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Abstract. The regulation of the mesenchymal stem cell 
(MSC) programming mechanism promises great success in 
regenerative medicine. Tissue regeneration has been associ‑
ated not only with the differentiation of MSCs, but also with 
the microenvironment of the stem cell niche that involves 
various cytokines and immune cells in the tissue regeneration 
site. In the present study, fibroblast growth factor 2 (FGF2), 
the principal growth factor for tooth development, dental 
pulp homeostasis and dentin repair, was reported to affect the 
expression of cytokines in human dental pulp‑derived MSCs. 
FGF2 significantly inhibited the expression of chemokine 
C‑C motif ligand 11 (CCL11) in a time‑ and dose‑dependent 
manner in the SDP11 human dental pulp‑derived MSC line. 
This inhibition was diminished following treatment with 
the AZD4547 FGF receptor (FGFR) inhibitor, indicating 
that FGF2 negatively regulated the expression of CCL11 in 
SDP11 cells. Furthermore, FGF2 activated the phosphoryla‑
tion of p38 mitogen‑activated protein kinase (p38 MAPK), 
extracellular signal‑regulated kinase 1/2 (ERK1/2) and c‑Jun 
N‑terminal kinases (JNK) in SDP11 cells. The mechanism of 
the FGFR‑downstream signaling pathway was then studied 
using the SB203580, U0126 and SP600125 inhibitors for 
p38 MAPK, ERK1/2, and JNK, respectively. Interestingly, 

only treatment with SP600125 blocked the FGF2‑mediated 
suppression of CCL11. The present results suggested that 
FGF2 regulated the expression of cytokines and suppressed 
the expression of CCL11 via the JNK signaling pathway in 
human dental pulp‑derived MSCs. The present findings could 
provide important insights into the association of FGF2 and 
CCL11 in dental tissue regeneration therapy.

Introduction

Tissue‑specific mesenchymal stem cells (MSCs) play an 
important role in tissue regeneration and homeostasis; they 
have been isolated from various body tissues, such as bone 
marrow (1), skeletal muscle (2), skin (3), adipose (4), umbilical 
cord blood (5), dental pulp (6) and periodontium (7). In partic‑
ular, due to their less invasive collection method compared 
with other tissue sources, tooth‑derived MSCs are expected 
to be a promising stem cell source (7,8). However, tissue 
regeneration involves not only the differentiation of MSCs into 
tissue‑specific cells but also the development of the microenvi‑
ronment for the stem cell niche, which is composed of various 
cytokines and immune cells (9). The combination of optimal 
MSC scaffolds with various cytokines that promote cell 
migration and differentiation is an important strategy in tissue 
regenerative medicine (10,11). In addition, tissue regeneration 
is known to depend on the inflammatory response (12,13). 
Interestingly, a number of studies have reported the accumula‑
tion of MSCs in the early stages of inflammation in damaged 
tissues with chronic inflammation (12,13), suggesting that the 
association between MSCs and immune response is important 
during the regeneration process.

Fibroblast growth factor 2 (FGF2) is a heparin‑binding 
protein that is expressed in a wide range of cells and tissues, 
functioning as a pluripotent growth factor and serving 
an important role in many physiological and pathological 
processes, including limb development, neurogenesis, angio‑
genesis, wound healing and tumor growth (14,15). One of 
the properties of FGF2 is the regulation of proliferation in 
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various stem cells, such as embryonic stem cells and MSCs, 
indicating that FGF2 plays crucial roles in embryogenesis 
and tissue regeneration. Interestingly, FGF2‑deficient mice 
were viable, fertile and phenotypically indistinguishable from 
homozygous FGF2 wild‑type littermates upon gross examina‑
tion (16). However, FGF2‑deficient mice were characterized 
by a decrease in neuronal density in the frontal motor cortex, 
modestly delayed skin wound healing and decreased bone 
mass and new bone formation (16,17). These results indicated 
that FGF2 played a key role in neurogenesis, wound healing 
and bone formation. Therefore, FGF2 was assumed to act as 
a tissue regeneration factor in bone defects associated with 
periodontal disease. Furthermore, FGF2 has also been studied 
as a therapeutic agent for diseases such as traumatic skin 
wounds (18). Thus, FGF2 is likely to play a central role in 
tissue regeneration.

Chemokine C‑C motif ligand 11 (CCL11), also known as 
eotaxin, is an eosinophil‑specific chemoattractant cytokine 
that plays an important role in inflammatory and allergic 
conditions such as asthma and eosinophilia (19). Chemokine 
C‑C motif receptor 3 (CCR3), which acts as a receptor for 
CCL11 and is involved in allergic inflammation, is highly 
expressed in eosinophils, basophils and type 2 helper lympho‑
cytes (20). In addition, CCL11 has also been reported to bind 
C‑C chemokine receptor type 2 (CCR2) and CCR5; however, 
it functions as an antagonist and agonist, respectively, indi‑
cating that CCL11 plays an ambivalent role in the fine‑tuning 
of cellular responses at inflammation sites (21). Furthermore, 
CCL11 was also reported to increase in animal plasma and 
cerebrospinal fluid samples with age, correlating with a 
decrease in neurogenesis in heterochronic parabiosis and aged 
mice (22). Recently, increased levels of CCL11 were found 
to be correlated with telomere length (23). Thus, CCL11 was 
assumed to be an aging factor with a specific role in the nega‑
tive regulation of neurogenesis (24). In addition, circulating 
levels of CCL11 are used in clinical studies as a biomarker 
of gastric cancer and postmenopausal osteoporosis (25). A 
PABP‑interacting motif 2‑induced inflammation mouse model 
indicated that osteoblasts expressed CCL11, whereas osteo‑
clasts expressed the CCL11‑high affinity receptor CCR3, with 
CCL11 promoting the migration of osteoclast precursors (26). 
These observations indicated that the CCL11/CCR3 axis is 
also involved in pathological bone metabolism.

The present study aimed to characterize the changes 
in cytokine and chemokine expression induced by FGF2 in 
human dental pulp‑derived MSCs.

Material and methods

Reagents. FGF2 and AZD4547 (FGFR inhibitor) were purchased 
from R&D Systems, Inc. and Santa Cruz Biotechnology, Inc., 
respectively. SB203580 (p38 MAPK inhibitor) and SP600125 
(JNK inhibitor) were purchased from FUJIFILM Wako 
Pure Chemical Corporation. U0126 [MAPK kinase (MEK) 
inhibitor], anti‑ERK1/2 (cat. no. #9102), anti‑phosphorylated 
(p)‑ERK1/2 (cat. no. #9101), anti‑p38 MAPK (cat. no. #8690), 
anti‑p‑p38 MAPK (cat. no. #9211), anti‑stress‑activated protein 
kinases (SAPK)/JNK (cat. no. #9252), anti‑p‑SAPK/JNK (cat. 
no. #4668) and anti‑β‑actin antibodies (cat. no. #4967) were 
purchased from Cell Signaling Technology, Inc.

Cells. SDP11 cells were used in the present study. We previ‑
ously established the cell line, SDP11, from the dental pulp 
tissues of human deciduous teeth that were obtained from 3 
healthy children aged between 6‑8 years old (27,28). Informed 
consent was obtained from the donors' parents, following the 
guidelines of Tokushima University Hospital (Tokushima, 
Tokyo, Japan) prior to tooth extraction during orthodontic 
treatment. The present study protocol was approved by the 
University of Tokushima Hospital Ethical Review Committee 
(approval no. 1799). The tissues sections were chopped into 
pulp using a surgical blade and digested with collagenase 
(2 mg/ml) at 37˚C for 30 min. After being washed with PBS 
(Sigma‑Aldrich; Merck KGaA), the tissues were placed on 
a cell culture dish and maintained in α‑modified minimum 
essential medium (α‑MEM; Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.). Migrated fibroblastic cells were used as 
dental pulp cells (DPCs). DPCs were transfected with 
the pBABE‑neo‑hTERT plasmid (Addgene, Inc.) using 
Lipofectamine™ LTX (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The transfected 
cells were maintained 24 h after transfection using the selec‑
tive antibiotic G418 (Gibco; Thermo Fisher Scientific, Inc.) at 
a concentration of 200 µg/ml for 12‑15 days. Then, single‑cell 
clones were obtained by the limiting dilution cloning method. 
Clones generated by single‑cell clones were named single‑cell 
clone derived from human deciduous tooth pulp cells (SDP). 
SDP11 was derived from clone number 11.

Cell culture. SDP11 cells were cultured in α‑MEM supple‑
mented with 10% FBS and 5% antibiotic‑antimycotic 
(penicillin G, streptomycin sulfate and amphotericin B) 
mixture (Gibco; Thermo Fisher Scientific, Inc.). All cultures 
were maintained at 37˚C in a humidified atmosphere 
containing 5% CO2.

Comprehensive expression profiling and quantitative reverse 
transcription‑quantitative PCR (RT‑qPCR). SDP11 cells 
were plated at 6.0x104 cells/cm2 in a 35‑mm culture dish and 
reached 100% confluence after 24 h. Then, cells were treated 
with 20 ng/ml FGF2 for 48 h for comprehensive expression 
profiling and for 6, 12, 24, 48 and 72 h for CCL11 expression. 
To test the effect of FGF2 concentration on the expression 
of CCL11, SDP11 cells were cultured with 0.1, 1, 10, 20 and 
40 ng/ml FGF2 for 24 h. To examine the effect of AZD4547, 
SB203580, U0126 or SP600125, SDP11 cells were cultured in 
the presence or absence of 20 ng/ml FGF2 and with or without 
10 µM inhibitor for 24 h. Total RNA was extracted from 
pretreated SDP11 cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. A total of 2 µg extracted total RNA was used to 
produce first‑strand cDNA using the PrimeScript™ RT Master 
Mix (Perfect Real Time; Takara Bio, Inc.) in accordance with 
the manufacturer's instructions. qPCRwas performed using 
TB Green™ Premix Ex Taq™ II (Takara Bio, Inc.), according 
to the manufacturer's instructions, and the Thermal Cycler 
Dice Real Time system (Takara Bio, Inc.) under the following 
conditions: 95˚C for 5 sec, followed by 45 cycles of 95˚C 
for 5 sec, 62˚C for 30 sec and 72˚C for 20 sec, with a final 
cycle at 95˚C for 15 sec, 62˚C for 30 sec and 95˚C for 15 sec. 
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Regarding primer information, comprehensive gene expres‑
sion profiling was performed using the PrimerArray® (human 
cytokine‑cytokine receptor interactions, cat. no. PH001; 
Takara Bio, Inc.) that was packaged into premixed 96 primer 
pairs (Table I) in a single‑use 96‑well plate. The primer 
sequences used for CCL11 and GAPDH were as follows: 
CCL11 forward, 5'‑CTTCAGCCTCCAACATGAAGGTC‑3' 
and reverse, 5'‑CTATTGGCCAGGTTAAAGCAGCA‑3'; 
GAPDH forward, 5'‑GCACCGTCAAGGCTGAGAAC‑3' and 
reverse, 5'‑TGGTGAAGACGCCAGTGG‑3'. The predicted 
size of each fragment was 130 and 267 base pairs, respectively. 
CCL11 expression was corrected using the housekeeping gene 
GAPDH. Relative gene expression was analyzed using the 
2‑ΔΔcq method (29).

Western blotting. SDP11 cells were plated at a density of 
3.0x104 cells/cm2 in a 60‑mm culture dish, in which cells 
reached a confluence of 80% after 24 h. Prior to FGF2 treat‑
ment, the culture dish was washed thrice with PBS, replaced 
with serum‑free α‑MEM and incubated at 37˚C for 1 h. Cells 
were then incubated with or without 20 ng/ml FGF2 and in the 
presence or absence of 10 µM SB203580, U0126 or SP600125 
for 5 min. After these treatments, SDP11 cells were washed 
thrice with PBS containing 1 mM sodium vanadate Na3VO4 
(Sigma‑Aldrich; Merck KGaA) and lysed in 100 µl Cellytic M 
reagent solution buffer (Sigma‑Aldrich; Merck KGaA) supple‑
mented with complete mini protease inhibitor cocktail tablets 
(Roche Diagnostics) and PhosSTOP™ (Roche Diagnostics). 
Lysed cells were collected and centrifuged at 13,205 x g for 
5 min at 4˚C. Protein concentration was measured using the 
micro‑BCA protein assay reagent (Pierce; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's instruc‑
tions. Subsequently, 10 µg of lysate protein denatured in LDS 
sample buffer (Invitrogen; Thermo Fisher Scientific, Inc.) 
containing a NuPAGE™ Sample Reducing Agent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was loaded onto each well of 
NuPAGE™ 4‑12% Bis‑Tris Protein gels (Invitrogen; Thermo 
Fisher Scientific, Inc.). After loading onto the NuPAGE 
4‑12% Bis‑Tris Protein gels, proteins were transferred to 
PVDF membranes (Invitrogen; Thermo Fisher Scientific, 
Inc.) and blocked with 5% skimmed milk in Tris‑buffered 
saline containing 0.05% Tween‑20 (Bio‑Rad Laboratories, 

Inc.) for 40 min at room temperature. Membranes were then 
immunoblotted for 40 min at room temperature with primary 
antibodies (anti‑ERK1/2, anti‑p‑ERK1/2, anti‑p38 MAPK, 
anti‑p‑p38 MAPK, anti‑SAPK/JNK, anti‑p‑SAPK/JNK and 
anti‑β‑actin; all, 1:1,000). Membranes were subsequently incu‑
bated for 40 min at room temperature with the HRP‑conjugated 
anti‑rabbit IgG secondary antibody (Cell Signaling Technology, 
Inc.; #7074; 1:1,000). Membranes were visualized using an 
ECL kit (Cytiva), according to the manufacturer's instructions. 
Blot images were acquired using an Amersham™ Imager 600 
(Cytiva).

Statistical analysis. Each experiment was run in triplicate. 
For the analyses presented in Figs. 2, 3, 4 and 5D, data were 
pooled from three independent experiments, and the results 
were presented as the mean ± standard error of the mean. 
In Fig. 5A‑C, the data from three independent experiments 
with similar results are shown as representatives. Error bars 
indicate standard deviations. Statistical analysis was performed 
with one‑way ANOVA and Tukey post hoc test using MS Excel 
(version 16.52; Microsoft Corporation). P<0.05 was considered 
to indicate a statistically significant difference.

Results

Altered expression of cytokines in FGF2‑treated cells. To 
clarify the interactions between FGF2 and the immune system 
in dental pulp‑derived MSCs, the expression of cytokines in 
FGF2‑treated SDP11 cells was examined using a PrimerArray® 
consisting of human cytokine‑cytokine receptor interac‑
tions (Table I). The cells were treated with 20 ng/ml FGF2 for 
48 h, after which gene expression was assessed by RT‑qPCR 
using the PrimerArray® as aforementioned. A total of 48 mole‑
cules involved in the immune response were found to be 
expressed in SDP11 cells and, interestingly, FGF2 suppressed 
the expression of chemokine C‑C motif ligand 11 (CCL11) 
among expressed cytokines (Fig. 1). No satisfactory amplifica‑
tion products were found in 40 cytokine genes.

FGF2‑induced suppression of CCL11. To confirm that FGF2 
suppressed CCL11 expression in SDP11 cells, cells were 
cultured in the presence of FGF2 for 72 h. The expression of 

Table I. Gene list in the PrimerArray® of human cytokine‑cytokine receptor interactions.

Category Gene name

Cytokine genes IL2RG, KIT, MET, IFNGR1, IL1A, IL8, IL6, CXCL12, IL10RB, IL8RA, TGFB1, CSF1, 
 CSF3R, IL2RB, KITLG, PRLR, LEPR, HGF, TGFBR2, VEGFA, TNFRSF1A, ACVR1, 
 ACVR2B, BMPR1B, BMPR2, CCR1, CX3CR1, IL13RA1, IL18, CXCL10, CCR7, CNTFR, 
 EGF, FLT4, CXCL2, IL1RAP, IL7R, IL13, INHBA, INHBB, KDR, LTBR, CXCL9, NGFR, 
 TNFRSF11B, PDGFB, CCL2, CCL5, CCL11, CCL18, CCL21, CCL22, CCL24, CXCL5, 
 CX3CL1, TGFB2, TGFB3, VEGFB, TNFSF12, TNFSF10, TNFRSF10D, TNFRSF10B, 
 TNFRSF10A, OSMR, FLT3, ACVR1B, BMPR1A, CCR6, CCL20, TGFBR1, CXCL14, 
 CSF1R, CCL13, PDGFRA, CXCR6, IL17RA, IL20RA, PDGFC, TNFRSF12A, EDA2R, 
 CXCL16, PLEKHQ1, TSLP, CCL28, CD40, IL28RA, IL6ST, EGFR
Housekeeping genes GUSB, HPRT1, PGK1, ACTB, GAPDH, TBP, B2M, PPIA
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CCL11 was then examined using RT‑qPCR. CCL11 expression 
level decreased in cells following treatment with FGF2 for 12, 
24, 48 and 72 h compared with untreated control cells (Fig. 2). 
Subsequently, the effect of FGF2 concentration on the expres‑
sion of CCL11 was examined. To this end, SDP11 cells were 
cultured with 0.1, 1, 10, 20 and 40 ng/ml FGF2 for 24 h. The 
administration of ≥10 ng/ml FGF2 suppressed the expression 
of CCL11 compared with that in the control (Fig. 3). There were 
no significant differences at 0.1 and 1 ng/ml FGF2 (Fig. 3). 
These results suggested that FGF2 negatively regulated the 
expression of CCL11 in dental pulp‑derived MSCs in a time‑ 
and dose‑dependent manner.

Regulation of expression of CCL11 by FGFR signaling. The 
subsequent aim of the present study was to characterize the 

effect of FGF2 on the suppression of CCL11 expression. To 
assess whether the FGF2‑induced suppression of CCL11 was 
mediated by FGF receptor signaling, AZD4547, a selective 
FGFR1/2/3 inhibitor, was used in cell culture. SDP11 cells 
were cultured in the presence or absence of 20 ng/ml FGF2 
and with or without 10 µM AZD4547 for 24 h. The expression 
of CCL11 was then examined by RT‑qPCR. The results indi‑
cated that AZD4547 abolished the FGF2‑induced suppression 
of CCL11 (Fig. 4). Furthermore, the results demonstrated that 

Figure 1. Expression of cytokine mRNA in SDP11 cells after treatment 
with FGF2. The expression of cytokine genes in SDP11 cells treated with or 
without 20 ng/ml FGF2 for 48 h was screened using PrimerArray®, including 
88 cytokine genes and 8 housekeeping genes (Table I). The white dot indi‑
cates CCL11, the expression of which was most suppressed by FGF2. FGF2, 
fibroblast growth factor 2; CCL11, C‑C motif ligand 11.

Figure 3. Dose‑dependent effects of FGF2 on the suppression of the 
expression of CCL11. The expression of CCL11 was determined by reverse 
transcription‑quantitative PCR in SDP11 cells treated with 0‑40 ng/ml 
FGF2 for 24 h. Administration of >10 ng/ml FGF2 significantly suppressed 
the expression of CCL11. Data are presented as the mean ± SEM. *P<0.05. 
FGF2, fibroblast growth factor 2; CCL11, C‑C motif ligand 11.

Figure 2. Time‑dependent effects of FGF2 on the suppression of CCL11 
expression. SDP11 cells were cultured with or without 20 ng/ml FGF2, after 
which the expression of CCL11 was analyzed by reverse transcription‑quanti‑
tative PCR. The expression of CCL11 was significantly suppressed after 12 h. 
Data are presented as the mean ± SEM. **P<0.01 vs. control. FGF2, fibroblast 
growth factor 2; CCL11, C‑C motif ligand 11.

Figure 4. The AZD4547 FGFR inhibitor abolishes the suppression in the 
expression of CCL11. SDP11 cells were cultured in the presence of 10 µM 
AZD4547 with or without 20 ng/ml FGF2 for 24 h, and the expression of 
CCL11 was analyzed by reverse transcription‑quantitative PCR. AZD4547 
attenuated the FGF2‑mediated suppression of CCL11 expression. Data are 
presented as the mean ± SEM. **P<0.01. FGFR, FGF receptor; FGF2, fibro‑
blast growth factor 2; CCL11, C‑C motif ligand 11; n.s., not significant.
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AZD4547 increased the expression of CCL11 in the absence 
of exogenous administration of FGF2, which may have been 
due to the suppression of endogenous FGF signaling (Fig. 4). 
These results suggested that FGFR‑mediated signaling played 
an important role in the regulation of the expression of CCL11 
in dental pulp‑derived MSCs.

FGF2 mediates the suppression of CCL11 via JNK 
signaling. To identify the signaling pathways involved in the 
FGF2‑mediated suppression of CCL11 expression in SDP11 
cells, western blotting was performed to examine the phos‑
phorylation of p38 MAPK, ERK1/2 and JNK, which are 
different members of the MAP kinase family activated down‑
stream of FGFR. The results indicated that FGF2 stimulated 
the phosphorylation of p38 MAPK, ERK1/2 and SAPK/JNK 
in SDP11 cells, which was suppressed following treatment 
with each specific kinase inhibitor, namely, the p38 MAPK 
(SB203580), MEK (U0126) and JNK (SP600125) inhibi‑
tors (Fig. 5A‑C), respectively. To further clarify the pathway 
mediating the suppression of CCL11 expression downstream 
of FGF2, the levels of CCL11 were examined in cells cultured 
with FGF2 in the presence of each specific kinase inhibitor. 
The results indicated that SP600125, but not SB203580 or 

U0126, inhibited the FGF2‑induced suppression in the expres‑
sion of CCL11 (Fig. 5D). The present results suggested that 
the JNK pathway was responsible for the inhibitory effect on 
the expression of CCL11 in human dental pulp‑derived MSCs.

Discussion

The present study used an RT‑qPCR‑based primer array 
technique to analyze the FGF2‑induced altered expression of 
cytokines in the SDP11 human dental pulp‑derived MSC line. 
The results indicated that FGF2 regulated the expression of 
inflammatory cytokines in SDP11 cells, suggesting that FGF2 
was involved in the regulation of inflammatory cytokines 
in pulp‑derived MSCs. Furthermore, the expression level of 
CCL11 was significantly decreased by FGF2 in a time‑ and 
dose‑dependent manner, and its inhibition was blocked by the 
AZD4547 FGFR inhibitor. The present study also reported that 
SP600125, an inhibitor of JNK, abolished the FGF2‑induced 
suppression of CCL11. The current results suggested that 
FGF2 modulated the expression of CCL11 via the FGFR‑JNK 
cascade in human dental pulp‑derived MSCs.

Of note, FGF2 is known to play an important role in 
tooth development and dentin repair. The local application of 

Figure 5. Phosphorylation levels of p38 MAPK, ERK1/2 and SAPK/JNK after treatment of SDP11 cells with FGF2. SDP11 cells were treated with FGF2 for 
5 min, after which they were immunoblotted with (A) anti‑p‑p38 MAPK and anti‑p38 MAPK, (B) anti‑p‑ERK1/2 and anti‑ERK1/2, and (C) anti‑p‑SAPK/
JNK and anti‑SAPK/JNK. Anti‑β‑actin antibodies were used for normalization. The effect of each specific kinase inhibitor, namely, p38 MAPK inhibitor 
(SB203580), MEK inhibitor (U0126) and JNK inhibitor (SP600125) was evaluated. FGF2 induced the phosphorylation of p38 MAPK, ERK1/2 and SAPK/
JNK, which was blocked by each respective inhibitor when co‑administered. (D) SDP11 cells were cultured with or without 20 ng/ml FGF2 in the presence of 
10 µM SB203580, 10 µM U0126 or SP600125 for 24 h. The expression of CCL11 was then examined by reverse transcription‑quantitative PCR. Only the JNK 
inhibitor blocked the FGF2‑mediated suppression in the expression of CCL11. Data are presented as the mean ± SEM. **P<0.01. SAPK, stress‑activated protein 
kinases; FGF2, fibroblast growth factor 2; CCL11, C‑C motif ligand 11; n.s., not significant
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gelatin hydrogel‑delivered FGF2 to the exposed pulps of teeth 
with dentin defects was reported to induce the formation of 
dentin‑like particles in vivo (30). Exogenous FGF2 was also 
shown to promote the activity of alkaline phosphatase, the 
formation of calcified nodules and the expression of odonto‑
genic marker genes in human DPCs in vitro, suggesting that 
FGF2 positively regulated odontoblast differentiation (31). 
In contrast, it has also been reported that FGF2 inhibited the 
terminal differentiation of odontoblasts in pulp cells (32). 
Our preliminary study suggested that FGF2 is not involved 
in the formation of calcified nodules in SDP11 cells (data not 
shown). A previous study reported that continuous stimula‑
tion with FGF2 inhibited odontoblast differentiation, whereas 
early and limited stimulation with FGF2 markedly increased 
odontoblast differentiation in pulp cells (33). Similarly, 
FGF2‑deficient mice were characterized by decreased osteo‑
blast differentiation (17), while non‑specific overexpression 
of FGF2 in transgenic mice under a phosphoglycerate kinase 
promoter lead to skeletal abnormalities, including shortening 
and flattening of long bones and moderate macrocephaly (34), 
indicating that FGF2 could act both as a positive and nega‑
tive regulator of osteogenesis. Thus, the effect of FGF2 on 
odontoblast differentiation appears to be specific to the cell 
differentiation stage.

Another important property of FGF2 is its role in 
inflammation. In particular, FGF2 was found to prevent the 
neuroinflammation‑induced decrease in the phosphorylation 
of ERK1/2 and alleviated the neuroinflammation‑induced 
impairment in hippocampal neurogenesis (35). In another 
study, FGF2 improved the survival rate of septic mice by inhib‑
iting the inflammatory response, alleviating lung injury (36). 
Moreover, FGF2 was reported to stimulate the migration and 
proliferation of endothelial cells in vivo and to relieve inflam‑
mation by inducing the expression of inflammation‑related 
genes, such as proinflammatory cytokines and chemokines 
in endothelial cells (36‑38). In human DPCs, FGF2 was 
demonstrated to induce the expression of chemokines, such 
as IL‑6, IL‑8, monocyte chemoattractant protein‑1α (MIP‑1α) 
and MIP‑3α (31). These observations suggested that the 
pluripotent growth factor FGF2 efficiently directed cell 
populations toward the maintenance of tissue homeostasis 
and regeneration, depending on the inflammatory state. The 
present study also reported that FGF2 altered the cytokine 
expression profile of the SDP11 human dental pulp‑derived 
MSC cell line. Interestingly, there have been numerous studies 
indicating that the expression of cytokines was increased by 
FGF2 (31,39,40), whereas only a few studies have reported a 
decrease (31). Therefore, considering the multifunctionality 
of FGF2, the present study subsequently focused on the 
cytokines that were decreased following FGF2 treatment. The 
expression of CCL11 was found to be suppressed by exogenous 
FGF2 in SDP11 cells. The present results suggested that FGF2 
negatively regulated the expression of CCL11 in human dental 
pulp‑derived MSCs.

CCL11, a chemoattractant cytokine, is known to affect 
the cellular response to inflammatory conditions (19). CCL11 
has also been indicated to correlate with aging and negative 
regulation of neurogenesis (22,24). More specifically, CCL11 
has been associated with chronic inflammation and the 
attenuation of nerve regeneration in old age (41). These results 

suggested that CCL11 and CCL11 receptors, such as CCR3, 
could serve as targets for anti‑inflammatory therapies. In fact, 
ASM8, an antisense nucleotide targeting CCR3, was reported 
to enable a consistent protective effect against allergen‑induced 
asthmatic responses (42). R321, another peptide‑based CCR3 
antagonist, which targets the second transmembrane helix 
and first extracellular loop of both human and mouse CCR3, 
has been suggested to be effective in the treatment of eosino‑
philic inflammation (43). Moreover, the administration of a 
CCL11‑neutralizing antibody was indicated to induce tooth pulp 
regeneration by reducing the number of M1 macrophages and 
improving the M1/M2 ratio (44). M1 macrophages are typically 
activated during inflammation, whereas M2 macrophages are 
activated during anti‑inflammatory responses and tissue regen‑
eration (45). Accordingly, the present in vitro results suggested 
that the FGF2‑mediated downregulation of CCL11 expression 
in dental MSCs had anti‑inflammatory and tissue regeneration 
effects. Consistently, FGF was reported to be increased in 
reversible pulpitis but decreased in irreversible pulpitis, which 
significantly increased the expression of CCL11 (46).

FGF2 was reported to interact with specific cell surface 
receptors, including FGFR1, FGFR2, FGFR3 and FGFR4 (47). 
Accordingly, FGF2 signaling plays important roles in a multi‑
tude of physiological and pathological processes by regulating 
cell proliferation, migration, differentiation and survival (47). 
In addition, FGFR is a family of tyrosine kinases that can 
activate signaling cascades, such as RAS‑MAPK, PI3K‑AKT, 
phospholipase C γ and STAT (48). Among the downstream 
mediators of FGF2 signaling pathways, the MAPK pathway 
has been demonstrated to play a pivotal role in the function 
of stem cells, including mesenchymal stem cells (49‑51). 
Thus, the present study focused on the MAPK pathway and 
found that FGF2 induced the phosphorylation of p38 MAPK, 
ERK1/2 and JNK in SDP11 cells. Likewise, in a previous 
study, treatment with FGF2, limited to the early stages of 
undifferentiated DPCs, promoted the formation of functional 
odontoblasts via the FGFR/MEK/ERK and bone morphoge‑/MEK/ERK and bone morphoge‑MEK/ERK and bone morphoge‑/ERK and bone morphoge‑ERK and bone morphoge‑
netic protein signaling pathways (33). Moreover, ERK and 
p38 MAPK were found to induce the expression of osteogenic 
marker genes and promote osteoblast differentiation (52). The 
present study indicated that AZD4547 and SP600125, but not 
SB203580 or U0126, inhibited the FGF2‑induced suppression 
of CCL11 in SDP11 cells. The present results suggested that the 
FGF2/FGFR/JNK pathway is involved in the FGF2‑mediated 
suppression of the expression of CCL11 in human dental 
pulp‑derived MSCs.

The present study demonstrated that FGF2 regulated the 
expression of cytokines in SDP11 cells and to the best of our 
knowledge, indicated for the first time that FGF2 may play a 
role in the suppression of the expression of CCL11 through 
the FGF2/FGFR/JNK signaling pathway. There are several 
limitations in the present study, mainly due to the use of a 
cell line as a mimic of human dental pulp‑derived MSCs. 
However, analysis using a simple model is essential for 
clarifying the function of FGF2, as FGF2 contributes to tissue 
homeostasis and regeneration by recognizing its surrounding 
spatiotemporal environment and cross‑talking with various 
cells, cytokines and signaling molecules (31). Further studies 
using primary cell cultures or in vivo models are required to 
confirm the results obtained in the present study. Finally, the 
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present findings on the FGF2‑mediated suppression of the 
expression of CCL11 could facilitate the delineation of the 
molecular mechanisms of tissue regeneration in teeth.
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