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CGFe and TGF‑β1 enhance viability and osteogenic differentiation
of human dental pulp stem cells through the MAPK pathway
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Abstract. The present study aimed to evaluate the effects of
concentrated growth factor exudate (CGFe) and TGF‑β1 on
the viability and osteogenic differentiation of human dental
pulp stem cells (hDPSCs). CGFe was prepared from the
peripheral blood of healthy donors (obtained with informed
consent). STRO‑1+ hDPSCs were isolated from dental pulp
tissues and treated in four groups: i) Control; ii) TGF‑ β1
(1 ng/ml); iii) 100% CGFe; and iv) TGF‑β1 (1 ng/ml) + 100%
CGFe group. hDPSC viability was measured via MTT assay.
The osteogenic differentiation of hDPSCs was quantified via
alkaline phosphatase (ALP) activity, western blotting and
reverse transcription‑quantitative PCR assays. CGFe and
TGF‑β1 enhanced hDPSC viability, upregulated ALP activity,
upregulated the expression of phosphorylated (p)‑ERK1/2,
p‑JNK and p‑p38 in hDPSCs, and promoted transcription and
protein expression of osteogenic‑related genes (bone sialo‑
protein, Runt‑related transcription factor 2 and osteocalcin)
in hDPSCs. The present study demonstrated that CGFe and
TGF‑β1 facilitated the viability and osteogenic differentiation
of hDPSCs potentially through activation of the MAPK
signaling pathway.
Introduction
Increasing interest has arisen for the study of periodontitis and
chronic apical periodontitis, which cause irreversible destruc‑
tion of periodontal support tissues, including the alveolar bone,

Correspondence

to: Dr Zhengbin Yan, Department of
Stomatology, The People's Hospital of Longhua, 38 Jinglong Jianshe
Road, Longhua, Shenzhen, Guangdong 518109, P.R. China
E‑mail: yanzhengbin@163.com
*

Contributed equally

Key words: concentrated growth factor exudate, transforming growth

factor‑β1, human dental pulp stem cells, viability and osteogenic
differentiation, mitogen‑activated protein kinase signaling pathway

the periodontal ligament and the root cementum (1,2). Several
systemic diseases, such as diabetes, endocrine disease and
hypertension, are the main causes of tooth loss (2). The combi‑
nation of membranes and fillers, demineralized freeze‑dried
bone allografts, bovine‑derived xenografts and barrier
membranes have been adopted in modern clinical practice to
treat periodontitis and chronic apical periodontitis; however,
only a small number of these therapies have been accepted
as regenerative techniques, and most have had limited success
and generally unsatisfactory outcomes (2). Therefore, it is of
great interest to find better treatments for periodontitis and
chronic apical periodontitis.
Human dental pulp stem cells (hDPSCs) and appropriate
growth factors, such as TGF‑β1, are necessary for functional
periodontal tissue regeneration (3). hDPSCs are an undifferen‑
tiated mesenchymal cell type in dental pulp that differentiate
into a variety of cells, such as those which form dentin (4). In
recent years, the MAPK signaling pathway has been widely
investigated in the fields of cell proliferation, differentiation
and apoptosis (5). Concentrated growth factor (CGF) is known
to be enriched in growth factors and fibrin (5‑7). CGF is a
gel‑like substance that can be obtained by centrifugation of
venous blood (7). CGF combined with bone graft material was
indicated to promote immediate periodontal tissue regenera‑
tion and osteogenic differentiation (5‑7). CGF exudate (CGFe)
is extracted from CGF and used in research experiments to
study the effects of CGF in vitro (1). Previous studies have
indicated that CGFe shortened the duration before osteogenesis
onset in the operational area of periodontal tissue and notably
improved the quality of bone formation (6‑8). For instance,
Park et al (8) reported that CGFe stimulated the proliferation
of beagle periodontal ligament stem cells in vitro.
TGF‑ β is a multifunctional cytokine involved in the
regulation of cell proliferation, migration, differentiation,
apoptosis and extracellular matrix formation (9,10). It also
plays an important role in bone repair, vascular regeneration
and immune system regulation (9,10). TGF‑β family includes
three homologous isoforms, namely TGF‑ β1, TGF‑ β2 and
TGF‑ β3. Among these, TGF‑ β1 is the most abundant and
widely distributed (9,10). It also has been indicated to induce
mesenchymal stem cells to differentiate into osteoblasts by
recruiting osteoblasts and coupling them to promote bone
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tissue reconstruction (11). The combination of TGF‑β1 and
platelet‑derived growth factor (PDGF) has been demonstrated
to induce osteogenesis in osteoblast‑like cells, and TGF‑β1 at
a concentration of 5 ng/ml promoted the formation of mineral‑
ized nodules (12). A previous study has indicated that TGF‑β1
induced exfoliated deciduous tooth stem cells to overexpress
bone sialoprotein (BSP) and osteocalcin (OCN) (13).
The aim of the present study was to assess the effects of
CGFe and TGF‑β1 on hDPSC proliferation and osteogenic
differentiation in order to discover improved treatments for
periodontitis and chronic apical periodontitis. Specifically,
the effects of CGFe and TGF‑ β1 were examined on the
enhancement of alkaline phosphatase (ALP) activity and the
expression levels of BSP, Runt‑related transcription factor 2
(RUNX2) and OCN in hDPSCs.
Materials and methods
hDPSC isolation and culture. All experiments reported in the
present study were approved by the Ethics Committee of the
Stomatological School of Jilin University (Changchun, China).
Dental pulp tissues were obtained from healthy individuals
(3 females and 3 males; age, 12‑18 years; without systemic
disease) with informed consent from their parents, between
March 2019 and December 2019. The dental pulp tissue
samples were collected from third molar extractions at Jilin
University Health Science Center (Changchun, China). Dental
pulp stem cells were isolated and cultured following proce‑
dures described previously (14). The dental pulp matrix was
gently removed from the tooth, minced with ophthalmic scis‑
sors and digested in a solution containing 3 mg/ml collagenase
type I (Sigma‑Aldrich; Merck KGaA) and 4 mg/ml Dispase® II
(Roche Diagnostics GmbH) at 37˚C for 60 min. The cells were
purified using a mouse anti‑STRO‑1+ antibody (1:200; 4˚C;
3 h; cat. no. sc‑4773; Santa Cruz Biotechnology, Inc.) and goat
anti‑mouse IgG Dynabeads (1:500; 4˚C; 2 h; cat. no. 11201D;
Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The purified hDPSCs were
cultured in α‑minimum essential medium (α‑MEM; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) as well as 100 U/ml
streptomycin and 100 mg/ml penicillin (Gibco; Thermo Fisher
Scientific, Inc.) at 37˚C in 5% CO2. The medium was changed
every 3 days, and hDPSCs were passaged by trypsinization
(Gibco; Thermo Fisher Scientific, Inc.) until they reached 80%
confluence. hDPSCs between passages 3‑6 were used for the
experiments of the present study.
Immunocytochemistry staining. hDPSCs (1x105 cells) at
passage 4 were seeded into six‑well plates covered in advance
with coverslips, and incubated for 72 h at 37˚C. The cells
were then rinsed three times with 0.01 M PBS and fixed
with 4% paraformaldehyde for 15 min at room temperature.
Endogenous peroxidase activity was eliminated by incubation
with 3% H2O2 for 15 min at room temperature. The cells were
then incubated with anti‑vimentin (1:100; 2 h; cat. no. ab24525;
Abcam) and anti‑cytokeratin‑15 primary antibodies (1:200;
2 h; cat. no. AM06387SU‑N; OriGene Technologies, Inc.)
at 4˚C. hDPSCs were subsequently incubated with secondary
goat‑anti‑rabbit, goat‑anti‑mouse and goat anti‑chicken IgG

were AlexaFluor 488 (cat. no. A‑11008; Invitrogen; Thermo
Fisher Scientific, Inc.), 568 (cat. no. A‑11004; Invitrogen;
Thermo Fisher Scientific, Inc.), and 647 (cat. no. A‑21449;
Invitrogen; Thermo Fisher Scientific, Inc.) labeled, respec‑
tively; and used in various combinations at a 1:1,000 dilution
at 4˚C (15). The SP (no. SNM500; OriGene Technologies, Inc.)
immunohistochemistry assay kit (OriGene Technologies, Inc.)
was used for immunocytochemical staining according to the
manufacturer's protocol, and 3,3'‑diaminobenzidine (OriGene
Technologies, Inc.) was used to stain positive cells, which
were imaged using a fluorescent microscope (IX73; Olympus
Corporation; magnification, x400;) (15). The blue color of the
nuclei in Fig. 1 was produced by hematoxylin staining for
5 min at 25˚C.
Preparation of CGFe and TGF‑β1. CGFe was obtained from
four healthy male donors (aged 22‑30 years) visiting the outpa‑
tient clinic at the Health Science Center of Jilin University
(Changchun, China) between March and September 2019, with
their informed consent. According to an existing protocol (15),
a 5‑ml venous blood sample was collected from each donor, and
the blood samples were used to produce CGF and CGFe. The
blood samples were centrifuged at 750 x g for 12 min at 4˚C.
A white CGF clot was formed between acellular plasma and
red blood cells (RBCs), which was separated from the RBCs
using scissors, placed on an endo box and compressed by the
endo box cover. The CGF clot was converted into CGFe by
applying pressure. CGFe was filtered using a 0.22‑µm sterile
syringe filter unit (MilliporeSigma), and the pooled CGFe
samples were stored at ‑80˚C. The original concentration of
CGFe was defined as 100, 50 and 25% concentrations of CGFe
were obtained by dilution of the 100% CGFe with α‑MEM.
As observed in the present study, the CGF membrane used in
clinical treatment were completely absorbed in 7 to 14 days,
day 7 and 14 were selected as two monitoring time points for
reporting the results in the present experiments.
TGF‑ β1 powder (PeproTech China) was dissolved in
distilled water according to the manufacturer's instructions,
and different dilutions of TGF‑β1 were stored at ‑80˚C for
subsequent experiments.
MTT assay. MTT was used to quantify the effects of CGFe
and TGF‑β1 on hDPSC viability. hDPSCs (3x103 cells/well)
were seeded into 96‑well plates (Corning, Inc.) in 10% FBS
complete medium (α‑MEM) and incubated for 24 h at 37˚C.
hDPSCs were then exposed to TGF‑β1 (at concentrations of
0, 1, 5, 10 and 20 ng/ml) for 7 days. After 7 days of culture,
MTT reagent (10 µl) was added to the culture medium of each
well, followed by incubation at 37˚C for 4 h. The medium was
removed and the cells were washed twice with 0.01 M PBS.
DMSO (Sigma‑Aldrich; Merck KGaA) was added into each
well to dissolve the formazan crystals. The optical density
(OD) values were measured using an automatic ELISA reader
(ELx800; BioTek Instruments, Inc.) at 490 nm. The assay
was repeated three times under the same conditions, and the
data are presented as the mean ± SD. hDPSCs in 10% FBS
complete medium (α‑MEM) were used as the control group.
In another experiment, hDPSCs were divided into
four groups: i) TGF‑β1 (1 ng/ml); ii) 25% CGFe + TGF‑β1
(1 ng/ml); iii) 50% CGFe + TGF‑β1 (1 ng/ml); and iv) 100%
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Figure 1. Identification and characterization of hDPSCs. (A) Primary hDPSCs presented a spindle shape. Scale bar, 200 µm. Immunocytochemistry staining
was (B) positive for STRO‑1, (C) positive for vimentin and (D) negative for cytokeratin‑15. Scale bar, 100 µm. hDPSCs, human dental pulp stem cells.

CGFe + TGF‑β1 (1 ng/ml) group, and subsequently incubated
for 7 days. MTT assay was performed as aforementioned.
ALP activity assay. hDPSCs (1x104 cells/well) were seeded
into 24‑well plates (Corning, Inc.) and incubated for 24 h
at 37˚C. Subsequently, the cells were exposed to 100% CGFe,
TGF‑β1 (1 ng/ml) or TGF‑β1 (1 ng/ml) + 100% CGFe for 7
or 14 days. hDPSCs in 10% FBS complete medium (α‑MEM)
were used as the control group. At the given time points, the
cells were lysed using 0.1% Triton X‑100, and the lysates were
centrifuged at 8,000 x g for 10 min at 4˚C. The supernatant
was added to 96‑well plates (50 µl/well), and ALP activity was
examined using the ALP assay kit (cat. no. A059‑2; Nanjing
Jiancheng Bioengineering Institute). The OD values were
measured using an automatic microplate reader (Infinite 200
PRO; Tecan Group, Ltd.) at 520 nm. The assay was repeated
three times under the same conditions, and the data were
presented as the mean ± SD.
Reverse transcription‑quantitative PCR (RT‑qPCR).
hDPSCs (1x105 cells/well) were seeded into six‑well plates
with standard medium (α‑MEM) until they reached 60‑70%
confluence. The cells were treated with four different media:
The control group was treated with osteogenesis‑inducing
medium [α‑MEM supplemented with 50 µg/ml ascorbic acid
and 10 mM β ‑sodium glycerophosphate (Sigma‑Aldrich;
Merck KGaA)]; the three experimental groups were treated
with osteogenesis‑inducing medium supplemented with 100%
CGFe, TGF‑β1 (1 ng/ml) or 100% CGFe + TGF‑β1 (1 ng/ml).
Total RNA was extracted using TRIzol ® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse tran‑
scribed into cDNA on the 7 and 14th day after treatment.
cDNA synthesis was performed with 1 µg total RNA using
SuperScript™ II Reverse Transcriptase and random hexamer
primers (cat. no. 18064014; Invitrogen; Thermo Fisher
Scientific, Inc.). The following temperature protocol was used

for reverse transcription: Room temperature for 10 min, 37˚C
for 60 min and 85˚C for 5 min.
An aliquot (2 µl) of each sample was used for qPCR
determination of the expression of the osteogenic genes BSP,
RUNX2 and OCN using the SYBR® Premix Ex Taq™ II kit
(Takara Bio, Inc.). qPCR was performed in a Rotor‑Gene
Q thermocycler as follows: 95˚C for 3 min, followed by
40 cycles of 95˚C for 3 sec and 60˚C for 60 sec. Each experi‑
ment was repeated three times, and the 2‑∆∆Cq method was
used to calculate the fold differences in gene expression (16),
using β‑actin for normalization. The primers used are listed
in Table I.
Western blotting. hDPSC protein lysates were prepared using
RIPA buffer with pH 7.4 (10 mM Tris‑Cl, 1 mM PMSF,
150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate and 1%
Triton X‑100). The cells were treated with four different media
[control, 100% CGFe, TGF‑β1 (1 ng/ml) or 100% CGFe +
TGF‑β1 (1 ng/ml)] for 7 days. The cell lysates were incubated
on ice for 30 min, then clarified by centrifugation at 6,000 x g
at 4˚C for 10 min. The protein contents were quantified with
a BCA assay kit. Protein samples (20 µg) were denatured
and resolved by 10% SDS‑PAGE and transferred onto PVDF
membranes (MilliporeSigma) at 300 mA for 2 h at 4˚C. The
membranes were blocked with 5% non‑fat milk at room temper‑
ature for 1 h, and subsequently incubated with the following
primary antibodies: Anti‑RUNX2 (1:1,000; cat. no. 12556;
Cell Signaling Technology, Inc.), anti‑BSP (1:1,000;
cat. no. ab92920; Abcam), anti‑OCN (1:1,000; cat. no. ab93876;
Abcam); anti‑ERK1/2 (1:1,000; cat. no. BS3628; Bioworld
Technology, Inc.), anti‑phosphorylated (p)‑ERK1/2 (1:1,000;
cat. no. BS4759; Bioworld Technology, Inc.), anti‑JNK (1:1,000;
cat. no. BS3631; Bioworld Technology, Inc.), anti‑p‑JNK
(1:1,000; cat. no. BS4763; Bioworld Technology, Inc.), anti‑p38
(1:1,000; cat. no. BS9851M Bioworld Technology, Inc.),
anti‑p‑p38 (1:1,000; cat. no. BS4635; Bioworld Technology,
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Table I. Primers used for reverse transcription‑quantitative PCR analysis.
Gene
β‑actin

OCN
RUNX2
BSP

Forward primer (5'‑3')

Reverse primer (5'‑3')

PCR product (bp)

AGAAAATCTGGCACCACACC
GGCGCTACCTGTATCAATGG
CACCATGTCAGCAAAACTTCTT
GCAGTAGTGACTCATCCGAAGAA

GGGTGTTGAAGGTCTAAA
TCAGCCAACTCGTCACAGTC
TCACGTCGCTCATTTTGC
GCCTCAGAGTCTTCATCTTCATTC

139
106
96
121

BSP, bone sialoprotein; RUNX2, Runt‑related transcription factor 2; OCN, osteocalcin.

Figure 2. Viability of hDPSCs with different stimuli in vitro. (A) Effects of different concentrations of TGF‑β1 on the viability of hDPSCs in vitro. hDPSCs
exhibited the strongest proliferative activity when stimulated with 1 ng/ml TGF‑β1. **P<0.01. (B) Effects of CGFe, TGF‑β1 and CGFe + TGF‑β1 on the viability of
hDPSCs in vitro, examined with different concentrations of CGFe and 1 ng/ml TGF‑β1. hDPSCs exhibited the strongest proliferative activity when stimulated with
1 ng/ml TGF‑β1 combined with 100% CGFe. **P<0.01. hDPSCs, human dental pulp stem cells; CGFe, concentrated growth factor exudate; OD, optical density.

Inc.) and anti‑ β ‑actin (1:1,000; cat. no. 6609‑1‑Ig; Abgent
Biotech Co., Ltd.) at 4˚C overnight. The membranes were
washed in TBS containing 0.1% Tween‑20 (TBST) three
times and incubated with HRP‑labeled secondary antibody
(cat. no. SA00001‑2; 1:10,000; ProteinTech Group, Inc.) for 1 h
at 22˚C. Following three washes with TBST, the protein bands
were visualized using an ECL kit (GE Healthcare) and exposed
to an X‑ray film. β‑actin was used as internal reference, and
the experiment was performed in triplicates (ImageJ v1.8.0;
NIH). The protein bands (ERK1/2, p‑ERK1/2, JNK, p‑JNK,
p38, and p‑p38) were recorded at the selected time points of 0,
30, 60 and 90 min.
Statistical analysis. Numerical results are presented as the
mean ± SD of three independent experiments. Statistical
analyses were performed using SPSS software (version 22.0;
IBM Corp.). hDPSC viability, RT‑qPCR and ALP activity
assays were analyzed via one‑way ANOVA and Tukey's
multiple comparison test. Western blotting data was analyzed
using one‑way ANOVA followed by Bonferroni's post‑hoc test
for independent samples. P<0.05 was considered to indicate a
statistically significant difference.
Results
hDPSC characteristics. hDPSC morphology resembled that
of fibroblast‑like cells, with an elongated cell body and the
nucleus located in the center. Under the light microscope,

the clonal proliferating cells were closely arranged, the cell
morphology was uniform and the cytoplasm was abundant
(Fig. 1A). The nuclei were oval and contained distinct nucleoli.
Immunocytochemical staining of in vitro culture indicated
that the hDPSCs were positive for STRO‑1 (Fig. 1B) and
vimentin protein (Fig. 1C). The nuclei were colorless, and
anti‑cytokeratin staining was negative (Fig. 1D). The cytosol
was not stained, which was consistent with the characteristics
of mesenchymal tissue derived cells.
Effects of CGFe and TGF‑ β1 on hDPSC viability. The
present study was designed to examine the impact of TGF‑β1
at a range of concentrations (0, 1, 5, 10 or 20 ng/ml) on the
viability of hDPSCs for 7 days in vitro (Fig. 2A). The viability
of hDPSCs were determined using an MTT assay. TGF‑β1 at
a concentration of 1 ng/ml demonstrated the best promoting
effects on the viability of hDPSCs. The difference between
the control and TGF‑β1 (1 ng/ml) groups was the highest
(P<0.01), and the difference between the control and TGF‑β1
groups (5, 10 or 20 ng/ml) was also statistically significant
(all P<0.01). hDPSCs were exposed to TGF‑β1 (1 ng/ml), 25%
CGFe + TGF‑β1 (1 ng/ml), 50% CGFe + TGF‑β1 (1 ng/ml)
or 100% CGFe + TGF‑ β1 (1 ng/ml) for 7 days (Fig. 2B).
Compared with the TGF‑ β1 (1 ng/ml) group, the viability
rate of the 100% CGFe + TGF‑β1 (1 ng/ml) group increased
significantly (P<0.01), and the 25% CGFe + TGF‑β1 (1 ng/ml)
and 50% CGFe + TGF‑β1 (1 ng/ml) groups also demonstrated
notable rate increases (P<0.01).
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Figure 3. Effects of 100% CGFe, TGF‑β1 (1 ng/ml) and 100% CGFe + TGF‑β1
(1 ng/ml) on ALP activity in human dental pulp stem cells. Following 7 or
14 days of culture, ALP activity in the 100% CGFe + TGF‑β1 (1 ng/ml) group
was higher than in the other groups. Moreover, compared with the control
group, ALP activity in the 100% CGFe group and TGF‑β1 (1 ng/ml) group
was also increased. **P<0.01. CGFe, concentrated growth factor exudate;
ALP, alkaline phosphatase; OD, optical density.

ALP activity. After 7 or 14 days of culture, hDPSCs cultured
in 100% CGFe + TGF‑β1 (1 ng/ml) demonstrated the highest
levels of ALP activity compared with the other experimental
groups and the control group (Fig. 3). Furthermore, the ALP
activity of hDPSCs in the 100% CGFe group and the TGF‑β1
(1 ng/ml) group on the 7 and 14th days was also increased
compared with the control group (all P<0.01). Subsequent
experiments were performed with the optimized concentrations
of CGFe (100%) and TGF‑β1 (1 ng/ml).
Ef fects of CGFe and TGF‑ β1 on the expression of
osteogenesis‑associated genes. The expression levels of
osteogenesis‑associated genes (RUNX2, BSP and OCN) were
measured on the 7 and 14th days after treatment. On the
7th day, the expression levels of BSP and RUNX2 were both
increased in the CGFe, the TGF‑β1 and the CGFe + TGF‑β1
group, compared with the control group, and the differences
were significant (Fig. 4A and B; P<0.01). The expression levels
of BSP and RUNX2 were further increased on the 14th day,
compared with the control group (Fig. 4A and B; P<0.01). The
gene expression level of OCN in the CGFe and the TGF‑β1
group was not increased on day 7 and 14. However, the
expression level of OCN in the CGFe + TGF‑β1 group was
significantly increased at both days 7 and 14 compared with
the control group (Fig. 4C; P<0.01).
Effects of CGFe and TGF‑ β1 on osteogenic proteins and
MAPK signaling pathways. Western blotting was performed
to examine the effect of CGFe, TGF‑β1 and CGFe + TGF‑β1
on hDPSC differentiation, as well as to confirm the RT‑qPCR
results at the protein level. hDPSCs were cultured in the
aforementioned four different media for 7 and 14 days.
As demonstrated in Fig. 5, compared with the control group,
the protein levels of RUNX2 and BSP were increased in the
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CGFe, the TGF‑β1 and the CGFe + TGF‑β1 group at different
time points (all P<0.01). Compared with the control group, the
protein levels of OCN were increased in the CGFe + TGF‑β1
group (P<0.01), but were not significantly increased (P>0.05)
in the CGFe group and the TGF‑β1 group.
As the present results illustrated that CGFe + TGF‑ β1
treatment exhibited the most important effect on the viability
and differentiation of hDPSCs, this condition was selected to
examine the expression of MAPK pathway‑related proteins at
different time points.
No significant difference in the total protein expression of
the three MAPK pathway proteins (ERK1/2, JNK and p38)
was noted at the different selected time points (Fig. 6A‑C). The
protein expression of p‑ERK1/2 in hDPSCs increased signifi‑
cantly after stimulation with CGFe + TGF‑β1 for 30 min, and
decreased slightly after 60 and 90 min (Fig. 6A), compared
with 0 min. As presented in Fig. 6D, the ratios of p‑ERK1/2
to total ERK1/2 in hDPSCs after 30, 60 and 90 min were all
significantly higher than that at 0 min (all P<0.01).
The protein expression of p‑JNK in hDPSCs was also
increased after 30 and 60 min, compared with 0 min, and then
decreased to its initial expression level after 90 min (Fig. 6B).
As indicated in Fig. 6D, the ratio of p‑JNK to JNK in hDPSCs
after 30 and 60 min was significantly higher than that at 0 min
(both P<0.01), while no significant difference was observed in
hDPSCs after 90 min (P>0.05).
The protein expression of p‑p38 in hDPSCs increased
progressively after stimulation with CGFe + TGF‑ β1 for
90 min, with the largest increase at 90 min, compared with
0 min (Fig. 6C). As presented in Fig. 6D, the ratio of p‑p38 to
p38 in hDPSCs at 30, 60 and 90 min was significantly higher
than at 0 min (all P<0.01).
In the 100% CGFe and the TGF‑β1 groups, it was observed
that the ratios of p‑ERK1/2 to ERK1/2, p‑JNK to JNK and
p‑p38 to p38 were almost identical at 0, 30, 60 and 90 min,
and there were no statistically significant changes observed
(data not shown).
Discussion
The main components of CGFe include epidermal growth
factor, PDGF, fibroblast growth factor, bone morphogenetic
protein and VEGF (17,18). These growth factors display func‑
tions in accelerating the revascularization of injured tissues
and inducing the differentiation, proliferation and migration
of fibroblasts and osteoblasts (19,20). In recent years, CGFe
has been widely applied to the reconstruction of bone tissue in
dental practice (7,18,19).
Animal experiments indicated that TGF‑β1 could accel‑
erate the healing of skull defects and tibia fractures, as well
as strengthen the new bone tissue (21,22). Chitosan scaf‑
folds carrying TGF‑β1 were used in direct pulp capping of
canine teeth, and the results indicated that TGF‑β1 promoted
the formation of regenerative dentin (23). The non‑collagen
components of the extracellular matrix of bone tissue include
core proteoglycan, disaccharide chain proteoglycan, bone
mucin, BSP, OCN and osteopontin, among which BSP is
the most important (24). TGF‑β1 upregulates the expression
of BSP in dental pulp cells and promotes the formation of
regenerative dentin (24).
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Figure 4. Reverse transcription‑quantitative PCR examining the expression of the osteogenesis‑related genes. (A) BSP mRNA expression on the 7 and
14th days. (B) RUNX2 mRNA expression on the 7 and 14th days. (C) OCN mRNA expression on the 7 and 14th days. On the 7 and 14th days, the expression
levels of BSP, RUNX2 and OCN in the 100% CGFe + TGF‑β1 (1 ng/ml) group were at the highest level. *P<0.05, **P<0.01.

Figure 5. Analysis of BSP, RUNX2 and OCN protein expression in human dental pulp stem cells via western blotting. Cells were treated with various culture
conditions for (A) 7 days and (B) 14 days. β‑actin was used to monitor equal protein loading. The size of BSP (80 kDa), OCN (11 kDa), RUNX2 (55 kDa)
and of the loading control protein β‑actin (42 kDa) are indicated on the figure. Quantitative analysis of western blot expression of the proteins BSP, RUNX2
and OCN after (C) 7 days and (D) 14 days. The levels of RUNX2 and BSP were increased in the 100% CGFe, the TGF‑β1 (1 ng/ml) and the 100% CGFe +
TGF‑β1 (1 ng/ml) group. The level of OCN was increased in the 100% CGFe + TGF‑β1 (1 ng/ml) group but was not significantly increased in the 100% CGFe
and the TGF‑β1 (1 ng/ml) groups compared with the control group (P>0.05). **P<0.01. CGFe, concentrated growth factor exudate; BSP, bone sialoprotein;
RUNX2, Runt‑related transcription factor 2; OCN, osteocalcin.
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Figure 6. Expression of MAPK pathway proteins examined via western blotting in hDPSCs. β‑actin was used to monitor equal protein loading. (A) Protein
expression of p‑ERK1/2 and ERK1/2, (B) p‑JNK and JNK and (C) p‑p38 and p38 at 30, 60 and 90 min after treatment with 100% CGFe + TGF‑β1 (1 ng/ml).
(D) The ratio of p‑ERK1/2 to ERK1/2 in hDPSCs increased significantly after stimulation with CGFe + TGF‑β1 for 30 min and decreased slightly after 60
and 90 min. The ratio of p‑JNK to JNK in hDPSCs was also increased after stimulation with CGFe + TGF‑β1 for 30 and 60 min, and returned to its initial
expression after 90 min. The ratio of p‑p38 to p38 in hDPSCs increased progressively after stimulation with CGFe + TGF‑β1 for 90 min, with the highest
increase at 90 min. **P<0.01. hDPSCs, human dental pulp stem cells; p, phosphorylated.

RUNX2 is major bone transcription factors necessary for
osteogenic differentiation (25). RUNX2 has been indicated to
induce osteogenic gene expression and biological mineral deposi‑
tion in primary dermal fibroblasts (26), while directly regulating
the expression of craniosynostosis‑associated genes and skeletal
tissue‑enriched genes (26). Overexpression of RUNX2 in adipose
tissue‑derived mesenchymal stem cells triggered their osteo‑
blastic differentiation (25). RUNX2 knockout mice demonstrated
a complete lack of bone formation due to the maturation arrest
of osteoblasts (25,26). OCN expression is used as a marker of
osteoblast metabolic activity and mineral deposition in osteoblast
cultures (26). In the present study, the finding that TGF‑β1 induced
the upregulation of RUNX2, BSP and OCN gene expression in
hDPSCs suggested that TGF‑β1 acts as an important stimulatory
factor during osteogenesis and odontogenesis.
The present study reported that 100% CGFe + TGF‑β1
induced the highest increase in hDPSC viability, compared
with the control group. Bone formation and odontogenic
differentiation of hDPSCs was also notably enhanced in the
CGFe + TGF‑β1 group, which was evidenced by the increased
ALP activity and the higher expression of bone formation and
odontogenic markers, compared with the control group. It
was observed that CGFe + TGF‑β1 upregulated the expres‑
sion of p‑ERK1/2, p‑JNK and p‑p38 in hDPSCs, indicating
that it activated MAPK pathways during the osteogenic and
odontogenic differentiation of hDPSCs. The present experi‑
ments indicated that CGFe + TGF‑β1 promoted the viability,
as well as the osteogenic and odontogenic differentiation of
hDPSCs via the activation of the MAPK pathway, indicating

that the factors included in CGFe and TGF‑ β1 played
important roles during osteogenic differentiation and could
have clinical implications in dental pulp regeneration and
osteoporosis. The findings of the present study suggested that
CGF + TGF‑β1‑treated hDPSCs may potentially be used for
bone and tooth regeneration.
Subsequent studies may be carried out to explore other
pathway mechanisms involved in the differentiation of hDPSCs
stimulated by CGFe and TGF‑ β1. Further investigation of
microRNA expression during CGFe + TGF‑ β1‑mediated
differentiation may facilitate the in vivo applications of CGFe
and TGF‑β1 in bone and dental tissue engineering in the future.
In conclusion, the present study demonstrated that CGFe
together with TGF‑β1 facilitated the viability and osteogenic
differentiation of hDPSCs through the activation of the MAPK
signaling pathway, suggesting that CGFe and TGF‑β1 play
important roles in the osteogenic differentiation process. The
present work provided insights for the application of CGFe and
TGF‑β1 in periodontal tissue regeneration and alveolar bone
remodeling.
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