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a  b  s  t  r  a  c  t

The  establishment  of  regenerative  therapy  in endodontics  targeting  the dentin-pulp  complex,  cementum,
periodontal  ligament  tissue,  and  alveolar  bone  will  provide  valuable  information  to  preserve  teeth. It  is
well  known  that the  application  of  stem  cells  such  as  induced  pluripotent  stem  cells,  embryonic  stem  cells,
and somatic  stem  cells  is effective  in regenerative  medicine.  There  are  many  somatic  stem  cells  in  teeth
and periodontal  tissues  including  dental  pulp  stem  cells  (DPSCs),  stem  cells  from  the  apical  papilla,  and
periodontal  ligament  stem  cells.  Particularly,  several  studies  have  reported  the  regeneration  of  clinical
pulp  tissue  and  alveolar  bone  by  DPSCs  transplantation.  However,  further  scientific  issues  for  practical
implementation  remain  to be addressed.  Sphingosine-1-phosphate  (S1P)  acts  as  a bioactive  signaling
molecule  that  has  multiple  biological  functions  including  cellular  differentiation,  and  has  been  shown

to  be  responsible  for bone  resorption  and  formation.  Here  we  discuss  a strategy  for  bone  regeneration
and  a possibility  for regenerative  endodontics  targeting  S1P  signaling  pathway  as  one  of  approaches  for
induction  of regeneration  by  improving  the  regenerative  capacity  of  endogenous  cells.
Scientific  field of  dental  science:  Endodontology
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1. Introduction

Since 1989, Japan has pioneered the “8020 campaign” with the
aim of preserving at least 20 teeth at the age of 80 years. However,
based on a survey in 2016 of the state of dental disease in Japanese
population, more than 50% of individuals have achieved 8020, 6
years before the target [1]. In the current era of super-aging society
with a lifespan of almost 100 years, 80 years of age is considered
a passage point. With this trend of increasing life span in Japan,
there is greater emphasis on preserving teeth and their supporting
alveolar bone and maintenance of masticatory functions.

Endodontics is a treatment method for dental pulp disease,
which is secondary to caries and apical periodontitis, and is caused
by bacterial stimulation via the root canal. In endodontic disease
where the supportive alveolar bone is lost extensively by the radic-

ular cyst, i.e., if alveolar bone regeneration after the infectious
source removal can be guaranteed, we can expect to preserve more
teeth. This is likely to contribute to the improvement of patient’s
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uality of life (QoL). Regenerative therapy can largely be divided
nto two  strategies: cell transplantation with stem cells and the
mprovement of regenerative ability of cells in vivo. Recent progress
n stem cell transplantation indicates research being conducted on
linical application of induced pluripotent stem (iPS) cells, embry-
nic stem (ES) cells, and somatic stem cells, in addition to, studies
n quality control and safety assurance of cells and tissue process-

ng but unresolved issues in terms of cost still remain. Current
pproaches targeting the application of signaling molecules and
caffolds aimed at improving the regenerative capacity of endoge-
ous cells are useful for solving many of these problems.

As one of the novel strategies in this field, an approach using
phingosine-1-phosphate (S1P) molecule and S1P signaling path-
ay  in vivo has been reported [2,3]. S1P is abundantly present

n the body, especially in the blood, and is made from phospho-
ipids of cell membranes of various cells, as well as, vascular cells
nd bone cells. Similar to prostaglandins, S1P acts as a signaling
olecule via 5 different receptors, S1PR1 to S1PR5 [4] that con-
rols cell differentiation, proliferation and migration via receptors,
nd is called a lipid mediator [2–4]. Novel drug treatment strat-
gy targeting S1PR1 [5] was clinically applied to multiple sclerosis,
n autoimmune disease, based on the mechanisms of lymphocyte
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migration mediated by S1PR1 and its release from lymphoid tissues
[6–8]. In recent years, considerable progress has been made to elu-
cidate the role of S1P signaling pathway in bone tissues. Currently,
research efforts are underway to study the following mechanisms:
osteoclast differentiation inhibitory effect by osteoclast progeni-
tor cell migration control via S1PR1 [9]; osteoblast differentiation
promoting effect [10–13] and bone formation [11–14] via S1PR1,
S1PR2, and S1PR3; and osteoporosis treatment through S1PR2 reg-
ulation by osteoclasts and osteoblasts [15–18]. Additionally, S1P
regulates both the promotion of osteoblastogenesis and the inhi-
bition of adipogenesis in C3H10T1/2 cells, which are functionally
similar to mesenchymal stem cells [19,20].

In this review, the research on bone regeneration targeting the
S1P signaling pathway, which the authors are also involved in, and
the future development of regenerative endodontics are discussed.

2. Role of S1P signaling pathway in vivo

S1P is generated when sphingosine, which is a constituent of
cell membranes and is biosynthesized via ceramide from sphin-
gomyelin, is phosphorylated by sphingosine kinase 1 (SphK1) and
2 (SphK2). Then, S1P is exported extracellularly via ATP-binding
cassette (ABC) transporters and S1P transporter spinster homolog
2 (SPNS2). Sphingosine was initially thought to function as an
intracellular messenger molecule, but, during the 1990s, S1P was
reported as a ligand of a G protein-coupled receptor with seven
transmembrane domains identified as the endotherial differentia-
tion gene (EDG) [21]. Hence, the EDG receptor was known as the
S1P receptor. Until date, 5 types of G protein-coupled receptors
(S1PR1-S1PR5) [4] have been identified, and they are known to
mainly activate members of the Gi, Gq, and G12/13 family proteins
for signal transduction (Fig. 1) [22–24]. Of these, S1PR1, S1PR2, and
S1PR3 are widely expressed in almost all organs and tissues in this
order [25–27], but expression of S1PR4 and S1PR5 are limited to
specific cells such as lymphocytes and nerve cells [28]. As shown
in Fig. 1, the S1P signaling pathway activates a unique signaling
pathway downstream from the receptor and exerts physiological
functions. There are two known degradation pathways of S1P: S1P
lyase (SPL)-mediated degradation into phosphoethanolamine and
palmitoaldehyde [29]; and S1P phosphohydrolase that dephospho-
rylates S1P to produce sphingosine [3]. However, under normal
conditions, the balance between S1P production and degradation is
regulated to a certain level, and it is thought that various disorders
are caused when this balance is lost. Therefore, enzymes involved
in the production and degradation of S1P might become targets for
drug discovery in the future.

S1P signaling pathways are reported to be associated with many
diseases. Some of the identified diseases so far consist of angio-
genesis involving receptors S1PR1, S1PR3 [30], tumor angiogenesis
involving S1PR1 [31], and anti-angiogenesis involving S1PR2 [32].
As described above, S1P is abundantly present in blood and thus is
closely associated with angiogenesis, and S1PR1 knockout mice are
embryonically lethal with impaired angiogenesis [26]. In addition,
double knockout mice with SphK1 and SphK2 are embryonically
lethal due to abnormal development of the vascular system and
nervous system [33]. In diabetes, there is an increase in S1P con-
centration in animal models of type 1 diabetes and improvement
in glucose tolerance by S1P-improved pancreatic � cell function
[34], an increase in S1P concentration in type 2 diabetes and a
report of improved insulin resistance [35]. As such, S1P is thought

to be involved in maintaining homeostasis of glucose metabolism.
In prostate cancer, SphK1 is overexpressed in tumor tissue [36],
and the metabolism of SphK1/S1P is associated with resistance to
chemotherapy of prostate cancer cells [37,38] and radiation ther-
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py [39].Therefore, it has been suggested that SphK1/S1P signaling
athways may  be targets for the treatment of prostate cancer.

Fingolimod (FTY720), an agonist of S1PR1 and S1PR3, reduces
he number of lymphocytes in the peripheral blood, especially T
ymphocytes, and exerts an immunosuppressive effect [5]. In this

ay, as a multiple sclerosis drug for oral administration originating
rom Japan, it has been clinically applied in the United States in 2010
nd in Japan in 2011 [6–8]. Thus, in the S1P signaling pathway and
herapeutic applications, many agonists and inhibitors targeting
he receptor have been developed.

. Function of S1P signaling pathway in bone tissue

Homeostasis of bone tissue is maintained by the balance
etween bone formation and resorption. Since it has been newly
iscovered that the physiological function of S1P is to regulate
he migration of osteoclast precursor cells and suppress bone
esorption [9], the role of S1P in bone tissue and bone remodel-
ng including osteoclast/osteoblast differentiation has been widely
xplored. From previous research reports, we discuss the function
f S1P and S1P signaling pathway on osteoclast, osteoblast, and
pplication for osteoporosis.

.1. Osteoclasts

In relation to bone tissue and S1P, it was  known that S1P plays
n important role in the coupling between osteoblasts and osteo-
lasts [40]. In 2009, it was  reported that S1PR1 was  expressed
n osteoclast precursor cells, and that progenitor cells return to
lood by cell migration, resulting in the inhibition of maturation to
steoclasts [9]. In addition, administration of FTY720 suppressed
one resorption in a mouse osteoporosis model, and in mice lack-

ng S1PR1, osteoclast precursor cells adhered to the bone surface,
ncreasing osteoclast formation and bone resorption [41,42]. This
uggests that decreased serum S1P levels and deletion of S1PR1
re associated with bone resorption and osteoporosis. Furthermore,
n patients with rheumatoid arthritis (RA), high levels of S1P and
phK1 were expressed [41,42], and Nuclear factor- �B (NF-�B)-
ediated Fas/S1PR signal crosstalk was  involved in RA pathology
ith bone destruction of the temporomandibular joint. SN50 that

argets nuclear translocation of p50 NF-�B, suppresses RANKL-
nduced osteoclastogenesis. These suggest that NF-�B-mediated
as/S1PR signaling could also be a therapeutic target for RA [43,44].

On the other hand, S1PR2 expressed in osteoclast precursor
ells is known to cause negative chemotaxis (chemorepulsion)
ith respect to the concentration gradient of S1P. It has a func-

ion of migrating osteoclast precursor cells from blood with high
1P concentration to a bone surface with a low concentration
15]. Active vitamin D (1�,  25-(OH)2 vitamin D3) preparations as

 drug for osteoporosis suppresses S1PR2-mediated chemorepul-
ion in osteoclast precursor cells. As a result, osteoclast precursor
ells migrate from the bone surface to blood vessels, and then the
nhibition of bone resorption is occurred [16]. Therefore, S1PR2
s clinically important for not only bone resorption but also bone
ormation.

.2. Osteoblasts

Regarding the role of S1P in osteoblasts, promotion of chemo-
axis [40], production of interleukin-6 [45], and suppression of
poptosis via phosphatidylinositol 3-kinase (PI3K)/Akt signaling
46] had been observed. However, its effects on osteoblast dif-

erentiation and its mechanism had not been clarified. Since
steoblasts express a large amount of S1PR1 among S1P receptors,
e identified an increase in osteoprotegerin (osteoclast suppres-

or; OPG) expression and alkaline phosphatase (ALP) activity
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Fig. 1. Sphingosine-1-phosphate (S1P) production and S1P/S1PR signaling pathways. Phosphorylation of sphingosine (Sph) by sphingosine kinase (SphK) activated by
extracellular signals leads to production of S1P. S1P lyase (SPL) is the enzyme responsible for degrading S1P. Extracellular S1P released via transporters acts as an autocrine
or  paracrine cue and activates or inhibits a variety of signaling pathways through G-protein-coupled receptors termed S1PR1-S1PR5, regulating cellular differentiation,
migration, and growth.
(SPP = S1P phosphatase, AC = adenylate cyclase, PLC = phospholipase C, PKC = protein kinase C, JNK = Jun amino terminal kinase)

Fig. 2. Schematic of the mechanisms of osteoblast differentiation by S1PR1 and S1PR2 signaling based on our previous reports [10,11].
Gi-dependent S1PR1 signaling induces PI3K activity, and increases Akt phosphorylation, thereby inducing the translocation of �-catenin to nuclear, resulting in the increase

naling

1PR2 
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of  OPG expression and ALP activity. On the other hand, Gi-independent S1PR2 sig
translocation of Smad4, thereby promoting Runx2 and ALP expression.
(W146= selective S1PR1 antagonist, LY294002 = PI3K inhibitor, JTE-013= selective S

by S1PR1/Akt/�-catenin signal activation (Fig. 2) [10]. However,
the precise mechanism of osteoblast differentiation by PI3K/Akt
activation is still unknown. The involvement of other signaling
cannot be ignored. Indeed, ALP expression is generally regulated
by Wnt  and bone morphogenetic protein (BMP)/Smads signaling

pathway [47,48]. Authors also reported the presence of T-cell fac-
tor/lymphoid enhancer factor (TCF/LEF) binding site of the ALP
gene promoter region that regulates ALP expression in osteoblast-
like cells [49]. On the other hand, S1P increased not only OPG
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 induces RhoA/ROCK, and increases Smad1/5/8 phosphorylation, resulting in the

antagonist, C3 toxin = RhoA inhibitor, Y27632 = ROCK inhibitor)

xpression but also RANKL expression [9]. The OPG/RANKL ratio
ncreased in a S1P concentration-dependent manner, suggesting
hat S1P suppresses osteoclast maturation. Recently, the RANKL
everse signaling pathway in osteoblasts was revealed [50]. In this
athway, RANKL acts as a receptor molecule for RANK released by

steoclasts, and activates PI3K/Akt/mTORC1, leading to increase of
unt-related transcription factor 2 (Runx2) expression, which is an
ssential osteoblast-related gene regulator, and thereby promoting
one formation. S1P-induced RANKL expression in osteoblasts may
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influence this RANKL reverse signaling pathway and promote bone
formation.

Furthermore, we also found that a substantial amount of S1PR2
expression during osteoblast differentiation, and S1P-induced ALP
expression and calcification were suppressed by both siS1PR1 and
siS1PR2 [11]. Therefore, the authors proposed a novel mecha-
nism for promoting osteoblast differentiation through S1PR2 that
is different from the Gi-dependent S1PR1/Akt/�-catenin signal-
ing. We  found an increase in Runx2 expression that promotes ALP
expression [48], due to S1PR2/RhoA/ROCK/Smad signal activation
independent of S1PR1 signaling [11] (Fig. 2). In addition, active
vitamin D has been reported to promote Smad1/5/8 phosphoryla-
tion [51,52]. Therefore, vitamin D preparations may  synergistically
activate S1PR2/Smad1/5/8 signaling pathway in osteoblasts, in
addition to S1PR2-mediated chemorepulsion in osteoclast precur-
sor cells, suggesting that the S1P-mediated osteogenic effects may
be further promoted by their combined use.

To clarify the osteogenic effect of S1PR1 and S1PR2 signal-
ing pathway in vivo, we investigated the tibial bone properties
in mice by intraperitoneal administration of FTY720 and CYM-
5520; a pharmacological S1PR2 agonist, respectively. Our findings
indicate a possible involvement of S1PR1- and S1PR2-enhanced sig-
naling pathway in bone formation in vivo [11]. Furthermore, the
osteogenic and angiogenic effects of S1P and FTY720 in a rat frac-
ture model were also identified [14]. It is expected that this will lead
to the development of new treatment methods for bone formation.
In addition, S1PR2 agonist-induced bone volume was  attenuated by
ROCK inhibitor as well as S1PR2 inhibitor, consistent with in vitro
observation [11]. Our findings are consistent with previous pub-
lications; osteoblast differentiation is regulated by RhoA/ROCK
signaling pathway [53]. By contrast, recent study showed that the
activation of the RhoA/ROCK pathway promotes stress fiber forma-
tion and reduces chondrocyte and osteoblast differentiation [54].
Additionally, ROCK inhibitor activates BMP  signaling and thereby
induces osteoblast differentiation [55]. The reason for this discrep-
ancy is currently unknown, but we observed that S1P did not affect
BMP-2 production in osteoblast-like cells [11]. On the other hand,
Sato et al. reported that osteoblast differentiation induced by BMP-
2 is facilitated by the activation of extracellular signal-regulated
kinase (ERK) via S1PR1 and S1PR2 [12]. Our study showed that
Smad1/5/8 phosphorylation is promoted by S1PR2 signaling path-
way without affecting BMP  production [11], but the main stream
may  be the BMPs/Smads signaling cascades [48]. Although the
molecular mechanism by which S1PR2 signaling pathway affects
RhoA/ROCK and BMPs/Smads signaling pathway remains to be
fixed, our findings indicate a possible involvement of S1PR2 sig-
naling in bone formation.

Regarding the effect of the S1PR2 signaling pathway on bone
formation, the latest findings regarding the relationship between
SPL, an enzyme that degrades S1P, and S1PR2 signaling path-
way have shown the possibility of application to the treatment
of osteoporosis. When the S1P level was increased in mice by SPL
deletion and pharmacological inhibition with 4-deoxypyrodoxin,
bone mass and bone strength were increased, while adipose tissue
was decreased [17]. This study also demonstrated that S1PR2-
mediated signaling via novel two different mechanisms such as
p38/glycogen synthase-3� (GSK-3�)/�-catenin and Wnt5a/low-
density lipoprotein receptor-related protein 5 (LRP5) pathways
increases OPG expression, resulting in the inhibition of osteoclas-
togenesis (Fig. 3A). Particularly, S1PR2-induced Wnt5a and LRP5
were diminished by S1PR2 inhibitor and absent in S1PR2-deficient
osteoblasts. In addition, Wnt  inhibitory factor and Wnt5a inhibitor

also suppressed OPG expression. Further, this signaling potently
promotes osteoblastogenesis instead of suppressing adipogenesis
by down-regulating PPAR� in osteoblast and adipocyte precur-
sors (Fig. 3B). Although it is consistent with our reports that S1P
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ignaling pathway regulates both the promotion of osteoblasto-
enesis and the inhibition of adipogenesis in mesenchymal stem
ells [19,20], up-regulation of OPG might be influenced following
he commitment of osteoblastic differentiation or maturation of
steoblasts.

In addition, S1P concentration in human serum was positively
orrelated with bone formation markers and serum calcium, but
ot with bone resorption markers [17]. The current treatments for
steoporosis can be divided into the following: bone catabolism
hat inhibits bone resorption by osteoclasts to suppress bone

etabolism; and bone anabolism that promotes bone formation
y osteoblasts and activates metabolism. However, there is no drug
hat can be applied to all patients with osteoporosis. As a novel ther-
peutic drug, it needs to be effective even in cases where the risk of
one fracture still persists despite administering bisphosphonates
nd human type monoclonal antibody preparation, a molecular
argeted therapy that targets RANKL. Inhibition of SPL showed a
imilar increase in bone mass to that of intermittent administra-
ion of parathyroid hormone, and its strength was superior. That is,
t was suggested that the inhibition of SPL might exert a high bone
nabolism effect and prevent the deterioration of bone quality.

Currently, clinical trials of the SPL inhibitor LX2931 have been
nitiated in RA. However, inhibition of S1P degradation increases
he S1P concentration, resulting in the enhancement of all S1P
eceptor signals. As such, it has been pointed out that lymphocytic
ytopenia may  occur as a side effect [18]. Meanwhile, when S1PR2
gonist (CYM-5520) was applied to a mouse osteoporosis model
y ovariectomy, lymphopenia as seen in LX2931 was not observed,
nd a comparative increase in bone mass and osteoblast number as
X2931 was  observed [18]. From the above, it was suggested that
he bone anabolic effect of the drug targeting S1PR2 would be a
seful treatment method for osteoporosis-related diseases.

In addition, it has become clear that the osteoblasts themselves
an produce S1P. While prostate cancer is known to be prone to
one metastasis, S1P produced from osteoblasts acts as a paracrine
o promote the growth of prostate cancer cells via the S1PR1 signal
nd an autocrine to differentiate through S1PR3/Runx2 pathway
13]. Therefore, it may  be involved in the aforementioned resistance
f S1P to chemotherapy of prostate cancer cells [37,38] or radiation
herapy [39].

. Current state of S1P in endodontics and challenges for
egenerative therapy

In recent years, the S1P receptor has received attention in
ndodontics. In 2015, it was  revealed that S1PR1 was expressed
n lesions of rat apical periodontitis, and it was positively corre-
ated with the expression of receptor activator of NF-kB ligand
RANKL) with an effect of promoting osteoclast differentiation [56].
1PR1 may  be involved in bone resorption or expression of inflam-
atory factors. In 2018, suppression of RANKL expression and

one resorption in apical lesions by intragastric administration
f FTY720 was  reported [57]. Since intracellular S1PR expression

evel changes in response to various extracellular stimuli under
athological conditions such as inflammation, it is possible that
1PR1 and S1PR2 signals act complementarily for bone level main-
enance. In the future, it will be necessary to compare the dynamics
f intracellular S1P receptors in cells present around the apex under
hysiological conditions and inflammatory conditions such as api-
al periodontitis. On the other hand, although there is no report
n the relationship between S1PR2 and apical periodontitis, S1PR2

eficient mice was  shown to have osteopenia associated with a
ecrease in OPG [17]. Given this finding, similar to S1PR1, it is
ossible that S1PR2 signals may  act as a coupling factor between
steoclasts and osteoblasts.
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Fig. 3. Model for the regulation of osteoblast/osteoclast differentiation and osteoblast/adipocyte precursor cells by S1PR2 signaling through OPG induction.
-3�/ �

 expr
A)  The two different mechanisms involved in OPG induction through S1PR2/GSK
differentiation [17].
B) S1PR2 signaling inhibits adipogenesis but induces osteoblastogenesis through OPG
Currently, in anticipation of the clinical application of S1P to
alveolar bone regeneration in endodontics, we have begun prepa-
ration and analysis of a surgical endodontic animal model assuming

a
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-catenin and Wnt5a signaling pathways, indicating the inhibition of osteoclast

ession in precursor cells [17], resulting in the inhibition of osteoclast differentiation.
 wide range of bone defects. Among five kinds of S1P receptors,
1P increased both S1PR1 and S1PR2 mRNA levels in osteoblast-
ike cells, suggesting that S1P-induced S1PR1 and S1PR2 signaling
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pathway plays a critical role in the osteoblast differentiation.
Therefore, selective agonists of S1PR1 and S1PR2 might be use-
ful for clinical application. As mentioned above, the bone anabolic
effect of selective S1PR2 agonist [18] would be a useful treat-
ment method for osteoporosis. In multiple sclerosis, in addition
to FTY720, selective S1PR1 agonists or S1P receptor drugs with-
out serious adverse events have been developed, and a number of
clinical trials are undergoing [8]. The rat lower mandibular first
molar was performed pulpectomy and root canal-filled, followed
by apex resection and fossa cavity formation, resulting in an apical
resection/alveolar bone defect model. By mixing an S1P receptor
agonist and a base material that gels while having a sustained
release effect and placing it in the alveolar bone defect site, we
expect functional bone regeneration [58] from the coexistence of
stem cells and vascular endothelial cells in the surgical site. In
this case, we can expect that blood clots formed in the surgical
site could also act as a scaffold. Considering the local application
of S1P receptor agonists to bone tissue compared to BMP-2, local
administration of BMP-2 in vivo is often used at a concentration
of about 1.0 �g/mL [59]. However, FTY720, an analogue of S1P, is
used at a lower concentration than BMP-2 at about 1.0 pg/mL [60].
S1P may  be more useful compared to BMP-2, because it can be
applied at a lower concentration, and since it is clinically applied to
multiple sclerosis, there are likely fewer barriers to dental applica-
tion.

In recent years, the idea of regenerative endodontics has been
advocated [61]. In particular, pulp revascularization therapy, which
was reported for the first time in 2001 by Iwaya et al. [62], has
attracted much attention. The goal of this method is to improve
the regenerative capacity by activating stem cells from the apical
papilla (SCAPs) present in the apical portion [63,64]. This strategy
induces root extension and apical closure of permanent tooth with
incomplete root and necrotic pulp. Surgical method to undergo
revascularization therapy consists of the following steps: chemical
cleaning is followed by removal, cleaning, and disinfection of the
necrotic pulp, and then intentional bleeding of the apical portion is
performed using instruments for root canal treatment. Hard tissue
is formed by the differentiation of stem cells that use blood clots as
a scaffold [65,66]. Clinically, the American Association of Endodon-
tics has proposed a 3-step goal to monitor the success of pulp
revascularization therapy [67]. The initial step is the elimination
of clinical symptoms and restoration of the alveolar bone, followed
by increase of the root canal wall thickness and/or extension of
the roots of teeth, and finally pulp vitalization response. However,
the hard tissue formed in the apical portion by this method is not
made up of dentin, but of bone or cementum [61,68]. This leads
to excessive calcification in the root canal, osseous ankylosis, and
inhibition of vitalization and functions of the vascular reconstruc-
tion tissue [69]. Based on the mechanism of tooth development, it is
believed that dentin and pulp neural progenitor cells are formed by
SCAPs from dental papillae, while periodontal ligament, cementum,
and alveolar bone are formed by periodontal ligament stem cells
(PDLSCs) [70] from dental follicles. Therefore, stem cells involved in
revascularization are believed to be SCAPs. However, since there are
PDLSCs, bone marrow stem cells (BMSCs) [71], and dental follicle
stem cells (DFSCs) [72] (if there is presence of vital pulp remaining)
around the apex, a probable cause of ectopic hard tissue formation
would be osteoblast differentiation by the stem cells around these
apical roots penetrating into the root canal. On the other hand,
dentin sialophosphoprotein (DSPP), which is essential for dentin
formation, has been reported the involvement of bone formation
based on the analysis of bone phenotype in DSPP-deficient mice

[73]. Also, based on studies involving cases where osseous ankylo-
sis occurred by tooth replantation, the pulp was replaced by bone
tissue. There are reports that in these cases, osteoclasts appeared in
the root canal [74]. In the future, studies are required to verify the
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nduction mechanism of normal dentin-pulp complex regeneration
t the molecular level, and to construct the means of induction.
n addition, it is necessary to clarify the mechanism of DSPP gene
xpression as a key factor in the regulation of dentin and bone
ormation.

There are no reports on the S1P signal and regenerative
ndodontics including odontoblast differentiation. The authors
evealed that S1P signaling pathway regulates both the promo-
ion of osteoblastogenesis and the inhibition of adipogenesis in
3H10T1/2 cells, which are functionally similar to mesenchymal
tem cells [19,20]. Although the roles of S1P signaling in odonto-
last differentiation remains to be unclear, we observed that the
1P receptor is expressed in rat odontoblast-like cells (unpublished
ata). Therefore, we  have currently begun to investigate the pos-
ibility that S1P may be involved in the activation of SCAPs and
nduction of odontoblast differentiation in dental pulp revascular-
zation therapy.

On the other hand, several studies have reported the use of
PSCs for pulp regeneration by cell transplantation [75]. The exis-

ence of DPSCs was  reported around 20 years ago [76], and has since
een verified by a number of researchers [77–79]. DPSCs present in
ndifferentiated mesenchymal dental pulp tissues have the ability
o differentiate into various cells, such as nerves, fat, bone, and carti-
age [76,77]. In a systematic review by Yamada et al. [80] assessing
ll the clinical trials using stem cells derived from dental tissue,
0 studies were included in the review containing randomized
ontrolled trials, case series, and case reports between 2000 and
018. Among these 20 studies, 10 clinical trials used DPSCs. Among
hese, two  clinical trials were on dental pulp regeneration [81,82],
nd four studies were conducted on the regeneration of alveolar
one [83–86]. These studies have confirmed the regeneration of
linical pulp and alveolar bone by cell transplantation. However,
here are scientific issues present for practical implementation for
linical purposes, especially for cells involved in tissue processing.
ince the administered cells are alive, it is difficult to remove or
nactivate them even if they are combined with the pathogens.
t is also necessary to be able to provide an efficient and stable
upply of administered cells while ensuring efficacy, safety and
uality. In addition, it is necessary to develop a highly sensitive
ethod for the detection of undifferentiated cells and to prevent

umor formation, since in the case of iPS cells and ES cells, there
s a need to pay sufficient attention to the risk of cancerization
f cells themselves [87]. In order to attain during clinical appli-
ation of research and development in the medical field, it is also
ecessary to promote the research of regulatory science, which is
efined as the science to appropriately and swiftly predict, eval-
ate, and determine the quality, effectiveness, and safety based
n scientific knowledge [88]. In addition, the installation of cell
ulture facilities is expensive. Therefore, regenerative therapy of
ental pulp using stem cells in the current status is a likely option,
ut clinical application to attain this requires further examina-
ion.

Additionally, basic research is actively being carried out for
he application of tissue engineering. Till date, DPSCs have been
eported to perform the following functions: promoting differ-
ntiation into odontoblasts by cultures, such as, hyaluronic acid
89], polycaprolactone [90], lactic acid and glycolic acid copolymer
91]; regeneration of dentin-pulp compounds (stem cell migration,
ngiogenesis, and differentiation to odontoblast-like cells) by com-
ination of scaffold materials such as collagen and growth factors
uch as dentin substrates and BMP  [74].

Regarding the effect of S1P on dental pulp, there is a report on
1P migration-promoting effect of pulp stem cells [92] or mainte-
ance of pulp cells by S1P/Akt/ERK signals [93]. However, there are

o reports on the S1P signal and regenerative endodontics includ-

ng pulp-like tissue formation.
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5. Conclusion

S1P acts as a signaling molecule that controls cell differentiation,
proliferation and migration via receptors, therefore, is involved in
the activation of the regeneration capacity of cells in vivo. We dis-
cuss the mechanisms and the functions of S1P signaling pathway
in bone tissue for both osteoclasts and osteoblasts that could con-
tribute bone regeneration and the treatment of osteoporosis. In
addition, S1PR1 are expressed in lesions of apical periodontitis, and
may  be involved in bone resorption or expression of inflamma-
tory factors. Taken together, we anticipate the clinical application
of S1P to alveolar bone regeneration in endodontics. Furthermore,
because S1P enhances osteogenic differentiation of pluripotent
stem cells, it is expected that S1P will activate somatic stem cell
differentiation potential to generate cells that form hard tissues,
leading to a possibility for regenerative endodontics. The estab-
lishment of an ultimate treatment strategy for teeth preservation
by early recovery of bone, and the lost dentin-pulp structure and
functions by S1P signaling pathway will likely aid in the needs of
the super-aged society.
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