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Effect of erythropoietin on angiogenic potential of dental pulp cells
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Abstract. Erythropoietin (EPO) is a 34-kDa glycoprotein
that possesses the potential for angiogenesis, as well as anti-
inflammatory and anti-apoptotic properties. The present study
aimed to examine the effect of EPO on the angiogenesis of
dental pulp cells (DPCs) and to explore the underlying mecha-
nisms of these effects. It was demonstrated that EPO not only
promoted DPCs proliferation but also induced angiogenesis of
DPCs in a paracrine fashion. EPO enhanced the angiogenic
capacity by stimulating DPCs to secrete a series of angiogenic
cytokines. ELISA confirmed that high concentrations of EPO
increased the production of MMP-3 and angiopoietin-1 but
decreased the secretion of IL-6. Furthermore, EPO activated
the ERK1/2 and p38 signaling pathways in DPCs, while inhi-
bition of these pathways diminished the angiogenesis capacity
of DPCs. The present study suggested that EPO may have an
important role in the repair and regeneration of dental pulp.

Introduction

The dental pulp is vulnerable to infection resulting from dental
caries and injuries. Most dental pulp infections are irreversible
due to ischemia induced by anatomic factors, since the dental
pulp is surrounded by rigid dentin walls and has limited collat-
eral circulation. The survival of inflamed vital pulp is closely
associated with the process of angiogenesis (1). Angiogenesis

Correspondence to: Professor Jungi Ling, Department of Operative
Dentistry and Endodontics, Hospital of Stomatology, Guanghua
School of Stomatology, Sun Yat-sen University and Guangdong
Provincial Key Laboratory of Stomatology, 56 West Lingyuan Road,
Guangzhou, Guangdong 510055, P.R. China

E-mail: lingjqg@mail.sysu.edu.cn

“Contributed equally

Key words: erythropoietin, dental pulp cells, angiogenesis,
proliferation, pulp regeneration

provides blood supply, oxygen and nutrients, which are indis-
pensable during dental pulp repair and regeneration.

Angiogenesis is amulti-sequential-step procedure involving
the interaction between endothelial or stem cells, extracellular
matrix components and mediation of various pro-angiogenic
and anti-angiogenic factors (2). Dental pulp cells (DPCs) are
a heterogeneous population of dental pulp stem cells (DPSCs)
and other progenitors that possess mesenchymal stem cell
(MSC)-like properties (3). DPSCs have been reported to induce
angiogenesis in a paracrine fashion by secreting angiogenic
molecules (4). Under extreme circumstances, such as serum
deprivation, the secretome of DPSCs was observed to enhance
the pulp repair ability, but this effect was not obvious under
normal serum conditions (5). Furthermore, a recent study indi-
cated that DPSC-conditioned medium (CM) accelerated the
adhesion, proliferation, migration and tubulogenesis of human
umbilical vein endothelial cells (HUVECsS) (6). Accumulating
evidence suggests that DPCs or DPSC-derived CM has angio-
genic potential (7). However, the mechanisms underlying the
angiogenesis of dental pulp have remained to be completely
elucidated.

Erythropoietin (EPO) is mainly synthesized in the fetal
liver and adult kidney and was initially highlighted for its
action on the hematopoietic system (8). Extensive studies indi-
cated that EPO and EPO receptor (EPOR) may be detected
in a wide range of nonhematopoietic tissues and cells and
have an important role in angiogenesis, anti-inflammation
and anti-apoptosis (9-11). For instance, EPO enhanced
the angiogenic capacity in a model of cerebral unilateral
hypoxia-ischemia, bone repair and burn injury (12-14).
Previous studies suggested that EPO was expressed in
inflamed dental pulp but rarely detected in healthy dental pulp.
EPOR was detected in both healthy and inflamed dental pulp.
EPO and EPOR expressions in DPCs were increased under
hypoxia (15). Given that dental pulp is susceptible to ischemia
conditions (hypoxia and serum deprivation) when exposed to
trauma or inflammation, it was hypothesized that EPO may
have a role in enhancing the angiogenic capacity of DPCs.

MAPKSs regulate cellular proliferation, development,
differentiation and apoptosis through cascade amplification,
and respond to a variety of extracellular stimuli, such as
inflammation, physical and chemical stress. The activation
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of MAPK pathways is involved in angiogenesis by regulating
the secretion of cytokines. Furthermore, it was revealed
that EPO binding to EPOR activates pathways downstream
of MAPK (16). However, it is unknown whether MAPK is
involved in the angiogenesis of EPO-induced DPCs.

In the present study, the effects of EPO on the proliferation
and angiogenesis of DPCs were studied. To explore how EPO
works on DPCs, the cytokine profile of DPCs in response to
EPO was investigated by using an angiogenic cytokine array
under serum deprivation conditions. Furthermore, the involve-
ment of signaling pathways was investigated by detecting
proteins of the MAPK signaling pathway. The present study
supplements the previously known angiogenesis effect of EPO
on DPCs and may also provide novel perspectives in pulp
repair and regeneration.

Materials and methods

Isolation and culture of DPCs. Integral premolars and
impacted third molars were collected from young patients
(10 males and 8 females; 18-25 years of age; recruited
between January 2014 and January 2018) who underwent
surgical orthodontic treatment at the Hospital of Stomatology
of Sun Yat-sen University (Guangzhou, China). None of the
patients had clinically significant medical history, nor were
they receiving medication. Ethics approval for the present
study was obtained from the Research Ethics Committee of
Hospital of Stomatology, Guanghua School of Stomatology,
Sun Yat-sen University and informed consent was obtained
from each patient prior to obtainment of the samples. The
DPCs were isolated and cultured as previously reported (15).
DPCs cultured from the third to sixth passages were used in
the subsequent experiments.

Cell counting Kit-8 (CCK-8) assay. DPCs were seeded into
96-well plates at a density of 4x103 cells/well. After overnight
incubation, different concentrations of EPO (0.1, 1, 5, 10, 20
and 40 U/ml; R&D Systems, Inc.) were added to each well of
cells in the treatment groups, while cells in serum-free DMEM
only served as the control group. After being cultured for 1,
2 or 3 days, CCK-8 stain (Dojindo Molecular Technologies,
Inc.) was added to each well followed by incubation at 37°C in
the dark for 3 h, according to the manufacturer's protocol. The
optical density was measured at 450 nm using a microplate
reader (BioTek). The results were calculated as the mean of
three replicates of three experiments under the same condi-
tions.

Tube formation assay on matrigel®. CM was collected
according to the following procedure: DPCs were cultured
in 25-cm? flasks at 90% confluence in 1 ml serum-free
DMEM with 40 U/ml EPO for 24 h. Subsequently, the CM
was collected, centrifuged for 20 min at 10* x g at 4°C and
used in the subsequent experiments. HUVECs (cat. no. 8000;
ScienCell Research Laboratories, Inc.) were cultured in
complete endothelial cell medium (ScienCell Research
Laboratories, Inc.). For the tube formation assay, HUVECs
(4x10* cells per well) were seeded onto each well precoated
with Matrigel® (350 ul/well; BD Biosciences) in 48-well
plates. CM with or without 40 U/ml EPO neutralization

antibody (cat. no. AB-286-NA; R&D Systems, Inc.) was
added to HUVECS after plating and cultured for 4 h. Tube
formation images were obtained using an inverted microscope
(Zeiss AG) and 3 fields per well were randomly selected for
analysis of tube lengths branch points and amounts of loops
with Quantitative Tube Formation Image Analysis software
(WimTube, Wimasis; https://www.wimasis.com/en/prod-
ucts/13/WimTube).

To further clarify the MAPK signaling pathway in the
angiogenic capacity of DPCs, cells were preconditioned
with U0126, SB203580 and SP600125 (10 gmol/ml; Gene
Operation) prior to addition of EPO and subsequent experi-
ments were performed as described above.

Protein array analysis. The Human Cytokine Antibody Array
Kit (RayBiotech, Inc) was used to identify angiogenesis-related
factors within the CM of DPCs, which were treated and
collected as described above. The assay was performed
strictly according to the manufacturer's protocol. The chip
was scanned with a GenePix 4000B Microarray Scanner
(Molecular Devices, LLC) using Cy3 as the fluorophore. The
binding signals were acquired and analyzed by applying the
RayBio® software tool (AAH-CUST-G; RayBiotech, Inc).

ELISA. To confirm the results of the protein array using quan-
titative analysis, the protein concentrations of MMP-3 (cat.
no. DMP300), angiopoietin-1 (Ang-1) (cat. no. DY923), IL-6
(cat. no. D6050) and TGF-f (cat. no. DBI00B) were detected
using ELISA kits (R&D Systems, Inc.) according to the manu-
facturer's protocol. ELISAs were performed on the CM of
DPCs treated with different concentrations of EPO.

Western blot analysis. DPCs were preconditioned with 40 U/ml
EPO for 1 h and lysed in RIPA buffer containing proteinase
inhibitor cocktail (Beyotime Institute of Biotechnology).
The protein was quantified using a BCA Protein Assay Kit.
Western blot analysis was performed as instructed by the
manufacturer using a capillary-based automated system WES
(Protein Simple) which uses capillary electrophoresis to iden-
tify and quantify a protein of interest. In brief, protein samples
of 0.5 mg/ml/lane were loaded. Next, primary and secondary
antibodies and luminal peroxide mix were dispensed into the
assay plate per the manufacturer's protocol. Primary antibodies
included rabbit anti-human ERK1/2 (cat. no. 4695), phosp-
Protein Simplep-p38(cat. no. 4511) (1:100; R&D Systems,
Inc.), INK (cat. no. 9252), p-JNK (cat. no. 9255) (1:100; Cell
Signaling Technology, Inc.) and B-actin (cat. no. 31-1013-00,
1:1,000; EarthOx Life Sciences). The secondary antibodies
were included in the Simple Wes Kit (cat. no. 042-205 and cat.
no. 042-206; (Protein Simple). Analysis of detected proteins
was performed with Compass Software (version: 2.6.7;
Protein Simple).

Statistical analysis. The experiments were performed in
triplicate unless otherwise stated and quantitative results
are expressed as the mean + standard deviation. Data were
analyzed using the SPSS software (version 13.0; SPSS,
Inc.). One-way ANOVA was performed for multiple-group
comparisons, with post-hoc Bonferroni correction. P<0.05 was
considered to indicate a statistically significant difference.
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Figure 1. Effects of EPO on proliferation and angiogenesis of DPCs. (A) Cell Counting Kit-8 assay for the proliferation of DPCs cultured with different
concentrations of EPO. Results are presented as the viability relative to untreated cells (0 U/ml EPO) and values are expressed as the mean + standard
deviation of three independent experiments. "P<0.05 vs. untreated cells (0 U/ml EPO). (B) Matrigel tube formation assay of human umbilical vein endothelial
cells in the conditioned medium of DPCs induced by EPO, with or without neutralization antibody (scale bar, 200 pm; magnification, x50) and quantitative
results. Quantification was performed on 3 randomly selected fields. Values are expressed as the mean + standard deviation of three independent experiments.
“P<0.05 vs. Control group; NS, not significant. EPO, erythropoietin; DPCs, dental pulp cells; OD, optical density.

Results

Effects of EPO on the proliferation and angiogenesis of
DPCs. The effect of EPO on the proliferation of DPCs was
assessed with a CCK-8 assay. As presented in Fig. 1A, low
concentrations of EPO (0.1, 1 or 5 U/ml) had no effect on DPC
proliferation at any time-point. However, the proliferation of
DPCs was significantly above that of the control (P<0.05)
when exposed to 10, 20 or 40 U/ml EPO for 2 days. These
results indicated that high concentrations of EPO promoted
the proliferation of DPCs.

In the Matrigel assay, vessel-like structures of HUVECs
were observed in the EPO group. By contrast, HUVECs in the
control group assembled into vessel wall analogs but hardly
formed any loops. Furthermore, addition of EPO neutraliza-
tion antibody did not significantly attenuate tube formation

compared with the EPO group. Quantitative data indicated
that the tube lengths, branch points and total loop amounts
significantly increased in the EPO group and EPO with anti-
body group (P<0.05). In addition, no significant differences
were observed between the EPO group and EPO group with
antibodies (Fig. 1B).

Expression of various angiogenesis-related factors in CM
of DPCs stimulated by EPO. The relative expression of 35
angiogenesis-related factors, including 29 pro-angiogenic
cytokines and 6 anti-angiogenic factors in the CM of DPCs,
was detected by the human angiogenesis protein array. As
indicated in Fig. 2A-D and Table I, the expression of vascular
endothelial cell growth factor (VEGF), MMP-3, Ang-1/2
and hepatocyte growth factor (HGF) significantly increased
by >50%, while the secretion of TGF-f, TNF-a, IL-2, IL-6
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Figure 2. Protein array and ELISA of CM of DPCs. (A) Protein array image of CM from DPCs; (B) protein array image of CM from DPCs treated with EPO.
(C) Map of the protein array; positive proteins are marked in red. (D) Fold changes of the fluorescence signals of positive proteins. (E) ELISA was used to
determine angiogenesis-associated cytokines MMP3, Ang-1, IL-6 and TGF-f in the CM of DPCs treated with graded concentrations of EPO. Values are

expressed as the mean + standard deviation of three independent experiments.

“P<0.05 vs. Control group. EPO, erythropoietin; DPCs, dental pulp cells; CM,

conditioned medium; NEG, negative control; POS, positive control; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; HGF,
hepatocyte growth factor; Ang-1, angiopoietin-1; PIGF, phosphatidylinositol glycan anchor biosynthesis class F; IGF, insulin-like growth factor; IGFBP, IGF
binding protein; EGF, epidermal growth factor; MIF, macrophage migration inhibitory factor; MCF, monocyte chemoattractant protein; G-CSF, granulocyte
colony-stimulating factor; FGF, fibroblast growth factor; TIMP1, TIMP metallopeptidase inhibitor 1; SDF, stromal cell-derived factor; PAI-1, plasminogen
activator inhibitor- 1; IP-10,interferon inducible protein-10; MIP-1a, macrophage inflammatory protein-la; TSP, thrombin-sensitivity protein.

and IL-10 decreased to ~40-50% compared with CM from
DPCs untreated with EPO. In addition, the expression of 4
out of 6 anti-angiogenic factors (IL-10, IL-12p70, TIMP-1 and
TIMP-4) decreased in the CM of DPCs after EPO stimulation.

Furthermore, ELISA indicated that 40 U/ml EPO
significantly increased the secretion of MMP-3 and Ang-1 in
comparison with the control group (P<0.05). However, lower

concentrations (10 and 20 U/ml) of EPO had no significant
effect on MMP-3 and Ang-1 production in DPCs. Furthermore,
EPO significantly decreased the secretion of IL-6 but had no
obvious effect on TGF-f secretion (Fig. 2E).

Intracellular pathways of the DPCs activated by EPO. For
evaluation of the activity of MAPK, the ratio of phosphorylated



Table I. Profile of cytokines in conditioned medium of dental
pulp cells induced by EPO.

A, Pro-angiogenic factors and receptors

Cytokine EPO/control ratio
VEGF 1.871
EPOR 1.268
bFGF 0.849
TGF-p 0.616
TNF-a 0.609
PDGF-AB 1.595
PIGF 1.557
HGF 1.585
EGF 1.299
IGF-1 0.777
Ang-1 1.849
Ang-2 1.677
IGFBP-3 1.200
Leptin 0.931
MMP-1 0.834
MMP-2 1.078
MMP-3 1.750
MMP-9 1.302
IL-1B 1.241
IL-2 0.597
IL-6 0.531
IL-8 0.705
SDF-1p 1.001
PAI-1 0.896
IL-12p40 0.930
MIP-1a 0.950
MCP-1 0.858
G-CSF 0.682
IP-10 0.921

B, Anti-angiogenic cytokines

Cytokine EPO/control ratio
IL-10 0.518
IL-12p70 0.950
TIMP-1 0.687
TIMP-2 1.272
TIMP-4 0.898
Thrombospondin-1 1.403

VEGEF, vascular endothelial growth factor; PDGF, platelet-derived
growth factor; EPO, erythropoietin; HGF, hepatocyte growth factor;
Ang-1, angiopoietin-1; PIGF, phosphatidylinositol glycan anchor
biosynthesis class F; IGF, insulin-like growth factor; IGFBP, IGF
binding protein; EGF, epidermal growth factor; MIF, macrophage
migration inhibitory factor; MCF, monocyte chemoattractant protein;
G-CSF, granulocyte colony-stimulating factor; bFGF, bone-derived
fibroblast growth factor; TIMP1, TIMP metallopeptidase inhibitor 1;
SDF, stromal cell-derived factor; PAI-1, plasminogen activator inhib-
itor- 1; IP-10,interferon inducible protein-10; MIP-1a, macrophage
inflammatory protein-1a; TSP, thrombin-sensitivity protein.
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Figure 3. Related intracellular pathways of the DPCs activated by EPO.
(A) Western blot bands for various proteins of the MAPK signaling pathway
in DPCs cultured with different concentrations of EPO. (B) Quantitative
analysis of p-ERK/ERK, p-p38/p38 and p-JNK/INK in DPCs induced by
EPO. Values are expressed as the mean + standard deviation of three indepen-
dent experiments. "P<0.05; “P<0.01 vs. Control group. EPO, erythropoietin;
DPCs, dental pulp cells; p-INK, phosphorylated JNK.

to total protein was quantified. As indicated in Fig. 3, the levels
of p-ERK and p-p38 were significantly increased in DPCs after
exposure to EPO for 1 h, whereas the phosphorylation levels
of JNK were not enhanced compared with the control group.
However, the total protein levels of ERK1/2, p38 and JNK
were maintained at the same level under EPO stimulation.

Signaling pathways involved in EPO-induced angiogenesis
of DPCs. To further determine the molecular mechanisms
of EPO-induced angiogenesis, DPCs were pretreated with
MAPK signaling pathway inhibitors and then subjected to
EPO stimulation. Subsequently, CM from DPCs was collected
to stimulate HUVECs. As presented in Fig. 4, both U0126
(ERK1/2 inhibitor) and SB203580 (p38 inhibitor) impaired the
formation of capillary-like structures, while SP600125 (JNK
inhibitor) had no significant effect on tube formation, which
was also confirmed by the quantitative data.

Discussion

Dental pulp regeneration is challenging due to the special
structure of the enamel-dentin-pulp complex and the limited
blood and oxygen supply. Numerous studies have focused on
the key role of DPCs, as they have multidifferentiation poten-
tial and affect stem cells in a paracrine manner. EPO has been
indicated to protect against hypoxia and ischemia and exert
anti-inflammatory, anti-apoptosis and pro-angiogenesis effects
within numerous organs (17-19). Koutsoumparis et al (20)
indicated that recombinant human EPO promoted endothelial
transdifferentiation of stem cells from the apical papilla, which
may be of clinical value in the treatment of ischemic disorders.
The present study was the first, to the best of our knowledge, to
report that EPO promoted the angiogenic potential of DPCs in
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Figure 4. Effects of MAPK pathway inhibitors on the angiogenesis of DPCs
induced by EPO. (A) Effects of U0126 (ERK1/2 inhibitor), SB203580 (p38
inhibitor) and SP600125 (JNK inhibitor) on the tube formation of human
umbilical vein endothelial cells in the conditioned medium of EPO-induced
DPCs by. (B) Quantitation of the Matrigel tube formation assay. Values are
expressed as the mean + standard deviation of three independent experiments
(scale bar, 200 gm; magnification, x50). “P<0.05 vs. EPO group. EPO, eryth-
ropoietin; DPCs, dental pulp cells.

a paracrine manner. EPO stimulated the secretion of various
angiogenic cytokines in DPCs and thus promoted tube forma-
tion of endothelial cells through ERK1/2 and p38 MAPK
signaling.

Proliferation and migration are the primary steps of dental
pulp repair. Lin ef al (21) demonstrated that EPO induced the
proliferation of MSCs and overexpression of EPO enhanced
the migration capacity of MSCs. Zwezdaryk et al (22) revealed
that low levels of EPO promoted human MSC proliferation,
whereas high levels of EPO (>30 U/ml) more successfully
affected cell migration and angiogenesis potential. Previous
research by our group also indicated that EPO increased C-X-C
motif chemokine receptor 4 and stromal cell-derived factor-1
expression and enhanced DPC migration in vitro (data not
shown). Consistently, it was observed in the present study that
the proliferation of DPCs increased the most in the 20 U/ml
EPO group, while a lower concentration of EPO had no such
effect. However, other studies reported that EPO had no effects
on bone marrow stromal cell proliferation (23,24). Therefore,
it was speculated that the inconsistency of these studies was
due to different types of EPO, cell types and experimental
conditions; and EPO was potent only if its concentration
reached a certain magnitude and sufficient EPOR requires to
be activated to achieve biological efficiency.

Various studies confirmed that EPO promoted tissue
repair by supporting or inducing angiogenesis (25,26), but
whether EPO has similar effects on DPCs has remained
elusive. Previous studies have demonstrated that autocrine
and/or paracrine factors are the secretion mechanism of MSCs
within tissue regeneration (27). Likewise, different research
groups performed studies on paracrine effects of DPSC-CM
on endothelial cells and angiogenesis. Shen ef al (28) reported
that DPSC-derived CM significantly promoted angiogenesis
in hind limb ischemia, suggesting that paracrine effects are of
great importance in angiogenesis. In the present study, it was
observed that CM from DPCs stimulated by EPO significantly
promoted the formation of vessel-like structures by HUVECs.
Addition of EPO antibody did not significantly attenuate
angiogenesis, which not only excluded the direct effects of
EPO but also demonstrated that EPO enhanced tube formation
by HUVECS through the cytokines secreted by DPCs.

However, the molecular mechanisms by which EPO
promotes angiogenesis through DPCs have remained to be fully
elucidated. Thus, a protein array was performed in the present
study to examine the differential expression profile of cytokines
in CM of DPCs treated with EPO. Serum-free CM was used to
simulate the inflammatory environment of injured pulp. Among
all the angiogenesis-related factors selected, the secretion of
pro-angiogenesis factors in CM, such as VEGF, HGF, MMP-3,
Ang-1 and Ang-2, were all markedly upregulated, whereas
TGF-f, TNF-a, IL-2, IL-6 and IL-10 were downregulated
after EPO treatment. Since the downregulated cytokines are
also pro-inflammatory cytokines, these changes may be specu-
lated to be related to the possible anti-inflammatory effects of
EPO (29-31). Subsequently, ELISA confirmed that MMP-3 and
Ang-1 in the CM was upregulated in an EPO dose-dependent
manner, while downregulation of IL-6 secretion was detected
by the protein array. According to previous studies, MMP-3 and
Ang-1 are vital factors involved in the process of angiogenesis in
dental pulp and other tissues (32,33). IL-6, as an inflammatory
cytokine, has a critical role in dental pulp inflammation (34).
These results suggested that EPO may exert angiogenic potential
and anti-inflammatory activity in dental pulp repair. Xu et al (35)
indicated that hydrogels loaded with aspirin/EPO are effective in
the control of inflammation and regeneration of the periodon-
tium. A recent study also demonstrated that an EPO-impregnated
collagen scaffold promoted new bone formation in an alveolar
defect through coupled angiogenesis/osteogenesis (36). Indeed,
the mineralization of the dentin matrix during dentinogenesis is
similar to the osteogenesis processes. Based on the present and
previous results, it was hypothesized that engineered scaffolds
loaded with EPO may open new avenues for future research in
dental pulp regeneration and provide a promising strategy for
clinical applications for the treatment of pulpitis.

Activation of EPOR usually triggers three major intracellular
signaling cascades: JAK2/STATS, PI3K/Akt and RAS/MAPK.
The activation of MAPK pathways is known to respond to
various exogenous stresses by ischemia and is involved in
angiogenesis. Kwon et al (37) indicated that EPO induced
the gradual elevation of ERK1/2 and p38 expression as time
progressed in C6 glioma cells and the protective effects of EPO
against cytotoxicity were significantly attenuated with pretreat-
ment with p-ERK1/2 or p-p38 inhibitor. In the present study, the
phosphorylation of ERK1/2, p38, and JNK was investigated and
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the results demonstrated that EPO increased the angiogenesis
capacity of DPCs through ERK1/2 and p38 signaling but not
JNK. However, contrary to the present results, p-JNK protein
levels decreased significantly in the EPO group in a rat model of
ischemia-reperfusion injury (38). It may be inferred that the acti-
vation of signaling pathways may vary from species to species.

In conclusion, the present results revealed that EPO enhanced
the angiogenic potential of DPCs through the secretion of angio-
genic cytokines under serum deprivation conditions. In addition,
ERK1/2 and p38 MAPK signaling pathways participate in this
process. Although whether EPO is effective in vivo remains to be
determined, these results indicated that EPO has an essential role
in dental pulp repair and may be applied in pulp regeneration.
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