell level (Figure 2C). Both DPSCs and 
iDPSCs were also negative for hematopoietic markers CD45 
and CD34 (Figure 2A, 2B)
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Gene Gene bank number Primers sequences (5’-3’) Product size

GAPDH NM_001256799.2
GCACCGTCAAGGCTGAGAAC

246 bp
TGGTGAAGACGCCAGTGGA

ALP NM_000478.5
GACAAGAAGCCCTTCACTGC

120 bp
AGACTGCGCCTGGTAGTTGT

RUNX2 NM_001024630.3
CCCTGAACTCTGCACCAAGT

154 bp
GGGGTGGTAGAGTGGATGGA

COL1A1 NM_000088.3
CCCTGAACTCTGCACCAAGT

95 bp
GGGGTGGTAGAGTGGATGGA

DSPP NM_014208.3
GGATGTCGCTGTTGTCCAAG

180 bp
CCAGTGCCTGGTGTTACCTC

DMP1 NM_001079911.3
CGTGGACAAAGAAGATAGCAACTCCACG

90 bp
TTCCGGCTCTCTATCTCAATCTTT

PPAR-g NM_138712.3
GGCGATCTTGACAGGAAAGAC

149 bp
CCTGAAAGATGCGGATGGC

LPL NM_000237.2
ACTTGCCACCTCATTCCC

188 bp
GACAGCCAGTCCACCACA

SOX9 NM_000346.3
AGACTTCTGAACGAGAGCGA

188 bp
GCCTTGAAGATGGCGTTGG

COL2A1 NM_001844.4
TCCTCTGCGACGACATAA

102 bp
CAGTGGCGAGGTCAGTT

Tubulin NM_006009.4
AGGTTCTCTTACATCGACCGC

115 bp
AGATGCACTCACGCATGGTT

Nestin NM_006009.4
GCCCTGACCACTCCAGTTTA

96 bp
CCCAGATTTGCCCTTCACCT

VEGF NM_001025367.3
CCCAGATTTGCCCTTCACCT

151 bp
TCACCAAGGCCAGCACATAG

VEGFR2 NM_002253.3
CTAGGTGCCTGTACCAAGCC

170 bp
TCCACAGGGATTGCTCCAAC

vWF NM_000552.5
TTACGTGGGTGGGAACATGG

222 bp
TCTGTGGTGACTGTGCCATC

SDF1 NM_000609.7
GACAAGTGTGCATTGACCCG

147 bp
GCCCTTCCCTAACACTGGTT

CD31 NM_000442.5
TTCACAGATGAGAACCACGCC

176 bp
CCAAGGAGTCCTCAGCACTAT

CD34 NM_001773.3
GATTGCACTGGTCACCTCGG

149 bp
TGCATGTGCAGACTCCTTTC

Table 2. Real-time PCR primer sequence.
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Figure 2.  The immunophenotype characteristics of the DPSCs and iDPSCs. (A) Immunophenotype analysis by flow cytometry. The 
third-passage cells were incubated with monoclonal antibodies against the cell-surface marker antigens CD29, CD90, 
CD166, CD34, and CD45, followed by fluorescein-conjugated secondary antibodies. Both DPSCs and iDPSCs showed 
similar cell-surface marker expressions. (B) The percentage of positivity of the markers were calculated from 5 samples. 
(C) Immunofluorescence staining. The nuclei were stained with DAPI (blue). Both DPSCs and iDPSCs co-expressed CD166 and 
CD90 (magnification, ×20; Scale bar, 100 μm). DPSCs – dental pulp stem cells; iDPSCs – inflammatory dental pulp stem cells; 
MSCs – mesenchymal stem cells; DAPI – 4’,6-diamidino-2-phenylindole. (Figure were created using Adobe Photoshop CS3, 
Adobe Systems Software Ireland, Ltd.).
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Figure 3.  Clonogenic ability, cell proliferation and cell migration of the DPSCs and iDPSCs. (A) The clonogenic potential of DPSCs was 
significantly higher than that of iDPSCs judged from violet crystal staining. (B) The average colony formation efficiency was 
calculated from 5 samples. (C) DPSCs showed higher proliferation ability than iDPSCs from days 5 to 8 with CCK-8 test. 
* P<0.05. (D) The successful migration of DPSCs and iDPSCs showed similar migration potentials with crystal violet staining 
(magnification, ×20; scale bar, 100 μm); the bar graph represents the average migration rate analyzed from 5 samples. DPSCs 
– dental pulp stem cells; iDPSCs – inflammatory dental pulp stem cells. (Figure were created using Adobe Photoshop CS3, 
Adobe Systems Software Ireland, Ltd.).
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Figure 4.  Osteogenic/dentinogenic differentiation induction analysis. (A) Mineralized nodules were detected after 14 days of induction 
following alizarin red (AR) staining. “+”, inductive medium; “-“, control medium. Scale bar, 100 μm. (B) The bar chart 
represents the percentage of area positively stained for AR (mean±standard deviation) analyzed from 5 samples, * P<0.05. 
(C, D) Several osteogenic/dentinogenic lineage-specific genes were examined by quantitative real-time polymerase chain 
reaction after 1-week and 2-week induction, * P<0.05. DPSCs – dental pulp stem cells; iDPSCs – inflammatory dental pulp 
stem cells. (Figure were created using Adobe Photoshop CS3, Adobe Systems Software Ireland, Ltd.).
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Figure 5.  Chondrogenic and adipogenic differentiation induction analysis. In A and B, DPSCs and iDPSCs were cultured in 
non-differentiation control medium (-) and chondrogenic differentiation medium (+) for 28 days. (A) The matrix 
mucopolysaccharides were stained positively by Alcian blue after induction (magnification, ×20; scale bar, 100 μm). (B) Type 
II collagen was detected by immunohistochemical staining on micromasses (magnification, ×20; scale bar, 100 μm). 
(C) Quantitative real-time polymerase chain reaction measurements for chondrogenic markers SOX9 and Col2a1, * P<0.05. 
(D) The adipogenic differentiation analysis. The DPSCs and iDPSCs were cultured in non-differentiated control medium (-) and 
adipogenic differentiation medium (+) for 28 days. The presence of adipocytes was assessed by detecting lipid drops. Lipid 
vacuoles were stained positively for Oil Red O. Scale bar, 100 μm. The bar graph represents the percentage of area positively 
stained for Oil Red O (mean±standard deviation) analyzed from 5 samples. * P<0.05. Quantitative real-time polymerase chain 
reaction measurements for adipogenic markers PPARg and LPL. * P<0.05. DPSCs – dental pulp stem cells; iDPSCs – inflammatory 
dental pulp stem cells. (Figure were created using Adobe Photoshop CS3, Adobe Systems Software Ireland, Ltd.).
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Comparisons of the Clone Forming Capacity, Proliferation, 
and Migration Potential of DPSCs and iDPSCs

Single-cell colonies were observed by crystal violet staining af-
ter 14 days (Figure 3A). The heterogeneity in size and cell den-
sity of these colonies reflected the differences in the cell pro-
liferation rate (Figure 3A). There was a significant difference 
in the average colony formation rate between DPSCs and iDP-
SCs (13.6±0.74% vs 9.7±2.6%, P=0.027) (Figure 3B).

The cell proliferation curve was drawn according to the absor-
bance of each checkpoint using the CCK-8 method (Figure 3C). 
The curves showed a similar proliferative potential for DPSCs 
and iDPSCs from Day 1 to Day 4 (Figure 3C), but there was a 
significantly higher viability in the DPSCs compared to that in 
iDPSCs from Day 5 to Day 8 (P<0.05, Figure 3C).

After 24 h of culture, the migrated cells could be seen after 
crystal violet staining (Figure 3D). DPSCs and iDPSCs showed 
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Figure 6.  Expression of nestin and tubulin in DPSCs and iDPSCs. The cells were cultured in non-differentiated control medium (-) and 
neurogenic differentiation medium (+) for 48 hours. (A) Non-stimulated cells demonstrated the absence or much weaker 
staining for nestin and tubulin than stimulated cells (immunohistochemistry staining, magnification, ×40; scale bar, 50 μm). 
(B) Immunofluorescence staining of DPSCs and iDPSCs. All nuclei were stained with DAPI (blue). The cells were stained with 
antibody to nestin (green), and tubulin (red). Magnification, ×20; scale bar, 100 μm. (C) Quantitative real-time polymerase 
chain reaction measurements for neurogenic markers nestin and tubulin. The mRNA levels of 5 independent samples 
(n=5) were measured. * P<0.05. DPSCs – dental pulp stem cells; iDPSCs – inflammatory dental pulp stem cells; DAPI – 
4’,6-diamidino-2-phenylindole. (Figure were created using Adobe Photoshop CS3, Adobe Systems Software Ireland, Ltd.).

a similar cell migration rate (18.35±3.04% vs 17.11±3.58%, 
P=0.194) (Figure 3D).

DPSCs Had a Higher Osteogenesis/Dentinogenesis Ability 
Than iDPSCs

The osteogenic/dentinogenic differentiation potential of the 2 
groups of cells was detected by alizarin red staining (Figure 4A). 
Both DPSCs and iDPSCs showed extracellular calcium deposi-
tion after 14 days of induction, while the control medium was 
negative (Figure 4A). The area ratio of calcium deposition in 
DPSCs was significantly larger than that in iDPSCs (36.1±1.76% 
vs 15.2±1.61%, P<0.001, Figure 4B), indicating a higher osteo-
genesis potential in DPSCs.

The expression levels of 5 osteogenic/dentinogenic lineage-
specific genes (ALP, Runx2, Col1a1, DSPP, and DMP1) were 
detected by real-time PCR. After 7 days of induction, DPSCs 
showed a significantly higher expression of Col1a1 (0.83±0.13 
vs 0.50±0.24, P=0.033) and DSPP (1.63±0.6 vs 0.15±0.05, 
P=0.005) than iDPSCs (Figure 4C). After 2 weeks of induction, 
the expression of ALP (0.85±0.32 vs 0.37±0.13, P=0.014) and 
DSPP (1.05±0.39 vs 0.44±0.12, P=0.011) in DPSCs was signif-
icantly higher than that in iDPSCs (Figure 4D).

iDPSCs Had Higher Chondrogenic Potential Than DPSCs

DPSCs and iDPSCs showed stromal mucopolysaccharide formation 
by Alcian blue staining after pellet cartilage induction for 28 days 
(Figure 5A), but the control medium was negative (Figure 5A). In 
addition, the immunostaining of type II collagen was more obvi-
ous in the pellets subjected to chondrogenic conditions in com-
parison to those that experienced control conditions (Figure 5B).

The expressions of Col2a1 and SOX9 were examined by re-
al-time PCR after 4 weeks of chondrogenic induction. The ex-
pression of Col2a1 (2.05±0.45 vs 0.92±0.14, P=0.01) and SOX9 
(6.77±2.72 vs 2.30±1.21, P=0.017) in iDPSCs was significant-
ly higher than that in DPSCs (Figure 5C).

iDPSCs Had Higher Adipogenesis Potential Than DPSCs

After 4 weeks of adipogenic induction, the Oil Red O staining 
of DPSCs and iDPSCs was positive, indicating the existence of 
adipocyte polyvesicular cells secreting lipid droplets (Figure 5D). 
However, 28-day non-stimulated cells demonstrated the ab-
sence or much weaker dyeing of lipids than the stimulated 
MSCs (Figure 5D). The area ratio of lipid droplet formation in 
iDPSCs was significantly larger than that in DPSCs (3.72±3.45% 
vs 0.47±0.38%, P<0.01) (Figure 5D).

The expression levels of PPARg and LPL were tested by real-
time PCR after 4 weeks of adipogenic induction. The iDPSCs 
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Figure 7.  Angiogenic differentiation induction analysis. The cells were cultured in non-differentiated control medium (-) and angiogenic 
differentiation medium (+) for 2 weeks. (A) The cells showed a flat, paving-stone like shape after 14-day angiogenic 
induction (magnification, ×20; scale, 100 μm). (B) DPSCs and iDPSCs could form tubular network-like structure by Matrigel 
angiogenesis assay (magnification, ×20; scale, 100 μm). (C) several angiogenic lineage-specific genes were detected by real-
time PCR. mRNA levels were tested in 5 independent samples. * P<0.05. (D) Expression of CD31 and VEGF in DPSCs and 
iDPSCs by immunofluorescence staining. All nuclei were stained with DAPI (blue). The cells were stained with antibody to 
VEGF (green), and CD31 (red). It was confirmed that DPSCs and iDPSCs co-expressed VEGF and CD31. magnification, ×20; 
scale bar, 100 μm. DPSCs – dental pulp stem cells; iDPSCs – inflammatory dental pulp stem cells; DAPI – 4’,6-diamidino-2-
phenylindole. (Figure were created using Adobe Photoshop CS3, Adobe Systems Software Ireland, Ltd.).
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showed a higher expression of PPARg (4.78±2.08 vs 1.89±1.12, 
P<0.05) and LPL (3.46±1.29 vs 1.40±0.29, P<0.05) than DPSCs 
(Figure 5D).

iDPSCs Had Stronger Neurogenic Potential Than DPSCs

After 48 h of neurogenic induction, both DPSCs and iDPSCs 
contained neuron-like cells with slender cytoplasmic process-
es and a star-shaped appearance (Figure 6A), while the cells 
in the control medium presented with a spindle-forming fiber-
like appearance (Figure 6A).

DPSCs and iDPSCs were positive in the immunostaining of 
nestin (Figure 6A, 6B) and tubulin (Figure 6A, 6B) after in-
duction. The immunostaining intensity of nestin and tubulin 
seemed to be more prominent in iDPSCs than that in DPSCs 
(Figure 6A). Non-stimulated cells were characterized by the 
absence or much weaker staining for nestin and tubulin than 
the stimulated MSCs (Figure 6A, 6B).

The expression levels of the neuronal marker genes nestin 
and tubulin were also tested by real-time PCR after 48 h of in-
duction. The iDPSCs showed a significantly higher expression 
of tubulin than the DPSCs (1.64±0.41 vs 0.87±0.39, P=0.016, 
Figure 6C). The expression of nestin in iDPSCs tended to be 
higher than that in DPSCs, but there was no statistically sig-
nificant difference (Figure 6C).

iDPSCs Had Stronger Angiogenesis Potential Than DPSCs

After 14 days of angiogenic induction, DPSCs and iDPSCs both 
demonstrated a flat, paving-stone-like shape that was com-
mon in vascular endothelial cells (Figure 7A), while the cells in 
the control medium presented with a long fusiform and vor-
tex arrangement (Figure 7A). The induced cells were seeded 
in Matrigel for 6 h. Both the DPSCs and iDPSCs could form a 
lumen-like interconnected structure (Figure 7B). The luminal 
structure observed in iDPSCs seemed to be more obvious than 
that seen in DPSCs (Figure 7B).

The expression levels of 6 angiogenic lineage-specific genes 
were assessed by real-time PCR. The iDPSCs showed signifi-
cantly higher expression levels of VEGF (1.39±0.3 vs 0.90±0.24, 
P=0.022), VEGFR2 (1.73±0.92 vs 0.68±0.18, P=0.038), and CD34 
(6.35±1.13 vs 2.24±1.33, P=0.001) than DPSCs after 1 week of 
angiogenic induction (Figure 7C). No significant difference was 
observed in the expression levels of vWF, SDF1, and CD31 be-
tween the iDPSCs and DPSCs after 1 week of angiogenic induc-
tion (Figure 7C). After 2 weeks of induction, however, the iDPSCs 
showed significantly higher expressions of VEGF (1.53±0.17 vs 
1.13±0.27, P=0.025), SDF1 (2.87±0.97 vs 0.89±0.37, P=0.008), 
CD31 (9.86±6.25 vs 2.31±1.67, P=0.031), and CD34 (2.41±0.43 
vs 1.56±0.64, P=0.04) than DPSCs (Figure 7C). There was no 

significant difference in the expression of vWF and VEGFR2 
between the iDPSCs and DPSCs (Figure 7C).

After 14 days of induction, DPSCs and iDPSCs demonstrated 
the co-expression of CD31 and VEGF by immunofluorescence 
staining, but the control medium remained negative (Figure 7D).

Discussion

Angiogenesis, which has often been neglected by previous 
studies, is critical for pulp regeneration [25]. The dental pulp 
vascular system not only helps establish nutrition and byprod-
uct transport but also promotes the inflammatory response 
and tissue regeneration [26]. To the best of our knowledge, no 
study has compared the difference in angiogenesis between 
DPSCs and iDPSCs until now. In the present study, we showed 
for the first time that iDPSCs had stronger angiogenic differen-
tiation potential than DPSCs. The inflamed dental pulp tissue is 
in a state of hypoxia due to the change in vascular permeabil-
ity and the release of inflammatory mediators. Under hypoxic 
conditions, dental pulp cells quickly increase the expression of 
hypoxia-inducible transcription factor-1 [27], which mediates 
the transcription of angiogenic genes, such as VEGF [28,29]. 
As an angiogenic factor, VEGF plays an important role in tis-
sue repair, inducing the survival of endothelial cells and the 
promotion of chemotaxis, proliferation, and differentiation of 
dental pulp cells [30,31]. Therefore, we suggest that hypox-
ic stress promoted the angiogenic differentiation of iDPSCs.

Neurogenesis plays an important role in the regeneration 
of the dental pulp-dentin complex. Previous studies have 
shown that DPSCs and iDPSCs can differentiate into mature 
neurons [32,33]. In the present study, we found that iDPSCs 
demonstrated increased neurogenesis compared with DPSCs, 
which indicated that the former might be more suitable as 
a source of stem cells to regenerate pulp nerves. However, 
Park et al [16] reported that the neurogenic differentiation 
potential of DPSCs was stronger than that of iDPSCs, which is 
contrary to our findings. The effects of inflammatory process-
es on the neuronal differentiation of MSCs is still a controver-
sial topic. It seems that acute inflammation along with a rela-
tively high level of proinflammatory cytokines would prevent 
the neuronal differentiation of neural precursor cells, while 
chronic inflammation accompanied by a relatively low level of 
proinflammatory cytokines would support their neuronal dif-
ferentiation [34]. Therefore, we anticipated that the inflam-
matory level of the collected pulp tissue might have caused a 
discrepancy in different studies. Grading the level of inflamed 
pulp tissue on the basis of molecular markers should help to 
clarify the precise role of inflammation in the neurogenic dif-
ferentiation of DPSCs.
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Regarding the function of DPSCs in repairing dental tissue dam-
age, these cells’ ability to form hard tissue has attracted the 
most attention so far. Accordingly, the osteogenic/dentinogen-
ic differentiation potential naturally became a research focus 
when DPSCs were compared with iDPSCs, although the out-
comes remained controversial. In the present study, we found 
that the odonto/osteogenic differentiation abilities of DPSCs 
were stronger than those of iDPSCs, which was consistent with 
the findings of Alongi et al [12] and Kim et al [35]. Clinically di-
agnosed irreversible pulpitis has also been associated with in-
creased expression of the tumor necrosis factor-alpha (TNF-a) 
gene in human pulp [36]. It has also been shown that the os-
teogenic differentiation of DPSCs is impaired when they are 
exposed to TNF-a and interleukin-1b [37,38]. Similar outcomes 
have also been observed for periodontal ligament stem cells 
[39]. Therefore, the osteogenic differentiation of iDPSCs might 
be inhibited due to these increased inflammatory factors.

In contrast to our results, Park et al [16] reported that iDPSCs 
had a stronger osteogenic efficacy than DPSCs. However, only 
2 samples were used for each group in their study, so an effect 
of individual differences on the outcomes could not be avoid-
ed. Interestingly, some other studies have found no significant 
difference in odonto/osteoblast differentiation between DPSCs 
and iDPSCs [11,13]. This disparity might be due to the different 
cohorts studied, since the ages of the subjects enrolled in the 
study of Wang et al [11] ranged from 6 to 40 years old, while we 
collected samples from patients 18-28 years of age. Additionally, 
the sample sizes might have affected the results of these dif-
ferent studies. Pereira et al [13] only enrolled 3 samples in each 
group, while we used 5 samples. Meaningful effects were likely 
to be missed due to the small sample sizes. In short, we tried 
to guarantee the heterogeneity of sex, age, and tooth position 
and used a relatively large sample, which minimized the in-
fluence of individual differences on the experimental results.

Although adipogenesis and chondrogenesis were used to veri-
fy the differentiation potential of DPSCs and iDPSCs, few stud-
ies have explored their differences, which is partly due to the 
irrelevant role of these processes played in the regeneration 
of pulp-dentin complex. The present study demonstrated that 
the adipogenic and chondrogenic differentiation abilities of 
iDPSCs were significantly stronger than those of DPSCs. Our 
results were supported by the study of Ramenzoni et al [39], 
who observed enhanced chondrogenesis and adipogenesis of 
the periodontal ligament stem cells under the stimulation of 
inflammatory cytokines IL-6, IL-8, and IL-1b. In contrast to our 
results, Pereira et al [13] reported no difference regarding their 
chondrogenic or adipogenic differentiation potential. This dis-
parity might be due to the sample sizes, as only 3 samples in 
each group were used in the study of Pereira et al [13], and the 
meaningful effects were therefore likely to be missed. Further 
studies are needed to identify the underlying mechanism by 

which inflammation exerts its effect on the adipogenic and 
chondrogenic differentiation of iDPSCs.

We found that DPSCs showed a higher colony-forming capaci-
ty and proliferative viability than iDPSCs, which was consistent 
with the findings of previous studies [11,12,40]. Prior studies 
have demonstrated that mild inflammation of dental pulp, such 
as the pulp tissue extracted from teeth with deep caries, could 
stimulate the proliferation of DPSCs [41], while severe inflamma-
tion was thought to induce stem cell apoptosis [42, 43]. Based 
on our findings, we could postulate that the inflamed samples 
we obtained had been well exposed to severe inflammation, 
which inhibited the proliferation viability of their stem cells.

It seems that inflammation can influence the migration rate of 
stem cells. A previous study reported a higher migration rate 
of stem cells obtained from inflamed deciduous pulp samples 
compared with those from normal pulp tissues [35]. Park et 
al [44] also identified a similar phenomenon in human peri-
odontal ligament stem cells. However, in the present study, 
no difference in the cell migration rate was observed between 
DPSCs and iDPSCs. Several biological aspects might explain 
the differences between our data and the findings of previ-
ous reports. In this study, we used adult pulp tissue, while 
Kim et al [35] performed their comparison using deciduous 
pulp tissue. Stem cells from different sources might react dif-
ferently to inflammation, which could lead to varying results. 
In our study, iDPSCs might adopt the activation status at the 
inflamed pulp, thus manifesting a similar cell migration rate as 
DPSCs. Another possible explanation was that the differenc-
es in cell migration rates reported by previous studies [35,44] 
might reflect an individual’s genetic background but not nec-
essarily be associated with inflammation. In fact, our results 
are supported by the study of Ramenzoni et al [39], who found 
that the migration of periodontal ligament stem cells was not 
affected by inflammatory cytokines.

There are several limitations to our study results that need to 
be considered. First, although we tried to control for confound-
ing factors that could affect the functions of stem cells by re-
ducing the heterogeneity of sex, age, and tooth position, ab-
solute homogeneity could not be achieved. In fact, we had to 
collect both the maxillary and mandibular third molars due to 
difficulties in obtaining clinical specimens from eligible patients. 
Second, we used a relatively larger sample size than previous 
studies, but the 5 specimens in each group could not guaran-
tee the complete elimination of individual differences since the 
sample size was still small. Therefore, the results of our study 
should not be overestimated but instead must be interpreted 
prudentially. Third, the inflammatory level of pulp tissues might 
have been a factor that influenced the biological properties of 
DPSCs; however, we did not grade the level of inflamed pulp 
tissues and therefore could not determine how they may have 
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influenced our results. Further studies should attempt to clari-
fy the precise role of inflammation on the functions of DPSCs.

Conclusions

Our data revealed differences in the biological properties of 
DPSCs and iDPSCs. The highly angiogenic and neurogenic po-
tential of iDPSCs that was revealed by this study suggest their 
possible utility in the regeneration of the dentin-pulp complex.
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