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Endothelial cells and endothelin-1 promote
the odontogenic differentiation of dental pulp stem cells
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Abstract. It has been established that dental pulp stem cells
(DPSCs) serve an important role in the restoration and regen-
eration of dental tissues. DPSCs are present in blood vessels
and also exist in the vessel microenvironment in vivo and
have a close association with endothelial cells (ECs). The
present study aimed to evaluate the influence of ECs and
their secretory product endothelin-1 (ET-1) on the differentia-
tion of DPSCs. In the present study, cells were divided into
four groups: i) a DPSC-only control group; ii) a DPSC with
ET-1 administration group; iii) a DPSC and human umbilical
vein endothelial cell (HUVEC) direct co-culture group; and
iv) a DPSC and HUVEC indirect co-culture group using a
Transwell system. Reverse transcription-quantitative poly-
merase chain reaction was used to detect the expression of
the odontoblastic differentiation-associated genes, including
dentin sialoprotein (DSP) and dentin matrix acidic phospho-
protein 1 (DMP-1) at days 4, 7, 14 and 21. Alizarin Red S
staining, immunofluorescence and western blot analyses were
also conducted to assess the differentiation of the DPSCs in
each group. The highest expression levels of odontoblastic
differentiation-associated genes were observed on day 7 and in
the two co-culture groups were increased compared with the
DPSC-only and DPSC + ET-1 culture groups at all four time
points. However, expression levels in the DPSC + ET-1 group
were not downregulated as notably as in the co-culture groups

Correspondence to: Dr Xiaofeng Wang, Department of
Stomatology, The Second Affiliated Hospital of Harbin Medical
University, 246 Xuefu Road, Harbin, Heilongjiang 150086,
P.R. China

E-mail: wxf_hrbmu@163.com

Dr Weiping Hu, Department of Prosthodontics, The Second
Affiliated Hospital of Harbin Medical University, 246 Xuefu Road,
Harbin, Heilongjiang 150086, P.R. China

E-mail: hwpl963@126.com

Key words: human umbilical vein endothelial cells, endothelin-1,
dental pulp stem cells, odontoblastic differentiation, co-culture

on days 14 and 21. The Transwell group exhibited the greatest
ability for odontoblastic differentiation compared with the
other groups according to staining with Alizarin Red S, immu-
nofluorescence and western blot analysis results. According
to the results of the present study, the culture solution with
HUVEGC:s affected the differentiation of DPSCs. In addition,
ET-1 may promote the odontoblastic differentiation of DPSCs.

Introduction

Researchers have paid an increasing amount of attention to
the applications of dental pulp stem cells (DPSCs) in the field
of dental regenerative medicine. DPSCs can differentiate into
dental tissue and bone tissue in vitro (1). Additionally, endo-
thelial cells (ECs) can secrete a series of bioactive substances,
including endothelin-1 (ET-1) and insulin-like growth factor
(IGF). Shi and Gronthos (2) reported that DPSCs were present
in the micrangium region of dental pulp. Cell staining also
revealed that STRO-1 (a marker of mesenchymal cells), cluster
of differentiation (CD)146 (a marker of endothelial cells) and
a-smooth-muscle actin (a marker of pericytes) were positively
expressed on the surface of perivascular cells (2). Notably, the
elevated levels of CD146 expression suggested a perivascular
origin of DPSCs. The migration of pre-odontoblasts to blood
vessels may be due to the degradation reaction of dentin (3).
In turn, ECs may regulate the development of dentine/pulp
tissue. Additionally, ECs may control the proliferation of cells
by maintaining the stabilization of blood vessels and secreting
relevant molecules, and, therefore ECs may be considered to be
a novel resource for tissue regeneration (3). Mathieu ez al (4)
demonstrated that dental pulp was a type of vascularized tissue,
which may stimulate ECs to secrete chemokines and signaling
molecules upon infection. Subsequently, Mathieu et al (4)
observed that the inflammation began to promote the secre-
tion of inflammatory factors and adhesion molecules, which
DPSCs require to accelerate the repair processes within the
tissue. Factors including fibroblast growth factor 2 (FGF-2),
secreted by ECs, participated in angiogenesis and DPSC
division (5).

The aforementioned research demonstrated that there may
be an interaction between ECs and DPSCs. Dissanayaka et al (6)
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directly co-cultured ECs and DPSCs and reported that ECs may
regulate the odontoblastic differentiation of DPSCs. Additionally,
DPSCs may induce ECs to generate a vascular-like tissue
structure (7). It has been suggested that this promotion of differ-
entiation and proliferation may be due to ET-1 and IGF (8,9),
which are secreted by ECs; however, the direct co-culture with
these two cell types may also be the reason for the promotion
of these processes (3,10,11). Sueyama et al (12) implanted
mesenchymal stem cells (MSCs) with endothelial cells (ECs),
and observed accelerated pulp tissue regeneration/healing and
induction of dentin bridge formation in a rat model of molar
coronal pulp regeneration.

ETs were originally identified by Yanagisawa in 1988 (13).
The main role of ETs is to maintain vascular homeostasis
under physiological conditions, as well as during nociception
and periods of local inflammation (14-16). There are three
different subtypes of ETs, namely ET-1, ET-2, and ET-3. ET-1 is
the most common type observed in humans (17). ET-1 is a type
of bioactive peptide composed of 21 amino acid residues, and
may be extracted from aortic endothelial cells; ET-1 affects the
proliferation and differentiation of MSCs, and preosteoblasts,
as reported by Sin et al (18). ET-1 can also maintain vascular
tension and stability in the cardiovascular system (19).
Furthermore, it serves a significant role in the development of
diseases, including hypertension and atherosclerosis (20). In the
culture of rat ophthalmic arteries, ET-1 can mediate vasocon-
striction (21). There is substantial evidence that, in numerous
pathophysiologies associated with endothelial dysfunction,
ET-1 may release potent vasoconstrictors and sustain elevated
vascular tone; however, there is considerably less data to support
the role of ET-1 in the regulation of vascular tone under physi-
ological conditions (22-24). In addition, ET-1 also serves a role
in osteogenesis and bone remodeling. Sin er al (18) indicated
that ET-1 may induce the differentiation of osteoblasts via the
membrane protein ankyrin 43. In addition, ET-1 may enhance
the mRNA expression of osteopontin and osteocalcin, and
stimulate the release of alkaline phosphatase and secretion of
collagenase type I (25); however, compared with its expression
in osteoblasts, ET-1 can be detected on the cell membrane and
in the cytoplasm of osteoclasts by immunostaining (26). This
indicated that osteoclasts may be a target cell affected by ET-1.
Accordingly, ET-1 may accelerate the resorption of bone by
endothelin type A (ET A) receptor (18). Therefore, ECs and
ET-1 may regulate osteogenesis, remodeling and bone resorp-
tion by controlling the activity of osteoblasts and osteoclasts.
These findings present the advances in bone research regarding
ET-1 function. Several studies have investigated odontogenesis
with regards to the potential involvement of ET-1. Warner (27)
revealed that ET-1 affected the concentration of calcium in
contractile fiber cells via the ET A receptor. Additionally,
a high concentration of ET-1 during the process of dental
morphogenesis can be observed (28). It has been suggested
that fibronectin (FN) serves an important role in the formation
of the tooth root. A previous study demonstrated that ET-1
may induce the production of extracellular matrix protein and
FN (29). Therefore, the additional function of ET-1 may be
to promote the proliferation and differentiation of cells in the
tooth root. Injection of ET into the dental pulp of dogs can
cause vasoconstriction and decreased blood circulation (30),
demonstrating that receptors for ET also exist in the dental
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pulp. When treated with ET-1, there is a constant release of
Ca® from DPSCs (3). Preconditioning of MSCs with ET-1
exhibits strong cytoprotective effects via the activation of
survival signaling molecules and trophic factors (31).

Despite the aforementioned findings, it is evident that the
mechanism of ECs and ET-1 in histogenesis and tissue forma-
tion requires further investigation. Therefore, the present
study aimed to investigate the effect of human umbilical vein
endothelial cells (HUVECSs) and ET-1 on DPSC differentiation
in vitro.

Materials and methods

Primary pulp cell cultures. Human pulp cells were prepared
from immature third molars at the 2/3 root formation stage by
the explant outgrowth method (32). The teeth were obtained
from at least three different donors for each experiment (n=12;
four molars per donor; age, 18-25 years; 1:1 male to female).
Surgeries were performed at the Oral and Maxillofacial
Surgery Department of the Second Affiliated Hospital of
Harbin Medical University (Harbin, China). HUVECs were
provided by the Research and Test Center of the Second
Affiliated Hospital of Harbin Medical University (Harbin,
China). The present study was approved by the Institutional
Ethics Committee of the Second Affiliated Hospital of Harbin
Medical University (Harbin, China). Written informed consent
was obtained from all patients. The basic cell culture medium
used consisted of Dulbecco's modified Eagle's medium/F-12
(Hyclone; GE Healthcare Life Sciences, Logan, UT, USA),
supplemented with 15% fetal bovine serum (Biological
Industries, Kibbutz Beit Haemek, Israel) and 1% penicillin and
1% streptomycin.

Cell groups and culture conditions. Cells were cultured in a
37°C incubator with 5% CQO,. Cells (all 8x10*) were divided
into four groups: i) a DPSC-only control group; ii) a DPSC
with ET-1 (10 M) administration group; iii) a DPSC and
HUVEC direct co-culture group (DPSCs:HUVECs, 5:1); and
iv) a DPSC and HUVEC indirect co-culture group using a
Transwell system, in which HUVECs were inoculated into the
chamber at a density of 2x10* cells. The odontoblastic differen-
tiation culture medium consisted of basic cell culture medium
with 10 nmol/l dexamethasone, 5 mmol/l $-glycerophosphate
and 50 mg/ml vitamin-C-phosphate.

Induction of DPSC differentiation into adipocytes,
chondroblasts and osteoblasts. Cells were cultured to the
third generation in a 37°C incubator with 5% CO,. All
groups of cells were plated at a density of 5x10* per well. To
induce DPSCs to differentiate into adipocytes, the culture
medium was supplemented with 0.5 M isobutylmethylxan-
thine, 50 yuM indomethacin and 0.5 yM dexamethasone for
3 weeks. The adipogenic cultures were fixed in 4% parafor-
maldehyde for 30 min at room temperature and stained with
fresh Oil Red O solution for 1 h at room temperature. The
chondroblast induction medium consisted of 1 yM dexa-
methasone, 37.5 ug/ml vitamin-C-phosphate, | mM sodium
pyruvate, 10 ng/ml transforming growth factor-p (TGF-p),
1 ng/ml B-FGF, 1X Insulin-Transferrin-Selenium premix
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), in
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which DPSCs were maintained for 3 weeks. The chondrogenic
cultures were fixed in 4% paraformaldehyde for 30 min at
room temperature and stained with toluidine blue for 30 min in
a 37°C incubator. The osteoblast induction medium contained
10 nmol/l dexamethasone, 5 mmol/l 3-glycerophosphate
and 50 mg/ml vitamin-C-phosphate, in which DPSCs were
cultured for 3 weeks. The osteoblast cultures were fixed in
95% ethanol for 30 min at 37°C and stained with Alizarin
Red S for 30 min in a 37°C incubator. Cells were observed
under a light microscope (original magnification, x40).

Cytotoxicity (MTT) assay. This assay employed two control
groups: i) a DPSC-only culture group; and ii) a HUVEC-only
culture group. Two experimental groups were also employed:
i) a DPSC plus 10®* M ET-1 group; and ii) a DPSC and
HUVEC (5:1) direct co-culture group. The present study
employed 96-well plates with 1x10° cells/well. Dimethyl sulf-
oxide (200 ul) was added to dissolve the formazan crystals.
The absorbance was measured with an ELISA reader (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) at a wavelength
of 490 nm. The cell viability ratio was calculated using the
following formula:

Inhibitory ratio (%) = [optical density (OD) control - OD
treated)/(OD control)] x100.

Mineralization induction and quantification. This assay used
four groups: i) a DPSC-only control group; ii) a DPSC with ET-1
administration group; iii) a DPSC and HUVEC direct co-culture
group; and iv) a DPSC and HUVEC indirect co-culture group
using a Transwell system. Cells (5x10*/well) were seeded onto
6-well plates and cultured for 21 days. Calcium accumula-
tion was detected by fixing the cultures with 95% ethanol for
30 min at 37°C, followed by staining with 0.1% Alizarin Red S
(Sigma-Aldrich; Merck KGaA) at 37°C for 30 min. To quantify
matrix mineralization, the cultures stained with Alizarin Red
S were incubated with 100 mM cetylpyridinium chloride for
1 h at 37°C to solubilize and release calcium-bound Alizarin
Red into solution. Subsequently, 200 ml aliquots were trans-
ferred onto a 96-well plate and the OD of the solution was
measured at a wavelength of 570 nm using a microplate reader
(Tanon Science & Technology Co., Ltd., Shanghai, China).
Mineralized nodule formation was represented as OD/ug of
total cellular protein, determined using a Bradford protein
assay. Experiments were performed in triplicate wells and were
repeated at least three times.

Reverse transcription-quantitative polymerase chain reaction
(RT-qgPCR) analysis. The four groups of cells were cultured
in mineralized solution (in a 37°C incubator with 5% CO,)
and total RNA was extracted on days 4, 7, 14 and 21 to detect
the gene expression of dentin sialoprotein (DSP) and dentin
matrix acidic phosphoprotein 1 (DMP-1). Total RNA was
extracted using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instruc-
tions. Subsequently, the RNA was converted to cDNA using
a Transcriptor First Strand cDNA Synthesis kit (Roche
Diagnostics GmbH, Mannheim, Germany) using the following
temperature protocol: 50°C for 60 min, 85°C for 5 min and 4°C
for 10 min. The expression levels of the genes were quanti-
fied using FastStart Universal SYBR-Green Master Rox mix

895

(Roche Diagnostics GmbH). The PCR thermocycling condi-
tions were as follows: 95°C for 2 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 30 sec. PCR results were
normalized against the reference gene GAPDH to correct for
non-specific experimental variation. The method of AACq was
used to determine the relative quantity of mRNA expression in
samples, and fold change was determined as 244% (33). The
following primers were used: DSP forward, 5-"TTTCCGCTT
GTCATCATCTCC-3' and reverse, 5'-GGTGTCCTGGCA
CTACTGCAT; DMP-1 forward, 5-"-AAAATTCTTGTGAAC
TACGGAGG-3' and reverse, 5'-GAGCACAGGATAATCCC
CAA-3'; GAPDH forward, 5'-GACAACTCCCTCAAGATT
GTCAG-3" and reverse, 5S'-ATGGCATGGACTGTGGTCAT
GAG-3.

Immunofluorescence staining. The four groups of cells were
cultured in 6-well plates (5x10* cells/well) for 2 weeks prior
to immunostaining. Cells were fixed in 4% paraformaldehyde
for 30 min at room temperature and permeabilized in 0.2%
Triton X-100 for 15 min. Cells were blocked in 3% bovine
serum albumin (BSA, Sigma-Aldrich; Merck KGaA) for 1 h at
room temperature. Odontoblasts were detected using a specific
antibody against DSP at 4°C overnight (cat. no. sc-33586; 1:50;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Cells
were subsequently washed 3 times in PBS with 0.3% Tween
for 5 min each wash, and incubated for 1 h at room tempera-
ture with Alexa Fluor-conjugated goat anti-rabbit IgG
(cat. no. E031320-01; 1:500; EarthOx Life Sciences, Millbrae,
CA, USA). Cell nuclei were subsequently stained with DAPI
(cat. no. C1005; Beyotime Institute of Biotechnology, Haimen,
China) for 5 min at room temperature. Immunofluorescence
was detected using a fluorescence microscope (magnification,
x20; DMI14000B; Leica Microsystems GmbH, Wetzlar,
Germany).

Western blot analysis. Total protein was extracted from the
four groups of cells on day 7 using cell lysis buffer [20 mM
Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, | mM EDTA, 1% Na3CO4, 0.5 yg/ml
leupeptin, | mM phenylmethanesulfonyl fluoride]. The lysates
were collected by scraping from the plates and subsequently
centrifuged at 15,000 x g at 4°C for 5 min. Protein concen-
tration was quantified using a bicinchoninic acid assay.
Total protein samples (20 pg/lane) were separated by 12%
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were blocked in 1% BSA with 0.05%
Tween-20 at room temperature for 2 h. Membranes were
incubated overnight at 4°C with the following antibodies:
Rabbit anti-human DSP (cat. no sc-33586; 1:200; Santa Cruz
Biotechnology, Inc.), and B-actin (cat. no. TA346894; 1:500,
Zhongshan Goldenbridge, Beijing, China). The secondary anti-
body used were horseradish peroxidase-conjugated AffiniPure
goat anti-rabbit IgG (cat. no. E030120-01; 1:10,000; EarthOx
Life Sciences, Millbrae, CA, USA) and goat anti-mouse
IgG (cat. no. E030110-01; 1:10,000; EarthOx Life Sciences).
Bands were visualized using an enhanced chemilumines-
cence western blot kit (CWBIO, Beijing, China) and a Tanon
1000 digital image gel analytical system (Tanon Science &
Technology Co., Ltd., Shanghai, China) was used for photog-
raphy and quantification.
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Figure 1. Multilineage differentiation capacity of dental pulp stem cells (original magnification, x40). (A) Osteogenic differentiation was indicated by the
deposition of mineralized matrix, detected by Alizarin Red S staining. (B) Adipogenic differentiation was indicated by the accumulation of neutral lipid
vacuoles, detected with Oil Red O staining. (C) Chondroblasts were detected by toluidine blue staining. Scale bar, 25 ym.

Statistical analysis. All values are expressed as the
mean =+ standard error of the mean. Statistical analysis was
performed by using one-way analysis of variance followed by
Bonferroni multiple comparisons using SPSS 13.0 software
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Characterization of the immunophenotype and differentiation
potential of DPSCs in vitro. The presence of mineralized
nodules demonstrated successful osteogenic induction of
DPSCs (Fig. 1A). As presented in Fig. 1B, the formation of
neutral lipid vacuoles also indicated the adipogenic potential
of the DPSCs. Furthermore, the DPSCs were observed to
differentiate into chondroblasts following induction (Fig. 1C).

Cytotoxicity (MTT) assay. The data for the HUVEC-only
group exhibited the highest level of cell proliferation among
the four groups. DPSC and HUVEC direct co-culture group
revealed that cells underwent notable proliferation, and
proliferation was significantly increased at day 10 and 14,
compared with the DPSC + ET-1 and DPSC only groups. The
DPSC + ET-1 and DPSC only groups exhibited almost linear
increases from day 3 to day 14 (Fig. 2).

Mineralization assay. The cells adopted an osteoblast-like
polygonal morphology after 21 days of culture. Following the
induction of mineralization, white mottled crystals appeared,
which became red mineralized nodules following staining
with Alizarin Red S. As presented in Fig. 3A, the mineral-
ized nodules appeared to be smaller and less abundant within
the DPSC-only group compared with in the ET-1 treatment
(Fig. 3B), Transwell (Fig. 3C) and co-culture group (Fig. 3D).
Nodule formation was observed to be significantly higher in
the DPSC + ET-1, Transwell and DPSC and HUVEC groups
compared with in the control. The Transwell group generated
the highest number of nodules of all four groups (Fig. 3E).

RT-gPCR analysis. Odontogenesis-associated genes were
expressed in all four groups. DSP and DMP-1 were expressed
weakly in the DPSC-only culture group compared with in the
other three groups. Over the experimental period, the expres-
sion of DSP and DMP-1 was highest on day 7, with successively
lower levels detected from day 14 to day 21 in all four groups.
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Figure 2. MTT assay. The DPSC and HUVEC co-culture group underwent
marked proliferation compared with in the DPSC+ET-1, DPSC-only and
HUVEC-only groups. “P<0.05 vs. DPSC + ET-1 and DPSC only groups.
DPSC, dental pulp stem cell; ET-1, endothelin-1; HUVEC, human umbilical
vein endothelial cell.

The expression levels of the two genes were highest in the
DPSC + HUVEC direct co-culture group on day 4, while
being second highest in the Transwell culture group. The two
genes were expressed at the highest level on days 7 and 14
in the Transwell culture group, with lower levels detected in
the direct co-culture group, the DPSC + ET-1 group and the
DPSC-only group, over this period. The expression of the
odontogenesis-associated genes was notably downregulated on
day 21 in the direct co-culture and Transwell culture groups,
but remained significantly higher compared with the DPSC +
ET-1 group (Fig. 4A).

Immunofluorescence staining. Immunofluorescence staining
revealed that all four groups expressed DSP after 2 weeks
of culture; however, expression was weak in the DPSC-only
group (Fig. 4B).

Protein expression during the process of DPSC differentiation.
The western blot assay demonstrated that compared with the
DPSC-only group, the expression levels of DSP protein were
significantly increased in the DPSC + ET-1 group, the direct
co-culture group and the Transwell culture group. The expres-
sion of DSP in the Transwell group was significantly higher than
the direct co-culture group. DSP expression in the DPSC + ET-1
group was lower than the above two groups (Fig. 5).
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Figure 3. Cell morphology and mineralized nodules of human dental pulp
cells maintained in mineralized medium for 21 days. Mineralized nodules
were stained by Alizarin Red S (original magnification, x40). (A) DPSC-only
group; (B) DPSC + ET-1 group; (C) DPSC and HUVEC indirect co-culture
group using a Transwell system and (D) DPSC and HUVEC direct co-culture
group. (E) Quantitation of Alizarin Red S staining at day 21. Data are
presented as the mean OD/ug of total protein + standard deviation (n=6).
“P<0.05 vs. DPSC-only group. “P<0.05 vs. other three groups. DPSC, dental
pulp stem cell; ET-1, endothelin-1; HUVEC, human umbilical vein endothe-
lial cell; OD, optical density.

Discussion

It is widely acknowledged that further study on DPSCs may
have a positive impact on dental tissue engineering and tooth
regeneration. DPSCs present in their perivascular niche and
ECs present on the surface of blood vessels interact directly
or indirectly within the tumor microenvironment. When
caries or dental-trauma occurs, the direct cell-cell contact
may affect the reparation and regeneration of dental tissue to a
certain extent; however, whether the direct contact or interac-
tion between these two cell types promotes the secretion of
cytokines requires further investigation. The present study
divided DPSCs and HUVECs into various co-culture groups,
in order to compare the different factors that may impact
on the differentiation of dental tissue (2,34-38). Researchers
have suggested that HUVECSs notably affect the function of
DPSCs, which is in accordance with the findings of other
studies (9,34-36,38-40). Saleh et al (9) reported that HUVECs
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may promote the survival, proliferation and aggregation of
bone marrow mesenchymal stem cells. Dissanayaka et al (6)
directly co-cultured HUVECs and DPSCs, and revealed that
HUVECs promoted the proliferation and differentiation of
DPSCs. Therefore, four groups were designed in the present
study, namely the Transwell co-culture, direct co-culture,
DPSC + ET-1 and DPSC-only groups. The Transwell method
enabled the cytokines secreted from HUVECs to migrate
via a semipermeable membrane into the culture below, while
preventing HUVECSs from entering the DPSC culture. The
detection of odontogenesis-associated genes indicated that the
two co-culture groups expressed the genes at increased levels
compared with the DPSC-only group on days 4, 7, 14 and 21.
The expression levels of the genes declined from peak levels on
day 7. The results of the present study revealed that the process
of co-culture may promote the differentiation of DPSCs, and
that this capability increased on day 7 and then decreased
throughout further cell culture. The results on day 4 indicated
elevated expression levels of the odontogenic markers in
the direct co-culture group compared with in the Transwell
group, which may have been due to the direct contact of the
two cell types initially promoting the differentiation of the
DPSCs. This promotion may be unassociated with cytokine
secretion. The lower expression levels in the Transwell group
on day 4 may support this hypothesis; however, the DPSC +
ET-1 and the DPSC-only groups expressed lower levels of
the odontogenic markers compared with the two co-culture
groups on day 4. This result demonstrated that HUVECs may
be advantageous to DPSC differentiation and the cytokines
secreted by the HUVECs may have promoted the differentia-
tion of the DPSCs. The effect on differentiation induced by
ET-1 alone was not as strong as that in the co-culture groups.
The results of the present study indicated that ET-1 may be an
effective factor promoting the differentiation of DPSCs. This
is in accordance with research on developing rat teeth (28);
however, there may be other cytokines that accompany ET-1
in promoting the differentiation of DPSCs, as the results of
the co-culture groups demonstrated in the present study. The
results on day 7 and day 14 indicating increased odontogenic
gene expression in the Transwell group may be due to the
duration of culture. The direct contact between the two cell
types may serve a stimulatory role; however, the promotional
function may have been limited over time as the interaction
between the two cells was unfavorable to the secretion of
HUVEG:s, thereby affecting the differentiation of the DPSCs.
Odontogenic gene expression in the Transwell group increased
until day 7, after which the levels were downregulated, which
was consistent with the results of our previous research (32).
Our previous research demonstrated that during the mineraliza-
tion process of DPSCs, the ability for odontogenesis decreased
over time (32). Alternatively, the effect on differentiation may
be due to increasing cell density. The measurements on day 21
in the present study revealed that the two co-culture groups
exhibited downregulated expression levels of the odontogenic
markers compared with in the other groups; however, the
differences between the two groups were not significant.
There are two potential reasons for the downregulated
expression, including that the density of the cells may have
affected the differentiation. Additionally, the extended duration
of direct contact may have inhibited differentiation; however,



898

A DSP
E3 DPSCs only
20 3 DPSCS+ET-1
B DPSCs+HUVECS (Indirect coculture)
[ DPSCs+HUVECs (direct coculture)

-+

Relative expression

4 7 14 21
Time (days)

LIU et al: ENDOTHELIAL CELLS AND ET-1 PROMOTE THE DIFFERENTIATION OF DPSCS

DMP-1
15+ N
. E3 DPSCs only
B3 DPSCs+ET-1
0 B3 DPSCs+HUVECS (indirect coculture)

+
]
é D DPSCs+HUVECS (direct cocullure)

Relative expression

Time (days)

B a b c d
Figure 4. (A) Relative expression levels of odontogenic markers at different time points detected by reverse transcription-quantitative polymerase chain
reaction. Values were normalized to GAPDH expression. "P<0.05 vs. DPSC-only group at the corresponding time point. *P<0.05 vs. the corresponding group
at different time points.”P<0.05 vs. DPSCs + ET-1 group at day 21. (B) Immunofluorescence detection of DSP protein expression. (B-a) DPSC-only group;
(B-b) DPSC + ET-1 group; (B-c) DPSC + HUVEC indirect co-culture group using a Transwell system and (B-d) DPSC + HUVEC direct co-culture group.

DSP expression is indicated by green staining; nuclei were counter-stained with DAPI (blue). DPSC, dental pulp stem cell; DMP-1, dentin matrix acidic
phosphoprotein 1; DSP, dentin sialoprotein; ET-1, endothelin-1; HUVEC, HUVEC, human umbilical vein endothelial cell.

1.0+

Relative protein expression

o
=)
K
Culture method

DSP oo g NS P

B-actin o S— — —

Figure 5. DSP expression detected by western blotting. The results were
presented as the value calculated from three different cell samples and each
same cell sample was assayed in triplicate 'P<0.05 vs. DPSC-only group.
DPSC, dental pulp stem cell; DSP, dentin sialoprotein; ET-1, endothelin-1;
HUVEC, human umbilical vein endothelial cell.

it is evident that there were numerous potential factors that
may have exerted an effect on the promotional effects of the
HUVEC:s. For instance, HUVECsS can secrete insulin growth
factor-1, ET-1, FGF, platelet-derived growth factor, TGF-3 and
bone morphogenic protein-2 (9,10), which may promote the

proliferation and aggregation of progenitor cells. Except for
ET-1, researchers have focused on these factors and investiga-
tion has revealed that IGF-1 may promote the proliferation and
differentiation of DPSCs (41). This stimulatory effect was asso-
ciated with the activation of the mechanistic target of rapamycin
(mTOR) signaling pathway (41). Notably, when the mTOR
signaling pathway was inhibited, the inducing effect of IGF-1
was reversed (41). Research by Zhang et al (42) demonstrated
that basic FGF and nerve growth factor co-secretion were
associated with increased expression levels of phosphorylated
(p)-protein kinase B (AKT) and p-extracellular signal-regu-
lated kinases (ERK), thereby suggesting that the ERK and
AKT signaling pathway may be involved in the regulation of
DPSC neural differentiation. Few investigations into the effects
of ET-1 on DPSCs have been conducted; however, researchers
have demonstrated that ET-1, secreted by ECs, may promote
the interaction of ECs and DPSCs (8). Therefore, the present
study aimed to investigate the effects of ET-1 on DPSCs.

The effect of bone dynamic balance and odontogenesis
has been a point of interest. Salama et al (43) added ET-1
into the culture medium of MSCs, and reported that ET-1
may modulate the proliferation, migration and differen-
tiation of the MSCs. Research has also suggested that classic
wingless-type mouse mammary tumor virus (Wnt) signaling
pathways may modulate the differentiation of MSCs into
osteoblasts, and modify bone growth via specific gene expres-
sion (44,45). Additionally, osteoblasts and osteocytes have
been suggested to modulate the formation of osteoclasts via
the Wnt/B-catenin signaling pathway (46-48). These studies
indicated the regulatory effect of the Wnt signaling pathway
on bone metabolism. The extracellular molecular mecha-
nism underlying ET-1-mediated bone formation may involve
the autocrine or paracrine activation of Wnt signaling that
is essential for osteoblast proliferation, differentiation and
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bone development (18). Dickkopf homologue 1 (DDKI1) is a
selective inhibitor of the Wnt signaling pathway, and its tran-
scription rate may be suppressed by ET-1 in calvarial organ
culture. Conversely, recombinant DDK1 may also inhibit
ET-1-mediated osteoblast proliferation and new bone forma-
tion (18). The present study investigated the promotional effect
of cytokines secreted by HUVECs on the differentiation of
DPSCs. Furthermore, in order to study the promotional effects
of ET-1 on DPSC differentiation, ET-1 was added to the culture
medium of DPSCs. The findings of the present study demon-
strated that the DPSC + ET-1 group expressed elevated levels
of odontogenic markers compared with the DPSC-only group,
which indicated the function of ET-1 in the process of DPSC
differentiation. However, the function of ET-1 was unclear as
in the co-culture group. Since ET-1 may function in an auto-
crine or paracrine manner, ET-1 exerted a stronger effect on
DPSC differentiation compared with in the DPSC-only group,
but the mechanisms of action require further investigation. In
addition, the alteration of DSP expression in the DPSC + ET-1
group was not as notable as those in the co-culture group,
demonstrating that the mechanisms of cytokines are complex.
It is possible that two cytokines may synergistically promote
differentiation, or inhibit further differentiation following
initial promotion. Recently, the cytokines associated with
DPSC differentiation have become a focus of research (49,50).
The results of the present study suggested that ET-1 may be
associated with increases and subsequent decreases in differ-
entiation, which was similar to the trends of the DPSC-only
group. Further investigation may be conducted into the main-
taining the promotion of differentiation for 21 days.

The small integrin-binding ligand N-linked glycoprotein
protein family, including DSP and DMP-1, exhibit positive
effects in the process of dentinogenesis (51,52). Dentin sialoph-
osphoprotein (DSPP), a major non-collagenous matrix protein
of odontoblasts, undergoes cleavage to dentin phosphoprotein
and DSP (53). DSPP is the first putative marker of odontoblastic
differentiation and its upregulation has suggested that DPSCs
may acquire the capacity to secrete mineralizable dentin (54).
DMP-1 is an extracellular matrix glycoprotein important for the
mineralization of dentin; during odontoblast maturation, DMP-1
is phosphorylated and exported to the extracellular matrix
where it organizes the formation of mineralized matrix (55,56).
Research has demonstrated that DMP-1 was initially expressed
in mineralized matrix in alveolar bone; however, the expression
of DMP-1 was downregulated to lower levels compared with
DSP (54). In the present study, the expression levels of DSP
were increased compared with DMP-1 at all time points, which
was consistent with the aforementioned findings.

In conclusion, HUVECs may promote the differentiation
of DPSCs, potentially via a synergetic manner of cytokines
secreted by HUVECs. Therefore, DPSCs and ECs may be
applicable in regenerative pulp therapy in the future.
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