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� Crucial for SCAP proliferation, matrix
turnover and differentiation ?
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Introduction: Basic fibroblast growth factor (bFGF) plays a critical role in odontoblast differentiation and
dentin matrix deposition, thereby aiding pulpo-dentin repair and regeneration.
Objectives: The purpose of this study was to clarify the effects of bFGF on plasminogen activation factors,
TIMP-1), ALP; and SPARC (osteonectin) expression/production of stem cells from apical papilla (SCAP)
in vitro; and the involvement of MEK/ERK, p38, Akt, and TAK1 signaling.
Methods: SCAP were exposed to bFGF with/without pretreatment and co-incubation with various signal
transduction inhibitors (U0126, SB203580, LY294002, and 5Z-7-oxozeaenol). The expression of FGF
receptors (FGFRs), PAI-1, uPA, p-ERK, p-TAK1, and p-p38 was analyzed via immunofluorescent staining.
The gene expression and protein secretion of SCAP were determined via real-time PCR and ELISA. ALP
activity was evaluated via ALP staining.
Results: SCAP expressed FGFR1, 2, 3, and 4. bFGF stimulated the PAI-1, uPA, uPAR, and TIMP-1 mRNA
expression (p < 0.05). bFGF induced PAI-1, uPA, and soluble uPAR production (p < 0.05) but suppressed
the ALP activity and SPARC production (p < 0.05) of SCAP. bFGF stimulated ERK, TAK1, and p38 phospho-
rylation of SCAP. U0126 (a MEK/ERK inhibitor) and 5Z-7-oxozeaenol (a TAK1 inhibitor) attenuated the
bFGF-induced PAI-1, uPA, uPAR, and TIMP-1 expression and production of SCAP, but SB203580 (a p38
inhibitor) did not. LY294002, SB203580, and 5Z-7oxozeaenol could not reverse the inhibition of ALP
activity caused by bFGF. Interestingly, U0126 and 5Z-7-oxozeaenol prevented the bFGF-induced decline
of SPARC production (p < 0.05).
Conclusion: bFGF may regulate fibrinolysis and matrix turnover via modulation of PAI-1, uPA, uPAR, and
TIMP-1, but bFGF inhibited the differentiation (ALP, SPARC) of SCAP. These events are mainly regulated by
MEK/ERK, p38, and TAK1. Combined use of bFGF and SCAP may facilitate pulpal/root repair and regener-
ation via regulation of the plasminogen activation system, migration, matrix turnover, and differentiation
of SCAP.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The invasion of microorganisms through dentinal tubules, deep
dental caries, dental trauma, or fracture of dens evaginatus may
lead to early pulpal infection and necrosis in immature permanent
teeth. Infection, inflammation, and necrosis of dental pulp may fur-
ther impair the development of root formation, leaving an open
apex and weak dentinal walls of the tooth root that are susceptible
to root fracture [1]. Clinically, apexification procedures with
mechanical/chemical debridement for infection and inflammation
control, calcium hydroxide dressing for apical barrier formation,
or apical mineral trioxide aggregate (MTA) plugs before root canal
obturation have been successfully used to treat infected
dental pulp in immature permanent teeth [2]. However, the
apexification method cannot restore necrotic dental pulp tissues
in the root canal. Therefore, determining how to induce the
revascularization/regeneration of lost dental pulp tissue in imma-
ture and mature teeth with subsequent root canal wall mineraliza-
tion/thickening and apical closure is a crucial clinical issue.

Clinically, control of pulpal/root canal infection and inflamma-
tion is accomplished via mechanical debridement, irrigation with
NaOCl or chlorhexidine, and root canal dressing with triple
antibiotic paste or Ca(OH)2. If infection is successfully controlled,
periapical pro-inflammatory M1 macrophages may shift to anti-
inflammatory M2 macrophages to phagocytose bacteria and dead
cells and signal tissue inflammation-regeneration coupling [3].
The cell homing method can then be applied by using
revascularization/revitalization procedures to induce the forma-
tion of blood clots and the ingrowth of periapical vital tissue into
the root canal and pulp space, with subsequent root apex forma-
tion and canal calcification [4]. Endodontic files are placed over
the root apex to induce bleeding from the root apex and the forma-
tion of blood clots within the root canal. Collagen gels, platelet-rich
plasma, chitosan, or other materials are placed into the root canal
to increase the efficacy of tissue regeneration [5]. Tissue regenera-
tion may result from the migration and proliferation of stem cells
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already present in apical vital tissues, apical papilla, periodontal
ligament (PDL), or alveolar bone [6]. Among them, stem cells from
apical papilla (SCAP) are the major population of mesenchymal
stem cells (MSCs) derived from apical papilla in the developing
root apex of human teeth [7].

In addition to stem cells, scaffolds and growth factors are also
considered to be crucial factors for tissue regeneration. Blood clots,
platelet-rich fibrin, and platelet-rich plasma contain numerous
growth factors such as basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), transforming growth
factor-a (TGF-a), and many others [8]. These growth factors may
be also released from dentin during treatment with Ca(OH)2,
MTA, or ethylenediaminetetraacetic acid [9]. These growth factors
and many other pro-inflammatory cytokines may promote wound
healing and angiogenic and neurogenic responses by provoking
and controlling various cell activities such as metabolism, mitoge-
nesis, chemotaxis, and differentiation of SCAP [8]. The family mem-
bers of FGFs play pivotal roles in the regulation of cell proliferation,
migration,t and differentiation during organ development via the
activation of various fibroblast growth factor receptors (FGFRs)
[10]. bFGF may be involved in bone remodeling, osteogenesis,
and cementogenesis, which are crucial for the regeneration of peri-
odontal and periapical tissues [11,12]. Moreover, bFGF may be
involved in maintaining the differentiation capacity of MSCs as
well as increasing their telomere length in various cell cultures
[13–15]. However, little is known regarding the effect of bFGF on
the plasminogen activation factors of SCAP.

Plasminogen activation system molecules such as plasminogen
activator inhibitor-1 (PAI-1), urokinase plasminogen activator
(uPA), and urokinase plasminogen activator receptor (uPAR) are
crucial for the homeostasis of the extracellular matrix and wound
repair and regeneration [16]. The plasminogen system is the pri-
mary fibrinolytic mechanism responsible for blood clot dissolution
and stem cell mobilization [17], possibly from the root apex or
bone marrow. Focal proteolysis via plasminogen activation may
mediate the detachment of stem cells from their niche (root apex)
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by breaking cell-matrix interactions, and promote the migration of
stem cells to their preferred niches (root canal/pulp chamber) and
wounded areas [16].

Recently, we reported the expression of two bFGF receptors,
FGFR1 and FGFR2, in SCAP [18]. The exposure of SCAP to bFGF
stimulated cell proliferation as well as the mRNA expression of
cdc2, cyclinB1, and tissue inhibitor of metalloproteinase-1 (TIMP-
1), but not collagen type I. These events are correlated with the
mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase (MEK/ERK) signal transduction pathway [18].
bFGF has also been found to effectively stimulate the migration
of SCAP [19,20]. To further understand the roles of bFGF in clinical
treatment with the apexogenesis and regeneration of the pulpo-
dentin complex, we hypothesized that bFGF does not affect the
plasminogen activation factors and osteogenic/odontogenic
differentiation-related factors of SCAP. The purpose of this study
was to investigate the influence of bFGF on plasminogen activation
system molecules (PAI-1, uPA, uPAR) and differentiation (alkaline
phosphatase [ALP] activity and osteonectin [secreted protein acidic
and rich in cysteine, SPARC] production), two osteogenic/odonto-
genic markers of SCAP in vitro, and the related signaling
mechanisms.

Material and methods

Materials

Cell culture biologicals were obtained through Life Technologies
(Thermo Fisher Scientific Ltd., Waltham, MA, USA). uPA, suPAR, and
SPARC enzyme-linked immunosorbent assay (ELISA) kits were pur-
chased from R&D Systems (R&D DuoSet, Minneapolis, MN, USA).
Recombinant bFGF and PAI-1 ELISA kits were bought from Pepro-
Tech Biotechnology (PeproTech Asia, Rehovot, Israel). We obtained
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)buta
diene (U0126), 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-
(4-pyridyl)-imidazole (SB203580), LY294002, and dimethylsulfox-
ide (DMSO) from Sigma-Aldrich Company (St. Louis, MO, USA). 5Z-
7-oxozeaenol was obtained from Tocris Cookson Ltd. (Bristol, UK).
Kits for total RNA isolation were obtained from Qiagen Company
(Taipei, Taiwan). Polymerase chain reaction (PCR) primers for
b–actin (BAC), uPA, uPAR, PAI-1, TIMP-1, and type I collagen were
synthesized by Genemed Biotechnologies, Inc. (San Francisco, CA,
USA).

Ethics statement

With the agreement of the Ethics Committee of National Taiwan
University Hospital, informed consent forms were signed by the
guardians of young patients. More than three healthy human pre-
molars with incomplete root formation were extracted for
orthodontic management (approval numbers of Institutional
Review Board: 201512156RINA and 201412147RINC) and used
for culture of SCAP in this study.

Culture of human SCAP

Culture of SCAP was performed using the tissue explant tech-
nique, as described previously [18,21–23]. Briefly, apical papilla
tissues were removed from the root apex and cut into small pieces
(approximately 1 mm3) using a surgical knife. For culture of SCAP
performed using the tissue explant technique, apical papilla tissues
were placed on culture dishes in Dulbecco’s modified Eagle med-
ium comprising 10% fetal bovine serum (FBS), 2% glutamine, and
1% penicillin. When the growth of SCAP reached confluence, they
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were sub-cultured. The passage numbers of SCAP between 3 and
8 were used for this study. These SCAP have been observed to
express CD73, CD90, and CD105 MSC markers as analyzed by flow
cytometry [21].

Cell viability assay and ELISA

To estimate cell viability, MTT assays were used as previously
described [18,24–26]. SCAP (1 � 105 cells/well) were inoculated
on 24-well plates. After 24 h, the medium was decanted and cells
were incubated into fresh culture medium containing solvent con-
trol (0.1% bovine serum albumin [BSA] with/without DMSO) or dif-
ferent concentrations of bFGF (10 to 500 ng/mL) with/without
inhibitors for 5 days. The culture medium was collected for ELISA
analysis of PAI-1, uPA, and suPAR, according to the manufacturer’s
instructions, as previously described [23,27]. The cell layer was
employed for ALP staining or MTT assay of cell viability. Briefly,
1 mL of medium containing 20 lL of MTT (final 0.5 mg/mL) was
added into each well. After incubation for 2 h, the medium was
aspirated and 0.5 mL of DMSO was placed into each well to dis-
solve the insoluble formazan. Cell viability was estimated by read-
ing the DMSO eluents of formazan against blanks (DMSO) at
540 nm with a Dynatech Microwell plate reader (Dynatech Labora-
tories, Alexandria, VA, USA) and data were expressed as a percent-
age of the control (as 100%).

Immunofluorescent staining

Initially, the SCAP were incubated with various concentration of
bFGF (0, 10, 50, 100, 250, 500 ng/mL) for 24 h. Immunofluorescent
staining of SCAP was performed as previously described [26,28]. In
short, SCAP were washed with phosphate-buffered saline (PBS) and
fixed for 20 min in 4% paraformaldehyde. After permeabilization in
PBST (2 mL of Tween 20 and 98 mL of PBS; PBST), cells were incu-
bated in 1 mL of 0.3% H2O2 (v/v) for an additional 20 min. Blocking
was performed by incubating cells in 250 mL of PBST comprising
specific primary antibodies (FGFR1, FGFR2, FGFR3, FGFR4, p-ERK,
p-p38 mitogen activated protein kinase, p-transforming growth
factor b-activated kinase-1 [p-TAK1], PAI-1, and uPA; 1:100 (v/v)
with 75 lL of 0.1% PBST, 300 lL of 1% BSA, and 1110 lL of PBS)
overnight. Cells were subsequently washed with PBS and incu-
bated in tetramethylrhodamine (TRITC)-conjugated secondary
antibodies (prepared in 1:100 dilutions for anti-mouse and anti-
rabbit, and 1:200 for anti-goat secondary antibodies) for 1 h.
Finally, 300 lL of 40,6-diamidino-2-phenylindole (DAPI, 1:1000
dilution, 500 lg/mL) was used for nuclear staining for 30 min.
Immunofluorescent images were captured using an Olympus
IX70 Inverted Microscope (Tokyo, Japan).

RNA extraction and reverse transcription and real-time PCR

After the treatment of SCAP with solvent control or bFGF with/
without inhibitors, total RNA was isolated as previously described
[16,20,22]. After reverse transcription with the Invitrogen Super-
ScriptTM III First Strand Synthesis System, the generated cDNA
was amplified via real-time PCR in a reaction mixture containing
SYBR master mix, primers, cDNA, and diethyl pyrocarbonate water.
The reaction states were 95 �C for 2 min for 1 cycle in Stage 1, fol-
lowed by 95 �C for 5 s and 60 �C for 30 s for 40 cycles in Stage 2. The
sequence of PCR primers was PAI-1: ATGGGATTCAAGATTGATGA
and TCAGTATAGTTGAACTTGTT, uPA: GCCCTCCTCTCCTCCAGAA-
GAA and GTAGACGATGTA GTCCTCCTTC, uPAR: ATGGATGCTCCTCT-
GAAGAG and CACAGTCTGGCAGTCATTAG [29], SPARC
(osteonectin): AAGAT CCATGAGAATGAGAAG and
AAAAGCGGGTGGTG CAATG [30], and BAC (internal control):
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TGACGGGGTCACCCACACTGTG CCCATCTA and CTAGAAGCATTG
CGGTGGACGATGGAGGG. For quantification of the results, the
delta/delta cycle threshold values (DCt = mean DCt [treated] -
mean delta (D) Ct [control]) were applied to determine changes
in the gene expression level. The fold of alterations in the study
groups compared with the control (solvent) group was determined
using the 2-DDCt method. The mRNA expression of BAC was
exploited as an internal control gene in all the PCR experiments.
ALP staining

Briefly, 1� 105 SCAP were inoculated on a 24-well culture plate.
After 24 h, the medium was changed and solvent control or bFGF
with/without various inhibitors (U0126, SB203580, LY294002, or
5Z-7oxozeaenol added 30 min before the addition of bFGF) were
added. Cells were incubated for an additional 5 days. The culture
medium was saved for ELISA. The ALP activity of SCAP was esti-
mated via ALP staining, as described previously [31,22]. Briefly,
after the medium was collected, cells were rinsed with PBS and
then incubated in 200 lL of freshly prepared stock substrate solu-
tion (10 mg of fast blue 20,50-diethoxybenzanilide salt/50 mL of
ddH2O, 3.94 g of Tris-base containing 0.015 g of naphthol AS phos-
phate, and 250 lL of N,N-dimethylformamide) for 30 to 60 min in
the dark. Color images of ALP staining were captured under a
microscope.
Fig. 1. Effect of bFGF on the cell viability and ALP activity of near confluent SCAP
after 5 days of exposure. (A) SCAP were incubated in different concentrations of
bFGF in the presence of 10% FBS for 5 days, and stained with MTT for the cell
viability assay. Results of cell viability (mean ± standard error) are expressed as
percentages of the control (as 100%) (B) Near confluent SCAP were incubated in
different concentrations of bFGF in the presence of 10% FBS for 5 days before ALP
staining. One representative ALP staining image is shown.
Effect of bFGF on SPARC production of SCAP and its regulation by
signal transduction inhibitors

Briefly, 1 � 105 SCAP were plated onto a 24-well culture plate.
After 24 h of attachment for cells, the medium was changed, and
the solvent control or bFGF with/without various inhibitors
(U0126, SB203580, LY294002, or 5Z-7oxozeaenol added 30 min
before the addition of bFGF) were added. Cells were incubated
for an additional 5 days. The culture medium was collected for
SPARC ELISA according to the manufacturer’s instructions.
Statistical analysis

More than three independent experiments were conducted on
different days and the results (mean ± standard error of the mean)
were used for statistical analysis. Differences between the control
and study groups were examined using a paired t-test. A p
value < 0.05 was considered to show a statistically significant dif-
ference between the control and study groups.
Results

Effects of bFGF on cell viability and ALP activity of SCAP

In our recent investigation of the effects of bFGF on the func-
tions of SCAP, we observed the stimulation of SCAP cell prolifera-
tion by bFGF under serum-free conditions, but the growth-
stimulating effect became less evident in the presence of 10% FBS
[18]. Accordingly, near confluent SCAP (1 � 105 cells/well) were
exposed to various concentrations of bFGF (10–500 ng/mL) for
5 days in fresh medium comprising 10% FBS in this study. No stim-
ulatory effect of bFGF on the cell viability of SCAP was noted
(Fig. 1A). SCAP have demonstrated the potential to differentiate
into mineralized tissues [6]. In this study, we found that untreated
SCAP (solvent control) exhibited ALP enzyme activity, as shown by
ALP staining (Fig. 1B). After exposure to bFGF (50–500 ng/mL),
decreases in ALP enzyme activities were revealed by ALP staining
(Fig. 1B).
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Effect of bFGF on the plasminogen activation-related gene expression
of SCAP

Because plasminogen activation factors may regulate cellular
matrix turnover, fibrinolysis, and cell migration and proliferation
[16,17], we examined the mRNA expression of plasminogen activa-
tion factors of SCAP after exposure to bFGF via real-time PCR. We
found that bFGF stimulated TIMP-1 mRNA expression to 2.4 to
6.5-fold of the control at concentrations of 10–500 ng/mL
(p < 0.05) (Fig. 2A) but reduced type I collagen mRNA expression
(>10 ng/mL), as revealed by real-time PCR (Fig. 2B). This is gener-
ally in accordance with our previous findings that bFGF stimulates
TIMP-1 but reduces the type I collagen protein expression of SCAP
[18].

Interestingly, at concentrations of 10–500 ng/mL, bFGF stimu-
lated PAI-1 to 2.9 to 3.7-fold of the control (p < 0.05) (Fig. 2C). bFGF
also induced the uPA and uPAR mRNA expression of SCAP to 1.5 to
2.3-fold and 5.1 to 12.7-fold of the control, respectively, at concen-
trations of 10–500 ng/mL (p < 0.05) (Fig. 2D, 2E).
Effect of bFGF on the plasminogen activation-related protein
production of SCAP

When we investigated whether bFGF stimulates plasminogen
activation factors at both the transcription and translation levels,
we found that the exposure of SCAP to bFGF (>50 ng/mL) stimu-
lated PAI-1 production, as revealed by ELISA (p < 0.05) (Fig. 3A).
Unexpectedly, exposure to bFGF for 5 days also induced the uPA
(>50 ng/mL) and suPAR (>1 ng/mL) production of SCAP (p < 0.05)



Fig. 2. Effect of bFGF on the gene expression of SCAP as revealed by real-time PCR. (A) TIMP-1 mRNA expression (n = 8), (B) Type I collagen (n = 8), (C) PAI-1 mRNA expression
(n = 8), (D) uPAmRNA expression (n = 8), (E) uPARmRNA expression (n = 8). Results are expressed as folds of the control (as 1) (mean ± standard error). *denotes a statistically
significant difference (p < 0.05) compared with the solvent-treated control.

Mei-Chi Chang, Nai-Yuan Chen, Jen-Hao Chen et al. Journal of Advanced Research 40 (2022) 95–107
(Fig. 3B, 3C). Accordingly, bFGF also stimulated uPA and PAI-1 pro-
tein (red fluorescence) expression, as revealed by immunofluores-
cent staining (Fig. 3D).

Signaling pathways induced by bFGF in SCAP

The regulation of the functions of SCAP by bFGF may be due to
the binding of bFGF to various FGFRs and subsequent activation of
various signaling pathways [11,18]. We recently reported the
99
mRNA expression of FGFR1 and FGFR2, and the activation of p-
ERK by bFGF in SCAP [18]. The activation of different FGF receptors
may trigger different signaling pathways [32]. We investigated the
molecular mechanisms associated with bFGF-mediated changes of
SCAP and observed FGFR1, FGFR2, FGFR3, and FGFR4 protein
expression, as revealed by immunofluorescent staining (red fluo-
rescence, Fig. 4A). Accordingly, 24-h exposure to bFGF also
increased the p-ERK, p-p38, and p-TAK1 protein expression in
SCAP, as revealed by immunofluorescent staining (Fig. 4B).
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Effect of different signal transduction inhibitors on bFGF-induced
changes in the PAI-1, uPA, suPAR, and TIMP-1 mRNA expression of
SCAP

We investigated the signal transduction responsible for bFGF-
induced plasminogen activation factor expression and found that
U0126 effectively reduced the bFGF-induced expression of PAI-1
and uPAR mRNA (Fig. 5A, C), but an inhibitory effect on bFGF-
induced uPA expression was found at 20 uM (Fig. 5B). Our previous
study revealed that U0126 prevented bFGF-induced TIMP-1
expression [18].

SB203580 exerted no preventive effect on bFGF-induced PAI-1
mRNA expression and even enhanced this event (Fig. 6A). Simi-
larly, SB203580 also exerted little preventive effect on the bFGF-
induced uPA, uPAR, and TIMP-1 mRNA expression of SCAP, and
even enhanced this event (Fig. 6B, C, D). In addition, SB203580
could not attenuate the bFGF-induced decline of osterix (Osx)
mRNA expression (data not shown).

5Z-7-oxozeaenol attenuated bFGF-induced PAI-1 mRNA expres-
sion (Fig. 7A) and blocked the bFGF-induced uPA, uPAR, and TIMP-
1 mRNA expression of SCAP (Fig. 7B, 7C, 7D). However, 5Z-7-
oxozeaenol was not effective at suppressing the bFGF-induced
decline of Osx mRNA expression (data not shown).

Effect of different signaling inhibitors on the bFGF-induced decline of
ALP activity in SCAP

Because ALP and SPARC are two differentiation markers of
osteoblasts and odontoblasts [33], we further studied the effect
of bFGF on the ALP activities and SPARC production of SCAP. As
compared to the solvent control, ALP activity was inhibited by
bFGF at concentrations higher than 50 mg/mL. We investigated
the possible pathways mediating the bFGF-induced event and
found that U0126 exerted no marked effect on or only mildly
reversed the inhibitory effect of bFGF on the ALP activity of SCAP
(Fig. 8A). SB203580, LY294002, and 5Z-7oxozeaenol by themselves
inhibited the ALP activities of SCAP. They were also unable to pre-
vent the bFGF-induced decrease in ALP activities in SCAP (Fig. 8B,
C, D).

Effect of bFGF on SPARC production and its regulation by various
signaling inhibitors in SCAP

bFGF inhibited the SPARC (osteonectin) production of SCAP at
concentrations>10 ng/mL (Fig. 9A). Interestingly, 5Z-7oxozeaenol,
U0126, and LY294002 partly attenuated the bFGF-induced decline
of SPARC production of SCAP (Fig. 9B, D, E). Conversely, the bFGF-
induced decrease in SPARC production in SCAP was prevented by
SB203580 (Fig. 9C).

In summary, bFGF stimulated the expression and production of
plasminogen activation factors (PAI-1, uPA, and uPAR). SCAP
Fig. 3. Effect of bFGF on (A) PAI-1 production, (B) uPA production, and (C) suPAR
production of SCAP. Results are expressed as the mean ± standard error (pg/mL).
*denotes a statistically significant difference compared with the solvent control
group (p < 0.05). #denotes a significant difference compared with the bFGF-treated
group (p < 0.05). (D) Immunofluorescent staining of PAI-1 and uPA protein
expression of control SCAP and SCAP treated with bFGF (250 ng/mL) for 24 h. One
representative immunofluorescent staining image is shown. Red fluorescence:
target protein expression, blue fluorescence: DAPI staining of cell nucleus.



Fig. 4. (A) Expression of FGFR1, FGFR2, FGFR3, and FGFR4 in SCAP. Scale
bar = 20 mm) (B) Activation of p-ERK, p-p38, and p-TAK1 in SCAP after 24 h of
exposure to bFGF as revealed by immunofluorescent staining (scale bar = 50 mm).
One representative immunofluorescent staining image is shown. Red TRITC
fluorescence: target protein expression, blue fluorescence: DAPI staining of cell
nucleus.

Fig. 5. Effect of U0126 on bFGF-induced changes in (A) PAI-1 (n = 4), (B) uPA (n = 4),
(C) uPAR (n = 4) mRNA expression in SCAP as revealed by real-time PCR. Results are
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expressed all four FGFRs (FGFR1, 2, 3, and 4). bFGF stimulated the
phosphorylation and activation of TAK1, ERK, and p38. bFGF
reduced ALP activity as well as SPARC expression and production
in SCAP. The activation of TAK1 and ERK signaling may mediate
both bFGF-induced TIMP-1 and plasminogen activation factors
and the bFGF-induced decline in SPARC production in SCAP. How-
ever, these inhibitors exerted little preventive effect on the bFGF-
induced decline in ALP activity.
expressed as folds of the control (as 1) (mean ± standard error). *denotes a
statistically significant difference compared with the control group. #denotes a
statistically significant difference compared with the bFGF treatment group
(p < 0.05).
Discussion

We tested whether bFGF would exert little effect on the prolif-
eration, plasminogen activation factors, and osteogenic/odonto-
genic differentiation markers of SCAP and found that bFGF
stimulated the expression/production of PAI-1, uPA, uPAR, and
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TIMP-1 but inhibited ALP and SPARC in SCAP. Moreover, bFGF
exerted little stimulatory effect on the viability of SCAP in the pres-
ence of 10% FBS, which supported the findings of our previous



Fig. 6. Effect of SB203580 on bFGF-induced changes in (A) PAI-1 (n = 6), (B) uPA (n = 6), (C) uPAR (n = 6), (D) TIMP-1 (n = 6) mRNA expression in SCAP as revealed by real-time
PCR. Results are expressed as folds of the control (as 1) (mean ± standard error). *denotes a statistically significant difference compared with the control group. #denotes a
statistically significant difference compared with the bFGF treatment group (p < 0.05).
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report [18]. bFGF stimulated the proliferation of SCAP under
serum-free conditions [18]. bFGF also stimulates cell stemness,
DNA synthesis, and the proliferation of dental pulp cells, but inhi-
bits apoptosis [10,31,34,35], indicating the general growth-
stimulating effect of bFGF.

Effect of bFGF on ALP activity and differentiation - ALP activity is
high in mineralized tissue cells such as osteoblasts and odonto-
blasts and is considered to be an early marker of osteogenic and
odontogenic differentiation [36]. bFGF has been shown to affect
osteogenesis depending on the maturation condition of osteo-
blasts. In immature pre-osteoblast cells, short-term exposure to
bFGF stimulates cell growth, but inhibits type I collagen, ALP activ-
ity, and osteocalcin. Conversely, bFGF improves cellular differenti-
ation in mature osteoblasts [11]. In SCAP, Wu et al. demonstrated
that bFGF (5 ng/mL) inhibited the mRNA expression of ALP and
osteocalcin in differentiation medium over 2 weeks. Furthermore,
ALP activity was significantly lower in the presence of bFGF after
8 days. However, 1-week pretreatment with bFGF before induction
enhanced subsequent osteogenic differentiation [14]. These stud-
ies suggest that the effects of bFGF on cell differentiation depend
on the specific timing and cell developmental stage. Similarly,
bFGF (10–500 ng/mL) has been shown to inhibit the ALP activity
of human dental pulp cells [31,34]. In our experiment, the ALP
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activity of SCAP was obviously inhibited by bFGF (>10 ng/mL) after
5 days of exposure, suggesting that bFGF may modulate the differ-
entiation of SCAP. However, the effects of bFGF on ALP under dif-
ferent experimental conditions can be tested further in the future.

Expression and role of FGFRs – Members of the FGF family are
noted to affect cell metabolism, proliferation, survival, migration,
differentiation during embryonic development, organogenesis,
and tissue repair/regeneration. These events are differentially reg-
ulated through receptor activation and signaling [32]. Four FGF
receptors (FGFR1, 2, 3, and 4), are differentially expressed in differ-
ent kinds of tissues and organs [10], but upstream stimulators and
downstream signaling molecules (e.g., phospholipase C gamma,
leukemia inhibitory factor-signal transducers, activators of tran-
scription [STAT], mitogen-activated protein kinase [MAPK], and
phosphatidylinositol-4,5-bisphosphate 3-kinase [PI3K]-AKT) medi-
ating different FGFR activation show some differences and remain
to be clarified [10,32], particularly in SCAP. We recently demon-
strated FGFR1 and FGFR2 mRNA expression in SCAP and human
dental pulp cells [18,31]. In this study, we further delineated the
protein expression of FGFR1, 2, 3, and 4 in SCAP. In bone tissue,
knock-down of FGFR1 encouraged the differentiation of osteo-
blasts, implicating the role of FGFR1 in down-regulating bone for-
mation. Deletion of FGFR2 also led to a decrease in bone density.



Fig. 7. Effect of 5Z-7oxozeaenol on bFGF-induced changes in (A) PAI-1 (n = 8), (B) uPA (n = 10), (C) uPAR (n = 10), (D) TIMP-1 (n = 10) mRNA expression in SCAP as revealed by
real-time PCR. Results are expressed as folds of the control (as 1) (mean ± standard error). *denotes a statistically significant difference compared with the control group.
#denotes a statistically significant difference compared with the bFGF treatment group (p < 0.05).
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On the other hand, FGFR3 is involved in chondrogenesis [11]. Sig-
naling of FGF via the differential activation of FGFRs is crucial to
maintain the pluripotency of stem cells via stimulation of effector
molecules including SOX-2, Oct3/4, Klf4, nanog, and c-myc [32].
The differential roles of four activated FGFRs in SCAP should be fur-
ther addressed.

Effect of bFGF on TIMP-1 and collagen – The main role of TIMP1 is
reported to be reducing matrix degradation and controlling extra-
cellular matrix turnover [37]. TIMP-1 also has cytokine-like func-
tions and may influence cell growth, apoptosis, differentiation,
and angiogenesis, possibly via receptor binding and the activation
of cell signaling [38]. Recently, TIMP-1 has been shown to stimu-
late stem cell migration and promote tissue regeneration [39]. Lit-
tle is known about the effect of bFGF on TIMP-1 in pulp cells and
SCAP. Silverio-Ruiz et al. showed that bFGF (1 and 10 ng/mL)
reduced TIMP1 and collagen I expression but enhanced matrix
metalloproteinase-2 (MMP2) in human periodontal ligament cells
after 72 h of incubation [40]. Conversely, Hakki et al. showed that
bFGF (10 ng/mL) exerted no effect on TIMP1, collagen I, or MMP2
expression in periodontal ligament cells after 14 days of exposure
[41]. We previously reported that bFGF induced the TIMP-1
expression and reduced the type I collagen protein expression of
human SCAP [18,31]. Similarly, bFGF also reduced the type I colla-
gen level of human dental pulp cells [18,42]. In this study, we also
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found that bFGF elevated TIMP-1 and reduced type I collagen
mRNA expression in SCAP. The difference in expression of TIMP-1
and collagen by bFGF may be due to cell type, treatment period, or
other unknown factors and should be further investigated.

Effect of bFGF on plasminogen activation factors - Limited knowl-
edge is available on the expression of plasminogen activation sys-
tem molecules in SCAP and their regulation by bFGF. Blood/fibrin
clots contain various growth factors such as PDGF, bFGF, insulin-
like growth factor-1, vascular endothelial growth factor, and stro-
mal cell-derived factor-1 [43]. In addition, plasminogen is gener-
ated by the liver and circulates at a concentration of
approximately 2 mM or higher in plasma and interstitial fluid
[16]. Plasminogen activation factors (uPA, uPAR, and PAI-1) are
the major fibrinolytic factors of stem cells for the stepwise proteol-
ysis/dissolution of blood clots, growth factor availability, signal
transduction, angiogenesis, immune modulation, and the
migration/proliferation/homing of stem cells from apical papilla
of the root apex and possibly also from bone marrow after tissue
injury and inflammation [16,17]. In this study, bFGF stimulated
uPA, uPAR/suPAR, and PAI-1 mRNA expression and protein produc-
tion in SCAP. The binding of uPA to membrane-bound uPAR or sol-
uble uPAR may trigger the production of plasmin in the
microenvironment. PAI-1 and plasmin may stimulate cell motility
by regulating the interaction between vitronectin and uPAR for cell



Fig. 8. Effect of (A) U0126, (B) SB203580, (C) LY294002, and (D) 5Z-7oxozeaenol on
the bFGF-induced decline in ALP activity in SCAP. One representative ALP staining
image is shown. *denotes a statistically significant difference compared with the
control group. #denotes a statistically significant difference compared with the
bFGF treatment group (p < 0.05).
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adhesion, which is due to the binding of PAI-1 to the uPA/uPAR
complex on the cell surface and the detachment of uPA/uPAR from
vitronectin [16]. Endocytic clearance of the complex integrin, uPA,
uPAR, and PAI-1 also leads to the detachment of integrins from the
extracellular matrix and enhances cell migration [44]. suPAR may
directly bind to G protein-coupled receptor formyl peptide
receptor-like 1 and induce cell migration [45]. Stimulation of the
migration of MSCs by granulocyte colony-stimulating factor was
abrogated in uPAR-/- mice [46]. These events may contribute to
pericellular proteolysis and the subsequent migration and prolifer-
ation of SCAP into the pulp/root canal, which are crucial for clinical
success. This can partly explain the stimulation of SCAP migration
by bFGF [19,20]. Interestingly, bFGF also stimulated the migration
bone marrow and dental pulp stem cells in vitro [47,48], and pulp
recellularization and revascularization in endodontically treated
human teeth placed into the dorsum of experimental rats in vivo
[47].
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Clinically, the induction of revascularization for immature teeth
with an open root apex and pulp necrosis typically leads to favor-
able treatment outcomes. However, little is known about the sub-
sequent repair and regeneration processes after blood clot
induction. Whether the stem cells for pulpal repair/regeneration
are derived from the blood stream or from the migration of SCAP
is unclear. For the migration of SCAP into the root canal/pulp
chamber, the focal fibrinolysis of blood clots, proliferation, and
matrix deposition and differentiation are necessary for clinical suc-
cess. This can be differentially regulated by numerous growth fac-
tors that promote the proliferation and migration of SCAP, as well
as plasminogen activation system molecules. During wound heal-
ing, dynamic remodeling of the extracellular matrix is crucial for
cell migration. In addition to fibrin clot dissolution, plasminogen
activation/the fibrinolytic system is crucial for stem cell recruit-
ment, growth factor bioavailability, and the functional conse-
quence of tissue regeneration in the microenvironment [16].

Signal transduction of bFGF on plasminogen activation factors -
The binding of uPA to uPAR may elicit many signal transduction
pathways, including MEK/ERK, PI3K/protein kinase-B (Akt), Rho/
Rho-associated protein kinase, and c-jun N-terminal kinase/p38
to mediate various cellular downstream events [16]. The signaling
pathways after the binding of bFGF to four FGFRs have mainly been
reported as Ras-MAPK, PI3K/Akt, phospholipase C-/protein kinase-
C, and STAT [49], but the activation of TAK1 has also been reported
[50]. However, the signal transduction responsible for bFGF-
induced plasminogen activation system molecules remains to be
clarified. Only MEK/ERK and p38 have been reported to associate
with Chishao or lipopolysaccharide-induced bFGF and uPA produc-
tion in Schwann cells and cardiac fibroblasts [51,52]. The synergis-
tic induction of TIMP-1 expression in human fibroblasts by all-
trans retinoic acid and bFGF was attenuated by the inhibition of
MEK/ERK [53]. In this study, U0126 and 5Z-7-oxozeaenol exerted
preventive effects on bFGF-induced changes in PAI-1, uPA, uPAR,
and TIMP-1 expression of SCAP, but SB203580 and LY294002 did
not, suggesting the differential contribution of MEK/ERK and
TAK1 signaling.

Signal transduction of bFGF on ALP and SPARC - The regulation
mechanism of ALP in various cell types has been investigated.
The signaling pathway regulated by bFGF on ALP remains to be
clarified, particularly in SCAP. Osathanon et al. found that bFGF
(20 ng/mL) attenuated ALP mRNA expression and mineralized tis-
sue formation through MEK signaling in PDL stem cells and SHED.
Adding an FGFR inhibitor (SU5402, 10 lM) or MEK inhibitor
(PD98059, 40 lM) could reverse the reduction [54]. In this study,
the inhibitory influence of bFGF (250 ng/mL) on ALP activity was
mildly prevented by U0126 (MEK/ERK inhibitor), but not reversed
by inhibitors of p-38, TAK1, or PI3K/Akt. Another study reported a
preventive effect of pertussis toxin against the bFGF-induced
decline of ALP in ROS 17/2.8 rat osteosarcoma cells [55], implicat-
ing the involvement of G-protein coupled receptor. Interestingly,
we found that exposure of SCAP to bFGF also inhibited the produc-
tion of SPARC (osteonectin). Similarly, bFGF has been shown to
inhibit SPARC in human dental pulp cells [34]. Both ALP and SPARC
are mineralized markers of odontoblasts and osteoblasts [33,42].
SCAP have been shown to express various mineralization markers
such as osteocalcin, osteonectin, and osteopontin. Vitamin D3 and
cannabidiol may stimulate their expression in SCAP [56]. No prior
report has addressed the influence of bFGF on the osteonectin
expression/production of SCAP. In this study, bFGF reduced the
osteonectin/SPARC production of SCAP. In dental pulp cells, bFGF
has been shown to suppress Type I collagen, ALP activity, and
SPARC expression [57]. A similar effect of bFGF on murine
MC3T3 osteoblasts has also been reported [58]. Intriguingly, we
found that the inhibitory effect of bFGF on SPARC production in
SCAP can be attenuated by blocking MEK/ERK, TAK1, and PI3K/



Fig. 9. Effect of bFGF on the SPARC (osteonectin) production of SCAP and its regulation by various inhibitors. (A) Effect of bFGF on SPRAC production and its regulation by (B)
U0126, (C) SB203580, (D) LY294002, and (E) 5Z-7oxozeaenol. Results are expressed as the mean ± standard error. *denotes a statistically significant difference compared with
the control group. #denotes a statistically significant difference compared with the bFGF treatment group (p < 0.05).
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Fig. 10. Proposed mechanisms for clinical revascularization/apexogenesis in an
immature open apex tooth, and the involvement of bFGF-induced receptor
activation, signal transduction, and plasminogen activation system molecules, to
regulate the cell proliferation, matrix turnover, migration, and differentiation of
SCAP.
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Akt signaling. These results suggest the differential roles of various
signaling pathways by bFGF on the mineralization processes of
SCAP.

Summary – The results of this study indicated that SCAP
expressed FGFR1, FGFR2, FGFR3, and FGFR4. In addition to p-ERK,
bFGF alone also activated the p-TAK1 and p-p38 signaling path-
ways. Exposure of SCAP to bFGF increased PAI-1, uPA, uPAR, and
TIMP-1, but reduced type I collagen expression under our culture
conditions (Fig. 10). bFGF also suppressed the ALP activities and
SPARC expression/production of SCAP. These results implicate the
possible role of bFGF in the regulation of growth, migration, matrix
turnover, and differentiation of SCAP (Fig. 10). However, more
studies are necessary to evaluate the effect of bFGF on SCAP in
the mineralization medium to further understand its role and
interaction with other chemicals (e.g., vitamin C, b-
glycerophosphate, dexamethasone) or growth factors such as
TGF-a and bone morphogenetic proteins in mineralization
processes.
Conclusion

In conclusion, the endogenous or exogenous addition of bFGF in
conjunction with scaffolds and SCAP may be useful to provoke the
healing, repair, and regeneration of lost dental pulp in revascular-
ization procedures via the autocrine or paracrine regulation of the
plasminogen activation system molecules and TIMP-1 of adjacent
cells. Understanding the effects of bFGF on SCAP and related signal
transduction pathways is useful for future clinical therapies to pro-
mote apexogenesis and pulpo-dentin complex regeneration.
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